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Abstract

Evidence that ecosystems and primary producers are limited in their productivity by multiple
nutrients has caused the traditional nutrient limitation framework to include multiple limiting
nutrients. The models built to mimic these responses have invoked local mechanisms at the level
of the primary producers. In this paper, we explore an alternative explanation for the emergence
of co-limitation by developing a simple, stoichiometrically explicit meta-ecosystem model with two
limiting nutrients, autotrophs and herbivores. Our results show that differences in movement rates
for the nutrients, autotrophs and herbivores can allow for nutrient co-limitation in biomass
response to emerge despite no local mechanisms of nutrient co-limitation. Furthermore, our
results provide an explanation to why autotrophs show positive growth responses to nutrients
despite ‘nominal’ top-down control by herbivores. These results suggest that spatial processes can
be mechanisms for nutrient co-limitation at local and regional scales, and can help explain anoma-
lous results in the co-limitation literature.
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INTRODUCTION

Knowing the identity of the nutrient (or other resource) that
limits the productivity of an ecosystem is an important and
complicated issue. The enrichment of a local ecosystem with its
limiting nutrient can cause massive shifts in community struc-
ture, ecosystem functioning and complete disruption of vital
ecosystem services such as potable water. For example, agricul-
tural run-off contributed to high dissolved reactive phosphorus
in Lake Erie, which stimulated massive cyanobacteria blooms
in 2011 that released substantial amounts of microcystic toxin
into the water (Michalak ez al. 2013). However, it is not always
clear which nutrients are limiting productivity. Within the scien-
tific community, there is disagreement about whether phospho-
rus, nitrogen or both are limiting the productivity of algae in
lakes, estuaries and coastal environments (Howarth & Marino
2006; Schindler et al. 2008; Sterner 2008; Conley er al. 2009;
Schindler & Hecky 2009; Schindler 2012). The co-limitation of
productivity by nitrogen and phosphorus in aquatic and marine
ecosystems would require management of both nutrients, which
is substantially more costly than controlling just one (Schindler
& Hecky 2009).

The evidence for multiple limiting nutrients in ecosystems
has been increasing and incorporates examples from aquatic,
terrestrial and marine ecosystems (Elser ez al. 2007; Harpole
et al. 2011). The evidence includes stoichiometric ratios
(Gtuisewell et al. 2003), short-term biochemical assays (Saito
et al. 2008) and factorial nutrient addition experiments (Elser
et al. 2007; Craine 2009; Harpole et al. 2011), though they do
not necessarily measure similar ecological processes (Low-De-
carie et al. 2014). Most of the experiments measure short-term
(days to months) metabolic activity or biomass responses of

primary producers to nutrients (Elser er a/. 2007; Harpole
et al. 2011), which measure the proximate nutrient (co)limita-
tion of primary consumers (Vitousek er al. 2010). When the
experiments measure long-term (years to decades) biomass
responses or community composition of primary producers to
nutrients, we can view those responses as being ultimately (co)
limited by the nutrient(s) involved (Vitousek et al. 2010). For
example, in the case of Lake Erie, there is evidence of proxi-
mal co-limitation by nitrogen and phosphorus within the pri-
mary producer community during blooms, but the long-term
production of such blooms is ultimately controlled by phos-
phorus (Michalak ef al. 2013).

Because of the differences in time scales and measures
between proximate and ultimate limitation, the mechanisms
invoked to account for co-limitation include short-term bio-
chemical and physiological processes (O’Neill et al. 1989; Saito
et al. 2008), and long-term community interactions between pri-
mary producers and abiotic processes (Howarth 1988; Arrigo
2005). Furthermore, additional studies have noted that interac-
tions with other trophic levels (herbivores, microbial decom-
posers) can alter the proximate limitation status of the primary
producer community (Daufresne & Loreau 2001; Cherif & Lor-
eau 2007, 2009, 2013). In addition, the presence of herbivores
could also interact with the nutrients to result in unexpected
responses in primary producer biomass, including increases
despite significant top-down herbivory (e.g. Gruner ez al. 2008).
However, the above-mentioned mechanisms focus solely on the
local processes within the ecosystem, despite growing awareness
of nutrient inputs and trophic interactions occurring across
ecosystem boundaries (O’Neill 2001; Loreau et al. 2003; Polis
et al. 2004; Leroux & Loreau 2008; Massol et al. 2011; Bartels
et al. 2012).
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The lack of spatial processes could lead to erroneous
conclusions about the underlying mechanisms controlling
primary producer biomass responses and community compo-
sition. For example, Hagerthey & Kerfoot (2005) showed
that spatial variation in N : P groundwater fluxes affected
algal species assemblages and biovolume across a single
lake, and each local assemblage varied in their nutrient limi-
tation status according to stoichiometric ratios. The whole
lake could be characterised as being a co-limited ecosystem,
but each section of the lake would generally be limited by
only one nutrient. The co-limitation status of the ecosystem
therefore emerges due to its spatial heterogeneity, rather
than through local processes. One way of integrating these
spatial processes in order to capture such effects is to
look at ecosystems as meta-ecosystems, where fluxes of
materials and organisms between ‘local’ ecosystems can
interact with local processes to create emergent ecosystem
functions and properties (Loreau et al. 2003; Massol et al.
2011).

In this study, we propose a stoichiometrically explicit
meta-ecosystem model to explore how nutrient co-limitation
could emerge at local and regional scales because of spatial
fluxes of organisms and nutrients. To do so, we looked at
both proximate and ultimate responses of autotrophs to
nutrients within local model ecosystems that are dominated
by top-down control by herbivores with and without spatial
fluxes and with identical local ecosystem parameters. In these
model systems, the autotrophs lacked any local mechanisms
for nutrient co-limitation. Despite these strict conditions, the
movements of nutrients and organisms were capable of gen-
erating spatial heterogeneity in proximate limitation within
the meta-ecosystem. Furthermore, the spatial fluxes removed
the effects of local top-down control by herbivores, allowing
for the ultimate co-limitation to emerge at the meta-ecosys-
tem and ecosystem levels. Our results indicate that the
empirical patterns of nutrient co-limitation could, in part, be
generated by purely spatial processes and highlight the need
to integrate fluxes of materials and organisms into the
framework of nutrient limitation.

METHODS
General model development

Our model is based on a hierarchy of processes and scales
within a meta-ecosystem (Fig. 1). At the level of individual
ecosystem components, the stoichiometric compositions of
local autotroph (X) and herbivore (Y) biomass are key drivers
of higher ecosystem processes (Fig. 1a). The biomass of the
autotroph can be expressed as the sum of the total amount of

i
each element k in the biomass (Px), or X = > Px, where / is
k=1
the total number of elements in the biomass (Fig. la; Dau-
fresne & Hedin 2005). Similar expressions can be derived for

i
herbivores, with ¥ = > Oy, where Oy is the total amount of
k=1
each element k in herbivore biomass. Assuming that both
autotrophs and herbivores have fixed stoichiometry, then we
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can defined constant quotients for each element k in auto-
trophs (gx) and herbivores (p;; Fig. 1a):

Py - Oy

] ) Pr = I
Z Py Z ®k
k=1 k=1

qk = (1)

For this study, we restrict ourselves to two limiting elemental
nutrients that are available in the local ecosystem, R and S,
with the rest of the biomass being composed of other ele-
ments, Pp = X — P — Ps (Fig. la, b). To simplify our
model analysis, we will assume that the quotient of each
other elements is the same for herbivores and autotrophs
(i.e. gw = py for any element W that is not R or S), which
we will denote by generic quotients go and p,. In addition,
we will be assuming for the rest of the paper that herbivores
have a lower R: S ratio than autotrophs, leading to
qr > pg and pg > gs.

At the level of the local ecosystem, we model numerous pro-
cesses which determine the available pools of nutrients R and
S along with the autotroph and herbivore biomasses (Fig. 1b).
The growth of autotroph biomass is determined by three pro-
cesses: nutrient uptake, U(R,S), intrinsic losses, M X, where M
is constant, and herbivory, H(X)Y (Fig 1b). Nutrient uptake
obeys Liebig’s Law of the Minimum in order to force auto-
trophs within a local ecosystem to be limited by one nutrient
at a time and follows Michaelis-Menten kinetics, which leads
to the following equation:

U(R,S) = min <%,%>

2)

- ( ViR VS )
qr(Kr + R) qs(Ks + S)

where min is the minimum function, V' and Vg are maximum
uptake rates, and Kz and Kg are half-saturation constants.

Herbivore biomass increases with herbivory that is modified
by a stoichiometric imbalance, YH(X)Y, where y = g—;, and
decreases with intrinsic losses, LY, where L is constant
(Fig. 1b). For the rest of this study, the herbivore will have a
Type II functional response:

H) =25 )

where o is the maximum rate of herbivory and P is the half-
saturation constant.

The processes occurring at the local ecosystem that affect
the levels of nutrient R are abiotic inputs (/) and outputs
(ER), autotroph nutrient uptake (¢rU(R,S)), and nutrient
recycling through intrinsic losses of autotrophs (eggrMX,
0 > eg > 1), intrinsic herbivore losses (yzprLY, 0 > g > 1)
and stoichiometric imbalances (YH(X)Y, ¥ = qr — PrY;
Fig. 1b). Similarly, gains in the available nutrient S occur
through abiotic inputs ® and nutrient recycling from the
intrinsic losses of autotrophs (esgsM(X), 0 > es > 1) and of
herbivores (xspsL(Y), 0 > yg > 1), and losses in available
nutrient S occur through abiotic outputs AS and nutrient
uptake (¢sU(R, S); Fig. 1b).

At the meta-ecosystem level, two different elements link
local ecosystems together. The diffusive movement of
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(a) Stoichiometric constraints (b) Local ecosystem nutrient flows
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Figure 1 Hierarchy of processes and scales within the meta-ecosystem model. (a) Autotroph and herbivore biomass (X and Y) are the sum of the
individual contributions (P and @, respectively) of each element (R, S, and all other elements, O). For a given P, (or ©y), it is equal to g, X (or p,Y),
where g (or p;) is the portion of element k in a unit of biomass. (b) Abiotic nutrient element inflows (/ and ®) and outflows (£ and A) provide available
nutrients for autotroph growth (¢gU and ¢sU), which provide nutrients for herbivore growth (yH). Biomass lost by autotrophs (M) and herbivores (L) is
partially recycled (eggrM, esqsM, ypprLl and yspsL), as are nutrients not utilised due to stoichiometric imbalance (yH). (c) Nutrients and organisms move
diffusively between the ecosystems at their own rates (dg, ds, dy and dy). (d) The connections between ecosystems are determined by the off-diagonal

elements of the connectivity matrix (c;).

nutrients (dg and ds), of autotrophs (dy) and of herbivores
(dy) connect the local ecosystems, if such connections exist
(Fig. 1c). However, the structure of connections between the
ecosystems is determined by connectivity matrix, whose posi-
tive off-diagonal elements, ¢; where i7j, indicate a connection
between a pair of ecosystems (Fig. 1 d). The size of the
connectivity matrix is n x n, where n is the total number of
local ecosystems in the meta-ecosystem. For the connectivity
matrices used in this paper, we assume that the value of a
positive ¢; is equal to 1/(n — 1), ¢j = ¢; if i#j and

ci = — »_ ¢; in order to utilise some theorems regarding the
JF#I
stability of spatially homogeneous solutions (Jansen & Lloyd
2000).
Combining all these processes together gives us the follow-
ing system of ordinary differential equations that describe the
dynamics of the meta-ecosystem:

dR;
Tzl =1—ER; — qrU(R;, Si)X; + €rgrMX; + yrprLY;
n
+YH(X)Yi + dr Z iR (4a)
Jj=1

ds;
Z:<D7AS,~7qSU(Ri,Si)X,-+€Sq5MX,«+xSpSLYi
+ds) e (45)
=
aX; U(R;, S})X; — MX; — H(X))Y; + d Z X (4c)
= iy i) Ai — i~ i) i CijAj ¢
dt X/:l i
dY; -
7 =YH(X)Y;— LY;+dy Y _c;Y; (4d)

Jj=1

Note that the model parameters are the same across the
meta-ecosystem, such that in the lack of spatial processes
there would be no differences in the dynamics of the local
ecosystems. Furthermore, we restrict our focus on parameter
values that allow for a stable coexistence equilibrium for
autotrophs and herbivores, as they can also coexist through
stable limit cycles after a Hopf bifurcation (Appendix S1).

Measures for proximate and ultimate nutrient (co)limitation

In order to investigate how the movement of nutrients and
organisms can be a mechanism of nutrient co-limitation, we
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have to be precise in how we measure nutrient co-limitation.
In this study, we will use two main measures: the potential
uptake ratios of autotrophs in local ecosystems and the long-
term growth responses of autotrophs at local and meta-
ecosystem scales. The first measure serves as our indicator for
proximate limitation for the autotrophs, while the second
indicates ultimate limitation (Vitousek et al. 2010).

As mentioned previously, autotrophs within a local ecosystem
can only be proximally limited by one nutrient at a time because
of the presence of the minimum function, the mathematical
expression of Liebig’s Law of the Minimum, in eqn 2. The
implication for this minimum function is if the ecosystem is at a
stable equilibrium, a short-term pulse of one nutrient would
lead to an instantaneous growth response in the autotrophs,
while a pulse of the other nutrient would not (Appendix S2).
Therefore, without any spatial processes, each local ecosystem
will see the same instantaneous growth response to one nutri-
ent, which is determined by the following ratio:

(&) (559) >
uR)  dr
u(S;) = gs

(5)

In words, the above condition implies that if relative ratio of
potential R : S uptake is greater than the stoichiometric R : S
ratio in the autotrophs, then autotroph growth is proximally
S-limited in ecosystem i. If the ratio of potential R : S uptake
is less than the autotroph R : S ratio, then autotroph growth
is proximally R-limited in ecosystem i.

Now, if the movement of nutrients and organisms can cause
the limiting nutrient to change in some, but not all, local
ecosystems, experiments would be able to detect instantaneous
growth responses for the autotrophs for both nutrients within
the meta-ecosystem. This result can be caused by simple diffu-
sive movement that generates spatial heterogeneity, even when
the local supply of nutrients is the same in each local ecosys-
tem (Marleau et al. 2010, 2014). As long as this heterogeneity
has different impacts on the availability of each nutrient in
the local ecosystems, the autotrophs can then be limited by
different nutrients in the local ecosystems.

Therefore, if ecologists performed a short-term nutrient
addition experiment that looked at the nearly instantaneous
response of autotrophs as is commonly done (e.g. Harpole
et al. 2011), they would detect nutrient co-limitation at the
meta-ecosystem scale, but not at the local ecosystem scale
when the local autotrophs differed in their potential R : S
uptake ratios at equilibrium. Because of the metric used, we
will call this form of nutrient co-limitation in a meta-ecosys-
tem ‘spatial proximate co-limitation” and we detect it by deter-
mining if at least one local ecosystem differs in its proximate
nutrient limitation status from the others. In addition, the
presence of spatial proximate co-limitation within a meta-
ecosystem could suggest changes in the autotroph community
composition, though not in this model (Wolfe ez al. 2001,
Hagerthey & Kerfoot 2005; Elser ez al. 2009).

Another metric that can be used to detect nutrient co-limita-
tion is to perform long-term factorial nutrient addition experi-
ments and measure the increase in autotroph biomass after a
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set period of time (Harpole ef al. 2011). If the movement of
organisms and nutrients can be a mechanism for nutrient co-
limitation, then according to this metric we should see co-lim-
ited growth responses of autotrophs at the local ecosystem
and/or meta-ecosystem scale after the set time period. A co-
limited response includes autotroph biomass increasing to the
addition of R and S by themselves (independent co-limitation)
and autotroph biomass increasing only with the addition of
both nutrients together (simultaneous co-limitation; Harpole
et al. 2011). Therefore, when we do detect such an increase, we
will say that ‘ultimate colimitation’ has occurred.

The relationship between proximate and ultimate co-limita-
tion is not simple. In this model, it is not possible for a local
ecosystem to demonstrate proximate nutrient co-limitation in
autotroph growth, but a local ecosystem could display ulti-
mate co-limitation due to the movements of nutrients and
organisms. In addition, a meta-ecosystem that displays spatial
proximate co-limitation may or may not demonstrate ultimate
co-limitation at the meta-ecosystem scale, as processes beyond
autotroph responses to nutrients regulate autotroph biomass.
These metrics of nutrient co-limitation are distinct and need
to be considered separately.

Model analysis

Our investigation into how movement can generate co-limita-
tion at local ecosystem and meta-ecosystem scales utilises both
analytical and numerical techniques. Analytically, we perform
a local stability analysis for spatially homogeneous solutions
that lead to stable equilibria. In addition, we use the proper-
ties of the connectivity matrix, the Jacobian matrix associated
with eqn 4 and the movement rates to determine parameter
ranges that allow for spatial heterogeneity. For all Figures
presented here, we use the parameter set presented in Table 1
for local ecosystem properties.

Within those ranges, we investigate whether spatial proximate
and ultimate co-limitation may emerge due to the spatial pro-
cesses through the use of numerical simulations. To test for ulti-
mate co-limitation, we perform a simulation of a factorial
nutrient addition experiment through permanently increasing
nutrient input levels by 50% from a control level. Within these
same experiments, we also examine if spatial proximate co-limi-
tation is occurring after nutrient additions by measuring the
number of proximately S-limited ecosystems within the meta-
ecosystem. In addition, we evaluate the importance of the move-
ment of both nutrients, as in the cases, we explore here only the
movement of one nutrient can initially affect the spatially
homogeneous solution. Furthermore, we investigate whether
the spatial structure of the meta-ecosystem will affect both
ultimate and spatial proximate co-limitation. All numerical
simulations are performed using Matlab and the ode package.

RESULTS

Expectations from a meta-ecosystem with no spatial flows between
ecosystems

At a local ecosystem equilibrium with no movement, there
will be no change in autotroph equilibrium biomass with an
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Table 1 The definitions and values of the ecosystem parameters used in the Figures

Parameter (unit) Definition Value used
I (gram R day™!) Influx of available R into ecosystem I and 1.5
@ (gram S day™') Influx of available S into ecosystem 0.1 and 0.15
E (day™!) Efflux of available R from ecosystem 0.4
A (day™!) Efflux of available S from ecosystem 0.3
M (day™") Mass-specific loss rate of autotrophs 1
qr (gram R per gram of autotroph biomass) Proportion of R that makes up 1 g of autotroph biomass 0.4
¢s (gram S per gram of autotroph biomass) Proportion of S that makes up 1 g of autotroph biomass 0.04
Vz (gram R per gram of autotroph biomass day!) Maximum R uptake rate 2
Vs (gram S per gram of autotroph biomass day~!) Maximum S uptake rate 0.2
Kg (gram R) Half-saturation constant for R uptake 0.5
Ks (gram S) Half-saturation constant for S uptake 0.05
er (—) Proportion of R lost by autotrophs that is recycled 0
es (—) Proportion of S lost by autotrophs that is recycled 0
pr (gram R per gram of herbivore biomass) Proportion of R that makes up 1 g of herbivore biomass 0.38
pg (gram S per gram of herbivore biomass) Proportion of S that makes up 1 g of herbivore biomass 0.06
o (gram of autotroph biomass per gram of herbivore biomass day~!) Maximum herbivory rate 6
B (gram of autotroph biomass) Half-saturation constant for herbivory 6
L (day™") Mass-specfic loss rate of herbivores 0.5
%r (&) Proportion of R lost by herbivores that is recycled 0
%Xs (=) Proportion of S lost by herbivores that is recycled 0
increase in nutrient inputs if the equilibrium remains stable . Co
. . . . Emergence of nutrient co-limitation through movement
(Appendix S1). This result is seen from the expression for
equilibrium autotroph biomass: Adding movement to the meta-ecosystem (dy = 10,

BL

qs
o L
Ps

(6)

Note the lack of any parameter involving the nutrient inputs.
The lack of response of the autotrophs to the long-term addition
of nutrients is because of the top-down control exerted by the
herbivore, which does respond positively in biomass to the addi-
tion of nutrients (Appendix S1). Therefore, as long as the equi-
librium remains stable to the changes in nutrient input levels,
the autotrophs will exhibit no long-term response to nutrient
levels and cannot exhibit ultimate co-limitation at any scale.
The proximate limitation status of the local ecosystems will
also all be the same when there is no movement, which means
addition of nutrients can only change the proximate limitation
status of the whole meta-ecosystem when there is no move-
ment between ecosystems (Appendix S1). This result means
that spatial proximate co-limitation is also not possible with-
out the local ecosystem equilibrium becoming destabilised.
The local ecosystem equilibrium can be destabilised by high
movement rates for the herbivores and the limiting nutrient as
long as the movement rate of autotrophs remains small
(Appendix S1; Marleau et al. 2014). This destabilisation causes
the emergence of spatially heterogeneous equilibria in each local
ecosystem (Marleau e al. 2014). The movement rate of the
non-limiting nutrient at equilibrium has no impact on the stabil-
ity of the local equilibrium (Appendix S1). Therefore, we chose
a set of movement rate parameters (dy = 10, dy = 0.001,
ds = 10 and dgr = 1) that allowed for this destabilisation,
though many other parameter sets with low autotroph move-
ment rates and sufficient herbivore and limiting nutrient move-
ment rates would generate similar results. For the remainder of
this paper, we will assume that S is proximately limiting the
autotrophs at the spatially homogeneous equilibrium.

dy = 0.001, ds = 10, dg = 1) causes the emergence of both
types of co-limitation in response to nutrient additions
(Fig. 2). For a meta-ecosystem where each ecosystem is con-
nected to every other ecosystem (Fig 2d), we can observe ulti-
mate co-limitation for autotroph growth at the meta-
ecosystem scale (Fig 2a). Furthermore, the local ecosystems
differ in their limitation status for autotrophs, which indicates
spatial proximate co-limitation (Fig. 2b and Fig. S1).

Two local ecosystems display large increases in autotroph
biomass to simultaneous additions of R and S, while auto-
troph biomass collapses elsewhere (Fig. 2c¢). Heterogeneity in
local ecosystem responses is driven by the initial conditions,
such that the identities (but not the number) of ecosystems
with low autotroph biomass vary with initial conditions (com-
pare Fig. 2c with Fig. 3c). The collapse and the increase of
local autotroph biomass can be explained through the actions
of the other ecosystem compartments (Fig. 3).

The spatial heterogeneity seen across the meta-ecosystem and
within each ecosystem compartment is generated by the differ-
ences in movement rates between ecosystem compartments
amplifying differences in the initial autotroph biomass (Fig. 3).
High local autotroph biomass leads to a local increase in herbi-
vores and a decrease in available nutrient S, which can still be
seen at equilibrium (Fig. 3b, d). However, the high herbivore
movement rate causes most of the new herbivore biomass to
leave the local ecosystem while the high nutrient S movement
rate causes nutrients from neighbouring ecosystems to flood in,
leading to fairly even distribution of both nutrient S and herbi-
vores across the meta-ecosystem (Fig. 3b, d).

The autotrophs in the surrounding ecosystems then suffer
higher herbivory and have less limiting nutrient, which
causes them to decline. The lower autotroph biomass then
frees up more nutrient S, which is then quickly moved to the

© 2015 John Wiley & Sons Ltd/CNRS
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(a) Ultimate limitation responses
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(b) Local proximate limitation responses
to long-term nutrient additions
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Figure 2 The emergence of co-limitation due to the movement of nutrients and organisms. The movement rates in the movement ‘treatment’ are dgx = 1,
ds = 10, dy = 0.001 and dy = 10. (a) At the meta-ecosystem scale, there is ultimate (and simultaneous) co-limitation of the autotrophs to the addition of
nutrients when movement is present, while no response is observed without movement due to top-down control of herbivores. (b) The meta-ecosystem also
exhibits spatial proximate co-limitation with the addition of both nutrients when movement is present, while no such co-limitation is observed when
movement is absent. (c) At the local ecosystems, there is both ultimate co-limitation and collapses for autotroph biomass when movement is present, but
no such responses without movement. (d) Diagram indicating the meta-ecosystem connectivity used in the simulations.

ecosystem with high autotroph biomass and leads to even
greater disparity in autotroph biomass, which is maintained as
very little autotroph biomass is transferred between ecosys-
tems due to the low autotroph movement rate (Fig. 3c). The
very high levels of autotroph biomass cause large declines in
local available nutrient R level, which cannot be replaced as
nutrient R does not diffuse as fast as nutrient .S, and causes
the autotrophs to become proximately limited by R (Fig. 3a).
This leads to the spatial proximate co-limitation because the
ratios of R to S differ between local ecosystems and leads to
the patterns seen in Fig. 2b.

The key ingredients to the generation of this proximate co-
limitation is the differences in movement rates and the loss
of top-down control at a local level, which then allows
autotrophs to respond to nutrient additions. These general
mechanisms are also involved in the generation of the ultimate
co-limitation (Fig. 2a).

Nutrient co-limitation is dependent on movement rates and meta-
ecosystem connectivity

To explain the ultimate co-limitation seen at the meta-ecosys-
tem level, it is necessary to alter the movement rate of nutrient

© 2015 John Wiley & Sons Ltd/CNRS

R (dgr), though we leave the other movement rates unchanged
(dy = 10, dy = 0.001, ds = 10; Fig. 4). When there is no
movement of nutrient R, we see only a weak co-limitated
response at the meta-ecosystem level (Fig. 4a). This result
occurs despite spatial proximate co-limitation and the presence
of ultimate co-limitation within local ecosystems (Fig. 4b, c).

Increasing the movement rate of nutrient R results in stronger
co-limited response at the meta-ecosystem level and the even-
tual elimination of spatial proximate co-limitation (Fig. 4a, b).
Furthermore, at high dg values, one ecosystem demonstrates a
very large increase in autotroph biomass to nutrient additions,
while all the others show a large decline in autotroph biomass
(Fig. 4d). However, the increased movement in nutrient R
allows for more nutrients R to reach the autotrophs whose bio-
mass is no longer strictly controlled by herbivores as indicated
by eqn 6 in the spatially homogeneous case, leading to a greater
meta-ecosystem autotroph biomass than when dg is lower
(Fig. 4a). Increasing dg further allows for serial limitation,
where the autotrophs demonstrate limitation by nutrient S, but
demonstrate a greater biomass response to the addition of both
nutrients (Fig. S2).

We also controlled for the topology of meta-ecosystem con-
nectivity to see how much of this behaviour is driven by the
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Figure 3 The local ecosystem levels of available nutrients R (a) and S (b) and of biomasses of autotrophs (c) and (d) herbivores after increases in 7 and ®
destabilise the spatially homogeneous solution (parameters are the same as in Fig. 2). Large movement rates for nutrient S and herbivores allow for an
even distribution across the meta-ecosystem, but small movement rates for nutrient R and autotrophs make them more isolated from the rest of the meta-
ecosystem. These differences in movement rates allows for spatial heterogeneity in autotroph biomass to emerge because herbivore biomass is now dictated
by regional, not local, autotroph biomass. Local differences in autotroph biomass then leads to differential pressures on nutrients in local ecosystems, with
S availability being maintained by influxes from other ecosystems, while R availability declines due to lack of movement between ecosystems. These effects

together give rise to the co-limitations seen in this study.

movement rates compared to the other spatial variables
(Fig. 5a). Using a linear arrangement of ecosystems in the
meta-ecosystem managed to alter many of the effects of increas-
ing dg, but both types of co-limitation still occurred (Fig. 5).
There is only a limited increase in meta-ecosystem autotroph
biomass with the addition of both nutrients even at large dy val-
ues (Fig. 5b), and the range of dx values that allow for spatial
proximate co-limitation is more limited (Fig. 5c). Lastly, the
local ecosystems can exhibit a range of responses to the addition
of both nutrients that do not necessarily appear with other spa-
tial configurations of meta-ecosystems (Fig. 5d).

DISCUSSION

We developed a stoichiometrically explicit meta-ecosystem
model to evaluate if spatial processes can give rise to the
emergent phenomena of nutrient co-limitation at local and
regional scales. In addition, we distinguished types of nutrient
co-limitation that could occur at regional scales, which are
ultimate and spatial proximate co-limitation. Our results show
that the movement of nutrients and organisms can create spa-
tial heterogeneity in both local autotroph nutrient uptake lim-
itation and long-term growth responses to nutrient additions,
thereby leading to the detection of nutrient co-limitation at

local and regional scales. Without this regional mechanism of
spatial flows, no detectable nutrient co-limitation could be
observed at equilibrium. The presence of these types of nutri-
ent co-limitation is modulated by the movement rate of the
non-limiting nutrient at the local ecosystem equilibrium. Fur-
thermore, these results are robust across different meta-
ecosystem topologies, though the spatial structure impacts the
quantitative effects at the regional level and qualitative
responses at the local ecosystem level.

Nutrient co-limitation at local scales: limitations of local processes
to explain patterns

Ecologists have proposed a number of mechanisms to explain
the persistent patterns of nutrient co-limitation in autotroph
biomass responses observed in nutrient addition experiments
(Arrigo 2005; Danger et al. 2008; Saito et al. 2008; Craine
2009; Harpole et al. 2011). The mechanisms include differ-
ences in nutrient uptake and chemical composition in the
autotroph community (Arrigo 2005; Danger et al. 2008),
forms of biochemical dependence (Arrigo 2005; Saito et al.
2008), low nutrient availabilities (Arrigo 2005) and adaptive
changes in the nutrient uptake complexes of plants to
achieve ‘balanced growth’ (Klausmeier ez al. 2007). While the

© 2015 John Wiley & Sons Ltd/CNRS
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Figure 4 The effects of changing nutrient R’s movement rate (dg) on the local ecosystem and meta-ecosystem responses to nutrient additions. (a) At the
meta-ecosystem level, the ultimate co-limitation becomes much stronger as dg increases (50% increase at dg = 5). (b) The number of ecosystems limited by
nutrient S at equilibrium after both nutrients are added varies greatly with dg, with only one ecosystem being S-limited at equilibrium for dzx = 0 to all
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effectiveness of these mechanisms to generate increases in
autotroph biomass with the addition of multiple nutrients and
our ability to distinguish the mechanisms by such responses
are open questions (Marleau and Loreau, in revision), it is
clear that local processes are used to explain the observed
patterns.

However, there is growing evidence that ecosystem processes
occurring outside the focal ecosystem can drive patterns within
the focal ecosystem through unidirectional and bidirectional
flows of materials, nutrients and organisms (Polis ez al. 2004,
Leroux & Loreau 2008; Gravel et al. 2010; Massol et al. 2011;
Loreau et al. 2013). For example, our study adds to this litera-
ture by further demonstrating that local nutrient proximate lim-
itation, which can alter the autotroph community composition
(e.g. Wolfe et al. 2001; Hagerthey & Kerfoot 2005), can be
determined by herbivores and limiting nutrients moving
between locally identical ecosystems. Furthermore, examining
nutrient limitation at only local scales could give a false impres-
sion about the limiting nutrients at the meta-ecosystem scale, as
local ecosystems showed both R and S proximate limitation
such that autotroph limitation was co-limited spatially. This
emergent form of co-limitation could only be examined through
explicit analysis of spatial processes.

© 2015 John Wiley & Sons Ltd/CNRS

Our results also indicate that autotroph ultimate co-limita-
tion at local scales can also be generated through spatial pro-
cesses, despite the lack of local mechanisms for nutrient co-
limitation. This result indicates integrating local nutrient co-
limitation mechanisms into ecosystem models based on auto-
troph-only models and assuming the ubiquity of co-limited
autotroph growth responses (Danger et al. 2008; Harpole et al.
2011), could be detrimental. As our analysis suggests, the ulti-
mate co-limitation could be instead driven by spatial processes.
Therefore, adding putative nutrient co-limitation mechanisms
to models when we have difficulty identifying the mechanisms
that drive ultimate co-limitation (e.g. Marleau and Loreau, in
revision), may not lead to greater realism and accuracy in model
predictions if spatial processes are operating, and need greater
justification than currently given, such as physiological data on
nutrient uptake rates (e.g. Saito et al. 2008).

Linking nutrient co-limitation to spatial and trophic structure

Previous studies on nutrient co-limitation have focused pri-
marily on autotrophs and local processes to the exclusion of
other trophic levels and of spatial fluxes (though see Sperfeld
et al. 2012). Our study has demonstrated the importance of
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ecosystems, while two ecosystems show a slight decline in their autotrophs.

considering the role of spatial and trophic structure in gener-
ating both proximate and ultimate co-limitation at different
spatial scales.

For spatial structure, we provided a clear signal that the
presence of spatially heterogeneous nutrient limitation of
autotrophs and of strong co-limited growth responses in the
meta-ecosystem was dependent on meta-ecosystem connectiv-
ity, which is similar to metapopulation studies on the effects
of spatial structure (Hanski & Ovaskainen 2000; Fagan 2002;
Ovaskainen & Hanski 2002; Keeling & Eames 2005). How-
ever, it is possible to go beyond dependence. In other work,
we have shown that the eigenvalues of the connectivity
matrix, which defines the connection of the meta-ecosystem,
can be used in conjunction with their eigenvectors to predict
relative biomass of organisms in the meta-ecosystem (Marleau
et al. 2014). Since in our model, high autotroph biomass indi-
cates ultimate co-limitation in the local ecosystem, we could
predict which local ecosystems should display nutrient co-limi-
tation (with certain caveats, see Marleau et al. 2014). There-
fore, spatial structure can help us predict nutrient co-
limitation when spatial processes matter.

For trophic structure, models addressing nutrient co-limi-
tation need to move beyond nutrient—autotroph interactions.
Empirical and theoretical studies have shown that other

trophic levels, such as herbivores and decomposers, can
alter nutrient limitation status of autotrophs and help pro-
mote nutrient co-limitation at local scales (Daufresne &
Loreau 2001; Grover 2004; Cherif & Loreau 2007, 2009,
2013; Trommer et al. 2012; Atkinson et al. 2013). Further-
more, these trophic levels may become co-limited them-
selves, which further requires an expansion of nutrient co-
limitation theory beyond autotrophs (Marleau and Loreau,
in revision; Sperfeld ez al. 2012). Lastly, because the move-
ment rates between trophic levels differ greatly, there could
be opportunities to extend the effects of movement on
nutrient co-limitation to multiple trophic levels (McCann
et al. 2005).

Interpreting nutrient addition experiments through the lens of
spatial processes

In a meta-analysis of 641 nutrient addition experiments carried
out in terrestrial, aquatic and marine ecosystems, over 20% of
studies showed no autotroph growth response and nearly 15%
showed a negative growth response to nutrient additions (Har-
pole et al. 2011). The explanations provided by the authors ran-
ged from limited statistical power to pH changes in the soil due
to nutrient additions, but other possibilities are recipient-con-

© 2015 John Wiley & Sons Ltd/CNRS
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trol of autotrophs and improved nutrient quality for herbivores
(Gruner et al. 2008). However, a meta-analysis of autotroph
growth responses to nutrient additions and herbivore removal
experiments indicated that herbivores cannot, in many cases,
exhibit any recipient control at local scales (Gruner et al. 2008).
The lack of local recipient control would need to be present in
the almost 18% of nutrient addition experiments, resulting in
simultaneous co-limited growth responses in the autotroph bio-
mass (Harpole et al. 2011).

Surprisingly, our model, which lacks many of the proposed
mechanisms and processes invoked by Harpole et al. (2011)
and Gruner et al. (2008), can explain all of the above empiri-
cal patterns through the differences in movement rates for
nutrients and organisms. Because of the high movement rates
of herbivores and limiting nutrients, but low movement rates
of autotrophs, there is a decoupling of herbivory from the
local autotroph biomass, which can break local recipient-con-
trol and allow ultimate co-imitation to occur (Gruner et al.
2008; Harpole ef al. 2011). However, this does not happen
everywhere in the meta-ecosystem due to the spatial hetero-
geneity in autotrophs, as in some ecosystems autotrophs will
demonstrate no growth response or negative growth responses
to nutrient additions (Harpole ez a/. 2011). In addition, our
model can even demonstrate serial limitation at high move-
ment rates of the originally ‘non-limiting’ nutrient (when at
control nutrient levels), which also occurs in 22% of cases
(Harpole et al. 2011).

Of course, it is unlikely that our proposed mechanisms of
differences in movement rates can apply to all the cases
examined by Harpole et al. (2011). Movement rates of herbi-
vores are commonly larger than autotrophs (e.g McCann
et al. 2005), but nutrient movement also needs to be high.
The presence of transport mechanisms such as overland
water flow, riverine movement, oceanic currents and wind
that can lead to substantial cross-ecosystem transfer of nutri-
ents at scales similar to herbivores do provide such move-
ment rates (Sitters ef al. 2015). Furthermore, there is
evidence that nutrients can and do differ in their movement
rates, such as N and P within soils, which can lead to pat-
terns of proximate co-limitation seen in our model (Sitters
et al. 2015).

Nevertheless, our model does show that these mechanisms
could explain at least some of the observed empirical patterns
observed in nutrient addition experiments. Furthermore, our
model helps us understand why non-spatial expectations of
the effects of herbivores on autotroph growth responses to
nutrients may be violated despite functional responses that
lead to recipient-control (Gruner et al. 2008). Our testing for
spatial signatures in biomass responses, such as heterogeneity
in biomass responses between test plots after nutrient addition
that had similar community composition and abiotic charac-
teristics before nutrient addition, would help evaluate the role
spatial processes can play in structuring community properties
in ecosystems and meta-ecosystems.
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