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ABSTRACT 

~YITSO~~,  Annetta P., R. I .  VAN HOOK, D. I?. JACMSOI:!, and @. E. R f T i Z L E .  
Impact o f  a lead rnining-smel t i n g  complex on the fo re s t - f l co r  
l i t t e r  arthropod fauna i n  the !Jew Lead Belt r e g i o n  of south-  
e a s t  M i  S S O U ~ ~  * ORNL/NSF/EATC-XI * Oak Ridge N a t i  onal l-.ab<jra- 
t o r y ,  Oak Ridge, Tenn. 16'1 p p .  

Studies o f  biological a c t i v i t y  w i t h i n  the l i t t e r  horizons o f  a 

watershed contaminated by emissions from a lead-ore processing cnmp?sv, 

sed on the l i t t e r -a r thropod food chain a s  il mean5 of detecting 

perturbations in a heavy-metal ~ ~ r ~ ~ ~ ~ i ~ a ~ ~ ~  ecosystem, Both poinf-  

sowces I smel  ter stack emissions) and fug i t ive  six i rces (ore-haasd1 jns 
processes, yard dus t s ,  and exposed concentrate p i l e s )  contributed to t h e  

P b ,  Zn, Cu, and Cd l eve ls  i n  the study area (Crooked Creek Matershed, 

~ r o n  county, Missouri, 37O35' N Lat. 9IQQ7' Long. ).  ~ ~ a ~ ~ c t ~ ~ j ~ a ~ ~ ~ ~  

@f arthropod faod base and habi ta t  was accomplished by c r i t i c a l  examina- 

.!:-ion of l i t t e r  mass, heavy metal and macronutrient content, c;atioln 

exchange capacity,  and pH. Arthropod trophic level densi ty ,  bit)masS, 

and heavy metal content were detemined by analysis o f  specimens removed 

from l i t t e r  by van fullgren funnel ex t rac t ion ,  t ~ x o ~ ~ ~ i c a ~ ~ . ~  c l a s s i f i e d ,  

littergrazer, omnivore, and predator. 

The highest concentration of l i t t e r  Pb ,  217, Cm, and Cd oiccknt-red l'n 

02 7 i t t e r  . Mean values of  103000 ppm Pb, 4916 ppm Zn, 608 

179 ppm Cd were found i n  samples caltected 0.4 and 8.8 

srnef ter .  These e leva ted  concentrations were strongly ~~~~~~a~~~ ( P i  , O l  ) 



-I 0.8 k m  $ i t e s ,  rzspwtive2y.  Ine wean anniral mass o f  07 material d i d  not 

differ. siyl?ni ric,antly throughout the study &rea2  bri t  varied about a meah 

Changm i n  1 i t t e r  dccornpasition were ref1ected iil the ddmamicq o f  

the 1 i t t e r  arthropod community. Reduced values o f  total arthropod 

density (no/m and biomass (mg/m ) occurred simultaneously w i t h  elevated 

concentratsons o f  litter heavy metals. l h i s  reduction in t o t a l  z r thropod 

bioma55 and d e m i t y  :m governed by a decrease in biomass an3 d w s ? t y  o f  

2 2 

the preda tor ,  detritivore and fungivore populat ionq.  In addi t ion,  

measirrements o f  arthropod richness, an est imatc  o f  maximum d ive r s i ty ,  

revealed t h a t  l i t t e r  arthropod populations a i  heavily contaminated s i t e s  

were l e s s  r i c h  i n  t a x a  (family) than were those located elsewhere on t h e  

watershed. 

Food-chain d i lu t ion  o f  Pb, Zn,  C u ,  and Cd from l i t t e r  t o  l i t t e r  

consumer was occurrinq, as indicated by t h e  mean concentration factors  

o f  0.07+0.02 ( P b ) ,  0.6410.15 - ( Z r r ) ,  0.38+0.10 (Cu), and 0.34-t-0.05 - ( C d ) .  

Accumulation o f  Pb by l i t t e r  consumers was much less than t i s a t  found f o r  

the other three heavy metals.  In contt-ast, predatory arthropods on 

Crooked Creek Watershed e i  ther concentrated or  q u i 1  i brated w i t h  1~sj9ect  

t o  P b ,  211, and Cd from t h e i r  prey, as  incljcated by mean t o t a l  predator- 

concentration f a c t o r s  o f  1.161-0.29 - ( P b ) ,  1.2710.14 ( 7 n ) ,  and 1.2ikO.02 

( C d ) .  O f  a l l  four  heavy metals, o ~ l y  Cu appeared t o  be dilute:! by food- 

c h a i n  t r a n s f r r  frorn prey to p reda to r  ( i  = 0.67tQ.10) .  - 

Measurements o f  fresh f o l  i a p  and 1 i t t e r  macronutrient cnncentr-a- 

tioris and 1 i t t e r  ~ t ~ s c ~ i - o n i i i r i ~ n t  pools indicated t h a t  Fo res t -nu t r i en t  

dynamics n n  Crooked Creek WaterThed were ser iously disturhed. 

f i caq t  depression ( P < . O 5 )  o f  t he  C z ,  and I( ronten t  o f  01 and I)% 

v i  

I! s i g n i -  



litter occurred relative t o  the control wi th in  0.8 km o f  the stack. Two 

niechana’sms were postulated t o  explain this result: 

( 1  1 Increased leaching o f  cations through the 1 i t t e r  induced 
by a loss o f  cation exchange capacity, a decrease i n  pH, 
and a decrease in microbial immobilization o f  macronutrients. 

(2) A decreased uptake o f  macronutrients due t o  root darnage 
produced by heavy-metal concentrations. The result would 
be a reduced annual macronutrient input from litterfall. 

A loss in litter c a t i o n  exchange capacity and reduction i n  fresh-foliage 

~acro~utri~nt content was measured on the Crooked Creek tdatershed. An 

accumulation o f  macronutrient POOIS i n  02 litter also existed between 

1.2 and 2.0 krn o f  the smelter. 

v i  i 
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2 

1372), exaniination o f  heavy-metal e f f ec t s  on the l i t t e r  comrnuriity i s  

important .in f u l  ly understanding basic ecosysterri processes I 

I n  unperturbed ecosystems arthropods of the 1 i i t e r  community a c t  

as "ca ta lys t s  o f  microbial metabolism" (Macfadyen, 1963) i n  the decom- 

posit ion processes. 

duces a subs t ra te  favorable t o  microbial decomposition via fragmentation 

and chemical a l t e r a t ion  (Nicholson, e t  - a l . ,  1966; van der Dr i f t  and 

ltitkamp, 1960; McBrayer and Reichle, 1971). 

supports the hypothesis t ha t  these animals may a c t  as decomposition 

r a t e  regulators  (McBrayer , 1973). 

Passage of l i t t e r  through the arthropod g u t  pro- 

Such substrate  rriudification 

Dispersal and growth o f  microorganisms i s  a l s o  aided by the 

physical presence o f  arthropods. Inoculation o f  l i t t e r  subs t ra te  can 

occur from spores transported on spines,  se tae  and appendages (Szabo, 

1974; Witkamp, 1960) or  i n  fecal deposits (Macfadyen, 1968). Micro- 

habi ta ts  f o r  bacter ia l  and fungal mu1 t i p 1  icat ion a re  produced by 

arthropod burrowing a c t i v i t i e s  (Szabo, 1974). 

I n  shor t ,  l i t t e r  arthropods and decomposer microorganisms are 

inseparably linked i n  the breakdown of nan-1 i v i n y  plant mater ia l .  

perturbation uncoupling the close associations i n  the decomposer 

community will  have an e f f e c t  on the release o f  nutr ients  from l i t t e r .  

Any 

'The primary objective of the  present study was t o  determine the 

degree t o  which lead can be biological ly  transported by the principal 

arthropod food chains present i n  a fores t - f loor  1 i t t e r  community 

subjected to  heavy-metal contamination. To accomplish this  goal, i t  

was a l s o  necessary t o  physically and  chemically characterize the l i t t e r  

ha b i  t a t .  



3 

The study area chosen was a southeastern Missouri watershed receiv- 

ing stack emissions and fugi t ive  source dusts or iginat ing from an 

adjacent primary lead smelter operated by the AMAX and Homestake Smelting 

Companies s ince 1968. The watershed i s  unique i n  t h a t  the woodland 

ecosystem i s  largely i n t a c t ,  h a v i n g  sustained l i t t l e  damage due t o  the 

extensive lumbering, b u r n i n g ,  and so i l  erosion t h a t  characterizes many 

other smelter s i t e s  (Jordan, 1971, 1973, 1975; Witkamp -I e t  I a l . ,  1966). 

In addi t ion,  periodic monitoring o f  smelter emiss ons deposited or% the 

watershed has been made since 1971 ( W ~ X S Q ~  I- e t  - a l .  1972; Wixson, 15174). 

Due t o  the presence o f  heavy metals other t h a n  Pb  in SOUWE dusts, 

a l l  samples were analyzed fo r  Z n ,  C u ,  and Cd as well a s  Pb t o  examine 

For possible synergis t ic  or  addi t ive e f f ec t s  on biological t ransport ,  



M4TERIALS AND METHODS 

Study A r e a  
-I____ 

The s tudy  a r e a  i s  s 4-65 ha. s?ratershed loca-tnd ii? the Clark 

Natiuna 

( F i g .  1 . 
l i e s  on the now deeply d i s s e c t e d  rerritiants o f  the Salem Plateau. 

topography ( F i  g .  2 )  i s cha rac t e r i zed  by h i  11 s a1 ternat ing wi t h  steep 

Val 1 eys  (Schwarz and Sciwarz, 1959) .  

black oak (Quercilj -- ...... velirtina __- barn.), white oak ( Q -  - ...... a lba  _c_ I-.), nor thern  

red  oak ( Q .  ... .._I___.__.- b o r e a l i s  K i c h x . ) ,  pos t  oak ( Q .  .... ______ stellata ......... SJang), and black-  

j a c k  oak ( Q .  .... -~ mari landica  _-._-.-___ Mwnchh),  provided 74-+5% - ( S E )  o f  t h e  t o t a l  

canopy biomass. 

1 6 6 %  o f  the t o t a l  canopy biomass (Dixon, 1974) .  

Forest, Iron County, Missouri (37'338' N I..at., 91'07' Long,) 

Named f o r  i t s  main dra inage ,  Crooked Creek Watershed (CCbJ) 

Local 

The second-growth canopy spec ie s  a 

Short leaf  p i n e  ( P i n u s  - ........... echinala M f l l . )  provided 

Watershed soils ~ ~ r e  thin, stony,  1 imestone-residual  , c h e r t y  

s i l t  l o a m ,  Ridgetops possessed a Lebanon s o i l  type wi-tis a 5-8 cm 

f r ay ipan ;  s lope  s o i l s  ash ere dominated by cherty s i l t  l o a m  of the 

Wilderness (40%) and C i a r k s v i l l e  ( 2 5 % )  series. 

occupied by a l l u v i a l  Razort  and Ashton so i l s  (Kickhush, 1975) .  

Valley f loors  were 

Soi 1 Conservation Se rv ice  da t a  from neighboring Dent County 

ind ica t ed  a mean annual r a i n f a l l  o f  106.7 crn w i t h  31% o f  the precipi- 

t a t i o n  received i n  t h e  s p r i n g  (March-May), 51% in the sum me^ ( J ~ J ~ Q -  

August) and fa1 1 (Sep tei-ober--,November) , and 18% dur ing  t h e  w5 n t e r  

(December-February) . 
0.6"C i n  January t o  25.5"C i n  Ju ly .  

frost-free days per year  ( G i  1 b e r t ,  1977 9. 

Mean ternperatrir~s i n  Dent County ranged from 

There WWE an average o f  17'1 

4 



5 
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ORNL. DWG 75-15802 

F i g .  2.  Topography and vegetation o f  Crooked Creek Watershed. State  
roads J ,  32, and t h e  S t ,  Louis-San Franc isco  railway form the 
W ,  N, and NE boundaries, respect ively.  
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Crooked Creek Watershed has been subject t o  intepmittent g r a z i n g  by 

c a t t l e ,  sheep, and  hogs both pr ior  t o ,  and following, purchase by the 

U.S. Forest Service for  inclusion i n  the National Forest System i n  the 

1930's (Wright ,  1974) e 

scheme cal led f o r  multi-purpose use, the area has become the s i t e  of 

1eadIzinc m i n i n g ,  mil l ing,  and smelting a c t i v i t y  since the discovery o f  

r ich  deposits near V-Fburnum (8 km N o f  CCW) i n  '8955. The " ~ i ~ e r r n u i ~  

Trend'' i s  now acknowledged t o  be the la rges t  and r i ches t  known lead 

deposit  i n  the  world (Missouri Division o f  Geological Survey and Water 

Resources 1971 , 1974). 

A1 though the or iginal  Forest Service management 

A number of heavy metal sources e x i s t  near Crooked Creek Watershed. 

AMAX Lead Lo. o f  Missouri, i n  cooperation w i t h  Homestake Mining Co., has 

managed a primary lead smelter a t  the apex o f  the triangularly-shaped 

watershed s ince 1968. A mine-mill complex operated by COMING0 American 

t ransports  Pb,  Zn and Cu concentrate along the S t .  Louis-San Francisco 

railway forming the northeastern boundary o f  the watershed (F ig .  2 ) .  

U n t i l  1974, loaded rai l road cars were not covered, and their dry contents 

were readi ly  blown in to  the study area ( W r i g h t ,  1974) .  Exposed p i l e s  of 

Cer concentrate adjacent t o  the railway a l so  serve as  source areas .  

T h u s ,  both point sources (smelter stack emissions) and fugi t ive  sources 

(ore-hand1 i n g  processes, yard dus ts ,  and exposed concentrate p i l e s  9 
contributed t o  the heavy-metal load on the watershed. 

Sarnpl i ng Procedures 
---__I 

Location o f  Study Plots  
-1-1 .--- 

Seasonal means o f  wind-rose pat terns  were used to  develop a f i e ld  

sampling g r i d  on direct ional  t ransec ts  or iginat ing from the base of the 



smelter stack ( F i g .  3 ) .  

permanent plot  inventory procedures, 0.04 Ea2 (0.1 A )  study p l o t s  ( F i g .  4 )  

were established a t  0.4 km (0.25 m i )  in te rva ls  along each t ransec t  

(Clark National Forest, 1972). The one s e c p t i o n  was the placem~nt  of 

the t h i r d  p l o t  on the NE transeci 100 rn Prom the  TFCOi7d.  lhe location 

o f  the  S t .  I-ouis-San Francisco railway along the ea5teg-n r.9'dgt.top 

I n  accordance w i t h  Ilnited States Torest Scwicc  

- 

.2 krn frorii the boundary prevented the l o c a t  

s tack  base. 

A g r i d  incorporating 32 

on o f  t h i s  s i t e  exactly 

s i t e s  on 7 t ransec ts  was employed d u r i n g  

i n i t i a l  sampling i n  September and December, 1973. Resu l ts  from thcse  

sarnpi i n g  per iods  indicated t h a t  no s igni f icant  differences in h ~ a v y  

meta l  content o r  1 i t tw  mass e x i s t  between n o t  only the 1.6 and 2.0 km 

s i t e s ,  b i i t  a l s o  between t he  WNW-NW,  N N \ J - N ,  and N N E - N  t ransects .  A 

refined g r i d  incorporating 15 s i t e s  on 4 t ransects  was used fo r  the one- 

year (1974) f i e l d  sampling reportcd i n  t h i s  study ( F i g .  4 ) .  

A t ree ,  conspicuously marked w i t t i  flagging tape and  an a l u m i n u m  

ident i f ica t ion  t a g ,  designated the center of each 0.04 ha study p l o t .  

The slope and aspect of  each p l o t  wrr measured w i t h  a Haga a'itiineter 

and  siirveyor' s compass. 

a1 timeter readings corrected f o r  barometric pressure f luctuat ions by 

periodic monitoring a t  several U.S.C.S. benchmarks i n  the  area.  A plo t  

summary o f  iiandscape character is t ics  and damirsant overstory species i s  

g i v e n  in Table 1 .  

Elevation measurements wers" cierivcd f r om 

-. LitterSampling and I n i t i a l  P r o c e s s i g  

Thc Soi 1 Science Society o f  kinea-i ca i-ecogni ZP'Z two 1 -i t t e r  \tori mons, 

01 and 02. Plant: material o f  the 01 layer  has retained i t s  original 
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8 . 5  

21 

Win? P0.c  / i !  A M A X  5meltar  f o r  Fa l l  Storon, (379  r d  a x e  0 1  I w h X  Smelter for  w n r e i  season. 1970 

F i g .  3 .  Wind-rose patterns a t  t he  RMAX-Homestake smelter stack fo r  
Fal l  and Winter, 1970 and S p r i n g  and Sunliner, 1971 Data taken 
frQlTl WiXSOr i ,  _ -  e t  a l . ,  1972, 
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Table 1. Landscape Characters and Dominant Vegetation of Crooked 
Creek Watershed Study Sites .I 

w 0 . 4  

w 0.8  

w 1.2 

ld 1.6 

NW 0 - 4  

NN 0.8 

NU 1.2 

NW 2.0 

N 0.4 

N 0.8 

N 1.2 

N 2.0 

12.5 

11.5 

5 .5  

10.5 

3.5 

11.5 

.5 

0 

18 

9 

24 

7 

240 

126 

53 

266 

290 

40 

40 

0 

290 

290 

65 

270 

422.7 

418.5 

403.5 

414.8 

401.7 

398.9 

390.1 

382.8 

423.0 

421.5 

39% 5 

401.7 

Q. alba 
Q. borealis 
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S i t e *  Slope Aspect Elewa-tion Dominant Spa L C i  
( kiil ) (%)  o >  ill ) L ._I._. ...... ___ __ ...._..,.. __.__.__ ....... _________ ..... 

NE 0.4 11 31 0 413.0 &. a130 
0. vc Zut im 

N E  0.8 12 270 417.9 Q. alba 
Q. borealis 

NE 1.2 24 65 392 - 5 &. alba 

bJ 10.5 11.5 185 384.7 Q. mari Zondica 
(secondary c o n t r o l  ) &. s t eZ la ta  

Q. velutina 
C. loinen LOSO 

W 16.4 8.5 330 424 0 &. alba 
(secondary control  ) &. v e l u l i m  

C. k e a m  

*See F i g .  4 
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formation. Material o f  t h e  (32 layer i s  Pragniented arid no longer  

recognizable as to species o r  origin ( B  ack,  1965). I n  ?,he present 

study, four replicate samples o f  bath 1 t t e r  horizons weu't. randomly 

caS 'Pected a t  each wdtershed s i t e  and a t  one control s i  'ie 2 1 - 0  kril west 

of  the smelter area dur ing  March, June and Sebi'ternbev. o f  1974 dnd Jariarary 
L o f  1975, Each p a i r  of samples inc luded  a 1 litter w i t h i n  a 0.1 rn a r m .  

To reduce edge effect  and facilitate cut t ing  ~ . ~ ~ ~ u ~ h  l eaves  a n d  stems, 

a circular frame o f  stainless  steel with a s h a r p e n e d  edge was used 

~ ~ ~ ~ ~ ~ ~ ~ ~ k ~ - K o r n a s ~  1971; MciSrayer --._ e t  - a l . ,  1974) .  

were made a t  10.5 and -16-4 km west o f  the smelter area in fjepternber 

and Janirary t o  establish a measure n f  the grac1a"er-t in l i t t e r  n~ass/m 

Additional col l~c t icsns  

2 

w i t h  distance.  

I n  1974, leaffall occurt.ed i n  m i d - 0 c t o b e r  (Urobney, 1974) 

The September s a m p l e s  were collected pr.iior to leaffall LI 

F u l l  owi rig t r a n s p o r t  t o  the 1 abardtory and e x t r d c t j o n  n f  arthropods 

t he  litter was hand-sorted t o  remove rock, oven-dried at IOO'C to con- 

stant moisture, and weighed t o  t h e  nearest 0.1 gm, 

Arthropd Sarnpl ing and I n i t i a 3  Processing L___..__ ._ - --..I-. ___l.__l_ ....... 

field-callected 1 i t t e r  was placed in to  polypropyleve bags arid 

t r a n s p o r t e d  t o  Oak Ridge Nat iond l  Laboratory i n  styrofoam coolers 

packed w i t h  i c e  t o  main ta in  5'C, a storage t e m p e r a t u r e  sua'table for  

a r t h r o p o d  survival (Edwards and Fletcher, 1971 1 -  Samples were held 

a t  5*C i n  controlled-environment chambers a t  t he  l a b o r a t o r y  (7-10 da)  

until arthrciyods could  b e  removed by 72-hour von Tu1 lgren funnel ex t rac-  

Lion- Arthropods were collected i n  a n  aqueous so3ution o f  TO'?; ETOI-8 and 

5% glycer in  identified, and stared in 70% ETOtl f o r  further pt-ocess iaig 

(Maefadyen 1955 Ip 7 952 1 .  
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All preserved arthropods, except Acarina, were c la s s i f i ed  to family 

and enulnerated by taxon and rep1icat.e per s i t e  f o r  l a t e r  analysis.  A n  

adequate measure of  Acarinz population density and biomass i n  a natural 

system i s  a project  requiring separate study (McBrayer r t  - a l . ,  19741, 

and was t h e r e f o r e  not attempted i n  the present research. To prevent 

d i f f i c u l t i e s  a r i s ing  from attempting t o  dry specimens stored i n  d i lu t e  

alcohol conlaining glycerine,  specimens were t ransferred from the von 

Tullgren v i a l s  t o  holding v i a l s  contdining 70% ethanol  only. Samples 

were then dried i n  these l a t t e r  containers.  Average dry weights of 

each l i f e s t age  o f  every taxon found on Crooked Creek Watershed were 

calculated from individual determinations of 4-20 specimens dried a t  

~ O O C  fo r  24 hours and weighed t o  the nearest  0.00001 g .  

documentation was used t o  segregate taxa in to  the trophic categories 

Li tzrature  

de t r i t i vo re ,  fungivore, 1 i t t e r g r a z e r ,  omnivore, and  predatoi- (see 

Appendix A ) .  

Analytical Procedures . ._--.____I-~ 

t-leaLMetaa’l .....____ s 

Subsamples o f  each l i t t e r  r ep l i ca t e  were g r o u n d  t o  W30 mesh 

f i n e n e s s  i n  a Wiley 

HC1 O4 (Smi t h ,  1953 ; Analytical Methods Comiii t t ee ,  1960 ; Gorsiich, 1962). 

Upon a t t a in ing  complete di’gestion, each sample was suspended i n  1 N H C 1 ,  

heated a t  100°C f o r  10 minutes, f i l t e r e d  through #40 Mhatman 

and analyzed by atomic absorption spectrophotometry f o r  t o t a l  Pb, Cd, 

Zn, and Cu content. Analytical grade reagen-ts were used. A !  1 pr.epara-- 

mill and wet-digested by treatment with 1 : l  !+NO3/ 

R pape r ,  

t i o n  methods and analyt ical  procedures were inonitored per iodical ly  uti- 

l i z ing  coded blanks  and a NBS-SRM-1571 s t a n d a r d  (orchard lmves ) .  



Analytical r e s u l t s  f a r  the staridards were accurate l o  within one 

standard e r ro r  af the mean. 

Dried arthropods o f  individela1 trophic leve?s from each o f  two 

rnnd~mly  scl ected rep1 i c a t e s  were poo 1 ed across seasorr and k~)r-i zon 

and dry-ashed f o r  24 hours a t  480°C - a t e m p e r a t u r e  which prevents l e a d  

volatilization (Gorsuch, 1962). The remaining ash was susper:ded - i ~  

0 - 1  lil - HN03 and allawed t o  stand undisturbed f o r  24 Irours ak  rooiii tern- 

p e r a t u r e .  The decant was analyzed for t o t a l  P b ,  Cd, Zn,  and Cu content  

by g r a p h ' i t e  furnace atomic a b s o r p t i o n  spectrophoton~utr~y. Monitoring o f  

preparation a n d  analyt ical  procedures was performed frequentig u ~ i r i g  

coded b lanks  and tdBS-S~M-1577 s t d n d a r d  ( b o v i n e  1 iver) a s  previou:;1y 

discussed f o r  l i t t e r  samples. 
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d i s t i l l e d  water, and 2 washes i n  95% ETO1.1. The washed l i t t e r  kcas 

subsequently radioassayed f o r  85Sr u s i n g  an autoni&i.ed gan!tna spertro- 

meter. 
8 5 

Ihe cation exchange capacity was calculated by the number o f  

S r  equivalents retained (adsorbed) per gr-alii s f  1 i t t e r .  

L i t t e r  was prepa r~d  fo r  pW analysis  by suspending 1 3 l i t t e r  i n  

10 iiii d j s t i l l e d  water followed by an overnight equi l ibra t ion .  Determj- 

nations o f  pH were rriade u s i n g  a Coriqiflg Model 110 meter w i t h  a combina- 

t ion electrode (Jackson and Watson , 1976). 

P,rthropod ---- Diversity .l..l.l.l Measurement __ ....... " 

Cotnriiiinity d ivers i ty  i s  generally thought t o  he d i r ec t ly  correlated 
- w i t h  system s t a b i l i t y  ( P r i c e ,  1375; O d u m ,  1971). 

o f  s t a b i l i t y  i n  Crooked Creek 'Aatei-shcd, a11 arthropod data war, sub- 

1 0  g a i n  some measure 

jected Po divers i ty  analysis .  

Diversity o f  animal or plant Ldra w i t h i n  an ccosystem i s  a measure 

of i t s  heterngenity. As such, i t  i s  compased o f  two elements: thhe 

richness of tdxa ( t o t a l  number)  and their equ i t ab i l i t y  (evenness o f  

abundance} (Pest ,  1914; pr icez 1375). P, commonly used divers i ty  

mmsure is the Shannon-bkaver rtrdex ( H '  ) where 

S 

For p i  the proportion o f  t o t a l  individuals of taxon - i' w i t h  - s the 

t o t a l  number o f  taxa (ShaDnon, 1948). Evenness, J ' ,  can be estimated 

f o r  S equaling the t o t a l  number o f  taxa present (Pielou, 1966; 

Price 197.5). 
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N h i t e ,  1970; Comstsck, 1911.0; C h u ,  1949; I-loff, 7949, Jaques, 1951; 

Kastnn, 1972;  Levi e t  - a l . ,  1968; McBrayer and Reichle, 7971; McBrays 

e t  - a l . ,  1974; Peterson, 1956; Price,  1975; Ross, 1955; and Szabo, 1974). 

Two additional categories were created to  organize groups for  which 

no feeding prcfererace could be found i n  the l i t e r a t u r e  ("unknown") or 

110 morphological development occiirred on the f o r e s t  f loor  ("accidentals") .  

T h i s  l a t t e r  c lass  was not incorporated i n t o  any data  analysis  procedures 

and included insec ts  t h a t  were e i t h e r  fo l iage ,  seed, stem, or  bole 

feeders from the canopy o r  root feeders from the so i l .   he occurrence 

o f  a fo re s t  f i r e  i n  1969 ( W r i g h t ,  1974) disrupted the l i t t e r  arthropod 

community a t  2 s i t e s  on the N t ransec t ,  and data f r o m  this  t ransec t  were 

deleted from t h e  s tudy .  

- 

SI-at is t ical  Procedures ~- - I.---- 
t i t t c r  mass, heavy metdl concentrations, and heavy metal pools 

werc analyzed a s  a 4 x 3 ~ 4 ~ 2  f ac to r i a l  analysis  o f  variance (ANOVA) repli- 

cated 4 times. Experimental c lasses  included 4 seasons, 3 t ransec ts ,  

4 d i s t a m x s ,  and 2 h o r i z ~ n s .  Values from the NE t ransec t  (see Figs .  7 

t o  10) were analyzed separately f r om the mair desigra due t o  t h e  con- 

founding treatment of o r w x n c e n t r a t e  di.rsts blown in to  CCIrd from the 

f i  - rai'lway. All main e f f ec t s  and interact ions were tested for  s i g n  

cance (Snedecor and Cschrrann , 1967). 

Chemical charactck-izat ion da ta  gathered f o r  t h e  N W  transecl; 

sub jec ted  t o  a 4 x 5 ~ 2  fac tor ia l  ANOVA design repl icated 3 times. 

were 

Classes 

f o r  this analysis  were 4 seaso i ls ,  5 d is tances  (0.4, 0.8, 1.2, 2.0, 3nd 

2 1 - 0  km), and 2 hor izons. 

we re t e  5 ted fo r  s i y n i f i can ce . 
Again ,  a l l  main e f f e c t s  and interact ions 



Mean comparison testing o f  litter standing crop, ash, heavy metal 

concentrations and heavy m e t a l  pools by season and horizon was p i - : r f ~ r w d  

u s i n g  Duncan's New Multiple Range Test (Duncan, 1951; Steel and Torbciel 

1960). 

Prior to regression analysis, arthropod biomass: and density avjd 

? i t t e r  mass data were transformed by the f o l l ~ w i ~ ~  n ~ ~ m ~ ~ ~ ~ a ~ ~ ~ ~  f~anc- 

t i o n  ( N a t r e l  ? a ,  1963) : 

y = l n  (x  + * 5 )  (3)  

Use o f  this function a lso  has a variance-stabilizing e f f e c t ,  t h% 

allowing application o f  linear regression models t o  the transfarmed 

data (Natrella, 1963). Significance testing was accoiiipanied using 

standard formulae (Draper and Smith, 1966; Steel and Torrie, 1950). 



RESULTS AND DISCUSSION 

Values fo r  01 1iittl .r m s s  on Croaked Creek Water-shed racgcd From 
2 480 g/nrZ t o  120 g/m (Fig. 5 )  and wr-2 compar-.;lbls t o  thc atincia1 1 i t l e r  
2 prnductian o f  349 g/m /yr  found by Rochow (1974) irt s. central M i s s o u r i  

oak-hickory f o r e s t 3  and  t h e  b.Earm temper at^ Forest mean of  360 g,/ifi'/yr 

derived by Bray and  Gorhanl (19%). 

i n  1934 dernnns't~rated trends s imilar  t o  thos-? i n  F i g .  5 ,  Septemki-  was 

chosen t o  il1nsl:rate 1 i t t e r  mass/m 

p r i o r  t o  l e a f f a l l .  TRtis, data From the  a u t u m n  sampling period s h o u l d  

demonstrate c o n s ~ r w a t i v e  estimates o f  both 01 and 02 litter mass, No 

s igni f icant  differences in 01 mass among t h e  15 water.shed s i t e s  were 

detected by Duncan's New Multiple Range 'lest (Table  2 ) .  

As data f o r  a11 s s s o n s  studied 

2 1 ,. 
I 0 1  lowing SLJINWY decornposiLion b u t  

An accumulation of 02 1 i t t e r  (fragmeuted materjal no longer recoy- 

nizable a s  t o  species or- or ig - in )  was evident at site:; near t h e  smelter- 

complex (% 0.4 kn, NW 0.4, N 0.4, NE 0.4) ( F i g .  5 ,  Table 3 ) .  

i i t t e r  mass/rn2 f o r  September occurred ai; t h e  N and N E  0.4 s i t e s ,  with 

values of 29130 and 259U g/m , resp t i u e l y  ( T a b l e  3 ) .  

mass from s i t e s  on t h e  NE transect was apparently not a f f e c t e d  by tthe 

same distance-dependent s o u r z ~ ?  producing zccuriiulations near the  sme7 te:=, 

because 02. trass a t  NE 0 - 8  and 1 . 2  a r e  nut s i y n i T i c a n t l y  d i f f e r e n t  from 

t h a t  Sound a t  the 0.4 knt s i t es  on the W, NW, an3 N transects (Table 3). 

MaximLsni 02 

2 TIE 02 l i t t e r  

I n  genera l ,  a dec l i ne  i n  02 l i  t'ier inass occipru-eb as dist;pi'ice Fron. 

the s r n ~ l t e r  complex i n c r e a s e d  ( F i g ,  6 ) .  A l t h o u g h  "ihis relat ionship w s  

20 
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iab ’ ie  2. Seasonal means of O f  litter mass analyzed by Duncan’s New Multiple Range Tes t .  Means 
followed by the same l e t t e r  are not  s i g n i f i c a n t l y  d i f f e r e n t  a t  the 5% level (Duncan,  1951; 
Steel and Torrie, 1960). 

March, 1974 (s/m’) Jilne, 1974 (g/m2) September, 1974 January, i975 

S i t e  Mean Dtincan S i t e  Mean Duncan S:te Nean Duncan S i t s  Nean Duncar: 
( k m j  ( X  IC’: (km) ( x  IO2) (kin) ( X  10’5 (km) ( x  : 0 2 j  

NE 0.4 

i?r 0.4 

FIN 2.0 

NW 1.2 

W 0.8 

w 1.2 

& 1.5 

N 2.0 

k 2’1.0 

NW 0.4 

’IW 0 . 8  

h ‘.2 

NE  1.2 

N E  0.8 

i.1 0 .4  

N 8.8  

11.8 

7.4 

5.4 

5.0 

4.7 

4.6 

4.5 

4.3 

4.2 

4.1 

4.3 

3.5  

3.4 

3.1 

2.5 

2.2 

A NE 0.4 

AB W 0 . 8  

A B  N 0.4 

A3 NU 2.0 

AE W 1.6 

AB riw 1.2 
A B  N E  1.2 

A E  YE 0.3 

AB NW 8.8 

AB w 0 . 4  

AB NW 0 . 4  

AB N 0 . 6  

c\ e N 2.G 

3 w 21.0 
B w 4.2 

B N i.2 

11.6 

10.5 

9.2 

9.0 

7.8 

6.8 

5.9 

5.6 

5.4 

5.4 

5.2  

5.1 

4.5 

4.4 

3.6 

3.1 

A W 1 . 6  

A kd 0.8 

A w 0 . 4  

A NW : . 2  

A N 2.0 

A FI 0.3 

A w 1.2 

A w 21.3 
A W 16.3 

A M 8 . 4  

A N W  0 .4 

A M E  0.4 

A 0.8 

A W 10.4 

A N 1.2 

A YE 8 . 8  

&E 1.2 

NIJ 2.0 

4.8 

3.9 

3.2 

3.1 

2.9 

2.6 

2.7 

2.7 

2.5 

2.5 

2.5 

2.1 

2.r: 

2.0 

1 . 4  

1.4 

1.4 

1.2 

A 

R 

n ,? 

A 

A 

A 

A 

A 

A 

A 

8 4  

A 

A 

A 

A 

A 

A 

A 

id 0.4 

NE 8 . 8  

w 1 . 2  

%E 1 . 2  

kl ‘Eo.4 

id 1.5 

\I 0 . 9  

K 0.8  

Y E  0.4 

W 16.3 

N 2.0 

NW 0.8 

w 23.3 

i\i 0 .4  

N 4.2 

?IW . 2 
NW 0.4 

HW 2.0 

6.5 

5.5 

5.2 

5.1 

4 .8  

4.6 

4 . 5  

4.1 

3.8 

3 . 8  

3.7 

3.5 

3 .5  

3.2 

3.2 

3.: 

2.7 

2.5 

A 

.4 

4 
n n 

A 

A 

i\ 

A 

A 

A 

A 

a 
k 

A 

A 

A 

A 

A 



Table  3.  Seasonal means of 02 litter mass analyzed by Duncan's New P h I t i p l e  Range Tes t .  Means 
followed by the same letter a re  no t  s i g n i f i c a n t l y  d i f f e r e n t  a t  the 5% Ieve? (Duncan, 1957; 
Steel and Torrie, 1960). 

March, 1974 (g/ia2) June, 1974 (g/m') September,  1974 Janua ry ,  1975 

S i t e  Mean Duncan S i t e  Mean Duncan S i t e  Mean Duncan S i t e  Mean Duncan 
(km) ( x  l o 2 )  (km) ( x  I O 2 )  (km) (x 10') (km) ( x  l o 2 )  

NW 2.G 

iu' 1.2 

CJ 0 . 4  

w 29.0 

N 0 . 4  27.1 

N E 0 . 4  25.0 

NWO.8 21.4 

NE 0.8 20.6 

w 0.8 75.9 

w 0 . 8  19.9 

NE 1 . 2  1 7 . 5  

N 1 . 2  17.3 

W 1 . 6  17.2 

NW0.4 16.6 

NW 1.2 16.0 

N 2.0 14.1 

3.6 

3.6 

3.3 

9. I 

A 

AB 

ABC 

ABC 

ABC 

ABC 

BCD 

BCD 

BCD 

BCC 

CD 

CD 

CD 

CD 

CD 

D 

NE .8 30.5 

NE 7.2 22.8 

N 0.4 22.4 

N 1.2 21.6 

N 2.0 20.1 

NE 0 . 4  18.7 

NW 0.8 18.2 

W 1.2 18.1 

W 1 .6  16.5 

N W  2.0 75.6 

W 0 .4  14.9  

NW 1.2 12.6 

W 8 .8  11.4 

N W 0 . 4  11.1 

N G.8 8.4 

w 21.0 3.2 

A 

€4 

a 
8 

EC 

BC D 

BCD 

6CD 

BCDE 

BCDE 

BCDEF 

C D E F  

D E F  

DEF 

EF 

EF 

N C.4 29.8 

NE 0.4 25.9 

NE 1.2 22.6 

W 0 . 4  22.2 

NW 1.2 21.0 

NE C.8 20.7 

NU 0.4 20.4 

N 2.0 19.4 

N 1.2 18.3 

NW0.8 17.9 

N 0.8 17.7 

NW 2.0 17.5 

w 0.8 13.1 

k! 16.3 12.3 

w 21.0 12.2 

W 10.4 17.8 

W 1.6 10.6 

W 1.2 40.6 

A 

AB 

AB 

A0 

BC 

BCD 

BCDE 

BCDEF 

BCDEFG 

BCDEFG 

BCDEFG 

BCDEFG 

CDEFGki 

DEFGH 

EFGH 

FG H 

GH 

H 

NE 0 .4  

NE 0.8 

W 0 . 4  

N 0.4  

WE 1 . 2  

N 0.8 

NW 0.4  

NW 0.8 

NW 2.0 

Nlii 7.2 

w 1.6 

w 1.2 

Fi 2.0 

N 1.2 

w 0.8 

W 16.3 

bi 21.3 

w 10.4 

43.2 

34.0 

33.0 

28.5 

26.6 

26.6 

24.4 

21.3 

20.8 

20.0 

19.6  

'19.0 

18.5 

18.1 

16.0 

12.9 

12.5 

12.4 

A 

a 
6 

EC 

6CD 

BCD 

CDE 

CDEF 

GDEFG 

DEFG 

DEFG 

CEFG 

DEFG 

EFG 

EFGll 

FGH 

FGW 

H 
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7 ( S F )  g/in-). 

between the prinidry and secondary control  p l o t s  (Table  3 ) ,  

No s i g n i f i c a n t  differences i n  meail ki? litter mass existed 

Thus, primary 

control val L E ~ S  were ae;surned tt-1 represent the ~ ~ ~ ~ ~ ~ t ~ ~ ~ , ~ ~ ~ ~  condji t ioin for 

thhc area.  

For the  d u r a t i o n  s f  the study, watershed 01 mass/n? (4331-29 (SE) 
? 

gjrn“) d i d  riot vary s igni f icant ly  with t ime  o r  d i s t a n c e  ( F i g s  6 ) .  

c;ontrast ,  cont ro l  01 I i t teer  mass/m* f l u c t u a t e d  about  the  meail o f  ~ ~ 3 5  - 

(SE)  g/m 

the forest  type under. study (Rochow, 1974; Bray and Corham, 1964) .  

However, i t  shou ld  be noted that .  the mass o f  01 l i t t t 3 ~ ”  on Crooked Creek 

Edatersheal and the control sites s ere n o t  found t o  be significantly 

1pi 

2 (Table 2>> w h i c h  compared favorably i q i t h  l i t e r a t u r e  virlues for 

d.8’fferent f rom one another-.. 

To determine i f  1 i t t e r  mass determinations on the  watershed b j d  

been biased by deposition o f  f u g i t i v e  par t icu la tes  from the stack, ash 

d e t e r m i n a t i o n s  were made f r o m  subsamples o f  materid1 col Iected on tke 

transect (‘Table 4) .  

I i t t m  ash content e x i s t  fo r  e i t h e r  l i t t e r  hcr3ron. In a d d i t t o n ,  t he  

r m g e  o f  ash values (5.3-?9.1% f o r  01 and 20.8-62,5% f o r  02) ~ ~ ~ ~ a ~ e d  

favorably w i t h  those of  other dec,idusus forest  s tud ies  (Keiners and 

Reiners,  1990; McBrayer -- e t  a1 

Duncan’s analysis i n d i c a t e d  no d i f f e rences  i n  

1974; tknderson, 1373 >. 

Lit ter  Heavy Metal C o n t m t  ......... .. ._ ..-___ ~.. .-- 

The highest concentrations o f  a l l  f o u r  efernents occurred in 02 

materidl ,  whwe kieawy metal Y~IUPS are 1.5 t o  2 tinips greater  than 
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Tab le  4. Seasonal Mean ash content ( X  dry b ~ t )  o f  Crooked Creek 
Watershed litter. One staflclard ewi)'r i n  paren thews 
(n=3).  The NW t ransec t  was chosen as representative 
o f  t h e  watershed. 

SPRING SUMMER FALL. W I N T E R  

_._cI _.I..... .__-_I --__ ___ 

Mean Mean Mean Mean 
S i t e  Horizon Ash Content Ash Content Ash Con-terit Ash Content 

NW 6.4 01 15.6 ( 3.7) 19.7 ( 3.2)  14.0 (3.9)  9.1 ( 0 . 7 )  
O? 58.5 ( 4.8) 43.3 ( 4.5) 35.7 (3 .3)  32.0 ( 6.6) 

N W  0.8 01 5.6 ( 0 . 2 )  6.6 ( 0 . 2 )  10.3 (1.3)  5.6 ( 0 .G)  
02 36.2 ( 3.0) 31.6 ( 4.1) 31.8 (3.7) 42.2 (11.5) 

Nlrd 1.2 01 7 .5  ( 0.3) 7.8 ( 0.4) 10.6 (0 .7)  7.3 ( 1.7) 

NW 2.0 01 18.3 (10.0) 6.8  ( 0 - 4 )  14.5 (3.3)  5.3 ( 0.3) 
02 61.4 ( 5.7)  20.8 ( 1 .1 )  36.9 ( 4 . 5 )  39.3 ( 8 . 4 )  

kd 21.0 01 5.3 ( 0.2) 6.5 ( 0.5) 7 .2  (0 .3)  5.2 ( 0.1) 
(cont ro l )  02 37.5 ( 5.5)  33.9 (10.7) 25.7 (4 .6)  27.0 ( i1.2) 

Oil 62.5 ( 4 . 5 j  54.0 (13.5) 49.2 ( 1 . 1 )  40.4 (14.5) 
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those found i n  O l  1i.t;ter (Watson, 1976) (F igs ,  7-10). Such a4:cumuIa- 

t i o n  i n  l i t t e r  and humus i s  t h o u g h t  t o  be gaverned b.y pass.ive exchange 

butween heavy metal ions occurring i i a  precipitation and fo l  iaye leachate 

a n d  the macronutrient ions riorrrial l y  bound t o  ~[~~~~~~~~~~ chnrged organic 

groiips R u h l  ing and Tyler, 3’373; P y l e ~ ,  1972) - Excepting NE transect 

results 

gated according t o  dis tance:  

each other  b u t  were d i f f e ren t  from those fourad on the rest o f  the water- 

shed. 

another t h r o u g h  the controls. .  

1 . 2  km o r  watershed boundary s i t e s .  

Zn, Cu, and Gd, a l t h w g h  equivalent Cd concentrations were d-ispersed 

OVeir  a larger  area (Appendix C )  - 

Crooked Creek Watxrshed lead content o f  02 l i t t e r  can be segre- 

a71 0 - 4  krii values were n o t  d i f f e ren t  from 

Groups o f  means f o r  the remaining distances graded in to  one 

Control values d i d  n o t  d i f f e r  from the 

Similar dis t r ibu t ions  occurred f o r  

As da ta  for  a l l  sanipling p e r i o d s  i l l u s t r a t e d  trends similar t o  

those i n  F i g s .  7 t o  70, September was chosen a s  a representative season 

t o  deirionstrate conservative est imates  o f  1 f t t e r  lead, z inc ,  copper, 

and cadrni urn con ten t  - 
O f  the 4 metal contaminants found in Crooked Creek 

S i t t e r ,  Pb was the most abundant ( F i g .  7 ) .  

abundant heavy metal, was fallowed by C u  and Cd ( F i g s .  8-70). !hider 

ncaririal operating conditions,  pa r t i cu la t e  s tack  emissiuns f rom t h e  

AMAX smelter f o ?  lowed t h e  same r a n k  order., i f  e ,  

Zn (?730 kg/yr) =. Cu (830 kg/y r )  

Over 99% o f  the to ta l  iiea\ry-meta,l concentrabt ion found i n  the e n t i r e  

l i t t e r  hor izon at the 8.4 km s i t e s  was due t o  Pb.. 

declined t o  93% a t  t h e  wi~tershed bouraciiary, and  was further redziced t o  

Tint, the second most 

P b  (’1 8510 kg /y r )  > 

C d  (50 k g / y r )  ( ~ ~ ~ r ~ ~ s ~ ~ ~ h ~ i ~ ~ ~ ~ ,  1974) .  

- rhis p.;.rcenlage 
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F i g .  9 .  ?,it.dns o f  i i t t e r  cu content ( l ~ y / g  dt3.y w t )  in 01 and i;Z horizons 
as a funclion of d i s t - d n w  and d i r e c t i o n  f rom t h c  P , V X  s m e l l e r  
for  the September, 1W4, sampling per iod  ( X  __ + 1 S i .  n - 4 ) .  
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F i g .  'EO. Means o f  l i t t e r  Cd content (prg/g dry wt> i n  07 and 02 horizons 
as a function o f  distance and direction from the ~~~~ smelter 
for the September, 1934, sampling per iod ( 2  + 1 $ E ,  n 4 ) .  - 
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87.3% a t  the 21.0 km control s i t e  (Watson, 1975) .  The concentration of 

deposited Pb followed the d is t r ibu t ion  predicted by wind rose pat terns  

(F ig .  3)  i n  t ha t  the greatest  concentrations were found on the NW a n d  N 

t ransec ts  (1 03,000 ppm and 76 200 ppm, respcct, ively).  Values exceeding 

90,000 ppm were exhibited fo r  the NE t ransec. t  ( F i g .  7 ) ,  b u t  were a 

r e s u l t  of fug i t ive  d u s t  deposition from the railway l i n e  source. 

W i t h  the  exception o f  the  NE t ransec t ,  a steady logarithmic decrease 

i n  concentration w i t h  distance from the smelter complex was apparent for  

a l l  riietals and compass direct ions (F igs .  7-10). These f i n d i n g s  were 

consis tent  w i t h  those of other sampling programs measuring heavy metal 

deposition w i t h  distance from an area source (Roberts, - e t  a l . ,  1974; 

Ruhling and Tyler, 1973), and were a r e s u l t  o f  the pa r t i c l e  s i ze  distri-  

b u t i m  o f  par t icu la te  stack emissions (Bondietti - e t  a l . ,  1975). 

Storage, loading and t ransport  o f  Pb,  Z n ,  and Cu concentrate f rom 

t h e  COMINCO mill ing process have produced la rge  quant i t ies  of metal-rich 

dusts t h a t  a r e  of ten blown di rec%ly  into the watershed. 

o f  these fugi t ive  soiirces i s  necessary t o  properly interpret r e su l t s  f o r  

t h e  NE t ransec t  displayed i n  Figs. 7 t o  10. 

s o ~ ~ r c e s  was especial ly  apparent i n  the case of copper ( F i g .  9 ) .  

steady increase i n  Cu  content o f  02 l i t t e r  occurred w i t h  increasing 

distance from the s tack,  and can be a t t r ibu ted  t o  the storage of unecono- 

mically recoverable C u  concentrate (4%) i n  an open b i n  20 yards from the 

N E  0.8 km study p l o t .  As a r e s u l t  o f  the  confounding e f f e c t  of secon- 

dary sources on these da ta ,  these values were not included i n  f igures  of 

seasonal pooled values and were analyzed separately.  

Consideration 

Deposition f rom secondary 

A 

When distance-pooled means o f  l i t t e r  Pb, Zn, C?r, and Cd content 

are compared, differences i n  individual metal concentrations of the 
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two l i t t e r  horizons a t  each dis tance increment are n o t  s t a t  

d i f f e ren t  from one another (Fig.  11 Appendix a ) .  Means a f  

(both horizons) heavy riietals r,t 0.4. km d i f fe red  -From a l l  o t  

s t i ca l l  y 

t o t a l  l i t t e r  

ers on the 

watershed a t  the O - l %  l eve l ;  the 0 - 8  krri values differed from those a t  1.2 

and 1.5-2.0 kin a t  the l'% level ;  and 1 .2  km values d i d  n o t  d-if'fer from 

those a t  the watershed boundary. 

rwta3 s. 

This gradient was common for- a l l  4 

Least squares multiple l i nea r  regression procedures were used t o  

fu r the r  evaluate the relat ionship between 02 litter mass and litter 

heavy metal concentrations. The enipirically derived regression inodel 

included e f f e c t s  due t o  season, direct ion and distance from the 

smel ter, 1 i t ter  heavy metal concentrations, and a1 1 interact ions due 

t c  mul t ip l ica t ive  e f f ec t s .  

The model was as follows: 

I n  ( v  + . 5 )  = Bo -t- S I X ,  -+ B*X2 + 0 3 X 3  f F4X4 + B5X5 I- B6X6 f 

B y 7  + 812X,X2 + 13,yy3 J- B*3";px3 -& ?+l"l"] 4- 

8 * 2 X * X 2  4- &J3xy3 f345X4X5 + 846X4X6 * fi47"4X7 4- 

f35fjx5X6 ' @57'5'7 B&;7xfjx7 i- '544X4x4 B55"5X5 f 

B6.X6X6 -+ s x x I- c ( 4 )  77 7 7 

where x = season 1 
x2 = direct ion ( t r ansec t )  

x3 = distance 

x4 = Pb concentration of 02 l i t t e r  

x5 = Zn concentration o f  82 l i t t e r  

x6 = Cu concentration o f  02 l i t t e r  

x7 = Cd concentration o f  02 l i t t e r  

Y = l i t t e r  mass 
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F i g ,  11. Pooled means of 1 i t t e r  Pb, Tn, Cu, and Cd concentrations (ug/g 
dry w t )  as a function o f  d istance from the AMAX smelter fo r  
September, 1974. 
f rom computat ion o f  these means (2  - I- 1 SE, n=?2) .  

Values fo r  the N E  t ransect  were excluded 
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Use of the  23-variable model accounted f o r  37.1% o f  the var ia t ion 

observed w i t h i n  the  d a t a .  ?he resu l t ing  regression and correlat ion 

s t a t i s t i c s  a r e  given in Tables 5 and 6. 

Application o f  the backward elimination procedure a t  P = 0.25, the 

s ignif icance level f o r  en t ry ,  reduced t h e  e f f ec t ive  variables t o  1Q; 

which accounted for 35.8% of the to t a l  data va r i ab i l i t y  explained by the 

model (Draper and Smith, 1966).  The resu l t ing  regression s t a t i s t i c s  

a re  given i n  Table 7 .  

S igni f icant  ( P < . O I )  .f posi t ive cor re la t ion  coef f ic ien ts  were 

obtained for the  f i r s t -o rde r  var iables  of season, l i t t e r  Z n ,  Cu and Cd 

concentrations,  and the mult ipl icat ive in te rac t ions  of l i t t e r  Pb x Cd, 

Zn x C u ,  and Pb x Cu concentrations (Table 6 ) .  

heavy metals i n  the 02 l i t t e r  occurred simultaneously with large values 

o f  l i t t e r  mass. The observed e f f ec t s  of accumulated 02 l i t t e r  were not 

T h u s ,  h i g h  levels  o f  

due t o  any s ingle  f ac to r ,  b u t  appeared t o  be in te rac t ions  aniong a complex 

o f  variables .  

Because numerous heavy metal sources existed in the New Lead 5 e l t  

area ( fug i t ive  source dusts, other  mines and smelters) (Wixson -- e t  a l . ,  

1972; Wixson, 1974) ,  the va l id i ty  of u s i n g  selected off-watershed s i t e s  

as controls  was tes ted .  Comparisons of l i t t e r  and Al so i l  horizon heavy 

metal values were made between Crooked Creek Watershed and Walker Branch 

Watershed, a r e l a t ive ly  undisturbed deciduous fo re s t  study area on the 

Oak Ridge National Laboratory Reservation, Oak Ridge, Tennessee. Ana- 

l y t i c a l  procedures s imilar  t o  those used i n  the present study have been 

used t o  derive Pb, Z n ,  and Cd content of chestnut oak (Quercus ._l.--l prinils- 

L.) ' l i t t e r  and the A1 so i l  horizon (Jackson, 1976; Van Hook .. e t  ... .- . a l . ,  

1976) (see Table 8) .  When these determinations were compared t o  those 
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Table 5 ,  Mu1tiple l i nea r  regression s t a t i s t i c s  f o r  Crooked Creek 
Waters’iied 02 l i t t e r  mass (transformed by Eqn, 3) ( n  = 174, 
‘23,150 = 3.838, R2 = .370) ( g / m 2 ) .  

t- SE Independent Variable 6 ,  - 

I n tercep t 
Season 
D i  rect lon 
Distance 
L i t t e r  Pb Concentration 
L i  t t c r  Zn  Concentration 
L i t t e r  Cu Concentration 
Litter Cd Concentration 
Season x Direction Crossproduct 
Season x Distance Crossproduct 
Direction x Distance Crossproduct 
Season x Season Crossproduct 
Direction x Direction Crossproduct 
Distance x Distance Crossproduct 
Litter Pb x Zn Concentration 

L i t t e r  Pb x Cu Concentration 

L i t t e r  Pb x Cd Concentration 

L i t t e r  Zn x Cu Concentration 

L i t t e r  Zn x Cd Concentration 

Litter. Cu x Cd Concentration 

L i t t e r  Pb x Pb concentration 

L i t t e r  C u  x Cu Concentration 

Crossproduct 

Cross produ c t  

Crossproduct 

Crossproduct 

Crossproduct 

C TO s s p I-od 11 c t 

C ro  s s p r  od u c t 

C ro  s s p ro  d u c  t 

8.021 i- 0.379 
-0.407 + __  0.164 

0.723 - -t 0.917 
-0,335 I + 1.219 
-2 78x1 O-‘ - + 9 . 5 ~ 1  0-6 

4 . 7 0 ~ 1  0-4 _- + 4 . 4 6 ~ 1  
- 3 . 5 1 ~ 1 0 ~ ~  5 3.42~lO-~ 
-0.002 .- f 0.006 
0.129 2 0.187 

-0.0813 f Q.210 
7.383 - f 6.70s 
(7.099 - + 0.0319 

._ 

-3.255 + .- 3.340 
-4.079 - I- 3.621 
-1 .845xl 0-9 - + 1 .12Ox1 Om8 

1 .800xlo-7 - + 1 .400x10-7 
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Table 5 (continued) 

Independent Variable Sn 4 SE ------ ---I_--- 

Litter Cd x Cd Concentration 

Litter Zn x Zn Concentration 

- 3 . 7 9 4 ~ 1  Om5 I + 5.901 XI G M 5  

9 . 0 0 0 ~ 1 0 ~ ~  -- + 2.9OOx10-~ 
Crossproduct 

Crossproduct 
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Table 6. Correlation matrix resulting from multiple 1 inear regression 
ana lys i s  o f  Crooked Creek \datershed 02 litter mass $g/m2, 
transformed by Eqn.  3) (n = 174, F23,150 = 3.838, R 
Values in parentheses are siqnificance levels. 

= .370). 

-.-- .I.I.. _ - . ~  ..............--I _I_.-.- 
...__ I_ -. .. .-" .. . I_ .......,..-. ~...~. .......... ~ - 

Y 1 .196 .376 .318 -222 .325 .289 
(.01) (.0001) (.0001) ( -0033)  (.0001) (.0001) 

1 -002 .005 .002 -.011 -004 
x1 ( .979) (.949) ( .978)  (-882) (.955) 

1 - 9 5 5  .556 .852 .847 
(.0001) (.0001) (.0001) ( -0001)  x2 

x3 

x4 

'6 

1 .585 .768 - 7 2 7  
(.0001) (.0001) (.0001) 

1 .692 .394 
(.0001) (.0001) 

1 .893 
(.0001) 

1 

.352 
( .0601) 

.033 
( .669) 

.646 
(.0001) 

.640 
(.0001) 

.902 
( -0001 ) 

.777 
( .OOOl ) 

* 494 
(.0001) 

x7 1 
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Table 7. Multiple l inear regression s t a t i s t i c s  for  Crooked Creek 
lnlatershed 02 l i t t e r  mass (g/m2, transformed by Eqn. 3) 
and independent variables selected by the backward 

6.344, Rh = 0.358). 
- eliminat’on procedure a t  P = 0.25 ( n  = 174, F14,159 - 

Independent Variable Bn 5 SE -- -- 

Intercept 
Season 
L i t t e r  Zn Concentration 
L i t t e r  Cu Concentration 
L i t t e r  Cd Concentration 
Season x Season Crossproduct 
L i t t e r  Pb  x Cd Concentration 

L i t t e r  Zn x Cu Concentration 
C r o  s s product 

Crossproduct 

8.025 4- 0.379 
-0.442 + 0.157 
5 . 4 ~ 1 0 ~ ~  +- 2.4xI0-~ 

-6 a 2x1 0-3 + 3 . 5 ~ 1  0-3 

._I 

-- 

- 
-3.0~10-~ + 2 . ~ ~ 1 0 - ~  

1 . W O - ~  t o . ~ ~ I o - ~  

- 
I 

0.101 f 0.031 
I 

__I 

L i t t e r  Pb x Cu Concentration 

L i t t e r  Cu x C u  Concentration 

L i t t e r  Pb  x Pb Concentration 

-3 I 46x1 0-’ - + 2 . 6 3 5 ~ 1  0-’ 
Crossproduct 

Crossproduct 

Crossproduct 

1 . z . x ~ O - ~  - + O . ~ X ~ O - ~  

- 1 . 2 1 9 ~ 1 0 - ~ ~  t 5.022~10-’~  
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o f  t h e  CCW controls, there was no s i g n  

for Cd and Zn in ei ther  litter horizon 

l a t e s  responsible for the Z n  and Cd va 

ficant difference between values 

(Table 8). Apparently, particu- 

ues found on Crooked Creek Water- 

s k d  d i d  not occur in significant quantities at 21.0 kin west o f  the 

sme7:er area. In contrast, lead values at Missouri control sites were 8 

:o 1 7  tiines greater  than the Tennessee values. Uhen soil comparisons 

were made, the Zrl content o f  Walker Branch Watershed soil was greater 

than i+a: o f  Crooked Creek Watershed so i l  by a factor o f  4. Soil Cd and 

p5 conkell: did not d i F f e r  significantly between t h e  two study areas. 

v;ssouri control-site Pb concentrations may he due t o  either the 

?-pesence o f  particulates different f rom those responsible for Crooked 

Creek Edatershed Pb or the occurrence o f  a subterranean Pb  mineralization 

S e w a t h  the tree roots. Metals are known to accumulate i n  ground wateb” 

around ore-bearing deposits and can be detected by chemical analysis o f  

above-ground vegetation. Good correlat ions between plant and soil  Pb 

content over lead iiiineral isations have been obtained (Camon, 7960). 

Litter Heavy -.-.- Metal Pool 
. . I ~ .  

The available heavy-metal pssl i n  Crooked Creek Watershed litter 

was calculated by multiplying ineasured values o f  Pb, Zn, Cu,  and Cd 

litter contetit with the corresponding Titter mass/rn at each s i t e .  

Means o f  September litter heavy metal pools analyzed by Duncan‘s New 

Multiple Range Test are g iven in Tables 3-?8. Seasonal variation -in 

amplitude occurred, but “irends due to distance and direction were 

consistent w i t h  those  in Tables 9-10. 

2 

Available metal pools  in 01 litter exhibited t h e  same distribution 

displayed by 01 litter mass f o r  each sampling period,  i.e., no 



Tab le  8. Comparison of Pb, Zn and Cd concentrations (pprn) i n  
Walker Eranch Watershed ( U W )  and Crooked Creek Water- 
shed (CCW) leaf l i t t e r  and sa i l s .  

S i t e  Nor i zon - Zn Cd 

WSWl rll litter 27.0 42.0 .42 
02 l i t t e r  51 .Q 110.0 .81 
A1 so i l  13.7 21.7 .10 

ccw2 01 l i t t e r  455.0 68.8 1.65 
(21.0 km site) 02 ' l i t t e r  398.0 111.4 2.57 

A1 soil  13.8 5.0 .23 

'Data taken from Van Hook e t  a l . ,  1976 (Fullerton so i l  on - - 72, nsoi l  --z a.  '''> In, i t t e r  

2Data taken from present disser ta t ion  (September) and 
= 1 ) .  Jackson, 1976 ( nl tter - 76, n50il - 



T a b l e  9. September means 3f 01 heavy Fetal pclols analyzec! by Duncan’s New Multiple Range T e s t .  
by the same :eitter a re  n o t  s igni f icant ly  diTferent a t  the 5% :eve1 (Duncan, 1959; Stee: a n d  
Torrie,  1360 j .  

Means followed 

P b  Pool (&) Zn pool (g/m2) c u  Pool (g/m2) Cd Pool I q /  m2) 
Si t e  Mean Duncan S i t e  Mean Duncan S i t e  Mean Duncan S i t e  Mean- Duncan 
(kmj ( k - )  ( k m )  ( km)  

______I__- 

N W  0.4 

N 0.4 
NE 0.4 
NW 7 .2  

lM: 0.8 
3 0.8 

NW 0.8 
NE 1 .2  
N E  0 . 8  

id 1 . 2  
M 1 . 2  
W 7.6  
N 2 . 3  
w 2.0  
w 93.4 
w 21.0 
‘v? ‘!6.3 

N 3 . 4  
15.21 
12.27 
10.80 

9.23  
3.70 
3.68 
3.56 
3.54 
3.52 
3 .38  
2.23 
2.01 
1 *91  
i .82 
7.05 

.03 

.02 

.02 

A 
A 
A 
A 
A 
A 
A 

A 
A 
A 

A 
A 
A 
A 
A 
A 
A 
A 

NE 0.4 
0 . 4  

11 0.4 
0.4 

kE 7.2 

0.8 
N E  0.8 
blW 1 .2  

N 0 . 8  
N’ul 3 .8  
w 1 . 5  
w 1 . 2  
N 2 . 0  
N 1 . 2  

NW 2.3 
k! 2 1 . 0  
W 16.3 
W 1 0 . 4  

. 4.8 

.42 

.37  

.30  

. 2 2  

. I 9  

. 7 9 

. I 6  

.15  

.14 

. 1 2  

. : l  

. .I 0 

.70 

.04 

.O1 

.09 

.§I 

A 
A 
A 
A 
.4 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A 
A 

NE 0.8 
NE 7 . 2  

N 0 . 4  
NW 0 . 4  
P<:E 0.4 

ia G.4 
N W  1.2 
NW 0.8 

N (3.8 

W 9.8 

N 1 . 2  
K 2 . 0  
Inl 1 . 6  
w 1.2 

Mh! 2.0 
w 1 0 , 4 

27 , c  
W 16.3 

. 3 J  

. 36  

. 2 5  

.22 

. 21 

. 13  

. c3 

. O J  

. 05  

.05 

.54 

.04 

.04 

.fi3 

.02 

. c10 

.oo 

. O O  

G 
A 
A 
A 
A 
A 
4 
A 
A 
4 
A 

A 
A 
A 
A 
A 
k 
A 

N W  G.4 

N C . 4  
w 0 . 4  

NE 0.4 
i.! 0.8 

Nk! 1 . 2  
Y 0 . 8  

NW G.8 
W 1 . 6  
w 1 . 2  

% E  0.8 
NE 1 . 2  

N 2 . 0  
r4 1 . 2  

hlw 2.0 
W 70.4 
!r! 15.3 

d 2 7 . 0  

.03 A 

.02  A 

.02  A 

.02 A 

.51 4 

.O1 A 

. G I  A 

.01 k 

.Ol A 

. o i  A 

.01 A 

.07 A 

.oo A 

. 0 0  A 

.00 A 

.30 A 

. oc A 

.00 A 



Table 10. September irieans o f  02 heavy metal poois  analyzed by Duncan's ? k w  MultiDle Range rec t .  Means f o l ' i o w e d  
by the Same l e t t e r  a r e  net s i g n i f i c a n t l y  d i f f e r e n t  a t  the 5$: l eve l  (Duncan, 1951; S tee l  ar ld Tor.r ie, 1962) .  

- ~ - 

NE 0.4 237.7 A N E  1 . 2  11.08 
w 0.4 228.4 A NE 0 .4  9.84 

& w  0.4 507.9 A N 0.4  6.15 
ki 0.4 155.7 a N W  0.4 5.27 

N E  1 . 2  121.4 B NE 0.8 4.47 
N 0.6 66.1 C W 0.4 4.34 

NE 0 .8  65.4 N 3.8 2.33 
NI4 c.0 59.1 131) N 1 . 2  1.88 
N 1.2 36.5 CDE NN 0.8 1.70 

NW 1.2  29.4 CDE NW 1 . 2  1 .26 
ih' o . e  2 4 . 1  C3E Pi 2.0 7.09 

N 2.0 20.9 DE W 0 .8  .95 
NW'L.0 16.5 DE ?.lW 2.0 ._I a0 

1.2 13.0 E w 7.2 .46 
W 7.6 7.9 L W 1.6 .39 
W 10.4 .3  E I4 16.3 .18 
k 76.3 .2 E c.l 21.0 .13 
w 21.0 .2  E w 10.4 .09 

r 

r 

A 
B 

c 
CD 

D 
0 

E 
EF 
E FG 
E FGH 
EFGH 

FGii 

FGH 
GIi 
H 
H 
H 
ii 

NE 1.2 13.55 

NE 0.8 6.88 
N E  0.4 5.37 

# 0.4 3.69 
N W  0.4 3.06 

w 0.4 2.26 

h' 0.8 1.19 
NL4 0. e .8? 

N 1.2 .72  
NW 1 . 2  .a7 

N 2.0 .4; 
w 0 . 3  .38 

il'w 2. 0 .27 

W 7.2  . l i  

W 1 .6  .14 
W 10.4 .02 
W lE.3 .02 
is 21 .@ . a i  

A 
B 
C 

D 
D 
E 

F 
FG 
FGH 

GH 
GH 
GH 

GtI 
G li 
Gh' 

I! 
H 
H 

NE 0.4 

N 0.4 
N U  0.4 

w 0 .4  
NE 1.2 
N 0.8 

NE 0.6 
N 1.2 

NW 0.8 
NW 1 . 2  
N 2.0 
w 0.8 

N W  2.0 
w 1.2 
ti 1.6 
w 21.0 
w 15.3 
M 10.4 

"3 

. 3 5  

.29 
" 28 

I25 
.17 
. I 5  
.12 
. 1 0  
.09 
. G5 

.oE; 

.04 

.c3 

.02 

.@!I 
$0 

. 00 

.I A 
B 
BC 

C 
C 

D 
D 
SE 
D E  F 
DEFG 

EFG 
EFG 
E FG 
FG 
FG 
G 
m 
J 

G 

-P w 
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s igni f icant  change occurred throughout the sampling area (Table  3). 

Desp i te  this  lack of  signif icance,  i t  caii be seen tha t  pool-size was 

posi t ively re la ted  t o  source proximity. 

The d is t r ibu t ion  o f  02 l i t t e r  pool values paral le led those o f  t h e  

02 1 i t t e r  heavy-metal concentrations (Appendix C )  w i t h  source-distance 

the dominant fac tor  in establ ishing ranks o f  means ('Table 10) .  

order of metal -pool s i zes  a l sa  follows the ranking prevfously e e t a b l  ished 

f o r  the concentration data,  i . e . ,  Pb>Zn>Cu>Cd. Over 95% of  the to t a l  

nietal pool a t  the 0.4 km sites was due t o  Pb occurwnce, and declined 

only s l i g h t l y  t o  93.2% a t  the boundary s i t e s .  

reduced metal deposition and 02 l i t t e r  mass a t  the control s i t e  produced 

a Pb pool eqiialling 60.5% o f  the  t o t a l .  Ho~ever, no s igni f icant  d i f f e r -  

ences i n  pool s ine  existed between the control and watershed boundary 

si tes.  

The rank 

The combination o f  

--. Chemi ca? Characteri rat-ion __C__...-._l_ o f  Litter 

Litter Macronutrients . .. -- 

A I  1 iiiacronutrient cation concentrations were s iqn i f icant ly  depressed 

r e l a t i v e  to  the control in bo th  01 and 02 l i t t e r  o u l  t o  0.8 krn from the 

stack source ( F i g .  1 2 ) .  Two mechanisms a re  postulated t o  explain these 

results: :  1 )  increased leaching o f  cations through the l i t t e r  caused by 

a decrease i n  microbial a c t i v i t y  and d i s r u p t i o n  o f  cation exchange 

processes, and 2 )  decreased uptake o f  macronutrients due t o  roo t  damage 

t h a t  resul ted i n  a reduced annual i n p u t  by l i t t e r f a l l .  Both hypotheses 

were subslantiated by l i t t e r  data collected f rom Crooked CrePk LJatersRed. 

Cation exchange processes i n  02 l i t t e r  were affected by a decrease 

Humus, the i n  exchange capacity and an increase i n  a c id i ty  (Tab'Ee 11 ) . 
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_I ......... I . 1  ......... 1 Ln 
0.4 0.8 t.2 1.6 2.0 h-1 2( 

(CONTHOL.1 
DISTANCE FROM SMELTER (bm) 

OWL-OWG 75-10953 

!CON TROL.1 
DISTANCE FROM SMELTER (kml 

F i g .  12. Mean macronutrient concentrations of Ca, Fsg, K, aliid P (+ 1 SE, 
n=12)  in Crooked Creek Watershed litter as a function o'i' 
distance from the AMAX smelter, Data from Jackson and Watson, 
1976. 
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Crooked 

t ion of 

reservo 

Creek Watershed l i t t e r  (Table 11) may have resulted from 

the  microbial populations responsible f o r  maintenance o f  

rs. Such a reduction in microbial populations was a lso 

by a s ign i f i can t  decline in l i t t e r  respirat ion detected near the 

residue of decomposition processes, ac t s  a s  a cation exchanger and aids  

in t h e  conservation of nutr ient  cations (bu tz  and Chandler, 1946). 

Humus may have a cation exchange capacity as high as 110 meqz’100 g and a 

bu f fe red  pH o f  4-5. 

and carboxylic acid cjro~~ps,  i t  can react strongly with heavy rnetals 

(Schnitaer and Khan, 1972) .  

,4s i t  i s  comprised of a r ich mixture o f  phenolic 

The decrease i n  exchange capacity found i n  

depl e- 

h i m i  c 

n d i  cated 

srnel t e r  

(Ausnius and Watson, 1975). Increased l i t t e r  ac id i ty  ( the  addition o f  

mobile anions) i s  a l s o  known t o  encourage cation leaching (McCoil , 
1972) .  

11)  may have resul ted from SO2 stack emissions and/or  dissolut ion o f  

metal su l f ide  par t icu la tes .  

The ac id ic  l i t t e r  found w l ’ t h i n  0.8 km o f  t he  AMAX stack (Table 

Measurements o f  macronutrient leve ls  i n  f resh sumtwer leaves of 

black and white oak indicated t h a t  canopy species on Crooked Creek 

Watershed may be experiencing nutr ient  depletion due t o  reduced uptake 

(Table 1 2 ) .  Foliage concentrations o f  Cay K and P were s igni f icant ly  

reduced a t  the most heavily contaminated s i t e  (0.4 k m ) .  

a re  consis tent  with 01 l i t t e r  content o f  macronutrients, w i t h  the excep- 

t ion of Mg (F ig .  1 2 ) “  The reason f o r  greater  uptake o f  Mg was not. 

es tab1 i shed. 

These r e s u l t s  

Analysis o f  macronutrient pools i n  02 l i t t e r  fo r  Ca indicated a 
- depression near t h e  smelter (0.4 and 0.8 km) (Fig. 13) .  Ibis decline 

was produced by the extremely Isw Ca concentration (Fig. 1 2 )  in the 

1 i t t e r  a t  these s i t e s .  No s ign i f i can t  difference i n  macronutrient pools 
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__ lahltz! 12. Mean macronutrient concentrat ion in oak l cavcs  oil Crooked 
Creek Watwshed i n  re la t ion  t o  d i s t a n c e  from the smelter 
(n=6)1.  

0 .4  7,615" 1,609 5 , 950" 748" 

0.8  9,519" 1,448 7 , 80.5 931 

1.2 11,569 1,663 9,362 1,173 

2.0 10,350 1,767 6 , 572 977 

21 - 0  (control ) 13,016 1,504 8,090 1,043 

*Indicates s ign i f icant ly  d i f fe ren t  from the cont ro l  a t  the 5% leve l .  

'Data from Jackson and Matson, 1976. 
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F i g .  '13. Mean m a c r o n u t r i e n t  pool sizes o f  Ca, Mg, K, and P (+ 1 SE, n=12) 
i n  Crooked Creek Caatershed litter as a funct ion o f  8 s t a n c e  
from the AMAX smelter. Data from Jackson and Watson, 1976. 



Tab'le 13. Macronutrient pools  of 02 ljtter on Crooked Creek 
Matershed (NW t ransec t ) l .  

-.--.-__.Icl___ - - -_I_ 

6.5" 9 - 9 8  0.83 0.92 

10.9" 1.35 1.37* 0,15" 

22.9 1.64* 1.38* 0.25" 

2 3 . 5  1 .go* 1 .go* 1.08 

18.5 1.09 0.96 0.80 

*Signif icant ly  d i f f e ren t  frotn control a t  P<,05. 

'Data from Jackson and Watson, 1976. 

'Seasonally pooled values (1974, n=12) .  



leaves a n d  t w i g s  

n u t r  Sent c o n t m t  

___.  Art h 1-opcd s 

-. with a small amount of humus m i x d  in .  I tslis, the 

o f  02 l i t t e r -  i n  t i t i 5  area was 5imilar t o  l h a t  o f  01. 

Qopuia-tion Density and Biomass - _ _ _ _  

Regression a n a l p i s  of a r thropod d e n s i t y  and biomass d a h  col leckerf 

f r om the 01 l i t t e r .  horiion disclosed thc occurrence o f  considerable 

var ia t ion t h a t  could n o t  be explaiileiJ by any iwasured variablp.  

coeff ic ient  o f  variat ion (c.v.l-100 x s J X ;  Snedecor and Cnchran, 1357) 

exceeded 330%. I t  s e m s  reasonable t o  a s s m e  that  physical f ac to r s ,  

such as tenrpprature o r  r e l a t i v e  humidity, ~ u l d  be priiiiar-y control 'E i n y  

agents  i n  t h e  arthropod occupancy o f  the 01 litter horizon, for  i t  i s  

known t h a t  tea~ipe~a t u w  and moi s t i a w  reg?'mes a r e  respansi  b l  e f o r  ver t ica l  

migration Mcithin the s o i l - l i t t e r  iiledium (Dawri'j, 7944, 1947, and 1951). 

Regardl er,s of t h e  reason, no measure o f  in te rac t ions  bcltween ~rthropsd 

a c t i v i t y  and 1 i t t e r  r-ilass or  heavy metal content could be discerned i n  

the 01 horizon d a t a  from t h i s  study. Therefore, only d a t a  from t h e  02 

horizon were analyzed ( c . v .  = 67.2%). 

The 

The e f f e c t s  o f  season o r  wi.ad dit-ecticin were n o t  scrfficirnt  t o  

e x p l a i n  var ia t ion in  p i ?  h ~ r  t o t a l  a r t h r ~ p ~ c i  pcpu la t i sn  bjoii iass and 

density or p o p u l a t i o n  biomass a n d  dens i f ies  of individual t r o p h i c  

l eve l s ,  Distance from the s m e l t ~ r ,  hi-iwves, was a hicjhly s ign i f i can t  

(P<.OOt i )  source a f  variat ion f o r  p r e d a t o r ,  d e t  I * i t i v o t - P ,  fungivoro, 

and t o t a l  arthropod hiamass and dens i tJ  i n  the 02 l i t t e r  horizon (see 

Tahies 1 4 ,  15 and 15) .  

Rep1 i c a f e  9Ffe:ts W P ~ P  ins igni f icani  ( P = . O 5 >  SOIJKCS of  var ia t ion 

i n  the analysis  o f  variancr o f  bath t o t a l  and t w p k i (  lev21 rlerrsity 
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Tatale 14. Seasonal mean arthropod biomass (mg dry wt/ rn2)  in the  l - i t tw  
horizon o-f Crooked Creek Watershed. One s t a n d a r d  e~-t.-sr i n  
parentheses (n=4) .  - _.. _I........_. ..-.-- -I___------.------IIL- _c___l.i___l__ 

--_.--.- -. II_-_-____ __________ ___ ~ 

..-_L-.-_-.c_I S P R I NG SUMMER - FALL WINTER .. 

S i t e  Mean Biomass --I---.- Mean Biomass Mean Biomass ----.- .-.- ~ Mean Biomass __I_ 

W 0,4 km 5.7" ( 4.0) 93.5 (54.4) 11.6" ( 3.3) 21.3 (14 -8 )  
W 0.8 krri 34.5* (17 .4)  25.4 ( 4.4) 20.7" ( 9. 7 )  30a4  ( l i i .2 )  
W 1,2 kni 82.9 (33 , l )  122.8 (70.1) 54.5 ( 17.6) 
1J 1.6 km 167.1 (70 .9)  109.5 (48.8) 190-7 (130.4) 

NW 0.4 km 2,6* ( 0 .9)  4.0" ( 2 . 3 )  9.9" f 4.2) 
N W  0.8 krn 55,6 (30.3) 20.0* ( 1.9) 121.6 ( 65.1)  
RilW 1 . 2  km 66.0 (14 .2)  28,9 ( 6 ,1)  88.5 ( 50.4) 
N W  2.0 krri 533.0 (10.2) 195.7 (20.9)  96.9 ( 57.3) 
NE 0.4 km 11,3* ( 5.7)  21.3 ( 7 . 7 )  4.7" ( 1.0) 
NE 0.8 km 23.9* ( 6-01 15.5* ( 5.0 j  7 3 . 7  ( 55,4)  
N E  1 . 2  kiri 118.2 (60.1)  56.5 (17.6)  45.1 ( 22.2) 

W 2'1.0 km 187.8 (70.2)  61.5 (22 .1 )  137.3 ( 46.3) 
(Control ) 

1na.o (63.3) 
?9*4* ( 6 - 7 )  

3 . P  ( 1 .5 )  
26*7 (13.8) 
33,8 ( 9.2) 

80.6 (55.8) 
25"O" ( 6 . 5 )  

29"8  (30.6) 

140-3 (54.3)  

63,9 ( 1 7 . 6 )  

" S i g g i f i c a n t l y  reduced from the control (pi. io), 



Table 15.  Seasonal mean ar thropod d e n s i t y  (nolm?) i n  t he  ' l i t t e r  07 
horizon O F  Crooked Creek Water5hetd. 0i-te s tandard  e r ror '  
i n  paren theses  ( n = 4 ) .  

............_..I p...R.Î NG -... ............................... ~ _ _ _ _  ~ kJI FJTEK ..-. . . . . -. . FA 1. I.. ........_.._._____.~.. ~ 

SUMMER - .. . . . ... . -_ -. _-I.- ~. 

S i t e  Mean Derisi t v  Mean Densi-tv Mean Dewsitv Mean Densitv 

W 0.4 km 55.0" ( 26.6)  165.0* (129 .4 )  110.0 ( 46.0)  50.0 ( 21.2) 
\J 0.8 km 280.0* ( 100.4)  212.5 ( 70.9) 123.0 ( 44.0)  295.0 (138.8) 
W 1 .2  km 106.0 ( 558.1) 447.5 (230.8)  198.0 (104.0) 375.0 (225.9)  
W 1.5  km 1917.5 (1175.1) 257.5 (121.5)  885.0 (326.0) 420.0 (176.1)  

NW 0.4 km 12.5" ( 7 . 5 )  27 .5  ( 24 .3 )  75.0 ( 36.0)  12.5" ( 7 . 5 )  
N W  0.8 km 135.0 ( 83.0) 130.0 ( 58.7)  160.0 ( 77 .0 )  97.5 ( 47.1)  
N U  1 . 2  km 452.5 ( 796.0) 537.5 (207.0)  26.3.0 (145.0) 270.0 (128.6) 
N W  2.0 km 1137.5 ( 599.5) 1342.5 (727.9)  308.0 (205.0)  500.0 ( 2 5 0 - 3 )  
NE 0.4 km 75.0* ( 50 .7 )  127.5 ( 81.8)  43.0 ( 24.0)  512.5 (479.0) 

NE 0.8 km 127.5" ( 87.7)  110.0 ( 52 .3 )  90.0 ( 31.0) 157.5 ( 67.9)  
NE 1 .2  kin 132.5" ( 88.5) 252-5 ( 88.3) 70.0" [ 32.0) 177.5 (138.8)  
W 21.0 kin 1217.5 ( 462.8)  507.5 (317.9)  358.0 (197.0)  373.0 ( 1 7 5 - 0 )  

(Control ) 

* S i  g n i  f i  c a n t l y  reduced fi-om the control  ( P < .  10) .  
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._. 
1 ab1 (-3 16. Mean anniial Crooked Creek Watershed 02 7 i t t e r  ak-thropod 

p r e d a t o r ,  c i e t r i t i .  o r e  a n d  i'urigivnre b-ioriidss (mg dry w t / m Z j  

Values i n  parentheses a r e  1 staridard error ( n = ? 6 ) ,  
and derisity (no/rri 5 ) .  Seasons have been poo ed a s  rep1 icades. 

__I Il_-_l.Ix- .......... ...._._._._...-._ _I_ I--_ . ._ ....... __I_ -_-. 

2 
..._. B i oma s s mg,,!!d~ -.---1- Dens -i -i;Y (no/l-fl i 

Site Predator Detrit%kre Fungivore Predator Detri tivore Furigivore 
.. .. .I._. ........ ( km) .- 

0.4 

w 0 , 8 

w 1.2 

Ld 1.6 

r w  0.4 

FM 0.3 

NW 1.2 

NkJ 2.0 

NE 0.4 

NE 0.8 

NE 1.2 

w 21.0 

(Contr.0 

6.1* 
( 3 .6 )  

( 2 .5 )  

( 5.0)  

( 2.9) 

1 2 " l  

15-0  

11.2 

2.1" 

6.8" 
( 3.6)  

( 4.0) 
14.0 

37.6 
(41 .s)  

( 2.4) 

( 2.1) 

8.4) 

( 5 .4 )  

5 "  7" 

8 ,53  

17,4 

17.3 

1)  

22.1* 
(13.9) 

( 1.2) 

(13.6) 

(19.6) 

( 2.1) 

( 4.5) 

2.9) 

6.3" 

33.0 

42.4 

2.3" 

16.6* 

12.6" 

92.6 
(40.4) 

18.5" 
(15.4) 

20.4 
(14.9) 

( 1 7 . 7 )  
27.6 

61.1 
(20.4) 

1.2* 
1 0 - 3 )  

( 9.4) 

( 7.3) 

( 6.5)  

( 0.31 

( 0.4) 

( 3.2'1 

(12.0) 

0.8) 

( 0.3) 

( 1 .1 )  

(10.4)  

2 . P  

15.1 

13.3 

0.8" 

2.4" 

5.6 

16.1 

3.1" 

1.1" 

2.6" 

22.1 

31.9" 206 I9 
( 7 . 5 )  ( 5 8 . 2 )  

76.3 240,6 
(22.0) ( 93.0) 

7 2 . 5  550.6 
(20.6) (300.0) 

10.6* 6.3" 
( 1.9) ( 3 . 8 )  

30.0" 36.3" 
( 8 . 9 )  ( 9.7) 

71 - 9  143.8 
(38.9) ( 75 .7)  

110.6 1001 - 9  
('19.7) (429 -3 )  

21.9" 119.4 
( 2 . 8 )  ( 94.4) 

44*4*  79" 4" 
( 6 , 6 )  ( 27,6) 

45 "6"  71.3" 
(17 .3)  ( 1 6 . 1 )  

86.9 294 4 
(15 .1)  ( 69.4)  

24.4'" 
4.3) 

41 I3* 
( 16.3) 

( 7  64.3)  

(145.5) 

( 11.0) 

256.3 

298.1 

18.13" 

60 - 0" 
( 13.7)  

129.4 
( 77 .4 )  

(261 .o)  
381 " 3  

57.5* 
( 15.1)  

20 * 0" 
( 7 .1 )  

( 6.2) 
26 * Y *  

511.9 
(243" 4) 

"S ign i f i can t ly  reduced f r o m  t h e  control  value (Pc.lc3). 



and bioil iass. Ihus. i t ,  was assumed t h a t  t h e  fi-repliratt? desigti rJtailizcd 

f o r  arthropod f j e l  b-sampl i rrg on Crooked C w e k  Watershed in 1994 was 

su f f i c i en t  t o  arleqiiatrly estfinaie 1 i t t e r  arthropod populations. 

Analysis o f  variancc indicatpti t ha t  ne' l h w  season, distaficp, no r  

wind  d i rec t ion  had s ign i f icant  tt l trects on omnivore o r  1 i t l w g r a z e r  

density a n d  biomass. ThSs  r e s u l t  may be diw t o  the v a r i a b i l i t y  i n  

occurrei!w o f  these trophic group5 on Crooked Creek Watershed - -  oinni- 

vores were Foiriilid i n  75% o f  t h e  sampies and litteryra7rrs occurred in 

oirly 53%- Members o f  the other three t r o p h i c  l e v ~ l s  wcre f o m d  j n  over 

90% o f  t t l P  samples. 

L e a s t  squares m u l l i p l ~  3incar reywssion pr-ocedurps W P P ~  used t o  

rva9 uate t h e  variat ion found  irr measuremr~ts of CCW t o t a l  arthropod 

biomass and deiisity (Tables 1 4  and I S ) .  

s i o n  model included e f f e c t s  due t o  se~.c;oi-i, directiori and dis tance f rom 

the AMAX smelter, 1 i t t e r  hzawy mek;nl cnncent ra t iun ;  and a l l  intes>act ions 

due  t o  mu1 t i p 1  i ca t ive  effezts.  The 1 i n r a t  model presented a s  Equation W4 

was a l so  used t o  evaluate t;he dependent var iables ,  t o t a l  ar thropod hio- 

mass and density.  Use o f  t h e  23-mriab le  ~ilodel accounted ror 51.3% o f  

t h e  variat ion w i t h i n  the  t o t a l  arthropad hiomas.;, b u t  orily 15.2% o f  

the  t o t d l  density var ia t ion .  

Ti le Pmpirically derive;! regres- 

The i n a b i l i t y  o f  t h e  mode? t u  adequately e x p l a i n  v a r i a b i l i t y  w i l h i n  

the arthropod d e x i  ty da ta  may be d w  t o  several fac tors .  First, i t  i s  

highly probable t h a t  the  re la t ionships  tehtveen arthropod dcnsity and 

the measured independent v a r i a b l e s  niay he expla iwd by 2 non-linear 

mode! _j Only mu1 t iple  l i nea r  models were evaluated in the present k t a  

ana? p i s .  S r r n n d l y ,  k J O t h  his tor ica l  and curregt lenpr'rat;:re-mois L u w  

regiirles (ire known t o  be imporlaiit i n  detefminitlg t h e  d i S L r ' i h I J t f O l 1  o f  
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~ ~ t ~ ~ o ~ ~ ~ ~ ~  a t  any one p o i n t  i n  time (Dowdy, 79 4 ,  1347. 1951 ; Andp.9- 

wartha 3967) .  

be responsible fur  a large portion o f  the unexplaincd variability i n  the 

CCW arthropod density measurements I 

These f ac to r s ,  f o r  which no records were nva- i lab ic ,  may 

Examination o f  regression s t a t i s t i c s  from analysis o f  ~ r t ~ ~ ~ ~ ~ ~  

biortiass data revea7ed t ha t  no t  a l l  23 va r i ab le s  were r~ecessay-y t o  

acca~rnt f a r  major por t ion  o f  t o t a l  var ia t ion (%ahles 17 and 1 8 ) "  

Subsequent analysis  by stepwise, and farward and backward e7 iminatlcnn 

regression procedures (Draper and Sm th, 1956) i n d i m l e d  t h a t  the 

l a t t e r  method provided the best e v a l u a t i o n  of v a r i a b i l i t y  w i t h i n  the 

da ta  a t  P = 0,25 the s ignif icance level f o r  entry.  

W i t h  the niimber o f  e f fec t ive  independent variables reduced t o  9 ,  

50.7% of the  to t a l  var ia t ion can be accounted for  (Table 79). 

cant ( P i . O I  negative cor re la t ion  coef f ic ien ts  were obtainea f a r  the 

f i r s t -o rde r  var iables  l i t t e r  7n and l i t t e r  Cd concentrations and the 

mult ipl icat ive in te rac t ions  o f  l i t t e r  Pb x Z n ,  Pb x C u ,  Zn x Car, Zn x 

Cd and Cu x Cd Concentrations (Table 18).  The second-order variables 

a f  1 i t t e r  Cu x C u  and Cd x Cd were a1 so negatively correlated (P~..cSl) 

w i t h  arthropod biomass (Table 181, Thus, h igh  l eve ls  o f  heavy metals 

i n  the 1 i t ter  subs t ra te  occurred s i m ~ ~ ~ ~ n ~ o i ~ ~ l y  w i t h  m a l  1 ~~~~~~~~o~ ba'ca- 

mass va?ues. 

r a n t l y  correlated w i t h  l i t t e r  heavy metal content (see a l s o  F i g s .  7-?O)3 

tlnr's heavy metal e f f ec t  on the arthropod biomass may he responsible for  

the r ign i f icnnt  dis tance e f f e c t  detected by previous ~~~~A ana 

S ign i f i -  

Since distance from the AMAX srnelter was a lso  s igna ' f i -  

Interact ions hetween arthropod biomass a n d  9 i t t e r  heavy meta l  

content can the Crooked Creek Watershed f o r e s t  f loo r  w ~ r e  n o t  simple 

~)ne-.i;e,-ane relationships. Resu l ts  o f  the present lregrctssion analysis  
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l a b 1  e 1 / . Mu1 ti p l  e 1 i near regrersion s t a t i s t i c s  f o r  Crooked Creek 
Watershed 02 1 i t t e r  arihr-opod biomass (mg/m7, transformed 
by Eqn.  3 )  I n  5 776, :2.3,157 = 6.931. R 2  = 0.512) .  

Intercept 
Season 0.240 .... + 0.357 
Direction 
Distance 
Li t ter  Ph Concentration 
Li t te r  Z n  Concentrati oti 
I-i t t e r  Cu Concentration 

4.086 - 4- 1.992 

L i t t e r  Cd Concentration -0.017 - + 0.013 

Season x Direction Crossproduct -0.137 - + 0.407 
Season x D i  s ta t i ce  Crossproduct O . I S 5  - -t 0.457 

Direction x Distance Crossproduct 
Season x Season Crossproduct 
Direction x Direction Crossproduct 

-18,296 - f 14.536 
-0.025 - + 0.069 
9.548 - + 7.212 

Distance x Distance Crossproduct 
L i t t e r  Pb x Ln Concentration 

5.912 . 4 ._ 7.925 
3.0~10~"~ - + 2 . 0 ~ 1 0 ~ ~  

Crossproduct 
L i t t e r  Pb x Cu Concentration 

L i t t e r  Pb x Cd Concentration 

Litter Zn x C u  Concentration 

L i t t e r  Zn x Cd Concentration 

C r o s s p r o d u c t  

Crossproduct 

C r o  s s p r  o du c t 

Crossproduc t 
Litter Cu x Cd Concentration 

Litter Pb x P b  Concentration 

Litter Cu x Cu Concentration 

C r o s s p r o d  LI c t 

Cro s s produc t 

C ro s s prod 11 c t  

-4.0x10-8 - f 2.0x10-8 

8 . 8 ~ 1 0 ~ ~  - f 8 . 3 ~ 1 0 ~ ~  

-1 .718x10-5 "__ -4- 1 .257x10-5 

L i t t e r  Cd x Cd Concentration 

1 i t t e r  I n  x Zn Concentration -?.9x10 -+ 5 . 4 ~ 1 0 - ~  

2 -002x1 O-' + 1 . 2 9 3 ~ 1 0 - ~  
Cross produc t 

Crossproduc t 
-7 
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Table 78. Correlation matrix resulting from multiple linear 
regrepsion analysis of t o t a l  ~~~~r~~~~ b7's)masS 

Creek Watershed (n = 776, F 
0.512) /. 

levels. 

(!ng/m z tltdnsfortned by Eqn, 3 )  found CII Cmojced 

Values i n  parenthe@S-%Ye significance 
rq = 6*.931, R2 = 

1 .954 ,551 .845 .a42 .637 
( . aoo? )  ( . O O O ! )  (*oOa-r) (.aa01) (.as01> x2 

x3 

5 X 

x7 
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Ta5le 19. Multiple l i nea r  t q r e s s i o n  s t a t i s t i c s  for  Crooked Creek 
~ a t e r s i m l  02 1 i t t e r  a i  thropod binmass (mj/m2, t i an j fo rmcd  
by Fqn. 3)  and i n d e p e n d w t  variables selectpd by ttit3 back 
ward elimination procedure a t  P 2 3.25 ( n  2 

10.178, R7 0.507). 
- 

r l Q , K 1  - 

Independent Var i  ah1 P f jt: Brl - 

I n  terccy I, 
07 Lit ter Ln Concen iral;ion 
02 Lit ter  Cd ConcenLration 
02 Litter Pb x 7 0  Conccntratiori 

02 L i t t e r  Pb x C u  Concentration 

O i l  L i L k r  Z n  x C u  Concentrat ion 

01 L i t t e r  Ln x Cd Conc~ntratizn 

02 l i t t e r  Cu x Cd Concentrat ion 

02 I i t t e r  C U  x Cu Concentration 

02 L i t t e r  Cd x Cd ConceritratZon 

C r o s s prod u c 1 

Cross p foduc t 

Crossprodhct 

Crossprocilic 1 

Crnssprsduct 

C r o 5 5 pi-och r, t 

Crosspr%oduc t 

-0.059 + 0.694 - 

0.001 - + 0.0006 
-9.020 4 0.010 

1 .ox117-F! - + 1 .oxic1-8 

3.0x10-8 T" 1 .ox10-8 

4 . 4 ~ 1  0-7 - + 1 . 5 ~ 1  0-7 

18.6x10-' * 6 . 0 ~ 1 0  - 5  
- 
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watershed values exceed a l l  previously published in for rnat jnn f o r  

comparable trophic levels  and fo r  the  s a w  ti*ophic levPl a t  t h e  w a t e r -  

shed control s i t e  (Table 2%). 

a s s o c i a t e d  w i t h  prdaceous a r th ropods  collected From heavily Pb- 

contaminated s i t e s  near t h e  sme?ter (cf F i q .  7 ) .  

Zinc i s  known t o  be necessary to  a number o f  biological!y 

klevated q u a n t i t i e s  o f  P b  w w - 9  found 

Zinc: -- 

important enzymc r e a c t i o n s  b o t h  by a c t i n g  a s  a nonspecific cofaccor 

i n  control l ing the r a t e  o f  reaction and as  a const i tuent  o f  many 

metalloenzymcs (Orten, 1966). / i nc  i s  a l so  necessary for RNA and 

DNA formation (Schroeder, 1374). T h u s ,  this element i s  a norma1 

component o f  biological: systernfi - 

o f  comparable dai.a i t  i s  not known i F the quant i t ies  found associated 

w i t h  the Crooked Creek !\la"Lrshed a r l h r  opod p 0 p ~ 1 a t i ~ 1 - 1  (Table  71 1 are  

different f r o m  what would hp expected i n  a nan-polluicd syste.m. 

- 

Howwer, due t o  tlw cornpl e te absence 

Copper: Copper i s  contained i n  the arthropod b?oo(i p r u i . P i n ,  

henincyanin, at-rd i s  a normal consti tuen 1 o f  a 1  T arthropod t i  ssuc (h!iclser, 

19C1; Wiggleswsrth, 1355). However, s ince trophic level C u  conzentra- 

i i o n s  found a t  the 21.0 km control site were s igni f icant ly  le55 than 

any o f  those foinnd on the watPrshcd, t he  elevated levels  o f  C u  assn- 

ciated with Crocked Creek Walevshed arthropods a re  real (Table 27) ~ 

She h ighes t  levels o f  Cu found i n  the spider ,  "other p r e b a t o r " ,  

and omnivore p n p r i l a t f o n s  occurred a t  those s i t p r  located p i t h e r  c loses t  

t o  t h e  sine? ter  o r  along t h ~  NF 'ct-aiisezt. 

on t h i s  t rdnscc t  appeara3 t o  producr: elevated CIJ l eve ls  i r 7  

pods corrrpavahle t o  L ~ I O S C .  produced by PxpDSur-p 1,o s"iiick e m i s  

Cadmium: ~~ Pr4vious documentation o f  a r  ropod Cd conce 

Exposure io Cu co 

include values f o r  gtaqshoppers c o l l ~ c t s d  a t  varying iiistarj>-L-c,  f iof i i  



Table 20, Lead concentrations ( i l g J y  dry w t )  found assoc ia ted  w i t h  
a r t h r W J d  t r o p h i c  1 e ~ f s  on Crooked Creek Watershed. 
Specimens from bath litter horizons and a l l  seasons and 
a17 rep l ica tes  were pooled foa- chemical analysis (n=32) e 

28370-8  

2430-6 
528 9 
118.2 

15000.0 
150.1 
283 2 

162.0 
2316.1 

533.3 

1964.6 
27.9 

7659.5 
326.1 
195.0 
536" 9 

3514.3 
267 - 3 
288 * 4 
112.5 

6089.7 
1389.3 
209 * 4 

18.2 

1000.0 
929 D 8 

1027.9 
217.6 

4523 8 
769 * 2 
333 > 3 
202 .. 6 

1302.7 
282.6 

16637.7 
33.9 

388.9 
407 s 4 
104.8 
156.2 
886.8 

2142.9 
579.4 

1046.0 
3100,o 

103.4 
450 * 0 

14.9 

485 * 7 
439.8 

1930.8 
590 I O  

12427.2 
588.2 
346 11 2 
200 15 
2 $ 2 , 5  

579 s 3 
5439 5 

136.6 

2857.1 
299.7 
159.7 
336" 5 

3423.4 
214.5 
347.9 
126 * 9 

2.363 ~ 4 
3295 4 5 
2787.3 

162.0 

*Other t h a n  s p i d e r s  
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Table 21. Z i n c  concentrations ( p g / g  dry !*it) found associated with 
ar thropod trophic levels on Crooked Creek Watershed. 
Specimens froiir bo th  litter horizons and all S ~ ~ S Q I - I S  and 
a1 1 rep1 icates were pooled for  chemical znalysSs ( n = 3 2 ) .  

w 0.4 848.3 647.8 1117.7 555 I 6 1579.4 450.1 
w 0.8 7%6,9 872.4 224.5 1333.3 135.4 388.0 
w 1.2 433.7 5 2 7 - 9  238.3 342.9 222.3 345-4 
W 1 . 6 365.9 536.9 102.4 375.0 1785.7 336.5 

NU 0.4 359.0 822.9 1428.6 301.9 310.7 405.4 

NW 0.8 281.4 709.6 384.6 457 a 1 294.1 296.9 
NW 1.2 727.7 485.7 897.4 355.1 285.7 244.2 
NW 2.0 459.0 465.7 253.3 482 - 8 1649.8 283.0 
NE 0.4 340.6 935.9 268.3 400.0 300.0 947.4 
NE 0.8 406.7 729.0 304.4 551.7 220.7 5913.9 
NE 1.2 542.1 1165.7 813.1 1250.0 456.6 632.2 

w 21.0 556 I 5  532-5 183.7 238.8 273.2 232.1 
(control ) 

*Other than spiders 
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Table 22. Copper concentrations ( p g / y  d r y  w t )  found associated w i t h  
arthropod t rophic  l e v e l s  on Crooked Creek Watershed. 
Specimens from both l i t t e r  horizons and a l l  seasons arid 
a11 rep l ica tes  were pooled fo r  chemical analysis  ( ~ 3 2 ) -  

TROPHIC LEVEL 

vore 

l___ --_-I --̂ -------__-I-.-*-.. -_C__I_II__..__l._l__. 

Site Predator" Spide r  Diitri ti - Fungivore 1. i t t e r -  Omnivore 
g ra  z e t- 

-*__A_- -_.- l._l__ &!I-. -- 

w 0.4 
w (1.8 

id 1 .2  
cd 1 - 6  

NM 13-4 

547.8 
138.9 

32.5 
28,l 
320.5 
37.5 
98.0 
59.4 

136.2 
83.3 

169.1 
48.5 

197.4 
176.6 
174.1 
129.8 
242.9 
181.5 
72.9 

151.9 
448.7 
626.0 
480.0 
72.9 

155.9 
204.1 

54.9 
13.3 
476.2 
79.2 

512.8 
50.7 
122.0 
163.0 

1189.2 
24.1 

200 .) 0 
555.6 

47.6 
75.0 
71.7 
220,o 
140.2 
172.4 
200 a 0 
437,9 
500 * 0 
549.3 

137.1 
86.4 
-42 * 5 
200.0 
291 - 3  
72 " 1  

302"  2 
101 - 5  

63,8 
275.9 
479 - 5 

409*3 

156.6 
47.3 
43.5 
28.5 
84.7 
32.8 
27.6 
31.8 

263.2 

79s. 5 
768.4 

20.4 

*Other than spiders  



a Zn smelter i n  Montana and the r e su l t s  o f  a lo9Cd tagging expeviment 

u t i 1  i z i n g  a grass-cr icket  (Pteroneinnbius -__~. . . . . . I__ sp.)--spider (lycosa ._-.__I__ sp. ) food 

chain (Munshower, 1972; Van Hook and Yatesg 1375).  Grasshoppers feed- 

ing on  contaminated vegetation containing 1 .8  and 1.0  pprn Cd ( 2 . 4  and 

24 km from the smelter source) incorporated whole-body Cd levels  o f  7.1 

and 1.8 ppm respectively (Munshower, 1972) .  

predaceous spiders in a trace-contaminated system ( - 0 6 9  pprn Cd in 

vegetation) incorporated much lower amounts o f  Cd (0.042 and 0.030 ppm, 

respectively (Van Hook and Yates, 1975).  

Omnivorous c r icke ts  and 

Cadmium values f o r  Crooked Creek Waterslied arthropods collected a t  

the contro? s i t e  were cornparable t o  those o f  Munshower's (1972) herbi- 

vorous grasshoppers, and ranged f r o m  1.4  ppm f o r  fungivows t o  10.2 ppm 

for  omnivores (Table 23). 

a t  t h e  CCW control s i t e  was 5.1 ppm (Appendix C ) .  

f ound  associated with Zn in geological formations (Schroeder, 1974) ,  and 

The average Cd content o f  bo th  l i t t e r  hor izons  

Cadmium i s  commonly 

it i s  expected t h a t  Cd values in b i o t a  collected near s Zn smelter would 

represent a highly contaminated condition. 

l eve ls  were studied a t  the two s i t e s  i t  was c lea r  t h a t  Crooked Creek 

Even t h o u g h  d i f fe ren t  trophic 

Watershed arthropod Cd values were e i the r  comparable t o ,  o r  exceeded, 

those found near other Cd sources (Table 23) .  

Con c e 11 t ra  t i on Fact o r s 
___-.-I. 

T h e  ecological consequences of heavy-metal t r a n s p o r t  i n  food 

c h a i n s  can be p a r t i a l l y  evaluated by a n  analysis o f  concentration 

fac tor  d a t a .  A concentration Factor ( C . F . )  i s  defined a s  the " r a t i o  

of element level in consumer t o  element level in food-chain base" 

(Reichle -- e t  a l . ,  1970)" Elements ingested by the consumer may be 
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Table  23. Cadmium concentrations (ug/g dry wt) found  assoc ia ted  wieh 
arthropod trophic levels on Crooked Creek Watershed. 
Specimens from b o t h  litter horizons and a13 seasons and 
a1 1 rep1 icates were pooled for chemical analysis ( ~ 3 2 ) .  

_I 

TROPHIC LEVEL 

S i t e  Predator* Spider Detri ti- Fungivore t i t t e r -  Omnivore 
( k m )  .- vore 

._l.__l 

.- grazer --- __I_.--- 

w 0.4 112.4 
w 0.8 28.9 
w 1.2 10.3 
W 1 - 6  12.4 

I\Iw 0.4 33.7 
NW 0.8 8.1 
NW 1.2 19.4 
NW 2.0 71.7 
NE 0.4 12.5 

E 0.8 1 1  - 7  
NE 1.2 77.2 
w 21.0 4.7 

(cont ro l  ) 

76.5 
95.1 
53.8 
41.9 
100.8 
41.3 
9.7 

36.1 
34.6 
53.4 
75.9  

4.1 

17.6 
4.2 
9.5 
3.6 
26.2 
9.3 

8.2 
4.8 
8.9 

7.6 
35.9 
2.3 

10.6 
10.4 

5.5 
4.1 
10.8 
37.1 
7.8 
20.7 
27 .0 
5.2 

31.5 
1.4 

125.7 
7.3 

15.4 
20.7 
223 I 3 
9.1 
17.6 
13.7 
6.9 
3.0 
20.1 

3.0 

207.4 
71.4 
19-3  
10,8 
5 3 , 2  

24.6 
6 ,7  

12.7 
68.4 
8.2 

72-6  
10.2 
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dSluted ( C . F .  < l .O>,  concentrated (C.F. > l .O), o r  undergo no change 

( C . F .  = 1.0)  r e l a t ive  t o  the leve ls  found i n  “Lie food base. Concen- 

t r a t ion  f ac to r s ,  weighted by the proportion of to ta l  biomass provided 

b y  each l i t t e r  horizon o r  trophic leve l ,  have been derived fo r  Pb, Zn: 

C u ,  and Cd i n  the CCW l i t ter-ar thropod food chain (Tables 24-27) .  

Concentration values g i v e n  i n  T a b l e s  20-23 were used i n  the calcula- 

t ions .  As an example of P b  concentration f ac to r  estimates f o r  the 

l i t t e r  f auna : l i t t e r  food base a t  the W . 4  km s i t e ,  the following 

ca 1 cul a t i  on was performed : 

where 

= proportion o f  t o t a l  l i t t e r  fauna biomass provided by 
P D  de t r i t i vo res  = 0.671 

p F  = proportion of t o t a l  l i t t e r  Fauna biomass provided by 
fungivores = 0.045 

p = proportion o f  t o t a l  l i t t e r  fauna biomass provided by 
oriinivores = 0.277 

= proportion o-f t o t a l  l i t t e r  fauna biomass provided by 
’L 1 i t t e rg raze r s  = 0.006 

pol = proportion of  t o t a l  l i t t e r  mass provided by 01 l i t t e r  = 
0.180 

po2 r- proportion of to ta l  l i t t e r  mass provided by 02 l i t t e r  = 
0.820 

[ P b D ]  = concentration o f  Pb ( ~ r g / g  dry w t )  found a s s o c i a t e d  w i t h  
arthropod detr i t iwores  = 1000.0 

[PbF] = concentration o f  Pb  (vy/g  dry wt) found associat,. w i t h  

[Pb ] = concentration of Pb ( !g /g  dry w t )  found associated w i t h  

arthropod fungivores = 388.9 

arthropod omnivores = 2857.1 
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Table 24, Weighted concentration fac tors  calculated f o r  Pb t ransport  
i n  the Crooked Creek Watershed l i t ter-ar thropod food chajn.  

Site  .___l_l____ Litter Fauna . Spiders Predators" A? l Predators _II 

( k d  Litter Litter Fauna L i t t e r  Fauna L i t t e r  Fauna 

W 0.4 0.02 
W 0.8 0.04 
w 1.2 0.12 
w 1.6 0.06 

N W  0.4 0.06 
NW 0.8 0.02 

1.12 19.13 10*67 
0.56 4.m 2.49 
0.19 0,52 0.42 
1.95 0.43 1 . I 7  
0.81 3.44 2.75 
0.49 G.28 0.31 

144 1.2 0.04 0.77 0.76 0.76 
ilk4 2.0 0.05 0.37 0.53 0.51 
NE 0.4 0.02 3.66 1.39 2.39 
NE 0.8 0.83 1.76 0.68 1.23 
NE 9.2 0.28 

W 21-0 0.10 
(control ) 

0.01 0.13 0.10 
0.42 0.65 0.60 

*!Ither than spiders 



99.1 

06'0 
85' 1 
L8' 1 
6L'O 
LL'L 

EO' 1 
Ilcj'O 

E5. L 
PL' 1 
PV' 1 
18'0 

69'2 
OL'O 

81'1 
90' t 
66.O 
91.1 

58'0 
EP'O 
S1.L 
L'9' 1 
PI' 1 
€6'0 

65.Z 

12- t 
10'1 

06'2 
08'0 
81'1 
SL'Z 
86'0 
t'8' t 
66' L 
s5- 1 
L6'0 

60'2 

OZ '0 
LL'O 

11'0 
08' 1 
18'0 
81'0 
Eb'O 
S6'0 
91 '0 
16'0 
ZS'O 

( 1wuo-J) 
0'12 PI 
2'1 3N 
8'0 3N 
P'O 3N 
0'2 MN 
2'1 MN 
8'0 E\N 
9'0 FN 
9'1 M 
2'1 M 
8'0 M 
0'0 M 
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Table 26. Weighted concentration f ac to r s  calculated fo r  CU t r a n s p o r t  
i n  the Crooked Creek Watershed l i t t e r -a r thropod f o ~ d  c h a i n .  

--- CONCENTRATION .- FACTORS -____I 

S i t e  L i t t e r  Fauna Spiders - Predators* ___.- AI 'I Predators 
(km) L i  t t a r  Litter Fauna Litter Fauna Litter Fauna 

W 0.4 0.17 0.59 1.84 1.25 
w 0.8 0.92 0.37 0.32 0.34 
w 1.2 0.34 1.07 0.47 0.65 
W 1.6 0.28 1.96 0.44 1.18 

N W  0.4 0.23 8 . 2 2  0.83 0.67 
NW 0.8 0.15 0.40 0.51 0.49 
NW 1.2 1.10 0.03 0,46 0.42 
N W  2.0 0.61 0.32 0.72 0.66 
N E  0.4 0.09 1.42 0.55 0.93 
NE 0.8 0.08 1.17 0.15 0.67 
NE 1.2 0.22 0.12 0.13 0.13 
M 21.0 2.06 0-27 0.68 0.59 

(control 1 

*Other than spiders 



L6'0 

81'0 
LI'Z 
86. * 0 
E6'0 
28' 1 
LE'O 

LS'O 
LL' 1 
88'0 
8.b-E 
69'0 

SL.1 
62'0 
GL'O 

19'0 
66'0 
66' L 
8E'O 
OS'O 

b8'0 
t4'0 
E8' 1 
S8'0 

( 0 J 3. u 03 ) 
t79'0 O'LZ M 
bF.0 Z'L IN 
01'0 8'0 3N 
OL'O .b-0 3N 
05'0 0'2 Mti 

91'0 Z'L iiIN 
EE'O 8'0 MN 
8E'O b-0 MN 
61'0 9'1 M 
LS'O 2'1 M 
22'0 8'0 M 
59 '0 t7-0 M 



73 

[PbLJ  = concentration of Pb ( u g / g  dry w t >  found associated with 
ar thropod l i t t e r g r a z e r s  = 485,7 

[PbO1] = concentration o f  Pb (pg/g dry w t )  i n  01 l i t t e r  = 
38.0~103 

[PbO2] = concentration of Pb (pg/g dry w t )  i n  02 l i t t e r  = 
70.3~103 

C.F. = 1482.8 = .02 
i7I-m 

- Lead: The concentration of Pb  decreased from l i t t e r  t o  l i t t e r  

fauna on Crooked Creek Watershed (Table 2 4 ) .  

food base Pb concentration (range: 

concentration fac tor  values f o r  1 i t ter-feeding fauna (range: 0.02 to  

0.28) i l l u s t r a t e d  t h a t  a mean Concentration f ac to r  of 0.07 -. + 0.02 (S .E . )  

A plo t  o f  the log  of 

430 t o  68770 ppin) vs. corresponding 

would be an adequate estimate of Pb t ransport  i n  the grazing food chain. 

Arthropod predators appeared to  be e i t h e r  concentrating or  i n  

equilibrium w i t h  the Pb content of their l i t t e r  f d u n a  prey. W i t h  the  

exception o f  the  elevated "other predator" concentration fac tor  found 

a t  W 0,4 km, the  predator concentration fac tors  ranged between 0,Ol to  

4.20. 

43 to  11516 ppm. 

The corresponding var ia t ion i n  prey Pb concentration was from 

A semilog p lo t  o f  prey Pb concentration vs. Pb concentration 

fac tors  indicated tha t  a mean concentration f ac to r  would be an adequate 

representation of Pb biotransfer  from prey t o  predator. The means are:  

= 1.01 + -- 0.29 (S.E.)  C - F * s p i d e r  Pb 

C*F-othe t -  predator Pb 

t o t a l  predator Pb C " F .  

= 1.18 - + 0.41 (S.E. )  

= 1 . ? 6  - + 0.29 (S .E . )  

These rneans a r e  conservative i n  t h a t  the one elevated concentration 

fac tor  a t  the W 0.4 km s i t e  h a s  been deleted. 
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Zinc: Zinc was b e i n g  accumulated in Cr-ooked Creek Watershed 1 i ttpr 

fauna t o  a much greater  extent than was Fb, although concentration 

(CF>1 .0 )  does not ye t  appear t o  be occurring (Table 25) .  

required by l iv ing  systems (Orten, 1965; Schroeder, 19741, and the 

Zinc i s  

concentration fac tors  found fo r  Crooked Creek Watershed arthropods may 

r e f l e c t  physiological requircments. The l a r g e s t  1 i t t e r  fauna: l i t t e r  

concentration f ac to r s  existed where She sinal ? e s t  1 i tter-Zn Val ues 

occurred - W 1.6 km ( [7nl i tLer  I = 700 ppni). 

t o  3894 ppm wha'le the 1 i t t e r  fauna concentration fac tor  estimations 

varied f rom 0.12 t o  2.09. 

indicated t h a t  a mean of 0.64 - + 0.15 (S.E.)  adequatoay represented the 

biological t r ans fe r  of  Zn presently occurring i n  this food chain. 

L i t t e r  7.ri varied froin 700 

Plot t ing of the data as  previously discussed 

I t  i s  not c l ea r  i f  arthropod predators concentrated or  equi l ibrated 

Z n  i n  re la t ion  t o  t h e i r  food base. 

varied between 0.4 and 2 . 7 ,  prey Zn varied between 206.8 a n d  909.1 ppm. 

Mean concentration fac tors  were: 

As predator concentration fac tors  

= 1 - 6 0  0.20 (S.E.)  spider Zn  C.F .  

=: 1.08 - 4- 0.12 (S.E.)  
* "other predator  7n 

C.F.  t o t a l  predator Zn = 1.27 __ + 0.14 (S.E.). 

Copper: Concentration (C .F .> I  . O )  o f  CIA through the 1 i t te l r  fauna: 

l i t t e r  food chain does not  appear t o  occur on Crooked Creek Watershed 

(Table 26) .  

greater- extent than was Pb, b u t  t h i s  phenomenon may be a r e s u l t  of 

Copper was b e i n g  accumulated i n  l i t t e r .  fauna t o  a much 

copper's presence i n  the arthropod circulatory system as hemocyanin 

( W i  eser , 1961 ; M i  g g l  eskmrth, 1 965 1 - 
varied between 27 and 4590 ppm, concentration f ac to r  values varied 

As 1 i t t e r  copper concentrations 
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between 27 and 4590 ppm, concentration fac tor  values varied between 0.8 

and 2.06. 

highest l i t t e r  concentra.tion fac tor  occurred where the smallest  l i t t e r  

Cu value existed - -  W 21.0 km. 

The mean Cu l i t t e r  fauna C.F, was 0,38 f 0,113 ( S , E - ) .  The 
I 

I n  cont ras t  t o  r e s u l t s  f o r  Pb and Zn, Cu appeared t o  be di luted by 

food-chain t r ans fe r  from prey t o  predator on Crooked Creek Idatershed, 

Mean concentration fac tors  were: 

= 0.70 + 0.19 (S.E,) C.F. spider Cu - 

C * F - o t h e r  predator Cu 

* F *  t o t a l  predator c u  

= 0.58 f 0.14 ( L E . )  

-1- Cadmium: Concentration fac tors  f o r  Crooked Creek Watershed 1 i 2. ter 

f a u n a  ('Table 27)  were comparable t o  those found for omnivorous c r icke ts  

(Pteronemobius --- sp? . ,  C.F. = 0.6) fed on 109Cd-tagged vegetation ([cfj] -= 

0.069 ppm) (Van Hook a i d  Yates, 1975),  Cadmiirrri was n o t  concentrated i n  

t he  Crooked Creek Matershed l i t t e r - l i t t e r  fauna food chain, al though C d  

was accumulated t o  a grea te r  degree t h a n  P b  (Table 24) .  

predator concentration fac tors  (0.10 t o  3.48) included the value calcu- 

l a t e d  f o r  Lycosid spiders  preying upon Cd-tagged Pteronemobius (V3n 

Hook and Yates, '1975). After 30 days' feeding, Lycosa --. had accumulated 

70% o f  the  to t a l  Ccl avai lable  i n  the prey subs t ra te  (i.ee3 C,F. = 0.7) 

(Van Hook and Yates, 1975). The only other dr thropad  food-chaiu d a t a  

avai lable  deal w i t h  herbivorous grasshoppers t h a t  fed on Cd-contami- 

i-aateed vegetation near a Montana Zn smelter (Munshower, 1972).  The 

o v e r a l l  grass-herbivore concent rd t ion  f ac to r  was 1.3, 

The range of 

109 
--- - .--- 

Concentration ( C . F . > l - O >  of Cd occurred among the predator popula- 

t ions  exposed t o  prey containing -- < 9 ppm Cd !w 0.8  and 1.6 krrl; NW 1 - 2  km;  
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N E  0.8 kin; and W 21 .O km). 

predator concentration f ac to r s  .= 1 .  

A t  prey concentrations exceeding 9 ppm, a i l  

D i  vers i t y  __. .- 

An indicator  o f  biological changes w i t h i n  the Crooked Crwk Wateer- 

Use o f  Equations 1 shed fo re s t  f loor  community i s  arthropod d ivers i ty .  

and  2 and data included a'n Appendix R produced t h e  divers i ty ,  evenness 

and richness indices given i n  Table 28. 

evenness ' J '  and the Shannon-Weaver Diversity Index H '  painted out t he  

extreme va r i ab i l i t y  w i t h i n  the d a t a ,  and no consistent trends could be 

observed For these two parameters (I-lutcheson, 1970; 0 N e i  7 1 -. e t  .-. . - a1 . , 
1976). 

heavy metal e f f e c t s  on Crooked Creek Watershed arthropod d ivers i ty  

(ANOVA). 

Significance tes t ing  o f  Pielou's 

However, richness,  S ,  was shown t o  be a s ign i f icant  indicator  of 

Values o f  S ( t o t a l  number- o f  taxa=famiIies),  equivalent t o  El' 

max and necessary for  the computation o f  evenness ' J  

varied s igni f icant ly  w i t h  d is tance,  direct ion and distance x direct ion 

interact ion e r f ec t s  (Pc.. 07 ) . T h u s ,  the richness component o f  to ta l  

arthropod d ivers i ty  was shown t o  be more sens i t ive  t o  perturbations on 

CCW than e i t h e r  the evenness of abundance cornponent o r  t o t a l  arthropod 

diversi ty. 

(Equation 21, 
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Table 28 

Crooked Creek Watershed l i t t e r  ar thropod d ive r s i ty  indices f o r  each 
s i t e ,  horizon and season. 

a .  Shmnon-Weaver Index, H 4  (calculated by Equation #1) .  

b .  Pie lou ' s  evenness index J '  (calculated by Equation $ 2 ) .  

c.  Richness index S ( t o t a l  nuniber o f  fami l ies ) .  



a .  Shannon-Weaver Index 1-1 ' a 

\&I 0 . 4 

W 0.8 

w 1.2 

W 1.6 

Ntnl 0.4 

NW 0.8 

NW 1 .2 

Nld 2.0 

N E  0.4 

NE 0.8 

NE 1.2 

w 21.0 

01 
02 

01 
02 

01 
02 

01 
02 

O i  
02 

01 
02 

01 
02 

01 
02 

01 
02 

01 
02 

65 
02 

01 
(Con.tu.01) 62 

. . . ~ ~ ~  

March 
1974 ._ ~ 

0.693 
2.083 

2.479 
1 .YO8 

1 .go6 
1.769 

i .359 
1.382 

2.946 
1.557 

2-151 
1.887 

2.212 
1.995 

1.555 
1.378 

1.099 
1.126 

2 I_ 020 
2.596* 

2.095 
2.518* 

2.176 
1.625 

JIJM 
1974 

1,192 
2.1'14 

1.939 
1.968" 

2.193 
2.479 

1.981 
2.367 

2.233 
2.152 

2.568 
2.789 

i .425 
1.917* 

0" 999 
1.334" 

2.150 
2 _. 795 

1.818 
2.340 

2.005 
2.372 

1.767 
2.475 

..-........ 

Sept.  
1974 I 

1.396 
2.143 

1.911 
2 367 

1.939 
2.684 

1.745 
1.809* 

1.790 
1.801 

1.779 
2.790 

1,494 
1.967 

2.797 
2.491 

1.486 
1.747 

1.524 
2.356 

1.988 
2.633 

1.852 
2.316 

....... 

* S i g n i f i c a n t l y  d i f f e r e n t  from the control a t  3<.05. 

Jan .  
1975 

2.119 
2.157 

1.475 
1.167" 

2.055 
1.669 

1.330 
1 .031* 

1.228 
1.427 

1.540 
2.204 

1.877 
1 .Ii'19 

2.261 
2.031 

0.50u 
1.117* 

.628 
1.763 

1.733 
2.136 

1.935 
2.C60 

- --__ 
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b .  Evenness ' J ' .  

w 0.4 

kd 0.8 

w 1.2 

W 1.6 

NW 0.4 

Nkl 0.8 

NW 1.2 

NIJ 2.0 

I.€ 0 .4 
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w 21,o 
(Ccntk-01) 
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02 
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02 

07 
02 

01 
02 

1.000 
.83Y 

.575 

.570 

.743 

.537 

.845 
* 41 9 

1.086 
1.123 

.815 

.697 

.765 

.655 
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. 4 l 8  

1.585 
.829 

1.038 
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1.075 
.792 

.825 

.499 
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.735 

.590 

.855 
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.745 
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.980 
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.e71 
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1 . lo5 
.a47 

.790 

.864 

.871 

.75? 

a 624 
.769 
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.812 
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.835 

-756 
.a32 

.629 

.577 

.861 

.725 

.914 
,890 

.403 

.663 
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.747 

.764 

.899 

.851 
-870 

.956 
-91 1 

.77z 

. 7 1 1  

.853 
,893 

1.064 
,455 

,893 
.567 

1.276 
.350 

1.117 
.887 

.957 

.81Y 

.903 

. bq)  
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.659 

,722 
.413 

.g06 

.g10 
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.739 

1 .Osl;1 
. a 5  
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c .  Richness S .  

!.I 0 . 4 

b4 0.8 

w 1.2 

W 1.6 

NU 0.4 

NW 0.8 

NW 1 .2 

NW 2.0 
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7 12 
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GENERAL DISCUSSION 

I Meavy_Metal - --- Effects ..-l.-ll__... on B i o t a  I____- 

Measures o f  bl'ological a c t i v i t y  i n  Crooked Creek Watershed l i t t e r  

hnrizans performed d u r i n g  the present s t u d y  included l i t t e r  mass; t o t a l  

and  trophic level arthropod density and biomass; t o t a l  a r thropod diver- 

s i t y ,  evenness and richness; and preliminary measurements o f  l i t t e r  

resp i ra t ion .  Additional supportive data were collected by F. A. 

Bsndietti (1976) and include determinations of 1 ?'ti;er urease a n d  amino 

sugar content,  

t ha t  Crooked Creek Watershed fores t - f loor  biota were undergoing s ign - i -  

f i c a n t  changes as a r e s u l t  of exposure t o  the heavy-metal c0ncentrat.ion-s 

Trends disclosed by analyses of these data indicated 

found i n  the  f i t t e r  horizons. 

I t  had been demonstrated tha t  accumulations o f  02 l i t t e r  SICCUT a t  

Crooked Greek Watershed s i t e s  t h a t  had received large inputs o f  P b ,  

Z n ,  C u ,  and Cd. Similar accumulations sf iiridecornposed organic  material 

have been found under apple  t rees  subjected to  heavy applications o f  

8ordeaux mixture (CuSO ) near Ratharnsted beneath spruce-f  ir forests 

near heavy-metal industr ia l  a c t i v i t y  i n  southern Sweden arid i l- i  the 

*>ili-T i t t e r  horizon within 1 krn of a Pennsylvania zjnc smel Lev (Hirst, 

e t  _- a ] , ,  1961; Tyler, 1972; Ruh i l ing  a n d  Tyler, 1973; S t r o j a n ,  1975) .  

'I'he fungicidal a c t i v i t y  o f  heavy-metal ions i s  well documented (Somers, 

1961) and the lack o f  litter decomposition i n  the app le  orchhrd was 

directly attributed t o  copper poisoning of  l i t t e r - inhab i t ing  micro- 

organisms (liirst -- e t  a l . ,  1 6 1 ) .  

rriectsured by C02 evolution, were depressed by Pb,  Zn ,  C u ,  and Gd concen- 

t r a t ions  s imilar  t o  those f o u n d  on Crooked Creek Irlatershed ( R u h l i n g  and 

4 

Deconiposition rates o f  spi-i,ce 1 i tter, 
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Tyler-, 1973) .  

saniples collected along one t ransect  0.f Crooked Creek Watershed (Ausmus 

and Watson, 1975) and i n  Zn-contaminated l i . t t e r  collected within 6 km o f  

the source (Strojan,  1975). These r e su l t s  a l l  indicated a negative 

relat ionship t o  e x i s t  between l i t t e r  decomposition and l i t t e r  heavy 

metal content, regardless o f  the geographical location o f  the study 

area.  

A similar  depression o f  GO2 evolution was found iil l i t t e r  

Further documentation o f  a heavy metal e f f e c t  on l i t t e r  decomposi- 

t ion was provided by analysis of l i t t e r  aniino sugar and urease content 

(Bondiet t i ,  1976). 

which i s  r e s i s t a n t  t o  degradation and i s  not synthesized by green plants .  

T h u s ,  analysis of amino sugars i s  a spec i f ic  t e s t  fo r  the h is tor ica l  

presence of  decomposer organisms (fungi and arthropods).  

t h i s  t e s t  on Crooked Creek Watershed l i t t e r  indicated a marked decrease 

in amino sugars occurred to  a distance o f  0.8 km from the stack. 

Amino sugars i n  l i t t e r  primarily ex i s t  as c h i t j n ,  

The r e su l t s  o f  

Urease enzyme a c t i v i t y  i n  l i t t e r  was measured t o  fur ther  indicate  

loss o f  biological ac t iv i ty  on the watershed. 

t i v e  than the amino sugar assay since the production o f  urease enzyme i s  

adversely influenced by heavy metal contamination. Laboratory experi - 

ments on uncontaminated l i t t e r  showed t h a t  the addition o f  10,000 ppm Pb 

or 800 pptn Z n  caused a 15% reduction i n  urease enzyme ac t iv i ty .  

metal concentrations and enzyme a c t i v i t y  i n  these laboratory s tudies  

were much higher than those found on the watershed. 

cluded t h a t  the  greater  observed loss  o f  enzyme a c t i v i t y  on t h e  watershed 

was not si t i ip le inhibi t ion b u t  may be p a r t i a l l y  due t o  a depression i n  

ITIiCrQbial ac t iv i ty .  

t o  a d is tance  of 2.0 km from the smelter, which was fur ther  than the 

T h i s  t e s t  i s  more sensi- 

Both 

T h u s ,  i t  was com- 

A reduction o f  enzyme a c t i v i t y  was found t o  occur 
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m e  

ho r 

due 

t e r  em 

zons. 

t.o the 

observed e f f e c t  on amino sugars. 

i s  presently being s l i g h t l y  affected by the heavy metal emissions.. 

This may indicate  t h a t  the 2.0 krii s i t e  

The observed decline in fungal and bacter ia l  act ivi t -y  would be 

re f lec ted  in arthropod community dynamics because of reduced subs t ra te  

qua l i ty .  A depression i n  the fungal populations required t o  maintain 

fungivores and t h e i r  predators can be expected to  r e s u l t  i n  a reduction 

of densi ty  and biomass for  these two arthropod groups. A paral le l  

decline may be observed i n  coprophagous populations dependent upon 

microbial enrichment of t h e i r  egested 1 i t t e r  substrate  (McBrayer, 1973; 

Wieser, 1966). Depressed values of density and biomass i n  predator, 

d e t r i t i v o r e ,  and fungivore populations occurred a t  heavily contaminated 

s i t e s  regardless o f  distance from the smelter (Tables 14-16).  

fungivore and de t r i t i vo re  populations were probably due to  lack of 

su i t ab le  subs t ra te  -- few mycelial mats o r  f r u i t i n g  bodies were observed 

during f i e l d  sampling a t  the affected p lo ts  and de t r i t u s  production 

appeared t o  be negligible.  A similar  reduction i n  density o f  micro- and 

macroarthropods of l i t t e r  and so i l  was observed a t  study areas located 1 

and 6 km upwind from a Pennsylvania zinc smelter (Strojan,  1972).  

St ro jan  a t t r i bu ted  the population decline t o  the presence o f  heavy-metal 

Reduced 

ss ions  ( Z n ,  Cd, C u ,  P b ,  and Fe) in fores t - f loor  organic 

Sulfur dioxide emissions were discounted as causative fac tors  

neutral iz ing influence of ZnO (normal l i t t e r  pH fo r  t h i s  area 

i s  4 .0  t o  5.0,  l i t t e r  a t  the 1 km s i t e  was pH 6 . 1 )  dnd the eff ic iency of 

the smel te r ' s  acid plant ( S t r o j a n ,  1972).  

t.ions observed a t  heavily contaminated s i t e s  on Crooked Creek Watershed 

may be due  t o  the lack o f  su i tab le  prey or t h e  r e su l t s  of t o x i c i t y  due 

The sparse predator popula- 
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to  biomagnificatisn. B o t h  hypotheses a re  supported by the data (Tables 

16 and 24-27) .  

The occurrence of measurable disruptions i n  population densi ty  and  

biomass suggested t h a t  a corresponding disruption could be occurring in 

arthropod population d ivers i ty .  

would give some insight  into the s t a b i l i t y  of the Crooked Creek Water- 

shed 1 i t t e r  system. 

Shannon-Weaver index applied t o  each s i t e  indicated l i t t l e  change in 

ar thropod d ivers i ty  on Croaked Creek Watershed I) regardless of 1 i t t e r  

heavy metal load o r  season (Table 28a) (Shannon, 1948; Hutcheson, 1970). 

When segregalied in to  i t s  two components of  richness and evenness o f  

abundance (Pielou, 1966; Pr ice ,  19751, d ivers i ty  on the watershed was 

shown to  be governed by an even population d is t r ibu t ion  (Table 2%). 

cont ras t ,  the richness component was shown t o  be a sens i t ive  indicator 

o f  the e f f ec t s  due t o  distance and direct ion (Table 28c). 

meters o f  02 l i t t e r  mass (Figs.. 5 and 6 )  and macronutrient pools (Fig.  

13) have already demonstrated t h a t  disruptions i n  ecosystem in t eg r i ty  

a re  occurring 011 Crooked Creek atershed.  

Weaver index procedure t o  detect  s imilar  disruptions on the population 

level revealed a serious lack o f  sens i t i v i ty  o f  t h i s  method t o  ecosystem- 

1 eve1 perturbations.  

I t  was t h o u g h t  t h a t  such a measure 

Calculation and subsequent s t a t i s t i c a l  t es t ing  of a 

In  

System para- 

The inab i l i t y  o f  the Shannon- 

Concentration fac tor  data indicated t h a t  neither P b ,  Zn, Cu,  o r  

Cd a r e  presently being concentrated i n  the l i t t e r - l i t t e r  feeder food 

chajn on Crooked Creek Watershed (Tables 24-29). 

mast a b u n d a n t  heavy-metal element found on the watershed, i t  was accurnii- 

l a t e d  in the l i t t e r  fauna t o  a much smaller extent t h a n  e i the r  Zn, C u ,  

Althoi-gh lead was the 
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or Cd. 

gical  response t o  each element, 

T h i s  phenomenon may be due t o  differences i n  insect  physiolo- 

Copper i s  a component o f  the arthropod hlood protein ~ e ~ r ~ c ~ ~ ~ ~ ~ ~  

w h i c h  can be found i n  most insects  and isopods and i n  surne a ~ i ~ ~ ~ ~ ? ~ ~  

and decapod species (Wieser, 1961, 1965; Wiggleworth,  1965), 

arthropods a r e  bathed i n  copper-containing media and do not  possess 

well-developed mechanisms f o r  storage and maintenance o f  Cu rer;e,.ves 

(Wieser, 1965). 

t h e i r  subs t ra te  t o  f u l f i l ?  t h e i r  Cu requirements. One purpose o f  

coprophagy i n  isopods i s  thought t o  be maintenance o f  a c r i t i c a l  Ca,r 

concentration i n  their subs t ra te ,  which had been previously thought t o  

cons is t  e n t i r e l y  o f  C U - ~ Q O ~  1 i t ter  (Wieser, 1966). The greater  varia- 

t ion and la rger  values o f  Cu concentration fac tors  between l i t t e r  fauna: 

l i t t e r  found on Crooked Creek Watershed r e l a t i v e  t o  those f o r  Pb may 

be re f lec t ing  the v a r i a b i l i t y  in Cu requirements o f  the fauna (Table 

26 ) .  

react ions (Orten, 1966). Physiological requirements f u r  Zn by t he  

Crooked Creek Watershed l i t t e r  f a u n a  appeared t o  be ref lected i n  the 

litter f a u n a : l i t t e r  concentration f ac to r s ,  par t icu lar ly  when comparctd 

t o  the much smaller values calculated fo r  Pt, (Tables 24 a n d  2 5 ) -  

Available l i t e r a t u r e  does n o t  document ar thropod ~~~~~~1~~~~~~ require- 

ments f o r  Cd. 

t o  Ph, the significance o f  Cd ~ o ~ ~ ~ ~ t r a ~ i ~ ~  f a c t o r s  f o r  l i t t e r  fauna: 

1 i f t e r  i n  Table 27 i s  not known. 

p l a n t  or animal growth  dnd devel npnient . 

Marirle 

In cont ras t ,  t e r r e s t r i a l  species must depend upon 

Zinc is  required bo th  a5  a tnediator and as a consti tuent of enzyme 

Other t h d n  displaying greater accumulation o f  Cd r e l a t ive  

Lead .is not  known t o  be necessary f o r  

Except f o r  Cu, i t  has n o t  been POs5ibll? t o  subs tan t ia te  a sirn51ar- 

food chain d i lu t ion  o f  heavy i i i c ta l s  from p r e y  tn predator on Csonked 



Creek Idatershed. Concentration factor data indicated that, in relation 

to their prey, arthropod predators may be either concentrating or equ i -  

librating with respect to Pb, Zn, and Cd. Cadmium is o f  special inter- 

e s t ,  for possible hiomagnificatisn occurred only in those predator 

populations exposed to prey containing - 9 ppm Cd- At prey  levels 

greater than 9 ppm, all predator concentration factors were less than 1 

While cadmiurir can displace 7n in enzyme reactions, it is not physiolo- 

g i  cal l y  required by arthropods (Underwood , 1971 ) . It i s possi bl e that 

high levels o f  prey Cd may be toxic t o  their arthropod predators. 

the lethal dose t o  spiders and other predators is greater than the 

amount of biologically available Cd i n  prey containing 9 ppm total Cd, 

then death cvould result before biomaynification could occur. 

I f  

Mineral Cycl i ..... ng- 

Remineralization o f  nutrient ions in litter is a normal component 

of the mineral cyel ing processes o f  deciduous forests (Ovinyton, 1960). 

Earlier discussion has pointed out t h e  role of arthropods i n  decornpusi- 

tion. It has been suggested t h a t  disruption o f  coupled arthropod and 

microorganism life cycles by heavy metal toxicity may completely d i s -  

rupt forest mineral cycling (Tyler, 1932; Witkamnp and Ausmus, 1975; 

Ausmus I- et al., 1975; Jackson and Watson, 1976). Tyler hypothesizes 

that such toxicity wcrulcl first result in an increase in the amount of 

incompletely decomposed litter material on the forest floor. Reduced 

decomposition rates would allow mineral nutr ients  t o  remain bound in 

a f o r m  unavailable f o r  plant uptake and may result in an eventual pro- 

ductivity decline. 
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The f i r s t  s tage of Tyler 's  hypothesis has been substantiated by 

Crooked Creek Watershed d a t a  - -  02 l i t t e r  accumulations have already 

occurred a t  a number of s i t e s  (F igs ,  5-6, Appendix C). The subsequent 

decline in nut r ien t  a v a i l a b i l i t y  suggested by Tyler was corroborated by 

preliminary measurements o f  f resh sumer leaves collected from Crooked 

Creek Watershed black and white oak (Table 1 2 )  e Foliage concentrations 

o f  Ca, K ,  and P were s ign i f icant ly  reduced when compared t o  the control 

only a t  the s i t e  with the grea tes t  heavy metal load and  l i t t e r  accermu- 

l a t ion .  These data suggest a reduction i n  root  uptake. 

Dur ing  l i t t e r  sampling, i t  was observed t h a t  secondary roots o f  

t rees  d i d  not occur w i t h i n  and beneath the 02 l i t t e r  horizon a t  s i t e s  

near the smelter. A t  the control s i t e s ,  considerable d i f f i c u l t y  was 

involved in separating l i t t e r  material from the thick mat o f  f i n e  

roots  growing th roughou t  the 02 horizon. 

u t i l i z i n g  healthy black oak seedlings transplanted to  Crooked Creek 

hlatershed so i l  ver i f ied  the field-observed e f f ec t s  on l a t e ra l  root 

growth (Jackson and Ma tson , 1976) .  

Greenhouse p o t  experiments 

Further indications of a disruption i n  nu t r ien t  cycling mechanisms 

a r e  the changes in cation exchange capacity and  pt-l from the normal 

s t a t e  (Table 1 1 ) .  

on Crooked Creek Watershed could lead t o  a reduced capacity o f  l i t t e r  

t o  hold nut r ien t  ca t ions ,  resu l t ing  i n  leaching losses .  T h u s ,  a f t e r  

i n i t i a l  nu t r ien t  b i n d i n g  due t o  reduced remineralization ( c f .  Table 13 - 
Ca and Mg pools a t  1 .2  and 2.0 km, K pool 0.8, 1 .2 ,  and 2.0 k m ) ,  n u t r i -  

ents  may be l o s t  en t i r e ly  from the system ( c f .  Table 13 - Ca pool a t  

0.4 and 0.8 km).  

Tyler (1972),  where primary production, lirriited by the lack of essent ia l  

The decline i n  t o t a l  l i t t e r  cation exchange capacity 

This e f f e c t  goes beyond the two-stage hypothesis o f  



nut r ien ts  bound u p  i n  undecomposing l i t t e r ,  declines.  

Phosphorus may becoilre tenaciously imunci i n  organic niaterial and 

thus does 

cat ions.  

t ro l  (Tab 

not behave i n  the Same manner a s  divalent  macronutrient 

The P pool a t  0.4 krn was n o t  d i f f e ren t  from t h a t  of the 

e 1 3 ) ,  b u t  the P content o f  fresh fo l iage  a t  the same s 

rhe capacity - was s igni f icant ly  reduced from t h a t  of  the control .  

con- 

t e  

of P 

t o  b i n d  t o  organic material inay be responsible fo r  fo l iage  P depletion. 

En general, fores t -nut r ien t  dynamics on Crooked Creek Watershed a re  

displaying s igni f icant  signs of perturbation - excessive root  mortal i ty ,  

depleted macronutrient concentrations i n  fresh fo l iage ,  a dec?ine i n  

cation exchange capacity and l i t t e r  Ca pools near the smelter, and an  

accumulation of  l i t t e r -  Mg and K between 0.8 and 2 . 0  km o f  t h e  smelter. 

A m i j o r  disruption i n  nutr ient  resource al locat ion due t o  heavy metal 

e f f ec t s  on l i t t e r  decomposition was indicated.  Eventually, i t  can be 

expected t h a t  productivity will  be most  depressed i n  t r ee s  which are not 

to le ran t  o f  heavy meta ls  o r  a reduced supply o f  avai lable  nutr ients .  I t  

i s  not unrea l i s t ic  t o  envision widespread deforestat ian o f  non--talerant 

species over an area  adjoining the  sniel.ter, i f  the snielter emissions 

continue a t  the present level for  a nimber of years. 

I t  can be fur ther  hypothesized t h a t  the area affected by the 

snielter may be increasing i n  s i z e  due t o  the continual loading of 

heavy metal par t icu la tes  on the watershed. 

the s tack  could eventually be affected t o  the same degree as the exjst-  

i n g  area w i t h i n  0.8 km f rum the stack. 

The area 1 .2  - 2.0 krn from 



SUMMARY A N D  CONCLUSIONS 

A number of measures of biological a c t i v i t y  w i t h i n  the Crooked 

Creek Cdatershed l i t t e r  system have been made. Studies have focused 

on the l i t ter-ar thropod food chain as  a means o f  detecting perturba- 

t ions  i n  a heavy-metal contaminated t e r r e s t r i a l  ecosystem. To ade- 

quately character ize  the  arthropod food base and habi ta t ,  l i t t e r  mass, 

heavy metal content,  cation exchange capacity,  pH, urease a c t i v i t y ,  

and aniino sugar content Were c r i t i c a l l y  examined. 

the watershed can be characterized as follows: 

L i t t e r  horizons on 

01 l i t t e r  mass h a s  not differed throughout the watershed 
d u r i n g  the period of study, b u t  varied about a mean of 
433 + 29 (SE) g/m2. Mean annual 01 mass a t  the control 
s i te -var ied  about a mean of 471 + - 34 (SE) g/m2. 

An accumulation of undecomposed 02 l i t t e r  on CCW was 
posi t ively correlated w i t h  l i t t e r  heavy-metal content 
(Pc .01) .  

The highest concentrations o f  l i t t e r  P b ,  Z n ,  C u ,  and Cd 
occurred i n  02 l i t t e r .  
heavy metals (ppm) on the watershed were 4600 to  103000, 
230 t o  4910, 80 t o  6080, and 14 to  179 f o r  Pb, Z n ,  C u ,  
and Cd,  respectively.  
enriched i n  Z n ,  G u ,  and Cd r e l a t ive  t o  Pb as distance 
from the smelter increased, the rank order of concentra- 
t ion  paral le led t h a t  displayed by s t a c k  emissions, i . e . ,  
Pb>Zn>Cu>Cd. 

T h e  mean annual range of values for  

Although l i t t e r  gradually became 

Measurements of 02 l i t t e r  urease a c t i v i t y ,  amino s u g a r  
content (Bondiett i ,  1976), and CO2 e v o l u t i o n  revealed a 
depression o f  normal decomposer a c t i v i t y  i n  l i t t e r  
col lected near heavy metal sources. 

From these data ,  i t  appeared tha t  annual production o f  fresh 

l i t t e r  on  Crooked Creek Watershed, a s  estimated by fores t - f loor  01 

litter mass, had not y e t  been adversely affected by exposure t o  smelter 

erntssions. I n  cont ras t ,  s ign i f i can t  02 l i t t e r  accumulations have 

89 
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occurred a s  a r e s u l t  of  reduced decomposition. Roth his tor ica l  and 

2 current  microbial a c t i v i t y  (measured by amino sugar  analysis and CO 

evolution) have  been depressed at s i t e s  located near the AMAX smelter,  

the  primary heavy metal source on CCM. Since l i t t e r  arthropods a c t  

as "ca ta lys t s  of microbial rnetabol ism", i n  decomposition processes 

by subs t ra te  a l t e r a t ion  and inoculation, any gross changes in l i t t e r  

decomposition should be ref lected i n  the dynamics o f  the arthropod 

community (Macfadyen .) 1963 1. Documented e f f ec t s  on the CCW 1 i t ter  

arthropod populations were as follows: 

1 ) When compared t o  the control s i t e ,  reduced values of t o t a l  
arthropod biomass (mg dry w t / m 2 )  and  clensi ty (no./m2) occurred 
simultaneously w i t h  elevated leve ls  of l i t t e r  heavy metals. 

2 )  This reduction i n  t o t a l  arthropod biomass and density was 
governed by a decrease i n  biomass and density of the 
p r e d a t o r ,  d e t r i t i v a r e  and fungivore populations. 

3 )  Measurements o f  arthropod richness,  a n  estiriiate o f  maximum 
d ive r s i ty ,  revealed t h a t  1 i t t e r  arthropod populations a t  heavily 
contaminated s i t e s  were l e s s  r ich i n  taxa (family) than were 
those 1 ocated e l  sewhere on the watershed. 

These e f f ec t s  may be induced by changes i n  subs t ra te  qual i ty  o r  actual 

heavy metal tox ic i ty .  The l a t t e r  hypothesis was supported by analyt ical  

r e s u l t s  of  heavy metal concentrations found associated w i  t i l  arthropod 

trophic 1 eve1 5 .  

Food-chain d i l u t i o n  o f  Pb, Zn, C u ,  and Cd from l i t t e r  t o  l i t t e r  

consiimer occurred as indicated by the mean concentration of 0.7 - f 0.02 

( S E )  (Ph), 0.64 t- 0.15 (SE)  ( Z n ) ,  0.38 z- 0.10 (SE) ( C u ) ,  and 0.34 - + 

6.05 (SE (Cd) .  Biotransfer of Pb  t o  l i t t e r  consumers was much l e s s  t h a n  

t h a t  found f o r  the other three heavy metals. I n  cont ras t ,  predatory 

arthropods on Crooked Creek Watershed were e i the r  concentrating o r  

equi l ibra t ing  Pb, Z n ,  and Cd from their  prey, a s  indicated by mean 
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to t a l  predator concentration fac tors  of 1.16 ... +. 0.29 ( S E )  ( P b ) ,  1.27 - f 

Q.14 (SE) ( Z n ) ,  and 1.27 .... -t- 0.02 (SE) (Cd) .  O f  a l l  four heavy metals, 

only C u  appeared t o  be di luted by foad-chain t ransfer  from prey to 

predator ( x  = 0.67 - + 0.10 (SE)) (Tables 24-27),  

All biological data collected from Crooked Creek Uatershed showed 

tha t  food-chain t r ans fe r  o f  heavy metals occurred within the l i t t e r -  

a r t h r o p o d  community. In  addi t ion,  a disruption i n  normal l i t t e r  decom- 

posit ion processes occurred as a r e su l t  o f  exposure t o  heavy metal 

smelter emissions. 

Measurements o f  f resh  fo l iage  and 1 i t t e r  macronutrient concentra- 

tions and l i t t e r  macronutrient pools indicated t h a t  fores t -nut r ien t  

dynamics on Crooked Creek Watershed Here already seriously disturbed 

(Tables 12  and 13, F i g s .  1 2  and 13 ) .  A s ign i f i can t  depression ( P . = , O 5 ) ,  

r e l a t i v e  t o  t h e  cont ro l ,  of the Ca, Mg, and K content of 01 and G2 

l i t t e i r  existed within 0 .8  km o f  the s t ack  ( T a b l e  1 2 ) .  Two mechanisms 

postulated t o  explain t h i s  r e s u l t  were: 

( I )  Increased leaching o f  cations through the l i t t e r  induced 
by a 1 0 5 5  o f  C E C ,  a decrease in pH, and a dccrease i n  
microbial inimobi 1 i z a t i o n  o f  macronutrients. 

( 2 )  A decreased uptake of macronutrients due t o  r o o t  damage 
produced by heavy-metal concentrations. The r e s u l t  would 
be reduced annual macronutrient input from l i t t e r f a l l .  

A loss  i n  l i t t e r  cation exchange capacity and reduction i n  f resh-fol iage 

macronutrient content has been measured on Crooked Creek Watershed. An 

accumulation o f  macronutrient pools  i n  02 l i t t e r  ha5 a l so  been observed 

%a e x i s t  between 1 . 2  and 2.0 km o f  the smelter. T h i s  observation corre- 

sponds t o  the i n i t i a l  binding o f  fo re s t  macronutrients i n  undecomposing 

l i t t e r  hypothesized by Tyler (1972) as  the f i r s t  stage o f  heavy-metal 

induced nutrient-cycling disruption. 
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I f  the p i - s e n t  l e v e l s  o f  atmospheric deposi t ton  continue unchecked, 

t h e  r e s u l t  could be a decline in productivity o f  t ree  specics ~ntcci lerant  

o f  heavy riietals o r  a depleted nu t r i en t  supply (Tyler,  1972;  Jackson and 

Matson, 1976) .  I t  i s  not  unrea l i s t ic  t o  env is ion  eventual deforestation 

o f  non-tolerant species with replacement by pioneer communities. 

tinued heavy metal i n p u t  beyond this p o i n t  may result i n  ecosystem 

destruction (Witkamp I_ e t  - - a1 -. - . , 1966).  

Con- 





- 
I rophic-level assemblage a n d  a b u n d a n c e  o f  arthropod taxa (excluding 

Acarina) found 00 Crooked Creek Watershed d u r i n g  the  study year (1974) .  
1.i teratur-e c i t a t i o n s  used as  t a x o n o m i c  keys c;nd/or d o c u m e n t a t i o n  o f  
feeding h a b i t s  i r i c l u d e  Borrar a n d  DeLong, 1964; Borror and H h i t e ,  1970; 
H o f f ,  1949; Jaques 
1965; Szabo, 1974. Taxa followed by "A", "L",  "N", " P " ,  o r  " I "  respec- 
t i v e l y  refer t o  a d u l t ,  l a r v a l ,  iiyrriphal , pupal  , and immature forms. 

1951 ; McBrayer - e t  _- a1 . , 1974; Peterson, 1956; Ross 
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- ColeopterC2 -__ 
N i t i d u l  i d a e  
Sca mhei dae 

Silphidae 
Staphyl  i n i d a e  

Elateridiie 

L.agr i i d a e  
Orthoperidae 

Tenebrionidae 

Acanthacerinae 

(a1 so PREDATOR) 

( d l  so PREDATOR) 

(a1 so FUNGIVORE) 

( M ~ ; . P ~ Z C Z Z  tha S P P  

A 84 

A 
A 
A & L  

1 
89A, t 731.  

L 

L 
L 

z 4 
29 

6 
13 

Canipodeidar A 
J a pyg i dae A 

3 
5 0 

Diptera ..- .I_c_ 

Phnr  i dae A 
Sarcophagi dae Ah 
T i  p u l  i d a e  A 
Mu sc -a’ da  I? 
Stratiomyidae L 

Zyr-ph i dae I- 

T i p u l  i dae  1. 
Tri choceridae I- 

1. 

( a l s o  PIXEDATQR) 

(a1 S Q  P R E D A T O R )  

93 
2 

13 

235 
3 
L 

- 
c J 

12 
3 

83 

6 



TROPHIC LEVEL A N D  TAXA 
__I . . -_- .l____l - ~ .  

ARACI-INIDA 
__I_ I____ 

Phalsnqida __ 

Phafany id idae  I 
(a1 so PREDATOR) 

I NSECPP, __ ._ ,.. 

__- co 1 e s y a  
Derodontidao 
Pse l  aphidae 
P t i  1 i i d a e  
Orthoperi dae 

(a1 so DETRETIvoRE 3 
Co 1 1 embol a 

A 
A 
A 
L 

E i7 tomo bray i d ae A 

-. Dip tera ...... I.x. . 

Drssophilidae L 
S c i  a r idac  I.. 
Scatopsidac L 

._- Ilemi ptera .............. 

Aradi dae A 

Phloeothripidae h 

1. I TTERGRAZE RS 

I N S E C T A  

D i  g te ra  
Bi b i o n i  dae 
Cecidomyidae 

L 
L 

A 

39 

2 
192 
118 
74 

2783 

2 
186 

17 

1 

303 

83 
692 

4 
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TROPHIC LEVEL AND TAXA -I 

_. !-!~mQnoup _I.-_ tera  
Frarrnicidae 

Dolichoderinae 
Formicinae 
Myrmic i nae 

Orthoptera 
B13ttidae 

-- Cal coptera 
Tenebrionidae A 

._. P c: ED 4TO RS 

I ?4S ECTA ll___.l._ 

___I___ Coleoptera 
Carl b idae A 
Coccinnell i dae  A 
L.ampyri dae A 
Staphyl inidae A & L  

(31 so DETRITIVORE) 
Canthar idae  L 
Carabidae L 
E l  a t e r i  dae L 

(a1 so DETRITIVORE) 

Diptera 
Ceratopogon idae A 
Dol ichopodidae A & L  
Rhayionidae L 
Strat iomyidae L 

(a1 so DETRITIVORE) 
Syrph  idae L 

( a l s o  DETKITIVORE) 

Hemi otera  

Hymenoptera --- 
Anipul i c i d a e  A 
Braconidae A 

10 
167 
699 

25 

4 

6 
1 
3 

69A, 13L 

184 
16 

I71 

5 
4A, 311 

2 
235 

5 

7 

'1 
1 
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TROPHIC L E V E L  AND 'TAXA _..._ l_______l___ ...... _ _ _ l _ l . ~  

C ha 1 c i do i rl ea Pi 
A Eui ophidae ,. 

Eupel iiii dac A 

Dory1 i nae A 
Poncri nae A 

Ictineurnonidae A 
Proctatrupoidea A 

Unknown p a r a s i t i c  
family A 

Forrnicidae 

Ne u r o j  tera 
I~ 

Assalayhidae 1 
Chrysopidae A 
Wemerobiidse A 

.4 r a  ne a e ---- 
Agcl e n i  dae 
Anyphaeni dae 
C 1  ubionidae 
Dy s d e r i dm e 
Gnaphosidae 
Hahni i d a e  
L inyph i  idae  

Lycos i bac 
Oecobiidae 
Ooriopi dae 
Sal ticidae 
Thornisidae 

Zori dac 

M i  c r ypha t i i i  i nae 
L i  nyphi  -i nae 

(Misunenops ) 

A % I  

Phalangida 
Phalangididae I 

( a l s o  DETRITIVORE) 

P s e u d o s c o r p .i on i d a A _____. - - . ~ . . -  

19 
3 
8 

36 
184 

6 
3 

36 

3 
2 
1 

2 
1 

17 
5 

45 
9 

154 
58 
4 
3 
1 
16 
22 

2 

39 

31 3 

20 

9 
4 
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A Scol open drogor p ha_ - ------ 
Cryptopidae A 

INSECTA 
--I_ -..- 

I__ C9le2ptera l--_._l 

Scydmaenidae A 
Unknown 1. 

Diptera 

Cecidomyidae A 
C h i rononii dae A 
Sci aridae A 
Mycetophilidae A 
Psychgdidae A 
T i p u l  idae A 
Unknown A , L & P  

w e  "era 

L Unknown 

A ~ U ~ ~ A N ~ E  -------- ( t o t a l  no. ) 
--I__-.-- .. .- __-. 

64 

3 
124 

242 
34 
11 
40 
31 
13 

17A, 1431, 4P 

1 

"ACCIDENTALS" --I.--- - Foliage, seed, stern, o r  bole  feeders froin the canopy 
or root feeders froin the soil. 
portion o f  their life cycle in t he  litter. 

Do r io t  c3rr.y out a 

A w b i  idae 

Curculionidae 
Byr r ho i dea 

Ag ion 
PayzGcopu8 

P h p x i  l i s  
P f f  /I tnm:,m c; 

Brac hyrh i n i na e 

Dynastinae 
Melolonthinae 

5 co 1 y t  i d a e 
Curcul ionidae 

Pedi 1 idae 
Scarabei dde 

A 
A 
A 

A 
A 

A 
A 
A 
L 

Collernbola ----__ 
Sminthuridae 
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TROPHIC L E V E L  AND 'TAXA 
I_ ________l______l-- ._ _._-_- --- 

D i p t o i-a ---- 

Chironomidae 
Spcznio-ioma spp. L 

Trupanei dae L 

Hemiptera- -.-~ 

Lygaei dae A 
Miridae R 
Py r r hoco r i d ae P, 
T i  ngidae A 

Hornoptera 
.4p h i d i d a e A 
Cicadellidae A 
Cicadidae A 

.... Lepidoptera 
Tortricidae L 
Phalaenidae 1.. 
Adults 

Thg/s a n o_p - t e ra 
Thripidae 

Tri chaptera ..._ 

HydrDptil i dae  

A 

A 



APPENDIX B 

Listing o f  a l l  a r t h r o p o d  d a t a  collected from Crooked Creek Watershed 
by taxon, season, s i t e ,  horizon, and lifestage. 
nat ions  were referenced i n  Appendix A. 

Trophic level desig- 

"CLASS", "ORDER",  "FAMILY" = Taxonoma'c designations. 

"SSN" = Season 
1 = Collected March, 19?4 
2 r- Collected June, 1974 
3 = Collected September, 1974 
4 = Collected January, 1975 

" "DR'J = Direction 
1 = Mest 
2 = Northwest 
3 = North 
4 = Northeast 

""DST" Distance from AMAX siiielter in km. 

"HOR'' = L i t t e r  hor i zon  
1 = 01 
2 = 02 

"REPONE" "REPTWO" "REPTHREE", "REREPFOUR" = Number o f  individual 
specimens found ir: edch 
rep1 1" ca t e  sarnp3 E 

"i..IFESTG" = L i fes tage  o f  specinien. 

""MGWT l 1  = Mean oven-dry weight i n  rng o f  i n d i v i d u a l  specimens, 

""TROFFEVL" = Trophic level designation as referenced i n  Appendix A ,  



N
N

N
 

N
N

 
N

 
N

 
N

N
N

 
N

N
-

-
O

O
I

-
O

N
N

N
-

.
~

O
-

-
N

~
~

~
=

~
O

*
-

-
-

-
Q

N
N

~
O

-
~

-
~

O
-

-
~

-
*

-
C

~
-

~
~

-
~

~
~

-
~

~
-

 
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. 
o
 a
 N

 N
 a
, a

, 
o
 N

 =
 0
 o
 o
 N

 N
 c
 o

 N
 o
 N

 c
r~

 m
 
s
 e
 E

 
o
 o
 o
 N

 F
 
o
 o

 o
 a
,
 o
 o
 m

 o
 e
 C

J 
o
 o,
 o
 I:

 
r~

 m
 r

 
N

 m
 m

 m
 N

 cc
I .

s 
r
 N

 

.
 ..
 ... 

.
 

..
 

.
 
.
 

... 
.
 
.
 .
 ..... 

.
 

N
 

N
 

w
 N

 N
 K

 
N

 m
 

h
,
 

N
 N

 rd
 

N
 

N
 

N
 

lu
 

N
 N

 .
A

N
 

N
 

N
 N

 N
 N

 N
 N

 N
 N

 N
 N

 N
 e

ii 
N

 N
 N

 N
 

N
 

- 
0
 0
 N

 .
 

0
 0

 
0
 ..
 0 0

 0
 .. 0

 
C
 0

 ..
 0 .
. 0

 0
 0

 
W

 p
a

 ..
. N

 .
 
0
 0

 
c
2
 0

 
0
 .
 

0
 U

 0
 L

.i 
..
 W ...

 N
 0

 N
 0
 N

 0
 c
)
 N

 0
 0

 

d
 

a
 0

 0
 0

 0
 N

 0
 0
0
 Cd

 
A

 
0
 c
)
 - 0

 0
 0
 i
n 
- C

. 
0
 0
 -7

 
-% 
0
 B

 0
 C

I 
0
 
L

4
 0

 - 0
 W

 
0
 d
 
0
 4

 
C

 
0
 0

 0
 .d

 
N

 N
 0

 0
 0
 - r!

 N
 0
 N

 0
 0

 

m
 

VI
 

z
 

U
 

H
 

70
 

0
 

3
 

m
 

.3 z
 

0
 

m
 

m
 

r3
 

a. 0
 

m
 

c3
 

f
 

7
1

 
m

 
m

 

m
 

10
 1

 





104 

3
 
z
 r
 r- i~

 r- m
 "
I m

 N
 ;7

 
"1

 N
 N

 m
 N

 p
d

 N
 N

 N
 N

 
N

 m
 m

 ,m
 m

 p
. o

n
 0
 o
 o
 o
 u
 r3

 o
 i
,
 c
,
 o
 o
 a
 0

 o
 o
 o
 o
 o

 0
 o

n
 t? 
o
 a
 ca 

N
 N

 

rn m
 rn m

 .. 
0
 0

 
0
 0
 0

 0
 n

 c, 
0
 0

 
0
 0
 n

<
:, 0 0

 0
 0
 0

 a
 
(C

I ............................... 
0
 
0
 .a 
3
 .
 

E
 

....................................................... 
r- P

 r- F
 P- 
3
 3
 

o
 o
 o
 3

 .a 
o
 o
 0

 o
 
0
 o
 5
 
9
 
3
 .a 9

 i
3
 D

 o
 o

 o
 o
 w

 o
 a
 o
 o
 o

 cz n
 o
 ,a o

 o
 o
 o
 o
 o
 o
 o
 o
 o
 o
 n

o
 

X
 

(
9
 
c
 - 

T
 - m

 "
i t-7 

7
 0

 
f
 
3
 
J
 ir

)
 3
 3

 
rt 
f
 
t
 3

 3
 "7

 m
 m

 rn
 W

,;f = p
 
3
- = 3

 
j
 
3
 

5
 
3
.
1
 -1
 3
 
y
 
9
 
5

 
3

 3
 

j
 
f
 
LT 

r- - N
 N

O
 

o
 

N
 

N
C

Y
N

I
"

 
N

N
N

 
N

 

Y
 

u
 



CHS C L h S S  

1 5 6  INSECT?, 
l b 7  INSECTA 
lG5 L A S K ' I ' A  
1 6 9  I N S E C T 4  
17i. INSFC?'R 
171 INSECTA 
1 7 2  INSECTR 
173 INSECTA 
174 IKSECTA 
1 7 5  INSECTA 
176 INSECTA 

1 7 8  INSECT8 
1 7 s  I N S e C r A  
160 INSECTA 
1 8 1  INSECTA 
l E 2  IVSECTA 
183 INSZCTA 
1 8 4  IPSECTA 
165 INSECTA 
186 INSECTA 
187 INSECT!. 
188 IHSECTA 
169 INSECTA 
190 IHSEC'TR 
191 T!TSECTA 
192 INSECTA 
193 IWSFCTh 
194 INSECTA 
195 INSECTA 
196 INSECTR 
197 INSECT& 
198 Tt?S",CTII 
199 I F S E C T b  
2 0 3  I N S E C T b  
201 INSECTA 
232 INSECTA 
233 IWSECTA 
20'4 INSECTR 
205  INSFCCTA 
206 I n S w r B  
207 INSECTA 
20a INSECTA 
204 INSECTA 
5 1 0  INSECTA 
S:! I P S E C T A  
2 1 2  IPSECTP. 
2 1 3  I I S E C T h  
2 1 4  INSECTA 
2 1 5  XNSECTA 
1 1 6  INSECTA 
2 1 7  I N S E C T 8  
2 1 6  INSECTA 
2 1 9  INSECTA 
22'2 IKSRCT4 

1 7 7  IYsxrA 

5 I P T E  R A 
D I P T E 3  A 
G Z P T E R B  
DIPTERA 
DIPTERA 
D I  P TE R B 
DIPTER R 
DIPTERA 
DIPTERA 
DTPTERA 
DII'TER A 
DIPTERA 
DIFTERA 
DIPTENB 
DIPTERA 
DIP?ER& 
D I P T F  R A 
DIPTERA 
DIi'TERA 
DIPTSP R 
DIFTFRA 
DIPTXPA 
DIPTERA 

TE R A 
D I  PTE R A 
DIPTER k 
DIFTERA 
DIPTERA 
D I P T E P I  
DIPTERk 
DIPTER h 
DIPTERA 
DIPTERA 
DIPTERA 
DIPTE R h 

D I P P E R 4  
DIPTERA 
DIPTERA 
DIPTERA 
DIPTERA 
DIPTERA 
D f PTP R h 
CIPTERA 
D I P T E R h  
34TTPf li 
DIFTERA 
D I ? T " , R A  
DIPTERA 
DIPTERA 
UIPTERR 
D I I T S R h  
DIP T E  8 A 
DIPTERA 
D I P T E K R  

D I P r P R R  

CECIDORYIfiAR 
CECIOOSYIDA E 

CECIDOBYIDA E 
CECIDOBYIDA E 
CECIDOKrIDA E 
C EC I D 0  UY I DA E 
CECIDOKYIDAE 
CECIDC!%YIOAE 
CECIDOBYIDAE 
C EC I D  0 BY T D R  E 
C EC IDOUY I DA E 
CECIDOOYi  DA E 
CECIDOHYIDAE 
C E C I D G n Y l  DA E 
C ECIDOUY I DA E 
C EC I D 0  I Y  I D A E 
CECIDOKYIDA E 
C ECIDO BY I DA E 
CEC IDOEY I D A  E 
CECTDOXYIDA E 
CEClDOnY I DA E 
CECIDGUYIDAE 
CECIDORYIDA E 
CECIDORYIDA E 

CECEDOllY I DA E 
C EC ID0 HY IDA E 
CECIDOBYIDR f 
C ECIDOOP I Dh E 
CBCIDGBYIDAE 
CECIDOUYICA E 
CECIDCRYI  DA E 
CZCIDOBYIDA Z 
C ECI DOUYX PA E 
CECIDORPIDAE 
CECLDOOYIDAE 
CECIDOBYIDAE 
CECIDORYIDAE 
CECIDONYIDAE 
CECIUOKYIDA E 
2 E C I D O l l I I D A  E 
CECIDCOYIDAE 
CECIDORYIDA E 
CECIDOUYI DA E 
CECIDOUYI D A  E 
CECIfiOtfYIDAE 
C E C f D O # Y  i DA E 
CECIDOOYIDA Z 
CECIDOOY I D A E  
C E C I D O ~ Y I D ~  E 
CECIDORYIDAE 
C ECIDOEII DA E 
CEC I D O W Y I I P .  E 
C E C I D C  K Y  I DA E 

CEcrDcnrIm~ 

C E C I D O ~ ~ I D A E  

S S B  

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
t 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

b 

36 !? 

1 
t 
I 
I 
1 
1 
t 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
a 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
5 
z 
2 
2 
2 
2 
cr 
cr 
9 

DIST 

0.8 
0 . 8  
0.8 
1 . 2  
1 . 2  
1 . 2  
1 . 2  
1 .6  
1 . 6  

2 1 . 0  
2 1 . 0  
2 1 . 0  
0 .U 

0.6 
0.8 
0.8  
1 . 2  
1 . 2  
1 . 2  
1 . 2  
2 . 0  
2 .O 
2 .o 

0 . 4  
0 . 8  
1 . 2  
1 . 2  
1 . 2  
3 . 4  

0.8 
0 .8  
1 . 2  
1 - 2  
1.i 
1.6 
1 . 6  

2 1  .o 
2 1  .0 

0 . C  
0.9 
c.5 
0.8 
0 . 8  
1 . 2  
1 . 2  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
0 . 4  
(1.4 
0.8 

0.8 

2 . 0  

0.a 

HUH 

1 
2 
2 
1 
1 
2 
1 
2 
2 
1 
2 
2 
7 
1 
1 
2 
2 
1 
1 
2 
2 
1 
1 
2 
2 
2 
2 
1 
2 
2 
1 
1 
2 
2 
1 
i 
2 
2 
2 
1 

1 
2 
1 
1 
2 
1 
2 
1 
1 
2 
2 
1 
2 
1 

L 

2-3 HI? 

c 
1 
0 

0 
2 
z 
1 
8 
0 
0 
8 

1 
0 
4 
0 
0 
0 
0 

1 1  
0 
0 
3 

1 1  
0 
0 
t 
2 
6 
0 
2 
0 
0 

2 
D 
2 
0 
2 
1 
0 
0 
0 
0 
0 
3 
4 
I 
1 
1 
3 
3 
0 
'J 

a 

6 

4 

K T k U  

3 
I 
0 
0 
0 
1 
8 
1 

4 0  
0 
2 
1 
0 
1 
0 
3 
5 
0 
u 
1 

2 3  
1 
0 
9 
7 
1 
1 
0 
1 
u 
0 
0 
0 
'J 
U 
'1 
4 
0 
0 
2 
0 

Q 
0 

0 
0 
3 
2 
0 
5 
0 
1 
0 
2 

a 

a 

KTHREE 

1 

3 
0 
1 
1 
6 
3 

1 5  
1 
3 
0 
0 
8 
2 

13 
6 

3 
0 

13 
1 
4 
3 
7 
0 
0 
0 
1 
0 
0 
3 
3 
1 
b 
9 
0 
2 
0 
0 
0 
1 
2 
1 
1 
0 
1 
0 
0 
0 
0 
5 
0 
c 
0 

a 

0 LARVA 
I RCUtX 
0 LARVA 
I ADUL? 
3 LARVA 

1 1  hDULT 
0 LARVA 
II ADULT 
5 LARVA 
0 ADULT 
Cr ADULT 
1 LARVB 
0 ADULT 
4 ADULT 
4 LARtlh 
3 AUULT 
0 L R R V A  
1 ADULT 

17 LARVA 
0 RDULT 
1 LARVA 
1 ADULT 
0 LARVB 
2 R D U i T  

2 0  LARVR 
0 ADULT 
1 LARVB 
2 LARVA 

5 LARVA 
1 ADULT 
0 ADULT 
0 ADULT 
0 LARVA 
3 BDUL? 
1 BDULZ 
1 LbRVk 
5 RDULT 
2 LARVR 
3 BCULT 
0 ADULT 
1 IID'JLP 
0 LARVA 
0 6 D U i ' I  
0 L I R V k  
1 RDULT 
0 hDULT 
2 LAEVB 
1 ADULT 
0 LARVA 
2 ADULT 
3 L h R V b  
3 ADULT 
3 LAEPA 
1 ADULT 

a ADULT 

. ! I  1 LITTGBAZ 

.I02 UHKXOUN 
- 1 1  1 LXTTGHAZ 
. ¶ 0 2  UWKNCYH . 11 1 LITTGBAZ . 1 0 1  UNKNOWH . 1 t 1 LITTGBAZ . 1 0 2  UNKRGYN . 1 t 1 LITTGRAZ 
a 102 UNKNONN . 102 DNKNOYN 
. ? I 1  LITTGBRZ 
. ? 0 2  UNRNGYN . 1 0 2  UNKNOWN 
. I 1  1 LITTGBAZ 
- 1 0 2  UNKNOWN . I 1  1 LITTGEAZ 
. l o 2  UNRNOYN . '11 1 L I T T G R h Z  
-30.2 UNRNOYN . 1 1  1 LITTGRAZ 
, 1 0 2  UNKNONN . 1 I ! LITTGDAZ . 102 UNKNOWN . 1 1  1 LITTGRAZ 
. I 0 2  UNKNGNN . 1 1 1  LITTGBAZ 
.TI 1 LITTGBAZ . 1 0 2  UNKNGYH . 11 t L I T T G B k Z  
- 1 0 2  UNKNCYN 
- 1 0 2  Ut4KNOMN 

. 1 1  1 LITTGBAZ . I 0 2  UNKtiObW 

. l a ?  UNKNOWN . 11 t LITTGRAZ 

. I C 2  UNKNCYN . f l 1  LITTGRBZ 
, 102 UNKNOUH 
.I02 UNUNOkW 
. l o 2  UNKNCbN . ? 1 1  L I T T G I i A Z  
-102 UNKHCWN 

f I 1  LfTTCHAZ 

. i o 2  U H K N O W H  

. l a 2  U N K L I C U W  

. I O 2  U N K W O U N  . 1 1  1 LITTGEAZ 
- 1 0 2  il8KlDYN . 1 1  t LITTGBAB 
- 1 3 2  [ I l h H C U N  
I I t  1 LITTGEAa 

102 DHKNGYH 
1 1  1 LiTTGRAZ 

. I 0 2  DNKWOYW 
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i) 0s 

2 76 
277 
238 
279 
2 BG 
2 3 1  
2 82 
2 83 
2Ru 
285 
2 8 6  
2 87 
286 
269 
2 90 
23 1 
292 
2 3 3  
29s 
2 35 
2 96 
2 37 
296 
2 99 
3 33 
30 t 
302 
3 0 3  
3011 
3 05 
306 
307 
J 05 
34J9 
3 !5 
3 1 2  
3 12 
3 t 3  
3 1 k  
1 IS 
3 1 6  
3 l i  
3'16 
317 
3 2s 
i Z ?  
3 2 2  
3 23  
3 2 4  
3 25 
3 26 
3 2 7  
3 28 
3 2 9  
3 3;. 

CLASS ORDER 

INSECTA 
INSECTA 
INSECTA 
I N S E C T  A 
INSECTA 
1 blS ECT A 
I N S E C T h  
INSECTA 
I NS ECT A 
INSECTR 
INSECTA 
INSCZTA 
IYSECTA 
INSECTA 
INSECTA 
INSECTA 
INSECTA 
INS EiTA 
I Y S  ECTA 
I I S  ECT A 
INSECTA 
I N S F C T L  
IN5 ECT R 
INSECTA 
T N S B C T A  
INSECTA 
IAS FCTA 
I N S  ECTA 
INSECTA 
INSECTA 
I I S E C T R  
L I S S C T &  
I W E C T A  
IPS E C T A  
IUS KCTA 
: BS PCTA 
INS KIA 
INSECT R 
INSECTA 
INS ECTI, 
INSECTA 
INSECTA 
INS ECTR 
1 HS ECT P 
I t f S E C T 4  
I f f S P C T h  

IRSPCTA 
I RS 8CT A 
I N S  ECTR 
I N :  PCTA 
rIEE:TA 
189 ECTA 
I M S & C T R  
I l S E C T k  

IUS EcTa 

DIPTERA 
DIPTERA 
DIPTERA 
DIPT ER A 
D I P T E R b  
D I P T B R A  
DIPT ER A 
DIPTERA 
DIPT BK A 
DIPTERA 
DIPTERA 
DIPTEXA 
D I P T  ER A 
2lPTE3 a 
DI PT EK A 
DIPTERA 
DIPS ER A 
DIPTERA 
DI PTER A 
D I P I  ZR A 
DIPTERh 
DIPTWP. 
DIPT ER a 
D7 PTER A 
CIPTER 1 
CZ FTZB k 
D I P T Z B A  
DIPTEX A 
DIPTBR A 
DIPTER b 
DIPTERR 
DIPTERA 
DIPT m A 
DZPTERk 
DIPTERA 
PTPT ai h 
D f  PTER a 
C I P T E R h  
DIPT m A 
DIPTERA 
D I P T E R b  
EIPTEHR 
D I  PTEE A 
DdPT En A 
i)x PT ER h 
DIP1 EK b 
DY PT Ef P, 
D I P T E R A  
DIPTERA 
D I P T E R I  
DIFT Efc A 
DIPT El7 A 
D: FTER A 
D L K  ERR 
OIPTEPA 

V L 4 T L T  

C E C I D O # Y l D A E  
C H I  HONOKID RE 
C H I H O N C t l X D A E  
G H I R O N O H I D A E  
CHLRO$OKID AE 
CH i RONG @ID hE 
CHIRONORIDB8 
CNIBONGMJ D AE 
CHIRONONIDRE 
C H I  RON GtrX D AE 
CHI RONOllS D AE 
C H I R O N O S Z D B E  
CHIRCASWIDAE 
C B  SRONCtf i lD  BE 
CHIKOblOHIDAE 
CHIHOH CNID AE 
CHIROIOKIDAE 
CHIRONOHIDAZ 
C H i R O ~ C ~ I D A E  
CHXRONOtrIDAE 
C H I  RONC RI D RE 
OHIRONOnIDAE 
CBIRONO5IDAE 
C 9 I RON 0 Wl U AE 
CHIRONOHIDAE 
CHI RCNO#ID A? 

D P,OS@PKSLI D kE 
S I R  COP R AGID BE 
S A R C @ P H ! l G I D G  
STS BTIORYIT, A5 
S T R A T I O R Y I C A E  
5 T H A T I O O Y X D b E  
FTRR'2IIOSY1JhE 
S T R A T I O H  P i  ?AI?  
STR ATICYY'II) AT 
STB ATIOlIYIDAE 
S TR ATIOE YI D A €  
STRBTIOBYIDRE 
5TR AT SOBYID BE 
S T R A T I G Y P I D  &X 
5PR B T IO!¶ fl ii A E  
STR AT1 O f l Y I D  &E 
STBATIUMYIDAZ 
STRATIOSPTOPE 
5TMATIOEYID 116 
S T R B T l O K P i D A L  
STX kTIO F YIZAB 
STBATXOAYIGAE 

S T R I T I G R Y I D A E  
S TR AT1 ('8 RPI D hE 
S T F h T I O B P I D & E  
STR BTIOrl ? I D  AE 
STR B ' S l G t r Y i L A B  
STBATIOnYTDAE 

5 TR A T m n  YIDLB 

SSN DIR 

4 1 (  
7 1  

7 4  
1 4  
2 7  
2 1  
2 1  
2 2  
2 4  
z u  
2 Q  
3 1  
3 1  
3 1  
3 1  
3 2  
3 2  
3 2  
3 2  
3 4  
3 4  
3 4  
3 4  
? 1  
Y 3  
4 1  
I t  
u t  
Q 2  
1 7  
1 1  
1 !  
i t  
1 1  
$ 2  
1 2  
i ?  
0 4  
1 r l  

2 1  
r u  

C15P 

!.2 
1 . 6  
0 - 4  
1 . 2  
c, P 
0.9 
1 . 2  
2.0 
0.8 
1 - 2  
i. 2 
0.8 
0,9 
1 . 6  
1.6 
0, u 
0 . 8  
0.6 
1 . 2  
0, E 
0. ti 

2 
1,: 
1 . 2  
1 - 6  

2 1 . 0  
1, i 
0. la 

G. 4 
1. z 
4. 2 
1,F. 

2 l . C  
2 .  2 
2 .  P 
2*3 
0 . 4  
0 * 8  
1 . 2  
0- 6 
i , 2  
7 .5  

2j.0 
2 1 . 0  

a. a 
e .  8 
t .  2 
2 . G  
2 .  0 
0. Y 
0.8  
I *  2 
0 . 4  
0.3 

0. a 

f i 0 B  R O 3 E  BTUC i 

2 3 ri 
1 0 G 
1 0 I 
2 P 0 
7 0 0 
2 0 0 
1 c G 
t 0 0 
1 0 0 
1 0 1 

1 1 1 
2 0 G 
1 0 

I 0 
1 0 6; 
1 0 ! 
2 9 0 
1 1 9 
1 1 0 
2 u 0 
1 2 0 

I 5 
1 1 0 
2 6 1 
2 0 0 
2 0 1 
2 0 3 

0 1 
2 c 2 
1 a 1 
2 7 3 
2 4 (i 
i 1 6 
2 0 0 
1 0 S 
2 3 5 
2 1 2 
z 1 0 
i 0 0 
2 2 2 
2 0 3 
2 1 c 
1 0 0 
L 3 3 
1 0 3 - 2 i 
i G 0 
1 0 1 
2 2 2 
1 0 LE 
2 c 2 

0 2 
2 G 'J 
2 3 G 

a 3 a 

3 

ZTXXEE BFOON 

7 3 
3 1 
3 0 
'3 1 
2 0 
1 0 
2 1 
0 2 
1 3 
a 0 
1 ii 
0 0 
0 ? 
1 G 
0 3 
0 1 
1 1 
a a 
0 0 
0 0 
0 1 
0 a 
0 1 
? 0 
0 0 
I 0 
0 t 
e 3 
0 S 
c c 
ij 0 

1 0  3 
0 
5 8 
0 1 
j 3 
0 0 
5 c 
2 1 
'1 LE 
0 0 

2 
Ir 0 
1 0 
G 0 
3 0 
3 I 
0 10 
0 0 
a 0 
0 rl 
3 '3 
3 0 
2 0 
e. i 

L I " E 5 I C E  

LBHYA 
ADULT 
BDULl 
A i U i T  
ADULT 
ADULT 
ADULT 
ADULT 
ADULT 
b Lil LT 
ADULT 
ADULT 
&3ULZ 
ADULT 
ADULT 
&DOLT 
ADULT 
4 D U L 4  
ADULT 
&DULT 
ADULT 
ADdiT 
bDULT 
ADULT 
BOULT 
ACULT 
L&RVR 
ADULT 
BDULT 
L A R Y B  
LARVA 
LAFIR 
bBBVk 
L B R Y B  
L A R V A  
L B R Y B  
L B B Y h  
LARYW 

LARVA 
LBnVB 
& & P Y A  
L&Rtlh 
LhRYB 
L&i?BR 
LBIVB 
L A R V A  
LARYb 
t e R v h  
L A B Y b  
L A R V A  
L B R Y B  
LARYa, 
LAFY& 
L 6 R Y B  

Lafiv11 

flbWT 

8. !! t 
F , C 3 5  
O S C 3 5  
e-035 
C.G35 
c.035 
O"C35 
0 ,035  
3.035 
C. 03% 
c .035 
0,03 5 
0 . C 3 f  
0.035 
0. c 3 5  
0.035 
c.035 
0,035 
0.03s 
0,035 
0.035 
c.035 
C.035 
0- c 3 5  
0.033 
0.035 
0,020 
6.475 
6.415 
0.C26 
0 * CZ6 
c .. 026 
c.025 
c.I;1P, 
C . C Z &  
0,026 
0.026 
c - 3 2 6  
0,026 
0,026 
O,OZt 
J .  oaf .  
0.026 
r;*a2Lj 
C.C26 
0.02" 
O , C 2 6  
3.026 
0 , 3 2 6  
0 . 0 2 0  
0.CZC 
3,025 
O . C Z b  
3.025 
6,026 
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LZl 'L' 
L7t'O 
LZL'O 
LZ:'G 
LZL'O 
/Z1'0 

L7C.i: 
LZi '0 

LZL-O 

LZI'O 
L7 E '0 
LSL 'U 
1-7 I '0 
L7t.O 
L71'0 
1.Z~'O 
L75-0 
J. 7 I 0 
LZi '0 
L7O.O 
LZI'C 
L7i '0 
LZI'O 

LZI '0 
L7k.C 
CZI '0 
LZb'O 
67I'O 
L.71'0 
Ltl'0 
LPi'O 
L9C.0 
LZL'C 
LZL'C 
Ltl'C 
0 0 L * /. I 
EEO'Y 
CSE'O 
TCC.9 
O5E.O 
EE0.9 
ECO-9 
EEO'S. 
OSF'O 
SCO'O 
SEO'O 
SCO'C 
SEU'r? 
SEC'C 
SCO'O 
SE0'0 
SS0.C 
SFC'O 
5E0.O 

;fl34' 

~71.0 

0 5 
t 3 
Z 3 

e. 
0 0 
L 0 
O 0 
0 r 
D t 
is 1 
E F 
L 2 

O 
I 0 

0 0 
i c 
0 0 
0 0 
0 0 
i 0 
O 

c 2 
a D 
0 

c e 

0 

Z 0 
0 0 
7 c 
0 c 
0 5 
c 0 
0 I? L 
c - c C 
C C 
0 O 
C 0 
1 c 
7i e 
0 1. 
z 0 
0 0 
0 C 
6) 0 
0 z 
L 
t 1 
i I 
0 0 
0 0 
e h 
c 0 
C 1 

HflOdB 3XHHYd 

0 E 

c 5 ? 0-0 h 9 
7 z-1, z :1 c c 

0 c. 2 8'0 z t. 
z C'!Z 1 I1 0 0 

1 0 2 Y *! I '7 
c C 7 Z't t. I? 
c T z V'U i tr 
C 0 z 7'I r, 
s 0 7 R * fr 11 I: 

0 0 z 7'1 2 

0 c z Q'iZ I 
9 7 4-i. I L 

7 Z.L L F: 
c. 
0 

z 8'0 i E 
2 Q'O t: Z 

a 
0 
0 0 z h'C r: z 
0 1 7 O'I 7 z 
0 I ; Z') z T 

13 ? 0'0 z Z 
0 0 I 8'0 2 z 
0 I z O'IZ I z 
0 0 5 9'1 I 2 
r. t z t1-0 b z 

L z Z'I h I 
c L z 6'0 h 1 
9 0 z tr-o n L 
0 0 I Z'I. z i 
1 c z 8'0 2 t 
3 0 b 8.0 E I 
1 0 Z 9.k 1 6 
0 0 I Z'i I k 
c 0 L Z'I. 1 k 

Z 2 8'0 i 1 0 
0 a f 8.0 I L 
I 0 7 1:-0 L. L 
0 t 7 O'CZ I E 

0 I 1'1 z E 

0 0 z Z'i i E 
0 0 z 0'11 I i: 
0 0 7 Z't $1 k 

1. 2-k z b c c 
t 0 z 8'0 z i 

0 2 O'iZ 1 I 
7 z-: I: t? 

1 

c 2 z 0'2 z I? 
c E z Z'b 7 1) 
0 1 z e.0 z t 
0 1. 2 O'LZ t I1 
0 t i 0'17. k h 
,? 1 2 Z't I !l 

0 h Z'C ! I: 
0 0 1 9'0 L h 

e (1. 7 e-o z 

0 e 2 8.0 2 E 

a 
0 c z 8.0 $1 n 

DHLE 3x08 soii asra UIa IISS 
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:LASS 

INSECTA 
l N S E C T A  
I Y S E C T A  

INSECTA 
I N S E C T R  
INSECTA 
INS ECTA 
INSECTA 
I N S  ECTB 
INSECTA 
INSECTA 
INSECTA 
I NI: PC': 4 
INSECT b 
I N S E C T  A 
I H S  ECT A 
INSECTA 
I N5 ECT A 
I l S E C T A  
INSECTA 
INSECTA 
INSECTA 
INSECTA 
INS PCT A 
INSECTA 
I HS ECT R 
INSECTR 
INSECTA 
INSECTA 
I YS ECT A 
I R S E C T B  
I NS ECT 4 
I R S  ECT P, 
I N S P C T R  
INSECTA 
11s ECTA 
I AS ECT A 
INSZCTA 
I N 5  SCTA 
I N5 LCT h 
INSECTA 
I N S E C T &  
INSECTA 
INSECTA 
INSECTA 
XEIS E C T h  
INS BCT E 
INS E m &  
INS ECTR 
I N S E C T A  
I H S K T U  
3 8 S P C T l  
INS SCTX 
INSECT4 

r ~s EC'I B 

OR DER E 

COLEOPT ERA 
COLEOPTERA 
COLEOPTERA 
CO L EOPT ER A 
COLEOPTERA 
COLEOPTERA 
COLEOPT ERA 
COLEOPTERA 
COL EOPT ERA 
CQLE@PTY,RR 
COLEOPTERI 
COLEOPTERA 
COLEOPTERA 
C 9 L E O F T  ZR B 
COLLERBGL k 
CIS LLE RB CLR 
60 L LE UR OL A 
COLI.EUE9LA 
COLLEIJROLA 
CO L LEOE UL A 
COLLEUBOLb 
COLLERBOLA 
CG L L E M  OL A 
COLLBUF OL A 
COLLERBOLA 
COLLE UFOL A 
co L LEfiE OL A 
C0LLEflECL.A 
COLLE HE OL A 
COLLERB OL B 
COLLEABOLR 
CO LL E fl B OL A 
00 LLFVBOL A 
COLZEfiFrJLA 
CO LLEA BOL A 
CO L L E W  OLP. 
C 8  LLEt lE Ot P. 
CULLBPROL A 
COLL?nROLX 
C o t l e a e o L s  
CG LLERB OL A 
CO t. LE ff B OL R 
CO I L E t(B OL h 
COLLEEROLh 
CC4LLBF.BOL)I 
C O i L E F . 5  o r b  
COKLERBOLB 
COLZIiflBCLB 
CO L L R E  OI. A 
COLLBOBOLA 
i O L Z E E B O L A  
CO LZB OK 5 L h  
co t LE8E OLB 
co L % Et4 6 OL A 
co tLEt!E UL 6 

' A 8 I L . Y  

ST APHPLINIDAE 
STAPHYLINIDAE 
STBPHPLINfDAE 
S T I P X Y L I N I D B E  
1 EN EB R X O N I D  AE 
T~NEBRXONIDAE 
T E X E B R I O N I D A E  
T E IEBRIO K I D  BE 
PENEBRICNIDAE 
TEREBRIOHID AE 
TE WEBRI O M  D AE 
T ENERRIO#XDAE 
TE BE BRIO N I  D AE 

EC bNTAOC€XINBE 
POD'JBIDAE 
PODSRIDAE 
PO D U R I  D A!? 
PODU E I D  B E  
P G D O R I B A E  
PODURIDAE 
PODU R I D  AE 
PODURIDAE 
PODURIDAE 
POD U RID AE 
P U D U R I D A E  
PODURID BE 
PODUFIDAE 
PODURIDIE 
PODURXD A& 
PCDURIDAE 
POD U R I  D AS 
P O D U B I D A E  
P O D U R I D A E  
PCDURIDAE 
PODURIC AE 
P O D C B I 3 1 1  
PODU F I D  AE 
PODUBIDAI 
PODURICA7 
P O D O P I C A Z  
PODURIDAE 
PODURIDAE 
PODURIDAE 
P O D U R I D  AE 
PODUBIDBE 
PO n il X I  D k. E 
PODUET D RE 
POD Q 81 D A e 
P C D U R I D l E  
POD0 F J  D AP 
P O D F R I D A E  
P O D U B X D L S  
P O I I U R I D  AE 
P O D U R X G h ?  
PODUW DbE 

S S N  D I B  

4 1  
4 1  
1 2  
* u  
1 1  
I !  
1 2  
2 1  
I ?  
3 1  
3 1  
3 2  
3 u  
4 1  
1 3  
' I 1  
1 1  
1 1  
t 1  
1 1  
1 1  
1 1  
1 2  
1 2  
1 2  
1 2  
I 2  
t u  
I 4  
1 4  
4 4  
2 1  
2 ' 1  
2 1  
2 1  
2 1  
2 3  
i t  
2 2  
2 2  
2 2  
2 2  
2 2  
2 2  
2 a r  
2 4  
2 Q  
3 1  
I I ?  
3 1  
3 1  
3 ?  
3 1  
3 1  
3 2  

DXST 

1. 6 
21.0  

1 . 3  
1 . 2  
1.2 
1.5 
0.8 
1.6 

21.C 
1 . 2  
I .  6 
0.8 
0.8 
I .  6 
0.Q 
C. 8 

1.2 
1 . 2  
1.6 

21 .0  
21.0 

0. 6 
1 . 2  
1.2 
a. 0 

0. e 
0. B 
1 . 2  
1 .2  
0.4 
0 .6  
1 . 2  
1. 2 
1.6 
1 -6  

2 3 . 0  
3 - 4  

e .  a 

2 .  a 

o s  e 
0.8 
1 . 2  
1 . 2  
2 , o  
0. u 
0. e 
1.1  
C. ar 
0.6 
3 -  2 
1 . 2  
1. 6 
1.6 

2 1 . 0  
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APPENDIX C 

Seasonal means of heavy metal content  (Pb ,  Z n ,  CU, Cd) rankec~ 
according t o  resui ts  o f  Duncan's New Multiple Range Test, 
followed by the same le t te r  are  n o t  significantly different a t  t h e  
5% It.vcl, 

Means 
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Seasoml ream of heavy nietal concent ra t ions  i n  02 l i t t e r  co l l ec t ed  March, 7974, and analyzed by 
BLincan’s New Multiple Range T e s t ,  

~ ~~ ~ ~~~~~~ - ~ ~ - ~  

Ph k n c e n c r a t i o n  ( p s i s )  Zn Concentration ( p g / g )  Cu Concentration (;Ig/g) Cd Concentration (dg /g)  

S i t e  Mean Duncan S i t e  Mean Duncan S i t e  Mean Duncan S i t e  Mean Duncan 
(kn?) (X 1 o3 ) (!a) (x  10‘) (km) (X 70’) (h) 

N W  .4 

N .4 

kl .4  

YE .4 

NE 7 , 2  

N .E 

NW .8 

NE .8 

?i 7.2 

w .5 

NN 7.2 

w 1 . 2  

N 2.0 

k! 1.6 

NW 2.0 

tl 2 1 , 6  

82.6 

68.3 

6 5 . 2  

64.9 

43.7 

36.5 

33.3 

28.6 

2%. 2 

19.1 

17.7 

8.7 

8,ti 

7 - 1  

4.6 

. 3 

A 

Ai! 
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C 

CD 

cn 
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FG 

FG 
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G 

NE 7 . 2  

NE .4 
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?IW .4 

w .4 
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N 1 . 2  
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tl 1 . 6  
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43.1 

22.5 
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21.4 

18.2 

16.8 

74.4  

15.5 

9, a 
7 . 4  
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3.9 
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FG H 

GH I 

H I  
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H I  

HI 
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NE 7.2 
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N W  .4  

N .4 

W .4 

N .8 

NW .8 

N 1.2 

W .8 

NW 1.2 

N 2.0 

iJ 1 .2  

w 1 * 6  

NW 2.8 

w 21-0 

50.4 

37.5 

13.2 

91.9 

11.5 

9.0 
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2.8 

1 .a 

1 . 5  
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w . 4  
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kl 1.6 
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NW 2,o 

1J 21,o 

125.8 A 

115.8 A5 

111.7 AS 

108.3 ABC 

705.3 ABCD 

104.3 ABCD 

77.5 BCBE 

71.3 CDEF 

69.0 DEF 

48.3 EFG 

35.8 FGH 

28-8 GH 

2‘1 .El GH 

20.7  GH 

14,3 G H 
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APPENDTX D 

Pooled, seasonal means o f  litter P b ,  Z n ,  CIJ and Cd content 
( p g / g  dry w t )  a5 a function o f  dis tance  from the sniolter. 
Values f o r  t h r  ME t ransect  w r e  excluded from computation 
( 2  - + 1 S.E. ,  n = 1 2 ) .  
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