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Influence of zooplankton stoichiometry on nutrient sedimentation in a lake system
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Abstract

We explored rates and stoichiometry (C:N: P ratios) of sinking particles in a temperate reservoir during a 2-yr

period. Plankton was sampled weekly, and a sediment trap placed below the metalimnion collected sinking particles.
There were no significant relationships between the stoichiometry of entrapped material and seston or zooplankton
stoichiometry. However the differences in the entrapped C: P and N: P ratios between consecutive trap samplings
were negatively correlated with the time variations of the zooplankton C: P and N : P ratios. Zooplankton C: P and
N : P ratios were positively correlated with the percentage of copepod biomass in total zooplankton biomass >250
pm and negatively correlated with the percentage of cladocerans. Zooplankton biomass >250 um reduced the
fraction of N and P primary production lost to sinking (export ratio). The residuals of the N export ratio versus
zooplankton biomass relationship were negatively correlated with the zooplankton N: P ratio, whereas there was a
positive relationship with the residuals of the P export ratio relationship. These observations support the hypothesis
that the regulation of elemental homeostasis in the herbivorous zooplankton consumers occurs at least partly at the
assimilation/egestion level. Elements ingested in excess—P for the herbivorous copepods and N for many cladoc-

erans—are concentrated into sinking feces, whereas the deficient elements are captured into biomass.

In lakes, the vertical flux of small particulate matter es-
sentially comprises two components:. the sinking of ungrazed
phytoplankton cells (e.g., Reynolds et al. 1982) and the sink-
ing of the feces or fecal pellets of planktonic primary con-
sumers (Sarnelle 1999). Both types of particles will settle
from the upper layer below the thermocline if their sinking
rates are higher than their mineralization rates. A simple heu-
ristic model (Elser et al. 1995) explicitly represents the pro-
cesses involved (Eg. 1).
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S, is the sedimentation rate of the element x; r, is the frac-
tion refractory to mineralization of the egested (e), grazed
(g) fraction of the production rate of element x (P,), and r,
is the corresponding refractory fraction for the sinking (s,),
ungrazed (1 — g) fraction of the production rate of element
x. For any given time interval, we can express the sedimen-
tation rate as a fraction of elements incorporated by autotro-
phic activity during that interval. This fraction is referred to
as the “export ratio” (ER; Eppley and Peterson 1979) and
can be defined for any element x (ER,; Elser et al. 1995).

ERX = (S(P;l) = rz,xexg + rxsx(l - g)

< ERx =ns t g(rz,xex - rxsx) (2)

This expression defines a rel ationship between export ratio
and grazing intensity (g) in which ER, is a linear function
of g with a y-intercept of r,s, and a slope of r,e, — r,s,.
The slope of this formula explicitly formalizes the influence
of zooplankton on sedimentation of autotrophic production.
Zooplankton, by its grazing activity, enhances the export ra-
tio if the fraction of feces refractory to mineralization is
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higher than the refractory fraction of sinking phytoplankton
cells (r,.e, > r,s). However, in turn, zooplankton will de-
crease the export ratio if r,e, < r,s. The direction of the
relationship between zooplankton (via its grazing) and sed-
imentation of particulate matter is thus dependent on (1) lake
morphometry, which determines the fraction of phytoplank-
ton that directly sediments (s,), (2) phytoplankton commu-
nity characteristics (viar, and s,), and (3) zooplankton com-
munity characteristics (viar,, and e,; Elser et al. 1995).

The egested fraction of an element x (e) is a function of
the digestive ability of animals. Stoichiometric theory indi-
cates that it could aso be a function of consumer elemental
needs (Sterner and Elser 2002). P-rich consumers, such as
daphniids (Andersen and Hessen 1991; Hessen and Lyche
1991), have high demands of P from food; thus, the fraction
of P egested from Daphnia must be lower than for genera
with a lower P demand. In turn, copepods are rich in body
nitrogen (N), and the fraction of N egested should be lower
than for zooplankton species with a lower body N content.
Moreover, apart from zooplankton stoichiometry, the frac-
tion of feces refractory to mineralization (r,,) also depends
on their structure. Copepods surround their feces with a per-
itrophic membrane, which largely increases fecal cohesion
and therefore the probability of sinking out of the epilim-
nion. So we can predict that copepods are likely to increase
the export ratio of P and decrease the export ratio of N.
However, for daphniid species, their effect on nutrient sed-
imentation will depend on the cohesion of their feces. If the
feces sink before remineralization, we can predict a positive
effect of daphniids on N sedimentation and a negative effect
on P sedimentation.

In this study, we monitored the elemental contents of ses-
ton, zooplankton, and settling particles in a mesoeutrophic
lake during the annual period of stratification for 2 yr. We
determined sinking of elements as a fraction of primary pro-
duction to test the effects of zooplankton stoichiometry on
vertical particulate-bound nutrient exports. Our results indi-
cate that zooplankton biomass has a positive effect on N and
P retention in the epilimnion and that zooplankton stoichi-
ometry determines stoichiometry of settling particles.

Materials and methods

Field data acquisition—This field study was conducted in
the Esch-sur-Sire reservoir in Grand-Duchy of Luxembourg.
A map and a summary of morphometric and ecological char-
acteristics are provided in Fig. 1. According to the Organi-
zation for Economic Cooperation and Development (1982)
classification, the reservoir is considered a mesoeutrophic
waterbody (Dohet and Hoffmann 1995). The survey was
conducted at a station (maximum depth 30 m) located in the
middle of the lake, representative of whole lake conditions
(Thys et al. 1998).

Seston and zooplankton were sampled weekly during the
period of stratification (roughly from April to October) in
1999 and 2000. Lake stratification was determined weekly
according to the temperature and oxygen vertical profiles
obtained with a Hydrolab DS-4 multiprobe. The lower limit
of the epilimnion was at 2-3 m in early May and continu-

average latitude 49.5°N
average longitude 55°E

Belgium altitude 320 masl
surface area 3.2 km?
length 18 km
mean width 300 m
Grand-Duchy of volume 55,106 m*
Luxembourg mean depth 17m
maximum depth 46 m

mean residence time 3 months

Fig. 1. Location of the Esch-sur-Slre reservoir with morpho-
metric and ecological summary information. The location of the
sampling and sediment trap deployment station is indicated by S.

ously deepened until it was at 11-14 m in late September.
The lower limit of the metalimnion started at 7-8 m in May
and deepened to 17-20 m in September. Zooplankton was
sampled with a 17-cm diameter, 250-pum mesh net towed
vertically in the epilimnion. Six zooplankton samples for
elemental analysis were collected on each sampling occasion
and immediately filtered on preignited (12 h at 500°C), pre-
weighted Whatman GF/C filters and directly frozen in dry
ice. Epilimnetic zooplankton was additionally sampled with
a 50-cm diameter, 50-um mesh net to determine community
composition and densities. Triplicate samples were collected
and pooled to reduce heterogeneity in zooplankton horizon-
tal distribution and sampling variability. The collected zoo-
plankton was immediately narcotized in soda weter, rinsed,
and preserved within 4% formalin (Haney and Hall 1973).
For seston analysis, a pooled sample was constituted on each
sampling occasion from discrete samples (3 liters) collected
with a Ruttner bottle and spaced every meter in the epilim-
nion. Another pool was constituted for the metalimnion.
From each pool, one subsample of 1-2.5 liters were filtered
on a Whatman GF/C filter and directly frozen in liquid ni-
trogen for pigment analysis by high-performance liquid
chromatography (HPLC), and six subsamples of 0.15-0.5
liters were filtered on preignited Whatman GF/C filters and
directly frozen in dry ice for elemental analysis.

A sediment trap was deployed at the top of the hypolim-
nion, and its deployment depth (8-21 m) was adjusted every
2 weeks according to the thermal and oxygen stratification
of the water column. The trap consisted of one 15.4-cm-
diameter, 133-cm-long polyvinyl chloride collection tube
suspended from a floating pontoon. The trap was initially
filled with GF/C-filtered lake water taken at the immersion
depth of the trap. One liter of an inhibitory, high-density
solution (180 wmol L~ HgCl,, 10% w/w NaCl) was added
with the use of a small tube at the bottom of the trap. This
solution inhibits the breakdown of entrapped material with-
out catching swimmers (Lee et al. 1992; data not shown).
The trap was recovered every 2 weeks, and the upper 4 liters
were discarded. The remaining volume (~20 liters) was
carefully poured into a large basin and gently mixed. The
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water was filtered through a 250-wm Nitex screen, and six
subsamples of particles <250 wm were collected for ele-
mental analysis on preignited Whatman GF/C filters. In ad-
dition, lake water was collected with a Ruttner bottle at the
same depth as the trap immersion depth and submitted to
the same procedures to correct trap contents for ambient par-
ticulate matter.

Laboratory analyses—Phytoplankton pigments were ex-
tracted and analyzed following Descy et al. (1999) with the
HPLC protocol of Wright et al. (1991). Chlorophyll a (Chl
a) was detected by a Waters 996 PDA detector and a Waters
470 fluorescence detector, and calibration was achieved with
external standards.

Zooplankton crustaceans were counted and measured un-
der an inverted microscope (minimum 200 individuals of
each species). Dry weight was estimated from body length
from literature values (Bottrell et al. 1976), except for Daph-
nia galeata and Eudiaptomus gracilis, for which own length
(L, pg)-weight (dry wt, mm) relationships were used (D.
galeata: dry wt = —2.26 + 1.3 exp(1.66L); E. gracilis: dry
wt = 8.08L2%).

Six samples of zooplankton, seston, and sinking particles
were collected on each sampling occasion for elemental
analysis. Three were analyzed for particulate C and N con-
tent and three for particulate P content. Particulate C and N
were analyzed with a Carlo-Erba NA1500 elemental analyz-
er. Total P was analyzed by spectrophotometric determina-
tion of phosphate after digestion with potassium persulfate
and boric acid (Valderrama 1981). The elemental ratios were
expressed as the ratio of the means in molar units corrected
for the variance of the denominator (Dagnelie 1992).

Primary production measurements—Primary production
was determined every 2 weeks from the incorporation of *4C
following Steeman-Nielsen (1952). Eighteen 100-ml glass
bottles filled with water from a pooled epilimnion sample
were incubated in situ just below the surface with NaH“CO,.
The bottles were placed at 1200 h for 2-3 h in duplicate
into a nine-cases surface incubator providing a range from
0-93% of light energy. Radioactivity was measured by a
Beckman scintillation counter (LS 6000 SC) with Filter-
Count (Packard) as scintillation cocktail and the external
standard method for quench correction. A Li-Cor sensor
measured in situ surface irradiance throughout the study. The
vertical light extinction coefficient was estimated weekly by
subsurface and submersible quantum Li-Cor sensors. Pho-
tosynthesis parameters and depth-integrated daily primary
production (mg C m=2 d-%) were determined as in Vollen-
weider (1974) with the equation of Smith (1936). N and P
uptake rates (mg m=2 d-*) were estimated by dividing C
production by the weighted mean of measured epilimnetic
and metalimnetic seston C:N and C: P ratios, respectively.
Light extinction coefficient, Chl a, C:N and C: P ratios and
photosynthesisight parameters were linearly interpolated
between (bi-)weekly measurements to obtain daily parame-
ters. Daily production was calculated from daily parameters
and continuous surface irradiance data.

Calculations—Regression analyses were used to investi-
gate the role of plankton variables on sedimentation vari-
ables. The sediment trap was removed every 2 weeks, and
plankton was examined weekly. Because the sediment trap
sample collected in 2 weeks is a conservative estimate, we
calculated the weighted mean of days O, 7, and 14 of plank-
ton variables. The C:N:P ratios of sedimented particles
<250 pm were tested against seston and zooplankton C: N :
P ratios. The export ratio was calculated for C, N, and P
The export ratio is simply the fraction of production that
sediments (Eq. 2). C, N, and P sedimentation rates of par-
ticles <250 um were simply divided by the sum of daily C,
N, and P production rates of the same period. C, N, and P
export ratios were correlated with zooplankton biomass as
an index of grazing. The residuals of these relationships were
tested against zooplankton N:P ratio. All regressions were
made with Statistica 5.5 software (StatSoft, Inc.).

Results

The major constituents of zooplankton biomass were the
copepod E. gracilis, some cyclopoid copepods, and the cla-
docerans Bosmina coregoni, Diaphanosoma brachyurum, D.
galeata, and Daphnia cucullata, which accounted for 29%,
24%, 16%, 11%, 11%, and 6%, respectively, of total annual
dry weight biomass of zooplankton >250 pm.

The C:P and N:P ratios of the zooplankton community
ranged from 50 to 220:1 and from 10 to 40:1 (Fig. 2).
There were strong positive relationships between zooplank-
ton C:P (r2 = 0.18, n = 59; p < 0.001) or N:P ratio (r?
= 0.07, n = 59, p = 0.042) and the percentage of copepod
biomass in total (copepods + cladocerans) zooplankton dry
weight biomass (data not shown). Note that very logically
the same but negative correlations were also observed with
the percentage of cladoceran biomass.

The C: P and N: P ratios of seston were highly variable,
ranging from 140 to 550:1 and from 15 to 72:1. Higher
values were observed at the end of both growing seasons,
with C: P ratios above 400. But in 1999, two first peaks were
aready observed in spring. The C:N: P ratios of entrapped
particles <250 wm were also highly variable, but no clear
seasonal trend was observed. The variability of the respec-
tive C:P and N:P ratios were nearly equivalent between
seston, zooplankton, and sedimented particles (C.V. = 31—
36%).

We tested the correlations between C:N: P ratios in the
trap and weighted means of zooplankton and seston C:N:
P ratios observed during each trap collecting period. No
significant relationships were observed (Table 1). However,
the differences between the consecutive trap samplings of
the entrapped C: P ratio (A sedimented C:P) were signifi-
cantly correlated with the differences of the zooplankton C:
P ratio (A zooplankton C: P; Table 1; Fig. 3A). The negative
relationship indicates that increases in the zooplankton C: P
(A zooplankton C: P > 0) were accompanied by decreases
in the C: P of sedimented matter (A sedimented C:P < 0)
and vice versa. The differences in the sedimented N : P ratio
were aso significantly negatively correlated with the differ-
ences in the zooplankton N : P ratio (Fig. 3B). Note that there
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Fig. 2. C:Pand N:P ratios of entrapped particles <250 pnm, epilimnetic seston, and zooplank-
ton >250 um in (A, C) 1999 and (B, D) 2000 in the Esch-sur-Sire reservoir. All ratios are from

atomic values.

were no significant relationships between the differences of
the sedimented C: P or N: P ratios and the differences of the
seston C:P or N: P ratios.

The C primary production rates, C sedimentation rates of
particles <250 pm, and C export ratios are presented in Fig.
4. Except for two dates in early spring 2000 characterized
by C export ratio > 1, all rates seemed highly variable, and
no clear seasonal trends were obvious. Both high values ex-
perienced in early spring 2000 were observed during the
spring phytoplankton bloom characterized by high diatom
biomass. Data from both dates were excluded from the rest
of the analysis. According to Eqg. 2, C, N, and P export ratios
were correlated with the zooplankton biomass in the epilim-
nion as an index of grazing (Table 2). Both N and P export
ratios were negatively correlated with the zooplankton bio-
mass (Figs. 5A, 6A), but not C export ratios. Because var-
iation in the export ratio can be driven by variation in sed-
imentation rate or by variation in production rate, Table 2
also indicates results of correlations between nutrient sedi-
mentation and zooplankton biomass and between nutrient

production and zooplankton biomass. None of these rela
tionships were significant, so zooplankton effects on nutrient
export ratios were not due to separate effects on production
or sedimentation rates. The main operating mechanism was
presumably the retention in upper layers of a fraction of the
primary production. Zooplankton by its grazing activity in-
duced stronger nutrient turnover and retention of nutrients
in heterotroph biomass.

The part of export ratio variance not explained by zoo-
plankton biomass was still large (see Figs. 5A, 6A). We cal-
culated the residuals of export ratios versus zooplankton bio-
mass relationships. They were regressed against the
zooplankton N : P ratio (Table 2). The residuals of N and P
export ratios relationships were highly significantly corre-
lated with the zooplankton N: P ratio (Figs. 5B, 6B). Note
that the slope of the relationship for the N export ratio was
negative, whereas it was positive for the P export ratio.
These figures illustrate the role of zooplankton stoichiometry
on sedimentation rates. A zooplankton community dominat-
ed by N-rich, P-poor species (i.e., herbivorous copepods)

Table 1. Results of regressions between the C: P and N : P ratios of sinking particles <250 um (and their differences between consecutive
trap samplings indicated by A) and C:P and N: P ratios of seston and zooplankton (and their differences). Only parameters for regressions
with p<0.05 (bold) are given.

Variable
Dependent Independent r2 p n Intercept=SE Slope+SE

Sedimented C: P Seston C: P 0.04 0.32 24

Zooplankton C: P 0.00 0.94 24
Sedimented N: P Seston N: P 0.02 0.52 24

Zooplankton N : P 0.02 0.53 24
A sedimented C: P A seston C:P 0.07 0.25 22

A zooplankton C: P 0.21 0.03 22 —24+23 —-1.84+0.79
A sedimented N: P A seston N: P 0.06 0.28 22

A zooplankton N: P 0.30 0.01 22 -0.8+2.3 —-1.29+0.44
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Fig. 3. Relationships between time variations (A) of C:P and
N : P ratios in sedimented matter and zooplankton in the Esch-sur-
Slre reservoir. Regression details are given in Table 1.

decreased the sedimentation of N (residuals < 0) and in-
creased the sedimentation of P (residuals > 0) compared
with a community dominated by N-poor, P-rich species, such
as Daphnia.

Discussion

In the Esch-sur-Sire reservoir, zooplankton had significant
effects on N and P export ratios (Figs. 5A, 6A). Export ratios
are simply the fraction of nutrients assimilated by autotrophs
that sediment below the thermocline. These ratios were ob-
tained by dividing respective nutrient sedimentation rates by
the sum of daily N or P production rates occurring during
the same period. This calculation assumes that the material
sinking during a given time interval was produced during
the interval. However, accumulation of phytoplankton bio-
mass in the epilimnion before sedimentation might lead to
situations in which materials sinking during an interval were
produced during previous intervals. The long time deploy-
ment (2 weeks) of the trap should reduce the effect of this
time lag. Moreover, because of the continuous horizontal
movement downstream of the water body, the trap was likely
to collect particles produced upstream. It can produce a con-
stant under- or overestimation of calculated export ratios.
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Fig. 4. Daily gross primary production (GPP) rates, C sedimen-
tation rates of particles <250 um, and C export ratios in (A) 1999
and (B) 2000 in the Esch-sur-Slre reservoir. Note the differences
in scales between 1999 and 2000.

Because our findings result from regression between export
ratios and plankton biomass, we believe these artifacts do
not interfere with the main conclusions of the study.

Two dates were characterized by unredlistically high ex-
port ratios (>1). They were experienced during the spring
phytoplankton bloom of the year 2000. At these dates, high
diatom densities were observed in the reservoir (Darcham-
beau and Thys 2005) and the zooplankton density was still
low. A large fraction of these rapidly sinking algae (Reyn-
olds and Wiseman 1982; Poister and Armstrong 2003) were
probably ungrazed and sank. Previously presented artifacts
might help explain why these export ratios are >1.

Mathematically, the zooplankton negative effect on both
N and P export ratios can be caused by an increase of the
primary production with constant sedimentation, by a de-
crease of the sedimentation with constant production, or by
simultaneous effects on both production and sedimentation
resulting in the decrease of the export ratio. Both first mech-
anisms seem nonexistent in the reservoir because no signif-
icant regressions between zooplankton biomass and primary
production or sedimentation rates were observed (Table 2).
So, effects on primary production or sedimentation are not
self-sufficient to explain the observed zooplankton effect on
the fraction of primary production that is exported.

The y-intercept of the export ratios versus zooplankton
biomass relationship was ~0.5 for N and ~0.9 for P (Table
2). From Eg. 2, we observe that this intercept corresponds
tor,s, (i.e, the refractory fraction of the sinking fraction of
phytoplankton). Thus, in absence of grazing by zooplankton
>250 um, ~50% of N and ~90% of P assimilated by phy-
toplankton should sediment below the thermocline in the
Esch-sur-Slre reservoir. Simply, grazing by zooplankton
modifies the fate of afraction of primary production: instead
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Table 2. Results of regressions of C, N, and P export ratios, production, and sedimentation rates (mg m-2 d-*) with zooplankton biomass
(ng C LY. Residuals of the regressions between export ratios and zooplankton biomass were also regressed against zooplankton N: P

ratio. p < 0.05 are in bold. n = 20.

Variable
Rela-
tionship Dependent Independent r2 p Intercept=SE Slope+SE
Export ratio Zooplankton biomass
1. C 0.03 0.488 0.490+0.080 —0.0007=0.0010
2 N 0.21 0.044 0.494+0.060 —0.00166-0.00077
3 P 0.23 0.034 0.89+0.13 —0.0038=0.0016
Production rate Zooplankton biomass
C 0.02 0.597 746+156 -11+2.0
N 0.01 0.632 104+19 —0.12+0.24
P 0.00 0.986 56*1.0 0.000+0.013
Sedimentation rate  Zooplankton biomass
C 0.07 0.249 343+62 —0.94+0.79
N 0.08 0.233 43.9+7.3 —0.114+0.092
P 0.10 0.166 55*15 —0.027+0.019
Residuals Zooplankton N : P
Relationship 1 0.00 0.926 —0.01+0.15 0.0006-0.0069
Relationship 2 0.33 0.008 0.269+0.092 —0.0128=+0.0043
Relationship 3 0.29 0.015 —0.54+0.20 0.0255+0.0094

of sinking as algae, they are captured into zooplankton mass
or recycled to a dissolved form.

The negative influence of zooplankton on nutrient export
ratios in the Esch-sur-Slre reservoir was qualitatively similar
to that found in low-productivity Lake 110 but inverse to
that of low-productivity Lake 240 of the Experimental Lakes
Area (Elser et a. 1995). Results from this study and those
from Elser et al. (1995) are compared in Fig. 7. In Lake 240,
zooplankton negatively influenced both sedimentation and
production rates, but with greater effects on production than
on sedimentation, resulting in a net increase of the export
ratio (Sarnelle 1999, with data from Elser et a. 1995). In
this lake, the zooplankton community was dominated by cla-
doceran species (Elser et a. 1998). In Lake 110, there was
no significant effect of zooplankton on primary production,
but had a negative effect on sedimentation, resulting in a net
decrease of the export ratio (Sarnelle 1999, with data from
Elser et al. 1995). The zooplankton community was domi-
nated by calanoid copepods (Elser et al. 1998). We believe
that zooplankton community composition has a major influ-
ence on the zooplankton effect on vertical nutrient exports
(Fig. 7). Grazing by the fast-growing cladocerans presum-
ably can reduce the phytoplankton biomass sufficiently to
induce a decrease of primary production in Lake 240. But
in Lake 110, the slow-growing copepods don’'t graze the
autotrophs sufficiently to reduce their production signifi-
cantly, whereas the ingested materials are egested under the
form of fast-sinking fecal pellets. In the Esch-sur-Sire res-
ervoir, the zooplankton community was more variable, with,
for example, the percentage of copepods in zooplankton bio-
mass varying from 13% to 100% during the study period.
Consequently, major effects of zooplankton on sedimenta-
tion or production rates are undetectable, and values of

slopes between export ratios and zooplankton fall between
the values of Lake 110 and Lake 240 (Fig. 7).

Interestingly, the part of N and P export ratio variance not
explained by zooplankton biomass was largely explained by
the zooplankton N : P ratio. Positive residuals of the N export
ratio versus zooplankton biomass relationship were ex-
plained by N-poor, P-rich zooplankton species, whereas neg-
ative residuals were explained by N-rich, P-poor species
(Fig. 5B). Very convincingly, the opposite correlation was
found for the residuals of the P export ratio relationship (Fig.
6B). So, zooplankton stoichiometry does influence vertical
particulate-bound nutrient fluxes. Note that the zooplankton
N: P ratio is asignature of the zooplankton community com-
position. The significant positive correlations observed be-
tween zooplankton C:P-N:P ratios and percentage of co-
pepods in total zooplankton biomass (or negative with
percentage of cladocerans) are not surprising. The four cla-
doceran species dominant in the reservoir, D. galeata, D.
cucullata, B. coregoni, and D. brachyurum, are known to
have body C:P < 160 and N:P < 25, whereas adult cal-
anoid and cyclopoid copepods have C:P > 190 and N: P >
25 (Sterner and Elser 2002). The low fraction of variance of
zooplankton C: N: P ratios not explained by the percentage
of copepods is not surprising given the still large variability
of C:N:P ratios between copepods and cladoceran species.
Moreover, some intraspecific variation in body P content and
N: P ratio might occur (Main et al. 1997).

Effects of zooplankton stoichiometry on nutrient sedi-
mentation also were observed in the sedimented C:N: P ra-
tios. When the zooplankton was composed of species with
lower P content (i.e., copepods), the C: P and N : P ratios of
sedimented small particles decreased (Fig. 3). These obser-
vations are in good agreement with previous results of Elser
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versus zooplankton biomass and zooplankton N:P ratio. The re-
gression details are given in Table 2.

and Foster (1998). They surveyed 12 lakes located at the
Experimental Lakes Area in Ontario and found a significant
negative relationship between sedimented N:P and zoo-
plankton N: P, which in that study was related to Daphnia
contribution to total zooplankton biomass. Both variables
were measured once in each lake during thermal stratifica-
tion. So, the variance of N : P ratios in the study of Elser and
Foster (1998) was between lakes, unlike this study, which
focuses on variation over time in a single lake. To our
knowledge, our study demonstrates for the first time the ef-
fects of intralake seasonal zooplankton succession on ele-
mental stoichiometry of vertical export fluxes.

Observed effects of zooplankton stoichiometry on vertical
export fluxes are explained by the general stoichiometric the-
ory about nutrient recycling of homeostatic consumers (see
Elser and Urabe [1999] for areview). Because of their lower
body N:P ratio than many other zooplankton species (An-
dersen and Hessen 1991; Hessen and Lyche 1991), Daphnia,
Bosmina, and Diaphanosoma species incorporate more ef-
ficiently ingested P than P-low species and release N in-
gested in excess to maintain their bodily elemental homeo-
stasis. In turn, N-rich copepod species, retain more
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sion details are given in Table 2.
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efficiently ingested N, and dispose of P ingested in excess.
The disposal of the element ingested in excess can be driven
by its nonassimilation, and thus by its final egestion, or, if
assimilated, by its metabolization and its final excretion. The
relative importance of both processes remains difficult to
estimate, but most probably, each one plays a significant role
in the maintenance of elemental homeostasis. We believe the
relative enrichment in P of sinking particles we observed
when copepods dominated most probably was due to the
egestion of excess P into highly sinking fecal pellets. As a
corollary, the relative enrichment in N was observed when
the zooplankton community was dominated by cladocerans.
Unfortunately, we cannot statistically distinguish the respec-
tive role of copepods and cladocerans in these dynamics be-
cause al effects are relative. Because cladoceran feces dis-
rupt to flocculent particles after excretion (Peters 1987) and
are therefore probably largely recycled in the epilimnion, we
believe the enrichment in P and depletion in N of copepod
fast-sinking fecal pellets were very likely the main operating
mechanism. Our data convincingly demonstrates that at |east
a significant fraction of nutrients ingested in excess is not
assimilated through the gut wall and can be concentrated into
sinking feces. So, we can conclude that part of the physio-
logical regulation leading to elementary homeostatic growth
occurs at the assimilation/egestion level.

If the stoichiometric effect of zooplankton grazing on el-
emental sedimentation is widespread, it stresses the impor-
tance of separating excretion from egestion processes in the
study of the effects of zooplankton-driven nutrient recycling
on phytozooplankton interactions. Indeed, these two types of
loss differ in physical form: excreted nutrients are solutes,
and egested nutrients are solid or semisolid. The processes
also likely differ in the timescale over which nutrients be-
come available for reuptake, and egested material has higher
probability to sediment out of the water column. If the P
ingested in excess by some copepods is egested instead of
excreted, it will be depleted rapidly in the upper layers. As
we demonstrated, zooplankton species with a relatively low
demand in B, such as herbivorous calanoid copepods, pro-
duce fecal pellets with low N : P ratio and act as sinks for P
relative to N, which could favor P limitation of phytoplank-
ton in the upper layers. We predict that zooplankton might
limit phytoplankton growth not by elements retained in con-
sumer biomass but by elements in excess. This view is the
opposite of the usual explicitly stoichiometric nutrient re-
cycling theory that does not distinguish egestion from ex-
cretion and therefore considers that all resupplied nutrients
are rapidly bioavailable (e.g., Sterner 1990; Sterner et al.
1992). In these theories, elements are conservative in the
studied system, and a higher elemental demand of one tro-
phic level (e.g., herbivorous consumers) induces a limitation
of growth to other trophic levels (e.g., autotrophs) because
of deficiency in the element. Consequently, the growth of
the consumer is negatively affected by the consecutive de-
ficiency of its food in the highly requested element. This
negative feedback between consumers and producers leads
to multiple stable and unstable equilibrium points deter-
mined by the initial conditions (Andersen 1997). When sys-
tems are uncoupled (e.g., an upper productive layer and a
lower detrital layer collecting egested material from the up-

per layer, with nonconservative budgets of elements in each
layer), we observe that the phytoplankton—grazer stoichio-
metric interactions could lead to a putative positive feedback
loop in the upper layer. Whether there are multiple or single
equilibrium points in these conditions, and if so, where they
are situated, are stimulating questions still unresolved. So,
although based on simple observations, ecological stoichi-
ometry reveals complex patterns, allowing a better under-
standing of the dynamics observed at the largely unpredict-
able phytoplankton—grazer interface (Harris 1994; Sterner
and Elser 2002).
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