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ABSTRACT: Resource competition theory predicts that the outcome
of competition for two nutrients depends on the ratio at which these
nutrients are supplied. Yet there is considerable debate whether nu-
trient ratios or absolute nutrient loads determine the species com-
position of phytoplankton and plant communities. Here we extend
the classical resource competition model for two nutrients by in-
cluding light as additional resource. Our results suggest the nutrient-
load hypothesis, which predicts that nutrient ratios determine the
species composition in oligotrophic environments, whereas nutrient
loads are decisive in eutrophic environments. The underlying mech-
anism is that nutrient enrichment shifts the species interactions from
competition for nutrients to competition for light, which favors the
dominance of superior light competitors overshadowing all other
species. Intermediate nutrient loads can generate high biodiversity
through a fine-grained patchwork of two-species and three-species
coexistence equilibria. Depending on the species traits, however,
competition for nutrients and light may also produce multiple al-
ternative stable states, suppressing the predictability of the species
composition. The nutrient-load hypothesis offers a solution for sev-
eral discrepancies between classical resource competition theory and
field observations, explains why eutrophication often leads to diver-
sity loss, and provides a simple conceptual framework for patterns
of biodiversity and community structure observed in nature.

Keywords: biodiversity, resource competition, eutrophication, nitro-
gen, phosphorus, light limitation.
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Introduction

Since its appearance in the American Naturalist, Tilman’s
(1980, 1985) resource-ratio hypothesis has become one of
the leading conceptual theories on how competition for
nutrients and light shapes the species composition of
aquatic and terrestrial communities. The resource-ratio
hypothesis predicts that the outcome of competition is
determined by the ratios at which growth-limiting re-
sources are supplied. This prediction is well founded in
mathematical theory (Le6n and Tumpson 1975; Taylor and
Williams 1975; Tilman 1980, 1982) and has been exten-
sively tested in highly controlled competition experiments
with bacteria (Smith 1993), phytoplankton (Tilman 1977;
Sommer 1985; van Donk and Kilham 1990), zooplankton
(Rothhaupt 1988; Ciros-Pérez et al. 2001), and terrestrial
plants (Dybzinski and Tilman 2007). The resource-ratio
hypothesis received additional support from field studies
in aquatic and terrestrial ecosystems (Inouye et al. 1987;
Sommer 1989, 1993) and provided a major advance in the
development of ecology as a theoretical and experimental
science (Grover 1997; Miller et al. 2005).

Yet there is still considerable debate on whether and to
what extent nutrient ratios or absolute nutrient loads de-
termine the species composition of natural communities.
Numerous studies have shown that eutrophication often
leads to diversity loss and the dominance of only a few
species in terrestrial vegetations (Grime 1973; Stevens et
al. 2004; Harpole and Tilman 2007; Hautier et al. 2009).
This indicates that absolute nutrient levels may have major
effects on plant species composition. In freshwater and
marine ecosystems, the question about absolute versus rel-
ative nutrient levels is of major importance for the pre-
diction of harmful algal blooms. For instance, several
cross-system comparisons have revealed a strong relation-
ship between the dominance of potentially harmful cy-
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anobacteria in phytoplankton communities and ratios of
total nitrogen (TN) to total phosphorus (TP) (Smith 1983;
Smith and Bennett 1999; Havens et al. 2003; Noges et al.
2008; Vrede et al. 2009). However, just as much evidence
has been provided that absolute concentrations of TN or
TP are even better predictors for cyanobacterial domi-
nance (Trimbee and Prepas 1987; Canfield et al. 1989;
Jensen et al. 1994; Reynolds 1998; Downing et al. 2001;
McCarthy et al. 2009). As Smith (2003, p. 130) noted, “this
extremely important fundamental question remains unre-
solved, and is a key topic for future eutrophication research.”

One plausible solution for this unresolved debate is that
nutrient enrichment changes the species interactions from
competition for nutrients to competition for light (Donald
1958; Tilman 1985; Aerts et al. 1990; OIff et al. 1993;
Passarge et al. 2006). High nutrient levels can support high
plant and phytoplankton biomass, which casts shade
deeper down in the vegetation or water column. Hence,
competition for light often plays a prominent role in eu-
trophic ecosystems (Huisman et al. 2004; Hautier et al.
2009). It is not immediately obvious, however, how shad-
ing will affect the species composition. Competition for
light is conceptually more complex than competition for
nutrients, because of the unidirectional nature of the light
flux and the resulting vertical gradient in light availability
(Weiner 1990; Rees and Bergelson 1997; Perry et al. 2003).

In a series of papers, Huisman and Weissing (1994, 1995)
developed a theory on competition for light that explicitly
incorporated the unidirectional nature of the light gradient.
They showed that competition for light in well-mixed waters
can be investigated by a similar mechanistic approach as in
Tilman’s competition theory. The model predictions were
supported by laboratory competition experiments with phy-
toplankton species (Huisman et al. 1999; Passarge et al.
2006; Agawin et al. 2007; Van de Waal et al. 2011), and have
been applied in several field studies (Diehl et al. 2002; Ptac-
nik et al. 2003; Huisman et al. 2004; Berger et al. 2006;
Johnk et al. 2008). Subsequent work investigated other as-
pects of competition for light in phytoplankton commu-
nities, including incomplete mixing (Huisman et al. 2004,
2006; Jéger et al. 2008; Yoshiyama et al. 2009; Ryabov et al.
2010), fluctuating light conditions (Litchman and Klaus-
meier 2001; Litchman et al. 2004), photoinhibition (Gerla
et al. 2011), and the underwater light spectrum (Stomp et
al. 2004, 2007; Striebel et al. 2009). The results also moti-
vated several follow-up studies on competition for light in
terrestrial plant communities (Dybzinski and Tilman 2007;
Vojtech et al. 2007; Hautier et al. 2009). However, the role
of nutrient ratios versus absolute nutrients levels was not
investigated further.

In this article, we investigate how competition for light
modifies nutrient-ratio effects on community structure.
For this purpose, we extend Tilman’s (1980, 1982) graph-

ical-mechanistic approach on competition for two nutri-
ents by incorporating competition for light (Huisman and
Weissing 1994, 1995). We keep our model as simple as
possible to focus on the essentials of competition for nu-
trients and light. For instance, the model assumes complete
mixing, with a spatially homogeneous distribution of nu-
trients and species. This assumption is particularly relevant
for phytoplankton communities in well-mixed waters.
However, many of our findings may also be of interest for
competition studies in other ecosystems such as terrestrial
plant communities.

Competition Model

We use essentially the same model structure as in earlier
work (Tilman 1982; Huisman and Weissing 1994, 1995),
but now extended to competition for two nutrients and
light. The model considers a vertical water column, illu-
minated from above, in which nutrients and several phy-
toplankton species are homogeneously mixed.

Light enters the water column from above, and light
intensity decreases exponentially with depth due to light
absorption by water and various other components (e.g.,
dissolved organic matter, suspended clay particles). Light
is also absorbed by the phytoplankton community itself.
More specifically, let I(z) denote the light intensity at depth
z, where z ranges from 0 at the water surface to the max-
imum depth z, at the bottom of the water column. Ac-
cording to Lambert-Beer’s law,

R A 0

where I, is the incident light intensity at the water surface,
Ky is the background turbidity due to light absorption
by water and other nonphytoplankton components, k; is
the specific light attenuation coefficient of phytoplankton
species j, N; is the population density of phytoplankton
species j, and n is the number of phytoplankton species.
We define I, as the light intensity at the bottom of the
water column (i.e., I, = I(z,)). Note that the vertical
light gradient is dynamic in time. A growing phytoplank-
ton population will absorb more light and thereby reduces
light availability in the water column.

The specific growth rates of the phytoplankton species
depend on ambient nutrient and light availability. More
precisely, we assume that the local specific growth rate of
a species at a given depth in the water column, u(z2), is
determined by the most limiting resource at that depth,
as in Von Liebig’s (1840) “law of the minimum”:

1i(2) = Py ymin [f;(R), £,(R,), g;(I(2)], @)

where p,,,. ;is the maximum specific growth rate of species
j» min is the minimum operator, and the functions flj(Rl),
f{(R,), and g(I(2)) describe growth limitation by nutrient



1, nutrient 2, and light, respectively. The exact shape of
the functions f,(R,), £,{R,), and g(I(z)) may depend on
the species and environmental conditions. Here, we de-
scribe the resource-limited growth rate of species j as an
increasing saturating function of the local nutrient and
light availability using Monod’s (1950) equation. That is,
for nutrient-limited growth,

R.
"(R) = ——, 3
AR = = ©
and for light-limited growth
1(z)
(1 = —, 4
306 = 550 @

where M; is the half-saturation constant for nutrient i of
species j, and H is its half-saturation constant for light.

The depth-averaged specific growth rate of a species,
i, is then obtained by integrating the local specific growth
rates of all individuals of this species over the entire depth
of the water column:

_ 1
B = aju,-(Z)dZ
0 (5)

1
Z_ J :u'max,jmin [flj(Rl)> f;j(Rz)> gj(I(Z))]dZ-

The net rate of change of a species depends on the
balance of its growth and loss rate. Hence, the population
dynamics of n phytoplankton species is described by

dN. )
—l= (DN, ©)
where j = 1, ..., nand [ is the specific loss rate of species

j due to cell death, grazing, viruses, and so on.

Nutrients enter the water column from surface runoff,
river inflow, or the sediment below and are taken up by
the phytoplankton species. Accordingly, changes in the
ambient concentrations of the two nutrients, R, and R,
are described as

dr, F

= —(R,,— R) =2, N, 7
a2 Rei = R) = 26N, )

where i = 1, 2. The first term on the right-hand side de-
scribes the influx and efflux of nutrients into and from
the water column. Here, R, ; is the concentration of nu-
trient 7 in the influx and will henceforth be called the
nutrient load, and F is the flow rate of the influx and
efflux. The nutrient flux is mixed over the entire depth of

the water column, which is accounted for by the depth
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zy. The second term describes nutrient consumption by
the phytoplankton community, where c; is the content of
nutrient i in species j.

Parameter values were chosen to be within a realistic
range for freshwater and marine phytoplankton species
(Huisman et al. 1999; Passarge et al. 2006; Agawin et al.
2007). The model variables and parameters are summa-
rized in table 1.

Results

In the following sections, we first investigate the growth
of a single species on two nutrients and light. As a next
step, we extend the model to analyze competition for nu-
trients and light between different sets of species. Through-
out our analysis, we consider an incident light intensity
high enough to support population growth at low pop-
ulation densities.

Dynamics of a Single Species

Figure 1 illustrates depth profiles of the local specific
growth rate of a phytoplankton species. Because both nu-
trients are homogeneously mixed, the nutrient-limited
growth rates f(R;) are constant over depth. In contrast,
light availability decreases with depth, and hence the light-
limited growth rate g(I(z)) decreases with depth as well.

It is useful to define the light intensity I, ; and depth
z,,, ; at which the local specific growth rate switches from
nutrient-limited to light-limited growth (fig. 1B). This
light intensity is implicitly given by gl )
min [f,;(R), £,;(R,)]. In view of equations (3) and (4), this
yields

R, R
I, = Hmin|—, —2) (8)
] J M, M,

2j

Inserting I, ; = I(z,, ;) and I,,, = I(z,,) into equation

(1), the depth z,, ; at which the local specific growth rate

switches from nutrient-limited to light-limited growth is
given by

In(I,) —In(I, )
_ mid,) 7 U, ;)
ch,]’ - <M In (Iin) —In (Inut)]. (9)

Figure 2 displays which resource limits the depth-
averaged growth rate of a species as function of both nu-
trient loads. The different regions in this graph can be
interpreted in terms of the three depth profiles of figure
1:

Nutrient limitation. At low nutrient loads, sufficient light
reaches the bottom of the water column (i.e., I, > I

out co, ]) .

In this case, the specific growth rate is either limited by
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Table 1: Symbols with their interpretation and dimension

Symbol Interpretation Dimension Value
Independent variables:
t Time day
z Depth m
Dependent variables:
N, Population density of species j million cells mL™
R; Environmental concentration of nutrient i pmol L™
I(2) Light intensity at depth z pmol photons m™> s~
L. Light intensity at bottom of water column umol photons m™> s™*
Species parameters
and functions:
i Depth-averaged specific growth rate of species j day™
fi(R) Specific growth rate of species j when limited by nutrient i day™!
gD Specific growth rate of species j when limited by light day™!
Pomax, Maximum specific growth rate of species j day™! 8—1
L Specific loss rate of species j day™! .25
M; Half-saturation constant of species j for nutrient i pmol L™! .001-5
H; Half-saturation constant of species j for light pmol photons m™*s™"  15—60
G Cellular content of nutrient 7 in species j fmol cell™ 2—160
k Specific light attenuation coefficient of species j pm’® cell™ .5—-10
R; Critical concentration of nutrient i for species j pmol L™!
Lo Critical light intensity for species j pmol photons m™> s~
Environmental
parameters:
R, ; Load of nutrient i umol L' 0—800
F Flow rate m day™' .1-0.25
L, Incident light intensity pumol photons m™s™'  100—600
Zy Total depth of water column m 1—-100
Ky Background turbidity m™! .05—.1

nutrient 1 or limited by nutrient 2 throughout the entire
water column (as in fig. 1A):

B = P, min [f(R)), f5;(R,)]. (10)

In this case, a species can establish a population only if
the nutrient loads of both nutrients exceed a critical
threshold value Rj (fig. 2). These critical nutrient con-
centrations, Rj; and R, can be derived by solving equation
(6) for 0. With the help of equations (3) and (10), this
yields (Tilman 1982)

R, = —1i (1)

where i = 1, 2.

Hence, the values of these critical nutrient concentra-
tions depend on species traits such as the maximum spe-
cific growth rate, loss rate, and half-saturation constants.
In figure 2, the horizontal boundary line between the re-
gion of “no growth” and the region where the species is
limited by nutrient 1 is given by R,, , = Ry, Likewise, the
vertical boundary line between the region of “no growth”
and the region where the species is limited by nutrient 2
is given by R,,, = R},

The region where growth is limited by nutrient 1 is
separated from the region where growth is limited by nu-
trient 2 by a diagonal boundary line (fig. 2). At this di-
agonal boundary, both nutrients limit growth. Hence, the
diagonal boundary line can be obtained by solving equa-
tions (6) and (7) at equilibrium, assuming R, = Rl*j and
R, = R;; This yields

— R)). 12)

in, 2

Rin,l = Rrj + &l(R
Gy
This equation shows that the slope of the diagonal
boundary line is given by the ratio c,;/c,. Assuming
R,,;> R; for both nutrients, it follows that if
Ry, 1/R;, » > cylcy, the species is limited by nutrient 2.
Conversely, if R, /R, , < ¢,;/c,j the species is limited by
nutrient 1. In other words, the ratio at which the two
nutrients are supplied determines which of the two nu-
trients limits phytoplankton growth. This reasoning lies at
the heart of Tilman’s resource-ratio hypothesis.
Colimitation. At intermediate nutrient loads, the upper
part of the water column receives sufficient light such that
local growth is nutrient limited, while growth deeper down
in the water column is light limited (i.e., I, < I, ;< I,,).

out co,j



A Low nutrient load

B Moderate nutrient load
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C High nutrient load

0 0 : 0
|
|
|
V[ _al) g(l(2))
a(l(z)) I f(R1)
/ | /
! f(R>)
Zco : o
|
|
Depth :}?1)
|
| f(Ro)
|
|
|
|
|
|
|
|
|
|
Zy Zy - Zy
0 0 1 0 1

Resource-limited growth rate

Figure 1: Depth profiles of the local specific growth rate. Nutrient-limited growth is uniform over depth, as described by the functions
f(R)) and f(R,). Light-limited growth, g(I(z)), decreases with depth. At each depth, the local specific growth rate (bold line) is determined
by the most limiting resource. The depth-averaged specific growth rate is obtained by integrating these local specific growth rates over
depth, as indicated by the shaded area. A, At low nutrient load, the specific growth rate is nutrient limited throughout the water column.
B, At intermediate nutrient load, the specific growth rate is nutrient limited in the upper part and light limited in the lower part of the
water column. The depth z,, marks the transition from nutrient limitation to light limitation. C, At high nutrient load, the specific growth

rate is light limited throughout the water column.

This scenario is shown in figure 1B. In this case, one might
say that the depth-averaged phytoplankton growth rate
experiences colimitation by nutrients and light (fig. 2).
That is, the depth-averaged specific growth rate of species
j depends on the weighted average of nutrient-limited
growth in the upper part and light-limited growth in the
lower part of the water column:

Zco,j

B = ll'max,jzi [ J min [flj(Rl): fz;‘(Rz)] dz
T 13)

ZM

+ f gj(I(z))dz}.

Zco,j

The two depth integrals in this equation can be solved
with the help of equations (1), (4), and (9). This yields

'[4,1. = ,umx,jmin[flj(R]), fzj(Rz)]

(14)

In (1;,) —In (I, ,-)]

In (1;,) —In (L)

In(H,+1I,)—In(H + Iom)]
In(1,) —In(I,,) ’

in

+ M’max,j

where I, ;
intensity at the bottom of the light gradient.
The two regions of nutrient limitation are separated

from the two regions of colimitation by nutrients and light

is given by equation (8) and I,

out

is the light
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10

Limitation
by light

Co-limitation by
nutrient 2 & light

Co-limitation by
nutrient 1 & light

Load of nutrient 1, Rjn 1
;]
1
no growth
Limitation by nutrient 2

Limitation by nutrient 1

no growth
T
0 5 10

Load of nutrient 2, Rj, »

Figure 2: Resource limitation of a single species. In the “no growth”
regions, nutrient availability is too low to support a phytoplankton
population. At low nutrient loads, the growth rate is limited by either
nutrient 1 or nutrient 2, depending on the ratio of the nutrient loads.
At intermediate nutrient loads, growth is colimited either by nutrient
1 and light or by nutrient 2 and light, depending on the ratio of the
nutrient loads. At high nutrient loads, growth is limited by light
irrespective of the nutrient ratios. Parameter values are given in
appendix C, available online.

by two boundary lines (fig. 2). Appendix A, available on-
line, shows that these two boundary lines are given by

¢l HR
R,,, = R+ —H|In(1,) - ln(—ul) — Kyozy|, (152)
Tk M,
. Gl H.R;,
R,, =R+ —”[ln (I,) —In (]—’) — Kyozy|-  (15b)
1 kF M,

Equation (15a) is independent of R, ,. Hence in figure
2, equation (15a) specifies the horizontal boundary line
at the transition from limitation by nutrient 1 to colim-
itation by nutrient 1 and light. Likewise, equation (15b)
specifies the vertical boundary line at the transition from
limitation by nutrient 2 to colimitation by nutrient 2 and
light. This implies that the transition from nutrient lim-
itation to colimitation is not determined by nutrient ratios
but by absolute nutrient loads (fig. 2). The diagonal
boundary line separating the two colimitation regions in-
dicates that the nutrient ratio does determine which of the
two nutrients colimits growth.

Light limitation. At high nutrient loads, the specific
growth rate is limited by light throughout the entire water
column (ie., I, ;> I;,). In this case, illustrated in figure

in

1C, the depth-averaged growth rate can be written as
(Huisman and Weissing 1994):

1
B = ”max,j—fgj(l(z))dz
Zm
0 (16)

In(H,+1,) —In(H+1,,)
In (Iin) —In (Iout)

I’Lmax,j

It can be shown that, under light-limited conditions,
the phytoplankton population will continue to increase
until it has reduced the light intensity at the bottom of
the water column to a critical light intensity I, ; (Huisman
and Weissing 1994, 1995). The critical light intensity has
a similar interpretation as the critical nutrient concentra-
tions Rj. Different species have different critical light in-
tensities, depending on their traits (Huisman et al. 1999).
Contrary to R*, the critical light intensity does not have
an explicit analytical solution, but it can be solved nu-
merically (i.e., by evaluating ui; — I, = 0 with the help of
equation [16]).

The boundary lines separating the regions of colimi-
tation by nutrients and light from the region of light lim-
itation are given by (app. A):

M, 1 .
R = L+ 220 (0) ~In () ~ Kygz)l, (173)
J J
M, 1
Ry = 20, + 220 (0,) (0, ) ~ Kozl (70

] ]

Equation (17a) specifies a horizontal boundary line,
while equation (17b) specifies a vertical boundary line.
Hence, the transition from colimitation to limitation by
light is again determined by absolute nutrient loads (fig.
2).

In total, these results show that, at low to intermediate
nutrient loads, the ratio of the nutrient loads determines
which of the two nutrients will limit growth. However, the
absolute nutrient loads determine the transition from nu-
trient limitation to colimitation by nutrients and light and
also the transition from colimitation to light limitation.
Furthermore, the boundary lines separating the different
resource limitation regions also depend on species traits
and on physical parameters affecting the underwater light
field such as incident light intensity (I,,), background tur-
bidity (Kj) and mixing depth (z,). More specifically, since
the value of I, ; decreases with I,, (Huisman and Weissing
1994), the nutrient thresholds specified by equations (15)
and (17) increase with incident light intensity. This is il-
lustrated in figure 3A-3C, which shows that the transitions
from nutrient to colimitation and from colimitation to
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light limitation will occur at higher nutrient loads in eco-
systems exposed to higher incident light intensities (e.g.,
tropical latitudes). Conversely, since I, ; is independent
of Kj; and z,, (Huisman and Weissing 1994), the nutrient
thresholds specified by equations (15) and (17) decrease
linearly with mixing depth and background turbidity. This
is illustrated in figure 3D-3F, which shows that the tran-
sitions from nutrient to colimitation and from colimitation
to light limitation occur at lower nutrient loads in deeply
mixed waters than in shallow waters. Qualitatively similar
results are obtained for changes in background turbidity.
Accordingly, patterns of resource limitation show many
similarities across ecosystems, yet quantitatively the values
of the critical nutrient loads at which systems will shift
from nutrient to light limitation will strongly depend on
the local environmental setting.

Competition between Two Species

Resource competition among two species is well under-
stood. If both species are limited by the same nutrient,
the species with lowest R* for that nutrient will be the
superior competitor and will eventually exclude the other
species (Armstrong and McGehee 1980; Tilman 1982).
Likewise, under light limitation, the species with lowest
I, will be the superior competitor for light (Huisman and
Weissing 1994; Huisman et al. 1999). When two resources
are limiting, two species can coexist if each species is the
superior competitor for another resource. The coexistence
equilibrium is stable if each species consumes relatively
more of that resource for which it is an inferior competitor
(Le6n and Tumpson 1975; Tilman 1982; Huisman and
Weissing 1995). Conversely, the coexistence equilibrium is
unstable, and the winner will depend on the initial con-
ditions, if each species consumes relatively more of that
resource for which it is a superior competitor.

For our model, the presence of a vertical light gradient
complicates the mathematical analysis. Therefore, we first
consider a simplified version of the model, in which the
depth-averaged growth rate of equation (5) is replaced by

ZM

1
B = B, min [ f5(R), £;(R,), Z—Jgj(I(Z))dZ-

0

(18)

This equation differs from equation (5) in that the in-

tegral term is inside rather than outside the minimum
function. Hence, the law of the minimum now acts at
once over the entire depth rather than at each local depth
separately. This assumption may particularly apply to ter-
restrial vegetation, where individual plants can integrate
their photosynthetic activity over the entire depth of the
canopy. The resource limitation pattern predicted by this
simplified model resembles figure 2 but without colimi-
tation of nutrients and light (fig. B1, available online). The
simplified model has the advantage that the boundaries
between different regions of competitive dominance can
be derived analytically (see app. A). However, equation
(5) is a more accurate description of local phytoplankton
growth. Hence, we will return to the full model based on
equation (5) at the end of this section, to compare the
predictions of the simplified and full model.

We investigate three competition scenarios. The species
parameters are chosen such that two-species coexistence
is stable whenever it occurs (see app. C, available online,
for parameter values). In the first scenario, species 1 is the
superior competitor for nutrient 1 and light, and species
2 is the superior competitor for nutrient 2 (fig. 4A). In
the intermediate region, the two species coexist because
each species becomes limited by the resource for which it
is an inferior competitor (fig. 4A). At low nutrient loads,
the shape of this coexistence region resembles the classical
cone form predicted by Tilman’s (1982) resource-ratio hy-
pothesis. Within this cone, species 1 is limited by nutrient
2, and species 2 is limited by nutrient 1. At high nutrient
loads, the coexistence region extends vertically. Here, spe-
cies 1 is still limited by nutrient 2, but species 2 has become
limited by light. Hence, the change in orientation of the
coexistence region occurs when the competitive interac-
tions shift from competition for two nutrients to com-
petition for nutrient 2 and light. Consequently, at low
nutrient loads the outcome of competition depends on the
ratio of the nutrient loads, but at high nutrient loads the
outcome is determined by the absolute load of nutrient
2.

In the second scenario, species 1 is the superior com-
petitor for nutrient 1, and species 2 is the superior com-
petitor for nutrient 2 and light. The results resemble the
first scenario. At high nutrient loads, however, the coex-
istence region now extends horizontally, where the two
species compete for nutrient 1 and light (fig. 4B).

Figure 3: Resource limitation of a single species at different incident light intensities and mixing depths. A—C, With increasing incident
light intensities, the transition from nutrient limitation to colimitation by nutrients and light and, also, the transition from colimitation to
light limitation will occur at higher nutrient loads. D—F, With increasing mixing depths, the transition from nutrient limitation to colimitation
and from colimitation to light limitation will occur at lower nutrient loads. Parameter values are given in appendix C, available online.



In the third scenario, species 1 is the superior competitor
for both nutrients and species 2 is the superior competitor
for light. In this case, the different regions are separated
by L-shaped boundary lines that run parallel to the axes
(fig. 4C). Species 1 wins at low nutrient loads, while species
2 wins at high nutrient loads. The two species coexist in
the intermediate region, where they are colimited either
by nutrient 1 and light or by nutrient 2 and light. Hence,
in this scenario, the outcome of competition is never de-
termined by the nutrient ratios. Instead, the species com-
position is determined by the absolute nutrient loads. The
boundary lines in figure 4 are derived in appendix A.

Appendix B, available online, investigates the same com-
petition scenarios, with the same parameter values as in
figure 4 but now for the full model based on equation (5).
Quantitatively, the predictions of the simplified and full
model show several differences, but qualitatively their pre-
dictions are very similar (cf. figs. 4, B2). At low nutrient
levels, the two species compete primarily for nutrients 1
and 2, and the outcome of competition is determined by
the ratio of the nutrient loads. At high nutrient levels, the
two species compete mainly for light, and the outcome of
competition is determined by the absolute nutrient loads.

Competition between Three Species

This section investigates competition between three species
for two nutrients and light. The number of theoretically
possible scenarios is overwhelming. As Huisman and
Weissing (2001) pointed out, three species can be ordered
in six different ways according to their R* values for a
single resource. Hence, there are 6° = 216 different ways
to order the R* values of three species for three resources.
The stability of the coexistence equilibria depends on the
resource consumption parameters of the species (i.e., the
values of Gjp G and k), and there are also 216 different
ways to order the resource consumption parameters of
three species for three resources. In case of three species
competing for three resources one can thus distinguish
216 x 216 = 46,656 different model scenarios. Although
some of these scenarios will be mathematically equivalent,
it is clear that we cannot treat all possible scenarios here.
Instead, we confine our analysis by the assumption that
species 1 is the superior competitor for nutrient 1, species
2 is the superior competitor for nutrient 2, and species 3
is the superior competitor for light. We consider three cases
with different configurations of the consumption param-
eters (fig. 5A-5C). With the help of the simplified model
based on equation (18), the boundary lines can again be
derived analytically (see app. A).

The results show that species 1 wins if all species are
limited by nutrient 1, species 2 wins if all are limited by
nutrient 2, and species 3 wins if all are limited by light
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(fig. 5A-5C). Adjacent to these single-species regions are
regions with either stable coexistence of two competitors
(fig. 5A, 5B) or alternative stable states of two competitors
(fig. 5C). In the center of each graph, where all three
resources are limiting simultaneously, there is a stable or
unstable three-species coexistence region (fig. 5A-5C).
Huisman and Weissing (2001) demonstrated earlier that,
in case of competition for three nutrients, the stability of
the three-species coexistence equilibrium depends on the
configuration of the consumption parameters. Our sim-
ulation results indicate that their “rules of thumb” also
apply if three species compete for two nutrients and light.
Coexistence of all three species is stable if each species
consumes most of the resource for which it is the inferior
competitor (fig. 5A). If each species consumes most of the
resource for which it is the intermediate competitor, com-
petition produces nontransitive interactions characterized
by sustained species oscillations in the form of limit cycles
(fig. 5B). This is an interesting case, because these non-
equilibrium dynamics may enable the coexistence of many
species on a few limiting resources (Huisman and Weissing
1999). If each species consumes most of the resource for
which it is the best competitor, the species tend to mo-
nopolize the limiting resource, which leads to competitive
exclusion where the winner depends on the initial con-
ditions (fig. 5C).

Figure 6 investigates the same model scenarios, but now
for the full model. In comparison to the simplified model,
the boundaries separating the different dominance regions
shift to other nutrient loads in the full model. Further-
more, several boundaries lines predicted by the full model
are not linear but curved, reflecting the more gradual tran-
sition from nutrient to light limitation. Qualitatively,
though, the predictions of the simplified and full model
are again similar (cf. figs. 5, 6). Species 1 wins if all species
compete only for nutrient 1, species 2 wins if they all
compete for nutrient 2, species 3 wins if they all compete
for light, competition for two resources leads to stable or
unstable two-species coexistence, and there is a stable or
unstable three-species coexistence region in the center.

Interestingly, however, we did not find limit cycles in
the full model, at least not for the parameter values that
generated limit cycles in the simplified model. Instead, the
full model predicts stable coexistence of all three species
(fig. 6B). A plausible explanation for this difference is that,
in the simplified model, the growth rate of a species is
limited by the same resource across the entire depth of
the water column. Hence, nontransitive interactions be-
tween species play out over the entire depth of the water
column. In contrast, in the full model, resource limitation
is determined at each local depth. Accordingly, the species’
growth rates will remain nutrient limited in the upper part
and light limited in the lower part of the water column,
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while their growth rates may fluctuate between nutrient
and light limitation only at intermediate depth. Hence,
any tendency for fluctuations in resource limitation gen-
erated by nontransitive interactions will be restricted to
this narrow depth range only. We conjecture that this has
a stabilizing effect on the population dynamics, suppress-
ing the species oscillations in the full model.

Trait Combinations and Species Distributions

Natural communities often contain numerous species.
This section therefore uses the full model to explore multi-
species competition. Although the number of possible sce-
narios is daunting, some species traits may be physiolog-
ically or ecologically more plausible than others. Therefore,
we confined our analysis to the following set of trait com-
binations:

Assumption 1. A three-way trade-off between compet-
itive abilities for nitrogen, phosphorus, and light (see fig.
Cl1, available online). In total, we consider 9 species. Spe-
cies 1-5 are superior competitors for nutrients but inferior
competitors for light, with species 1 the superior com-
petitor for nitrogen (lowest R* for nitrogen) and species
5 the superior competitor for phosphorus (lowest R* for
phosphorus). Species 6-8 are intermediate competitors for
nutrients and light, with species 6 the better competitor
for nitrogen and species 8 the better competitor for phos-
phorus. Species 9 is the superior competitor for light but
an inferior competitor for both nutrients. The existence
of a trade-off between competitive abilities for nitrogen
and phosphorus is supported by the recent meta-analysis
of Edwards et al. (2011), who showed that strong com-
petitors for nitrogen are generally weak competitors for
phosphorus, and vice versa. Less is known about trade-
offs between competitive abilities for nutrients versus light
(e.g., Passarge et al. 2006), although the existence of such
trade-offs is suggested by the common observation that
the species composition of phytoplankton communities
changes along environmental gradients of nutrient and
light availability (Sommer 1993; Reynolds 1997).

Assumption 2. Strong nutrient competitors (species with
low R* values) have low cellular contents of these nutrients

Figure 4: The outcome of competition between two species for two
nutrients and light, predicted by the simplified model. A, Species 1
is the superior competitor for nutrient 1 and light, whereas species
2 is the superior competitor for nutrient 2. B, Species 1 is the superior
competitor for nutrient 1, whereas species 2 is the superior com-
petitor for nutrient 2 and light. C, Species 1 is the superior competitor
for both nutrients, whereas species 2 is the superior competitor for
light. Close to the X-axis and Y-axis, there is a region of “no growth”
(as in fig. 2), but this region is often too narrow to be visible. Pa-
rameter values are given in appendix C, available online.
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(low ¢;’s), reflecting the common observation that species
of nutrient-poor habitats generally have higher nutrient
use efficiencies than those of nutrient-rich habitats (e.g.,
Sterner et al. 1997). We incorporated this assumption
through a positive correlation between the half-saturation
constants for nutrient-limited growth and the cellular nu-
trient contents of the species, in line with empirical data
reported by Litchman et al. (2007).

Assumption 3. Two different scenarios for the relation-
ship between competitive ability for light and the light
attenuation coefficients of species. The first scenario as-
sumes that strong competitors for light (species with low
I;,) have low light attenuation coefficients, while weak
competitors for light have high light attenuation coeffi-
cients (figure C1B). Conversely, the second scenario as-
sumes that strong competitors for light have high light
attenuation coefficients, while weak competitors have low
light attenuation coefficients (figure C1C).

The results show that the species composition pre-
dicted by this multispecies competition model is sensitive
to changes in both nutrient ratios and nutrient loads (fig.
7). At low nutrient loads, species compete for nutrients
and the species composition is largely determined by the
N : P ratio. Species 1 and 2 are superior nitrogen com-
petitors and win at low N : P ratio. Species 4 and 5 are
superior phosphorus competitors and win at high N : P
ratio. At high nutrient loads, community biomass in-
creases and the competitive interactions are shifted to-
ward competition for light. Here, species 9 is the superior
light competitor and wins. At intermediate nutrient
loads, multispecies competition generates a patchwork of
different species combinations. The stability of the local
coexistence equilibria within this patchwork depends on
the two scenarios of assumption 3.

In the first scenario, strong competitors for light have
low light attenuation coefficients, while weak competitors
have high light attenuation coefficients. This trait com-
bination has a stabilizing effect, generating a patchwork
of stable two-species and three-species coexistence regions
(fig. 7A).

In the second scenario, strong competitors for light have
high light attenuation coefficients. This trait combination
generates a patchwork of local alternative stable states in

species composition (fig. 7B). In one state, the superior
competitor for light creates low-light conditions that favor
its own dominance and prevent invasion by strong nu-
trient competitors. In the alternative state, strong nutrient
competitors deplete ambient nutrients to low levels, pre-
venting invasion by the superior light competitor. In some
regions, we even found three alternative stable states,
where two intermediate competitors generated light con-
ditions too low for invasion by stronger nutrient com-
petitors, but nutrient conditions too low for invasion by
stronger light competitors. Hence, the species composition
in this scenario depends not only on the nutrient loads
but is also sensitive to the initial species abundances.

Discussion

This article proposes the nutrient-load hypothesis to ex-
plain changes in species composition along productivity
gradients. The nutrient-load hypothesis predicts that ratios
of nutrient loads and absolute nutrient loads both have a
major impact on the species composition of primary pro-
ducers. Nutrient ratios are predicted to be a key deter-
minant of the species composition in oligotrophic eco-
systems, consistent with earlier resource competition
theory (Tilman 1982; Grover 1997) and experiments (e.g.,
Tilman 1977; Sommer 1985; van Donk and Kilham 1990;
Smith 1993). In contrast, absolute nutrient loads are pre-
dicted to be decisive for the outcome of competition in
eutrophic ecosystems. High nutrient loads can produce
high biomass, shifting the species interactions to compe-
tition for light. This favors the dominance of a superior
light competitor that overshadows and excludes all other
species. In mesotrophic ecosystems, communities can be-
come colimited by two nutrients and light. This may en-
able stable coexistence of species but may also generate
nonequilibrium coexistence or alternative stable states de-
pending on the traits of the competing species. These re-
sults were obtained for two alternative formulations of the
specific growth rate (eqq. [5], [18]). This indicates that,
qualitatively, the nutrient-load hypothesis does not depend
on highly specific model assumptions but reflects more
general principles. Several insights suggested by our model
results will be discussed below.

Figure 5: Competition between three species for two nutrients and light, predicted by the simplified model. Species 1 is the superior
competitor for nutrient 1, species 2 for nutrient 2, and species 3 for light. Left panels show the winners of competition as function of the
nutrient loads. Right panels show time series of species abundances and nutrient and light availability for the center region (region “1,2&3”
in A, B; region “1,2 or 3” in C). Upper right panels show abundances of species 1 (solid line), species 2 (dashed line), and species 3 (dotted
line). Lower right panels show concentrations of nutrient 1 (solid line), nutrient 2 (dashed line), and light penetration I, (dotted line).
The graphs consider three scenarios: A, Each species consumes most of the resource for which it is the inferior competitor; this produces
stable coexistence. B, Each species consumes most of the resource for which it is the intermediate competitor; this produces limit cycles in
the center region. C, Each species consumes most of the resource for which it is the superior competitor; this produces alternative stable

states. Parameter values are given in appendix C, available online.
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Nutrient Ratios versus Nutrient Loads

Our findings may help to reconcile the controversy over
the role of nutrient ratios versus absolute nutrient levels
in controlling the community composition of primary
producers. For instance, several field studies have shown
that the relative abundance of cyanobacteria in phyto-
plankton communities correlates well with the nitrogen-
to-phosphorus ratio (Smith 1983; Smith and Bennett 1999;
Havens et al. 2003; Noges et al. 2008; Vrede et al. 2009),
whereas other studies have shown that cyanobacterial
dominance is more strongly associated with absolute nu-
trient concentrations (Trimbee and Prepas 1987; Canfield
et al. 1989; Jensen et al. 1994; Reynolds 1998; Downing
et al. 2001; McCarthy et al. 2009). To illustrate how our
model predictions may explain these contrasting field ob-
servations, we consider a hypothetical scenario in which
cyanobacteria compete against eukaryotic phytoplankton
at different nitrogen and phosphorus supply concentra-
tions. Our scenario assumes that eukaryotic phytoplankton
are superior competitors for phosphorus (e.g., diatoms;
Grover 1997), whereas cyanobacteria are superior com-
petitors for nitrogen (Smith 1986; Tyrrell 1999) and for
light (Mur et al. 1977; Schwaderer et al. 2011).

The outcome of competition between cyanobacteria and
eukaryotic phytoplankton predicted from this hypothetical
scenario is plotted in figure 8. The arrows indicate three
gradients of nutrient enrichment. Interestingly, the re-
placement of eukaryotes by cyanobacteria is very similar
along all three gradients (bottom panels in fig. 8). At low
nutrient levels, enhanced phosphorus loads lead to an in-
crease of the ambient P : N ratio, which shifts the species
interactions from competition for phosphorus to com-
petition for nitrogen. This favors the dominance of cy-
anobacteria at the expense of eukaryotic phytoplankton
(gradient I). At high nutrient levels, the model also pre-
dicts that enhanced phosphorus loads lead to an in-
creased P : N ratio, which again favors cyanobacteria over
eukaryotic phytoplankton (gradient II). In this case, how-
ever, the correlation between the species composition and
the P : N ratio is spurious, because the species interactions
shift from competition for phosphorus to competition for
light rather than to competition for nitrogen. The third
gradient shows that cyanobacterial dominance also in-
creases with combined nitrogen and phosphorus enrich-
ment, even if the P: N ratio remains constant (gradient
III). In this case, cyanobacteria become dominant again

because of their superior competitive ability for light. In
total, our model thus predicts that cyanobacteria will be
favored by low N : P ratios (high P : N ratios), and also
by combined N + P enrichment (fig. 8). This offers a
simple and straightforward solution for the long-standing
controversy whether cyanobacterial dominance should be
attributed to low N : P ratios or high nutrient loads (Smith
2003).

These predictions are supported by the few experimental
studies that have investigated competition for two nutri-
ents and light. Yang and Jin (2008) investigated compe-
tition between the non-nitrogen-fixing cyanobacterium
Microcystis aeruginosa, a green alga and a diatom at dif-
ferent N : P : light levels. At low light levels, the cyano-
bacterium became dominant irrespective of the N : P ratio.
At high light levels, the cyanobacterium coexisted with the
green alga, and the relative abundances of the two species
depended on the N : P ratio. De Tezanos Pinto and Litch-
man (2010) performed similar experiments with the ni-
trogen-fixing cyanobacterium Anabaena flos-aquae and
several other species of cyanobacteria, green algae, dia-
toms, and cryptophytes. At low light levels, Anabaena be-
came dominant irrespective of the N : P ratio. At high light
levels, Anabaena dominated at low N : P ratios, while high
N : P ratios resulted in a mixture of green algae. Hence,
consistent with our model predictions, both studies found
that nutrient ratios affected the species composition at
high-light conditions but not at low-light conditions where
light limitation controlled the competitive outcome.

Productivity and Diversity

Relations between productivity and biodiversity have been
investigated in numerous theoretical and empirical studies.
In this sense, our study builds on previous work, and
integrates elements from several earlier theoretical studies
(e.g., Tilman 1982; Huisman and Weissing 1995). Yet, our
model study is the first to analyze competition for two
nutrients and light in a systematic manner. It is therefore
interesting to assess to what extent the model predictions
can capture observed productivity-diversity relationships.

Figure 7 illustrates how different nutrient loads are pre-
dicted to affect the number of coexisting species. Domi-
nance by one or two species is expected at low nutrient
levels, where species compete for one or two nutrients but
not for light. At intermediate nutrient loads, species com-

Figure 6: Competition between three species for two nutrients and light, predicted by the full model. Figure layout and parameter values
are the same as in figure 5. The graphs consider three scenarios: A, Each species consumes most of the resource for which it is the inferior
competitor; this produces stable coexistence. B, Each species consumes most of the resource for which it is the intermediate competitor;
in the full model, this produces stable coexistence instead of limit cycles. C, Each species consumes most of the resource for which it is

the superior competitor; this produces alternative stable states.
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Figure 7: Competition between nine species for nitrogen, phosphorus, and light, predicted by the full model. The graphs show the winners
of competition as function of the nitrogen and phosphorus loads for two different scenarios: A, Strong competitors for light have low light
attenuation coefficients (see fig. C1B, available online). This produces a patchwork of local regions with stable coexistence of two or three
species. B, Strong competitors for light have high light attenuation coefficients (see fig. C1C). This produces a patchwork of alternative
stable states in species composition. Parameter values are given in appendix C, with a graphical illustration of the main traits of the species

in figure CI.

pete for both nutrients and light, which can generate a
patchwork of many local two-species and three-species
coexistence areas (fig. 7A). In natural habitats, spatial het-
erogeneity or nonequilibrium conditions may span several
of these local two-species and three-species areas, which
will further enhance species diversity at larger spatial and
temporal scales (cf. Tilman 1982). High nutrient loads lead
to the lowest biodiversity, because the superior light com-
petitor excludes all other species such that ultimately only
a single species remains. Hence, in total, the model predicts
that intermediate loads of both nutrients will favor high
biodiversity, while high nutrient loads will strongly sup-
press biodiversity due to intense competition for light.
These model predictions are consistent with the uni-
modal productivity-diversity relationship observed for pri-
mary producers of many terrestrial, freshwater and marine
ecosystems (Grime 1973; Tilman and Pacala 1993; Mitt-
elbach et al. 2001; Irigoien et al. 2004; Stomp et al. 2011).
They are also in line with field observations documenting
a positive relation between the species diversity of primary
producers and the number of limiting resources (Inter-
landi and Kilham 2001; Grover and Chrzanowski 2004;
Harpole and Tilman 2007; Harpole and Suding 2011).
Moreover, these model predictions may help to understand
why eutrophication of ecosystems often leads to diversity
loss and the dominance of only a few species (Grime 1973;

Carpenter et al. 1998; Hautier et al. 2009). The nutrient-
load hypothesis may thus offer a simple conceptual frame-
work to describe and understand how changes in pro-
ductivity affect biodiversity.

Interestingly, however, our model results point out that
intermediate nutrient loads do not necessarily yield high
diversity. Instead of species coexistence, competition for
two nutrients and light may also produce alternative stable
states in species composition (figs. 5C, 6C). The latter
occurs if strong competitors for light absorb more light
per unit biomass than other species (as in fig. C1C), such
that they can create the light-limited conditions that favor
their own competitive dominance. Such a scenario seems
physiologically quite plausible, since species with high light
absorption per unit biomass will be able to cast substantial
shade on other competitors while still capturing sufficient
light energy themselves to survive under low-light con-
ditions. Indeed, in laboratory experiments with five fresh-
water phytoplankton species, Passarge et al. (2006) found
that the species with the highest light attenuation coeffi-
cients were the strongest competitors for light. In a multi-
species context, this scenario produces a patchwork of al-
ternative stable states, including regions with two and
sometimes even three alternative stable states (fig. 7B). The
presence of a patchwork of multiple alternative stable states
implies that small differences in nutrient loads and initial
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Figure 8: Competition between eukaryotic phytoplankton and cyanobacteria for nitrogen, phosphorus, and light. The graph assumes that
eukaryotes are superior competitors for phosphorus, while cyanobacteria are superior competitors for nitrogen and light. The upper panel
shows the outcome of competition as function of the nutrient loads; the arrows indicate environmental gradients. Gradient I: as the P load
increases, the P : N ratio increases, and the species interaction shifts from competition for phosphorus to competition for nitrogen. Gradient
II: as the P load increases, the P: N ratio again increases, but now the species interaction shifts from competition for phosphorus to
competition for light. Gradient III: nitrogen and phosphorus loads both increase without changing the P : N ratio, shifting the species
interaction from competition for nitrogen and phosphorus to competition for light. The three lower panels show the changes in species
composition along these gradients (solid line, cyanobacteria; dashed line, eukaryotes).

species abundances will determine which species will ul- Suggestions for Future Work

timately gain the upper hand. This makes the species com-

position at intermediate nutrient loads rather Our model can be interpreted as a model of intermediate
unpredictable. complexity. It adds further realism to classic resource com-



petition theory by incorporation of competition for light.
Yet, the model still makes many simplifying assumptions.
Our findings therefore suggest several avenues for further
theoretical and experimental work.

One important simplification is the use of Von Liebig’s
(1840) law of the minimum. As a consequence, species
shift abruptly from nutrient-limited to light-limited
growth. We introduced this assumption because it facili-
tated the mathematical analysis. Yet, rates of photosyn-
thesis are known to be sensitive to the nutrient status of
organisms. Conversely, assimilation of nutrients into a
wide range of cellular functions requires energy provided
by photosynthesis. Hence, from a physiological perspec-
tive, it would be more realistic to assume interactive effects
of light and nutrient availability on growth (Healey 1985;
Evans 1989; Aguirre von Wobeser et al. 2011). This would
result in a more gradual transition from nutrient to light
limitation (Huisman and Weissing 1995). More detailed
physiological models could certainly contribute to a better
understanding of the interactions between competition for
nutrients and competition for light.

Another important simplification is the assumption that
species and nutrients are all homogeneously mixed. In a
strict sense, this limits the applicability of our model to
phytoplankton in turbulent waters, while incomplete mix-
ing may lead to deviations from our model predictions.
For instance, incomplete mixing may select for species that
can exploit spatial variation in nutrient and light condi-
tions (Huston and DeAngelis 1994; Huisman et al. 2006;
Yoshiyama et al. 2009; Ryabov and Blasius 2011). Fur-
thermore, species that overtop others will profit from en-
hanced light access while leaving competitors in their
shade, which may foster founder control in terrestrial plant
communities (Rees and Bergelson 1997; Perry et al. 2003).
It will be interesting to investigate how such spatially ex-
tended growth strategies will affect the competitive inter-
actions for nutrients and light.

Previous theory has shown that competition for three
limiting resources can generate species oscillations induced
by nontransitive interactions between the species (Hu-
isman and Weissing 1999, 2001). These nonequilibrium
dynamics may in turn favor high biodiversity (Huisman
and Weissing 1999; Kerr et al. 2002; Laird and Schamp
2006). One might expect that competition for two nutri-
ents and light would produce similar species oscillations.
This was confirmed by the simplified model (fig. 5B), but
surprisingly numerical simulations did not show species
oscillations in the full model (fig. 6B). We conjecture that
the vertical light gradient in combination with localized
growth restricts nontransitive interactions to a narrow
depth range, which has a stabilizing effect on the species
dynamics. However, we have not explored this issue in
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further detail, and more rigorous theoretical analysis may
shed more light on this issue.

Testing predictions of resource competition models is
laborious but relatively straightforward. Species can be
grown in monoculture to measure their growth kinetics,
and subsequently the competitive interactions between
these species can be studied at a range of different nutrient
and light conditions (Tilman 1977; Sommer 1985; Huis-
man et al. 1999; Passarge et al. 2006). Surprisingly, only
a few experimental studies investigated the three-way in-
teraction of competition for two nutrients and light (Yang
and Jin 2008; De Tezanos Pinto and Litchman 2010). As
discussed above, these studies confirmed that nutrient ra-
tios affect the species composition at high-light conditions
but not under light-limited conditions. However, these
studies were not a priori designed to test the theory de-
veloped here, and more systematic tests of the theoretical
predictions in controlled competition experiments would
therefore certainly be warranted.

One aspect deserves particular attention. Theory pre-
dicts that competition for nutrients and light can produce
either stable species coexistence (fig. 7A) or alternative
stable states in species composition (fig. 7B), depending
on the trait combinations of the competing species. Some
empirical evidence indicates that strong competitors for
light tend to have higher light attenuation coefficients
(Passarge et al. 2006), which would favor alternative stable
states. However, we still lack sufficient data to fully assess
whether stable coexistence or alternative stable states will
be more likely in natural communities. Moreover, in re-
ality, the trait combinations might be fuzzier than the neat
alignment of species traits assumed in our model simu-
lations (fig. C1). In that case, the model predicts a complex
mixture of the patterns in figure 7A and 7B, with some
stable coexistence regions and other regions where alter-
native stable states prevail. These different scenarios have
important implications for our general understanding of
the productivity-diversity relationship and for the pre-
dictability of the species composition of natural com-
munities. It will therefore be an important challenge for
experimental studies to unravel which of these theoretically
feasible scenarios are biologically most plausible.

Concluding Remarks

Human activities have modified nutrient availability in
many aquatic and terrestrial ecosystems, for instance,
through eutrophication, changes in land use, and climate
change. The nutrient-load hypothesis offers a simple con-
ceptual framework to interpret and communicate how
such human-driven changes in nutrient availability may
affect the biodiversity and species composition of aquatic
and terrestrial plant communities. In particular, this hy-
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pothesis incorporates the important role of nutrient ratios for nutrients. Australian Journal of Agricultural Research 9:421—

in oligotrophic environments, provides a mechanistic ex-_ 433. o
planation for the high biodiversity commonly observed in Downing, J. A., S. B. Watson, and E. McCauley. 2001. Predicting

troohi . t d helos t lai h cyanobacteria dominance in lakes. Canadian Journal of Fisheries
mesotropnic environments an elps to explain whny re- and Aquatic Sciences 58:1905-1908.

duction of nutrient loads is essential to suppress superio: — Dybzinski, R., and D. Tilman. 2007. Resource use patterns predict
light competitors and restore high biodiversity in ecosys- long-term outcomes of plant competition for nutrients and light.
tems exposed to long-term eutrophication. American Naturalist 170:305-318.
=+ Edwards, K. E, C. A. Klausmeier, and E. Litchman. 2011. Evidence
for a three-way trade-off between nitrogen and phosphorus com-
petitive abilities and cell size in phytoplankton. Ecology 92:2085—
2095.
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