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Disturbance is a key factor shaping species abundance and diversity in plant communities. Here, we use a mechanistic
model of vegetation diversity to show that different strengths of r- and K-selection result in different disturbance-diversity
relationships. R- and K-selection constrain the range of viable species through the colonization-competition tradeoff, with
strong r-selection favoring colonizers and strong K-selection favoring competitors, but the level of disturbance also affects
the success of species. This interplay among r- and K-selection and disturbance results in different shapes of disturbance-
diversity relationships, with little variation of diversity with no r- and no K-selection, a decrease in diversity with r-selection
with disturbance rate, an increase in diversity with K-selection, and a peak at intermediate values with strong r- and K-
selection. We conclude that different disturbance-diversity relationships found in observations may reflect different
intensities of r- and K-selection within communities, which should be inferable from broader observations of community
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Introduction

The level of disturbance is one of many factors that shape
patterns of plant species diversity [1]. The Intermediate Distur-
bance Hypothesis (IDH) [2,3] states that the diversity of a
community is greatest at intermediate levels of disturbance. This
peak in diversity is hypothesized to result from the contrasting
effects of disturbance on the ability of species to persist in a
community. Greater rates of disturbance require more rapid
recolonization of sites, which should exclude species that are slow
in reproduction, thus decreasing the diversity in a community.
However, with decreasing rates of disturbance, strong competitors
increasingly outcompete weaker competitors, resulting in in-
creased levels of competitive exclusion and lower levels of diversity.
Thus, the combination of the two effects suggest a peak in diversity
at intermediate levels of disturbance, resulting in a unimodal
disturbance-diversity relation (e.g. [4,5]).

The IDH and, more generally, disturbance-diversity relation-
ships (DDRs) can be interpreted as the outcome of how well
species are able to compete and colonize under different rates of
disturbances. This ability is not arbitrary, but constrained by the
colonization-competition tradeoff to which all plant species in a
community are subject to. Plant species differ in their traits, which
influence their competitive and colonizing abilities. A plant species
that produces high biomass has a greater ability to harvest light
and reach other resources and thus has a strong competitive
ability. Such a strategy is favored by K-selection [6] In contrast, a
plant strategy that allocates more to reproduction instead of
biomass can rapidly establish on free sites, thus having a greater
colonizing ability. Such a strategy is favored by r-selection [6].
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Since plants cannot be both strong competitors and quick
colonizers, they are subjected to the fundamental tradeoff between
allocation to biomass and reproduction. Hence, the colonization-
competition tradeofl is seen as the main mechanism that results in
the IDH (e.g. [7]). Although we constrain our discussion here to
plants, it should in general apply to other organisms, e.g. animals,
because the colonization-competition tradeoff should also apply to
them.

The universality of the IDH has been tested for a wide range of
empirical systems (e.g. [8-11]) and with theoretical studies (e.g.
[4,12]). The unimodal DDR associated with the IDH has not been
consistently observed (summary in [10]). The relationship of
diversity with disturbance rate can also be U-shaped, increasing or
decreasing, or even insignificant (e.g. [10,13]). Several alternative
explanations have been proposed to explain these different shapes.
Huston [14], Proulx and Mazumder [15] and Kadmon and
Benjamini [16] explained different DDRs with an interdepen-
dence of productivity between different species. Following this
idea, a unimodal relationship between diversity and disturbances
can be realized only under intermediate levels of productivity (e.g.
[16,17]). They suggest that with high productivity, diversity
increases with disturbances, while under low productivity, diversity
decreases with disturbances. However, productivity and diversity
are not independent variables, but reflect different aspects of the
environment, the disturbance regimes as well as the level of
competition within communities. Due to such inconsistencies, Fox
[18] has suggested to abandon the IDH. However, in this paper
we do not want to reject or support the IDH, rather we seek a

April 2014 | Volume 9 | Issue 4 | 95659



http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0095659&domain=pdf

A Colonization-competition trade-off

no r-selection strong r-selection
t>;é ) O low dist 2
3| A high dist|| 3
lecion || @\ o
K-selection | & g
8 a
£ £ A
8 > o >
colonizing ability colonizing ability
>4
k) =1,
3| O. 3| 0.
v 9 :
s A =
= 2
strong - 8
K-selection 5 g
] 8
colonizing ability colonizing ability

B Frequencies of competitors versus colonizers

no r-selection strong r-selection
g colonizers|| o colonizers
5 £
no = o
. S c
K-selection 3 _(g“
competitors competitors
disturbance disturbance
g colonizers || & colonizers
c S
| o
he c
strong 5 3
N 0 «
K-selection | . .
competitors competitors
disturbance disturbance

C Disturbance-diversity relationships (DDRs)

no r-selection strong r-selection

z oy
no & E
K-selection | $ 2
o o
disturbance disturbance

& >

7 B

& 4

strong 9 9]

> = >
K-selection o S

disturbance disturbance

Figure 1. Different strength of r- and K-selection lead to
exclusion of different species and thereby result in different
DDRs. In the absence of r- and K-selection, no species are excluded,
and the colonization-competition tradeoff is expected to have the
widest range. K-selection shifts this tradeoff towards competitive
species, while r-selection shifts this tradeoff towards colonizers. Under
both r- and K-selection, the tradeoff (A) is hypothesized to have a wider
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range, because it shifts from competitors towards colonizers under
increasing disturbances. The abundances of colonizers versus compet-
itors (B) reflect these relationships and lead to different shapes of DDRs
(Q): flat, increasing, decreasing and unimodal.
doi:10.1371/journal.pone.0095659.g001

general theory to explain the different shapes of DDRs, which is
still missing [19].

Here, we hypothesize that different shapes of DDRs result from
different strengths by which r- and K-selection exclude species
from plant communities. We test this hypothesis with a model in
which the strength of r- and K-selection can indirectly be adjusted,
for mstance by the disturbance rate. The composition of the
modelled plant community, e.g. in terms of the relative
abundances of colonizers and competitors, results from different
independent processes: climatic constraints, disturbance, and
competitive processes. We refer to strong K-selection if we observe
a high presence of competitors. This is usually the case under high
resource competition. We refer to strong r-selection if we observe
high presence of colonizers, which is usually the case under strong
seed competition. Seed and resource competition can be adjusted
in the model independently varying two parameters. By altering
the seed and resource competition in the model, the resulting
community reflects different strength of r- and K-selection. We
therefore refer to the strength of r- and K-selection and not to seed
and resource competition.

With no competitive exclusion, the neutral theory of biodiversity
[20] assumes that differences among species are irrelevant to their
success, so that neither r- nor K- selection exclude species from a
community. At this extreme, the competition-colonization tradeoff
allows species over a broad range of traits to persist in the
community (Fig. 1 A), because r- or K-selection do not exclude
sections of this tradeoff. Since the success of species is independent
of their differences, we hypothesize that colonizers and compet-
itors should be present at a similar abundance (Fig. 1 B), thus
resulting in a flat DDR (Fig. 1 C). We expect that K-selection
results in a reduction of the range of the competition-colonization
tradeoft due to competitive exclusion. Thus, we expect colonizers
to be absent at low disturbances and become increasingly present
at higher disturbance rates. We hypothesize that this isolated effect
of K-selection results in an increase in diversity to a saturating
value with increasing rates of disturbance. With r-selection, we
expect to find the competition-colonization tradeoff to be reduced
towards the other end, favoring colonizers at the expense of strong
competitors. We propose that this results in a greater abundance of
colonizers towards higher disturbance rates, but also reduces the
diversity at this end because competitors are increasingly excluded.
Thus we expect diversity to decline with greater disturbance rates.
When both r- and K-selection are considered, we hypothesize to
find a less reduced range of the competition-colonization tradeoff
and a continuous shift in the abundance from competitors to
colonizers, resulting in the unimodal DDR that is associated with
the IDH.

To evaluate these hypotheses, we use a plant physiology-based
numerical model of plant diversity (JeDi-DGVM [21,22]) in
combination with a model of population dynamics (DIVE [23]).
The JeDi-DGVM tests a wide range of plant growth strategies for
their reproductive success under different climatic conditions and
thereby represents a mechanistic climate filter [24]. It has been
used successfully in previous studies to understand biogeographical
patterns of plant species richness [25], relative abundance
distributions [26], as well as vegetation productivity [22]. The
model is used here as a mechanistic way to obtain the range of the
colonization-competition tradeoff for a given climatic setting. The
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DIVE model [23] represents a competitive filter, in which we can
vary the strength of r- and K-selection as well as disturbance rate
and evaluate their effects on the resulting simulated diversity of the
community. With this we estimate the effects of r- and K-selection
on the resulting DDRs.

In the following, we first provide a brief description of the two
models in the methods section, describe the setup as well as the
analysis of simulations for the sensitivity analysis. The simulation
results are presented in a similar way as the line of reasoning was
presented in Fig. 1. We then describe potential limitations of this
approach and interpret the results in terms of our hypothesis and
close with a brief summary and conclusion.

Methods

We use two simulation models to test our hypotheses. The first
model tests many hypothetical plant growth strategies for their
success under given climatic conditions, acting as a ‘climate filter’.
Then, these successful growth strategies are applied to a second
model, which acts as a ‘competitive filter’. In a third step this data
is analyzed. The approach is summarized in Fig. 2.

Step 1: The climate filter

The first step represents the climate filtering of a wide variety of
potential plant growth strategies for their reproductive success.
This filter is implemented by the Jena Diversity-Dynamic Global
Vegetation Model (JeDi-DGVM, see Fig. 3 left, [21,22]). JeDi-
DGVM is developed out of the individual-based KM2000 model
[21]. JeDi-DGVM does not model individuals, but rather
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Figure 2. Schematic diagram of our approach, in which we use
two simulation models. The first model, the JeDi-DGVM, represents
the climatic filter that estimates the plant growth strategies that are
potentially able to be reproductively successful in a given climatic
environment. The second model, the DIVE model, simulates the
population dynamics of these plant growth strategies and represents
a competitive filter. The strength of r- and K-selection and the rate of
disturbance are external model parameters. DIVE calculates the
abundance of the plant growth strategies, from which the coloniza-
tion-competition tradeoff, the abundance of colonizers and competitors
and the diversity-disturbance relationships are being derived.
doi:10.1371/journal.pone.0095659.9002
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populations of individuals. JeDi-DGVM simulates plants as plant
growth strategies in terms of several carbon pools associated with
leaves, stem, roots, and reproduction and in terms of their
physiological processes of photosynthesis, respiration, resource
allocation to different biomass pools as well as reproduction, and
phenology. The simulated processes are affected by the climatic
conditions and by a set of functional trait parameters. The climatic
condition, particularly solar radiation, temperature and soil
moisture are used to simulate land surface processes, such as
canopy interception, infiltration, evaporation, root water uptake,
and runoff. The land surface parameters (e.g. leaf area index,
surface albedo, and rooting depth) are derived from the biomass
pools and from the functional trait values of each growth strategy.
The functional trait paramater values are randomly sampled from
a potential trait space comprising the theoretical ranges of 15
functional trait parameters. These functional traits include, for
instance, the relative allocation to different carbon pools,
ecophysiological tradeofls, and phenological responses and thereby
control plant growth and life history. Competition between growth
strategies, however, is not simulated by the model.

We simulated a large number of trait combinations of randomly
chosen values using a realistic climatic forcing and evaluated these
combinations for their reproductive success. These successful
strategies were then used in Step 2.

Step 2: The competition filter

The second step represents the explicit simulation of population
dynamics using the successful plant growth strategies from Step 1.
This step uses the DIVE model [23], which is a simple
representation of population dynamics. It has been previously
shown to adequately reproduce successional patterns [23].

DIVE i1s based on the concept of theoretical population
dynamics models (see e.g. [27]), while processes are represented
more mechanistically and the demographic parameters in more
realistic (see [23] for full model description). The DIVE model
simulates the abundances of the successful plant growth strategies.
The abundance of a plant growth strategy is represented as
differential equation (see Eq. 1) of the change in occupied area dA4;
based on a species establishment S; on bare ground, invasion I;
and exclusion E; by competition for occupied area and mortality
M;.

Each of these processes itself is represented by a differential
equation. Since the invasion and exclusion depend on the
occupied area of the affected species, the differential equations
cannot be solved analytically. Therefore DIVE has to be
calculated step by step.

The simulated population dynamics (eq. 1) are affected by the
performance (Step 1) of the different plant growth strategies. For
mnstance, the simulated allocation to reproduction and the growth
rate determine its colonizing ability - thereby growth rate is a
surrogate on how fast a plant reaches adult size. Further, the
biomass turnover relates to the mortality of a strategy, and the
simulated biomass of a particular strategy determines its compet-
itive ability. Hence competition for resources is modeled implicitly
by biomass dominance and results in K-selection. As an
approximation, we assume that size matters, in that larger plants
will typically outcompete smaller ones, e.g. due to being better
competitors for light, water or others resources (e.g. [28]). Of

course, this assumption may not be true for all cases, but in general
it should.
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Figure 3. Schematic diagram of JeDi-DGVM (adopted from [22]) and DIVE. JeDi-DGVM simulates the development of many randomly
sampled hypothetical plant growth strategies. Each plant growth strategy consists of trait parameters, that characterize plant carbon allocation,
phenology, and other ecophysiological attributes. The plant growth strategies develop based on fundamental ecophysiological processes (e.g.
photosynthesis and allocation) and the environmental conditions. The environmental conditions are provided by land surface processes, which are
simulated out of the climatic conditions. Functional tradeoffs and the prevailing climatic conditions ultimately determine the relative performance of
the growth strategies. DIVE uses the performance parameters of the surviving growth strategies to calculate rates of establishment, invasion and
exclusion and mortality, which in turn results in the relative abundance of each growth strategy in the community. Thereby r-selection, K-selection
and disturbances affect the spatial dynamics. The resulting abundances feed back into JeDi-DGVM.

doi:10.1371/journal.pone.0095659.g003

We used several performance traits [29], such as biomass, seed
flux, productivity, and biomass turnover, to derive demographic
parameters, such as growth and mortality rates for the population
dynamics (see [23] for details).

In addition, the dynamics of establishment, competition, and
mortality are affected by externally prescribed parameters relating
to the strengths of r- and K-selection as well as the disturbance
rate. The strength of r-selection is mediated by a parameter cgp,
which affects the importance of the seed flux in the rate of
establishment of a particular plant growth strategy. In the absence
of r-selection (cgr; is high) the magnitude of the seed flux of a
particular strategy does not influence the rate of its establishment.
Under strong r-selection (cg; is 1), the strategy with the highest
seed flux has the highest potential to establish. The realized
establishment rate is also dependent on the growth rate, so that a
colonizer, or r-strategist, is characterized by a high seed flux and a
high growth rate. The strength of K-selection is mediated by a
parameter cgy, which determines the importance of the biomass of
a strategy for competitive exclusion. In the absence of K-selection
(cr2 1s high) differences in biomass among strategies do not result
in competitive exclusion. With strong K-selection (cpy is 1),
exclusion is proportional to the difference in biomass among
different strategies (with the assumption that strategies with higher
biomass are more dominant). Hence, a strong competitor, or K-
strategist, is characterized by a high biomass. The disturbance rate
is a parameter Cpyorr which acts to uniformly increase the
mortality and thereby reduces the abundance of all simulated
strategies. The higher the disturbance rate, the greater the
reduction in abundance. The disturbance rate is modeled in this
simple way, because we are interested in the general effects of
disturbances. The continuous rate captures different disturbances
In one rate, e.g. disease, herbivory, grazing, fire, windfall. This
usage stays in contrast to the definition of White and Pickett [30],
who defined disturbance as “any relatively discrete event”.
However, looking at the big picture over larger areas, discrete
disturbance events might considered a continuous phenomena.
Further, modeling all disturbance types in a process-based way is
still not feasible in models. The continuous disturbance rate used
here allows us to investigate the general effects of disturbances.
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Step 3: Analysis

The simulated abundances from Step 2 are analyzed to infer the
colonization-competition tradeoff, the relative abundance of
competitors and colonizers, and the diversity of the simulated
community to test the hypotheses shown in Fig. 1.

The colonization-competition tradeoff is derived directly from
the different successful plant growth strategies which pass both the
climate and competitive filters. We use the simulated biomass of
these strategies as an indicator for the competitive ability of a
strategy, and the simulated growth rate as an indicator for its
colonizing ability.

To classify the simulated strategies in terms of competitors or
colonizers, we use the distribution of simulated growth rates of the
different strategies as a basis (see Fig. 4). We define colonizers to be
strategies that are in the top 1/3 quantile of the distribution, while
competitors are taken to be those strategies that are in the bottom
1/3 quantile. We refer to the middle quantile as intermediate
strategies. We want to clarify at this point, that of course all
strategies compete, but we use this classification to especially refer
to strategies having a better colonizing or competitive ability.

To infer DDRs, we measured the diversity of the resulting
steady state community. In our model setup, a steady state
community is reached, while under disturbances this is not
expected. However, under disturbances stable coexistence, which
means that abundances do not show long-term trends [1], can
occur, especially when applying on the large scale. From a stable
coexisting community diversity can be calculated, in this way the
reader should understand the steady state community. Diversity is
calculated as Shannon information entropy (H) from the relative
abundances of the successful strategies (p;): H=— Y, p; * log(pi).
This measure has the advantage that species with a very low
abundance contribute very little to diversity, in contrast to other
metrics like species richness. We normalized the diversity by the
maximum diversity across all the simulated communities, resulting
in the so called evenness. The evenness allows to compare results
casily, because the scales are set between zero and one.

Simulation setup

We used a climatic forcing representative of a moist tropical
climate with a mean daily precipitation of 9 mm/day and a mean
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temperature of 26.3°C. We tested a set of 500 initial randomly-
sampled plant growth strategies. The JeDi-DGVM was run for 70
years, so that the characteristics of each strategy represent the
mean properties of an adult population. The simulated properties
were used to run the DIVE model. The simulated abundances
from the DIVE model were returned to the JeDi-DGVM at a
monthly time step to establish a feedback between population
dynamics and the computation of seed production in the JeDi-
DGVM (but see Fig. 3). This setup was run for a total of 100000
years to ensure steady state composition of the community.

We conducted a number of simulations for the sensitivity
analyses with this model setup by modifying the parameters that
mediate the strengths of r- and K-selection (cg; and cgo) as well as
the disturbance rate cporr. Three levels of r- and K- selection
were used, representing none, moderate, and strong strength
(cr1 =[10000,50,1] and cg» =[10000,1.5,1] respectively, see [23]
for details]). We used five disturbance rates from low to high
(evorT =10.001,0.01,0.1,1,10] respectively). In total, this resulted
in 45 model simulations.

Results

In the presentation of the results, we follow the sequence shown
in Fig. 1. We first show the simulated colonization-competition
tradeoff’ for different strengths of r- and K-selection, the
abundance of colonizers and competitors, and finally the simulated
diversity-disturbance relationships (DDRs).

The colonization-competition tradeoff

The simulated colonization-competition tradeoff’ for different
strengths of r- and K-selection for low and high disturbance rates is
shown in Fig. 5. In the absence of both r- and K-selection, the
colonization-competition tradeoff spans the widest range (Fig. 5a
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and e). Since neither competitive nor colonizing ability can
increase the abundance of a particular growth strategy due to the
lack of r- and K-selection in the model, the simulated abundances
are entirely determined by the growth and mortality of the
different growth strategies. The colonization-competition tradeoff
is very similar in terms of range and abundances under low and
high disturbances. The most abundant strategy in both cases is
classified as a colonizer.

When r-selection is included in the simulations, the tradeoff is
strongly constrained to a narrow range (see Fig. 5b and f). Both
strong competitors as well as quick colonizers are excluded in the
simulations, and the resulting strategies are mostly classified as
intermediates. In the model, this results from the combined need
of high seed production as well as high growth rate to be an
effective colonizer.

With strong K-selection, the range of the tradeoff is hardly
different compared to the case of no r- and no K-selection (Fig. 5c
and g). In contrast to the case of no r- and K-selection, the
strategies of highest abundance is clearly different in the cases of
low and high disturbance. In the case of low disturbance, the most
abundant strategy is a strong competitor with high biomass and
low growth rate. In the case of high disturbance, the most
abundant strategy is a colonizer with a relatively high growth rate.

With both strong r- and K-selection, the range of the tradeoff is
reduced compared to the case of no r- and K-selection (Fig. 5d and
h), but wider compared to the case of only r-selection. The most
abundant strategy in the case of low disturbance rate is a strong
competitor as in the case of only K-selection, while in the case of
high disturbance, the most abundant strategy is shifted along the
tradeoff towards a stronger colonizing ability.

Overall, we find that the model simulates the colonization-
competition tradeoft very well. The model results broadly support
the expected differences in the tradeoft under different settings of
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doi:10.1371/journal.pone.0095659.g005

r- and K-selection and disturbance. K-selection shifts the most
abundant strategy towards a strong competitor with a low
disturbance rate, and towards a better colonizer with a high
disturbance rate. With respect to r-selection, we find a somewhat
different behavior, because the tradeoff is shifted less towards
colonizing ability as hypothesized. This can be attributed to the
way that the model describes establishment. The highest rate of
establishment is achieved in the model by strategies that have high
seed production in addition to a relatively high growth rate,
whereas the number of produced seeds is not explicitly treated in
the model. Nevertheless, the range of the tradeoff is reduced with
r-selection as hypothesized.

Abundances of colonizers, intermediates, and
competitors

The differences in composition in terms of colonizers, interme-
diates, and competitors for the different scenarios of r- and K-
selection and the sensitivity to disturbance rates are shown in
Fig. 6. We find that with neither r- nor K-selection, neither
colonizers nor competitors are favored under different disturbance
rates, because of the lack of r- and K-selection in the model. This
lack of sensitivity is consistent with the tradeoff being essentially
identical under the different disturbance regimes shown in Fig. 5.
With strong r-selection, the abundance of competitors is increased.
This somewhat surprising result is nevertheless consistent with the
reduction and shift of the tradeoff shown in Fig. 5. With strong K-
selection, competitors have a higher abundance under low
disturbance rates than the case of no r- and K-selection, and
their abundance is reduced with increasing disturbance rates.
Consequently, the abundance of colonizers is enhanced with
higher disturbance rates. This is, again, consistent with the shift in
abundance that was seen in the tradeoff in Fig. 5. When both r-
and K-selection are included, competitors have the highest
abundance at low disturbance rates, which successively decrease
with greater disturbance rates. This sensitivity is again consistent
with the tradeoff characteristics shown in Fig. 5.
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In summary, we find that the simulated sensitivities of the
abundances of competitors and colonizers are consistent with the
hypothesized trends shown in Fig. 1 for the cases of no r- and K-
selection and only K-selection. The results for r-selection deviate
somewhat from the hypothesized trend, because the most favored
strategies under r-selection are not the strategies with the highest
growth rates. In the case of both r- and K-selection, we
nevertheless find a trend that is somewhat consistent to our
hypothesis.

Diversity-disturbance relationships

The resulting shapes of the DDRs for the different scenarios are
shown in Fig. 7. With no r- and K-selection, the simulated
diversity of the community is insensitive to disturbance rate and
remains at the maximum level of diversity. With increasing r-
selection (IFig. 7a—c), we find a successive decrease in the diversity,
and an increased sensitivity of diversity to high disturbance rates.
In the case of strong r-selection, diversity is reduced at high
disturbance rates, resulting in a decreasing DDR. This is consistent
with the reduced range of the colonization-competition tradeoff
shown in Fig. 5. With increasing strength of K-selection
(Fig. 7a,d,g), we find that the diversity is first relatively unaffected,
but then is reduced at low disturbance rates in the case of strong
K-selection. Hence, this results in an increasing DDR at strong K-
selection. The relative insensitivity of diversity to K-selection is
consistent with the insensitivity of the range of the tradeoft axis
shown in Fig. 5, while the reduction of diversity at low disturbance
rates is consistent with the reduction of the tradeoff axis at strong
K-selection at low disturbance rates. When both r- and K-
selection, are considered, we note an increasing combination of
the two effects. The maximum diversity reached in the different
scenarios of r- and K-selection strength successively is reduced
with increasing r-selection as is the diversity at high disturbance
rates. Hence, the combination of r- and K-selection results in an
unimodal DDR. This relationship is consistent with the differences
in the tradeoff shown in Fig. 5. The range of the tradeoft with
strong r- and K-selection is reduced at low disturbance rates, and
is broadened in the case of high disturbance rates.
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Figure 6. Abundances of competitors (white), intermediates (grey), and colonizers (black) for the different scenarios of r- and K-
selection and disturbance rate. In the case of strong r-selection and high disturbance rate (level 5), no strategies survive so that no relative

abundances are shown for this disturbance rate.
doi:10.1371/journal.pone.0095659.9g006

In total, we find that different shapes of the DDRs can be
reproduced with different strengths of r- and K-selection. These
different shapes can clearly be attributed to the effects that r- and
K-selection have on the range of the colonization-competition
tradeoff as represented in the model. This, in turn, is consistent
with the hypotheses that we formulated in the introduction.

Discussion

Limitations

We used two different models, JeDi and DIVE, in our study.
Each model by itself obviously has limitations that affect the results
to some extent. A general discussion of the limitations of the
models can be found in their respective publications [21-23].
Here, we focus on those aspects that directly relate to the testing of
our hypotheses regarding the different shapes of the diversity-
disturbance relationships (DDRs).

The JeDi-DGVM is the basis for our study, as it yields the
potential range of the colonization-competition tradeoff that is
compatible with the prescribed climatic conditions. The tradeoft is
simulated via describing the competitive ability by the biomass,
and the colonizing ability by the growth rate, which is proportional
to biomass, and does not include seed production. This tradeoff is
therefore simulated to be a relatively narrow line (see Fig. 5), which
means that the assimilated carbon is either used for growth or
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colonization. However, real plants also use carbon for other
processes than just growth, for instance defense and nutrient
acquisition. These processes represent carbon allocation to
different uses than the tradeoff, so that this could result in a
tradeoff that is more spread out than what is being simulated by
the JeDi-DGVM. Given that the JeDi-DGVM can reproduce a
range of observations very well [21,22,25,26], it is reasonable to
assume that this tradeoff, despite probably being too constrained
to a line, is nevertheless reasonably simulated.

This tradeoft represents the key input for the DIVE model,
which, based on the representation of r- and K-selection, simulates
the actual abundances of competitors and colonizers. The DIVE
model was shown to reasonably represent successional dynamics in
ecosystems [23], so that in principle, the effect of r- and K-
selection should be adequately represented. We notice, however,
that the abundances of competitors and colonizers with increasing
disturbance rates (Fig. 6) did not fully follow the trends that we
expected (as shown in Fig. 1). We attribute this to the way that
colonization is represented in the DIVE model as a combination of
seed production and growth rate. In this representation, the
tradeoft between seed size and seed numbers is not considered.
However, this tradeoff was found to be important [31], because it
partly modulates the colonization-competition tradeoff and leads
to species coexistence (e.g. [32,33]). In our model, plants with a
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Figure 7. Simulated DDRs for different strengths of r- and K-selection.

doi:10.1371/journal.pone.0095659.g007

higher biomass may have a higher seed production than plants
with a smaller biomass, so that the plants with the highest seed
production may not be the ones with the smallest biomass. An
explicit representation of this tradeoff could therefore result in a
sensitivity to the strength of r-selection that would be more
consistent with our hypotheses.

To obtain DDRs, a range of prescribed disturbance rates were
simulated. Disturbances are modeled in a relatively simple way by
a single parameter that influences the mortality equally across all
plant growth strategies [23]. In the real world, disturbances
represent a range of singular events, such as droughts, fire,
herbivory, and wind throw. Furthermore, several disturbance
types interact (summary in [34]), as well as the intensity and the
frequency of disturbances [35,36]. Despite the simplicity of our
representation, the simulated sensitivities to disturbance rates are
nevertheless plausible and consistent with our hypotheses,
indicating that our representation captures the overall role of
disturbances on the simulated abundances.

Interpretation

Our results mostly support our hypothesis that different
strengths of r- and K-selection shape different types of DDRs.
We confirm our hypothesis that a flat relationship is obtained in
the absence of r- and K-selection, because the abundances are
then shaped entirely by the growth and mortality of the different
plant strategies. Diversity decreases with disturbance with strong r-
selection in our results mostly due to a decrease in overall diversity
of the community. With strong K-selection, colonizers are less
excluded at stronger disturbance rates, thus resulting in an
increase of diversity with disturbance. With strong r- and K-
selection, both effects are combined and yield an unimodal DDR.
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Our interpretation of the role of r- and K-selection for DDRs is
a straightforward and simple extension of the original work on the
IDH [2,3], in which the different strengths by which r- and K-
selection act to exclude species from the composition of a
community is being varied. By doing so, different strengths of
the mechanism that results in the IDH is implemented, yielding
different shapes of the DDR.

However, we do not explicitly state the mechanism by which
such a difference in r- and K-selection could take place. One
plausible explanation may be the spatial scale that is being
considered. Tilman [27] showed that greater coexistence and
diversity in communities is possible with the explicit consideration
of space. Consistent with this interpretation, the neutral model of
Hubbell [20] shows that increasing space leads to greater diversity.
Combined, it would appear that a greater consideration of space
makes the overall composition more neutral, corresponding to a
lower strength of r- and K-selection acting on the composition. In
addition, climate may also alter the strengths of r- and K-selection
as well. These aspects would need to be further evaluated in future
work.

Theoretical ecology offers a variety of hypotheses regarding the
maintenance of biological diversity. Chesson [1] argues that to
achieve coexistence equalizing and stabilizing mechanism are
needed. Stabilizing mechanisms are essential for species coexis-
tence, equalizing mechanism are also needed, but alone not
sufficient. Stabilizing mechanism tend to increase negative
intraspecific interactions relative to negative interspecific interac-
tions, such as mortality. Equalizing mechanism minimize fitness
differences between species.

In our study under specific conditions, stable coexistence is
achieved. The existing environmental variations present stabilizing
mechanism, because a variable environment prevents having only
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one best adapted plant strategy. Disturbances in our model can be
adjusted (via cporr), additional stabilizing mechanisms are
therefore increasingly present in simulation with a higher
disturbance rate. Equalizing mechanisms in our model are present
through the colonization-competition tradeoff. If a species has a
low competitive ability, then this is compensated by a higher
colonizing ability. Following Chesson, this tradeoff alone is not
able to lead to stable coexistence. This is confirmed in our
simulations. In simulations under strong strength of r- and K-
selection combined with low disturbances coexistence is not
achieved. The high strength of selection makes the advantages of
competitors and colonizers very important for their success. The
species are not equal and stabilizing mechanism are not present to
obtain coexistence, when disturbances Increasing
disturbance increases the stabilizing mechanism, leading to
coexistence. Decreasing strength of r- or K-selection makes species
more equal, and can also lead to coexistence. In the case of no r-
and no K-selection, the advantages of competitors and colonizers
decrease to zero. This means, that we can interpret the strength of
r- and K-selection as controlling the effectiveness of the equalizing
mechanism.

Our results are largely consistent with Johst and Huth [12].
They used a patch model of successional dynamics and found a
unimodal DDR for most forest ecosystems under discrete
disturbances. The unimodal DDR was generated through the
successional order from early towards late successional species,
where at intermediate disturbances a mixture of all successional
stage species coexisted. Their results correspond to our scenario
where r- and K-selection are present. Under such conditions we
also observe an unimodal DDR but considering continuous
disturbances. Under some circumstances Johst and Huth [12] also
found a bimodal DDR. In their study, the occurrence of a species
rich intermediate successional group led to a local minimum
between the maxima of mixtures of successional groups. We did
not find such a bimodal relationship, likely because we do not
consider the diversity of successional groups and do not represent
discrete disturbance events.

Our work is only partially consistent with the results of dos
Santos et al. [37]. They used a spatially explicit individual-based
model and showed that tradeoff mechanisms usually led to
unimodal DDRs, while neutrality led to decreasing DDRs.
Tradeoftf mechanisms support the transition from pioneers
towards late successional species, while neutral communities do
not support this transition. The tradeoff mechanism supports
succession only under r- and K-selection, which is consistent with
our results. The neutral community in our study would be
reflected in the absence of r- and K-selection, which led to a flat
DDR. However, dos Santos et al. [37] also found a flat DDR for a
neutral community of long dispersers with a negative density
dependent recruitment. This negative density dependent mecha-

are low.
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nism of long dispersers corresponds to the absence of r-selection,
thus being consistent with our results.

The study of Seifan et al. [34] provided an alternative
mechanism for unimodal DDRs compared to ours. They used a
demographic temperate grassland model and found an unimodal
DDR but this was not generated by the colonization-competition
tradeoft. In their study, tradeoffs between species-specific respons-
es to disturbances [34] maintained diversity. However, in
grasslands most species are colonizers, so that the whole range
of the colonization-competition tradeoff was likely not considered
in their study.

Conclusion

We presented a hypothesis that explains different shapes of
diversity-disturbance relationships (DDRs) by different strengths of
competition. The colonization-competition tradeoff plays a key
role in this hypothesis. A plant needs to trade, whether it invests
into its competitive ability and grows tall but slowly (competitor) or
whether it can establish rapidly but grows only small (colonizer).
While r-selection favors colonizers, K-selection favors competitors.
This results in four types of DDRs. A flat DDR is achieved in the
absence of r- and K-selection. Diversity increases with disturbance
under K-selection, and decreases under r-selection. An unimodal
DDR is achieved under both r- and K-selection. We successfully
tested our predictions with a process-based simulation model of
tropical plant communities. Our results are consistent with other
modeling studies on the effects of disturbances for diversity.

Our results show that different intensities of r- and K-selection
have different effects on the range of the colonization-competition
tradeofl, therefore affecting the abundances of colonizers versus
competitors and thus influence community structure and the shape
of the DDR. The strength of r- and K-selection in a community
can thus be expected to be reflected in the combined information
of abundances of colonizers versus competitors, the range of the
colonization-competition tradeoff, the diversity, and possibly the
spatial scale of observation as this may affect the strength of r- and
K-selection. What this implies is that a broader range of field
observations may help us to better identify the underlying
mechanisms that result in observed diversity patterns.

Acknowledgments

The authors want to thank two anonymous referees for their constructive
comments. KB wants to thank B Reineking, J Engel and EJ Bohn for their
stimulating discussions on an earlier version of the manuscript.

Author Contributions

Performed the experiments: KB. Analyzed the data: KB AK. Contributed
reagents/materials/analysis tools: KB BR RP AK. Wrote the paper: KB
RP AK BR.

7. Sousa WP (1984) The role of disturbance in natural communities. Annu Rev
Ecol Syst 15: 353-391.

8. Folder S, Sommer U (1999) Diversity in planktonic communities: an
experimental test of the intermediate disturbance hypothesis. Limnol and
Oceanogr 44: 1114-1119.

9. Molino J, Sabatier D (2001) Tree diversity in tropical rain forests: A validation of
the intermediate disturbance hypothesis. Science 294: 1702-1704.

10. Mackey R, Currie D (2001) The diversity-disturbance relationship: Is it generally
strong and peaked? Ecology 82: 3479-3492.

11. Hughes AR, Byrnes JE, Kimbro DL, Stachowicz JJ (2007) Reciprocal
relationships and potential feedbacks between biodiversity and disturbance.
Ecol Lett : 849-864.

12. Johst K, Huth A (2005) Testing the intermediate disturbance hypothesis: when
will there be two peaks of diversity? Divers Distrib 11: 111-120.

April 2014 | Volume 9 | Issue 4 | 95659



20.

21.

. Cadotte MW (2007) Competition-colonization trade-offs and disturbance effects

at multiple scales. Ecology 88: 823-829.

. Huston MA (1994) Biological diversity: the coexistence of species on changing

landscapes. Cambridge University Press.

. Proulx M, Mazumder A (1998) Reversal of grazing impact on plant species

richness in nutrient-poor vs. nutrient-rich ecosystems. Ecology 79: 2581-2592.

. Kadmon R, Benjamini Y (2006) Effects of productivity and disturbance on

species richness: A neutral model. Am Nat 167: 939-946.

. Kondoh M (2001) Unifying the relationships of species richness to productivity

and disturbance. P R Soc B 268: 269-271.

. Fox J (2012) The intermediate disturbance hypothesis should be abandoned.

TREE 28: 86-92.

. White PS, Jentsch A (2012) The search for generality in studies of disturbance

439 and ecosystem dynamics. Progress in Botany 62: 399-450.

Hubbell SP (2001) The Unified Neutral Theory of Biodiversity and
Biogeography. Princeton Univ. Press.

Kleidon A, Mooney HA (2000) A global distribution of biodiversity inferred
from climatic constraints: results from a process-based modelling study. Global
Change Biol 6: 507-523.

. Pavlick R, Drewry DT, Bohn K, Reu B, Kleidon A (2013) The Jena Diversity-

Dynamic Global Vegetation Model (JeDi-DGVM): a diverse approach to
representing terrestrial biogeography and biogeochemistry based on plant
functional trade-offs. Biogeosciences 10: 4137-4177.

. Bohn K, Dyke JG, Pavlick R, Reineking B, Reu B, et al. (2011) The relative

importance of seed competition, resource competition and perturbations on
community structure. Biogeosciences 8: 1107-1120.

. Woodward FI (1987) Climate and Plant Distribution. Cambridge University

Press.

. Reu B, Proulx R, Bohn K, Dyke JG, Kleidon A, et al. (2011) The role of climate

and plant functional trade-offs in shaping global biome and biodiversity patterns.
Global Ecol Biogeogr 20: 570-581.

PLOS ONE | www.plosone.org

10

32.

33.

34.

36.

37.

Selection Shapes Diversity-Disturbance Curves

5. Kleidon A, Adams J, Pavlick R, Reu B (2009) Simulated geographic variations of

plant species richness, evenness and abundance using climatic constraints on
plant functional diversity. Environ Res Lett 4: 014007.

. Tilman D (1994) Competition and biodiversity in spatially structured habitats.

Ecology 75: 2-16.

Siemann E, Rogers W (2003) Changes in light and nitrogen availability under
pioneer trees may indirectly facilitate tree invasions of grasslands. J Ecol 91: 923~
931.

. Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, et al. (2007) Let the

concept of trait be functional! Oikos 116: 882-892.

. Pickett STA, White PS (1985) The Ecology of Natural Disturbance and Patch

Dynamics. Academic Press, New York.

. Moles A, Westoby M (2006) Seed size and plant strategy across the whole life

cycle. 465 Oikos 113: 91-105.

Muller-Landau H (2010) The tolerance-fecundity trade-off and the maintenance
of diversity in seed size. PNAS 107: 4242-4247.

Coomes D, Grubb P (2003) Colonization, tolerance, competition and seed-size
variation within functional groups. TREE 18: 283-291.

Seifan M, Seifan T, Jeltsch F, Tielbérger K (2012) Combined disturbances and
the role of their spatial and temporal properties in shaping community structure.
Perspect Plant Ecol 14: 217-229.

. Hall AR, Miller AD, Leggett HC, Roxburgh SH, Buckling A, et al. (2012)

Diversity-disturbance relationships: frequency and intensity interact. Biol Letters
8: 768-71.

Miller AD, Roxburgh SH, Shea K (2011) How frequency and intensity shape
diversity-disturbance relationships. PNAS 108: 5643-5648.

dos Santos FAS, Johst K, Grimm V (2011) Neutral communities may lead to
decreasing diversity disturbance relationships: insights from a generic simulation
model. Ecol Lett 14: 653-660.

April 2014 | Volume 9 | Issue 4 | 95659



