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Biomass yield and growth rate data f o r  
management strategies on twlr dj~sLmilar s:f%es w e y e  

production datap ccrolbfned w i t h  fue l  and chemfcah pr 
into complete net ffaancPal and eraenrgy a n a l p e a  in c rdex  to r e m  
management/ canversion st rategy w i t h  t h e  3lslc'ac favorcab3-e financial  and energy 
considerations. To develop tlne necessary %famass ps-od~accPcltn data, six 
replications were established under four  m a a e g e ~ e n t  s t w t e g i e s  (cont ro l ,  
fertilization, Irrigatton and S e K s % l i z a t P o n l B r r l g a ~ ~ ~ ~ ~  ow xwo sites 
representing favorable (Basher s i t e )  and unfaq~srable (Marrrfson site.) 
inherent growth conditions3 Fer~llisation a n d  T r r i p t i a x a  .mendaaents were 
applied to designated pla$s based upra 3 c t a  ii.esl m o u i  ror-lng 2nd 
determination of needed amen8mexet:a a 
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the first rotation's prorated cost  o f  plantation establishment. 
featilizatien strategy added 49% to the base control cost on t he  Basher 
site and 66% to the Morrison site. Irrigation tripled the base control 
c o s t  on tooth sites. 

'The 

The energy c o s t s  for t h e  control strategy were dominated by land rent. The 
cost  of land, represented as the net energy r e t ~ ~ - ~ i  f r  an alternate land 
use of corn produstian, was 87% o f  the toed energy c o s t s  on either a i c e .  
Of the remaining energy expended on the first faun: year r o t a t f o n ,  562 was 
for spray maintenance operations and 323 was for the first rofalcion's sbare 
Of establishment costs. me additional energy expenditure f o r  the 
fertilization strategy was lower on the  Basher than t h e  Morrison site. 
Irrigation involved an added energy cost on both sites, 

The adjusted four year yields of biomass ranged fram 33 QD%/ha for the 
control/Morxison strategy to 43  QDtlha for the f e r t i l i z a t P o n l i r r P g a t i o n l  
Hasher strategy. The energy output from the control strategy was 502 
greater tharo, fts total. energy cost. Higher net energy returns vert? 
realized on the fertilization and/or irrigation strategies. 

The financial and energy p r o f i l e s  djtsplayed modest to major limlts 
depending upon the management strategy. 
optfons were using t o o  muck relatively expensive energy toward the 
productfan of relatively cheap energy and the operational costs. 
C Q n t r O l  strategy followed by the  fertilization strategy produced the moat 
favorable ecsnomPc considerations, even though they had modest negative 
f irst  rotation returns. 

The basic p r o b l e m  with the 

The 
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Wood as an energy s ~ ) u r . c e  has recefved renewed i n t ~ r e s t ~  p s a s t f d l y  based an 
certain advantageous qualities of shore: . - ~ ~ t a t i ~ ~  Enreasiwely s u l c u r e d  
(SRIC) biomass, FOP example+ land requirements areded t a  supply a 
multiproduct wood chemical plant f o r  an opera t iom1  pm-PoSl sf 20 pe.ars from 
a traditional forest stand in Pennsylvania a r e  m o  o r  more times grcsatcr 
than the land requirements using SRZC biomass fro t he  phanta t ion  &sign in 
this project (Blankenhorn, 2”.  E, and R, C, Baldwi ,? Ira p r e s s ) ,  A caanplete 
determination of the feasibility of u s i n g  f~res?P: bfama~s as a fuel.  or 
chemical SQUPC~ should include s i l v i c u l t u r a l  considerations and net 
financial and energy analyses of a11 rfnputs and outputs from such a 
production system (Figure I> Several  st-cidiie.s have provided conceptual 
models of forest biomass plantations and t h e i r  r o l e  Pn producing wood 
energy (Howlett and Gamache, 1977; Eraman I et I- a%., 4977;  Rmea 1947;  Pege 
al,, 1979; Rase -- et al,, 1981; Han5enP -- et d,, 1983), 

Analysis of the use of SXPG btomass f o r  fuel may be d i i ~ i d e d  i n r o  
production, harvesting and cauversinn Pmmrtians. E)ecisl.ans concerning the 
operations in one function influence: t h e  other EmncrSons, The eccmnoraifs 
analyses identify, analyze and establish the relatlvs %mportarnee and 
influence a constraint in one function will havs on the o t h e r  two 
functions, provided the model has an accurate data base. The 
prioritization uf these constraints will identify eertafn cons t r a in t s  as 
important in the overall producti~ngha,rk.estinglcoiavsrsicnn strategies while 
other considerations within each o f  zhe funetioims may be suppressed, Far 
example, operational constraints fo r  site preparation in the pra 
function may be considered of higher tmportarncrr! In determining plantation 
size than planring operatfons. In addirion, site preparation constraints 
may be determined to be ~f h.tgher Bmportance than speratfonal casts  in the 
harvesting function ~r moisture removal costs in the C B ~ W ~ T S % Q X P  fenriactian, 
However, a reliable feedsrack supp ly  f o r  the  conversian f a c i l i t y  may 
supercede certain economic conslderations (Rase -- e t  - al,, lQ81.1a 
it will be the market t h a t  w i l l  influence majar des:lsions in all three 
functions.  

I 

~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ,  

The major thrust of S X l C  management s t r a t e g i e s  i s  t o  cfiiaard the t o t a l  
growth potential of the  land base h i t o  47ptimiztng biomass pradsxck-iagi so the 
crop can be harvested and marketed, 
appropriate decisions eoncerming genetfc sel .c.ctl t~n, weed con t ro l ,  @u%tural 
treatment, planting density and mta t icsn  lermgeh. Improved pairing betw-een 
site and biomass species or var i e ty  can doutsfe average p r sduc t lv l ty  a€  
shor t  rotation stands (Ranncy, ee 1982) 

Biamass y i e l d s  can be spt9mfzed by 

In the production function, planting densit) .  w i l l .  be isrfhaerzced by 
silvicultural, operational and economic ~onstrainss~ FQSET example, AS 
growing space per tree increases ,  the number of erss planted p e r  hectare 
decreases, but cultural fnvcstmments may - i .n~~e;hse f a r  l o n g r r   tatio ion.^. A s  
land area p e r  tree Pncreases, the distance het.weex trees w i k h i n  FCWS and/or 
the distance between the raws b n c t ’ e a s e ~ ~  which can change eqwiprnernc f i e l d  
efficiencies, In additfon, plant fng  s tock  C O S ~ G  p e r  hectare  decreasg w f t h  
increasing growing space p e r  t r e e  (Mansen, gQ I. 19831 and the: ~ a r k - y i n g  

1 
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c o s t s  %a%srtzase because aE greater  rotat i ran lengths. Total land area needed 
tn supply t he  "Piomass t o  the conversion facility musk also he considered. 

Ribe tnsas:, ~ ~ ~ a ~ ~ % e ~  a cmlparison of y i e i a s  over w i d e  range of 
d e n s i t i e s  and aLi-cs an indicated the ogt i r ra l  d e n s i t y  to be in the range of 
one! tree per 0,37 a2 t 1.49 ms. EIC and Dawsan ( 1 9 7 4 )  reported high stand 
d e n s i t i e s  (one t r ~ e  per 0.05,  0.09, and 0 . 3 6  m") were necessary for h i g h  
rates of biomass prodmctf a ('17.5, 19.3. and 14,3  ODtlhaPyr) in the f i r s t  
rotation 8x1 f s r t f l k c d  an irrigated plantations. These zmlues w e m  

tims based on ear ly growth and y i e l d  da ta .  
trrably ~ . o v e ? c ~  with the: 0.09 m2 spaced t r e e s  a n n u a l l y  producing an 

Actual yields were 

average of 3-9 ~~~~~~ and the 0.36 m2 spaced trees producing an average of 
4.7 O D t j ' n a  for a f i rs t  rotation of f ive years ~ ~ a v ~ ~ ~ ~ ~ s ~ ~ ,  I983>, Proper 
regzf fat fow o f  s t and  density can s h c ~ ~ t e n  the rotation by Influencing tree 
growth arid ob~aSnPng higher  i n i t i a l  y i e l d s ,  
have ~x~~~ annual  production rates a8 earlier ages than wider  spaced 
trees, but 

at plantdzag densities of one tree par 8 - 0 9  t~ 5,76  mz and rotations of f ive 
to EO years, respectfvely, incfka ted  an average annual yield advantage f o r  
t h e  more dense p l a n t i n g s  (Zavitkovskf, 1983d. Planting density of one tree 

Hore c lose ly  spaced trees will 

the unei ate maximum annual production rates may be about the 
same f o r  a41 spae ln  8. Ac tua l  ffrst rotation data for Papulus 'TrhstPs # I q  

9 m2 averaged 5.1 ~ ~ ~ ~ ~ a ~ ~ r  in a f i v e  year rotation and the trees 
at 2.4 x 2 , 4  m averaged 1.7 BDtJha!pr after 10 growing seasors. 

n and &".eyer (1982a) have estimated the two to s i x  year old yields 
for c o r t t ~ n ~ ~ o d  growfng %a eastern Xarnses. k t  SIX years of age,  7088 t ~ e e s  

tars ( I , &  m2*"iz-,.sea> were expected tu y i e ~  hr3,a ODt/ha, and 1408 
BB: heetare ( J ~ I  m * / t r e e ]  were expected t o  y i e l d  29.3 ~ ~ t / h a .  

owever, Botsarmx a &  al. (197'921 indicated that tree densities and rotation -- 
lengths far vrariraans Populus s p p .  may be different an sites of varying 
~~~~~~t~~~~~ potential, 

A s w a r y  of s;eve.ral s tud ies  om short-rotation hardwoods by Fege 
(8979)  indbcated annual y i e l d s  of 9.8 to 19.8 Dtdha can be realized under 
i t i tsnsive management. Caranell and Smith (198 reviewed the published 

1: sharo: rotation forestry tar  t e ~ p e r a t e  regions and concluded 
-12 ODPrjhalyr would be ~~~~~~~ maximum y?iePds for four ro f i v e  
ii rutations.  jl3owersox and Blankenhorn 91979) have projected 

s.. 

an annual production of 7. ~~~~~~ f o r  the f i rs t  ratatfon, without 
fertilization car irrigation, f o r  Q ~ ~ % O U S  Popuhs  spp.  Bowersox and Ward 
(1976,) "save suggested elone NE-388 (P.. maxlmcwiczii x P, trfchocarpa) 
t e s t e d  on an  cion o i ~ a :  laam soil to Gi an appropriate Z o n e  ~ Q K  close 
spacings (0.46 m2> in rmaalorns of less than 5 years., Their research shows 
standing b~omass y i e l d s  ( S C W W O Q ~ ,  bark and branches1 nf 7.7 BDt/ha/yr on a 
four-year-rocation, 

3 



The amsranc of time it takes €or  bfornass t o  fully scsupy a s l t e  at any given 
spaetng depends p a r t l y  on ~ h e t h e r  P t  is undergoing i n i t i a l  or coppice 
growth. 
not affected by rotatlon length within the plantations and r o t a t i o n  lengths 
they evaluated. 
the f a c t  t h a t  W O Q ~  c a ~ l  be stored on the stump (Rose, -- et al., 1981). Rose - et 
- al. (1981b) a l s o  noted rotation lengths were dependent on fnsect and 
disease K ~ S ~ S ~  type of wood product desired and harvest technslogy. 

Rose, et &* (1981) repost that economic and energy efficiency is 

Initial rotation l ength  dec?lsions may be changed due to 

Continuous yields from Fopulus s p p .  plantations can be sbtalned by the 
copplcing af these hardwoods. Preliminary indications an existing f i e l d  
trials indicated three to four coppicings appear b i o l o g i c a l l y  feasible 
under intensive cuPture (Rose, 1977;  Malac arid Reeren, 1979). It appears 
t h a t  y i e l d  from coppice growth exceeds that of first rotation growth 
(Bowersox and Ward, 1976t;  Crist - e t  -. al., 1983; EkM, I" e t  I-._ ale, 1983). Bowersox 
and Ward (1976h) evaluated yields on three Populus hybrids us ing  f i rs t  
rotation y i e l d s  and a second rotation yield equation. 
NE-252 ( P .  cultfvar angulata x t r ichscsrga)  and NE-388 were projected t o  
p r o d u e e P h e  g r e a t e s t  two-rotatfan QD yields rasing a first r o t a ~ ~ o w  of three  

and Ward, 1976b). In both cases, second rotation average annual yields 
were more than double those of the f l rs t  r o t a t i o n ,  

Populus hybrid 

years ana i ~ ,  second of four JWTS, with  tree spacings of 0.46 m2 ( 

Site Selectbon 

S i t e  selection for short-rotation biomass plantaflans involves similar 
s t e p s  tu those used in t r a d i t i o n a l  fort%% management but differs via a more 
intensive approach, (Howlete: and Gamacbe, 1977; Malac and Rerwen, 1979). A 
considerable i n c r e a s e  in output  and reduction in management costs can be 
made by choosing t h e  proper  site (Fege -- et al., 1979).  Certain conditions 
should be met t n  inssnre t h e  establishment of the plantatf.oul cuttings and to 
maximize t h e i r  eventual y-deld, A site shoilld be well-drained well-aerated 
and suppl i ed  with adequate moisture during t h c  grawing season, The. level  
of the graundwzter t a b l e  should be mon i to red  since groundwater ~ l t1 iP11  S 
inches of the  surface wt3.1 i n h i b i t  p l a n t  growth (Mahe and Beefen, 1979). 
S a i l  composition should be appropriate f o r  hardwoods. Malac and Heeren 
(1979) recornend soils w i t h  sandy loam or loam surfaces fairly high  111 
organic matter and wjrh a thick R horizon of friable sandy-clay t o  clay 
loam t ex tu re .  BOW~KSOX amd Vnrd  (1976b) have planted hybrid poplar on an 
Edom silt loan s o i l ,  which is a residual soil derfved from calcareous shale 
and characterized as good in available: naoiseure and native f e r t i l i t y .  Site 
selectic9n must also consider the broader q u a l i t i e s  of the land. Attention 
has focused on topographical features. TRE land shou ld  have minimal s lope  
and few obstructions t o  accommdate the h i g h l y  mechanized features cf 
short-rotation sysrem:; (BeBell and Hams, 1376). Inman c_- et al. (1977) 
c l a s s i f i e d  land wi.ti-I slopes greater than 302 as unusable f o r  mechanized 
plan&aciocs .  

The l o g i s t i c s  of  plantatfon s:tes, w i t h  reference t a  conversion facilities, 
have been i d e , n t i f i c d  as important cos t  consideratians to the o v e r a l l  supply 
systeirl. 7kansporta;f.m costs  of $.19-$.27 per  O D t  p e r  mile have been 
~ ~ t l i i n a ~ e d  ( M o w l ~ l t :  and G a m a c h e ,  1977;  Eza e t .  - al, 198b.). Blankenhorn 5 



Site Frepararion 

Plantations are likely t o  be eatablfshed on marginal, unused and abandoned 
farm lands since these sites are available f o r  acquPsf.tion* general ly  lower 
in rental 01‘ purchase price than  good farm land and more eas i ly  prepared 
than traditional forestland, Rose and DeBel.4. (19781 azknowledge the c o s t s  
for converting pasture and ot.&er a g r i c u l t u r a l  land t o  Isionnass systcnm w i l l  
usually be less than conversion casts for forestland, p a r t f c u l a r l y  d f  the 
timber is unmerchantable, Nowlett and Gamache (1977) note t:hat s h e a r i n g ,  
raking, burning and dieking are hasic requfrcments f n  scmverttng forestland 
t o  plantation sitess while old-field s i t e s  may only require plowing and 
herbicide applications. Even partially forested s i t e s  reqtifm Intensive 
slash and stump removal to %aci l i ta te  ~~~~~~~~~~ machinery anzavement~.~ 
DeBell and Harms (11976) pofne: to revenue earning frm wood fiber sales as a 
means of partially offssttlng land preparatfon C O S S , ~ ,  Altkopagh clearing is 
costly, it is only a singtilap expense Pm t h e  lifetime of ?Pa& plantation, 

Intensive site preparation and weed control, p r i o r  t n  a ~ d  during the ffrsrtr 
growing season, are essential to the. estab8tshmenf and rap id  ger:wt‘I? o f  
cuttings ~ ~ ~ ~ ~ k ~ ~ ~ ~ 0 ~ ~  -- e t  al., l (%?8),  Site preparaf$oa, similar %a methods 
used in agricultural raw crop production, involves p l o w h g  and/or  d i s k i n g  
in the fall and djsk harrowing .En the sprFng p r i o r  t o  planting, These 
procedures improve aeration and drainage In the sail, increase ehe 
acceptance sf RerbScides and fertilizers and h e l p  ccmtrnl .  w e e d s .  Halac 
and Heeren (1979) suggest the ground be subsoi led  in. t h e  faha i f  t h e r e  1s R 
well-developed plow pan OH shallow t a p  sofln Beyond the  b r e a k i ~ g  of the  
plow pan, this allows the sail to m l x  and s e t t l e  and el$rns*tra~:es la rge  a.Lr 
pockets in time for sprlng planting. Thrzs the er r t t ings  and subs@qusn%. root  
growth are more adequately rccelved and eahunccd by zhc sczi:. 

Hardwood plantations, especially shore-rotat ian,  require intensfve end 
regular control of eornperlslg vegetation (Malac and Neereng 1979; Rose e~ - al., 1981b; Naughton and Geyer ,  1982) I Weeds inpede th?g aeceptamee a n r  
growth of poplar cuttings e 

farm lands encourages weed growth. Prescxipt ians  for wred coeetrtsl are s i t e  
specific with respeet to type  I amount and timing o f  h e r b  is. Ltle “pip1 .I cat ions 
and cultivations (Heiligmann, l.!2751q 

~ u r t k z m o r t ?  :? ‘ the  above average f e r t f l i r y  of 

5 



be required Tar the firs2 tws growhi$ seasons after plant1n.g (Hansen E e, 
1979) and at t h e  beginning sf subsequent rotations. 

Mechanized planting sf ciosaiy-s  tea hardwoad cuttings has haa ~imited 
ny of the experimental stands have been 

planted by hand. However, machine p l a n t i n g  w i l l  be  an economic n e c e s s i t y  
i n  closely-spaced biomass plantations (8owl.ett and Gamache , 1977). 
Fur themore ,  tree spacing will i n f luence  the  s i z e  and type of equfpment 
used in other astablishniant operations. ALSO, planting costs i n c r e a s e  per 

ercial level. 

unlt area et closer spac ings  (Rose and DeBellL,  1978). 

The combination of machine planting ra tes  and the length of the total 

1 x I m spacing within 2 anth~. T I X ~  indicated a rate of proau@t iv i sy  06 
0.52 ha/h. 
improved planting technology, particularly i n  the area of automated 
planting equipment. This would reduce costs and rave productivity.  
Rose -- e t  01, (1981a) estimated machine planting rates sf 4818 and 3212 
cut thga /ha /h  at spacings o f  1.21  x 1.21 m and 2.44 x 2.44 PIP, respestfvely. 
Several planters, employed on experimental p l o t s ,  could m e t  comescial  
requfrewents. Aecording t o  Cram ($97P),  two 4-row planters,  each u t i l i z i n g  
a CTW o f  10, planted 155,000 suttings/ha in an $-hour day w t t h  a 1 ay 1 m 
spacing ( 4 8 4 3  cuttingslhalh f o r  each unlt). In the rk at R h i n e l a d e r ,  
Wisconsin, Hansen - e t  -*.- aln (19$1) reported a planting rate of 5,OQO 

planting season i n f luence  plantation s i z e .  
Mattson and Miyata (1982) a planting crew of f i v e  c m b d  plant  180 ha on a 

Based on 8 case study by 

Fox larger areas and smalier spaeingsp they cite the need for 

suttingalh far a 4-row wechaafcztl. planter. 

Fertilization 
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amount and balance of nutrients depend on sites parentage, ratacion age and 
yfelde;. 

Ferralizers can be a p p l i e d  with conventional farm equipment before the 
cuttings are in place, The field efficiencies and capacities of tractors 
and fertilizer equipment are welf documented (Waters and Datm, 1974; Boane 
A g ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Semfce ,  1972; ASPaE, 1 78). Applleation rates are typical to 
those in the agricultural sector, 
heights necessitate Eertilizatlon by helicopters. Helicopters also provide 

Over the past 15 yearsr 

fter the initial growing season tree 

pad rate of applisatian,, improved access to various sitesa and 
e need for roacling within the plantation. 
I) million acres in Washington and Oregon forests have been 

fertilized by helicopter with application rates of 168 t o  224 kg/ba of 
r?lementaf nitrogen fertilfncs (Miller and Fight, 1979) .  

Ixrigation 

Various types of irrigation methods have been reparted f o r  agricultural 
crops and tree fruit crops (Reed &., 1976; PimenteP, 1980). The 
supplementing of rainfal l ,  particularly during stand establfshxent, may be 
crit%eel t o  the culture of hardwoods on many s i t e s  (Fege -- et al., 1979). 
Trickle irrigation i s  a preferred system due to the reduction of moisture 
stress on plants and the conservation of both water and energy through the 
(use of smaller wetting areas and law operating pressures (Funt et &., 
1980). The petenrial increased yields from irrigation might justify the 

ed cost: i f  the system %s properly matched to the terrafna soil 
~ a t ~ ~ - ~ ~ ~ d ~ n ~  capacity, size of potential product and water source (&ace 
and Gregersen, l975>. Trwfgated Popuhs 'Tristis # I '  and jack pine 
pxaduced 43X and 13% increases in energy over similar nan-irrigated 
cultures (Zavftkovski, 1979). The travelling gun system used by Hansen 
(1983) increased biomaas yield by 76% in year two and by 44% in year three 
over non-irrigated trees. 

FLa'operties of PapuZans Biomass 

Utdlization of short-rotation forest biomass as a source of energy arid 
chemicals will depend on physical and chemical properties such as: I )  
grcass heat of combustion., 2) extractive canteat, 3) specific gravity, 4) 
~ ~ ~ o c @ l ~ ~ f ~ ~ e  content, 5) lignin content, 6 )  alpha-cellulose content, 7)  
ash eontent and 1 mofsture eontent. There appear to be differences in 
chemical and physical p r r p p e ~ ~ f e s  associated with tiesue component, tissue 
age and parentages (Rendtsen, 1978; Murphey 5 e., 1979; Bawersox &., 
1939; Cheng and Bendtsen, 1979; Geyer, 1981; Bendtsen -- e t  aP., 1981; 
~~~~~~n~~~~~ I_- et a l e ,  1 9 8 5 ) .  
chemical properties w i t h i n  a clone and among clones will aid in clonal 
selection and e s t a b l i s h  basic data needed to efficiently utilize short 
r o t a t i o n  forest bfomss~ 

Measurement and compartsan of the fuel and 

-es of Ecanm2fc: Analyses 

The basfc desfgn fn the ~ ~ f ~ r ~ - - a n a f y ~ f s  of a production system considers the 
a b k l i t y  ~f t h e  system tu generate a sufficient financial galn from i t s  
al~tpart to meet the combinatian of fixed and variable costs. In most 
instances,  the system is considered from a shore run vtewpolnt where the 
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Christiansen (1979) l i s t s  five ap~roaches for svaluaeing the ecrst o f  the 

future net worth, 3) equal annual equjualent, 4 )  internal rate sf return 
and 5 )  benefit-cost ratlos,  
such as the interest rate charged t o  a loan, o r  implicitly re€erenced to as 
the opportunity cost  foregone from not using the funds in an alternate 
pursuit (Christiansen, 1979). Zncerest charges can be caleulaeed as "nee 
of infl~tfon,~' noted as real ra tes  crf return. 
6 X  h i s t o ~ i ~  and projec ted  after-tax reel rate of return OIX U.S. eorparate 
c a p i t a l ,  
current long-term 
investments. 

capital  investment: 1) aiscount42:i present net v ~ r t h  (PNWI, 2) ~ o ~ ~ ~ u n a ~ a  

The cast of us ing  cap i ta l  may be explicit, 

Klemperer (1979) reported a 

Row et al. (1951) proposed a real rate of 42 to refleer the -- 
rke t  expectat ions a f  rstsxras o f  new groduetive 

Bawersox and Ward (1976b) performed an economic analysis cn a short- 
rotation fiber praductdlon system for h y b r i d  poplar .  The objec t ive  was to 
calcu3ate the costs  of produsing and harves t ing  stemwood, bark snd branches 
from bhree Populus  h y b r i d s  mnavsged unc.:er various length first-second 
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rotatians and spacing strategies. A l l  c o s t s  were compounded forward af a 
62 rate in d ~ ~ ~ r n ~ ~ ~ ~ $  the future compound costs per unit af output at: the 
end 5f a secan A similar analysis 1a~k-d at the effects of 
fereilfzation 

Rose I- et ala 
plantations in the Lake States. Casts and revenues of  vardnnus productfan 
systems were evaluated OWK a 30-year planning hortzon. 
worth and internal race of peturn were used in eva lua t lng  various Eracress 
of product ion and theefr related yields (Rose -- ee ELI- , ,  19815,>. 

1981b) undertsuk a fiinancial ana lys i s  of h y b r i d  poplar 

The. present net 

Several studies have employed energy concepts as cornan ~ ~ ~ o ~ ~ ~ ~ ~ ~ o ~ ~  In 
the ir  ec~nomic  analysis a €  intensive biomass cultures;. 
(1978) establ i shed a. net: energy analys is  scenario whereby energy inputs 
were contrasted t o  recoverable energy from two distinct cultural systems. 
The analysis evaluated various s i t e s  under consideration and identified the 
major energy-consuming operations when f o r e s t  biomass was used as a f u e l  
source (Blankenhorn -- et a l .  1978). Zavitkovski (19'19) analyzed energy 
budgets for irrigated, intensively cultured plantations of Populus 'Tristis 
# I Q  and jack pine in northern Wisconsin. We examined the t o t a l  energy 
available and use ratios of energy output t o  energy input. The preferred 
strategy for a n a ~ ~ z ~ n $  energy relations in f o r e s t  pfantarlons i s  net energy 
returns (Blankenhorn -- et a i . ,  1978; Zavitkovski, 19713). The energy 
output/input ra t ios  indicate the marginal efficiency af us ing  energy inputs 
in the production of biomass and energy. They were viewed as complementary 
and supportive indicators. Zavitkovski (1979) ealcujiased ratios far  three 
stages of forestry operationa: a) on the sttamp, b) for harvested and 
chipped material and cl for dry chips.  Geyer and Melichar (1982) also 
obtained output/input energy ratios for five-year-old cottonwood and black 
locust p ~ ~ n t ~ ~ ~ o ~ s  in Kansas. 

Blankenhorn -- e t  al. 

Financial Input-Output Measures 

Limited i n fomat fan  I 5  avrnflable 011 comercia1 biomass pradszetion sys;terne. 
Cos< estimates have been established f o r  commesefal biomass systems based 
upon similaritfes in the proposed systema with the c e r c l d "  agricultural 
and forestry sec tor ,  The proposed management systems are similar to 
agricultural productfsrn and in most cases similar m ~ i c h f n e ~ y  has been 
proposed (B1ankenhorn -- et a l . ,  19781. Cost estfmates €os site preparation 
and establishment of short-rotation plantations have been developed (Mace 
and Cregersen, 1975; LaasBell  and Warms, 1976; Inman -- e t  al., 1977; Rose 2 
- ale, 1981b). 

Rose reported the financial feasibility of intensive cultures was maat 
sensitive eo sfte p r e p r a t f a n  costs and needs, planting c o s t s  and spacings 

pointed t o  the importance of spacings.  Trees coppixed at 4 and 18 pear 
cycles, and a ~ :  wide spacings (1 .22  x 1.22 m D  3.05 x 3-05 m9 appeared 
feasible, while 2-yei-1~ coppice ro ta t fms ,  at higher drnsLttes ( 0 , 6 1  x 1 - 2 2  
In>, did not. Mattson and H i y a t a  (1982) estimated planting costs of 
$9?.87/'Sna at 1 x I m spacings and predicted lower casts at wider spacings.  
DeBePP and Hams  (1976)  also  Fndlcaeed the cost  of p lan t i ng  may be the 
l arges t  sPngSe expense in the produceion period. Certain operations within 
the praduation Function might b e  less expensive tE subeont~a~ted to outside 
finns instead of ~ ~ i i n g  and operatdng equipment 01" machinery. 

( b S E ,  1976; R U I C  and h & ? l E ,  1 7R), The study by Rose and DeBell (19781 
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%'..A ,L~iliza&ion c o a t s  
(1977) .  
variations S %  matreriala, the varying c o s t s  of the types of application 
methods and the type of s p e c i e s  planted (Inmati -- et al., 1977). 
have undergone significant p r i c e  increases during the past decade and 
T ~ ~ U P T E ~  contfnued assessment as t o  t he i r  impacts on prsfitab-!.l%ty (Rose 
and DeBell, 1 9 7 8 ) .  HOWQVBT~ Bowersox and Ward (1976b) found t h a t  the 
increased y i e l d s  of ce r t a in  hybrid poplar clones, 3s gained through 
fertllfzntlan, d~rreasdcd the untt cost  of  f i b e r .  

f o r  biomass systems were analyzed by 
They concluded this expense was a function of reg iona l  cost 

Eman et a1. -- 

Fertilizers 

l r ~ i g ~ , t i o i z  c o s t s  were shorn by Reed et al. (1976) to vary according to the. 
€rrig;?r-ion interval, vo1me of winter applied and the type o f  system 
~np7rryed .  In turn, Mace and @regemen (1975) seated that the irrigation 

volltrnrs of water a p p l i e d  p e r  irrigation and desllred sail-water content, 
T R V ~ S ? W F I - I ~ S  3 ,  i r r i g a t i o n  systems were known ta be extensive (Rose t g . ,  
193Pb). 

vnl,: arc r.sg:ilatcd by sail-water holding capacfty,  evapotranspiration, 

Installation costs ranged from $500 to $2000/ha, with annual 
rfon end rna%ntenanct rangPng from $lo0 to $258/ha (DeRell and Hams, 

 REP^ et al., 1976). However, Mate and Gregerrson (1975) painted t c s  a 
v o i d  of ds ta  on tbe  physical,  biological and financial pammerers o f  
patential irrigation qvtems.  Rose et aP. (1981'b) provided c o s t  estfmates 
f o r  P, trsveltling gun system. They found irrigation to be financially 
~~r i~?? t i - .~d ;~ : lve  du? to the l a rge  cost of fuel. usage. 
sngg:cr,t-cid costs  could be reduced by ado t i n g  different technology QF by 

comparison study, Funt e t  al. (1980) found the installation casts of a 
trickle system to be %OX of a travelling gun system. 

-- 
Rose et all. (198Pb) -- 

IrriggiSGi; onlgr dzpring the f l ~ s t  f e w  ye 6 s  of each rotation. In a 
Y I -  

Trickle systems were 
e:,pmsive than traueLling gun aystems eo operace and 

? n f l r  for  low-density crops such as apples  but much l e s s  costly for 
sy ci-nps such as grape..;. 

-- >ix- ~ ~ s i  o f  l a d  es an input i n  the productIan function can be re ferenced  

(Bowrsox and Yard, 197th;  Rose -- et: al., 1981a; Naughton and Geyer, 1982). 
Dehzil and  Warns (1976) indicated Fluctuating p r i c e s  for agricul tural  crops 
? :v -  Y logical impact on the rental or lease rate of eve11 marginal and 

t la i  lands. N ~ E  rgmrns  for various agricultural crops in 

as r.-u;al f e w ,  purchasc price or the opportunity cos t  of a l t e r n a t e  uses 

anfa have h e m  documented (Pennsylvania Departrrdenr of Agrfculture, 
1982; Ihm, 1982). Naughton and Geyer (1982) capitalized the  ne2 returns 
fma agriculFural pa i r su i t s  to determine land values and associated annual 
rhar-$ea f o r  using t h i s  resource. Bowersox and Ward (1976b) valued land at 
6,; o f  i t s  a~erag , -  fa i r  market value. Rose - et ale (1881a) assessed land 
c-lsts v i a  an averago r r ice  paid f o r  cleared agricultural land in tho Lake 
Scat-S. I'bls was based on estlmates of land availahillty and probable -_ 

Tae :nazLet valves  of hiaijaass output have been assessed i n  several waysd 
t cvninonPy as wood chips .  Rosa e t  al. (1981a) used $12.50/green ton  
q v e ~ e d ,  o r  $25/0D ton as representative pr i ces  in the  Lake Sta tes .  

These ~ e ~ e  based on t h e  prices paid by industrial users of m a d  f i b e r ,  
p>,.,r::ciilarly pulp rnil?s, In a s t u d y  by the Department of Energyc costs 
v a L i -  pro.lel:ted to be $20 to $ 3 6 / 0 D  ton FOK hardwoods g r o a  uader 6- to 

o t a t i o n s  (Frge st ah., 1979). The Minnesota Deportment of Nat~rral 
( 1 9 8 4 )  reported biomass market values a t  $ 4 3  to $68/OD tan for 
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pulp and $30 to $68/0D ton for energy. 
made with alternate energy sources in valuing biomass (Spiewak 5 a., 
1982). On-site prfees for coal, natural gas, oil and various field crops 
Rave been documented (Energy Information Administratian, 1982; Spiewak - et 
I ala 1982). Rose II et al. (ii981'b) indicated the most important factors 
affecting the investment performance of biomass systems are yield and the 
market price. 

Financial comparisons have been 

Energy Input-Output Heasures 

The estimated energy costs for machinery, materials and related equipment 
are required in developing energy expenditures f o r  plantation operations. 
Accounting conventions f o r  the energy analysis of farm machinery (Pimentel, 
1980) and the engineering and operational particulars on vartous types of 
farm equfpment, to complete these energy analyses* are readily available 
(Dome Agric. Service, 1972; Waters and Damt 1974; McGurdy, 1975; 
Implement and Tractor, 1981). 

Geyer and Melichar (1982) reported most of the energy used in silvicultural 
operations was in fuel, with plowing and planting being the most expensive 
functions. Zavitkovski (1979) also supported this by noting fuel 
consumptions in sflvicultural operations of 73.2 x 10" and 53.5 x 10% MJ/ha 
on 10-year rotations of PopuPus and jack pine, respectively. 

Naughton and Geyer (1982) found areal energy yields and areal energy costs 
both increasing as plant density increased. However, maximum plantation 
yields were obtained sooner with increased plant density. 
cost system'9 involved reduced plant densities (1400 treesh), intensive 
weed control, and coppice harvest: cycles. Blankenhorn et ax. (1978) showed 
labor energy t o  be insignificant in the energy budgets f o r  their 
silvieuhtural systems. 

Their ""last 

A measurement system for determining the energy used in the manufacture and 
transport of fertilizers and herbicides was also developed by Pimentel 
(1980>, Fertilizers were substantial energy consumers (Blankenhorn &., 
9978; Zavitkovski, 1979)' Zavitkovskl (1979) found fertilization accounted 
f o r  45% of the total establishment energy for E.  'Tristis #I' plantations, 
with the manufacture, transport and application of nitrogen accounting f5r 
81Z of the total. 
consumed in all operations of an intensive culture, on a 10-year rotation, 
could be attributed to fertilizer. 

Blankenhorn -- et al. (1978) noted that 16% of the energy 

Irrigation can be an energy intensive input (Zavitkavski, 1979; Rose et - al., 198Lb). 
costs  were given in Pirnentef (1980) .  
and jack pine systems was approximated by Zavltkovskf (1979) at 5507 
M3dhalg.r. However. Zavitkovski noted that energy invested in producing 
bfomss might bring proportional returns. 

The initial investment o f  energy and subsequent annual energy 
Total irrigation energy for P O ~ U ~ U S  

Energy comparisons have been made among varlous types of irrigation 
systems. Pimentel (1980) compared the nine most commonly used irrigation 
system types. 
annual fixed energy inputsr 6018 and 4215 NJlhalys, respectively. However, 
the surface runoff return and the trickle had the lowest pumping energies 

The solid s e t  sprinkle and the trickle had the highest 



required when applying water at varfsus lifts (Pimentel, 1980). Funt 
et al. (1980) noted that trickle Irrtgatton, compared to the travelling gun 
sprinkler system, used SLX less water and 742 less energy per year in 
supplying the same plant requirements. 

Energy plantation outputs have been measured and incorporated into economic 
analyses. Zavitkovski (1979) researched the biomass (ODt/ha> and energy 
content for P. 'Trlstis # I 1 .  Tree components included seem wood, stem 
bark, branchGs, foliage and roots, 
basis, w-tth stern wood accounting for 58X of  the total and foliage Less than 
4W. Blankenhorn et al. (1978) also underscored the following physical 
parameters a s  important measures of forest biomass: particle size, moisture 
content, gross heat of combustion, usable heat, proximate analysis, 
ultimate analysis and chemical content. 

Yields were evaluated on a dry-weight 

-- 

Economic Evaluations ----- 
Past research has revealed the  Efnancial and energy requirements of 
short-rotation, biomass plantations and the market sectors which might 
benefit from these plantations. Dutrow and Saucier (19761, working with 
short-rotation systems of coppicing sycamore, concluded that only 
industrial landowners would f i n d  production profitable. They also felt the 
capftal limitations of non-industrial landowners would prevent this 
ownership group from investing in such ventures. Rose (1977) supported 
this by stating that under existing cechaologies and c o s t s ,  wood as  an 
energy source would only  be competitive in certain production situations. 
The use of btomass for pulp and paper processing appeared to be the better 
alternative at current market pr i ces  for certain species. However, as 
conventional fue l  prices risep continued reevaluations should be made of 
biomass as an energy source (Rose, 1977; Spfewak _I- e t  al., 1 9 8 2 ) .  Current 
studies indicated biomass was not  competitive with conventional energy 
sources in such markets as the commercial sector, manufacturing, 
transportation or electric ueiPlit-Lea (Spiewak _1--.1 e t  a l . ,  1982). 

A Department of Energy study indicated a future potential for silviculture 
biomass farms in the energy market at competitive prices (Fege -- et al. 
1979). Forest biomass was a major energy source in the forest products 
industry, in fa applications and in home heating (Spiewak __I- et al. 1982). 
Geyer and Melichar (1982) indicated fuel c o s t s  for petroleum and natural 
gas were 125 to 2002 higher than for woody biomass. Biomass wa.s also 
evaluated by Spiewak I- et ale -~ (19821 as being competitive with coal in New 
England, the Middle Atlantic States and the  Gulf Coast, particularly where 
coal transportation costs are  high. 

Short-rotation systems may also prove attractive to private landowners 
willing t o  cornwit exlsting mianpowers equipment, and land to such ventures 
a t  below market price (Bowersax and Sdard, 1976b). Plantations may be 
justified f o r  providing a S ~ G U K ~ ~  source of raw material close to the mill 
site ( B O W ~ ~ S Q X  and Ward, 1976'8; Rose I_- e% ah., 1981b). 

Linear Proerasmainn 

Linear programming (LP) is a quantitative method hawing the capacity to 
characterize alternative approaches and constraints to biomass production. 



The LP technique identifies an optimal solution while operating under a 
given set of constraints, 
efficient strategies for meeting the Operational objective of the system. 

Kent (1980) credits LP as bridging the gap between the determination of 
alternate forest plans and the selection and ultimate implementation of 
some optimal plan. Three m i n  functions, parttcularby su l ted  .for analysfs 
of ca forest plantation system2 can be realized through LP. First, t h e s e  is 
an organized storage of data as vast amounts of information Can be brought 
together and synthesized. Data is provided through scientific and 
management planning actions. Secondly, the LP technique involves an 
allocation of resources as part of the optimal solution. LP insures the 
s o l u t i o n  is consistent with the capabilities of the land base ehrough the 
incorporation of managerial. and environmental constraints in the model. 
Last, sensitivity analysis of alterxate strategies can be employed through 
reformulations of the initial problem. Hence, alternate plans can be 
generated (Kent, 1980). 

In this manner the s o l u t i o n  represents t h e  most 

The structural and operational nature of LP makes it particularly useful 
in the study of economic problems. One of the earliest applications of LP 
included t he  analyses of interindustry economics based on Leontief's 
input-output models (IgnLzio, 1982). Government, business and agricultural. 
concerns utilize LP as a decision-making aid ior a wide  variety of 
problems. Allied applications that t%e to the analysis of a biomass 
plantation systetn include: resource allocation, production planning, 
investment planning, energy modeling and planning, crop production and 
forest management policies. 

Early applications of LP in forestry dealt with timber harvest scheduling, 
wood procurement, mill management, product distributions, inventory 
control and land-use planning (Bell, 1 9 7 7 ) .  Current applications include 
forest-planning, programing and budgeting ( B e l l ,  1977). Forest resource 
allocation problems, such as timber management and harvesting, were 
approached th rough expanded use of the technique. Ware and Clutter (1971.) 
employed LE' to develop a programing system for the management of 
industrial forests. T h i s  ~ ~ d d  maximized financial returns within volume 
and acreage constraints. Bare (1978) used an LP m ~ d e l  to maximize the 
discounted cash flows of simulated forests under particular rotation 
strategies. Volume and areal constraints were utilized in accordance with 
stand management plans. Field (1977) cited expanded use of LP in both t h e  
private and public sectors of forestry. Newnham (1975) developed a 
computer model which converted srand harvest data Lnta an LJ? natrlx in 
order to evaluate one-year legging plans in eastern Canada. A least-c~st 
logging plan  was generated under particular resource llmits and management: 
policies (Field, 1 9 7 7 ) .  Tlne mast extensive use of LP in the public sector 
occurred within the U.S. Fores t  Service in their Resource Flaming Act 
analysis of national forests wfth the LP models, FORPLAN 1 and FOIRPL.Md 2 .  
These efrorts were directed to maximizing the present net warth of various 
f o r e s t  outputs and services under the mandates af  multiple tise management 
and various F ~ S O U T C ~  constraints. 
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Goals and Objectives -.I- ---- 

This project was divided into two general, but related, areas. The purpose 
of t he  f i rs t  overall area was to determine growth characteristics and 
biomass y i e l d s  f o r  a Populus hybrid grown under four management strategies 
on two diss3rnilar sites. The purpose of the second overall area was to 
expand the fpiomass production data into complete net ftnancial and energy 
analyses. In order t o  complete these objectives, biomass production data 
w: c* combined with certain laboratory data and economic modeling 
reshniqries.  Critical biomass production data were coupled w i t h  selected 
f u r ? ,  rhemical and nutrient csnteat data to establish an a r r a y  of 
prsduct ion  i n p u t s  f o r  an LP model depicting alternative production/ 
utflizztion strategies, T h I s  project was unique because it incorporated 
t l i ~  ciil t-ui i n g  and managerial aspects of biomass production with the 
utili7aLjon characteristics of  t h e  material and evaluated the complete 
systeiii t h r o u g b  R f i n a n c i a l  and energy framework. 

l h e  EiniincPal and energy ani3lyses in t h i s  project were based OYP a 
selC-owned, fully integrated commercial-scale operation. Costs for nursery 
S ~ C J V ~ ,  establishment and ciitural maintenance operations were developed from 
f i c l d  data obtained in this project, and combined w i t h  operacional 
information i n  rhe literature supplemented by consultations with 
a g r l c u l t u s a l  engineers and professional farm managers. 
costs  were coupled w i t h  harvest, transportation, storage and conversion 
costs obtained from the literature for USE in analyzing the 
commercial-scale opera t am from production through conversion. 

These productlon 

Tkt: financial and energy analyses f o r  this project contrasted the i n p u t s  
fox  producing,  harvesting, transporting and processlng biomass against the 
potentially recoverable outputs from the forest biomass. Comparfsons of the 
financial and energy analyses established the r e l a t t v e  importance of the 
C G i i s t r a i n t S  w f  t:h?n each function and the sensitivity of various Inputts 
wi th in  the overall energy recovery systems. Linear progsalPirning analyzed 
the complete system and compared selected management and conversion 
strategiesp particularly where ranges in the input values were available. 

.....~~..-.I Specific Objectives 

I'he Following specific objectives for the project were designed to generate 
the c r i s i c a l  data necessary t o  complete t h e  project. 
vfthin three tasks with specific objectives, 

These were collected 

l a s k  . . ._ - . . 1 - Plantac lon  Establishment - Task 1 analyzed the establishment 
f u n c t i o n  f o r  short-rotation plantations under four management s t r a t e g i e s  
(control, irrigat-fons fertilization and fe~tilizatianllrrigation) on two 
d i s s i m i l a r  sites and determined the financial and energy inputs f o r  these 
establishment functions. Objectives were to: 

i .  E s t a b l i s h  s h o r t - r o t a t j o n  plantations on two dissimilar sites 
under f o u r  management strategies. Using plantarion establishment 
n p e r a t i a n s ,  estimate baseline financial and energy daca needed for 
conirnzrcial operations. 
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2. Determine appropriate levels of fertilizers and establish baseline 
financial and energy data appropriate for this operation. 

3 .  Establish, operate and maintain an irrigation system for shart- 
rotation plantations and determine baseline financial and energy 
data appropriate to this commercial practfce. 

Task 2 - Plantation Biomass Production - Task 2 measured biomass production 
yields, growth rates and properties of the biomass as a fuel or chemical 
feedstock and to determine the financial and energy inputs needed to 
operate and maintain the plantations under the selected management 
strategies I 

4. Establish biomass yfel 5 and growth values as a function 
of site quality in the selected management strategies for the 
first rotation. 

5.  Establish a range in expected biomass yields and growth values 
as a function of site quality for the selected management 
strategies f o r  the first rotation. 

6 .  Establ i sh  financial and energy c o s t s  for producing biomass on two 
dissimilar sites under four management strategies (control, 
irrigation, fertilization and fertflizationlirrigation) for the 
first rotation. 

7 .  Measure biomass properties related t o  their use as fuel or 
chemicals and determine the variations in these properties as 
affected by the selected management strategies. 

Task 3 - Analysis of Biomass: Financial and Energy Data - Task 3 analyzed 
the financial and energy data among the selected management, harvest and 
conversion scenarios. Linear programing was used to analyze the various 
input requirements, associated constraints and outputs among the 
combinations of various management, harvest and conversion scenarios, 

Objectives were to :  

8, Campare the finaneial and energy data from this project with 
similar analyses in the literature. 

9, Establish net financial and energy analyses for selected 
conversion strategies for each of the management 
strategies investigated during this research. 

10. Analyze the sensitivity of the financial and energy outputs 
from each conversion strategy with respect to various 
financial and energy inputs. 

11. Compare the fhancial and energy analyses for the selected 
management and canversion strategies to determine the relatlve 
advantage of each plantation site. 

12. Recumend a management strategy for each conversion strategy 
with rhe most favorable financial and energy considerations, 
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Task 4. - Plantation Establishment 
Populus hybrid short-rotatian intensive culture (SRIC) plantations were 
established under four management strategies (control, fertilization, 
irrigation and f e r t d l i a a t i o n l i r r i g a t i o n 4  on two sites representing 
favorable (Bashes silt loam sofl) and unfavorable (MsrrFson sandy loam 
sail? inherent growth conditions. Each plantation site 4 1 , 2  ha) consisted 
oE s 1 x  replications (0,2 ha each) with three replications planted  in 1980 
and three replications planted in 1981, Each rephicat- inn included faus 
treatment units (0.05 ha each far control, fe r tFLizae ion ,  Irrigation and 
fertilizationfirrig~t~on~~ 
cuttings was 0.48 m with 0.8 meters between rows and 0 - 5  meters between 
trees in. the rows, In each treatment units trees were designated for  both 
continuous inventory and annual destructive sampling over a Pour year 
period (Figure 2) .  

Growing space f o r  Populus hybr id  ME-388 

A fertilization schedule based on attaining 8 corn silage yield cpf 47 
ODtlha was applied each year to the appropriate treatment units of the 1980 
and 198I. plantations. The Bntent of the fertilization treatment was to 
amend each site with a balanced N-P-K-Ca-Mg nutrient set so as t o  achleve 
equal enhancement 05 available macronutrients on both  sites, This was 
insured through soil testing and sail specifk recommendations. The soil 
fertility status of each site was evaluated annually and festilfzatfon 
treatment units were amended to maintain a non-limiting nutrient staru~, 
These data were conrhually compared to sot1 nutrient changes in the. 
non-fertilized treatment units. 

A trickle irrigation system was i n s t a l l e d  in 1981 t o  determine growth 
relationships a f  the! biomass with  enhanced soPl  msisture. Water available 
for growth is the mount between field capaclty and permanent wilting 
point. The irrigation system was designed t o  maintain soil moisture above 
the SOX available water level. on the irrigation replications at 'both s;S.tes. 
Since the water-holding properties of the soil were d i f f e r e n t  at each site, 
moisture relationships in the rooting zone were de temined  ea r ly  i n  1981. 

3 a i l  moisture levels in the upper rooting zone uere monitored at 5 e111 
intervals by Troxler Model 3401 surface moisture density gauge, and in the 
lower rooting zone at 38 ern intervals by a Troxler Nodel I257 depth moisture 
gauge. The measured soil. moisture values in the upper 20 em of the s o i l  
were used ta determine the frequency and volume of irrigatfon applications, 
In thd event af manitor equipment fa i lure ,  rainfall and standard agrorrornic 
water stress indicators were used to determine irrigation needs. ESoisture 
levels  were maintained on the irrigatfon replications each year above the 
midpoint between the wilting coefficient and f i e l d  capacity through uniform 
irrPgation, 

-- Task 2 - Plantation Biomass Production 
Biomass yields, growth values and properties were measured and evaluated as 
a function of management strategy, age and site. A f l o w  diagram f o r  the 
data colilectiora is given in Figure 3.  The timetable f o r  plantation 
maintenance and data co l l ec t Jon  is shown in Figure 4 ,  Short rotation 
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F i g u r e  2. A diagram of t h e  destructive and continuous inventory 
sample p l o t s  f o r  one  treatment u n i t .  
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intensive culture @ R E I  financial and energy inputs needed t o  operate and 
maintain the plantations under the selected management strategies were 
determined. 

Foliar, litter and soil samples were collected annually and analyzed (by 
the tissue and soil tasting laboratories at The ~ ~ ~ n ~ y ~ ~ a n i ~  State 
University). Mature leaves from the upper crown were collected annually 
frm representative trees later in the growing season before leaf 
discoloration. Annual. litter Eaamplas were collected at three times during 
the year: 1)  W~vember~ 2) April and 3) September, E'olfar and Pftter 
samples were analyzed for N, P, K, Ca and Mg. Annual soil samples from the 
rooting zone were collected after each growing season.. 
were analyzed f a r  P, K r  Ca and Mg. The sail ana lyses  also measured J$I, 
cation exchange capaeity and base saturation. 

All soil samples 

Fertilizer was applied annually t o  appropriate treatment units %n the 
plantation depending on soil tesbing results and recommendations. 
rnofsture was mon8tareet throughout the. growing seasonx with the  trickle 
irrigation system maintaining soil moisture at near optbum levels f o r  tree 
growth on appropriate treatment units. 
comparatively analyzed and fncluded in the LP financial and energy 
analyses. 

Oven dry yield equations and properties o f  the biomass were developed from 
the destructive sample plot data. Green stem diameter 115 cm above ground) 
and total height data were used to develop oven dry mainstem wood, mainstern 
bask, branch and t o t a l  f r e e  wefpht equations f o r  each treatment and. age. 
These results were applied to t h e  Cree size vzklues collected from the 
continuous inventory plots to determine quality and quantity of the biomass 
produced by management strategy on each site, 

Sail 

These data were compiled, 

Speeiflc destructive sample plots for each age, trearment and sfte were 
evaluated. 

of each growing season, These samples determined foliar tissue 
production values that, when used in conjunction with foliar nutrient 
concentration levels, established the amount of nutrients assimilated in 
the leaves and a l so  the foliage to wood-and-bark graduction ratios, 

The continuous inventory p l o t s  were annually measured f a r  tree surgltval, 
stern diameter at 15 cm above ground and total t ree  height. These data, 
when cmbl.ned wish t h e  oven dry weight equationss determined biomass yields 
per unit area by age, site and treatment d u r h g  the first four growing 
seasons. Actual f i e l d  weights fat all fou r  year old living continuous 
inventory trees were detemfned at the. end of the first. rotation. These 
data were summarized by Fndfvidual p l o t s  and were used to adjust f i r s t  
rotation oven dry y i e l d  estimates, 
y i e l d  valves were used in conjunction with  the moisture, physical and 
chemical conrents to establish SRIC cultural, financial and energy values 
for usable products Pn t he  312 model in Task 3 .  

Foliage on specific destructive sample plots was collected at 

The oven dry wood, bark and t o t a l  tree 

Individual sample trees (maximuna of 20 trees per  treatment., and replicated 
six times per s i t e )  were harvested in November-December and returned to the 
laboratory for further analyses .  Wood, bark and wotad/baor% specimens by 
site, age and management strategy were separated from t h e  trees.. The one 
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year old specimens were collected from growth produced in the first growing 
season of the rotation. The two year old specimens were a combination af 
one and two year o l d  t issues,  the three year old specimens were a 
combination or  OW to three year  oid tissues ana the POW year  0i-d 
wpeeimens were a eombjnation o f  one t o  four year o l d  tissues. 

Fuel  and chemical v a l v e s  for the trees by site, management strategy, age 
and component were obtained using the following test procedures: 1) 
specific gravity (maximzxm moisture content method, S m i t h ,  1955) ,  2) 
nnlsture content (ASTE.I D-2016), 3) grass heat of combustion (ASTM D-20151, 
4 )  ash coi l tent  (ASTI4 B-1102), 5 )  nutrient content (N, P, K, Ca and H e > ,  6) 
extractive content ( A S W  D-1105), 7) holocellulose content (acid chlorite 
method, Browning, 1967) 8) alpha cellulose c o ~ t e ~ t  (ASTM D-1183) and 9) 
Klssson lignin content (ASIN D-1106) of wood2 bark and composite wood/bark 
spec.inneI?s I 

Ch-7WkaI anaI..ysis of bark may be d.ZEEicult because of the sube r in  and other 
w v - l i k e  substances in the bask. In a preliminary study, chemical content  
data W ~ P  obtained far  untreated bark and bark pretreated with a m i l d  alkali 
srslrltion used t o  remove the suberin. The results of this study indicated 
that the s n b e r i n  d i d  n o t  hinder the chemical determinations except for 
alpha cc l lubose .  
snlution was not used for the bark and wood/bark chemical content 
detexml R X I ~ ~ O ~ S .  

Hencel pretreatment of the bark with a mild alkali 

Filt~ation through ground bark spscimens was  difficult dur ing  alpha 
cellulase detemlnations. 
yielded comparable results. Therefore, alpha cellulose determinations of 
bark weye pelrfomed an the smaller specimen size because of ease of 
flltrarlan, 

Numerous t e s t s  OR 2.0 g and 0,5 g bark specimens 

S t a r ? s t f r a l  analyses included analysis of variance f o r  treatment effects 
and r e g r e s s i o n  analysis t o  establish predictive equations. All effects 
were eseablished at a 0.05 level of significance. 

'The plzntatlons were constantly monitored for f i r e ,  insect, disease and 
animal problems. Applications of Insecticides, fungicides and herbicides, 
1: mbi$bed9 were in aecordance with environmental standards. 

Task _... 3 - Analysis of Biomass Financial and Energy Data 

' k l i s  task analyzed and compared t he  financial and energy data f o r  the 
se lo r t . -d  ~ a ~ t a g e ~ i e n t ,  hai-vest and conversion scenarios. Biomass yieldsp 
u c?rcwch values  and p r o p e r t i e s  from t h l s  project were combined and used in 
t h e  dovelopncnt of a somercid model of a biomass production system. 
Li iLcZar  programming was selected to analyze the various combinations of 
prodl ic t jon,  harvest and conversion alternatives. The ~veral .1  LP design 
s r c u c t u r e d  the production function into separate units following the 
ser,itenttial o r d e r  of t h e  p r o j e c t :  1) biomass produc t ion ,  2) h a r v e s t i n g  and 
transportation, 3)  storage and 4 )  conversion o f  biomass to ecergy. Each 
unit was further stratified to represent alternative methods o f  
accnmpiishing t h e  unit's central peirpose. 
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The structure and interpretations of the problem were in keeping with a 
general LP format: 

n 
1) MAX Z = C CiXi as the objective function 

(or MINI i= l  

Ci = coefffcient measures; objective 

Xi = actlvity variable 
value per unit of activity variable 

21 Subject to system cf constraints, 

n m 
C C A, ,X , ,  5 B, 

J 

coefficient measures; resource 
value per unit of activity 
activity variable 

resource availability 

3) and a non-negativity requirement for the activity variable. 

Ob j ec t ive Function 

Two alternate objective functions were used in the LP design: 
maximization of the net financial values generated by the production system 
while meeting an allied set of operational constraints and 2) maximization 
of the net energy from the biomass system while meeting varfous operaclonal 
constraints imposed on the system. The financial objective function 
identified the present net worth of the particular management strategy 
comfng i n t o  solution. A 1 1  casts and revenues fn the model were subject to 
investment analytical techniques using an alternate rate of return of 5 % .  
Although only one of the objective functfons was used within any run of the 
m d e l s  the alternate objective was employed as a constraint, with the model 
either accepting the "open ended" generation of financial or energy values 
from the constraint or having tn meet some lower limit constraint value. 

1) 

Act. Fvity Variable 

The activity variable, x , served as the common denominator with the LP 
design. In this model i& represented one hectare of land brought into 
solution from any given management strategy. 
required a system of identification. The activity variable was 
differentiated on the basis of the following: 1) year of employment, "i", 
2) soil typed "j", 3) management strat 
managerial treatment, "l", under the k strategy. This  permitted all 
combinations of silvicultural treatments, associated with specific 
management strategies, as applied on different soil typesr to be evaluated 
in terms of t h e i r  net financial and energy performances over a certain 
production time period. The activity variable, , represented tbis 
general form. Also, any sequence of individual t:ak&ments within a 

The diversity of strategies 

"k", and 4) silvicultural or 
EfiY, 
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p a r t i c u l a r  strategy w a s  linked together. This l i n k a g e  friiictioned as a 
constraint, subjecting each hectare o f  land brought into solution, w t t h i n  a 
particular strategy, t o  the  requi red  sequence of treatments. I n  this 
mani-ier, the combination of  treatments found I n  a particular s t r a t e g y  was 
tested against a l l  o ther  sisaVt?$fes in terina OE t h e  o b j e c t i v e  func"i0t-i- 

Coefficients for the kP Model __ 

The o b j e c t i v e  function coefficients d e f i n e d  the value p e r  a c t i v i t y  unit 
associated with the establishment, maintenance and y i e l d s  of t he  biomass 
system. The C 
outputs per hectare of land. 

~ k d & a ~ $ d % f t h  the  volume s f  land brought i ~ i t a  s o l u t i o n  (e.g., energy/ha x 

values represented  financial (OK energy) inputs o r  i'kl Their product with the activity variable 
) determined the total ffnancfal (or energy) commitment 

ha = total energy). 

The A coefficients, found w i t h i n  the system of cons t ra i r i t s ,  further 
d e A d E i  %he rdp model structure. n e  A rep~esenked the operational 
value per  hectare of land used t o  desrri&Ak&pcrating conditions under which 
the various strategies were i n f luenced or bound. Their product with the 
a c t i v i t y  variable (A X ) determined  he operational comrn5tment 
associated w i t h  the: &d!6!imeid!J larid blprpught !nto solution under the 
constraint equation. 

Constraints 

As previously i n d i c a t e d ,  the solutBon of an LY problem was achieved under 
the tandem forces of t h e  objective function and a set of constraints. The 
optimal solution t o  the  problem w8s established via the influence of these 
~onstraints. The constraint equations used in this model described: 1) 
financial or energy lirnlts, 2) land area and 3 )  the requfred sequence of 
t r ea tmen t s  within p a ~ t i ~ d a r  s t r a t e g i e s .  Idhen the objertfvc fernc"clun was 
se t  to m a x b i z e  t h e  production of n e t  energy, the alternate fimaneial 
"objective" can be used as a cons t r a in t .  
lower limit for net  earnings, or an upper 1 i m j - t  on acceptable losses ,  or as 
an unbounded constraint that simply calculates  the ne t  financial rstimn 
from the land brought i n t o  so lu t r lon .  Conversely, the o b j e c t i v e  function 
can be established t o  maarimlze net r e t u r n s  (OK minimize l o s s )  while 
s u b j e c t i n g  the system ta an energy "constraint." 
be s e t  as a lower limit to n e t  energy reirui-ns, an  uppe r  l i m i t  t n  energy 
losses or  an un?asunded cons t r a ln t  that calculated the net energy return 
from the optimal financial strategy. 

This  may be see as an expected 

Agaln, the constraint may 

Various silvicultural and managerial t r ea tmmts  were en te red  a s  
requirements w i t h i n  a particular s t r a t e g y  and sequenced a t  particular 
points in t i m e .  A series of l inkage  c o ~ ~ t r a l n t ~  required that any hectare 
of land employed In a given strategy received all of the treatments i n  the 
strategy and in proper order over time. 
evaluation o f  a1 1 treatments vi t h i n  each s t r a t e g y  while requiring the 
selection of an opt  iiiial strategy that maxlmhzes t h e  objective functlon. 

This constraint provided f o r  an 

The volume of l and  available for any particular strategy was also entered 
as a constraint. The area used i n  the model, 3 2 4  ha, constitutes a viable 
working u n i t  for a commercial-sized biomass system determined by equipment 
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operations f o r  a gtven task and other plantation establishment t h e  
constraints. 

In certain instances, equations were created that o not serve as bounded 
constraints except f o r  thefr being set greater than or equal to zero, 
These statements take on an accounting function rand track the usage of 
~ e r t a i ~  inputs, such as fertilizers and cost i n p u t  (financial energy]. 
A t  the completion of the problem runs they Fdentt f ied t o t a l  usage of the 
resource and their source aE consumption. 

Stmcture of the Basic EP Kodlel 

The relations (linkages not ~ n ~ ~ ~ ~ e ~ ~  used in the LP medel f o r  identifying 
a commercial-sized, short-rotation biomass p l a n t a t i m  system were as 
fQ11OW41: 

1) Objective function as net return (financial or energy) 

4 2 4 1 5  

f 
j *I the soil type, Basher (19 or Pniorrisan (23 
k = the management strategy, control (11, fertilization (21, 

1 - silvicultural or management treatments (1-14) and the 

the year of employment within the 4-year rotation 

Irrigation (31, or f e r t i l i z a t i o n / i r P i g a t f o n  (41 

output generated from the system (15) 

Subject t~ 

2) Land constraints 

The land constraints represented a series of eight eonstralnts employed in 
the first year of the four-year rotation (i=l.). There were four 
constraints per soil. type (j-1, j = 2 ) )  and they existed ~ G T .  each strategy 
(kp1-4). Since the areal determination for a commercial-sized plantation 
was based on a viable working unit, then "'1=m'' w a s  necessaryI where "m" 
equaled some treatment. (1-14) most binding on the system. The land 
constraints in conjunction with the linkages, guaranteed t h a t  924 ha have 
undergone all treatments within the optimal strategy. 

3) Cost constraints 
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There were e ight  cost constraints in the model to tabulate the total c o s t  
(I * 1-14> far a strategy (k-1=4) and site ( j=1-2) chosen as the optimal 
strategy. It represented the total cost over the entlre rotatian (1-1-4). 

4 )  Alternate net return (financial or energy) or optimal solution 

4 1 1 1 5  

is1 -J-1 k=l 1-1 
unb ound e d ' E ' A i j k l  ' ijkl'  

0 

0 

0 

4 2 4 1 s  ' ' ' A i j k l  ' i jk lS  unbounded 
i=l j=2 k=4 I= l  

'The above represented eight unbounded constraints under each analysis 
(financial or energy). 
the alternate net return delivered the financial. net  return of that 
strategy. Conversely, the net return for energy was reported for the 
optlwal financial strategy. 

If the model was run to optimize the net energy, 
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RESULTS AND DISCUSSION 

Task 3 - E s t a b l i s h  Plantation 

Short-rotation hybrad poplar pkantatisns are analogous to the production of 
row crops. 
plantation establishment energy inputs reported by Bowersox and Blankenhorn 
( 1 9 7 9 )  by measuring actual biomass yields as a function of management 
strategy and site, Proper site preparatfon is critical to sucrer;sful 
plantation establishment and resultant yields. 
evaluated sfte preparation operations as well as all other operations 
essential to plantation establishment, 

Results from this project have expanded the estimated 

This project has carefully 

Energy values and equipment operation time from the actual site preparation 
of small experimental plots were higher than anticipated in full scale 
plantations because of increased turning and i d l e  time. However, the 
establishment of small experimental plots permitted an identification of 
the necessary field speratl,ons required in each phase of work. Time and 
operational eonstraints, in part based on an extrapolation a€ small scale 
to large scale systems, were used t o  develop financial and energy values 
for a comercial-sized aperation, 

Site Preparation and Weed Control 

Plowing and diskfng p r fo r  to planting were the only weed control measures 
in the plantation treatment unjlts established in 1980. 
these replications was a mjar problem and the weeds ultimately retarded 
the tree growth in the fixst year. 
in the 1980 replications because of limited knowledge on safe herbicides 
for Pqpulus hybrids.  After identifying the weed species on the Morrison 
and Basher sites, a variety of specialists were consulted and the I981 weed 
control program was started late in the summer of 1980. 

Weed growth in 

Chemical weed control was not possible 

The first step in the weed cont~ok strategy was to remove as many of the 
weed specfes ips possible uslng total kill herbicides. In August 1980, 
glyphosate at 2 . 2 4  k g h a  active ingredients (a.f.1 and dicarnba at 3.216 
kg/Ra a,€- were used at the Basher site and glyphosate was used at 2.24 
kg/ha a.i.  at the Horrtson site. The second phase of the weed control 
strategy was to develop 8 p o t e n t t a l l y  successful pre-or post-emergence 
herbicide procedure for use a2 planting time. 

The approach used t o  develop a potentially successful chemical weed cmrnrrd 
program was as follavs: 

1. The first step was the establishment of a reasonable weed control 
objective. "here would be a major difference in strategies 
seeking lOOX control of a91 weed specles between May and September 
or 70% control of the mast important weed specaes between May and 
July. 

2. The next s t e p  was the determination of the weed species to be 
controlled. The dominating herbaceous communities present on the 
site before site preparatfon needed to be evaluated. In addition, 
activities such as site preparation, soil fertility adjustments, 



irrigation and so forth may crea te  the condicfons favorable €or a 
different eorj0~niinity of weed species, Evaluation of exist-tng and 
i nvad ing  weed sprcjes  needed to be controlled was completed 
during the I980 growing season. 

3 .  The third s t e p  was to consult s p e c f a l l s t s  wlth knowledge o f  
associated weed, s o i l ,  climatic and cul tural .  interrelationships. 
Recornendations of potentfal herbicides from the specialists 
included not only chemicals to c o n t r o l  the weed species but also 
an awareness of potential impact of these chemicals on the trees.. 

5 .  The next step was to d e t e m l n e  the  potential impact of the 
herbicides on the trees by applying the herb ic ides  t o  s o i l s ,  from 
the site, cantaining planted trees. The effect of the herb ic ide  
on the  weed^ was known, but in moat eases, the e f fec t  of the 
herbicide on the trees WAS unknom. One, t w o  and f o u r  times 
the recommended app%%cation rates were used to account f o r  any 
var fab i l i ty  in the field appllcation 05  t he  herbicides, 

6 .  After ascsptlng an herbtcide strategy, adherence to application 
knstractioas was  essential. 

Potentital pre- and pas t -e~~ergence  herb ic ides  were s~reenecf i n  greenhouse 
5tudies conducted between January and Apri l  1981. These s t u d i e s ,  three  
separate tr ia ls ,  were conducted &-6h soil collesred from cash p l a n t a t i o n  
site ana included S ~ V C I S   hemica ai^ r e p o r t e d  to c o n t r o l  expected ~ d a ~ h e r  anla 
Morrison 1981 weed species. The objective of this;  screendng was t o  
evaluate the effect of the chemicals on t h e  d e v d ~ p h g  root and shoot 
tissues of the trees, Herbicides" t e s t e d  i n  these greenhouse t ~ l a 1 - s  were: 
(1) devrinol (napropamtde) at 8-99 to 3 5 . 8 8  kg/ha a e t e 9  ( 2 )  dual. 
(metalachlor)  at 3 .36  t o  13.4h kgJha a . l m B  (3) goal. (oxyfloarfenj a t  1.12 
to 4 . 4 8  kg/ha a. i . ,  ( 4 )  lorclx (linuron) at 0,56  to 2.24  kg/ha a . P . ,  (5) 
madom (bifenox) at 2.24 to 8 , 9 6  kg/ha a.i., (6 )  prowl (pewbimethalin) at 
1.68 to 6 . 7 2  kg/ha a,i. and ( 7 )  rcsrastar (oxadiazon) at 4 . 4 8  t o  17.92 kg/ha 
a . l .  

Prom these screening trials, a weed c o n t r o l  strategy was developed for each 
site chat would provide 802 ( d r y  ~ i g h t  basis) c o n t r o l  of the weed 
community until July 1. It was assumed t h a t  i f  the plantations were at 
lease 802 weed-free by this date, weed competitfon would not l i m i t  tree 
growth. The herbicide programs were:  

a ,  Basher site - a pre-emergence herbicide to control nutsedge 
(metolachlor  a t  3 - 3 6  kg/ha a , i , >  plus a pre-energence t o  control 

*The trade or brand  names mentioned in this publication are supplied with 
the understanding t h a t  no discrimination is intended, and no endorsement by 
the School csf Fo res t  Resoiirees at: The Pennsylvania S t a r e  Unfversify is 
tmp1ied. Furthermore, in some ins' iwces9 t h e  same compound may be sold 
under different trade names and cari-y different label clea~ances. It: i s  
t h e  usepT'5 respsnsi .bi l iey t o  fol.low she label-, 
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other grassl grasslike broadleal weeds CoxyEluarfen at 
1.12 kg/ha a.b , ) .  

b.  Morrison site - a pre-emergence herbicide to contra1 grass and 
grasslike weeds (naprogamide at 8.97 k g h a  a . i . > .  

Qcular estimates of t h e  weed communities at both sites on J u l y  1, 1981 
indicated that 90% or more of soP2 surface was free o f  herbaceous 
vegetation. Late growing season inventories sf oven dry herbaceous 
vegetation were conducted to determine the amount of  herbaceous vegetation 
growing in the 1981 plantea replications ( four  1.8 m2 plo t s  per 1981 
replication-site-treatment unit) and these were compared to s i x  25 e 0 m2 
natfwe herbaceous vegetation plots at each site. These native vegetation 
plots were adjacenr to the Populus replications. 

The species of weeds that collectively accounted for 90% o r  more of the 
herbaceous vegetation growing In the native vegetation plots are presented 
in Appendfx A (Table A-1). 
weeds produced a total of 280.0 g OD biomass/m2, with 45.1 g/m" as grass 
and grasslike vegetation and 234.9 g / d  of broadleaf weeds. 
were significantly greater than the 1 2 . 4 ,  177.7 and 190.1 g / m 2  of oven dry 
grass (and grasslike), broadleaf and total herbaceous growth, respectively, 
produced at the Morrison site, 

A t  the Basher site these species plus all other 

These values 

A similar inventory of herbaceous vegetation was conducted on the Populus 
replications planted %.n 1981. Average QD weights of grass (and grasslike), 
broadleaf weeds land to ta l  herbaceous vegetation by site and treatment were 
determined and are presented in Appendix A (Table A-2).  
herbaceous plant growth on the Morrison site of 2 9 . 8  g/m' was signiffcantly 
lower than the total herbaceous vegetation at the Basher site ( 6 3 . 7  g/m2). 
The reason €or t h i s  difference was the significantly greater amount of oven 

There were no significant differences in the amount: of oven dry herbaceous 
vegetation among the Populus management strategies at the Morrison site. At 
the Basher site, irrigation resulted in significantlp more broadleaf 
vegetation, fertilization bad significantly lower total weeds and the 
fere i l izat ion/ irrfgat lon increased the amount of oven dry grass (and 
grasslike) vegetation. Crverabl, the herbicides applled in sp r ing  1981 
reduced the weed gxowch in the Basher Po ulus plots by 77X, compared to the  
potential herbaceous: growtn of 280.0 O*and at the Morrison site, the 
herbicides reduced the weed growth in the Po ulus p h t s  by 84%,  compared to 

Total OD 

dry grass (an grasslike) vegetation (mainly nutsedge) a t  the Basher site. 

the potential herbaceous growth of 190.1 ODg/m + . 
Net result of the weed csntrol program can be seen in the first year total 
height growth of the 1980 and 1981 planted trees in Figure 5 ,  The "nnsrmal'~ 
line is an average of first growing season total height growth from €OUT 
plantations of Populus hybrid E-388 (planted between 1966 and 1971) where 
weed competition was controlled by hand hoeing or black palyeehylene mulch. 
None o f  these previous plantations were f e r t i l i z e d  o r  irrigated. The 1980 
planted control trees averaged 0.76 m on September 5 and the 1981 planred 
con t ro l  trees averaged 1 - 4 3  m an August 28. Tlhe "normalJ' weed free h e f g h t  
would have been 1.24) m on September 1 (Figure 5 ) .  
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F i g u r e  5 .  First yea r  t o t a l  h e i g h t  growth for Populus hybrid NE-388. I/ 

" ~ o t a l  height: values f o r  the 1980 and 1981 planted trees a r e  based on 240 
' L K ~ ~ S  p e r  yea r .  The "Normal" line is based on averages  from more than 
1000 trees from four  o the r  plantations of NE-388 planted on a variety of 
s i tes  in cent ra l  Pennsylvania between 1966 and 1971  t h a t  had completed 
weed control by either mechanical  cultivation o r  b l a c k  polyethylene 
mulch. These previous p l a n t a t i o n s  were not f e r t i l i z e d  or i r r i g a t e d .  
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Value of the effect ive weed c o n t r o l  program for the 1981 planted trees had 
K-XIX~Q~~X to the second growing season, Lack of an effective establishment 
year  weed control program f o r  the i98Q plantfngs resulted in control 
treatment: trees averaging 1.69  m in height and 1,40 cm in diameter at two 
years of age. In cmnparI~on, the 1981 control treatment trees averaged 4 . 3  
w in height and 2.80 cm i n  diameter at  the end of two growing seasons, 

Management Strategies - Fertilization 
The fertilization treatmenrs were designed to obtain a balanced soif 
nutrienr status promoting fnitial survival. and tree growth. Fertilization 
recommendations to yfeld 47 ODl: of Make silage per hectare (field weight) 
were used t~ develop the Eertilizatfon program and to achieve these 
nonlimfting conditfons. 

L___ 

S o i l  resting results fo r  the replications established i n  1980 and 1981 are 
presented in Appendix A (Table A-3)- Inltial fertilizer amounts f o r  the 

and 19811 plantings are presented In Table 1-1. 

Survival - The rates of N ,  E', R, Ga and Mg applied to the Bashes silt loam 
and the Morris~n sandy loam soils did not appear to improve tree survival 
during the establishmen% phase. A t  regular intervals in the initial 
growing seasons, measurements of tree survival were made an 17 randomly 
selected, completely independent by observation date, trees per site- 
replicatiQra-treatmgnt" During estabiishment, the percentage af surviving 

tearer than 0.1 m tall ranged from 78 co  98% (90% average) f o r  the 
s and 69 tea 98X (87X average) for the fertilized trees (Appendix A,  

and 1981 combined) at each site was about 86Z at the end of the f i r s t  
Tables A-4, 51, Average survival for the six fertdlizarion replications 

g ~ w i n g  season (Table 1-21). These estimates were based on 3264 planted 
C Q ~ ~ F P ~ U O U ~  ~ W Y W I ~ Q ~ ~  trees (2  sites x 6 replications x 272 trees per site 
per  replieation). The average survival at the end of the first growing 
season for all control trees was 862. 

Welght - Tine fertilization program used i n  t h i s  study did not  improve total 
tree height denning the establishment yearr except for late in the 1980 
growing season (Appendix A, Tables A-6# 7 ) .  In the 1980 planted 
replications w$th inadequate weed control, a sustained significant torial 
tree h e i g h t  growth advantage f o r  the fertilized trees over the control 
trees was first recorded at the Basher site on August 19 and af te r  
September 5 at the Morrison site., In the 1981 planted replications with 
excellent weed c o n t r o l  t o t a l  tree height growth values for the control and 
fertilized trees were equal on both sites. 

The one year o l d  t o t a l  height of all 1980 planted trees averaged 0.94 m at 
the Basher site and 0.98 m at: the Piorrison site (Table 1-3). For the 1930 
planted Crees, the  can t ro l  total height  averaged 0.70 ZQ at the Basher site 
and 0.87 rn at: che Moxrfsom site. For the 1981 planted trees, the 
f e r r f l i z e d  trees averaged 1.69 and 1.56 rn f o r  the Basher and Xorrison 
sitesR respect ive ly ,  and the control trees averaged 1.63 and 1.72 m f o r  the 
8asher and tbnrrison sites, respectively (Table 1-3). Combined over  year of 
establishment, the average one year old total he igh t  was 1.23 pn fo r  the 
con t ro l s  and 1 , % ?  m far the f e r t i l i z e d  trees (Table 1-31. 



Table 1-1. Amount of fertilizer and lime applied at time of establishment 
f o r  the  1980 and 1981 planted trees, by plantation s i t e .  

31 Lime 4/ Mg5/ 
Plantation 

Site N1/ P2052/ K2° 
- - - - - - I - - - - kg/ha I - - - - - - - - - - - 

1980 179 179 179 3Q93 0 

1981 169 114 189 4343 86 

Morrison 

1980 179 179 202 6120 146 

1981 169 134 168 4762 15 1 

"Broadcast application of amanium nltrate at 33% N in May, after bud 

2/Applied as triple superphosphate at 46% P205 before planting, and 

3/Applied as potassium chloride at 60% K20 before planting, and disked 

"Applied as ground limestone wleh minimum CaO of 51% and C a b g  equivalent 

5 / A p p l i e d  as ground dolornit is  limestone with a minimum Mg of 3%, m i n i m u m  

break, 

disked into soil. 

into soil. 

of 92.28%. 

CaO o f  44% and CaCO equivalent of 89X fop. the 1980 applications. 
Specifications f o r  $he 1981 applications were a m i n i m u m  MgO of 11X, 
minimum CaO of 35%, and CaCQ3 equivalent of 89% far the 1981 
applications. 
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T a b l e  1-2. Average survival" of one through four year old trees for the 
1980 and 1981 planted treesI by plantation site and treatment. 

Plantation Age 
Site Treatment 1 2 3 4 

1980 Planting 

Basher 
84 87 84 82 
86 88 86 84 

Control 
Irrigation 
Fertilization 81 81 78 1'1 

2/ 

Fert ilizafioq 82 80 79 72 
Irrigation 

Morrison 
88 91 90 09 
82 83 80 79 Irrigation 

Fertilization 80 79 78 76 
Fertilizatioqf 80 79 79 78  

2/  COiltrQl 

Irrigation 

1981 Planting 

Basher 
Control 91 91 89 87 
Irrigation 91 91 90 90 
Fertilization 97 97 96 82 
Fertilization/ 93 92 93 79 
Irrigation 

Morrison 
Control 90 91 91 91 
Irrigation 86 85 85 85 
Fertilization 84 85 85 82 
Fert ilizatiod 85 86 85 81 

Irrigation 

"Survival was based on the total number of 272 trees planted per 
site-treatment-replication that were alive and greater than 0.1 m tall. 
There were 3 replications planted in 1980 and 3 replications planted in 
1981. 

"Trees were not irrigated in the first growing season only. 
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Table 1-3. Average total height and stem diameter at 15 cm above ground 
o€ one through four year o l d  trees for the 1980 and 1981 
planted treesI by plantation site and treatment. 

--- 
2 

Diameter 2 
Plantation 
site Treatment 1 2 3 4 1 2 3 4 

- meters - - - - 

Total Height / (by Age) 

--..-.-- - - - - I em - - - - ... - - - -  
1980 Plrr1tfn 
P .,---.-.-... _&, 

Basher --. 
Control 2, 

- 1981 Planting 

Basher 
Cot1trul 
I r r i g a t i o n  
Fertilization 
Fertilization/ 

Lr r i g a t  i o n  

NO FPT i S  0 A 
y _  

Control 
irrigation 
Fertilization 
F e r t  -i 1 i z a  t ion  I 

Irrigation 

- 

0.7a 1.9b 4,lb 5.4ab 0.6a 1.5b 2.7b 3.5b 
0.8b 2.6~ 4 . 9 ~  6.2~ 0.7b 2.0~ 3.2b 4 . 0 ~  
1.2d 3.5e 5.7d 7.4e  0.9d 2.542 3.7cd 4 - 6 9  
1.lc 3.7f 5.8d 6.9d 0.9~ 2.7f 3.8d 4.6e 

0,9b 1.6a 3.9a 5.253 0.7b 1.42 2 . 4 a  3.3a 
0.7a 1.5a 4.0atP 5.6b 0.6a 1.4ab 2.7b 3.6b 
1.2d 3.4d 5.8d 4.9d 0 . 9 ~  2,4d 3.6~ 4.2cd 

1.1~ 4,Og 5.9d 7.0d 8.9~ 2.7f 3.7~d 4.4de 

1,7bc 4.2b 5.6b 6.8a 1.4b 2.7b 3.6ab 4 . h  
1.6a 3.7a 5,3a 6.7a 1.3a 2.5a 3.5a 4.la 
1.7~ 4.5~ 5.7~ 7.lb 3.3b 3.0cd 4.0~ 4 . 8 ~  
1.m 4.7d 6.osa 7.4c i..5c 3.2ae ~s.ica 4.3c 

1.7~ 4,6cd 5.8bc 6.7a 1.4b 3.0~ 3.7b 4.2~3. 
1 . 7 ~  4.6cd 6.0de. 6.9ab 1.4b 3.lde 4.Qcd 4.6b 
1.6ab 4.7d 509sd 7.lb 1.3a 3.1cd 3 . 9 ~  4.6b 
1.7~ 4.7d 6*2e 7 . 4 ~  1.4b 3.3e 4.2d 5.W 

"Means of 3 replications far 1980 and 1981 data. Treatment means within 
and between plantation sites - by p l a n t i n g  year - with cornon letter f o r  
each diameter or height set were not sfgnificantly different at the 0.05 
l e ~ l .  Duncan's mean separation method was used on the Site X Treatment 
f a c t o r  from analysis o f  variance, 

2/Diamgter and t o i d  h e i g h t  valuer; were averages of 100 randomly selected 

3'Trecs w e r e  not  i r r i g a t e d  in the first year only. 

trees p e r  si%e-%rearment-replicatian. 
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Diameter - The one year old diameter (at 15 cm above ground) values 
Indicated a control-fertfEizarion-year of establishment pattern simiS.ar t o  
total tree height values (Table 1-3]* Fertilized trees were larger than 
the controls f o r  the 1980 planted trees, but n~ apparent difference was 
evident in the 1981 planted trees, Combined over sites and years o f  
establishment, the 15 cm above ground diameter for a l l  surviving continuous 
inventory one year old trees averaged 1.00 cm for the controls and 1,18 cm 
for the fertilized trees, 

P f r s t  Grawin&Seaoon Fertilization Summary - Fertilization d i d  nut have an 
e f fec t  on the initial year survival .  Fertilization investments f o r  
situations lacking adequate weed control resulted in trees that were taller 
and larger In diameter than n m f e r t f l i z e d  trees. However when the 
potentially competitive weed community was successfully excluded, 
fertilization d i d  not increase the first growing season tree height or stem 
diameter, Hences management strategies may be a b l e  to reduce or eliminate 
these costly amendments, particularly nitrogen. 

Managenrent Strategies - Irrigation 
This treatment was designed to maintain a soil moisture condition that 
would enhance plantation establishment and development. 
soil moisture above the 50% available water level was selected as a 
nan-limfting condition. Irrigation was cancelled in 1980 because of 
funding delays and prablems in developing a well at the Morrison site. In 
$988 a trickle irrigation system was installed at each site. This sysrem 
was seleetcd because af  the high degree of experimental control, minimum 
water loss due to evapusatfon and low pumping pressures, 

Maintenance ol 

The Basher site required about a 3 .0  m vertical water lift from an adjacent 
gltream with a pumping pressure of 69 Wa; the water table here was less 
than 1 , O  m deep. A well was installed at the Morrison site and water was 
L%fted about 65 m from the water table  to the soil surface. Irrigation 
water first passed th~~ug’lm a c o n t ~ o l  center where the water was f i l t e r e d  
and canrrol. over the water pressure and volume was maintained. The water 
then Flowed thso~lgh 5 - 6.5 cm trunk Pines to a 5 cm header with 43 
emitter lSnes (each Line was 2 9 . 4  m long) which were used t o  trickle the 
water onto the: plots, The emitter lines (biwall. tubing) were placed 0.4 m 
apart and had orifices every 30.6 cm. The system was operated at a design 
preasaire of 70 ‘@a. T h i s  pressrire produced a 30 cm stream of water (above 
ground) from each em5tte~ line. A t  these rates, the irrigation system 

rafnfall of 0 , I  em/h. 
con t ro l l ed  tc t h e  nearest 5 R and the water pressure was controlled to the 
nearest 3 Ura, Nsr overland flaw or erosion was observed during any o f  che 
Irrigation cycles. 

amend each p l o t  with 5768 R/h which is equivalent t o  an approximate 
The amount of  water added to each plat was 

The need f o r  irrigation fR@KeaSed when t h e  weekly rainfall was 
01- rhe average weekly maximum temperature was greater than 26°C. Two rain 
gauges were used eo measure t h e  daily r a i n f a l l  at each site. IlafLy air 
temperatures were recorded on a hydrothermograph located in a standard 
weather station she l t e r  adl each sire. Average weekly maximum and m i n i m u m  
temperatures and weekly rainfall values for the 1981 growing season were 
recorded (Appendix A, Tab le  A - 8 ) .  
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Sot1 moisture characteristics for: each plot were determined from field 
measured dry soil bulk density and amount 0f water i n  the soil at field 
capacity (100% available w3ter level) tests. Amount of water in the soil 
at 15 atm was determined from published values (USDA 1978) and verified by 
the soil characterization laboratory at the Pennsylvania State UniversPty, 
Amount of water (kg/m’ or 2 OD weight) at: 0, 50, 95 and 1002 available 
water for each plot was determined. S o i l  moisture characteristics and 
available water level values were determined (Appendix A, Tables A-9, 10). 

When the weather conditions indicated an increase in the possible need for 
irrigation, the soil moisture levels in the irrigation plots were measured 
on a daily basis, 
random points within the contitauous inventory trees. These observations 
were compared t o  the individual plot soil moisture characteristics and the 
amount of irrigated water needed on each p l a t  was determined. When monitor 
equipment failed, standard agronomic indicators of water stress were used 
to detemlne irrigation needs. The 1981 weather conditions and irrigation 
amounts are summarized in Table 1-4. 

Soil moisture Fn the upper 20 cm was measured at three 

Initially, Irrigation on each plat was started when the soil moisture 
levels approached the 50% available water level, This strategy included 
ranking the i r r i g a t f o n  plots on a master schedule and resulted in 
relatively long irrigation times per plot. Delays In securing irrigation 
wafer on all 24 treatment units (irrigation-12 and fertilizatian/ 
irrigation-12) per site permitted some units t o  approach the 50% available 
water level. After the first cycle, treatment units were scheduled f o r  
irrigation as they approached the 75% available water level. 

Irrigation was attempted at the Morrison site (Appendtx A, Table A-12) ow 
July 16, but a pump failure and rain delayed full scale operation of the 
irrigation system until August 5, 1981. Full scale operation of the 
irrigation system on the Basher site (Appendix A, Table A-11) began on July 
18 but was interrupted by 6 . 3  cm o f  rain on July 20-21. Irrfgatiotn at both 
sites was resumed on August 5 and continued until August 28. Rain Prom 
August 31 to September 6 terminated the irrigation program for 1981. 

Survival - Irrigation treatments on the Rasher silt loam and the Morrison 
sandy loam soil o f  this study did not appear t o  improve the within growing 
season survival rates of trees planted in 1981. Survival was based on the 
number of trees greater than 0.1 m in height measured on 1 7  randomly 
selected, completely independent by observation date, trees pes site- 
replication-treatment at eight intervals in t h e  first: growing season. 
Irrigation survival values ranged from 7 4  to 98% (average of 88%) and these 
values were similar t o  the controls (range o f  82-98%, average 91%) and the 
fertilization (range of 68-98 average 88%) values given in Appendix A 
(Tables A-4, 5). Percentage survival o f  the end of the first growing 
season f o r  the three 1981 planted irrigation replications at each site 
averaged 91% f o r  the Basher site and 86% at the Morrison site (Table 1-2)- 
Average survival on the Basher and Norrison sites for the 1981 controls w a s  
91 and 90%, respectively, and for the 1981 fertilized trees was 97 and 84%, 
respectively. 

Height: - The influence of the irrigation pragnram used in this study on 
total tree height: growth during the establishment year of 1981 was minimal 
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Table 1-4. Monthly summary of weekly maximum and nninlmum temperatures, 
rainfall and Irrigation f o r  the Basher and Morrison plantation 
sites in 1981. 

Site-Measurement June July August 

Basher 

Temperature’’ (c*> 

Weekly Minimum 

Weekly Maximum 

binfall ’ (cm> 
Irrigation2’ (cm3 

Morrison 

Temperature” ( 6 0 )  

Weekly Minimum 

Weekly Maximum 

kinfa l l ’ ’  (cm) 

Irr igatior? (em) 

13.6 

26.2 

13.4 

0.0 

14 .O 

24.7 

13.2 

0 .o 

14-1 

27.4 

7 . 9  

1 . 7  

12.8 

25.6 

4.9 

5.9 

14.6 13.5 

27.2 25.6 

7.6 4 . 4  

0.0 8.0 

“Average weekly values are presented in Appendix A. 

“Amount of water added to individual. plots, by treatment, site and date, 
are presented in Appendix A. 
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compared to all other treatments on both sites. 
elbongation values5 by treatment site and dates, are presented in Appendix A 
(Tables A-6 ,  7). The maintenance of soil .  moisture above the 50X available 
water level- d i d  not produce a sustained significant difference in ane year 
old total tree height  (Table 1-3). Totab height of the senrvivfng one year 
o l d  1881 planted trees for the irrigated continuous inventory trees on both 
s l t ~ s  averaged 1.62 m. The one year old total height sf the 1981 planted 
t r ee s  of the control. continuous inventory trees averaged 1.68 m and the 
fartiljzed trees averaged 1.63 m for both sites, 

The establishment yeas 

Diameter - Diameter growth on the irrigated plots was not evaluated during 
the grswing season. But similar to the irrigated one year old total tree 
height values ,  stem dfametsr nf the irrigated trees at the end of the first 
grcvdng season d i d  not  appear to have much enhancement over control or 
fertflization. Om both sites, the control, irrigated and fertilized trees 
planred i n  1981 had average diameters at 15 cm above ground of 1.37, 1.33 
and 1.30 em, respectively (Table 1-3). 

_l_-_l_ E f r s t   grow^ Season Irrigation Summary - Trees planted in 1980 were not 
iltrtgated. It should be noted that the 1981 trees were planted by mid- 
April arid the abundant rain and relatively cool  temperatures until J u l y  
vere favorable for tree establishment, A l s o ,  weed c~~ltrol. during the 1981 
grow+ng season was excellent. Late plantfng dates, draught, and hlgh 
temperatures ox poor weed c ~ ~ l t s o l  may have produced different results. Tn 
any events irrigation d i d  not  seem to imprave the first growing season 
height, diameter or survival values compared to control and fertiliza~ion 
valucs I 

This treat-went was designed t o  maintain the comnbjloed non-limiting soil 
~ ~ t i t r f ~ " . - ; t  surd soil moisture conditions for the plantations durjlng t h e  
pstablishment period.  Procedures described for fertilization and 
icrlgation were combined for t h i s  treatment, Data on the soil nutrient 
s c a r ; r s  before planting, soil mcsisture e h a s a c t e r b t i c s  and amounts and 
Zzr-qiiency of irrigation for the fertilizationlirrigation treatment unite 
d1-e pr.esented in Appendix A (Tables A-3 and 8-8 ,  9 ,  10, 11, 12). h a u a t  a€ 
: r i i ; b i z ~ ~  and l i m n  added at the beginning of the growing season is given 
:la Tabl? 1-1. A summary of the total water added is given in Table 1-4. 

.___ S u r ~ i t a r  ~. .- The camblned effects of fertilization and irrigation improved 
the ~ i .x~<fval -  rates for the trees planted in 1981 in the  Basher silt loam 
sild che Morrisorz sandy l a m  sail. Periodic estimates of establishing 
tree survival (Appendix A, Tables A - 4 ,  5 )  ranged fro 7 6  to 96% (average of 
8 9 2 )  and were similar t o  the controls (range a€ 82-98%, average 91Z3, 
f;rtilizatfon (range of 68-98X, average 88%), and irrigation (ras,ge of 7'4 
ta 982, average of 88%). Averaged over both sites, the one year old 
sGmtvaJ- f o r  the three f e r t P l i z a t P o n / i r r i g a t i o n  replications planted i n  
1981 was 89%. Averaged aver bo th  sites, the c o n t r o l ,  irrigated and 
ferrilizcd 1981 planted one year old survival rates were 90,  89 and 91X, 
c3speccively (Table 1-2) 

Xzi@t and Diameter - The fertilization/irriga~~o~ treatments resulted in 
one $6.2~. o l d  trees t h a t  were slightly greater in average total height but  
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there was no treatment advantage in the stem diameter values, as compared 
to a l l  other t~eatments, 
f e r t i l i z a t i o n l f r ~ i g a t r a n  trees were 1 . 7 8  tn in height compared to B,68 rn in 
height f o r  control, 1.63 m in ke-lgbt for irrigation and 1.63 m fn  height 
for fertilization trees (Table i - P > ,  Diameter at 15 cm above ground for 
the one year old t ~ e ~ ? s  aweraged 1.37, 31.33, 1,30 and 1.42 cm for the  
clantrals i r r i g a t t o n ,  fertPSizarion and f e r t i l r z a r i o n / i r r i g a t i o n  treesp 
respectively (Table 1-31. 

The one yeas o l d  Basher and Morrison 

F i r s t  Growing Season F e r t i f B a a t l o n / X P r i g a t i a n  Summary - These results, as 
well as che results f o r  the fertillzation and the irrigation treatments, 
suggest that mt%ve site fertility and normal rainfall are adequate f o r  
tree survival, total height  and dia~~etar growth in the e s t a b l f s h e n t  phase 
given similar weather, planting dates, weed control, site, tree parentage 
and spacing conditions. Nowever, in less than ideal situations the 
cmbineei f e r t l l i z a t 8 s n g f s r i g a t i o n  strategy may result in substantially 
better plantatIan establishment than the other management strategies. 

Plantation Establishment Financial and Energy Analyses 

Equipment Operation - The srenarfo f o ~  plantation establishment year 
operations included: a> Fall Preparation - total k i l l  herbicide, 
mower-conditioner and o f f s e t  disk, 2 )  Spring Planting - d i s k  harrow, 
planting, pre-emergence herbicide and fertilizer spreading and 3) Growing 
Season - insecticides and fungicldes. This particular scenario is based on 
the constraints assocfated with cu2turaI. requirements and their optimal 
perid for application, the t o t a l  time frame available for the ~ ~ ~ ~ ~ ~ . a u a l  
operations and the rate a f  production for accomplishing each operation. 

Axaaly~afs of the plantatfom establishment operations indicated the of f sec  
dfsk was the critical constraint en the mount of land that could be 

p u l l e d  by a 170 hp t rac tor  at 60X field efficiency and 9.7 'miha could 
prepare 826 ha of Sand over an 11 week period. The offset disk followed 
two 78 hp  tractor^ that were spraying (total kill herbicide) and mewing. 
Using 926 ha IS the base working unit, the  spring planting operations would 
again make use of the two 70 hp and one 170 hp tractors for d i s k  harrowing, 
~~~~t~~~~ Eerti lLzer spreading  and spraying pre-emergence herbicides. The 
number ad: t ~ a c ~ o r s  used and length o f  time each tractor was used f o x  each 
operatfon were determined by the  tlmc frame b a i l a b l e  f o r  the operation and 
the field capacity (haSh) of rhe various equipment units. Table 1-5 
prov$&s a summary of the plantation establishment year operations and the 
t i m e  allotted to each operation.. 

cultivated In the fall reparation phase. An offset disk (3.7m In width) 

~ ~ ~ ~ e m ~ n ~  Capacltx - The m e t h ~ d ~ l o g y  for establishfng the number of 
hectares prepared per year far a given implement was:: 1) establish an 
areal rate of ~~~~~~~~~~~~~ or field capaeiry, 2 )  calculate power 
requirements and 3 )  develop energy requirements per hour and per hectare. 
The above mefhodoLagy was f u r t h e r  complicated by the ranges Ln equipment 
s i z e p  power requirements, speed of performance and typical field 
ef ffciexicy. 
prepared cons ider ing  factors such as terrain and size of fields). 
t y p i c a l  f P e l d  e f f i c i enc ie s  listed in Appendix A, Table A-13 (Waters and 
Baum 153743 are for farm implements used on p ~ c f  agricultural fields. This 

( F f e l d  eff iciency indicates what percentage of land could be 
The 
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procedure established the constraints the equipment placed on the 
plantation size. 

Discussions with agricultural engineers and farm managers indicated the 
lower value for the ffeld efficiency (field efficiencies on good 
agricultural fields - Appendix A ,  Table A-13) should be decreased by 50X 
and the upper value by 33.3% for use of farm implements on old (abandoned) 
agricultural fields, It was reasonable to assume that: biomass plantations 
would be grem on 018 rather than good agricultural fields. Therefore, the 
upper value for field efficiency on old agricultural fields established the 
inputs t30 the LP model. Also, maximum implement width of 3 . 7  m was used 
far the offset d i s k  and the disk harrow, with a required maximum tractor 
power take off of 140 hp. The maximum implement width of 3,7 m reduced the 
need for truck transportation of implements. 

F i e l d  capacity was the amount of land an implement could prepare in an hour 
and was calculated as: 

Field capaclty (ha/h) 

a speed (m/R) x implement width (m) x fractional field efficiency 
(l0,OOO m'/ha) 

Fower requirements were calculated a s :  

draft (pounds) x speed (mph) 
375 Drawbar hp = 

and 

Power Take Off hp = Power (hp/m) x width (m). 

Fuel consumption calculations were based on diesel powered tractors due to 
their improved delivery of 13 hp-h/gallon diesel fuel versus 9 hp-h/ 
gallon gasoline €or gasoline powered tractors (McCurdy 1975). The diesel 
fuel consumption w a s  estimated as (Waters and Daum 1 9 7 4 ) :  

a1 diesel 3,785 I! - =  
hp x 0.05 hp-h gallon' 

9. 
h 

Based on the power take o f €  requirements f o r  60 and 140 hp, the tractor 
sizes needed f o r  plantation establishment preparations were 70 and 170 hp 
using 113.2 and 32 .1  k/h of diesel fuel, respectively. Appendix A (Table 
A-14) l i s t s  field capacity (ha/h) for selected implements used in 
establishing and maintaining the plantations. 

Planting PopuluFp hybrids differs sufficiently from other agricultural 
planting systems to warrant a production analysis specific to its system. 
By referencing studies on the planting of Populus hybrid an estimate was 
obtained on the field capacity of planting units and the number of planting 
unirs required for p l a n t i n g  9 2 4  ha in a 7 week time frame. 

According t~ Cram 91974) two 4 row planters, each utilizing a crew of  10, 
were able to plant 155,000 cuttings Cat a I. x 1 m spacing), in an 8-hour day. 
This  was equivalent t o  9687,s cuttings per hour per planting unit. Zn the 
work at Rhinelander, Wisconsin, Hansen -- et al. (B981), reported a planting 
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rate of 5,000 cuttings/h for a 4 row mechanical p l an te r .  
races i t  was considered reasonable t o  env i s ion  7,500 c u t t i n g s / h  for a 4 row 
p l a n t e s  or 1875 suttlngs/row/h. Sioee these previous  rates were based on a 

0.8 m row spac ing  and a 5 row planter, 
c u t t i n g s j h  the 6 row p l a n t e r  could p lan t  11,250 c i i t t ings /h .  

Based on t h e s e  

1 t - ~  spacing between TOWS, a modification W ~ S  proposed EQE. t h i s  s t u d y  -- the  
Using t he  p e r  TOW rate o f  1875 

W t h  an 0.6 by 0.8 m spacing,  20,833 cutbings/ha cou ld  be planted, 
9 2 / .  ha p l a n t a t i o n  19,250,000 c u t t i n g s  must be p l an ted ,  
u n f t  w u l d  operaee d u r i n g  a. time frame of 7 weeks { A p r i l  1 ta  mid-May) on 8 

~ I T X I I I C ~ ~ O ~  rixte of 11,250 eutting~/h, one unit: could p l a n t  3,927,500 dur ing  
the 7 week &Ime frame. As such, planting 19.25 mllliou c u t t i n g s  €or t h e  
e r i t j r e  9 2 4  ha plantation would require 4.88 planting units. 

thjt 7 ueek time frame. For purposes of t h e  f l n a n c i a l  model i t  w a s  assumed 

Far a 
Since a p l a n t i n g  

5 day .. 10 h/day b ~ h ~  this provided 350 h of operatLon. wi th  a 

By u s t n g  5 
ti78 u n i t s ,  each m l e :  could  work a reduced assignmeat of 343 h dur lng  

i h a t  t h e  cot~pany +vould own and ope ra t a  t h ree  o f  the planting ~initt;, 0 % ~  the 
t-em,?iiting CY" 6 TOW p l a n t e r s  b u t  subcontract the tractor S ~ T V ~ C ~ S  i ~ ~ d  labor  
OfL the latter 2 undts. 

Th: f i e l d  capacfty of a 6 row p l a n t i n g  unit was calculated by mul t ip ly ing  

0.8 T = 0.48 m'} to e s t a b l i s h  the  area p lan ted  in one hour (5400 m2>. 
repxesented a f i e l d  c a p a c i t y  of 0.54 ba8h. 

*L ~rte  number of  c u t t i n g s  planted/h (11,250) by t h e i r  spacing (0.6 SII by 
This 

E q l l f ~ ~ W k ~  Manufacturing and Repair Energy - Am accounting eonventisn f o r  
d e v e ~ o p i i i i -  the t o t a l  energy associatea with a piece of farm machinery was 
gllven i n  P i m m t e l  (1980). T h i s  method divided she  energy associated wi th  
f a m  machinery i n t o  three c a t e g o r i e s :  
7) eurezy associated w i t h  manufacturing and f a b r i c a t i n g  the equlprnent and 
3)  energy associated wl.th repair pasts. Since it was Impossible  t o  fo l low 

through s f r r l  mwklng, e t c , ,  certain averages T J ~ X  used  t o  e s t a b l i s h  " r e  

1) energy exabodied in the materials, 

c t -  b l l -  produc t ion  of a p i w e  of  machinery from irs incep%Ian as crude ore 

S a s e l i n e  energy inputs. 

Embndi cd energy was calculated by mul t ip ly ing  imp1 ement weight by 15,000 

Fabricaci e3i3 energy was calculated by mul t ip ly ing  t h e  weight of t h e  
f a p i s m e n i  by 3 ,494  k c a l t k g  fQT tractors9 2,061 kcal/kg f a r  plows,  offset 
; i i s k s  sad plante~s, 1,995 kcal/kg f o r  d i s k  harrows and 1,764 kcal/kg f o r  
s p x a y e ~ s ,  s p r e a d e r s  and mowers. The sum of ths embodled and fabrication 
Pnergy wdb m u l t i p l i e d  by 0.82. This  assumed i t s  reliable o r  f u u c t l o n a l  
l i f e  was 82X o f  its t o t a l  life (Pimentel. 1980). To estimate energy 
associated wich r repnjr  parts, t h e  s u m  ot the  embodied and f a b r i c a t i o n  
cnergy w a s  i m l l t i p l i e d  by 0.2967 far 170 hp tractors, 0.2474 f o r  70 hp 
tractors, 0.3083 for plows3 offset d i s k  and disk harrow, 0.2530 for 

, and mowers, 0.3040 f o r  f e r t i l i z e r  spreaders ,  and 0.3040 f o r  . The t o t a l  machinery energy costs equalled the sum o f  the 
, f a b r i c a t i o n  and r e p a i r  parts energy on a r e l i a b l e  life basis 

1- u d / k g  ~ - F t r ~  steel, 70,500 kcal/kg for  t ires  and 11,814 kcal/kg for tractors. 

( P i m e r i t e l  1980). Equipment manufacturers  were contacted t o  e s t a b l i s h  the  
chasacteristlcs of  the h p l e m e n t s .  Appendix A (Table A-15) l i s t s  the 
rnanufsccuring and r e p a t r  energy va lues  f o r  t h e  equipment used  t o  e s t a b l i s h  
arid rn3i;lt~iln the plantatloxts.  
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Energy Cost Procedures - The total estimated energy casts far each 
implement and its tractor were converted to an hourly and per unit area 
energy cost by dividing  the  total estimated energy costs by the lifetime of 
the equipment in hours  and, for the second measure, dividing this hourly 
cost  by f i e l d  capacity. Far the equipment used in plantation establishment 
and maintenance the estimated life given in Doane's (1972) and Waters and 
Daum (1974) was: 1) t r a c t o r  wear-out life - 12,QOQ h, 2) offset disk and 
d i s k  harrow wear-out life - 2500 h,  3)  fertilizer spreader wear-out life - 800 h,  and 4 )  sprayer wear-out life - hSQO h, 5)  planter wear-out 
life - 1208 h and 6 )  mower wear-out life - 1000 h. 

The division of an equfpment's total lifetime by its annual rate of usage 
identified the number af  years in its total life. This latter value was 
needed for the subsequent calculation of financial depreciation, Appendix 
A (Tables A-16, 1 7 )  lists the energy consumption, hours of operation and 
expected lifetimes f o r  the equipment used in establishing and maintaining 
the plantations. 

Financial Cost Procedures - The basic division of financial costs fop. the 
comercial plantation were variable casts, those varying with the level of 
production, and f ixed  costs, constants not affected by the level of 
production. All cost estimates were based upon the previously proposed 
scenario for plantation establishment and maintenance (Table 1-5), with 
variable costs expressed on a. per hour and per hectare basis. 
costs for individual impkements were pro-rated over their proposed annual. 
period of usage and were also expressed on a per h and per ha basis. 

Fixed  costs include insuranceg shelter, depreciation and interest charges. 
Insurance estimates were secured through contacts with insurance companies 
(Was6011 1981) and amounted to an annual charge of 0.5% of the equipment's 
original list price. Annual shelter or housing costs for the equipment 
were based on agricultural engineering estimates (Waters and D a m  1974, 
Dame's 1979) and amounted to 1.0% of the equipment's list price. 
Depreciation and interest were treated as a fixed payment representing 
recovery of the original investment and an interest charge on the remaining 
gr t fnc ipah .  

The ffxed 

This was based an the SarmuEa: 

where R was the annual payment, 
VQ, the original investment 
i, the ra te  of return and 
n, the years of indebtedness. 

A variation was extended to the formula for the purpose of defining the 
hourly payment during an equfpment's period of operation: 

Vo x i h  x ( I  -t i /hInxh 
R (cost/hour) = 

(1 9 i/hInxh - 1 
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where h was the annmal hours of usage 
and nxh would be the equipmenr’s lifetime in hours (Appenhix A,  Table 
a-17). 

Interest charges were based on an annual real rate of return of 5%, 
particular rate represented a compromise between the 6% historic and 
projected after-tax teal rate of return on U.S, corporate capital as re- 
ported by Klempercr (1979) and the 4% real rate proposed by Row et al. 
(1981) reflecting the current marginal long-term expectations f o r  returns 
on new productive investments. The total costs for each piece 05 equipment 
are listed in Appendix A (Table A-18). 

This 

-- 

Variable costs included labor, fuel, repairs and maintenance. Labor: c o s t s  
considered the operation and numbers of employees working with a particular 
piece o f  equipment o r  assigned task. 
1981) were used in the various operations, with 5 to 20% added to the base 
rate for fringe benefits. 

“he following pay rates (Daane’s 

Operat ion  
Base Pay Ratelh 
(less fringe) 

Tillage 7.8 
Planting 9.00 
Mowing 8.25 
Herbicide Application 9.00 
F e r t i l i z e r  Spreading 9.00 
Planters (rate based on minimum wage) 3.35 

Fuel costs were based on the hourly consumption QE fuel f o r  particular 
assignments (Appendix A, Table A-16). The fue l  cost, as well as allied 
labor costs, were tied to the particular implement, rather than their 
tractor, t o  better reflect the specific labor and fuel usage for the 
combined implement and tractor in t h e i r  opera t ton ,  Repairs and maintenance 
were calculated as a proportlon of the original purchase price and 
pro-rated over the equipment’s l i fetfme in a manner recommended by American 
Society of Agricultural Engineers (1978). The total vartable c o s t s h  of 
equipment operation are reported in Appendix A (Table A - 1 8 ) ,  along with 
f l x e d  casts and total hourly costs. 

A comparison between the c o s t s  of owning the equipment and custom rates 
is presented in Appendfx A (Table A-19).  The cost of owning and operating 
the equipment w a s  lower than the CUS~Q~II rates for the operatlons needed to 
establish the plantations (King, 19811. Tab le  1-6 su ari-zes the financial 
costs  for equipment used in plantation establishment and maintenance f o r  
each operation. These data  were used as inputs to t he  LP model in Task 3 .  

Nursery Establishment and Operation - Plantation establishment a l so  
included the establishment and operation o f  a nursery as a variable cost o f  
the planting operatLon. Cuttings f o r  planring would be harvested annually 
following a two year establishment p e r i c d  for the nursery. Operations f o r  
nursery establishment were the same as for plantation establishment. 
Commercial nursery operati~ns could produce 250,000 (1.0 to 1.9 crn 
diameter) c u t t i n g s l h a l y r .  If a wider range o f  cutting diameters was 
acceptable, yearly production could  increase to 500,000 ~~tt-hg~/ha. Based 
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on T, p l a n t i n g  of 20,833 cuttings/ha (0.6 x 0.8 m spacing), a yield of  3 
wands p e r  stern and 5.3 cuttings per wand, the proposed nursery plantation 
vould produce an average of 350,000 cuttings/ha/yr. 
woujd comenee ab the end of the second growing season and continue until 
the end of the sixth year .  
annual maintenance cos t s  is provided in Table 1-7. 

This annual yield 

A summary of the prorated establishment and 

Tile harvest of Populuz hybrid wands would use a minimum of equipment and 
center  on a three person crew c u t t i n g  Populus  hybrid wands with a brush- 
cutter power scythe  at a projected rate equivalent t o  21,600 cuttings/day. 
1.1s system and i t s  r a t e  o f  fioduction were confirmed through project f t e l d  
experience, t 

The operations of processing and packaging the cuttings were based OR an 
indOGi prot:e!ssPng center employing three persons. Basically the conversion 
process  iiivolved cutting bundles of 9 u l u s  h y b r i d  wands into s p e c i f i e d  
Je~gcrhs ~ f t h  a hand saw. A production rate of 12,000 cuttings/8 h day was 
cnnifi~rrred by p r o j r c t  personnel using a similar system. 

- 

Packaging involved plac-lng 1400 cuttings in a 0.08 111' boxp with 302 o f  the 
volume cormitted to a sawdust packing medium. 
cuttlngs) would use 15 boxes of cuttings, requiring a gross storage space 
sf 1.7 m3. 

One ha of plantation (20,833 

A five month storage period was considered in the model. 

Under t h i s  production model, a thousand cuttings cost $25 .43  o r  114,37/109 
kcal. The division of major financial. costs was: establish 
n u ~ a e s p  plantation - 5 . 8 % ;  annual maintenance - 10.8%; harvesting - 23.3%; 
pirocesshg and packaging - 40.1% and storage and handling - 19.OX. 
division of energy c o s t s  found 16.8% in establishment, 47,4% in annual 
maiiittnansc 2.6X i n  harvesting, 11.8% in processing and 21.4% in storage 
and handling. Table 1-1 provides  further details on these components of 
op" ::tion. 

The 

Costa  o f  cuttings were developed on the assumption that they would be 
produced ~ I P  the  productionJconversion facility's s e i f - o w d  and operated 
nursery .  These actual costs  for cuttings will probably be lower than 
r i i t r f r ig  c o s t s  for an operation which purchases cuttings f rom an independent 
pTGfir Orlent??d €IUrser~. 

I, Herbicides . ____i__ - Energy inputs ~ O K  herbicides included production, formulation, 
packaging and transportation of the herbicide. Production inputs were a 
funcr.ion of  the t y p e  of herbicide and formulation, while packaging and 
transportation energy inputs were related to whether the. herbicide w a s  a 
misc ib le  oil, powder or granules (Pimentel 1980). The type of herblcide 
use;l d c p r i d e d  on the weed community at each indivi-dual site. 

Tab:; 1-8 lists herbicide financial and energy inputs used in establishing 
t h g  plantations. The highest energy input at the Basher site was 
a s s o r i a r e d  with Metolachlor; t h e  o n l y  he rb ic ide  u s e d  a t  the X o r r i s o n  site 
was Napropanl.de. The Flasher 5ite required about 6% higher herbicide energy 
inputs and almost 53% higher herbicide financial. inputs than the Morrison 
site I 
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Table 1-7. Financial and energy c o s t s  for nursery production of hybrid 
poplar cuttings. 

Cost per thousand cuttings 

1 Operation $/thousand '% Of tal ) 10 kcal/thousand (total 3 x of 

I Establishment 
Equipment 
Planting stock 
Herbicides 
FertilPzer 
Pcsticides/fungicides 
Irrigation 
Rent 
Management 
Taxes 

0.15 
0.51 
0.18 
0.34 
0.02 
0.51 
0.08 
0.05 
0.01 
1.85 (6.8%) 

11 Annual Maintenance 
Nursery maintenance 
(before establishment) 0.68 

Equipment 0.03 
Fertilizer 0.07 
Pesticides/fungicides 0.08 
Irrigation 1.66 
Rent 8.25 
Management 0.16 
Taxes 0.02 

2.95 (10.8%) 

'EII Harvest 
Labor 
Equipment 

4 . 4 4  
1.96 
6.40 (23.3%) 

IV Processing and Packaging 
Labor 8 .oo 
Equipment 1.67 

Packaging 
Building 0.98 

0.35 
11.00 (40.1%) 

V Storage and Handling 
Labor 0.29 

Energy 
Bui Id ing s 4 . 8 3  

0.09 
5.21 (19.0%) 

27 - 4 3  (100.0%) Total 

0.59 
2.08 
0.52 
6.17 
0.29 
0.98 
7.81 
e-- 

0.71 
19.15 (16.8%) 

10.08 
0.30 
4.70 
1.14 
3.94 

31.23 

2.84 
--- 

5 4 . 2 3  ( 4 7 . 4 % )  

2.93 
2.93 ( 2 . 6 % )  

--- 
8.30 
3 . 2 4  
1.98 

13.52 (11.8%) 

--- 
26.09 

0 . 4 3  
26.52 ( 2 1 . 4 X )  

114.37 (100.0%) 
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Table 1-8. tierbicide energy and cost  Inputs used in establishing plantations. 

Herbicide 2l Energy Inputs Herbdc $de 
keal/kg of kg of Active Energy Inputs Cost Inputs  

Herbicide A c t i v e  Ingredient ' 1  IngredientJha kcal/ha Cost ($)/ha 

Napropamide 36600 8 . 9 6  775936 

TOTAL 775936 

434.56 

434.56  

"Includes energy inputs for production, formulafion, packaging and transport for various herbicides 

"Herbicide c o s t s  are $41.34/kg of act ive  lngrediernt (a.i .1 f o r  Glyphosate, $41.34/kg a . i .  f o r  

(Pimentel 1980). 

Dicamba, $4.59/kg a.i. for Metolachlor, $66.14/kg a.i. for Oxyfluorfen and $48 .50 /kg  a . i .  f o r  
Napropamide. 



Fertilization - Table 1-9 lists fertilizer and lime energy l n p u t s  used in 
establishing the plantations. The highest energy input at both sltes was 
associated with ammonium nttrate followed by lime, potash and phosphate. 
The Morrison site required about 13% higher fertilizer energy inputs than 
the Rasher site. 

Irrigation - The financial and energy analyses of the irrigation system for 
the project was d i f f e r e n t  for the two plantation sites. The Basher site 
utilized a nearby stream as Fcs water source whereas the Morrison site 
required the installation of a well, large pimp and electric service Pines.  
Both water sources were assumed to have the same flowrate, approximating 
the conditions of the Basher and Morrison sites. The number of hectares 
irrigated from a known flow rate of water was derived as (D~ane~s 
Agricultural Service, Inc. 1 9 7 2 ) :  

ha = iljlnin x h x d x 60 x E 
R x S  

Rimin = liters pel- minute flow rate (approximately 4163.5) 

h 0 operating hours per day (21 hours per day) 

cl = operating season in days ( 4 2  d)  

66) = 60 minutes per hour 

E = irrigation efficiency (75X - Basher site, 35% - Morrison 
site) 

9 Illha crn of coverage 

S = total cm of seasonal water coverage (15.24 em per 
irrigation season) 

The trickle irrigation system could irrigate 122.91 ha for t h e  Morrison 
site and 108.45 ha for the Basher site. 
were taken from Reed -- et al. (1976) and Funk et al. (1980) and project 
experience. 
on ffmentel (1930) and project experience. 

Material requirements and costs 

The expected lifetime for instruments and materials were based 

The accounting procedure itemized all. materials, costs and services for 
each site. Material costs were grouped as either major or minor items. 
Major items, representing major capital costs, included motors and pumps, 
screens, filters, pressure regulators, main pipes, fittings and clamps. 
Installation of electrical service was included as a major cost. Also, fox 
the M O T X ~ S O ~  site, well installation was a major cost. Minor items were 
typically short-flved a s s e t s  also identified a5 annual maintenance costs, 

The financial analysis separated c o s t s  into annual depreciation and annual 
operation and maineenarice. Depreciation represents the return of principal 
and interest charges on major items. The annual costs of operations and 
maintenance include laborp energy and replacement of minor items, Far the  
Basher site total annual costs were $494.87/ha and f o r  the Morrison site 
$580.78/ha (Tables 1-10 and 1-11)* 
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Table 1-10, Annual financial and energy Costs f o r  LP modeP of Basher site cammercfal trickle i rr iga t ion  
system * 

Annual Cost Per Hectare 
x of m 2 of 

Item Cost ($)/ha Total 10' kcallha Total 

Es tab 1 i shme n t 

Initial Electri 1 Installation 

Labor (Major Materials) 2 /  
Major Materials f7  

Maintenance 

t-- Minor Materials 31  
I 

w ul tabor (Minor Materials) 

Operat ion 

Electricity 
Labor 

3.41 
5.25 
09 

'69 6 009 .46 
1.06 18.126 1.38 

,02 --- -- 

297.48 60.11 1288.509 98.12 
26,10 5.27 --- -... 

12.26 
150.28 

Total 494.87 

2.48 ,564 .04 
30.37 --- -- 
100.00 13 13,208 100.00 
- 

"Major materials include main distribution costs such a3 motor and pump, screen, filter, pressure 

*/Excludes labor for major materials that is included in the installation costs. 

regulator, main pipe, fittings, and clamps. 

3'Mk!Qr mZLt62rid.S i S 3 C l U d e  SpiCkle irrigatiQ?l CQZlpQEentS EUCh biJJall hClEW* 3 FreSSUre r4?.gl.!Elt!?r, 
valves, gauges, and fittings, 
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In the energy analysis inputs were separated as: major items, minor items, 
and energy requirements. The energy values for most materials and 
equipment were obtained from Pimentel (1980) and were combined with the 
materials used in this project. For the Basher site the annual energy cost 
was 1,379,002.20 kcal/ha and for the Morrison site 1 ,313 ,  108 kcal/ha 
(Tables 1-10 and 1-11). 

The estimated irrigation financial and energy costs needed t o  maintain a 
commercial Popu lus  hybrid plantation are given in Tables 1-10 and 1-11. 
These costs are based on analyses of material requirements and costs given 
in Reed et al. (1976), Funk et al. (1980), and Pimentel (1980). Baaed on 
these analyses, the annual financial and energy costs for establishing the 
irrigation system were lower than the annual maintenance and operation 
financial and energy costs. 

Establishment Sumary  

Plantations of Populus hybrid NE-388 at a density of one tree/#.48 in2 were 
established in 1980 and 1981. 
on two sites, and at each site three replications (0.2 ha) under four 
management strategies were planted in each year. The intent of replicating 
the management strategies of control, fertilization, irrigation and 
fertilizationlirrigation in time was to account for growing season 
variation. However, the 1980 and 1981 replications were established by two 
completely different weed control programs. 

-I -- 

The plantations of 1.2 ha were established 

The sites were plowed and disked prior to the 1980 planting, yet by mid 
July the trees were overwelmed by the herbaceous communities. Partial 
control of the weeds was accomplished by August but tree growth was 
suppressed (Figure 5 ) -  The research team was able to execute the designed 
weed control program f o r  the 1981 plantings. The 1981 establishment 
program included applications of total kill herbicides in August (prior to 
planting year), plowing andlor disking in October (prior to planting year) 
and applications of preemergence herbicides at time of planting. The 
differential tree grawth between the two growing seasons and among treat- 
ments within planting year was reflected in consistent site-treatment- 
year significant interaction terms in the analysis of  variance testings. 

In the 1980 plantings, survival ranged from 80 to 88% over site and 
treatments with a mean of 83%. In the 1981 plantings, survival ranged from 
84 to 97% over site and treatments with a mean of 90%. None of the four 
management strategies and neither site consistently influenced tree 
survival. The 1980-1981 differences in the likelihood of a tree surviving 
at the end of the first growing season should not be only ascribed ro weed 
control programs. Quality of planting stock, time of planting, planting 
crew skill and damage from mechanical weed control (1980) were the major 
reasons f o r  the 83X survival in 1980 and 90% survival in 1981. 

The overall sirrv-lval of  85% may reflect a h i g h l y  successful p r o d u c t i o n  size 
establishment effort, Annual planting of 50 t o  200 ha s h o u l d  be considered 
successful if 75% o f  the trees surv ive  and are free to grow at the end of 
the Eirst growing season. 
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With a good weed control program (1981),  neither the management strategies 
nor the sites produced a substantial advantage in total height or stem 
diameter growth during or  at she end of the first growing season. Tree 
size was improved, over other treatments, with combined fertilization and 
irrigation at the Basher site but the advantage was not sustained at the 
Morrison site. In contrast, there were tree size advantages t o  fertilizing 
for t h e  glantings that did not have an effective weed sontrol program 
(1980). There were no differences between sites f o r  the 1980 plantings and 
neither site was irrigated in 1980. 

A summary of the financial and energy costs for establishing a commercial 
plantatLon (Table 1-12) lists the highest operational 'cost as planting 
(including nursery) followed by herbicides, disc, harrow and mower. 
However, the  energy c o s t s  for fertilization were higher than irrigation 
while financial costs for irrigation were higher than fertillzation. 
addition, the costs f o r  cultural amendments were higher at the Morrison 
site. These data were used as inputs to the LP model. 

In 

Table 1-12. Summary of t h e  financial and energy establishment costs for 
the first rotation. 

Basher Site Morrison Site 

6 Es tab 1 ishment 10 kcal/ha $/ha1/ 10' kcal/ha $/ha1/ 

Opera t ion 
Mnwer 
Disc 
Herbicide 
Harrow 
P l a n t  

Cultural Amendment 
FezCElization 
Irrigation 

-- 

.012 2.65 ,012 2.65 

.031 4.77 .031 4.77 

.154 59.84 ,154 59.84 

.014 3.36 .014 3.36 

.541 190.4B3/ ,541 190.48 
y2/ ,752 261.10 m2/ 261. lo3/ 

12.327 410.24 15.428 551.09 
5.253 1754.67 

17.580 2164.91 
5.516 2059.34 

20.944 2610.43 

"Total cost. f o r  4 year period, discounted at 5% annual. 

2/The total establishment cost of 3.76 x 10 kcallha was divided ovgr 5 
6 

rotations, with the cost for any one rotation placed at - 7 5 2  x 10 
kcal/ha. 

3/The t o t a l  establishment cost of $91?.64/ha was prorated over 5 rotations 
(20 years), with t h e  cost f o r  the first rotation ($261.10/ha) repre- 
senting the discounted sum of the first 4 years of  annuity payments. 
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Task 2 - Plantation Biomass Production 
Task 2 was designed to determine the production yields, growth rates and 
properties of the biomass as a fuel or chemical feedstock. In addition, 
financial and energy inputs needed to operate and maintain the plantations 
under t h e  selected management strategies were determined. 

Plantation Maintenance - Second Year, Third Year and Fourth Year - 
The four management: strategies (control, fertilization, irrigation and 
ferfilizat~onlPrrig3t:~o~~ were continued into the second, third and fourth 
growing seasons. All o f  the 1980 treatment units received herbicide 
treatments at the begitiraing o f  the second growing season similar to those 
described for establishment o f  the 1981 plantings. Normally, weed control 
i n  SRIC plantations with close spacings is completed during the f i rs t  
growing season. However, because of the poor weed control in 1980, weed 
control procedures were used in the second year to insure that the measured 
responses were independent of weed competition. Weed control was continued 
on selected 1980 planted treatment units bntil the trees dominated the 
site. None of the 1981 planted units received weed control treatment after 
e s tab lis hment . 
Soil samples for the fertilization treatment units were obtained in the 
fall of each year. These samples were collected to assess fertllfty status 
and develop fertilizer and/or lime recomendations based on site specific 
recomendations t o  produce 47 t/ha of corn silage. Each plot was 
independently evaluated and the amount of fertilizer and/or lime needed to 
maintain a non-ltmiting soil fertility level was applied in the spring of 
each year. The average analyses of the Ap and upper 15 cm of the B 
horizons soil samples collected before the second year by year of planting, 
site and treatment are presented in Appendix B (Tables B-1, 21, Indfvidual 
plot soil test results were used to develop the maintenance fertilizatfon 
program presented in Appendfx €3 (Tables B-3 ,  4 ,  5) .  A summary of the 
fertilizer and lime amounts applied at the beginning of each growing 
seasonr and accumulated fertilizer amaunts, by plantation site and 
treatment are presented in Tables 2-1, 2-2 and 2-3. 

Irrigation was cancelled in 1980 but was applied in the second, third and 
fourth growing seasons (1981-1983) to the three replications planted in 
1980. The trees planted in 1981 were irrigated in the first through fourth 
growing seasans (1981-1984). 
amount: of water added to the Irrigation treatment units is presented in 
Table 1-4 f o r  1981, 2-4 f o r  1982, 2-5 for 1983 and 2-6 for 1984. 

A summary of the weather conditions and the 

The f e s t t l i z a t i o n / i r r i g a t i o n  treatment strategy combined the procedures for 
the two management strategies. The amounts of fertilizer and/or lime added 
at the beginning o f  each growing season were determined in the same manner 
as f o r  the fertilization units and are summarized in Tables 2-1, 2-2 and 
2-3. Weather cnndftions and annual amounts of Irrigation water for the 
1980 and 1981 planted treatment units are summarized in Tables 1-4 and 2-4, 
2-5 and 2-6. 
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Table 2-1. Summary1' of the amount of . f e r t i l i z e r  and l i m e  applied a t  the  
s t a r t  of the  second growing season, and accumulated one and two 
year amendments, by plantation site and treatment. 

Beginning of 2nd 
Crowing Season 

Basher 
F e r t i l i z a t i o n  
Fer t i l i za t ion /  

Irr iga t ion  

Morrisof3 
F e r t i l i z a t i o n  

168 
168 

168 
168 

1 1 7  163 1495 91 
72 148 1028 64 

73 121 4203 143 
a3 109 3363 122 

Accumulative €or 
1, and 2 Growing Seasons 

Basher 
Fertilization 34 7 232 305 5213 134 

F e r t i l i z a t i o n /  34 3 219 332 4746 107 
Irr iga t ion  

Mor r i B on 
F e r t i l i z a t i o n  
Fer t i l i z a  t i a  n / 

Irxigat ian 

343  229 3 15 9644 291 
347 239 294 8884 270 

l 'hourats added by year of planting and individual  rep l i ca t ion  for  each 
Esite and treatment are given i n  Appendix B (Table B - 3 ) .  
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Table  2-2. Summary'' of t h e  amount of f e r t i l i z e r  and lime a p p l i e d  a t  t h e  
atart of t h e  t h i r d  growing eeason, and accumulated one$ two 
and t h r e e  yea r  amendments, by p l a n t a t i o n  s i t e  and t rea tment .  

Beginning of 3 rd  
Growing Season 

Basher 
F e r t i l i z a t i o n  
F e r t  i l i z a t i o d  

I r r i g a t i o n  

Morrison 
F e r t i l i z a t i o n  
F e r t  i l i z a t i o n /  

I r r i g a t i o n  

Accumulative for 
1, 2 and 3 Growing Seasons 

Basher 
F e r t i l i z a t i o n  

F e r t i l i z a t i o n /  
I r r i g a t i o n  

Morrison 
F e r t i l i z a t i o n  
F e r t  i l l l z a t i o n /  

I r r i g a t i o n  

168 
168 

168 
168 

5 10 
510 

5 10 
5 10 

89 
72 

103 
76 

321 
290 

332 
315 

121 
115 

7 2  
8 2  

427 
446 

387 
393 

2802  
747 

3176 
2802 

8015 
5493 

17443 
11606 

88 
28 

i 22 
1 oa 

217 
135 

413 
378 

l'Amounts added by year of p l a n t i n g  and i n d i v i d u a l  r e p l i c a t i o n  far  each 
site and t rea tment  are g iven  i n  Appendix B (Table B-4). 
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Table 2-3.  Summary" o f  the amount of fertilizer and l i m e  applied a t  t h e  
start of the fourth growing season, and accumulated wne, two, 
three and four year amendments, by plantation s i t e  and 
treatment. 

Beginning of 4 th  

Basher 
Fertilization 

MOrriSQn 
Fertilization 
Fert i l i za t ion /  

Irrigation 

Aceumulatiwe f o r  
1, 2, 3 and 4 Growing Seasons 

Pert f P f z a t  ion/ 
i rr iga t ion  

t b  I* f d t3on 
Fert i l izat ion 
Fart i Biz a t  ion/ 

irrigation 

168 
168 

168 
168 

54 20 I. 308 41 
7 2  a5 1495 32 

45 33 1681 105 
62  27 2055 IS 

678 374 446 9322 248 
678 362 531 6987 166 

$78 37 7 426 14506 512 
6 78 377 424 13661 45 3 
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Table 2-4 .  Monthly summary of weekly maximum and minimum temperatures, 
r a i n f a l l  and i r r i g a t i o n  for the Basher and Morrison plantation 
B i t e 5  in 1982. 

June July August Site-Measurement 

Basher - 
Temperature’’ ( e o )  

Weekly Minimum 11.4 15.3 9 2 , O  

Weekly Maximum 24.9 28.9 25.8  

Rainfall’’ (cm) 10 .O 10.6 

Irrigation” (cm) 0 .o 0.0 
3 . 2  

6 ,1  

Morrison 

Temperature“ (C”) 
Weekly Minimum 11.9 14.5 12 .1  

Weekly Maximum 23.2 28.2 25.1 

Rainfal l l ’  (cm) 11.8 10.3 5.6 
Irrigation” (em9 4.8 0.0 7.6 

”Average weekly values are presented i n  Appendix 3 (Table B - 6 ) .  

2’Amouat of water added t o  indiv idual  p l o t s ,  by treatment, s ite and date,  
are presented in Appendix B (Tables B-7, 8 ) .  
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Table 2-5. Monthly summary of weekly maximum and minimum temperatures, 
r a i n f a l l  and i rr iga t ion  for the Basher and Morrison plantation 
s i t e s  in 1983. 

Site-Measurement June July August 

Basher 

Temperature l /  (C” ) 

Weekly Minimum 12.7  13.5 13.1 

Weekly Maximum 28 .5  29 .6  29 .2  

Rainfall’’ (cm) 6 . 9  3 .0  1.8 

Irrigation” (cm> 0.0 0.8 7.7 

Temperature” (C”) 

Weekly Minimum 12.9 13.9 14.6 

Weekly Maximum 27.5 28.7 28 .6  

Rainfall1’ (cm) 7 . 2  3 . 3  1 . 9  

Irrigation” (era> 0.0 6 .8  7.8 

“Average weekly values are presented in Appendix El (Table S-9) .  

2/Anount s f  water added t o  individual pla t s ,  by treatment, s i te  and date ,  
are presented i n  Appendix B (Tables 8-18, 11).  
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Table 2-6. Monthly summary of weekly maximum and minimum temperatures, 
rainfall and irrigation for the Basher and Morrison plantation 
sites in 1984. 

Site-Measurement June July August 

Basher 

Temperature” (C”) 

Weekly Minimum 14.2 
Weekly Maximum 27.0 

Rainfall” (cm) 13.3 

Irrigation” (em) 1.6 

14.4 
2 5 . 6  

7 .8  

2.6 

15.4 

2 7 . 4  

16.8 

0.8 

Morrison 

Temperature’’ (c*) 
Weekly Minimum 13.6 13.8 14.8 

Weekly Maximum 26.5 25.6  26.2 

Rainfall” (cm) 12.1 7.7 13.5 

Irrigation” (em) 3.6 4.1 1.1 

”Average weekly values are presented in Appendix B (Table 3-12]. 

*/A~OUQ~ of water added to individual plots, by treatment, site and date, 
are presented in Appendix B (Tables B-13, 14). 
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Management S t r a t e g i e s  - F e r t i l i z a t i o n  
I___ -I.I. 

-.... Second Year ~ _....-- - The f e r t i L E z e d  t rees  p lan ted  in 1980 a6 the  beginning 
of the secotid growi.ng season (June l a )  grew i n  he igh t  s i g n f f i c a n t l y  f a s t e r  
than t h e  c o n t r o l  o r  i r r i g a t e d  t r e e s  and maintained t h e  g r e a t e r  growth 
throughout 1981 (Appendix B ,  Table B-1.5 and Figure 6). By t h e  end of t h e  
g rowhg  season,  t he  t w o  year o l d  f e r t i l i z e d  t r e e s  grew an average of 2 ,48  m 
i n  he ight  cornpared t o  1.08 IU. f o r  t he  c o n t r o l  t r e e s  and 1.53 m f o r  the  
i r r i g a t e d  t rees ,  There were some sfgnificant Basher-Morrison s i t e  
d i f f e r e w e s  i n  t h e  f e r t i l i z e d  two year  o l d  e longa t ion  va lues  but  t h e  va lues  
d u r i n g  t h e  growing season, measured a t  t h e  end of t h e  yea r ,  were n o t  
s i g n t f i c a n t l y  d i f f e r e n t  (Appendix 13, Table B-15). 

Average s u r v i v a l  of a l l  1980 p lan ted  two yea r  o l d  C O T I ~ ~ ~ ~ Q U S  inventory  
ferriliacd tree5 (80x1 was lower than t h e  c o n t r o l  t r ee  s u r v i v a l ,  89Z (Table 
1-21, 
the Basher site and 3 , 4  m on t h e  Morrison s i t e .  These va lues  were 
~133~La~.1t ta l ly  grea ter  than  t h e  Basher and Morrison control t r e e  averages  of 
1.9 and 1.6 rn> r e s p e c t i v e l y  (Table 1-31, Average diameter  a t  15 c m  above 
groand w a s  a l s o  g r e a t e r  f o r  t h e  su rv iv ing  two yea r  o l d  f e r t i l i z e d  t r e e s  
(Hasher 2.5 and Morrison 2.4 e m )  compared to the  t w o  year  o l d  c o n t r o l  t rees  
(Basher 1.5 and Morz..l.son 1.4 cm> e 

Tota l  he igh t  of t h e  two year o l d  f e r t i l i z e d  t r e e s  averaged 3.5 m on 

-in c o n t r a s t ,  the i c r t i l i z e d  trees p lan ted  i n  1981 did n o t  have second yea r  
he igh t  growth greater than  t h e  C Q ~ ~ I - O ~  trees (Appendix 8 ,  Table B-16 and 
Ejgure 6). 
similar d a t a  c o l l e c t i o n  base as t h e  1980 p lan ted  t r e e s ,  

These second year elongatlon va lues  were c a l c u l a t e d  from a 

Average suwlval. of &he 1981 p lan ted  two yea r  o l d  c o n t r o l  and f e r t i l i z e d  
trees was 91X. T o t a l  he igh t  FOP t h e  two yea r  o l d  f e r t i l i z e d  t r e e s  p l an ted  
a t  t h e  Rasher s i t e  averaged 4.5 m and t h e  trees p lan ted  a t  t h e  Morrison s i t e  
avcraaed 4 + 7  rn. These values were no t  s i g n i f i c a n t l y  d i f f e r e n t  from each 
o t h e r  ox t h e  ~ 0 1 i t ~ o 1  trees planted a t  t h e  Morrison s i t e  which averaged 4 , 6  
m, b u t  they  were significantly g r e a t e r  t han  the  4.2 m average f o r  Basher 
control trees (Table 1-3). There was no signiftcant d i f f e r e n c e  between t h e  
f e z t i l i z e d  Bssher and Morrison stem diameters  (3.8 and 3.1 cma, ~ e s p e c t i v e l y ) .  
The f e r t i l i z e d  t ree  d iameters ,  by s i t e ,  were s i g n i f i c a n t l y  g r e a t e r  t han  t h e  
~ i j i i t r o l  average a f  2 .7  cm f o r  the Basher s i t e ,  bu t  not f o r  t h e  
Kor-i-isoa s i t e  c o n t r o l  va lue  of 3.0 cm* 

Seaorid ._, - _I_ Year F e r t i l i z a t i o n  Sumanargr - The one yea r  o l d  1980 p lan ted  
Fertilized t r e e s  were s l i g h t l y  l a r g e r  i n  t o t a l  he igh t  and stem diameter  
thml t h e  c o n t r o l  trees.  I n  t h e  second growing season, t h e  r ap id  h e i g h t  
growth of t h e  f e r t i l i z e d  t rees ,  p a r t i c u l a r l y  a t  t h e  beginning of t h e  y e a r ,  
s u g g ~ r ~ t s  that t h e  r o o t  system for t h e  f e r t % l i z e d  trees was more developed 
i n  t h e  es tab l i shment  phase than  the non- fe r t i l i zed  t r e e s .  In  t h e  second 
growLng season  of t h e  1381 p lan ted  trees both  the  c o n t r o l  and f e r t i l i z e d  
trees gzew r a p i d l y  tkroughsut  t he  yea r  and t h e r e  w a s  no difference between 
the two t rea tments  - Apparently the  inhe ren t  soil-  nutrient s t a t u s  a t  t h e s e  
two p l a n t a t i o n  s f tes  w a s  s u f f i c i e n t  t o  support  rnaximi im t r e e  he igh t  growth .- 
i f  t i ~ a  veede ~ ~ e r e  c o n t r o l l e d  i n  t h e  es tab l i shment  year .  I f  w e d s  were n o t  
c o n t r o l l e d  i n  t h e  es tab l i shment  year (1980 p l a n t i n g s ) ,  f e r t i l i z a t i o n  
r e s - i l t e d  i n  greater second season t o t a l  h e i g h t  growth than nnn-fprtilized 
t r e e s .  The c o n t r a s t i n g  second yea r  e longa t ion  pattern between the 1980 and 
1981 p l a n t e d  t ~ e e 5  i s  presented  in: Figure 6.  



3.0 

2 .o 

1 .Q 

3 .o 

2.8 

1 .O 

- 198 I Planting 

- 

- 0 - Control 
A - irrigation 

B - Fertilization I Irrigation 
- Fertilization 

il 1 I I 1 l 0 I 
1980 Planting 

4 

Figure 6. Elongation in the second growing season for  trees planted in 1980 
and 1981 by treatment. Treatment values are averaged over site 
and each point i s  an average of 60 randomly and independently 
selected trees. 
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The combined one and two yea r  growth advantage o f  fertflizing trees 
e s t a b l i s h e d  wi th  poor (1980 p l a n t i n g s )  weed c o n t r o l  r e s u l t e d  i n  two year 
o ld  trees t h a t  were  t a l l e r  and larger in diameter  than  n o n - f e r t i l i z e d  t rees  
(Figures 7 and 8, r e s p e r t j v e l y ) .  T&rn f e r t i l i z e r  W B S  app l i ed  t o  trees wi th  

apparently no growth advantage i n  e i ther  t h e  f i r s t -  second growtng 
seasons. H Q I W ~ V ~ T ,  by t h e  end af the  second growing season t h e  f e r t i l i z e d  
trees were beginning t o  accumulzte a s i z e  advantage over t h e  norm-fertilized 
t rees  (Figures 1 and 8), 

good weed c o n t m .  i n  the establishment year (1981 piantings), t i lere  was 

Third Year - Average su rv iva l  sf a l l  1986) planced three yea r  o l d  c o n t r a 1  
t r e e s  (87W) was greater t han  the average su rv iva l  o f  the  f e r t i l i z e d  t rees  
( 7 9 1 ) .  T o t a l  hekght of Che f e r s i l i a e d  t r e e s  averaged 5.7 m at the  Basher 
s i t e  and 5.8 m a t  the Morrieon sFte.  
di f fe rence-  i n  the t o t a l  he igh t  af t h e  three year  old f e r t i l i z e d  trees 
(Table 1-31. me. Eerti1iz.d t rees  were s i g n i f i c a n t l y  t a l l e r  than t h e  
control t r e e s  a t  both the Basher site (average 01 4.1 m) and the Fkrr i son  
s i t e  (average of 3 . 9  nil.. The average three year old t o t a l  h e i g h t  for the 
Basher c o n t r o l  trees was s i g n i f i c a n t l y  greater t han  the Marrison ~ o ~ 7 6 1 ~ 1  
va lue  (Table 1-31. Diameter at 15 em above ground followed a p a t t e r n  
similar to total he igh t  i n  the significant separation between sites for t h e  
f e r t i l i z e d  andc c o n t r ~ l  trees.  
f e r t i l i z e d  Basher t r e e s  and 3 . 6  c m  f o r  t h e  Morrison f e r t i l i z e d  t r e e s .  The 
three  year o l d  stem diameter  averaged 2 - 7  and 2 - 4 .  ern for t h e  Basher and 
Morrissn control t r e e a s  r e s p e c t i v e l y .  

There was no s i g n i f i c a n t  s i t e  

S t e m  diameter  averaged 3.7 cm for the  

Averaged over both p l a n t a t i o n  s i t e s ,  t h e  t h r e e  yea r  o l d  su rv iva l  f o r  rhe 
c o n t r o l  and f e r t i l i z e d  1981 p lan ted  t rees  was 9OX (Table 1-2). Average 
t o t a l  height f o r  t he  three year o l d  fertilized t ~ e e s  p lan ted  a t  t h e  Basher 
s i t e  (5 .7 m) was not s i g n i f i c a n t l y  lower than the f e r t i l i z e d  Crees p lan ted  
a t  the Morrison s i t e  (5.9 m) and t h e r e  was no site d i f f e r e n c e  in average 
stem diameter f o r  t h l o  t rea tment  (Table 1-31. Stem diameter f o r  t h e  t h r e e  
yea r  o l d  1981 p lan ted  f e r t i l i z e d  t r e e s  at t h e  Basher sate  averaged 4.0 cm 

r e su l t ed  i n  t h r e e  year 0l.d t r e e s  that were s8gni f icant l .y  t a l l e r  and larger 
in diameter than t h e  control tKeatm9Et at  t h e  Basher a L t e  bu t  t h e  
d i f f e r e n c e s  were n o t  s i g n i f i c a n t  at t h e  M Q T P ~ S O ~  site (Table 1-31. 

and 3.9 ~ 1 1 1  f a r  the  trees grov-lng at t h e  M O ~ T ~ S O ~  site. F e i t i l l z a t i t 3 n  

Thi rd  Year: F e r t i l i z a t i o n  1_1__ Sumwary - Accumulated t o t a l  he igh t  and diameter 
for ages one, two  and three years of %lie 1988 planted trees are presented  
i n  F igu res  7 and &. These figures i n d i c a t e  t ha t  w i t h  poor weed control i n  
the es tab l i shment  yea r  t h e s e  was a s u b s t a n t i a l  depress ion  i n  control. 
t rea tment  t ree  growth i n  t h e  f i r s t  and second growing seasoyls, as compared 
t o  the f e r t i l i z e d  t r e e s .  ~qcpwever~ i n  t he  t h i r d  growing season o f  t he  1980 
p lan ted  t rees  there were no d t f f e rences  in average t o t a l  h e i g h t  increment 
(about 2 . 3  m> between t h e  trees growing a% e i t h e r  s i t e  and between t h e  
f e r t i l i z e d  and c o n t ~ ~ l  t rea tment  u n i t s  (F igure  7 ) .  There: was a similar  
s tandard  d iameter  inereKent i n  t h e  t h i r d  growing season f o r  t h e  c o n t r o l  and 
f e r t i l i z e d  t rees  a t  b o t h  s i t e s  (Figure 8 ) .  Second and third y e a r  t o t a l  
he igh t  and diameter  Pncrements were s imi la r  f o r  t h e  1980 p lan ted  fertilized 
trees. O f  the 1981 planted fertilized trees, the  second y e a r ' s  t o t a l  
he igh t  increment was greater than that o f  t h e  t h i r d  year .  The second year  
1981 p lan ted  fertilized diameter  increment was a l s o  g r e a t e r  t h m  that of 
the t h i r d  year. but. no t  by as much as t o t a l  h e t g h t .  Averaging over sites, 
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F i g u r e  7 .  Average t o t a l  height for the 1980 and 1981 p l a n t e d  r e p l i c a t i o n s ,  
by age, Treatment v a l u e s  are averaged ove r  s i t e .  
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Figure 8. Average s t e m  diameter at 15 c m  above ground f o r  t h e  1980 and 
1981 planted replications, by age.  Treatment values  a r e  
average  over  site, 
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t h e  t h i r d  yea r  f e r t i l i z e d  he igh t  increments were 2.3 m and 1.1 m for 1980 
and 1981 p lan ted  t r e e s ,  r e s p e c t i v e l y .  

Weed control and year of es t ab l i shmen t  had no important n e t  e f f e c t  on t h r e e  
yea r  o l d  f e r t i l i z e d  average t o t a l  h e i g h t  v a l u e s  (Table 1-3). In  c o n t r a s t ,  
averaging  over si tes,  t h e  1980 p lan ted  f e r t i l i z e d  t r e e s  were about 
sma l l e r  i n  d iameter  than t h e  1981 p lan ted  f e r t i l i z e d  t r e e s .  

Averaged over bo th  sites, total t h r e e  yea r  o l d  control h e i g h t s  were 4.Q rn 
and 5 .7  m f a r  t h e  1980 and 1981 p lan ted  t r e e s ,  r e s p e c t f v e l y .  Average t h r e e  
year o ld  stem diameter  04: the  1980 p lan ted  c o n t r o l  t r e e s  was about 1.1 cm 
less than t h e  1981 planted c o n t r o l  t r e e  value.  

Weed c o n t r o l  had no e f f e c t  on t h e  average t h r e e  yea r  o ld  t o t a l  h e i g h t  
va lues  and a s l i g h t  e f f e c t  on the  d iameter  v a l u e s ,  i f  t h e  trees were 
f e r t i l i z e d .  
c o n t r o l  t r e e  average s i z e  va lues .  
p a t t e r n s  had a major e f f e c t  on the  c o n t r o l - f e r t i l i z a t i o n  tree size 
comparisons. 

However, weed c o n t r o l  methods d i d  have a major e f f e c t  on t h e  
These weed c o n t r o l  d i f f e r e n t i a l  growth 

Fourth Year - Average s u r v i v a l  of a l l  1980 p lan ted  f o u r  yea r  o l d  c o n t r o l  
t r e e s  (86%) was g r e a t e r  than t h e  average s u r v i v a l  of the  f e r t i l i z e d  t r e e s  
(74X; ) .  T o t a l  h e i g h t  of the f e r t i l i z e d  t r e e s  averaged 7.4 m a t  the  Baaher 
s i t e  and 6.9 m at t h e  Morrison s i t e .  "his h e i g h t  d i f f e r e n c e  w a s  
s i g n i f i c a n t  (Table 1-36. The f e r t i l i z e d  trees were s i g n i f i c a n t l y  t a l l e r  
than t h e  c o n t r o l  t r e e s  a t  both  t h e  Basher s i t e  (average of 5.4 m) and the  
Morrison site (average of 5 . 2  m). Diameter a t  15 co! above ground followed 
8 p a t t e r n  similar SO t o t a l  h e i g h t  i n  t h e  s i g n i f i c a n t  s e p a r a t i o n  between 
sites f o r  t h e  f e r t i l i z e d  and c o n t r o l  t r e e s ,  except  t h e  Basher c o n t r o l  t r e e s  
were sfgnificantlg l a r g e r  i n  d iameter  than t h e  Morrison c o n t r o l  t r e e s .  
Stem diameter  oE t h e  f e r t i l i z e d .  Basher t r e e s  averaged 4.6 cm and 4.2 c m  f o r  
t h e  Morrison f e r t i l i z e d  trees. The f o u r  yea r  o ld  c o n t r o l  tree stem 
diameters  averaged 3.5 cm and 3 . 3  cm f o r  t h e  Basher and Morrison s i t e s s  
PespecCPvely* 

Averaged over bosh t h e  Basher and Morrison p l a n t a t i o n  s i t e s ,  t h e  four year  
o l d  s u r v i v a l  of t h e  c o n t r o l  and f e r t i l i z e d  1981 p lan ted  t r e e s  was 86X (Table 
1-2)+ T o t a l  he ighr  of the f o u r  y e a r  old f e r t i l i z e d  trees averaged 7.1 m at  
both  t h e  Basher and Morrisan s i t e s .  These v a l u e s  were s i g n i f i c a n t l y  g r e a t e r  
than t h e  control t rea tment  average t o t a l  he igh t  v a l u e s  of 6 , %  m and 6.7 m 
for t h e  Basher and Morrison sites, r e s p e c t i v e l y  (Table 1-33. Average s t e m  
d iameter  of t h e  1981 p lan ted  f e r t i l i z e d  t r e e s  a t  the Basher s i t e  (4 .8 em) 
was s f g n i f i c a n t l y  g r e a t e r  than t h e  average va lue  f o r  t h e  f e r t i l i z e d  t r e e s  
a t  the Morrison s l t e  (4.6 cm). For both  s i t e s  t h e  f e r t i l i z e d  t r e e  average 
stem diameter  was g r e a t e r  than t h e  c o n t r o l  tree average ( 4 . 2  c~ll f o r  each 
s i t e ,  Table 1-3)* 

Fourth Year F e r t i l i z a t i o n  Summary - Accumulated t o t a l  h e i g h t  and d iameter  
f o r  ages one through f o u r  years of the 1980 p l a n t e d  t r e e s  d i sp l ayed  In 
Figures  7 and 8 i n d i e a t e  a s u b s t a n t i a l  dep res s ion  i n  c o n t r o l  t rea tment  t r e e  
growth i n  t h e  f i r s t  and second growing seasons,  as compared t o  t h e  
f e r t i l i z e d  t r e e s .  However, i n  the  t h i r d  and f o u r t h  growing seasons t h e r e  
was l i t t l e  d i f f e r e n c e  i n  average total .  he igh t  increment between t h e  t r e e s  
g r o ~ i n g  a t  e i t h e r  s i t e  and between the  f e r t i l i z e d  and c o n t r o l  treatment: 
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units (Figure 7). There was a slenilar standard diameter increment in the 
third and fourth growing seasons for the control and fertilized trees at 
both sites (Figure 8). 
recovered from the establishment year weed competition but they remained 
smaller than the fertilized trees, A t  the end sf eke first rotation, 
festiliaation at both s i t e s  increased average total height and stem 
diameter values by about 30% over the control treatment. 

Apparently the 1988 planted control trees have 

In the f i rs t  three years ,  the fertilized average height and diameter growth 
rates far the 1981 planted trees were similar to the control growth rates 
(Figure 7 and 8 ) .  
the Basher and Morrison sites, the fertilized trees grew 30% more than the 
control trees in height and about 45% more than the control trees in 
diameter. 

En the fourth growing season and averaged over both 

The 1980 planted fertilized trees (poor weed control) had slow height 

growing seasons. The 1981 planted fertilized trees (good weed control) had 
rapid height g~owth tn the first two years with sl~wer growth in the third 
and fou r th  growing seasons. Total height o f  four year old fertilized trees 
was about 7.0 rn at both sites f o r  both planting years. 
weed control dfd a f f e c t  the annual rate o f  height growth of fertilized 
trees, it did not apparently influence faur year total height. Stem 
dicnmeter of four year old Pertithed trees averaged 4 . 4  cm and 4.7 cm f o r  
1980 and 1981 planted trees, respectively. 

growth in the f i rs t  year and r ag id  g ~ ? o ~ - t h  the s e c o d ,  third and f o u r t h  

Therefare, while 

Total height of four yeas old con t ro l  trees averaged 5.3 m and 6-11 m for 
1980 and 1981 planted trees, respectively. Diameter of faur year old 
control trees averaged 3 . 4  cm and 4.2 cm f o r  1988 and 1981 planted trees, 
re~pectiveby. n e  depression i n  control tree growth caused by poor weed 
control  (1980 planted trees) resulted in a substantial difference in height 
and dtameter between control and fertilized 1980 planted trees. With good 
weed control, only a slight difference between control and fertilized 1981 
planted trees was observed. 

Management StrateSJss - Errigation 
Second Year - The S E C Q ~ .  growing season elongation measurements f o r  the 
1980 planted trees and statBstfcal differences among treatments are 
presented in Appendix B (Tables B-15, 16). Irrigation at the Basher s i t e  
started on July 18 and was interrupted by 6,30 cm o f  rain on July 28-21 
(Appendix A, Table A-11). I r r i g a t i o n  was resumed on Bug 5-7 and continued 
through August until the rains o f  August 3 1  to September 6 terminated the 
program for the year. An average o f  77 R/m' of water was added to the two 
year o l d  trees growing at the Basher site (Appendix A,  Table A-11). 
Irrigation at the Morsfson site started on August 5 and contfnued until 
August 23. 
trees growing at the  Morrison site (Appendix A, Table A-12). 

-- 

An average o€ 91 R/mz of water was added to the t w o  year old 

The irrigation program at the Basher site f o r  the 1980 planted trees 
resulted in a sustained stgaificant increase in second growing season 
elongation after July 29, as compared to the  control elongation (Appendix W, 
Table B-15). Tple Basher irrigated trees grew 31% more in height than the 
Basher control trees but slgnificantly less than fertilization OK 
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fert9lizationlirPigat~~~ trees. 
1981 was sf shorter duration than the Basher program and resulted in 
increased growth over the controls af ter  August 28 (Appendix I3, Table. 
B-IS), From late August to the end of the g r ~ ~ i n g  season the irrigatfen 
trees at the Morrison site had significantly greater e4oniqation than the 
control trees. The September 29 measurements indlrated that the water 
amended trees grew CIOX more in height than the control trees bur 
substantially less than tho fertilizatian or f e r t i l i z a t j a n / l r r i g a t P o n  
trees. 

The Morrison site irrigation program in 

In 1 9 8 2 ,  the trees planted  in 1981 started their second growing season. 
Rainfall  in A p r i l  and ea r ly  May 1982 was low and the Morrlsan sail became 
water deficiens by mPb-May. Irrigation was starred at the Morrison sire on 
May 10 and continued f a r  17 cycles until September 3 (Appendix H, Table 
B-81, 
irrigated trees that were planted in 1981. This amount of  water added was 
considerably greater than the average of 79 R/m’ which was added to the two 
year old i r r i g a t e d  1980 planted trees during the 1981 growing season. 

An average af 283 Elm’ vas applied to the Norrison two year o l d  

The soil at the Basher site did not become water deficient until A u p s r  
1982, Irrigation of the two year old 1981 planted trees growing at the 
Basher site was started August 16 and continued until September 3 for a 
total of six cycles (Appendix B, Table B - 7 ) .  The average amount of water 
added was 55 &/m2. Irrigation to the two year o l d  1980 planted trearrnent 
units was initiated earlier (August 5, 1981) and the amount added was 
slightly greater 
1981 planted treatment units. 

5 7  t/m2) than the irrigation program f o r  the two year a ~ d  

The pattern of second growing seasan elongation far the 1981 planted trees 
is presented in Figure 6 ,  These results contrast the second growing season 
elongation advantage associated with irrigating the 1980 planted trees 
(Figure 6 ) .  Apparently, when the trees were established in a r e l a t fvehy  
weed free environment (11981 p ian t ings )  the root systems were more developed 
and were capable of supplying srsfffcient  amounts of water f o r  free growth, 
When establishment year weed control. was not effective (1980 p l a n t i n g s ) ,  
irrigation increased height growth in the second growing season, Siaee  the 
1988 plantings were not i r r iga ted  dur ing  t h e  establishment phase, the 
relative first year growth advantage - with weed competition - could not be 
evaluated. 

Second Year Irrfgatian S u m a x  - Average two year o l d  surv lva l  of the 1988 
and 1981 planted C I X I ~ ~ ~ ~ Q U S  inventory trees was about the same for the 
control and Irrigation treatments ( T a b l e  1-3). 
Irrfgated two  year o l d  1980 planted trees was significantly greater than 
tbe control tree average total height at the Basher site bur not at the 
Morrison site (Table 1-31 ,  At both the  Basher and Morrison sites, the 
irrigation two year o l d  total helght for the 1980 planted trees was less 
than the fertilization and fertilizationlirrigation treatment values. 
Irrigation of the two year o l d  1981 planted trees produced d i f f e r e n t  
results. A t  the Morrison s i t e ,  there were ne differences in average total 
hefght values f o r  cont ra1  ( 4 , 6  m) , irrigation ( 4 . 6  m> or fertilfzation ( 4 . 7  
m> ar f e r t l l f z a t i u n / i r r i g a t i o n  ( 4 , 7  m) treatments (Table 1-3L A t  che 
Basher s i t e ,  the two year old average total height of the irrigated 1981 
planted trees ( 3 - 7  nz) was significantly less than the control ( 4 . 2  m’ I3  

Average total height of the 
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f e r t i l i z a c t o n  ( 4  e 5 m) and f e u t i l i z a t i o n / i P f i g a t i o n  (4 .7  m) t rea tment  u n i t s  
(Table 1-31. The reason. f o r  t he  reduced average t r e e  h e i g h t  of t h e  Basher 
irrigated trees was in f luenced  by one r e p l i c a t i o n  where t h e  i r r i g a t e d  t r e e s  
were very  small', 'compared t o  t h e  trees i n  the surrounding replicatlons. 
T h i s  p l o t  was loca ted  i n  a depression and poor i n t e r n a l  s o i l  dratnage may 
have r e s t r i c t e d  tree helght growth. 

R e ~ a t l v ~  average diameter  a t  15 em above ground f o r  the two year  o l d  
i.~.riga^eed t rees ,  as compared t o  t h e  o ther  t rea tments  by year of p l a q t i n g ,  
vas slrnilar t o  r e l a t l v e  t o t a l  t r e e  h e i g h t  d i f f e r e n c e s .  A t  the  Basher s t t e ,  
the 1980 p lan ted  i r r i g a t i o n  t rea tment  u n i t s  had an average diameter ( % , a  
cn) that was s i g n i f i c a n t l y  larger than  the  c o n t r o l  t rea tment  units (1.5 cm) 
b u t  s i g n i f t c a n t l y  l e s s  than  the f e r t l l i z a t f o n  (2 .5  crm) and f e r t i l i z a t i o n /  
i r r i g a f f o z i  (2.7 ~ m )  t rea tment  units. Average two yeas  old diameter  f o r  the 
1980 p lan ted  irrligatforn t rea tment  u n i t s  a t  t h e  PlorrJson site (1.4 em) was 
the same as f o r  t h e  control treatment unit (1.4 cm) and signifleantly lower 
than t h e  f e r t i l i z a t i o n  (2.4 em) and P e r f f l i z a t i o n l l r r i g a t i s n  ( 2 , 7  cm) 

Average two yea r  018 diameter  of t h e  i r r i g a t e d  1981 n t  innits. 
f-r<:E!S gKOWing at t h e  BaSh@r and M o P K h o ¶  s i t e s  (2 .5 ClIi asld 3.1 CKi, 

r e s p e c t i v e l y )  were (a) s i g n i f i c a n t l y  less than all o t h e r  Basher t r ea tmen t s  
( c o n t r o l ,  f e v t i l i a a t l o n  and f 9 s t i l i z a t i s n l i r r i g a t i a n  values of 2 . 7 ,  3.0 and 
3.2 cm, r e s p e c t i v e l y ) ;  and (b) s i g n i f i e a n t l y  g r e a t e r  t han  the  Morrison 
c o n t r o l  (3,O t h e  same as f o r  f e r t i l i z a t i o n  (3.1 cm) bu t  signtfisantly 
1orz.er t h a n  f g r 9 i l i z a t i o n / i r r i g a t i o n  ( 3 . 3  ern) t rea tment  va lues .  

I_- i ihtud - __I__. Year - I n  1982 ( t h i r d  growing season for the  1980 planted t r e e s ) ,  the 
Aprl'L and e a r l y  May rainfail was Pow and she Morxlson s o i l  became water 
d c f i c i e n t  by mid-May. Irrigatfon w a s  s t a r t e d  at t h e  Morrison s i t e  on May 
10 and P-oratlnued f o r  17 c y c l e s  until September 3 (Appendfx B ,  Table B-8). 
Ail average of 287 k/m2 of water was app l i ed  t o  t h e  t h r e e  yea r  o l d  1980 
planted t rees  growing as t h i s  s i t e .  The s o i l  a t  the Basher s i t e  w a s  not 
w a r ~ r  d e f i c i e n t  u n t i l  mtd-August. Irrigation of the t h r e e  year old 1980 
p lanced  trees a t  the  Basher sPte  w a s  i n i t i a t e d  August 16, esntiiiued f o r  s i x  
c y c l e s  and dtscontinued on September 3 (Appendix B, Table B - 7 ) .  An average 
of 7 2  R/m" was app l i ed  t o  the  three yeas  o l d  1980 planted B a ~ h ~ l t  i r r i g a t e d  
r1 @Xtndent Uni ts .  

R~iafall I n  1983 ( t h i r d  growing season f o r  the 1981 p lan ted  t r ees )  was 
adeqixata f o r  t r e ~ ,  growth u n t i l  J u l y  (Table 2-41. I r r i g a t i o n  t o  t h e  t h r e e  
y c c r  o l d  1381 p lan ted  t rees  growing a t  the! Morrison site was s t a r t e d  J u l y  
11 and coiitinued for 12 c y c l e s  u n t i l  September 9 (Appendix B, Table 8-11>. 
An air2sagp O F  I55 elm' was appl ied  t o  t h e  trees growing at t h i s  site. 
Irrigation t o  the t h r e e  year o l d  1981 p lan ted  t r e e s  growing a t  t h e  Basher 
s i t e  was s t a r t e d  J u l y  25  and cont inued to August 30. 
W ~ S  app l i ed  in seven cyc le s  (AppendJx B ,  Table 13-10). 

An average of 86 2/m2 

Avexage th ree  year o ld  s u r v i v a l  of the 1988 planted i r r i g a t i o n  t rees  was as 
gna6 as the control t rees  and appeared to be b e t t e r  than t h e  fertilization 
and f e r t i ~ i z a t i o n / i r r i g a t i o n  values  (Tab le  1-3) -  T h e  relative growth 
response to i r r i g a t i o n ,  as compared t o  t h e  other t r ea tmen t s ,  d i sp layed  i n  
the second growing season o f  t h e  1980 planted t r e e s  was c~ntinued i n t o  
the-LF t h i r d  growing season. Average th ree  year o l d  t o t a l  heighc (4 .9  m) of 
the  irrigation 1980 p l an ted  t r e e s  was stgnificantly grea ter  than the 
control t r e e  average height ( 4 . 1  m) f o r  chose replfcatlons growi.ng at t h e  
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Basher site but not for those at the Morrison site. The three year old 
Morrison control trees averaged 3 . 9  m and the irrigated trees averaged 4 * 2  
m e  At both sites, the irrigation trees were significantly shorter than 
either the fertilization or f e r t i l i z a t i o n / i r r i g a t f o n  trees (Table 1-33. 
The three year o ld  diameter of the irrigation trees followed the same 
pattern as total height with irrigation increasing average diameter at the 
Basher sfte but not at the Morrison site (when compared to control), and 
irrigation resulted %n average diameters that were not as large as 
fertilization or fertilization/irrPgat~on (Table 1-3). 

Average three year o ld  survival values of the 1981 planted irrigation trees 
were similar to all other treatments (Table 1-3). Average three year o l d  
total height of the irrigation 1981 planted trees (5.3 m> was significantly 
less than the control (5.6 n) and fertilization average total height (5.7 
m) f o r  the replications growing at the Basher site, There were no signifi- 
cant control-irrigation ( 5 . 8  vs 6 . 0  m, respectively) or fertilization- 
irrigation (5.9 vs 6.0 m, respectively) differences f o r  the replications 
growing at the korrison site (Table 1-3).  The relative differences in 
three year old average stem diameter for the irrigation treefi, as compared 
t o  the other treatments, were similar t o  the average total height 
differences (Table 1-3). 

Third Year Irrigation Summary - Irrigation in the second and third growing 
seasons (Figures 7 and 81 resulted in small but continued growth gains over 
the control treatment, particularly at the Basher site. Averaged over both 
sites, irrigation to trees with poor weed control in the establishment year 
resulted in a three year old total height of 4 . 5  81 and diameter of 3.0 cm. 
The control three year old average total height and diameter were 4.fl DO. and 
2 .6  cm, respectively. However, the irrigation treatment average total 
height and diameter values were considerably less than either the 
fertilization or the fertilizationlirrigation values. 

Irrigation to trees established with good weed control (1981 planting) had 
contrasting results (Figures 7 and 8) .  There was no apparent three year 
~ l d  irrigation 0ver conrrol advantage far the 1981 planted trees, and 
irrigated average tree size values were only slightly less than the 
fertilization or fertilizatiQn/irrigation average tree s i z e  values. 

Fourth Year - The 1983 irrigation (fourth growing season for the 1980 
planted trees) at the Morrison site was started July 11 and continued for 
42 cycles ending on September 9 (Appendix B, Table B-11). A total of 145 
Elm” was applied ta the 1980 planted four year old trees. 
the Basher site was started July 25 and ended August 30 (Appendix 3, Table 
B-10). 
the 1980 planted trees growing at the Basher site. 

Irrigation at 

There was a total o f  85 R/m2 applied in seven irrigation cycles for 

The 1984 irrigation (fourth growing season f o r  the 1981 planted trees) at 
the Morrison site was started June 13 and continued far seven cycles ending 
August 6 (Appendix B, Table 3-13). A tatal of 8 4  R/m2 of water was applied 
ro  the four year old 1981 planted trees growing at the Morrison sire before 
abundant rain in August (13.5 CUI, Table 2-6) discontinued the need f u r  
irrigation, Irrigation to the four  year old trees growing a6 the Basher 
site was started June 26 and continued for four cycles ending August 6. A 
total of 4 3  lldrn’ was applied to the trees growing at the Basher site 
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befo re  t h e  abundant xairifall .  i n  Asgust (16.8 cm, Table 2-6) discont inued  
t h e  need f o r  i r r i g a t i o n .  

There w a s  no d i f f e r e n c e  i n  the fou r  year o l d  survival for t h e  1980 p lan ted  
c o n t r o l  t r e e s  (82%) and t r i i g a t i o n  trees (812) growing at the  Basher s i t e  
(Table 1-3). A t  the  Morrison s i t e ,  the four  year old t r e e  s u ~ ” ~ i v a P  was 
892 f o r  t h e  con t ro l  t rea tment  and 792 f o r  t h e  irrigatlon t rea tment  (Table 
1-31. 
r e s u l t e d  i n  an average Four yea r  o l d  t o t a l  he igh t  of 6.2 m (Table 1-31. 
The i r r i g a t e d  t r e e s  were s i g n i f i c a n t l y  t a l l e r  than  the con t ro l  (5.4 m> b u t  
s i g n i f i c a n t l y  l e s s  than fertilfzation ( 7 . 4  m> and f e r t i l i z a t i o n 1  
i r r i g a t i o u  ( 6 . 9  m > .  A t  che Morrison s i t e ,  the d i f f e r e n c e s  among the 
t r ea tmen t s  were t h e  same as recorded at the Basher s i t e  but the  average 
Pour yea r  o l d  t o t a l  h e i g h t  of t h e  Morrison irrigation trees of 5 . 6  m vas 
less than  the Basher j r r i g a t i o n  va lue  (Tab le  1-3). The r e l a t i v e  
d i f f e r e n c e s  In t h e  fou r  year o l d  stem diameter  f a r  the i r r i g a t i o n  tre 
compared t o  t h e  other t r ea tmen t s ,  were similar t o  the average total he igh t  
d i f f e r e n c e s .  Average f o u r  year o l d  stem diameter for t h e  Basher and 
Morrison i r r i g a t l o n  t r e e s  was 4.0 and 3 . 6  cm, respecttvely. Pop Bath 
average total he igh t  and stem diameter  at bath si tes ,  the i r r i g a t i o n  
t rea tment  four  year old values  7h~ere s i g n l f i c a n t 8 y  lower than  either the 
f e r t i l i z a t i o n  or t h e  fertil8za~ionlirrigabiau treatnent. 

I r r i g a t i o n  of t h e  1980 p lan ted  t r e e s  growing at t h e  Basher sf.te 

I r r i g a t i o n  te  the  1981 p lan ted  t r e e s  r e s u l t e d  in similar c a n t r o l - i r r i g a t i o n  
four yea r  old survival d i f f e r e n c e s  as t h e  1980 p lan ted  t rees ,  However, 
f o u r  y e a r s  of i r r i g a t i o n  to the 1981 p l a n t e d  trees d i d  n o t  result: i n  the 
same growth responsep when compared t o  the casmtroP, as recorded f a r  t h r e e  
y e a r s  of irrigation t o  the 1980 planted trees. With the exception of a 
s i g n i f i c a n t l y  greater average stem diameter at the MOTI-~SQ~ s - i t e ,  
i r r i g a t i o n  d i d  no t  increase four  yea r  old average t r e e  s i z e  values Q-V~X- the 
c o n t r o l  t r ea tmen t ,  At the  end of the? f i r s t  r o t a t i o n  the  irrigation ~ F ~ B S  
a t  t h e  Basher and Morrison s i t e s  averaged 6 . 7  and 6.9 rn I n  t o t a l  height-,, 
and 4 . 1  and 4.5 cm i n  stem diameter, r e s p e c t i v e l y  (Table 1-3) .  These s i t e  
s p e c i f i c  v a l u e s  were s i g n i f i c a n t l y  lower than  f e r t i l i z a t i o n  a t  t h e  Basher 
s i t e  but no t  ac the Morrison s i t e ,  and were s i g n i f f e a n e l y  less than the  
f e r C i l i z a t i o n l i r r i g a t i o n  va lues  a b  both  s i t e s .  

Fourth Year I r r i g a t i o n  Ssiniaary - men compared t o  c o n t r o l  and averaged over 
bath sitesp i r r l l ga t ion  resu l ted  i n  inc reased  average total he igh t  and stem 

(F igures  7 and 8 ) .  I r r i g a t i o n  i n  the second, t h j r d  and f o u r t h  growing 
seasons of trees e s t a b l i s h e d  wi th  poor weed control r e s u l t e d  i n  about a 12% 
i n c r e a s e  i n  the f o u r  yea r  o l d  t r e e  si.2e values  aver the control t rea tment .  
However, t he  irrigation t rea tment  average four  yeas o l d  %eta1 he igh t  and 
diameter va lues  were s u b s t a n t i a l l y  less  than t h e  f e r t i l i z a t i o n  and 
5 e r t i 1 iz a t ion  / i r r ig a. t -I. 0x1 t I- e a t ment s . 

a i m e t e r  growth dur ing  the second, third and f o u r t h  growing seasons 

I n  c o n t r a s t ,  four  Y ~ Z P S  of i r r i g a t i o n  of t r e e s  e s t a b l i s h e d  with good weed 
c o n t r o l  ( 1 9 8 1  p lan t inq )  had no apparent  f i r s t  rotation b e n e f i t  (F fgures  7 
and 8 ) .  Averaged over  bo th  p l anZa t ion  s i t e s ,  the he igh t  growth races of 
t h e  c o n t r o l  and i r r i g a t e d  trees were s i m i l a r ,  and average four year  o l d  
total he igh t  (15 5.8 m was t h e  same f o r  b o t h  t r ea tmen t s .  D i a m e t ~ r  growth of 
t h e  i r r i g a t i o n  t r e e s  was s l i g h t l y  g r e a t e r  than thc control t ~ e e s  ’in t h e  
thPrd and Fourth growing seasons ( F i g u r s  8) .  Average f o u r  yea r  o l d  
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diameter for the irrigated trees ( 4 . 4  cm) was significantly greater than 
the control value (4 .2  cm) but this difference was relatively minor. 
Averaged aver both sites, the 1981 planted irrigated trees had 
significantly lower total height and stem diameter values than either the 
fertilized or the fertilized/irrigated trees. 

Management Strategies - F e r t i l i z a t i o n / I r r i g a t i o n  

Second Year - For the 1988 planted replications, the combined effect of 
fertilization in the first and second growfng seasons, and irrigation in 
the second growing season resulted in two year o l d  trees witR a similar 
elongation rate to the fertilization trees (Figure 6 and Appendix B, Table 
B-15). Second growfng season elongation values indicated thab, there were 
no sustained significant differences between the fertilSzation and 
fertilizationlirrigation trees at the Basher site (Figure 6 ) .  A t  the 
Morrison site, the fertilizationlirrigation trees had significantly g,reater 
elongation values than the fertilization trees (Appendix B, Table 23-16]. 
Since this trend started before the beginning of the irrlgation program, 
these differences appear unrelated to the irrigation treatment effect. 
explanation m y  be the exceptionally srrong growth of' one fertilization/ 
irrigation plot. 

Average two year old total height of the 1980 planted fertilization/ 
irrigation trees growing at the Basher site was 3 . 7  m l  
substantially greater than the control (average of 1.9 m) and irrigation 
(average of 2.6 m> trees but not significantly greater than the 
fertilization (average of 3.5 m) treatment units (Table 1-31. Average 
total height of the fertilizationlirrigati~n trees growing at the Norrison 
site was 4 . 0  m and this value was significantly greater than all other 
treatments. The average two year old total hefght values of the Morrison 
control, irrigation and fertilization trees were 1.6, 1.5 and 3 . 4  m, 
respectively. 

Average two year old stem diameter of the 1980 planted fertilization/ 
irrigation treatment units was significantly greater than all other 
treatments at both sites (Table 1-33, Combined for both sires, the average 
diameter of the fertflizationlirrigation trees w a s  2.7 cm and the control, 
irrigation and fertilization values were 1.4. 1.7 and 2.5  cm, respectively, 

Relative to the other treatments, the fertilizationlirrigation height: 
growth in the second growing season of the 1981 planted trees was different 
than for the 1980 planted trees (Figure 6 ) .  The 1981 planted trees were 
fertilized and irrigated in both the first and second growfng seasons, and 
weed control was more effective for the 1981 planted trees than the 1.980 
planted trees. There was a slight advantage, as compared to the other 
treatmentst to nutrient and water amendments in height growth during the 
first growing season (Appendix A, Table A-7) and at the end of the first 
year (Table 1-3) .  
fertilizationlirr~gation 1981 planted trees w a s  a l s o  s l f g h t l y  better than 
all other treatmenes (Figure 6 ) .  

For the 1981 planted treesz the average two year old total height of the 
f e r t i l i z a t f o n l i r r i g a t f o n  treatment units w a s  significantly greater than all 
other treatmerit units, at both sites, except fertilization at the. Basher 

One 

This value was 

In the second growing season, elongation of the 
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c f t e  ( l a b l a  1-3). Although t h e  feutilizationlirrigation treatwencs o f  the 
1981 pla iz ted  trees resulted in greater average height at the end of the 
hccm?lj g,~owtlig S ~ ~ S Q I I ,  t h e  r e l a t i v e  difference for the 1981 p l a n t e d  trees 
was ROC great as f o r  the 1980 p l a n t e d  trees (Figure 6 ) .  Averaged over 
plnnrarlon sitesp the 1980 planted % e s t i l i z a t i o n / i P r i g a t P a n  tree total 

ht ti: 3 .9  pn was 2.2 m greater thaz the c o n t ~ o l ,  1.8 m greater than the 
patinn and 0.4 w greater than the fertilization treatment units, 
CT 2nd Morriscnn 1981 planted f e r t i l i z a t P o n l P r r i g a t i o n  t r e e s  averaged 

The 

L 7 19.  +iich was 0.3 ID grea te r  than the control, 0.6 m greater than 
$ r + r ? @ i i  and 0.1 in g r e a t e r  than the fertilization treatment units. 

! r ~ z g  the 1381 planred treatment units, f e r6 i l i za t l a rn lb r r iga t ioK average 
Z I  o f  3 . 2  cm for t he  Bashear site and 3.3 cm € O K  the Morrison site w a s  
sjgnificaiitly grester than all other treatments at e f t h e r  site, except 
fcrtilizatfon at the Basher site. Again, the relative advantage of 
ferrilizacion and i r r i g a t i o n  ’io the 1981 planted trees was n o t  as great as 
f n -  rite 1990 planted trpes but the a b s o l u t e  size of the 1981 planted t r e e s  
T J - F  grr-te? than the 1980 planted trees (Figure 8). 

Pear  Fert~lizatianlIrrigat .I----- - Fert~lizationJ~rrigation 
2nd diemerer (Figures 7 and 8) than all o the r  treatments when the trees 
i ~ r e  e s t ab l i shed  wPth poor weed control methods (1980 planting). Average 
gxcwl’h advantage f o r  the 1980 planted f e r t i l i z a t i o n 1 i P r i g a c i a n  trees was 
s u h s t a n t i a l l y  greater than the  cantrol and irrigation treatments, and 
s l i ~ h r l y  grea~er than the ferfillzatlon treatment. In contrast, the 

iifzatPondirrigntion treatments to the 1981. planted trees (good w e d  
control) resulted i n  on ly  a slight average total hefgkt  o r  d i a m e t e r  gain 
over d l  o t h e r  t ~ e a t ~ t e n t ~  (Figures 7 and 8). En some cases the s i t e -  
: ~ ~ a t n e n t  d i f f e r e n c e s  were not  significant, The main reason f o r  the 
d-JssimliEar relative advantage of EersilizatPon/~rrlgat~on treatment for flie 
1980 qvd 1981 p1aratr.d trees (Figures 7 and 8) was the effectdveness of t h e  

r a t s  resulted In two year o t h  greater average t o t a l  height 

. iblishrnent year weed control programs. 

-... -ih:,d Year - Average total height for t h e  three year  old 1980 planted 
f;rr :liaation/irrigation treatment umlts was 5.8 m €OK The Basher site and 
5 * 9  iii for the Morrison stte. The two values were n o t  significantly 
d i f f e r m t  from each o the r  (Table 1-31 - At both  s l t e s ,  the average total 
height va’liies of the Ee~cilization/irrigation trees were s i g n i f i c a n t l y  
g r c s t e r  than  the  con t ro l  and irrigation treatments b u t  not the fertilization 

ents. Ave;-,lge stelar dlameter of the Basher f e r t i l i z a t i o n l i r r i g a t ~ o ~  
L- L ~ P C S  ( 3 . 8  cm> wq.5 n o t  significantly greater than the value f o r  t h e  

K a r r i s m  t r e e s  (3.7 em> ” A s  with average total height, the f e r t i l i z a t l o n l  
i r r l g e t i o n  treatment average diameter values were sfgnlficantly greater 
ihari chi? control and irrigation treatment values but n o t  significantly 
g : r e ; i t f - ~ -  ’ s l i m  t h e  fertilization treatment value 

Aqezag:e total height i n  the third year of  the 1981 planted fertilization1 
Ti-rlgacioa treatment i ~ n t t s  was significantly lower at the Rasher s P t e  
(6.0 n) t h a n  t he  Y o r r i s o n  s i t e  ( 6 . 2  m). At b o t h  sites, t h e  average heiglir 

fnz: the f e r t i  ~-ization/i~rigaCion trees were signf ftcantly greater 
11 orher C r e a t r w n t s ,  except f o r  fertilization at t h e  Basher site 

7 at the Rasher sLte (4.1 em> WAS also significantly lower than the 
(Table !-’3). Average stem diameter for the f e r r i l i z a t i o a l i r r i g a ~ i o n  trees 
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trees planted at the Morrison site (4 .2  cm). 
treatments, the stern diameter advantage of fertilization/irrigation was 
similar to the total height advantage. 

Compared to the other 

Third Year FertilizationlIrrigation Summary - Fertilization/irrigation 
produced three year old average tree sizes that were greater than all other 
treatments but the relative advantage was dependent on weed control in the 
establishment year (Figures 7 and 8).  Greatest differential values far 
fertilization/irrigation over the other treatments was for trees planted 
with poor weed control in the establishment year (1980 replications). 
The least differential value was obtained for the trees planted with good 
weed control practices (1981 plantings). In the control and irrigation 
treatments, weed control had a major effect on the three year old average 
tree height and diameter values (Table 1-3). Weed control practices also 
influenced these growth variables for the fertilizationlirrigation trees 
but the differences were not as pronounced. 
sites, the fertilization/irrigation trees planted in 1980 were 5.9  m in 
height and 3 . 8  cm in diameter, whereas the 1981 planted trees averaged 6 . 1  
m in height and 4.2 cm in diameter. 

Averaged over plantation 

Fourth Year - Average total height for the four year old 1980 planted 
fertilizatiodirrigation treatment units was 6.9 m f o r  the Basher site and 
7.0 m for the Morrison site. 
different from each other (Table 1-3). At both sites, the average total 
height values of the fertilization/irrigation trees were significantly 
greater than all other treatments, except fertilization at both sites. 
Average stern diameter for the Basher fertilizat9on/irrigatian trees ( 4 . 6  
em) was significantly greater than the value for the Morrison trees ( 4 . 4 ) .  
As with average total height, the fertilization/irrigation treatment 
average diameter values were significantly greater than all other treatment 
values except the Basher and Morrison fertilization treatment values, 

Average four year old total height for the 1981 planted fertilization/ 
irrigation trees was 7.4 m at both the Basher and Morrison plantation 
sites. These four year old trees were significantly taller than all other 
treatments (Table 1-3) regardless of site. Average four year old stem 
diameter of 5 . 0  em for the Morrison fertilization/irrigation treatment was 
significantly greater than the Basher site value (4.8 cm). 
the f e r t i l i z a t i o n l i r r i g a t i o n  treatment values were significantly greater 
than the other treatment values, except the Basher site fertilization 
value. 

The two values were not significantly 

At both sites 

Fourth Year Fertilization/Trrigation Summary - As with the irrigation and 
fertilization treatments, the absolute and relative tree growth variables 
for the fertilization/irrigation treatment were dependent on weed control 
efficiency in the establishment year (Figures 7 and 8 ) .  For the 1980 
plantings, fertilization and irrigation resulted in trees which 
annually were taller and larger in diameter than either the control or 
irrigated trees. When compared to the control treatment averages, 
fertilizationlirrigation treatment units averaged about 30% greater in the 
four year total height and about 45X greater in the four year stem 
diameter. Fertilizationlirrigation of the 1980 planted trees resulted in 
trees similar in average size to the fertilization trees. The combination 
of fertilizing and irrigating the 1981 planted trees resulted in 
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significantly greater two, three and four year old average total height and 
stem diameter values than the control, irrigation and fertilization 
treatments. M O W ~ V ~ K ,  these 1981 planted tree differences between the 
f e r t i l i z a t i o n l i r r i g a t i o n  and the control or the irrigation treatments were 
not as large as wfth the 1980 plantings, After four growing seasons, the 
1981 planted fer%i%iaatiQnBirrigatio~ treatment units averaged about 10% 
greater in total height and 15% greater in stem diameter, as compared to 
the control treatment averages, 

Growth Summary 
v 

Tota l  height and stem dkameter ~f first rotation populus - hybrid trees 
planted OR the two study s i t e s  demonstrated: 

(1) There were advantages in providing goad weed control in the first 
growing season. 

(2) Two year old trees grow Raster than one year old trees, two year 
growth rates were sustafmed in the third year but slowed in the 
fourth year. 

(3)  Favorable sites (Basher) resulted in trees that w e ~ e  somewhat 
larger compared t o  unfavorable sites (Morrisan). 

( 4 )  Fertilization and f e r t i l i z a c i a n / i u r i g a t i a n  investimnts increased 
tree growth over no amendments. I r r i g a t i o n  had mixed results. 

Averaged over the two plantation sites and all four treatments, the one 
year old 1980 planted trees averaged 1.0 m in height and 0.8 cm in diameter 
at 1.5 cm above ground, These values were much lower than the average total 
height of 1.7 m and stem diameter of 1.4 cm achieved by the one year old 
trees planted in 1981. Crowing season eondltions: were slightly different 
and irrigation was used in the 1981 growtng season but the major reasan f o r  
nearly doubling the tree growth was the effectiveness of the 1981 weed 
control program. 

All two yeas old trees planted in 1980 increased total height by an average 
of 1.8 ID. to a total height sf 2.8 rn a t  the end of the second growing 
season. Average diameter increased 1.3 cm in the second growing season t o  
the two year total diameter of 2.1 cm. The 1981 planted trees increased 
total height by an average o f  2.7 m t o  a height of 4.4 m a t  the end of the 
second growing season (when averaged over sites and all. treatments), 
same 1981 planted trees increased average stem diameter by 1.6 cm in the 
second growing season to the t w o  year mtal of 3.0 cm. 

These 

The three year old 1980 planted trees continued to increase average tree 
size ae a rate comparable to their two year o l d  rate. Average total height 
increased 2,3 m in the third year and achieved an average of 5.9 m. at the 
end of three growing seasons.  A 1 1  t r ee s  increased stem diameter by 1.2 cm 
in the third growing season tts 3 . 2  cm at the end of three years. In 
contrast to the 1988 planted trees9 the 1981 plantkngs had less height and 
diameter growth in t he  third growing season than their second growlng 
season. Total. height of a l l  1981 paanted trees was increased an average of 
1.4 m i n  the t h i r d  year to 0btai .n  a total height of 5 . 8  m at the end of 
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three years. Average stem diameter of these same 1981 planted trees 
increased by 0.7 cm in the third year to the three year old average of 3.9 
cm . 
The 1980 plantings had, relatively, slow growth in the first year, rapid 
growth in the second and third years and slow growth in the fourth growing 
season. 
height and diameter. Average total height for all treatments at both sites 
was increased by 1.4  m in the fourth growing season to the four year old 
average of 6 . 4  m. In the fourth year, stem diameter of these same trees 
increased 0.8 cm to the four year old average of 4.0. The 1981 plantings 
had, relatively, rapid growth in years one and two, and slower growth in 
years three and four. All 1981 planted trees grew an average 1.2 m in 
total height during the fourth growing season to achieve an average of 7.0 
m after four growing seasonsI These same 1981 planted trees grew 0.6 cm in 
stem diameter during the fourth growing season to obtain an average of 4.5 
cm after four years of growth. The major reason for the 0.6 m average four 
year old total height and 0.5 cm stem diameter advantage of the 1981 
planted trees over the 1380 planted trees was the effectiveness of weed 
control in the establishment year. 

Relative value of plantation site (favorable or unfavorable) can be 
evaluated by the growth of the control treatments, to some degree by 
irrigation or fertilization treatments but not the fertilization/irrigation 
treatment. The control treatment tree growth was dependent on inherent 
sail fertility and soil water. The irrigation treatment was one that 
maintained non-limiting soil water conditions, regardless of site, but the 
available soil nutrients were site dependent. The fertilization treatment 
was one that maintained non-limiting soil nutrient conditions, regardless 
of site, but available water was site dependent. The fertilization/ 
irrigation treatment was one in which both soil nutrients and soif water 
were maintained at non-limiting growth conditions. 

A 1 1  1980 planted trees exhibited a reduced fourth year growth in 

In the first growing season, the Morrison control trees were significantly 
taller and larger in diameter than the Basher control trees for both the 
1980 and 1981 planted trees (Table 1-3). The two year old 1980 planted 
trees at the Basher site were significantly larger in size than the trees 
growing at the Morrison site. However, for the 1981 planted trees, the two 
year old control! trees at the Morrison site were significantly larger in 
size than the trees planted at the Basher site (Table 1-3). After three 
growing seasons, the Basher control trees planted in 1980 averaged 4.2 m 
tall and 2 . 7  em in diameter. These values were significantly greater than 
the average total height (3.9 m> and diameter ( 2 . 4  ern> €or the trees 
growing at the Morrison site. In contrast, there were no s-hte differences 
in control three year old average total height and diameter for the 1981 
planted trees. The Basher control trees planted in 1980 averaged 5.4 m in 
height and 3.5 cm in diameter at the end of the first rotation. The four 
year old Morrison 1980 planted control trees averaged 5.2 m in total height 
and 3 . 3  cm in diameter. The average total height site difference was n o t  
significant but: the s i t e  difference for average stem diameter was 
significant (Table 1-31. The control trees planted at the Basher and 
Morrison sites in l Y 8 1  obtained the  same average four year o l d  total height: 
and stem diameter values (Table 1-3). Good weed control in the establish- 
Iuent year for the 1981 planted trees substantially increased the average 
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f o u r  year o l d  tree size variables ower the values measured for the trees 
planted wfth  poor weed control (1980 plantings). 
t h e  9980 planted control treatments were 5 . 1  m in height and 3.4 cm in 
diameter, and the 1981 planted control treatments were 6.8 m in height and 
4 .2  cm Pn diameter. 

Averaged over both sites, 

Irrigation water was applied t o  one year old trees In  1981. The water 
arnendraents did no6 increase the IXN year old average total height or stem 
diameter coinpared to control trees at either s l t e  (Table 1-31. The trees 
planted in 1980 were not irrigated in the first growing season but they 
were- in t h e  subsequent growlng seasons. The Washer site irrigatfon two 
year o l d  1981) p l a n t e d  trees were taller (2.6 .I> and larger in stem diameter 
(2.0 cm> than the control. trees which had an average total height and stew 
dizmetel- of 1.9 and 1.5 CHI, respectively (Table 1-31, The Morrison site 
i r r - l g a t i o n  two year 01.d trees planted in 1980 were about t h e  same height 
and cli.amett?r as the c o n t r o l  trees (Tabla 1-3). The irrigation two year old 
1981 p l a n t e d  t r e e s  also had mixed relative tree size values, wher, compared 
t o  control, depending on sire and specific size variable ( T a b l e  1-3). 
Water amendments in the Fhird year of the 1980 planted trees continued bo 
increase the total height and diameter of the irrigation trees over the 
contra: treatment values at the Basher site, but not at the Morrison site, 

I r r i g a t i o n  treatment unjts of the 1981 planted trees continued to have 
mixed results in the third growing season ,  Compared t o  the control trees, 
irrigation t o  the 1981 planted trees resulted in trees that were not as 
tall and had smaller diameters at the Basher site, and the irrigation trees 
at t h e  Morrcfsan site had the?. same three year old average height but larger 
average dfaraeter than the  c~wtr01 trees. Reasons far the lower average 
s i z e  of the Irrigation Basher 1982 planted trees may be due t o  one 
zeplfxatian that 1s Bacaced in a depression and p o a ~  internal sail drainage 
could be restricting tree growth in that replication. 

The f o u r  year o l d  irrigation trees planted at the Basher s i t e  in 1980 
ave-ssg~d 6.2 m in h e l g h t  and 4.0 cm in diameter. A t  the Morrison site, the 
four  year  o l d  1980 pl-anted irrigation treatment units averaged 5 . 6  III in 
height and 3 . 6  cm in diameter. The differences between the  two sites were 
significant. Irrigation, at each site, resulted in average four  year old 
tree sizes t h a t  were larger than the control treatment. First rotation 
growth gains from irrigation, as compared to the control, f o r  the trees 
p lan ted  in 1980, w3s about LOX at t he  Morrison site and 15% at the Basher 
s i t e .  The 1981 plarnted four year o l d  control and irrigation trees were 
about 20X larger io average total hcdght and stem diameter than the 1980 
planted c t r n t r o l  and irrigation trees. In addition, there were no sustained 
differencEs between the 1981 control and irrigation trees (Table 1-3). For 
t h i s  study, weed control in t h e  establishment year appeared to be more 
c r i t i c a l  in determining f i r s t  rotation growth rates than available water. 

Fertilization Increased the one year old total height and stem diameter 
over the cont robs  for the 1980 p l a n t e d  trees a t  both sites (Table 1-3). 
In conl~rast~ tree height and diameter values f o r  the fertilized 1981 
plaf i ted  f-r~es were s imi la r  and in some cases lower than the control trees. 

A major advantage of fertilization to the 1980 planted trees was evtdent  in 
the second growing season. The one year old total height f o r  the Basher 
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fertilization trees was 0.5 1p1 greater than the control trees. At age two 
the fertilization Basher trees were 3 . 5  m in height or 1 . 6  rn taller than 
control trees (Table 1-31, At the Morrison site one year old fertilization 
trees were 0.3 m taller than the control trees, and the two year o l d  trees 
averaged 3.4 rn in height which was 1.9  m greater than the two year o ld  
control trees (Table 1-31. Stern diameter f o r  the two year o ld  trees 
pari l l le led the total height values with the fertilization trees at the 
Basher and the Morris~n site and was considerably larger than the control 
trees (Table 1-3). After two growing seasons, the 1981 planted 
fertilization trees were sfgnificantly taller and larger in diameter than 
the control trees at the Basher site, and significantly larger in diameter 
but not in total height, compared to the control trees, at the Morrison 
site (Table 1-3). 

The fertilization trees planted in 1980 maintained their growth advantage 
over the control trees in the third growing season. The fertilization 
trees at the Basher site were 5.7  rn tall or 1.6 m greater than the control 
trees (Table 1-31.. They were also 3 . 7  cm in diameter or 1,0 ern greater 
than the control tree average. At the Morrison site, the fertilization 
trees were 5 . 8  m in height and 3 . 6  em in diameter (Table 1-3 ) -  These 
values were 1.9 m taller and 1.1 ern larger in diameter than the control 
tree averages. Fertilization to trees planted with good weed control in 
the establishment year (1981) did not result in the same growth advantage 
over the control as was evident with the 1980 planted treatments. 
rotal height and diameter values of the 1981 planted fertilization trees 
growing at the Basher site were significantly greater than the control 
values but there were no significant control - fertilization differences at  
the MQrrison site (Table 1-31. 

Average 

A t  the end of the first rotation, fertilization of the 1988 planted trees 
at the Basher site produced trees that averaged 7.4 m in height and 4.4 cm 
in dfamerer. Fertilization a t  the Morrison site resulted in trees which 
averaged 6 - 9  tu In total. height and 4 . 2  cm in diameter at four years of age. 
The Basher site fertilization units averaged significantly larger total 
height and diameter values than the Morrison fertilization units. In all 
cases, fertilizatfon of the 1980 planted trees resulted in four year old 
tree size values significantly larger than control and irrigation, and 
about the same as the  ferrllization/irrigation, 
in average s i z e  f o r  fertilization, as compared to control, was about 35% 
for the trees planted in 1980. For the trees planted in 1981, 
fertilization resulted in the same average four year o l d  total height at 
both the Basher and Morrison sites (7.1 m) but the Basher fertilization 
average stem dianeter value ( 4 , 8  cm) was significantly greater than the 
Morrison average value (4,5 cm). In a l l  cases the four year old 1981 
planted fertilization units averaged significantly larger than the control. 
units and significantly smaller than the fertilizationJirrigation units. 

The Basher fertilization units were significantly greater in average total 
h e i g h t  and stern diameter than the irrigation units. There were no 
significant differences in the irrigation vs fertflization treatments at 
the Morrison site, and little difference in height and stem diameter 
between f o u r  year old 1980 and 1981 planted fertilized trees. 

The first rotation gains 
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The 1981 p l a n t e d  c o n t r o l  trees, hovever, were s u b s t a n c l a l l y  larger than the 
1980 planted c o n t r o l  trees (poor w e d  control>. Wed control vas 
responsible f o r  tlro 1981 planttad f e r t i l i z a t i o n  trees having an  82 growth  
advantage over che 1981 pI.antrt4 c o n t r o l   tree^, whi le  of t he  1980 p lan ted  
fertllf7aCfon t r e e s  hed A 35% growth advantage over 1980 p l a n t e d  c o n t r o l  
trees (Table 1-3). 

C ~ i ~ ~ b i ~ e d  amendments of f e r t i l i z a t i o n  and i ~ r i g a ' i i o n  were a p p l i e d  i n  1981 t o  
she bane y e a r  old 1981 planted t r e e s  and t h e  t w o  y e a r  o l d  1980 p l a n t e d  
trees, The t rea tment  combination r e s u l t e d  i n  a m  yesr old trees at the 
Basher s i t e  being taller and lae-gnr in diameter t h a n  the o t h e r  t r e a t m e n t s ,  
There were nci a p p a r e n t  d i f f e i e n c r s  among treatments a t  the Morrison site 
for t he  one y%?r o l d  ",ess (Tab12 1-3). 

FertPlizae:on/lrrPeaKiaw of the  t rau  year  o l d  1980 planttngs r e s u l t e d  in 
trees that  were t h e  t a l l ~ s t :  and l a rges?  i n  diameter a t  b o t h  s i t e s  (Table 
1-31, 
y e a r  o l d  t o t a l  height of 1.1 m ta 3 . 1  ?ii at age two. Seem diameter  
increased from 0.9 DEI co 2.5 cm between ages one and t w o .  The M Q I - ~ ~ S O ~  
fertPlizationsirr:ga~~~n trees inc+aased in average t o t a l  h e i g h t  from 
1.1 m a t  age one to b s O  rn at two years of age. Average stem digmeter of 
these t ~ e e s  I n c m ~ s e J  from an average of 0.9 cin for one y e a r  o l d  t rees  t o  
2.7 cm at two years of age. 

The Basher f c r C i l i z a t l o w j i r r P g a ~ ~ o ~  trees grew from an average one 

The twwo year ~ l i l  fertF1izatfon;ir~iga~~~n t r e e s  planted in 1981 were also 
the bal l -es t  and l a rges t ;  in dtaaeter a t  both  the Basher and Fr'owrison s i t e .  
The Basher fertPliz~~=o~iBrrBgatio~ trees grew an average s f  2.8 m i n  
height and 1 . 7  cm i n  d i a m t e r  in t h e  second growlr~g season to a total 
height of 4 , 7   ET^ 2nd diameter of 3.1 cm a € ~ e r  t w o  years of age. The 
Morrison f e r t i ; l z a t i o n l i r P i g a t ~ o ~  t r e e s  grew an average sf 3 . 0  m in he igh t  
and 1 , 5  cm in dismeter i n  t h e  secortd y e a r  t o  a t o t a l  height of 4.7 m and 
diameter o f  3.1 crn after t w o  y e a r s  of age (Tab1.k 1-3).  

The tallest and largest treatment v a l u e s  f o r  t he  three year o l d  trees were 
on the  f e r C i l i 7 ~ ~ i u n J i r r P g a t i n n  m i l t s ?  i-egardlcss of year  of p l a n t i n g .  The 
three  year Q l d  1980 p?awted f@rtiliLation/irrigi~tion a t  the  Basher 
and Morrfson s l t e s  WX-P ~ o t :  s i g n l f l c m s l y  d i f f e r e n t  i n  e i t h e r  t o t a l  h e i g h t  
09 s t e m  diameter. Averaged w e r  plantatdon s i t e s ,  tine 1980 p l a n t e d  
f e r = i l l z a t i o n J i r r i g a t i o n  units were 5.9 
diameter, r e s p ~ c t < . t - e l y .  At each plantation s i t e ,  these f e r t i l i z a t i o n 1  
i r r i g a t f o n  u n i t  awra&?es were s i g n i f i c a n t l y  g r e a t e r  t han  either t h e  c o n t r o l  
or irrigated units biat not s i g n i f i c a n t l y  d i f f e r t . a t  f r o m  t h e  f e r t i l i z a t i o n  
units - The 1981 p l a n t e d  T e r t i l i z a t i o n l i r r i g a ~ i o [ ~  treatments were 
signiflcancly taller and larger i n  diameter a t  t h e  Morrison s i t e  than a t  
t h e  Basher s i t e  b u t  the d i f f e r e n c e s  W F ~ C  o n l y  0.2 m i n  t o t a l  h e i g h t  and 0.2  
c m  i n  stern diameter. The 1991 planted three p a r  o l d  Basher fertilization/ 
i r r i g a t i o n  irn-lt averages of 6.0  m fn t o t a l  heighr and 4.1 cm in stern 
diarnetnr were s i g n i f i c a n t l y  greater than t h e  c o n t r o l  and i r r i g a t i o n  
treatment average5 b u t  n o t  s i g n i f i c a n t l y  d i f f e r m t  from t h e  f e r t i l i z a t i o n  
trea'rmcnt averages.  F o r  t h e  1981 planred t r e e s  a t  t h e  Morrfson s i t e ,  t h e  
f e r t i l i z a t i o ~ , / i r r i R a ~ i ~ ~  ave7age t o t a l  h e t g h t  and diameter  values were 
s i g n i f i c a n t l y  g r e a t e r  than  the c o n t r o l  and fertilization values but  no t  
s i g n i f i c a r i c i y  d IfferF3t- I han t h e  irrigation va1uc.s. 

ana 4 . 5  CIE i n  t o t a l  h e i g h t  and 



At the end of the  first rotation, fertifizationlirrigation resulted in four 
year o l d  trees with larger average total height and stem diameter than the 
control or irrigation treatmentsa regardless of planting year or plantation 
s i t e .  Combined fertilization and Prrigation did not result in average four 
year o l d  tree s i z e  values significantly greater than fertilization, except 
for stem diameter of the 1981 plantings at  the Morrison site. The four 
year o ld  total height of the fertilizationlfrrigation trees averaged 6.9 
and 6.8 m at the Basher site, and 7.0 and 7 . 4  m at the Morsfson site for 
the trees planted in B?8Q and 1981, respectively. Stern diameter for the 
four year old f e r t P l i a a t i o n l i r r i g a t i o n  units averaged 4 . 6  and 4 . 8  cm at the 
Basher site, and 4.4 and 5,Q em at the Morrison site for the 1980 and 1981 
plantings, respectively. As compared to the control treatments for each 
year of establishment, fertilPzationlirrigation increased average four year 
old trees size values about 35% for the 1980 planting and about 12X for the 
1981 planting. As with the other treatment comparisons the apparent fall 
down in differential control-to-other-treatment responses between the 1980 
and 1981 plantings was mainly due to the control unit growth fates with 
good and poor weed control. in the year of establishment. 

Y i e l d  Summary 

Field and oven 
Populus trees, 
summarized for 

dry biomass yields above a.15 em stump height of individual 
by selected components, were calculated from equarions and 
all l i v ing  trees per site-replication-treat~ent plots. The 

equations were developed from trees cslleeted from the destructive sample 
units in each plot. Field weight values (green total tree, excluding 
leaves) were for trees collected in November-December from the plantations. 
Oven dry values were determined by the methods described by Bowersox and 
Murphey (1975) in which the varlous components were dried in a forced air 
oven at 105'C until weXght loss stabilized. The equations f o r  determining 
one, twoI three and f o u r  year o l d  field weight of t o t a l  tree and oven dry 
total tree, rnainstem wood, bark, and branches are listed in Tables 2-7, 8, 
9 and 10. Equations for predicting weight of one, t w o ,  three and four year 
old oven dry leaves in September are given in Table 2-11. In addition, all 
living continuous inventory trees on each treatment unit were harvested at 
first rotation age of four years. Field weight for each Living continuous 
inventory tree per treatment unit was measured to the nearest 20 g, 
immediately after cu t t ing .  Individual total tree field'weighr values for 
a19 living trees were summarized per  plot. 

Biomass yields were estimated three ways: 1) equation predicted field, 2)  
actual field and 3)  adjusted OD weights. Each year about 120 trees p e r  
planting year-site-treatment combination were destructively sampled and 
weighed (total tree field weight). They were then debarked, debranched and 
oven dried to determine OD weight of wood, bark and branchwood. The data 
were used to determine mathematical relationships between measured biomass 
weights (total. tree field weight and OD wood, bark and branchwood weights) 
and total height and stem diameter. 
develop equations to predict field weights given ager  height, diameter, 
sits and management strategy for any given tree. The four year old 
equation predicted and actual field weight values for each site-treatment 
combination were compared, Most of t h e  predicted values were within 2 3% 
of actual values but some were as much as k 102 of actual values. 

These relationships were used to 
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T a h l  e 2-7 .  Intercepts (b ), regression coefficients (b ) standarg 
deviation (Sy and fraction af explained variation (R ) f o r  
equations'/ t o  predict fiela weight  (green), oven dry main- 
stem wood, oven d r y  bark, oven dry buds, and oven dry total 
tree (excluding leaves) for one yeas o l d  trees, by treatment. 

1 

Y 
var iah le N S R2 

$7 7 . 7 4  
86 8.80 
89 4.14 
83  8.28 

33.2 
32.2 
3 2 - 5  
31.7 

11.0 
14.0 
13.0 
13.0 

9 8% 
97% 
35% 
972 

87 0.92 
86 0.82 
89 0.11 
83 1.38 

87 2 .73  
86 2.99 
89 1.60 
83 2.90 

87 0.58 
85 0.49 
89 0.26 
83 0.42 

87 4.15 
86 4.30 
89 1.75 
83 4.78 

9.0 
8.8 
9.2 
8.S 

3.8 
3 .4  
4.3 
3.4 

0.3 
0.2 
0.4 
0.3 

13.0 
12.4 
13.9 
12 .2  

3.0 
2.0 
3 .O 
4.0 

2.0 
2.0 
2.0 
3.0 

0.4 
0.3 
0.2 
0.3 

4.0 
4.0 
5.0 
6.0 

89W 
99X 
9 7w 
97% 

95% 
962 
94x 
88% 

77% 
79% 
90% 
74% 

98% 
98% 
97% 
95% 

2 
"Y = b 3. b1 (D Mt), where Y is wa?i.ght/tree above 15 cm stump in grams9 B 

i s  green outside bark diameter at 15 cm above ground In centimeters, and 
B t  Ls total tree h e i g h t  above g r i ~ u n d  in meters. 

0 
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Table 2-8. Regression coefficients (bl) standqrd deviations and 
fraction of explained variation (R ) for equations to predict 
f i e l d  weight (green), oven dry mainstem wwwd, oven dry rnainstem 
bark, oven dry branches and oven dry total tree (excluding 
leaves) for tu0 year old trees, by treatment. 

Y 
variable H b 1  s R2 

Field Weight-Total Tree (g) 
Control 
Irrigation 
Fertilization 
Fert ilieationl 

Irrigation 

Oven Dry Mainstem Wood (e) 
Control 
Irrigation 
Fertilization 
Fert i l f za t ion /  
Irrigation 

h e n  Dry Mainstem Bark (g) 
cantro 1 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

oven Dry Total Tree (g) 
Con t ro 1 
Irrigation 
Fertilization 
Fert i l izat ion/  
Irrigation 

115 
119 
112 
114 

115 
119 
112 
114 

115 
119 
112 
114 

115, 
119 
112 
114 

115 
119 
112 
114 

28.8 
28.7 
27.5 
28 .0 

8.6 
8 .3  
8 . 0  
0 . 3  

8.8 
8.6 
8.5 
8.4 

2.6 
2.8 

2.5 
2.8 

14.0 
13.7 
13.2 
13.2 

117 
174 
148 
156 

20 
25 
40 
46 

9 
11 
13 
16, 

2 5  
30 
38 
31 

45 
59 
70 
70 

98% 
96% 
99% 
99x 

98% 
99% 
99% 
99x 

99% 
98% 
99% 
98% 

92% 
89X 
91% 
93% 

99% 
98% 
99% 
9 9 x  

2 
(D Ht). Y is weightftree above 15 cm stump in grams, D is green o u t s i d e  
bark diameter at: 15 cut above ground i n  centimeters, and Ht is total tree 
height above: ground in meters. 

"Y = b (D at3 for a11 variables except mainstem bark which was Y = b1 
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Table 2-9. Regression coefficients (bl) standfrd deviations (9) and 
fraction of explained variation (R ) for equations to predict 

bark, oven dry branchess and oven dry total tree (excluding 
leaves) for  three year old trees, by treatment. 

f i e l d  weight (green), oven dry mainstern wood, oven dry maanstern 

Y 
variable N l0l S R2 

Field Weight-Total Tree (g) 
Control 109 25.7 305 98% 

Oven 

Oven 

Oven 

Oven 

Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

Dry Mainstem Mood ( 8 )  
Control 
Irrigation 
Fertilization 
Pert i l i z a t i a d  
Irrigation 

CQntrO1 
Irrigation 
FerfAllzation 
Fertilization/ 
Irrigation 

Dry Branches (g) 

Irrigation 
Ferrilizatisn 
Fertilization/ 

Irrigation 

Dry Total Tree (g) 
Control 
Irrigation 
Fertilization 
F e r t i l i z a t i s n /  

Irrigation 

110 
117 
105 

109 
110 
117 
105 

109 
110 
117 
105 

109 
110 
117 
105 

109 
119 
117 
105 

27.3 
26.5 
26.1 

8.19 
8.59 
8.75 
8*45 

9.02 
8 . 6 4  
9.20 
8.75 

2.40 
2.33 
2.48 
2.25 

12,6 
12,9 
13.2 
1 2 , 4  

328 
284 
438 

72 
70 
99 
123 

26 
20 
30 
32 

86 
69 
41 
86 

146 
128 
146 
138 

98% 
99% 
99% 

99% 
99% 
9 9% 
99% 

98% 
99% 
99% 
99% 

88% 
90% 
96% 
94% 

99% 
39% 
99% 
99% 

2 

(D Kt). Y is weightjtree above 15 cm stump in grams, B is green outside 
bark diameter at 15 ern above ground in centimeters, and Wt is total tree 
he igh t  above ground in meters. 

"Y = b (D Ht) for all variables except aeinstem bark which was Y = b l  
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Table 2-10, Regression coefficients (bl) standyd deviations (75) and 
fraction of explained variatlon (R 1 for equations t o  
predict field weight (green), oven dry mainstem wood, oven dry 
mainstem bark, oven dry branches, and oven d r y  total tree 
(excluding leaves) for  four year old trees, by treatment. 

Y 
variable N b, S R2 

Field Weight-Total Tree (g) 
Cont r o 1 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

Oven Dry Mainstem Wood (9) 
Control 
Irrigation 
Fertilization 
Fertilization1 
Irrigation 

Oven Dry Mainstem Bark (g) 
Control 
Irrigation 
Fertilization 
Fertilization 
Irrigation 

W e n  Dry Branches (g) 
Cont r o 1 
Irrigation 
Fertilization 
Fertilizatfon! 
Irrigation 

Oven Dry Total Tree (g) 
Control 
Irrigation 
Fertilization 
Fertilization1 
Irrigation 

112 
110 
115 
115 

112 
110 
115 
115 

112 
110 
115 
115 

112 
110 
115 
115 

112 
110 
115 
115 

26.7 528 
27.8 667 
2 5 . 3  1266 
26 .a 942 

8.75 184 
9 . 3 3  244 
8 . 6 5  506 
9.14 3 16 

10.2 39 
10.5 60 
11.1 80 
i a . 9  87 

2 .63  106 
2.49 2 20 
2 .04  177 
1.98 176 

13 .1  259 
13.4 308 
12.2 69 6 
12.7 439 

99% 
99% 
99% 
99% 

99% 
99% 
9 8% 
99% 

99% 
98% 
99% 
98% 

97% 
9 1% 
96% 
96% 

99% 
99% 
98% 
99% 

2 
(D H t f .  Y i.s weight/tree above 1.5 cm stump in grams, D is green outside 
bark diameter at 2 5  cm above ground in centimeters, and Ht is total tree 
height above ground in meters. 

"Y = b (D Ht) for all variables except mainstern bark which was Y = bl 
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Table 2-11. Equations" for predicting the oven dry Septeqber foliage 
weight of individual treea, by tree age, for the four 
treatments, 

One Year Old 
Control 
Irrigation 
Fertilization 
Fert iliza tion/ 
Irrigation 

Two Year Old 
Cont%ol 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

Three Year Old 
Control 
Irrigation 
Fertilization 
Fer t i l i z a t i a n /  
Irrigation 

Four Year Old 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

88 
79 
76 
76 

115 
119 
112 
114 

109 
110 
117 
105 

112 
110 
115 
115. 

3.1 13.7 d ht 3.2 
3.4 12.8 d ht 4.8 
4.4 1 2 , l  d ht 5.2 
2.5 12.0 d ht 4.0 

2 - 3.98 d2 ht 43.1 
I 3.81 d2 ht 49.6 - 3,74 d2 ht 51.3 
m 3.91 d ht 38.4 

2 - 1.81 d2 ht 98.8 - 2.25 d2 h t  67.5 - 1.91 d2 h t  91.4 - 1,75 d ht 82.7 

2 - 1.44 d2 ht 150.0 - 1.44 d2 ht 142.0 - 1.16 d2 ht 137.0 - 1.14 d h t  86.7 

96% 
92% 
85% 
93% 

9ox 
84% 
9 1% 
93% 

75% 
90% 
87X 
91% 

86% 
89% 
92% 
97% 

"Foliage (g) = b + b (X) for one year old trees and Foliage ($1 = bl (X) 

"~urnber of observations in the equation. 

3/Y intercept a 

"Diameter in ern at 15 em above ground ana total tree height  in meters. 

"Standard deviation of Y about regression line. 

7 / ~ r m c t i a n  of explained variation, 

0 1  for  two, three and four ye. 

"Lint3 Slope 
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Therefore the predicted four  year old OD values were adjusted according to 
the actual vs predicted ratios to determine the OD mainstem woodt mainstem 
bark, branchwood and total tree harvest potential. These adjusted OD yield 
values were used to estimate the energy and fuel potential of the various 
production sytems. 

Predicted Yields 

Planting Year Effects - The trees planted in 1988 were estabI.ished with 
poor weed control measures whereas the trees planted in 1989 had good weed 
control practices. Averaged over both sites and all management strategies, 
the 1980 planted trees accumulated 248, 4,138,  15,790 and 28,730 ODkg/ha of 
mainstern and branch material after ones two, three and four growing 
seasons, respectively. Total tree accumulated yields from the 1981 
plantings, averaged over both sites and all management strategies, were 
1,241,  13,135,  24,000 and 37,447 ODkgIha after one, two, three and four 
growing seasons, respectively. 
pragram in the establishmeut year, yields of the 1981 planted trees were 
greater than those of the 1980 planted trees (poor weed control) by a 
factor of 5, 2.6, 1.5 and 1.3 after onep two, three and four growing 
seasons, respectively. 

Averaged over both sites and all management strategies, the annual 
production of total tree biomass increased with age. In the first growing 
season the 1980 planted trees produced 248 ODkg/ha of biomass. 
second growing season, the 1980 planted production of 3,890 ODkg/ha vas 16 
times greater than the first year value. Third year production of 11,652 
QDkg/ha for the 1980 planted trees was 47 times greater than the first year 
and 3.0 times greater than the second year biomass increments. 
final year of the first rotation these 1980 planted trees produced 12,940 
ODkgIha of biomass. 
times greater than the amounts produced in the first, second and third 
growing seasons, respectively 

The 1981 planted trees produced 1,241 ODkg/ha of total tree biomass in the 
first growing seasonL averaged over both sites and all management 
strategies. Second year production of 9 , 8 6 4  ODkgIha for the 1981 planted 
trees was 7.9 times greater than the first year value. 
these 1981 planted trees produced 12,864 ODkglha and this value was 10.4 
times greater than the first year and 1 . 3  times greater than the second 
year biomass production values. Biomass increment during the fourth year 
was 13,447 DDkg/ha for the 1981 planted trees. This final growing season 
af the first rotation production value was 10.8, 1.35 and 1.05 times 
greater than the first, second and third year production values, 
respectively. 

As the result of a good weed control 

In the 

In the 

This fourth year biomass increment was 52, 3.3  and 1.1 

In the third year, 

Annual. biomass increment appears to be reaching a maximum f a r  the trees 
established fn 1980 and 1981. Apparently, the planting density of one tree 
per 0.48m2 has captured the site potential in the designed four year 
ro t a t ion  schedule. However, the 1981. planted trees produced more biomass 
in each of the first rotation growing seasons than was measured for the 
1988 planted trees. The major reason f o r  the difference fn the four year 
biomass yield values f o r  1980 and 1981 planted trees was the biomass 
production rates in years one and two. The poor weed control methods f o r  

2-33 



the 1980 planted trees resulted in an average of 248 and 3890 ODkg/ha of 
total tree biomass in years one and two, respectively. In contrast, the 
good weed control program used for the 1981 planted trees resulted in an 
average of 1,241 and 9,864 ODkgJha of biomass in years one and two, 
respectively. These differences represent good (1981 trees) vs poor (1980 
trees) weed control gains of 5.0 €or the first and 2.5 for the second 
growing aeasons. The annual production gains of the 1981 planted trees 
over the 1980 planted trees dropped to 1.1 for the third and 1.04 for the 
fourth growing seasons. 

Site Effects - The biomass production comparisons between the two 
plantation sites (Basher and Morrison) 'can be evaluated by the yields Q €  
t h e  control treatments, to some degree by irrigation or fertilization 
treatments, but not the featilfzationlirrigati~~ treatment. Rationales for 
the comparative limits have been previously discussed. 

In the first growing season there were no significant site yield advantages 
for the control, irrigation OT fertilization treatments, regardless of 
whether the trees were planted in 1980 or 1981 (Table 2-12). At the end of 
the second growing season, there were no significant site advantages in 
accumulated biomass variables for either the control o r  fertilization 1980 
planted or 1981 planted trees (Table 2-13). The 1980 planted irrigation 
trees growing at the Basher site had accumulated significantly mare total 
biomass than the 1980 planted irrigation trees growing at the Morrison 
sites but the significant difference between sites was reversed for the 
1981 planted accumulated two year old yields. 

Biomass yields for the Basher and Morrison sites were similar at the end 
three growing seasons. Regardless of year of establishment, there were 
significant site differences in the total tree QD biomass yields €or the 
control, fertilization or fertilfzation/irrigation treatments, but there 
was a significant site difference in the irrigation treatment (Table 2-11 
Site effect on the three pal: old irrigation total tree yields w a s  the s, 
as for the two year old values. The irrigation 1980 planted trees at thr 
Basher site had greater three year old OD biomass yields than the MorrFs 
site. However, the site advantage was reversed for the 1981 plantings bli 
it w a s  not significant (Table 2-14). 

After four growing seasons for the 1980 planted replications the Basher 
control accumulated total biomass sP 21,702 ODkg/ha was not significant11 
greater than the 18,736 kg/ha for the Morrison control. 
fertilization average total yield of 34,091 ODkg/ha was not significantlj 
greater than the 29,506 QDkg/ha average for the Morrison fertilization 
trees. As with the two and three year old 1988 planted trees, there w a s  
significant site difference for the irrigation trees. The Basher 
irrigation trees had accumulated an average 31,499 QDkg/ha after three 
years which was significantly greater than the 21,487 ODkgIha average val 
for the Morrison irrigation trees (Table 2-15). 

The Basher 

Four years of growth on the 1981 planted replications resulted in the 
Basher and Morrison control treatment units accumulating 34,314 and 31,96: 
(respectively) ODkg/ha of total biomass (Table 2-15). These site 
differences, and the difference for the fertilization and fertilization/ 
irrigation treatment units, were not significant. In contrast to the 198 
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Table 2-12. Average“ one year old total tree field weight (green) and oven dry weigh&, and oven d r y  
These values mainstem woods bark. branchas and leaves at the end of the growing season. 

were calculated from the equations presented in Tables 2-7 and 2-11 for each of the 
surviving trees per plot and summarized per p l o t ,  with six plots (1980 and 1981 replications) 
per site per treatment. 

Plantation 
Site Treatment 

Total tree Oven Dry 
Mainstem Mainstem ^ I  

Field Oven D r y  Wood Bark Branches ’‘ Leaves 

1980 Planting 
Basher Control 2/ - 

Irrigation 
347a 155a 738 84a 0 167a 
4808 201a 102a 99a 0 209ab 

Fertilization 802b 343b 205b 137b 0 326d 
Fertilization/ Irriga t ion 2’ b98b 29% 174b 121b 0 250bc 

459a 200a 102a 99a 0 219ab 
3608 154a 71a 84a 0 169a Irrigation 

Fertilization 707b 302b 179b 123b 0 304cd 
FertilizationfIrrigation 2f 796b 33 2b 2Olb 131b 0 273bcd 

2 /  Morrison Control 

24028 962a 626a 339a 0 6748 
2315a 909a 6OOa 311a 0 627a 

1981 Planting 
Basher Control 
hc_ 

Irrigation 
Fertilization 23 188 991a 630a 35 9a 0 662a 
Pert i l i z a  tion / Irr fgation 30 1 3a 1189a 798a 39 3a 0 f21a 

Morrison Control 2547a 1019a 665a 357a 0 711a 
Irrigation 21908 859a 568a 293a 0 680a 
Fertilization 1758a 751a 474a 275a 0 529a 
Fertilizatfon/Irrigation 2154a 856a 566s 29 la 0 558a 

-~ ~~~ ~ _ _  
“Treatment means within and between plantation sites - by planting year - with a cornon letter within- 
components are not significantly different at the 0.05 level. 
used on the Site X Treatment factor from analysis of varfance. 

Duncan’s mean separation method was 

“Includes trees of the 1980 planted replications that were not: irrigated because the system was  not  in 

3/The one year old trees had no branches. 

place. 



T a b l e  2-13. k~reraga" two year  old total tree f i e l d  weight  (green) and 0ven dry weight, and oven dry 
mainstem wood, bark, branches and leaves at the end of the growing seaam. These values 
were calculated Prom the equations presented i n  Tables 2-43 and 2-11 for each of the 
surviving trees per  plot and summasized per pl~t, with s i x  p l a t s  (1980 and 1981 replications) 
per site per treatment. 

P lantat ion 
Site Treatment 

Total tree Oven D r y  
Mainstern Mainstern 

Field Oven Dry WQOd %ark Branches Leaves 

1980 Planting 
Basher Cont~o l  2/ 

Irrigation 

21 
F € ? K t ? l i Z a t f O n  
Fertilization/Irrigation 

N 
I 

a 21  
w Morrison Control 

Irrigation 
Fertilization 
Fertilization1Irrigation 2/ 

3520a 1711& 105 2a 535a 3 18a 1205a 
79808 3809b 2300b 944b 779b 1620b 

221 IC 13287cd 6378cd 3875cd 1393cd 1334cd 
144088 6792d 429 Id 1437ca 1281sd 1813b 

1970a 957a 589a 376a 17th 1088a 
2356a 1125a 679a 39023 230a 1055a 
10425bc 5004bc 3040bc 1198bs 1046bc 1896b 
l5529d 732 Id 4625 1555d 1381d 1900b 

1981 Planting 
Basher Control 13244ab 9355ab 5753ab 1957ab 1737ab 2839ab 

Irriga t ion 1493 la 7127a 4302a 161 la 1457a 2302a 
Fertilization 2 6 3 2 0 ~  12634bc 7676bc 2444b 2642c 3734c 
FertilizstionlZrrigatioB 28367~ 13373c 8449c 2494b 2523c 3039b 

Morrison Control 22870bc 11117bc 6837bs 2264b 2065abc 3217bc 

Fertilization 23278bs 11173bc 6789bc 2177b 2336bc 3294bc 
Ferei%ization/Irrigation 2 7 4 9 6 ~  12963bc 8 19Qc 2372b 244% 29 I3ab 

Irrigation 23753bc 11339bs 6845bs 2188'15 2317bc 3058b 

"Treatment means wi th in  and between plantakion sites - by glancing year - with a co on letter d - & i m  
components are not sPgnificantPy different at the 0.05 level. 
used on the  Site X Treatment factor from analysis of variance. 

Duncan's mean separation meth 

2 J ~ + a e s  were not  irrigated in the first growing season only. 
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h o t h  sites, when compared to the control production values (Table 2 - 1 2 ) .  
In t h e  second growing season, average ental accumulated biomass f o r  the 
1980 planted fertilization trees was 6,378 and 5,004 ODkg/ha for the  Basher 
and Morrison sites, respectively. These values were significantly grea te r  
than the corntrnl  values o f  1,711 and 957 for t he  Rasher and Morrison sitpsB 
r e s p e c t i v e l y  (Table 2 - 1 3 ) .  The two year old 1981 planted fertilization 
t r ees  growing at the Basher site had accumulated 12,634 ODkg/ha which was 
riot significantly greater than the control accumulated bio~ass of  9,355 
ODkg!h;a (TaR1.e 2-13!. There was no significant difference between the 
control and f e r t l l i a a t i m i  treatment y f e l d s  for the 1981 planted trees 
grwiiizg a t  the Morrison sire (1 1 117 and 11,173 ODkg/ha, respectively). 

Aeciiwulated three year o l d  y i e l d s  for the 1980 planted fertilization trees 
were significantly greater than the control values. At the Bashrr site, 
t h e  th ree  year old fertilization values were 21,821 ODkg/ha compared to 
111,364 QDkg/ha far the con t ro l  treatment (Table 2 - 1 4 ) .  
t o t a h  OD biomass above 8 15 cm stump f o r  the M Q I ~ ~ ~ s o ~  fertilization trees 
was 18,881 ODkg/ka whereas the control treatment value was 7 , 2 3 9  ODkg/ba 
(Table 2-14,). 
planted  t rees  were significantly greater khan the c~ntrol treatment values 
at the Basher site but not at the Morrison site (Table 2-14 ) .  There was no 
signiffcant difference in OD biomass for the fertilization trees growing a t  
t he  Rasher site (average o f  27,774 BDkglha) and the f e r t P l i z a t i a o  trees 
growing at the  Morrison site (average of 24,654 BDkg/ha). 

The three year old 

The OD three year old yields f o r  the fertilization 1981 

The xcumulated yields f o r  the fersillzation treatment were significantly 
greater than the control treatment values  at both. sites (Table 2-15). The 
~stlmated four year harvest for the fertilization treatment averaged 34,091 

control trecitment at the Rasher and Morrison sites had accumulated four 
year o l d  biomass yields of 21,702 and 18,736 ODkg/ha, respectively. 
W Y P  no F;$ g n i f  t cant  site differences for the f ertlltzation OK control 

i n  t h e  total tree yields. The four yea.- old 1981 planted 
on trees growing at the Basher sP te  had accumulated 40,4863 
ch was not  significantly greater than the 37,454 BDkg/ha y f e l d s  
cilizscion trees growing at the Morrison site (Table  2-15) .  The 
1.d y i e l d  for the 1981 planted trees growing at the Basher site 

vas sigir-IFitrantly greater than the control yield value ( 3 4 , 3 1 4  ODkg/ha) but 
difference between the control and fertilization trees growing at the 

‘ha at the Basher site and 29,506 ODkg/ha at the Morrison stte, The 

There 

I l F o n  s i t e  was no t  significant. 

r e r t ? X t z a t i n a / ~ ~ i - o ’ ~  ... >-.- --_-. E f f e c t s  - Fertilizationlirrigat~on treatments 
coiisist4:ntly produced trees that w e r e  taller and larger in diameter than 
all other treatments. These larger trees also accumulated greater amo~nts 
o f  to ta l  OD biomass above a 15 em s t ~ i m p  than all other treatments. The 
only r x - q t i o r z  was thc first growing season of the 1981 planted trees 
{T’ablt. ?--I?? .  

I n  t h e  ~ C C O P ~  growing season the fertilizationlirrigat~o~ t rea tments  t o  t h e  
1980 p3anr-r:t! t i e e s  produced 6 , 7 9 2  ODkg/ha at the Rasher site and 7 , 3 2 1  
OF)kg/ha at the Msrrisc~n s i t e  (Table 2 - 1 3 ) .  These accumulated total biomass 
.-e. V = L ~ ~ P G C :  W T C  s i g n l f l c a n t l y  greater than a l l  o t h e r  t reatments .  For the 1981 
pl;awtings, fer~ilization/iErtgation treatment units at the Basher site had 
aeci-iwtll q t r d  13,377 ODkgdlia which was significantly grea ter  than the  control 



and irrigation treatment units but not the fertilization treatment unit 
(Table 2-13)-  A t  the Morrison sife, the accumulated total two year o ld  
biomass for the 1981 planted trees averaged 12,963 ODkglha and this value 
was not significantly greater than any o f  the other treatments (Table 
2-13). Averaged over year of planting, the fertilization/irrigation 
treatment unit yields at the Basher site and Morrison site were 
significantly greater than a l l  other site specific treatments, except the 
Basher fertilization/irrigation treatment yields were not significantly 
greater than the Basher fertilizatZon values. 

Tfie three year o l d  f e r t i l i z a r i s n l i r r i g a t i o n  treatments continued to aut 
produce all other treatments. Total tree OD yields for the 1980 planted 
fertilizationlirrigati~n treatment units at the Basher site and at the 
Morrison site were significantly greater than the control and irrigation 
treatments but not the fertilization treatments (Table 2-14). The 
accumulated three year o l d  total tree biomass value for the 1980 planted 
Basher fertilization/frrigation treatments units (average of 22,102 
ODkg/ha) was not significantly different from the Morrison fertilization! 
irrigation treatment (20,968 QDkg/ha). The fertilization/irrigation yields 
for the 1981 planted trees paralleled the 1980 planted t r ees ,  except there 
was no significant difference between the fertilizationfirrigation and 
irrigation yields at the Morrison site. The accumulated total tree OD 
biomass of 27,484 ODkg/ha for Rasher fertilization/irrigation units was not 
significantly different from the 28,821 ODkglha of biomass accumulated by 
the same treatment Morrison trees. 

At first rotation harvest age of four years, the fertilizatlon/irrigation 
treatments €or the 1980 planted trees produced the greatest amount of OD 
biomass above a 15 cm stump. Total tree yield of 35,901 ODkg/ha for the 
Basher fertilizationlirrigation treatments was significantly greater than 
the control treatment only. At the Morrison site, the fertilization/ 
irrigation treatments yielded 36,915 ODkg/ha and this value was 
significantly greater than the control and irrigation but not significantly 
greater than fertilization. There was no significant site difference in 
the 1480 planted four year old total tree yields for the 
f e r t i l i z a t i . o n / i r r i g a t i o n  treatment units. 

F9rr i l iza tLon/ i r r iga t fon  treatments to the 1981 planted trees also resulted 
in trees which produced the greatest OD first rotation potential yields. 
There was no significant difference between the four year old fertilization/ 
irrigation total OD biomass yields of 42,612 and 44,685 ODkg/ha measured at 
the Basher and Morrison sites, respectively (Table 2-15), At each site, 
the f e r t f l i z a t i o n / i r r i g a t i o n  treatment units yield values were 
significantly greater than the control or irrigation treatment values. As 
compared to the fertilization treatmentss the higher average fertilization/ 
irrigation total oven OD yield for the 1981 planted units was not 
signifieanr at t he  Basher sire but was significant at the Morrison site. 

Adjus ted  Yields - The t o t a l  tree f i e l d  weight yields and OD mainstern woad, 
mainstern bask, branch and leaf yields are presented in Tables 2-12, 1.3, 14 
and 15. These yield values were predicted from the equations presented in 
Tables 2-7 to 1 8 .  A t  harvest, the field weight values for all living 
continuous inventory trees were determined from actual measurements. The 
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actual and equation predicted values for the 1980 and 1981 planted trees 
are presented in Table 2-16. The predicted values were reasonably close to 
the actual values for most. site-treatment-year of planting combinations. 
These differences between the actual value and the predicted value were 
used to adjust the four year old OD wainstem wood, mainstem bark and branch 
material in Table 2-15. The adjusted four year old accumulated yields, by 
component, for each treatment at each plantation site and yeas of 
establishment are presented in Table 2-17. The adjusted yield values will 
be combined with the energy and chemical properties to provide inputs t o  
the financial and energy analyses + 

Nutrients - To estimate the  potential soil nutrient drain from intensive 
culture of dense plantations, the nutrient levels in the Ap and upper 15 cm 
of the B soil horizons were measured annually (Appendix El, Tables B-1, 2). 
These analyses failed to suggest any negative changes in the soil nutrient 
levels over the first rotation. Most estimates of soil fertility increased 
over the four years of the first rotation, as compared to preplanting 
levels, for all treatment units (Appendix B, Tables B-1, 2 ) .  One possible 
explanation for these positive changes In soil fertility levels is the 
decomposition and incorporation o f  litter fall. The concentrations of 
macronutrients in the foliage and returned to the soil as fresh litter, and 
concentrations of these nutrients in the spring and late summer litter are 
presented in Appendix B (Tables B-20 t o  27) .  

The concentrations of N, P, K, Ca and Mg in one, two, three and four year 
o l d  biomass are presented in Appendix B (Table B-17 to 2 0 ) .  Estimates of 
the amounts of N, P ,  K, Ca and Mg contained in the four year old biomass 
removed in a first rotation harvest, are presented in Tables 2-18 to 2-20. 
These nutrient values for mainstem wood, mainstem bark and total tree 
components are presented by year of: establishment, plantation site and 
treatment. A s  expected, the macronutrient amounts in the biomass were 
greater €OK the fertilized treatment units than the non-fertilized 
treatment units. For all components of the biomass, the amounts of N, K 
and Ca accumulated were much greater than the amounts of P and Mg. 
of N, K and Ca i n  the ranges presented in Tables 2-18 to 2-20 could reduce 
future production, if these nutrients were not replaced. 

Removal 

It appears from these soil. fertility and nutrient uptake comparisons that: 
(1 )  either the soil. testing procedures are not sufficiently sensitive to 
accurately measure the soil fertility changes or (2) the supply capacity of 
the soil plus the decomposition and mineralization of litter fall exceed 
the nutrient uptake of the trees in the first rotation. 

Corn Plot Summary 

To verify the effectiveness of the fertilizer program in achieving the 
desired soil nutrient status, six replicated (three started in 1980 and 
three in 1981, at each site) Maize 411___ Pionee r  hybrid 3591 plots of standard 
ressarch size (7.3 x 10 m) with 0.18 m between the rows and a projected 
surviving population of about 60,000 plants/ha were established adjacent to 
the tree plantings. 

These 12 replicated 73 m2 corn plots ( 6  at each site) were established 
adjacent to the Popu lus  p l o t s .  Except f o r  the 1983 growing season, annual 
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Table 2-16. Four year old field weight values from actual measurements and 
from equations presented in Table  2-10. These values are 
summations of all surviving individual tree weights per plot 
for the three 1980 planted replications and three 1982 planted 
replications per site. 

Plantation 
Site Treatment 91. Field Weight Conveas i 

Factor Actual Predicted 

- - -  tonne per hectare - - - 
1980 Plantfng 

Bssher 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

MS r r i so n 
Control 
Irrigation 
Fertilization 
Fert ilizatiod 
Irrigation 

I981 Planting 

Basher 
Control 
Irrigation 
Fertilization 
Fert ilization/ 
Irrigation 

Morrison 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

45.77 44.23 1 .Q3 
65.10 65 35 1 .OQ 
70.21 70.70 99 
77.39 75.76 1.02 

41.45 
46.56 
67.36 
78.99 

38.19 1.09 
44 58 1.04 
61.19 1.10 
77.90 1 .Ql 

71.96 69.94 1.03 
67.90 63.90 1.06 
87.85 83.96 1 .os 
90.164 89.92 1.01 

64.42 65.03 .99 
70.49 77.41 .91 
79.56 77.67 I .02 
86.38 94.38 .92 

l/Multiply predicted field weight value by conversion factor to obtain 
actual f i e l d  weight. 
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Table 2-18. Estimated amount" of N, P, K, Ca and Mg contained in the four 
year old mainstem wood, by year of planting, plantation site 
and treatment. 

Plantation 
Site Treatment N P K Ca 

1980 Planting 

Basher 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

Morris on 
Control 
Irrigation 
Fertilization 
Fertilizat ion/ 
Irrigation 

15381 Planting 

Basher - 
Control 
Irrigation 
Fertilization 
Fert ilization/ 

Irrigation 

Morrison 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

18 
26 
40 
42 

19 
20 
41  
43 

28 
32 
51  
49 

30 
30 
49  
42 

15  
24 
29 
32 

11 
12 
18 
21 

23 
25 
36 
37 

17 
19 
22 
21 

19 
29 
31 
34 

E8 
19 
28 
32 

31 
30 
39 
40 

27 
28 
33 
32 

"Based on the adjusted oven dry weight of mainstem wood in Table 2-17 and 
the nutrient concentrations in the four year o l d  wood (Appendix B, B-17). 
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Table 2-19. Estimated amount" of N, P, K, Ca and Mg contained in the 
four year old mainstem bark, by year of planting, plantation 
site and treatment. 

Plant at ion 
Site Treatment N P K Ca Mg 

1980 Planting 

Basher 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

Morrison 
COnt Yo1 
Irrigation 
Fertilization 
Fert i l izet ion/  
Irrigation 

1981 Plantinq 

Basher 
Control 
Irrigation 
Fertilization 
Fer t iliza t ion/ 
Irrigation 

Morrison 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

3 3  
45 
65 . 
6 2  

35 
27 
68 
66 

so 
5 1  
79 
73 

49 
37 
76 
7 1  

4 
5 
5 
5 

4 
3 
5 
5 

6 
5 
6 
6 

5 
4 
6 
6 

28 
35 
43 
42 

28 
28 
46 
46 

41  
40 
53 
49 

38 
39 
5 1  
so 

65 4 
72 5 

10 1 6 
91  6 

53 6 
63 6 

106 8 
99 8 

96 6 
82 6 

124 7 
107 8 

7 2  8 
88 8 

119 9 
106 9 

"Based on the adjusted oven dry weight of mainstem bark in Table 2-17 
and nutrient concentrations in the four year old mainstem bark (Appendix 
B, Table  €3-18). 
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Table 2-20. Estimated amount” of N, P, K, Ca and Mg contained in the 
four year old total tree biomass (excluding leaves), by year 
of planting, plantation site and treatment. 

Plantation 
Site Treatment N P K Ca Mg 

Basher 
Cont r o 1 64 
Irrigation 98 
Fertilization 125 
Fertilization/ 143 
Irrigation 

11 65 98 11 
14 98 137 16 
14 98 151 17  
15 114 139 18 

Morrison 
Control 53 8 53 82 10 
Irrigation 54 7 60 96 11 

Fert ilization/ 116 11 97 160 19 
Fertilization 120 13 94 162 16 

Irrigation 

1981 Planting 

Bashem: 
Control 
Irrigation 
Fertilization 
Pert ilizat ion/ 
Irrigation 

Morrison 
Cont xo 1 

102 18 102 I55 18 
91 13 9 1  127 16 

141 15 111 172 19 
160 16 127 156 21 

02 13 82 126 16 
Irrigation 81 10 92 146 17 
Fertilization 141 15 111 191 19 
Fertilization/ 127 12 107 177 21 
Irrigation 

l/Based on the adjusted oven dry weight of mainstem woodg mainstern bark and 
branches in Table 2-17 and nutrient concentrations in the four year old 
mainstem wood, mainstem bark and branches (Appendix B, Tables BL17, 18, 
19). 
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total above average ground OD biomass production for these earn plots 
ranged from 11.81 ODt/ha to 24.25 ODt/ha and averaged 16.89 ODt/ha (Table 
2-21). 
ranged from 4.48 to 8.28 QDt/ha (Table 2-21). Including the 1983 
production valuesp average annual production from first tilled to third 
no-till corn crops would have beezm 14 .33  OBt/ha. Since these plots were 
fertilized by the same program as the fertilization Populus plots, she corn 
yields should be compared to the fertilization treatment unit yields. All 
fertilized Populus treatment units averaged 0.60 ODt/ha in the establish- 
ment year. In thfl second year, biomass production was 8.20 ODtIha for an 
average annual production of 4.40 ODf/ha at the end of  twa growing seasons. 
The fertilized Populus treatment units produced 14.48 ODt/ha In their third 
growjng season and average annual biomass production increased t o  7 . 7 6  
Oi)t/ha at the end o f  three y- ears - 

The 1983 growjng season was a poor year for corn and the biomass 

I n  the final year of the first rotation, all four year old fertilized trees 
prodwed 12.10 OBt/ha of total tree biomass. Averaged over the four years, 
the fertili-zed trees a t  the Basher and Morrison sites had an annual 
produetion of 8.85  QIlt/ha of total tree biomass. 

Since C O K ~  harvest included leaf material the comparison between corn and 
tree production values should include Populus leaves. Total Populus 
biomass production f o r  the fertilized trees, including leaf value, for a 
given year, was 1.00, 10.98, 18.47 and 15,46 ODt/ha in the first, second, 
t h i r d  and fourth growing seasons3 respectively. Average annual production 
o f  total tree biomass for the  fertilized trees, including all cumulative 
leaf production, was 1,00, 5.99,  9 . 9 5  and 11.33  ODt/ha after one, two, 
three arid four growing seasons, respectively. 

The! corn p l a t s  were sampled according to standard agronomic methods, and 
nutrtenr. contents in the selected components have been assembled (Table 
2-22). Over f o u r  years of production, it is estimated that about 767, 120, 
402,  104 and 99 kg/ha a i  N, P, K, Ca and Mg, respectively, would be removed 
in the stover and pain harvested from the Basher site (Table 2-22) .  It Is 
e~tirnat~rl t h a t  a similar corn harvest a t  the Morrison site would rem5ve 
709, 109, 4Q5, 136 and 104 kg/ha of N, P, K, Ca and Mgs respectively, 
(Table 2-22). Compared to the potential nutrient removal in total tree 
(excludixtg leaves) harvest of four year old Populus (Table 2-20) ,  corn 
production would K W Z I V ~  greater amounts of N, P, K and Mg and slightly 
lower amounts o f  Ca. 

Nerbaceoiis Plot Summary . _I-. . . . . . .- . .-. . . .. . . 

Adjacent t o  the  Populus study p l o t s ,  twelve replicated (six at each site) 
25.0 m2 nattve herbaceous vegetation plats were maintained. 
ground annual. herbaceous vegetation at the end of the growing season for 
grass (and grasslike), broadleaf weeds and total material one, two, three 
and fou i -  y e a r s  after tillage is presented In Table 2-23. Total herbage 
increased with years a f t e r  tillage. The Sasher s i z e  herbaceous material. 
ranged f rom 2.80 to 4.67 ODt/ha and annually averaged 3.48 ODt/ha. The 
Elorrison site herbaceous material ranged from 1.90 to 3.53 BDt/ha and 
annuall-y averaged 3.02 ODtIha. Comparisons of data Prom the herbaceous 
p l o t s  should only be made with the Populus control placs. Total tree, 
exzltidicig leaves, bfomass for all one year old control trees averaged 0.60 
ODt/ha. The two year old trees average production in the second growing 

Oven dry above 
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Table  2-21. Average 11 f47ld  weight2' and o w n  dry weights3/ oE corn 
stover, ear and tota l  plant for f irst  tilled s o i l  in 1980 
and 1981, and no- t i l l ed  soil i n  1981 and 1997, 
f e r t i l i z e d  to y i e l d  47 tonne of earn silage 
per hectare. 

A l l  plots were 
( f i e l d  weight) 

Field Weighte' Oven Dry 
Ti l lag~-Year  

s i t e  Stover Ear 4/ Total. Stover Grain" Cab 7' T o t a l  

First T i l l e d  

1980 Baaher 
PfQsxison 

1981 Basher 
Morris an 

First No T i l l  

1981 Basher 
Horr i s m  

I982 Basher 
Masriaan 

1982 Basher 
Morrisan 

1983  lasher 
M[QrsisOZi 

Third No Till 
1983 Basher 

Morrison 

1984 Bashes 
Morr Le on 

12 * 20 
12.23 

15.63 
10.40 

15.79 
8.86 

17.55 
14.20 

24,40 
13.50 

9.37 
7,57 

13.82 
8.90 

20.07 
29.10 

1l.Ql 23.21 
10.55 22,78 

16.86 32-49 
14.34 24.74 

16,15 31.95 
13,17 22.03 

10.11 27.64 
16.84 3i,04 

13.42 37.82 
16.39 29.89 

6 ,66  16,03 
7 .51  15*08 

1-26 15.08 
2 .71  11.61 

16.50 36,57 
15.96 45,06 

5.00 4.81 2.00 11.81 
4 .73  5.31 2.60 12.18 

6.61 8.68 3.13 18.42 
4.55 9.02 2.78 16.35 

6-63 8.38 3.07 18.08 
4.40 8.33 2.61 15.34 

5.98 4.88 2.22 13.08 
5.82 8.81 3.00 17.63 

8.30 6.48 3.03 19.81 
5.53 8,57 2.89 16.99 

2.6s 3.59 ,52 ' 6,79 
3.52 4.09 .67 8.28 

3.66 .70 .12 4.48 
5.34 1.45 .21 7.00 

4 .36  13.70 2.81 20.87 
8.31 13.90 2.04 24 .25  

"Average of three repiPcates/tillage/year/site. 

2 J ~ e a a u r e ~  i n  October two weeks after k i l l i n g  f ros t .  

3'Ov~n dry  at 74°C u n t i l  weight s tabi l ized .  

"Husked, grain on the cab. 

"47 tonne of corn slllage a t  f i e l d  weight wi th  desired hamest moisture a t  
64% ( w e t  weight bas is )  would equal about 17 oven dry tonnefhectare. 

6/Shelled grain weight y i e l d s  for  market values would be increased by 15.5% 

7'Estimslte by multiplying oven d r y  s taver  f grain values by 0.205 for 

over oven dry varuc. 

First Tifked,  First No Till, Second No T i l l  (1982). Determined from 
measurements f o r  a11 others, 
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Table 2-22 Average concentrations and estimated" nutrient uptake2/values 
for mature stover and grain of associated corn plats from 
first tilled through third no-tilled soil. 

Site Specimen N P K Ca Mg 

Concentrations 

Basher 
Stover 
Grain 

Mo I" r is OR 
Stover 
Grain 

Four Year Uptake 

Basher 
Stover 
Grain 

Total 

Morrison 
Stover 
Grain 

Total 

- I - - -_ - - -  % of OD w t . -  - - - - - - - - 
0.90 0.12 1.05 0.33 0.22 
1.55 0.33 0.34 0.02 0.13 

.76 0.09 1.07 0.44 0.23 
1.63 0.28 0.30 0.02 0. 12 

270 36 315 99 66 
33 87 397 

767 120 402 104 99 
- 5 - - 84 

I_ - 

2 24 26 316 130 68 
36 89 485 

709 109 405 136 104 
I_ 

6 - - 83 - - 

"Average of s i x  plots per e ibe  and faur yeare of production. 

"Calculated from site-specimen specific yields (Table 2-2 1) and nutrient 
concentrations (above). 
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ble 2-23. Average" oven dry weights of grass (27d grasslike), broadleaf 
weeds and total herbaceous vegetation at the end of the 
growing Season (September) on native vegetation plqts that 
were adjacent to each plantation site. The 25 .0  m permanent 
plots were not fertilized or irrigated and replicated 6 times. 

Plantation 
Site 

Broadleaf 
Grass Weeds To tal 

tonnejha - - - - - - - - ......---- ̂ -  

One growing season 
after tillage 

Basher 
Morrison 
Average 

Two growing seasons 
after tillage 

flasher 
Morrison 
Average 

Three growing seasons 
after tillage 

Basher 
Morris on 
Aver age 

Four growing seasons 
after tillage 

Basher 
Morrison 
Average 

.45a 

.12b 

.29 
- 

.79a 

.15b 

.47 
_I 

.92a 

.48b 
* 70 
- 

.98a 

.40b 

.69  
- 

2.35a 
1.78b 
2.06 

2.31a 
3.11b 
2.71 

2.41a 
3.05b 
2.73 
- 

3.69a 
2.83b 
3.26 
- 

2.80a 
li .90b 
2.35 

3.10a 
3.26a 
3.18 
- 

3.33a 
3.53a 
3.43 
- 

4,67a 
3.23b 
3.95 
I__ 

2 "Means oE four 1.0 m plots per 3 replications for the one growing season 

Values with the same letter 
(1981) after tillage. The two, three and four growing seasons after 
tillage are based on 6 replications (N=24). 
within season after tillage are not significantly diffexent at the  0.05 
level e 

'/See Appendix A (Table A - l )  for list of species. 
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season was 4.65 ODtIha or an average annual accumulated production of 2.63 
ODt/ha. 
biomass in the third growing season, and had an average annual accumulated 
production of 4.82 ODtIha, 
rotation, the control treatments produced 12.17 ODt/ha, and had an average 
annual accumulated oven dry productfon of 6 . 6 6  ODtIha. 

The three year old trees produced 9.21 ODt/ha of total oven dry 

In the last growing season of the first 

Since harvest of  herbaceous vegetatlon includes leaf material, a more 
precise comparison would be Populus above ground biomass, including 
leaves. 
year o l d  control trees was 1.00 ODtIha. In the second year, total biomass, 
including leaves, was 7.34 ODt/ha or an average annual production of 3.87 
ODt/ha of total biomass including one and two year old leaf production, 
Production of total biomassp including leaves, in the third growing season 
was 11.99 ODtIha and the average annual production of total biomass, 
including one, two and three year old leaves, was 6.58 ODtIha. 
final year of the first rotation for the 1980 plantings, the control 
treatment units produced 15.11 ODt/ha of total biomassl including leaves. 
Averaged over the four year rotation, these 1980 planted trees annually 
produced 8.71 ODt/ha of total tree biomass, including leaves from one, two, 
three and four years, 

Including leaves, the average total biomass production of the one 

In the 

PFoduction Summary 

Total tree OD yields of the Populus hybrid trees planted on the two study 
sites indicate: 

1. Proper weed control substantially increased biomass yields. 

2 .  Biomass productlvity was greater in the second year than the first 
yeas, greater in the third year than the aecond year and similar 
in the third and fourth years. 

3 .  Favorable sites yielded slightly more biomass, in the same time 
frame, compared to unfavorable sites. 

4 .  Irrigation, fertilization and fertillzation/irrigation increased 
two, three and four year old biomass production. 

A t  these study sites, biomass production rates from the Populus system 
appeared to be greater than a native herbaceous system but lower than the 
amount obtained from a corn production system. The trees have been slow to 
reach site occupancy and biomass production rates have been low in the 
f i rs t  and second growing seasons. 
amounts of bionass produced by the Bopulus trees were similar to the 
average corn productfan rates. 

In the third and fourth years, the 

The four  year tree biomass production did not equal the targeted four year 
total CO~IP production of 6 3  ODt/ha of biomass. The actual corn production 
also did not achieve the targeted production level. Low tree biomass 
production rates were expected for the first year. Higher biomass 
production rates were measured In the secondP third and fourth years. At a 
density a f  one tree per 0.48 mZ1 near maximum first rotation biomass 
production ra tes  may be achieved in the third or fourth growing seasons ~ O K  
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some treatments, depending on weed control in the establishment year. The 
fPrst rotation average total biomass yields (mainstem wood, mainstern bark 
and branch material) for the 1980 and 1981 plantings are presented in 
Figure 9 .  These one through f o u r  year o l d  accumulated yield values for 
each treatment are averaged over plantation site. 

A t  the end of the first rotation, the treatment dependent range in average 
total tree biomass yield was considerable for the trees planted in 1980 and 
substantial f o r  the 1981 planted  trees (Figure 91. The control trees with 
poor weed control in the establishmenr year (1980) averaged about 20 ODt/ha 
of tota l  tree biomass at age four. Irrigation increased the accumulated 
four year old yields t o  about 27 QDt/ha, and fertilization produced about 
3 2  ODt4ha at the end of the first rotation. The combined 
EertillzationlPrrigation amendments to the Populus trees planted in 1980 
resulted in about 36 ODt/ha of total tree biomass at age four. 
control in the establishment year (1981) resulted in the control treatment 
producing about 33 ODt/ha of total tree biomass in the first rotation. 
Irrigation increased the four  year old accumulated yields to about 34 
ODt/ha and fertilization increased the yield to about 39 ODt/ha. 
Fertilization/irrigation to the trees established with good weed control 
resulted in first rotatton yields of about 44  ODt/ha. 

Good weed 

Over both sites and the two years of planting, the four  year ranges In 
accumulated total biomass a b ~ ~ i e  a 15 cm stump for individual replications 
were extreme for control ( 9  to 35 ODt/ha), high for irrigation ( 2 1  to 40 
oven dry tonneha) and fertilization (26 to 44  ODt/ha) and moderate for the 
ferrilisation/irrigation (3.5 t o  47 ODt/ha). 

Physical and Chemical Properties 

Selected physical and chemical properties, related to the use of Populus 
hybrids as a source of fuel or chemicals, were analyzed f o r  variations 
associated with the different cultural strategies within and between sites. 
Data included: 11 specific. gravity (maximum moisture content method), 1) 
moisture content (ASTM B-2016), 3) gross heat of combustion (ASTM D-2015), 
4 )  ash content (ASTW D-11021, 5 )  extractive content (ASTM D-1105), 6) 
hohcellulose (acid chlorite method), 7) alpha-cellulose (ASTM D-1103) and 
8) Rlason lignin (ASm D-1106). 

Four year old wood, bark and wood/bark composite specimen values are 
summarized in Table 2-24. A complete set of the physical and chemical 
property data by management strategy, site, age and tissue component are 
given in Appendix B (Tables B-28 through B-35). 

Moisture content of four year old material averaged 97X, 102% and 108% for 
woodt wood/bark composite and bark, respectively. Wood moisture content 
decreased with Increasing age and bark moisture content increased with 
increasing age. While moisture content was statistically insensitive! to 
management strategy, it d i d  vary with site. 

Specific gravity was largely insensltive to any management strategy car site 
effects. Four year old wood, wood/bark composite and bark specific gravity 
values were 0.385, 0.3637 and 01339, respectively. Wood densfty decreased 
with  increasing age, with the largest change occurring between ages t w o  and 
three, a period of rapid growth. No such trend was evident for bark. 
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30.0 

2 0 . 8  

10.0 

40.0 

30.0 

2 0 . 0  

10.0 

Irrigation 

1 2 3 4 

F i g u r e  9 .  Average t o t a l  biomass (mainstem wood, mainstem b a r k  and branch  
m a t e r i a l )  f o r  1980 and 1981 p l a n t i n g s  f o r  one  th rough  f o u r  years 
of  t h e  first r o t a t i o n ,  ave raged  o v e r  p l a n t a t i o n  sites. 
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1/ Table 2-24. Selected physical and chemical properties of four gear old Populus hybrids. 

glason8' ~ p h a  9f Holo- 4/ Gross 
Management Specific" Moisture 3' Hear of btracttve" cellulose Lignin Cellulose 

Component Strategy Gravity Content Combustion Ash 5' Content Content Content Content 

10 
I 
cn cn 

Wood Control 0.389 
Fertilization 0.368 
Irrigation 0.402 
Fertilization/ 0.381 
lrrigation 

Wood/ Control 0.387 
Bark Fertilization 0.378 

Irrigation 0.397 
Fertilization/ 0.388 

Bark Control 0.332 
Fertilization 0.338 
Irrigation 0.341 
Fertilization/ 0.348 

Irrigation 

Irrigation 

99.2 
98.0 
96.6 
97.3 

101.2 
103.1 
105.9 
102.2 

106.8 
111.2 
106.2 
108.8 

4621 
4590 
4628 
4579 

4647 
4650 
4651 
4614 

4792 
4737 
4773 
4720 

Q. 43 
0.51 
0.47 
0.48 

1.05 
1.20 
1.18 
1.00 

5.13 
5.31 
4.83 
5.16 

5.62 
5.36 
5.39 
5.24 

11.54 
10.87 
10.70 
10.45 

41.16 
41.32 
41.60 
42.59 

83.39 16.32 
82.78 15.47 
84.05 15.94 
82.82 15.26 

74.45 16.62 
75.73 17.30 
76.66 16.97 
75.35 16.64 

43.34 14.59 
43.99 13.95 
44.10 15.79 
43.93 14.39 

46.60 
46.68 
46.53 
46.23 

45.99 
46.51 
46.18 
46.29 

44.38 
45 34 
44.67 
44.75 

"Specific gravity and moisture content values are based on an averge of 9 specimens per plantation 
establishment year per site. Gross heat of combustion, ash, holocellulose, Klason lignin and alpha 
cellulose values are based on an average of 3 specimens per plantation establishment year per site. 
Extractive content values are based on an average of 7 specimens per plantation establishment year per 
site. 

1955. Maximum Moisture Content Method for Determining 
Specific Gravity of Small Wood Samples, USDA Forest Service, Forest Products Lab., No. 2014, 8 pp. 

"Maximum moisture content method, Smith, D. M. 

3/ASTM D 2016, oven dry asis, %. 

4/ASTM D 2015-66, oven dry basis, cal/g. 

5/ASTM D l l U 2 ,  oven dry b a s i s ,  %. 

6'ASTM D 1105-56, oven dry basis, %. 

7'Acid chlorite method, Browning, B. L. 

8/ASTM D l.103-60, oven dry extractive free basis, x .  
"ASTM D 1106-56, oven dry basis, %. 

1967. Method of Wood Chemistry, -Val. 11, Interscience 
Publishers, New York, oven dry basis, x .  



Ash concentrations were substantially higher in one year o l d  wood than twop 
three and four year old wood and were substantially lower in one year o l d  
bark t han  two, three and four  year old bark. Four year o l d  means were 0.5%, 
1.12 and 5.1% f o r  wood, wood/bark composite and bark, respectively. 
were significant differences in ash content among management strategies and 
between s f t e s .  

There 

Differences in gross  hea t  of combustion values may be  related to 
differences in extractive and lignin contents of the material. 
of combusrlorx values  of four year old bark, 4755 callg, were higher than 
that c;f w o o d h a r k  composite, 4640 cal/g, and wood, 4604 cal/g. This may be 
zssociated with hark’ 6 high extractive content (41%)  as compared with 
uood/bzak composite (11x1 and wood ( 5 % ) .  Extractive content of wood 
decreased with increasing age. Extractive contents of bark were relatively 
low In ages one and four. and w e r e  relatively high in ages two and three. 
1,bgn;n eontent values o f  f o u r  year  old w m d g  wosd/bark carnpsslte and bark 
w m e  1 6 X ,  17% and lSZ, respectively. While there were significant 
df.ffenences in pass heat of combustion, extractive content sand lignin 
cctnt.mt values among management strategies and sites f o r  some specimensI no 

Gross heat 

c o n ~ i s t m  trends were evident.  

Ethanol produced from woody biomass is converted from holacellulose and the 
eshanol y i e l d  pK%maKiigi depends on cellulose concentrations of the woody 
hionass. BoloeeLBulose content. af wood and bark increased with increasing 
age. Four year slid wood3 wood/bark compasite and bark values averaged %3%, 
76% and 4 a 9  respectively. 

Alpha cellulose content of wood also increased with increasing age. OPL an 
QD extractive. free basis, four year old woodt wood/bark composite and bark 
values were similar, averaging 4 6 % ,  46X and 4 2 X ,  respectively. Converting 
these values to an OD bas is ,  average alpha cellulose contents were 4 4 % ,  41X 
and 25X for woodS wood/bark coniposite and bark, respectively. Alpha 
cellulose and holocellulose values were largely insensitive to sfte; 
however, some Greatmefat effects were evident. 

..Jt~verril_c wood sften exhibited different physical an chemical 
characteristics than older material. Therefore, w h i l e .  certain propertie5 
appear to vary with age, these trends usually become minimal in three and 
f o u r  ye?r Old luaaterial. 

Most physical arid chemical properties did not vary significantly with site 
at the 0.05 level excep t  for ash and extractive content. There were 
statfstically significant differences in properties among management 
strxregf.es. However, these differences did not necessarily exhibit 
consisrent trends and the magnitude of these differences within a property 
wbre generally quite small. 

Tho financial and energy maintenance c o s t s  for the first rotation are 
s u m a r i z e d  in Table 2-25. The highest annual energy cast for maintaining 
the fertilization treatment unit was associated wish anmoniurn nitrate. In 
contrast t o  the energy resill-ts, the highest annua l  financial c o s t  was 
associated w i t h  ammonium nitrare on the Basher site and l i m e  on the 
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Table 2-25. Summary of the financial and energy maintenance costs €or the 
flrst rotatfon. 

Basher Sire Harrhon S i t e  

IO 6 kcal/ha $/ha" lo6 kcallha Sfha r/ EQaSntenanee 

OperaCiorms 
Insecticide/Fungicide * 944 70.  T Q  .) 944 761 * 711 
Property Rental and "pax 44 .3 l6  297,54 44.316 297.54 
Management ,005 203.79 ,005 203.79 

45,265 572,03 45 a 265 S T 2  .a3 

Cultural Amendments 
Fertilization 
Irrigation 

12.327 410.24 15,428 551 .a9 
5.253 12'54.67 5,516 2059.34 

17,580 2164.91 20.946 2610.43 

" T ~ t a l  cost for 4 year period, dtscounted at 52 annual. 

Morrfson site. 
f er t i l i za t i f~n  treatment unit6 were hfgher for the Marrfson site than the 
Baaher site. 

The annual financial and energy costs for maintaining the 

The estimated irrlgatfon financfal and energy C Q S ~ S  needed to mdntain a 
eamnercfal Papollus hybrid plantation were (Tables 1-10 and 1-11) based on 
analyses of rnaterlal requirements and costs given in Reed et af. C19?'6), 
Bunk -- et ax, (L980), fimentef (1980) and frm the experimental plantations, 
Based on these analyses. the awual financial and energy costs for 
estabfdshing the frrigatim system were  lmer than the annual rnaiatersanace 
and operation ffnancial. and energy C Q S ~ S .  

A sumnary of the financial and energy costs for rnaintainfrmg a camemercial. 
plantation (Table 2-25) listed the highest operation cost as property 
rental and tax, 
insectfeide/fungfcPe costs whlhle the energy casts €or fnsectfcide/ 
fungfcide exceeded the costs for n%anagt?menr. This was  primarkly due to 
rnanagexnent having a relatively high salary cost but a ahlnfscule energy 
cost. Exarnfnatlon of the cultural amenhent costs revealed that energy 
costs for fertf l izat im were higher than irrigation whfPe financial costs 
for irrigation were higher than fer t f l i za t fon .  
cultural amendments were higher at the Morrison sire. 
as inpurs to the LP model. 

Firtancia1 cos t s  fer management were higher than 

In addition, the costs for 
These data were used 
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Task 3 - Analysls of Biomass Financial  and Energy Data 

The fbnancial and energy analyses i n  t h f s  project were based on a 
self-owed, f u l l y  in tegra ted  comntercial-scale operation. Costs for nurseay 
stock, establishment and c u l t u r a l  maintenance ogeratfons were develwped 
from field da ta  obtained i n  t h b  project, and combined with operational 
bformat ion  i n  t h e  l i t e r a t u r e  supplemented by consultations with 
a g r f c u l t u r a l  engineers and professional farm managers. 
costs were coupled with harvest9 t ranspor ta t ion ,  storage and conversion, 
costs obtained f r o m  the ftterature for use i n  analyzfng the se l f -awed 
cannnercial-scale operation from produetian through eonversform. 

Tfiese p~odu~t fon  

The ffnancfal and energy made1 for this project balanced the inputs for 
producing, hazvescing. transporting and processfng against the recoverable 
outputs fro= the  forest biomass. "The  LP b a s i s  for analyzing the  bimass 
system character ized it as a ptoductfon function and related Inputs te.g., 
fertilizer, i r r iga t ion  aendments, etc.) t o  outputs ( e . g . ,  ftnancfa1 and 
energy gains). A l l  of the facets of research within thfs project were 
entered h t o  the  problem as alternatfve s t r a t e g f e s  for grewiag biomass, 
harvesting the product and converting the material to  energy. Ttte sdut ion 
to  t h i s  problem represented a seleetion of the most efficient s t r a t e g i e s  
€or arttahing a maxirnwn net ffaancfal or maximum ne t  energy output €K- the 
system. 

Two of the  keg ratfonaies for ch i s  research effort were to determine the 
ac tua l  yields from a aet  of alternate aranagenent strategies and to a n a i p e  
these productton efforts as full cost, seff-owned, cmaatercfaP-scaPe 
operations. Although previous s tud ie s  have reported yields from fntensfve 
culture plantations, few of these have compared the e f f o r t s  of alternate 
management strategies. Mor have these efforts evaluated their firnancfal 
p o t e n t i a l  under the  arandates of a commercial-scale operation. 

The first par t ion  of this project was the establishment and maintenance of 
an in tens ive  culture planta t foa-  
and energy costs of producfng, hamest fng  and processing biaarass agafnsr 
the recoverable output, 
input requirements, associated constraints and uutputs among rhe various 
management strategies and rarnong the eventual coerbhnatfan of alternate 
~geonent/~arvestfconversion systemsl Two objectfve functions were used 
fa gaining alternate solutions to rhe model: 
net  energy values, The overall LP design compartmentalized the functions 
fnto separa te  units. These units Eollowed the sequentgal order: P) 
bhmass productfon, 2) harvesting, transportathn, 3) storage and 4 )  
cooversion of bEchmass t o  energy. S u b u n i t s ,  or strategies, were 
es tab l i shed  &thin the varfous units as a ntgans of ordering and analyzbg 
alternatfve methods of production, EunctionalPyr the  model identiffed the 
*%est route" among the complex of ~nage~ntI~areest/conversion 
a l t e r n a t i v e s  and afss permttted a sensfrivity analysis of key varlablee 
within the model. 

The second portion compared the financial 

Linear prograrmrrfng was used to analyze the various 

maxhlfzfng net  financia3. and 

Short-rotation biomass plantatfons requfre  many of the practices used for 
row crops, The research plantatfons, though much smaller fn size than the  
propased c w m e r c h l  systems, were fulmctfoaal fii ident i fy ing  the necessary 
f ie ld  operatfons far each phase of work. Various agricultural engtneerfng 
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standards were subsequently used to determine the probable operational 
characteristics, time constraints and financial and energy costs f o r  self- 
owned commercial-sized plantations. 
estimates of the output requirements from the total system. 

The size was based on initial 

The financial analysis literature review centered on the economics of 
producing intensively managed, short-rotation Populus hybrid plantations, 
with particular attention directed to the costs of site preparation and 
establishment. However, cos t  estimates may change due to inflationary 
trends, improving technologies, location and site qualities. In the final 
analysis, the real merit of these previous studies was in their methodology 
fox evaluating the production function. 

Limited information was available on formal research of biomass production 
systems. However, certain cost estimates were drawn from the conceptual 
models depicting various aspects of the agricultural and forest sectors. 
The intensity of the proposed biomass systems was similar to agricultural 
production and in several cases similar machinery was proposed. 
Comparative cost estimates for site preparation and establishment of 
short-rotation plantations were provided by DeBell and Harms (1976), Inman -- e t  al, (1977), Mace and Gregersen ( 1 9 7 5 ) .  

Biomass Financial and Energy Input Accounting 

All production operations were cost analyzed on the basis of financial and 
energy expenses. In the financial and energy conventionsI costs were 
divided into variable and fixed expenses associated with the self-ownership 
of all capital equipment. 

Financial Accounts'- Total finatlcial costs were compared to agricultural 
contract rates to check the relative accuracy of the accounting methods and 
to evaluate the merits of self-ownership. In all cases the estimates were 
sound and confirmed the logic of self-ownership under the proposed scale of 
operations, 

All of the financial values for plantation establishment and maintenance 
were for the base year 1981. Capital costs were prorated over their 
expected operational lifetime and also incorporated a 5% annual real 
interest charge on their nondepreciated value. The initial costs of 
plantation establishment were prorated over their expected 20 years 
lifetime in a similar fashion. 
development of present discounted values, all future values were discounted 
at the 5% annual real interest charge, In a reciprocal fashion, the 
compound future costs at the conclusion of the first rotation were based on 
a 5% annual rate of interest charge. This rate represented a compromise 
between the 6% historic and projected after-tax real rate on U.S. corporate 
capital reported by Klemperer (1979) and the 4% real rate proposed by Row 
I- et al. (1981) as the current marginal long-term expectations on new 
productive investments. 

When the financial analygis required a 

Variable costs fo r  an operation included labor, fuel, materials and 
maintenance of the equipment. Base pay rates were taken from Doane's 
(1981) with 5 to 20% added for fringe benefits. Fixed costs included 
insurance, equipment shelter, depreciation and interest. Annual. insurance 
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and shelter charges were 1.5% of the equipment's original list price. 
Depreciation and interest were treated as an annuity payment t o  re f lec t  the 
recovery of the original net investment and an interest charge on the 
remaining principal. 

For cost  accounting purposes plantation production was dfwided i n t o :  
(1) establishment, (2)  maintenance and (3) the cultural amendments of 
festilizatfon and irrigation. Establishment included herbicide, 
mower-conditioner and offset: disking operations during the fall season 
followed by the spring operations of disc harrowing, pre-emergence 
herbicidfng and planting. 

Each establishment operation was sequentially analyzed in terms of:: 
( 2 )  the areal rate of production for the central. unit of equipmenta ( 2 )  the 
power and allied fuel requirements of the unit, (3 )  the volume of land 
prepared per equipment unit during the llmits of the annual rime frame and 
( 4 )  the number of equfpment units required for the proposed s i z e  of 
operations. The offset disking operation was the critical constraint to 
the volume of land prepared during the establishment phase. The centrad 
unPt, a 170 hp tractor, can prepare an area of 924 ha during the I1 week 
fall plowing period available to our region. 
working unit at 924 ha, all other establishment operations would be 
completed within their respective time frames. 

By establishing the base 

The largest cost fn the establishment phase was for the hybrid poplar 
cuttings. With an annual requirement of 20 million cuttings (21,80O/ha) 
the least cost approach in developing th is  supply was to operate a 
satellite nursery, Nursery operations were based on the same fer t i i . izs t isa , /  
irrigation management strategy proposed for the plantations. 
annual yield of 350,000 cuttings/ha would be produced from the nursery  
a f t e r  an initial two year establishment period. 

An esttmated 

Costs af cuttings were developed on the assumption that they would ba 
produced in the productionfconversion facility's self-owned and operated 
nursery. These actual costs for cuttings will probably be I.ower than 
c u t t i n g  costs for an operation which purchases cuttings €ram an lndependent 
profit oriented nursery, 

Maintenance costs included biennial pesticide and fungicide treatments, 
land rent, land taxes and overhead management. A helicopter spray system. 
was etsed in the application of insecticides and fungicides d u r i n g  t h e  t h i r d  
year  of the rotation. The total costs of self-owned helicopter spray 
systems were compared to the costing and mark up procedures employed by 
contract helicopter spray services. This verified the cost advantage of 
self-owned equipment over contract services when the equipment was employed 
over 50X ~f its expected operational capacity. 

Land rent represented the opportunity cost of using these rrypes of Ennd fa r  
biomass product ion ,  The most likely alternative use Eo.- t he  Basher and 
Morrison sites was in corn production. As such, the rent payment: was ithe 
n e t  K ~ V ~ ~ I E  earning capacity of land from corn production. The met: i-etilrn 
from corn production was the dffference between the gross revenue earnings 
from this output and the  sum of the production and drying costs, p r o p e r t y  
taxes and federal income taxes. An analogous study was made 47f the met 
energy gain secured from corn production (Appendix C, Tab le  C-E), 
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Dum -- et al. (1977) estimated 272 bm/ha as the probable  output from a "good" 
corn production site such as found on the project's plantations. 
revenue was based on a 5-year average farm price net of hauling and 
marketing c o s t s  (Pa. Dept. of Agric. 1982). T h i s  average price of 
$2.87/bu resulted in a grass return of $781.18/ha. Production costs were 
based on 1980 Pennsylvania estimates for producing 120 bu o f  corn p e r  acre 
(Pa. Dept. of Agric. 1982). This c o s t  ($601.19/ha), adjusted to the base 
year (19811, also included a managerial charge of  5 %  s f  gross revenues per 
hectare. Drying costs  were included as a necessary cost f o r  marketing the 
output at a $2.87/bu price. 
in establishing the costs per bushel (King 19811). 

Gross 

A custom ra te  for drying of $.26/bu was used 

The property tax was assessed in a manner consistent with comparable 
agricultural lands. It: was based on the preferential assessment procedures 
available under Pennsylvania's Act 319 statutes. Tillable land in Centre 
County, Pennsylvania, has heen valued at $370.65/ha over the last few years 
(Centre County Real Estate Assess. Off. ,  1982, 1983). Using an assessment: 
ratio o f  20% and an average real estate millage rate of 100.94 mills per 
$1.00 o f  assessed value (or $.10094/1.00) for 37 districts in Centre 
County, Pennsylvania, the estlmated property tax on agricultural property 
was: $370.65/ha x 0 . 2  x $.IO094 = $7.48/ka. Since t h i s  estimated tax was 
for 1980, its value was compounded forward at a S X  rate for one year, 
yielding a final value of $7.85/ha. 
average tax rate of 25% as applied ta  all net revenue, rafter payment of 
property tax. 

The federal. income tax was based on an 

The results of this financial analysis indicated that lend's annual net: 
return from corn production W S U ~ ~  be $76.06/ha (Appendix C, Table C-1).  
Using this return as a constant annual perpetual series, thk present net 
worth of the property would be $1521,20/ha, when using a 5X rate of 
discount. 

Gingrich and Shortle (1984) provided a comparative study of agricultural 
land values in Pennsylvania f o r  the period 1976-8'1. Their data base was 
dram from farm transfers financed through t h e  Federal Land Bank (FLB). 
This partlsular agency financed an average of 32% ~f all cre 
farm real estate sales in the Northeast f o r  the years 1975-82. The land 
value for farm real estate in the central Pennsylvania region during their 
study period averaged $1856/ha. Further stratifications of their data base 
indicated selling prices of land used for field crops averaged at $3935/ha. 
Comparisons of the FLB data with similar types obtained by the USDA 
Economic Research Servis and by the U.S. Department of Comerce indicated 
FLB data to be 25% to 35 higher than the other t t d ~  sources. 

Although this prOjeCE's estimated land value of $2521/ha was lower than the 
FEB market prices it d i d  fall within the range of t h e  market prices 
presented by all three S Q U ~ C B S ,  These marker: prices may not necessarily be 
guided by the financial principles used within this project;, but the 
results are comparable and, as such, do support t h e  land rent charge used 
within this project. 

The managerial requirements for planning, implementing and supervising a 
commercial biomass plantation, as proposed in the LP model ,  were deviloped 
from estimates based on the project's f l e l d  experience and allied input 
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requirements. 
conceptual plantation designs suggested by Inman et al. (1977). 

The breakdown of management responsfbilfties f o r  the staff was based upon 
the needs of a commercial forest enterprise. 
charge of the total operation and be assisted by a head clerk and an 
assistant clerk, 
assistant were charged with running a l l  on-slte operations. A network of 
foremens responsible to the field manager, would take charge of important 
operational phases of the plantation, 

Also examined were certain managerial parameters and 
-- 

A head supervisor would be in 

Under the supervisor, a field manager and a clerical 

In the LP modelJ it was assumed a managerial and supervisory staff of 18 
people  would oversee four  working units (3696 ha). At the onset, one 924 
ha working unit was established each year. 
following, a working unit would be coppiced followed by subsequent 
regrowth. The managerial structure for this commercial plantation system 
involved a total annual salary cost of $212,400 or $57.47/ha/yr (Appendix 
@. Table C-2). 

After four years and each year 

For fertilization strategies, the plantation's four year regimen of 
phosphate and potash would be applied by tractor during the first year's 
establishment phase. 
applied during this onset. 
applied by tractor during the establishment phase with the subsequent 
annual applications made by helicopter. 

Also the plantation's four year lime needs would be 
The first year's nitrogen needs would be 

The cost analysis of the commercial trickle irrigation systems included 
establishment costs for both we11 and free-flowing stream water sources and 
the expected operating and maintenance costs  of the trickle system. 
capacirie5 and rates of usage for both sources reflect the commercial 
operation of this overall strategy. 
af  this report and summarized in Tables 1-10 and 1-11. 

The 

These data are presented under Task 1 

Energy Accounts - The accounting convention for energy values was largely 
patterned from Pimentel (1980). In c h i s  approach, equipment energy was 
divided into: (1) energy embodied in the equipment's materials, (2) energy 
employed in the fabrication of the equipment and (3)  energy embodied in 
repair parts. Each pfeee of equipment was itemized as to its weight in 
steel, rubber and other base materialsr with these weights multiplied by 
their respective kilocalories of energy per kilogram (kcallkg). 
Fabrication energy was the produet of the kcall/kg o f  fabrication energy for 
particular types of equipment and the unitas total weight. Repair energy 
was the proportion of the unit replaced over its lifetime and was an 
appropriate fraction of the embodied and fabrication energies. The fixed 
hourly c.ost of operations was obtained by dividing the sum of the three 
energy sources by the equtpment's wearour lifetime. 
provided the fixed energy cost for all equipment used in establishment, 
maintenance and fert%Pizatfon-irrfgat%on. 

Thfs general procedure 

The variable energy costs f o r  materials such as fuel, herbicides, 
prst:9cides,  fungicides and fertilizers were the products of their 
respect ive kcal/kg and amount used in their particular operation. The 
calor lc  expenditure of energy f a r  human labor was itemized as a management 
c o s t  but proved to be a rather small input, also confirming Pimentel's 
(I980> measure of this resource. 



The energy equlvalent for land rent was the net energy return from corn 
production foregone by the m e  o f  the site for biomass production. 
Plmentel  (1980) used a measure of 3483.29 kcal/kg as the gross energy from 
corn grain. 
Pennsylvania were 4.65 mill.bon kcallha f o r  an output sf 5,138.17 kg/ha 
(Pimentel 1980). Similar estimates verf.f ied this figure ( F . E . A .  1976). 
The drying costs were based on fuel expenditures far corn drying (Wynn 
1977) and machinery costs derived from a machinerylfuel ratio f o r  
agricultural product ion i n p u t s .  The energy equival n t  f o r  property tax was 
t h e  energy/financial ratio for land rent (.132 x 10 kcaP/$1) multiplied by 
the financial cost of the tax. The net energy analysis for the research 
sites in the project compared favorably to the energy a~counts constructed 
'try PLmenteI (19801 f o r  several northeastern corn production centers. 

The energy input requirements for growing corn in southeastern 

8 

An evaltiatioln was made s f  the human energy expended by the management 
positians of the plantation operation. Overall, these management and 
clerical functions entailed the grea te s t  quantities of annual manpower in 
t h e  biomass plantatjun system. 
from GukRrie (1975). 
expended per year far  a management os staff position to the kcal expended 
by an Inactive individual. The difference between levels represented the 
added net human energy expended by the mamnageiraent function. 
(kcal/ha) used in the LP model were the total annual net energy 
expenditures dfvided by the total number of hectares under management 
(Appendix C, Table C-3). The low energy expenditure for management 
personnel (210 kcal/h) reinforced the rationale for not extending a similar 
analysis tu t he  labor used i n  the establishment and maintenance operations. 

The energy accounting method w a s  adapted 
This involved a comparison of the average kcal 

The costs 

Biomass Production Function ---- 
-._--- Control  - Table 3-1 sumnnrtzes the total discounted c o s t s  €or the various 
s t r a t e g y / s i t e  captions during the first rotation. 
costs for establishing and maintaining the plantations were identical for 
both sites ($834.73/ha).  
land usage (rent and tax), with rent comprrisiag nearly one third of the 
total cost, The second highest cost was management, amounting t o  24X of 
the total. Planting c o s t s  were 232 of the t o t a l ,  with cuttings, vla the 
nursery 0pe~ati01-1, contributing 85% to planting costs. The remaining major 
expense was the charge for insecticides and fungicides -- about 9% of the 
total. Overall, nearly 69X of the costs in the control strategy, rent, 
taxes,  management and s p r a y  operations were fixed cost related. 

Total control strategy 

The greatest expense for the control strategy was  

Energy costs  are summarized in Table 3-2. 
87% ~f the total energy costs .  Although this energy was not actually used 
in biomass production, 
f o r  employing land in biomass rather than corn productlon. 

Land rent accounted for nearly 

it was included a s  a minimal expected energy return 

Of the remining 1.7 million kcallha o f  energy actually used in the control 
strategy, 562 was t i e d  to the biennial insecticide and fungicide operation 
and 322 to t he  planting opera t ion .  The major energy input within the 
spraying operation was for materials, representing 822 of this operating 
r 0 9 c .  
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Table 3-1. Financial summary of operatlonal and strategy costs1/ for first  
rotation Basher and Morrison site plantations. 

Basher 
Site 

- - - - - - - - ($/ha) - - - - w -~ ,.” - 
A. Operational Costs: 

1. Establishment 

Mowe r 
Disc 
Herbicide 
Harrow 
PlaIlt 

2. Maintenance 

Inseet./Fung. 
Property Rental 
Property Tax 
Management 

3. Cultural Amendment 

Fertilization 
lrrfgation 

2.65 
4.77 

3.36 
59. a4 

192.08 

262.70 2/ 

7 0 . 7 0  
269.70  

27 .84  
203.79 

572.03 

410.24 
1754.67  

2164.91 

2.65 
4 J 7  

3.36 
19%.  08 

Z 2 i  

* Total. Strategy Costs: 

Control 834 * 73 834 I 93 

FertiPSzatioa 1244.97 1385.82 

Irrigation 2589.41 

Fert./Irrig. 2999.65 3445.17 

‘/Total eoet for 4 year period, discounted at 5% annual. 

2/The t o t a l  establishment cost of 8923.26fha was prorated over 5 rotations 
(20 gears), with the cost for the first rotation ($262.708ha) 
representing the discounted sum of the first 4 years of annuity payments. 
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Table 3-2. Energy summary of operational and strategy casts for first 
rotation Basher and Morrison site plantations. 

El0 r r i s on 
Site 

6 
. . % . - - - - -  (10 kcal/ha) - - - - - - 

A. Operational Gosts: 

1. Establishment 

Mowe I: 
Disc 
Herbicide 
Marrow 
Plant 

2. Naintenanee 

Insect./Fung. 
Property Rental 
Property Tax 
Management 

3. Cultural. Amendment 

Fertilization 
Irrigation 

0.012 
0.031 
0.154 
0.014 
0.525 

0.736 I /  

0.944 
40.071 
4.245 
0. QQ5 

45.265 

12.327 
5.253 

0.012 
0.031 
0.154 
0.014 
0.525 

0.736l' 
P 

0.944 
40,071 
4,245 
0.005 

45.265 

15.428 
5.516 

17.580 20.944 

El. Total Strategy Costs: 

Control 

Fertilization 

Irrigation 

Fest . /Irrig. 

46. Q02 

58.329 

51.255 

53.582 

46 002 

61.430 

51.518 

66.946 

6 "The total establishment cost of 3.68 x 10 kcallha was divided ovgr 5 
rotations, wish the cost f o r  any one rotation placed at .736 x 10 
kcal/ha. 
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Fertilization - The fertilization strategy added 49% and 662 to the base 
cast of the control strategy on the Basher and Morrison sites, 
respectively, The less favorable Morrison soils cost 352 more for 
fertilization than the  Basher sails, 

Mime yla-eight percent of the fertilization cost (12 .3  x 16 
x PO 
materfals. Fertilization CQS~S were from 7 to 9 thes more expensive than 
the t o t a l  o f  a l l  other  d f r ec t  energy cos ts  used in establishment and 
pesticides on the Basher and Piorrison sitesp respectively. 

6 kcallha and 15.4 E? kcal/ha for %he Basher and Morrison sites, respectively) was for 

Prrigaeioln - Irrigation more than tripled the financial c o s t s  of the 
control strategy on both sites. It cost more at the Morrison site 

59ha.l than the Basher site ($1755/ha). Seventy-seven percent of the 
difference between s i t e s  was for the  hereased capital outlay of the well 
system, with the remaining 23% attributed to facreased energy needs tn 
~~~~i~~ water at the Morrison s i t e .  

Hrrigatiesn also involved a heavy energy investment, with 5.2 million 
~~~~~~~ expended on the Basher site and 5.5 million kcal/ha on Morrison. 
A ~ ~ ~ ~ ~ i m ~ t ~ ~ ~  5% of this amount was for the annual energy cost  of moving; 
water to the trees, w i t h  the remaining 95% associated with equipment use. 

Production Case Summary - The. total production costs at the conclusion of 
the first: 4 year rotation ranged from $1,014.6P/ha for the control strategy 
on both Basher and Morrison sites to $4,183,61/ha for the fertillzatbon/ 
irrigation strategy on the Morrison site (Table 3-3). 
reported as; capitalized or end-of-the-rotation expenses. 

All costs are 

The distribution of these strategy/site production costs over their 
respective bfonnass output depicts the relative competitiveness among these 

expensive followed by fertflizatfon, fertilizationlirrigation and 
irrigation in order of increasing cost. The l e a s t  expensive strategy was 
the control optfon on the Basher site ($28.?l/ODt) and on the Morrison sits 

The increased productfon c5st  for fertilization was not 

Table 3-33. FQH- both sites, t h e  control strategy was the least 

b O D t ) .  

d in higher  production costs per unit output for the fertilfzatian 
by she output gain from fertilization at either site. 

strategies ($35.60/ODt on Basher and 44,1010Dt on Morrison). 
Fert2hization output was 24% more exp nsive than control on the Basher site 
and 392 mare expensive on the Morrison site. 
perfamanee of the Morrlson site was attributed to the greater cost of 

This 

The poorer ffnancial 

i z e r  materials for t h i s  nutrient-deficient site and a lower output 
by its drier aspect. 

The addition of irrigation to either s i t e  caused a substantial increase in 
output  costs, For irrigation on Basher costs were $96.40/QDt and on 
24aorrisan, ~~0~~~~~~~~~ The addition of fertilizer t o  the frrigation 
strategy caused some reductions in p r o d u c t i a n  casts due to the increased 
ontpue - from $94.48/QDt for Prrigarion/Basher t o  $84.71/ODt for 
fertiPizatfon/irrlga~~o~ (a 12% reduction] and from $103.62/ODt f o r  
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ w r ~ ~ ~ ~ ~  to $ l ~ ~ . $ ~ ~ ~ D ~  for Eertilfzationlirrigation (a 2% 
reductdon), In both instances the. cos t  increase for fertilization was 
exceeded by i t s  output  increase. However, from a composite strategy view 

3-9 



3- 10 



the cost advantages from fertflization were overwhelmed by t h e  cos t  
requirements of irrigation. In short, although the margln from 
fertilization was attractive, the composite venture of fer t i l izat ion!  
h r i g a t i o n  was prohibitive. 

The energy costs per unit output €or the first four yeas r ~ t a t l c t w  retspaleed 
in the same approximate least cost positions among the ~ ~ r a ~ ~ ~ ~ ~ ~ ~ ~ ~  
aptfans as was evident in the financial critique (Table 3-33.. However, t i le  

gnftude af difference among the options was far less than in the 
lysis and certain realignments in l eas t  c o s t  prS 
thin the Basher site, the least expensive strate 
kcal/QDt), fallowed by gertilfzation (1 ,372  x 163 

fertllizatiQQjirrigation (1.477 x 10 kcaf/0De) and frr4gatIo 
kcaP/ODt). 

These followed the same positions a s  displayed under the financial as,alys;is 
but with smaller relative differences between their values. 
the increase in cost per unit of output between fertilization and 
%ertilization/irrigation was 240% under the financial analysis but  was anfy 
8% in the energy analysis. 
irrigation strategy used only 9% more energy than the fertilization 
strategy and developed a slfght increase in output (1x1. However, &E: 
previously referenced, the financial cost  of the irrigation amendment was 
prohibitive t o  the overall economics of the latter strategy. 

For e x m p E e ,  

Cm an energy measurement basis the f e r k i l i t a t f o n d  

A different posftionfng of strategies was evident 08 the Harrison sSte. 
CsntraP was still the leagt expensive at 2.456 x 10 
by irrigation (1.517 x 10 
and €ertillzation/irrigation (1.628 x 10 kcal/ODt). Irrigatri 

r s i t e  resulted in a positive output gaia that was not evd 
er s i t e .  Furthennore, irrigatjlon required a smaller energy fnereaise 

than d i d  fertllioation. The net result was a lower energy input per  9 m i t  

output: for irrigation on Morrison than was true for fertifizntian on 
Horrisan. However, the financial cost of fertilization was far  less than 
far irrigation. 

kcal/ODt, g ~ l h ~ ~ e d  now 
kcal/ODt), fegtilization 41.608 x 14) kcallP 

Harvest and Storage Stages 

The complete biomass supply system proposed and analyzed by this pro jec t  
incorporated production, harvest and transport, storage and final 
santwrsion to particular outputs. As such, a review of the technical and 
cost parameters within the ensuing stages of supply was necessary t o  
determine the economic potential for any complete system. 

Harulest Literature Review - The emergence of harvest technology Far sh6pr.t 
rotation, closely spaced forest plantations has taken two a l l i e  
approaches. First, traditional hawesting systems have been examined and 
modifled (Cullen and Barr 1980; Sirois 1981; Stuart -- et al. 1981; Mattson 
1983; McKenna 19849. Second, new prototype harvesting sys%%ms have been 
proposed and developed (Sirois 1982; Mattson 1983; Stuart -- et 38. 8 9 8 3 ~ ~ ~  E.; 
Teeel 1983). Narley (1982) outlined the essential phases in ha~vesrer  
research to include machine characteristicss severance methods, hismass 
colfectlan/reduetion and transport/storage considerations, HcKcrana 11984) 
stated that the key to an efficient operation was through t h e  a p p r o p s i a t e  
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scheduling of equipment in each phase. 
operations, whereby no one phase h i n d e r s  the productivity of another:. 

This achieves a smooth flow of 

CuPl.en and Barr (1980) trlnalyzed current f o r e s t r y  and agricultural 
harvesting systems. They concluded much of the exlsting technologies could 
be employed in hamesting woody bismass. However, certain obstacles, such 
a5 weather and terrain, mPght cause decreased production rates if standard 
technologfes were applied to biomass systems. Marley (1982) supported the 
contention that new harvest technology ~3.1-1 be a blend of existing 
equipment capabilities with the production needs af  agricultural and 
forestry systems. 
out the traditional felleP/bunch9p/aklddes systems for the harvest of small 
diameter, closely spaced t r e e s .  The general l ixaP t  to these! systems was 
cutting one tree at a time, even though same accumulations of cut trees may 
occur before unloading (Sirois 1981). This lawer productivity rate led to 
higher per unit costs, particularly when applied to small sized material, 
Mattson (1983) r e p ~ ~ f e d  the cos t  of this traditional system increased as 
the sptsring a d  size 05 trees decreased. Sckiess (1984b) also concluded 
that the increase of trees per unit area and reduction of stem sizes 
accelerated harvesting c o s t s  an a per  unit output  basis. 
Spaced phntatiQnS it would be hpelpatlve to harvest an SQme cOtltinuouS Or 
multi-tree bas is .  

WithSn the forest: products industry most studies ruled 

POP closely 

Sirois (1981) discussed the use of in-field chipping systems f o r  smaller 
trees. While BODE chippers relied on rbs fell%ng/bunchfng process, several 
units could swath bawc5t and chip simultaneously. 
article, Sirois (1982) eonsidered the development and potential of the  
mobile chip harvester 
diameter trees. Schfess (1984b) found lower harvesting costs could be 
expec ted  f o r  systems having machines with continuous processing functions 

In a subsequent 

ich could harvest and continuously chip s m a l l .  

and wela .  matched to tree aimensiot ls. 

Mattson (1983) reviewed kisr:dwide harvest technologtes adaptable t o  
pPantatBans of small diameter trees. 
Forest Service prototype hamester w i t h  certain Innovative engineering 
cancepts. The exactor-pulled machine included a felling bead, a 
directional felling device and an a c ~ u ~ ~ l ; a t ~ .  Once evaluated, these 
concepts could be incorporated into the base design for commercial. 
harvesters. 
powered harvester that raw harvested small d-bamter trees and then crushed 
thejtr outer hark to facilitate field drying. 
complemented with a tree baler recovery system. 
Stuart -_I et al. (1981) analyzed the economics of modifying traditional 
harvesting systems to recover biomass with the use af small chippers or 
residue balers, Stuart et al. (1981) concluded biomass recovery will most 
likely utilize chipyfng and/or baling processes, with balers being 
econornically competftive with chipping systems. 

One potential design was a USDA 

Stuart 5 &. (1983~1, b) developed and field tested a tractor- 

Thfs system can be 
In a previous study, 

Since harvesting cos ts  are in f luenced  by s i t e  specificity, stand 
characteristics asla the physical layout of plantations, the applicability 
of any given cost asialysis to all other situations is often precluded 
(McKenma 1984) .  However, a genera l  methodology for defining various 
financial and energy parameters wmald be u s e f u l  bn de~e~nrmitii~g approximate 
c o s t s  for certain given situations. Economic analyses may project coscs 
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far productive hours or scheduled hours while others use costs per unit 
afea (MeRenna 1984) .  Niyalta and S t e f n b i l b  (2981) organized a logging cost 
alaialysis system using scheduled and productive hourly costs and costs per 
mile. 
these costs  as a function of site qualities and stand characteristics under 
speelfih: management systems. 

This project assigned productive costs per hectare and evaluated 

The harvesting strategies evaluated by this research project included a 
~ a ~ ~ ~ ~ ~ ~ ~ h ~ p ~ ~ n %  and harvestlbaling systems. 
chipping systems have been studied and reported (Massey -- et al. 1981; 
Schiess 1984b). The use O €  a mobile chip  harvester was explored by Sirais 
(l9RB, 19821. Estimates of the energy characteristics for these systems 
were avablatale from Bowersox and Blankenhorn (1979), Pimentel (1980), and 
Pimeneel -- e6 al. (1981). 
analyzed by TeeJ.. (1983) and Stuart -_I et al. (1983a, b). 
baling scenario were further explored by Sehiess (1984a). The technical 
parameters and energy requirements for the system were provided by Stuart 
( $ 9 8 4 ) ,  Blankenhorn -- et al. (1978) and Pimentel. (1980). 

Transport Literature Review - The movement of harvested biomass t o  the 
point of conversion 
- al. 1978; Mattson 1983; McKenna 1984). Specifically, transport strategies 
depend on the type of harvester and geometric form o f  the harvested 
biomass. In general, transport consists of three phases: (1) movement of 
harvested biomass to the moment of readiness for long distance transport, 
(2) long distance haul and (3 )  movement of biomass from delivery point to 
conversion process entry point. 

The costs of whole-tree 

A harvester/baler system was developed and 
The costs of the 

has been evaluated in a variety of studies (Adler et 

Phase one has been further characterized by the eventual form of the 
harvested biomass, 
be incorporated to retrieve chipped materials and a transfer system dev i sed  
f o r  movement to the long distance hauler. Sirais  (1982) described the 
cechtaical and financial characteristics of a chip harvester operated in 
tandem with a forwarder and chip unloader/loader. An alternative to 
chipping i s  a whole tree baler, Stuarr -- et al. (1983a, b) envisioned the 
use of a baler as a necessary complement to specific harvest modes. The 
harvested trees must be caught, piled, dfrected to a baler and then t o  an 

f o r e s t r y  agerations to load whole treesS thinnfngs and f o r e s t  residues 
(Earsson and Carlsson 1982). This truck equipment is capable of b d n g  
modified for short-rotation crop use (Marley 1982). Balers might also be 
ora t f i t t ed  with a knuckleboom loader to aid in material movement to the 
baler and as a loading device (Schfess 1984a). The costs of the prototype 
loader can be est2mated from well esrablished data on similar equipment 
(Earsson and Carlsson 1982; Marley 1981; Pimenre1 et al. 1981). The 
efficiency ~f any loader depends upon the s i z e  and weight af bales and the 
loading time. The use of a baler in agriculture i s  well known and, in 
faf~est applications, experimental trials have refined technical require- 
ments and costs f o r  biomass recovery (Stuart % &. 1981: Stuart -- et al. 
1983a; S c k i e s s  1984~1) .  

If chipping i s  entplayed, some sort of catch basin must 

aint of departure. Certain types of trucks have been adapted in 

For purposes cf this study, biomass delivery from the plantation site was 
assumed to Pnvrrlwe t ruck transportation. Since plantations will most 
l i k e l y  be established on abandoned farmlands, a network of roads was 
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assurned t o  e x i s t .  
weights and c a p a c i t y ,  p l a n t a t i o n  product ion c a p a c i t y ,  d i s t a n c e  t o  
c o n v e r s i ~ n  f a c i l i t y ,  time r e q u i r e d  f o r  travel and conversion f a c i l i t y  
demand (Adler  - et: -.. al. 1978). C o s t  comparisons among new v e h i c l e s ,  used 
vehicles  and leasing d e t e m i n e d  t h e  nos t  c a s t  e f f i c i e n t  system, 
al. 
;&d c h i p s  t o  a. 50 
ownership and o p e r a t i o n  of ef- ther  new o r  used t r u c k s  w a s  the most cos t  
efficient approach i n  t h i s  proposed transportation scenario. This  p r o j e c t  
u t f l i z e d  c u r r m t  c o s t s ,  c a p a c i t i e s  and o t h e r  technical parameters t o  a s s e s s  
t r u c k  Transpoi ta t ion  and equipment. requirements  ( A . T . A  1982; A . T . A  1984). 
Energy i n p u t s  and consumpeion f o r  new t r a c t a r - t r u c k s  and t r a i l e r  vans were 
hssed  1311 weJ1 es t ab3  isbed equipment c h a r a c t e r i s t i c s  ( A . T . A  1984) and on 
E . F C ) T & ~  v a l u e s  summarized i n  Bowersox and Blankenhorn (1979). 

The e f f i c i e n c y  of a t r u c k i n g  system depends upon v e h i c l e  

Adler e t  
(1978) perfamed S U C ~  a  COS^ C C Z L I ~ ~ ~ ~ S O ~  f o r  a 35-truck f l e e t  SupplyGg 

wood-flred power plant: in Vermont. The s e l f -  

Upon d e l f v e r y ,  bo th  c h i p s  and b a l e s  r equ i r e  unloading and transport t o  a 
storage s i r e  o r  convers ian  poin t .  The former r e q u i r e  a system sf c h i p  
conveyors. The various types o f  conveyors and thePr  spectfisations, c a s t s  
and capacities are r e a d i l y  available from forest equipment manufacturers  
(Norbark Indua. I n c .  1984) .  The unloading of  h a l e s  r e q u i r e s  equipment 
similar t o  that used i n  the lom3ing phase,  The c o s t s  are dependent upon 
the distance t o  t h e  storage site, bale s i z e  and weight  and unloading times. 

Mamest and Transpor t  Economic Analyses - Analysis of she h a r v e s t  and s h o r t  
and long transport of the biomass w a s  approached through a comparison of 

The cost comparison between t h e  h a r v e s t l b a l i n g  and h a r v e s t l c h i p p i n g  
s t r a t e g i e s  considered ;he v a r i a b l e  e f f e c t s  of  machine e f f i c i e n c i e s ,  
m i a t u r e  contents, storage and drying needs and conversion s p e c i f i c a t i o n s  
of the  respective products. The financial atid energy analyses were i n  
keeping w f t h  the formi: used i n  the p r i o r  s e c t i o n  of r e s e a r c h  on p l a n t a t i o n  
production. 

S e v e r a l  key apesating parameters were established f o r  the economic 
analysis. A l l  o p e r a t i o n s  were based on a 181 day hamest period extending  
Z r o m  the beginning of October to the end of Harch. The prssductive time- 
frame would be I032  h / y r ,  based on harvesting 5 days a week, with 2 days  
set  a s i d e  f o r  inclnme.;Iz weather, equipment d e l a y s  and maintenance. Based 
on ch i s  estimate and t he  wear-out l i f e  of equipment, the usage and expected 
l i fe t i i t i e  for harvest and crranspsrt  iquipnent  fo r  both s c e n a r i o s  were 
suamariaed (Appendix @, Table C - h ) .  The number of equipment units w ~ s  
based on t h e  o p e r a t i o n a l  c a p a c f t y  of each u n l t ,  t h e  annual o p e r a t i n g  per iod 
and the s i z e  of t h e  t o t a l  work ass ignment .  'The biomass y i e l d s  per hectare ,  
b e f o r e  harvest ,  were raker. from the f i r s t  rotation resea3ts from t h i s  
project's S ~ K F I C E  Creek plantation. 
f i e l d  capacities were e s t ab l i sb rd  and a p p l j o d  t o  t h e  bioiaaass output from 
the  12roject s v a r i o u s  strategylsite combinat- S on,.; ._ 

Actual processing t i m e s  and equipment 



In the harvestlbaling strategy (Strategy A) field drying greatly reduced 
the green field weight of the trees. 
moisture contents of less than 20% after crushing and f j e l d  dry lng  for two 
days. This analysis used a more conservative 60% redrrctiun of green f i e l d  
weight, providing moisture contents of 20-30%. The weight redaicCion 
influenced the processing times of the loader and the baler. A f u r t h e r  
reduction in net weights was made for losses attribured to the operating 
efficiency of the baler. Schiess (19848)  found fiber losses approapzkhg 
15% when baling a stand of small hardwoods. 
at 90X for this project. In the harvest/chip strategy (Strategy B) t he  
harvesterjchigper was also assumed to have a 90% operating efficiency, 
resulting in a decreased yield of 10%. 
was based on field tests of comparable equipment in high density sPres 
(Sirois 1982). 

Stuart -- et al. (1983sa, b) r ea l l zed  

Fiber recovery was estimated 

This harvest efficiency estimate 

The cost of the harvest-transport function per oven dry tonne was not 
significantly different among the individual strategylsite ~ ~ o a u c ~ ~ o n  
systems. Although the strategy/site yields varied from 23 ts 4 3  B)De:$ha, 
the standard deviation f o r  the mean cost  among these efght options was only 
2.3% of the mean. This held for harvest Strategies A and B, Since there 
was no apparent correlation between the cost per oven dried tonne and the 
volutne per hectare a representative yield of 36 ODtIha, with a green fleld 
weight of 73 tlha, was used in the cost analyses. 
heetare and the equipment requirements for the two harvesting strategies as 
applied to the average strategylsite yield of 36 ODtlha are listed in 
Appendix C (Tables C-5, 6). 

The processing times 

The accounting format was identical to that used in the production phase of 
this project. Financial and energy costs were first ealeulated on an 
hourly basis and then converted to cost per hectare-. The key conponenrt t o  
this conversion equipment processing times was identified through "field 
capacity." Thus., processing times multiplied by the hourly costs  
identified the costs per hectare. The hourly financial and energy C Q S ~ S  

for equipment in both harvest strategies are reported in Appendix C (Tables 
6 - 7 ,  8) and the financial and energy costs per hectare and per net 
harvested wven dried tonne for both scenarios are summarized in Appendix C 
(Tables C-9, 10). The post-harvest yields account f o r  the weight lass from 
field drying and material loss due to equipment inefficiencies. 

In sumary, the harvest and transport costs from this project compare 
favwrably t o  other published findings. 
Strategy A, cost $19.08/ODt and the harvestjchipping strategy, Strategy X, 
cost $33.30/BDt. These are equivalent t o  green tonne costs of $9.54 €or 
Strategy A and $16.65 for Strategy B. McKenna (1984)  presented a range af 
costs, in 1983 dollars, for the harvest, processing and transport of wood 
energy chips of $12 to $25 per green tonne, stump to mill. 

The harvestlbaling strategys 

Certain costs proved dominant within Strategy A and B, 
baling strategy, Strategy A,  transportation was the largest cost ( 2 3 . 8 X )  
followed by the baling (18.5X), loading/unloading (20 .9%)  and plant 
chipping operations (15.9%). In harvestlchipping strategy, Strategy 3,  the 
overriding input costs were f o r  the harvester/chipper (42 .0%)  and its 
accompaniments (32.52). These latter costs were also responsible, Is ,  large 
part, for the cost differential between the strategies, $I9 .C%/ODt  f o r  

In the harvest/ 
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Strategy A versus $33.30/ODt for Strategy B. In conclusion, the smaller 
scaled harvester/baler system (Strategy A) was the most economical 
strategy. 

Storage Function 

Storage Literature Review 1 . 1 ~  - The pre-utilization strategy represents the 
storage and drying requirements o f  biomass arriving at the conversion site. 
The specifics of the storage and/or drying alternatives reflect the 
conversion requirements ~f the forest biomass. 

Biomass plantations will most likely be harvested during fall and winter 
periods. Since conversion facilitfes operate year round, t he  biomass input 
must be stored. Storage should either incorporate the drying of biomass or 
at least prevent its extensive rewetting. Five environmental factors that 
should be addressed in the storage and drying of materials are temperature, 
humidity, wind, rain or snow, and wind blown dust (Wengert 1977). Losses 
in available energy due to excessive wetting are known to occur in the 
outside storage of green hardwood particulate fuels (White et al. 1983b). 
Saucier and Phillips (1982) also indicate improper storage of wood chips 
lead to volatile lasses, fiber deterioration, and spontaneous combustion. 
However, woody bales may suffer less degrade in storage than piled green 
ships (Stuart -- et al. 1983a). 

-- 

Several studies reported on the impact of different storage techniques. 
Chips and wood wastes, in covered versus uncovered storage pilesp had 
significant differences in moisture content (Bulpitt and Walsh 1982). 
Saucier and Phillips (1982) indicated shed covered fuel chips maximize 
fuel values and were dryer than uncovered piles. However, the shape of the 
piles and the length of  storage time also influenced moisture levels. 
White -- et al. (1983a) found higher wood chip piles had lower average 
moisture contents. Generally, conical shaped piles were recommended, 
particularly since flat top piles were know to increase moisture 
percolation t o  the internal zones (Bulpitt and Walsh 1982). If a baled 
form of biomass was stared, cer ta in  geometric arrangement of stacks could 
enhance drying, prevent degrade and control rewettlng. Wengert (1977) 
described yard layout patterns for lumber that may be applicable to bales. 
Stuart -- et a1. (1983a) noted increased bulk density and stackability of 
bales increased their yard storage capacity by two-three times over chips. 

Storage times are usually dependent on the quantity of incoming material 
and the subsequent utilization rates. Certain time related parameters have 
been investigated and can be used as guides for an ~ptimal storage 
strategy. Storage shauld not exceed 60 days if the increase in wood fuel 
moisture content i s  t o  be minimized (White et al. 1983a). White et al. 
(1983b) noted an inverse relation between the average net heating values of 
green wood chips during the first two to four rnnntks of storage and the 
moisture content of the pile surfaces. Saucier and Phillips (1982) found 
wood fiber deterioration losses to be significant w i t h i n  the first three 
months of open storage- Gislerud (1982) showed indoor storage of chips 
resulted in minimal dry matter losses of 1-1.5% per month after 3-5 months. 

-- -- 

The choice of a drying technique for biomass is dependent upon the physical 
characteristics o f  the woody niaterial, the intended use for the material 
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and certain financial considerations. For ethanol. productions higher 
moisture contents are preferred and drying can be preempted. However, it is 
more efficient to use relatively dry biomass for most end uses (Springer 
9979). A multitude of drying procedures has been examined. 
lawered or eliminated the risk and occurrence of decay and mold when 
moisture content was reduced below 222 (Wenge~t 1977). Frea (1984) 
compared the cost involved in three methods of drying forest residues to 
t h e  base value of burning green wood chips and found unheated forced air 
d r y i n g  had the most favorable return on its cost investment. 

Air drying 

Storage Economic Analysis - The storage of biomass at the conversion site 
was dependent on the form of the material as it arrived at the site and its 
subsequent processing specifications. For example, in the production of 
ethanol, a high moisture content may be desirable. However, with direct 
incineration, pyrolysis o r  liquefaction, moisture levels should be below 
252 for a higher conversion efficiency. Alternate combinations of storage 
operations for the pre-utilization of biomass and associated total storage 
c a s t s  are listed in Table 3-4 .  The materials stored under the “wet” 
strategies A l ,  A 4 ,  and B1 would be appropriate for ethanol production. A 1  
and B f  would also be appropriate for pulp production. The remaining 
strategies incorporate the drying of biomass and thereby fit the needs for 
dfrect incineration, pyrolysisJ gasification and liquefaction. 

Storage casts would depend upon moisture contents which would vary 
with timing of the harvest and length of time the wood is exposed to the 
elements after harvest (mite and Curtis 1983).  Approximately 90% of any 
decrease in moisture content would occur within the first 6-8 weeks of 
storage (White and Curtis 1983). Storage technique will affect rhe drying 
process. 

In most instances storage would take place before direct drying since most 
harvested materials would not undergo immediate utilization. 
storage considered were outdoor, both wet and dry, and indoor. The 
following assumptlons were made. First, an average storage timeframe from 
ar r iva l  at the conversion site t o  the point of utilization was placed a t  
s l x  monrhs, Second, the bale and chip configurations required estimates of 
their respective storage areas and allied equipment movement areas. Bale 
sfze and stack heights were based on recommendations by Schiess (1984b). 
Chips were based on the conical dimensions presented in Saucier and 

Types of 

P h l l l f p s  (1982). 

The financial and energy costs/ODt for storage of woody biomass are 
reparted in Appendix C (Table Cell)* Common costs included land rent, 
property tax and insurance. Other c o s t s  were characteristic of the  
particular storage technique. For examplep in the wet storage strategies 
( A I ,  A 3 ,  A4, B 1  and B 3 )  the materials were piled without shelter or 
coverings. However, Springer (1979) pointed to the need of rotating green 
chips on a regular basis to prevent spontaneous combustion. Thus the green 
c h i p  strategies A l ,  Bl and B 3  included a rotation cost. The final movement 
sf bale and c h i p  materials to the conversion plant was included in the 
storage cost. 

Financial and energy cssts/ODt f o r  drying of wood biomass are 
listed irn Appendix C (Table C-12). In Strategies A2 and B2 the dry storage 
of green wood chips required use of a heavy polyethelene fflm. This 
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Table 3 - 4 .  Tota l  storage costs f o r  woody biomass. 
~-~ ~~ 

6 
Strategy $/om 10 kcal/ODt 

Bales 

A X x /  3/  chip, wet storage 

A22' chip, d r y  storage, dry 

~ 3 ~ '  wet storage, dry 

A4' wet storage 

P 

11 

Chi@_s 

]SI. 3/ wet storage 

sz2/ dry storage, dry 

~ 3 ~ 1  wet storage, dry 

N2/ dry, dry storage 

8.61 

14.73 

29.31 

4.29 

8.90 

15.02 

24.35 

15.93 

0.056 

0.023 

0.101 

0.075 

0.058 

0.025 

0.074 

0.051 

''~ppropriate for fermentation processing. 

"Appropriate for direct incineration, pyrolysis, gasification and 

3/~ppropriate f o r  pulp processing. 

liquefaction processing. 
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all expenses incurred within plantation production, harvesting and 
transport and the materials storage at the conversion site. 

The following cost  summary includes se lec ted  strategies from each of the 
three central stages  of the supply process: production, harvestltransit 
and storage, Production c o s t s  are based on two least cost strategylsite 
combinations: Basher cont ro l  axxi Basher fertilization. These combinations 
had production costs of $29/ODs (control) and $36/OBt (fertilization) on a 
before harvest basis. It should be noted that the  cont ro l  strategy on the 
Morrison site also fell within t h i s  range ($32/ODt), with the Morrison 
fertilization strategy outside this range (S44lODt). The irrigation and 
f e s t i l i za t ion1 i r r iga tPon  strategies axe not: included within th i s  total 
supply analysis due CQ their extreme production casts. These strategies 
ranged from $85/OBt (Basher, fertilization~irriga%ion) to $104/0Dt 
(Morrison, irrigation), on a before harvest basis. As such, their 
production costs were double to triple those from the control OK 
fertilization strategies. 

Although the control strategy oar the Basher site was nearly $7/ODt cheaper 
than the Basher fertiPization strategy on the same site, there remains some 
question as EO whether the control strategy's nutrlent drain would permit 
the same output over continued rotations. Batentially, fertilization may 
be required to sustain the volume from a plantation system, 

Both harvesting strategies were inelirded within the supply cost suamnaries 
as examples of a least cost9  but  largely developmental, system proposed by 
Stuart -- et al. (1983s, b) and of a more expensive but eomercially available 
harvest system Finally, two opposing storage strategies were incorporated 

conversion of biomass t o  ethanol via hydrolysis/fe~entatian would show 
preference to "green" storage, thus assuring biomass with high moisture 
content. Pax contrast, conversion of biomass to energy via direct 
incineration, pyrolysis, gasification and liquefaction would place a 
priority on biomass with a moisture content s 202 through dry stcarage. 

within the COSE 8 aries to meet alternate material specifications. The 

The assernbly of the various alternate strategies within each of the 3 
stages provides 8 supply systems: 

Easher-control : Bamest/bales : Met storage 
Basher-control : Harvest/baler : Dry storage 
Basher-control : Hasvestlchipper : Wet starage 
Basher-control : Wamest/chipper : Dry storage 
Basher-fertilization : Harvesterhaler : Wet storage 
Basher-fertilization : Harvester/baler : Dry storage 
Basher-fertilization : Harvester/chipper : Wet storage 
Basher-fertilization : Harvester/chipper : Dry storage 

In addition to ihis cumulative analysis of supply casts, a further study 
was made on the origin of c o s t  within the various strategies. Origin, in 
this instamce, refers to the proportions o f  total input cost from capital, 
fuel and materials, labor and land. These basic expenses were identified 
within each stage of the supply system and over the cumulative system. 
This provides a measure of the relative dependence on particular inputs 
within each stage and over an entire sapply  system. 
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Table 3-5. Financial cost comparisons of s tages  within the least cost 
and maximum c o s t  biomass supply systems. 

Least C o s t  Maximum Cost cost 
(System # I )  (System W8) Increase 

Stage cost/ODt Z of t o t a l  cost/ODT % of  total cost/Or)t X of total 

Plantation .31,80 53.5 39.54 45.0 7 . 5 5  27.0 
Production 

Harvest 19.08 32.0 33.30 37.9 14.22 50.3 

2 2 . 7  ~- 6.42 -____ Storage 8.50 14.4 15.02 1 9 . 1  __- 

Total 59.57 100.0 87.86 100.0 28.29 100.0 

This dominance of harvest and storage was further identified by their 
relative cost increases between the ~ W Q  systems. The total cost 
differential between system #1 and #8 of $28.29/QDt was created from the 
increases o f  $7.65/ODt in production, $23.58/ODt in harvest and $6.42/0Dt. 
I n  storage. As such, over 70% of  the total increase originated from the 
harvest and storage stages of the supply system. T h i s  impact was also 
shown by the relative cost increase o f  24% between the two production 
strategies versus the 75% increase evident hetween the harvest strategies 
sild the 758 increase in the storage strategies. 

The c o s t  of supplying biomass9 in the context of a total system and f o r  
these specific alternates, was largely dominated by the harvest and storage 
compclinenta of the systems. Although these components were outside the main 
focus of t h i s  research project, their relative c o s t  impacts QmphaSize the 
need for research and development in these aspects o f  biomass production. 

.-.. E m g y  ..... _ _  Costs ..-. f o r  . ._. . Total Supply- I Systems 

The range in botal energy costs  for the eight supply systems was from 1.692 
t o  1.817 x 10 kcal/OBt. The lease cast energy alternative involved 
control production, t h e  harvest/baler system and dry storage. O f  interest, 
the l e a s t  cast storage strategy involved dry material. Although additional 
energy vas required in the drying of green chips, green chip storage used 
even more energy f o r  the mechanical rotation o f  chip storage piles to 
prevent internal. rornbustioil and decay losses I 

The l e a s t  cost supply systerri (.4ppendix C, Table C-13, System 82) was 
dfiminated by land's energy cost, representing 83% of the total cost per 
oven dry tonne. A s  previously referenced, this particular input cost  
represents land's n e t  energy potential in its alternative employ of corn 
production. It is an opportunity cost r a t h e r  than an actual expenditure o f  
energy vithin the system. Furthermore, since the magnltude of  land's 
energy cost tends t o  mask b o t h  the s i z e  of  the other energy inputs and the 
relative importance of shifts in these inputs, land's ene rgy  cost was 
excluded from t h e  following a n a l y s e s .  

3-21 



Accordingly, the actual energy expenditures wlthin thfj least cost supply 
system, less land’s energy cost, amounted to 290 x 10 kral./WXbt. For this 
net amount, 16% originated from production, 77% from harvest and 7X froan 
storage. 
representing 87% of the actual energy input. 

The primary source of these energy inputs was fuel ccpsc, 

Additional energy was used by the strategy shifts to festillzatfon, the 
harvestlchipper equipment and green storage. 
greatest increase of energy, using an additional 319 x IO kca.l/ODc. 
Nearly 100% of this increase was for fertilizer itself, Th larger scaled 
harvester/chipper equipment required an addition of 15 x 10 kcal/h)Dr, wFth  
most of t h f s  involved in the added energy cost for capital, F i n a l l y ,  t h e  
shift f om dry storage to wet storage used additional energy amounting t o  
33  x 10 kcal/ODt. 

Fertilizati n caused the 9 

3 

5 This energy increase was primarily for capital. 

In comparing the most expensive energy supply system (fertilization, 
harvester/chipper, wet storage) to the least expensive (control, harvest/ 
ba er, dry storage), net of land’s egergy cost, the former required 649 x 
10 kcal/QDt and the latter 290 x 10 kcal/ODt. Ninety percent of the 
added energy used by the more expensive system was from materla7.s and fnel, 
with fertilizer being the key ingredient. 

3 

The relationship of energy to financial costs throughout the various stages 
of the two opposing supply systems i s  presented in Table 3-5. Bath cast 
systems exclude land in order to better define the cost characteristics of 
all other inputs. It should be noted, however, that the ratio of land’s 
energy cos5 to its financial cost was the highest for any of the inputs - 
122.5 x 10 k c a l / $ i .  This ratio indicates that corn production is 8 

relatively inexpensive source of net energy gain per dollar of markatab1.e 
output. This high energy gain is due to the structure of the energy 
accounting system. Basically, the total net energy gain from corn 
production is allocated t o  land as an energy rent. A s  such, the l a rge  net 
cumulation of solar energy from the photosynthetic process I.s attr-tbwted 
solely to the land resource. 

The composite energy ratios in Table 3-6, net 05  land, within the various 
stages of System dl2 ranged from 1.7 to 21.7 (10 kcal/$l), Plantatfan 
establishment and maintenance ratios were low (1.7 and 2.8,, respectively) 
and referred to the use of relatively high cost energy forms. The key 
“high C Q S ~ ’ ~  input was labor, which had a near non-measureable energy i n p u t  
and y e t  represented nearly 40% of the financial cost input, 

In contrast, the harvest and storage stages had ratios of 11.7 and 6 . 2 ,  
respectively. To a large degree, these higher ratios 1dent i f : ied the 
substantial increase of fuel inputs to harvest and storage and a lesser 
dependence on labor. Firel was a less expensive source of energy i n p u t  and 
carried a ratio value of 3 2 .  

The maximum financial c o s t  system (System #8> provided a f u r t h e r  v i e w  of  
the energy ratia effects from the three system changes (fertilization, 
harvest/chipper and dry storage). These ratfos were dominarea by 
fertilization - 24.5 and harvest - 7.1. Fertilizer was x relatively 
inexpensive form of energy and, as a material input a l o n e ,  had a ratio of 
32.1 The lower ratio for the more complex harvest/cbipper strategy 
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identified a relative increase i n  capital equipment that, in turn, carried 
a Power ratio, The marked reduction in the energy ratio €or dry storage, 
versus wet storage, was caused by an absol.ute decrease in energy inputs 
and  an opposing increase in financial costs. In short, although less 
energy was used in d r y  storage it was a relatively more expensive f o m  of 
energy. 

For  a l l  af System 158, the ratio 7 . 9  (versus 6.7 i n  the alternate system) 
resulted from a greater increase in energy input than in financial costs. 
B a s i c a l l y ,  this final system was a more expensive proposition from both an 
energy and financial viewpoint. Energy input increased by 91% and 
f i n a n c i a l .  costs by 63%- However, the additional input of 293 x 10 
kcal/ODt was a relatively less expensive form of  energy than used in the 
base supply system. This was largely caused by the addition of 
ferttliiation to the supply system. 

3 

Conversion Function -- 
Conversion of forest biomass i n t o  useful energy may take a variety of 
pathways from direct incineration (direct fire) to gasification, 
liquefaction or conversion to chemicals including ethanol. Many of these 
methods have not been used in large-scale operations; and, as a resul t ,  
engfneering operating parameters are n o t  available for comparisons. 

There are many methods to produce chemicals from lignocellulosic material. 
Many of these methods at present do not compare economically to production 
of chemicals by the petrochemical industry (USDA 1975). An integrated 
plant f o r  producing heat, electricity and chemicals from wood is 
technically feasible and may be economically feasible in the future. 

One technique of converting biomass to chemicals is to hydrolyze cellulose 
to produce glucose which can be fermented into ethanol (USDA 1975; National 
Academy of Sciences 1975; USDA 1975; Oshima 1965; Dreger 1976; Zinkel 1975; 
Goldstein 1 9 7 5 ) .  Hemicelluloses found in wood are not crystalli,ne and 
hydrolyze readily into sugars Upon hydrolysis, the predominant 
hemicellulose i n  softwoods yields hexose sugars which can also be fermented 
into ethanol. On the other hand, hydrolysis of  the hemicelluloses in 
hardwoods yields large quantities of pentose sugars which can be converted 
into furfural by acid treatment (National Academy of Sciences 1974). 
Lignin In wood consists of aromatic components and can be used to produce 
benzene and phenol (National Academy of Sciences 1976). Other conversion 
P ~ Q C ~ S E ~ S  for biomass may be used to produce methanol (Wan 1984). All of 
these chemicals, particularly ethanol, can be used to produce energy o r  as 
a feedstock f o r  the chemical industry. 

Forest biomass can be converted into a burnable gas by pyrolysis (Hammond 
et al. 1974; Knight et al. 1976; Tatom et -- al. 1975; SERI 1979; SEBI 1980a; 
SERI 15.0806; S E R I  1 9 8 0 ~ ;  S E R I  1984). The type and quantity of gases evolved 
during pyrolysis depend not only an the type and condition of the w ~ o d  
substance, but also on the method of pyrolysis. In an inert atmosphere the 
s o l i d  pyrolytic residue is carbon. This can be  used to produce carbon 
monoxide which can be combined with hydrogen in the presence of a catalyst 
at h i g h  temperatures and pressures t o  obtain synthetic gas, methanol or 

-- -I 

borh  (National Academy of Sciences 1976; Reed and Lerver 1973 ;  Hammond et 
a l l  197.41. 
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Liquefaction can be used to convert wood to o i l  and hydrocarbon fuels 
(National Academy of Sciences 1976 ;  Appell et al, 1971; Anderson 1972 ;  
Heineman 1 9 5 4 ) .  These processes usually require a catalyst, temperatures 
of about 500 C and pressures up to about 34 x lo3  kPa, 
conversion of cellulosics to oil has been reported using various 
temperatures, pressures, and catalysts (AppeLP et al. 1971 ;  Anderson 1972 ;  
‘Heineman 1 9 5 4 ) .  This synthetic oil has a fairly high heat content and can 
possibly be further refined using present technology (Appell. et al. 1971; 
Anderson 1972; Heineman 1 9 5 4 ) .  

-- 

About 90% 

-- 

-- 

Dfrect incineration i s  currently the  mast wi-dely used method of wood energy 
conversion. Fluidized bed burners., suspension burners, spreader-type 
stokers, chain gra te  stokers, Dutch ovens, cyclone burners and combined 
systems are all presently being used to incinerate wood (Bogot 1 9 7 6 ) .  

Pyrolysis, gasification, Jiquefaction, or direct incineration conversion 
system coupled with a high pressure b o i l e r  or high pressure boiler with a 
superheater cot9tiected to a steam turbine and generator could be used  to 
generate electricity from forest biomass (Babcock and Wilcox Co. 1975 ;  
Bogot 1 9 7 6 ) .  Direct incineration was chosen for this evaluation because it 
is presently the most comanly used technique. If another primary 
conversion process suck as pyrolysis is used, the evaluation would have to 
be adjusted t o  take into account changes in efficiencies and other 
conversion considerations. 

Idood has certain Bnherent advantages as a fuel: low ash contentp 
ignitability, almost no sulfur content and renewability. Disadvantages of 
using wood as fuel include moisture content, particulate discharge, gross 
h e a t  value per unit volume, availability In certain locations, material 
handling and storage. 

lmportant forest biomass combiistion parameters Include particle size, 
moisture content, gross  heat of combustion, iusable heat, proximate 
analysis and ultimate analysis. Particle size will influence combustion 
r a t e ,  stearn production, particulate emission, fuel feed rates, rate of 
excess air application and combustion efficiency (Babcock and Wilcox Co. 
1975 ;  Bogot 1976 ;  Johnson 1975 ;  Koch 1 9 7 2 ) .  Variation in particle size 
~ ~ u l d  r e q u i r e  a very versatile combustion system. It is much more 
efficient ti> use particles of a specific size for maximum utilization of 
the wood as a fuel, 

Another consideration in combustion is usable heat from the burning of 
wood. I n  general, t h e  moisture-free ultimate analysis (elemental 
composi.tion) of various wood species indicates a fairly uniform carbon 
content of approximately 50%, hydrogen content o f  approximately 7 % ,  oxygen 
content  of  approximately 432’ and ash content of approximately 1% (Babcock 
and Wilcox Co. 1975 ;  Corder 1973:  Bsgot 1976 ;  Koch 1972 ;  Mingle and Bauble 
1968; Lenk 1 9 7 0 ) .  Wood oven dry gross  heat of eombustioii values range from 
18 t o  22 YJ/kg, d e p e n d i n g  on species (Eiabcock 2nd Wilcox Co. 1975 ;  
Blankenhorn et al. 1985;  Bowersox I^- e t  al. 1979 ;  Virtanen 1963; Bogot 1976;  
Lenk 1970;  Murphey and Cutter 1974 ;  Howard 1973 ;  Karehesy and Koch 1 9 7 9 ) .  

-- 

Proximate analysis of a fucr.1 indicates thc amount of volatile material apd 
fixpd c.-irbon in the f u e l .  Wood and bark possess about 80% volatile 



material. and 202 fixed carbon on a dry weight bas i s  fBabcock axid Wilrox Con 
1975; corder  1973; Virtanen 1943)  e 

The usable heat o r  recoverable heat from the burning of wood indfcatcs h o ~  
much W Q O ~  needs to h e  burned t o  produce a c e r t a i n  amount of energy 3npub eu 
a boiler. When the hydrogen in wood is burned, it ccamhines w i t h  oxygen tr- 
form water and carries heat up the stack (Koch 197.2). In t he  bu rn ing  o t  i 
k8 of dry wood about: 0.6 kg of water i s  formed, requiring an ~ r a e r g y  3 . n p x E  
(Koch 1972). Other stack gases (carbon dioxide, nitrogen and ~XCESS a i r $  
may car ry  energy up the stack (Koch 1972). Hence, the usable heat a5 o v a  
d r y  wood is t h e  gross heat of combustion of wood m i n u s  hear. l o s ses  
associated with hydrogen combustion and other s t ack  gases, 

In addition, sorbed water in wood represents an energy loss  (Koch. 1972) 
because ir takes energy to remove moisture before or after che W O Q ~  enters 
the combustion chamber. For efficient control of combustion, l e :  t s  
important. that the wood be as dry as possible before entering she 
combustion chamber because the energy required to remove t h e  m o i s t u r e  PI? 
the combustion chamber would then be supplied by the burning of biomass, 
This  will increase the amount of wood necessary to satisfy a given energy 
input t o  the boiler, 

General considerations f o r  electrical power generation, from the standpoint 
of design, include: steam pressure and temperature, degree of superhea t ,  
turbine efficiency, fuel source availability, cast and trends.. steam 
requirements, beat transfer apparatus, fue l  feed rate (HJlhr), b o i l e r  feed-  
watera building space, geographical considerations, environmental 
restrictions, energy required for auxiliary equipment, operating personnePg 
efficiency and others (Babcock and Fdilcox Co. 1975; Rogoc 1 9 7 6 ) ,  These 
considerations must be analyzed for every power plant for any f u e l  s~uTc".~?, 

After the energy is converted to steam at the boiler, the transformatLon of 
the steam into electricity will probably require similar equipment 
regardless of the fuel. This implies that one of the major C I P S ~  

differences between a wood-fired electrical plant and a f o s s i l  -fue I p < m t ? x  
plant will be  in the combustion system and b o i . 1 ~ ~ " .  The  i n s t a l k t i o n  cast,; 
of a coal and wood f u e l  boiler system are about three: and f o u r  t i m e s ,  
respectively, the cosc of a fuel o i l  or natural gas sysrem. Thus, the 
initial c o s t  of a wood-fired plant will. be more than  in a i 2  o r  pas-fired 
plant and somewhat similar to a coal-fired p l a n t .  

T'ne operational pazameters and financial costs for all of t he  pr?tentA,al. 
conversion strategies are presented in Appendix G (Table .  C-IG), 
Electricity generation via direct incineration in a power plant and @ t h a m 1  
production are the t w o  conversion alternatives used in the net financial 
and energy analyses .  These conversion processes are used  because ~f t h e  
relatively l o w  energy yields and higher financial. c o a t s  a s : ~ o c  L s t e d  w i t h  the 
other convers3.on strategies e Direct incineratton is current.  1.y che m i j t  
w i d e l y  used  method of wood energy conversion arid ethanol is an eyt:t^tsin*4.y 
versatile fuel  (Appendix C, Table C - 1 5 ) .  

Ranges in the estimated energy content and y i e l d  of produc t s  are  sa i rmnar ized  
in Appendix C (Table C-1.5) .  The values presented represent  d i f f e r e n c e s  f.n 
the conversion processes. For example, p y r o l y s i s ,  gasification and 
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liquefaction have lower avai1abl.e energy after conversion to an intermedi- 
ate energy product than direct incineration. However, the advantages of 
eliminating fungal degradation concerns, use of existing combustion systems 
(coal-fired furnaces), transportation systems (pipelines, etc.) and 
utilization of sr?condary fuels/chernical feedstocks may offset, in certain 
future situations, their reduced energy yield as compared to direct 
incineration. 

SRIC biomass offers the advantage of supplying similar genetic material 
with a lower variability in the properties among trees. Ethanol represents 
one of the more versatile intermediate woody biomass conversion products 
because it can he easily stored, transported and used as a fuel or as a 
chemical feedstock. 
in Task 2 are presented in Appendix C (Table C-16) .  

Estimates of ethanol recovery based on biomass yields 

Estimates of the fuel and energy potential from the biomass by management 
strategy were obtained by combining the biomass yield, fuel and chemical 
values from Task 2. The goal of these calculations was to estimate the 
amount of electricity (kwh) and secondary fuels (e.g., ethanol) available 
from the four year old biomass. 

Since the wood and bark have different gross heat of combustion and 
chemical content values for each management strategy, the four year old 
biomass yields were divided into percentages of wood, bark and branch- 
wood. Total tree biomass was determined to be about 70% wood, 15% bark 
and 15% branchwood for a l l  management strategies based on the four year 
old data in Table 2-15. 

The four  year o l d  gross heat of combustion values for wood, bark and 
branchwood (wood/bark) f o r  each management strategy were combined with 
the percentages of wood, bark and branchwood in the total tree to obtain a 
weighted gross heat of combustion value f o r  the total tree. The following 
gross heat of  combustion values were used for calculating the energy 
potent3al in the biomass: 1) Basher; control - 4620 callg, irrigation - 
4649 callg, fertliization - 4607 cal/g and fertilizationlirrigation - 4608 
cal/g and 2 )  Morrison; control - 4680 cal/g, irrigation - 4657 cal/g, 
fertilization - 4635  cablg and fertilizationlirrigation - 4603 callg. The 
biomass yields (ODt/ha), reduced by 10% because of losses during 
harvesting, transport and storage, were combined with the gross heat of 
combustion values to estimate the maximum energy content per hectare. This 
value was reduced t o  usable heat content to account for hydrogen 
combustion, stack gas losses and 20% moisture content (Koch, 1 9 7 2 )  and 
converted to kwh/ha for each management strategy (Appendix C, Table C - 1 6 ) .  

Neenan ( 1 9 8 4 )  reported that present conversion of woody biomass to C and 
C sugars is about 30% efficient, and about SOW o f  C and C sugars can be 
converted to ethanol. Number of liters of ethanol per hectare by 
management strategy was estimated (Appendix C y  Table C - 1 6 )  by applying the 
conversion efficiencies listed above to total tree biomass yields and using 
a specific gravity of ethanol of 0 .79  g/cc. 
used to produce ethanol (Neenan, 1 9 8 4 ;  Wrllght and d'Agencourt 1 9 8 4 ) .  Each 
process will r e q u i r e  a different biomass moisture content and each process 
assumes the biomass will. be delivered wet (Neenan, 1 9 8 4 ;  Wright and 
d'Agencourt 1984). 

5 
6 5 6 

A number o f  processes can be 
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Net F h a n c f a l  and Energy Analysis 

The net financial and energy analyses were conducted f o r  two alternative 
energy products - electricity or ethanol (Appendix C, Tables C-16 to 20). 
These analyses were based on financial costs per kwh and per liter of 
ethanol. and the energy costs were based on kcal/ha. 

'The conversion t o  electricity was calculated on the basis of burning the 
fuel at 20% moisture content and using a 90L net biomass yield after 
harvestE transit and storage. The financial and energy input costs 
req~ired t o  produce electricity from biomass were compared with electricity 
outputs (valued at $0.046/ls;.wh and in kcallha). A similar comparison was 
made f u r  ethanol production. A 1 2  of the net values for producing 
ehxtrisity and ethanol were negative. 

The net delivered biomass financial and energy costs to the electric 
generating facility per kwh and kcal/ha were higher for all. management 
strategies than the selling price of $b).046/kwh and the net kcal/ha output 
of electricity. Greater than 50% of the c o s t s  for the electricity were 
assoelated with net biomass f u e l  input costs at t h e  electrical plant. The 
biomass production c o s t s  associated with each management strategy were 4 0  
to 70% for the financial costs and greater than 80% for the energy casts of 
the delivered net biomass. Reduction in the first rotation production 
costs o r  increasing the first rotation yield may help reduce the overall 
costs  

Including the electric generating plant costs increased the net loss.  
This is associated with the conversion efficiency of biomass to 
electricity. Pyrolysis, gasification and liquefaction will provide 
-increased lnput costs2 compared to direct incineration of biomass for 
electricity generation, thus producing a larger net loss. 

Converting wood to ethanol for use as a secondary fuel or  chemical 
feedstock provided an interesting alternative t o  electricity. Wkile the 
net financial and energy costs were negative for all management strategies 
(Appendix C, Tables C-16 to 201, the net values for control and fertiliza- 
tion strategies (both sites) were c lose  to breaking even f o r  the  financial 
analysis. These net values were based on: 1) the current list price for 
Fermented e thanol  (Chemical Marketing Reporter, May 13, 1985) ; 2) the 
estimated pl.an6 c o s t s  (excluding feedstock costs) of $.196/L of ethanol for 
a plug-flow, dilute-acid, high-temperature hydrolysis plant including a 
by-product credit of $,l09/2 (Wright and d'Agincourt 1984)  and 3)  the 
present y i e l d  of ethanol from woody biomass (Neenan, 1 9 8 4 ) .  

Additional research may improve t h e  outlook for producing ethanol from 
wrzody biomass, Two alternative research approaches appear to be feasible. 
The f i rs t  approach would include reducing the $/QDt and kcal/ODt by 
reducing t h e  costsI increasing the biomass y i e l d  per unit cost o r  both. 
Ancther approach would be  t o  Increase  :he y i e l d  of ethanol p e r  unit weight 
of woody biomass, The goal of current research and development efforts is 
eo convert h5-70% of t h e  wood to fermentable sugars by improving process 
yie lds ;  through: 11 fermentation of f fve  carbon sugars to ethanol, 2) 
improved Eementatian and distillation efficiencies, 3)  pretreatments to 
f rac t - iona te  the feedstock,  4 )  optimization of acid hydrolysis concepts and 
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5 )  exploratory research and development projects in enzymatic schemes 
(Neenan, 1984). These p r o j e c t s  are designed to improve processing so that 
up to 70%, most of the  cellulose and hemicelluloses, of the wood can be 
converted to fermentable sugars. A 702 conversion efficiency, coupled with 
an increase in the production of biomass and a decrease in the costs of 
biomass production, may promote the use of wood as a feedstock t o  ethanol. 

A summary of the total financial and energy c o s t s  €or  conversion to 
electricity and ethanol using biomass from the Basher control and 
fertilization management strategies is given in Tables 3-7 and 3-8, 
respectively. The financial c o s t s  for both management strategies are 
similar in that of t h e  total c o s t s  f o r  electrical production; about 19% is 
f o r  biornass production, 27% €or harvestltranspnst and storage aid 54% is 
for plant costs. For ethanol conversion, biomass production accounts for 
about 38Z, harvestlrransport for about 22% and plant costs for about 40% of 
the total produce costs. IC appears that for these two conversion 
strategies biomass production financial costs are about one third of the  
total produet c o s t s .  It is difficult to conduct a similar analysis on the 
energy data (Table. 3-8 )  because plant energy costs are unavailable and land 
energy c o s t a  are high. 

The influence of land costs in these'analyses, particularly ig the energy 
analysts, is evidenc. Removal. of the land costs (44.316 x 10 kcal/ba) and 
excluding the plane energy c03ts from the analyses produces positive net 
energy f o r  electricity and ethanol production. However, removing the land 
costs ($361.66/ha) still produces a negative financial balance which is 
higher for electricity than ethanol production. 

Examination of the Einancial and energy balances for the management 
strategies indicates all the strategies produce negative results for the 
production of electricity. The control and fertilization strategies 
produce t h e  most promising results f o r  the conversion of SRLC forest 
biomass t o  ethanol. Additional improvements in SRIC biomass yields, 
reduction in costs per unit weight of biomass and increases in the 
e thanol  yield from forest biomass may promote the conversion of S R I C  forest 
biomass to ethanol. 

Sensitivity of Bi-omass Production and Conversion 1__-.1 Strategies to Alternate 
Costing Assumptions 

_--_ Biomass Production Financial Sensitivity Analysis - The relative impact on 
total biomasg-production costs from changes of 210% to selected input costs 
and biomass yields was analyzed f o r  each sitelmanagement strategy 
combination. Each factor listed below was altered with the remaining 
input c o s t s  and yirll.ds, in terms o f  operatfon, rates and timing, held 
constant:. 

1. Capital - changes to current c o s t  may reflect either lower 
or higher costs in terms of equipment u s e ,  initial prices 
andlor c a r r y i n g  charges. 

2. Fertilization - changes may reflect a decrease in the volume of 
fertilizer (assuming tha t  such reductions would not affect biomass 
outpurr) o r ,  alternatively, a pending  increase in pri.ce for such 
materials. 
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Table 3-9. Percentage impact of 10% cos t  changes in basic inputs and 10% change in biomass output upon 
the total production cos t  for biomass. 

X Change in Biomass Production Cost resulting X Change in Bio- 
First Rotation from 10% Cost Change mass Production 

Management Product Cost C o s t  from a 10% 
Site Strategy $/Om Capital Fertilizer Fuel Labor Land Change to Output 

Basher 

~ 

Control 

Morrison 

Fertilization 

??e r t il iza t ion / 
Irrigation 

Control 

Irrigation 

Fertilization 

Fertilization/ 
Irrigation 

28.71 

96.40 

35.60 

84.71 

0.70 

4.42 

0.65 

3.89 

0.03 

0.01 

3.03 

1.26 

0.34 3.72 3.59 

0.28 3.61 1.16 

0.27 2.56 2.41 

0.26 3.15 1.00 

11.11 for IO% 
decrease of 

output 

0.09 increase f o r  of 10% 

output 

32.12 

103.62 

44.10 

101.85 

0.70 

5.03 

0.58  

4.29 

0.03 

0.01 

4.92 

1.98 

0.34 3.72 3.59 

0.32 3.14 1.04 

0.24 2.30 2.16 

0.28 2.66 0.87 

11.11 for 10% 
decrease of 

output 

0.09 for 10% 
increase of 

output 



31 SL: represented t h e  largest absolute ess t  changes among all strategies due 
to the h i g h  c o s t  f n r  the bas ic  strategy - $96,4D/ODr f o r  Hasher and 
$IC:%* b2/0Dt fGss  NOrrIGOn. 

Labsr was t h e  second most important iteni from a costing standpoint in the 
8rxfgatlun strategy. Changes of 10% t o  Sabor imposed a 3.6X change to 
53miiass prodaistion cos t  at Basher and a 3,1% change ne Horrison. Because 
t h e  irxxigattcm strategy required t h e  most: laborl, a change in labor  cost 
-8.mpas-ted 8 g r e a t e r  absolu te  cost change per O D t  f o r  irrigation than a l l  
~ c h e r  mnaaagement stragegles, Land was of tertiary Financial importance to 
ths i r r i g a t i o n  strategy, with a 1OX cost change in land imposing a 1X 
change on psodrnct cost, 

l ’ 1 - t ~  combined f e r r P l i z a t l a n j i r r i g a t i a n  s t r a t e g y  was dominated by the. riapital 
:Enplats 0% f r r i g a t f a n ,  Changes to c a p P t a l  c o s t s  o f  1QX impacted an t o t a l  
prodasct cos t  by 3 . 9 2  on Bataher and by 4.32 an Mo~rison. Labor was the 
secocdary fini%ICLaL i n p u t .  Cost changes to labor at: 10% imparted a 3 . 1 %  
change to total product  cast on Basher and 2,7W on Morrison. Fertilizer 
was sf tertiary E%naneial importance, with a 1I)X cost change affecting 
total product c o s t  by 1.3% on Basher and 2.0% Morrison. The larger 
impart nn Horrieon was due ts more f e r t i l i z e r  being used on this site. A 
cost  of IOZ to land affected total product c o s t  by about 1%. 

A change to biomass y i e l d  had a greater impact 13x1 total biomass 
prodi lc t iun  casr than any o€  the 102 changes to Ind iv idua l  biomass 
pp.oduc$ian cos t  inpurs. Thie biomass product ion cost ($/ODt) vas de tamined  
from the d i v b i o n  o f  total production cost ($/ha) by tutal. biomass y h l d  

~~~~~~~~~ As such, a BOX increase to the  denominator had the  effect ~f 
reducing the  average by an mount  of 1f l . 1  or 90.9% o f  the farmer value 
( * . e . ,  a 9,1Z decrease). The reciprocal move of decreasing output b y  102 
affected the  average by I i ’ * Q  or 11 1.1X (i .e. an 11,1X increase) a 

-. Wsla~lnass ?soductfan Financial  S e n s i t i v i t y  Analysis  Sunmarl - Overall, the 
c a s t  eh~lnges r e f l ec t ed  the rePatfve financial impact of the principle 
inputs  wi th in  the  various management strategies. FOP control, labor  and 
land were the primary Snputs, The addition af fertilizer shifted prfrnary 
attent9an eo this input f m w  8 cos t ing  standpoint, with l abar  and land 
becoming sreondary. Capital and labor  were the  controlling features i n  an 

domflaated by capi.ta.1, w i t h  l abor  second and f e r t i l i z e r  t h i r d .  Fuel, as an 
%npait, had only a m h o r  e f f e c s  within any of  the! management s t r a t egy i ’ s i t e  
cc?mmhina2ians * 

$‘k-‘E-f.gBt~OT2 6Udg9.t.. %a f e r t i l i r a t i Q n l i r r i g 8 ~ ~ ~ ~  Strategy k7aS Still 

Bicmass. I_.-_____ Product ion Energy-Sensi t ivi ty  Analysis - A detailed energy 
sensitfwlty a n a l y s i s  comparable to t h e  financial sensitivity analysis was 
c:t $-mpBawenfed, A change in capital woinld not be a p p l i c a b l e  in energy 
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terns. A 910% change in the energy inputs of fertilization, fuel, labor or 
].and could occur due t o :  1) variations in the actual values as  calculated 
( f o r  example the energy embodied in materhals), 2) different technological 
approaches i n  organizing and manufacturing these inputs (in the cases a€ 
fertilizer and fuel) and/Qn: 3)  changes in the amount of input used in the 
biomass produetion function. Since energy is a physical measurement 
c o n p a r ~ t i  t o  a financial cost, it would be more difficult in an operational 
scnsc t o  vary energy c o s t s  than financial costs. Land energy costs 
dominated t h e  supply system resi.ilt3ng in mfnhal effects from changes in 
t h e  energy cosrs of fertilizers, f u e l  o r  l a b o r .  Similar t o  the financial 
c o s t  sensitivity analysis, changes i n  the biomass yield appeared t o  have 
t h ~  n a . ? ~  i n f l u e ~ ~ ~ e  on energy cost s t r u c t u r e .  However, land had nearly as 
l a rge  an Impact as blomass y i e l d  on the total biomass production energy 
Cost. 

-... Conversion Product  Sensitivity Analysis - The impact of a 10% change in 
total biomt.*ss prodaiTbkm cos ts  on final product (electricity or ethanol) 
c o s t s  v a s  also evaluated f o r  each maxtagement strategy. 
elaardacteristfcs of the harvesting, transportation and sonversion strategies 
were held constant. 

Technical and cost 

Tab3.e 3-10 lists the percent change kn electrietty and ethanol costs ($/kwh 
o r  $ / a )  f o r  an increase o r  decrease in t o t a l  biomass production costs 
($/ODt). 
s t i l l  produced a loss f a r  the conversion of SRIG biomass to electricity and 
ethanol. A ten percent change in production costs changed the electricity 
costs by about 2% €or control and fertilization and 4% for irrigation and 
E9rtPl~aation/i~rieatlan. In  like manner, a ten percent change in 
production c o s t s  changed the ethanol costs by about 32 f o r  control, 4 2  €or 
feriilization and 62 for irrigation and fertil.Ization/irrigatio~. 
Therefore,  changes in production cos ts  influenced ethanol costs  more than 

It should be noted t h a t  a 1OX decrease in the production costs 

e l n c t r i c i t y  costs, 

Another approach to anelyzing the impact of biomass productlon c o s t s  on 
electricity and ethanol costs is to determine the percent reduction in 
production c o s t s  necessary to meet  the current selling price of the produet 
( T a b l e  3-11). Slncis the biomass production costs ($Jkwh)  f o r  the first 
~ o t a t i o r n  alone exceeded che current selling price for electricity, the 
p a u d u e t i o n  c o s t s  wau1.d have to be dramatically modified to obtain 
reasonable c o s t s  per kwh. Rawever, it wa5 passlble to conduct a breakeven 
anaLysiH for e thanol .  

If t h e  production costs were reduced by about 30-50%, the control and 
f e r r l l i z a t i o n  strategies apgcsared to breakeven. An alternative to reducing 
the prodi-tctfon c o s t s  is t o  increase the biomass output for a given c o s t  
(‘Tabif 3-=!1). The result would be the same as . increasing ethanol 
c~~w~Ks~.oI-~ efficiency. A 20 to 50% increase in biomass yield produced 
breakeven ethanol prices f o r  the control and fertilization strategies. 
Increases in biomass yield from copp ice  growth, niaiiageinent and genetic 
gaii-is, comb Fried w i t h  more efficient biomass t o  ethanol conversion 
technnl-ogy, may approach  a breakeven situation. 

Sensirjvity of the final yroduct energy cos ts  was hampered by the lack of 
qilalj I j erscrgy e.;cirnates I r7acrd to wood conver.-sion plant costs in the 
1itara;uz-e. !I?rice, t h p  i r i f l u e n r r  OF production energy cost changes on the 
t ) i y d d C t  i l O S C S  WaS lli?*i 2TidlYLed.  
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Table 3-10, Percentage impact. of 10X change in biomass production cost upon the ffnancial and energy 
costs of producing electricity and ethanol. 

Management 
Slte Strategy 

Electricity Financial Costs 
Cost X Change in 
$/kwh Produci Cost 

Ethanol Financial Costs 
Input Cost % Change in 

$ I 2  Produce Cost 

Basher Control 

I r r i g a t i o n  

+lox - -1OX - 
0.118 -1.69 1.69 

0,162 -4.32 3.70 

+10% 
__s - - 10% 

0.49 -2.04 4.08 

0.85 -5.88 5 . 8 8  

Fertilization 0.122 -1.64 .2 .46 0.53  - 3 , 7 7  3.77 

FertFlization/ 0.155 -3.87 3.23 
Irrigation 

0.79 -6 .33  3.80 

Morrison Control 0.119 -1.68 1.68 0 . 5 1  -3.92 3 . 9 2  

Irrigation 0.166 -4.22 4 - 2 2  0.39 -6.74 5.62 

F e r t i l i z a t i o n  6.128 

F e r t i l i z a t i o n /  0.166 
Irrigation 

- 2 . 3 4  1.56 

-3.61 4 . 2 2  

0.57 -3 .51  5.26 

0, a8 -6.82 5 . 5 8  



1/ Table 3-11. Ethanol financial breakeven analysis . 
Necessary Percent 

Necessary Percent Increase in Biomass 
Management Reduction in Biomass Yield or EtOH qytput 

Site Strategy Production Costs to Benzene 

Basher C o n t r o l  28 20 

Irrigation 78 190 

Fertilization 40 40 

Fertilization/ 75 
Irrigation 

160 

Morris on Control 35 30 

Irrigation 80 210 

Fertilization 55  50 

Fertilization1 80 
Irrigation 

200 

"To have an input cost of %0.45 /1  of EtOH. 

2 / ~ n  increase in biomass yield for a given ethanol conversion efficency 
has the same effect as increasing the ethanol conversion efficency for a 
given biomass yield. 
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Thfs project was divided into two general, but related, areas. The purpose 
05 the first overall area was to determine growth characteristics and 
biomass yields for a Populus hybrid grown under four  management strategies 
or- cws dissimilar sites. The purpose of the second overall area was to 
expand the biomass production data Into complete net financial and energy 
analyses. In order to complete these objectives, biomass production data 
were combined with certain laboratory data to p r e d i c t  potential conversion 
products f o r  use in economic modeling. T h l s  project incorporated the 
cuStur ing  and managerial aspects o f  biomass production with the utilizatlon 
characteristics of the material and evaluated the complete system through 
a financial and energy framework. 

The financial and energy analyses in this project were based on a 
self-owned, f u l l y  integrated cormnercial-scale operation. Costs f o r  nursery 
.stockz establishment and cultural maintenance operations were developed 
from E%eld data obtained in this project, and combined with operational 
information in t h e  literature supplemented by consultations with 
agrica.nltairal engineers and professional farm managers. 
costs  were coupled with harvest, transportation, storage and conversion 
costs obtalned from the literature for use in analyzing the comereial- 
scale operation from production through conversion. 

These production 

The  financial and energy analyses for this project contrasted the inputs 
Ear producing, harvesting, transporting and processing biomass against the 
potentially recoverable outputs from the forest biomass. Gomparisons of 
the financial and energy analyses established the relative importance of 
the constraints within the economic madel and the sensitivity of various 
inputs wichin the o v e r a l l  energy recovery systems. Linear programming 
analyzed the complete system and compared selected management and 
conversion strategies. 

Experimental Design - Populus hybrid S R I C  plantations were established 
under f o u r  management strategies (control, fertilization, irrigation and 
~ertiLfzationBirrigatlonr an two sites representing favorable (Basher silt 
loam sail) and unfavorable (Morrison sandy loam soil) inherent growth 
condftians. Each plantation site (1.2 ha) consisted of s l x  replications 
(0 ,2  ha each) with three replications planted in 1980 and three 
replications planted in 1981. Each replication included four treatment 
unlrs ( 0 - 0 5  ha each for controll fertilization, irrigation and 
fertrlizatiunlirrigati~~~~ Growing space for Populus hybrid NE-388 
cuttings was 0 , 4 8  m2 with 0.8 pn between rows and 0.6 m between trees in the 
rows, In each treatment unit, trees were designated f o r  both continuous 
i r : ~ ~ i t ~ r y  and annual destructive sampling over a four year period. 

A fertilization schedule based on attaining a corn silage yield of 47 
tsnnelhn was applied to the appropriate treatment units of the 1980 and 
1981 plancations, Chemical  weed control was implemented in 15181 on 1980 
and 1981 planted trees. A trickle frrigation system was installed at each 
s i t e  in 1981 to reduce growth l a s s  from moisture stress by maintalning soil 
moisture above the 50% available water level. 
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P r o c e d u r z  - Biomass survival rates, yields and growth rates were 
determined as a function of  management strategy, age and site. Nutrient 
depletion as a function of management strategy, age and site was gauged 
through annual determlnation of nutrient concentrations of wQod, bark, 
wood/bark composiee, foliar, litter, corn and soil specimens. Sample trees 
harvested at the end o f  t h e  growing season were also analyzed for: 1) 
specific gravity (maximum moisture content method), 2) moisture content 
(AS724 D-2016),  3)  gross heat of combustion (ASTM D-2015), 4 )  ash content 
( A S m  D-11021, 5) nutrient content ( N ,  P, K, Ca and Mg), 4 )  extractive 
content (ASTM 2)-.1105), 7) holocellulosc content (acid chlorite method), S> 
alpha cellulose content (ASTM D-1183) and 9 )  Klason lignin content (ASTM 
D-1106) of wood, bask and composite wood/bark specimens as a function of 
managercent strategy, age and site. 

Finatisla1 and energy inputs required to establish and maintain short- 
rotation plantations were determined. 
1) analyze n e t  financial and energy analyses, 2) recommend an optimal 
management strategy for each conversion strategy and 3) analyze sensltivity 
of the financial and energy ~ i i t p ~ t s  from each conversion strategy with 
respect to various financial and energy inputs, 

Linear programming was used t o :  

All production/harves%ing/conv~~sion operations costs were analyzed on a 
financial and energy basis. 
expenses. 

Costs were divided into variable and fixed 

Variable c o s t s  for an operation included labor, fuel, materials and 
maintenance of the equipment. Base pay raten were taken from Doane’s (1981) 
with 5 t o  20% added for fringe benefits. Fixed costs included insurance, 
equipment shelter I depreciation and interest. 

Site Preparation and Weed Con t ro l  - The only weed control measures in the 
plantatlon treatment units established in 1980 were plowing and disking 
prior to planting. 
t he  more favorable (Basher) stlte and about 200 ODg/m2 at the less favorable 
(Morrison) s L t e  in 1980 when no herbicides were used. Chemical weed 
control was implemented in 1981. Herbicide treatments reduced the 1981 
herbaceous plant growth by 77% and 84% at the Basher and Morrison sites, 
respectively. Thfs difference in establishment year weed control was an 
addttional- factor in the  experimental design. 

__I -- ..-- -~ 

Native herbaceous plant growth ’was about 308 ODg/ma at 

Compared to tile poor weed control f o r  the 1980 planted trees, the effective 
weed control program for the 1981 planted trees increased the height and 
diameter of trees at both sites for every age and management strategy 
(except three year old Rasher fertilized hetght). Weed control measures 
had t h e  greatest effect on the control treatment and the least effect on 
the  fertilization and fertilizationlirrigae Lon treatments.  

Xanageinent Strategy Effects - Fe;tilization did not have an effect on 
s u r v i v a l  in t h e  e s t a b l i s h i t ? n t  year. H G W Q V ~ C ,  fertilization of  the 1980 
p l a n t e d  trees (poor weed control) produced greater hetght and diameter 
values  than non-fertflized trees, and similar first season height and 
dianerer values f o r  the 1981 p l a n t ~ d  trees (good weed control). T h i s  
reflects the depression in c o n t r o l  treatment g r o ~ t h  caused by weed 
-qppcr-! t i  1 ~ .  “.E=-? rhe r  i r r fgga t ion  POL t h c  combined f e r t i l i z a t i o n l i r r i g a t i o n  

..-...-_ 





averaged about 10 greater in total height and 15% greater in stem 
diameter, as compared to the control. trees. 

Growth - Ffrst rotation Populus hybrid growth demonstrated: 
(1) Weed control in the establishment year had a significant effect 

on height and diameter of trees and on growth response to 
fertilization and irrigation amendments throughout the f i r s t  
rotation. 

(2 )  Two year old trees grew faster than one yeas old trees, two year 
growth rates were sustained in the third year but slowed in the 
fourth year. 

(3) Favorable sites (Basher) resulted in trees that were somewhat 
larger compared to unfavorable sites (Morrison). 

( 4 )  Fertilization and S e r t i l i z a t i o n l i r r i g a t l o n  investments Increased 
tree growth over no a m ~ ~ d ~ e ~ t s ~  Irrigation had mixed results. 

Yield - Four year old total tree biomass yields from 1980 planted trees 
averaged 21.4 ,  2 6 , 9 ,  33 .1  and 3 7 . 0  ODtlha for control9 irrigation, 
fertilization and fert~l~zation/irrigation stxategles, respectively. The 
irrigation, fertilization and fertilization/irrigation amendments resulted 
in additional yields of 26&, 552 and 7 3 X ,  respectively, over control 
yields. The 1980 planted tree yields were not used for the economic 
analyses because of ineffective weed control measures in the establishment 
year. 
weed control) averaged 33.5, 3 3 . 3 ,  4 0 . 4  and 4 2 . 1  ODt/ha for control, 
irrigation, fertilization and fertilizationlirrigation treatments, 
respectively. 

Four year old total tree biomass yield from 1981 planted trees (good 

Annual yield of hybrid poplar biomass (including weight of leaves) averaged 
11.3 ODt/ha and 13.1 ODt/ha for the control and fertilization strategies, 
respectively, over the first rotation. Natural vegetation produced annual 
yields o €  3 . 3  ODt/ha. 

The fertilized annual woody biomass yield of 13.1 ODt/ha is in contrast 
with an average annual yield of 16.9 QDt/ha of corn. It is anticipated 
that subsequent rotations o f  hybrid poplar may reduce or eliminate this 
yield differential. 

Oven dry total tree and component x u l u s  II__ hybrid yields revealed that: 

(1) Proper weed control substantially increased biomass yields. 

(2) Biomass productivity increased more in the second year compared 
Ea the first year, was greater in the third year than the second 
year and similar i n  the third and f o u r t h  y e a r s .  

( 3 )  Favorable sites yielded slightly more biomass, in the same time 
frame, compared to unfavorable sites. 

( 4 )  Irrigatian, fertilization and Sertilizationlirrigation increased 
two, three and f o u r  year old biomass production. 



( 5 )  The increased ydeXd r ea l i zed  through t he  ad i t i o n  of cultural 
anaendmerws was an increase p r i m a r f l g  i n  stemood as opposed to 
bark or bracchWDol8, 

S o i l  F ' en r i l . i r~  - A ~ m l y s i s  of nxit'rlene ~ ~ n ~ e ~ t r a t f o n s  in the Ap and upper 15 
em of t h e  B m i l  laorizons showed t h a t  soPl  fertilfty increased over the 
four  years os" the first r5tat; lon for  a l l  treatment units- 
capaci ty  of the soi l .  plus g.hc decomposition and mineralization of litter 
fall p o s s i b l y  exceedeer $tie mxtrtent up take  of the trees in the  f f rs t  
rotatian, 

- ..-.. - .1.1~ .-..-I -.."-A 

The supply 

msj.caL and Chemical Properties - The energy and chemical contents of the  
bllsmasa components in f luence  rhe csiinverslan products, 
molstuse content, grass heat of ~ ~ m b u f ; t l o n ,  a s h )  and extractive, 
h u l o c e l l u l a s s ,  Klason hiprain an alpha ce l lu lase  content values were 
determined f o r  wood, bark  and wosdlbarck coinposite specimens as a function 
O F  naanagem9n.t strategy, age and s i t e ,  General trends were: 

Specific g r a v i t y ,  

Noat phgrsfca2 an cllemical prope1ties did not vary slgnificantly 
w i t h  s i t e  at the 8,815 l eve l  excepr for ash and extractfve 
content. 
properties among management strategfes .  Hawever, these 
differences did no% necessarily exhibit consis tent  trends. 

There were stasPst1caYJ.y significant differences in 

Variations in p r o p e r t i e s  hemeera sareressive ages appear t~ 
decrease WbFith r i m e .  

ood speelrnens have higher specPflc graviry, holocellulose 
and alpha cellulose values than bark. 

Bark has higher  gross heat of combustion, ash content and 
extractive content values than wood. 

Wood and bark have comparable K I Q ~ S ~ U ? X  and Klason lignPn 
contents jl 

Flnaancial and E n e r - =  - e fJ5nanslaE and energy analyses for t h i s  
project balance the i n p u t s  for prodtarfng, harvesting, transporting and 
prcmeessing against the recoverable energy from the  f o r e s t  biomass. The LP 
b a s i s  f o r  analyzing rhe biomass system characterized the production 
function 4 e . g e ,  fertilizer, Srrigation amendments* ere.> and related fnputs 
( e - g . ,  harvesting, transportatfss, e r e , )  t o  outputs (e.g,, financial. and 
energy ga%nsS. AIS of eke data were entered j n t ~  the problem as 
alternative s trs tegtes  f o r  growing biomass and converting the material to 
energy. T h e  s o l u t i o n  to this p ~ ~ b l g m  represented a selection of the mast 
efficient s t r a t e g l e s  f a r  attaining a maximum net financial. and energy 

9.111u--.--IyI-"Iu - 
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The model also identified biological, physical, financial  COS^, energy and 
time constraints wdshin each function and prioritized these constraints 
among functions. This procedure identified the influence each function had 
On t h e  o t h e r  fUnctiOnS. 

Biomass Production - Equipment size and operational time were major 
constraints in t h e  establishment phase. Plantation establishment included 
the establishment and operation of a nursery as a variable cost of  the 
planting operation. 0peratl.ons for nursery  establishment were the same as 
for plantation establishment, 

Planting was the  m ~ s t  expensive establishment operational cost at either 
site, at . 5  x 10 kcallha anti $i92/ha, accounting f o r  about 73% of a11 
establishment operatton financial and energy cos ts .  Of the  t w o  cultural 
amendments, fertilization was high in energy c o s t s  while irrigation was 
high in financial cos ts .  

Property rental. and taxes during the four year rotation, a t  44 x 10 
kcaS/ha and $298/ha, were the most expensive maintenance costs, accounting 
for 98% and 522 of all maintenance operiation financial and energy costs, 
respectively. A s  in the establishment phase ,  of the two cultural 
amendments, f rtilization was the higher energy cost on both sites, at 
about 14 x 10 kcal/ha and accounting f o r  about 72% of the total. 
Irrigation was the higher financial cost on both sites averaging about 
$1900/ha and accounting for about 80% of  the total. 

6 

6 

% 

L m d  c o s t s  were a major component of the establishment and production costs 
of SRIC biomass. It i s  important to note that the magnitude of these 
constralnts may influence certain silvicul-turd considerations. 

The total production costs by management strategy f o r  the first four year 
ro t a t - lon  ranged from $1,014.61/ha f o r  the con t ro l  strategy on both Basher 
and Morrison sires t o  $4,187.6l/ha f o r  the fertibizationlirrigat~o~ 
strategy on the Morrison s l t e .  The least expensive strategy was the 
control o p t i o n  on t h e  Basher site ($28,71/ODt atd 1.302 x 10 
on the Morrison s l r e  ($32.12/ODt and 1.456 x 10 kcal/ODt). Fertilization 
increased financial c o s t s  p e r  ODt by about 242 and 37% on the Basher and 
Morrison sites, re$pectively, and increased output over control by about 
20% at either site. Energy c o s t s  pep ODt were increased by fertilization 
by about 5% and 102 at the Basher and Morrison sites, respectively. 
I r r - lga t ion  and fertilizationlirrigati~n increased both  financial and energy 
n n i t  c o s t s  well beyond the associated increased outputs. 

6 kcal/ODt) and 

Harvest, Transportation and Storage -- Analysis of the harvest and transport 
of the biomass tiig- approach-ed through a comparison of two distinct 
strategies: harvestlbaling and harvestlchipping. In the harvest/baling 
strategy trees were cutl crushed and permitted to dry i n  the field before 
being loaded and transported t o  the storagelconversion site. The second 
scenario involved i n - f i e l d  chipping f o l l o w l n g  harwest and the  transporr of 
chips t o  a stoaage/conversion s i t e ,  The c o s t  of the harvest-transport 
function per oven dry tonne was not: significantly different among the 
individual management st?-ate&y/siCe combinations. The e f f i c i e n c y  o f  both 
harvest systems WRS assumed to be 90%; i.e., 101 by weight of flber would 
be l o s t  during processing. 



The method of storage and drying of biomass at the conversion site was 
dependent on the form of the material as it arrived at the site rand i t s  
subsequent: processing specifications. For example, in the production clf 

ethanol, moisture content is controlled at the beginning; of the conversion 
process. However, moisture content should be below 25% fos d i r e c t  
incineration, pyrolysis QT liquefaction for efficient process control, 

Several patterns of harvest, transportation, drying and storage s t r a t e g i e s  
were examined. For fermentation (i.e. ethanol production) t h e  harvest/ 
haling-wet storage strategy was recommended as the most cast efficient 
pattern. For direct incineration more cost efficient patterns were: 1) 
harvest /baling-chip, dry storage, dry, 2) harvest/chipplng-dry storage 
d r y  and 3)  harvestfchipping-dry, dry indoor storage. The recommended 
pattern for ethanol production was financially least expensive but was t h e  
most expensive pattern in terms of energy. 
feedstock, the pattern involving harvestfbaling-chip, dry storage was the  
least expensive on both the financial and energy bases. 

For end uses requiring d r y  

Conversion - S R I C  biomass can represent the production of a dedicated 
feedstock, more homogeneous in nature than conventional woody biomass, f o r  
conversion to a high grade energy or secondary fuel product. Conversion 
strategies examined the four year old biomass yield per  hectare From first 
rotation hybrid poplar by site and treatment, associated gross heat of 
combustion and usable heat content values and ethanol reco~ery y i e l d s ,  
production of electricity was estimated from the usable heat content a ~ d  
known power plant efficiency, and ethanol yields were estimated using 
present recovery processes. 

The 

Net financial and energy analyses using forest biomass from the faair 
management strategies in the conversion to electricity or ethanol 
idenrifted modest to major limitations. Produceion of electricity from 
SRZC biomass had major cost limitations. However, the financial anallysjs 
of converting SRIC biomass to ethanol provided results that  may become more 
favorable in the  future. 

Economic analyses of the SRIC production data identified cantr 'ol ,  followaid 
by fertillzatfon, as the most reasonable cultural management strategy to 
pursue. Additional improvements in SRIC biomass yields, reduction 1x1 c a s t s  
per  unit weight and increases in conversion yields will improve the 
potential f o r  S R I C  biomass to be converted to energy. 

Sensitivity - Sensitivity analyses were conducted f o r  each ~~~%~~~~~~~~~~~ 

strategy combination t o  determine: I )  the sensitivity of total biomass 
praductloa cost to variations of 2lOZ in individual input casts (%/cJDt> a n d  
bPomass yield (ODt/ha) and 2) the sensitivity of f i n d  product  (e thanol  and 
electricfty) cost ta variations of 2102 in total biomass production c o s t  
atld biomass yield. Individual input costs within the production func.f'lun 
examined were capital, fertilization, fuel, labor and land, 

Within the control strategy, labor and land cost inputs bad the greatest 
impact on total biomass production cost. Fertilization, labor and land, 
in decreasing order, were the most influential input cosc6 in the 
fertilization strategy. Capital, then labor, influenced total biomass 
production cost nore than other inputs f o r  both the irrigation and 
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fertilizationlirrigation strategies, Fertilization was the third most 
important input cost in the fertilization/irrigation strategy. Fuel was a 
relatively minor input cost in all cases. A 10% change in biomass yield 
affected total biomass production cast by 9-11% while the greatest impact 
from a change in any individual input cost was only 5% (fertilization in 
the Morrisonlfertilization strategy). This was due t o  the change affecting 
the central output feature of the production function rather than just one 
of  several inputs. 

A 102 change in total biomass production c o s t  (.$/oDt) would produce a 2-4% 
change in the c o s t  of electricity ($/kwh) or a 2-7% change in the cost of 
ethanol ( $ l a ) .  Even with a 10% decrease in biomass production cost, the 
net cost  of producing electricity o r  ethanol from SRIC biomass would still 
be negative 

The increases in biomass yield andlor biomass conversion efficiencies 
necessary to breakeven appear t o  be lower for ethanol production than for 
electrical generation. It should be noted chat electricity and ethanol 
were chosen as final products €or  analysis and comparison purposes, but 
other conversion products may become more attractive with changes in 
technology and the market place. 
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Table? A-3. ~veragel' analysis of soil collected2/ p r i o r  to the 1980 and 
1981 growing season from the Ap horlzon (0-20 cm] and the upper 
15 cm of t h e  R horizon. 

I_ _.I_ --.._. ..--. .-- 

P %antat ion Test  Results 
Site Rsrlzon pB P K  Ng Ca CEC K Mg Ca 

kg/ha (- - -. meq/l00g - - -1 (2  sa tu ra t ion )  

Basher Ap 
upper B 

Morrisan Ap 
upper R 

1981 Replication 

Basher Ap 
upper B 

Msrrison hp 
upper B 

6.1 %3, 0.10 0.7 3 , 3  7.7 1.3 8.5 44-1 
6 . 6  12, 0.06 0.7 3.2 6.0 1.0 10.5 53.3 

5.5 26, 0.07 0.3 2.1 9.0 .8 3.5 25.1 
5.3 11. 0.06 0.4 3.5 7.8 .9 4 . 8  4 4 . 6  

6.0 6 4 .  0.17 (3.7 3 . 8  9.8 1.8 6.7 38.5 
6.2 45. 0.12 0.6 3.2 7.5 1.5 10.3  41,6 

6.0 4 4 .  0.14 0.4 4.0 8.6 1.7 5,l 4 6 . 9  
5.7 43,  0.19 0.3 3.1. 9 . 4  1,9 4 .0  33.3 

"An average of four samples wlth each sample befag a campos3tte. of 8 sofl 

2/Tbe areas sampled were those to be planted bn the 1980 and 1982 

plugs.  

grawrng season, 





Table A-5. Ffre~: growing season average survival ’ 2’ by plantation site 
t+ea:mant and measurement date for the 1981 planted trees. 

94 96 9% 96 88 

94  92 98 82 90 90 94 
Irrigation 7 4  92 88 78 90 86 94 86 
F e r t i l i z a t i o n  76 75 69 89 96 90 78 82 

82 86 

P*verage 80 84 85 83 89 89 84  $6 

- 76 - 88 
_. 

80 
._ 92 

_p_ - FemlZitacPon/ 2 78 
lI3XigEitiolm 
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Table A-6. F i r s t  growing season average ' 8  2 J  total height by plantation site, treatment and ~ ~ ~ ~ ~ K ~ ~ ~ ~ t  
date for the 1980 planted trees. 

Total Height at Measurement Date 
Plantation Site 3u ly July July July AUi3 *ug Sept Sept 
Treatment 3 1 1  1% 28 7 19 5 29 

Basher 

3/ 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

Average 

Morrison 

3/ 
Control 
Irrigation 
Fertilization 
Fertilization/ 
Irrigation 

Average 

0.31 ab 
0.26 b 
0.32 a 
0.29 ab - 

0.30 

0.27 b 
0.29 ab 
0.27 b 
0.31 ab 

0.28 

0.34 ab 
0.30 bc 
0.30 bc 
0.28 c 
I 

0.31 

0.38 a 
0.36 a 
0.34 ab 
0.33 abc 

0.35 

0.35 bc 
0.33 c 
0.44 a 
0.39 abc 

0.38 

0.32 e 
0.42 ab 
0.40 ab 
0.37 abc - 
0.38 

0.49 ab 
0 . 4 6  b 
0.47 b 
- 0.49 ab 

0. 48 

0.58 a 
0.53 ab 
0.50 ab 
- 0.43 b 

0.51 

0.43 b 0.49 c 
0.50 ab 0.52 cc 
0.41 b 0.70 a 

0.65 ab 0.61 a - - 

0.49 0.59 

0.51 ab 0.54 be 
0.50 ab 0.64 ab 
0.55 a 0.66 ab 
0.40 b I 0.70 a - 

0.49 0.64 

0.71 ae 0.68 d 
0.98 cde 0.86 ed 
0.99 ab 0.96 bc - 0.92 abc _I 1.13 ab 

0.85 0.91 

0,82 bcd 0.86 cd 
0.60 e 0.70 d 
1.00 ab 1.20 a 

1.21 a 1.03 a - - 

0.86 0.99 

"Each value is from 30 completely independent observations .) 

2/Treatment means within and between plantation sites with cornon letter are not signlflcantly different 
at the .05 level for each date. 
Site X Treatment factor from analysis of variance, 
(0.05 l e v e l )  for all measurement dates,  except July 11 and September 23. 

Statistical mean separations were evaluated by the Duncan method on the 
Site means (N5lZO) were not significantly different 

3/Although designed €or irrigation, no water was applied in the 1980 growing season. 
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Table A-8. Average” weekly maximum and minimum temperatures and raPnfalP 
far the Basher and Morrison plantation sites i n  1981, 

Weekly Maximum Weekly Minimum Weekly Rainfal l  
Temperature Tempeature Temperature 

Week 
Starting Basher Morrison Basher Morrison Basher Morrisan 

June IL 
June 8 
June 15 
June 22 
June 29 
July 6 
July 13 

July 27 
Bug 3 
Aug 10 
Aug 17 

Aug 31 
Sept 7 

July 20 

AYg 24 

-- 
26.3 
27.8 
24.0 
26.5 
30.6 

24.5 
25.9 
27.2 
27.1 
26.1 
26.9 
20.8 
25.0 

28.4 

22.4 
25.3 
27.3 
23.9 
24.6 
30.9 
28.0 
24.3 
25.5 
27.3 
27.0 
26.1 
26.8 
21.0 
25.3 

-... 
16.1 
14.9 
7.9 
15.5 
15.3 
13.4 
1s. 5 
12.0 
14.8 
13.5 
5 . 9  
12.4 
17.5 
11.2 

14,7 
15.9 
15.9 

15 .0  
16 .4  
13.9 
15.6 
12.3 
15.4 
14.1 
6.8 
13.0 
18.2 
13.0 

8 . 5  

4 . 8 3  
2.29 
3.66 
2.29 
0.28 
0.00 
0.00 
6.30 
1.55 
0.00 
8.71 
0.0Q 
0.00 
4.19 
2.92 

4 . 8 3  
2 , 2 9  
3 . 5 4  
2.116 
0.36 
0.04) 
0,  QO 
6.35 
1.24 
8.00 
0.46 
0.00 
0.00 
3.91 
2,92 

”Prom daily maximum and minimum values as measured by B hydrothemograph 
at  each s i t e .  
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Table A-9. ~verage" soif  moisture characterist ics  i n  the upper 20 cm of the u n i t s  to be irrigated at the 
BasGner pllantatPon site, by treatment and tree ages. 

~~ 

2/ 
3/ Bulk 

Density Available Water 
Qf Amaunt Oven dry Moisture Control 

Tree age Treatment Rep Dry Sai l  100 75 50 100 75 50 

One year old 
IrrTLgation 4 1482 30 1 255 208 20.3 17.2 14.1 

5 1514 345 269 232 22.9 17.8 15.3 
6 1442 314 264 213 21.8 18.3 14.6 

Fert i l izat ion/  4 1492 368 312 242 24.7 20.9 16.2 
Irrigation 5 1655 282 243 205 17.0 14.7 12.4 

6 1338 380 312 242 28.4 23.3 18.1 

Two year o l d  
Irrigation - 1 1527 

2 1495 320 270 218 21.4 18.1 14.6 
3 1516 296 253 207 19.5 16.6 13.6 

3 20 27 1 219 21 .o 17.7 14.4 

Fert i l izat ion/  1 1569 269 232 195 17.2 14.8 12.5 
Irrigation 2 1436 333 277 221 23.2 19.3 15.4 

3 1471 341 285 227 23.2 19.4 15.5 

"Average of three sample points per unit .  

"Fie ld  measured. 

3'Available H 0 was based om f i e l d  measurements of f i e l d  capacity and reported l eve l  of r n ~ ~ ~ m ~ ~  available 
H 0 (15 arm? for Ap horizons of Basher soil which w a s  7.8% moisture content on an oven dry basis. 
capacity was 1002, 15 atm was OX available H20. 

F i e l d  
2 
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Table A-11. Amount of water applied" in 1981 to one- and two-year-old trees planted at the Baaher site, 
by treatment and replication. 

Amount of Water by Irrigation Dates 
July Aug Aug Aug Aug Aug Aug Aug 

2 1  Tree age Treatment Repllcation 18-20 5-7 12-14 18-20 21 25-26 26-27 27-28 T o t a l  

One year old 
ZrrPgation 4 

5 

Average 3 /  

Fertilization1 4 
Irrigation 5 

3/  Average 

0 12.73 
0 12.73 
0 12.73 
0 12.73 
-- 

29.26 12.73 
0 13.90 
0 12.73 

9.75 13.12 
_ -  

6.36 12.73 6.36 6.36 
6.36 12.73 6.36 6.36 
6.36 12.73 6.36 6.36 
6.36 12.73 6.36 6.36 
_I_ -- - 

6.36 12.73 6.36 5.36 
6.36 12.73 6.36 6.36 
6.36 12.73 6.36 6.36 
6.36 112.73 6.36 6.36 
-I- - 

6.36 6.36 
6.36 6.36 
6.36 6.36 
6.36 6.36 
_ L -  

6.36 6.36 
6.36 6.36 
6.36 6.36 
6.36 6.36 
- -  

57.28 
57.28 
57 . 28 
57.28 

86.53 
58.45 
57.28 
67.42 

7 Two year old 
N Irrigation 1 29.26 12.73 6.36 12.73 6.36 6.36 6.36 6.36 86.53 

2 29.26 12.73 6.36 12.73 6.36 6.36 6.36 6.36 86.53 
3 3 1  29.26 14.55 6.36 12.73 6.36 6.36 6.36 6.36 88.36 

Average 29.26 13.34 6.36 12.73 6.36 6.36 6.36 6.36 87.14 

F 

Fertildzationd 1 29.26 12.73 6.36 25.46 6.36 6.36 12.73 6.36 105.63 
Irrigation 2 29.25 12.73 6.36 6.36 6.36 6.36 6.36 6.36 30.17 

29.26 12.73 6.36 12.73 6.36 6.36 6.36 6.36 88.36 
Average 29.26 12.73 6.36 14.85 6.36 6.36 8.48 6.36 90.78 

3 3/  -------- 

"Amount of water added to each rep8fcatlan-treatment unit was determined from baseline upper 20 crn so f l  
water characteristics (see Table 26). 
irrigation to verify t he  upper 20 cm sf s o i l  had sufffcient water. 

Amount of water in the  soil was checked 24 hours aPter 
If not, irrfgation was repeated. 

2JDeteminad from actual amounts added i n  gallonsf517.44 m2. 

3/~verage is only of summary value. 

Individual irrigations may not add to 
total due t o  rounding. 
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1/ Tab le  4-13. Ranges in ciperat-!ng parameters and f i e l d  efficiencies f o r  equipment  operations. 

-- 
Range i n  T y p i c a l  energy,  Speed of  T y p i c a l  FieEd 
Implement power of draft performance Efficiency (%'I , 

Imp1 ement s i z e  requirement r a t e  Good Old  

D i s k  Harrow 10' tQ 21 '  100 to 280 lbs/ft 
(3.lm t o  6.4rn) (1459.3 to 4086.1 n/m> 

Fertilizer broadcas t  - 50' 
Spreader (15.2~1) 

Sprayer boom - 50' 
( 15.21~) 

blower conditioner, 7' to 16' 1.0 - .5 DB . .p / f t  
cutterbar-type (2.lm to 4.9m) 2.0 - 2.5 PTO h p / f t  

;rc I (3 .3  - 4.9 DB hp/m) 
(6 .6 - 8.2 PTO hp/m) t--' 

c- 

O f f s e t  D i s k  10' t o  12' 250 - 400 lbs/ft 
(3.lm t o  3.7m) (3648.3 t o  5837.3 n/m) 

3 - 4 mph 70 - 90 35 - 60 
(4.8 - 9.7 km/h) 

3 - 5 mph 60 - 75 30 - 50 
( 4 . 8  - 8.1 km/h) 

3 - 5 mph 50 - 80 25 - 53.3 
(4.8 - 8.1 km/h) 

4 - 6 mph 60 - 85 30 - 56.7 
( 4 . 4  - 9.7 km/h) 

3 - 6 mph 70 - 90 35 - 60 
(4.8 - 9.7 kmftr) 

"Conversion factors; 1 inch = 2.54cm, 1 foot = .3048m, 1 psi = 6.895 kPa, 1 Ib = 4.44811, 

"DB = drawbar and PTO = power take off. 

3/Walters and Daum (1974)  list typical field efficiencies for use of farm implements on good agricultural 
f i e l d s .  The lower value for field efficiencies were reduced by 50% and the upper by 33.3% for use o f  
farm implements on old (abandoned) agricultural fields. 

1 hp = .7457 kw, and 1 mph = 1.609 h / h .  
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Spreader  15 2 5 8.1 70 6.07 
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Table A-15. Manufacturing and repair energy inputs f o r  equipment used in plantatlon establishment and 
maintenance operatlnns. 

Embod i ed Fab r i ca t i o n  21 Re pair 31 T o t a l  L i f e -  Energy" Annual No. Total 

Implement (kg) F i x e d  
Weight Energy Energy Energy Energy time /Hour Usage Units Annual 

( I O 3  h )  bkcal/h) (h)  (10 kcal) 
3En@rgY 3 ( 1 0  kcal) _ - -  - - - - - - - - - 

175 hp Tractor 9979.1 117,890 18,626 36,226 154,369 12.0 13031 1024 1 13369 

70 hp Tractor 3447.3 40,727 9,889 15,018 56,523 12.0 4710 1207 2 91371  
rental: 342 2 3222 

Offset disk 1587.4 24,076 3 , 1 7 4  8,401 30,746 2.5 12298 440 1 541 I 

Sprayer 498.9 7,649 82 7 2,574 9,524 1 .5  4351 572 1 3633 

Mower 1315.4 20,540 2,328 7 ,048 25,793 1 . 0  25793 350 1 9028 

Disk harrow 1133.9 17,197 2,194 5,978 21,879 2.5 8751 147 3 3859 

F 
C n  

Spreader 1133.9 17,754 2,000 6,004 22,202 0 .8  27753 203 3 16902 

Planter 4430.4 10,505 1,290 2,984 12,656 1.2 10547 342 5 18035 

T o t a l  84830 

"Embodied energy is calculated by multiplying implement weight by 15,000 kcallkg f o r  steel, 20,500 

*/Fabrication energy is calculated by multiplying the weight of the implement by 3,494 kcal/kg for 
tractor, 2,041 kcallkg for plows, offset d i s k s  and planters, 1,995 kcal/kg fox d i s k  harrows and 
1 , 7 6 4  kcal/kg €or sprayers, spreaders arid mowers. 

kcallkg l o r  tires and 11,814 kcallkg for tractors. 

31To establish the energy associated with repair parts, t h e  sum of the embodied and fabrication energy 
is multiplied by 0.2967 for 170 hp tractors, 0.2474 f o r  70 hp tractors, 0.3083 for offset d i s k  and 
d i s k  harrow, 0:2530 for planters and mowers, 0.3040 f o r  fertilizer spreaders and 0.3040 for sprayers. 

"Fixed energy costs  per hour  equal the sum of the embodied, fabrication and repair parts energies on 
a r e l i a b l e  life basis (0.82 t3iiies sum of embodied and fabrication energy) divided by the hours  of 
lifetime. 



Implement 
Hours o f  Liters of Diesel 
Operation F u e l  pes year 1/ 

Number of kiterS/h Qf 
tractrors and hp Diesel Fuel 

Fall 
p__ 

Preparation 

Sprayer ( t o t a l  k i l l  
herbic ide)  

Mower Conditioner 

Offset  Disk 

S p r i n g  Plant ing  

Disk Harrow 

Y 
r-’ 

..I Hybrid P o p l a r  
Plant e r 

Sprayer (pre- 
emergence herb ic ide )  

Fertilizer Spreader 

Summer Growing Season 

Sprayer ( I n s e c t i c i d e s )  

Sprayer (Fungicides) 

1- 70 hp 

l- 70 hp 

1-190 hp 

2- 70 hp 
1-1-70 hp 

1-270 hp 

1- 70 hp 

4- 7 0  hp 

2- 70 hp 
1-170 hp 

1- 70 hp 

I- 70 hp 

113.25 

13.25 

32.18 

2 @,13.25/unit 
32 :13 

4 ta 13,25/unit 
32.18 

13.25 

2 @ 13,25/unit  
32.18 

13.25 

13.25 

1 4 3  1834.?5 

350 4637.50  

448 1 4  159,20 
., . 

2 200/’units 
40 6598.20 

4 @ 343/URit 
343  29216.74  

143  1894.75 

2 @ 203/unit 
203 119 12.04 

143 1894 .75  

143 1894.75 

TOTAL 74091.68 

“hp x 0.05 x 3.7853 = l i t e r s / h .  
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APPENDIX B 

TASK 2 

FLANTATION BIOMASS PRODUCTION 



Table H - 1 .  Average' a n a l y s i s  of Ap and upper 15 c m  of B horizon soil 
samp3.e~ c o l l e c t e d  a t  v a r i o u s  t imes for t he  1980 p l a n t e d  trees 
a t  each p l a n t a t  on s i t e  (by t r e a t m e n t ) ,  Maize  plots and f o r  
adjacent 25.0 III permanent plots that were not fertilized and 
only  supported na t ive  herbaceous v e g e t a t i o n .  

5 

11_1.... ----_ I-.---- 

Plantation S i t e  Ap Horizon Upper 15 czn of 13 Horfzorm 
Treat men t / S amp I e 

C 0 l . l  ection p h  P K Mg Ca pH P K Mg Ca 

kgdha (---me¶/ lOOg---) 
Basher 

Control 
Before 1st yr. 6.1 29 0.10 0.7  3.3 
B e f ~ r e  2nd yr. 6.3 51 0.14 0.6 4 . 7  
Before 3rd YP. 6.1 42 0.11 0.7 5.3 
Before 4 t h  y r .  6.0 25 0.17 1 . 2  6.7 
A f t e r  4 t h  y r .  6.1 60 0.21 0.9 6.0 

Before 1st y r .  6 .1  29 0.10 0.7 3.3 
Before 2nd yr. 6.1 62 0 . 2 2  0.7 4.4 
Before 3rd y r .  6.1 55 0 . 2 2  0.8 5.4 
Before 4 t h  y r .  5.7 47 0.26 1.0 5 .2  
After 4 t h  y r .  6.1 91 0.25 1.0 6.0 

Before 1st y r .  6 .1  29 0.10 0.7 3.3 
Before 2nd yr. 6.5 71 0.31 0.5 6 . 3  
Before 3rd y r .  6 .1  74 0.20 0.5 4 . 9  
Before 4 t h  y r .  6.0 99 0.52 0.9 5.8 
After 4th yr. 6.2 158 0.36 0.6 5 . 1  

Trrigation 

Fertilization 

F e r t i l i z a t l s n /  
Irrigation 

Before 1st y r .  6.1 29 0.10 0.7 3.3 
Before 2nd y r .  6.5 75 0.20 0.6 6.4 
PZePase 3rd  y r .  6.3 74 0.17 0.7 5 , 7  
Before 4 t h  y r .  6.4 64 0.32 1.1 8.3 
After 4ch yr. 6.4 123 0.41 1.1 8.4 

Before 1st y r .  6 .1  29 0.10 0.7 3.3 
Before 2nd y r .  6.8 59 0.16 0.8 6.0 
Before 3rd y r .  6 . 4  64 0.15 cJ.8 6.0 
Before 4 z h  y r .  6.6 49 0.31 1.0 7.9 
A f t e r  4th y r .  6.7' 86 0.31 1.1 8 .7  

Before 1st y r .  6.1 29 0.16 0.7 3.3 
Refore  2nd y r .  6 . 2  7 5  0 .27  0 .6 4 . 0  
Mefore 3rd  yr. 6.0 62 0 . 2 2  0.8 4.3 
Before 4th yr .  5.8 51 0.29 1.0 5 . 0  
After 4th  y r .  6.0 91 0.33 0.8 5.1 

Make 

Native Vegetation 

kg/ha (--maeq/ lOOg---> 

6.6 12 0.04 0.7 3.2 
5.6 49  0.07 0.5 3.0 
6.5 47 0.06 0.5 3 . 2  
6.2 28 0.12 0.9 5.5 
6.3 48 0.14 0.8 5.8 

6.6 12 0.06 0.7 3 , %  
6.4 47 0.12 0.6 3,1 
6.3 61 0.12 0.7 3 - 8  
6.2 22 0.18 1.0 4 - 4  
6 . 3  49 0.15 0.8 4.5 

6.6 1 2  0.06 0.7 7.2 
6.2 55 0.14 0.5 3.3.  
6 . 2  55 0.09 0.4 2.8 
5.9 31 0.21 0.8 5.0 
6.3 72 0 .25  0.6 4.3 

6.6 12 0.06 0.7 3.2 
6.4 51 0.09 0.6 3.8 
6 .2  51 0.09 0,s 4.5 
6.2 19 0.14 1.2 5.9 
6.3 45 0.16 1.1 5.8 

6.6 12 0.06 0 .7  3 . 2  
6.9 34 0.08 0.8 4 . 4  
6.3 76 0.09 0.9 5.1 
6.6 10 0.12 1.4 6.8 
6 .7  53 0.16 1.0 5 . 4  

6.6 12  0.06 0 - 7  3.2 
6.5 78 0.16 1.5 3.5 
5.1 6 2  0.13 0 - 6  3.9 
6.2 7 0.10 1.0 4.5 
6.4 77 0.25 1.1 b.9 

3- 3 



Table 8-1. (continued) 

- P l a n t a t i o n  S i t e  
Treatment/Sample 

C ~ l l e ~ t f ~ n  Ph 

Ap Horizon 

P K Mg Ca 

Upper 15 cm of B Horizon 

pH P K Mg Ca 

Morrison 
Control  

Before 1st y r .  5 . 5  
Before 2nd yr. 5.7 
Before 3rd  y r .  6.0 
Before 4 th  y r .  5.4 
AEter 4th  y r .  5 ,7  

Before 1st yr. 5.5 
Before 2nd yr. 5.9 
Before 3rd y r .  5.5 
Before 4 th  yr. 5.7 
After 4th  yr. 4.0 

Before 1st y r .  5 - 5  
Before 2nd y r .  5.9 
Before 3rd yr. 5.8 
Before 4 th  yr. 6.2 
After 4th  y r .  6.3 

I r r i g a t i o n  

F e r t i l i z a t i o n  

Festilizatfonl 
I r r i g a t i o n  

Before 1st yr. 5.5 
Before 2nd y r .  6.1 
Before 3rd  YT. 5.7 
Before 4 th  yr .  6.2 
Af t e r  4 t h  yr. 6.2 

efsre 1st yr .  5.5 
Before 2nd yr .  6 " 3  
Before 3rd yr. 5.9 
Before 4 th  y r .  6 .5  

Me i z e  

Af t e r  4th.  yr. 6 . 5  

Nac ive Vegetation 
Before 1st yr. 5.5 
Before 2nd y r .  5.8 
Befare 3rd yr. 5.7 
Before 4 th  yr. 5.6 
A f t e r  4th yr. 6 . 0  

kg/ha (--meq/ 10Og---) 

26 0.07 0.3 2 . 1  
64 0.16 0.4 3.5 
63 0.13 0.3 2.8 
30 0.21 0.4 2.7 
43 0.18 0.4 3.5 

26 0.07 0.3 2.1 
&.> O"13 0.4 3.5 
56 0.11 0.3 3.6 
25 0.19 0.5 4.2 
57 0.17 0.6 4.6 

' h  

26 0.07 0.3 2.1 
66 0.21 0.5 3.7 
81 0.26 0.6 4.6 
65 0.43 0.8 6.7 

110 0.36 0.8 5.7 

26 0.07 0.3 2.1 
73 0.24 0.5 4.1 

107 0.23 0.5 3.7 
7 2  0.44 0.7 6.5 

132 0.30 0.8 5.1 

26 0.07 0.3 2.1 
81 0.21 0.5 5.6 
78 0,22 0.5 4.2 
49 0.32 0.6 6.9 

102 0.40 0.7 6.6 

26 0.07 0.3 2.1 
46 0.13 0.4 3.8 
65 0.14 0.5 4.0 
27  0.19 O e 5  4.1 
92  0 , 3 3  0.8 5.1 

kgjha (--meq/IOOg---) 

5 . 9  11 0.06 0 .4  3.5 
5.9 47 0.13 0.4  3.4 
5.5 48 0.10 0.3 3.2 
5.5 1 7  0.16 0.S 3 , s  
5.8 72 0.16 0.S 3.5 

5.9 I I  0.06 0.4 3.5 
6.2 41 0.13 0.4 4.2 
5.9 31 0.10 0.4 3.5 
5.7 24 0.17 0.5 3.7 
6.2 82 0.15 0.8 5.2 

5.9 11 0.06 0.4 3.5 
6.0 41 0.14 0.4 3.1 
5.7 43 0.13 0.5 4.4 
5.2 20 0.21 0.8 4.4 
6.2 72 0.28 0.8 6.1 

5.9 11 0.06 0.4 3.5 
5.7 49 0.13 0.4 3.0 
5.4 44 0.15 0.5 3.6 
5.3 23 0.28 0.7 3.4 
6.0 52 0.29 0.7 4.5 

5.9 11 0.06 0.4 3.5 
6.0 50 0.15 0.9 5.4 
5.9 74 0.16 0.6 4.6 
6.2 19 0.22 3.7 5.6 
6.2 72 0.29 0 . 7  5.9 

5.9 11 0.06 0.4 3.5 
6.1 46 0.13 0.4 4 .8  
5.8 47 0.12 0.5 3.8 
5.7 30 0.15 0.5 3.6 
6.4 77 0.25 0.9 4.6 

J /  
Before first year soil samples were collected March 2 1 ,  1980, and N=4. 
Before second year s a i l  samples were c o l l e c t e d  November 1980 (N=3) and 
March 1981. (81-3) for t o t a l  N = 6 .  Before t h i r d  yea r ,  before f o u r t h  year  
and after f o u r t h  year soi l .  samples were c o l l e c t e d  December 1981, November 
1982 and Wolvember 1983, r e spec t lve ly  ( N z 3 ) .  Each s o i l  sample w a s  a 
composite of 8 p l u g s .  
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Table B-2. Average' analysis of Ap and upper 15 cm of B horizon soil 
samples collected at various times for the 1981 planted trees. 
at each plantat'on site (by treatment), Maize plots and for 
adjacent 25.0 rn permanent p l o t s  that were not fertilized and 
only  supported native herbaceous vegetation. 

2 

Plantabian Site Ap Horizon Upper 15 cm of B Horizon 
Treatment/Sample 
Collection ph P K Mg Ca pN P K Mg Ca 

I 

Basher 
Con t ro 1 
Before 1st y r .  6.0 64 0.17 
Before 2nd yr. 5.8 74 0.91 
Before 3rd yr. 5.7 45 0.27 
Before 4th yr. 6.0 72 0.24 
After 4th yr. 5.9 49 0.15 

Before 1st YK. 6.0 64 0.17 
Before 2nd yr. 5.5 72 0.17 
Before 3rd yr. 5.5 44 0.24 
Before 4th yr. 5.8 90 0.20 
After 4th yr. 5.7 13 0.16 

Before 1st yr. 6.0 64 0.17 
Before 2nd yr. 6.3 61 0.19 
Before 3rd yr. 6.3 64 0.35 
Before 4th yr. 6-7 93 0.34 
After 4th yr. 6.3 47 0.21 

Irrigation 

Fertilization 

Fertilization/ 
Irrigation 

Before 1st yr. 6.0 64 9.17 
Before 2nd yr. 6.4 93 0.25 
Before 3rd yr. 6.5 94 0.42 
Before 4th yr. 6.4 123 0.30 
After 4th yr. 6.8 72 0.38 

Before 1st yr. 6.0 64 0.17 
Before 2nd yr. 6.6 69 0.11 
Before 3rd yr. 6.5 40 0.36 
Before 4th yr. 6.2 81 0.31 
After 4th. yr. 6.7 42 0.22 

Maize 

Native Vegetation 

Before 1st yr. 6.0 64 0.17 
Before 2nd yr. 6.2 46 0.11 
Before 3rd yr. 5.9 24 0.18 
Before 4th yr. 6.2 72 0.18 
After 4th yr. 6.1 12 0.16 

0.7 
0.9 
1.0 
0.9 
1.0 

0.7 
0.5 
0.9 
0.7 
0.8 

0.7 
0.7 
0.9 
0.9 
1.1 

0.7 
0.8 
1.1 
0.9 
1.3 

0.7 
0.9 
1.3 
1.2 
1.1 

0.7 
1.1 
1.3 
1 .o 
1.2 

3.8 
0.8 
4.7 
4.8 
5.0 

3.8 
2.9 
4.1 
3.7 
3.6 

3.8 
6.0 
8.1 
8.2 
6.9 

3.8 
6 .O 
7.1 
6.7 
9.8 

3.8 
7.5 
8.5 
8.1 
8.1 

3.8 
6.1 
7.2 
6.4 
6 . 4  

5.2 
6.1 
5.9 
6.2 
6.0 

6.2 
5.6 
5.7 
6.0 
5.9 

6.2 
5.9 
6.0 
6.4 
6.2 

6.2 
6.0 
5.7 
6.2 
6.4 

6.2 
6.2 
6.1 
6.4 
6 . 4  

6.2 
6.2 
6.1 
6.3 
6.2 

kg/ha (--meq/lOOg---) 

45 0.12 
48 0.11 
17 0.17 
53 0.15 
14 0.12 

45 0.12 
61 0.11 
15 0.15 
74 0.17 
4 0.17 

45 0.12 
46 0.07 
16 0.15 
49 0.18 
10 0.13 

45 0.12 
88 0.11 
44 0.18 
58 0.23 
53 0.22 

45 0.12 
59 0.08 
16 0.15 
52 0.20 
12 0.12 

45 0.12 
46 0.06 
9 0.14 
44 0.15 
2 0.11 

0.6 
0.7 
1.3 
0.7 
0.8 

0.6 
0.7 
0.9 
0.7 
1.3 

0.6 
0.7 
1.1 
0.8 
0.9 

0.6 
0.7 
0.9 
1.1 
1.2 

0.6 
0.8 
1.3 
1.2 
1.1 

0.6 
0.8 
1.5 
1.1 
1.6 

3.2 
2.8 
5.3 
3 . 3  
3.1 

3.2 
2.9 
3 . 4  
3.6 
4.5 

3.2 
3.1 
4 . 3  
4.4 
4 . 4  

3.2 
3.3 
4.6 
4.6 
5 . 6  

3.2 
3.7 
4.6 
6.2 
4.6 

3.2 
3.9 
5.2 
4.9 
4.8 
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Table B-2. (continued) 

Plantation Site Ap Horizon Upper 15 cm of B Horizon 
Treatment/Sample 
Collection ph P K Mg Ca pH P K Mg Ca 

kg/ha (--meq/lOOg---) 
Morrison 

C ont r ol 
Before 1st yr. 6 . 0  44 
Before 2nd yr. 5.5 59 
Before 3rd yr. 5.3 29 
Before 4th yr. 5.7 80 
After 4th yr. 5 . 6  13 

Before 1st yr. 6.0 44 
Before 2nd yr. 5.7 43 
Before 3rd yr. 5.6 25 
Before 4th yr. 5.8 66 
After 4th yr. 5.6 13 

Before 1st yr. 6.0 44 
Before 2nd yr. 5.8 115 
Before 3rd yr. 6.1 58 
Before 4th yr. 6.1 124 
After 4th yr. 6 . 6  78 

Irrigation 

Fertilization 

Fertilization/ 
I r r i g a t i o n  
Before 1st yr. 6.0 44 
Before 2nd yr. 5.9 78 
Before 3rd yr. 6 . 5  67 
Before 4th yr. 6 . 2  105 
After 4th yr. 6 . 3  50 

Before 1st yr. 6.0 44 
Before 2nd yr. 6 . 5  108 
Before 3rd yr. 6.2 36 
Before 4th yr. 6.2 81 
After 4th yr. 6.6 27 

Before 1st yr. 6.0 44 
Before 2nd yr. 5 . 8  59 
Before 3rd yr. 5.5 27 
Before 4th yr. 6.2 72 
After 4th yr. 6.0 11 

Maize 

Native Vegetation 

0.14 
0.15 
0.24 
0.20 
0.21 

0.14 
0.13 
0.23 
0.15 
0.18 

0,14 
0.31 
0.38 
0.30 
0.36 

0.14 
0.26 
0.39 
0.32 
0.26 

0.14 
0.15 
0.27 
0.31 
0.25 

0.14 
0.18 
0.22 
0.18 
0.21 

0 . 4  
0 . 4  
0.5 
0.5 
0.7 

0.4 
0.4 
0.6 
0.5 
0.7 

0.4 
0.5 
0.5 
0.6 
1.0 

0.4 
0.5 
0.8 
0.8 
0.9 

0.4 
0.5 
0.6 
1.2 
1 .o 

0.4 
2.0 
1.8 
1.0 
2.3 

4.0 
3.3 
3.4 
3.8 
4.3 

4.0 
4.1 
4.2 
4.1 
3.8 

4.0 
6.0 
6.1 
5 .  P 
a. 1 

4.0 
5.0 
9.0 
5 . 6  
7.9 

4.0 
6.6 
5.2 
8.1 
6.8 

4.0 
3 . 6  
4.0 
6.4 
4.9 

kg/ha (--rneq/100g---) 

5.7 43 0.19 
5.6 49 0.14 
5.3 15 0.22 
5.7 59  0.19 
5.6 15 0.19 

5 . 7  43 0.19 
5.8 54 0.13 
5.7 44 0,17 
6.0 44 0.18 
5.8 3 0.13 

5 . 7  43 0.19 
5.6 46 0.19 
5.3 31 0.26 
6.0 49 0.31 
5.7 34 0.26 

5.7 43 0.19 
5.7 66 0.15 
5.8 31 0.23 
5.8 7 2  0.26 
6.1 38 0.22 

5.7  43 0 , 1 9  
6.0 70 0.11 
5.9 39 0.19 
6 . 4  52 0.20 
6 . 3  34 0.18 

5.7 43 0.19 
5.8 34 0.22 
5 . 7  30 0.24 
6.4 44 0.15 
6 . 1  9 0.22 

0.3 
0.5 
0.8 
0.6 
0.8 

0.3, 
0.4 
0.5 
0.5 
0.6 

0.3 
0.9 
0.9 
0.8 
0.8 

0.3 
0.6 
0.7 
0 . 7  
0.9 

0 . 3  
0.5 
0 . 6  
1 . 2  
0 . 8  

0.3 
2.5 
2.1 
1.1 
2 . 6  

3.1 
3.8 
3.9 
4.3 
4.3 

3.1 
4.2 
4.5 
4.4 
3 . 9  

3.1 
5.3 
5.4 
6.5 
4.4 

3.1 
4.9 
4.7 
4.9 
6.6 

3.1 
3.8  
4.0 
6.2 
5.0 

3.1 
5.2 
4.2 
4.9 
4 . 9  

"Before first year soil samples were collected March 21, 1980, and N=4. 
Before second, third and fourth year soil samples w e r e  collected 
December 1981, November 1982 and November 1983, respectively ( N = 3 ) .  Each 
soil sample was a composite of 8 p l u g s .  
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Basher 
Fertliizatlan 1 

2 
3 

Average 

Perrflizatfonl 1 
Irrigation 2 

3 
Average 

Morrison 
Pertil izatson 4 

2 
a 

Average 

~ e r  t I liza t i on  I I. 
Irrigation 2 

3 
Average 

168 
168 
168 
558 

x 68 
168 
168 
168 

- 

- 

I48 
168 
168 
158 

468 
168 
168 
168 

- 

- 

75 188 0 
4 3  I ?  3352 

2242 11 7 3  
64 7 2  1868 

- - 0 

7 1  123 2802 
93 202 0 

0 145 54 
73 157 934 

- - - 

I12  194 4 4 8 3  
104 138 5604 

2852 67 
94 145 4296 

- 104 - - 

112 93 2242 
56  87 3923 

3923 8 2  
8 3  110 3363 

- 151 - - 

157 
a 18 
101 
125 

106 
84 
56 
82 

- 

- 

134 
146 
9 5  

125 

102 
106 
123 
110 

- 

- 

347 
347 
347 
347 

347 
34 7 
347 
347 

- 

- 

34 7 
347 
347 
347 

347 
347 
347 
347 

- 

- 

255 
222 
2 5 2  
243 

250 
272 
233 
25 2 

- 

-- 

29 1 
283 
246 
273 

29 1 
235 
26 I 
262 

- 

- 

36 7 
196 
190 
25 t 

302 
38 1 
324 
336 

___ 

__ 

396 
340 
360 
365 

396 
289 
353 
312 

- 

- 

3093 157 
6455 1 13 

101 5335 
496 1 125 

_I_ 

5895 4 06 
3093 84 

56  3593 
4027 32 

- - 

10603 280 
11 7 2 4  292 

24 1 
15141s 27 4 

- 8922 

8362 247 
10043 252 

263 1004 3 
9483 254 

~ 



Table R-3. (continued) 

6 /  Beginning of 2nd Growing Season Accumulative for 1 and 2 Growing Seasons 

K2° 4/ Lime4/ Mg5/ N '2'5 K2° Lime Mg 
1/ 2 /  

1581 Plantation Site 
Treatment-Keplicarion N P205 

Basher 
F e r t i l i z a t i o n  4 

5 
5 

Average 

Fertilization/ 4 

6 
Irrigation 5 

Average 

Morrison 
tFt I Fertilization 4 

5 
6 

Average 

Fertilization/ 4 
Irrigation 5 

3 
Average 

168 
168 
168 
168 

168 
168 
168 
168 

- 

- 

168 
168 
168 
168 

168 
168 

168 

- 

168 - 

61 
118 
140 
106 

61 
34 
118 
71 

- 

- 

34 
84 
34 
51 

118 
95 
34 
82 

- 

- 

224 
168 
118 
170 

196 
11 
207 
138 

- 

- 

34 
101 
157 
97 

2 19 
95 
11 

108 

- 

- 

0 
0 

3362 
1121 

0 
1121 
2242 
1121 

- 

- 

2242 
5604 
4483 
4 1  10 

4483 
4483 
1221 

- 

3362 

0 
67 
101 
56 

56 
78 
0 
45 

- 

I 

168 
179 
134 
160 

112 
168 
123 
134 

- 

7 

336 
336 
336 
336 

336 
336 
336 
336 

- 

- 

336 
336 
336 
336 

336 
336 
3 36 
336 

- 

- 

176 
232 
254 
220 

176 
148 
232 
185 

I 

- 

168 
218 
168 
185 

252 
229 
168 
2 16 

- 

- 

413 
357 
30 7 
359 
- 

385 
200 
396 
32 7 
II 

202 
269 
325 
265 

387 
263 
179 
276 

- 

- 

4343 86 
4343 153 

187 7 705 
5464 142 

- - 

4343 142 
5464 I64 
6585 86 
5464 1T 
I_ 

7004 319 
10366 330 

285 9245 
8872 311 

- 
9245 263 
9245 319 

274 5883 
8124 285 

- - 

"Broadcast application of aglaronium nitrate at 33% N in May, after bud break. - -  
"Broadcast application in March of triple superphosphate 
3'Broadcast application i n  March of potassium chloride at  

4/Broadcast application i n  March of ground limestone with 
of 92.28%. 

at 46% P205. 

60X IC2, + 

a minimum CaO for 51X end CaC03 equivalent 

"Broadcast application in March of ground dolomitic limestone with a minimum MgO of 11X, minimum 
CaO of 35%, and a CaCQ3 equivalent of 89% for all treatments requiring lime. 
requiring lime, MgO at 58% Mg was used. 

6'See Table 1-1 for before 1st growing season fertilizer and lime specifications, 

FOK treatments not 



Table B-4. Amount of fertilizer and lime applied at the start of the third growlng season and 
accumulated total fertilizer and lime for the 1980 planted replications (1, 2 and 3) and 
1981 planted replications (4, 5 and 6 > ,  by site, treatment and replication. 

Beginning of 3rd Growing Season Accumulative for 1, 2 and 3 Growing Seasons 6/ 

K2° 4 /  Lime4' ~ g ~ /  N '2'5 K2° L i m e  Mg 
2 /  

1980 Plantation Site 
Trea tmen t-Replica t ion N1 P2o5 

Basher 
Fertilization 1 

2 
3 

Average 

m 
00 
I Fertilization/ 1 

2 
3 

Irrigation 

Average 

Morrison 
Fertilization 1 

2 
3 

Average 

Fertilization/ 1 
Irrigation 2 

3 
Average 

168 
168 
168 
168 

168 
168 
168 
168 

- 

- 

168 
168 
168 
168 

168 
168 
168 
168 

- 

- 

84 2 24 
84 123 

151 62 
77  166 

101 174 
62 2 19 

146 67 
77 180 

- - 

- - 

52 62 
62 7 8  

191 
7 7  110 

34 112 
34 123 

151 
60 129 

- 106 
_c 

- 112 - 

1121 
3362 
5604 
3362 

1121 
0 

1121 
74 7 

- 

- 

2242 
4483 
4483 
3736 

4483 
4483 
4483 
4483 

- 

- 

101 
123 
134 
119 

56 
0 

56 
37 

L_ 

c__ 

90 
134 
112 
112 

123 
101 
101 
108 

- 

- 

515 
515 
515 
515 

5 15 
515 
515 
5 15 

- 

- 

515 
515 
515 
515 

515 
515 
5 15 
515 

- 

- 

339 
306 
314 
320 

35 1 
334 
300 
328 

- 

II 

353 
345 
352 
350 

325 
259 
373 
322 

- 

- 

59 1 
319 
34 1 
417 

476 
600 
470 
515 

- 

_I 

458 
418 
55 1 
476 

508 
412 
505 
475 

- 

- 

4214 258 
9817 24 1 

10939 __ 235 
8323 235 

7016 162 
3093 84 

112 42 14 
4774 119 
I - 

12845 370 
16207 426 

353 13405 
14152 383 

- 
12845 370 
14526 353 

364 14526 
13966 362 

- 



Table B-4. (continued) 

Beginning of 3rd Growing Season Accumulative for 1, 2 and 3 Growing Seasons 6 /  
1981 Plantation Site 
Treatment-Replication N1/ P70q2’ K,O 4/ Lime4‘ Mg5/ N p,o, K,O Lime M 8  

Basher 
Fertilization 4 

5 
6 

Average 

Fertilization/ 4 

6 
Irrigation 5 

Aver age 

168 134 11 0 0 504 3 10 424 4343 86 
168 67 101 2242 67 504 299 458 6585 220 

208 168 101 
168 101 77 2242 56 504 32 1 436 7 706 198 
- - - 425 12188 - 355 - 504 - 4483 101 - 118 - 
168 45 11 0 0 504 22 1 396 4343 142 
168 34 11 2242 56 504 182 211 7 706 220 

129 0 6585 - 86 525 350 504 0 168 118 
I68 66 50 747 19 504 251 377 6211 150 

- - 7 - - - - 
Morrison 
Fertilization 4 168 151 78 3364 90 504 319 280 10368 409 

td 5 168 118 11 4483 168 504 336 280 14849 468 
4 19 

Average 168 129 33 2616 131 504 314 298 20733 442 
- 336 9245 - 286 - 504 - 0 134 - - I 6 168 118 - 11 - \D - 
375 

Irrigation 5 168 6 2  84 0 123 504 29 1 347 9245 442 
398 12609 Fertilization/ 4 168 151 11 3364 112 504 403 

- 
190 5883 364 

Average 168 92 35 1121 loa 504 308 311 9245 - 393 
- 230 - 504 - 90 - 0 - 11 - 62 - 168 - 3 

“Broadcast application of ammonium nitrate at 33% N in May, after bud break. 

”Broadcast application in March of triple superphosphate at 46% P205 e 

3/Broadcast application in March of potassium chloride a t  60% K2. 

4/Br0adcast application in March of ground limestone with a minimum CaO for 51% and CaC03 equivalent 

5/Broadcast application in March of ground dolomitic limestone wfth a minimurn MgO o€ l 1%,  minimum 

of 92.28%. 

CaO of 35Z, and a CaCO 
requiring lime, MgO a t  58% Mg was used. 

lime specifications. 

equivalent of 89% for all treatments requiring lime. 

6/See Table 1-1 for  before 1 s t  growlng season and Table B-3 f o r  before 2nd growing season fertilizer and 

For treatments not 
3 



td 
s 
0 
I-. 

Basher 
F e r t i l i z a t i o n  1 

2 
3 

Average 

Fertilization/ 1. 
I r r i g a t i o n  2 

3 
Average 

Morrison 
Fertilization 1 

2 
3 

Average 

Fer t i f i z a  t $on/ 1 

3 
Irrigation 2 

Average 

168 
168 

168 

168 

168 
168 

168 - 

168 
- 

168 
168 
168 
168 

168 
168 

168 
168 - 

34 11 
34  l l  

11 34  
34 11 

_I_ - 
34 11 

151 224 
7 8  118 

101 104 
- - 

62  11 
45  11 

11 62 
56 11 
- - 

62  11 
118 11 

11 62 
81 11 
- - 

0 
4483 
3342 
2615 

0 
2242 
3362 
1868 

- 

- 

0 
0 

2242 
747 

0 
2242 
3362 
1868 

- 

- 

0 
1 1 2  
I34  

82  

78 
0 

4 5  
49 

- 

- 

90 
78 

146 
105 

90 
101 
90 
94 

- 

- 

683 
683 
683 
683 

683 
683 
683 
683 

- 

- 

633 
683 
683 
683 

683 
683 
683 
683 

- 

- 

373 
340 
348 
354 
- 

385 
485 
418 
429 
- 

4 15 
390 
414 
406 

387 
387 
435 
403 

- 

- 

602 
330 
352 
42% 

487 
824 
548 
519 

- 

-- 

469 
429 
562 
487 

5 19 
423 
5 1 5  
486 

- 

I_ 

4214 258 
14300 353 

369 14301 
10938 327 

- 

7016 240 
5335 84  

157 7576 
6642 160 

- 

12874 460 
16207 504 

499 15647 
14909 488 

- 
12845 460 
16768 454 

454 
15834 456 

- 17888 
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T a b l e  B-6. Average” weekly rnaximnm and minimum temperatures, and rainf a11 
for t h e  Basher and Morrison plantation sites in 1982. 

~ .__~-_II._ 

Weekly Maximum Weekly Minimum Weekly Rafnfall 
Week Temperature T emp e I: a t u  r e 
Starting Basher M O K ~ ~ S O ~  Basher Morrison Bashes Morrison 

May 16 
May 23 
May 30 
June 6 
June 13 
June 20 
June 27 
July 4 
July 11 
July 18 
July 25 
August 1 
August 8 
August 15 
August 22 
August 29 

S e p t .  12 
Sept. 5 

2 3 . 3  23.8 
21.1 20.4 
21.7 19.9 
22,9 20.2 
26.0 23.7 
25.0 24.2 
25.6 24.6 
28.6 27.4 
28.4 29.1 
30,6 29.6 
27.8 26.8 

24.6 25.1 
26.8 24.6 
24.2 23.4 
24.7 24.3 
26.1 25.2 
26.3 25.2 

28.7 28.2 

13-3 
14.4 
12,7 
13.6 
12,4 
8 .7  
10.9 
15.7 
16.2 
14.5 
14.9 
16 .Q 
12.2 
10.1 
8 * 9  
13,o 
13.3 
10.2 

13.3 
14.4 
11.8 
12.8 
12.9 
9.2 
12.5 
15.6 
16.5 
14.5 
11.2 
16.7 
12.0 
9.0 
10.3 
12.6 
12.5 
8.1 

2,03 
1.40 
5 . 2 1  
3.43 
2,54 
2 - 0 3  
2 .OQ 
2.29 
0.71 
2,54 
5-08 
0.00 
1.98 
0.00 
2.03 
1.14 
0.00 
0.38 

2,54 
1,27 
7.62 
3-43 
2-79 
3.56 
2.03 
2.29 
0.38 
1.91 
5.71 
0.13 
0.64 
1.12 
2.03 
1.65 
0.00 
Q.00 

l’~rom daily maxtmenm. and minimum values as measured by a. hydrothemagraph 
at each site. 

B-12 
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Table  B-7. Amount of water applied" at the Basher site in 1982 to two and three yeas 046 trees 
by treatment and replication, 

Two year old 
Irrigation 4 

5 

3 i  Average 

Fert ilizat fan/ 4 
Irrigation 5 

3 /  Average 

Irrigation 1 
2 

3 /  Average 

3 /  
J 

Average 

12.33 
12.73 
12.93 
12.73 

12.93 
25.46 
0,00 
12.73 

25 * 46 
12.73 
12.93 
16-97 

25.46 
12,73  
1 2 . 7 3  
16.97 
_I_ 

12.73 
12.73 
12-73 
12.73 

12.73 
12.73 
0 .00 
8.49 
_q_ 

12.73 
12.73 
12.73 
12.73 

12.73 
12.33 
22.73 
12-73 

12.73  
12.73 
12.73  
12.93 

12.73 
12,73 
25,46 
16.97 

s__ 

s__ 

12.73 
12,;Pa 
12.73 
12,73 

12,73 
12,73 
12.33 
12.73 
_c__I 

0.00 12.73 
0.00 0.00 
12.73 1 2 . 7 3  

4 .24  8.49 

12.73 12.73 
0.00 0.80 
b2,73 12,73 
8*49 8.49 

P 

12.73 12.73 
12-73  16.39 
l2,73 12,?3  
12.73 13.95 
- 
12.73 12.73 
12.73 12.73 
P 12.73 12.73 
12.33 12.73 

3.66 44.58 
3.66 41.85 
3.66 67.31 
3.66 54.58 
- P 

3.66 67.31  
3.66  54.58 
3 .66  54.5% 
3.66 58,82 
- 

3 , 6 6  89.04 
3 , 6 6  70.97 
y_I__ 3.66 67.31 
3.66 32.77 

3 , 6 5  80,04 
3.66 67,31 
3 , 6 6  67,31 
3 . 6 6  71.55 
__yI 

I____L-- 

"haunt  of water added to each rep~fcati9n-treatment unit was datemhed from baseline upper 20 cm so i f  
Amount of water in the soil was checked 2 4  hours after irriga- water characteristics (see Table A - 9 ) *  

t i o n  t o  verify the upper 20 cm of soil had sufficient water. If not ,  f r r i g a t i o n  was repeated. 

Individual irrigations may not add to 2/Der.ermined from aetUd amounts added in gallons/527.44 m2. 

3/Average is only a summary value. 

tota l  due t o  rounding. 
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Table B-8. (continued) 

2 1  Sub 
June June Aul3 A% A% Total 

Tree Age Treatment Replieatton 19-21 24-27 4-6 6-11 11-13 16-18 20-23 2 
9 

11 ters /me texL 

12.73 
12,73  

12.73 
12.73 

4 
5 

12.73 
12.73 

12.73 
12.73 

8 9 - 1 1  
89.11 

12 L 73 
12.73 
0.00 
8 .49  

12.73 
12,73 
12 ,, 73 
12.73 

12.73 
12 j( 73 
12.73 
12,73 

Irrigatian 

ti 31 Average 
76.38 
84.87 

12.73 
12 * 7 3  

12,73 
12 73 

12.73 
12,73 

12.73 
12.73 

4 
5 

12.73 
12.73 

12.73 
12.73 

12 -73  
112.73 

12.73 
12 * 73 

12.73 
12.73 

12.73 
12.73 

89*11  
89,11 

84.87 
74.38 12.73 

12.73 
__I_ 

12.73 12.33 
12.73 12.73 
a _ _ -  3/ Average 

12 73 
12.73 

12.73 
12.73 

0.00 
8 . 4 9  

12.73 
12.73 

1 
2 

12.73 
12.73 

12.73 
12.73 

12.73 
12.73 

12.73 
12.73 

12.73 
12.73 

12.43 
12,73 

12.73 
12.73 

89,11 
89.11 

Irrigation 

3/ Average 
12.73 
12.73 
P 

12,73 12.73 12.73 12.73 12.73 
12.73 12.73 12.73 12.73 12,73 
- p _ _ I _ _ l l _ _ p _ -  

89.11 
89.11 

12.73 
12.73 

Fertil ization/ 
Irrigation 

1 
2 

3 /  Average 

12.73 
12.73 

0.00 
12.73 

12,73 
12,73 

12.73 
12.73 

12.73 
12,73 
12.73 
12.73 
I_ 

12.73 
12,73 
12.73 
12.73 

76.38 

89.11 
84 "87 

89.11 
12.73 
12.73 
12.73 
12.73 

12.73 12.73 
12.73 12.73 
- - 12.73 

12 73 
12.73 

8 .49  
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Table B-9. Average'' weekly maximum and minimum temperatures, and rainfall for the Basher and Morrison 
plantations in 1983, 

Weekly Maximum Weekly Maximum Weekly Rainfal l  
Week Temperature Temperature 
Starting Basher Mor r is on Basher Morrison Basher Morrison 
1_1 

May 30 

June 6 

23.8 24.0 9.1 9.1 0.05 0.05 

26.9 27.1 9.0 9.1 0.00 0.00 

June 13 29.7 27.9 14.5 15.0 1.27 1.27 

June 20 28.7 27.3 10.8 10.8 3 . 8 1  4.06 

June 27 

July 4 
a I July 11 

July 18 
c 

July 25 

Aug 1 

Aug 8 

28.6 27.5 16.5 16.7 1.80 1.80 

26.9 2 4 . 9  10.0 9.4 0.08 0.00 

31.9 31.2 15.6 16.3 0,00 0 .oo 
29.3 28.5 15.2 15.0 3 ' 0 4  3.30 

30.2 30.0 13.0 14.9 0.00 0.00 

28 .O 28.8 11.4 15.0 0.00 0.00 

- 26.2 - 13.9 0.76 0.86 

Aug 15 30.7 30.6 13.3 14.2 1.02 1.02 

Aug 22 0.00 
_I_ 

0.00 - 29.9 28,7 14.5 15.2 

Total - - - - 11.75 12.36 

"From d a i l y  maximum and minimum values as measured by hydrothemnograph at each site. 
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Table B-12 e Average'' weekly maximum. and minimum temperatures, and 
rainfall for the Basher and Morrison plantation s i t e s  in 1984. 

Weekly Maximum Weekly Minimum Weekly Rainfall 
Temperature Temperature Temperature 

Week 
start kng Basher Morrison Basher Morrison Basher Morrison 

June 4 
June l i  
June 18 
June 25 
July 2 
July 13 
July 16 

July 30 

Aug 20 

July 23 

Aug 6 
Aug 13 

dug 27 

32 .4  
24 .4  
27 .0 
24.0 
24.5 
28.5 
26.3  
27,3 
21.4 
28.9 
28.3 
26.7 
25 .5  

32.6 
24.5 
25.2 
23 .6  
26.7 
24.5 
25.2 
25 .2  
25 .4  
27 .2  
26.7 
24.6 
26.4 

12.9  
1 7 . 9  
11.2 
13 .0  
13.3 
15.2 
13*4 
15 .9  
18.7 
16.7 
9.7 

16.4 

17.2 
13.2 
12.9 
10.9 
14.1 
13.5  
13 .3  
12.1 
1 5 . 9  
18.8 
15.9 

9 . 5  
14.9 

0.00 
6 . 4 3  
2 .67  
4.17 
2.29 
0 .33  
1.14 
0.00 
4.06 
9.40 
5.72 
1.7Q 
8.00 

0,00 
4.57 
2.72 
4.7% 
1.91 
0.46  
0.99 
0.79 
3.56 
7.75 
2.92  
1.83 
1.02 

"From daily maximum and minimum values as measured by a hydrothermograph 
at @each site. 

B-23 



I I I I I I I I I I 

4 v) 
br 
al 
u
 aJ 
1
 

v
) 
k
 

0) 
u
 

r
l 

P
i

 

I I I I 1 I I I I I a 

1
 

N
 rl 
a 
u
 
0
 

E+ 

;
 

N
N

N
N

 
d
d
d
d
 

N
h

lh
lN

 
d
d
d
d
 

u
 
c 

€
0
 

a
J

r
4

 
G

I
 

+
7

h
l 

a
\a

 

\
 

P
)
 Q

) 

z 

B
-24 



Tab le  B-14. Amount of water applied" in 1984 at the Morrison site to first rotation four year old trees 
and second rotation one year old trees by treatment and replication. 

~ ~~ ~ ~~ ~~~ 

Amount of Water by Irrigation Dates 

2 /  

- - - - - - - - - - 
June June June-July July July July Aug 

Tree age Treatment Replication 13-15 20-22 24-4 17-20 23-25 26-1 1-6 Total 

2 
liters/meters - - _ - - - - - - -  

Four year o l d  - First rotation 
Irrigation 4 

5 12.73 12.73 12.73 13.85 14-99 12.73 12.73 92.49 
- 12.73 12.88 16.39 13.46 12.73 12.73 12.73 93.65 

16.53 12.73 0.00 12.73 1 2 . 7 3  12.73 0.00 67.45 
Average 13.99 12.88 9.71 13-35 13.48 12,73 8.49 84.53 

-------- 6 

Fertilization/ 
Irrigation 

W 
I 

IQ Ul One year old - Second Rotation 
Irrigation 

4 8.85 12.73 12.73 12.73 12.73 12.73 12.73 85.23 
5 12.73 12.73 12.73 14.38 12.73 12.73 12.73 90.76 

17.56 19.31 0.00 12.73 13.53 12,73 0.00 75.86 6 
Average 13.05 14.92 8.49 13.28 13.00 12.73 8.49 83.95 

_Is_ _I_ I__ __I_----  

1 12.73 1 3 ~ 6  12.73 12.73 1 ~ 7 5  12.73 12.73 9 0 . ~ 6  
2 f2.73 12.73 12.73 25.97 12.73 12.73 12.73 102.35 

12.73 13.46 12.73 12.97 16.09 12,73 12.73 93.44 3 
Average 12.73 13.22 1 2 . 7 3  17.14 13.86 12.73 12.73 95.55 

IPCI_._______-I______I___IUI_ 

Fertilization/ 1 12.73 12.73 0.00 13.24 12.73 12.73 12.73 76.89 
Irrigation 2 13,31 12.73 12.73 12,73 12,73 12.73 12.73 89.69 

12.73 12.73 12.73 14.56 12.33 12.73 14,48 92.69 
Average 12.92 12.73 8.49 13.51 12.73 12.73 13.31 86.42 

_ I y _ _ I I P _ _ _ I _ L _ I m _ l _ _ _ P P  
3 

"Ainount of water added to each replication-treaCment unit was determined from baseline upper 20 cm s o l 1  
water characteristics (see Table A-IO) .  
irrigation to ver i fy  the upper 20 cm of soil had sufficient water. 

Amount of water in the soZl was checked 24 hours after 
If not, irrigation was repeated. 

2/Deteriained from actual amounts added in gallons/517.44 m2. 

"Average is only  of summary value. 

Individual irrdgakion may not add to total 
due t o  rounding. 



-___-___I____ - - ~ - _ _  I_ - . ~ ___I_ --- 
-----x___-_1--- -- - --- -~ 

Second Growing Season Elongation by Measurement Date 
Plantation Slte June July J u l y  July Aug Au g Sept  S e p t  

Treatment 19 2 17 31 14 28 10 29 

M O ~ K ~ S Q ~  
Cont ro l  m 

i 

Irrigation 
Ferrillzation 

Irrigation 

$3 
‘0-l 

FexrtiPization/ 

A v ~  Y age 

0.31 e 
0.37 d 
0.50 ab 
0.45 ac - 

0.41 

5.26 e 
0.26 e 
0.40 cd 
0.54 a 

0.36 

0.45 c 
0.69 b 
0.75 ab 
0.81 a 

0.88 c 
0.91 c 
1.31 a 
1.18 b 

0.67 

0.38 c 
0.43 c 

0.82 a 
0 . 6 8  b 

- 

0.58 

1.07 

0.55 d 
0.62 d 
0.96 c 
1.27 a 

0.85 

0.94 a 
1.21 c 
5 .66  a 
1.43 b - 

1.31 

5.62 f 
0.78 e 
1.38 b 
3 . 4 9  a 

1.82 

1 .19  c 
1.66 b 
2.19 a 
2.04 a 

1.77 

0.72 0 
0.80 d 
1.72 b 
2.12 a 

1.34 

0.88 d 
1.75 c 
2.32 a 
2.20 ab 

~ 

1.79 

0.58 e 

2.04 b 
2.35 a 

0.97 a 

1.49 

1.18 e 

2 . 3 9  bc  
2.58 b 

1.99 a 

~ 

2.03 

0.66 f 
1.01 e 
2.27 c 
2.99 a - 

1.73 

1 .45  d 
1.91 e 
2.45 b 
2 .54  b 

2.09 

0.71 € 
1.14 e 
2.31 ’b 
3.05 a 

~ 

1.81 

‘‘~reataent means within and between plantation sites with cornon letter are not significantly different 
at t he  .05 level f o r  each date, Statistical mean separations were evaluated by the Duncan method on 
the Site X Treatment factor from analysis of variance. Site means (N=12Q3 were not significnatly 
dif ferent  (0.05 level) for all measurement dates. 
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Table B-17. Average'' n u t r i e n t  concent ra t ions  i n  one, two, t h r e e  and 
f o u r  year  o ld  wood samples by p l an ta t ion  s i t e  and t reatment .  
These values  a r e  from t h e  t h r e e  r e p l i c a t i o n s  planted i n  1980 
and 1981. 

2 1  S p e c irnen 
P lan ta t ion  S i t e  
Treatment 

Nut r ien t  
N P K Ca m13 

- - - - -  
One Year Old W o o d  

Control  
Basher 

0.60a 
I r r i g a t i o n  0.51ab 
F e r t i l i z a t i o n  0.50ab 
F e r t i l i z a t i o n / I r r i g a t l o n  - 0.52ab 

Average 0 . 5 3 ~  

Morrison 
Control  0.55ab 
I r r i g a t i o n  0.48b 
F e r t i l i z a t i o n  0.50ab 
F e r t i l i z a t i o n d I r r i g a t i o n  a b  

Average 0 . 4 9 ~  

Two Year Old Wood 

Control. 
Basher 

I r r i g a t i o n  
F e r t i l i z a t i o n  

0 .34~1 
0.30ab 
0.32ab 

FertilizationfIrrigation - 0.29ab 
Aver age 0 . 3 1 ~  

Morrison 
Control  0.26b 
I r r i g a t i o n  0.27b 
F e r t i l i z a t i o n  0.27b 
FertilizationfIrrigation G b  

Average 0 . 2 7 ~  

Three Year Old W o o d  
Basher 

Control  0 . 1 5 ~  
I r r i g a t i o n  0.19ab 
F e r t i l i z a t i o n  0.21a 
F e r t i l i z a t i o n / I r r i g a t ~ o n  =a 

Average 0.19x 

Morrison 
Control  0 a 17bc 
I r r i g a t i o n  0.16bc 
F e r t i l i z a t i o n  0 e 20a 
F e r t i l i z a t i o n / T r r f g a t i ~ n  - 0.PBab 

Average 0.18x 

- - -  X oven d r y  W C .  - - - - - - - - 

0.08a 
0 .Q7ab 
0.06b 
0.07ab 
0 . 0 7 ~  
__. 

0.07ab 
0.07ab 
0.06b 
0.06b 
0 . 0 7 ~  

0 05a 
0.05a 
0.04b 
0.04b 
0 . 0 5 ~  
- 

0 e 04b 
0.O4b 
0 . 0 3 ~  
0.04b 
0 . 0 4 ~  
- 

0.04a 
0.03ab 
0.03ab 
- 0.03ab 
0 . 0 3 ~  

0.03ab 
0.03ab 
0.02b 
0.03ab 
0 . 0 3 ~  
- 

0.27a 
0.25ab 
0.23b 
0.23b 
0 . 2 4 ~  
II_ 

0.25ab 
0.26ab 
0.26ab - 0.24ab 
0 25x 

0.21a 
0.19a 
0.21a 
0.21a 
0.2ox 
- 

0.15b 
0.15b 
0.15b 
0.15b 
0 . 1 5 ~  
I_ 

0.13a 
0.14a 
0.14a 
0.14a 
0 . 1 4 ~  
- 

0.14a 
0.14a 
0.14a 
0.13a 
0 . 1 3 ~  
I 

0.34abc 
0.29bc 
0 . 2 6 ~  
0.28bc 
0 . 2 9 ~  

0.36ab 
0.39a 
0.36ab 
0.3labc 
0 . 3 6 ~  

0.19ab 
O.16b 
0.17ab 
0.16b 
0 . 1 7 ~  
- 

0.19ab 
0,21a 
0,17ab 
0.18ab 
0.19x 
- 

0.12bc 
0.13ab 
0.14a 
0.13ab 
0 . 1 3 ~  
_I_ 

0.llc 
0.12bc 
0.13ab 
0.12bc - 
0.129 

0.07a 
0.06b 
0.06b 
0.06b 
0 . 0 6 ~  
- 

0.06b 
0.06b 
0.06b 
0.06b 
0 . 0 6 ~  
- 

0.04a 
0.04a 
0.03b 
0.03b 
0 . 0 4 ~  
- 

0.04a 
0.04a 
0.04a 
0.04a 
0 . 0 4 ~  
___. 

0.03a 
0.03a 
0.03a 
0.03a 
0.03~ 
- 

0.03a 
0.03a 
0.03a 
0.03a 
0 . 0 3 ~  
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Tahhe B-17, (continued) 

21  Specimen 
Plantation Site Nu tr lent 
Treatment N I? K Ca Mg 

% oven dry wt, - - - - - - - - - - - - - - -  
Four Year Old Wood 

Basher 
Control 0.12c 
Irrigation 0.12c 
Fertilization 0.17a 
Fertilization/Zrrigation -- 0.16ab 
Average 0. P4x 

Morrison 
Control 0,14b 
Irrigation 0.13c 
Fertilization 0.18a 
Fertilization/Zrrigation - 0.16ab 
Average 0.15~ 

0 .  Q3a 
0.03a 
0.03s 
0.03a 
0.03~ 

Q. 02b 
0.02b 
0.02b 
0.02b 
0.02y 
I_ 

0. lOab 0. P3ab 
O.llab 0.13ab 
0.12a 0.14a 
0.12a 0.14a 
0.1lx 0.13x 

0.08b 0.13ab 
0.08b 0.12ab 
0.09ab O.14a 
0.09ab 0.12b - .__ 
0.09y 0.13x 

0 Q2b 
0.02b 
0.02b 
0.02b 
0.02x 
- 

0.03a 
0 03a 
0.03a 
0.03a 
0.03~ 
I__ 

"Mean of 6 replications for one and two year old specimens and 3 
replications for three year old specimens. Means with a common letter 
within each nutrient/specimen are not significantly different at the .05 
level. Duncan's mean separatlon method was used Q T ~  the Slte X Treatment 
factor from analysis of variance. Significant Site differences (at 0.05 
level) are indicated where the average values have different letters. 

"Specimens were collected from the f i e l d  in October-November and separated 
from the first 15-45 cm of stem, above ground. 
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Table B-18. Average’’ nutrient concentrations in one, twoI t h ree  and 
four  year old bark samples by plantation site and treatment. 
These values are from the  th ree  replications planted in 1980 
and 1981, 

2/ Specimen 
Plantation S i t e  
Treatment 

Nutrient 
N P K Ca m13 

2 oven dry Wt, - - - - - - - - - - . . . . - - - - -  
One Year Old Bark 

1.57b 
IrrlgatPon 1.52b 
Fertilization 1.56b 
Fer t i l i za t ion /Xr r igaCion  1.67a 

1.58~ AV e r ag e 

Morrison 
Coni T O P .  1.38~ 
Irrigation 1.38c 
Fertilization 1.42~ 
F s r t P l i z a t i o n l I r r i g a t i o ~  1.43~ 

Av e rage 1.40~ 

1.27b 
Irrigation 1.25b 
Fertilization 1.41a 
Pert~.ltzatPonlIrrFgation 1.45a 
Average 1.35~ 

Morrison 
Control. 1.17b 
Irrigation 1.21b 
Fertilization 1.46a 
F e r t i l i z a t i o n l I r r i g a t i o n  1.46a 

AvePage 1.33~ 

Three Year Old Bark 

0.95b 
Irrigation 1.07b 
Fertilization 1.26a 
FeptilizatisnjIrrigation E a  

.4ve rage 1.16, 

Morris% 
CQntrOl 1.05b 
Irrigatian 1.02b 
Fertilization 1.32a 
F e r t i l i z a t i o n d I r r i g a t i o n  1.10b 

Average 1.12x 

0.14ab 
0.14ab 
0.15a 
0.15a 
0.14~ 

0.13b 
0.13b 
0.13b 
0.14ab 
0.13~ 
_I 

0.13a 
0.13a 
0.12ab 
- 0.13a 
0.13~ 

0. l l b  
O.llb 
0.12ab 
0.12ab 
0.12y 

O.lla 
0,lla 
0. lla 
O.lla 
0. l l x  
I_ 

0.10b 
0.10b 
0. lob 
0.10b 
____I 

0.1oy 

0 e 77ab 
0.74ab 
0.78a 
0.74ab 
0.76~ 
_I 

0.73ab 
0.72b 
0.76ab 
0.77ab 
0.75~ 
- 

0.85abc 
0.86ab 
0.86ab 
0.88a 
0.86~ 
- 

0.73e 
0.78d 
0 81cd 
0.83bcd 
0.79~ 
- 

0.74b 
0.78ab 
0.74b 
0.77ab 
0.7Qx 
-I 

0.73b 
0.75ab 
0.81a 
0.78ab 
0 . 7 7 ~  
__I_ 

1.55a 
1.31b 
1.49ab 
1.35b 
1.42~ 
- 

1.50ab 
1.60a 
1.64a 
1.61a 
1.59~ 
- 

1.70abc 
1.58bc 
1.59bc 
1.52~ 
I .  60x 
- 

1.80ab 
1.83a 
1.7labc 
1.66abc - 
1.75y 

1.43b 
1.43b 
1.50b 
1.51b 
1 . 4 7 ~  
- 

1.44b 
1.4% 
1.74a 
1.50b 
1.54~ 
- 

0.20ab 
0.18bc 
0.19abc 
0.17~ 
0.18~ 
- 

0.21a 
0.19abc 
0.19abc 
0.19abc - 
0.19y 

0.18bc 
0.18bc 
0.14d 
0.14d 
0.16~ 
I_ 

0.21a 
0.20ab 
0 . 1 7 ~  
0.16~ 
0.18~ 
- 

0.12cd 
0.13bc 
0.10c - 0.12bc 
0.12x 

0.17a 
0 e 15ab 
0.14ab 
0.14ab 
0.15~ 
I__ 
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Table B-18. (contdnued) 

2/ Specimen 
Plantation Site 
Treatment 

Nutrient 
w P K Ca Hg 

Four Year Old Bark 

Cont ro 1 
Basher 

X oven dry WC. - - - - - - - - - - . . . - - - - -  

0.86b 
Irrigation 0 * 89b 
Fertilization 1. loa 
Fertilization/Irrigat~on I_ 1.07a 
Average 0 . 9 8 ~  

Morrison 
Con tr o 1 0.8% 
Irrigation 0.69e 
Fertilization 1.12a 
Fertilization/Irrigation - l . l O t a  
Average 0.95x 

0.10a 
Q.09a 
0.09a 
0.09a 
0 e 09% 
_I 

Q . Q9a 
0.07b 
0.89a 
0.09a 
0.08~ 

0.71a 
0.70a 
0 ,73a 
0.72a 
0 . 7 3 ~  
_I 

Q.70a 
0.71a 
Q.76a 
0 77a 
8 . 7 1 ~  
- 

1.65ab 0.lQb 
1.43bc O.llb 
1.72a Q,1Qb 
1.56abc O.llb 
1.59x 0.1ox 
- - 

1.32~ 0.14a 
1.59abe 0.14a 
1.76a Q.13a 
l.64ab 8.P4a - 
1.58x 0.13y 

"Mean of 6 replications f o r  one and two year o l d  specimens ana J 
replications for three year old specimens. 
within each nutrientlspecimcn are not significantly different at the .05 
level. DUncan's mean separation method was used on the Site X Treatment 
factor from analysis of variance. Significant Site differences (at 0.05 
level) are indicated where the average values have different letters. 

"Speefnaens were collected from the f i e l d  in October-November and separated 

Means wi th  a COIIUDQ~ letter 

from the first 15-45 cm of stem, above ground.. 
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Table R-19. Average'' n u t r i e n t  concentrations in one, twop three and 
f o u r  year old woodlbark composite samples by plantation 
s i t e  and t reatment ,  These values a r e  from the three 
replications planted in 198C and 1981. 

x oven d r y  wt, - - - - - - - - - - - -  
One Year Old WoodiBark Composite 

Basher 
Control 0.91a 
I r r i g a t ion 0.84ab 
Fertilization 0.85ab 
F e r t i l i z a i i o n / I r r i g a t i a a  ...--_I 0.82ab 

Average 0.85, 

Mor r i Son 
Control 0.81aE 
Irrigation 0.77b 
Fertilizatton 0.77b 
F e r t i l i z a 6 i o n / I x r i g a t i o n  0.79ab 

Average 0.78y 

Two Year Old Woocl/Bark ComDosite 
3asher 

Control  0.49ab 
Irrigation 0.50ab 
Fertilization 0.47ab 
Fer~iliz3tisn/T~riga'i~o~ 0.4Sab 

Ave rag e 0 . 4 8 ~  

240 rr 13 o n 
_____I_ 

C o n t r o l  0.56a 
Irrigation 0.49ab 
Fertilization 0.48aE 
F e s t i l i z a t i n n l I P r i g a t i n n  _-.-..I 0 .43b  

Ave 36 age 0.5Cx 

Three Year Old Wood/Bark Cornoosrte 
Basher 

Control 
Irrigation 
Fertilization 

0.352 
0.39bc 
0.43abc 

Fert il i z  at i o n / I r r i g a t l  on Qa 
A y e  r ag e 0.30% 

Mor P 1 I; 0 n 
con t r-o I 0.38bc 
I r r i g a t i o n  0 . 3 5 ~  
Fe rt B l i z a t i o n  0.47ab 
F e r t i l i z a t i o n l ~ r s i g a t P o n  0.42bc 

0 . 3 2 ~  Av e s a g e 

0. loa 
0.09a 
0.09a 
0.09a 
0.0911; 
-.--_..- 

0. loa 
0.09a 
0.09a 
0.09a 
0.09x 
- 

0. 0 i a  
0.07a 
0. OBab 
0.06ab 
0. OTx 
- 

0.07a 
0.06ab 
0.05b 
0.05b -_.-.I 
0. Oby 

0.06a 
0.06a 
0.05ab 
0.06a 
0 . 0 6 ~  
v 

0.05ab 
0.05ab 
0.04b 
0.05ab 
0 . 0 5 ~  
- 

0.402 
0.38ab 
0.37ab 
0 .3bb 
0 . 3 7 ~  

0.38ab 
6.34b 
8.36ab 
0.37ab 
0.36, 
- 

0.25bc 
0.29ah 
0.23bc 
0.22c  
0.25x 
_I_ 

0.34.3 
0.29ab 
0.2Sab 
0.26Ec 
___I_ 

0.2937 

0.32a 
0.31a 
0.30a 
___I 0.29a 
0 . 3 0 ~  

0.33a 
0.31a 
0.33~1 
0.32a 
0 . 3 2 ~  

0.77a 
0.62ab 
0.64ab 
0.59b 
8 e 66x 

0. T2ab 
0 66ab 
0" 58b 
0,55ab 
O"65X 
_I_ 

O.45bcd 
0.49abc 
0 38cd 
0 m 3Cd 
@ , 4 1 X  
111 

O.62a 
0.54ab 
0.47bcd 
0 . 3 m  
K 3 y  

0.50a 
0.47a 
0.453 
0.462. 
0 . 4 7 ~  
- 

0.52a 
0.46a 
0.55a 
0.48a -~~ 
0 * 5oy 

- - . . -  

0. lla 
0. l0ab 
0.10ab 
0.OBc 
0 .  lox 
I..._-" 

0.10ab 
0.1 Oab 
0. QSbc 
0.03bc 
LII 

0.09y 

Q.66bc 
0.07b 
O.Q5t? 
0.05c 
0.06x 
- 

0.09a 
0.08ab 
0.06be 

0 . 0 7 ~  
-..-._-- 0 .osc 

0.05a 
0.05a 
0.0% 
0 * 05a 
0 . 0 5 ~  
- 

0.068 
0.05~1 
0. OSa 
0.05a 
o. 06x 
-.I- 
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Table B-19. (continued) 

2/  Specimen 
Plantation Site Nutrient 
Treatment N P K Ca Mi3 

2 oven dry wt. - - - - - - - - - - - . . . . . . I - -  
Four Year Old Wood/Bark Composite 

Basher 
Control 0.29b 0.05a 0.29ab 0.44ab 0.05a 
Irrigation 0.28bc 0.04ab 0.28ab Q.39b 0.05a 
Fertilization 0.37a 0.04ab 0.29ab 0.45ab 0.05a 

0.04ab 0.31a 0.38b I_ 0.05a 
Average 0 . 3 3 ~  0.04~ 0.2% 0 . 4 3 ~  0 . 0 5 ~  

FertilizationlIrrigation c_ 0.39~1 - - - 
Fiorr i son  

Control 
Irrigation 
Fertilization 

0.26bc Q.04ab 0.26b 0.40ab 0.0% 
0.24c 0 "0319 0.27b 0.43ab 0.05a 
0.37a 0.04ab 0.29ab 0.50a 0.05a 

0.26b - 0.43ab - 0.05a 
Average 0.29~ 0 . 0 3 ~  0 . 2 7 ~  0 . 4 3 ~  0 . 0 5 ~  

- 0.03b Fertilization/Irrigation - 0.31a 7 

"Mean of 6 replications for one and two year old specimens and 3 
replications for three year sld specimens. Means with a common letter 
within each nutrient/specimen are not significantly different at the .05 
level. Duncan's mean separation method w a s  used on the Site X Treatment 
factor from analysis of variance. Significant Site differences (at 0.05 
level) are indicated where the average values have different letters. 

"Specimens were collected from the field in October-November and separated 
from the first 15-45 cm of stem, above ground. 
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Table B-20. Average‘’ nutrient concentrations in one year foliage and 
fresh litter by plantation site and treatment. 
from the three replications planted in 1980 and 1981. 

Values are 

- . ” ” - - -  
2 1  Foliage 

Basher 
Control 3.17% 
Irrigation 3.21b 
Fertilization 3.36ab 

Average 3.29~ 
FeKtiliZ%tiohfTrrigaiQn - 3.41ab 

Morrison 
Cont ro 1 3.18b 
Irrigation 3.13b 
Fertilization 3.43ab 
Pestil~zacioniZrrigation m a  
Average 3.34x 

2 1  

Basher 
Litter 

Cont ral 1.99ab 
IZ’Kf.&3tiOn 2.18ab 
Fertilization 1.87b 
F e r t i l i z a t i o n l I r r i g a t i o n  2.14ab 
Average 2.03~ 

Mar 1: i s  on 
Control i.a5b 

2.12ab 
1.99ab 

FertFlizat~an/Irrigation 2.29a 
Average 2.06~ 

X oven dry wt. - - - - - - - - - - -  

0.27ab 1.62ab 
0.27ab 1.73a 
0.27ab 1.72a 

0.27~ 1.71~ 
0.27ab 1.78a 
I__ - 

0.23~ 1.47b 
0.24bc 1.49b 
0.26abc 1.66ab 
0.28~3 1.82a 
0.26~ 1 . 6 1 ~  
- - 

0.lOab 0.80a 
0. lOab 0.72ab 
O.1Oab 0.77a 
0.lOab 0.79a 
0.10~ 0.77~ 
- - 

0.09b 0.73ab 
O.lOab 0.672, 
0.09b 0.76ab 
O.lla 0.72ab 
0 . 0 9 ~  0.72~ 
_I_ - 

1.29bcd 
1.17d 

1.27cd 
1.25~ 

i.26ca 
_I_ 

1.37abc 
1.44a 
1.40ab 
1.42ab 
1.41~ 
- 

1.89b 
1.72~ 
1.81bc 
1.89b 
1.83~ 
- 

1.97ab 
1.98ab 
2.11a 
1.96ab 
2.  ooy 
- 

0.35a 
0.32ab 
0.30ab 
0.26b 
0.31~ 
- 

0.35a 
0.34a 
0.28b 
- 0.26b 
0.31~ 

0.28a 
0.25abc 
0.27a 
0.25abc 
0.26~ 
I__ 

0.26ab 
0.22bc 
0.25abc 
0.2042 
0.23~ 
- 

”Means of 6 replicatlons and means with a common letter within each 
nutrient-specimen are n o t  significantly different at the 0.05 level. 
Duncan’s mean separation method was used on the Site X Treatment factor 
from analysis of variance, Significant site differences (at 0.05 level) 
are ind ica ted  where the average values have different letters. 

2/Foliage samples, about 6 leaves/ 10 representative rrees per site- 
treatment-replication ( t o t a l .  leaves = 60), were collected in late 
August-early September, before  leaf coloration, and from the ripper crown. 
Petioles were removed, 

31Litter samples of about  60 g were collected from each site-treatment- 
r ep l i ca t ion  in Novembert after 99% of the leaves had fallen. 
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Table B-21, Average‘’ nutrient concentrations in litter2’ collected in the 
Spring following first dormant seasan by plantation site and 
treatment, Values are from the three replications planted in 
1980 and three replications planted  in 1981. 

spec: Amen 

‘ k e a  Crnenr N P K Ca Mg 
Plantation Sfte Nu t r ien t 

- 
- - - - - - - -  X oven dry wt. - - - - - - - - 

0. IOab 
0.09b 
0. I l a  
O.lla 
0. LOX 
- 

0.09b 
O.lla 
0 1Qab 
0.12a 
0. lox 
- 

0 + 48b 
0.46b 
0.81a 
0.59b 
0.58~ 
- 

0.58b 
0.58b 
0.60b 
0.59b 
0.59x 
- 

1.82b 
1. 80b 
3.55a 
2 .44b  
2 . 4 0 ~  
_L_ 

1.61b 
1.89b 
1.79b 
1.96b 
1.81~ 
- 

0. llb 
0. l l b  
0.33a 
0 20b 
0.19x 
- 

0 .  l l b  
O.llb 
O.Ilb 
0 ,, 10b - 
0.lly 

”Treatment means within and between plantation sites with a common letter 
with in  each nutrient-specimen are not significantly different at the  0.05 
l eve l .  Duncan’s mean separation method was used on the Site X Treatment 
facmr Prom analysis of variance. Significant site differences ( a t  0.05 
f o 3 x M . )  ore indicated where the average values have different Letters. 

“Li t te r  samples of 60 g were collected from each site-treatment- 
~epiicscion f n  Marchp before fertilization amendments. 
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Table B-22. Averag9:' nutrient concentrations in partly decomposed 
litter collected in the late Summer following first dormant 
season and most of the second growing season by plantation 
site and treatment. 
planted in 1981. 

Values are from the three replications 

Specimen 
Plantation Site Nutrient 
Treatment N P K Ca Mi3 

X oven dry wt. - - - - - - - - - - - - - - - -  
Basher 

Control 
Irrigation 
Fertilization 

0.21abc 0.82~ 0.06abc 0.92~ 1.48b 
0.78~ 0.07ab 0.95~ 1.48b 0.22abc 
1.41a O.08a 1.39a 1.52b 0.18~ 

Fertilization/Irrigation - 1.36ab - 0.07ab 1.43a - 1.60b - 0.19bc 
Average 1.09~ 0.07~ 1.17~ 1.52~ 0 . 2 h  

Morrison 
Control 0.26a 

0.24ab 
0 . 7 7 ~  0.0% 0.90~ 1.53b 
0.92~ 0.06abc 1.056 1.82a 
1.00bc 0.07ab 1.12bc 1.96a 0.2labc 

0. 2labe Ferti l izat ionlIrrigation - l.36ab 0.08s 1.34ab 
I_ 1.99a I_ 

Average 1.01~ 0.07~ 1.10~ 1.83~ 0.23y 

"Treatment means within and between plantation sites with a common letter 
within each nutrient-specimen are not significantly different at the 0.05 
level, Duncan's mean separation method was used on the Site X Treatment 
factor from analysis of variance. Significant site differences (at 0.05 
level) are indicated where the average values have different letters. 

*/Littor samples of 60 g were collected from each site-treatment- 
replication in March, before fertilization amendments. 
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Table B-23. Average" nutrient concentrations in two year foliage and 
fresh litter by plantation sire and treatment. Values are 
from the three replications planted in 1980 and three 
replications planted in 1981. 

Specimen 
Plantation Site 
Treatment 

Nutrient 
N P K Ca 

0 1  

FoliageL' 
Basher 

Control 

~- - 

X oven dry wt. - - - - - - - - - - I - - - - -  

2 . 4 0 ~  
Irrigation 2.32c 
Fertilizatian 2.86ab 
Fertil ization/Irrigation - 3.21a 
Average 2.70~ 

Morrison 
Control 2.57bc 
Irrigation 2.59bc 
Fertilization 2.99a 
Fer t i l i za t ion /Xnr iga t ion  - 3.19a 
Average 2 . 8 3 ~  

3 /  Litter 
-..-----c 

Basher 
Control 0.87b 
Irrigation 0.97b 
Fertilization 1.24a 
Fertilization/Irrigation - 1.30a 
Average 1.09x 

Morrison 
Control 0.87b 
Irrigation 1 .om 

Awerage 1.02x 

Fertilization 1. Q3b 
F e r t i l i z a t i o n / I r r i g a t i o n  - 1.2Qa 

0.24bc 
0 a 24bc 
0.23~ - 0.27ab 
0 e 24x 

o 20a 
0.23~ 
0 25bc 
0.28a 
0 . 2 4 ~  
- 

0.09ab 
0. IQa 
0.08abe. 
0.08abc 
0.08~ 
I_ 

0. OSd 
0.06ed 

0.07bcd 
o e cm 
0.06y 
- 

1.73ab 
1.83a 
1.80ab 
1.82a 
1 * a s x  
- 

1 .38c 
1.5oc 
1.65b 
1.84a 
1 * 59y 
I__ 

1.  I'lbcd 
1 e 13cd 
1.39a 
1.31ab 
1.252s 
- 

1. oSa 
1 .ma 
1 a 38a 
1 e 24abc 
1 18x 
- 

1.16bc 
I .Q8c 
1.23ab 
1.16bc 
1 . 1 6 ~  
- 

1.28ab 
1.34a 
1 16bc 
1.2labc - 
1 e 25y 

2 .Olbc 
I .83c 
2 e 22a 
2.02bc 
2.02x 
- 

1 e 98c 
2. QObc 
2.30a 
2.19ab 
2.12y 
_I_ 

0.30b 
0.29b 
0.23~ 
0 . 2 3 ~  
m x  

0.35a 
0.36a 
0.28b 
0.27b 
_I 

0.31y 

Q. 32b 
0.28b 
0 e 25c 
8.23~ 
0.27x 
- 

0.41a 
0.32b 
0.3Qb 
0.28b 
0.32~ 
- 

"Means of 6 replications and means with B common letter within each 
nutrient-specimen are not significantly different at the 0.05 level. 
Duncan's mean separation method was used on the Site X Treatment factor 
from analysis of variance. Significant site differences (at 0.05 level) 
are indicated where the average values have different letters. 

"Foliage samples about 6 leaves/lO representative trees p e r  s i t e -  
treatment-replication (total leaves = 601, were collected in late 
August-early September, before leaf coloration, and from the upper crown. 
Pe t io l e s  were removed for analysis. 

3/Litter samples of about 60 g were collected from each site-tseatment- 
replication in November, after 99% of the leaves had f a l l e n .  
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Table B-24. Average'' nutrient concentrations in litter" collected in the 
Spring following second dormant season by plantation site and 
treatment. Values are from the three replications planted in 
1980. 

~ ---.- 

spec f .men 
Plantation S i t e  Nut r i m  t 
I" r e at me t l  t N P K Ca w3 

x oven dry wt. - - - - - - - - - - - - - - - -  
%asher 

Control  

Fertilization 
- I r r i g a t i o n  

1.4Oa 
1.44a 
1.67a 

Fercilization/Irrigati~~ 1.65a 
Average 1.54~ 

Iforrison 
~ 

C O I l t n * O l  1.31a 
Irrigation 1.51a 
Fertilization I.. 45a 
FertilizationlIrrigatio~ 1.63a 
Average 1.49, 

0.07a 
0.07a 
0.07a 
0.07a 
0.07~ 

0.07a 
0.07a 
0.07a. 
0.07a 
0 . 0 7 ~  
- 

0 49cd 
0.45d 
0.5342 
0 e 48cd 
0 49x 
_I_ 

0.66ab 
0.60b 
6.67a 
0.64ab 
0.64~ 
- 

2.05ab 0.12ab 
1.93b 0.13ab 
2.27ab 0.11b 
2.05ab Q.12ab 
2.07~ 0.12X 

2.15ab 0.13ab 
2.23ab 0.14a 
2.408 0.13ab 
2.29a I 0.14a 
2.27y 0.13y 

"Treatment means within and between plantation sites with a common letter 
within each nutrient-specimen are not significantly different at the 0.05 
level, Duncan's mean separation method was used on the Site X Treatment 
f ac to r  from analysis of variance. Significant site differences (at 0.05 
level) are indicated where the average values have different letters, 

"Lit ter  samples o f  60 g were collected from each site-treatment- 
replicatian in March, befare fertilization amendments, after 99% of 
leaves had fallen. 
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Table 8-25 a ~verag?:' nu t r i en t  concentrations in partly decomposed 
H h t t e r  co l l ec t ed  in l a t e  Sunimer following second dormant 
season and most of third growing season by plantation site 
and treatment, Values are from the th ree  replications 
pEanted in 1988, 

Mls rr is on 
Control 
Xxr Pgatfon 
Fertilhzation 

0.82de 0.85c 0.98b 1.57d 0.30a 
.86c 1.0% 2,lOabc 0.30a 
8bc 1.14ab 2,24a Q -24bc 

!Trm t m e n t  means with in and etween ~~~n~~~~~~ sites with a common letter 
r61*th%n each nutrient-specimen are not  significantly di f fe ren t  at the 0.05 
l e v e l .  Duncan's mean separationn ~~t~~~ was used on the S-ftc X Treatment 
factor from analysis of varfanee. Significant site differences (at 0.05 
Isvel) axe indicated where the average values have different letters. 

PJi.,L'C'C.eE S@3?3%ES af 60 were C Q B % ~ C . C ~ ~  from each site-treatment- 
sepI$caf l sn  in August, before leaf f a l l .  
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Table B-26. Average" n u t r i e n t  e o n c e n t r a t i o n s  in three year  foliage and 
fresh l i t t e r  by plantablon site and t r e a t m e n t .  Values are 
from the three r e p l i c a t i o n s  planted i n  1980 and three  
replicatLocs planted in 1981. 

-_I_. _.. . . . . .- 

Specimen 
PLantatiow S i t e  Nu t r 1 e w t 
Treatment N P K Ca MR 

2.30r: 
r r r iga t iaa  2 .49e  
F e r t i l i z a t i o n  2.89b 
F e r @ i l i z 9 t i o n l I r r i g a t i o n  - 3.12ab 
Average 2 . 7 %  

No T r i a s n  
Control 
Irrigation 
F e r t i l i z a t i o n  

2.36c 
2.31ic 
3.26~3 

F e r t i l i z a e l o n / I r r i g a t i o n  - 3.04ab 
Aver age 2.70x 

I r r i g a t i o n  
F e r t i l i z a t i o n  

0.95b 
1.02b 
1.43a 

0.98b 
Irrlgatlon 0.96b 
FerGilizatIon 1.30a 
F e p t i l i z a t € o n / T r f i g 9 ~ ~ o ~  1 . 4 2 ~ 1  

Average 1.17x 

x oven d r y  w t .  - - - .- - - - - - - -  

0.21a 
0.20a 
0.20a 
0.20a 
0 . 2 h  
P 

0.18b 
0 e 20.3 
0.21a 
0.22a 
0.20x 
P 

0.09a 
0 e 08ab 
0.08ab 
0.08ab 
0.08X 
- 

0.06c 
O.Q?bc 
O.O@C 
0.07Kc 
0 . 0 7 ~  
_I._.- 

1.72b 
1.71b 
1 .. 77ab 
1.84a 
1.76x 
___ 

1 . 5 9 ~  
l.6Oc 
1.75ab 
1.72b 
1.56~ 
__1_̂ ." 

0 * 96d 
0,96d 
1.14'Qc 

1.03x 
I .  05ca 
1__ 

1. oosl 
0.99d 
1. .32a 
1 l6b 
l.lly 

1.43a 
1.32ab 
1.53a 
1.51a 
1.45~ 

1.18b 
1.35ab 
1.52a 
1.53a 
1.40~ 
- 

2.39a 
2. l o b  
2.51a 
2.4Qa 
2.35~ 
1_1 

2.04b 
2.13b 
2.54a 
- 2.61a 
2 . 3 3 ~  

0 . 2 9 ~  
0.26cd 
0.24d 

0.2hx 
0. a,4a - 

0.37a 
0.33b 
0 . 2 9 ~  
0.26cd 
0.31~ 

0. 24ae 
0.23ae 
0.21ef 
0.20f 
0.22x 

0.34a 
0.32ab 
0.29bc 
0.25cd 
0.30y 

"~eLpns of 6 replications ant! means wit11 a cornon letter within each 
nutrient-specimen are ROC s i g n i f , i c a n t l y  different a$ the  0.05 level. 
Duncan's mean separation method was used on the Site X Treatment factor 
f r o m  ana3ysia o f  variance. S i g n i f i c a n t  s i t e  d i f f e r e n c e s  (a t  0.05 level) 
are! indicated where the  average values have d i f f e r e n t  l e t t e r s .  

2/Fo7.iage sampl e5 about 6 Ieaves/lO r e p r e s e n t a t i v e  trees p e r  site-- 
~rea tmen t - r ep l i ca t ion  ( t a t a l  leaves = 60), were c o l l e c t e d  in late 
August-early September, before leaf c o l o r a t i o n ,  and from the upper crown, 
P e t i s l e a  were renoved f o r  analysis .  

3'Lirte~ s a m p l e s  of about 60 g were collected from each s i t e - t r e a t m e n t -  
replication in November, after 992 s f  the leaves ha3 fallen. 
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Table B-27. Average" nutrient concentrat ions In four  year foliage an6 
fresh Litter by pLantatian site and treatment, Values are 
from the three replicatfons planted in 3980 and three 
replications planted in 1981. 

Specimen 
Plantatton Site NFJutrienmt 

Treatment N P K Ca Mg 

x oven d r y  wt. - - - - - - - - - - - - - - - -  
q l  

FoliageLd 
Basher 

Control 2 * 28c 
Irrigatfon 2,27c 
Pertifization 2 a 54b 
F e r t i l i z a t i o n l I r s t g a t i o n  - 2,5923 

Average 2 . 3 %  

Morrison 
Control. 2 * 28c 
Irrigation 2 4 27a. 
Fertilization 2*87ar 
Fer t i l i za t fon lZr r iga t ion  - 2.95a 
Average 2.597 

3 /  Litter 
Basher 

Control 0.95a 
Irrigation 0.96d 
Fertilization 1.29s. 
Ferttlezation/lrrigat~on - 1 . 2 2 ~  

Average 1 10X 

Morrison 
Control  1.22c 
Irrigation 1.00d 
Fertilization l.77a 
F e r t i l i z a t i s n l I r r i g a t i o n  __I 1.4% 
Average I * 37y 

B 88abc 1 86ab 
2.iawa 1.94a 

" H e m s  of 6 replications and means with a cornon letter wissliain each 
nutrient-specimen are not significantly different at the 0. 
Duncan's mean separation method was used on the 516e X Treatment factor 
from analysis cf variance, Signlficant site differences (at 0.05 level) 
are indicated where the. average values have differext,  f e t t e r s .  

2'Foiiage samples, about 6 l eaves / lO  represeiltatciue t r e e s  p e r  si te-  
treatnent-repljcatfon (total leaves = 601, weye cullecsed in l a t e  
August-early September, before Leaf caEoration, and from the upper crown. 
Petioles were removed f o r  analysis. 

3 ' L i t t e r  samples a~ about 60 g were c o l ~ e c r a d  f rom each site-treatment- 
replieation in November, a f t e r  99X of tfw leaves had fallen. 



Tab1.e B-28. Average specific gravity values" as a functian of management 
strategy, s i t e ,  age and component. 

m o d  -. 1 year o l d  0 . 4 5 8 ~ ~ 4  
2 year a l a  0.436aAB 
7 year o l d  0,330aA 
4 year o l d  0.381aAB 

WcrodlEark - 1 year d a  0.433aA 
2 year  o l d  0.415bB 
3 year o l d  0.398,a.A 
4 yea r  o l d  Cl.382a.AB 

- 1  yezr  o l d  0.318aA 
2 year old 0.322aA 
3 yeax old 0.298aA 
4 year o l d  0.335aA 

Bark 

0.439aA 
0.4lShHC 
0.360bA 
0.349bC 
0 . 4 2 4 A  
Q 412aB 
0 e 37 1 ah 
0.364bB 
0 . 3 1 2 ~ ~ 4  
0 % 327a.A 
0 .313aA 
Q.340aA 

0 e 436aI3 
0 448a63, 
0.389aA 
8.397aA 
0.400aA 
Q Lo38aA 
0.409aA 
0.392aA 
0.315a.A 
0.302aB 
0.299bB 
0.342&4 

0.444aA 
0.402aC 
0.359aA 
0.370aBC 
0 . 4 1 4 ~ ~ 4  
0.482aB 
0.376aA 
0.383aAB 
0.313aA 
0.313aA33 
0.309aA 
0.352aA 

Morrison Site -. - - - - - - - - - - .-- .- - - - - - 
blood - 1 o l d  0.489aA 0,4!5l& 

2 year o l d  0 , 4 6 5 A  0.444 
a year o l d  0.423a.A 0 + 3 9 8 4  
4 year old 8.397aA Q.387aA 

~ n o d l ~ a r k  - 1 year o l d  0.378b,4 0 d 436aA 
2 year ala  0 , 4 4 3 ~  0.432aAB 
3 year ~ l d  0.419aA 0.395aA 
4 year o l d  0.392aA 0.392aA 

Bark - 1, year o l d  0,299giA O.331aA 
2 year old 0.3062A 0.317aA 
3 year o l d  0.315ak 0.320aA 
4 year  old 0.328aA 0 336d.  

~..._...___I .-.-.-..-aa .._.-._--_ .-_I ., 

0.46SaA 
0.448 
0 , 4 3 2 4  
0.486aA 
0 .41  labA 
0.422aB 
0.418aA 
0 . 4 0 1 d  
0 322abA 
0 . 3 1 0 ~ ~ 4  
0.315aA 
0.339a.A - 

0.448aA 
0.430aB 
0.388 
0.391aA 
0.437aA 
0 .42  laB 
0.396aA 
0.393aA 
0.323abA 
0.310aA 
0.310aA 
0.343aA 

"Djfferences mrrrag management strategies form each site component and age 
enmhination arc denoted by upper c25e lettrrs D i f f e r e n c e s  between s i t e s  
for each cempsneat, age and management strategy comblnaffon are denoted by 
lower case letters. Means w i t h  common letters are not sigaiEicanrly 
d f f f e z e n t  a t  the 0.05 l e v e l  as determined by Duncan's mean separation 
pI-ocedu?X?* 

2/  Sprzcif tc glravitji values are based OD an average of 9 specimens per 
p l a n t a t i o n  establishment year. One year old values are based on 
rspltcatians 4 ,  5 and 6 and two, three and four year old values are based 
on r e p l i c a t i o n s  1 eo 6. 

Yw~rnua~  moistiura c o n t e n t  method, S m i t h ,  D. M. 1955. Maximum Moisture 
Content Kethod f o r  Determining S p e c i f i c  Gravity of Small Wood Samples, USDA 
Porest Service, Forest Prod t i c f s  Lab., No. 2014, 8 p p .  

3 1  

1 
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Table B-29 a Average pnd.s;tupre content values’ 
strategyn site, age and cssmponent. 

as a function of Illanaglnment 

1Q7.7aB 
1.1 4 .2aA 
101.3ElA.B 
1r.lO.2aA 
97.4bB 

112.s.aA 
103 .$a 
112.4aA 
91 .%A 
101.7aA 
106.6aA 
109.6aA 

109.8aA 
107.9a.A 

93.7a.A 
84 * 4bA 

105 0 3aAB 
110.2aA 
105S3aA 

92.0bA 
88 (. 7aA 
98.2aA 

100.4a.A 
108 .oaA 

Differences among ruamagemezlt strategies f o r  each s i t e ,  component and age 
combination are c i l e n ~ t d  by irpper ease letters. 
fsn: each c ~ m p o n e n t ,  age and Daanagement strategy combfnatcion are denoted by 
Z a w t i ? ~  case Eezeeers, 
different at the 0 , 0 5  level a s  determined lily Dunean’s mean separation 
pPoCedonra* 

* P  

Differences between sires 

!+leans w i c h  cornon le~iters are not significantly 

‘ J ~ o i s r u r e  content values are based a n  a n  average of 9 specimens per 
plantation e s t a b l f s h m e u t  year. 
rcp%dcatione 4 ,  5 and S and two:, three and ~ O U K  gear o l d  values are based 
on r e p l i c a t i a m  1 t o  6 -  

One year old values are based on 

wee weight - oven dry  weight - ”ASTH D-2016, moisture content = - 100. aven dry  weight 
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Table B-30. Average grass heat s€ combustion values" as a funetdboa of 
management strstegy, s i t e ,  age and component, 

--_-.I. .-I -- 
S l t e  - - 
4688aBC 
4645aA 
464?aA 
462SaA 
47 lOaA 
4713aA 
4584a.A 
464  2oAH 
4839aA 
4813a.A 
4789bAB 
4761aA 

wood - 1 year a l d  
2 yeas o l d  
3 year old 
4 year o l d  

Wood/Bask - 1 year o l d  
2 yeat old 
3 yeas o i a  
4 year old 

Bark - 1 year old 
2 year old 
3 year o l d  
4 year old 

4603bA 
4 4  18aA 
4641aA 
4645aA 
4726aA 
467OaA 
4721aA 
4 6 8  1 
4997aA 
4856aA 
4877aA 
4842aA 

4599bA 
4627aA 
4618aPa 
4 605aAR 
4755aA 
4651a.A 
4653aB 
4650aB 
4928aB 
4833aA 
479 laB 
4 7 5 a m  

4684aA 
46 10bA 
4637aA 
4629aA 
4 6 9 4 RB 

4687aA 
4678aB 
4 6 6 QaAB 
4867aC 
4822aA 
4 8 4 7 d  
4784aB 

"~if~erences ammg management scrasegies for  each site, cornpanent and age 
camhimtian are denoted by upper ease letters, 
f o r  each component, age and management strategy ~ o m b i n a t . i ~ n  are denoted by 
lower case letters. Mea~s wLth cornon le t ters  are not significantly 
d t f f e r e n t  at t he  0.05 level as determined by Duncan's ~ r r ~ t a g l  separation 
procedure, 

Differences between sites 

2 f ~ r o s s  heat of canibuation val.ues are based 0x1 an average of 3 specimens per  

3'*sm D-2015-56. 

p l a n t a t i o n  establishment year. 
replications 4 ,  5 and 6 and two, three and four year o l d  v a l w s  are based on 

One year o l d  values are based on 

replfcatlons 1 to 6 .  



Tab le  B-31. Average ash canrent values’’ as a function of management 
strategy, site, age and component. 

Wood - 1 year old 0.88a.A 
2 year old 0.68aA 
3 year o i a  0,4423A 
4 year old 0.Slah 

Wood/Bark - 1 year old 1.97aB 
2 year o i a  1 ” 67aA 
3 year old h.4d.laPi 
4 year old 1 * 14aA 

Bark - 1 year old 3.86aB 
2 year old 5.22aA 
3 year old 4.98aA 
4 year ~ l d  5.23alb 

0.76bA 
0.43aA 
0.52aA 
0,SliaA 
1. .82bB 
1 34aB 
1.26aB 
1.85aA 
4.03aB 
4 a 90aA 
5 e 02bA 
5 c 18aA 

Woad - 1 year old 
2 year old 
3 year old 
4 year old 

Wood/Bark - 1 year old 
2 year old 
3 year old 
4 year 0l.d 

Bark - 1 year old 
2 year old 
3 year o l d  
4 year old 

0 e 80aC 
0,80aA 
0 * 46bA 
0.44bA 
2,48aA 
1.36aA 
1.10bC 
0 94bB 
5.36aA 
5 .  E5aA 
5 20aB 
5 ”  1 3 d  

”Differences among mnagemenrt strategies for each site, component a d  age 
combination are denoted by lipper case letters. DFfferenees between s i t e s  
far each component, age and management strategy combination are denoted by 
lower case letters. Means with camon letters are not significnatly 
different at the 0.05 level as determined by Duncm‘s mesn separation 
procedure. 

2’Ash content vaPkaes are based on an average of 3 specbmens p e r  p l a n t a t i o n  
establishment year, 
and 6 and twoe  ‘three and four year: o l d  values based an ~eplicatians 1 
to 6 .  

One year o3.d values are based 0x1 r ep l i ca t ions  4 ,  5 



8.44bC 
6.54aA 
5.25d.B 
5 . 5 2 a A  

22,04bA 
13 e 83a6 
1 2 8 7aB 
lQ.48bB 
41,3@b(-; 
43.61a.A 
42,95bB 
41.79aA 

8.58bC 
6.85d 
5 53aA 
5.29aB 
19.0158 
16.50~~4 
14.61a.A 
10.64aA 
42 I22bB 
43 9 0 9 d  
43,116aAB 
4 2  e 64aA 

9. I l a B  
6 69aA 
5 D 56aA 
5.3QaB 
19.56bB 
13 a Q0aC 
12.26a6 
10.68aB 
41 13bC 
4 2  e 94aA 
43.81aA 
42.33eaA 

- 1 year old 
2 year old 
3 year o l d  
4 year ~ l d  

3 year old  
4 year old 

Bark - 1 year sld 
2 year old 
3 year old 
4 year o l d  

Wood/Bark - 1 yeax old 
2 year O l d  

7 69bB 
6.43d 
5 1 8 A  
5 s 64aA 

22.522A 
16.36a.A 
14.50ah 
11.5laA 
46 -08a.A 
42,94a"A 
43 .46aA 
40 e 53bA 

9.73aA 
6.77aA 
4 $ 8 ~ 4  
5.19bB 
23.06aA 
13.93aBC 
12.36bC 
1 1  e 25aAB 
4 4  e 50aC 
4 3  38aA 
4 3  r 46aA 
48.85bA 

9.81&4 
7.23aA 
4 .78bA 
5.48d 

213 32aB 
15.51aAB 
12.85hB 
10.76aBC 
45.21aB 
4 3  99a.A 
42 26b8 
40.56bA 

7.92b1.3 

5.24a.A 
5.17aB 

20.28aB 
12 e 77a6 
11.59bD 
10.22bC 
42 .85aD 
43.44a.A 
43.2SbA 
4 0 . 8 4 b A  

6 .  g a d  

.... 

"DiIItrences among management strategies for each s ~ t e ,  component and age 
combination are denoted by upper case letters. 
f o r  each component, age and management strategy combination are denoted by  
lower ease l e t t e r s ,  
different at tho 0,05 I e v d  as determined by Duncan's mean separation 
prtzcedaire 

Differences between sites 

Means wd-th c o ~ n m ~ n  letters are not signlficnasly 

" ~ x t r a c t i v e  content values are based on an avernge of 6 specimens per 
plantation establishment year. One yeas o l d  values are based on 
replications 4 ,  5 and 6 and two, three and Four year old values are based 
on replications i t o  6 .  

3 / A S 1 3  D-1105-55. 



Table 8 - 3 3 ,  Average halocellulose content values" as a function of 
management strategy, si tel l  age and component, 

H o l ~ c e P l ~ l ~ s e  Content (% of Oven dry Weight)"' 
Fer t i l i za t ion /  

Control Fert i l i za t ion  brrigat-lon Irrigation 2/ ~ Q ~ ~ ~ ~ e ~ ~  

Wood - 1 year o l d  75.47bB 
2 year old 82.6BaA 
3 year o l d  84.00aA 
4 year o l d  84,47aA 

W ~ o d h r k  - 1 year old 63.57aB 
2 year o l d  72.15aA 
3 year old 72.952.A 
4 year old 7~6.69a~ 

ark - 1 year old 39,43bB 
2 year ~ X d l  4 2 . 8 5 4  
3 pear o ld  41.55& 
4 year Q l d  42.88d 

79 * 47aA 
82'94aA 
83 I3SaA 
83.43aA 
64.85aA 
68.94aB 
70 OObB 
76.88aA 
41.12a.4 
41.40bA 
4 1.22bA 
4 3  9 43aA 

75.27aB 
80.72aA 
82.52aAB 
82.71aA 
64.28aA 
7 3 .  L8aA 
73.36aA 
75.06aA 
49.69a.A 
41.93aA 
42,12aA 
43.79aA 

Marrison s i t e  - - - - - - - - - - - - - - - - - - - -  
76.94bB 
78.90aA 
83.07aA 

63.98aA 
69 e OSaA 
72.99saAB 
76 "44aA 
463.77~3% 
42.84aA 
43.72aA 
44 s 7 7 a A  

a4 66ata 

77 .08aB 
81.09a.A 
83.054 
82.92aA 
64.05aA 

74 I 30aA 
75.64aA 
41.74aA.B 
41.20aB 
41.14aBC 
44 0 07aA 

73. a 3 a ~  

'~ifferenres marag management srrateg~es for each s i t e ,  component and age 
~ ~ t ~ h h a t i o n  are denoted by upper case letters. 
for each component, age and management; strategy combination are denoted by 
f5wer case letters. Means with common letters are not significnatly 
dffferent at t h e  0. 5 level. as determined by Duncan's mean separation 
procedure. 

Differences between sites 

2'Ho~oee~~u~ose values are based on an average sf 3 specimens per plantation 
establishment year. One year o l d  Q Z I ~ U ~ S  are based on replications 1, 5 and 
4 and two, threi?. and Euus year old values are  based on replications 1 to 6 .  

3'Acid ehkot--ite method, Browning, B. E ,  1967. Fletkods of Wood Chemistry, 
Yol.. 11, Interscience Publisherss New York. 
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Table B-34 e Average a lpha-ce l lu lose  content values'' as a function of 
management s t r a t e g y ,  site, age and component. 

3 /  
Alpha-Cellulose Content 

(Z  of Oven d r y  Extractive Free W e i , t )  -I.-. ___ - 
~e r XI i z  a t i o n  / 

Contra1 F e r t i l i z a t i o n  Irrigation l r s f g a t i o n  2/  Component 

Basher Site - - - - - - - - - - - 
Wood - 1 year o l d  42.28bA.B 

2 year o l d  43 .47aA 
3 year sPd 4 4 . 4 4 a B  
4 y e a r  o l d  4 6 . 6 3 ~  

Wood/Bark - 1 yeas o l d  41.08bC 
2 yeas a l d  43.22.bA 
3 year sLd 44.51aA 

Bark - 1 year  old 39.80bA 
4 year o l d  45.84aA 

2 year Old 43.28aA 
3 y e a r  o l d  42.48aAB 
4 year o ld  44.29aA 

48.88bB 
4 2 , 5 2 a A  
43,31bC 
4 6 . 3 9 a A  
4 1 (I 4 7bB 
43.47aA 
44 e 50aA 
46.37aA 
37 95bB 
41,43aB 
42 B 24aB 
46.66aA 

4 2  . a b A  
43.15a.4 
44.60aAie 
46.06alh 
41.89bA 
43 .OSaA 
43.70apL 
46.24aA 
38.03aB 
41.56aB 
42.38aAB 
44.8BaA 

38.55bC 
43.32bA 
45 * 14a.A 
45,99aA 
40 e 9 1bC 
43 a 4OaA 
44.06aA 
46.57a.A 
36.768C 
48 7SaB 
43"  72 
4 5 .  B6aA 

Morrison Site - - - - - - - - - - - -. _I - a - - - I - 
brood - 1 year old 43.58a(l 

2 year old 4 4 . 1 3 a A  
3 year o l d  44.78aAB 
4 y e a r  o l d  46.56aA 

2 year  o l d  44.53a.A 
3 year o l d  45.07aA 
4 year old 46.14aA 

Bark - 1 year  o l d  43 .33aA 

3 year old 43.19aA 

W o o d h r k  - 1 year old  42.86aC 

2 year o i a  43.40a~ 

4 year o l d  44.47a24 

4 3  e 42aA 
42 68aC 
44.14aB 
45.96d 
43 e 35aB 
43 s T2aAB 
43.99aB 
46 64ah 
4.1 60aA 
41 I 46aA 
40.04bB 
44.0iaA 

43.12aC 
43.43aB 
44.34aB 
46.994 
4 4 . 5 4 a A  
43.33sB 
43.91aB 
46.llaA 
41,. 79aA 
42.46,24 
4 3 . 9 4 a A  
44.52a.4 

4% 28aC 
44.27alb 
45.08aA 
46 e 46aA 
42.27aD 
43.81& 
4 4 .  QOaB 
4 6 .  OObA 
40.25aA 
41.47aA 
42 e 36bA 
44 a 46aA 

"Differences among management str ia tegigs f o r  each s i t e ,  component and age 
combination are denoted by upper case letters. Differences between s i t e s  
for each c o ~ ~ p o n e n t ~  age and management strategy csrnblnation are denoted by 
lower case letters. Means with cornon letters are not sfgnificnatly 
d i f f e r e n t  at the 0.05 level as determined by Duncan's m a n  separation 
procedure.  

2 'Alpba-cellulose values are based on an  average of 3 specimens per 
plantation establishment year. One year o l d  values  arc based on 
r e p l i c a t i o n s  A ,  5 and 6 arid t w o ,  three and f o u r  y e a r  o l d  values are  based 
on replications 1 to 6 .  

3/ssm D-1103-50. 
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Table B-35. Average Klason lignifn content values" as a functPon of 
management strategy, site, age and eomponent. 

3/ Klason Lignin  canten& (W of Owen d r y  Weight) 
Fertil i za t ion / '  

Control Fertilization Irrigatisn Irrigation 2' Camp onen t 

Wood - 1 year old 
2 year o l d  
3 year o l d  
4 year old 

Wood/Bark - 1 year o l d  
2 year old 
3 year o l d  
4 year old 

Bark - 1 year old 
2 year old 
3 yeas old 
4 year old 

27 .62 .d  
17.7IaA 
16.56aB 
16.93aA 
B 9 A 8 6aA 
17.99aA 
i8. r0aA 
I6.48aA 
16.PlaA 
15 .0laa 
15.05aA 
14.08bAB 

_ - - -  - - - - - Morrison Site - - - - 
wood - 1 year old 16.26bh 

2 year old 16.19aA 
3 year old 15.87aA 
4 year o l d  15.91aA 

19,28d 
2 year old 18,24aA 
3 year old 17.65aA 
4 year old 16.76aA 

Bark - 1 year old 16.25aB 
2 year o l d  14.80aA 
3 year old 14.83d.B 
4 year old 15.10aB 

Wood/Bank - 1 year old 

I. 7 * 3 1 a ~  
1.6.3 laB 
16,59aB 
1s .52& 
20,OIaA 
A8.12aA 
17.73aA 
B6.51a.A 
l6.58aA 
14.62a.A 

14. lOaAB 
i 4 . s a a ~  

17.36aA 
16.27aA 
15.60bA 
15,BOa.A 

17.67a.A 
16.12bB 
16.77a.A 
I6.60aA 
14.20aA 
13.29bA 
14.67eB 

ia.7ia~ 

"Differences among management strategies for each site component and age 
combination are denoted by upper case letters. 
for each component, age and management strategy combinacian are denoted by 
lower case letters. 
different at the 0.05 level as determined by Duncan's mean separation 
procedure. 

Differences between sites 

Means with cornon letters are not significnatly 

2 / ~ ~ i i i s o n  Lignin values are based an an average sf 3 specimens per  plantation 
establishment year. One year old values are based on replications 4 ,  5 and 
6 and two, three and four year old values a m  based OD replications 1 to 6, 

"ASTM D-1106-56. 
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Table C-1. Annual net return per hectare for corn production. 

6 
Item $/ha 10 kcal/ha 

Gross Return 781.18; 24. OS 
Production Costs (-) 601.19 (-) 6.25 
Grain Drying (-) 7o.nc (-) 3.03 
Property Tax (-) 7.85, (-) 1.06, 
Federal Income Tax (-> 25.35 (-) 3 .69  

Total Net 76.06 10.02 

a 
Based on S-zear average Pennsylvania farm price, net of hauling and 
marketing (x = $2.87/bu.). 

b ~ o r n  production costs, including management, for minimum tillage, Pa. 
Dept. of Agr. (1982). 

King (1981). c 

‘25% of net return after property tax. 

c- 2 
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Table 6-3. Proposed management strategy and energy expenditures for a commercial plantation. 

3 /  Average 2 1  Yearly Net Energy 
I /  Weekly 

pes Hour Weight Posit i o n s  Ac t ivi t y Ae t ivity Total Hours 
(h) (wks 1 per Year (kcallkg) (kg/person) kcal/year 

n 
L- I Clerks (3) 45 

48 28,144 2.8 74.85 3,802,619.5 

49 6,615 2.8 74. 85 a , 386 ,371 .70  

4/ TOTAL 5,188,991.2 

"hpproximate activity f o r  management under salaried conditions. 

2/Net kcad/kg/h for men and women undertaking moderate activity levels (4.2 kcal/kg/h) rainus chose 
undertaking very light activity (Guthrie, 1975). 

Average kg/person based on average weights for men (90.72 kg) and women (58.97 kg). 3/  

4/5, 188,99 1.2 kcal/year for s taf f  divided by 3,696 ha/year under management equals 1,402.95 kcal/ha . 
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Var:La5:e G sit Tots1 Cast 
per  HouT 21 

Fixed cu 
C a s t  per Bovr per Bolls f /  Total investment 

Equipment ($1 ($) ($> ($1 - 
3 1  Strategy A 

Tractor (70 h p j  17,000 2 . 1 1  6.51 3 . 4 2  
Harvester 59,080 12.23 14.78 27.01 
Baler sa, 000 12.18) 22.98 35.08 
Loader 58,000 9 . 3 5  18.59 28.04 
Unloarles 50,000 8 .32  18 .69  27.09 
P l a n t  C h l p p e r  32,130 2 . 4 8  26.15 28.63 
Chip P i l e  Conveyor 48,510 5.81 5.17 10.99 

n Strategy B 4 /  
1 
co H a m  C? 3 t e r / ch d @p E? K 400,008 

F o m a r d e r  87 * 500 
Transfer Utility 50,000 
Unloading Conveyor 75,008 
Chip P i l e  Conveyor 48,510 

A and B 
f u e l  Truck 18,000 
Tractor-Truck 76,000 
Trat le r  Van 15,000 

71.36 
16.43 
10.47 
9.50 
5.81 

3.71 
13.32  
1.28 

70.89 
28. f l  
1s. 83 
16.97 
5.17 

11.61 
27.92 

1.91 

142.23 
44.54 
29.30 
26.47 
10.99 

15.32 
49.24 

3.18 
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Table C-9 .  Strategy A 1 /  and B2/: financial costs of harvest and transport 
operations (net plantation yield of 32.7 ODtIha). 

--.- 

Operat ion $/ha S/ODt 

Strateg A 

Tractor (70 hp) 

Harve s t e r 

Loader 

Baler 

- -  

unloaaer 

Plant Chipper (2) 

Chip Pile Conveyor 

Fuel Truck 

Tractor-Truck 

Trailer Van 

TOTAL 

Strategy B 

HarvesterIChipper 

Forwarder (2) 

Transfer Utility 

Unloading Conveyor 

Chip Pile Conveyor 

Fuel Truck 

Tractor-Truck 

Trailer Van 

TOTAL 

28.82 

90.26 

68.42 

115.84 

62.68 

99.64 

1.36 

9.09 

132.92 

15,39 

624.42 

458" 60 

269.28 

85.04 

17.78 

2.27 

11.19 

220.53 

25.66 

1,090.35 

0.89 

2.76 

2.09 

3.54 

1.91 

3.04 

0.04 

0.28 

4.06 

0.47 

19.08 
P 

14.00 

8.22 

2.60 

0.55 

0.07 

0.34 

6.74 

0.78 

33.30 

4.7 

14.5 

10.9 

18.5 

10.0 

15.9 

0.2 

1.5 

21.3 

2.5 

100.0 
c___ 

42,O 

24.7 

7.8 

1.7 

0.2 

1.0 

20.2 

2.4 

100.0 
__I 

/Wanes t /baling s t rat egy 

"~arvest /chipping strategy. 

c-10 



1/ Table C-10. Strategy A and B2/: energy c o s t s  of harvest and transport 
operations (ne t  plantation yield of 32.7 QDt/ha). 

2 6 10 kcal/ODt 6 Operation 10 kcal/ha 

Strategy A 

Trac tor  (70 hp) 

Harves t e r  

Baler 

Loader 

Unloader 

Plant Chipper (2) 

Chip Pile Conveyor 

Fuel Truck 

Tractor-Truck 

Trailer Van 

TOTAL 

Strategy B 

Harvester/Cbipper 

Forwarder (2) 

Transfer Utility 

Unloading Conveyor 

Chip Pile Conveyor 

Fuel Truck 

Tractor-Truck 

Trailer Van 

TOTAL 

0.412 

0.259 
0.876 

1.171 

1.114 

2.043 

0.009 

0.109 

1.295 

O D  058 

7.346 

2.857 

1.980 

0.422 
0.126 

0.015 

0.134 

2.158 

0.096 

7.788 

0.013 

0 008 

0.027 

0.036 

0.034 

0,062 

0.0cao 

0.003 

0.039 

0.002 

0 , 2 2 4  

0.087 

0 060 

0.013 

0.004 

0.001 

0.004 

0.066 

0.003 

0.238 
- 

5.8 

3.6 

12.0 

16.1 

15.2 

27.7 

8.0 

1.3 

17.4 

0.9 

100.0 
I__ 

36.7 

25.4 

5.4 

1.6 

0.2 

1.7 

27.7 

1.3 

100.0 
- 

'Have s t /baling strategy . 
"Harvest /chipping strategy. 
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Table C-13. Biomass costs  pes 8 D t  by operational stage and distribution by 
source sf inputs. 

-.I_ - 
System #I.  Basher control : Harveat/baler/chip : Wet storage 

Total Z of Coot From: 
C o s t  Fuel & 

Stage $ / O D t  Capital Materials Labor Land 

1A. Plantation establishment 9.98 18.4 41.6 39.1  0.9 
1B. Plantation maintenance 21.91 1.8 10.0 3 6 - 3  51.9 

0.2 
2. Harvest/transpoPt/chip 19.08 50.1  25,9 24,0 0.0 

- 23.9 - 21.1 - 54.7 
_I__. 

3. Storage 8.60 

59.57 27.7 22,o 31.0 19.3 Total Cost 

6 
10 kcal/ 
ODt 

1A. Plantation establishment 0.023 12.2 61.4 0.0 26.5 
1s. Plantation maintenance 1 e 423 0.2 1.9 0.0 97.9 

2. Harvest/transport/chip 0.223 14.0 86.0 0.0 0.0 
5.6 

_I_ 

0.0 - 81.2 - 13*2 
_I_ 

3.  Storage 0.056 

Total Cost 1.725 2.6 16.1 0.0 81.3 

System %2. Basher control : Harvest/baler/chip : Dry storage 

$/ODt 

1A. Plantation establishment 9.98 18.4 41.6 39.1 0.9 
18. Plantation maintenance 21,91 1.8 10.0 36.3 51.9 

2. HarvestltraPlsportlc~~p 19.08 5Q. 1 25.9 24.0 0.0 
3. Storage/dry 14.73 5 8 . 9  23.7 0.1 

-1 

17.2 - 
Total Cost 65"  90 31.2 21.0 30.3 17.5 

1 O6 kca 1 / 
O D t  

1A. Plantation establishment 0.023 12.2 61.4 0.0 26.5 
1B. Plantation maintenanse 1.423 0.2 1.9 0.0 97.9 

2. Harvestltransportlchip 0.223 1 4 , o  86.0 0.0 0.0 
3 .  Storageldry ~- 0.023 7.7  ~ 38.7 0.0 ____ 13.6 

Total Cast 1.692 2.3 14.8 0.0 82.9 

- 

C-14 



Table C-13. (continued) 

System 83. Basher control : Waxvest/chipper : Met storage 

To t a l  1 X of Cost From: 
cos t Fuel d 

Stage $bODt  Capital Miaterials Labor Land 

1A. Plantation establishment 9.98 1 8 * 4  41.6 39.1 0.9 
1B. Plantation maintenance 2 1 . 9 1  1.8 lO,O 3 6 . 3  51.9 
2. Harvestfchipltransport 33.30 69.7 13.9 1 6 . 4  0.0 

0.5 
Total Cost 7 4  s Q9 4.1.1 117.3 26.1. 15.5 

_I 

23.11 
s__ 

20.4 - 56.8 
_I_ 

8.90 
I__ 

3. Storage 

8Dt 

1A. Plantation establishment Q,023 12.2 61.4 0.0 26.5 
1B. Plantation maintenance 1.423 0.2 1.9 0.0 97.9 

9.0 

Total Cost 1. ?42 4 . 4  15.0 0.0 80.6 

2. Harvest/ehip/transgort 0.238 26.4 73.6 0.0 0.8 
3. Storage 0.058 12.7 - - - _I_ 

0.0 7 8 . 3  

System 8 4 .  Basher control : Harvest/chkpger : Dry storage 

$/oat 

1A. Plantation establishment 9.98 18,4 41.6 39.1 0.9 
IS. Plantation maintenance 21.91. 1.8 lQ.O 36.3  51.9 

0.3 
2. Harvest/chip/transport 33.30 6 9 , 7  13.9 16.4 0.0 
3. Storage/dry 15.02 - 23.3 - 16.9 

I_ 

59.6 - 
Total Cost 80.21 42.9 16.9 25.9 14.3 

lO6lccal/ 
OD c 

1A. Plantation establishment 8.023 12.2 
1B. Plantation maintenance 1.423 0.2 

7-0 
2. Harvest/chip/tPansport 0.238 26.h 

3.  Storage/dry - - 0.025 

Total Cost 1" 709 4. 1 

61.4 
1.9 

9 3 . 6  
72.2 

2 3 . 7  

I_. 

0.0 26.5 
0.0 97.9 
0.0 0.0 
0.0 20.8 

0.0 82.2 

- _I 

c-15 



Table 12-13. (continued) 

System t 5 .  Basher fertilization : Harvest/baler/chip : Wet storage 

To tal Z of Cost From: 
Cost Fuel & 

Phase $ / O D t  Capital Materials Labor Land 

1A. Plantation establishment 
1B. Plantation maintenance 
1C. Plantation fertflization 
2. Hawest/tra~sport/chip 
3. Storage 
Total Cost 

1A. Plantation establishment 
1B. Plantation maintenance 
1C. Plantation fertilization 
2. Ma~est/transport/chip 
3. Storage 

Total Cost 

8.30 
18.22 
13.02 
19.08 
8.60 
67.22 

1 06kc a 1 / 
OD t 

0.019 
1.183 
0.319 
0,223 
0.056 

1.800 

_I__ 

18.4 41.6 39.1 0.9 
1.8 10.0 36.3 51.9 
5.5 92.6 2.0 0.0 
50.1 25.9 24.0 0.0 
54.7 
25.1 35.8 24.9 14.2 

23.9 _I_ 0.2 - 21.1 - 7 

12.2 61.3 0.0 26.5 
0.2 1.9 0.0 97.9 
0.3 99.7 0.0 0.0 
14* 0 86.0 0.0 0.0 

0.0 I__ 5.6 13.2 

2.5 32.7 0.0 64.8 

- 81.2 
_1_ - 

System 116. Basher fertilization : Harvest/balez/ship : Dry storage 

1A. Plantation establishment 
1B. Plantation maintenance 
le. Plantation fertilization 
2, Harvestltranspsrtlchip 
3. Storage/dry 

Total Gost 

1A. Plantation establishwent 
18. Plantation maintenance 
1C. Plantation fertilization 

2. HarMest/transpert/chip 
3 ,  StQrage/dKy 

Total C o s t  

$ / O D t  

8.30 
18.22 
13.02 
19.08 
14.73 

73.35 

6 10 kcal/  
ODt 

0.019 
1.183 
0.319 
0.223 
0.023 

1.767 

- 
18.4 41,6 39.1 
1.8 10.0 36.3 
5.5 92.6 2.0 
50.1 25.9 24.0 

23.7 17.2 58.9 

28.4 33.8 24.8 

- - - 

12.2 61,3 0.0 
0.2 1.9 0.0 
0.3 99.7 0.0 
14.0 86.0 0.0 

78.7 0.0 7.7 

2.2 31.8 0.0 

y_ I__ 

0.9 
51.9 
0.0 
0.0 
0.1 

13.0 

- 

26.5 
97.9 
0.0 
0.0 
13.6 

66.0 

- 

C- 1.6 



System 8 7 .  Basher fertilization : Harvest/chhpper : Wet storage 

Tcr tal. X of Cost From: 
CQSt Fue l  & 

Phc=sse $/CmD.t: Capital. Haterials Labor Land 

la. Plantation establishment 
1B P l a n t a t i o n  maintenance 
IC. Plantation f e r t i l i z a t i o n  
2. Harvest/chip/transport 
3 ,  Storage 

T o t a l  Cost 

lh. Plantation e t b lishment 
l B ,  Plantation maintenance 
IC. Plantarion fertilization 

2 ,  Ha~estlchipltxanspopt 
3 .  Starage 

T'oraE Cost 

8.30 
18.22 
13 1/ 02 
33 ID 30 

8.90 

81.34 

_I_ 

6 18 keal /  
ODt 

0,011.9 
1.183 
0.319 
0.238 
0,058 

1.817 

18.4 41.6 39.1 0.9 
1.8 10.0 36.3 51.9 
5.5 92.6 2.0 0.0 

6 9 , 7  13.9 16.4 0.0 
23.1 - 0.5 56,O 

37.6 29.  i 21.6 11.7 

_I_ 

20.4 
__. - 

12.2. 61.3 0.0 2 6 . 5  
0.2 1.9 0.0 97.9 
0.3 99.7 0.0 0.0 

26.4 73 .6  Q . O  0.0 
9.0 112.7 

4.2 31.5 0.0 64.3 

I_ 

0.0 
I_ 

78.3 - 

System f8 .  Rasher fertilization : Rarvest/ehipper : Dry storage 

1A. Pkantatlon establishment 
11B. Plantatton maintenance 
la:. Plantation fertilization 

2 ,  Harvest/chip/eranspart 
3 .  Storage/dry 

T o t a l  Cost 

1A. Plantation establishment 
1B. Plantation maintenance 
L L .  Plantation f e r t i l i z a t i o n  1 "  

2 * Wa~~esr/chip/traaspor 
3 .  Starage/dry 

T o t a l  cos t  

$ l O D t  

8 .30 
18.22 
13 02 
33" 30 
15.02 

87.85 

IIC 

_^__ 

106kea1 If 
OD t 

0.019 
1.183 
0.319 
0.238 
0.025 

1.784 

-- 

18.4 41.6 39.1 0.9 
1.8 10.0 3 6 . 3  5 1 " 9  
5.5 92.6 2.0 0.0 

64.7 13.9 16.4 0.0 
59.6 16.9 23.3 _I 0.3 - - 
39.5 27.9 21.7 1 0 - 9  

12.2 6 1 . 3  0.0 26.5 
0,2 1.9 8.0 97.9 
0.3 99.7 0.0 0.0 

26.4 73.6 0.0 0.0  
0.0 20.8 7.0 72.2 

4.0 30.6 0.0 65.5 

- - - 

C-17 
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Table C-16. Estlmatecl electrical and ethanol conversion potential  by management strategy and sfte far 
the first rotatfan. 

Management 
Strategy 

Gross B ioma 6 8 

Biomass Yield at Total Tree Electrical Energy 
Yield Conversion 
ODtjha OD t /ha 

gutput Ethanol %?eld 
2/ 10 kwh/ha3/ 2/ha 

GHC 
cal/g 

I F e  

Bashex - 
Control 35.34 31.81 4628.2 48.32 4033 

Fertilization 42.51 38.25 4607.1 57.93 7254 
Irrigation 32.65 29.39 4648.7 45.00 5574 

Fertilization/ 43.04 38.74 4607.9 58.67 7347 
Irrigation 

Morrison - 
Control 31.59 28.43 
Irrigation 33.95 30.56 
Fertflizatiom 38.20 34.38 
Fertilization/ 41.11 37.00 
Irrigation 

4680.0 43.87 5392 
4656.9 46.85 5796 
4634.7 52.44 6520 
4602.8 55.94 7017 

l/Assusnea a harvesting efficiency of 90% (gross biomass yield x 0.90 = yield at conversion site). 

2/Total tree gross heat of combustion (GHC) = ( . a  x GBC for wood) + (.15 x GHC for bark) 3- ( . I 5  x GMC for 
wood/bark). 
management strategy and site. 

Four year old GHC values were used for wood, bark and woodjbark (branches) components by 

3/Accounts for losses due to:  1) moisture (672 cal/g of water) a t  20% moisture content, 2)  hydrogen 
combustion (367 cal/g OD wood) and 3) stack gases (383 cal/g OD wood) (Koch, 1972).  A ~ S Q  assumes 
electrical production efficiency of 35X (Babcock and Wilcox Co. 1975) and 3413 BTU = 1 kwh. 

4/Assumes 15X of biomass yield at Conversion site is converted i n t o  ethanol (Neeman, 1984) and 1264.3 11 
of ethanol are derived from each ODt of EtOH and 8 heating value af 5613 kcal/R (Energy from 
Biological Processes 1980). 
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Table C-18. Net ffnancial analysle (including plant eoete) for producing ethanol by management strategy 
and s l e e  for the first: rotation. 

Biomass Yield 
at Conversion Financial Costs Et hano I Ethanol I n p u t  Costs 

Management Plant Output 
S trategy QDtlha $/one &/ha $/a4/ $12 

Basher - 
Control 31.81 28.71 1520.20 6033 0.25 0.49 -.04 
Irrigation 29.39 96.40 3393.96 5574 0.61 8.85 -.40 
Fertilization 3%. 26 35.60 2092.06 7256 0.29 8.53 -.oa 
Fer t i l i z a t  ion/ 38.74 84.?1 4020.82 7347 0.55 0.79 -. 34 

Irrigation 

Morrison - 
Control 28.43 32.12 1455.62 5392 0.27 0.51 -. 86 
Irrigation 30.56 103.62 3749.71 5796 0.65 0.89 - . 4 4  

c3 Fertilization 34.38 44.10 2172.13 6520 0.33 0.57 -. 12 
Fert il Pzatfon/ 37.00 101.86 4474.78 7017 0.64 0.88 -.43 I 

N 
h) Ir r igat ion 

"~ssumes a harvesting efficiency s i   OX (gross biomass y i e l d  x 0.90 = y i e l d  at conversion site]. 

"From Table 3-6. 



Table 6-19. Net energy analysis (excluding plant costs) for producing electricity by management strategy 
and site for the first rotation. 

BiOmaS& Y i e l d  
at. Conversion Total Tree Electrical 

Basher - 
Control  31.81 1.302 49.783 4620.2 41.559 - 8.224 
Irrigation 29.39 1.570 53.872 4648.7 38.703 -15,169 
Fertilization 3%. 26 1.372 62.555 4607. I 4 9 , 8 2 4  -r2.731 
Fert b l  i z a t  ion/  38.74 1,477 67.408 4607 * 7 50.461 -16,947 

Irrigation 

Horrisan - 
Control  28.43 1.456 48.871 4680 0 37.732 -1  1.139 
Irrigation 30.56 1.517 54,397 4656 e 9 4 0 . 2 9 5  -14.102 
Fertilization 34.38 1 608 64.325 4634.7 45.102 -19.223 
Fert L l i z a t  i on /  37.00 1.528 69.967 4602 e 8 48.113 -2 1 ,854 

Irrigation 

"Assumes a harvestfng ~ f f ~ ~ ~ ~ ~ ~ ~  of 9o;b (grc488 biomass yield x 0.90 = y i e l d  a t  eonversion site). 

"From Table 3-6 ,  

"Production energy c o s t s  plus 0 . 2 6 2  x 18 kcaP/ODt f o r  harvestp trans i t ,  drying and storage 
6 

6 
(S t r a t egy  B 2 ) .  Multiply total 10 kcal/ODt by biomass yield at conversion site to produce total 10 
kc a I /ha .  

4 'To ta l  t ree  ~ S O S S  heat of c0u~bust i0n (GHC) C.7 x GHC ~ Q P  wood) i- C.15 x GHC for bark) = (.I5 x GWC 
f o r  wood/bsrk) .  
by management strategy and s i t e  + 

Electricity uutput  (kwh/Iiaj from Table C-3 x 860.076 = e t e c t ~ i c i t y  output (kcallha). k c o u n t s  
f o r  losses  due t o :  1) moisture ( 4 7 2  cal/g of water) a t  20% moisture content ,  2) hydrogen cornbustion 
(367 caI./g OD wood) and 3 )  stack gases (383 cal/g OB wood) (Koch, 19721, Also assumes e l e c t r i c a l  
p r ~ d ~ t i o ~  efficiency sf 35% (Babcock and Wikcox CO. 1975) and 3413 BTU = b kwh. 

From  pa^ c f d  CMC values were used f o r  woad, bark and w o o d h r k  (branches) cornponenee 

si 

6/Subtract t o t a l  energy input (kcal/Ra) from e l e c t r i c i t y  output ( k c e l / h a ) ,  
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