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Abstract

Anthropogenic activities have reshaped the relative supply rates of essential elements to organ-
isms. Recent studies suggested that consumer performance is strongly reduced by food that is
either very high or very low in relative phosphorus content. However, the generality of such ‘stoi-
chiometric knife-edge’ and its underlying mechanisms are poorly understood. We studied the
response of a planktonic rotifer to a 10-fold food carbon : phosphorus (C : P) gradient and con-
firmed the existence of the stoichiometric knife-edge. Interestingly, we observed a complete home-
ostatic breakdown associated with strong growth reductions at high food C : P. In contrast, at
low food C : P, animals maintained homeostasis despite pronounced performance reductions. Our
results suggest that the mechanisms underlying adverse effects of stoichiometric imbalance are
determined by both the identity of elements that are limiting and those that are present in excess.
Negative effects of excess P reveal an additional way of how eutrophication may affect

consumers.
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INTRODUCTION

In recent decades, anthropogenic activities have strongly
altered the relative supply rates of key elements, such as car-
bon (C), nitrogen (N) and phosphorus (P) to organisms
(Smith & Schindler 2009; Elser et al. 2009). The elemental
composition of autotrophs is known to be different and more
flexible than that of their consumers (Sterner & Elser 2002;
Persson et al. 2010; Van de Waal et al. 2010). Mismatches of
elemental ratios between producers and consumers may have
negative effects on consumer performance (Elser er al. 2001,
Hessen et al. 2013; Wagner et al. 2013), trophic transfer effi-
ciency (Grover 2003; Rowland ez al. 2015) and the strength of
top-down control (Hall 2009; Declerck et al. 2015). To under-
stand how altered elemental supply rates affect food web
structure and ecosystem functioning, it is important to know
when stoichiometric mismatch occurs, how it affects con-
sumers and how they respond accordingly.

Generally, the growth of organisms is thought to be con-
strained by the nutrient that is relatively in the shortest supply
(Liebig’s law of minimum; Liebig 1840; Hessen er al. 2013).
Accordingly, a well-developed concept in ecological stoichiom-
etry (ES) is the threshold elemental ratio (TER; Urabe &
Watanabe 1992; Frost & Elser 2002; Anderson & Hessen
2005; Frost et al. 2006), which represents the ratio of two ele-
ments at which the identity of the limiting element shifts from
one to the other element. TER predicts a unimodal response
of consumer performance to a gradient of food elemental
ratios, with optimal growth close to the requirements of the
organisms (TER) and a reduction towards the extremes of the
gradient (Anderson & Hessen 2005; Frost e al. 2006; Khattak

et al. 2018). This prediction has been supported for a wide
range of taxa (coined as the ‘stoichiometric knife-edge’; Elser
et al. 2006; Bullejos et al. 2014; Benstead er al. 2014; Laspou-
maderes et al. 2015; Elser et al. 2016). However, most of these
studies attribute the performance reduction of consumers fed
low C : P food more to disadvantages associated with excess
P than to C limitation (Boersma & Elser 2006; Hessen et al.
2013). For example, storage (Persson ez al. 2010) or the elimi-
nation of excess P (Anderson et al. 2005; Boersma & Elser
2006; Elser et al. 2006) is thought to be highly costly, and to
be associated with a growth penalty in heterotrophs. P may
itself also be toxic to animals, for example, because of its
harmful effects on symporter functions of gut epithelial cells
(Karasov & Martinez del Rio 2007). Alternatively, Plath &
Boersma (2001) suggested that a low food C : P ratio may
indirectly result in C limitation of Daphnia because they
adjust their feeding rates in function of their P intake.
Another key concept in ES is elemental homeostasis, which
reflects the ability of an organism to keep its somatic elemen-
tal composition constant in the face of varying elemental sup-
ply ratios (Elser & Urabe 1999; Sterner & Elser 2002). In
contrast to autotrophs, animal consumers have long been con-
sidered as being very homeostatic (Andersen & Hessen 1991;
Sterner & Elser 2002; Anderson et al. 2005). However, evi-
dence for considerable plasticity in consumer body stoichiom-
etry has recently accumulated for a wide range of organisms
(Small & Pringle 2010; Prater et al. 2017; Teurlincx et al.
2017), raising the notion that organisms may take different
positions along a continuum between strict regulators and
strict conformers (Persson et al. 2010; Meunier et al. 2014).
Most work on consumer homeostasis assumes that the
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somatic elemental composition of consumers responds propor-
tionally to changes in the elemental composition of its food
source and that the strength of this response is constant
across the whole stoichiometric food quality range (Sterner &
Elser 2002; Persson et al. 2010; Hessen et al. 2013). However,
Meunier et al. (2014) introduced a more physiology-oriented
view on the concept and questioned the linearity of this
response. Indeed, homeostasis is maintained by the simultane-
ous action of multiple regulating processes (Frost et al. 2005;
He & Wang 2008; Hessen et al. 2013), such as feeding
(Suzuki-Ohno et al. 2012; Urabe et al. 2018), assimilation
(DeMott et al. 1998; Urabe et al. 2018), allocation (Urabe &
Sterner 2001; Frost et al. 2010), excretion (Frost et al. 2004,
2005) and respiration (Jensen et al. 2006, Hessen & Anderson
2008). Variation in the efficiency of these processes along a
stoichiometric food gradient is very likely and is expected to
result in a variable homeostatic strength across such gradient.
Meunier et al. (2014) also suggested that conformers and reg-
ulators should differ in the shape of their stoichiometric
response curves. Lack of suitable datasets has so far prevented
further confirmation of these expectations.

Variation in degree of homeostasis likely reflects different
adaptive strategies of organisms; however, benefits and disad-
vantages of homeostasis are still poorly understood (Persson
et al. 2010; Hessen et al. 2013; Leal et al. 2017). Organisms
require various biomolecules (e.g. proteins, nucleic acids,
lipids) in specific ratios (Elser e al. 1996). At optimal growth,
somatic elemental composition reflects the ideal ratios of these
biomolecules and their elemental make-up (Sterner & Elser
2002; Franklin et al. 2011; Manzoni et al. 2017). By maintain-
ing elemental homeostasis, regulators strive towards the main-
tenance of a specific somatic elemental composition to secure
optimal functioning. The disadvantage of this strategy is that
as food elemental composition deviates from this optimum,
growth will be limited by the element in shortest supply while
excess elements need to be eliminated. Such strategy will thus
inevitably result in a reduced resource exploitation efficiency
(Anderson ez al. 2005; Frost et al. 2005; Manzoni et al. 2017).
In contrast, conformers have the ability to track the elemental
composition of their food. Such relaxation of homeostasis
may potentially be achieved without relevant performance
reductions if excess elements can be stored without costs
(Persson et al. 2010; Hood & Sterner 2010) or if the utilisation
efficiency of the limiting element can be increased (Jeyasingh
et al. 2009; Prater et al. 2017). Alternatively, however, stoi-
chiometric plasticity may also reflect an inability to cope with
stoichiometric imbalance. For example, the capacity of regula-
tors to maintain homeostasis has likely its limits. Once the
degree of stoichiometric mismatch trespasses these limits, we
expect abrupt deviations in somatic elemental composition to
coincide with strong reductions in performance.

A question that so far has largely remained unaddressed
is to what extent responses of organisms to a broad food
stoichiometry gradient are consistent along the opposite
sides of their growth optimum. Studies on the stoichiomet-
ric knife-edge (Boersma & Elser 2006; Elser et al. 20006;
Elser et al. 2016) implicitly suggest that organisms face dif-
ferent challenges when being confronted to opposing direc-
tions of stoichiometric mismatch, that is, costs associated

with P limitation and excess C at high C : P vs. costs asso-
ciated with excess P at low C : P conditions. Currently, we
do not know much yet about how organisms respond to
these different challenges and whether coping strategies also
involve different levels of homeostatic strength. Such knowl-
edge is nevertheless a prerequisite to better understand and
predict the direct consequences of stoichiometric mismatch
for the role of consumers in ecosystem functions such as
nutrient cycling (Elser & Urabe 1999; Atkinson et al. 2017)
and the trophic transfer of energy and materials (Boersma
et al. 2008; Rowland er al. 2015), not only when nutrients
are limiting but also under conditions of severe anthro-
pogenic eutrophication.

The experimental exposure of organisms to broad gradients
of food elemental composition allows studying the association
of organism performance with variation in their somatic ele-
mental composition. This may not only help the interpretation
of deviations from homeostasis but also cast a light on the
costs and benefits from contrasting strategies with which
organisms respond to stoichiometric mismatch. For this study,
we subjected a metazoan planktonic consumer, that is, the
monogononta rotifer Brachionus calyciflorus to a 10-fold gra-
dient of food C : P ratios and measured the response of two
measures of performance (somatic and population growth
rate), somatic elemental composition and two key regulating
physiological functions (i.e. food uptake and P-loss rates).
First, we wanted to study the consumer performance response
to a broad food C : P range and test for the existence of a
stoichiometric knife-edge. Second, given that organisms may
face different challenges along opposite directions of a stoi-
chiometric food gradient, we assessed variation in the degree
and modes of stoichiometric regulation in response to stoi-
chiometric imbalance at both sides of the growth optimum
(i.e. towards very high and very low resource C : P). Third,
by relating consumer performance with the degree of stoichio-
metric plasticity along each of these directions, we evaluated
to what extent homeostatic regulation implies reduced perfor-
mance, and whether an apparent relaxation of such regulation
reflects a capacity to deal with stoichiometric mismatch or,
alternatively, an inability to maintain elemental homeostasis.
Finally, we discussed the potential implications of these results
for real-world systems.

METHODS AND MATERIALS
Rotifer and algae cultures

The B. calyciflorus clone used in our study was obtained from
the dormant egg bank of a Dutch lake (52°526.50"N;
4°20'18.40"E). To exclude the influence of indirect effects of P
limitation on the nutritional quality of algae (Zhou et al.
2018), we created a stoichiometric food quality gradient by
enriching P-limited chemostat-grown green algae (Chlamy-
domonas reinhardtii) with different concentrations of P shortly
before feeding to the rotifers (see Appendix S1). In this way,
we created nine food quality treatments representing a 10-fold
food C: P gradient ranging from 53 to 583. This gradient
was chosen to impose a strong stoichiometric mismatch
between producers and consumers via both high and low food
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C : P values while spanning the range of conditions found in
nature (Hessen 2006; Sterner et al. 2008).

Population growth rate

The response of rotifer exponential population growth rate to
the respective food quality treatments was studied in flasks
filled with a 200 mL algal food suspension at ad /libitum con-
centrations (1000 pmol C L™"), 24 °C and continuous dark-
ness. We kept the cultures in an exponential growth by daily
restarting populations with a subsample of approximately
4000 individuals in a fresh food suspension (see Appendix S1).
Exponential population growth rate was repeatedly calculated
as (InN; — InNy)/t on a daily basis, where N, and N; repre-
sent the population size at the start and end of each 24-h per-
iod, respectively. Population growth rate for each treatment
was calculated as the mean of 12 consecutive 24-h periods.

Somatic growth rate

For somatic growth rate, we collected a cohort of 100 new-
borns (age < 2 h) from the populations of the population
growth rate experiment, incubated them for 18 h (t) in the
respective food quality treatments and measured their total C
(My). We also measured the carbon content of groups of 100
neonates born in the respective food quality treatments (My;
see Appendix S1). Mass-specific somatic growth rate was cal-
culated as (InM, — InM,)/t.

Food ingestion, P-intake and P-loss rate

For the measurement of food ingestion, P-intake and P-loss
rates, we used animals from the population growth rate
experiment to ensure that animals were physiologically
adapted to different food qualities. All rates were measured
on the same sets of animals. For the ingestion rate experi-
ment, we allowed groups of 200 rotifers to feed for 4 h on
algae suspensions of the different food quality treatments
(see Appendix Sl1). Ingestion rates were calculated as
(Ci — Cp) v/(nt) (Peters 1984), where C, and C, represent
the final and initial algal C concentration, respectively, in
each vial, v is the volume of food suspension in each vial
(8 mL), n is the rotifer number and t is the time period of
incubation. Algal C concentrations were calculated by esti-
mating algal biovolume using a coulter counter (Multisizer-
tm 3 Coulter Counter, Beckman Coulter). These biovolumes
were subsequently converted into molar concentrations of C
using a previously established biovolume-carbon regression
equation. P-intake rate was estimated from C ingestion rate
and the respective algal elemental composition in each food
quality treatment (Oftedal 1991).

For the measurement of P-loss rates, we transferred the
rotifers from the grazing experiments into 1.5 mL volumes of
nutrient-free WC medium (Guillard & Lorenzen 1972). After
an incubation of 4 h in the dark on a rotating plankton wheel
(30 rpm), the medium from each unit was filtered through a
30-um mesh to remove rotifers and transferred into a 1.5-mL
glass vial. After being autoclaved for 30 min under 121 °C,
the samples were stored for the later measurement of

dissolved P (i.e. orthophosphates). P-loss rates were estimated
as (Pv)/(nt), where P refers to sample P content, v and ¢ repre-
sent sample volume and incubation time, respectively, n is the
rotifer number in each treatment.

Stoichiometric measurements

During the experiment, we measured algal C, N, P content of
each food quality treatment at three occasions. For the mea-
surement of rotifer elemental content, we used animals from
the population growth rate experiment. From each culture, we
incubated two samples of 150 females each carrying one
parthenogenetic egg in nutrient-free WC medium for 30 min
to allow evacuation of the guts. C and N content of algae and
rotifer samples were determined using a FLASH 2000 organic
element analyzer (Interscience B.V., Breda, Netherlands). For
P, the algal and rotifer samples were first incinerated at
550 °C for 45 min and autoclaved in 2.5% potassium persul-
fate (K,S,0g) solutions at 121 °C for 30 min. These samples
and the samples from the P-loss rate experiment were mea-
sured using a QuAAtro segmented flow autoanalyzer (Beun
de Ronde, Abcoude, the Netherlands). All stoichiometric
ratios are expressed as molar ratios.

Data analysis

The responses of rotifer growth rates, somatic elemental
ratios, food ingestion rates, and P-intake and P-loss rates to
diet C: P were statistically evaluated by contrasting three
alternative models, that is, a non-quadratic linear model, a
quadratic linear model and a piecewise regression model.
Models were ranked based on the Akaike Information Crite-
rion (AIC). Generally, the model with the lowest AIC value
was used for interpretation. However, if alternative models
proved equally good (i.e. with AAIC < approximately 2;
Burnham & Anderson 2004), they were chosen to maximise
comparability across analyses. Where relevant, quadratic and
piecewise regression models were used to calculate the loca-
tion of the optima of unimodal responses. Elemental ratios,
P-intake and P-loss rates were log,-transformed prior to anal-
ysis. All the statistical analyses were performed in R (R Core
Team, 2016). The piecewise regression was conducted using
the package ‘segmented’, and the Davies test provided by this
package was applied to determine the significance of differ-
ences between slopes (Muggeo 2008).

RESULTS

The addition of P to P-limited algae strongly increased their P
content and reduced their C : P ratios (ranging from 53 to
583), but did not change their N content and C : N ratios
(Appendix S2 Figs S1 and S2a-b).

Rotifer population growth rate showed a unimodal response
to diet C : P ratio with a maximum at intermediate diet C : P
values and strong reductions towards the extremes of the
resource gradient (Fig. la; Appendix S2 Tables S1 and S2).
Using the quadratic regression model, the maximum popula-
tion growth rate was estimated at a diet C : P ratio of 171.
Mass-specific somatic growth rate showed a very similar
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response (Fig. 1b; see Appendix S2 Table S1) with a maxi-
mum at an estimated diet C : P ratio of 165.

The relationship between rotifer C : P and food C : P was
best described by a two-segment piecewise regression model
and its breakpoint was situated at a food C:P of 391
(Fig. 2a, Appendix S2 Table S2). Above the breakpoint, the
slope approximated 1.02, showing that rotifer C : P followed
changes in food C : P ratio proportionally. In contrast, the
slope of the regression equation below the breakpoint was
much lower (0.125) but still differed significantly from zero
(Fig. 2a; see Appendix S2 Table S2). Although the C: P
response above the breakpoint coincided with an increased
rotifer C content, it was mainly driven by a reduction in roti-
fer P content (Fig. 2b and c¢; Appendix S2 Table S4). Rotifer
C : N ratios increased slightly along the C : P gradient mainly
due to an increased rotifer C content (Appendix S2 Fig. S3).

According to piecewise regression (Appendix S2 Table S2),
maximum population growth rate coincided with a rotifer
somatic C : P ratio of 80 (Fig. 3a). Similarly, somatic maxi-
mum growth rate reached at a rotifer C: P ratio of 77
(Fig. 3b; Appendix S2 Table S2).

Both food ingestion and corresponding P-intake rates were
strongly affected by food quality (Fig. 4a-b; Appendix S2
Table S1-S3). Below the food C : P growth optimum, food
ingestion rates decreased with decreasing food C : P ratios
(Fig. 4a) while P-intake rates increased but less than predicted
by the 1 : 1 line (Fig. 4b). Above the growth optimum, inges-
tion rates increased with increasing food C : P ratios but lev-
elled off above food C : P ratios of 400 (Fig. 4a). Despite
increased food ingestion rates, estimated P-intake rates
decreased strongly with increasing food C : P but slower than
predicted by the 1 : 1 line (Fig. 4b). P-loss rates were largely
proportional to P-intake rates (Fig. 5), with low loss rates
under high C : P food and high loss rates when animals were
fed low C : P food. The response of P-loss rate to increasing
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P-intake rate nevertheless tended to saturate at the lowest
levels of food C : P (Fig. 5).

DISCUSSION

Our study clearly demonstrates the existence of a stoichiomet-
ric knife-edge for somatic as well as population growth rates.
Both variables showed a unimodal response along the food
C : P gradient, with optimal growth at intermediate food
C : P ratios and reduced growth rates towards the extremes
of the food quality gradient. The results are well in line with
studies reporting a stoichiometric knife-edge for a variety of
organism groups (Bullejos er al. 2014; Benstead et al. 2014;
Laspoumaderes et al. 2015; Elser et al. 2016). In our study,
the food C : P ratios at which somatic and population growth
were found to be optimal were strikingly similar (i.e. approxi-
mately 170), although the slopes of the responses tended to be
steeper for population than for somatic growth rate. Popula-
tion growth rate integrates life history and demographic pro-
cesses and may therefore be a more sensitive indicator of the
adverse effects of stoichiometric mismatch than somatic
growth rate. Indeed, stoichiometric mismatch is known to
strongly affect life history traits such as survival, fecundity
and development time (Jensen & Verschoor 2004; Felpeto &
Hairston 2013; Zhou et al. 2018). The more pronounced nega-
tive response of population growth rate to stoichiometric mis-
match likely reflects these additional effects.

In contrast to what is widely assumed for consumers in gen-
eral, the elemental composition of rotifers showed a non-lin-
ear response to the food stoichiometry gradient. Within a
food C : P range between 53 and 391, rotifers proved to be
strong regulators. Rotifer C : P increased with food C : P but
the extent of this increase was limited, suggesting strong
homeostasis (Persson et al. 2010). In contrast, when food
C : P trespassed the value of 391, homeostasis broke down
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Figure 1 Response of rotifer population growth rate (a) and mass-specific somatic growth rate (b) to the experimental food C : P gradient. The dashed lines
represent the expected values according to the quadratic regression models; the vertical dotted lines represent the food C : P ratio corresponding to the
maximal growth rate values as calculated by the quadratic regression models. Symbols in (a) represent means of values from 12 subsequent 24-h time
intervals, and symbols in (b) are the means of three technical replicates. Note the log-scale of the X-axes.
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Figure 2 Response of rotifer stoichiometry to the experimental food C : P
gradient. (a) Rotifer C : P ratio, (b) rotifer C content and (c) rotifer P
content. The vertical dotted lines represent the optimal food C: P at
which rotifer somatic growth was estimated to be maximal. In each
figure, the solid line represents a 1 : 1 proportional change between diet
C: P and the respective variables. Symbols are the means of three
repeated measurements in time. Note the log-scale of the axes.

entirely as rotifer C : P increased proportionally with food
C : P. These results demonstrate an important heterogeneity
in the degree to which an organism is able to adhere to home-
ostasis. The evaluation of the homeostatic strength of a con-
sumer is often based on a single value (regulation coefficient,

H; Sterner & Elser 2002) assuming a constant response
strength of consumer to producer elemental composition
across the whole stoichiometric food quality spectrum. How-
ever, care should be taken with the use of this metric, espe-
cially when organisms are being compared that have grown
under different ranges of food C : P (see also Persson et al.
2010; Meunier et al. 2014).

The simultaneous study of consumer growth performance,
body elemental composition and key physiological responses
along a 10-fold food C : P gradient provides insights into a
number of fundamental questions, such as which are the chal-
lenges organisms are confronted with along opposite sides of
the food C : P optimum, and how and to what extent organ-
isms are able to respond to these challenges. The approach
also casts a light on whether deviations from elemental home-
ostasis reflect adaptive physiological responses or, alterna-
tively, an inability to cope with stoichiometric mismatch. In
an almost threefold food C : P range surrounding the growth
optimum (120-320), maintenance of a relatively strong degree
of homeostasis resulted in no considerable performance reduc-
tions. These results indicate that rotifers strive towards main-
taining an optimal body elemental composition to safeguard
optimal growth and that they are also well able to do so when
facing food with quite pronounced but still moderate devia-
tions of their food C : P optimum. In contrast, at lower food
C : P values (< 75), we observed a strong reduction in perfor-
mance despite a relatively strong maintenance of elemental
homeostasis. This performance reduction likely reflects large
costs associated with maintaining homeostasis. Contrary to
the TER idea, costs associated with the avoidance and
removal of P were likely more important than effects of C
limitation, given that we worked at food satiating conditions,
and that carbon is a very abundant element even in food with
a very low C : P. Indeed, animals responded to lowering food
C : P by reducing feeding and thus C- and P-intake rates
(Fig. 4) and by increasing P-loss rates (Fig. 5; Frost et al.
2004, 2005; He & Wang 2007). Both strategies, however, come
at costs and have their limitations. Reduced food uptake rates
may secondarily result in a reduced acquisition of energy
(Plath & Boersma 2001; Suzuki-Ohno et al. 2012) and other
resources. Excretion of excess P has also been suggested to be
energetically costly (Anderson er al. 2005; Boersma & Elser
2006; Elser et al. 2006) and the relative decline of P loss at
the lowest levels of food C : P is also suggestive of physiologi-
cal limitations to the rates at which P may be excreted.
Finally, although rotifers responded with a mere 14% relative
increase in somatic P to an approximately twofold increase in
P relative to C in their diet, this increase in somatic P may
nevertheless have negatively impacted the performance of the
rotifers through toxic effects (Karasov & Martinez del Rio
2007) or costs associated with its storage (Persson et al. 2010).

When food C : P exceeded 391, a complete breakdown of
homeostasis (Fig. 2) coincided with a strong reduction in
somatic and population growth rates (Fig. 3). This shows a
strongly reduced ability of rotifers to cope with such high
degree of stoichiometric mismatch and also demonstrates neg-
ative performance effects of deviations from an optimal body
stoichiometry. Rotifers thus do not seem flexible conformers
but regulators that have limited capacities to maintain
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Figure 4 Response of rotifer food ingestion (a) and P-intake (b) rates to a gradient in food C : P ratios. The vertical dashed lines represent the optimal
food C : P at which rotifers showed the highest somatic growth rates. The solid line in Fig. 4b represents a 1 : 1 proportional change between diet C : P
ratio and P-intake rate. Symbols are the mean values across three repeated measurements in time. Note the log-scale of the X- and Y-axes in Fig. 4b.

homeostasis when confronted with high C : P food. Above
the optimum, rotifers responded to an increasing food C : P
with increased (‘compensatory’) feeding, a well-documented
response of consumers to compensate for the reduced intake
of essential nutrients when facing nutrient deficient food (Fink
& von Elert 2006; Suzuki-Ohno et al. 2012). However, above
a food C : P of 400, feeding rates levelled off, possibly due to
a trade-off between food-ingestion and P-assimilation rates
(DeMott et al. 2010) and the need to avoid excess C intake
(Hessen & Anderson 2008). Rotifers also responded to
increased food C : P with a strong reduction of P-loss rates,
although they seemed unable to achieve a reduction of P loss
stronger than proportional to what they acquired through
feeding. The dramatic increase in rotifer C : P above the food

C : P optimum tended to be more driven by a reduced P than
an increased C content suggesting that homeostatic break-
down was mainly caused by the inability to cope with lack of
P than excess carbon, although the latter also likely played a
role.

Our results support the conclusions of Meunier et al. (2014)
of nonlinearity in the response of consumer body stoichiome-
try to food elemental composition. Application of the frame-
work of Meunier et al. (2014) to our results nevertheless
remained difficult. According to Meunier etz al. (2014), break-
down of homeostasis in regulators occurs at both sides of the
food optimum when food C : P values surpass specific thresh-
olds. Although we indeed observed such pattern at high food
C : P, no breakdown of homeostasis was observed at the low
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Figure 5 Association between rotifer P-loss rates and P-intake rates. The
vertical dashed line represents the optimal food C : P at which rotifers
showed the highest somatic growth rates. The solid line represents a 1 : 1
proportional change between the two variables. Symbols represent the
averages of P-loss rates of three repeated measurements in time. Symbol
size indicates food C : P ratio. Note the log-scale of the axes.

food C : P end. This is most likely because the lowest C : P
value of our experimental food quality range was still too
high and we cannot exclude the possibility that a breakdown
would still be observed at lower food C : P levels. It is never-
theless remarkable that rotifers were better able to maintain
homeostasis when facing low compared with high C: P
extremes. Indeed, in the range above the optimum, homeo-
static breakdown was observed close after the food C : P ratio
doubled compared to the optimal food C : P. In contrast, in
the range below the optimal food C : P, homeostatic break-
down was not observed when the ratio of P to C in the food
tripled. This asymmetry in response is likely a reflection of the
fact that organisms are facing fundamentally different chal-
lenges along these opposite directions of the resource quality
gradient. When faced with increasing C : P above the opti-
mum, animals suffer from the simultaneous combination of P
limitation and excess C in their food. In contrast, given that
we worked at food satiating conditions, animals exposed to
low C : P food only had to face excess P but no limited avail-
ability of C. The combined effect of excess C and limitation
of P may therefore explain the faster breakdown of homeosta-
sis in the higher than in the lower food C : P ranges.

Relevance to natural systems

The strong negative effects of excess P on the performance of
consumers may cast a new light on the consequences of
eutrophication (Elser ez al. 2016). In the latest decades, many
water bodies worldwide have undergone strong eutrophication
due to anthropogenic N and P inputs. These nutrient inputs
and associated changes in light regimes (light-nutrient

hypothesis; Sterner et al. 1997; Elser et al. 2003) have strongly
lowered C : nutrient ratios of primary producers in many of
these systems. The low C : P levels applied in our study corre-
spond well with the lower range of values reported for lake
seston in surveys (Hessen 2006; Sterner et al. 2008). Indirect
negative effects of eutrophication on primary zooplankton
consumers, for example, via the promotion of toxic or inedi-
ble cyanobacterial blooms (Carpenter 2008; Schindler er al.
2008) or the enhancement of planktivorous fish stocks (Sereda
et al. 2008) are quite well understood. Remarkably, much less
attention has been given to the potential detrimental direct
effects of stoichiometric mismatch caused by high levels of
nutrient supply (Boersma & Elser 2006; Elser et al. 2016). The
results of our study support the idea that the high P content
in food seston itself may be an underappreciated factor that
may not only contribute to the reduction of primary con-
sumer performance in eutrophied systems (Elser et al. 2016)
but that may also affect ecosystem functions, for example, by
altering mass-specific rates of grazing and P excretion.

As consumers of primary producers, recyclers of nutrients
and food source of higher trophic levels, zooplankton take a
key position in the pelagic food web. An important question
is to what extent the observed heterogeneity in homeostatic
strength impacts these functions along broad gradients of rela-
tive nutrient supply rates. Several models in ES describe con-
sumer—producer and nutrient cycling dynamics assuming strict
consumer homeostasis (Sterner 1990; Loladze et al., 2000),
whereas more recent models (Mulder & Bowden 2007; Ander-
son et al. 2013) suggest that a relaxation of homeostasis may
change model outcomes. Another prominent question is to
what extent homeostatic breakdown of primary consumers
may result in a stoichiometric mismatch with higher trophic
levels. P limitation of primary consumers has indeed been
shown to travel up the food chain (Malzahn et al. 2007;
Boersma et al. 2008), and subsequently affect energy transfer
efficiencies among higher trophic levels (Grover 2003; Row-
land et al. 2015). Recent studies have also shown that con-
sumer prey with excess P may negatively affect the
performance of their predators (Benstead et al. 2014; Laspou-
maderes et al. 2015), and one may hypothesise that such bot-
tom-up cascades may also be driven by very high P supply
under hypereutrophic conditions. However, given the limited
response of rotifer P-content and C : P ratios to P-rich food,
our results provide limited support for such mechanism.

Although our results were obtained in well-defined labora-
tory conditions, they may form a poor representation of the
complexity of real field conditions. Our results focus on the
response of a single consumer to elemental mismatch with one
producer. In natural systems, however, consumer communities
consist of multiple species that may differ from each other in
their responses to elemental mismatch (Currier & Elser 2017).
Furthermore, consumers are exposed to a mixture of food
source types that may vary in elemental composition and on
which they may feed selectively. In addition, consumer
populations may also be negatively affected by indirect, non-
stoichiometric effects of elemental imbalance in their environ-
ment (Rothhaupt 1995; Zhou et al. 2018). For example, algae
grown in P-limited environments have been shown to have a
reduced digestibility (van Donk et al. 1997) or changed
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biochemical composition (Spijkerman & Wacker, 2011; Chal-
lagulla et al., 2015). We are not aware of studies that have
demonstrated such indirect effects for P-rich environments,
but the possibility that such effects further aggravate the con-
sequences of excess P cannot be a priori excluded. Therefore,
although our results provide strong proof of concept for a
number of important ideas that so far have received limited
attention in ES, there is a need for more studies to address
their relevance to the complex situation of natural systems.
With that respect, some studies have been recently done, for
example, regarding the strength of the knife-edge effect in
multiple Daphnia species using lake seston (Currier & Elser
2017) or elemental plasticity at species and community level in
outdoor mesocosms (Teurlincx et al. 2017).

ACKNOWLEDGEMENTS

We wish to thank Jewell Sardjoesingh for laboratory assis-
tance with the population growth rate experiment. We also
thank Nico Helmsing and Erik Reichman for carrying out
the nutrient analyses. This work was funded by a PhD
grant provided to LZ by the China Scholarship Council
(CSC).

AUTHORSHIP

LZ and SAJD developed the idea and designed the experi-
ments. LZ carried out the experiments and performed the
data analysis. LZ and SAJD wrote the manuscript.

DATA AVAILABILITY STATEMENT

Data available from the Dryad Digital Repository: https://d
oi.org/10.5061/dryad.84q3757.

REFERENCES

Andersen, T. & Hessen, D.O. (1991). Carbon, nitrogen, and phosphorus
content of freshwater zooplankton. Limnol. Oceanogr., 36, 807-814.

Anderson, T.R. & Hessen, D.O. (2005). Threshold elemental ratios for
carbon versus phosphorus limitation in Daphnia. Freshwat. Biol., 50,
2063-2075.

Anderson, T.R., Hessen, D.O., Elser, J.J. & Urabe, J. (2005). Metabolic
stoichiometry and the fate of excess carbon and nutrients in consumers.
Am. Nat., 165, 1-15.

Anderson, T.R., Hessen, D.O., Mitra, A., Mayor, D.J. & Yool, A. (2013).
Sensitivity of secondary production and export flux to choice of trophic
transfer formulation in marine ecosystem models. J. Mar. Sys., 125,
41-53.

Atkinson, C.L., Capps, K.A., Rugenski, A.T. & Vanni, M.J. (2017).
Consumer-driven nutrient dynamics in freshwater ecosystems: from
individuals to ecosystems. Biol. Rev., 92, 2003-2023.

Benstead, J.P., Hood, J.M., Whelan, N.V., Kendrick, M.R., Nelson, D.,
Hanninen, A.F. et al. (2014). Coupling of dietary phosphorus and
growth across diverse fish taxa: a meta-analysis of experimental
aquaculture studies. Ecology, 95, 2768-2777.

Boersma, M. & Elser, J.J. (2006). Too much of a good thing: on
stoichiometrically balanced diets and maximal growth. Ecology, 87,
1325-1330.

Boersma, M., Aberle, N., Hantzsche, F.M., Schoo, K.L., Wiltshire, K.H.
& Malzahn, A.M. (2008). Nutritional limitation travels up the food
chain. Int. Rev. Hydrobiol., 93, 479—488.

Bullejos, F.J., Carrillo, P., Gorokhova, E., Medina-Sanchez, J.M.,
Balseiro, E.G. & Villar-Argaiz, M. (2014). Shifts in food quality for
herbivorous consumer growth: multiple golden means in the life
history. Ecology, 95, 1272-1284.

Burnham, K.P. & Anderson, D.R. (2004). Multimodel inference:
understanding AIC and BIC in model selection. Sociol. Meth. Res., 33,
261-304.

Carpenter, S.R. (2008). Phosphorus control is critical to mitigating
eutrophication. Proc. Natl Acad. Sci. USA, 105, 11039-11040.

Challagulla, V., Fabbro, L. & Nayar, S. (2015). Biomass, lipid
productivity and fatty acid composition of fresh water microalga
Rhopalosolen saccatus cultivated under phosphorous limited conditions.
Algal Res., 8, 69-75.

Currier, C.M. & Elser, J.J. (2017). Beyond monoculture stoichiometry
studies: assessing growth, respiration, and feeding responses of three
Daphnia species to P-enriched, low C : P lake seston. Inland Waters, 7,
348-357.

Declerck, S.A., Malo, A.R., Diehl, S., Waasdorp, D., Lemmen, K.D.,
Proios, K. er al. (2015). Rapid adaptation of herbivore consumers to
nutrient  limitation: eco-evolutionary feedbacks to population
demography and resource control. Ecol. Lett., 18, 553-562.

DeMott, W.R., Gulati, R.D. & Siewertsen, K. (1998). Effects of
phosphorus-deficient diets on the carbon and phosphorus balance of
Daphnia magna. Limnol. Oceanogr., 43, 1147-1161.

DeMott, W.R., McKinney, E.N. & Tessier, A.J. (2010). Ontogeny of
digestion in Daphnia: implications for the effectiveness of algal
defenses. Ecology, 91, 540-548.

Elser, J.J. & Urabe, J. (1999). The stoichiometry of consumer-driven
nutrient recycling: theory, observations, and consequences. Ecology, 80,
735-751.

Elser, J.J., Dobberfuhl, D.R., MacKay, N.A. & Schampel, J.H. (1996).
Organism size, life history, and N: P stoichiometry: toward a unified
view of cellular and ecosystem processes. Bioscience, 46, 674-684.

Elser, J.J., Hayakawa, K. & Urabe, J. (2001). Nutrient limitation reduces
food quality for zooplankton: Daphnia response to seston phosphorus
enrichment. Ecology, 82, 898-903.

Elser, J.J., Kyle, M., Makino, W., Yoshida, T. & Urabe, J. (2003).
Ecological stoichiometry in the microbial food web: a test of the light:
nutrient hypothesis. Aquat. Microb. Ecol., 31, 49-65.

Elser, J.J., Watts, J., Schampel, J.H. & Farmer, J. (2006). Early Cambrian
food webs on a trophic knife-edge? A hypothesis and preliminary data
from a modern stromatolite-based ecosystem. Ecol. Lett., 9, 295-303.

Elser, J.J., Andersen, T., Baron, J.S., Bergstrom, A.K., Jansson, M.,
Kyle, M. et al. (2009). Shifts in lake N: P stoichiometry and nutrient
limitation driven by atmospheric nitrogen deposition. Science, 326,
835-837.

Elser, J.J., Kyle, M., Learned, J., McCrackin, M.L., Peace, A. & Steger,
L. (2016). Life on the stoichiometric knife-edge: effects of high and low
food C : P ratio on growth, feeding, and respiration in three Daphnia
species. Inland Waters, 6, 136-146.

Felpeto, A.B. & Hairston, N.G. Jr (2013). Indirect bottom-up control of
consumer-resource dynamics: resource-driven algal quality alters grazer
numerical response. Limnol. Oceanogr., 58, 827-838.

Fink, P. & Von Elert, E. (2006). Physiological responses to stoichiometric
constraints: nutrient limitation and compensatory feeding in a
freshwater snail. Oikos, 115, 484-494.

Franklin, O., Hall, E.K., Kaiser, C., Battin, T.J. & Richter, A. (2011).
Optimization of biomass composition explains microbial growth-
stoichiometry relationships. Am. Nat., 177, E29-E42.

Frost, P. & Elser, J.J. (2002). Growth responses of littoral mayflies to the
phosphorus content of their food. Ecol. Lett., 5, 232-240.

Frost, P.C., Xenopoulos, M.A. & Larson, J.H. (2004). The stoichiometry
of dissolved organic carbon, nitrogen, and phosphorus release by a
planktonic grazer, Daphnia. Limnol. Oceanogr., 49, 1802-1808.

Frost, P.C., Evans-White, M.A., Finkel, Z.V., Jensen, T.C. & Matzek, V.
(2005). Are you what you eat? Physiological constraints on organismal
stoichiometry in an elementally imbalanced world. Oikos, 109, 18-28.

© 2019 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.


https://doi.org/10.5061/dryad.84q3757
https://doi.org/10.5061/dryad.84q3757

2026 L. Zhou and S. A.J. Declerck

LETTER

Frost, P.C., Benstead, J.P., Cross, W.F., Hillebrand, H., Larson, J.H.,
Xenopoulos, M.A. et al. (2006). Threshold elemental ratios of carbon
and phosphorus in aquatic consumers. Ecol. Lett., 9, 774-779.

Frost, P.C., Ebert, D., Larson, J.H., Marcus, M.A., Wagner, N.D. &
Zalewski, A. (2010). Transgenerational effects of poor elemental food
quality on Daphnia magna. Oecologia, 162, 865-872.

Grover, J.P. (2003). The impact of variable stoichiometry on predator-
prey interactions: a multinutrient approach. Am. Nat., 162, 29-43.

Guillard, R.R.L. & Lorenzen, C.J. (1972). Yellow-green algae with
chlorophyllide C. J. Phycol., 8, 10-14.

Hall, S.R. (2009). Stoichiometrically explicit food webs: feedbacks
between resource supply, elemental constraints, and species diversity.
Annu. Rev. Ecol. Evol. Syst., 40, 503-528.

He, X. & Wang, W.X. (2007). Kinetics of phosphorus in Daphnia at
different food concentrations and carbon: phosphorus ratios. Limnol.
Oceanogr., 52, 395-406.

He, X. & Wang, W.X. (2008). Stoichiometric regulation of carbon and
phosphorus in P-deficient Daphnia magna. Limnol. Oceanogr., 53, 244—
254.

Hessen, D.O. (2006). Determinants of seston C: P ratio in lakes.
Freshwat. Biol., 51, 1560-1569.

Hessen, D.O. & Anderson, T.R. (2008). Excess carbon in aquatic
organisms and ecosystems: physiological, ecological, and evolutionary
implications. Limnol. Oceanogr., 53, 1685-1696.

Hessen, D.O., Elser, J.J., Sterner, R.W. & Urabe, J. (2013). Ecological
stoichiometry: an elementary approach using basic principles. Limnol.
Oceanogr., 58, 2219-2236.

Hood, J.M. & Sterner, R. (2010). Diet mixing: do animals integrate
growth or resources across temporal heterogeneity? 4Am. Nat., 176, 651—
663.

Jensen, T.C. & Verschoor, A.M. (2004). Effects of food quality on life
history of the rotifer Brachionus calyciflorus Pallas. Freshwat. Biol., 49,
1138-1151.

Jensen, T.C., Anderson, T.R., Daufresne, M. & Hessen, D.O. (2000).
Does excess carbon affect respiration of the rotifer Brachionus
calyciflorus Pallas? Freshwat. Biol., 51, 2320-2333.

Jeyasingh, P.D., Weider, L.J. & Sterner, R.W. (2009). Genetically-based
trade-offs in response to stoichiometric food quality influence
competition in a keystone aquatic herbivore. Ecol. Lett., 12, 1229-1237.

Karasov, W.H. & Martinez del Rio, C. (2007). Physiological Ecology:
How Animals Process Energy, Nutrients, and Toxins. Princeton
University Press, Princeton.

Khattak, H.K., Prater, C., Wagner, N.D. & Frost, P.C. (2018). The
threshold elemental ratio of carbon and phosphorus of Daphnia magna
and its connection to animal growth. Sci. Rep., 8, 9673.

Laspoumaderes, C., Modenutti, B., Elser, J.J. & Balseiro, E. (2015). Does
the stoichiometric carbon:phosphorus knife-edge apply for predaceous
copepods? Oecologia, 178, 557-569.

Leal, M.C., Sechausen, O. & Matthews, B. (2017). The ecology and
evolution of stoichiometric phenotyopes. Trends Ecol. Evol., 32, 108—
117.

Liebig, J. (1840). Organic Chemistry and its Application to Agriculture and
Physiology. London: Taylor & Walton.

Loladze, 1., Kuang, Y. & Elser, J.J. (2000). Stoichiometry in producer-
grazer systems: linking energy flow with element cycling. B. Math.
Biol., 62, 1137-1162.

Malzahn, A.M., Aberle, N., Clemmesen, C. & Boersma, M. (2007).
Nutrient limitation of primary producers affects planktivorous fish
condition. Limnol. Oceanogr., 52, 2062-2071.

Manzoni, S., Capek, P., Mooshammer, M., Lindahl, B.D., Richter, A. &
Santruckova, H. (2017). Optimal metabolic regulation along resource
stoichiometry gradients. Ecol Lett., 20, 1182—-1191.

Meunier, C.L., Malzahn, A.M. & Boersma, M. (2014). A new approach
to homeostatic regulation: towards a unified view of physiological and
ecological concepts. PLoS ONE, 9, ¢107737.

Muggeo, V.M. (2008). Segmented: an R package to fit regression models
with broken-line relationships. R. News, 8, 20-25.

Mulder, K. & Bowden, W.B. (2007). Organismal stoichiometry and the
adaptive advantage of variable nutrient use and production efficiency in
Daphnia. Ecol. Model., 202, 427-440.

Oftedal, O.T. (1991). The nutritional consequences of foraging in
primates: the relationship of nutrient intakes to nutrient requirements.
Philos. Trans. R. Soc. Lond. B, 334, 161-170.

Persson, J., Fink, P., Goto, A., Hood, J.M., Jonas, J. & Kato, S.
(2010). To be or not to be what you eat: regulation of
stoichiometric homeostasis among autotrophs and heterotrophs.
Oikos, 119, 741-751.

Peters, R.H. (1984). Methods for the study of feeding, grazing and
assimilation by zooplankton. In: 4 Manual for the Assessment of
Secondary Production in Fresh Waters. IBP Handbook 17, 2nd edn (eds
Downing, J.A. & Rigler, F.H.), Blackwell: Oxford, UK, pp. 336-412.

Plath, K. & Boersma, M. (2001). Mineral limitation of zooplankton:
stoichiometric constraints and optimal foraging. Ecology, 82, 1260—
1269.

Prater, C., Wagner, N.D. & Frost, P.C. (2017). Interactive effects of
genotype and food quality on consumer growth rate and elemental
content. Ecology, 98, 1399-1408.

R Core Team (2016). R: A Language and Environment for Statistical
Computing. Available at: http://www.R-project.org. Last accessed 27
February 2017.

Rothhaupt, K.O. (1995). Algal nutrient limitation affects rotifer growth
rate but not ingestion rate. Limnol. Oceanogr., 40, 1201-1208.

Rowland, F.E., Bricker, K.J., Vanni, M.J. & Gonzdlez, M.J. (2015). Light
and nutrients regulate energy transfer through benthic and pelagic food
chains. Oikos, 124, 1648-1663.

Schindler, D.W., Hecky, R., Findlay, D., Stainton, M., Parker, B.,
Paterson, M. et al. (2008). Eutrophication of lakes cannot be controlled
by reducing nitrogen input: results of a 37-year whole-ecosystem
experiment. Proc. Natl Acad. Sci. USA, 105, 11254-11258.

Sereda, J.M., Hudson, J.J., Taylor, W.D. & Demers, E. (2008). Fish as
sources and sinks of nutrients in lakes. Freshwat. Biol., 53, 278-289.

Small, G.E. & Pringle, C.M. (2010). Deviation from strict homeostasis
across multiple trophic levels in an invertebrate consumer assemblage
exposed to high chronic phosphorus enrichment in a Neotropical
stream. Oecologia, 162, 581-590.

Smith, V.H. & Schindler, D.W. (2009). Eutrophication science: where do
we go from here? Trends Ecol. Evol., 24, 201-207.

Spijkerman, E. & Wacker, A. (2011). Interactions between P-limitation
and different C conditions on the fatty acid composition of an
extremophile microalga. Extremophiles, 15, 597-609.

Sterner, R.W. (1990). The ratio of nitrogen to phosphorus resupplied by
herbivores: zooplankton and the algal competitive arena. Am. Nat.,
136, 209-229.

Sterner, R.W. & Elser, J.J. (2002). Ecological Stoichiometry: The Biology
of Elements from Molecules to the Biosphere. Princeton University
Press, Princeton, NJ.

Sterner, R.W., Elser, J.J., Fee, E.J., Guildford, S.J. & Chrzanowski, T.H.
(1997). The light: nutrient ratio in lakes: the balance of energy and
materials affects ecosystem structure and process. Am. Nat., 150, 663—
684.

Sterner, R.W., Andersen, T., Elser, J.J., Hessen, D.O., Hood, .M.,
McCauley, E. et al. (2008). Scale-dependent carbon: nitrogen:
phosphorus seston stoichiometry in marine and freshwaters. Limnol.
Oceanogr., 53, 1169-1180.

Suzuki-Ohno, Y., Kawata, M. & Urabe, J. (2012). Optimal feeding under
stoichiometric constraints: a model of compensatory feeding with
functional response. Oikos, 121, 569-578.

Teurlincx, S., Velthuis, M., Seroka, D., Govaert, L., van Donk, E., Van
de Waal, D.B. et al. (2017). Species sorting and stoichiometric plasticity
control community C : P ratio of first-order aquatic consumers. Ecol.
Lett., 20, 751-760.

Urabe, J. & Sterner, R. (2001). Contrasting effects of different types of
resource depletion on life-history traits in Daphnia. Funct. Ecol., 15,
165-174.

© 2019 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.


http://www.R-project.org

LETTER

Challenges along the stoichiometric knife-edge 2027

Urabe, J. & Watanabe, Y. (1992). Possibility of N or P limitation for planktonic
cladocerans: an experimental test. Limnol. Oceanogr., 37, 244-251.

Urabe, J., Shimizu, Y. & Yamaguchi, T. (2018). Understanding the
stoichiometric limitation of herbivore growth: the importance of
feeding and assimilation flexibilities. Ecol. Lett., 21, 197-206.

Van Donk, E., Lirling, M., Hessen, D.O. & Lokhorst, G.M. (1997).
Changed cell wall morphology in nutrient deficient phytoplankton and
its impact on grazers. Limnol. Oceanogr., 42, 357-364.

van de Waal, D.B., Verschoor, A.M., Verspagen, J.M.H., van Donk, E.
& Huisman, J. (2010). Climate-driven changes in the ecological
stoichiometry of aquatic ecosystems. Front. Ecol. Environ., 8, 145-152.

Wagner, N.D., Hillebrand, H., Wacker, A. & Frost, P.C. (2013).
Nutritional indicators and their uses in ecology. Ecol. Lett., 16, 535-544.

Zhou, L., Lemmen, K.D., Zhang, W. & Declerck, S.A.J. (2018). Direct
and indirect effects of resource p-limitation differentially impact

population growth, life history and body elemental composition of a
zooplankton consumer. Front. Microbiol., 9, 172.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Editor, Jonathan Chase

Manuscript received 14 May 2019
First decision made 1 July 2019
Manuscript accepted 14 August 2019

© 2019 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.



