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Abstract. While the regional climate is the primary se- 1 Introduction
lection pressure for whether a plant strategy can survive,

however, competitive interactions strongly affect the reIativeF,lant community dynamics are largely determined by the in-

gbuno!ances of plan_t Strategles within commu_mﬂes. Here, Wegrelated effects of climate, competition and perturbations.
mvgsngate the relative importance of cqmpetltlon an_d pertur--jimate represents the primary selection pressure for vege-
bations on the development of vegetation c_ommumty StruCyation at the global scal\(oodward 1987, and determines
t_ure. To do S0, we devglop DIVE (Dynamics a”‘?' Interac- ¢ general performance of plants, such as biomass and seed
tions Of, VEgetatlpn), a S|m.pile general .model.that links plantproduction. At local scales, general plant performance af-
Strategles' to their compgtltlve dynamics, using Qfo"v,th antke s competitive interactions for resources and space and
repr_oductlon characteristics that emerge from chm_atlc con-thereby determines plant species composition. For instance,
straints. The model calculates population dynamics baseg large tree can exclude small grasses by over-shading and

on establishment, mortality, invasion and exclusion in themay thus dominate the community. Perturbations, such as
presence of different strengths of perturbations, seed anﬂre, disease or abiotic stress, influence community compo-

resource competition. The highest levels of diversity wereg;i by increasing available spac8ousa 1984. With

found in simulations without competition as long as mortal- pioner jevels of perturbations, available space increases, al-
ity is not too high. However, reasonable successional dynamfowing fast growing small grasses with high seed produc-

ics were only achieved when resource competition is considsjq, 1 rapidly establish and escape competitive exclusion by
ered. Under high levels of competition, intermediate levels Oflarger trees

perturbations were required to obtain coexistence. Since suc- ] » ) ) )
cession and coexistence are observed in plant communities, | "€ intérplay of competition and perturbations in shaping

we conclude that the DIVE model with competition and in- community structure is altered when environmental condi-

termediate levels of perturbation represents an adequate wd{P"S change. Since plant species respond differentially to
to model population dynamics. Because of the simplicity and@tered environmental conditions (eigorner, 1998 Sandel
generality of DIVE, it could be used to understand vegetation€t > 2010, competition for space and resources is af-

structure and functioning at the global scale and the responsfcted Grime 1977 Raizada et al.2009. These changes
of vegetation to global change. in performance and therefore competition may alter succes-

sion and steady states (in the sense of equilibrium or climax
vegetation,Clements 1936, with consequences for plant
composition Hughes 200Q Zavaleta et aJ.2003 Parme-

san and Yohg2003 Hoegh-Guldberg et al2008 Sandel

et al, 2010 and ecosystem processes such as carbon and
nutrient cycling Ehaver et a).200Q Bunker et al. 2005

Correspondence tdK. Bohn Fisher et al.2010. For example, water stress may reduce
BY (kbohn@bgc-jena.mpg.de) tree shading and allow for an increase in coverage of smaller
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grasses. Consequently, in order to predict how vegetationablishment, mortality, invasion and exclusion are linked to
will respond to environmental change, both, the performancehe modelled emergent performances of different plant strate-
of individual species and their competitive interactions needgies derived from an individual-based plant moddi{don

to be adequately considered in vegetation models. and Mooney 200Q Reu et al. 2011), that covers how in-

A range of models has been developed to simulate the dydividual plant strategies cope with their environment without
namics of species composition and its response to environeonsidering interspecies competition. By doing so, we do not
mental change. These can broadly be classified into threeeed to predefine the dominance or the colonization rates of
groups. First, several theoretical models exist to explain thehe PFTs. Furthermore, we implement competition in a way,
coexistence of species in plant communities based on colonisuch that we can separately control not only the strength of
sation, competition and mortality (e Gilman, 1994 Tilman seed competitionArora and Boer2006, but also resource
and Kareival1997). However, rates of colonisation and mor- competition and perturbations.
tality are represented by aggregated parameters and are notWe used the DIVE model and applied it to a hypothetical
related to underlying mechanisms. Consequently, there isropical environment. To understand the effect and role of
no explicit link to plant ecophysiology. Second, gap mod- different types of competition and perturbations on commu-
els simulate competition between individual plants, e.g. fornity structure and dynamics, we performed several sensitiv-
water and light, in a process-based fashion based on plant géty simulations in which we varied the strength of seed com-
ometry (e.gBugmann 2001). However, this group of mod- petition, resource competition and perturbations. We anal-
els requires empirical parameterisation of plant geometryysed the simulations in terms of their temporal dynamics and
e.g. how crown area depends on individual tree growth (e.gthe resulting diversity in the climax state. Thereby we can
Badeck et al.2001). In addition, these models are computa- relate different strength of competition and perturbation to
tionally expensive to run, and are thus usually only appliedthe emergent successional dynamics and coexistence in the
on local or regional scales. Third, Dynamic Global Vege- model. The results are discussed in terms of the plausibility
tation Models (DGVMs) calculate population dynamics but of the dynamics, inherent limitations and potential applica-
use only a few plant functional types (PFT) to simulate globaltion of the model in further studies.
biogeography and biogeochemical patterns (Bax, 198%,

Foley et al, 1996 Sitch et al, 2003 Woodward and Lomas

2004. Coexistence of different PFTs in DGVMs is oftenem- 2 Model description

pirically prescribed. For instance, grasses are always present

with a minimum fractional coverage or only when the soil 2.1 Overview

water content is above a certain threshold (8itch et al,

2008 Haxeltine and Prenticd 996. Some DGVMs need to  The purpose of DIVE is to capture population dynamics from
predefine e.g. species specific invasion rates or dominancegerturbations and competition between different plant popu-
of PFTs to calculate population dynami€3ok, 2001, Arora lation strategies (PPSs). DIVE calculates population dynam-
and Boer 2006. However, due to climatic change as well ics as the consequence of different characteristics of PPSs in
as spatial and temporal climate variability, such parameterserms of their biomass, seed flux, growth and mortality rate.
could vary. Therefore, such values should rather be emerThese characteristics are derived from the output of the Jena
gent properties from plant growth or seed production. ToDiversity (JeDi) model Kleidon and Mooney200Q Reu
overcome some of these limitations, some global approachest al, 2011). This model filters many random plant strate-
have integrated gap model ideas into DGVMs to get a moregies that grow independently from each other to yield those,
realistic and process-based vegetation composition (e.g. EThat can cope with the climate from the fundamental assump-
— Moorcroft et al, 2001, Fisher et al.201Q SEIB-DGVM — tion of unavoidable ecophysiological trade-offs. We used the
Sato et al.2007, LPJ-GUESS -Hickler et al, 2004. These following mean output from JeDi that describes mean popu-
new models still require intensive empirical parameterisa-lation characteristics without considering the number of indi-
tions and are very complex because they consider a larggiduals in a population: biomass, seed flux, litter flux, respi-
number of processes at a high level of detail. ration and productivity of a seedling (see Flgand Tablel).

In this study, we seek a less complex approach in whichThis constant set of output data was used as input for all
population dynamics is still process-based by relating indi-DIVE simulations. The stocks and fluxes are calculated per
vidual plant population performance to the emergent com-unit occupied area (gCnt or gC nT2d~1, respectively).
munity structure. We developed the model DIVE (Dynamics DIVE calculates the change in occupied area in fractions
and Interactions of VEgetation) that simulates whole popula-of all PPSs in time within a homogenous area on a daily time
tions of plant strategies (PPS), rather than individuals. DIVEstep. Each PPS is initialised with an amount of seeds. PPSs
calculates population dynamics based on establishment, moincrease in covered area by establishment (seeding bare area)
tality, invasion and exclusion as distinct processes that arer invading area covered by other PPSs. Decreases in area
shaped by competition between seeds for available spac@&re due to exclusion and mortality (death). Competition of
competition for resources and perturbations. The rates of esseeds to establish and competition for resources to invade are
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§ S ARnapepURtion Table 1. Model variables and parameters used in DIVE.
strategies (PPS
N
- . Symbol Meaning Unit/Value
P @ process-based vegetation
E model (JeDi) Output of JeDi, Input to DIVE: PPS performance
= BM; biomass of PP$ gCm2

per nf of occupied (occ.) area
: —24-1
| performance of successful PPS | fseedi  seed fluxof gCm<d

L LLlTLIIILLLLLLLLLLLLLL LI LIlIlIiIiITITIIIIIIIIIIIIIILILILILILILNLY per rr? Of occ. area
; i fr?pp ; seedling net primary productivity gCmd-1
biomass characteristics @ of PPSi per n? of occ. area
P of PPS § fiit.i litter flux of PPSi gCm2d-1
: g - productivity ’ per n? of occ. area
o g fresi respiration of PP$ gCm2d-1
S per nf of occ. area
| 8 n number of PPS
“ PPS Characteristics derived form JeDi output

d; dominance of
PPS composition Kgrowi  growth rate dt
_________________________________________________________________________________________ kmort;  mortality rate al
8i germination fraction frac.

Fig. 1. Flow chart diagram of the model setup. First JeDiisrunto o competition coefficient

produce the necessary input for DIVE (ellipses) to calculate popu- x;;j invasion rates ot

lation dynamics by competition. State variables and area rates

A; fractional coverage of PPS m2m—2
controlled by two independent parameters. A third parame- S; rate of establishment of PRS m2m—2d-1
ter controls perturbations that result in low or high mortality. I; rate of invasion of PPS m2m—2d-1

Tablel lists all model parameters and variables. E rate of exclusion of PP8 m?m—2d-1

M; rate of mortality of PP$ mZm~2d-1

2.2 Population dynamics Apare  fractional non covered area 2m—2

The fractional ared; occupied by PPSchanges due to four Parameters

processes: CR1 seed competition strength [1,00] m?dgC?!

JA: CR2 resource competition strength [1,00]

S M+ —E; (1) cMort  Perturbation factor [1073,107]
dt

with establishmens; [m? m—2d~1] on the fraction of bare
area, mortalityd; [m?m~2d~1], which includes the effect

of disturbances, invasioh [m2m~2d~1] into area occupied
by other PPS and exclusidty [m?m—2d~1] by other PPS.
Bare, i.e. non vegetated, fractional argaeis given by sub-

depends on the germination fraction of a PR %frac.], the
bare areapareand on the growth rateyrow,i [d=1]. The ger-
mination fractiong; describes how much of the total area

tracting the sum over fractional areasof all PPSs from the
total of 100 %.

n
Apare=1— ZAi
i=1

could be occupied by the actual seed flux per PPS. Since
we do not consider different age classes, incorporating the
growth ratexgrow,; allows us to model the effective area gain
by the whole population rather than the area that seedlings
would cover. The inverse of the growth rate describes the
time that a seedling needs to reach adult size.

)

2.3 Establishment and seed competition

Establishment describes how much bare area can be covered = &i - Abare’ Kgrow.i ®)

by each PPS by germination of the seeds in one time step (see

Fig. 2a—d). We assume that all seeds from all PPSs are well From each PPS’s seed flyieeq: [gC m? d~1], we calcu-
mixed and that establishment happens only on bare grounthte the germination fractiog; as a saturating function of
and not in shade below existing populations. Establishmenhumbers of seeds, so for a certain threshold of seed number,

www.biogeosciences.net/8/1107/2011/ Biogeosciences, 8, 11082011
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gC/m? /A gC/m2 /A
BM;--- BM;---

< g

gC/m? /A gC/m2 /A
BM;--- BM;---

d| A m2  |h| A Ax m?

Fig. 2. lllustration of how area is gained via establishm@atd) and invasiorfe—h). PPS 1 occupies the arda (a). The germination fraction

would results in a large increase of area covered with seedl)g3he actual gain in area by the average population is then determined by
the growth ratec andd). If competition happens, the PPS with the higher biomass per occupied area (equivalent to dominance) can invade
in the area of smaller PP® &ndf). Again here the growth rate determines how much the average population would gain i @anda).

producing more seeds does not lead to an increase in estab-
lishment;

gi=1— e CRUAi" fseedi (4)

low seed flux |
——=-high seed flux

A value ofg; = 1 describes that a PPS has produced suffi-
cient seeds to germinate on the whole area, a valge 60
means that the seed flux is too low to start germination. If dif-
ferent PPSs have a different seed flux, then some will haveg,
the potential to gain more area than others. This will affect ost
the establishment in future time steps via the available bare
area. Therefore, seeds from different PPSs compete for bart
area indirectly but do not have a direct effect on each other. o025f
To investigate what effects seed competition might have, we /
introduce a factor for seed competition strength;, that o
changes seed saturation (see B). For cr1 =1, the seed
flux is very important for establishment. If a PPS has a low
seed flux, its germination rate and es_tablishment will be _IOW'Fig. 3. Qualitative behavior of Eq4j with increasing seed com-
Forcr1— oo, the seed flux ??Comes irrelevant for eSté_lbl'Sh' petition for low and high seed flux PPS that occupy a low or high
ment (neutral seed competition). Then, every PPS will hav&action of area.
the same germination fraction as long as one seed is pro-
duced.

0,751

rmination rate gi

1000 110%

>
seed competition strength cR1
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cMort

0,1

&k Mort,i *

——— high mortality rate k Mort,i
—— low mortality rate & Mort,i

10 100 1000
perturbation factor cMort

0,01 0,1

Fig. 4. The effect of perturbations on mortality (see BEpfor a PPS
with low and high mortality rate.

The growth ratexgrow,; iS determined by the biomass
per nt of occupied area of BM; and the productivity of
a seedlingf,),, ;-

0
rppi
BM;

(5)

Kgrow,i =

Note that the biomass is given pef rof occupied area,
and therefore the total biomass pef of the community is
determined by} "} _; BMy - A.

2.4 Mortality and perturbations

Mortality M; of PPSi, the death of individuals resulting in

bare area, is modelled as the loss of coverage due to a ppsk= S ¢_1BMy

mortality ratexmort; [d~%] and on a factor that scales mortal-
|ty CMort-

M; =A; *Kmort,i * CMort (6)

We explore the effects of different intensities of perturba-
tions via the use ofwort, @ parameter that alters the mortal-
ity rate. Higher values fotyort Would correspond to more

. Bohn et al.: Competition, perturbations and community structure
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show the opposite pattern (e@illooly et al,, 2001; Ricklefs,

1998 McCoy and Gillooly 2008. With Eq. (7) we can dis-
tinguish the turnover time of slow versus fast-growing PPS.
For example, a slow and a fast-growing PPS might have the
same biomass, but will differ in their gross primary produc-
tion (GPP). Since in steady state GPP equals the sum of litter
fall and respiration, different mortality rates will result. We
divide by biomass because mortality rates are predicted to be
proportional to body sizeBrown et al, 2004 Gillooly et al.,
2001). We use biomass as a surrogate for body size, although
they are decoupled by plant density, because our simplistic
approach has no notion about individuals and the biomass of
each PPS describes a whole population p&mofroccupied
area. Therefore Eq7) allows abstraction from the carbon
losses of a PPS into the loss of area. Note that mortality rates
are calculated in an analogous manner to growth rates (see
Eq.5).

2.5 Invasion and extinction resulting from resource
competition

Competition for resources is modelled implicitly by biomass
dominance. We assume that size matters, in that larger plants
will typically outcompete smaller ones. Therefore, in DIVE
a large (high biomass) PPS can invade the area of smaller
PPSs. Smaller PPSs become excluded due to e.g. being
a poorer competitor for light, water or others resources (e.g.
Siemann and Roger2003. We calculate the competitive
dominance and, respectively, the relative sizef a PPS by
normalising its biomass per4mwf occupied area BMwith
the sum of biomass of all PPSs:

el ®)

From the differences in dominance between two distinct
PPSs andj we obtain the competition coefficierts;. To
influence the intensity of resource competition we introduce
a parametetro:

|

0 if d; < dj
(d; —d;)“R2 otherwise

©)

o=

severe perturbations that would lead to an increase in mortal¥Vith this formulation, PPS do not compete for resources
ity, e.g. due to grazing, herbivory, disease or harshness (e.gvhencrz2 — oo, becaused; —d;)>* — 0. The more dom-

Chesson and Hunt}y1997 Diaz et al, 2007). Low values of

cmort correspond to low intensity of perturbations and conse-

quently lower mortality (see Figl).
The PPS’s mortality ratemort; depends on the PPS char-

inant PPS outcompetes the smaller ofig@roportional to its
coverage. Therefore PRSnvades the ared ; of the less
dominant PPS with the invasion rater;;, proportional to
their competition coefficient;; and dependent on the growth

acteristics. We calculate the mortality rate dependent or@t€«grow (analogous to establishment, Fig-h).

a PPS’s biomass (e.gMcCoy and Gillooly 2008 in re-
lation to its carbon losses (respiratiof,and litter flux, /;
[gCm2d-1].

Sresi + fiit,i

BM, (7)

Kmorti =

In many cases, fast-growing plants live shorter, becausg.

they have higher metabolic rates, while slow-growing plants

www.biogeosciences.net/8/1107/2011/

(10)

We assume that invasions into areas occupied by other PPSs
do not depend on seed production. The sum of invasions of
a PPS results in its total gaif, while the sum of all losses
results in exclusiorE;.

n
= E xij

j=1

Xij=Ai-aij-Aj-Kgrow,i

(11)

Biogeosciences, 8, 11082011
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0.7

Table 2. Values of PPS characteristics calculated in DIVE from the g ] :
output ofJgDi: dominance;, seed fluxfseeq;, growth ratecgrow,; 2 @ — ; ggrendlr}ﬁjr;ce
and mortality ratémort ;- g O growth rate
O v | O mort rate
c© o
g __
d; fseedi Kgrow,i Kmorti 'S 3 -
PPS1 0.497 0.059 .085x1072 0.246x 1072 D o |
PPS2 0.369 1457 .041x1072 0.311x10°? 9
PPS3 0112 1.273 .D27x1072 0.959x10~2 S 3
PPS4 0.012 0.047 .206x102 1.768x10 2 o - |
PPS5 0.010 0.688 .B15x10°2 2.864x 102 5 °
8 5 =0
v 3S-
PPS 2 PPS 3 PPS 5
n
Ei= _X;x/i (12) Fig. 5. The five PPSs, each expressed by a different colour with
]:

their four characteristics (dominandg, seed flux fseeq;, growth

Note that the sum of invasions and exclusions is balanced &€ ¥grow; and mortality ratecmort;). The colours refer to the
n n same PPSs in the following figures. Characteristic are normalised

by their sum, see Tabfor specific numeric values.

3 Simulation setup
We ran JeDi in order to generate a number of PPSs that are

Because our focus is to understand the model behaviour ofiable under such climatic conditions. 500 PPS were seeded,
DIVE and the role of perturbations and competition for pop- each grew, reproduced or died in isolation from all others.
ulation dynamics, we use a simple setup (BlgInthis setup  After 500 yr, all PPS were at equilibrium with 386 of the ini-
we use a constant tropical climatic forcing to first derive a settial populations becoming extinct, having zero biomass and
of feasible plant population strategies and their growth charnot produced any seeds. From the 114 viable populations,
acteristics. Then we select five strategies from this set andive were chosen that reflected a range of different growing
use them for the DIVE simulations. strategies, such as coloniser or competitor.

The characteristics of the five PPSs can be seen in Bable

and are compared to each other in FBg.They are ordered

by dominance from high to low: PPS 1 is the most dominant

with very low seed flux, mortality and growth rate. It rep-

resents a very big tree with low seed production. PPS 2 is

éess dominant but has a high seed flux with low growth and

mortality rate, e.g. a tree with high seed production. PPS 3

has a low dominance with a high seed flux and low growth

rate, e.g. a shrub. PPS 4 has a high growth rate but very small

3.2 Selection of PPS seed flux, e.g. a grass. Note that the ratio between growth and
mortality rate is high. PPS 5 has the second highest growth

We used the JeDi modeKleidon and Mooney200Q Reu  rate and intermediate seed flux. Itis not dominant and can be

et al, 2011) to generate the performances of a whole range ofthought of as a high seed producing grass.

PPSs. JeDi models diverse vegetation from ecophysiological

assumptions based on trade-offs. JeDi uses climate data (s83 Setup of DIVE simulations

previous section) and a large set of vectors with randomly

assigned traits, that describe characteristics such as allocgye ran the DIVE model with the five selected PPSs and cal-

tion, phenology, light use efficiency and senescence. Thesgylated the rate of change of the occupied areas of these PPSs

traits correspond to ecophysiological properties. JeDi themyyer different intensities of resource competition, seed com-

models the growth, reproduction and death of these trait vecpetition and perturbations.

tors, calculates land surface fluxes afidluxes. The JeDi DIVE simulations started from bare area, i&are(f =

model and has successfully reproduced global patterns o(f)) —1 andA; (r =0) = 0. WhenA; =0, the actual seed flux

plant diversity, abunda_mce distributions and bionidsifion is given byA; - fseeq: =0 and the rates of establishment are

and Mooney200Q Kleidon et al, 2009 Reu et al, 2011). zero. Therefore it is necessary to start with an initial actual
seed flux for the five selected PPSs. This is implemented in

3.1 Climatic forcing

We consider in the following a constant tropical-like climate.
We prescribe a daily precipitation rate of 12 mmida mean
incoming flux of solar radiation of 278 Wnf and a near sur-
face air temperature of 290 K. We use the constant climate t
explicitly avoid the effects of climatic variability on popula-
tion dynamics.

Biogeosciences, 8, 110742Q 2011 www.biogeosciences.net/8/1107/2011/
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the first time step by setting; - fseedi = fseedi iN EQ. @). still PPS 2 and 3 coexist (Figd). Under further increased
All simulation were run for 10 000 yr with a daily time step. levels of perturbation, none of the PPS can sustainable ex-
To evaluate the role of resource and seed competition asst, all go extinct (Fig6e). Hence, under high resource and
well as perturbations for steady states and transient stateseed competition, intermediate perturbations are required to
of population dynamics, we conducted a series of sensitiv-obtain coexistence. The successional patterns seem reason-
ity analysis experiments: able, because they range from fast-growing PPSs towards
slow-growing PPSs similar to observed successions in a wide

—to assess the impact of perturbations, we usedange of ecosystemstacArthur and Wilson1967 Odum
the following values for the perturbation parameter: 1969.

cMort=(0.001,0.05,0.1,1,10) in scenarios with seed
and resource competitiong;=1 andcrz =1 4.2 The role of competition under different

: . perturbations
— to assess the impacts of seed and resource competition

we used combinations of strongrg=1) or neutral seed  \\e optained different successional patterns and steady states
competition ¢r1=10°) with strong ¢ro=1) or neutral  \yhen resource and seed competition were strong or neutral
resource competitiorrg;=10°) under two perturbation  (rig. 7). Under conditions of low to intermediate pertur-
scenarios¢mort=0.05 and 1. bations, turning off resource competition leads to high im-
portance of seed flux (compare Figa and b, see Tabl8).
Initially, only the high seed-producing grass-like PPS 5 is
present, because it is able to rapidly colonise all available
bare area (Figrb). Later, the tree-like PPSs 2 and shrub-like
PPS 3 with a high seed flux increase in area and stably coex-
ist while excluding all other PPSs. This situation is reversed
when seed competition is turned off and resource competi-

To assess the quality of the simulated succession for the sefion is turned on, representing a strong selection for size or
sitivities to perturbation and competition, we plot time-series dominance (see Tab%: PPS 1 almost covers the complete
of the occupied areas,. The effects of perturbations and area in steady state (Figc). Primary succession also has

competition on diversity were evaluated using the Shannorfhanged, and the low seed-producing grass-like PPS 4 re-
Index of biodiversity. This index is defined by places PPS 5 as the most successful strategy. However, all

five PPSs are present in early succession. Turning both forms

— to investigate the effects of competition on diversity, we
changed the strength of both types of competition from
strong to neutrakr1 2=(1,2,4,8,16,32, 10°%). We used
three different values fafyer=(0.001,0.05,10).

3.4 Analysis

n . .
H:—Z( A; log( A; ) (13) of competition off leads to the emergence (_)f the grass-like
P S ro1 Ak > i1 Ak PPS 4 with best growth-mortality relationship (Figgl, Ta-
ble 3). In steady state all five PPSs coexist.
This diversity index is minimal witli/ =0 if not more than Increasing perturbations to intermediate and high levels
1 PPS occupies an areg >0. Diversity is at a maximum |eads to coexistence of at least two PPSs, irrespective of
with H=1.61, if all PPSs occupy equal areas. strength of seed and resource competition (Fég:h). Under

such conditions there are two main regimes in which either
the PPS with greatest seed flux or the one with best growth-
mortality relationship will occupy most area (Talde Seed
competition always leads to PPS 2 with highest seed flux
to occupy most area, coexisting with PPS 3 (Fig. and

Different values of perturbations under high resource and): PPS 4 will be most successful when seed competition is

seed competition lead to different successional patterns anff™ed off (Fig.7g and h). This pattern is independent from
to steady states of competitive exclusion, coexistence and td€SOUrce competition, but as resource competition operates,
tal extinction (Fig.6). The first PPS to increase is the fast- the most dominant PPS 1 is still the second most successful
growing grass-like PPS 5, followed by the shrub-like PPS 3PPS (Fig.7h). , ) i

to slow-growing tree-like PPS 2 and 1. Under conditions of H€nce, we obtain coexistence of all five PPS when re-

low perturbations and with both seed and resource compeSCUrce and seed competition are neutral. But to reproduce

tition operating, the largest PPS 1 is the last to increase irPuccessional dynamics ranging from fast-growing toward
area, but then competitively excludes all others (B). As slow-growing PPS, resource competition needs to be consid-

the intensity of perturbations increases, the successional of2™€d:
der does not change, but the fast reproducing tree-like PPS 2
increases in area and coexists with the most dominant PPS 1
(Fig. 6b—c). For higher levels of perturbations, occupied ar-

eas of all PPSs decrease and PPS 1 is not able to exist, but

4 Results

4.1 The role of perturbations

www.biogeosciences.net/8/1107/2011/ Biogeosciences, 8, 11082011
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Table 3. Summary of impacts of competition and perturbations for 5.1 Limitations

steady state of population dynamics. The most important character- o ) ) )
istic to be most abundant in steady state is given and if competitivel N€ limitations we discuss in the following concern the struc-

exclusion (excl) or coexistence (coex) occur. If neither seed or reure of the model in terms of how populations and their dy-
source competition operate, the ratigow/«mort (G/M) is impor- namics are represented in DIVE as well as the setup of the

tant for being abundant. model. Even though DIVE is designed to represent popula-
tion dynamics in a very general way and thereby minimize
Seed Res. Most Result Fig. the number of free parameters, it is nevertheless necessary to
comp comp abundant choose values of the free parametess, cr2, andcport that

Low-intermediate perturbations are associated with competition and mortality.

on on size excl or coex 7a 5.1.1 Representation of populations

on off seed flux coex 70

off on Sizé excl or coex 7c DIVE models populations dynamics of different PPSs rather
off off GM coex d than at the level of individual plants, age or height classes.
Intermediate-high perturbations There are models that explicitly represent these population
on on seed flux coex e aspects (g.g\/loorcrgft et al, 2001, F!sher et al.?OlQ rep-
on off seed flux coex 7 resents different height classes). Since mortality may be dif-
off on GIM, size coex 7g ferent at different ages within a population of one PPS, popu-

off off G/M coex 7h lations may be more adaptive and respond differently to per-
turbations when different age classes are represented. This
effect is not captured by DIVE. A good justification for not
including different classes is that this makes the DIVE model

4.3 The role of competition and perturbations for much less computationally expensive while potentially al-
diversity lowing for the representation of a greater diversity of PPS
in the model.

Diversity is strongly influenced by perturbations and the Populations also do not explicitly compete for resources

strength of competition. Under low perturbations, high such as light, water, nutrients etc., and space is considered

strength of both types of competition results in no diver- to be homogeneous. This limitation could be addressed, but

sity (Fig. 8a, bottom left). As the values of competition it would require a joint representation of the ecophysiologi-

strengths decrease, diversity increases. Under conditions afal processes of the PPS, which is currently calculated in the

high resource competition, seed competition plays only a mi-JeDi model, and the resulting population dynamics, which is

nor role in affecting species diversity at steady state, whilesimulated separately by DIVE.

under conditions of high seed competition, resource compe- However, despite the simplicity of our approach, we are

tition can strongly affect diversity (Figa). Therefore, under able to investigate the influence of perturbations, seed and re-

low perturbations, resource competition has a strong impacsource competition. As competition might be influenced also

on population composition, while seed competition is lessby environmental and biological heterogeneity, the inclusion

important. For high perturbations, it is the reverse, while re-of strength of competition in individual-based spatially ex-

source competition has no effect, seed competition is venyplicit models, could lead to even more complex model with

important (Fig.8c). For intermediate perturbations, a shift more unknown parameters.

between both happens (Figb). Consequently, under in-

creasing perturbations, diversity is decreasingly affected by5.1.2 Representation of competition

resources competition while increasingly by seed competi-

tion. DIVE models competition implicitly by assuming that pop-

ulations with a higher biomass outcompete ones with lower

. ) biomass. This assumption is to a first approximation reason-

5 Discussion able, since differences in competitive ability result mainly

. . L : on differences in size. For instance, the acquisition of light
B Ve 7 e Dl 1 s onszenson et 31989 such ta, forexar

o 9 ) erple yple smaller plants are over-shaded by larger os@snjann
and relative importance of perturbations and competition in

. . . . . .and Rogers2003. But smaller sized plants could also have
shaping the diversity of communities. We then discuss possis_. L S : :

) . = ~""higher competitive abilities than bigger ondéeéting and
ble extensions of the model and potential future applications .
of DIVE Aarssen2009. However, to account for different types of

resource competition within one model equation, it makes
sense to incorporate resource competition and its strength by
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Fig. 8. Each point represents the diversity (Shannon Information Entropy) after 10 000 yr of a DIVE simulation dependent on seed (y-axis)
and resource competition (x-axis). The values for the strength of seed competition decrease bottom to top and for the strength of resource

competition decrease from left to right.

using a simple approach, because larger plants are likely to be In DIVE, only competitive interactions between plants are
better competitorsieating and Aarsser2009. DIVE uses  considered that are detrimental to the abundance of a pop-
plant strategy parameters that emerge from functional relaulation. However, interactions can also be positive, result-
tionships and climatic constraints, such as growth rate andng in increased performance of neighbouring plants, e.g.
seed production, that then reflect a population’s strategy ira large plant shades a plant adapted to sh@d#gway et al.

being a coloniser or competitor. The performance of a PP002. With our approach, we do not address such facilita-
directly affects these abilities via e.g. the intrinsic growth ratetive interactions. This could potentially be implemented in
(Huston 1979 or seed productionAngert et al, 2009. the model if resource competition is represented in a more

process-based way, as discussed above. We may, however,
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assume that these are of secondary importance for commuas their geographical variation. For this we would need to

nity dynamics at larger scales. represent many more PPS in DIVE.
Also, the selected PPS are not based on observed char-
5.1.3 Representation of mortality acteristics, so it may seem that the simulated dynamics are

somewhat artificial. In principle one could use empirical data
We model mortality in a simple way dependent on each PPSf ecological succession to determine realistic parameter val-
characteristics (e.g. biomass) and a PPS-independent pertujies for each ecosystem to tune the dynamics of DIVE. This
bation parametetmort. While our formulation (see Ec)  would then, however, remove the general nature of the DIVE
seems adequate to work for different plant strategies, if weapproach. By using the simulated characteristics from the
were to use DIVE to analyze specific biomes such as theJeDi model, one captures the generality of the range of PPSs
tropics, in the light ofWright et al.(2010 a better param-  that can cope with the climatic conditions within a region.
eterisation could be needed. They concluded e.g. that moran alternative strategy for improving the representation of
tality rates of tropical tree species are in general independenlant function might be to concentrate on the depiction of
of the maximum height, while wood density was found to be ecophysiological trade-offs within JeDi (or similar models).
a more important aspect. However, we want to use not only
trees but also grasses and shrubs and therefore need a m@g.5 Constant climatic forcing
general parameterisation.

The perturbation parametayor; plays a critical role inaf-  We used a hypothetical tropical climatic forcing in the sim-
fecting the mortality of a PPS. This parameter is introducedulations. This was done to avoid the effects of climatic vari-
to capture the many different types of perturbations in oneability on population dynamics so that the simulated popula-
term, e.g. disease, herbivory, grazing or disturbances suction dynamics could be more easily attributed to the choice of
as fire and windfall. We use a constant value for this pa-parametersri, crz, andemort. This tropical forcing provides
rameter, even though many disturbances are stochastic aritie conditions under which the greatest diversity of PPS’s can
to some extent dependent on the climatic conditions — as isurvive.
the case for fire — or on the composition of the community Under different climatic settings, e.g. seasonal or inter-
— as is the case for herbivory. Stochastic perturbation eventannually varying climates, the population dynamics would
have major impacts on vegetation dynamidshst and Huth  clearly be affected by the seasonality, and the sensitivities to
2009, and different PPSs may respond differentially to per-the free parameters would possibly be different to some ex-
turbations. Diaz et al.(2007), for instance, concluded that tent. This potential limitation could easily be addressed in
grazing, which expresses a form of perturbation, interactshe future by prescribing realistic climatic forcing.
with species composition. This deficit could be addressed
by modeling the value ofmort stochastically, and by mod- 5.2 Interpretation
eling the associated processes that represent perturbations
more explicitly. Despite its simplicity and potential limitations, DIVE is able

While there has been progress in understanding mortalto capture the essential basics of population dynamics. With
ity, disturbances and perturbations (éNggron-Juarez etal.  an adequate choice of the three open parameggrsrz, and
201Q Lines et al, 201Q Chao et al. 2008, challenges cmort, it is able to represent realistic successional dynamics
still remain with respect to the quantification of perturbation as well as their sensitivity to the intensity of perturbation.
rates, as these values might differ in specific regions of the The successional dynamics in DIVE are consistent with
Earth. Given these limitations, we chose this parameter to béhe general observed pattern of succession. Communities
fixed, because we wanted to include perturbations in a simplén early succession are usually dominated by fast-growing
and transparent way. A better representation of the differenspecies (colonisers), while in later succession by slow-
forms of perturbations at the global scale for many differentgrowing species (competitorPDdum 1969. Fast growing
PPSs is a great challenge and it is a parsimonious assumptigpecies are represented in DIVE by PPSs that rapidly estab-

that, in sum, its effects might be equal to all species. lish due to a high growth rate and high seed flux (colonisers).
Competitors are represented in DIVE by PPSs that are slow
5.1.4 Choice of PPS growing and gain a high biomass, thereby able to exclude

others. In early succession in a DIVE simulation, colonisers
The choice of the five PPS was somewhat arbitrary. This wasre highly abundant, competitors are at low abundance and
done to be able to clearly analyze the dynamics of DIVE andcompetition for resources plays a minor role in determin-
attribute these to the choice of the three open parameters. limg the PPS composition at this stage. As time progresses
future applications, there is in principle no limit to the num- and bare area becomes limited, establishment decreases and
ber of interacting populations. This is particularly important colonisers are replaced by competitors, consistent with the
when we want to use DIVE to better understand diversity pat-real world (e.gHuston and Smith1987). At this stage, the
terns in terms of the associated coexistence of PPSs as waible of invasion and exclusion, i.e. resource competition, is
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more import than establishment in shaping community com-PPS with the highest dominance (Fig. 5b and f). This find-
position. As PPSs compete for resources, PPSs with higling is consistent witirora and Boe(2006, who found that
biomass steadily invade the area occupied by PPS with lowestrong seed competition leads to unrealistic patterns of com-
biomass by capturing more of the available spaibnan, petitive exclusion within their model that is based on Lotka-
1990. When small PPSs are not able to compensate excluvolterra equations. We also found that while the relative
sion with establishment, they become extinct. Hence, thesabundances were affected by the prescribed intensity of mor-
dynamics in DIVE are fully consistent with observations and tality (cmort), the relative dominance was not affected. This
established ecological theory. result suggests that resource competition seems to be more

The sensitivity of the simulated population composition to important in shaping realistic community dynamics than seed
the strength of perturbations is also consistent with observacompetition.
tions. We found that under low perturbations, the composi- When investigating the diversity of the final state (Fig. 6),
tion was determined by late-successional strategies (competive found that resource competition played the more impor-
tors), while under high perturbations it was determined bytant role than seed competition in the case of low perturba-
early successional strategies (coloniser). These outcomes atiens. At the other extreme of high perturbations, the diver-
consistent withJohst and Huttf2005. Furthermore, the in-  sity was shaped by the strength of seed competition and the
tensity of perturbations affects how effective less dominant,intensity of resource competition had no effect. Intermediate
i.e. PPS with small biomass, are at reclaiming area via eslevels of perturbations led to coexistence and high diversity
tablishment and so can determine whether steady states ¢ér the widest range of the strengths in resource and seed
competitive exclusion or coexistence are achieved. We foundompetition.
that under high levels of competition, intermediate levels of ~ Given that succession and coexistence is observed in plant
perturbations were required to obtain coexistence. This relacommunities, we conclude that at least resource competition
tionship is consistent with the Intermediate Disturbance Hy-and intermediate levels of perturbation are required to simu-
pothesis (e.gGrime, 1973 Connell and Fox1979, which  late the dynamics of diverse populations.
proposes diversity is highest at intermediate intensity of per-
turbations. In summary, we conclude that the DIVE model5.3 Potential extensions and applications of DIVE
adequately represents population dynamics in a simple way.

To get back to our main motivation of understanding the Current models that attempt to simulate vegetation dynam-
relative importance of competition and perturbations on com-ics, including composition or coexistence of different plants
munity structure, we found that diversity is highest without types, do not take into account that the strength of competi-
competition as long as mortality was not too high. However, tion can be different in different environments, and for differ-
in the absence of competition, we found that a PPS domi€nt plant types. Hence, current approaches impose assump-
nated the steady state which had a low dominance, low seetions about the strengths of competition and their effect on
production, but a high growth rate (Fig. 5d and h). This out-community structure. We have shown that the strength of
come of population dynamics seems unrealistic in terms ofcompetition and perturbation are critical in determining com-
natural settings, but could represent a human managed cropunity structure. Therefore including the effects of resource
land. In a crop land the seed input is high and competitionand seed competition in the current generation of dynamics
is minimized by management. However, in the presence ofvegetation models could yield different results.
seed competition, this PPS was absent, and in the presence of Thus, as a next step, it would seem important to find out
only resource competition, it was less dominant in the com-the effects of competition and perturbations on the dynam-
munity. This would suggest that at least resource competitiorics and diversity of communities across a range of realistic
needs to be considered to obtain reasonable community dyclimates. This can easily be done using global climatologies
namics in DIVE. and by including many more of the simulated PPSs from the

In the presence of resource competition, but no seed comdeDi model. This would require to couple the DIVE and JeDi
petition, we found high diversity during succession, but a fi- models, as the plant properties needed as an input for DIVE
nal state of competitive exclusion by the most dominant PPSvould no longer be constant. Such an investigation would al-
with the highest biomass under low perturbations. The ablow us to understand how reasonable the assumption of uni-
sence of seed competition allowed for all PPS to exist atform, constant values for the three open parameters of DIVE
a minimal level so that diversity can result during succes-are.
sion. To obtain higher levels of diversity in the final state, DIVE could also be improved by a better representation of
higher levels of perturbations or a lower strength of resourceperturbations, such as fire, herbivory, and windfall. For some
competition are required. forms of perturbations, process-based models exist, e.g. for

When only seed competition is considered, we found thaffire (Thonicke et al.2001). Also, competition can be repre-
this also led to unrealistic outcomes. In this case, we foundsented in more detail, as discussed above.
coexistence, but the steady state community was dominated Such a model would have a great potential use as it
by the PPS with the highest seed production, and not by thevould allow us to investigate not just the role of population
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