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ABSTRACT: Nitrogen (N) and phosphorus (P) limit primary produc-
tion in many aquatic ecosystems, with major implications for ecological
interactions in plankton communities. Yet it remains unclear how evo-
lution may affect the N : P stoichiometry of phytoplankton-zooplankton
interactions. Here, we address this issue by analyzing an eco-evolutionary
model of phytoplankton-zooplankton interactions with explicit nitrogen
and phosphorus dynamics. In our model, investment of phytoplankton
in nitrogen versus phosphorus uptake is an evolving trait, and zooplank-
ton display selectivity for phytoplankton with N : P ratios matching their
nutritional requirements. We use this model to explore implications of
the contrasting N : P requirements of copepods versus cladocerans. The
model predicts that selective zooplankton strongly affect the N: P ratio
of phytoplankton, resulting in deviations from their optimum N: P ratio.
Specifically, selective grazing by nitrogen-demanding copepods favors
dominance of phytoplankton with low N: P ratios, whereas phosphorus-
demanding cladocerans favor dominance of phytoplankton with high
N: P ratios. Interestingly, selective grazing by nutritionally balanced zoo-
plankton leads to the occurrence of alternative stable states, where phy-
toplankton may evolve either low, optimum, or high N:P ratios, de-
pending on the initial conditions. These results offer a new perspective
on commonly observed differences in N:P stoichiometry between
plankton of freshwater and those of marine ecosystems and indicate
that selective grazing by zooplankton can have a major impact on the
stoichiometric composition of phytoplankton.

Keywords: N : P ratio, phytoplankton, Redfield ratio, zooplankton, cla-
docerans, copepods.
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Introduction

Advances in our understanding of nutrient limitation in
aquatic ecosystems benefited greatly from the pioneering
work of Alfred C. Redfield, who noted that the ratio of dis-
solved inorganic nitrogen to phosphorus in the deep ocean
is remarkably similar to the average cellular N:P ratio of
phytoplankton in surface waters (Redfield 1958). The estab-
lishment of the Redfield ratio (C:N:P = 106:16:1)ledtoa
plethora of studies on the ecological and evolutionary signif-
icance of the N:P stoichiometry of freshwater and marine
phytoplankton (e.g., Falkowski 2000; Flynn 2002; Sterner
and Elser 2002; Loladze and Elser 2011). Although the ca-
nonical Redfield ratio has long been a benchmark for the
average N: P ratio of phytoplankton, these studies provided
ample theoretical and experimental evidence of substantial
variation in N : P stoichiometry within and among different
species (Geider and La Roche 2002; Quigg et al. 2003; Klaus-
meier 2004a). This variation in N : P ratio suggests that nat-
ural selection favors phytoplankton with different N:P ra-
tios in different environments.

On the one hand, nutrient availability in the environment
may exert a bottom-up control on the N:P ratio of phyto-
plankton (Bergstrom and Jansson 2006; Elser et al. 2009).
For example, Burson et al. (2016) studied how reduced phos-
phorus loads from European rivers have affected nutrient
limitation of marine phytoplankton in the North Sea. Their
bioassays revealed a spatial gradient from phosphorus limita-
tion in coastal waters to nitrogen limitation farther offshore,
accompanied by a strong decline of the N: P ratio of phyto-
plankton from nearshore to offshore waters. Thus, as demon-
strated by numerous studies, changes in nutrient availability
can alter the N: P stoichiometry of phytoplankton.

On the other hand, zooplankton may exert a top-down con-
trol on the N:P ratio of phytoplankton. The elemental com-
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position of zooplankton is usually more homeostatic than
that of primary producers, and zooplankton therefore recy-
cle surplus nutrients back into the environment when faced
with nutritionally imbalanced food (Sterner and Elser 2002).
Such zooplankton-mediated nutrient recycling may change
the environmental N : P ratio (Elser et al. 1988; Sterner et al.
1992; Elser and Urabe 1999). Furthermore, several zooplank-
ton species are able to graze selectively on food that meets
their nutrient requirements (Buskey 1997; John and David-
son 2001; Boersma and Elser 2006; Elser et al. 2016; Meunier
et al. 2016). In particular, copepods tend to have a relatively
high body N': P ratio and prefer nitrogen-rich phytoplankton
(Cowles et al. 1988; Walve and Larsson 1999), whereas cla-
docerans have a relatively low body N:P ratio and perform
best when consuming phosphorus-rich phytoplankton (An-
dersen and Hessen 1991; Schatz and McCauley 2007). Yet
the extent to which selective zooplankton grazing may affect
the N: P ratio of phytoplankton remains elusive.

An improved understanding of how these bottom-up and
top-down processes shape the N:P stoichiometry of phy-
toplankton may be obtained by integrating eco-evolutionary
dynamics into the field of ecological stoichiometry (Mat-
thews et al. 2011). It has long been assumed that evolution-
ary processes occur on a much slower timescale than ecolog-
ical processes and therefore have little impact on ecological
interactions. However, in recent years it has been realized
that ecological and evolutionary processes can take place at
similar timescales (Hairston et al. 2005; Carroll et al. 2007;
Schoener 2011) and hence that evolutionary changes can
be fast enough to affect ecological interactions (Thompson
1998; Fussmann et al. 2007; Pelletier et al. 2009). One of
the first demonstrations of eco-evolutionary dynamics came
from laboratory experiments, where natural selection among
phytoplankton varying in defense against grazing affected
phytoplankton-zooplankton oscillations (Yoshida et al. 2003,
2004). Similar eco-evolutionary dynamics might play a role
in the ecological stoichiometry of phytoplankton-zooplankton
systems, although this possibility has not yet been extensively
evaluated.

To explore these ideas, here we develop an eco-evolutionary
model to investigate dynamic changes in the N:P stoichi-
ometry of phytoplankton in response to phytoplankton-
zooplankton interactions. We aim to address two interre-
lated questions: (1) How do eco-evolutionary changes in
N': P stoichiometry of phytoplankton affect phytoplankton-
zooplankton interactions? (2) How do differences in nutri-
ent requirements and selectivity of zooplankton affect the
N': P stoichiometry of phytoplankton? The model assumes
that phytoplankton adapt their investment in nitrogen versus
phosphorus uptake and that zooplankton display selectivity
for phytoplankton with N:P ratios matching their nutri-
tional requirements. Our analysis considers two contrasting sce-
narios: one where phytoplankton are grazed by nitrogen-

demanding zooplankton (“copepods”) and another where
phytoplankton are grazed by phosphorus-demanding zoo-
plankton (“cladocerans”).

The Model

We consider a plankton community with two limiting nu-
trients (nitrogen and phosphorus), a phytoplankton species,
and a zooplankton species. The growth rate of phytoplank-
ton depends on their nitrogen and phosphorus contents,
according to a variable-internal-stores model (Droop 1973;
Grover 1991; Sterner and Elser 2002). Zooplankton grazing
depends on the nutritional quality of phytoplankton (Sterner
and Hessen 1994; Elser et al. 2000a), where zooplankton tend
to have a preference for phytoplankton that match their nu-
tritional demands (Boersma and Elser 2006; Elser et al. 2016;
Meunier et al. 2016). We assume that investment of phyto-
plankton in the uptake of nitrogen versus phosphorus is an
evolving trait. Specifically, phytoplankton face a trade-off
whereby an increase in nitrogen uptake comes at the cost of
a decrease in phosphorus uptake.

Phytoplankton Dynamics

It is well known that the cellular nitrogen and phosphorus
contents of phytoplankton can change dynamically. Specifi-
cally, the cellular content of nutrient i of phytoplankton, Q,
increases as a result of nutrient uptake and declines as a re-
sult of growth (Droop 1973):

dQ
d_Qt = fi(R, Q) — u(Qu, Qp)Q;, (1)

where i = N, P, fi(R,, Q) is the uptake rate of nutrient i by
phytoplankton as a function of the environmental nutrient
concentration (R;) and their cellular nutrient content (Q;),
and p(Qy, Qp) is the specific growth rate of phytoplankton.

We assume that the nutrient uptake rate of phytoplank-
ton increases with nutrient availability according to Michaelis-
Menten kinetics but is suppressed by high cellular nutrient
contents (Morel 1987; Ducobu et al. 1998):

Ri maxi Wi
fi(Ri)Qi) zfmax,i(R‘ +K>(QQ .'_ QQ v), (2)

where f,...; is the maximum uptake rate of nutrient i by
phytoplankton, K; is their half-saturation constant, and Q. ;
and Q,,....; are their minimum and maximum cellular nutri-
ent content, respectively. That is, the nutrient uptake rate is
highest when phytoplankton are starved (i.e, Qi = Quun,)
and reduces to 0 when phytoplankton are satiated with nu-
trients (i.e., Qi = Qua;). These assumptions are supported
by studies of the nutrient uptake kinetics of phytoplankton
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species (e.g., Morel 1987; Ducobu et al. 1998; Passarge et al.
2006).

The specific growth rate of phytoplankton follows a multi-
nutrient extension of the Droop equation (Droop 1973; Klaus-
meier et al. 2004b) and is determined by the cellular content
of the most limiting nutrient, according to the Law of the
Minimum (von Liebig 1840):

~ Quinn 1— Quinp >) (3)

Qv ’ Qe
where pi,, is the maximum specific growth rate of phyto-
plankton. Which nutrient limits the growth rate of phyto-
plankton depends on the magnitude of the two terms in the
minimum function. Equating the two terms in the minimum
function shows that phytoplankton are colimited by nitrogen
and phosphorus when their cellular N : P ratio equals a critical
value Qy/Qp = Quinn/Quminp- We refer to this value here-
after as the optimum N:P ratio of phytoplankton (Rhee and
Gotham 1980; Flynn 2002), denoted as (N/P)’ .. When their
cellular N': P ratio is lower than this optimum N : P ratio, phy-
toplankton growth is nitrogen limited. When it is higher, phy-
toplankton growth is phosphorus limited.

The population dynamics of phytoplankton are driven by
their growth rate, mortality rate, and the grazing rate by zoo-
plankton:

dA

E = M(QN) QP)A —dA— g(A7 QN’ QP)Z> (4)

where A is the population abundance of phytoplankton, d is
their specific mortality rate, and Z is the population abun-
dance of zooplankton. The grazing rate, g(A, Qu, Qp), is a
function of the population abundance and nutritional qual-
ity of phytoplankton (see below).

Qx> Qp) = fhimgx Min (1

Zooplankton Dynamics

We incorporate the common observation that zooplankton
tend to have a more homeostatic nutrient composition than
phytoplankton (Sterner and Elser 2002) by assuming that
their nitrogen and phosphorus contents, gy and gy, are fixed.
Hence, the body N:P ratio of zooplankton is constant (i.e.,
(N/P)oo = qn/qp)-

Several experimental studies show that grazing by zoo-
plankton depends on the nutritional quality of phytoplank-
ton (Cowles et al. 1988; DeMott 1989; Buskey 1997; John
and Davidson 2001; Schatz and McCauley 2007; Martel 2009;
Meunier et al. 2016). The grazing rate of zooplankton on phy-
toplankton may thus be modeled as a type II functional re-
sponse (Holling 1959; K¥ivan 1996), which takes the nutrient
contents of phytoplankton into account (Branco et al. 2010):

aa(Qy, Qp)A
1 + aho(Qy, Qp)A’

g(A) QN’ QP) = (5)

Evolution of Ecological Stoichiometry E3

where a is the search rate of zooplankton, a(Qy, Qp) is the
probability that zooplankton will consume encountered in-
dividuals of phytoplankton, given their nutritional quality,
and £ is the handling time of zooplankton per prey item.

We assume that zooplankton preferentially feed on phyto-
plankton with an N:P ratio neither much higher nor much
lower than their own N: P requirements. This phenomenon
has become known as the “stoichiometric knife edge” (Bo-
ersma and Elser 2006; Elser et al. 2016) and is incorporated
in our model by a simple Gaussian relationship (fig. 1):

a(Qu, Qp) = exp {—[(Qu/Qp) — (QN/QP)]2/2(1/8)2}>
(6)

where S measures the selectivity of zooplankton for nutri-
tionally balanced prey (i.e., the width of the Gaussian curve).
If zooplankton are nonselective (S — 0), then phytoplankton
are consumed with the same probability, « = 1, irrespective
of their N:P ratio. Conversely, if zooplankton are highly
selective (S — o), then they consume only phytoplankton
with N:P ratios matching their own body N: P ratio.

We assume that zooplankton assimilate the ingested phy-
toplankton with efficiency e (Loladze et al. 2000; Branco et al.
2010):

2 %), o)

e(Qv, Qp) = min <,
qN  49r

which is defined as the lowest ratio of nutrient content of
phytoplankton to nutrient content of zooplankton. Accord-
ingly, high nutrient contents of phytoplankton or low nutri-
ent contents of zooplankton will result in high assimilation
efficiencies. Zooplankton usually have a higher nutrient con-
tent per unit carbon than phytoplankton (Elser et al. 20004).

1.2
w S=0
e 1.0
o
2
EE 08
0N XX
s & 06 -
B L
>
g-g_ 04
=]
3
S 02
= S$=03
0.0 :

0 10 20 30 40 50 60

N:P ratio of phytoplankton

Figure 1: Diet of zooplankton as function of the N: P ratio of phyto-
plankton. The curves are derived from equation (6), and each curve
corresponds to a different grazing selectivity of zooplankton (S = 0,
0.03, 0.05, 0.1 and 0.3). For the purpose of illustration, the N: P ratio
of zooplankton is here assumed to be (N/P),,, = 30.
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When expressed on a per-unit-carbon basis, this precludes
assimilation efficiencies greater than 1.
The population dynamics of zooplankton are given by

dz

E = (e(QN> QP)g(A> QN’ QP) - m)Z’ (8)

where m is the specific mortality rate of zooplankton.

Nutrient Dynamics

Our model assumes that the nutrients available in the envi-
ronment are consumed by phytoplankton and brought back
into the system by degradation of dead organisms and nutri-
ent excretion by zooplankton (Grover 1997):

dR
dt

i

= _fi(Ri) Q)A + dAQ; + qu,-
+ g(A, Qu> Q) Z(Q; — e(Qn,s QP)Q;‘))

©)

where the first term on the right-hand side describes nutrient
uptake by phytoplankton and the second and third terms de-
scribe nutrient recycling due to the mortality of phytoplank-
ton and zooplankton, respectively. The fourth term describes
recycling through excretion of nutrients not utilized by the
zooplankton population. Specifically, inserting equation (7)
shows that this fourth term assumes that zooplankton retain
the nutrient that limits their growth and excrete the surplus
of the nonlimiting nutrient. We assume that food egestion by
zooplankton is negligible.

The total amount of nutrient i in the ecosystem, T}, includes
the freely available nutrient in the environment as well as the
nutrient contained in phytoplankton and zooplankton:

T, = R + AQ + Zg.. (10)

Differentiation of this equation shows that the total amount
of nutrient i remains constant over time (ie., dT;/dt = 0;
see app. A for the derivation; apps. A-C are available on-
line). Thus, our model ecosystem is a closed system with re-
spect to nutrients. We note that our model predictions re-
main qualitatively similar when this model assumption is
relaxed to consider an open ecosystem with respect to nu-
trients (see app. B; figs. B1, B2; figs. B1, B2, Cl, and C2
are available online).

Evolutionary Dynamics

In our evolutionary scenario, we assume that investment of
phytoplankton in nitrogen versus phosphorus assimilation
is an evolving trait. The reasoning for this assumption is that
the enzymatic machinery involved in the uptake and subse-
quent assimilation of nitrogen and phosphorus into biomole-
cules is encoded in the genomes of organisms, and the ex-
pression level of these enzymes can therefore be modified

by evolution. Nitrogen and phosphorus are both major con-
stituents of cells, where nitrogen is mainly used in protein
synthesis, whereas phosphorus is mainly used in RNA and
DNA synthesis (Elser et al. 2000b; Loladze and Elser 2011).
Following Klausmeier et al. (2007), in our model the trade-
off between nitrogen and phosphorus assimilation is repre-
sented by a simple linear constraint between the maximum
uptake rates of the two nutrients:

fmax,N = pN Fmax,N)
(11)
fmax,P = pP Fmax,P;

with py + p» = 1, where p; is the investment of phytoplank-
ton in the uptake of nutrient i and F,,,, ; is the maximum up-
take rate of nutrient i when phytoplankton would invest
exclusively in nutrient i (i.e., when p; = 1). Hence, increas-
ing investment in the maximum uptake rate of nitrogen comes
at the cost of a reduction of the maximum uptake rate of
phosphorus, and vice versa. In our analysis, we focus on the
investment in nitrogen uptake, py and calculate the invest-
ment in phosphorus uptake simply as p, = 1 — py.

Evolutionary changes in nitrogen and phosphorus uptake
of phytoplankton affect their fitness in multiple ways, for ex-
ample, by changing their competitive ability for these nutri-
ents and their nutritional quality as food for zooplankton. In
our model, phytoplankton fitness, w, is defined as their net
specific growth rate under the prevailing conditions (Lande
1982):

1dA
= 12
Y A 12)
We study the evolutionary dynamics of phytoplankton by us-
ing a quantitative-trait approach and the theory of fast-slow

dynamical systems (Cortez and Ellner 2010; Cortez 2011):

(13)

where ¢ measures the relative difference between timescales
of ecological and evolutionary processes. Evolutionary pro-
cesses occur at a rate slower than that of ecological processes
when ¢ > 1, at the same rate when ¢ = 1, and at a faster rate
when ¢ < 1. In our study, we assume that evolutionary pro-
cesses are slower than ecological processes (i.e., & = 10).
The bounding function B takes the form B = (px — Puin)
(Pmax — Pn)> Where pi, and pi.. are the minimum and max-
imum investment of phytoplankton in nitrogen uptake, re-
spectively (Cortez and Ellner 2010). The parameter V is the
additive genetic variance of the evolving trait. The fitness
gradient on the right-hand side of equation (13) measures
the direction and strength of natural selection exerted on the
evolving trait. Hence, if the fitness gradient is positive (neg-
ative), then investment in nitrogen uptake will increase (de-
crease) over time.
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We calculate the fitness gradient of phytoplankton nu-
merically. At each time step, we generate two phytoplankton
mutants with a phenotype slightly different from the resident
phenotype (+0.001%) and calculate their net specific growth
rates in the environment set by the resident community to es-
timate the local fitness gradient. We examined trait evolution
with numerical simulations based on the NDSolve routine in
Mathematica 10 (Wolfram Research, Champaign, IL).

Parameterization of the Model

We parameterize our model using nitrogen- and phosphorus-
related parameter values of plankton communities. This al-
lows realistic choices of parameter values, because many of
the process descriptions in the model have been verified and
measured for plankton species. Parameter values for phyto-
plankton were obtained from the green alga Chlorella, a ge-
nus of common phytoplankton species living in both fresh-
water and marine environments (Tischner and Lorenzen 1979;
Passarge et al. 2006). The optimum N:P ratio of Chlorella
predicted by our model is slightly above the Redfield ratio
(N /P)*pl1yt0 = Quinn/Qminp = 25.2; see table 1). Since zoo-
plankton may differ substantially in their elemental compo-
sition, we analyze two versions of our model representing
two distinct zooplankton taxa. Cladocerans such as Daphnia
dominate the zooplankton in many freshwater environments.
They tend to have relatively high phosphorus demands and
hence low body N:P ratios ((N/P),.,, = 12; Andersen and
Hessen 1991; Matveev et al. 1994; Acharya et al. 2004). Con-
versely, calanoid copepods such as Acartia dominate the zoo-
plankton in many marine environments and have much higher
body N:P ratios ((N/P),,, = 34.3; Berggreen et al. 1988;
Walve and Larsson 1999; Sommer and Stibor 2002). The op-
timum N:P ratio of phytoplankton in our model thus lies
between those of cladocerans and copepods:

(3) s ()< (3)
— <\|—= <| —= .
p cladocerans P phyto p copepods

Model variables and parameters are listed in table 1, and we
refer to appendix A for a complete list of model equations.

(14)

Model Analysis

The model is used to investigate the two research questions
posed in the “Introduction.” To investigate how eco-evolutionary
changes in N:P stoichiometry of phytoplankton affect
phytoplankton-zooplankton interactions, we first set the stage
by assuming that zooplankton are absent and analyze the
impact of nutrient enrichment on both ecological and eco-
evolutionary dynamics of phytoplankton. Subsequently, we
add zooplankton and analyze the ensuing phytoplankton-

Evolution of Ecological Stoichiometry E5

zooplankton interactions. To address how differences in
nutrient requirements of zooplankton affect the N : P stoichi-
ometry of phytoplankton, we explore the eco-evolutionary dy-
namics when phytoplankton are grazed by either phosphorus-
demanding “cladocerans” or nitrogen-demanding “copepods.”
Finally, we investigate evolution of the N : P ratio of phyto-
plankton in response to variation in both grazing selectivity
and body N:P ratio of these two contrasting zooplankton
groups.

Results

Ecological versus Eco-Evolutionary
Dynamics of Phytoplankton

First, we benchmark our model analysis of the N: P stoichi-
ometry of phytoplankton in the absence of zooplankton. To
understand the impact of evolution on the N: P stoichiome-
try of phytoplankton in the absence of zooplankton, we in-
vestigate two model versions: an ecological model where in-
vestment in nitrogen uptake is fixed and an eco-evolutionary
model where investment in nitrogen uptake evolves. We as-
sume that investment in nitrogen versus phosphorus uptake
is balanced in the ecological model (i.e., py = 0.5), whereas
it may evolve a wide range of values in the eco-evolutionary
model (ie., from p, = 0 to pu = 1). The ecological
model predicts that low nitrogen availability in the ecosys-
tem yields a low population abundance of phytoplankton,
which deplete the dissolved nitrogen (fig. 2A4). The cellular
N:P ratio of phytoplankton stabilizes at a low value, and
their growth is severely nitrogen limited (fig. 2B). In eco-
systems with intermediate nitrogen availability, phytoplank-
ton reach a high population abundance and deplete both
dissolved nitrogen and dissolved phosphorus (fig. 2C). The
cellular N: P ratio of phytoplankton stabilizes at an interme-
diate value, and their growth is colimited by both nutrients
(fig. 2D). In nitrogen-rich systems, phytoplankton also reach
a high population abundance (fig. 2E), but their cellular N: P
ratio stabilizes at a high value and their growth is severely
phosphorus limited (fig. 2F).

The eco-evolutionary model predicts that low nitrogen
availability in the ecosystem again causes phytoplankton to
reach a low population abundance and rapidly deplete the dis-
solved nitrogen (fig. 3A). Their investment in nitrogen uptake
gradually evolves toward a high value (fig. 3B), and it follows
from the trade-off built into the model that their investment
in phosphorus uptake gradually declines. Initially, phytoplank-
ton have a low cellular N: P ratio and their growth rate is ni-
trogen limited, but evolutionary adaptation of their nitrogen
and phosphorus uptake capacities eventually leads to colimi-
tation by nitrogen and phosphorus (fig. 3C). In ecosystems
with intermediate nitrogen availability, phytoplankton reach a
higher population abundance (fig. 3D). A balanced investment
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Figure 2: Ecological dynamics of phytoplankton in the absence of zooplankton. The graphs compare three ecosystems, with low (A, B), in-
termediate (C, D), and high (E, F) nitrogen availability. A, C, E, Dynamics of phytoplankton and dissolved nitrogen and phosphorus con-
centrations. B, D, F, Cellular N: P ratio of phytoplankton (green line); the dotted horizontal line indicates the cellular N: P ratio at which
phytoplankton are colimited by nitrogen and phosphorus. Parameter values are given in table 1, with a total nitrogen concentration of Ty =
10 uM (A, B), Ty = 100 uM (C, D), and Ty = 200 pM (E, F), a total phosphorus concentration of Tp = 4 uM, and nonevolving phytoplank-
ton (V = 0) with a constant investment in nitrogen uptake (py = 0.5).

in nitrogen and phosphorus uptake (fig. 3E) enables rapid
convergence to colimitation by nitrogen and phosphorus
(fig. 3F). In nitrogen-rich systems, dissolved phosphorus is
rapidly depleted (fig. 3G). At an evolutionary timescale, phy-
toplankton reduce their investment in nitrogen uptake while
increasing their phosphorus uptake capacity (fig. 3H), which
gradually shifts their growth again from severe phosphorus
limitation to colimitation by nitrogen and phosphorus (fig. 3I).

Eco-Evolutionary Dynamics of Phytoplankton-
Zooplankton Interactions

As a next step, we introduce mildly selective zooplankton in
our model and analyze the ensuing phytoplankton-zooplankton
interactions, assuming either ecological dynamics (see app. C)
or eco-evolutionary dynamics (figs. 4, 5). We contrast below the
model results for two different zooplankton types: phosphorus-
demanding “cladocerans” with a low N: P ratio (figs. 4, C1)
and nitrogen-demanding “copepods” with a high N:P ratio
(figs. 5, C2).

Phosphorus-Demanding Zooplankton (“Cladocerans”). In
nitrogen-poor ecosystems, phytoplankton abundance is low,

and in both the ecological and eco-evolutionary models zoo-
plankton cannot find sufficient food to survive (figs. 44, C1).
As a consequence, the phytoplankton dynamics are similar to
those in the absence of zooplankton. In the eco-evolutionary
model, investment of phytoplankton in nitrogen uptake in-
creases during evolution, such that phytoplankton growth be-
comes colimited by nitrogen and phosphorus (fig. 4B, 4C).

For ecosystems with intermediate nitrogen levels, the model
predicts a stable equilibrium with high phytoplankton and
low zooplankton abundances in both the ecological and the
eco-evolutionary models (figs. 4D, C1). In the eco-evolutionary
model, phytoplankton shift their investment from nitrogen
uptake to phosphorus uptake because of the high nitrogen
and low phosphorus availability in the environment (fig. 4E).
Phosphorus-demanding zooplankton prefer to graze on prey
with low cellular N: P ratios, however, and therefore a too-
high investment in phosphorus uptake may lead to negative
fitness consequences for phytoplankton. To avoid being eaten,
phytoplankton thus adjust their investment in nitrogen versus
phosphorus uptake such that they still maintain a relatively
high cellular N: P ratio, at which their growth rate remains
phosphorus limited (fig. 4F).

Further nitrogen enrichment leads to a further increase of
the phytoplankton N: P ratio in the ecological model and there-
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Figure 3: Eco-evolutionary dynamics of phytoplankton in the absence of zooplankton. The graphs compare three ecosystems, with low (A-C),
intermediate (D-F), and high (G-I) nitrogen availability. A, D, G, Dynamics of phytoplankton and dissolved nitrogen and phosphorus concen-
trations. B, E, H, Investment of phytoplankton in nitrogen uptake. C, F, I, Cellular N : P ratio of phytoplankton (green line); the dotted horizontal
line indicates the cellular N: P ratio at which phytoplankton are colimited by nitrogen and phosphorus. Parameter values are the same as in
figure 2, but with evolving phytoplankton (V' = 0.1) capable of investing in nitrogen uptake from p,;, = 0t0 pp., = 1.

fore to extinction of the phosphorus-demanding zooplank-
ton, because the phosphorus content of its food becomes
too low (fig. C1). In the eco-evolutionary model, however,
the zooplankton population does not become extinct, but ni-
trogen enrichment leads to oscillations of the phytoplankton
and zooplankton abundances (fig. 4G). We note that these
predator-prey oscillations are sustained even if nitrogen avail-
ability is increased further (i.e., even at Ty = 2,000 uM and
Ty = 4 uM, yielding Ty:Tp, = 500; results not shown).
Interestingly, the eco-evolutionary investment in nutrient
uptake oscillates in phase with these predator-prey oscilla-
tions, thus displaying a small-amplitude trait cycle (fig. 4H).
The cellular N: P ratio of the phytoplankton also fluctuates
in sync, but it remains in the phosphorus-limited region
(fig. 41).

The period of the oscillations is much longer than the gen-
eration times of the organisms (fig. 4G-4I), indicating that
evolutionary dynamics play a role. In essence, what happens
is that, when zooplankton become rare, phytoplankton in-
vestment in nitrogen uptake declines and the N:P ratio of
the phytoplankton moves toward a balanced colimitation by
nitrogen and phosphorus. The declining N : P ratio of the phy-
toplankton raises their nutritional value, and the zooplankton
population recovers. The increased grazing rate by phosphorus-
demanding zooplankton, in turn, selects for an evolutionary
increase of the nitrogen uptake rate, so that the phytoplank-
ton population develops a higher N: P ratio to suppress graz-
ing losses. Owing to the reduced nutritional value of the phy-
toplankton, the zooplankton population declines again, and
the cycle starts anew.

This content downloaded from 145.018.108.066 on August 02, 2018 08:03:42 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



E10 The American Naturalist

Low nitrogen
availability

Intermediate nitrogen
availability

High nitrogen
availability

A — Nitrogen (x10) D
= Phosphorus
~—— Phytoplankton (x10°)
——— Zooplankton (x100)

Nitrogen (x10)
Phosphorus
Phytoplankton (x10%)
Zooplankton (x100)

G — Nitrogen (x100)
—— Phosphorus
~—— Phytoplankton (x10%)
Zooplankton (x100)

o N B2 O o O

Population abundances
and nutrient concentrations

0.8
06
0.4

0.2

Investment in
nitrogen uptake, p, (-)

0.0

60

9] w ‘ i

40

Phosphorus
limitation

N:P ratio of
phytoplankton, Q,/Qs(-)

4000 6000 O 2000

0 2000

4000

N 1 s T

6000 O 2000 4000 6000  Nitrogen

limitation

Time (days)

Figure 4: Eco-evolutionary dynamics of phytoplankton-zooplankton interactions with phosphorus-demanding zooplankton (“cladocerans”).
The graphs compare three ecosystems, with low (A-C), intermediate (D-F), and high (G-I) nitrogen availability. A, D, G, Dynamics of phy-
toplankton, zooplankton, and dissolved nitrogen and phosphorus concentrations. B, E, H, Investment of phytoplankton in nitrogen uptake.
C, F, I, Cellular N:P ratio of phytoplankton (green line); the dotted horizontal lines indicate the body N:P ratios at which phytoplankton
and zooplankton are colimited by nitrogen and phosphorus. Parameter values are the same as in figure 3, with a mildly selective cladoceran

as zooplankton (S = 0.04).

Nitrogen-Demanding Zooplankton (“Copepods”). The dynam-
ics of a community with nitrogen-demanding zooplankton are
strikingly different from those with phosphorus-demanding
zooplankton. In both the ecological and eco-evolutionary
models, grazing by nitrogen-demanding copepods leads to
pronounced phytoplankton-zooplankton oscillations with ni-
trogen enrichment on ecological timescales (figs. 5, C2). In
the ecological model, nitrogen-demanding zooplankton do
not become extinct with nitrogen enrichment (not even when
Ty is further increased to 2,000 uM; results not shown), be-
cause food quality remains sufficiently high (fig. C2). In the
eco-evolutionary model, investment of phytoplankton in ni-
trogen uptake declines slightly with nitrogen enrichment and
again shows small-amplitude trait cycles (fig. 5B, 5E, 5H). The

phytoplankton population develops a low cellular N': P ratio,
which fluctuates in sync with the phytoplankton-zooplankton
oscillations but remains in the nitrogen-limited region most
of the time (fig. 5C, 5F, 5I).

Thus, the evolution of N : P stoichiometry in phytoplankton
crucially depends on the type of zooplankton present in the
community. With phosphorus-demanding cladocerans, evolu-
tion selects for phytoplankton with an N:P ratio higher than
that of zooplankton (fig. 4F, 4I). In contrast, with nitrogen-
demanding copepods, evolution selects for phytoplankton with
an N: P ratio lower than that of zooplankton (fig. 5C, 5F, 5I).
In both cases, phytoplankton attain a cellular N': P ratio that
deviates from the N : P requirements of zooplankton, thus en-
hancing their fitness through reduction of grazing pressure.
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Figure 5: Eco-evolutionary dynamics of phytoplankton-zooplankton interactions with nitrogen-demanding zooplankton (“copepods”). The
graphs compare three ecosystems, with low (A-C), intermediate (D-F), and high (G-I) nitrogen availability. A, D, G, Dynamics of phytoplank-
ton, zooplankton, and dissolved nitrogen and phosphorus concentrations. B, E, H, Investment of phytoplankton in nitrogen uptake. C, F, I,
Cellular N: P ratio of phytoplankton (green line); the dotted horizontal lines indicate the body N: P ratios at which phytoplankton and zoo-
plankton are colimited by nitrogen and phosphorus. Parameter values are the same as in figure 3, with a mildly selective copepod as zooplankton

(S = 0.04).

Effects of Zooplankton Selectivity

For our analysis of zooplankton selectivity, we apply bifurca-
tion analysis to investigate three model scenarios: one where
zooplankton are phosphorus demanding, with low body N : P
ratio (“cladocerans”), another where zooplankton are nutri-
tionally balanced, with intermediate body N:P ratio, and a
third one where zooplankton are nitrogen demanding, with
high body N:P ratio (“copepods”). For consistency, we pa-
rameterize all other aspects of the model for copepod zoo-
plankton, such that the three model scenarios differ only in
selectivity and body N: P ratio of zooplankton. To limit the
number of possible model scenarios, we focus on ecosystems
with relatively low total nitrogen and total phosphorus concen-

trations (thereby avoiding oscillations) at a balanced Ty : T5
ratio of 25:1.

When zooplankton are phosphorus demanding, low zoo-
plankton selectivity yields an equilibrium with low phytoplank-
ton abundance (fig. 64) and high zooplankton abundance
(fig. 6B). Phytoplankton evolve a relatively high investment
in nitrogen uptake (fig. 6C), and because grazing by zooplank-
ton is hardly selective, the phytoplankton N : P ratio converges
to its optimum value (fig. 6D). Increasing zooplankton selectiv-
ity at first results in a slight increase in zooplankton abundance.
However, a further increase in selectivity of the phosphorus-
demanding zooplankton enables phytoplankton to avoid
being grazed by evolving a high N:P ratio, which causes a
decreasing zooplankton and an increasing phytoplankton
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abundance. Investment of phytoplankton in nitrogen uptake
and their N : P ratio are both highest in the presence of mildly
selective zooplankton. Strongly selective zooplankton cannot
find sufficient food matching their nutritional requirements,
which leads to zooplankton extinction and subsequently al-
lows phytoplankton to evolve to their optimum N:P ratio
because they are no longer grazed. For a narrow range of zoo-
plankton selectivities, our model predicts the occurrence of
two alternative stable states (ASSs), depending on initial con-
ditions: one ASS characterized by an optimum N: P ratio of
phytoplankton and the other ASS characterized by a high
N': P ratio of phytoplankton (green and blue lines, respectively,
in fig. 6D).

When zooplankton are nutritionally balanced, the scope
for occurrence of ASSs is considerably larger (fig. 6E-6H).
In particular, the presence of mildly to strongly selective zoo-
plankton yields three ASSs: one characterized by a low N:P
ratio of phytoplankton, another by a high N:P ratio, and a
third one by the optimum N:P ratio for balanced growth
(fig. 6H). A phytoplankton N:P ratio that is either below
or above the N: P requirements of zooplankton allows phy-
toplankton to escape from grazing. The phytoplankton N: P
ratio of these two outer equilibria deviates most from the
N': P requirements of the zooplankton at an intermediate graz-
ing selectivity. At a higher grazing selectivity, a smaller devia-
tion from the N: P requirements of zooplankton suffices to
suppress the rate of grazing upon the phytoplankton popu-
lation (compare figs. 1 and 6H). Phytoplankton with an op-
timum N: P ratio are heavily grazed, yet this equilibrium is
also locally stable because small deviations in phytoplank-
ton stoichiometry lead to only marginal reductions in graz-
ing rate that do not compensate for the larger reduction of
the growth rate.

When zooplankton are nitrogen demanding, increasing
zooplankton selectivity again drives an increase in phyto-
plankton abundance (fig. 6I) and a decrease in zooplankton
abundance that eventually leads to zooplankton extinction
(fig. 6]). Investment of phytoplankton in nitrogen uptake
(fig. 6K) and their N:P ratio (fig. 6L) are both lowest in
the presence of mildly selective zooplankton and increase
as zooplankton become strongly selective.

Synthesis

Zooplankton species differ in grazing selectivity and nutri-
tional demands. Figure 7A illustrates published data on the
body N:P ratio and grazing selectivity of four ecologically
relevant zooplankton taxa, where grazing selectivity is esti-
mated qualitatively. Of these four taxa, the freshwater cla-
doceran Daphnia is the least selective, with the lowest body
N: P ratio (DeMott 1982; Andersen and Hessen 1991). Con-
versely, the marine copepod Acartia is the most selective,
with the highest body N : P ratio (Walve and Larsson 1999;

Evolution of Ecological Stoichiometry E13

Rollwagen Bollens and Penry 2003). The cladoceran Bosmina
and the copepod Eurytemora have intermediate nutritional
demands (Walve and Larsson 1999), with Eurytemora graz-
ing more selectively than Bosmina (DeMott 1982; Tackx et al.
2003).

We used our eco-evolutionary model to investigate how
the grazing selectivities and body N:P ratios of these zoo-
plankton taxa might affect phytoplankton nutrient limita-
tion and N: P ratios. For this purpose, we calculated the av-
erage N:P ratio of phytoplankton as function of the body
N': P ratio and grazing selectivity of zooplankton. The results
show that the eco-evolutionary dynamics can lead to three
ASSs: one characterized by a low N : P ratio of phytoplankton
(fig. 7B), another characterized by an optimum N: P ratio of
phytoplankton (fig. 7C), and a third one characterized by a
high N : P ratio of phytoplankton (fig. 7D). We note the con-
sistency of these three ASSs with the earlier results in fig-
ure 6D, 6H, 6L.

Zooplankton that do not select for the nutritional quality
of their food do not have a strong effect on the N': P ratio of
phytoplankton. Hence, when zooplankton selectivity is low
(e.g., Daphnia), the model predicts that only one of the ASSs
exists, at which the N: P ratio of phytoplankton evolves to-
ward an intermediate value close to their optimum N : P ratio
regardless of the body N:P ratio of zooplankton (fig. 7C).
When zooplankton are mildly selective and their body N:P
ratio is relatively low (e.g, the cladoceran Bosmina), the model
predicts evolution of phytoplankton with high N:P ratios
(fig. 7D). Highly selective zooplankton with an intermediate
body N: P ratio (e.g., the copepod Eurytemora) may favor a
diverse community in which phytoplankton evolve either low,
intermediate, or high N:P ratios (fig. 7B-7D). Finally, our
model predicts that highly selective zooplankton with a high
body N:P ratio, such as the copepod Acartia, will favor the
evolution of phytoplankton with low N: P ratios (fig. 7B).

Discussion

Our model results generate four basic insights into the eco-
evolutionary dynamics of N: P stoichiometry in phytoplankton-
zooplankton interactions. First, evolution of the nutrient
uptake kinetics of phytoplankton favors convergence to an
optimum N:P ratio at which phytoplankton growth be-
comes colimited by nitrogen and phosphorus if zooplankton
are absent, but it can lead to substantial deviations from this
optimum N: P ratio when zooplankton are present in the en-
vironment. Second, nitrogen enrichment may cause a collapse
of phosphorus-demanding zooplankton, but they can be res-
cued from extinction through eco-evolutionary adaptation
of their phytoplankton prey. Third, interspecific variation in
nutritional demands of zooplankton has major effects on the
N: P ratio of phytoplankton. Fourth, our model predicts the
occurrence of ASSs in the N': P stoichiometry of phytoplank-
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high (D) N:P ratios of phytoplankton predicted as functions of the body N: P ratio and grazing selectivity of zooplankton. Parameter values

used in B-D are the same as in figure 6.

ton if they are grazed by nutritionally balanced zooplankton.
Below we discuss these four insights.

Is Colimitation by Nitrogen and Phosphorus
an Evolutionarily Stable Strategy?

In the absence of zooplankton, our model predicts that evo-
lution of nutrient uptake kinetics drives the elemental stoi-
chiometry of phytoplankton toward an optimum N: P ratio
at which their specific growth rate is equally limited by nitro-
gen and phosphorus (fig. 3C, 3F, 3I). Thus, in the absence
of zooplankton, colimitation of phytoplankton by nitrogen
and phosphorus is an evolutionarily stable strategy (sensu
Maynard Smith and Price 1973). This is a classic result, in
agreement with earlier model analyses of optimal uptake of
two essential nutrients (Tilman 1982; Klausmeier et al. 2007).

When zooplankton are present, however, evolution of
nutrient uptake may steer the N:P ratio of phytoplankton
away from this optimum value (figs. 4-7). The largest devia-
tions from the optimum N: P ratio of phytoplankton occur
when zooplankton are mildly selective (fig. 6D, 6L). Specifi-
cally, phosphorus-demanding zooplankton favor the evolu-
tion of phytoplankton with a higher N:P ratio, which leads
to severe phosphorus limitation (fig. 4). Conversely, nitrogen-
demanding zooplankton favor the evolution of phytoplank-
ton with a lower N:P ratio, which leads to severe nitrogen
limitation (fig. 5). Both evolutionary strategies result from
selection against grazing, which acts to minimize the graz-
ing pressure on phytoplankton. These findings can be inter-
preted as an example of a competition-predation trade-off
(Armstrong 1979; Holt et al. 1994; Leibold 1996; Chase et al.
2002; Ktivan 2003; Yoshida et al. 2003), emerging from the
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balance between selection for growth and selection against
grazing.

Our eco-evolutionary model assumes that phytoplankton
adapt their traits to increase their fitness (see eqq. [12] and
[13]), which can potentially lead to divergence and coexis-
tence of phenotypes on evolutionary timescales by a process
called evolutionary branching (Geritz et al. 1998). We used
pairwise invasibility plots to evaluate whether our model
can produce evolutionary branching and found that invest-
ment in nitrogen uptake converges to evolutionarily stable
equilibria (results not shown). Hence, these findings rule
out the possibility of evolutionary branching from a single
phytoplankton phenotype toward multiple phenotypes with
different N : P stoichiometries.

Zooplankton Collapse and Their Eco-Evolutionary Rescue

An interesting observation is that phosphorus-demanding
zooplankton populations may disappear with nitrogen en-
richment in our ecological model (fig. C1) but not in our
eco-evolutionary model (fig. 4).

In our ecological model, nitrogen enrichment leads to
phytoplankton with high N:P ratios, which are of too-low
food quality for phosphorus-demanding zooplankton. Hence,
phosphorus-demanding zooplankton are predicted to disap-
pear. This model prediction is akin to the “paradox of energy
enrichment” in the model of Loladze et al. (2000), where en-
richment with light energy increases the C: P ratio of phyto-
plankton and thereby reduces the food quality for phosphorus-
demanding zooplankton to such an extent that they become
extinct. The predictions of Loladze et al. (2000) are sup-
ported by experiments of Urabe and Sterner (1996), where
increasing light levels enhanced primary production of the
green alga Scenedesmus but also increased their C:P ratio,
which led to strongly reduced growth of Daphnia because
of the low quality of their algal food. Our results imply that
nitrogen enrichment may lead to a similar collapse of
phosphorus-demanding zooplankton, which may have con-
siderable practical consequences in view of the current rise in
N': P ratios in many lakes and coastal waters due to effective
measures to reduce phosphorus loads but a global increase of
nitrogen fertilizers (Grizzetti et al. 2012; Glibert et al. 2014;
Burson et al. 2016).

In our eco-evolutionary model, phytoplankton in nitrogen-
rich environments also increase their N: P ratio when grazed
by phosphorus-demanding zooplankton, which leads to a
decline of the zooplankton population. However, the selec-
tive pressure upon phytoplankton to develop a high N:P
ratio relaxes when zooplankton become rare and the evolu-
tionary dynamics shift from selection against grazing to se-
lection for growth. As a consequence, the nutritional quality
of phytoplankton gradually improves as its N:P ratio de-
velops toward a more balanced colimitation by nitrogen and
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phosphorus. This improved food quality, in turn, enables re-
covery of the zooplankton population. Hence, our model re-
sults provide an interesting example where eco-evolutionary
adaptation of the nutritional value of the prey rescues the
predator population.

The Contrasting N: P Stoichiometry of Freshwater
versus Marine Plankton

Our model predicts that phosphorus-demanding cladoc-
erans select for phytoplankton with intermediate to high
N': P ratios, whereas nitrogen-demanding copepods select for
phytoplankton with low N:P ratios. Interestingly, cladoc-
erans are particularly widespread in freshwater environments,
whereas copepods dominate the zooplankton communities
of marine environments. Hence, on the basis of our model
findings, we expect that freshwater phytoplankton will tend
to have a higher N: P ratio than marine phytoplankton.

These model predictions are consistent with field data.
Elser and Hassett (1994) and Sterner et al. (2008) reported
that, on average, the N : P ratio of phytoplankton is indeed
higher in lakes than in marine sites. Traditionally, it was
thought that lakes are more phosphorus limited (Vollenweider
1976; Schindler 1977), whereas marine ecosystems are more
nitrogen limited (Blomgqvist et al. 2004; Howarth and Marino
2006), which might explain this difference in phytoplankton
N:P ratio. However, field data are somewhat contradictory
here. Indeed, several reports of phosphorus limitation in var-
ious marine ecosystems (Thingstad et al. 1998; Wu et al. 2000;
Burson et al. 2016) and widespread colimitation by nitrogen
and phosphorus in freshwater ecosystems (Dzialowski et al.
2005; Elser et al. 2007) indicate that differences in nutrient
limitation between freshwater and marine ecosystems are less
pronounced than previously thought and are strongly site de-
pendent. Moreover, in agreement with our model predictions,
field data show that the N:P ratio of freshwater phytoplank-
ton is higher than the body N : P ratio of freshwater zooplank-
ton, whereas the N : P ratio of marine phytoplankton is lower
than that of marine zooplankton (Elser and Hassett 1994).
Hence, our model results indicate that key differences in the
N:P requirements of freshwater cladocerans versus marine
copepods may offer an interesting alternative explanation for
these large-scale differences in phytoplankton N: P stoichiom-
etry between freshwater and marine ecosystems.

Nutrient recycling by zooplankton is a mechanism that
may also affect the N: P ratio of phytoplankton (Elser et al.
1988; Sterner et al. 1992; Elser and Urabe 1999). For example,
Elser et al. (1988) and Sterner et al. (1992) reported a whole-
lake experiment where cladocerans with a low body N: P ra-
tio were replaced by copepods with a high body N: P ratio.
Because copepods retained nitrogen while they recycled ex-
cess phosphorus, the environmental N:P ratio decreased,
phytoplankton growth shifted from phosphorus to nitro-
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gen limitation, and the N : P ratio of phytoplankton declined.
Our model results predict that selective grazing by nitrogen-
demanding copepods will also favor phytoplankton with low
NP ratios. Hence, nutrient recycling and selective grazing
reinforce each other, as they have qualitatively similar effects
on the N: P stoichiometry of phytoplankton. An interesting
follow-up to our study will be to investigate the relative im-
pact of nutrient recycling and selective grazing on the N:P
ratio of phytoplankton, by explicitly quantifying both pro-

Cesses.

Alternative Stable States (ASSs)

In ecological systems, ASSs occur when ecosystems can set-
tle in two or more stable equilibria, depending on the initial
conditions (Scheffer et al. 2001; Beisner et al. 2003). Our eco-
evolutionary model predicts the occurrence of up to three
ASSs, with low, optimum, or high N: P ratio of phytoplank-
ton, depending on the body N: P ratio and grazing selectivity
of zooplankton (figs. 6, 7). The divergence of phytoplankton
to either a low N: P ratio or a high N: P ratio can be under-
stood as two alternative ways for phytoplankton to avoid
grazing by selective zooplankton. The third ASS, with an in-
termediate phytoplankton N: P ratio, is predicted only when
the N:P requirements of zooplankton approach the opti-
mum N : P ratio of the phytoplankton. In this case, the reduc-
tion in grazing losses of phytoplankton by slightly evolving
away from their optimum N:P ratio is small and does not
outweigh the disadvantage of a lower growth rate due to
stronger nutrient limitation.

The presence of ASSs implies that phytoplankton can
evolve very different N:P ratios, depending on the initial
conditions, and that environmental perturbations (e.g., nu-
trient enrichment) might shift the N: P ratio of phytoplank-
ton from one stable equilibrium to a completely different
one. Such catastrophic shifts in N : P stoichiometry of phyto-
plankton can have a profound impact on aquatic ecosystems,
for example, by changing their species composition or alter-
ing biogeochemical cycles.

Further Development of Theory and Experiments

Our model is firmly based on previous work on the ecological
stoichiometry of plant-herbivore interactions and is param-
eterized for a well-known system composed of phytoplank-
ton (the green alga Chlorella) and two alternative zooplank-
ton types with contrasting nutritional demands (copepods
and cladocerans). Thus, the model predictions can be readily
tested with a range of experimental approaches. Selection ex-
periments among closely related phytoplankton strains that
differ in the traits of interest have proven insightful in earlier
studies (Yoshida et al. 2003; Stomp et al. 2004; Kasada et al.
2014; Sandrini et al. 2016) and can also provide a power-

ful framework to investigate the eco-evolutionary dynamics
of variation in N:P stoichiometry during phytoplankton-
zooplankton interactions. Furthermore, long-term experi-
ments adopting an experimental evolution approach (Lenski
et al. 1991; Collins and Bell 2004; Kawecki et al. 2012) could
reveal the potential for evolution to steer the N: P ratio of
phytoplankton into different directions. For example, one
may perform lab experiments by growing phytoplankton
with either copepods with high body N : P or cladocerans with
low body N: P and testing whether these different herbivores
indeed select for contrasting N : P in phytoplankton.

Yet some model assumptions and predictions need further
investigation before the model can be fully embraced. One of
the key assumptions of the model is that phytoplankton
evolve their investment in nitrogen versus phosphorus up-
take, whereas the N:P stoichiometry of zooplankton does
not evolve. Although this simplifying assumption facilitates
our model analysis, empirical studies show that zooplankton
can evolve rapidly in response to the prevailing environ-
mental conditions (Hairston et al. 1999; Carius et al. 2001;
Gorokhova et al. 2002) and can adapt to changes in the nu-
tritional quality of phytoplankton (Weider et al. 2005; Le-
maire et al. 2012; Declerck et al. 2015). Therefore, an impor-
tant next step in our model framework would be to consider
phytoplankton-zooplankton coevolution, for example, by as-
suming that zooplankton evolve their N : P ratio in response
to changes in phytoplankton N: P ratio.

A further theoretical challenge would be investigation of
the implications of mixed diets. Our model assumes that se-
lective zooplankton feed preferentially upon phytoplankton
whose N:P ratio aligns closely with their own nutritional
requirements. It is conceivable, however, that zooplankton
will also meet their nutritional requirements if they graze
on a mixture of high-N: P phytoplankton and low-N: P phy-
toplankton in a balanced way. This might lead to selective
pressures on phytoplankton stoichiometry in mixed com-
munities that deviate from our approach.

A key model assumption underlying all this work is that
zooplankton can select among phytoplankton with different
N': P ratios, either by direct detection of the nutritional qual-
ity of their prey or else indirectly by phytoplankton traits
that correlate with their N: P stoichiometry. If this assump-
tion does not hold, the model does not apply. Several studies
have shown that herbivorous zooplankton species can in-
deed feed selectively on phytoplankton that match their nu-
tritional requirements. Cowles et al. (1988) measured inges-
tion rates of nitrogen-demanding adults of the copepod
Acartia tonsa on mixtures of two types of the marine dia-
tom Thallassiosira weissflogii with different C:N ratios and
found that they fed more heavily on diatoms with lower
C:N ratio. Meunier et al. (2016) added a further layer of
complexity to these studies by showing that the body N : P ra-
tio of A. tonsa varies among life stages. They found that
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young nauplii have a relatively low body N : P ratio and select
for phosphorus-rich algae, whereas older copepodite stages
with a higher body N: P ratio select for nitrogen-rich algae.
Schatz and McCauley (2007) investigated the foraging be-
havior of the phosphorus-demanding cladoceran Daphnia
pulex on the freshwater green alga Chlamydomonas rein-
hardtii along a spatial gradient of food quality and found that
it preferentially fed in locations where the C: P ratio of its al-
gal prey was lowest.

Although these empirical demonstrations of zooplank-
ton selectivity are compelling, there is also a counterexam-
ple. Isari et al. (2013) reported that the copepod Acartia
grani did not display selective feeding when offered mix-
tures of phytoplankton prey with different nutrient con-
tents. As pointed out by Meunier et al. (2016), however,
the study of Isari et al. (2013) measured selectivity among
algae with fairly similar N : P ratios (9.5 vs. 7) but not among
algae with divergent N:P ratios, such as nitrogen- and
phosphorus-limited algae. Hence, further experimental tests
of this critical model assumption with a wider variety of zoo-
plankton and sufficient variation in the N : P stoichiometry of
phytoplankton are warranted. Such experimental tests will
help to test our key prediction that differences in grazing se-
lectivity and nutritional demands of zooplankton may have a
major impact on the N:P stoichiometry of phytoplankton-
zooplankton interactions.
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Daphnia sp. feeding on freshwater phytoplankton. Our model predicts that selective grazing by these phosphorus-demanding cladocerans
will favor dominance of phytoplankton with high N:P ratios. Image © Jan van Arkel, IBED/University of Amsterdam.
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