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Relative impacts of bottom-up (producer controlled1 arsd top-down (consumer controlled) forces on the biomass 
and size structure of flve major components of freshwater pelagic systems (p~scivores, planktivores, zooplankton, 
phytoplankton, and totaB phosphorus availability) were estin-eated. Predictions that emerge are ( 4 )  maximum 
biomass at each trsphic level is controlled from below (bottom-up) by nutrient ava~lability, (2) this bottom-up 
regulation is strongest at the bottom of the food web (i.e. phosphor~ss -. phytoplankton) and weakens by a factor 
sf 2 with edch succeeding step up the food web, (3) as energy moves up a food web, the predictability of 
bottom-up interactions decreases, (4) near the top of the food web, top-down (predator mediated) interactions 
are strong and have low coefficients of variation, but weaken with every step down the food web, (5) variability 
around the bottom-up regressions can always be explained by top-down forces, and (6) interplay between 
top-down and bottom-up effects changes with the trophic stdtus of lakes. In eutrophic lakes, top-down effects are 
strong for piscivcsre -+ zooplankton, weaker for planktivore -. zooplankton, and have little impact for zos- 
plankton -+ phytoplankton. For oligotrophic lakes, the model predicts that top-down effects are not strongly 
buffered, so that zooplankton --+ phytoplankton interactions are significant. 

Les incidences relatives des forces (( ascendantes )) (regies par les producteurs) et tc descendantes )) (regies par les 
csnsomn~ateurs) sur la biomasse et la structure des tailles de cinq importants groupes su paramPtres des systemes 
pblagiques d'eau douce (piscivores, planctonivores, zooplancton, phytoplanctc~n et dispsnibilite du phssphcsre 
total) ont fait I'objet d'une modelisation. Selon ce modele : (1) la biomasse maximale de chaque niveau trophique 
est rkgie par la dispsnibslit6 des mdtiitres nutritive5 des niveaux inf4rieurs; (2) cette regulation de type ascendant 
est la plus marq~eee la partie inferieure de la chaine alimentdire (phosphore -p phytoplancton) et s'amsindrit 
par un facteur de 2 3 chaque ktape; (3) Ica possibilite de prkvoir les interactions dans le sens ascendant dirninue 
a mesure qkee I'energie remonte la chaine alimentaire; (4) pres de la partie superieure de la chaine, les interactions 
vers le bas (par l'intermediaire des prkdateurs) sont importantes et de faible coefficient de variation, mais elles 
s'amenuisent avec chdque palier inferieur de la chaine; (5) la variabilitk annexe aux regressions ascendantes peut 
toujours s'expliquer par les forces agissant vers le bas; et (6) les relations entre Bes effets vers le bas et vers Ie haut 
se modifient en fsnction de I'etat trophique du lac. Dans les lacs eutrophes, les effets descendants sont importants 
pour la relation piscivores -+ zooplancton, moins importants pour la relation planctonivores --+ zooplancton et 
ont p u  d'effets sur la relation nooplancton -+ phytoplancton. Dans les lacs oligotrophes, ies effets descendants 
ne sont pas fortement tamponnes, de sorte que les interactions zooplancton -+ phytoplancton sont appreciables. 
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he limnological literature that deals with the biomass 
and abundance of organisms in pelagic food webs sup- 
ports two apparently contradictory points of view. The 
first asserts that pelagic trophic level biomass is con- 

trolled from below by producers. and the second supports the 
conc%usion that it is controlled from above by consuimers. This 
is reminiscent of a general controversy that has long been part 
of the terrestrial literature (Hairston et al. 1960; Slobsdkin 
et al. 1967; van Valen 1973) where at one extreme there are 
those (summarized by White 1978) who contend that biomass 
at all trophic levels is regulated by resource quantity and qual- 
ity, and at the other extreme (exemplified by Mech et al. 197 1 ; 
Simenstad et aI. 1978) there are those who champion control 
by consumers (predators). 

To date, the terrestrial literature has not yielded a concensus, 
because good empirical evidence has been extremely difficult 
to acquire; however, empirical data are now available for fresh- 
water pelagic systems and support both the top-down and 
bottom-up hypotheses. 

The evidence supporting the "producer-comtrolled" (bottom- 
up) modei comprises empirically derived relationships based 
on data from many lakes. The relationships take the form of 
regression lines plotting the biomass of the dependent variable 
(consumer) as a function of the independent variable (pro- 
ducer). There are four basic sets of regressions that apply to 
freshwater pelagic ecosystems. The first is the relationship 
between total phosphorus (independent variable) and chloro- 
phyll a (Sakamoto 1966; Dillon and Rigler 1974; Schindler 
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TABLE 1 .  Summary of top-down regression lines. ZB = zsopiankton biomass, PLB = planktivore biomass, CHLA = chlorophyll a ,  PHB = 
phytoplankton biomass, TP = total epilimnetic phosphorus, DAP > I = Daphnicc > I tram, )I = sample size, r' = coefficient of variation, 
ww = wet weight, dw = dry weight. An asterisk indicates a naodel I I  regression; all others are model 1 regressions. 

Regression I I  t 2  Comments 

Plstnktivores nmd zooplankroaa 

( 1 ) *  ZB (rng*L ' ww) = 2.667 - 1.834PLB (mg-L ' wwB 53 0.78 

62) ZB (rng.L-' ww) = 7.89 - 2.09PLB ( m g - L  ' ww) 4 0.96 

(3)* log,,, ZB ( t q - L - '  dw) = 2.69 - 0 .43  Inglo PLB ( p g - L  ' wwB 53 0.59 

Zooplankton and phj+topl~~~mktorn (c*hlorc~ph.vll a) 

(4) Isglo CHLA (pg -  L ' )  = 2.27 - 1.08 Iog10 ZB (mgmL ' ww) 18 0.21 

(5) logloCHLA (p ,g-L- ' )  = 1.21 - 0.82 JsgloZB (mg-L ' WW) 23 0.01 

(6)" loglo PMB (pg L I ww) = 7.82 - B .96 lag,(, ZB (kg. L ' ww) 54 0.07 

Cladocaem 2 / rnraa lerlgrh a i d  phytoplankton 

(7) logsO CWLA (pg .L  I) = 1.859 - 0.367 loglo DAP > 1 (pgeL ' ww) 18 0.65 

(8) logloCMLA ( p g . L  ' )  = 1.52 - 0.367 lagloDAP > 1 (pg-L-- '  dw) 18 0 . 6 4  

Phytoplankton nrtd rnem epilirnrletic. TP 

(9) loglo TP (pg - L I )  == 1.774 + 0.250 loglo CHEA (pgeL-') 20 0.55 

(10) lognoTP(pkgmL-') = 1.758 - 0.090logloCHLA ( k g * L  I) 30 0.02 

Each ra represents one weekly saanple 
(July, Aug., Sept. 1981) 

Each n is the average of eight weekly 
samples (May, June 1983) 

As above, all fish data 

Each n represents one weekly sample 
(May, June 8 98 1 ) (Fig. 2) 

Each it represents cane weekly sample 
(May, June 1983) (Fig. 2) 

Each n represents one weekly sample 
(July, Aug., Sep .  1982) 

Each n represents one weekly sanaple, 198 1 
and 1983. May, June, only won-zero 
Daphnfa samples are included 

Each i f  represents one weekly sansple, 198 1 
and 1983. May, June. only non-zero 
Dapbznia samples are included 

Each n represents one weekly sansple 
(May, June i981) (Fig, 4) 

Each n represents onc weekly sansple 
(May, June 1983) (Fig. 4)  

2 978; Sanus and Vollenweider 198 1 ; Harmson and Peters 1984; 
Pace 19841, the second relates phytoplankton bion~ass or 
chlorophyll a (independent variable) and zmplankton biomass 
(McGauley and Kalff I98 1 ; Mills and Schiavone 1982; Hanson 
and Peters 1984; Canfield and Watkins 19841, the third relates 
zooplankton biomass (independent variable) and planktivc~re 
biomass (Mills and Schiavone 19821, and the fourth relates an 
index of planktivore biomass (independent variable) and an 
index of piscivore biomass (Mills and Schlavone 1982). When 
combined, these relationships suggest that the biomass of each 
of the major trophic levels (phytoplankton, zooplankton, 
planktivores, and piscivores) is resource limited, I.e. by the 
producer level immediately below. 

The evidence supporting the "consumer-controlled" (top- 
down) model has spawned the theories of trophic "biomanip- 
ulation" (Shapiro et al. 1982; Shrapiro and Wright 1984) and 
"cascading trophic interactions" (Carpenter et al. 198%). At the 
top of the food web is the negative relationship between pisci- 
vores (independent variable) and planktivores (Bonar 1977; 
HolEk 1977). One step down is the negative relationship 
between plantivore biomass (independent variable) and zoo- 
plankton biomass and species composition (HrbgEek 1962; 
Brooks and Dodson 1965; Galbraith 196'7; Hall et al. 1970; 
Hutchinson 19'71; Stenson 1972, 1976; B'Brien and de 
Noyelles 19'74; Anderson et al. 1978). This relationship is 
almost entirely unquantified because most studies are based 
only on relative measures of fish biomass, but recent work 

(Mills and Forney 1983; Post 1984; McQueen and Post 1984; 
Vijverberg and van Densen 1984) demonstrates negative rela- 
tionships which are statistically significant (p  < 0.05). Finally, 
the literature also shows that near the bottom of the food web, 
zooplankton (independent variable) can have a negative impact 
on phytoplankton biomass (Uhlman 196 1 ; Bums 1 968, 1969; 
Hurlburt et al. 1972; Porter 19'77; Lynch 1979; Lynch and 
Shapiro 198 1 ; Shapiro et al. 1982; Shapiro and Wright h 984; 
McCauley and Kalff 198 1 ). Taken together, these data suggest 
that the biomass at each trophlc level can be controlled from 
above by consumers. 

In the analysis that fc>llows, we will first present a series 
of empirically derived regressions which quantify top-d~wn 
effects. These relationships are based on eutrophic lake enclo- 
sure experiments conducted at Lake St. George. The enclo- 
sures used are large enough (750 rn" and deep enough (15 na) 
to maintain normally growing fish populations for > I8 rno 
(McQueen and Post 1984) and ts maintain zooplankton and 
phytoplankton populations that are similar in terms of numbers 
and diversity to the communities found growing naturally in 
Lake St. George (Story 1982). These enclosures have allowed 
us to manipulate planktivore populations (O+ and 1 + Perm 
flavsscr~ns and 1 + N~tt?mig<li?~% cqso8eucns) and then to mon- 
itor the subsequent effects on zooplmkton, phy toplankton, and 
rnacronutrients. Our second step will be to review the literature 
and to derive average bottom-up regression lines which relate 
consumers (dependent variable) to producers (independent 
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FIG. 1. Chlorophyll a biomass plotted with respect to total zooplank- 
ton biomass (ww = wet weight). 'The solid symbols represent 1981 
data and the open symbols 1983 data. The 1981 and 19883 lines arc 
given as lines 4 and 5 in Tabla: 1 .  Arrows denote data points derived 
from samples containing more than 10% biomass of Daphnia > I mrn 
length. Enclosures described in McQueen and Post ( 1984) rare denoted 
as foBBows: 1 = #, 2 = e, 3 = @,4  = 8, 5 = A, 6 = n. 

.01 1 1 4 Q 

DAPHNlA > 1 m (rng.~-' ww)  

BGOMBISS DAPHNIA > 1 mrn rtag.L-' ww)  

FIG* 2. Chlorophyll cr biomass plotted with respect to the bio~mass of 
Daphroia > 1 mrn in length (ww = wet weight). Enclosures described 
in McQueen and Post (1984) are denoted as follows: 1 = 9 ,  2 - a, 
3 - 8,  4 = 0, 5 = 8, 6 = 0. Inset: %og,,:log,,, plot. The line is 
given as line 7 in Table I .  

Fac. 3. Total phosphorus plottcd with respect to chlorc~phyll a.  Encha- 
sures described in McQueen and Post (1984'1 are de~notetE as fc~llows: 
1 - @, 2 = 0, 3 = 0, 4 = Q, 5 = A, 6 - 63. The 198f and 1983 
lines are given as lines 9 and 1 0  in 'Fable I .  

variable). The third step will be to test the hypothesis that 
bottom-up processes determine anaxirnu~nn biomasses ad all 
trophic levels and that top-down processes are responsible for 
the observed deviations from each of the predicted relatisw- 
skips. The final step will be to estimate the inaprict of bo~orn-up 
and top-down forces at each level in the trophie food web and 
to investigate the effects of altered productivity levels. 

Methods 

Data for the top-down nlodel were derived from enclosure 
experiments that were run during the spring (May a id  June) of 
198 1 and 1983 and the summer (July, Akagarst, anrd September) 
of 1982. The enclss~ares n-aeasured 8 m in diameter by 15 rn 
deep and were open to the sediment- water interhcc. Thc samc 
protocol was used for all the experiments. At ice-out, divers 
ensured that the weighted enclosure skirts were firmly fixed 
into the sediments. A high-capacity puanp was based to add a 
minimum of 700 rn' to each enclosure. During 198 1. nutrients 
( 10 g of 90% H3PQ4 and 258 g of NaN03) were added to the 
epilimnion (1  m depth) on a weekly basis. and during 1982 
and 1983 half of that amount was added. In the 198 1 cxperi- 
ments, water samples were taken at E , 3, 5 ,  8, and 12 m. and 
in the 1983 experinaents, samples were taken at 2. 4 ,  and 
18 na. Samples were processed at the Canada Centre for Inland 
Waters using the rnethods described by Stainton et al. ( 197'9). 
The anean epilimnetic total phosphorus (TP) concentratioas 
were E 18 and 1 13 pg I, (two enclosures, 198 1)  and 4-5, 
49, 56, and 47 pg * L - '  (four enclosures, 1983). TP was wst 
rmeasured during 1982. 

Zooplankton were captured with a vertical haul net 
pulled between 0 and 12 rn. During 1981 tire mesh size 
used was 80 pm, and during 198% and 1983 the mesh size was 
150 ym. The count groups were nauplii, rotifers (excluding 
A,~plaras.hrza), Asp&nns.hnn, &zp&ldtidd, C h y d o r ~ ~ .  Diavphal'~o- 
somtr, Bosmi~aw, Skislocssliaj9romuLc. oregc~szensis, C7g.risrc-8ovp!znia, 
and cyclopoids. Counts were done at 2 5 X  or 50X magnifi- 
cation through a b'ild stereo microscope. Subsaaelgfe sizes 

were adjusted so that all major groups were represented by 
40 - 500 individual counts. During the counts, samples were 
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suspended in a circular counting chamber (Wad 8955) and 
projected on a television screen using a microscope-mounted 
Hitachi television camera. A caliper system (Sprules et a!. 
198 1 )  was used to measure the length of every individual that 
was counted. This information was automatically recorded on 
a PET computer which converted lengths to biomasses using 
species-specific algorithms (W.  6. Sprules, unpubl.) that had 
been stored as software. Knowing nnesh size, net size, haul 
distance, and either species or group counts arad lengths, the 
computer produced count group-specific length-frequency 
and weight-frequency tables and group-specific counts per 
litre and biomass (milligrams per litre). 

During 1982, young of the year yellow perch (P. flavescens) 
were seined from Lake St. George and were stocked in den- 
sities of $00 (enclosure I), 200 (enclosure 2), and none 
(enclosure 3). Plexiglas fish traps (Casselman and Harvey 
19731, standard coraamercial minnow traps (40 X 25 cm), and 
Windermere traps (90 X 57 cm) were fished in the enclosures 
at I2 intervals during the experiment. Captured fish were mmea- 
sured for total length and weight and returned. During August, 
a multiple census mark - recapture experiment was conducted 
in the enclosures containing fish and those results were 
combined with weekly catch per unit effc~rt data to produce 
estimates of fish biomass and numbers. 

The relationships used for the development of the producer- 
controlled model were obtained directly from the literature or 
were calculated from published data. Conversions from wet to 
dry weight assumed a conversion ratio of 8: 1 (Taguchi and 
Fukuchi 1975; McCauley and Kalff 198 i ). 

Results and Discussion 

Top-down Control 

Two data sets yield regressions relating the effects of plankti- 
vores on zooplankton (Table I). The first is based on 53 weekly 
samples taken from three enclosures and yields a negative slope 
(Table 1 ,  line I ) which is statistically significant (r' = 0.78, 
~2 = 53, p << 0.05). This relationship is supported by the 
results of a separate experiment (involving four enclcjsures) 
which showed that the relatlonshig between zooplankton blo- 
mass and an index of fish biomass is also linear negative and 
significant ( p  << 0.05) (Table I ,  line 2). 

The effects of zooplankton biomass on phytoplankton bio- 
mass were ~neasured in three experiments ismvolving nine enclo- 
sures (May and June 198 1, sa = 2; May and June 1983, n = 4; 
July, August, and September 1982, n = 3). The 1983 experi- 
ment (Fig. I; Table 1, line 5) and the 1982 experiment 
(Table I ,  line 6) both yield weak negative slopes (not different 
from zero) and r 2  values (0.1 and 8.07) which are not signifi- 
cant (69 >> 0.05). However, the 1981 experiment yielded a 
relationship (Fig. 1; Table 1 ,  line 4) that was significant 
(r' = 0.2 1 ,  m = 18, p <i 0.05). Analysis of zooplankton size 
and species composition indicated that in the first two cases, 
large Daphnm'u (functionally defined as Daphrmia > I mm, 
helmet to base of spine) were never abundant, but that in the 
third case, Daphnia gukeata mermdome > 1 mm comprised 
more than 10% of the zooplankton biomass on five of the 
sampling weeks. These points are identified in Fig. 2 and sug- 
gest that the presence of these large cladocerans was associated 
with reduced phytoplankton biornaass (measured as chloro- 
phyll a ) .  When these five pints  are removed from the 198 1 
data set the slope and r ' are no longer statistically significant. 

A linear plot of the spring data for chlorophyll a and Barge 

D. gu%eada mendofae (Fig. 2) suggests that when the biomass 
of large Daphnia is greater than 0.5 rng L ' wet weight (ww) 
(0.06 mg. Ed'  dry weight (dw)), chlorophyll a is con~sistenatly 
low, but when large Daphnia are absent. chlorophyll a ~7aEues 
are unpredictable. A plot of chlorophyll a and biomass of large 
D~tphnia (Fig. 2, inset) yields a significant (Table 1 ,  line 7 ,  
r Z  = 0.64, n = 18, p << 0.05) negative relationship. ?'he 
conclusion is that in eutrophic lakes, when large Dc~phf~i~i '  (or 
perhaps this could be geiaeralized to large cladocera) are absent, 
zooplankton cannot reduce phytoplarakton biornass, but that 
when large Daphniu are present, a significant inverse relation- 
ship exists between large Dapknnta biomass and phytoplankton 
biomass. 

The relationship between phytoplankton [independent) and 
epilimnetic TP (Fig. 3) was monitored in two experiments 
(May and June 1981 and May and June 1983) (Table 1 ,  lines 
9 and 10). In one case there was no significant relationship. 
and in the other the slope was positive. The suggestion is 
that increased phytoplankton had no measurable impact r,Ea 
TP and that what little impact they ialight have had was 
obscured by the strong bottom-up relationship between TP and 
chlorophyll u biornass. 

Bottom-up Control 

Four groups of published regressions relate the biornass c ~ f  
pelagic phytoplankton, zooplankton, planktivores, and pisci- 
vores to the producer level one step down in the trcsphic food 
web. The relationship between TP (independent variable) and 
chlorophyll ks has received the most attention in the literature 
(Nicholls and Dillon 1978) and is summarized in Table 2. 
Although the data sets deal with different lakes representin~g a 
variety of productivity levels, they all yield highly significar~t 
correlations and show some agreement with respect to slope. 
The relationship between phytoplankton bionlass (usually chlo- 
rophyll a) and zooplankton biomass or numbers has also been 
documented in a number of published studies (Table 2), and 
again the regressions are statistically significant, although the 
B' ' values are Bower than for TP and phytoplankton. The r6lib- 
tionship between zooplankton biomass (independent variable) 
and planktivores (represented by an index of catch per u r ~ i t  
effort) has been documented by Mills and Schiavone ( 1982), 
and regressions (Table 2) calculated frc~~ll their original tabuial- 
values were either marginally significant or nonsignilt'icart, 
which suggests that bottom-up control is weak. Finally, regres- 
sions of planktivore biomass indices (independent variable) and 
indices of piscivore biomass based on data published by Mills 
and Schiavone (1982) (Table 2) yield significant s~agumivr 
conelation~s, which suggests that the bottom-up effect of plank- 
tivore abundance on piscivore biomass has a weaker effect than 
the top-down effect of piscivores on planktivores. 

The Model: Bottom-up vs. Top-down 

The top-down and bottom-up models are supported by two 
very different data sets. The top-down data result fro113 marlip- 
ulations of predator populations that receive equal nutrient 
inputs, and the bottom-up regressions result from many mea- 
surements taken from different lakes that are all assumed to 
receive stable but different nutrient inputs. To investigate the 
interactions that are implied by these regressions, each of the 
four top-down and bottom-up relationships must first be repre- 
sented by single 66best-fit9' (Fig. 4) regression lines. The four 
mean top-down lines fo1low directly from the experimentally 
derived data presented earlier. The mean effect of planktivo- 
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Slope > 3  expected 

2 3 
LOG 10 PLB (index) 

1 laglo CHLA = 1.86 -.37 iog,,, DAP> 

9 2 
LOG 1s CHLA (pg~k-') LOG l o  ZB (pg.L-' ww)  

loglo CWLA = 1.12 log,,TP- .69 

FIG. 4. Mean r e g ~ s s i o n  lines for bottom-up relationships (right-hand panels) and top-down rela- 
tionships (left-hand panels). Numbered 95Ch confidence intervals are based on data provided by ( 1 )  
Janus and Vollenweider 6 198 I ) ,  ( 2 )  and (4) Mills and Sclaiavone ( 1  9821, and (3) Pace ( 1984). Slopes 
of  the broken lines are not statistically different (a  = 0.05) from zero. 
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rous fish on zooplankton has the strongest negative slope and 
is statistically significant (Table 1, line 3). The effect of total 
zooplankton biomass on chlorophyll a (Table I ,  lines 5 and 6) 
has a slope that is not different from zero and is not statistically 
significant; however, the effect of large Daphnia (Table I ,  
line 15) on phytoplankton biomass has a significant negative 
slope. Finally, the relationship between chlorophyll and 
epilimnetic TP (Fig. 4, n weighted slope, intercept, and r 2  
based on lines 9 and 10, Table I) is not significant. 

Average values for the producer-controlled regressions have 
been calculated from published relationships (Table 2). The 
slopes, intercepts, and r' values of the regressions linking TP 
and chlorophyll a were pooled with respect to sample size to 
produce the relationship shown in Fig. 4. The slopes and inter- 
cepts s f  the regressions linking chlorophyll a and zooplankton 
biomass were pooled with respect to the standard error of the 
slope, and the r 2  valeus were pooled with respect to sample 
size (Fig. 4). The same procedure was used to average the 
lines relating zooplankton biomass to planktivore biomass and 
planktivore biomass to piseivore biomass. 

inspection of the averaged regressions (Fig. 4) and the 
original data sets (Table 2) suggests that producer-controlled 
(bottom-up) regressions have two characteristics that tend to 
order the data set: ( I )  slopes are strong near the bottom of the 
food web and weak near the top and (2) explained variance (r') 
is large at the bottom and small at the top. 

These generalizations require cautious analysis because 
slopes and r 2  could be influenced by the range over which 
mesurements are made. Fortunately, however, the data 
(Table 2) suggest that for most regressions, the X and Y vari- 
ables have similar ranges. For example, the total TP versus 
chlorophyll a relationship has an average slope of + 1.26, and 
the range for both TP and chlorophyll a extends from approx- 
imately 2 to 500 p g e  L--'. Similarly, the phytoplankton biomass 
versus zooplankton biomass regression of McCauley and Kalff 
(1981) has a slope of +0.5 11, and the data sets range from 
approximately 30 to 20 000 yg * L-' (fresh weight) for both 
zooplankton and phytoplankton. Because the range of T P  
equals the range of chlorophyll a and the range of planktivore 
biomass equals the range of zooplankton biomass, the slopes of 
the two lines can be compared, and such a comparison suggests 
that the effect of TP on chlorophyll a is more than twice the 
effect of chlorophyll a on zooplankton biomass. Similarly, the 
effect of chlorophyll a on zooplankton biomass is approxi- 
mately twice as great as the effect of zooplankton biomass on 
planktivore biomass. 

The second unifying characteristic that emerges from the 
plot of averaged lines is that the variability aronnd the bottom- 
up regression Hines increases by the power of approximately 3.3  
(i.e. r 2  = 0.843.3 = 0.56, r 2  = 0.54j3 = 0.13) (Fig. 4) with 
every step up the food chain. This, combined with the fact that 
the variability and slope of the top-down lines (Fig. 4) shows 
the opposite trend, suggests that perhaps much of the variability 
in the bottom-up relationships can be explained by top-down 
effects, For example, the relationship between TP (independent 
variable) and chlorophyll a has variability that could perhaps 
be explained by zooplankton biomass. Similarly, the rela- 
tionship between chlorophyll a (independent) and zooplankton 
biomass could perhaps be explained by planktivore biomass, 
and so on. In the following analysis, we have investigated these 
possibilities by comparing 95% confidence intervals for each of 
the average bottom-up regressions with the slopes and ranges 
of the top-down relationships and estimating the proportion of 

unexplained variability that could be explained by the trophic 
level above (consumer or top-dc~wn control). 

Beginning at the bottom of the focsd web, the variation 
around a chlorophyll a biomass of 3 1.6 is 28.0-35.5 p g e L  ' 
(95% confidence interval) based csn n = 140 OECD and 
Canadian lakes (Janus and Vollenweider 198 1 ). The next 
trophic level is zooplankton biomass, and the top-down data 
show that the relationship between zooplankton biomass and 
chlorophyll a is weak and that the slope is not significantly 
different ffom zero. It must be concluded, therefore, that zoo- 
plankton biomass does not influence chlorophyll u in any 
predictable way and cannot account for any of the variability 
in the TP - chlorophyll a regression. However, the biomass 
of large B a p h n i ~ ~  has a surprisingly strong effect on chloro- 
phyll a biomass (Fig. 2), and over the range used in the enclo- 
sure experiments a change in the biomass of large Daphnia 
from 10 to 1000 pg.6,-' ww can change chlorophyll a from 
3 1 .$ to 5.5 p g  L-' , which is more than enough to explain all 
of the variability in the TP - chlorophyll a regression. The 
95% confidence interval derived from the data of Mills and 
Schiavone (1982) (Table 2) ranges fmm 48.9 to 204.2 y g  *L- '  
dw around a mean zooplankton biomass of 108 k g  = L-' dw, 
and the 95% confidence interval based on the data of Pace 
(1984) ranges from 66 to 295 pg  a L ' dw (Table 2) around a 
zooplankton biomass of 14 1 p.g a L- ' dw. The trophic level 
above zooplankton is planktivore biomass, and the top-down 
data (Fig. 4) show that as planktivores range from O to 
2000 k g  - L-' (O- 100 kg * ha-'),  zooplankton biomass changes 
from 700 to 400 p.geL-' dw in the spring and from 90 to 
25 kg0L-I dw in the summer (Post 1984). Such changes 
are enough to explain almost all of the variability around 
the empirical chlorophyll a - zooplankton biomass regression. 
Finally, the variability around the zooplankton biomass - 
planktivore biomass regression (based on Mills and Schiavone 
1982) ranges from 35 to 287 planktivore units based on a mean 
of 100 units. Because there is no top-dcswn regression (Fig. 4) 
that relates piscivores and planktivores, it cannot be shown that 
this variability can be explained in terms of piscivore biomass, 
but the expectation is that the top-down relationship is very 
strong and will explain the observed variability. This csnclu- 
sion is supported by the relationship between fish yield (depen- 
dent variable) and percentage predatory fish ( r  = -0.574) 
observed in 43 Polish pikeperch lakes (Bonar 1977). 

The Model: Eutrophic and Oligotrophic Systems 
The model (Fig. 5) that emerges from this analysis bears 

some similarity to the HSS model proposed by Hairston et al. 
( 1960) and Slobodkin et al. ( 1967). Like the HSS model, our 
treatment (Fig. 5) predicts that producers (chlorophyll a )  are 
primarily regulated by nutrient supply and are only influenced 
by predators (zooplankon biomass) when large Daphnia are 
present. Both models (Fig. 5) also predict that zooplankton are 
strongly influenced by carnivores (planktivores) although the 
eutrophic pelagic (EP) model predicts that maximum attainable 
zooplankton biomasses are set from below and that divergence 
from this mean is controlled tiom above. Finally, the HSS 
model predicts that carnivore biomass is controlled from 
below. This is, in part, contrary to the predictions of the EP 
model which suggests that planktivores are strongly influenced 
by piscivore biomass, and that piscivore regailation is attained 
through a combination of self-regulation and regulation by 
resource (prey) availability based on the biomass of benthic 
organisms and benthivorous fish. 
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Pic. 5 .  Flow diagram showing the relative influence of each trophic 
level on other trophic levels. The length of each arrow represents the 
magnitude of the effect (slope). The width s f  each anow repxsents 
the proportion of variability accounted for by the regression (r ' ) .  A 
scale for P" and slope is given in the lower right corner of the figure. 
The single broken line joining loading and TP is supported by many 
studies but has not been quantified in this model. The broken Iine 
joining piscivcrpres to piscivores is hypothesized to be strong but the 
relationship cannot yet be supported by empirical data. The open 
amow joining piscivores and planktivores represents a mm'rzbrnurn esti- 
mate based on the empirical relationship between planktivores (indc- 
pendent) and piscivores (equations 19 and 20, Table 2). We hypothe- 
size that experimental results will show that the relati(~nship is stronger 
than indicated. The open arrows Qoining planktivores to Drzphnia and 
phytoplankton to Dqhrsica are equal to the relationships obtained for 
planktivorc biomass and zooplankton biomass and for chlorophyll a 
and zooplankton biomass, i.e. Baphnia are assumed to be no different 
than "'average zooplankton." Subsequent analysis will be required 
before this estimate can be finely tuned. 

The test of any model must lie in its ability to predict or 
perhaps even to explain field observations. In at least two 
cases the EB model fails to do this. The first involves a study 
by Yan et al. (1982) which shows that in Mountaintop Lake, 
there was a strong negative cornellation between phytoplankton 
biomass and the biomass of Biapromus mirautus. and B G B S ~ ~ Q I ~  
iok;e~iroslris. Since neither are "'large Dhrpknr.mt~~," the EP model 
predicts that this should be impossible. The second example 
comes from Stenson et al. (1978) who showed that when roach 
(Leut~iscus ruti/t.~) were renaoved from Lake Lilla Stockelids- 
vatten, the dominant zooplankter changed from B. Isngirostri.s 
to El4dblil~toraseds gr~rc.ilis, that Cheaoborus increased. that water 

clarity improved, and that primary production decreased. 
Again, without the presence of "large Daphrzia," the EP tnodel 
would not make this prediction. 

The solution to this disagreen~ent perhaps lies in the hct that 
both hlountaintop Lake and Lake Lilla Stockeladsvatten are 
oiigotrophic and the EP model is based on top-down data from 
a eutrophic lake. Support for this possibility cotraes from the 
work of Brocksen et al. ( 19763) and Oksanen et al. ( 198 1).  
Oksanen et al. (19881) showed that at Iow praxiuctivities, the 
effect of herbivores on producers (top-down) should be great, 
but that as productivity increases, the impact apf herbivores on 
plant communities should decrease. In the case of Brocksen 
et al. (19703, the evidence which supports this model came 
from three lakes that contained sockeye salnac~n (Onc*orhynchus 
nerka), En Lake Owikeno, productivity was low and the regres- 
sion between sockeye biomass (independent) and zooplankton 
biomass was strongly negative. Data from the more productive 
Lake Babine-Nilkitkwa showed a sisnailar negative relation- 
ship and a higher mean level of zooplankton biomass. Data 
from the most productive lake, Dalnee, showed little effect of 
fish on zooplankton and the highest zooplankton biomass. 
Brocksen et al. ( 1970, fig. 13) speculated that a similar rela- 
tionship sho~lld exist between zooplankton biomass (indepen- 
dent variable) and phytoplankton. 

Combining the Brocksen et al. (1970) and Oksanen et al. 
(1981) models with the EP model produces a more complete 
treatment (Fig. 6) which predicts that as productivity increases, 
top-down control at bwer trophic levels weakens and that 
bottom-up control becomes more dominant. The Oksanen 
et al. (I98 1)  naodel also suggests that as productivity increases, 
top carnivore (piscivore) diversity and biomass increases 
(Sviirdson 1976; Arnada 1979). The conclusion is that in- 
creased productivity has two effects: ( 1 )  to increase biomass 
at all trsphic levels and (2) to decrease the impact of top-down 
control. In oligotrophic systems, top-down effects are strong 
at the primary producer and herbivore level, but with increased 
nutrient loading and production, top-down control moves up 
the food web (Fig. 6) so that primary producers are only 
affected by substantial biomasses of large Daphraiu. 

The general cc~nclusions of this analysis are that when the EP 
model is revised to accbunt for Iake productivity, the patterns 
commonly observed in both oligotrsphic and eutrophic systems 
are consistent with the predictions made by the model. For both 
classes of lakes the model predicts that 1) maximum attainable 
trophic Ievel bionaasses are set by bottom-up effects (2) the 
top-down effects of piscivores on planktivores will always 
be strong, (3) pllanktivores will have a log,,, : lcsg,, linear nega- 
tive impact on zooplankton biomass and (4) a nonlinear 
production-dependent impact csga zooplankton species compo- 
sition and size selection, and (5) when planktivores are reduced 
or absent, invertebrate predators (MsQueen 1949; Neill and 
Peacock 1980; Yan et al. 1982) will influence the structure 
and perhaps the biomass of the zooplankton community. The 
revised EP model also predicts that (6) in eutrophic lakes, only 
large-bodied zooplankton are efficient enough to have negative 
impacts ora phytoplankton biomass, but (7) in oligotrophic 
systems, small-bodied zooplankton (Stenson et al. 1978; Yan 
et al. 1982) can reduce nutrient-limited phytoplankton popu- 
lations. Finally, the model predicts that (8) algal biomass has 
no measureable effect on TP concentrations. 

The Model: BmgEications for Lake Management 

The modified EP model makes two predictions that are aappli- 
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FIG. 6. Comparison of trophic level dynamics in oligotrophic and 
eutrophic pelagic freshwater systems. The lengths of the arrows indi- 
cate the relative impomnce of the interactions. PISB = piscivere 
biomass, PLB = planktivore bimass, ZB = zooplankton biomass, 
CHLA = chlorophyll a ,  and TP = total epilimnetic phosphorus. 

cable to biomanipulation and fish enhancement. The first is that 
increased nutrient additions will have a minimal impact on 
planktivsre production. This prediction derives from the 
assumption that it is possible to model biomass enhancement 
using the average bottom-up regression lines (Fig. 4). For 
example, a 80-fold increase in TP yields a 12-fold increase in 
chlorophyll a which results in a 4-fold increase in zooplankton 
biomass and a 1.5-fold increase in planktivore biomass. It is 
important to recognize, however, that such multitropkic level 
cascading simulations can be misleading. For example, Hanson 
and Peters ( 1984) analyzed producer-controlled empirical 
relationships for 38 lakes and derived relationships for TP - 
chlorophyll a ,  chlorophyll a - zooplankton (crustacean) bio- 
mass, and chlorophyll w - zooplankton biomass. Using the 

first two regressions, an increase in TP from 10 to 100 pg-  E-' 
increases zooplankton biomass from 55 to 253 pg.L-' dw. 
Using the third relationship. a similar increase in TP increases 
zooplankton biomass from 46 to 37 1 pg - L-" dw. The lack of 
agreement between the simulated outcomes could be due to 
either biological or statistical reasons. The statistical exgla- 
nation derives from the fact that the standard errors on the 
slopes of the three regressions are large enough to explain the 
lack of agreement. The biological explanation involves the 
existence of alternate pathways (bacteria, protozoa) linking 
TP and chlorsphyl1 a. 

A similar analysis applies to the relationship between TP and 
planktivore biomass. Hanson and Peters 6 1984) have shown 
that a 5-fold increase in macrobenthos (dependent variable) is 
associated with a 10-fold increase in TP, and Hanson and 
Leggett (1982) have shown that a 3.5-fold increase in fish 
biomass is associated with a 5-fold increase in macrobenthos 
(independent variable). Finally, Hanson and keggett (198%) 
have shown that a 5-fold increase in fish yield is associated 
with a 88-fold increase in TP (independent variable). In sum- 
mary, a 18-fold increase in TP is directly associated with a 
5-fold increase in fish yield, with most of the energy moving 
through the benthic pathway to benthivorsus and piscivorsus 
fish. There is also a growing literature which suggests that 
planktivores are strongly regulated by piscivores. Bonar (1977) 
showed a negative relationship between percent fish biomass 
comprising piscivores and total fish yield in 43 Polish pike- 
perch Bakes (r = -8.574), and HolEik (1977) working in 
Kla'Eava reservoir showed similar negative relationships be- 
tween percent piscivores and total yield ( r  = -0.80, 
1948-72; r = -0.99, 1957, 1964, and 1967) and between 
percent piscivores and yield of forage fish (r = -0.87). These 
relationships all support the conclusion that obligate plank- 
tivores are doubly vulnerable. The cascading, bottom-up anal- 
ysis implies that only about 30% of the potential energy that 
enters a lake as macronutrients moves directly through the 
pelagic pathway to glanktivsres and that about 70% of the 
potential energy cycles through the macrobenthos to obligate 
and facultative benthivores. This suggests that the maximum 
potential biomasses of planktivsres should be determined by 
bottom-up forces, but that realized biomasses should be 
strongly controiled from above by stable populations of pisci- 
vores that can also prey on benthivorous fish and macro- 
benthos. The management implication is that lake fertilization 
may increase total fish biomass but will have little effect on 
planktivore biomass. 

The second prediction from the revised EP model is that 
empirical regressions relating chlorophyll ca (dependent vari- 
able) to epilimnetic TP should include a subset of eutrophic 
lakes which have chlorophyll ca values that are much lower than 
expected and that these lakes should have populations of large 
Dcaphsada that are maintained either by a refuge or by plank- 
tivore biomasses that are less than some production-specific 
mininaum biomass. Some limited support for this prediction 
comes from Osgood ( 1983) and Vanni (1983) who observed 
that large populations of Iarge Daphtzia pulicaria and Daphnia 
pukc  were correlated with low algal biomasses. More Cora- 
vincing evidence comes from Hoyer and Jones ( 1983) and Pace 
( 1984) who found that only "large zooplankton" biomasses 
could reduce the sum of squares in TP versus chlorophyll (1 

regressions. Many authors have qualitatively shown that the 
presence of vertebrate predators is associated with reductions in 
the biomass of large herbivores (HrbiCek 1962; Brooks and 
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DoQsoka 1965; Galbraith 1967; Hall et al. 1970; Hutchinson 
1971; Stenson 1972, 1976; B9Brien and de Noyelles 1974: 
Hall et al. 1976; Anderson et a1. 1978: de Bernardi and 
Giussani 1978; Gsphen 1979, 1985). Recently, this rela- 
tionship has been quantified by klills and Forney ( 1983) who 
cesnckuded that daphnid populations could not be sustained at 
fish populatisnas >20-40 kgaha- ' ,  hay McQaieen and Post 
1984) who found that D.  galeda~a merzdotacre could not survive 

at planktkvore populations >40kr ha- ' , and by Post ( 1984) 
who found that when juvenile perch attained biomasses of 
20 kg ha- ', D.  gsslecitca nzendola~ populations declined. 
Together, these data suggest that when planktivore pcspu- 
lalions exceed a quantifiable production-depencient biomass, 
predation rates on large-bodied zooplankton exceed production 
rates and large-bodied forms are eliminated. This effect will 
certainly be impofiant in eutrophic systems. but may be less so 
in o1igotrophic lakes where both large and snaall herbivores can 
reduce algal standing stocks (Stenson et al. 1978: Yan et al. 
1982). This suggests that there will not be a subset of oligs- 
trcpphic lakes that have chlorophyll a concentrations that are 
lower than expected. The management implication is that in 
~blbrophic lakes where large-bodied zooplankton are required 
for phytoplankton regulation, managers will have to ensure that 
production-specific planktivsre biornasses are not exceeded. 
To date, there are no data which will allow us to predict the 
impact of this strategy on tot81 fish yield, but it is possible 
that for eutrophic lakes, improved water quality will c~arly be 
possible when planktivcpse yields are reduced to unacceptably 
low levels. In short, the use of bicpmaraiparlation for the control 
of a.lgal standing stocks in eutrophic lakes must be approached 
with caution. 
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