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ABSTRACT 

Producer "and arthropod components were eliminated from lichen-annual 

herb ecosystems on, rock outcrops. The object ive  was t o  t e s t  the  hypothesis 

- t h a t  des t ruct ion of a b i o t i c  compartment of an ecosystem will  increase  sys- 

tem nu t r i en t  loss .  Four ecosystems were described and t h e i r  input-output,  

budgets monitored. The vegetation of one ecosystem was k i l l ed  with an herbi- 

R cide  ROUNDUP^). In another,  an i n sec t i c ide  (VYDATE ) eliminated arthropods. 

The remaining two were controls .  

Preci.pi t a t i on  was about 1363 mm during -1.976, and input from rock i n f 1 . 0 ~  

averaged 25369 mm. Sys tern discharge was 26422 mm. Evapotranspiration 1 osses 

were calcula ted a t  312 mm. 

.. . Concentration of H+, ~ a + ,  K+, M$+, and ca2+ i n  p r ec ip i t a t i on ,  rock in- 

flow, and system discharge were a l l  inversely  corre la ted to  water volume. 

Weighted (monthly). concentrat ions of ~ a +  in  p rec ip i ta t ion  were inversely  cor- 

r e l a t ed  w i t h  those of H+. Average annual (1976) concentrat ions (mg/l) were: 

H 0.115, Na 0.177, K 0.142, Mg 0.032, and Ca.0.147. About half  the  va r i ab i l -  

i t y  i n  concentrat ions of rock inflow was a t t r i b u t e d  t o  p rec ip i ta t ion  concen- 

t r a t i ons .  Average annual (1976) weighted concentrat ions (mg/l) in rock inflow 

were: H 0.094, Na 0.205, K 0.151, Mg 0.036, and Ca 0.183. There was a s i gn i -  

f i c a n t  cor re la t ion  between weighted (monthly) concentrat ions of H and those 

of K ,  Mg and Ca. Weighted concentrat ions i n  discharge were pos i t ive ly  corre-  

la ted w i t h  concentrat ions in  rock inflow. Average annual ( 1976) weighted con- 

cen t ra t ions  (mg/l) i n  discharge were: H 0.098, Na 0.207, K 0.174, Mg 0.044, 

and Ca 0.220. I 



Largest monthly losses  of suspended pa r t i cu l a t e s  resu l ted  from physical 

disturbance of the  sys tem edge. Bed 1 oad sedi.ments were being accumul ate.d, 

but a t  a slow r a t e .  

Monthly cat ion inputs .and outputs were' dependent on water volume. 

2 Duri,ng 1976, average input  i n  dg/m were H 25.6, Na 54.0, K.43.0, fig 10.1, 

and Ca 49.6, while output averaged H 25.9, Na 54.8, K 45.5, Fg 11.7, Ca 58.8. 

Nutrient  budgets were balanced. 

Dissolved sol ids  averaged 95% or more of t o t a l  budgets. Ratios of n u -  

t r i e n t  standi,ng crop i n  vegetation t o  thrqughput were Na <0.05, K 0.9, Mg 0.7,  

Ca 0.1. 

Above-ground biomass of nonvascular p lan t s ,  below-ground biomass, l i t t e r  

and soi  1 parameters remained re1 a t i v e l y  constant  over the study. 

Soil  water pHy exchangeable hydrogen and base sa tu ra t ion  re f lec ted  

changes i n  inputs .  

Insec t ic ide  treatment reduced arthropod populations 91%, b u t  dens i t i e s  

i n  o ther  systems were reduced 75% by moisture s t r e s s .  

Soil microflora biomass was low and decreased w i t h  low s o i l  moisture. 

Average annual l i t t e r  decay r a t e s  ( k )  were low: Polytrichum -0.29, 

Cladonia -0.38, and ce l l u lo se  -0.10. 

Insec t ic ide  treatment produced no s i g n i f i c a n t  change i n  any discharge , 

var iable .  

Herbicide treatment increased cat ion concentration i n  discharge,  however, 

only sodium and calcium were s i g n i f i c a n t  a t  P = 0.06. Drought produced a 

g r ea t e r  e f f e c t  than treatment. Vegetation dest ruct ion s i g n i f i c a n t l y  (P<0.05) 

increased budgetary losses  of Na, K ,  Mg and Ca, b u t  did not g r ea t l y  acce le ra te  



them. Losses were due t o  leaching of vegetation. 

These ecosystems demonstrated high resistance t o  the chemical t r ea t -  

ments, and lower resistance to  drought and physical disturbance. 

KEY WORDS: Arthropods, Devegetation, Ecosystem, Hydro1,ogy , Li t t e r  decom- 

posit ion, Microflora, Nutrient cycl ing, Perturbation, Plant community, Rock 

outcrop, S tab i l i t y ,  Weathering. 



INTRODUCTION 

Over the l a s t  several decades, watershed s tudies  have contributed t o  

our understanding of the function of whole ecosystems and t h e i r  response to  

perturbation. Small watersheds have permitted study of complex ecosystems 

on an experimental basis (Bormann e t  a1..1974, Monk e t  a l .  1977). 

Ecosystem behavior, represented by watershed nutr ient  and water budgets, 

can be understood by studying the dynamics of internal processes and func- 
I 

t i sna l  components (Monk e t  a l .  1977). A t  the most general level of analysis ,  

ecosystems can be conceptualized a s  being composed of several processes: 

primary production, consumption, decomposition, and geologic processes. Each 

level can be fur ther  subdivided unt i l  the functional roles of individual species 

populations i s  ident i f ied.  We would assume tha t  disruption or destruction of 

a lower level process would have a severe impact on ecosystem function. Indeed, 

Bormann e t  al. (1974) argued tha t  a common ecosystem response to  vegetation de- 

s t ruct ion i s  an.immediate increased loss of nutr ients .  Very high rates  of 
. . 

nutr ient  1 oss iinmedi at61 y a f t e r  ecosys.tem di s turbance have been incorporated 

into Vi tousek and Rei ners ' ( 1975) hypothesi s for  the re1 a t i  ons hi p between eco- 

system maturity and i t s  nutr ient  retention properties. Likens e t  a1 . (1970) 

suggested tha t  destruction of a b io t ic  compartment will  lead t o  accelerated 

nutr ient  export and changes, often unexpected, in other compartments of the 

same ecosystem, assuming tha t  the ecosystem consists of a collection of l i n -  

early 1 inked subsystenis. 

Certain ecosystem responses t o  short-term perturbation and long-term 

land management goals can be estimated through budgetary analysis.  Investiga- 

t i ~ n  of nutr ient  dynamics of 1 ower 1 eve1 ecosystem components he1 ps explain 

changes in i nput-output budgets. Comparison of disturbed or managed ecosystems 



t o  s i m i l a r  und is tu rbed systems, can revea l  cha,nges t h a t  have occur red  i n  

ecosystem s t r u c t u r e  and f u n c t i o n '  and t h e i r  magnitude. C l  ea r l y ,  ecosystem 

response t o  per tu rba t i .on  can p rov ide  understanding o f  the  na ture  o f  man's 

impact on t h e  environment. 

Small montane watersheds have severa l  disadvantages which l i m i t  t h e i r  

us~efu'l ness as experimental  ecosystems. Because. of t h e i r  1 arge s i ze ,  they 

a r e  very  expensive t o  operate and r e p l i c a t e  ( S l i . v i t z s k y  and Hendler 1964, 

Ackermann 1966, and Reynolds and Leyton 1967, c i t e d  by Hewle t t  e t  a1.1969; 

Bormann and L ikens  1967; M i t c h e l l  e t  a l ,  1976) and some va luab le  experiments 

cannot be performed because o f  1 inkages w i t h  o t h e r  ecosystems (Woodwell 1967, 

L i  kens and Bormann 1974). For  example, e l  i m i  n a t i o n  of decomposer mi.crof 1 o ra  

o r  ar thropods w i t h  pes t i c i de ,  o r  re lease of t o x i n s  such as heavy meta ls  o r  

rad io i so topes  t o  determine how these p e r t u r b a t i o n s  may change s t r u c t u r e  o r  

modi fy  energy o r  n u t r i e n t  f l o w  w i t h i n  ecosystems, would present  d i f f i c u l t i e s  

, i n  watershed-sized ecosystems. .As a r e s u l t ,  i n t e r e s t  i n  microcosms f o r  eco- 
. . 

system s tudy  'and G o l o g i  c a l  assessment o f  r e 1  eased materi .al  s has increased 

cons iderab ly  .(Anon. 1976b, Ke r r  1977, Giesy 1976, Ausmus e t  a1 . 1977). But 

microcosms a l s o  have 1 i m i  t a t i o n s  s i n c e  they may oversimpl i f y  ecosystem pro-  

cesses t o  an u n r e a l i s t i c  .extent.  

Research r e p o r t e d  here was performed on r o c k  outcrop ecosystems. 

Weathering of the  rock  sur face r e s u l t s  i n  depressions which accumulate d i s i n -  

t eg ra ted  rock  and organ ic  debr is ,  P lan ts  invade and form d i s t i n c t  aggregra- 

t i o n s  surrounded by n a t u r a l l y  exposed rock  which Burbanck and P l a t t  (1964) 

c a l  l e d  i s l a n d  communities, and Shure and I: Ragsdale (1977) c a l l  ed s o i  1 - i s l a n d  

communi t i e s .  These i s l a n d  ecosystems a r e  . intermedi.ate i n  s i z e  and complexi ty  



between 1 arge,  complex watersheds and small ,  simp1 e laboratory microcosms. 

These intermediate ecosystems might be termed mesocosms (Odum e t  a l .  1978). 

These ecosystems a r e  general l y  i r r egu l a r l y  c i r c u l a r ,  only several 

meters in width,. and the  so i l  i s  usually deepest i n  the cen te r  o r  upslope 

edge. They a r e  i so la ted  except during r a in ,  a t  which time they may be in- 

terconnected by runoff. 

The rock outcrop communities a r e  natural  ecosystems resu l t ing  from 

evolutionary adaption. The microenvironment of outcrops i n  the  southeastern 
#' 

U .  S. i s  deser t - l ike  (Duke and Crossley 1975). They a re  characterized by 

in tense  s o l a r  rad ia t ion ,  extreme temperatures, and drought due toi ,rapid r u n -  

off of p rec ip i ta t ion  and low water-holding capacity.  Charac te r i s t i c  outcrop 

speci es  have evolved i  n t h i s  severe mi crocl imate (Murdy 1968). 

Island ecosystems a r e  s t a b l e  over long periods of time (Burbanck and 

P l a t t  1964) and a r e  of s u f f i c i e n t  s i z e .  to  allow s e r i a l  sampling, y e t  not so  

complex as t o  present sampling problems. 

Island ecosystems a r e  d i s t i n c t l y  del ineated,  b u t  notgeographically l imited.  

System boundaries a r e  well defined,  and drainage inputs  and outputs can be 

readi ly  i den t i f i ed  f o r  many systems. Numerous g r an i t e  outcroppings occur 

throughout the  Piedmont region of the  southeastern U .  S .  However, they a r e  not 

r e s t r i c t e d  t o  t h i s  area:  e. g. , s imi l a r  outcrops have been described elsewhere 

i n  t h i s  country, such as Texas (Whi tehouse 1933) and I l l i n o i s  (Winterringer and 

Vestal 1956), and o ther  areas  of the  world, such a s  Nigeria (Hambier 1964), 

Austra l ia  (Ashton and Webb 1977), and Bulgaria (Sobka 1973). T h u s ,  s imi la r  

ecosystems a r e  avai l ab le  for '  c.orroborati ve s tudies .  While most ecosystem 

s tud ies  a re  based on samples of one (Regier and Cowell 1972), outcrop ecosystem 

s tud ies  can be rep l ica ted  a t  a f rac t ion  of the  time and cos t  necessary t o  exper- 

iment with fo res ted  watershed ecosystems. Total manipulations of various sys- 



tem components may a1 so be eas i ly  pe.rfoymed (Pl a t t  and Mc.Cormi ck 1964). 

Previous research has dea l t  with numerous aspects of. grani te  outcrop 

ecosystems, b u t  most of th i s  research has been of a botanical nature [Sharitz 

and McCormick 1973). L i t t l e  work has been done on the faunal component of 

outcrop ecosystems. 

Recently McCormick e t  a1 . (1974) discussed advantages of usi,ng island 

ecosystems as mode.1~ fo r  experimental analysis of larger  ecosystems. Lugo 

(1969) determined energy, water, and carbon budgets fo r  outcrop systems, and  

material cycl ing has been examined by Garrett  (1963), Braun '(1969), Hay (1973), 

and Meyer e t  a1 . (1975). Bostick (1968) reported on the dis t r ibut ion of so i l  

fu,ngi , and Snyder and Null s t e i n .  (1973) measured nitrogen f ixat ion by several 

outcrop cryptogams. In addition, l i t t e r f a l l  and de t r i tu s  runoff amounts have 

been assessed by Bostick (1972', 1973). 

The objectives of the present study were t o  t e s t  the hypothesis tha t  

destruction of one or  more b io t ic  compartments of an outcrop ecosystem will  

increase nutr ient  loss,  and- t o  increase understanding of the patterns Qf mater- 

i a l  flow in outcrop ecosystems. Nutrient budgets f o r  hydrogen, sodium, potas- 

sium, magnesium, and calcium were used t o  measure the system-level response 

of the ecos.ystems. Nutrient dynamics of various ecosystem components and 

. processes will help explain changes in input-output bqdgets. Thus, the study 

was divided in to  three phases: (1) a cal ibrat ion phase, ( 2 )  a perturbation 

per-iod, and ( 3 )  a response period. During the sal  ibration phqse, four eco- 

systems were described and monitored f o r  phenol.ogy; vegetation density and 

biomass, and input-output ,budgets were measured. Two systems were designated 
,: 

experimental and two .became qontrols. Immediately fol lowi,ng the in i  t i  a1 phase, 

the two experimental ecosystems were perturbed. In one case, a1 1 vegetation 

was ki l led with a herbicide and aliowed-to stand in p'lace. In a second example, 



an insec t ic ide  was applied monthly t o  e l  iminate arthropod biophages and 

saprophages, both above and below ground. Response . t o  perturbation was 

followed, simultaneously w i t h  input-output budgets, by monitoring several  

in te rna l  components and processes,: vegetation biomass and elemental concen-; 

t r a t i  on, soi  1 p roper t i es ,  arthropods,  so i  1 m i  crof 1 ora , and 1 i t t e r  decompos i - 
t ion .  

MATERIALS AND METHODS 

Study Area 

This study was conducted on a f l a t  rock outcrop located i n  northern 

Rockdale County, Georgia, southeast  of the  junction of Big Haynes Creek and 

Harrison Mi 11 Road (Nabholz e t  a1 . 1977) and i s  ca. 235 m above sea l eve l .  

The outcrop i s  ca. 75 ha i n  s i z e  and i s  surrounded and p a r t i a l l y  divided by 

f o r e s t  stands . 
The geologic subs t ra te  i s  a contorted b i o t i t e  g r an i t e  gneiss ,  Lithonia 

type (Watson 1902, Crickmay 1952). Layers of quartz and fe ldspar  a l t e r n a t e  

wi t h  1 ayers of b i o t i t e .  Rock samples a1 so contained magneti t e ,  hornblende, 

and pegmatite (personal communication, L .  Jones) .  

The cl iminate i s  characterized by f ron ta l  storms most f requent  duri,ng 

cooler months and thunderstorms during warmer months. Mean weekly ambient 

a i r  temperature (30.5 cm above rock sur face)  var ies  from 2 . 5 ' ~  in January 

t o  29.7 '~ in  August (Hay 1973). 

The Study Ecosystems 

Four is land ecosystems of the lichen-annual herb type (Burbanck and P l a t t  

1964) were se lec ted  f o r  study. These ecosystems occurred on a rock face  where 

inflow came only from the  surrounding rock upslopes (Fig.  1).  In order t o  

sample water inflow, i , L  was necessary t o  divlde the  rock watershed area  i n to  



two parts separated by a. weir. The upper slope was termed the upslope 

watershed area (IWS) and the rock immediately surrounding the ecosystem 

was termed the community watershed area (CWS). 

Ecosystems 1 and 2 (El and E2) , t h e  pai r chosen f o r  insecti.ci.de 

experiment, were s i x  meters apart  and about l O O m  from ecosystems 3 and 

4 (E3 and E4), the pa i r  chosen f o r  the herbicide experiment, which were 

also s i x  meters apart .  A narrow fores t  stand separated the two groups. 

Ecosystem 1 was c loses t  t o  the outcrop edge. System E3 was smallest i n  

s i ze  and E4 had. the la.rgest watershed area.  (Table 1). Yet, to ta l  watershed 

arealsystem area r a t i o s  f o r  E3 and E4 were both about 25. Ratios fo r  E l  

and E2 were also s imilar ,  14 and 16, respectively. Watershed slopes con- 

s i  s ted entisrely of 1 ichen-covered rock, wi t h  one exception. Ecosystem 2 

had a lichen-annual herb community imbedded w i t h  i t s  watershed boundaries. 

I t  comprised 15% of the watershed area. System .E3 had the shallowest so i l  

(Table 1) .  Deeper s o i l s  were dis t r ibuted more toward the upslope edge in 

El,  E3 and E3; and near the center in E4. 

Dominant vegetation in a1 1 study ecosystems was nonvascular plants: 

Cladonia spp., Grimmia spp., and Polytrichum commune. Annual plant species 

which occurred in a1 1 systems included Bul bostyl i s  capi 1 l a r i s ,  .Crotonopis 

e l  1 i p t i  cay  Di amospha cymosa (syn. Sedum small i i , see Shari t z  and McCormi ck 

1973), Hypericum gentianoides , and Viguiera porteri  . Arenaria uniflora 

(syn. Minuartia unif lora ,  McCormick e t  a l .  1971) was found only in E4, 
- 
l al inum te re t i fo l  ium only in . E l ,  and a perennial, 'Andropogon'virginicus, was 

present in E l  and' E2. Lichens, Parmelia spp. , were abundant on a1 1 'rock 

upslopes. Bare so i l  occurred most frequently a t  system edges. 



Environmental parameters 

Ambient a i r  temperature was measured near t h e  ecosystems (F ig .  1 )  

w i t h  two T a y l o r  maximum-minimum thermometers mounted 59 cm above t h e  rock 

surface under wooden she1 t e r s .  Bu lk  p r e c i p i t a t i o n '  was measured w i t h  two 

USDA standard ra in ,  gauges. Samples ' f o r  elemental ana lys i s  were c o l  l e c t e d  

by water  t rap - t ype  gauges (Likens e t  a l .  1967) which were 100 cm above t h e  

rock  sur face.  One c o l l e c t o r  was p laced near each ecosystem, One m l  of 

p r e s e r v a t i v e  . s o l u t i o n ,  phenylmercur ic  aceta te  (435 mg/ l )  was added t o  each 

funne l .  Samples obv ious l y  contaminated were discarded. C o l l e c t o r s  were 

r i n s e d  w i t h  d i s t i l l e d  water a f t e r  sample c o l l e c t i o n ,  and a c i d  washed o r  

rep laced as needed. 

Ecosys tem Parameters 

I n p u t  - Output Va r iab les  

I n p u t  from rock  upslopes and ou tpu t  were samples w i t h  a w e i r  c o l l e c -  

t i o n  system (Fig.  1). Each w e i r  c o l l e c t i o n  system cons i s ted  o f  a dam, a 

modi f ied V-notch w e i r  (F ig .  Z), a p r o p o r t i o n a l  sampler ( F i g .  3) ,  and c o l -  

l e c t i o n  b o t t l e s .  The i n p u t  dam (Fig. 1) d i v i d e d  the  rock  watershed area 

i n t o  an upslope watershed area (IWS) and a community watershed area (cWS). 

Watershed boundaries were l o c a t e d  by pou r ing  water  on the  ou tc rop ,  Water- 

shed areawas then determined, g raph ica l  l y .  

Dams were made f rom polyurethane foam (ISOFOAM~, Witco Chemical, New 

Cast le ,  Delaware) poured on the  rock  sur face which had been brushed t o  

R remove l i c h e n s  and loose ' rock .  ISOFOAM -adheres t o  the  rock  sur face t o  

make a w a t e r t i g h t  seal .  The mod i f i ed  w e i r  (F ig .  2 )  was o f  V-notch (100') 



design ~ 0 n t a i n i . n ~  a flow s p l i t t e r  (25') which d iver t s  a fract ion [about 25%) 

through an opening a t  i t s  base in to  tubing. Weirs were made from s.tai.nless 

s tee l  and 15 cm wide ( f ront  t o  back). Nylon netti,ng (_=1.2 cm) stretched Qver 

a s t a in l e s s  s tee l  rod frame (F,ig. 2) was placed in the flow s p l i t t e r  t ~ = c o l -  

l e c t  suspended coarse par t icu la te  o,rganic matter (CPOM) . Suspended 'fine 

par t icu la te  organic matter (<1.2 cm) was allowed to enter  the col lect ion sys- 

tem. The diverted f rac t ion .  from the weir was fur ther  sp1i.t in to  23 portions 

by a proportional samples ( ~ , i g .  3 ) ,  one portion, going to  the collecti.on bot t les .  

The sampler consisted of a s l i c e  of polyvinylchloride (PVC) pipe molded to  PVC 

sheet on i t s  lower surface,  and a c i rcu lar  PVC sheet bolted t o  i t s  upper s ide.  

Twenty-three holes were d r i l l ed  through the pipe. A s t a in l e s s  s tee l  s t r i p  

containing 23 holes (6.35 mm) each w i t h  a knife-edge was placed next to  the 

inside surface of the pipe and sealed w i t h  s i l icone  adhesive. The proportional 

sample was mounted on three bol ts  embedded in the rock and leveled. The di-  

verted fract ion from the weir entered the sampler through the center of the 

cover. If  collected samples were too small, one or  more holes in the propor- 

t ional samples were plugged from the outside to  increase sample quantity. 

Samples were rinsed with d i s t i l  led water a f t e r  each sample col ' l ec t~on.  Col- 

lection bot t les  consisted of two 22.3 l i t e r  polyethlene G.  I ,  jugs, A s ta in--  

l e s s  s tee l  tube was used t o  prevent back-pressure as col lect ion jugs f i l l e d .  

One ml o f  preservative solution, phgnylmercuricacetate (435 mg/ l ) ,  was placed 

in each bot t le ,  Nylon p la s t i c  pipe f i t t i n g s  were used throughout the collec- 

t ion system and s i l icone adhesive or s ta in less  s tee l  hose clamps were used t o  

make the system watertight.  

~cdumulated sample from each weir was f i l t e r e d ,  mixed and measured in 

a 20 l i t e r  graduated cylinder. Particulates retained by plankton netting 



were considered t o  be' fi-ne part i  cul a te  o,rgani c matter (FPOM) . Throughout 

the ent i  r e  study, inputs and outputs o f '  di.sso1 ved and suspended sol ids  were 

sampled as soon as  possible a f t e r  every precipitation event; i  .e .  , every 

frontal  system or thunderstorm i f  separated by 8 t o  12 hours. Sediments 

in f ront  of each weir were collected periodically.  

The h,ighest water level a t ta ined a t  the weir during a precipi ta t ion 

event was measured with. plexlglas tubi,ng and powdered cork (Fig. 2 ) .  At 

the input weir, t h i s  variable would indi,cate storm in tens i ty ,  and a t  the 

output weir, the .effect of the ecosystem on .reducing ' : ' intensity of water 

flow could be estimated. A more detailed description of the weir collection 

system and the peak head recorder i s  provided in Nabholz e t  a l .  (1979). 

Water budgets f o r  each ecosystem were calculated for  each storm event 

by mass balance since the modified weirs were not accurate enough..: t o  measure 

watershed i-nflow and discharge. The water balance equation was 

Q - P t W S I  - E t - $  

where Q = system discharge; P = .precipi ta t ion recelved d i rec t ly  by. the system, 

WSI. = inflow from rock upslopes, E t  = evapotranspiration, and S = basin storage. 
2 Precipi ta t ion . (1) equaled precipi ta t ion (mm) 'times ecosys,tem area (m ) . Inf 1 ow 

(1) from IWS and CWS was calculated as the product of precipi ta t ion (mm) and 
2 the area (m.) minus storage (1) by the rock surface, pools, imbedded island 

community and/or the weir collection system. The only system w i t h  s igni f icant  

pool storage was E3. Stocage by pools and imbedded communities equaled t h e i r  

basin storage l e s s  losses due to  evapotranspiration (Et) ,  not t o  exceed t h e i r  

basin storage. Basin storage was determined by flooding each system or pool 

with d i s t i l l e d  water during a drought. Basin storage was 250 l i t e r s  for  pools 



in the IWS of E3 and 173 l i t e r s  f o r  the imbedded system associated wi.th E2. 

Storage by each island ecosystem was 68, 60, 44 and 76 l i t e r s  for  E l  th.rqugh 
' 

E4, respectively. Basin s to rage  (S) was f ul 1 when data col l 'ections began and 

when they were ended. Losses from storage were en t i r e ly  from E t .  

Water loss by evapotranspiration was estimated by multiplying average 

seasonal E t  r a te  ( l /da)  by number of days since the l a s t  precipitation event. 

If E t  exceeded the basin storage of the system, E t  was s e t  equal t o  storage. 

Seasonal evaportranspiration rates  were determined from 1 i . terature (Table 2 ) .  

McCormick e t  a l .  (1974) enclosed island ecosystems i n  p l a s t i c  chambers and 

reported data f o r  a favorable June day. Rate of so i l  moisture loss was de- 

termined by Ragsdale (1969) from 19-25 October during a period of seasonably 

warm, c l ea r  weather. Fall E t  r a te  was a l so  used f o r  spring because of simi- 

l a r i  t y  between mean temperatures. Winter evaportranspi ration r a t e  was e s t i  - 
mated about half the spring-fall .  r a t e  based on changes in seasonal E t  r a tes  

and mean temperature. ~ v a ~ o r a t i o n  from pools associated with E3 were estimated 

from observed drying times: 2, 4, and.6 days f o r  summer, spring-fall  . . , and .. 

winter, respectively. 

Cation budgets f o r  each study ecosystem were calculated as the difference 

between inputs associated w i t h  bulk precipitation and rock inflow and outputs 

related with system discharge. Inputs and outputs due to  animal movements 

were assumed to  be random and balanced. Inputs from wind-blown allocthonous 

and rock weathering were not included in the cation budgets. Addition of 

wind-blown allocthonous material t o  the systems was probably a small proportion 

of the amount of wind-blown allocthonous carr ied by inflow from rock upslopes. 

No accumulation of wind-blown material was observed i n  the weir or  in f ront  

of i t  between precipi ta t ion events. 



Rock weathering was invest.igated w i t h  a leaching experiment. ~ x f o l  i.ated 

rock from under a nearby lichen-annual herb system was co l lec ted  and a i r  dr ied.  

Ten.rock samples were r insed w i t h  ' d i s t i l l e d  water and each placed in a one 

R l i t e r  TRI-POUR beaker and covered w i t h  100 ml of d i s t i l l e d  water, A beaker 

without a rock was used as  a control .  PARA FILM^ held down by a watch g lass  

covered each beaker. Leachate was replaced a f t e r  1, 3, 6 ,  12, 24 hours; 2 ,  4 ,  

8 ,  16, 33, and 73 days. Rock samples were oven dried ( 1 0 0 ~ ~  f o r  24 hours). 

weighed and measured f o r  volume and surface  a r e  es t imates .  

Total amount of each element leached was 52.8 k 4.9 yg o f N a ,  106.8 + 

8.7 ug of K g  5.8 k 0.4 ,ug of Mgy and 42.3 k '4.8 yg of Ca. Surface area of 

the leached g ran i t e  was determined t o  be 99 k.5 cm2; t h i s  includes top,  bottom 

and s ides .  Leachi,ng r a t e s  decreased rapidly  the  f i r s t .  day ,and declined t o  a 

value of 0.192 c 0.019 pg/da f o r  Na, 0.236 r 0.020 ,pg/da f g r  K, 0.0004 + 0.0002 

u g fo r  M g ,  and 0.100 + 0.010 ,pg/da f o r  Ca during the  l a s t  73 day leaching ' 

period. 

.These data suggest  a s e r i a l  order  of K>Na>Ca>Mg f o r  r e l a t i v e  r a t e s  a t  

2 which these  ca t ions  a r e  weathered. Annual input (dg/m * y r )  was estimated 

using mean leactl'ir~y r a t e  for each element: 0.14 Na, 0.29 K ,  0.02 Mg, and 0.11 

Ca. These inputs were small ( < I % )  when compared t o  annual budgets. 

Systems received nu t r i en t s  d i r e c t l y  from prec ip i ta t ion .  I n  add i t ion ,  they 

received dissolved and suspended so l i d s  in  water inflow from community water- 

shed areas  (CWS) and from upslope watershed area (IWS) (F ig .  1). Systems 

received about 75% o f ' t h e  so l i d s  from INS, and none of the  bed load from IWS 

because o f  t he  input welr . ' col lect ion system. Community watershed area inputs 

were estimated from IWS data.  Amount of dissolved cat ions  was determined as 

the  product between cat ion concentration and volume of water. I f  any concen- 



t r a t i o n  value was missing, i t s  l a s t  known value was used. 

Input of pa r t i cu l a t e  matter  suspended i n  rock inflow t o  each study 

ecosystem was t he  sum of the  pa r t i cu l a t e s  washed from the  community water- 

shed area (CWS) and 75% of the  pa r t i cu l a t e s  from the  input  watershed area 

(INS). The amount of pa r t i cu l a t e s  from the  CWS was estimated by converting 

the  t o t a l  amount of pa r t i cu l a t e s  from the  IWS t o  a  meter2 bas i s  and multi- 

plying by the  CWS area .  The ' to ta l  amount o f . coa r se  pa r t i cu l a t e s  from the  

I.WS was obtained. by multiplying the  amount of coarse pa r t i cu l a t e s  re ta ined 

by the  weir  flow s p l i t t e r  by four ,  s ince  the  weir was designed t o  r e t a in  

only 25% of the  t o t a l  .amount passing through i t .  Fine pa r t i cu l a t e s  f i l t e r e d  

from the  co l lec t ion  jugs were f i r s t  mu1 t i p l i e d  by. a  propor t ional i ty  constant  

before being mul t ip l ied by fou r ,  s ince  the  proportional sampler was designed 

t o  s p l i t  the  sample removed by the  weir flow s p l i t t e r  i n to  23 port ions.  The 

constant  f o r  E3 and E4 wa's 23, b u t  t h e  constant  f o r  E l  and E2 was 13, s ince  

10 holes i n  the proportional sampler were plugged t o  increase sample quant i ty .  

Amount ,of cat ions  in -suspended coarse  and f i n e  p a r t i c u l a t e  matter  was determined 

a s  the  product between cat ion concentration and amount of mater ia l .  I f  a  

concentrat ion f o r  f i n e  pa r t i cu l a t e s  was missing, the  concentrat ion f o r  coarse 

pa r t i cu l a t e s  was used. I f  both values were missing, the  l a s t  knownvalue was 

used. Data from each ecosystem were used f o r  t h a t  ecosystem only. 

O u t p u t  of coarse pa r t i cu l a t e s  suspended in discharge was estimated by 

multiplying the  amount of coarse pa r t i cu l a t e s  re ta ined by the  weir by four ,  

s ince  the  weir was designed t o  r e t a i n  only 25% of the  t o t a l  output. Calcula- 

t ion  of the  t o t a l  amount of f i n e  pa r t i cu l a t e s  in  discharge was iden t ica l  t o  

f i n e  pa r t i cu l a t e  input from the  IWS, w i t h  one exception. The 'proportion- 

a l i t y  constant  f o r  E l  was 14, s ince  nine holes in  the  proportional sampler 



were pl,u,gged. 

Experimental sys terns rece ived i n p u t s  o f  bed 1  oad sedi.ment on.ly from 

t h e  community watershed(CWS) d u r i n g  the. study. Th is  i n p u t  was c a l c u l a t e d  

by conver t ing  accumulated sediment f rom'  t h e  i n p u t  watershed. [IWS) t o  a 

2 meter bas is  and m u l t i p l y i n g  by CWS area. 

The c o n t r i b u t i o n  of ca t i ons  by bed l o a d  sediments was l i m i  t e d  t o  those 

considered b i o l o g i c a l  l y  aya i  1  able: t h e  organ ic  f r a c t i o n  and exchangeable 

ca t ions .  Add i t i ons  and losses o f  ca t i ons  by organ ic  sedi.rnents were ca lcu-  

l a t e d  as the  product  o f  c a t i o n  concen t ra t i on  o f  t h e  coarse m a t e r i a l  (>2.0mm), 

and t o t a l  amount o f  o rgan ic  mat ter .  

Exchangeable ca t i ons  were c a l c u l a t e d  as t h e  product  o f  t h e  amount ~f 

exchangeable c a t i o n s  per  u n i t  o f  sediment and t h e  amount o f  sediments. 

T o t a l  ou tpu t  of each n u t r i e n t  w i l l  be subt rac ted f rom t o t a l  i n p u t  t o  

c a l c u l a t e  n e t  di f ference, Input -output  v a r i a b l e s  were evaluated f o r  each 

storm event  and summed f o r  monthly and annual budgets. N u t r i e n t  budget 

2 amounts were expressed i n  dg/m of ecosystem which i s  equ iva len t  t o  kg/ha 

making t h i s  s tudy comparable t o  o t h e r  s tud ies .  

I n t e r n a l  System Components 

Each i s l a n d  ecosystem was mapped d u r i n g  t h e  c a l i b r a t i o n  p e r i o d  by 

subd iv id ing  i t  i n t o  20 x  20 cm quadrats. S o i l  depth, percent  cover o f  non- 

vascular  p lan ts ,  Andropogon v i r g i n i c u s ,  bare s o i l ,  rock ,  and wood. Numbers 

of vascular  p l a n t s  were a l so  determined f o r  each quadrat.  

Core sampling, composite sampling o f  vege ta t i on  and s o i l ,  and a  l i t t e r  

decomposition study were begun j u s t  p r i o r  t o  system per tu rba t ions .  I n t e r n a l  

processes and f u n c t i o n a l  components were moni tored through these s tud ies  

du r ing  t h e  p e r t u r b a t i o n  and response phases i n  bo th  undisturbed and d i s t u r b e d  

ecosys terns. 



Two c i rcu lar  cores (5.2 cm diam. ) were removed from each system ea,ch 

sample date. Location of core samples were s t r a t i f i e d  according t o  vege- 

ta t ion  and soi 1 depth. Species of vascular plants usually exhi.bi t concentric 

zonation (Burbanck and P la t t  1964) and nonv~scular  plants form patches of 

t h e i r  own. Deeper so i l  occurs near the system center. I a l so  observed t h a t  

animal disruption of system. edges; e,.g. , a bird scratching, caused a washout 

of plant and so i l  material. Each sample had to  contain a much information 

as possible, ye t  had to  avoid any sampling-induced ef fec ts .  For these reasons, 

sample cores were limited to  two: one from near the edge and another from 

near the center. Sample locations were selected to  be representative of the 

en t i r e  ecosystem and to  include as many groups of plants as  possible,  b u t  the 

edge was not sampled to  maintain system in tegr i ty .  Each core was analyzed 

fo r  water content, arthropod density,  plant biomass, l i t t e r ,  root biomass, 

so i l  pHy cation exchange capacity (CEC), and organic matter. 

Cores were placed on cheesecloth inside p la s t i c  bags and kept on ice  

immediately. a f t e r  removal. They were wqi ghed upon return to  the 1 ab and placed 

i n  Berlese-Tullgren funnels fo r  15 days under 25-watt bulbs (Gist  and Crossley 

1315)  fo r  arthropod extraction. Extractions were carr ied out i n  a cold room 

( 5 ' ~ )  to  reduce alcohol evaporation and increase the temperature and humidity 

gradient. Animals were collected i n  v ia l s  containing 70% ethanol. After re- 

moval, cores were again weighed f o r  water content determination and analyzed. 

, Polytrichum, and Cladonia were removed from each 

system fo r  elemental analysis. Nine samples were combined to  form one composite 

sample of each plant type each sample date fo r  representativeness. 



Vascular p lan t  densi ty  and phenology was sampled periodical  l y  throughout 

the  study by use of quadrats (5 ,  7, 10 o r  20 cm square) , photographic meth.ods, 

and/or t o t a l  system counts dependi,ng on s i z e  and number of p lants .  tiiomass of 

large  vascular p lan t s  was estimated by sampl i ng average s ized individuals  

from each community or  adjacent 1 i chen-annual herb comuni t i e s .  

.Soil microflora biomass was estimated wi t h  the  adenosine tr iphosphate 

(ATP) assay (Holm-Hansen and Booth 1966). 1.n addi t ion,  the  s: tate of growth 

of the  soi  1 mi crof 1 ora was ascer ta ined thrqugh t he  adenyl a t e  energy charge 

( E C )  r a t i o  (Wiebe and Bancroft 1975). Chapman e t ,  a l .  (1971) and Wiebe and 

Bancroft ( 1975) demonstrated t h a t  a c t i ve ly  growl: ng and dividing c e l l  s have 

an EC r a t i o  of 0.8 - 0.95. Cel ls  in  s ta t ionary,  growth mantai.n a r a t i o  of 

about 0.6, and scenescent or  dying c e l l s  have a r a t i o  of <0,5. 

A composite s o i l  sample consis t ing of nine subsamples (core,  8 mm diam. ) 

was removed from each system each sample date .  Coll.ected s o i l  was thoro,ughly 

mixed and kept on i c e  un t i l  returned t o  the  laboratory.  Amounts of adenosine 

tr iphosphate (ATP), diphosphate (ADP), and monophosphate (AMP) were extracted 

by the  boi l ing NcHC03 method of Bancroft e t  a l .  (1976). Methods of adenylate 

analysis  ware those descr-ibed by Chaprnan e t  d l .  (1971). Remaini,ng so,il 

was weighed, dr ied a t  5 0 ' ~  f o r  24 hours, reweighed f o r  water content  determin- 

a t i on ,  and analyzed. 

L i t t e r  decomposi t i  on r a t e s  f o r  moss (Po ly t r i  chum), 1 ichen (Cl adonia) 

and ce l lu lose  s t r i p s  were determined usi,ng the  l i t t e r  bag method (Crossley 

and Hoglund 1962). Moss and 1 ichen were removed from each system, a i r  dr ied 

one week and i r r ad i a t ed  with 4 mil l ion R of gamma radia t ion t o  k i l l  them. 

This dose i s  used loca l ly  t o  s t e r i l i z e  so i l  samples (personal communication, 



2 R .  L. Todd). Four sets o f  seven bags (12 x 4 cm wi th  ca.  1 mm openings)  

of each type  were prepared  and weighed. Each bag con ta ined  ca .  1 g o f  

m a t e r i a l .  Bagged ma te r i a l  was r e tu rned  t o  t h e  system from which i t  had 

been removed. One bag o f  each type  was removed each sample d a t e .  Recovered 

bags were p laced  i n  Berlese/Tul  l g r e n  f u n n e l s  f o r  5 days t o  e x t r a c t  a r th ropods ,  

a i r  d r i e d  one week, weighed, and analyzed.  

Percentage  weight  l o s s  was determined from o r i g i n a l  l i t t e r  bag we igh t s ,  

and percentage  n u t r i e n t  l o s s  from o r i g i n a l  samples. Lit ter  we igh t  and n u t r i -  

e n t  l o s s e s  were q u a n t i f i e d  f o r  l i t t e r  bags using a l i n e a r  decay model and 

the exponent ia l  decay model o f  Olson (1963) .  

A l a b  experiment  was performed t o  de te rmine  t h e  effect  of r a d i a t i o n  

t r ea tmen t  on l e a c h a b i l i t y  o f  c a t i o n s  from p l a n t  m a t e r i a l .  Cladonia and 

Polytr ichum were removed from a l ichen-annual  herb  community n e a r  the expe r i -  

mental system and a i r  d r i e d .  After h a l f  of  the m a t e r i a l  had been i r r a d i a t e d ,  

l i t t e r  bags were prepared  from i r r a d i a t e d  and n o n - i r r a d i a t e d  m a t e r i a l  of each 

p l a n t  t ype  i d e n t i c a l  t o  the f i e l d  s tudy .  Two sets o f  bags were made, excep t  
. . 

f o r  non - i r r ad i a t ed  l i c h e n  ma te r i a l  which ,had  t h r e e .  An empty bag was used 

a s  a c o n t r o l .  Subsamples were r e t a i n e d  f o r  chemical a n a l y s i s .  Each bag was 

R placed  i n  a o n e . l i t e r  TRI-POUR beaker  and covered wi th  10.0 m l  o f  d i s t i l l e d  

water .  Bags were kept  from f l o a t i , n g  by the use  o f  g l a s s  rods and beakers  
R were covered wi th  PARAFILM held  down by a watch g l a s s .  Leacha te  was poured 

o f f  and rep laced  af.l;er. 1, 3, 6 ,  12,  24 hours;  2 ,  4 ,  8 ,  17 ,  32,  and 55 days,  

Bays were a i r  d r i e d ,  weighed and m a t e r i a l  chemica l ly  ana lyzed ,  
' 

Rad ia t i on  t r ea tmen t  a f f e c t e d  both t o t a l  amount and r a t e  a t  which c a t i o n s  

were l o s t  from moss and l i c h e n  m a t e r i a l .  G r e a t e r  t o t a l  amounts o f  c a t i o n s  

were leached  from non- i r r ad i a t ed  m a t e r i a l  than from i r r a d i a t e d  m a t e r i a l  i n  



a1 1 cases except potassi.um from 'Cladonia, Generally , cat ion 1 osses from i rrad- 

i a t ed  material were, g r ea t e r  only duri,ng t he '  f i r s t .  10 hours of '  t he  experi.ment, 

see Fig. 4 f o r  an example usi,ng' Polytrichum. Thus annual nu t r i en t  l o s s  r a t e s  

i n  the ' l i t t e r  decomposition study were probably. not af fected by using material  

k i l l ed  by rad ia t ion  i f  estimated over a year ,  

Analytical Techniques 

Polyethylene and plypropylene bo t t l e s  (60 o r  120 ml) were used t o  con- 

t a in .wa te r  samples. All p l a s t i c  ware was r insed f i v e  times w i t h  2N H C 1  and 

f i ve  times w i t h  d i s t i l  led 'water .  Bot t les  were r insed with sample and f i l l e d  

t o  the  b r im,  i f  sample quant i ty  permitted. A.11 were kept on i c e  un t i l  returned 

t o  the laboratory.  Samples f o r  elemental determination were kept a t  5 ' ~  unti.1 

analyzed. Samples f o r  pH determination were warmed t o  2 5 ' ~  and analyzed upon 

re turn t o  the  1 aboratory . Preservative sol ut ion increased sample a c i d i t y  s1,ight- 

l y ,  b u t  correct ions  were made through regression ana lys i s .  Sol id  samples were 

R co l lec ted  and s to red  in  WHIRL-PAK bags. Suspended coarse pa r t i cu l a t e  qrganic 

matter (CPOM)  and FPOM were frozen a t  - 1 5 ' ~  un t i l  ana lys i s .  0,rganic matter  was 

dr ied a t  50°C f o r  24 hours, weighed, dry ashed a t  500 '~  f o r  four  hours, d i l u t ed  

(1:20, w:v) w i t h  20% HN03 containing . . .  50 pg/ l  molybdenum (Mo), and s tored i n  30 

ml polypropylene bo t t l e s  a t  5 ' ~  un t i l  analyzed. 

Soil  and sediment samples were a i r . d r i e d  and hand screened through a 2.00 

mm sieve.  Soi 1 water pH was determined according t o  the  method of Peech (1965) 

and exchangeable hydrogen was determi:ned by the  method of Adams and Evans (1962). 

The double acid  (0.05N H C 1  i n  0.025N H2S04) ex t rac t ion  method of the  U n i v .  of 

Geqrgia Soil  Testing and Plant  ~ n a l y s i s  Laboratory (Nel.son and Jones 1972) was 

used t o  determine t o t a l  exchangeable cat ions .  Cation exchange capacity (CEC) 



was e s t ima ted  by summing exchqngeable hydrogen and e x t r a c t a b l e  c a t i o n s  (Brady 

1974).  0.rganic m a t t e r  (1%)  'was determined by t w o  .methods: Wql kley-Black method 

(Jackson 1958) and d ry  combustion ( 5 0 0 ~ ~  f o r  f o u r  hou r s ) .  Dry combustion samples 

were c o r r e c t e d  t o  oven d ry  weights  by hea t ing  d i s i n t e g r a t e d  rock con ta in ing  es- 

s e n t i a l l y  no o r g a n i c  ma t t e r .  Oven d ry  wqights  were determined by d ry ing  sub- 

samples a t  1 0 0 ~ ~  f o r  24 hours .  

Hydrogen ion  a c t i v i . t y  (pH) was measured wi th  a Beckman Expandomatic 
R S-22 pH meter  coupled t o  a Corning g l a s s  combi.nation e l e c t r o d e  (,#476050). 

. . 

Hydrogen ion c o n c e n t r a t i o n s  were c a l c u l a t e d  from.pH va lues  a f t e r  F i s h e r  e t  41. 

(1968).  Elemental de t e rmina t ions  were done w i  t h  a J a r r e l l  -Ash I n d u c t i v e l y  

Coupled A,rgon Plasma-Emi s s i o n  Spectrograph and wi. t h  Perki,n-Elmer Model s 305 and 

306 Atomic Absorpt ion Spectrophometers ,  followi,ng s t anda rd  procedures .  Lanthanum 

was added t o  samples p r i o r  t o  yg  and Ca de t e rmina t ions .  

Data a n a l y s i s  usi,ng t h e  S t a t i s t i c a l  Ana lys i s  System (Bar r  e t  a l .  1976, 

Helwig 1977) were performed wi th  a computer. S t a t l s t i  c a l  s i g n i f i c a n c e  is indi,- 

c a t e d  by a s t e r i s k s  (* = P<0.05, ** = P<0.01 and *** = P<0.001) th roughout  the 

s tudy .  When r e g r e s s i o n  a n a l y s i s  was used a. i n d i c a t e d  the Y i n t e r c e p t ,  and a l  

t h e  s lope .  Means were r epo r t ed  w i th  one s t anda rd  e r r o r  ( ~ s E ) .  

Weighted c a t i o n  c o n c e n t r a t i o n s  f o r  a time pe r iod  were c a l c u l a t e d  by 

d i v i d i n g  the t o t a l  amount of e lement  f o r  t h e  pe r iod  by t h e  t o t a l  water  volume 

f o r  t h e  per iod .  

Ecosystem P e r t u r b a t i o n s  

A h e r b i c i d e  fo rmula t ion  o f  isopropylamine s a l t  o f  g lyphosa t e ,  ROUND-  

R UP (Monsanto) was used t o  k i l l  t h e  producer  component i n  a s tudy  ecosystem. 

T h i s  i s  a broad spectrum h e r b i c i d e  and i s  e a s i l y  absorbed and t r a n s l o c a t e d  

th roughout  con tac t ed  p l a n t s  (Hi1 t on  1974, Anon. 1976a) .  Glyphosate i s  r e l a t i v e -  

l y  n o n p e r s i s t a n t  i n  s o i l  s ,  being decomposed by m i c r o f l o r a  and metabol i z ed  by 



p lan ts .  T o x i c i t y  t o  many i n s e c t  and w i l d l i f e  species appears t o  be extremely 

low. One l i t e r  o f  h e r b i c i d e  s o l u t i o n  .made up w i t h  d i s t i l l e d  water  was qppl i ,ed . . 

w i  t h  a hand-held po lye thy lene compression sprayer i n  a f i n e  spray a.t h ighes t  

recommended dos,age (365 ,mg/ 1). 

- 
R The i n s e c t i c i d e ,  V Y D A T E ~  L (oxamyl i nsect ic ide/nemat ic i .de)  (DUPONT CO. ) , 

was used i n  another system t o  e l i m i n a t e  consumer and decomposer.arthropodi above 

and below ground. The i n t e n t i o n  was t o  reduce ar th ropod popu la t ions  as prev ious  

1 i t t e r  decomposition s tud ies  have done w i t h  naphthalene (.Edwards e t  a1 , 1973), b u t  

w i t h o u t  i t s  p h y t o t o x i c  e f f e c t s  ( W i l l  iams and Wiegert 1971, and personal communi- 

ca t i on ,  K. Cromack, J r . ) .  The amount a p p l i e d  (312 m g l l )  was s u f f i c i e n t  t o  k i l l  

a l l  t es ted  arthropods, b u t  below the  maximum r a t e  t e s t e d  w i t h o u t  crop i n j u r y .  

R VYDATE C has t h e  advantages o f  b e i n g  a broad spectrum i n s e c t i c i d e  t rans loca ted  

throughout p lan ts ,  y e t  havi,ng minimal p h y t o t o x i c  e f fec ts ;  and r a p i d  and complete 

degradat ion i n  the  f i e l d  (50% i n  l e s s  than 7 days) a t  a p p l i c a t i o n  r a t e s  used here 

(E. I. duPont 1975'). F i ve  l i t e r s  o f  i n s e c t i c i d e  s o l u t i o n  made up w i t h  d i s t i l l e d  

water were app l i ed  monthly w i t h  a hand-held compression sprayer i n  a coarse spray. 

I n s e c t i c i d e  penet ra ted vegeta t ion  and soaked the  s o i l .  D i s t i l l e d  water  was a p p l i e d  

t o  c o n t r o l  sys tern j u s t  p r i o r  t o  t reatment  o f  experimental ecos.ys terns. 

Chemical pe r tu rba t ions  were i n i t i a t e d  i n  l a t e  November, 1976 a f t e r  an 11 

month c a l i b r a t i o n  per iod.  I t  was th rough t  t h a t  t he  h e r b i c i d e  would have i t s  

g rea tes t  e f f e c t  on the  mosses and l i chens ,  the  dominant p l a n t s  i n  the  study systems, 

R a t  t h i s  t ime. Optimum ef fec t  i s  achieved when ROUNDUP i s  a p p l i e d  w h i l e  p l a n t s  

are  a c t i v e l y  growing ( H i l t o n  1974). Des iccat ion  becomes l e s s  f requent  du r ing  

November (Hay 1973, Shure and Ragsdale 1977), and growth occurs o n l y  under m o i s t  

cond i t i ons  i n  l i c h e n s  (Hale 1973) and mosses (Anderson and Bourdeau 1955, Keever 

1957). I n  a d d i t i o n ,  t he  summer annuals have d i e d  and the  l i f e  c y c l e  o f  w i n t e r  



annuals has j u s t  begun w i t h  the es tab l  Ishment o f  seedl i,ngs (-Shari.tz and 

McCormi ck 1973). 



RESULTS 

Temperature 

Ambient a i r  temperature was si.nsuoida1 over  t h e  yea r  (F ig .  5). 

Mean y e a r l y  a i r  temperature was 16.1'~. H.ighest temperatures occurred i n  

J u l y  and the  c o l d e s t  month was January. Large . . d i e 1  f l u c t u a t t o n s  were measured 

throughout  t he  year .  Ambient a i r  temperatures v a r i e d  an average of 2 3 ' ~  over  

24 hours throughout  t he  year ,  w i t h  l a r g e s t  f l u c t u a t i o n s  ( 3 l 0 c )  i n  February. 

Hydro1 ogy 

Water f low i n  a l l  systems can be cha rac te r i zed  as ephemeral. Flow 

began a f t e r  t h e  r o c k  sur face had absorbed ca. 0.9 mm p r e c i p i t a t i o n  +nd end6d 

qu. ick ly  f o l l o w i n g  a s to rm event. T o t a l  d ischarge was comprised almost e n t i  r e l y  

o f  d i r e c t  r u n o f f  (stormfl 'ow). Water f l o w  channels were present  i n  E l ,  E2 and 

E4 a long one edge of t he  system. I n  E3, water  f l o w  was r e s t r i c t e d  t o  over land 

f low o r  subsurface stormflow. The i s 1  and ecosystems s i g n i f i c a n t l y  (P<0.05) 

reduced the  peak f l o w  r a t e  15?1%, as measured by the  tube, gauges- a t  t h e  i n p u t  

and. o u t p u t  we i rs .  

The average month ly  water  budget (Table 3 )  i n d i c a t e d  t h a t  i s l a n d  eco- 

systems were sub jec ted  t o  l a r g e  amounts o f  water  f l ow .  I n p u t s  (P + WSI) were 

h i g h l y  c o r r e l a t e d  ( r  = 1.00) w i t h  discha,rge ( Q ) .  Losses due t o  evapo t ransp i ra t i on  

(Et) were smal l .  They ranged from 6.2% (June 1977) t o  0 2 %  (December 1976). 

I n f l o w  f rom rock  upslopes g r e a t l y  exceeded inpu ts  due t o  p r e c i p i t a t i o n  (ca. 5%),  

a1 though p r e c i p i t a t i o n  a lone cou ld  have s a t i s f i e d  water  requirements 'most months. 

Al though p r e c i p i t a t i o n  appeared r e l a t i v e l y  evenly d i s t r i b u t e d  d u r i n g  t h e  

study (Table 4 ) ,  a more impor tan t  v a r i a b l e  f o r  i s l a n d  ecosystems was days w i t h o u t  ! 

r a i n .  Basin s to rage i s  smal l  and l ichen-annual  herb ecosystems l o s e  water  exponen- . 



t i a l  l y  (Ragsdal e 1969). Drought occurs when potent ia l  evapotranspirat ion 

exceeds ava i lab le  s o i l  moisture. I estimated t h a t  drought occurred in the  

study ecosystems when water l o s t  by evapotranspirat ion exceeded basin s to rage ,  

therefore ,  drought occurred i n  the  study ecosystems a f t e r  about 9 days without 

ra in  i.n summer, 17 days in  sp r ing - f a l l ,  and 32 days in winter. Drought events 

were observed s i x  times i n  1976: once each i n  April' and June, and twice each 

i n  Ju ly  and ~ u g u s t ;  and f i v e  times in  1977: once each i n  April through Ju ly ,  

and October. Severest  droughts were i n  1977. 

Prec ip i ta t ion  amount i s  not  as  important as  duration between events.  
- A 5.0 mrn storm event,  assuming only 40% i n f i l t r a t i o n ,  could e a s i l y  replenish 

the  basin s torage of a study ecosystem. Seventy-eight percent of storm events 

during the  study period were g r ea t e r  than 5.0 mm. 

Mean amounts of p rec ip i ta t ion  received by the  pa i r s  of ecosystems were 

not s i gn i f i c an t l y  (P<0.05) d i f f e r e n t  during the  study. Storm in t ens i t y  , measured 

a t  the  input  weir ,  was var iable  throughout the  study,  showing no s i g n i f i c a n t  

(P<0.05) seasonal d i f ferences  . 
Input Variables 

Prec ip i ta t ion  

No s i g n i f i c a n t  d i f ferences  between mean weighted monthly concentrat ions 

due t o  locat ion during the  study were found. Cation concentrat ions were inversely  

re la ted  t o  storm s ize .  Higher concentrat ions were general l y  associated w i t h  storms 

l e s s  than 20 mm; 

Concentration of hydrogen was 36% l e s s  var iable  than concentrat ions of 

~ a + ,  k, mg2+, and ca2+ (Fig.  6 )  which a l l  had s i m i l a r  coe f f i c i en t s  of var ia t ion  

(90 t o  9 2 2 ) .  Minimum values of a1 1 cat ions  were observed during l a t e  fa1 1 and 



winter.  Maximum H+ concentrat ions occurred i n  July  both years  (Fig.  6 )  and 

most peak values of K+, Mg2+,  and ca2+ were associa ted with months of low rain- 

f a l l ,  i . e . ,  February, Apri l ,  and September 1976; and February and June 1977 

(Table 3 ) .  Sodium was t he  only cat ion whose weighted month1,y concentrat ions 

were inversely cor re la ted  ( r  = -0.49*, N '  = 19) w i t h  those of hydrogen. 

Average annual (1976) weighted concentrat ions were 0.115, 0.177, 0.142, 

0.032, and 0.147 mg/l f o r  H', ~ a + ,  K+,  M g 2 + ,  and ca2+, respect ively .  Relative 

contribution of cat ion input on a weight bas is  was Na>Ca>K>H>Mg. On an equiva- 

l e n t  bas is  H ions dominate: H>Na>Ca>K>Mg. Hydrogen cons t i tu ted  84% of ca t i on i c  

s t rength  measured. Comparison of average weighted concentrat ions f o r  the  f i r s t  

nine months of 1976 w i t h  those of 1977 showed a 19% decrease i n  H+,  39% increase  
+ + 

i n  Na , 21% increase  in  K , and a 60% increase i n  Mg2+ and ca2+. These changes 

were a r e s u l t  of a 16% decrease i n  mean storm s i z e  (24.5k4.9 t o  19.4k2.8 mm). 

The number of storms i n  each nine month period were s imi la r :  40 i n  1976 and 41 

i n  1977. 

. . 
Rock Inflow 

Inflow from upslope watersheds of t he  four  study ecosystems had s imi l a r  

concentrat ions of each cat ion.  Analysis of variance indicated no s i g n i f i c a n t  

differences.  between the  four  study ecosystems over the study period. 

Cation concentrat ions were a f fec ted  by amo,unt of inflow from a l l  IWS 

areas .  All concentrat ions had s i g n i f i c a n t  inverse cor re la t ions  t o  inflow volume. 

About half  o f  the  variabi  1 i t y  in the  concentrat ions of ' inflow can be a t t r i b u t e d  

t o  concentrat ions i n  p rec ip i ta t ion .  Regression ana lys i s  indicated coe f f i c i en t s  

2 + of determination ( r  ) of 0.39**, 0.64**, 0.52**, 0.54**, and 0.61** f o r  H+,  Na , 
2+ k, Mg , and ca2+, respect ively .  The dependence of cat ion concentration in 



watershed inflow on prec ip i ta t ion  can be seen by compari,ng ~, i .g .  6 and F,i,g. 7. 

In te rac t ion  w i t h  t he  outcrop surface  increased dependence of concentrat ion 

on vol ume f o r  every cat ion except cal c i  um, decreased concentrati.on of  hydrogen, 

and increased concentrat ions of the  other  cat ions .  
+ 

Annual (1976) weighted mean concentrat ions of H , ~ a ' ,  K t ,  M ~ ~ ~ ,  and 

ca2+ i n  rock inflow were 0.094, 0.205, 0.151, 0.036, and 0.183 mg/l, respect ively .  

Relative contr ibut ion of each cat ion was the  same a s  observed f o r  p r ec ip i t a t i on ,  

b u t  on an equivalent  bas is  calcium replaced sodium (H>Ca>Na>K>Mg) s ignifying 

weathering of the  rock surface .  

Minimum concentrat ions of a l l  ions occurred i n  November o r  December 
+ 

(Fig. 7 ) .  Maximum concentrat ions of Na were observed i n  April of both years ,  

and maximum f o r  o ther  ca t ions  generally occurred in  months with lower inflow 

amounts, e spec ia l ly  l a t e  spr ing and summer of 1977 (Table 3 ) .  There was a 
+ 

s ign i f i c an t  cor re la t ion  (19 d f )  between weighted monthly concentrat ions of H 

and those of K+ ( r  = 0.47*), M ~ ~ +  ( r=  0.48*), and ca2+ ( r  = 0.52). These 

re la t ionsh ips  i n  watershed inflow were a reverse of those observed i n  p rec ip i ta -  

t i o n .  

Suspended part ' iculate matter  

Suspended pa r t i cu l a t e s  consisted la,rgely of fo l  iose  (Parmel i a )  and 

crustose  1 ichens. Leaves, pine need1 es  (Pinus -- taeda) , tw,i  gs , matted pol 1 en, 

and i n sec t  remains were occasionally present. Monthly inputs of suspended 

pa r t i cu l a t e s  were var iable  for a l l  systems and showed no seasonal pa t te rns .  

Minimum amounts, generally occurred during months w i t h  l i t t l e  r a i n f a l l ;  i . e . ,  

Apri 1 and September 1976. Monthly inputs were s , ignif i  cant ly  (P-4.05) corre- 

l a t ed  w i t h  r a i n f a l l  amount i n  only two systems: E2 ( r  = 0.74**) and E3 ( r  - 0.50*). 



Ecosystem 3 genera l l y  rece ived g r e a t e r . i n p u t s  than E4, and those o f  

E l  were l a r g e r  than E2. Inpu ts  t o  E l  and E4 were underestimated. It was 

d iscovered ' t h a t  i n f l o w  water  approached bo th  we i r s  a t  an o b l i q u e  angle and 

created an eddy which tended t o  f l o a t  suspended m a t e r i a l  o u t  o f  t h e  f l o w  

s p l i t t e r .  . T h i s  i s  probably the  reason why i n p u t s  .were n o t  more dependent 

on r a i n f a l l .  . F ine par t icu1,ates (<1.2 mrn) made up t h e  b u l k  of i n p u t s  most 

months. System E l  had the  g r e a t e s t  i n p u t  o f  coarse m a t e r i a l  because of i t s  

c lose  p r o x i m i t y  t o  a  f o r e s t  stand. The f r a c t i o n  o f  coarse m a t e r i a l  increased 

du r ing  f a l l  and per iods  o f  drought  when l e a f  absc iss ion  and needle l o s s  was 

i n t e n s i f i e d .  

Elemental concent ra t ions  o f  suspended p a r t i c u l a t e s  were v a r i a b l e  and showed 

no seasonal t rends.  Concentrat ions showed s i m i l a r i t y  between systems, s i z e  

f r a c t i o n s ,  and years. 

Bed Load Sediment 

Sediments were composed of d i s i n t e g r a t e d  g r a n i t e  mixed w i t h  a  small  

amount o f  coarse and f i n e  organ ic  ma te r ia l ,  c o n s i s t i n g  l a r g e l y  o f  Parmel i a  . . 

l i c h e n  fragments. Sediment t e x t u r e  i s  sandy; percentage o f  sediment w i t h  

p a r t i c l e s  l e s s  than 2.0 mm i s  7 7 . 8 k i . 7 ~  (N = 16). Organic ma t te r  content  

averaged 9.1+0.5%. Bed l o a d  sediment was l a r g e l y  deposi ted a t  t h e  upslope , . 

edge of t h e  study systems. 

Sediment i n p u t s  t o  E l ,  E3 and E4 were c o r r e l a t e d  w i t h  t o t a l  amount of 

p r e c i p i t a t i o n  over  the  accumulat ion i n t e r v a l  ; however, t h e  c o r r e l a t i o n  was 

s i g n i f i c a n t  ( r  = 0.98*) o n l y  i n  E4. Inpu ts  t o  E2 decreased sl, i .ghtly w i t h  

g r e a t e r  amounts o f  p r e c i p i t a t i o n .  

The amount o f  bed l o a d  sediment a c t u a l l y  rece ived by t h e  experimental 
P 

tems du r ing  the  study was on ly  a  f r a c t i o n  o f  t h e  amount rece ived p r i o r  t o  



the study. Ins ta l  l a t i on  'of the  weir co l lec t ion  system ( I ) ,  t o  sample inputs 

from rock upslopes' (Fig. l ) ,  deprived the  study ecosystems of bed load sedi-  

ments from the  INS. The input  of bed load sediment t o  these lichen-annual 

herb ecosystems i n  a natural  s t a t e ,  i .e . ,  unmoni tored'  s t a t e ,  a r e  avai l ab l e  

from the  authors. The natural  input of bed load sediment was a r t i f i c i a l l y  re- 

duced t o  the  is land systems by the  i n p u t  dam 74, 68, 84 and 93%, respect ively .  

Herbicide and Insec t ic ide  Application 

Cation inputs from herbicide and insec t ic ide  were estimated based on 

cat ion analysis  and assuming complete decomposition of the  chemicals. Eco- 

R system 3 was t rea ted  with 7 1 i t e r s  of ROUNDUP solut ion from 21 Nov. 1976 t o  

25 Apr.  1977 (one 1 i t e r  per  app l ica t ion) .  Total ca t ions  added-during the  per- 

2 2 turbat ion period were 0.001 dglm of Na, ~ 0 . 0 3 7  dg/m of K ,  0.0001 dg/m2 of 
2 Mg, and <0.004 dg/m of Ca. Ecosystem 1 'was sprayed w i t h  40 1 i t e r s  of VYDATE R 

L from 24 Nov. 1976 through 26 May 1977 ( 5  l i t e r s  per app l ica t ion) .  Total - 
2 2 cat ions  added were 0.042 dglm of Na, <0.09 dglm of K ,  <0.001 dg/m2 of Mg, 

2 and <0.009 dg/m of Ca. Inputs f rom'herbic ide  and i n sec t i c ide  so lu t ions  were 

r e l a t i v e l y  minor addi t ions .  

Output Variables 

Discharge 

Concentration of a l l  measured cat ions  i n  discharge from the  four  study 

ecosystems was inversely re la ted  to .  discharge vol ume (Table 4 ) .  Higher con- 

centra t ions  result.ed from smaller discharqe volumes. For each ca t ion ,  a l l  

systems had s imi la r  i n t e r cep t s  (ao)  and slopes ( a l )  Similar  re la t ionsh ips  

were present i n  p rec ip i ta t ion  and rock inflow and were maintained i n  system 

discharge. 



Weighted (monthly) cat ion concentrat ions (mg/l) i n  ecosystem discha,rge 

a r e  presented in Fig. 8 for.E3 and E4. Low concentrat ions of Na, K ,  Mg, and 

Ca i n  discharge from E3 during April 1976 (Fig. 8 )  a r e  anomalies, and should 

probably be 2 t o  4 times, g rea te r .  No samples of discharge could be co l lec ted  

duri,ng the  f i r s t  s i gn i f i c an t  p rec ip i ta t ion  event f o r  the  month due t o  equip-. 

ment f a i l u r e .  During data p r ~ c e s s i n g ,  the  l a s t  known concentrat ion was sub- 

s t i t u t e d  f o r  a missi,ng concentrat ion ra ther  than relyi,ng on an est imation tech- 

nique. Concentrations used were too low. This i s  the  only case i n  whi:ch the  

above' a1 gori t h m  gave erroneous resul  t s .  

Higher concentrat ions of a1 1 ca t ions  general 1.y occurred duri,ng months 

with lower r a i n f a l l .  Fall  and winter months.had lowest concentrat ions.  Wqighted 

(monthly) concentrat ions of K ,  Mg, and Ca were pos i t ive ly  cor re la ted  w i t h  those 

of hydrogen i n  control  ecosystems E2 and E4 ( r ' s  ranged from 0.48* t o  0.71***). 

Relationships of E4 were a l l  s t rqnger  than those of E2. Relative contr ibut ion 

of ca t ions  in  discharge,  both on a weight (mg/l) and equivalent  (peq / l )  ba s i s ,  

was s imi la r  t o  t h a t  observed in rock inflow. 

Weighted (monthly) cat ion concentrat ions of  discharge from the  undisturbed 

ecosystems (Fig.  8)  were highly cor re la ted  w i t h  concentrat ions in rock inflow 

(Fig. 6 ) .  Correlat ion coe f f i c i en t s  ( r )  ranged from 0.63*** f o r  Na in  E4 t o  

0.94*** f o r  H in  E2 ( N  = 21). The g r ea t e s t  d i f ferences  between output and 

input concentrat ions occurred during months m w h i  ch drqught was recorded. 

We.ighted annual (1976) concentrat ions of Na, K ,  Mg and Ca in  d.ischa,rge 

from E2 and E4 (Table 5 )  were 1% t o  49% grea te r  than concentra t ior~s  in rock 

inflow. Hydrogen concentrat ions were balanced: in  E2 hydrogen concentration 

was higher by 5%, and i n  E4, lower by 5%. 



Drought s t r e s s  duri,ng spri,ng and summer 1977 h.ad a, greater  e f f e c t  on 

cation concentrations in discharge than e i the r  treatment. Precipi.tation amount 

from April thrqugh June 1977 was 54% below the same period'of 1976. Wqighted 

cation concentrations for  the three-month period, April through June 1977, of 

discharge from E3 and E4 were compared to  concentrations for  E4 f o r  the same 

period in  1976. Concentrations of Na, K, Mg, and Ca in the control system, 

E4, increased 64, 74, 99, ' and 38%, respectively , over 1976 concentrations, and 

can be a t t r ibuted  to  drqught conditions.. Concentrations i n  the di.sturbed system, 

E3,also under drought s t r e s s ,  increased 72, 128, 138, and 75%, respectively. 

These data suggest t ha t  8% of the increase in Na concentrations, 54% of K ,  39% 

of Mg, and 37% of Ca, were due t o  herbicide treatment alone or an interact ion 

between herbicide treatment and drought. 

There were no large increases in discharge concentrations of E3 over 

E4 duri,ng the 'ten months subsequent t o  i n i t i a t i o n  of herbicide treatment (Fig. 8 ) .  

The ' largest  increases in discharge concentrations from.E3 over E4'were observed 

in May 1977 (78% for  Na, 154% fo r  K ,  98% fo r  Mg, and 70% f o r  Ca). 

The pattern of sodium and calcium concentrations also appeared to  

change i n .  response to  the devegetation experiment. During the f i r s t  half of 

1976, concentrations were consistently higher in E4 (Fig. 8 ) .  In 1977, con- 

centrations were s imilar  or hlgher i n  the dfsturbed system, E3. 

The e f fec t  of the herbicide treatment was evaluated using the paired 

watershed method (Hew1 e t t  and Nutter 1969). The correlation between weighted 

(,monthly) concentrations in discha,rge from the experimental and control ecosys- 

tems was evaluated during the cal ibrat ion period by regression analysis.  This 

regression equation was compared to  a regression equation computed f o r  the 



treatment period. Slopes fo r  Na, K, Mg, and Ca steepened during the t r ea t -  

ment period, and the s lope . fo r  H decreased. The Y intercepts  remained s imilar .  . 

No pai r  of slopes was s igni f icant ly  d i f fe rent  a t  P = 0.05, however Na ( t  = 

2.018) and Ca ( t  = 2.019, 16 d f )  were s igni f icant  a t  P = 0.06 (df = 16). 

This analysis indicated tha t  concentrations of NaandCa in discharge were prob- 

ably a l te red  by the devegetation experiment. Concentrations from E3 rose 

f a s t e r  than concentrations from E4 over the range o'f concentration val ues 

e'ncountered during the treatment period. 

A similar  analysis of the insect ic ide experiment revealed no s igni-  

f i can t  changes i n  the relationships between E l  and E2 during the treatment 

period. 

Suspended Part iculate  Matter 

Part iculates  suspended i n  discharge were s imilar  t o  those sampled i n  

rock inflow with additions of fragments of f ru t icose  l ichens,  mosses, and 

vascul a r  plants.  

Losses from E2 and E4 were overestimated, and probably' underestimated 

fo r  E3. All weirs were not a t  r igh t  angles to  water flow. This was discovered 

a f t e r  observing the sediment accumulation pattern over many storm events. 

Water s p l i t t e r s  were s e t  in the dam i n  such a way tha t  they e i the r  oversampled 

or undersampled suspended part iculates .  

Herbi ci de and insect ic ide treatments produced no observable changes i  n 

quanti ty of composi ti on of suspended part iculates .  A1 though masses of dead 

Collembola were observed in the f ine  part iculate  f ract ion occasionally during 

insect ic ide treatment, they were a m i  n o r  component of the to ta l  sample. 



Outputs  o f  a l l  systems were v a r i a b l e .  Losses were g e n e r a l l y  s m a l l e r  

dur ing  fa1 1 and w i n t e r  seasons .  Minimum l o s s e s  from E l ,  E4 and E4 occu r r ed  

du r ing  Apr i l  1976, t h e  month wi th  t h e  l e a s t  p r e c i p i t a t i o n  (Table  3 ) .  La rges t  

monthly l o s s e s  f rom'E3 and E4 r e s u l t e d  from washouts caused by a b i r d  o r  

small  mammal d i s t u r b i n g  the system edge. Loss of  suspended ma te r i a l  from E2 

du r ing  February 1976 was more than two t imes  g r e a t e r  than  the next  l a r g e s t  

monthly l o s s ,  and comprised 31% o f  t o t a l  annual losses ' .  Losses  du r ing  June 

1977 from E4 were 22% o f  t o t a l  annual l o s s .  A s i g n i f i c a n t  r e l a t i o n s h i p  

between monthly l o s s  of  suspended p a r t i c u l a t e s  and monthly r a i n f a l l  amount 

( r  = 0.59*, 15 d f )  f o r .  E4 was demonstrated i f  t h e  June  1977 va lue  i s  ignored.  

Losses c o n s i s t e d  p r i m a r i l y  ( 4 0 % )  of  c o a r s e  p a r t i c u l a t e  (>1 .2  mm) i n  

E l ,  E2 and E4 (Table  12) .  Amounts of  fine and c o a r s e  m a t e r i a l s  were variab1.e 

and f o l  lowed no seasona l  t r e n d s .  

Annual (1976) l o s s e s  o f  suspended p a r t i c u l a t e s  exceeded i n p u t s  i n  E2 

and E4, and were l e s s  than i n p u t s  i n  E l  and E3. ~ h e s e  d a t a  i n d i c a t e d  n e t  
2 l o s s e s  of suspended p a r t i ~ u ~ l a t e s  o f  -274 and -291 dg/m f o r  E2 and E4, respec-  

2 2 t i v e l y ;  and n e t  g a i n s  o f  13  dg/m f o r  E l  and 769 dg/m f o r  E3. Cons ider ing  

known b i a s e s  o f  t h e  input. and n ~ ~ t p u t  weirs i n  sampl i,ng suspended - p a r t i . c u l a t e s ,  

l o s s e s  from E2 and E4 were t o o  l a r g e ,  the ga in  f o r . E l  was t o o  s m a l l ,  and the 

ga in  f o r  E3 was t o o  l a r g e .  All  t h e  s tudy  ecosystems were probably balanced 

o r  s lowly  accumulat ing suspended p a r t i c u l a t e s  du r ing  the s tudy  per iod .  Indeed,  
2 d a t a  f o r  t h e  f o u r  systems were averaged,  and a n e t  ga in  o f  54.3 dglm was ca l cu -  

l a t e d .  Th i s  annual ga in  o f  suspended p a r t i c u l a t e s  was on ly  9% of mean ou tpu t .  

Elemental c o n c e n t r a t i o n s  of  suspended mater i  a1 i n  d i  scha,rge were v a r i a b l e  

and no seasona l  p a t t e r n s  were observed.  c o n c e n t r a t i o n s  were s i m i l a r  over  



l oca t i ons ,  s i z e  f r a c t i o n s , .  and year. There was general . agreement . between 

c a t i o n  concent ra t ions  of m a t e r i a l  i n  d ischarge and rock  i.nf low. 

Bed Load Sediment 

Output~sed iments  were s i m i l a r  i n  composi.tion and t e x t u r e  t o  i n p u t  

sediments. Sediment t e x t u r e  was sandy; p r o p o r t i o n  of sediments w i t h  p a r t i . c l e  

s izes<2 mm were 69.2+3.6% (N = 16). 0,rganic ma t te r  averaged 18,1+1.6% duri,ng 

t h e  study. Th is  was a s , i g n i f i c a n t  (P<0.001) increase o f  o rgan ic  ma t te r  r e l a -  

t i v e  t o  i n p u t  sediment. The amount o f  sediment l o s t  du r ing  each sample i n -  

t e r v a l  f rom E l ,  E3 and E4 was c o r r e l a t e d  w i t h  amount o f  p r e c i p i t a t i o n  du r ing  

the  i n t e r v a l ,  b u t  o n l y  l o s s e s ~ f r o m  E3 had a s i g n i f i c a n t  r e l a t i o n s h i p  ( r  = 0.97*, 

N = 4) .  Losses f rom E2 were i n v e r s e l y  r e l a t e d  t o  r a i n f a l l  ( r  = -0.96*). 

Rates o f  sediment l oss  from E l  and E3 were n o t  a f f e c t e d  by experimental 

pe r tu rba t ions ;  therefore,  annual losses were est imated f o r  t he  p e r i o d  13 May 

1976 t o  12 May 1977. Annual losses and gains of sediment d u r i n g  t h e  study 

2 were balanced i n  E2, E3 and E4. Ecosystem 3 showed a n e t  l o s s  o f  14.6 dg/m , 
2 and E2 and E4 gained 29.1 and 14'.3 dg/m o f  sediment, r e s p e c t i v e l y .  Net gains 

and losses f o r  E2, E3 and. E4 were l e s s  than -13% o f  i n p u t s  o r  outputs.  Ecosys- 

2 tern 1 had l a r g e  n e t  losses o f  808.4 dg/m and 1osses.were observed every samp'le 

i n t e r v a l  throughout t h e  study per iod .  

As discussed e a r l i e r ,  t he  i n p u t  dam 'depr ived the  study ecosystems o f  

sediment f rom t h e  INS. Sediment budgets f o r  these systems i n  an unmonitored 

s t a t e  can be obta ined by s u b t r a c t i n g  losses f rom t o t a l  i npu ts .  These l i c h e n -  

annual herb ecosystems i .n a n a t u r a l  s t a t e  would have shown l a r g e  n e t  annual 

2 2 gains of sediment: 77.4 dg/m f o r  E l ,  568.0 dg/m f o r  E2, 2003.7 dg/m2 f o r  

2 E3, and 3800.6 dg/m f o r .  E4. Mean ( N  = 16) i npu ts  f o r  t he  unmoni t o r e d  systems 



were s i g n i f i c a n t l y ,  g r e a t e r  than  o u t p u t s  ( t  = 3.746***,. 30. df 1, 

N u t r i e n t  Budgets 

Average annual n u t r i e n t  budgets  f o r  t h e  f o u r  l ichen-annual  herb  

ecosystems undi s tu rbed  by t h e  chemical  p e r t u r b a t i o n s  a r e  g i  ven i n Tab1 e 6 ,  

Annual budgets  of  d i s s o l v e d  and suspended p a r t i c u l a t e s  ' i n c l  uded d a t a  from 

1976, and bed load  sediments  from t h e  pe r iod  1 3  May 1976 t o  12 May 1977, 

i n  s p i t e  of t h e  f a c t  t h a t  t h e  c a l i b r a t i o n  pe r iod  ended 24 Nov. 1976. Dis- 

so lved  c a t i o n  i n p u t s  from t h e  chemical t r ea tmen t s  were r e l a t i v e l y  i n s i g n i -  

f i c a n t  and o u t p u t s  were n o t  a f f e c t e d  u n t i l  1977. Losses o f  suspended and 

bed load  sediment  were never  a f f e c t e d  by t h e  experimental  p e r t u r b a t i o n s  

du r ing  t h e  s tudy .  

Dissolved s o l i d s  dominated a l l  t h e  budgets comprisS,ng 95% o r  more of 

t h e  c a t i o n  flow. Cat ion  i n p u t  and o u t p u t  by suspended p a r t i c u l a t e s  was 

, .genera l ly  10 times g r e a t e r  than  amounts i n  bed load  sedi.ment. To ta l  c a t i o n  

budgets were balanced.  Systems were l o s i n g  small  amounts o f  c a t i o n s  i n  t h e  

form of  d i s s o l v e d  s o l i d s  and bed load  sed iments ,  and g a i n i n g  small  amounts i n  

suspended p a r t i c u l a t e s  ; however, i n p u t s  were n o t  s i g n i f i c a n t l y  (P<0.05) d i f -  

ferent from ou tpu t s .  

Budgets f o r  t h e s e  systems i n  a n a t u r a l  s t a t e ,  i .  e., no i n p u t  dam, 

would have been l a r g e r  t han  t h o s e  p re sen t ed  (Table  6 ) .  I npu t s  of d i s s o l v e d  

and suspended s o l i d s  were reduced abou t  1921% by t h e  i n p u t  w e i r  c o l l e c t i o n  

system. Assuming t h e  s t u d y  ecosystems a l s o  r ece ived  bed load  sediment  from 

t h e i r  INS a r e a s ,  average  c a t i o n  i n p u t s  from bed load  sediment  would be 0.032 

2 t O . O 1 l ,  0.580k0.279, 0.154k0.035, and 0.489+0.103 dg/m o f  Na, K ,  Mg, and Ca, 

r e s p e c t i v e l y .  Under t h i s  c o n d i t i o n ,  i n p u t  o f  sediment  sodium, magnesium and 

calcium would be i nc reased  s i g n i f i c a n t l y  (P<0.05) .  Potassium was s i g n i f i c a n t  



a t  P = 0.14. Also, inputs would exceed outputs:  Mg a t  P<0.05, but Ca, Na, 

and K s i g n i f i c a n t  only a t  P = 0.08, P = 0.13, and P = 0.16, respec t ive ly .  

However, the  contr ibut ion of ca t ions  t o  the  t o t a l  budget would increase  only 

about 1%. 

Monthly input  and output of cat ions  f o r  the  study.ecosystem E3 i s  

presented in Fig. 9. Input included p rec ip i t a t i on  and disso1ve.d and suspended 

load i n  watershed i n f . 1 0 ~ .  Output was comprised of dissolved and suspended 

load in discharge. Bed load sediments were excluded because they were sampled 

every 130 day while dissolved and suspended mat'erials were monitored a f t e r  every 

r a i  nf a1 1 event. 

Outputs of ca t ions  were s t rongly dependent on inputs.  ~ydrogen  showed 

the  g r ea t e s t  dependence, and magnesi um and calcium displayed 1 e a s t .  

Both inputs and outputs of most ca t ions  were re la ted  t o  amount of 

p rec ip i ta t ion .  Hydrogen and sodium were generally more dependent than K ,  Mg, 

and Ca. Low flows occurred when r a i n f a l l  was small ; e,.g., April 1976, and 

increased with g r ea t e r  p rec ip i ta t ion .  

Elemental flow i n  E2, E3 and E4 was . la , rger  than flow in  E l .  Mean 

monthly cat ion input (H+Na+K+Mg+Ca) t o  E l  was s i gn i f i c an t l y  (P<0.05) l e s s  
\ 

than input t o  the  o ther  study systems, which were s imi l a r  t o  one another. 

Net gains and losses  .of cat ions  were d i f f i c u l t  t o  v i sua l ize  because 

of the  cor re la t ion  between input and output ,  and monthly v a r i a b i l i t y .  There- 

f o r e ,  ne t  amounts a r e  presented i n  F,igs. , l O  and 11. Net gains and losses  of 

ca t ions  averaged 66+3% smal ler  than the  amounts flowing thrqugh the  study 

ecosystem. Mean monthly thro,ughput of cat ions  ( N  = 21)  was g r ea t e r  than aver- 

age absolute ne t  amount, and highly s i g n i f i c a n t  (P<0.001) f o r  a l l  study 

ecosystems. Net amounts were generally not cor re la ted  t o  monthly p rec ip i ta t ion :  



only net amounts of hydrogen in E3 and calci,um in E4 were inversely relqted 

2 to  .precipi ta t ion,  havi,ng coeff ic ients  of determinations .(r ') of .0.50** and 

0.24*, respectively. In E3, potassium showed a d i r e c t c o r r e l a t i o n  (r2 = 0.24*). 

Cation budgets showed tha t  E2 was ,slowly accumulati,ng Na, K ,  Mg and Ca 

throughout the study, while E l  was losing nutrients.  Duri,ng the months i n  which 

E2 showed the greatest ,  gains in potassium, E l  showed i t s ,  g rea tes t  losses.  

Losses and, gains of calcium and magnesium were more closely related i n  the two 

systems. Greatest net losses of cations, generally occurred dur.i'ng or following 

periods of drought s t r e s s ;  e.g., April and July 1976, and July 1977. 

Insecticide treatment did not s,ignifi.cantly a f f ec t  any nutr ient  bu,dget. 

Althqugh losses of K and Ca i n  l a t e  summer 1977 from .the disturbed ecosystem, 

E l  (Fig. lo) . ,  .exceeded losses during the same period i.n 1976, severi ty  of 

drought s t r e s s  was greater  i n  1977, and losses quickly diminished w i t h  i.ncreased 

precipi ta t ion 'duri.ng August and September. The correlat ion between cation output 

from E l  and E2 during the cal ibrat ion phase was not s igni f icant ly  ( b 0 . 0 5 )  

al tered f o r  any cation during the treatment period. 

Ecosystems 3 and 4 displayed d i f fe rent  patterns of net, gains and losses 

of cations than those observed i n  E l  and E2 (Fig. 11). Both systems suffered 

t h e i r  greatest  losses in the cal ibrat ion period,. during spri,ng and summer 1976. 

Losses of Na, K, Mg and' Ca from E4 were, generally,. greatest  in May 1976. During 

the same month net losses of K and Mg a lso  peaked i n  E3. A two-month time lag 

in losses in Na and Ca was observed in E3. The only disturbance observed 

during t h i s  period was drought s t r e s s  i n  April 1976. Only potassium showed 

losses duri,ng the summer 1977 si'mi,lar to  those observed in  E l  and E2. 

Herbici.de treatment increased nutri-ent loss from the li,chen-annual herb 

ecosystem, b u t  did not great ly  accelerate cation loss.  Prior to  the perturbation, 

.E3 generally had larger  net gains or smaller ne t '  losses of 'Na, K, Mg and Ca than . . 



E4 (F ig .  11) .  Two t o  f o u r  months a f t e r  i n i t i a t i o n  of h e r b i c i d e  s p r a y i n g s ,  

l o s s e s  from E3 u s u a l l y  .exceeded t h o s e  o f  t h e  undis turbed  system, E4. To ta l  

1977 budgets showed l o s s e s  o f  Na, Mg and Ca from t h e  devege ta ted  ecosystem, 

compared t o  g a i n s  o f  Na and Ca i n  t h e  und i s tu rbed  system, E4, and a balanced 

. Mg budget. Losses of K were s i m i l a r ,  however, n e t  . l o s s  from .E3 i n  1977 
2 2 i nc reased  9 .3  dg/m ove r  1976 , w h i l e  l o s s  from E4 r o s e  on ly  1.7 dg/m . 

Treatment  effect was app ra i s ed  wi th  the pa i r ed  watershed method us ing  

monthly ou tpu t .  Potassium showed a s i g n i f i c a n t  dec rease  In s l o p e  ( t  - 2.125*, 

16 d f ) .  G r e a t e r  d i s c h a r g e  amounts from E3 were a s s o c i a t e d  w i th  lower di.s- 

cha,rge from E4, and s m a l l e r  o u t p u t s  a t  t h e  upper  range  of v a l u e s  f o r  E4 f o l -  

lowing devege t a t i on .  A1 though s l o p e s  f o r  Na, Mg and Ca remained s i m i l a r  t o  

p re -pe r tu rba t ion  val ues , r e g r e s s i o n s  were s i g n i f i c a n t l y  (P<0.05) e l e v a t e d .  

Outputs  from E3 inc reased  ove r  t h o s e  from E4, r e l a t i v e  t o  t h e  n ine  months 

p r i o r  t o  t r ea tmen t .  Discha,rge o f  hydrogen was n o t  s , i g n i f i c a n t l y  a f f e c t e d  

by t h e  experiment .  

Ecosystem Components and Processes  

Vegeta t ion  

Nonvascular p l a n t  biomass remained re1 a t i v e l y  c o n s t a n t  ove r  time and 

sample l 'oca t ion .  Only i n  E2 was p l a n t  biomass near  the system c e n t e r  cons i s -  

t e n t l y ,  g r e a t e r  (76%) than n e a r  t h e  edge.. I n  f a c t ,  biomass o f  edge c o r e s  was 

g e n e r a l l y  g r e a t e r  than t h o s e  c e n t r a l l y  l o c a t e d  i n  E3. The re fo re ,  mean non- 

v a s c u l a r  p l a n t  biomass i n  each system was e s t ima ted  by ave rag ing  t h e  samples 

du r ing  1976 and 1977 (Table  7 ) .  Ecosystem 1 had the l e a s t  amount of Grimmia, 

and E3 had t h e  l e a s t  amount o f  Polytr ichum. Although no dea th  o f  nonvascular  

p l a n t s  was observed du r ing  1977, t h e r e  was ev idence  o f  dea th  i n  Apri 1 1978. 



In E l ,  E2 qnd E4 large patches (about .25 to .  30%) of Polytri.chur? were dead. 

Evidently, the ser ies  of drqught events from April thro,ugh October 1977 caused 

th i s  mortali ty,  b u t  could not be detected unt i l  su f f i c i en t  decay had occurred. 

  umbers and biomass of l i ve  vascular plants changed greatly over time. 

Plant density was h,igh in spri,ng and decreased duri,ng t h e  growi,ng season 

largely from moisture s t r e s s .  Biomass i n  the herbicide-free systems increased 

through June, but decreased in E 2  and E4 by October due to  death and stunting 

from drought. Indeed, floweri,ng of summer annual's was delayed about a month 

i n  1977 compared to  1976 flowering dates. Late summer annuals tha t  survived 

periods of moisture s t r e s s  during summer increased t h e i r  potential t o  gain 

biomass, greatly i n  fa1 1 ; e.. g. ,. only one y. ' por te r i  survived to  flower i n  E l ,  

ye t  i t  comprised 96% of the vascular plant biomass 'during October 1977, and 

outweighed a l l  other vascular plants i n  the other study systems combined. 

Maximum vascular plant biomass during the study was generally less  than 1% 

(0.9, 0.8, 1.4 and 0.4%, respectively) of to ta l  above-ground biomass in any 

sys tem. 

Below-ground biomass consisted largely of moss rhizoids (Table 7 ) .  

Polytrichum moss had deep rhizoids tha t  penetrated a centimeter or more into 

the s o i l ;  in contrast ,  Grimmia was very shallowly rooted. Total root biomass 

was generally greater near the center rather  than the edge, and constant over 

time in a l l  systems. Root biomass sampled in each system was 17, 8,2 and lo%,  

respectively, of to t a l  above-ground plant biomass, Vascular plant root biomass 

was probably underestimated. Significant amounts of roots were probably under 

rock exfol ia t ions which occur under the systems. During the study, four adja- 

cent lichen-annual ecosystems had to  be excavated; beneath three of these 

systems rock exfol ia t ions were discovered with a dense of roots between them 



and the outcrop. surface. These areas represent a n  unknown vari,ahle th .a t  cannot 

be sampled wi'thout destroying the. system. 

Herbicide treatment of E3 had completely eliminated annual herbs by 

January 1977; Polytrichum was dyi,ng, and Grimmia showed numerous brown patches. 

Treatment was stopped on 25 April 1977; Polytrichum had died, and Grimmia was 

dying th,roughout the system. This system was remapped 24 October 1977; Grimmia 

(>go% kil  l e d ) ,  and Polytrichum, a1 though dead., were ident i f iab le  and t h e i r  

gametophytes s t i l l  standi,ng upr,ight. Cal donia 1 ichen seemed unaffected by the 

herbicide treatment. The en t i r e  community was s t i l l  i n t ac t ;  percent cover 

estimates were very close to  July 1976 values (Table 19 for  a1 1 categories. 

The number of dead Hypericum stems had not changed greatly.  One hundred and 

twenty stems were counted in July 1976, 111 stems were s t i l l  present 15 months 

l a t e r  ( 4  stems were removed fo r  ana lys is ) .  .Only 5 stems had been l o s t  between 

sampling dates. 

The i n i t i a l  s t a t e s  of vegetation recovery were observed a t  t h i s  time. 

Diamorpha seed1 i,ngs were present throughout the community, especially on bare 

so i l  areas between Grimmi.a patches and those created by core sampli,ng. During 

the July 1976 mapping, Diamorpha was r e s t r i c t ed  to  the outer edges (40 cm o r  

l e s s ) ,  and was present i n  62% of sampli,ng quadrats. Diamorpha seedlings were 

present in 96% of quadrats in October 1977. In addi.tion, b r , i g h t  green patches 

composed of a very f ine  layer of plant, growth, e i the r  moss protonema with bud- 

1 i k c  gdnletuptiytes, o r  a lgae  (o r  both) was sb.scrved on soi 1 and dead moss. ' .  
On 9 April 1978, ecosystem 3 was s t i l ' l  in tac t ,  and adul t  Diamorpha 

plants were present throughout the system, b u t  s t i l l  largely r e s t r i c t ed  to  

the edge. I t  appeared tha t  Cladonia was playi,ng an important ro le  in limiti,ng 

Diamorpha density,  e i the r  through physical or chemical interference duri,ng 



Diamorpha'sseedling o r  rose t t e  s tages. .  Diamorpha was the only spri.ng annual 

present ,. and seed1 i.,ngs o f '  summer annuals. were not observed, Polytrichum 

gameto~hytes were upright and sti.11 ident i f iable .  Grimmia patches were in t ac t  

b u t  gametophtes were no longer ident i f iab le .  

The. summer annual, H., gentianoides , . did not ' reinvade. E3 the year fo l -  

lowing deyegetation. Only four small clumps of g. c a p i l l a r i s  grass were ob- 

served on 31 July 1978. 

Elemental concentrations of nonvascular plants p r i o r ' t o  di,s.turbances and 

vascular plants were .s-imi l a r  i.n a1 1 systems. Fluctuations of cation concen- 

t r a t ions  .i.n Cl adonia from .November 1976 to .June 1977 were variable,  b u t  simi.1 a r  

i n  control and experi.menta1 systems. Most concentrations. e i the r  f l  uctuated 

around i n i t i a l  values, such as potassium and magnesium i n  ecbsystems 1 and 2, 

or increased 22 to  84%. Concentrations which i.ncreased were sodi.um i n  systems 

E l  and E2, magnesium i n  E3 and E4, and calcium in a l l .  Sodium and potassium 

concentrations i n  E3 and E4'decreased; losses ra,nged to  66% of November con- 

centrations.  

Cati.ons concentrat.ions in Polytrichum had increased by May 1977 in a1 1 

systems; increased ranged t o  168%, re la t ive  to  November values. Many concen- 

t ra t ions  decreased in June, and were s imilar  in E l ,  E2 and E3; decreased in 

the herbicided system, E3, were re la t ive ly  larger  (F ig . '  12). Sodium and 

potassium showed the, 'greatest  cha,nge; magnesium was less  dramatic. Calcium 

concentrations conti.nued to  increase thrqugh June in both the disturbed and 

undisturbed system. 

Concentrations of a1 1 cations i n  Grimmia increased through June ( ranged 

to  85%) in E l ,  E2 and E4. In the disturbed system, E3, cation concentrations 

of Grimmia increased from 31 to  161% by May, and then sharply decreased during 

June 32 to  43%. 



.... 
Changes i n  elemental standing crops of nonvascular p lan t s  were 

s t rongly associated w i t h  ' f luc tua t ions  i n  t h e i r  elemental concentrat ions.  

Elemental standing crops of vascular p lan t s  were corre la ted t o  changes in 

t h e i r  biomass. The maximum amount o i  nu t r ien t s  in  vascular p lan t s  during 

1977 was a small percentage of nu t r ien t s  contained in  nonvascular biomass 

during November 1976 (Na, 1%; K ,  5%;. Mg, 3%; and Ca, 9%; percentages were 

averaged over. systems). 

Soi 1 Proper t ies  

Amounts of 1 i t t e r ,  so i l  bul k densi ty ,  organic matter  content  and 

cat ion exchange capac.ity were var iable  and showed no cons i s ten t  pa t te rn  

during the  study (Table 8 ) .  Biomass t o  l i t t e r  standi,ng crop r a t i o s  were 

24 and 29 i n  E l  and E2, respect ively ,  and l a rge r  than E3 and E4, 15. 

Cation concentrat ions of l i t t e r  were s imi la r  i n  a l l  systems and averaged 

55k7 pg/g of Na, 828+72 ,pg/g of K ,  621+53 ,pg/g of Mg, and 2060+302 pg/g 

of Ca (N = 26). 0,rganic matter  content and cat ion exchange capacity were 

pos i t ive ly  corre la ted:  r = 0.64** ( N  = 83) .  _ 
Soil  water pH generally increased 0.48 and 0.42 un i t s  by May 1977 

in  E l  and E 2 ,  respect ively ,  and 0.13 and 0.15 un i t s  by April in  E3 and E4. 

All values returned to  November 1976 leve l s  during June. Amounts of ex- 

changeable hydrogen in the  study ecosystems generally decreased through May 

and were associatdd w i t h  increases in  base sa tu ra t ion  of 81, 6 ,  114, and 

82% respect ively ,  by June. Changes in  these  s o i l  parameters were concurrent 

with decreases i n  hydrogen concentrations and increases i n  amounts of cat ions  

dissolved in precipit .at ion (Fig. 6 )  and rock inflow (Fig.  7 ) .  Soil  water 
1: 

content  (Fig. 13) s i gn i f i c an t l y  decreased during the  study period,  and was 



correlated ( f  = 0.57**, N = 28) with monthly ra infa l l  amount3 (Table 3 ) .  

Chemical perturbations produced no. observable changes i n  any soi.1 

parameter. Fluctuations in so i l  components were s imilar  in di'stu.rbed and 

control systems and were, generally associated wi.th changes ' i n  water and 

cation inputs. 

Arthropods 

Arthropod densi t ies  pr ior  to  chemical perturbations were s.i.mi.1 a r  i.n 

a1 1 study systems. There were no s igni f icant  differences i n  density due to  

location: e,dge versus center samples. Mite (Acarina) populations were 

comprised largely of '  immatures, while most Collembo1.a were adults.  Mites 

made up  84% of the to ta l  population, and Cryptostigmata were the most abun- 

dant mite (53%). Collembola were next most abundant, group , (15%),  and spiders  

(Araneida) and insects  (Insecta) were also present (about 1%). 

Insecticide treatment reduced to ta l  arthropod populations in E l  by 

91% by June (Fig. 14),  b u t  densi t ies  in other systems also became reduced 

about 75%. These reductions probably resulted from moisture s t r e s s .  Mi nimum 

densi t ies  of many groups occurred e i the r  in April o r  May, which were months 

of minimum ra infa l l  (Table 3) and so i l  moisture (Fig. 13). Mites were more 

sensi t ive to  the treatment than Coll embol a. White mite numbers were depressed 

84 and 81%, respectively,  in undisturbed systems (E2 and E4), collembolan num- 

bers dropped only 29 and 64%, respectively. Rapid r i se s  in  density were 

observed fo r  a l l  arthropod groups except mites in E l  and spiders. Increases 

in Acarina groups, Isotomidae, and Hypogastruridae generally occurred in January 

or February (Fig. 14) ; Entomobryidae and Sminthuridae were l a t e r ,  e i the r  in 

March, ~ a y  'or  June. Increases ranged to 2800%, b u t  averaged 500%. Densities 

of mites were'prevented from risi,ng by the insect ic ide in E l ,  and spiders were 

never abundant. 



Herbicide treatment of E3 seemed t o  enchance collembolan f ami l i e s ,  

Entomobryidae and Sminthuridae. - A1 tho,ugh Entomobryids showed increases 

i n  E2 and E4 of 60% and loo%, respect ively ,  over November dens i t i e s  numbers 

i n  E3 rose 329% and were 800% denser than E4. While numbers of t o t a l  Col- 

lembola decreased 64% in  E4, densi ty  rose 143% i n  E3. A1 though the  collem- 

bolan population showed large, gains in E3 by June, numbers were s t i l l  r e la -  

2 t i v e l y  low, only 34 ind/25 cm . 
Soi 1 m i  crof 1 ora 

Standing crops of so i l  microflora,  indicated by concentrat ion of t o t a l  

adenylates,  was about double in  E l  and E3 than E2 and.E4 p r io r  t o  chemical 

perturbations.  Adenylate ene,rgy change ( E D )  r a t i o  ranged from 0.5 t o  0.6 

and indicated t h a t  microfl ora populations were i n  a s ta t ionary,  growth phase. 

Fluctuations i n  adenylates were s imi l a r  i n  a l l  systems during the  

study and were therefore  averaged. Mi crof 1 ora bi omass decreased thrqugh Apri 1 

(Fig. 15) reaching t h e i r  lowest standi,ng crop . . and then increasing t o  predis tur-  

bance leve l s .  

Adenylate energy charge r a t i o s  ranged from 0.42 t o  0.80. Average EC 

r a t l o s  were hlghest  l n  February (0.71) and lowest duri,ng April and May (0.58) 

(F,i.g. 15).  Lowest microflora biomass and slowest growth s t a t e s  were associated 

with, g r ea t e s t  s o i l  moisture s t r e s s  (Fig. 13) and was probably the  cause of the  

reductions. 

L i  t t e r  Decomposition 

We,ight loss  o f '  Polytrichum, Caldonia, and ce l l  ulose from 1 i t t e r  b,ags 

rapproximated a simple l i n e a r  decay function over the 334 day study. Neither 
1 ,  

. de,vegetation nor insec t ic ide  treatment had any observable e f f e c t  on decay r a t e s  



The study was continued f o r  120 days a f t e r  cessat ion of insecti .cide appl icat ion , . 

without any observable increase  i n  decay r a t e s .  Loss r a t e s  of each type' of 

a material  were s imi l a r  i n  a l l  study ecosystems regardless  of treatment,  SO an 

average r a t e  of decay was calcula ted (Table 9 ) .  Losses of Cl adonia were, grea- 

t e r  than losses  of Polytrichum, but l o s s  r a t e s  were not s,i.gni.ficantly di:'ffer- 

e n t  (P>0.05). Loss r a t e s  of ce l lu lose  were considerably lower than those of 

moss and l ichen.  

In general ,  f luc tua t ions  in the  amounts of nu t r ien t s  in  Polytrichum 

'and Cla'donia were very varisable, and could be f i t t e d  ne i ther  t o  a l i n e a r  decay 

model (Table 9 ) ,  nor t o  an exponential decay model (Olson 1963). Losses of 

sodium and potassium. from Polytrichum and Cladonia were characterized by la rge  

nu t r i en t  losses  duri,ng the  f i r s t  45 days in the  f i e l d .  Sodium content  of 

Polytrichum moss decreased an averaged of 589%' from i n i t i a l  values;  Polytrichum 

potassium, 8355%. Cladonia Na and K losses  were 77+3 and 92+1%, respect ively .  

From January- to  June 1978, nu t r i en t  content of 'Polytrichum remained s tab le , ' and-  

Cladonia nu t r i en t  content increased: sodium accumulated a t  an annual r a t e  of 

16%, and potassium was accumulated s , ignif icant ly  a t  a r a t e  of 31% ( r  = 0.70**, 

Magnesium and calcium losses  from Po1,ytrichum s i g n i f i c a n t l y  f i t  the  

1 i near 1 oss model once each: magnesi um in  E2 ( K  = -0.43, r = 0.79*), and 

calciilm i n  E 3  ( K  = -0.77, r = n.90k*). Cladonia l i t t e r  generally accumulated 

Mg and Ca througho~rt t.he study. Only magnesium was l e s s  in E4 ( K  = -0.28); 

annual accumulati on r a t e s  ranged from 9% t o  267%. Cladoni a accumulation r a t e s  

f o r  magnesium i n  E3 (118%/yr, r = 0.72*) and calcium in  E l  (267%/yr, r = 0.89**) 

were s i gn i f i c an t .  



Number. of arthropods extracted from 1 i t t e r  bags . . were ~ a r i  abl e (.O t o  

422) bu t ,  generally increased duri,ng the study. Numbers were severely.. de- 

pressed during April 1977 in a l l  systems. Insecticide treatment in E l  kept 

numbers in 1 i t t e r  bags low through June 1977, b u t  by October (120 days af ter  

the l a s t  insecticide treatment), total numbers in.El  were similar to the other 

systems. Duri,ng the study, mites outnumbered Collembola 2 to 1. Mites were 

1.3 times more abundant in Cladonia l i t t e r ,  and 1.3 times more Col lembola 

were extracted from Polytrichum l i t t e r  bags. Herbicide treatment of E3 ap- 

peared to have l i t t l e  effect on arthropod numbers. I n  lichen bags, mites 

were, generally more a b u n d a n t  in E4 than E3; Collembola were more abundant in 

E3. I n  Polytrichum bags, numbers were si.milar in b o t h  systems. 



DI SCUSS I ON 

Lichen-annual herb ecosystems i n  t h i s  study receive more water on an 

a rea l  bas is  than do some t ropical  ra in  f o r e s t s  (Odum 1971, Golley e t  a l .  1975), 

y e t  they a r e  characterized by vegetation adapted t o  a r i d  condit ions.  Mosses 

and l ichens a re  r e s i s t a n t  t o  des iccat ion.  Succulents a r e  present ,  such as 

Diamorpha and Tal inum. Viguiera po r t e r i  can remain wilted as  long a s  14 days 

and s t i l l  recover (McCormick e t  a l .  1974). Unlike montane watersheds which 

receive water d i r e c t l y  from p rec ip i t a t i on ,  most water t o  outcrop systems 

comes as  i nd i r ec t  drainage of p rec ip i ta t ion  from surrounding rock upslopes. 

Rapid flows of sho r t  duration pass around and throu'gh outcrop systems with only 

a small port ion being re ta ined by the  s h a l . 1 0 ~  s o i l  mass. High r a t e s  of evapo- 

t ransp i ra t ion  (McCormick e t  a l .  1974) can deple te  s o i l  moisture' quickly,  pro- 

ducing moisture s t r e s s  and selecti ,ng f o r  drought r e s i s t a n t  species .  

Land sandhi l l  ecosystems, outcrop ecosystems can be characterized as 

"deser ts  i n  the  ra in"  ( E .  P.  Odum, personal communication). Yet, so i l - i s l and  

ecosystems contain a unique vegetation:: community t h a t  appear.s.to be maintained 

by a combination of frequent ra ins  t o  r e s to r e  s o i l  moisture f o r  vascular p lan t s  

and frequent dews f o r  the  maintenance of the nonvascular species .  Polytrichum 

commune must receive actual- preci .pi tat ion i n  the  form of fog,  dew, o r  ra in  f o r  

growth (Anderson and Bourdeau 1955).. Frequent dew, espec ia l ly  duri,ng the  

summer (Court 1974, Trewartha 1968), allows a morni,ng pulse of photosynthesis 

i n  1 ichens and mosses, and dew i s  probably a l so  u t i l i z e d  by animals (Noy-Meir 

1973). 

Water from prec ip i ta t ion  i s  the  primary t ranspor te r  of dissolved and 

suspended so l i d s  and sediments i n to  and out  of the  systems. Bulk prec ip i ta t ion  

contr ibutes  a major port ion of the  dissolved sol ids  (86% of Na, 94% of K, 89% 

of Mg, and 80% of Ca duri,ng 1976), and hydrogen which dissolves  cat ions  from 



the  outcrop surface.  The l a t t e r  process may be increasing si.nce hydrogen 

ion a c t i v i t y  (pH) of p rec ip i ta t ion  has decreased i n  NE Geqrgia from 5.20 i n  

1965-66 (Cogbi 11 1976) t o  3.94 i n  1976 ( t h i s  ' s tudy) ,  an increase i n  H+ con- 

cen t ra t ion  of about 19 fold .  

Lichens on the  outcrop surface  can a l so  contr ibute  considerable amounts 

of ac id ,  which can generate addi t ional  ca t ions  through weathering of the.  rock 

surface. 'For example, hydrogen concentrat ion of rock inflow was g r ea t e r  than 

i t s  concentration i n  p rec ip i ta t ion  by 8% i n  May and 25% i n  June 1977 (Figs.  

6 and 7) and resu l ted  i n  increased calcium concentrat ions of 157 and 52%, 

respect ively .  Ascaso and Gal van (1976) have demonstrated. the  abi 1 i t y  of 

organic acids found i n  t h a l l i  of Parmelia conspersa t o  re lease  ca t ions  from 

gran i te  and gneiss.  Rock decomposition i s  accelera ted during warmer months 

when surface  temperatures a r e  elevated (Shure and Ragsdale 1977), condit ions 

of lichen growth a re  optimal, and prec ip i ta t ion  hydrogen concentration i s  

highest  (Fig.  6 ) .  This accelera t ion i s  concurrent with growth of vascular 

p lan t s  i n  outcrop systems. 

Unl i ke f indings reported f o r  Coweeta and Hubbard Brook watersheds (John- 

ston and Swank 1973, Likens e t  a l .  1967), ca t ion concentrat ions i n  watershed 

inflow and discharge showed s i g n i f i c a n t  inverse cor re la t ions  w i t h  water amount 

(Table 4 ) .  Annual weighted concentrat ions of cat ions  in  inflow and discharge 

(Table 5 )  from outcrop i s l a n d  ecosys tems were a1 so considerably lower than 

those reported by . the  above s tudies .  Inflow water does not a l l  pass through 

the  system s o i l  mass, and the  port ion t h a t  i n f i l t r a t e s  passes through the  s o i l  

volume quickly. Sandy s o i . 1 ~  of these  outcrop ecosystems (>85%, Meyer e t  a1. 

1975) lack the  large  buffering capacity of mountain watersheds, and thus do 

not enrich percolati,ng water with cat ions  leached 'from parent mater ia l .  



In s p i t e  o f - t h e  inverse. relationship between concentrati-on and water 

vol ume, monthly input and output of cations were s t i l l  str0,ngl.y dependent 

on volume of water flow. Changes in concentration of a cation could not be. 

interpreted as an accurate index o f .  input or output amounts ' f o r  outcrop sys- 

tems as Vitousek and Reiners (1975) and Vitousek (1977) have s,u,ggested fo r  

larger  mountain watershed ecosystems. 

.Nutrient bu,dgets fo r  the undisturbed i sland ecosystems during 1976 

(Table 6 )  indicated that, gajns and losses of' nutr ients  were balanced. Dis- 

solved sol ids  comprised 95% of the cation flow, and nutr ient  flow due t o  

suspended sol ids  was 10 times greater than amounts i n  bed load sediment. The 

i n p u t  weir col lect ion system reduced i n p u t  of dissolved and suspended sol ids  

about 19+1% and bed load sediment 80+6%; however, to ta l  budgets would remain. 

balanced with i t s  removal. Most of the added dissolved and suspended sol ids 

would probably flow thrqugh the systems, since throughput comprises 91+3% of 

the nutr ient  flows. Althqugh s, ignificant gains of some nutr ients  from bed 

load sediment can be demonstrated, the contribution by sediment to  the to ta l  
. . 

budgets would increase only about 1%. Material budgets (biological iy avai 1 - 
able plus unavailable) of bed load sediment indicated tha t  these lichen-annual 

herb ecosystems in an unmonitored s t a t e  would show s,ignificant (P<0.001) net 

gains of sediment. Taken together, the four lichen-annual herb systems appear 

to  be near steady s t a t e  f o r  nutr ients ,  b u t  accumulati,ng material a t  a very 

slow rate .  Hay (1973) has reported similar resu l t s  f o r  diamorpha ecosystems. 

A1 though these soi 1-island systems are  stages i n  primary succession (Burbanck 

and P la t t  1964, Shure and Ragsdale 1977), fo r  short-term, i . e . ,  annual, nu-  

t r i e n t  studies they can be assumed t o  be in steady s t a t e .  The driving force 



of succession appears to  be the accumulation of sediment and the exfol ia t ion 

of underlying rock, b u t  these processes a re  extremely slow. This conclusion 

becomes more evident i f  we look a t  replacement times f o r  the four study eco- 

systems. Assuming granite depressions were emptied, i t  would require 303, 

539, 128, and 76 years,  respectively,  fo r  inputs of bed load sediments to  re- 

plenish so i l  volumes. 

Crossley e t  a1 (1975) and others have characterized these 1 ichen-herb 

ecosystems as accumulator systems. They observed tha t  these systems accumu- 

la ted f a l lou t  ,radi.onuclides, and some of these nuclides, such as  and 

1 3 7 ~ s ,  a re  metabolized by mechanisms tha t  a re  similar t o  those fo r  nutr ient  

elements, such as Ca and K. This accumulation phenomenon by island ecosystems 

re su l t s  from the great  a f f i n i t y  o f , l i chens  to  absorb heavy radioactive elements 

(Tuominen and Jaakkola 1973) and the deposition pattern of bed load sediment 

in the systems. Lichens exhibi t  a high efficiency for  the retention of 1 3 7 ~ s  

and other heavy. radioactiveelements.  Lichens accumulate 1 3 7 ~ s  much more ef- , 

f i c i en t ly  than 4 . 0 ~ ;  the contribution of 4 0 ~  t o  the natural radioactivi  ty  of 

lichens was only 2-5% of the to ta l  6 ac t iv i ty  (Tuominen and Jaakkola 1973). 

Lichens a c t  as a substantial  reservior of 1 3 7 ~ s  fo r  a long period of time be- 

cause of t h e i r  10,ngevi ty and the long ha l f - l i f e  of Cesium-137. The lichen, 

Parmelia, which is common on the rock surface of outcrops, re ta ins  nearly a l l  

of the 1 3 7 ~ s  intercepted because of i t s  large surface area per uni t  weight. 

Plummer (1969) and Plummer and Helseth (1965) reported Parmel ia becomes the 

most radioactive plant  present on the outcrop followi,ng a f a l l o u t  contamination. 

Fragments of Parmel ia  tha l l  i and rock debris ,  many with t h a l l i  fragments 'attached 

are  produced by weathering processes and are  washed into island ecosystems as 



suspended and. bed l o a d  sediment. These sediments accumulate a t  t h e  upslope 

edges o f  t he  systems. The 1  ichen t h a l  l u s  w i t h  i t s  rad ionuc l  ides  i s  incorpora-  

t e d  i n t o  t h e  s o i l .  Th i s  exp la ins  why McCormick and C o t t e r  (1964) and Plummer 

and Helseth (1965) found g rea te r  l e v e l s  o f  : . r a d i o a c t i v i t y  a t  t h e  upper and '. 

ou te r  edges o f  i s l a n d  systems. Systems c l o s e r  t o  the .ou tc rop ,  base accumulated 

g rea te r  r a d i o a c t i v i t y  because they, genera l l y  have l a r g e r  watershed areas than 

systems near .the top. Vascular p l a n t s  which grow near system edges, p r i m a r i l y  

Diamorpha, show the, g r e a t e s t  b ioaccumulat i~on o f  rad io i so topes  o f  any p l a n t  

species ' i n  i s l a n d  communi t i e s  (McCormi ck and C o t t e r  1964). I n  summary, accumu- 

l a t i o n  o f  r a d i o a c t i v e  f a l l o u t  by i s l a n d  ecosystems i s  l a , rge l y  a  func t i on  of 

t h e  molecular  wei g h t  o f  t h e  rad io iso tope,  - t h e  presence o f  t h e  1  i chen, Parmel i a, 

which i s  p a r t i c u l a r l y  absorp t ive ,  and, geomorpho1,ogy. 

These 1i.chen-annual herb ecosy,stems can be cha rac te r i zed  as open systems 

(Odum 1971). N u t r i e n t  budgets are  t i e d  c l o s e l y  t o  the  p a t t e r n  o f  p r e c i p i t a t i o n .  

Outputs are  h i g h l y  dependent on i npu ts  and both  i n p u t s  and outputs o f  most 

ca t i ons  were r e l a t e d  t o  r a i n f a l l  amount. N u t r i e n t  i n p u t s  and outputs  a re  la,rge; 

about 10 t imes la , rger  than i n p u t s  t o  nearby f o r e s t e d  areas (Krebs and Gol ley  

,1977,. Swank and Henderson 1976). Most . o f  t h i s  increased inpu.t  comes from d r a i n -  

age from rock .upslopes. N u t r i e n t  inpu. t  by d i r e c t  p r e c i p i t a t i o n  i s  s i m i l a r  t o  

nearby fore.sted areas. I t  should be emphasized tha. t  most soi'1'-island ecosystems 

have considerable 1  a,rger watershed ups1 opes than t h e  systems i n  th i ' s  ' study, and 

consequently, g r e a t e r  m a t e r i a l  f lows pe r  u n i t  area. 

Annual i npu ts  o f  Na, K, Mg and Ca i n  d i sso lved  and suspended s o l i d s  

exceeded amounts of those n u t r i e n t s  bound - i n  system biomass. The r a t i o  o f  

elemental s tanding crop t o  throughput ranged f rom 0.9 f o r  K i n  E2, t o  <0.05 

f o r  Na; r a t i o s  f o r  Mg averaged 0.7 and Ca was 0.1. Rat ios  o f  n u t r i e n t  s tand ing 



crops .to nutr ient  throughput in fo res t  systems are  much, greate.r than 1, 

Large percentages of the standi,ng crop o f .  nutri.ents , espec'ial ly 

potassium and magnesium, in lichen-annual herb ecosystems a r e  held by the 

vegetation subsystem rather  than in the soi.1 (Table 10). These.patterns 

a re  l'i ke those of tropical rain fo res t s  (Go1 ley e t  a1 . 1975, Odum 1971), 

and Meyer (1972) has shown a s imilar  apporti.onment in annual perennial herb 

ecosystems. The la,rge amount of water moving through these small biomass 

systems i s  probably the major fac tor  in creati,ng these patterns.  Nutrients 

not bound t igh t ly  will  be eas i ly  leached from these systems.. Tropical 

fores ts  prevent lqrge losses of scarse nutr ients  and maintain t h e i r  h , i g h  

productivity by rapid recycl i,ng from 1 i t t e r  back t o  plant. Herrera e t  a1 . 
(1978) have demonstrated d i r ec t  t ransfer  of phosphorus from l i t t e r  t o  roots 

by fungi, a more or less  d i r ec t  recycle path th,at reduced loss  from the system 

by leachi,ng. Granite outcrop systems have apparent1.y not evolved any such 

"shortened" recycle mechanism, probably because of severi ty  of edaphic factors  

and 1 ack of 1 arge 1 i t t e r  accumulation. Accordingly , 'outcrop. communi t i e s  have 

low productivity. Vegetation, growth must be accomplished largely with nutr ients  

available a t  the brief periods of time when moisture conditions a re  favorable. 

Lichen-annual systems are  largely limited by abio t ic  factors .  Nutrient 

f 1 ow and moi s ture  avai 1 abi 1 i ty , w h i  ch i nf 1 uence, growth and density of several 

b io t ic  components, a re  strongly. 1 imi ted by precipitation amount and frequency. 

Moisture s t r e s s  during the spri.ng and ear ly summer of 1977 reduced so i l  water. 

content (PN) t o  l e s s  than 10% (Fig. 13) during Apri 1 and caused large decreases 

in the density of vascular plants ,  arthropods, and so i l  microflora (F,ig. 15). 

Nutrient uptake by nonvascular plants occurs d i rec t ly  from precipi ta t ion 

and/or ~ a t e v s h e c l  .i r~f 1 ow. Between prec-i p i  t a t1  on events they dry quickly and there 



i s  l i t t l e  or no uptake from soi.1. egardless of '  low'standing crop t o  through- . . 

p u t  ratios, uptake and rel.ease.of cations by nonvascular plants was evident 

in ecosystem nutrient budgets. For example, nonvascular plants in . E l  accumula- 

ted Na, K, Mg, and Ca from January t o  May 1977 and then began releasing them 

in June. These elemental gains and losses can be independently seen in nutrient 

budgets. for E l  (F,ig. 10). 

Uptake by .vascular plants is  probably largely localized a t  the soil/out-' 

crop interface or below i t .  Vascular plants appeared to develop deep root sys- 

tems. Root mats were discovered beneath exfoliations in thi:s study and Diamorpha 

cymosa sets thick mats ,against the, granite base of depression. (Wi.ggs . . and Platt 

1962). This stratification differs from si.tuations in deciduous forest ecosys- 

tems where root systems are located near the soil surface (McGinty 1976) or 

in tropical rain forests where a conspicuous r o o t  mat covers the surface soil 

(Witkamp and Ausmus 1976, Herrera e t  a l .  1978). As in desert ecosystems, o u t -  

crop species find i't advantageous t o  maintain a deep root system, relatively 

.speaking, t o  avoid moisture depletion a t  the surface, and take advantage of 

trapped water reserved a t  the base of the, rock depressions. This intimate 

association of roots and granite surface su,ggests t h a t  direct transfers from rock 

t o  roots could take place, a1 t h ~ u g h  appreciable transfers of this sort have not 

been demonstrated. 

Meyer (1972) reported 1 a,rge reductions in soi 1 nutri'ent . pools under- 

lying . - V.  . porteri in annual perennial herb ecosys tems betwen June a n d  September 

due t o  i t s  rapid, growth.. Rapid uptake by, growing v,egetation has been observed 

as net gai.ns o r  reduced l.osses in nutrient budgets (Likens e t  a l .  1977'), b u t  

was seen Snfrequently in these ecosystems. In  fact ,  some of the largest net 



losses  of K and Ca occurred from June t o  A,ugust (Fig. 10 and 11).  

These data  suggest t h a t  Na, K, Mg and Ca were probably not l imi t ing  

t o  p lan t  growth i n  lichen-annual systems o r  i n  any of the  o ther  outcrop sys- 

tems. described by Burbanck and P l a t t  (1964). A s im i l a r  conclusion f o r  annual- 

perennial ecosystems was reported by Meyer e t  a1 . (1975). 

Yet, vascular p lant  densi ty  and standing c rop .  was low i n  these. systems 

compared t o  others  (Shure and Ragsdale 1977). Soi 1 depth, which determines 

t o t a l  ' moisture capaci t y  , doubt less ly  1 imi t s  growth of v.ascu1 a r  p lan t  popul a- 

t ions .  ~ v e r G e  s o i l  depth f o r  the  study ecosystems i s  2.8 cm, about half  a s  

deep as  10 lichen-annual herb systems studied by Shure and Ragsdale (1977). 

Average maximum so i l  depth (7.7 cm) i s  a t  the  lower ra,nge f o r  lichen-herb 

systems (7-15 cm) s tudied by Burbanck and P l a t t  (1964). Shallow s o i l s  lower 

moisture avai labi  1 i t y  which inh ib i t s ,  germination, s t un t s  growth, and increases 

mortal i t y  of many vascular p lan t  species ' (Shari t z  and McCormick 1973, McCormick 

e t  a l .  1974). 

Average s t an i i ng  crop o f  above-ground plant  biomass in  t h e  study eco- 
'2 systems was 1014k86 g dry w t / m  and s imi l a r  t o  standing crops in  old f i e l d  

vegetation and.f requent ly  reach average heights of more than 100 cm, while 

nonvascular p lants  dominate these  outcrop systems whose average ve r t i c a l  s t r a -  

t i f i c a t i o n  i s  about 15 cm. The lower mean water content of outcrop vegetation 

allows a much grea te r  concentrat ion of dry weight. In add i t ion ,  nc t  primary 

production in  old f i e l d s  exceeds standing crop (Odum 1971) i n  con t r a s t  t o  

outcrop communities where annual growth i s  probably much l e s s  than standing 

crop. 

Average dens i t i e s  of i n sec t s  and spiders  i n  the  study systems ranged 



2 2 from 1800+310 ind/m (N = 3 ) ' - i n  February 1977 t o  470+360 i.nd/m. i n  May ,1977, 
2 Numbers o f  m i  c roa r th ropods  v a r i e d  from 122000+30000 ind/m (Janua.ry ,1977) 

2 t o  ,20000+4000 i  nd/m (June 1977).  These va lues  were h,i gher .  than  expec ted  

cons ide r ing  t h e  harsh  envi-ronmental condi, t i .ons  of rock ou tc rop  systems,  

Densi t . ies  o f  both i n s e c t  groups were s i m i l a r  t o  va lues  r epo r t ed  f o r  o l d  f i . e l d s ,  

and m i  c roar thropod numbers were w i t h i n  t h e  range  of d e n s i t i e s  meas.ured i n  

mesic hardwood f o r e s t s  o f  the Sou theas t  US ( B e s t . e t ' a 1 .  19'78, 'McBrayer e t  a l .  

1977, Odum 1971).  ~ e n s i  t i e s  were. s u b s t a n t i , a l  ly,  g r e a t e r  than  yal ues r e p o r t e d  

f o r  va r ious  h o t  d e s e r t s  (Edney e t  a l .  1976) ,  b u t  s o  was s o i l  moi.sture avai.1- 

a b i l i t y . .  Soi 1 wa te r  c o n t e n t  (% wet wgt.  ) o f  t h e  t h r e e  i s l a n d  systems n o t  

t r e a t e d  w i t h  insec t ic i :de  averaged 24+3% dur ing  t h e  s tudy  compared t o  5+1% f o r  

a s i m i l a r  pe r iod  (Nov. - Jun. ) a t  a d e s e r t  s i t e  i n  Nevada (Edney e t  a1 . 1976) .  

Regard less  o f  the d i f f e r e n c e  i n  d e n s i t i e s ,  f l u c t u a t i o n s  i n  d e n s i t i e s  o f  both 

faunas appeared t o  be i n f luenced  by changes i n  s o i l  mois ture .  

Arthropod popu la t i ons  o f  i , s land  ecosystems a r e  probably f r e q u e n t l y  aug- 

mented du r ing  f a v o r a b l e  mo i s tu re  regimes by immigrat ions from f o r e s t  s t a n d s  . 

surroundi,ng t h e  ou tc rop .  Collembola swarms were f r e q u e n t l y  observed on the 

o u t c r o p  from November thro,ugh. March both y e a r s  o f  the s tudy  p e r i o d ,  and probably 

o r i g i n a t e  i n  t h e  f o r e s t  s t a n d s .  

Microbial  s tandi ,ng  c r o p ,  i nd i ca t ed -  by ATP c o n c e n t r a t i o n ,  were s i m i l a r  

t o  t h o s e  a t  a d e s e r t  s i t e  i n  Utah. S k u j i n s  (1976) measured c o n c e n t r a t i o n s  

from 0.010 t o  1.174 ,pg ATP/g d r y  s o i l ;  which a r e  s i m i l a r  t o  va lues  f o r  l i c h e n -  

annual herb ecosystems .. (F,ig. 15) .  The h i g h e s t s  average  c o n c e n t r a t i o n  ; measured 
2 i n  this s tudy  i n  June 1977 was 27000 pg ATP/m and i s  a t  the lower end of va lues  

r e p o r t e d  f o r  l i t t e r  and s o i l  ( t o  10 cm) o f  a mesic hardwood f o r e s t :  625000 t o  



2 25000 pg/m (Ausmus 1972). The mi.croflorq standing crop '  i s  apparently sub- 

s t a n t i a l l y  reduced i n  so i l - i s l and  ecosystems much of the  timeg 

The average adenylate energy charge r a t i o ,  0.62+0.02 ( N  = 7 ) ,  a l so  

demonstrated t h a t  s o i l  microflorq were i n  a s ta t ionary  growth s t a t e  much of 

the  time. Microbial growth must occur rapidly  over sho r t  peri.ods of time 

when condit ions a r e  optimal. Highest EC r a t i o s  were measured in  Februqry 

1977 when they approached 0.8, the  point  a t  which normal growth occurs (Chap- 

man e t  a1 . 1971). Early spring must be a period of optimal temperature and 

moisture condit ions f o r  microflora populations i n  outcrop ecosystems. 
+ 

Changes in  s o i l  water pH, exchangeable H , base sa tu ra t ion  were gen- 

e r a l  l y  corre la ted w i t h  f luc tua t ions  i n  the  chemical content  of p rec ip i ta t ion  

and watershed inflow. The large  amount of exchangeable hydrogen i n  incoming 

water has reduced s o i l  pH and base sa tu ra t ion  of 1 ichen-annual herb systems 

(Table 8 ) .  Average s o i l  pH was simi.lar t o  t h a t  of inflow (3.92 versus 4.03) 

and average base sa tu ra t ion  was 4.5&0.6% (N = 4 ) .  Thomas e t  a l .  (1964) have 

character ized these  s o i l s  a s  r e l a t i v e l y  i n f e r t i l e .  Indeed, these  sandy s o i l s  

have lower pH, C E C ,  and base s a tu r a t i on ,  but g rea te r  amounts of organic matter 

than nearby ,agr icul tura l  soi  1 (USDA 1959). 

Decomposi.tion a l s o  appeared t o  be l a rge ly  control led by ab io t i c  f ac to r s  

w i t h  soi  1 organisms playing a minor ro le .  Disappearance r a t e s  f o r  c e l l u lo se ,  

10%/yr, agree well w i t h  r a t e s  f o r  balsa wood s t r i p s ,  9%/yr, (Bostick 1970). 

Bostick a l s o  reported l i t t e r  breakdown r a t e s  of about lS%/yr f o r  vascuiar p lan t s  

in Iichen-annual herb ecosystems. This value i s  about half the  r a t e  measured 

i n  t h i s  study f o r  Polytrichum, 29%/yr, and Cl adonia, 38%/yr. Bostick concl uded 

t ha t  l i t t e r  disappearance was generally a d i s t i n t eg ra t i on  and leaching process. 



Decay r a t e s  remained 1 i near throughout this s tudy,  regardless of cha,nges in 

densi ty  of microarthropods (F,ig. 14) o r  s o i l  microflora (F,ig. 15) .  The r e l a -  

t i v e l y  low decay r a t e s  f o r  l i t t e r  i n  lichen-annual herb ecosystems I s  probably 

the  r e s u l t  of reduced 'microbial a c t i v i t y  by edaphic f ac to r s .  Microflora e f f e c t  

most of the  decomposition of qrganic material  (Odum. 1971, Witkamp and Ausmus 

1976). The most important f ac to r s  control  1 i ng microbial decomposers a r e  mois- 

t u r e  and temperature (Witkamp 1966, 1971) and both a r e  f requent ly  l imiti ,ng i n  

the  study systems. During summer, s o i l  moisture. level-s f l uc tua t e  widely and 

da i ly  s o i l  temperatures f l uc tua t e  from about 3 3 ' ~  t o  2 5 ' ~  (Shure and Ragsdale 

1977). 

'The f a s t e r  disappearance of l ichen (Cladonia) 1 i t t e r  could be the  re-  

s u l t  of saprophagous arthropods. Most of the  Collembola and many of the  Acari 

a r e  regarded a s  saprophages (Wal lwork 1976) and could feed d i r e c t l y  on 1 ichen 

s ince  they a r e  composed la rge ly  of fu,ngal hyphae. 

Changes i n  nu t r i en t  content of Polytrichum and Cladonia i n  t he  l i t t e r  

decay study were s imi la r  t o  r e s u l t s  of t he  leachi,ng study. Sodium and potas- 

sium were l o s t  i n  l a rge  amounts i n i t i a l l y ,  followed by increases i n  Ca and' Mg 

concentrat ion.  While losses  of Na and K occurred duri,ng the  f i r s t  45 days 

then stopped, Ca and Mg were accumulated thro,ughout the  335 day study by 

Cladonia. This increase in  concentration was not due e n t i r e l y  t o  leachi,ng of 

Na and K because dead Cladonia i n  the  l i t t e r  study accumulated more Ca and 

gg than livcYC1.adoni.a i n  the  leaching study. The dead l ichen probably re ta ined 

i t s  a b j l  i t y  t o  accumulate se lected cat ions  a f t e r  death. Wi tkamp and Frank (1967) 

demonstrated t h a t  Cladonia subtenuis l o s t  only 4-8% of i t s  a b i l i t y  t o  accumulate 

ces i  urn-137 a f t e r  death. 

A large  port ion of the  nu t r ien t s  held by vascular p lants  a r c  read i ly  



l e a c h a b l e  fo l l owing  dea th .  For example, Hypericum gen t i ano ides  l o s t  62% of 

Na, 98% of K ,  93% o f  Mg, and 89% o f  Ca w i t h i n  120 days fo l l owing  dea th .  Simi- 

l a r  1 e a c h i n g . r a t e s  were observed f o r  Andropogon. Large l o s s e s  o f  n u t r i e n t s  

from D. cymosa, A. u n i f l o r a ,  and - V .  p o r t e r i  a f t e r  d e a t h  have been r e p o r t e d  by 

Myer (1972).  , Following d e a t h ,  l e ach ing  occurs  du r ing  r a i n f a l l  e v e n t s ,  which 

b r ing  1 a r g e  amounts o f  th rough-f l  ow. 

Remaining n u t r i e n t s  i n  v a s c u l a r .  p l a n t  s k e l e t o n s  can be 1 o s t  by blow- 

o u t ,  e s p e c i a l l y  f o r  V i rgu ie r a .  I s o l a t e d  - V. p o r t e r i  p l a n t s ,  common i n  t h i s  ou t -  

c rop ,  become b r i t t l e  a f t e r  havi,ng been leached  and dr ied. ;  and can be e a s i l y  

broken by a g u s t  o f  wind and c a r r i e d  o u t  o f  t h e  system. T h i s  occu r r ed  t o  t h e  

s i n g l e  l a r g e  - V. p o r t e r i  i n  E l .  By Apr i l  1978, no t r a c e  o f  i t  could be found. 

Hypericum stems a r e  much more f i b r o u s ,  e v e n t u a l l y  a r e  ben t  o v e r  and can remain 

i n .  the system f o r .  s e v e r a l  y e a r s .  I f  d e n s i t y  o f  v a s c u l a r  pl a n t s  i s  l .arge enough, 

t h e i r  branches become i n t e r t w i n e d  and form a mat r e s i s t a n t  t o  wind g u s h .  

I n t e r n a l  c y c l i n g  o f  n u t r i e n t s  r e q u i r e s  s t a b l e  s u r f a c e  c o n d i t i o n s  permit-  

t i n g  l i t t e r  . t o  f a l l  i n  p l a c e  and remain, amelora t ion  o f  t empera ture  and mo i s tu re  

s t r e s s e s  f o r  growth of  microf l 'ora  and microar thropods ,  andc lose  a s s o c i a t i o n  of 

d e b r i s  w i th  r o o t s  t o  complete t h e  t r a n s f e r  from r e m i n e r a l i z a t i o n  t o  p l a n t  uptake.  

One o r  more o f  these f a c t o r s  is u s u a l l y  missing o r  1 imi t i ,ng i n  g r a n i t e  ou t c rop  

ecosystems. Grea tes ' t  p l a n t  d e n s i t i e s  occur  i n .  f a l l  (Oct .  o r  Nov. ) . After 

d e a t h ,  r a p i d  p l a n t  regrowth does  n o t  begin u n t i l  t h e  f o l l o w i n g s p r i n g .  In t h e  

meantime, r a i n f a l l . a m o u n t s  du r ing  w i n t e r  months a l l ow  many n u t r i e n t s  l o s t  from 

v e g e t a t i o n  t o  be e a s i l y  washed o u t  o f  t h e  system by throughflow. 

Meyer (1972) sugges ted  . . t h a t  one a s p e c t  o f  i n t e r n a l  c y c l i n g  i n  annual-  

perennia l  herb  ecosystems was the inward movement o f  d i s s o l v e d  n u t r i e n t s  duri,ng 

s torms t h a t .  d i d  n o t  f i l l  t h e  bas in  s t o r a g e  t o  c a p a c i t y .  He i n d i c a t e d  t h a t  t h i s  



would occur i n  his study system during the storms with less  than 5 mm rai.n- 

f a l l .  This phenomenon occurred in  the lichen-herb systems of t h i s  study wi.th 

r a in fa l l s  less  than 2.6 mm. The proportion of storms 2.6  mm or less  was only 

10%. Thus, inward movement and concentration of nutr ients  i:s probably not 

important because of i t s  low frequency of occurrence, 

1.nsecticide perturbation had no observable a f f e c t  on' concentration of 

nutr ients  in discharge, output o f  suspended part iculate  matter, loss of se'diment, 

or nutr ient  budgets. Arthropod populations were reduced about 91% i n  the ex- 

perimental system during the course of the study. Populations in the untreated 

system were eventually reduced .75% by moisture s t r e s s  (Fig, 13 ) .  l a t e  i n  the 

treatment phase. In addition, the presence or  absence of microarthropods had 

no e f f e c t  on l i t t e r  decay rates .  Accordi.,ngly, the hypothesis, s ta ted  earl . ier,  

t ha t  destruction of one or more b io t i c  compartments of an outcrop ecosystem 

will increase nutr ient  loss  i s  f a l s e  for  arthropod biophages and saprophages. 

Arthopod populations a re  not a major reserve f o r  essent ial  cations in 

these systems, which i s  not surprising considering t h e i r  small biomass. In 

t h i s  study, standi,ng crop of calcium i n  arthropod populations was l e s s  than 

2 n.2 ,dg/m . Arthropods, l i  kewi.se, provide only a small storage component for  

nutr ients  i n  deciduous forests  (Frank1 i n .  1973, Gist' and Crossley 1975) and 

tropical rai'n fo res t s  (Go1 ley e t  a1 . 1975, Odum and .P,i.geon 1970). 'McBrayer 

(1978) argued t h a t  crypozoan invertebrates have no d i r ec t  e f f e c t  on release 

rates fo r  essent ial  cations i n  deciduous fores ts .  

In f a c t ,  e l  Imination of arthropod popul.ations would more 1 i kely delay 

rather  than increase elemental re lease,  and thus retard nutr ient  cycling ra tes .  

Indirect  e f fec ts  of arthropods may be more important than t h e i r  d i r ec t  e f fec ts  

of feeding. Biophages may ki 11 t r ees ,  cause breakages, transmi t disease,  and 

cause foliage disturbances (Frank1 in 1973). Indirect e f f ec t s  of arthropod 



saprophages i ncl ude, fragmentati.on of 1 i : t ter,  .i.nocul ati.on of organic d e b r i . ~  

w i t h  microbes , selective,  grazing o f '  microflora, and preyenti-ng senescence of 

microflora populations (Bu:rges and Raw 1967, Crossley 1917', Wallwork 1976). 

Arthropod elimination from l i t t e r  wi.th naphthalene has. resulted i n  signifi.cant 

reductions in 1 i t t e r  decay and nutr ient  loss [Kurcheya 1960, Nitkamp and 

Crossley 1966, Will iams and Wiegert 1971, Cromack 1973). Neary and Merriam 

( 1978) s ignif icant ly reduced 1 i t t e r  decompositi.on an.d init iate.d an increase 

in l i t t e r  standi,ng crop of a red maple woodl'ot by'applyi.ng a carbamate i n -  

sec t i  ci de a t  recommended rates  . 
Recovery of arthropod popul ations appeared rapid. Numbers of arthropods 

extracted from 1 i t t e r  bags from the t reated system. 120 days a f t e r  cessation of 

treatment were s imilar  to  densi t ies  i n  bags from th.e other study ecosystems. 

The herbicide treatment s,igni f i  cantly increased nutri.ent loss  from the 

lichen-annual herb ecosystem, b u t  did not great ly  .accelerate cati;on loss .  The 

dominant.vegetation showed, great resistance t o  the herbicide. The mosses, 

Polytri'chum and Grimmia had t o  be repeatedly sprayed before bei,ng ki l led.  The 
R herbicide ( R O U N D U P  ) has. greater sens i t iv i ty  the f a s t e r  the. photosynthic r a t e ,  

since i t  acts  as a biochemical block to  aromatic amino acid synthes i .~  ( H i 1  ton 

1974). Slow, growth ra tes  of moss probably allowed hericide to  be leached out 

before death. The 1 ichen, Cladonia, never seemed. affected. Nonvascular plant 

species accumul ated cations through May, before accelerated 1 osses occurred in  

June (Fig. 12 ) .  

Sodi um and cal ci.um concentrations in  discharge (Fig. 8 )  were increas.ed 

the greatest  by the devegetation experiment, but s igni f icant  difference with - 

the undisturbed eocsystem., E4, coul'd only be demonstrated a t  P = 0.06. How- 

ever, s igni f icant  budgetary losses were documented f o r  Na, K y  tlg and Ca. 



Monthly net losses of potassium differed from the other cations. Greater 

amounts ,of Na, Mg and Ca were l o s t  over the whole range of monthly output 

amounts. r e l a t ive  to  i t s  control,  E4. Potassium losses from E3 were greater  

a t  the lower range, and smaller a t  the upper range of losses from E4. I t  

appeared tha t  a greater  amount of eas i ly  leached potassium was avai lable ,  

b u t  i t  was limited. After rapid flushing by a small amount of precipi ta t ion,  

fur ther  precipi ta t ion produced diminished losses.  . Elemental losses primarily 

resulted from d i rec t  leaching of vegetation by water throughflow during storm 

events. Other system components and processes seemed t o  respond to moisture 

s t r e s s  ra ther  than the destruction of the vegetation. 

Why weren't nutr ient  losses accelerated? One reason i s  t ha t  my resu l t s  

indicated tha t  vegetation decomposition rates  were low. A year a f t e r  cessation 

of spraying, Polytrichum and Grimmia patches, though dead, were s t i  11 largely , 

in tac t .  Decomposition ra tes  for  standing dead material a re  probably lower than 

indicated by the l i t t e rbag  study. Material in the l i t t e rbags  had t o  be l a id  

horizontal which produced compaction, not observed i n  standi ng dead materi a1 . 
Mi crof.lora and saprophagous arthropods were retarded from invading and breaking - 

down standingdead material because of the interaction of high temperature and 

moisture s t r e s s .  Soil temperatues of lichen-annual herb ecosystems are  signi- 

f icant ly  higher ( = ~ O C  i n  August) than ambient a i r  temperature (Shure and 

~ a g s d a l e  1977). 

One y e a r ' a f t e r  fores ts  a t  Hubbard Brook had been cut ,  annual cation 

losses of 130 kg/ha were measured which was almost the amount recycled annuall.y, 

171 kg/ha, by the ecosystem before cutting. Losses were a t t r ibuted  t o  remineral- 

ized organic matter, and s h i f t s  i n  the microflora component to  ni t r i f i e r s  who 
+ 

producted H replacing cations on cation exchange s i t e s  in s o i l .  Unlike Hub- 

bard Brook ecosystems, there was no intrasystem recycli,ng of large amounts of 



cations t o  disrupt  in outcrop systems. . Each component appeared to  a c t  largely 

independent of the others. Inter-connectiveness apparently is  minimized be- 

cause of harsh ab io t ic  factors .  Thus, synergism and interact ion,  so character- 

i s t i c  of more biologically controlled communities, a re  almost en t i r e ly  lacking. 

Losses of suspended par t icu la te  matter and bed load sediment were unaf- 

fected by. vegetation destruction. Diamorpha and Polytrichum play important 

roles in maintaining the physcial in tegr i ty  of lichen-annual herb ecysostems. 

For example, i n  E3, many Grimmia patches in the center of the system observed 

t o  f l o a t  when water was added from the system edge. Yet, i n  sp i t e  of large 

amounts of throughflow, i t  remained in t ac t .  The anchoring e f fec t  of vascular 

plant stems, especially Diamorpha around the edges, many growing through Grimmia 

moss, i s  the major factor .  Low decay ra tes  allow dead stems to  remain f o r  sev- 

eral  years. Attachments a re  f r a g i l e ,  though, and can be eas i ly  broken by a 

bird,  a small mammal , or  man. Effect of this type of disruption has been report-  

' ed earq i e r .  Rapid invasion of Diamorpha into disturbed portions of the system, 

observed in E3, a l so  contributes to  the s t a b i l i t y  of these systems and i s  an 

aspect of resi l ience to  physical perturbations. 

Once Polytrichum moss invades, physical' s tabi  1 i ty  increases greatly.  

Polytrichum rhizoids hold so i l  together very t igh t ly ,  and a lso  protect  the 

so i l  surface from erosi.ve force of vaindr.ops and throughflow. Polytrichum 

a1 so increases vegetation height and creates conditions fo r  greater moisture 

retention fo r  -the germination and growth of vascular plants (McCormick e t  a1 . 
1974).  

The r e su l t s  of t h i s  study seem to  have a bearing-on the interest ing 

and often controversial concept of s tabi 1 i ty . The nutr ient  cycl es of 1 i chen- 

annual herb ecosystems demonstrated a high resistance component of r e l a t ive  

s t a b i l i t y  f o r  chemical perturbations, b u t  lower resistance to  severe drought. 



Relative s t a b i l i t y  has been conceptualized as being a function of resis tance,  

a system's abi.1 i ty  to  absorb s t r e s s  and oppose displacement, and resi.1 ience, the 

time f o r  a system t o  recover to  i t s  original s t a t e  (Webster e t  a l .  1975, Lef- 

f l e r  1977). S tab i l i t y  evaluations are  highly dependent on the variable monitor- 

ed, the type of perturbation and i t s  timing (Jordan e t  a1 . 1972, Harwell e t  a1 . 
1977, Leffler 1977). Nutrient output showed low resis tance,  b u t  high r e s i l  i - 
ence t o  drought conditions. Output nutr ient  concentration and amounts quickly 

reflected. changes i n  input .mediated by r a in fa l l .  They are  s imilar  t o  aquatic 

microcosms and streams, which usually show low resistance b u t  .high resi l ience 

(Leff ler  1977,' ~ e b s t e r  1975). Li ke streams and aquatic microcosms, is1 and 

ecosystems lack any 1 arge ab io t ic  reserves, recycl ing i s  mi nima1 , or  absent, 

and they are subject t o  large nutr ient  throughput. They d i f f e r  from decidous 

fo res t  watersheds which demonstrate high resistance (Monk e t  a l .  1977). Is-  

land ecosys tems lack the homeostatic abi 1 i ty  t o  regulate nutr ient  output be- 

cause they lack any large b io t ic  or  ab io t ic  storage compartment t o  buffer 

chan j,iminput: standing crops of biomass and t h e i r  uptake are  low, and s o i l s  

are sandy and shallow. Large storage has been related to  resis tance by Webster 

e t  a l .  (1975). Island ecosystems would probably show low resis tance,  b u t  high 

r e s i l  ience t o  additions of soluble f e r t i  1 i'zers. Nutrients would quickly be 

washed out of the system by the large throughflows charac ter i s t ic  of these 

systems. The vegetation, on the other hand, showed. high resistance to  drought. 

Beyers (1962), Cooke (1970) and Peterson (1975)  have shown t h a t  system stabi  1 i t y  

r e su l t s  from the r e l a t ive  contributions of i t s  components. 

Resistance and resi l ience to  herbicide treatment were high. Repeated 

applications of herbicide were required before vegetation death, and l.osses of 

nutrients were small compared t o  losses from deforestation (Likens e t  a l .  1970). 



Resistance t o  perturbation was generated through the dominant vegetation which 

are  probably inherently r e s i s t an t  t o  disturbances by chemical additions,  and 

through the physical s t ruc ture  and persistence of dead plant par ts .  Low de- 

cay ra tes  retarded the destruction of community s t ructure.  The abio t ic  matrix 

thus held maintained the in tegr i ty  of the island ecosystem. Vegetation r e s i l i -  

ency was mediated by Diamorpha, a l e s s  r e s i s t an t  member of the producer com- 

partment t o  herbicide treatment. Rapid reinvasion by t h i s  winter annual helps 

restore comrnuni ty  s t ructure and reestabl ishes new connections w i t h  the ab io t ic  

matrix. Diamorpha appears to  have a role in lichen-annual herb ecosystems 

analogous to  the pin cherry in northern hardwood ecosystems (Marks 1974, Marks 

and Bomann 1972). Recovery time f o r  the dominant vegetation types, mosses 

and lichens,  will  be much longer due to  t h e i r  slow growth ra tes .  

Ecosystem s t a b i l i t y  to  physical disturbance appears low. Systems have 

1 i t t l e  resistance to  disruptions by birds or mammals (or  motorcycles), which 

could produce large losses of s t ructural  material. Restoration of l o s t  so i l  

through g e o ~  ogi c processes could take many years. 

Several advantages of u t i l i z ing  f i e l d  mesocosms (Odum e t  a l .  1978) 

over 1.aboratory microcosms are  evident from t h i s  study. The importance o t  

environmental f luctuat ions in mediating system response to  an experimental 

perturbation may be evaluated. Abiotic factors  may enhance or suppress, as 

i n  t h i s  study, system response. Biotic phenomena might assume exaggerated 

roles in determining a system's response under constant environmental condi - 
t ions,  when abio t ic  s t resses  a re  dominant in the f i e l d .  

Microcosms are  be t te r  adapted. t o  measuring the resistance component of 

s t a b i l i t y .  Lab0rator.y microcosms prevent the reinvasion of species eliminated 



i n  an experimental disturbance. Leff ler  (1977) found tha t  system recovery 

was sometimes impossible w i t h  the loss of species during perturbation, and 

admitted tha t  res i  1 ience stabi 1 i ty  resu l t s  would probably b,e a1 tered i f  mic- 

rocosms had been open t o  invasion. Field microcosms allow fo r  invasion and 

therefore greater resi  1 iency. 

A s e r i e s  of s imilar  f i e l d  mesocosms, each with a species diversi ty  

greater than can be maintained in  a'microcosm, can be selected with a high 

probabili ty tha t  they will remain s imilar .  . Odum and Lugo (1970) ident ical ly  

seeded a se r i e s  of microcosms to  simulate some ,properties of a tropical rain- 

fo res t  f loor .  After a year of acclimation on the f o r e s t  f loo r ,  each micro- 

cosm was dominated by a d i f fe rent  herb species and theso i l  animals compart- 

ments were d i f fe rent  in each. 

The current i n t e r e s t  i n  microcosms for  ecological assessment leads one 

to  ask i f  the island ecosystems i n  t h i s  study could by.used, f o r  example, by 

the Environmental Protection Agency t o  t e s t  releases of toxic materials.  

While toxic i ty  t o  various ecosystem components and functions could be evaluated, 

. . information about a substance's e f f e c t  on., fo r '  example, the recycl ing mechanisms 

of forested ecosystems, o r  material t ransfer  through vertebrate food chains, 

espec id1 ly ,  t o  man ~ o u l d  be minimal. In addition, island ecosystems could 

probably not be u t i l ized  .on a large scale .  The EPA i s  responsible f o r  tes t ing  

thousands of toxic substances. 

Although there are  numerous outcrop systems avai lable ,  they are  widely 

dispersed, privately owned, and subject t o  vandalism. Endemic plant and animal 

species could be threatened with- ext inct ion,  and some system components which 

are slow to  recover could. prevent t h e i r  use fo r  a second perturbation experiment. 



Indeed,, i t  would probably not be practical for the EPA to tes t  a l l  

suspected toxic substances f n  f ie ld  mesocosms or microcosms. A series of 

laboratory screening tes ts  would be valuable in .detecting those substances 

which requi re further ecological testing . 
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T a b l e  1. C h a r a c t e r i s t i c s  o f  f o u r  l i c h e n - a n n u a l  
he rb  ecosys  tems . 

C h a r a c t e r  

Dimens i o n s  (m2) 

I s l a n d  ecosystem 4 . 4 4  3 . 8 1  2 .72  4 . 6 3  

Upslope w a t e r s h e d  4 6 . 2  41.  4a 5 8 . 1  1 0 8 . 3  

Community w a t e r s h e d  1 6 . 5  1 9 . 5  11.1 7 . 9  

T o t a l  w a t e r s h e d  62 .7  60 .9  69 .2  116 .2  

Ecosystem C h a r a c t e r i s t i c s  

S o i l  depthb (cm) 

Average 2 . 7  3 . 5  2 . 3  2 . 7  

Maximum 7 . 0  9 . 5  6 . 4  7 . 8  

3  S o i l  volume (cm ) 120840. 121608. 62285. 107226. 

Cover t ypeb  (%) 

G r  i m m i a  

Polytr i 'chum 

Andropogon v i r  g in i ' cus  

Bare s o i l  1 . 4  1 6 . 1  1 0 . 5  2 0 . 3  

Rock f ragments  

Wood f ragments  

a Con ta ins  a l i c h e n - a n n u a l  h e r b  community ( 8 . 9 5  m2). 

b ~ e s u l t s  o f  mapping done 26-25 J u l y  1976.  



Table 2 . .  Average evaporranspiraelon (Et) rates 
for lichen-annual herb ecosystems. 

-- 

Season 
E Rate 
(1Fm2. da) Authority 

Summer 

(Jun , Jul , Aug) 

Spring-Fall 

(Mar, Apr, May) 
(Sep, Oct, Nov) 

McCormick et al. (1974) 

Ragsdale (1969) 

Winter 

(Dec, Jan, Feb) 0.48 Estimated 
- - -  

a~stimated from a graph. 



Tab le .3.. Average i c f l o w  f rom rock  ups lopes  (VST) , 
p r e c i p i t a t i o n  (P )  , e v a ~ o c r a n s p i r a c i o n  ( Z , )  , 2nd 
d i s c h a r g e  (0) f o r  t h e  :our + s ? e r i a e n t a l  ecosystems , 
expressed i n  m i l l i m e t e r s  o f '  v a t e r .  

January, 1976 

February  

?far ch 

A p r i l  

>lay 

June 

J u l y  

Auguo C 

September 

October  

Xovember 

December 

January, 19 77 

February  

Hatch 

A p r i l  

??a y 

June 

J u l y  

hugus c 

Annuai ,  1376  



Table  4. R e l a t i o n s h i p  between c a t i o n  concen t ra -  
t i o n  (mg/l)  of sys tem d i s c h a r g e  and d i s c h a r g e  volume 
(1) expressed  by t h e  r e g r e s s i o n  model: Y = a. + a 1  
I n  X ,  where Y = c o n c e n t r a t i o n ,  and X = volume. 



Table 5. Weighted annual cation concentration 
(mg/l) o f  discharge from control ecosystems 
during 1976. 

Ecosystem H Na K Mg Ca 



T a b l e  6. Average annuala  i npu t  and output  o f  c a t i o n s  a s  d i s s o l v e d  (D) , 
suspended p a r t i c u l a t e s '  (S) and bed load sediment (S) f o r  t h e  s t u d y  ecosys tems .  
Data a-re exp res sed  a s  dg/ml and p e r c e n t  o f  DtS-t-B element t o t a l .  

T o t a l  Suspended 
Element WS+R Disso lved  P a r t  i cu l ' a t ' e  ' ' Be'd Lo'ad 

dg/mL d g / m 2  % dg/m* % dg/m2 . . % 
~- - 

Input 

N a  54.902 7.72 53.96-t 7 . 7 2 .  99.9  0.037+0.018 ( 0 . 1  0 . 0 0 5 ~ 0 . 0 0 1  cO.1 

K 43 .00 t  5 . 6 2 .  41.672 5 .76 96.9  1.23320.475 2 .9  0.095'0.043 0 . 2  

1% 1 0 . 0 9 i  1 . 4 1  9 . E 8 U . 4 3  95.9  0 .389t0.165 3 .9  0 .026k0.003 0 . 3  

C a  ' 49 .56k  5.79 48.E18+ 6 .00  98 .6  0.58520.241 1 . 2  0 .091+0.027  0 . 2  

Output 

Ns 54.75? 8 .79  54.71+ 8.79 99.9  0.028+0.004 ( 0 . 1  0 .011k0.004 ~ 0 . 1  

- 
Disso lved  and suspended p a r t i c u l a t e  amounts a r e  f o r  1976; bed load  sed iments  a r e  f o r  
t h e  p e r i o d  1 3  May 1976 t o  12 May 1977. 



Tab1 
P 
each 
1976 

e . 7 .  Mean (N = 14) above-ground nonvascular 
t biomass and below-ground biomass (dg/m2) in 
lichen-annual herb ecosystem from 21 November 
to 26 June 1977. 

Ecosystem 
El E2. E3 E 4  

Above-ground biomass 

Nonvascular 

Grimmia 5092 300 

Polytrichum 557321115 

Cladonia 47915 791 

Total 1087321081 

Rhizoids  

Grimmia 0 

Polytrichum 13132 574 

Roots 1 9  9 

Total 18322 570 

20832 790 37952516 3089'323 

6195k1792 3532257 2781+718 

37592 514 46252554 2622~554 

12067kl.234 87732512 54922558 

Below-ground biomass 



Tab le  8. Means o f  s e l e c t e d  s o i l  parameters  f o r  each study ecosystem. L i t t e . r ,  
o rgan i ' c  m a t t e r ,  c a t i o n  exchange c a p a c i t y  ( C E C ) ,  and bu lk  .dens i ty  a r e  means o f  
1 4  samples from 2 1  November 1976 t o  26 June  1977; s o i l  pH and b a s e  ' s a t u r a t i o n '  
a r e  means o f  2 samples f o r  21 November 1976. 

Parameter  Uni t  
' Ecosystem 

, E l  E2  E3 E4 

L i t t e r  

Organic  m a t t e r  % 

S o i l  pH PH 

CEC meq/hg 

Base s a t u r a t i o n  % 

Bulk dens i t y  g /  cm3 1.332 0 . 1 8  1 .362  0 .15  1.17-+ 0 .14  1.50i-  0 . 1 7  



Table  9 .  Average weight  l o s s  o f  Poly t r ichum moss, 
Cladonia  l i c h e n ,  and c e l l u l o s e  from l i t t e r  bags i n  
t h e  s t u d y  ecosystems dur ing  1976 and 1977. This  
r e l a t i o n s h i p  w a s  expressed-by a  l i n e a r  r e g r e s s i o n  
model: Y = a, + a X ,  where Y = t h e  p r o p o r t i o n  o f  
l i c c e r  remainrng a$ t i m e  c ,  al = k ,  che r a t e  of  
decay (Olson 1963) ,  and X = t lme ( t )  i n  y e a r s .  
% R = p e r c e n t  weight  remaining a f t e r  one y e a r ;  r = 
c o r r e l a t i o n  c o e f f i c i e n t .  Sample s i z e  ( N )  o f  each 
r e g r e s s  i o n  i s  32. 

L i t t e r  Type % R lc r 

Polyt r ichum 74.9 - 0 . 2 9  0  . g 6;';;'; 

Cladonia  6 8 . 6  - 0 . 3 8  0  . 89 ;k:k 

C e l l u l o s e  9 0 . 4  -0 .10  0 . 6 6 ~ ~ :  
- 



Table 10. Average nu t r ien t  d i s t r ibu t ion  i n  
lichen-annual herb' ecosystems. Data are  
expressed i n  terns  o f  dg/m2 and percent o f  total 
nut r ien t  amount. 

Na 
Component . . 

Vegetation 0 . 9  37 2 9 . 2  8 1  7 . 8  7 9  5 . 2  4 4  

L i t t e r  0 . 0 3  1 0 . 4  1 0 . 3  3  0  7 

Soi l  1 . 4  6 2  6 . 6  1 8  1 . 7  1 3  6 . 7  45 

Total- 2 . 3  1 0 0  3 6 . 2  1 0 0  9 . 8  1 0 0  1 3 . 9  1 0 0  



Fig. 1. A generalized island ecosystem (E) and 
surrounding rock upslopes . A .weir collection 
system (I) samples inputs from the rock watershed 
area (IWS) to the ecosystem (E) , and 'a second 
weir system (0) samples ecosystem outputs. Inputs 
from the community watershed area (CWS) were esti- 
mated from IWS data. Measuring devices include: 
a standard rain gauge (R), polyethylene precipita- 
tion collector (P) and thermometer (T) . 





Fig.  2 .  Modified V-notch weir mounted i n  ISOFOA@ 
dam. Nylon n e t t i n g  s t r e t c h e d  over rod  frame i s  i n  
t h e  flow s p l i t t e r .  Tubing lead ing  t o  a p ropor t i ona l  
sampler can be  seen l eav ing  t h e  base  of  t h e  flow 
s p l i t t e r .  P l e x i g l a s s  tub ing  used t o  measure peak 
water  l e v e l s  i s  i n  t h e  foreground.  
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Fig. 3 .  Proport ional  sampler mounted on t he  rock 
surface. The cover has been removed to show the 
inside. Diverted f l o w  f r o m  the  weir en te r s  through 
the cover. Tubing leaving the sampler en te r s  
co l l ec t i on  b o t t l e s .  
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Fig. 4. Mean ( N  = 2)  amount of potassium (vg) leached 
from a gram ( a i r  dry w t )  of i r r ad i a t ed  (0) and nonirradiated 
(6) Polytri  chum. Bars indicate  +SE. 





Fig.  5. Mean ( N  = 2 )  average  ( A ) ,  maximum (O) ,  and 
minimum (0) monthly a i r  t empera tures  (59 cm above rock 
s u r f a c e )  f o r  t h e  s tudy-  a r e a  du r ing  Dec. 1975 - Oct. 1978. 
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F ig .  6. Average (N = 4 )  weighted monthly concen- 
t r a t i o n s  o f  H+, Na+, K+, ~ g 2 + ,  and Ca2$ i n  p r e c i -  
pi  t a t i o n .  





F ig .  7. Average (N = 4)  weighted month ly  concentra- 

t i o n s  o f  H+, NaS, K+, ~ g 2 + ,  Ca2+ i n  i n f l o w  f rom r o c k  

ups 1 opes. 





Fig.  8. Monthly weighted -concentrat ions (mg/l)  o f  
H+, Na+, K+, Mg2+, and ~ a 2 +  i n  discharge from E3 (0)  

and E4 (0). Arrows mark the i n i  t i a t t i o n '  o f  the  herb- 

i c i d e  treatment o f  E3. 





Fig.  9. Monthly f l ow o f  ca t ions f o r  perturbed ecosystem 
E3. The arrow ind ica tes  i n i t i a t i o n  o f  herb ic ide treatment. 
I n p u t  (0) and output  (0) are g iven i n  dg/m2. 
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2 Fig.  10. Monthly n e t  gains and losses (dg/m ) of ca t i ons  
f rom t h e  ecosystem t r e a t e d  w i t h  i n s e c t i c i d e ,  E l  ( O ) ,  and 
i t s  undisturbed c o n t r o l  system, E2 (0) .  The arrow i n d i c a t e s  
i n i t i a t i o n  o f  i n s e c t i c i d e  t reatment  i n  E l .  
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2 
Fig.  11. Monthly n e t  gains and losses (dglm ) o f  c a t i o n s  
f rom t h e  ecosystem t r e a t e d  w i t h  he rb i c ide ,  E 3  (O), and i t s  
und is tu rbed c o n t r o l  system, E4 (0 ) .  The arrow i n d i c a t e s  
i n i t i a t i o n  o f  h e r b i c i d e  t reatment .  
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Fig. 12. Elemental concentrat ions i n  Polytrichum moss 
from the  disturbed ecosystem, E3 (O), and the  control  
ecosystem, E4 (0) .  I n i t i a t i o n  of herbicide treatments 
i s  indicated by the  arrow. 





Fig. 13. Mean (N = 4 )  so i l  water content as wet weight 
percentage ( g  water/lOOg dry so i l  ) of composite so i l  
samples removed from study ecosystems. Bars indicate 
?1 SE. 





Fig. 14. Mean (N = 2 )  mite and collembola density 
fluctuations in the disturbed ecosystem, El (O), and 
the undisturbed system, E2 (0) .  In i t i a t ion  of insec t i -  
cide treatment i s  indicated by the arrow. Standard 
e r ro r  bars extend below the mean values f o r  El, and 
above mean values f o r  E2. 
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Fig .  15. Mean f l u c t u a t i o n s  i n  concen t ra t i on  (ug/g d ry  s o i l )  
of adenosine t r i phospha te  (ATP), adenosine diphosphate (ADP), 
adenosine monophosphate (AMP), and t o t a l  adenylates; and 
adenylate energy charge r a t i o  o f  s o i l  f rom t h e  study ecosys- 
tems. Each p o i n t  represents  t h e  mean o f  f o u r  de terminat ions  
o f  a composite s o i l  sample and bars i n d i c a t e  +SE. 
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