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INTRODUCTION 

The ability of an ecosystem to maintain its functional integrity under 

conditions of seasonally varying nutrient loadings, temperature, and light 

is testimony to the stability that results from natural selection. The 

stability of aquatic systems may, in part, be due to the sediment which 

serves 8S a reservoir from which nutrients are regenerated. However, a 

more important role of organic-rich sediments may be to generate microbial 

biomass, forming a relatively stable detrital food web and counterbalancing 

the more erratic plankton based food web of the overlying "ater column. 

APPROACH TO STUDY 

The detrital organic component of lake sediment ia conaidered to con

sist of particulate organic matter of plant and animal origin together with 

sorbed dissolved organiC lind inorganic material and aSSOCiated microflora. 

Thia study focused on the production and subsequent microbial degradation 

of this material tn Lake George, New York. Estimates of autochthonous 

contributions of organic matter .. ere based on detailed $tudies of macro

phyte sloughing and death and on prior studLes of phytoplankton productivity. 

Estimates of allochthonous contributions from leaf fall and runoff were 



based on representative samples. The subsequent mOlecular degradation of 

this material (especially cellulose) was studied in order to evaluate the 

extent and effect of detritus decomposition in the sediments. 

In order for remineralized nutrients to influence water-column dyna-

mics, significant exchange must occur at the sediment-water interface. To 

determine if this exchange was reflected in the interstitial water profile, 

a coring program was undertaken in which sediments of different origins 

were collected and analyzed over a 12-month period. Because a variable 

relationship between the concentration of interstitial water and surface 

water nutrients was found, we subsequently studied the proces8esthat in-

fluence the release of inorganic nutrients and the role that the released 

nutrients play in supporting the generation of microbial biomass. A mod

eling approach has facilitated our study of detritus production and decom-

position by providing a conc.eptual framework for the collection and 

interpretation of data. Furthermore, it has permitted us to generalize 

the results of our field studies, ,,,,",ich of necessity have been l1mit~d to 

specific areas of Lake George, to much larger and more diverse ecosystems. 

PHYSICAL DESCRll'TlON OF SAMPLING SITES 

Six Lake George sampling sites were utilized throughout the three year 

study. These six stations are indicated on the map shown in Figure 1. 

Regular monthly sampling during October 1975 to October 1976 was made at 

Station 1, Echo Bay, Warner Bay, Station 6, Smith Bay and Hearts Bay. In 

addition, occasional transects were made of Smith Bay (Station T-l to T-5 
, 

in Figure 2) and warner Bay (Station T-l to T-6 in Figure 3). This selec-

tion of. sites was made to permit comparisons between deep sites (Stations 

1 and 6) and shallow littoral areas along the length of rhe lake. 
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Sampling for adsorption studies and polymer degradation studies were 

made at Station 6 and within Smith Bay. 

Both west Brook and Northwest Bay Brook were sampled on a monthly (or 

more frequent) basis for a full year for organic carbon loadings (dissolved 

and particulate). These streams ~~re selected on the basis of their impor

tance to the overall hydrology of the lake. 
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METIlOllS 

A. Analyses 

The methods of analyses that have been employed in this study are 

standard methods for the most part. In tho course of the study the 

following analysea have been made in addition to temperature, pH, dry 

weight and ashed dry weight and dissolved oxygen: 

1. inorganic phosphorus (autoanalyzer) 

2. total phosphorus (persulfate oxidation and autoanalyzer) 

3. ammonia nitrogen (autoanalyzer) 

4. nitrate nitrogen (autoanalyzer) 

S. total nitrogen (Kjeldahl digestion and autoanalyzer) 

6. organic carbon (infrared C02 analyzer) 

7. cellulose (Updegraff, 1969) 

8. pectin (Deul and Stutz, 1958) 

9. lignin (Standard Methods of Water and I~aste Water Examination, 
1971) 

10. DNA (Burton, 1956) 

11. humic acids (Kobayashi, 1972) 

12. colony forming units (viable plate count) 

~!ea8urements of primary productivity have been made according to Boylen 

and Sheldon (1976) and Wetzel (1965). 

Measurement's of glucose assimilation were done as described by Clesceri 
~ 

and Daze (1973). 

B. Sampling 

1. Flocculant layer sampling "as done 1<Uh a horizontal Van Dorn 

water sampler for large volume samples needed in adsorption studies. The 

sampler MIS lo"ered to the sediment-"ater interface and sl<Ung several times 
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to both exchange the sampler water <1nd to stir up the flocculant layer . 

2. Sediment samples were collected "ith an Ekman dredge for the poly

mer degradation studies. 

3. Sediment cores were collected "l.th a Kajak-Brinkhurst gravity type 

corer (20 in. x 2 in. 1.D.) and extruded with a plunger after withdrawing 

the overlying sample. The extruded one inch sections were collected in 

plastic bags for subsequent centrifugation in a refrigerated high speed 

centrifuge for interstitial "ater separation. 

I.. Aquatic plant specimeM of kno,,m species t<ere collected by SCUBA 

divers for the iecomposition studies. Estimations of submerged macrophyte 

population density and biomass t<ere made by the approach described by 

Sheldon and Boylen (1977). 



RESULTS Al;D IlTSCUSSION 

A. Detritus Decomposition and Effects 

Decomposition Node1ing -- A generalized microbial growth and decompo

sition model was developed (Bloomfield, 1975; Clesceri, park, and Bloomfield, 

1977) and has recently been improved. Coupled to the whole-ecosystem model 

CLEANER, the model has been used to simulate the pelagic zone of freshwater 

lakes and has been applied to a limited extent to the sediments as well 

(youngberg, 1977). 

Most ecosystem models have represented only the effects of microbial 

metabolism ~. Chen, 1970; DiToro, O'Connor, and Thomann, 1971; Canale, 

Hineman, and Nachiappan, 1974; Cargas, 1976). However, we have felt that 

it is importa~t to model explicitly the groNth of natura 1 assemblages of 

microbial organisms. The actual biomass of decomposers can serve as a food 

source for zooplankton and fish, thus affecting the dynamics of the aquatic 

food web. The sensitivity of decomposers to environmental controls can 

greatly affect the dynamics of remineralization of inorganic nutrients 

necessary for algal growth. Also, the relative utilization of different 

types of organic matter by the decomposers serves both to drive and to 

stabilize the aquatic ecosystem. 

The historical basis for this model was set several years ago (C1esceri 

!! al., 1972), but the ensuing whble ecosystem model contained only one de

composer group and two classes of organiC matter (Bloomfield!! !i., 1973). 

Later versions included phosphorus cycling (Park et a1., 1974), snd nitrogen 

cycling (Park, Scavia, and C1esceri, 1975). These later versions gave ade

quate simulations of Lake George food-chain data; hm<ever, the behavior of 

the decomposer, organic matter, and inorganic nutrient compartments is 

difficult to explain. The anomalies include dissolved orthophosphate being 

• 



,. 

" too drastically depleted dueing the warm m?nths and decompose~ biomass 

exceeding estimates from data by over two o~de%s of magni.tude. 

Therefore, in this study we disaggregated the compartments to obtain 

the stabilizing effect of diverse substrates including refractory dissolved 

organic matter, which dominates most lake ecosystems (Wetzel ~ !l., 1972). 

Figure 4 illustratps the resulting conceptualization of the pelagic model. 

Decomposition in the open-I'ater zone is assumed to occur in the water and 

on suspended detritus. Freely suspended decomposers (WDEC) utilize labile 

dissolved organic matter (HLDOM) and refractory dissolved organic matter 

(WRDOM). Attached, or detrital, decomposers (DDEC) utilize sorbed· dis-

solved organic matter (DDOM) on labile and refractory particulate organic 

matter LPOM and RPOH. 

The model has been generalized to apply to sediments 8S well and has 

been coupled to the current version of CLEANER (Figure 5). Although it 

contains three decomposer compartments and eleven compartments for non-

living organic matter, the model imparts greater stability to the stmula-

tions, and therefore does not appreciably increase the computational load. 

We believe that this property of the model mimics to SOme degree the 

stabilizing influenc·e of heterogeneous detritus in the rea 1 ecoBYRtem. 

The model can be applied Simultaneously to up to ten vertically and hori-

zontal1y defined segments of a lake, provided the transfers among segments 

can be quantified. Unfortunately, lack of detailed information on the 

hydrodynamics has precluded the linkage of littoral and pelagic segments 

in most of: our modeling. HOl'cver, I.'C are confi,fent that the basic model 

is correct and that it is capable of ""preEen.ting the heterog·eneity of a 

lake such as Lake Gcoq;e. 
, 

Detritus Decomposition -- In a study of· ort,antc carbon in sediments 



of Lake George, Schoettle ~W] Fricdnlan (',~73) hove reported on the distri

bution of organic carbon .3nd the interrelationship exir,ti.ng bct,'cen lnke 

bottom morphology and clilY ,'nd organic content. In g"nrral, the organiC 

matter content rises as one goes both into the littoral area and tm·]3rd 

8 

the deeper scctions of the lake "here fine parti.culate matter can "ccumulate 

without disturbance from ,,,ave and current action, and where the rates of 

decomposition are slo",er because of the permanently cold water. 

The organic material found in those decp sections of the lake that are 

removed from the shore is truly detrital in the sense that no recognlzable 

origins of the material can be determined by visual examination. In con

trast the organic material found in sediments adjacent to the shoreline 

(deep as well as shallow) are found to contain tree bark, twigs, leaves 

and needles in various stages of decomposition. Sediments from the macro

phyte beds found in numerous bays surrounding the lake (Boylen and Sheldon, 

1973) show a large component of macrophyte fragments as well. These recog

nizable components of the orgonic fraction of the sediment vary conSiderably 

as a function of time of year and temperature of the sediment. 

Although the organic component of the lake bed of Lake George in gene

ral varies from 0.1% in sandy areas to 10% in deep sections and areas 

adjacent to stream outflo",s, marshes, shoreline and macrophyte beds, levels 

much higher than 10% are frequently found in highly productive bays. AL

though the ability to recognize leaves, macrophyte fragments, etc. changes 

considerably as decomposition advances, the total organic component of the 

sediment has been found to ch~"ge only slightly as a function of time over 

the course of a year with the exception of sampling sites very close to 

concentrated sources of plant debris allo detrital carbon (e.g., marshland, 

shoreline! etc.) (Clesccri and Daz;, 1975). 
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It has been previously shown (Clesceri and Daze, 1973) that the sedi-

ments associated with macrophyte bed.s el{hlbit substantial glucose assimila-

tory activity throughout the year, and especially from late June to late 

August and that this activity is highly correlated (0.739) with the 

deoxyribonucleic acid (DNA) component of richly organic sediments (Clpsceri , 
and Daze, 1975) implicating the active role of the microflora in sediments. 

A study of the changes in the concentration of certain organic polymers 

occurring in the sediment was made both.!.!! .!!lli and in the laboratory in 

order to relate the activity of the micro flora to the decomposition of 

these polymers. Winter in ~ studies s':lowed fairly rapid decreases in 

the cellulose, lignin and pectin content of sediment samples contatned in 

semi-permeable sacs (molecular exclusion greater than 14,000) 8' shown in 

Tables 1 and 2. The erratic lignin values reflect the inadequacy of the 

lignin measurement (phenol content), hut do show the influence of sediment 

origin on the level of lignin found tn the sediment. 

Similar time course studies the following year coupled mineralization 

events with cellulose degradation show a net decrease in organic phosphorus 

in sediments from a deep site (20 m) and in Nitella sediments, but not in 

a stream delta sediment. In contrast,- a net decrease of organic nitrogen 

occurs in the delta and deep sediments, but not in the Nitel1a sediment as 

seen in Figures 6, 7 and 8. It appears that these events refleet the 

nitrogen to phosphorus ratio of the starting material as illustrated in 

Table 3. This is based upon fall samples snd may not reflect the minera-

lization picture at other times of the y,··'·)r. 



Table 1 

Polymer Decomposition (in situ) in Nitella Sediments 

Days mg Ce1! % eel rng Peel % per 
Date incub. Temp °c 100 mg org. degraded 100 mg org. degraded 

1-09-75 0 3.0 10.011 0 0.790 0 

3-03-75 53 4.0 4.966 50.4 1.217 

4-08-75 89 4.0 3.120 68.9 0.615 22.2 

5-01-75 112 8.0 1.526 84.8 0.280 64.6 

5-15-75 126 10.0 1.016 89.9 0.185 16.6 

6-02-75 144 19.0 0.937 90.1 0 100 

~ 

mg Lig/ 
100 rng org. 

.315 

.492 

.300 

.091 

.354 

.025 

% lignin 
deGraded 

a 

4.8 

71.1 

34.9 

i-' 
o 
ill 



Table 

Polymer Decomposition <.!!! ~) 

Days mg Cell % cel 
Date incub. Temp ·C 100 mg org. degraded 

1-09-75 0 3.0 11.435 0 

3-03-75 53 4.0 11.860 

4-08-74 89 4.0 8.000 30.0 

5 Gl-75 112 8.0 4.726 58.7 

5-15-75 126 10.0 2.000 82.5 

6-02-75 144 19.0 1.826 84.0 

6-16-75 158 18.0 1.172 89.8 

" 

2 

in Stream Delta Sediment 

mg Pecl % pee mg Ligl 
100 mg org. degraded 100 mg org. 

0.019 0 2.200 

0.0 100 2.07 

0,0 100 2.05 

0.0 100 .387 

0.0 100 .567 

0.0 100 .295 

0.0 100 .357 

% lignin 
degraded 

0 

5.9 

6.S 

82.4 

74.2 

86.6 

83. S 

,.... 
<.:> 
0' 



Delta 
Deep 
Nitella 

Table J 

Nand P Flux in l'OM of Sediment 

NiP 

17.4 
6.78. 
2.67 

p flux 

gain 
no change 
no change 

N flux 

loss 
loss 
no change 

11 

The very large nitrogen peak at 2S days corresponds to a DNA peak seen 

in Figure 9 showing the correlation with microbial biomass. Thus the nutri-

ent dynamics "ithin the sediment are partially the result of microbial 

mineral mob!.lizaUon in which the direction of Nand .p flux depends upon 

the chemical composition of the sediment. 

Significant differences occur in the composition of the organic compo-

nent of lake sediment as a function of time and site even though little 

change in total organic content is observed. This is illustrated for 

cellulose in Figure 10. The two maximum gro .. th periods for Nitella flexilis 

in June and September are accompanied by two cellulose peaks in the, following 

months from the dying back of SOme of this plant biomass. D~lt. sediment 

shows the influence of a January thaw in transporting cellulosic material 

from the surrounding forest floor. Possible contribution to the deep sedi-

ment by the Nitella detritus may be postulated as this material moves out 

of the bays into the deep areas, although the cellulose content of deep 

sediments has not been extenSively studied during the course of this study. 

Bringing these lake sediments into the laboratory for a closer look 

at SOme of the factors influcuc h'b the brcakdO'A'U of cellulose. it is seen 

that during the first six days of incubation, temperature clearly affects 

the rate at ,mich cellulose breaks d,,,m 8,111 biomass accumulates (Figure 11) 

for a summer sediment. Figure 12 shows that cold adapted assemblages are 
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less affected by th0 laboratory incubation temperature. This Gupports the 

observations made on epiphytic communities of macrophytes discussed later. 

h major influence on the hydrolysis rate of cellulose is the degree of 

agitatl.on in the system. Figure 13 illustrates this for Nitella sediment 

'",dch "as examined for cellulose content in shaken and standing flasks over 

a 72 hour period. These were done in closed flasks that were air saturated 

at zero time. ht 3 hours the oxygen tension in the shaken flask dropped to 

less than 0.1 atmosphere, but the. rapid hydrolysis rate continued in the 

shaken flask. In terms of the seciime"t-«ater interface of 8 lake, it would 

appear that the agitation produced by currents, wave action, and benthic 

feeding by fish is probably a very important fsctor contributing to sedi

ment cellulose degradation. 

Field rates for the degradation of cellulose occurring in N1tella 

sediments are from 0.04-0.14 mg c~llulose/gram dry sediment per day depen

ding on temperature and source of the sediment. 

It can be seen in Figures 14 snd 15 that NH4+ and P04= end products 

from the metabolism of organic material in the sediment accumulate in the 

interstitial water of the sediment. These figures are time cources of 

depth profiles of NH4+ and P04~ levels found at T-5 (Smith Bay) illustrated. 

in Figure 1. Examining the coefficients of seasonal variation for all of 

the Smith Bay samples and the Warner nay samples, one observes a trend 

toward decreasing variation in the deeper sections of the six inch core. 

The top panel in Figures 14 and 15 is the concentration at a depth of 5.0 

meters in the «ater column. The second panel is the concentration in the 

water immediately overlying the core and siphoned off the core at the time 

of sampling. The next six panels are the concentration in the interstitial 

water of one inch sections of the core. The nitrate data shown in Figure 



16 do not show an great a gradient bet"iecn ,;ater column and interstitial 

water probably because of the 10,,:< of nie-dfication in the cor~. Figures 

17-28 illustrate the NHi/, POI': and NO}- dat.1 for the rest of Smith 1lay 

(Stations T-l to T-4). 

Upon analysis of the total accumulation of coring data (14 sampling 

dates, 7 stations and 8 depths), one sees no correlation betl<cen any of 

the interstitial water components and either the immediately overlying 

water or the water column. There are, however, some trends that seem to 

be evident upon scrutinizing the graphical data from Smith Bay that would 

have been obscured 1n the statistical treatment. Especially for NUI/' an 

inverse relationship seems to exist between interstitial vlater concentra-

tion in the upper sections of the core and concentration in the overlying 

water in the summer months. In the rest 'of the year, this relationship 

is not as clear. Stations T-2 and T-S seem to indicate the same trend 

'The tremendous dilution factor occurring in a lake of If: meters ave-

13 

rage depth "ould produce little change in the "ater column nutrient concen-

tration, but changes in the overlying watcr were anticipated. Subsequently, 

studies on the adsorptive and assimilative capacity of the floccu1ant layer 

were initiated to explain the mechanism hy "hich the nutrients generated in 

the sediment core \\'crc released. 

Studies of Nechanisms of Nutrient l\cleasn -- The floccu1ant layer of 

the sediment has been shown to be capable of sorbing additional Nl!4 +, NO}-

and POI = from the interstitial water. as illustrated in Tables 4 and S . . , 
Thus as interstitial ".oter nutri0nts dUfusc up,·:ard, <lu(' to the more than 

ten fold concentration gr,ldient betH"cn {Oor2 <md "ater column, they asso-

ciate with the particulate oq,anic matter in the flocculant layer. The 

differences ohserved bct"een Smith Bay (SB) and liarner liB}' (Inl) in NO}-
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sorption is probably the effect of thl'! hiGher level of dissolved nutrients 

found in Harner Bay interstitial water and consequent greater degree of satu

ration of 1m POM. Why this is not exhibited in the Nll4 + Rystem is not clear • 

Table 4 

Sorption of Interstitial I~ater (WB) Nutrients 
by Flocculant Layer pmt (1m and 5B) 

NIl, + 
I (us/mg sed.) NO -3 (US/mg 

Smith Bay FPOM 1500 820 
Smith Bay total 2300 2600 
Warner Bay FPOM 1250 460 
Warner Bay total 2550 640 

sed. ) 

Sorption experiments made with Smith Bay sediments indicate the sorp-

= tlve capacity for P04 - of both the EDTA chela table component and the humiC 

substsnces component of the flocculant layer (Table 5) after 4 hours of 

incubation at 20'C ,.ith 50 gS/l P04= (as P). Sephadcx chromatography 

showed that the EDTA chelatable material was associated with compounds 

having molecular weights greater than 5000. 

Table 5 

Occurrence of 32POII ;: in EDTA Chelatable 
Material and Humic Substances 

Fraction 

EDTA chelatable material 
lIumic substances 

dpm/mg dry sediment. 

6355 
2551fl 

The effect of interstitial water components on the oxygen uptake capa-

city (as a measure of biological activity) of the flocculant layer was 

determined and found to be sensitive to the constituents of interstitial 

water and stimulated by them as seen in Table 6. Flocculant layer water 

was removed and replaced with interstitial water gathered from the under-



lying core. 

Table 6 

Effect of Interstitial Hater Addition on the Oxygen Consumption 
Rate of F10cculant Layer Sediment (Sn, 9 m, 14·C) 

Composition 

33% interstitial water 
67% interstitial "ater 

io increase 

2% 
14.8% 

The relative heterotrophic activity of the microflora in Lake George 

has been shown to be overwhelmingly concentrated in the flocculant layer 

a8 demonstrated in Table 7 by comparative 14C-glucose uptake rates. 

It has also been shown that on a carbon basis, benthic algal produc

tivity is about 103 times greater than heterotrophic productivity (Table 

R) in the sediment. 

Table 7 

Vertical Distribution of Hicrobial Ac t!vity 
Vmax (~g C/hr/m2)* 

lill SB 

6/21 6e4 
7/12 492 
3/02 1231 
E/22 R(V" 
9/13 915 

10/04 1421 
ll/07 922 

5/01 231,4 
5126 1450 
6/11 1,408 
6/23 2526 
7/13 21,14 
r.t 17 }f,01 

5/25 .426 
6/05 .573 
7/10 .8n7 
7/24 .936 
(\f07 1.026 
8/21 .513 

"'14C_glucose uptake method 

HB 

.01,5 

.030 

pelagic zone 
(18 m avg.) 

flocculant layer 
at 9 m 
(1 em) 

.087 sediment, 9 m 

.063 (top 5 cm) 

.093 

15 
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Table K 

Comparison of Heterotrophic and Autotrophic Hicrobia 1 
Productivities in Flocculant Layer Sediment (SB, 9 m, 20·C) 

Heterotrophic 
Autotrophic 

us carbon/mg dry sediment/hr 

2.39 x 10-7 
1. 25 :II: lO-3 

The observations on nutrient sorption and biological stimulation of 

the flocculant layer by core interstitial water support the hypothesis· 

that under normal conditions nutrient regeneration in the sediment has a 

localized effect. The effect 1s at the sediment-water interface snd is 

16 

both physico-chemical and biochemical. The sorption of these nutrients to 

POM may serve to bring about a more optimal nutrient balance for microbial 

growth and thus stimulate molecular decomposition of flocculant layer POM 

by microorganisms. 

It's unlikely that a direct effect on either the chemistry or biolo

gical activity of the water column occurs as a result of sediment ~ner41 

mobilization normally. However we have been able to show an increase in 

the level of silicon in the water column after a complete disturbance of 

the loosely packed sediment at a depth of one meter. The return to base 

level coincides with the drifting away of 4 cloud of suspended particulates. 

thus, upon disturbance ·andsuspension of sediment, int~rstitial water 

nutrients are released; The simu1taneous dispersion of the particulate 

matter makes sorption less effiCient resulting in the appearance of dis-

solved nutrients in the water column. 

When this same ktnd of experiment is done in the laboratory, the level 

of dissolved nutrient remains high because the nutrients are contained. It 

is only with complete· suspension of the sediment· in the laboratory that this 
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is observed. Shaking an intact core produced no measurable changes in the 

nutrient concentration of the overlying water. 

Thus it appears that only shallow littoral sediments could be suffi

ciently eroded through wave action or run-off to impact the water column. 

It is improbable that wave generated .turbulence (even under isothermal con

ditions) can have any influence on sediment resuspens10n at depths greater 

than a meter. Biologically induced disturbances such as burrowing, nesting 

and bottom feeding will occur at a range of depths but will usually only 

affect the flocculant layer. 

Probably, the conditioning of POM through physico-chemical sorption 

and microbial colonization is initiated by nutrients generated from the 

anaerobic zone of the sediment. The mineral requirements of anaerobic 

decomposition are less than that of aerobic decomposition when soluble 

organic end products serve as terminal electron acceptors, resulting in 

a lower yield coefficient in anaerobiosis. Therefore more organic carbon 

is turned over per assimilated N (or P, 5, etc.) in anaerobic growth than 

in aerobiC grol<th and the excess accumulates in the interstitial I<ater of 

the anaerobic zone until released through diffusion, turbulence or root 

assimilation. 

The ultimate fate then of most of the sediment generated nutrients is 

probably the detrital food web. In the areas where the euphotic zone pene

trates to the sediment surface, more of the nutrients appear to be assimi

lated by the benthic algae than by the heterotrophic benthos. l-/here 

macrophytes occur, some of the nutrients are ass imi1a ted through under

developed root structures in submerged or partially submerged plants and 

through more elaborate root structures in shoreline plants. The amount o£ 

nutrient released to the "ater column is restricted by the frequency and 
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extent of disturbance of the compact sediment and is probably of importance 

at depths no deep ... r than oue met, .... 

B. Contribution to the Detritus Pool 

Detritus Formation -- The contributors to organic detritus or parti

culate organic carbon in fresh«ater ecosystems can be charactl)rized as 

allochthonous snd autochthonous. In Lake George, the former consists of 

the principal vegetation of the lake drainage basin ~nich is composed pre

dominantly of hemlock, sugar and red maple, white pine and northern oak 

(Nicholson and Scott, 1972). The major contribution of leaf and «oody 

material occurs in a fairly narrOl< time span during the autulllll defoliation. 

The initial solubilization of 'leaf packs of deciduous leaves and pine 

needles placed in the lake during autumn and «inter produces only a 10-15% 

1088 in dry weight and an almost total loss in phosphorus occurring «i.thin 

t«o ..eeks after submersion. The rise in phosphorus and nitrogen loadings 

from the major streams into Lake George may be correlated to the leaching 

of these components from the fallen leaves since surface runoff is minimsl 

in the autumn after defoliation but becomes important during the spring 

snow melt (Palladine, 1976; Kaspar, 1976). No visual decomposition of 

submerged leaf packs occurs from September through May. Easily identifi

able deciduous leaves snd pine needles predominate on the lake floor, 

according to under«ater observations by SCUBA, suggesting that in Lake 

George these materials are decomposed very slowly. 

The decomposition of aquatic weeds snd phytoplankton constitute the 

two major sources of autochthonous organic material in freshwaters. Because 

detritus derived from the benthic macrovegetation is considered an important 

link between primary and secondary productivity in the littoral zone (Fen

chel, 1970), considerable data have been collected on these producer 

communities in Lake George. Extensive observations of the depth extension 
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of the littoral zone in Lake George have shown submerged macrophytes grm<ing 

to approximately 9 m (Sheldon and Boylen, 1977). Relative productivity by 

epiphytic algae usually accounted for less than 5% of the total macrophyte 

productivity during the summer (Sheldon and Boylen, 1975). By mid-autumn 

the contribution on decomposing macrophytes has doubled whereas, the epi

phyte contribution has been shown to be less than 1.07. during the winter in 

Lake George. 

Macrophytes are a major source of primary production during midsummer 

(Boylen and Sheldon, 1973). Shortly thereafter they fruit, and emergent 

and shallow-submerged species are observed to die back in the autumn. De

composition and mineralization of aquatic plant carbon, nitrogen, and 

phosphorus have been characterized for four dominant autochthonous produ

cers in Lake George: Najas flexilis, potamogeton amplifolius, r. robbinsii, 

and Vallisneris americana. A macrophyte model (WEED) has been formulated, 

with particular attention to the dynamiCS exhibited by these four species 

growing under diverse conditions in Lake George (Scavia !.!:. !l., 1975). 

It has been observed in Lake George that submerged plants of several 

species are found not to die back at the end of summer but to remain photo

synthetically active throughout the winter, even under ice cover (Boylen 

and Sheldon, 1976). Although these plants are not observed to fruit when 

growing at a depth of 3 m or more, counterpart plants found in shallow 

water do fruit at the end of the sununer growing season and can be observed 

to undergo decomposition in the autumn. These observations led us to sus

pect that submerged aquatic plants may have greatly different rates of 

decomposition dependent on the retention of an active begetativc state, 

and, therefore, "ould contribute to the remineralization process at signi

ficantly different rates. Such year-round activity would affect the formu-

" 
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latton of nutrient budgets for fr('slll<ater lakes. 

'TIle app"rent depth cOlltt'ol 011 fruiting ill cert.lin apecies has been 

incorporated into the macrophyte model. Furthermore, an autolytic factor 

based on fruiting has been included to simulate mortality and subsequent 

formation of detritus by those macrophytes that do fruit. ~'or those 

s itu3tions where fruiting does not occur, such as in deeper l{ater, HEED 

would predict continued viability and an absence of accelerated decompo

sition, He consider incorporation of this construct to be an advancement 

over the "phenologic time" approach used in a prior model (Titus 2.!; ai., 

1975) in that it confers much greater generality in predicting the contri

bution to detritus from ~acrophytes. 

20 

Considerable differences exist in the decomposition rates of the various 

macrophytes. LoSs in dry weight, cellulose, total nitrogen, and total phos

phorus are shown in Fig. 29 to 32 for .!i. flexiUs, y. americana, ~. ampli

folius, and r,. robbins ii, respectively. Rates range from 8 weeks for 

decomposition to particle sizes less than 200 ~ of n. flexilis to 34. weeks 

for no significant decomposition of ~. robbinsii. ~. amplifolius maintained 

zero time biomass from August through the winter. At tee-off (34 weeks) 

plants began a rapid decline in biomass. With each species, loss of cellu

lose, nitrogen, and phosphorus followed rates of release similar to those 

observed for loss in dry weight. The resistance of f. amplifoliu8 and f. 

robbinsii to decomposition was associated with the maintenance of photosyn

thetic activity. 

Photosynthetic rates were determined at lake ambient temperature for 

X. amplifolius and r,. robbinsii specimens removed after 2B weeks (mid-March) 

(Table 9). Photosynthetic activity was comparable to that for fresh speci

mens removed from the lake in midsummer and incubated at 4·C. 



Table 9 

Photosynthetic Rates of Submerged Aquatic tlacrophytes that 
Overwinter in a Physiologically Active Vegetative State 

Photosynthetic rate (mgC/g dry wgt/hr) 
Mid"linter Nidsummer 

Organism 2°C 23°C 2°C 23°C 

potamogeton amplifolius 0.210 ± 0.099 1. 030 + 0.212 0.153 ± 0.008 ,1.540 ± 0.20 

potamogeton robbinsii 0.118 ± 0.055 0.433±·0.011 0.121 ± 0.016 0.805 + 0.064 
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plant specimens were originally placed in bags of 2 mesh sizes (200 ~ 

and 3 mm) to observe the possible participation of macro-invertebrates in 

the.fragmentation and decomposition of the planta. !n each case the macro

phytes decomposed at similar rates regardless of the pore size of the mesh 

. bags. A record of the macro-invertebrates found associated with the decom

posing plant samples is given in Table 10. Thcre appears to be neither a 

correlation betl~een mesh size and invertebrate number nor a correlation 

between invertebrate numbers and the rate of decomposition of a particular 

plant species. The most common macro-invertebrates found were amphipods 

of the genus Gammarus. 

The lack of correlation between rate of decomposition and numbers of 

invertebrates was unexpected. Fenchel (1970) has shown that the rate of 

decomposition of turtle grass is a function of the size of the particles; 

therefore, one might expect comminution of detritus by detritivores to 

accelerate decomposition. Furthermore, Hargrave (1970) found that amphi

pods can stimulate bacterial growth; he suggested a number of possible 

mechanisms, including comminution of detritus, inoculation, cropping of 

senescent populations, and alteration of bacteriostasis. In view of these 

previous findings, we expected a positive correlation between Gammarus 

occurrence and decomposition rates. Therefore, parameters were obtained 

from the liternture in anticipation of modeling Gan.aarus. However, the 

model was not implemented in vie,. of our 0"'" equivocal experimental results • 
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Table 10 

a 
Number of Nacroinvertebrates on Decomposing Leaf samples 

Rooted 118cro12hztes 
Elapsed N. flexilis V. americana E,. aml2lifolius E,. robbinsii 

weeks 200 /.I. 3 11111 200 /.I. 3 11111 200 u. 3 mm 200 I.! 3 mm 

0 0 0 0 0 0 0 0 0 

6 0 0 0 0 10 0 0 0 

10 2 3 2 1 0 .'5 

12 1 0 0 0 0 0 

15 0 0 2 0 0 1 

20 0 0 1 0 

24 2 3 2 3 

28 1 0 0 1 

34 0 1 0 1 

8 0 = absence of macroinvertebrates 
Blank - sample decomposed 

Bacterial colony counts were made on each macrophyte apecies, with 

enumerations determined at 4°C and 24°C, reflecting the minimum and maximum 

littoral zone water temperature in Lake George. Results are presented in 

Table 11 for ~. flexilis, y. americana, E,. amp11folius and !. robbins1i, 

respectively. Colony forming units (CFU) at zero time reflect the bacterial 

component of thc epiphytic conwunity and were similar for each of the species 

ranging from 2 x 107 to 2 x lOB CFU/mg dry weight of plant material. Counts 

increased on specimens of ~. flexilis, ~. americana and !. amplifolius. 

plates incubated at 2S·C had initially higher counts than those incubated 

at 4·C. Colony morphologies were similar in all cases; however, specics . --
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identifications were not ",ade. ,!:. robbins!i which remained productive 

through the winter and spring ice-off maintained a status quo microbial 

community. It is not known if species composition changed as the water 

temperature approached the winter low of 2°e. As the ambient "'ster tem

perature decreased, there was a shift in the total bacterial numbers 

enumerated at I,oe incubation until they were approximately equal to those 

enumerated at 24°e. Less than 5% of the bacterial isolates showed any 

cellulase activity when plated on purified microcel cellulose agar. This 

would suggest that any extracellular enzymatic hydrolysis of plant material 

was due to relativ~ly small populations within the epiphytic microbial 

communities or that the conditions for cellulolysis require the chemical 

or biological complexity of the natural system. 



Table 11 
a,b 

Bacterial Colony Counts of Decomposing Aquatic Plant Haterial 

Elapsed !i. flexilis v. americana x. am\!lifolius P. robbinsii 
weeks 4°C 24°C 4°C 24'C 4°C 24°C 

0 1.9 x 103 1.llx 
0 

10" 1.9 x 107 

2 4.4 x 107 
1.7 x 10

8 4.2 x 106 1.4 x 108 

4 6.7 x 107 1.3 x 109 7.5 x 106 1.0 x 109 
2.8 x 106 1.9 x 108 

6 4.0 x 108 2.5 x 109 1.9 x 108 2.8 x lOB 1.2 x 107 1.8x 108 

8 8.5 x lOB 2.3 x 109 

10 3.8 x 108 7.6 x 108 6.5 x 10 7 3.5 x lOB 

12 2.2 x 109 2.5 x 109 

15 9.3 x 107 a.o x 108 

20 1.1 x 108 1.9x 109 

24 1.8x 107 3.2 x 108 

28 3.2 x 107 4.6 x lOB 

aData expressed as total colony forming units/mg dry wt of plant material 
blncubations carried out at 4° and 2l,oC 

4°C 2/f oC 

3.5 x 10 
7 

-4.5 x 107 1.3 x 
,. 

10·' 

2.3 x 107 
9.5 x 107 

4.8 x 10 
6 

2.0 x 108 

5.1 x 106 5.2 x 107 

4.5 x 107 7.3 x 107 

4.0 x 107 5.9 x 10' 

6.9 x 106 l.\.9 x 107 
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Stream Inputs -- lVeekly measurements of the loadings of particulRte 

material for Northwest Bay Brook and l,est Bay Brook ,,,ere made. Northwest 

Bay Brook, t:he largest tributary to Lake George, is located on the "1estern 

shore of the lake and flol<s in a roughly southeast direction into North"cst 

Bay. 

The section of the watershed drained is the approximate northern t"o-. 

thirds of Lake George drainage basin comprising about 6060 hectares. TIle 

samples were taken at a point approximately three miles along the stream 

bed from its outlet to the lake. 

West Brook is the major tributary along the south shore of Lake George 

and second in size only to Northwest Bay Brook. This watershed drains 

approximately 2020 hectares and contains the area of highest population in 

the .Lake George area. The brook flows in a northeasterly direction and 

dischsrges into the south bay of the lake at a point adjacent to the public 

beach. samples "ere taken at the point of the Fresh Hater Institute (FIll) 

stream gauging station approximately 1/10 mile from the point of discharge 

to the lake. 

The organic content of this material ,.ras high (usually about 50%) and 

about 1% of the organic matter is DNA indicating a rather large biomass com

ponent. The data are plotted in Figures 33 and 34. The much higher levels 

of poe on Northwest Bay Brook reflect the large forested drainage area tor 

this brook. 

Since there are relatively fe,~ data quantifying allochthonous inputs 

into the aquatic system, we found it necessary to gather these data to 

facilitate' calibrating the decomposition model. The relative importance 

of detrital-based versus algal-based food webs in a lake is determined by 

the loadings to the system. Systems receiving high organiC loadings in 

-------------------------------------------------------------Ir--



rel.ation to inorganic loadings arc inclined to be detrital-based. Sillce 

the influence of the land is through the littoral zone, further work must 

be done to better couple littoral and pelagic segments in our modeling 

efforts. 
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Modeling Perturbations -- Useful insights can be gained by using the 

model as an experimental tool. The model was calibrated to the Lake George 

pelagic zone data and was subsequently perturbed to determine sensitivity 

to allochthonous and autochthonous loadings and to microbial activity (eles

ceri, park, and Bloomfield, 1977). 

Figure 35 shows the response of the decomposer and organic matter com

partments to normsl and perturbed'conditions in Lake George, N.Y., over a 

period of 827 days. In the normal simulation (Fig. 35A), the annual cycles 

are eVident, and the model 1s seen to be stable with a large, but realis

tiC, fluctuation in the freely suspended decomposers. 

\~en the decomposers are removed from the system, the response is 

significantly different (Fig. 355). Labile DOH increases rapidly, while 

refractory DOM increases more slowly. POM exhibits a stable seasonal 

fluctuation, but, as will be shown later, it does not reach the peak con

contrations that are attained with normal seasonal contributions from algal 

production. In the absence of heterotrophic uptake, sorbed DOM exhibits 

slight annual peaks that do not occur under normal conditions. 

In Fig. 35C a simulation without influence of phytoplankton ia shown. 

In this detritus-based system, the decomposer and organic matter compart

ments maintain stable, annual patterns of oscillations. However, the 

patterns reflect the seasonal loadings of organic matter; without auto

,trophic production in the late spring and summer, the freely suspended 

decomposers exhibit pronounced troughs. The abnormally low microbial 

. --
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activity, in turn, results in a slight seasonal rise in refractory DOM that 

is not seen in a normal simulation. 

The complete absence of allochthonous organic loadings (Fig. 35D) leads 

to an entirely different series of patterns of declining concentration. 

This suggests that with the present calibration the decomposition submodel 

is quite sensitive to external loadings. This sensitivity probably reflects 

our inadequate linksge between littoral and pelagic zones. Interestingly, 

the DOM compartments show little change; they arc receiving some input from 

autochthonous sources but are not subject to the solubilization and sedi

mentation that affect the FOM pool. 

Figure 36 demonstrates the control that remineralization and autotro

phic uptake exercise over the nutrient pools. In Loke George the dissolved 

oxygen and C02 levels are rather uninteresting. However, in a normal simu

lation (Fig. 36A), phosphate exhibits the effects of remineralization 

followed by severe depletion as a result,of phytoplankton growth. Nitrogen 

has a less-marked seasonal fluctuation. 

Figure 36B indicates that there is no remineralization by decomposers, 

and phosphate disappears as soon as the gro\~ing season begins. Soluble 

inorganic nitrogen is remineralized more readily by higher organisms and 

is also brought in through precipitation and runoff so that it gradually 

increases in concentration. 

In the absence of uptake by phytoplankton (Fig. 36C), nitrogen, phos

phorus, and carbon increase in concentration. Hithout organic loadings 

(Fig. 36D), there is an initial. remineralization of phosphate by decompo

sers; otherwise, the effects of decomposition are limited, and the result 

is similar to that of no decomposers (Fig. 36B). 

The biomass and relative importance of the phytoplankton (Fig. 37) are 
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controlled by the levels of available nutrients, Under 10v nutrient condi

tions, the relatively efficient nannophytoplankton can take advantage of 

the rapid turnover of phospho te and, consequently, out-compete, the 18 l'ser 

net phytoplankton. 

The net phytoplankton are more sensitive and' gradually disappear when 

decomposer remineralization fails to maintain a suitable level of phosphate 

(Fig, 37B), Lilte,dse, a similar pattern is seen in th" absence of an allo

chthonous supply of phosphate (Fig. 37D). In this version of the model, 

the blue-green algae ",ere. parameterized as being virtually non-contributory 

to the POH pool and unimportant as " food source. lIenee, they arc vir

tually immortal, although the phosphate level is unfavorable. This short

coming of the model has since been remedied ,~ith a construct for mortality 

that considers osmotic fragility as a function of nutrient concentrations. 
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Fig. 37. Reaponse of phytoplankton to two perturbatlons. (A) Nonperturbed, 

(B) in the absence of decomposers, (C) not applicable (no phyto

plankton); (D) in the absence of allochthonous organiC loading. 

Symbols: l, nannophytoptankton; 2, flot phytoplankton; k, blue-

green alGae. 


