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Summary

Summary

Communities in arid environments are especially vulnerabigobal changbecause they experience
highly unpredictable environmental conditions. The fate of communitias umcertain future maye
elucidated by understanding the drivers of thesarunities. The interplalyetweencommunity drv-

ers may be unravelledby using approghes based on functional traltecause traitslescribe plant
strategies and the responses of communities to environmental changes. Furthermoagdiriten-
speific trait variability provide the necessary cues ittentify survival strategies of desert plants u

der fluctuating environmental conditions. However, studying desert plant commisitieslenging

due to the spatial and temporal heterogeneity of arid emmieats. Modelling approachespportand
complement empirical traltased approaches in exploring desert plant communities and their drivers

and dynamics in changing arid environments.

The overarching ainof this thesis was to explore intrand interspedfic variability of func-
tional traits in arid environments and to investigate how this variability affects the ability of plants to
tolerate aridity stress and succeed in competition with their neighbours. To address this aitr, | deve
oped, implementedndanalyseda spatiallyexplicit individual and traitbased simulation model, o
ducted a simulation experimeatalyseddata frommodel simulations andmpirical experiments and
synthesized the literature on trhiised models and metamodelling approadigstesearch wa$o-
cused orannual plant communities dominated by the True Rose of Jedstasiatica hierochuntica

L.) in the Negev desert in Israel.

According to the review in chapter frait-based models are a suitable method to predict
changes in comunity patterns under global changed tounderstand the underlying mechanisms of
community assembly and dynamioSombining modelling and traifased approaches overcomes
technical challenges, scaling problems, and data scarcity. Specifically, a coombofatraitbased
approaches and individubhsed modelling was recommended to simplifg parameterization of
models andto capture planplant interactions at the individual level, and to explain community

dynamics.
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In chapter 2, in line withthe majorclaim of chapter 1, the spatiallgxplicit trait and
individuatbased ATIDmodel was dveloped, implemented and anaggo explore how ecomunity
dynamics arise fronplant traits andhe interactionsamongplants and with their environment. The
sensitivty analysis of the model highlighted plant functional traits as key drivers of community
dynamicsand indicated thaenvironmental factorsvere less importanin the model. The outlined
traits included both those traits that are involved in pidant ineractions, such as relative growth
rate and maximum biomass, and those that promote tolerance to abiotic stress, such as dormancy and
germination probability. Among the environmental factors, the most influential factors were soil water
availability and pecipitation. The special role of functional traitsie community dynamics of desert
annual plants indicates the importance of 4paised strategies as an adaptation to the stressful arid
environment.

Chapter 3 addresses the results feosimulation egeriment that was conducted in the ATID
model. This experimergxplored the influence of functional traits involved in two survival strategies
defined in the study a8 p r o t-ceccrhp evtei t i o nddo laonndi zdéad s ayagdmmenityr at e g
dynamics The® strategies differed nonly in seed size and the number of seeds, but also in the plant
functional traits related to competition and survival, which were highlighted in the sensitivity analysis
of the model from chapter 2. Mergiige colonizationcompdition tradeoff with escape in time and
space into one strategy set provided a mordsti&alepresentation of specibgcause the merged
strategies related to the entire plant life cycle.

To gain more understanding on empirical trait distributionghiapter 4 data on intraspecific
trait variability and trait spaces of the desert annual glahierochuticafrom a nethouse experiment
were analysed High salinity had significant effects on the average values of plant functional traits.
Additionally, sdinity stress affected thiatraspecific trait spaces differentially with respect to thd-env
ronmental conditions of the site of origifirait spaces of the populations originating from the same
site but exposed to different salt stress levssame morelissimilarwith increasing environmental
aridity. Thus, intraspecific trait variability and salinity effects turned out to be essential in revealing
population and communitylevel processes in deserts and should be considered in future versions of

the ATID-model.
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In support of the future development of the ATitibdel developed in chapter @mmon
metamodel types and the purposes of their usage for indivdisald models were reviewed andleva
uated in chapter 5. The review considered 40 metamodels afiplisensitivity analysis, calibration,
prediction and scalingp of individuatbased models and can be used as a guide for the imp&ement
tion and validation of metamodels.

Overall, this thesis, and particularly the ATFiodel analyses, highlights how itrhased
modelling approaches can contribute to understanding the intdsptaweenkey drivers of desert
plant communities in arid environments. The accompanying analysis of the nethouse experiment and
critical literature reviews outline future extensiarfsthe model and the ways to overcothe tech-
nical challenges and data scarcity ideadfiin this thesis. Moreover, thieesis advocates for more
intensive studies of the strategies of desert annual plants to survive in temporally and spatially heter
geneousnvironments with docus on plant functional traits. Thus, the modelling framework ptesen
ed in this thesis provides the basis for future research on the fate of communities in arid environments

under global change.
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Zusammenfassung

Zusammenfassung

Modellierung der Variabilitat von Pflanzen-Traits auf Populations- und Lebensgemeinschafi-

ebene in ariden Gebieten mit Umweltveranderungen

Lebensgemeinschaften in ariden Gebieten sind angesichts globaler Umweltveranderungen besonders
anfallig, da sie hochstnvorhersagbaren Umweltbedingungen ausgesetzt sind. Das Schicksa-von G
meinschaften in einer ungewissen Zukunft kann durch das Verstandnis der Triebkréafte dieser Gemei
schaften aufgeklart werden. Das Zusammenspiel der Triebkrafte der Gemeinschafternit kdiffie m

von Ansatzen entschlisselt werden, die auf funktionalen Merkmalen (Traits) basieren, weilnsie Pfla
zenstrategien und die Reaktionen der Gemeinschaften auf Umweltver&nderungen beschreiben konnen.
Daruber hinaus liefert die inteund intraspezifidee Variabilitéat der Traits die notwendigen Anksalt

punkte fir die ldentifizierung von Uberlebensstrategien von Wiistenpflanzen unter wechselhaften
Umweltbedingungen. Die Erforschung von Wuistenpflanzengemeinschaften kénnte jedoch aufgrund
der raumlichen undettlichen Heterogenitat der ariden Umweltbedingungen eine Herausforderung
darstellen. Modellierungsansatze unterstiitzen und erganzen empirischigdigite Ansatze bei der
Erforschung von Wiustenpflanzengemeinschaften und ihrer Triebkrafte und Dymasithivera-

dernden ariden Gebieten.

Das Gesamtziel dieser Arbeit war es, die intirad interspezifische Variabilitat der funktien
len Traits in ariden Umgebungen zu erforschen und zu untersuchen, wie sich diese Variabilitat auf die
Fahigkeit von Pflanzeauswirkt, Trockenstress zu tolerieren und in der Konkurrenz mit ihreh-Nac
barn erfolgreich zu sein. Um dieses Ziel zu erreichen, habe ich ein rénaxgithites individuenund
trait-basiertes Simulationsmodell entwickelt, implementiert und analysier§imulationsexperiment
durchgefiihrt, Daten aus empirischen Experimenten analysiert und einen Uberblick der Literatur zu
trait-basierten Modellen und Metamodellierungsansatzen zusammengestellt. Meine Forschung basiert
auf Daten zu annuellen Pflanzengermsehmaften in der Wiste Negev in Israel, die von der Echte Rose

von Jericho Anastatica hierochuntigadominiert werden.
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Die Literaturzusammenschau in Kapitel 1 offenbart, dasshiagiierte Modelle eine geeignete
Methode sind, um Verénderungen in den Muste®n Gemeinschaften unter globalen Veranderungen
vorherzusagen und die zugrunde liegenden Mechanismen der Zusammensetzung und Dynamik von
Lebensgemeinschaften zu verstehen. Durch die Kombination von Modellierung urdshsrarten
Ansatzen lassen sickahnische Herausforderungen, Skalierungsprobleme und Datenknappheit tbe
winden. Insbesondere wurde eine Kombination aushesterten Ansétzen und individuenbasierter
Modellierung empfohlen, um die Parametrisierung der Modelle zu vereinfachen, Intezakia-

schen Pflanzen auf individueller Ebene zu erfassen und die Gemeinschaftsdynamik zu erklaren.

Eine Forderung aus Kapitel 1 umsetzend wurde in Kapitel 2 das rawewjidizite, trait und
individuenbasierte ATIEModell entwickelt, implementiert und alysiert, um zu untersuchen, wie
Gemeinschaftsdynamiken aus Pflanzentraits und Interaktionen von Pflanzen untereinander und mit
ihrer Umwelt entstehen. Die Sensitivitdtsanalyse des Modells hob die funktionalen Traits von Pflanzen
als Schlisselfaktoren d&emeinschaftsdynamik hervor, wobei den Umweltfaktoren im Modell eine
relativ geringere Bedeutung zugewiesen wurde. Die sensitivitatverursachenden Traits umfassten s
wohl solche Traits, die an den PflarRanzelnteraktionen beteiligt waren, wie zum Bdipdie
relative Wachstumsrate und maximale Biomasse, als auch solche, die die Toleranz gegeniiber abiot
schem Stress fordern, wie die Keimruhe und Keimungswahrscheinlichkeit. Unter den Umweltfaktoren
waren die Verfugbarkeit von Bodenwasser und Niedersdila@influssreichsten Faktoren. Die-b
sondere Rolle von funktionalen Traits in der Gemeinschaftsdynamik einjahriger Wiistenpflanzen zeigt
die Bedeutung traibasierter Strategien als Anpassung an die harschen Bedingungen in ariden Gebi

ten.

Kapitel 3 befast sich mit den Ergebnissen eines Simulationsexperiments, das mit dem ATID
Modell durchgefiihrt wurde. Dieses Experiment untersuchte den Einfluss funktionaler Traits auf die
Gemeinschaftsdynamik, die bei zwei Uberlebensstrategien eine Rolle spielendéieSiudie in i
nem neuen Strategiekonzept als "ScHUbnkurrenz* und "FluchtKolonisierungs-Strategien def
niert wurden. Diese Strategien unterschieden sich nicht nur in der Samengréf3e und der Anzahl der

Samen, sondern auch in bestimmten Pflanzentdigsmit Konkurrenz und Uberleben zusammenha



Zusammenfassung

gen und die in der Sensitivitatsanalyse des Modells aus Kapitel 2 hervorgehoben worden waren. Die
Integration der Konzepte des KolonisiertikgnkurrenzTradeoffs und des Entkommens in Zeit und
Raum in einem neen Strategiekonzept ergab eine realistischere Darstellung der Arten, daedie int

grierten Strategien den gesamten Lebenszyklus der Pflanze beriicksichtigen.

Um ein besseres Verstandnis empirischer faiteilungen zu erlangen, wurden in Kapitel 4
Daten zu intraspezifischen Traitvariabilitat und zu TrR8umen der annuellen Wistenpflanke
hierochuticaaus einem Gewachshausversuch analysiert. Hohe Salzkonzentrationen hatten signifikante
Auswirkungen auf die Durchschnittswerte der funktionalen Trait$tlanzen. Zusatzlich beeinflsis
te Salzstress die intraspezifischen FRéiLumMe unterschiedlich in Bezug auf die Umweltbedingungen
des Ursprungsortes der Pflanzen. Die Triéume der Populationen, die vom gleichen Standort
stammten, aber unterschiedlich®alzstresdNiveaus ausgesetzt waren, wurden mit zunehmender Ar
ditat undhnlicher. Daher erwiesen sich die intraspezifische-Vaaiabilitat und die Salzeffekte als
wesentlich fir die Aufdeckung von Prozessen auf Populationd Lebensgemeinschaftsebene

Wisten und sollten in zukinftigen Versionen des AMDdells berlcksichtigt werden.

Zur Unterstiitzung der zukinftigen Entwicklung des in Kapitel 2 entwickelten AdDells
wurden in Kapitel 5 Metamodelltypen und ihre Anwendumggeiche in der individudbasierten M-
dellierung tberprift und bewertet. Die Uberpriifung berticksichtigte 40 Metamodelle, die fiindie Se
sitivitatsanalyse, Kalibrierung, Vorhegm und Skalierung von individukasierten Modellen eirg
setzt werden konnen und als Leitfaden fir di@lémentierung und Validierung von Metamodellen

dienen kdnnen.

Insgesamt beleuchtet diese Arbeit und insbesondere die Analysen desvid@Hlls, wie
trait-basierte Modellierungsansatze zum Verstandnis des Zusammenspiels der Schlisseltriebkrafte von
Wistenplanzengemeinschaften in ariden Umgebungen beitragen kénnen. Die begleitende Analyse
des Gewachshausexperiments und die kritischen Literaturiibersichten dienen als Grundlage fiir z
kiinftige Erweiterungen des Modells und die in dieser Arbeit identifiziertegeWer Uberwindung
technischer Herausforderungen und Datenknappheit. Dartber hinaus empfiehlt diese Dissertation eine

intensivere Untersuchung der Strategien annueller Wiistenpflanzen fir das Uberleben unter zeitlich
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und raumlich heterogenen Umweltbedingengnit besonderem Schwerpunkt auf funktionalennPfla
zenTraits. Somit bietet das in dieser Arbeit vorgestellte Grundmodell die Basis fir zukinftige Fo
schungen Uber das Schicksal von Lebensgemeinschaften in ariden Gebieten unter dem Eirgtuss glob

ler Umwetver&nderungen.
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Arid environments experience changes at different levels. Besides the global climate chandes that a
fect most of the environments and their inhabitants across the GRBE, 20B), the organisms in

arid environments are exposed to spatiotemporal heterogeneity in limiting environmental factors
(Chesson et al., 20040ik et al., 2004) This heterogeneous chater of the environment largelyed

termines the existence of arid communities, causing the development of a variety of strategies by li

ing organisms to cope with the unpredictable environmental condiieimssson, 2000)Plants &

sessile organisms and thus highly dependent on their environment, as the adults cannot easily escape
an environment that has suddenly become unfavoufseleable and Lawlor, 1980Desert plant
strategies have contributed to the survival of arid communities in the past and, thus, might play an i

portant role in their survival in face of global chan{galguereGémez et al., 2012)

One of the ways to describe plant strategies and their functions in a community is through
trait-based approachdgVestoby et al., 20Q02Nright et al., 2004McGill et al., 2006 Violle et al.,
2007) In this case, each strategy would be translated to a set of functional traits that can be involved
in tradeoffs (Messier et al., 2017)rait-based aproaches link organismal, morphological and $hy
iological characteristics to functions such as growth, reproduction and sui\Vighé et al., 2007)
Thus, by observing, measuring and analysing functional tcaits;lusionan be drawn on what kind
of strategy an organism applies taceeed in a given environme(Reich et al., 2003Clark et al.,
2012) However, the majority ofesearch in functional ecology is focused on spespesific furc-
tional traits(McGill et al., 2006 Suding and Goldstein, 2008Ibert et al., 2010pr grouping species
into functional typegMcintyre et al., 1995Lavorel et al., 199/Pausas, 199%ased on shared sets of
traits. Hence, intraspecific trait variability has long been largely ign(ethick et al., 2011 Violle
et al., 2012)although it underlie the plasticity of specig3 urcotte and Levine, 201@&nd might &-
plain their ability to adapt to changing environmefitt e p § e t Jurgylet al., 2@ 4jséelalso
chapter 4). In somcases, for example, in harsh environments, the importance and amplituda-of intr

specific trait variability can be even larger than of interspecific trait varialfiisad et al., 2017)
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Thus, trait variability at different levels might be a key to understanding the survival and prospering of

plant communities in changing arid environmg@ttbert et al., 2017Des Roches et al., 2018)

The mechanisms underlying the survival of plants in arid environments remain understudied.
One of the reasons for this gap in knowledge lies in the challenge to captutertongommunity
processes under heterogeneous environmeotaitons in the framework of shetérm empirical
studies(Herben and Wildova, 201Zhamberlain et al., 2014Accompanying empirical studies with
modelling approaches allows researchers to overcome spatial and temporal constraints and investigate
the fate of simulated communities over decades. Moreover, modelling in ecology can extend and
deepen empirical studieby contributing to the understanding of the underlying community amech
nisms and to the development of new ecological théeayn der Putten et al2009 Meyer et al.,
2009) Additionally, modelling tools promise lower risk of damage to natural plant communities and
often lower resource requirementdius, supporting empirical studies ofdadommunities with mad-
elling approaches appears to be a promising avenue for current and future investigation. Although a
number of models have been created that are devoted to different aspects of arid envifblfoweists
and Abrahams, 200Reynolds et al., 2004.i et al., 2018) surprisingly, only few models explicitly
consider arid vegetation (Venable and Lawlor, 2980g and Roughgarden, 198€hen and Ray
olds, 1997 James et al., 200%5erleinSafdi et al., 2018Wang et al., 2018pr specifically plant
communities(McAuliffe, 1988). Plant community models mainly exist as a special case of global
models(Reick et al., 2013)The simulation model ATID developed in the course of this thesis co

tributes to filling this gap (see alsbapters 2 and 3).

Combining traitbased approaches with tools of ecological model{idgrrard et al., 2013
Weiss et al., 20143eems to be an appropriate waystudy plant communities in arid environments
(see also chapters 1, 2 and 3). Fhaised approaches describe interactions between organisms in
terms of traits, and the inherent link of traits to organismal functions provides an insight in@ mech
nisms ofpopulation and community dynami¢Shipley et al., 2008_amarque et al., 2014Jraits can
represent both a response to environmental changes and an effect on community pflopestielset

al., 1997b Lavorel and Garnier, 2002This is reflected in the separation into response traits fand e

10
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fect traits. Incorporated into a modelling framework, effect traits serve as antinfine model and
provide insights how different combinations of traits form plant strategies and community properties.
Furthermore, response traits can be an output of a model reflecting how environmental changes shape
the community (chapter 1). The igtation of plant functional traits with modelling approachesis i
tuitive in the form of individuabased model§Grimm and Railsback, 2005pecause individuals are

the carriers of traits. Individuddased models capture ecological processes via individual interactions
with each other and the environment, which leads to the emergdmopulation and community

level dynamicgDeAngelis and Grimm2014) Each individual in an individuddased model is ass

ciated with a set of traits, some of which can be linked to an organismal function, i.e. be functional
traits (Violle et al., 2007) Moreover, individuabased models are usually well equipped to simulate
spatial and temporaleterogeneity of environments. A few studies have successfully incorporated this
combined approach to pursue goals such as exploring plant growth and population d{Bawrcet

al., 2007 Taubert et al., 2012)plantplant interactions and invasioiRadny and Meyer, 2018)s

well as community assemb{{Pachepsky et al., 200@nd dynamicgMay et al., 2009Seifan et al.,

2012 Weiss et al., 2014see also chapter 1).

However, elaborated individuadnd traitbased models also experience some limitations. The
main limitations are requirements of high computing power for calculations and simulations-and e
pirical data for theiparameterization and calibration. These limitations of ecological modelling can be
tackled with the support of adjacent disciplines. The demand for computing power of procedures such
as sensitivity analysis, calibration and scalipgcan be mitigated witthe implementation of mat
models(Kleijnen and Sargent, 200Mertens et al., 20)7see also chapter 5). Lack of empirical data
can be overcome by coupling modelling efforts with corresponditey cbllections and empiricake
perimentgvan der Putten et al., 200derben and Wildova, 2012 this way, more precise infodn
tion on the links between functional traits and their environnigleGill et al., 2006 Webb et al.,
2010) can be obtained as wealk on the characteristic trait distributions and the size of trait spaces

(Mason et al., 20059)f the modelled species or communities (see also chapter 4).
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The overarching aim of my thesis was tiotd: 1) to expore intra and interspecific varidil-
ity in functional traits in arid environments and 2) to investigate how traitbititjaaffects the e-
sponse of plants to competitive pressure and abiotic stress. To tackle this complex aim, | combined
different mehods such as a literature review on ttaised modelling (chapter 1) and one onamet
modeling approaches (chapter 5), the devetminand analysis of a spatiatyplicit individual and
trait-based simulation model (chapters 2 and 3), and the analyde&aofrom empirical experiments
(chapter 4). My thesis contributes to the empiricad d el | i ng cooper at-ammn pr o

communityl e v e | plant trait variability in changing

For purposes of strategic modelling and model parerizetion and calibration, | used data on
functional traits and environmental factors from the Negev desert in Israel. This warm desertis chara
terised by high aridity with a mean annual precipitation below 80 mm at the stud{Bsitkswicz et
al., 1995) In spite of these unfavourable conditions, the annual spAciastatica hierochuntica L.
(Brassicaceae), the True Rose of Jericho, is widely spread in the Negev desert and dominant in some
of its plant ommunities(Gutterman, 1994) The success of the species
tectived strategy of seed dispersal t hat sskeeps
perses them in small portions wher ttonditions are favourab(&riedman and Stein, 1980%ield
observations conducted in different parts of the Negev desertljFignonstrate thah. hierochurit
ca establishes its populations under environmental conditions that greatly differ in their precipitation,
aridity, salinity and topographfHegazy and Kabiel, 200°Eshel et al., 2017Moreover,A. hiei-
chunticagrows in speciesich communities and morgpecific communities, demonstrating at the
same time high plasticity in size and phenology. Therefammmunities dominated b&. hierochun-

tica were chosen as a target for this research.
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Figure 1. Research sites (from top left to bottom centre: Timna, Shaharut, Shefech Zohar, Meishar and Uvda) a

Negev desert with annual plant commties dominated byAnastatica hierochunticgbottom right). Pictures were provide

by the research group of Prof. Merav Seifan.

To achieve the overarching aim of my thesis | conducted five interconnected research projects
with my coauthors. The resdtof these projects were prepared, submitted or already published as
manuscripts and represent the five main chapters of my thesis.

Chapter 1Trait -based modelling in ecology: a review of two decades of research.

This chapter i s phddli sdiedali nMadheel |jionugron aa n dn
trait-based models in ecology in the form of a systematic review. Special attention was paidito defin
tions and terminology of trattased approaches and opportunities for edésspline exchange of the
corresponding methods. This chapter also highlighted the advantages of combining- thiedtiaid-
vidualbased approach for plant community studies. This led to the development of thenttaitd-

vidualtbased simulation model ATID, which is descrilbedhapter 2.
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Chapter 2Combining trait - and individual-based modelling to understand desert plant
community dynamics.

This chapter i s publi shed i The mameoal obthisemn a | f
search was to develop a spatiatyplicit two-species traitand individualbased simulation model.
The aim of the model was to identify the plant traits and environmental factors that drive the dynamics
of a community of desert annuals. The chapter contains a detailed model description,-Gf- proof
principle simulation, and a comprehensive sensitivity analysis. The-pfgofnciple simulation was
extended into a systematic design and analysis of simulation experiments in chapter 3.

Chapter 3The success of plant survival strategies under spatial drtemporal heteroge-
neity in warm deserts: a simulation experiment

This chapter presents scenario analyses of the model developed in chapter 2 to explore and
compare two survival strategies of annual plants in deserts under four simulated environmeantal scen
ios. Model scenarios differed in precipitation regimes and topographical characteristics, yielding four
scenarios with all combinations of high and low sgda#ind temporal heterogeneifjhe scenario
analysis provided insights into the success of ptamvival strategies in a tw&pecies community.
These strategies were defined by combining the competititamization tradeff (Levins and Cl
ver, 1971;Tilman, 1994)and escapé-time versus escagpnp-space seed strategi€genable and
Lawlor, 1980)

Chapter 4Intra -specific trait variability in desert annual plant communities

In this chapter, intraspecific trait variabilityait spaces and their responses to changes-in s
linity in dependence on the environment of origin were investigated based on data obtained from a
nethouse experiment with. hierochuntica The nethouse experiment was mainly conducted by M.
F.Arroyave Marthez at BerGurion University of the Negev. This data analysis contributes to future
extensions of the model developed in chapter 2 by filling the information gaps on the distribution of
functional traits values at the population level and effects of laghity on average trait values and
trait spaces.

Chapter 5Metamodels for evaluating, @librating and applying agentbased models: A

review
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This chapter covers the results of a literature review and expert assessment on metamodelling
approaches. It wasompiled in cooperation with a group of young scientists applying their expertise
on ecologi cal modell ing. The review was | ed by
Societies and Soci al Si mul at i gindviduatbased sodelsos s e d
ten have to compromise between the level of detail and computing power limitations. Metamodels can
assist in operating individudlased models to achieve such goals as prediction, calibration, sensitivity
analysis and scalingp with relatively small computing power requirements. This review facilitates
the choice of a suitable metamodel depending on the specific modelling task and thereby contributes

to improving future ecological modelling.
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Trait-based modelling in ecology: a review of two decades of research
Chapter 1. Trait-based modelling in ecology: a review of two decades of research
This chapter was published as: Zakharova, L., Meyer, K. M., & Seifan, M. (2019}basaitt mode
ling in ecology: A review of two decades of research. Ecological Modelling, 407, 108703.

https://doi.org/10.1016/j.ecolmodel.2019.05.008.

Aut hor s6 KoM MrM. B.and L.D.aonceived of the idea presented. L. Z. led the writing

of the manuscript with extensive input from K. M. M. and M. S..

Abstract

Trait-based approaches are anemdative to specigsased approaches for functionally linking
individual organisms with community structure and dynaniitshe traitbased approach, rather than
focusing on the species identity of the organism, the focus is on the organism traitsrephesient

their physiological, morphological, or IHeistory characteristicilthough used in ecological research

for several decades, this approach only emerged in ecological modelling about twenty years ago. We
review this rise of traibased models antrace the occasional transfer of tta@tsed modelling
concepts between terrestrial plant ecology, animal and microbial ecology, and aquatic ecology, discuss
terminology of traitbased approaches and evaluate future implementation cbassti models,
including crossdiscipline exchangélrait-based models have a variety of purposes, such as predicting
changes in community patterns under climate and-lsmedchangeunderstand underlying meah

nisms for community assemblieplanning and assessing consgion management, or studying
invasion processes. In modelling, trhased approaches can reduce technical challenges such as
computational limitations, scaling problems, and data scarcity. However, we note inconsistencies in
the current usage of termstraitbased approaches and these inconsistencies must be resolved if trait
based concepts are to be easily exchanged between disciplines. Specifically, futbasdchinodels

may further benefit from incorporating intraspecific trait variability andrassing more complex
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species interactions. We also recommend expanding the combination-bhsedt approaches with
individuakbased modelling to simplify  the parameterization of models,
to capture planplant interactions at the individual level, amal explain community dynamics

under global change.

1.1.Introduction

Understanding community structure and dynamics is a key element of modern ecology, especially in
the light of global chang@Harte and Shaw, 199&napp, 2002)This understanding was traditionally
mediated by specidsased approaches. More recently, such approaches were complemented by
approaches based on traits. Tased approaches are popular, because they allow the direct
connection of organm performance to its functions and to the functions of higher levels of
organization such as populations, communities and ecosystéhile traitbased approaches have
been introduced some decades @gome, 1977)and are now firmly established in empirical research
(e.g. Violle et al., 20G7Suding and Goldsteir2008) they were only introduced to modelling about
twenty years ago. Given that modelling is important for understanding community structure and
dynamics, traibased modelling can reduce some of the challenges faced by dpemelsmodelling.

For exampe, speciedased models are usually complex, difficult to parameterize and often produce
outcomes that cannot be generalized to other species-b@sgtli models often require less
parameterization effort than speclmssed models, facilitate scaliwg, and produce more
generalizable results that can be projected to other systems and be used to fill gaps in species
knowledge.Trait-based modelling reinforces simplification, which is at the core of all modelling,
because it focuses on simplified commungtyucture, based on the organismic functions. The
drawback of such simplification is that the results of #rased models may not always be very well
comparable with corresponding spedased modelling resultélere, we review the rise of trait
based radels over the past twenty years, highlighting their main fields of application and pointing out

avenues for future traliased modelling.
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Traits arose from the concept of plant functional groups and these groups were the first
published classification afrganisms according to functidbased on morphology and physiology)
instead of taxonomgRaunkiaer, 1934Grime, 1974) The next wave of interest into functional groups
was led by the desire to predict community and ecosystem responses to enmviabicimenggDiaz
and Caido, 1997 Lavorel et al., 1997Chapin et al., 20005r i me 6 sCSR ttighgieAps the first
globally accepted concept propagating continuous functional traitsntrast to discrete functional
groups such as herbs, shrubs and trees. However, the focus of functional ecology shifted only much
later from functional groups to functional traisd thus from species grouped because they use
similar strategies to th@milar characteristics underlying those strate{@sg et al., 2015bDistinct
aspects of strategies were reflected in sets of correlated traits that were defined as trait dimensions
(Westoby et al., 2002)his shift from a specidsased apprazn to a traibased approach is described
as the O6Hol y (Gavomel dnd Gafnier 2200@)his gpprdach involves the use of plant
functional traits, rather than species identities, to generalize complex community dynamics and to
predict the effects of environmental chan{@gding and Goldstein, 2008)
Functional traits not only help derive individual strategfégestoby, 1998 Wright et al.,
2004) but also to connect them to functions at orgaronati levels higher than those of the species
such as the community or ecosystem level. There are four requirements forlau@iel et al. 2007)
It should be connected with a function; It should be relatively easy to observe and quantify; It should
be possible to measure it in a standardized way across a wide rangeies specenvironmental
settings; And it shouldave a range of values that is comparable among individuals, species and
habitats Trait-based ecology is further based on the assumption thatdftsdend constraints have
shaped phenotypic variation in difent trait dimension&Grime, 1977 Westoby, 1998).
Sets of plant traits that reliably represent the processes of growth, survival, and repmoductio
(Violle et al., D07) make it possible to facilitate and generalize empirical and modelling studies.
Therefore, researchers attempted to define a universal set ofRetsepsky et al. (200igentified
twelve critical traits that affected resource uptakhe area over which resource is captured, the
internal allocation of resources between structure, storage and reproduction, time of reproduction,

number of progeny produced, dispersal of progeny, and survival. Other researchers used smaller
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numbers of raits. The leaf economics spectrum, for example, contains only six (itdiight et al.,
2004) Diaz et al. (2015also used six traits but not those of the leaf economics spectrum, and several
researchers even used a set with as few as threg\Waissoby, 1998Westoby et al., 2002¥right et
al., 2004 Chave et al., 200%arnier and Navas, 2012hus, rather than applying a universal trait set,
modern use of the concept implies a selection of a small set of critical functional traits specific to the
needs of a specific study and édedent on the specific organisms for which strategies are being
described.

Using traitbased approaches overcomes some of thekwelvn problems of specidmsed
approaches. In traliased approaches, for example, it is possible to directly connect cdiyymu
functions such as production to environmental changes via functional traits. Moreover, thasteit
approach is an intuitive approach for addressing evolutionary processes because evolution selects
organisms in a community according to their fumetand not their taxonomy. Trdiased approaches
are, furthermore, more suitable than spebised approaches for generalizations across species as
they are not tied to taxonomin addition, traitbased approaches benefit from the rapid expansion of
trait databases more than spediesed approaches, because-tvaged approaches are not dependent
on speciespecific trait information; particularly traitased models can either fill information gaps
with trait data from species related to a target gseof not use species at all and only work with trait
value distributions.Trait databases are especially well developed for pléfieyer et al., 2008
Kattge et al., 2011)

Although current traibased approaches have several bemetihey also have some
shortcomings not present in spediesed approaches. One of these is the choice of appropriate
functional traits and their traeteffs with other traits given that a great diversity of traits are available
(Funk et al., 2017)Furthermore, traits differ intraspecifically but these differences are often neglected
(Violle et al., 2012 Bolnick et al., 201} Existing trait databases are usually of limited use when it
comes to species interactions, intraspecific trait variation and variable environmental gettimget
al., 2017) In addition, the theoretical assumptions of tbaited studies are not always supported by

experimental datgSuding and Goldstein, 2008Jhese shortcomings can bgercome by closer
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cooperation between empirical and theoretical researchers and by the development of standards for
trait data collectiorfe.g.Garnier and Shipley, 200PgérezHarguindeguy et al., 2013)

In the most recent 20 years trhiised approaches have entered ecological modelling. The
main advantage of modelling over empirical approaches is that it all@vsomparison of several
scenarios with different sets of assumptions, so conducting virtual experiments. This makes possible
the systematic exploration of the outcomes under each set of assumptions and the elucidation of the
mechanisms underlying the panhs observed. Using models therefore avoids the costs and risks of
reatworld experimentsTrait-based models may contain species as carriers of traits, but they also
work without explicitly modelling species. In speclessed models, interactions ocadrthe level of
species (potentially depending on species traits), whereas thderatt models, it is usually the traits
that are subject to effects and responses (potentially depending ooffsadgg.1.1). Importantly for
this distinction, models dsed on discrete functional types or functional groups are not part of our
definition of traitbased models, which requires continuous trait values (although we mention some
examples in section%.4.1.5.Traitbased dynamic ghmal vegetation models (DGVMSs),4.2Trait-
based modelling of animals in terrestrial ecosystant$l.4.4Trait-based models on microorganisms
and soil decomposeérdn principal, traitbased models consist of combinations of functional traits that
respond to environmental changes [fasse traits) and affect community and ecosystem properties
(effect traits) (Fig.1.1). Traitbased models should also account for the shape of the distribution of
these traits, which often has to be derived from empirical observation§Gaagke and Klauschies,

2017) Implementing traibased approaches for modelling may also help overcome the high data
demand of specidsased model§Garrard et al., 2033Neiss et al., 2014ximply due to the fact that
traits usually represent more than one species. For the same reastmasédimodelling may also
reduce computing times. Moreover, using traits in modelling can facilitate scaling of physiological
processes to global scal&hipley, Vile, & Garnier, 2008_.amarque et al., 2014because traits can

function as a common currency across scales in these models.
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Figure 1.1. Conceptual overview of traliased models compared to spediased models. Functional response and «
traits (rounded rectangles) are performance indicators that are relatedatismal functions (a). Traitased mode
represent community (circle) assembly by interacting functional response and effect traits, which may be connecte
offs (b). Speciedased models represent community assembly by interacting speatiesath implicitly contain traits (¢
Trait-based models can be divided into models that use functional traits only as static inputs (white elements in d)
community and ecosystem properties and models that use functional traits both asndpiyteaanic outputs (white a

grey elements in d). Response traits change dynamically depending on changing environmental conditions.

Given the advantages of trdiased approaches, it is still surprisingtttheir incorporation
into the toolkit of ecological modelling has been slow and that they are applied in proportionally
fewer cases of modelling than of empirical work. In this paper, our aim is to systematically review
applications of traibased modsl in ecology. More specifically, we 1) discuss definitions and
terminology of traitbased approaches, 2) evaluate how -traged models are used in different
disciplines, and 3) identify avenues for the future implementation ofbimaid models, inclualy
crossdiscipline exchange. The trddased modelling applications in this review contribute to
identifying principles that underlie spatiotemporal community dynamics, exploring species

distributions, investigating species interactions, scaling ecosysteresses from individual traits to
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ecosystem functioning, explaining the consequences of climate anddarthanges for community

dynamics, and also supporting conservation and invasion studies.

1.2.Methods

This paper is based on a systematic literatevéeew. We searched for papers using a topic search on
the fAWeb of Science Core collebaseho. AMNP modst'’
a second search #Atraitbase*0o AND model *. The f
to postdate 1978. The second search added 4 papers, which were from the per@il8010e &-

cluded all papers from obviously irrelevant fields, such as psychology, medicine, engineeling, bus
ness, management, history, industrial relations, linguistidscation, nutrition, and biotechnology
(Appendix Tab. AL.2). After this filtering of both searches, we retained 623 papers that focused on
ecology and related biological sciences. These ecological and biological publications were the most
recent among hthe papers we found. In addition to the publications found during this systermatic li
erature search, we also included papers discovered by the snowball principle, i.e. papers &ited in p
pers already selected. We also included additional publicationsynegaded by experts in the field.

We finalized our research by selecting only those papers from our compilation that directly addressed
concrete traibased models. We excluded pure genetics, toxicology, climate and evolution studies,
because we wanted todus on ecological studies. We did not consider studies that focused on statist

cal analysis of empirical data, but we did include statistical models if the focus was on the model such
as in species distribution modelling. Our focus was on primary mogqiapers, so that we onlg-r

ferred to secondary modelling papers that discuss, use, extend or review previously published models
when they introduce a new trdidised perspective. We did not consider editorial material or technical

software descriptions.His procedure yielded 188 papefgppendix Tab. Al.1, Fig.1.2).
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Figure 1.2.Papers on traibased models included in the final list of reviewed modgipéndix Tab. AL.1).

Types and scales of traiiased models

We classified the papers discovered in our systematic search according to model type and target scale.
For model type, we distinguished among congalptnodels, statistical models, equattmased md-
els, individualbased models, and their combinations (see Glossam@pehdix Tab. AL.1). Statisit
cal models occurred in 26% and equati@sed models in 61% of the reviewed papers. Together they
were tle most common types in trdifised modelling. Conceptual models are probably more common
than was reflected in the papers we examined (5% of the reviewed papers) because they often precede
a mathematical or codeased model formulation. Individubhsed mdels represented 16% of the
reviewed papers.

Trait-based models address questions at local to landscape and globalrguadeslik Tab.
A1.1) and at the organizational level of individuals, species, populations, communities, arsd ecosy
tems. Where the naels targeted the ecosystem level, they were implemented as edpsstézhmd-
els. This is probably due to the fact that ecosydtaral models focus on matter or energy fluxes and
individuatbased models are usually not the first choice for modelling$luxecause this would-r
quire one flux equation per individual. However, models at the species, population or community level
do not usually consider fluxes but use organisms as their inputs. This is typical of indbadedl

models but all other modefpes are also used at species, population, and community levels. Models
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of processes at the level of individual organisms or their organs were either implemented as statistical
models of plant growth or, when emphasizing physiological meahaniss equain-based models.

Overall, different model types benefit in different ways from the integration of traits dlepen
ing on the target scale of the question addressed by the model. In the following sections, we present
studies that illustrate the potential leéits of using tratbased modelling for various scales and model
types to study plants and animals in terrestrial and aquatic ecosystems, micgdnaros, and soil

decomposers.

1.3.Glossary

Functional traits are welldefined morphephysiophenological baracteristics of individual
organisms that relate to the patterns of growth, reproduction, and survival of the @deGédket al.,

2008 Violle et al., 2007) and that evolved in response to abiotic environmental conditions and
interactions with other specid®eich et al., 2003Clark et al., 2012) As proxies of organismal
strategies functional traits are differently distributed across environmental gradients. This variation in
distribution may be also shaped by traxds amang traits (Reich et al., 2003).

Hard traits are directly related to important physiological proessshat define the growth,
reproduction and survival of an organism. Hard traits are usually hard to measure, and therefore in
practice they are identified and measured on the basis of sursmfateaits (Hodgson et al., 1999)

that are correlated with hard traits but are more easily or cheaply measured.

Response traitsdetermine how a species reacts to a disturbance or a change in abiotic or biotic
processes in its environmditavorel et al., 1997avorel and Garnie2002)

Effect traits determine how a species influences ecosystem propfrtgerel et al., 1997Lavorel

and Garnier, 2002)Effect traits alter abiotic and biotjmocesses corresponding to a wide range of
ecosystem function&viner and Chapin 1112003)

Plant functional types (PFT) are groups of species with presumably similar roles in ecosystem
functioning (Lavorel et al., 1997)They are considered as an important ecological framewark fo

describing the mechanisms underlying vegetation respisdstyre et al., 1995Pausas, 1999)
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Community-weighted mean (CWM) traits provide a quantification and use of aggregated trait
attributes of the community as a measwof diversity that does not take species into account. To
calculate a community aggregated trait value, relative abundances of species and their trait values are
used(Violle et al., 2007Funk et &, 2016)
Intraspecific trait variability (variation) is the difference in the values of functional traits within one
species that results from the development and adaptation of species to environmentgAtharigs
al., 2QL1; Schirpke et al., 2017 here are two sources for this variation. Oneeistable differences
between individuals and the other phenotypic plasticity in trait values across different environmental
conditions(Moran et al., 2016)
Conceptual modelsare not implemented in equations or programming code. In practice, they are
usually a graphical representation of causal relationships (or)flmtween factors or processes.
Statistical modelsare desriptive mathematical models of relationships between variables based on
assumptions about the data sampled. They represent a set of probability distributions on the sample
spacgCox et al., 1979)
Equation-based modelsare mathematical models that are formulated as a set of ordinary differential
eguations, partial differential equations, or integlifferential equations. They can be solved
analytically or numerically. These models are sometimes also catledhanistic models
physiological modelsor processbased models although each of these terimgsalso used for nen
eguationbased models. For instance, prodeased modelare based on a theoretical understanding
of the relevant ecological processes. They are built on explicit assumptions about how a system works,
and these models are especialgll-designed to predict the effects of global cha(@eddington et
al., 2013) Dynamic Global Vegetation Models(DGVMs) andEarth System Models(ESM) also
fall in this category.
Indivi dual-based models(or agentbased modely explicitly consider individual organisms as
objects with characteristics (traits) that influence interactions with other individuals and the
environmentGrimm and Railsback, 2005y hey adopt a bottomp approach where populatitevel
behaviour emerges from these individual interacti@eAngelis and Grimm, 2014)ndividuatbased

models are usuallynot based on equations, but on rules implemented in programming code.
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Individuatbased models are highly suitable for spatially explicit implementafiensim et al., 2005)
often combined with grid-based modellingapproach. Individuabased models are inherentlgkied

to traitbased approaches, because interactions are mediated by traits in indiaskdimodels (Fig.
1.4).

Trait -based modelsconsist of combinations of functional traits that respond to environmental
changes (response traits) and affect commuanity ecosystem properties (effect traits). Modelsed

on discrete functional types or functional groups are not part of our definition dbdsstimodels,

which consider continuous trait values.

1.4.1.Trait -based modelling of plants in terrestrial eosystems

Trait-based approaches were originally developed and discussed for plants in terrestrial ecosystems.
This focus on plant sciences was mirrored in the-trased modelling studies. Fifty percent of all
studies in this review addressed terrestrigjetationnote that we discuss the two studies on fungi in

our review as part of this section). The aims of fraed vegetation models were diverse. They co

ered investigations of plant growth and interactions, species distributions, plant invasicenas-

nity assembly and dynamics, biodiversity hypotheses, ecosystem services, and global vegetation pa

terns and dynamics (Fi§.3).

1.4.1.1.Trait-based models on plant growth, population dynamics,itedactions

Plant growth, population dynamics, andeiatctions were modelled with a range of model types, i
cluding statistical, equatiebased and individuddased modelsAppendix Tab. Al.1). The influence

of traits on the growth of individual plants or plant organs was most commonly addressed using stati
tical models. These statistical models were eitherlimaar regression mode{€havanaBryant et al.,
2017) Bayesian approaches, or bdttérault et al., 203,1Aubry-Kientz et al., 2015Thomas and
Vesk, 2017aThomas and Vesk, 2017Hquationbased approaches focused on mechanisms such as
carbon and biomaghixes within and across plan&nquist et al., 20Q7Sterck and Schieving, 2011)
water uptakgFort et al., 2017pr on the physiological processes producing salt toleréiPaieari et

al., 2017)
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Both models on plant population dynamics in our review were eqdadéised models. One
study investigated the influence of considering whole life cycles in fithess asseséhdler & al.,
2014) and the other one studied the population dynamics and viability of a primrose (and a lizard)
population(Jaffré and Le Galliard, 201L6Comparing the results from the equatiased integral pr
jection model with those from an analogous indivich@ted model, Jaffréand Le Galliard (2016)
highlighted the importance of constructing individbalsed models when very small populations are
investigated. Our review confirms the conclusiorBafguereGomez et al. (2018hat trat-based p-
proaches are still underrepresented in studies of population dynamics. However, note that suich comb
nations of traitbased and demographic approaches are more common for aquatic orgsimiskses
etal., 201406 Far r el |) oraarestadl mammaEaitibi et al., 201,6]affré and Le Galliard,
2016 van Benthem et al., 201#)an for plants.

Interactions such as comfition have mainly been studied with equatiamd individua
based models or their combination. Using dynamic prelcassed modelsili et al. (2013 andAli et
al. (2015)contrasted two alternative competition theories and demonstrated how e el dic-
ide concentration influences plant competition and, consequently, community composition @a an ec
system. In a combined equati@nd individualbased approaclyllas et al. (20143imulated ecos

tem fluxes based on two axes: the leaf economics spe(tklright et al., 2004and tree architecture

abiotic ecosystem ecosystem

el growth & services
population dynamics
& interactions i
community
roperties
prop ecosystem
combination of properties
DGVMs functional traits and

their trade-offs

response
traits

community
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environmental
changes

invasion

species
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dynamics

Figure 1.3. Overview of the models of plants in terrestrial ecosystems based on their main purposes and researc
(rectangles with green edges). Large circles represent community development in space and time and the round

represents all trai@nd their interactions in the model (see Fig. 1.1 for further explanation).
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spectrumgChave et al., 2009Mori et al., 2010) Individuatbased models are particularly useful for
representing plant interactions because it is the individual level at which interactions are initiated. For
example, Taubert et al. (2012)sed them to investigate biofuel production in grasslands of temperate
regions. In this model, abovand belowground plat functional traits were used to characterize how
successful plants were in taking up resousrascompeting with neighbours.

Conclusion:Based on these examples and the nature of the models, we suggest that different
kinds of models have different affencies in the sense of producing good results without requiring
large amounts of data. Statistical models are most efficient for describing the relationship between
traits and plant growth but equatibased models are most efficient for describing meishas, sin-
ple interactions, or ecosystem fluxes. Individhated models are the best choice, however, for co
plex traitbased interactions and for very small populations (seeJalf® and Le Galliard, 2016)

This is because indiduals are the nexus of trdiased interactions.

1.4.1.2. Trait-based models on species distributions

Although traitbased modelling was often applied as an alternative to sgessesl approaches, a
number of tratbased modelling papers were devoted to questielated to species distribution. For
example, a combination apecies distribution models and traiised approaches was explicitlg+e
ommended to estimate the vulnerability of species to climate change with respect to selected species

traits (Willis et al., 2015)

The great majority of the studies on species distributiodetling combined a tratbased p-
proach with statistical modelling, often by using a Bayesian appréggie(dix Tab. AlL.1). For -
ample,Powney et al. (20143howed that predictions of trddased species distribution models were
best for broaescale changes in regions with similar laeaover composition. Here, the trdifised p-
proach was implemented by identifying traits that correlated with changes in species ranges and using
these trait correlations to predict change in other regions. In another example, a new application of

time-to-detection modelling was able to detect multiple species as a function of plant morphological
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and phenological trait@Garrard et al., 2013)'he model byRosenfield and Muller (201 8stimated

the relative abundances of species that meet the values of functional traits found in a target ecosystem.

Trait-based models provide some advantages when predicting local community asssembly, e
pecially whereenvironmental filtering and niche differentiatichape communitie&imong the alg-
rithms used in the papers on traiised models, M&nt (e.g. Shipley et al., 201;1Sonnier et al.,
2010)and the Traitspace modg.g.Laughlin et al., 2012Laughlin et al., 2015Laughlin and Joshi,
2015)wereused for traitbased environmental filteringhese algorithmgredict low probabilities for
any species whose trait distribution fails to pass through an environmentgLaltgyhlin and Laulg-
lin, 2013) The Maxkt model and the Traipace model differ in their ability to predict the relative
abundance of species from a regional species(paaghlin and Laughlin, 2013MaxEnt predictions
are degraded when high intraspecific variability is inclu@ddrow et al., 2011)The importance of
intraspecific variation in functional traits was underlined\iglle et al. (2012)and byRead et al.
(2017)who found that intraspecific variability compensated for the effects of interspecific variation
along a climatic gradient.herefore, future models should consider to addressspecific variability
T at least where the respective data are availdb#tatisticalapproach uniting traibased and species
distribution modelswas also applied tonodel the traibased response and distribution vadod
inhabiting fungiwith respect teenvironmental chang@brego et al., 2017)Finally, the only eqa-
tion-based model in this section was a model that incorporated plant physiology t¢ {pesditisti-

butions along resource gradie(f&erck et al., 2014)

Conclusion:Thus, traitbased approaches are useful for modelling species distributiors, esp
cially where environmental filtering and hie differentiation are the predominating mechanisms. Of
course, traibased approaches would be even more suitable to model trait distributions. However, co
servation managers are still more interested in species than in traits, so that a focus etriltraitodi
modelling is still less applicable. Based on the available examples, we locate the cutting edge of trait
based species distribution modelling in moving from mean trait values to intraspecific trait variability,

e.g. by implementing a Bayesiamafnework(Laughlin et al., 2012)
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1.4.1.3.Trait-based models of community assembly

Community assembly results fraspecies sorting by environmental filters and biotic interactions. U
til now, traitbased models of community assembly used mainly statisticalllingdand equation
based approaches to capture this pro¢appendix Tab. Al.1). We further found one individual
based model(Pachepsky et al., 200Bpsed on a model Bown et al. (2007jnentioned in section
1.1.Trait-based models on plant growth, population dynamics,irtedactiong, and three conceptual
models(Bhaskar et al., 2014rowther et al., 20%4_osapio and Schdb, 201 hcluding one on fo-
gal community assembl{Crowther et al., 2014)The group of models of community assempéy-
tially overlapped with models of species distribution and was thus already partly discussed in section
1.2.Traitbased models on species distributioflsree groups of studies emerged: First, a large group
of publications where the intention was to identifgits that affect community assembly; second, a
group of four papers studying intraspecific trait variabilBa¢hepsky et al., 200Zaughlin et al.,
2012 Yang et al., 201&; Schliep et al., 2018)xand, third, another group of three papers where traits
were used as response traits tdingaiish between biotic and abiotic filterifBhaskar et al., 2014
Chauvet et al., 20178nd to assess effects of environmental chébhgsapio and Schbb, 2017)

The majority of the models reviewed in the current seatiere in the first group that aimed
to distinguish traits that influence species abundance, richness and functional diversity. One case
study, for instance, indicated theg#ed production and dispersion traits are important for regioaeal sp
cies abundancéMarteinsdottir, 2014)In another case study, a trbiised modeincorporated both
neutral theory and niche theotty identify whether, and which Jgnt traits determine communitga
sembby and biodiversity patterns, including plant species richness and abundance, across environments
(Shipley et al., 2006)To unify classic coexistence theory and evolutionary biology with recent trait
based approachekaughlin et al. (2012)ncorporated intragzific trait variation into a set of trait
based community assembly models. These models generate species abundances to test theories abou
which traits, which trait values, and which species assemblages are most effective for achieving a
specified functioal diversity.Larson and Funk (201@&dvocated for including regeneration traits in a

model of community assembly.
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A few statistical trabased models in the first group aimed at quantifying the relationship b
tween environmental gdients and individudevel traits or communityveighted mean traits toed
scribe environmental filterd.@ughlin et al. 2015)The common assumption of such models was that
traits are unimodally distributed and centred on an optimal trait value in any given environment. In
contrast, an extended Traitspace mddl@ughlin et al., 2015adopting a hierarchical Bayesiap-a
proach(Laughlin et al., 2012¢aptured multimodal trait distributions. Improving the Traitspace model
in this way increass the power of tratbased predictions of species abundances. The power increase
arises because the prediction of species abundance distributions then reflects the true functional dive
sity of a community. These community assembly models were also utset tioe mass ratio hypot
esis (Laughlin, 2011 Laughlin, 2014)and to refine restoration objectivesither by manipulating
abundances of species already existing in the system or by adding species from warmer climates to the
local species podLaughlin et al., 2017)Similar to models ompecies distribution, the MaxEnt alg
rithm is also used for models of community assembly to predict the effect didsgitl environmental
yltering on the species pool , (faghline a a22004)res-, i n
ing the community assembly via trait selection approach (CAL&)berté et al., 201;2Frenette

Dussault et al., 2013)

Equationbased models in the first group tended more towards theoretical questiong: For e
ample, they investigated the multidimensional nature of species coegidtased on trairaft et
al., 2015) they implemented biophysical principles to test niche vs neutral proq&teesk et al.,

2011) or they siowed that selfimitation promotes rarityYenni et al., 2012)

Conclusion:The examples in this section show that tb@ised modelling is a versatile tool to
investigate mechanisms and effects of community assemblyodile tavailability of response and
effect traits, the focus on function, and the possibility to study mechanistic detail by includig intr
specific trait variability. The diversity of examples also emphasizes the suitability didsmt com-

munity assemlly models for tackling questions ofridamental and applied ecology.
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1.4.1.4 Trait-based models of community dynamics

Trait-based modelling can be helpful for explaining not only static community assembly but also the
temporal and spatial dynamics of communitidge found twice as many equatibased models of
community dynamics as individubbsed modelsAppendix Tab. Al.l). The equatioibased p-
proaches included basic and applied research. Among the basic research, two studies invegtigated ve
etation dynamicsit the landscape lev@falster et al., 202 Quétier et al., 2011pne study quantified
environmental filtering and immigratiorates of new speciddabot, 201Q)and one study assessed
plant community stability considering litter decompositigviiki and Kondoh, 2002) Among the

more appliedesearch, three studies included the effect of environmental chdoge(2017)studied

the relationship between dispersal and species diversity along a climate warming g&adiege et

al. (2007)investigated overyielding and other responses to environmental changegqraaich (2012)
advanced Savage et al .6s (2007) study by consi
structure. One further equatidsased model with an applied question was deegldp compare the

effect of different cropping systems on weed tréitslbach et al., 2014)

The individuatbased models in this section targeted effects of regional processes ®n gras
lands(Weiss et al., 2014ns well as the processes of grazing astlithances. The effects of grazing
on a grassland community were investigated in two individaiadl traitbased model¢éMay et al.,
2009 Weiss and Jeltsch, 20159)he results of these models indicated that trait size symmetrymsf co
petition is @ntral for community dynamics. This indication arose from the model only generating the
patterns predicted by the grazing reversal hypothesis under specific conditions. These conditions were
the explicit inclusion in the model of shoot and root competitionl the assumptions that plants with
larger aboveground parts were superior competitors and belowground competition was consistently
symmetrical. A similar functional group scheme based on four key traits representing typical species
responses to distushce was used in an individdadsed model that led to the conclusion that the
competitioncolonization tradeff is insufficient to predict community dynami¢Seifan et al., 2012;

Seifan et al., 2013)
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Conclusion:The reviewed studies in this section show that the potential application areas are

more fully covered by equatiethan individualbased approachethese studies also show the great
ability of traitbased models to capture the mechanismsdtiat plant interactions and their impact
on community dynamics. Beyond the current focus on grassland communities of indiuidital
based models, we suggest that desert, savanna and forest community dynamics should be explored in
future studies. Furtlemore, although temporal changes in a community are often accompaniest by sp
tial changes and spatial interactions are often mediated by traits, our review shows that there is still

some unused potential in modelling spatial community dynamics basedtsn trai

1.4.1.5.Trait-based dynamic global vegetation models (DGVMs)

Beyond the community and ecosystem levels mentioned in previous sections, global vegetaition class
fication is possible with DGVMs. More specifically, DGVMS advance understanding of the whistrib
tion of plant functional types across spatial scgr®entice et al., 2004PGVMs are used as praeu

sors of, or parts of, earth system models in which they represent energy, carbon arftlxester
(Scheiter et al., 2013Drewniak and Gonzalelgleler, 2017) Dynamic vegetation classification is
enabled by calculating separately ecosystem fluxes and plactidioal type occurrences both of
which can be based on traiBGVMs are mainly or entirely equatidrased models because this form
allows them to adequately represent ecophysiological procesgpendix Tab. Al.1). More recent
DGVMs have added individdkbased components to account for individual varia(lcheiter et al.,

2013)

Most DGVMs were used to investigate vegetation responses to current climate and climate
change (e.gVerheijen et al., 20135akschewski et al., 2018)Valker et al. (2017applied the Stfe
field DGVM (Woodward and Lomas 2004) compare the prediot power of four traiscaling ly-
potheses on the distribution of global maximum rate of carboxylation. The four hypotheses used were
those on plant functional type, nutrient limitation, environmental filtering, and plant plasticity. The
result of this comarison showed that nutrient limitation was the most probable driver of glob&al max
mum rate of carboxylation distributions. DGVMs are criticized for being insufficient realistic. This

insufficiency arises because they use plant functional types with coa#itéinutes and do not repr
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sent competitive interactior{Scheiter et al., 2013Yhis criticism led to a stronger focus on traits and
to the addition of individuabased modulefHarper et al., 2016)The Jena DiversitpGVM incorpo-
rates 15 traits with several functional traafés that define plant growth strategié@avlick et al.,
2012) These functional properties of the vegetation were derived, unlike in standard DGVMs, from
mechanistic trait filtering via environments¢lection. The Jena DiversiBGVM also demonstrated
its advantages over bioclimatic approactiRsu et al., 201;,0Reu et al., 2011)instead of plant fus
tional types, the adaptive DGVM &cheiter and Higgins (200@ndScheiter et al. (2013yas based
on traits. The novelty of this adaptive DGVM lay in the prodessed and adaptive modules fbep
nology, carbon allocation and fire within an indivichealsed framework. This allowed the vegetation
component in the model to adapt to changing environmental conditions and disturbances. guch ada

tion is not possible in models basedstatic functionatypes.

Conclusion:As our review demonstrates, DGVMs provide a good example of the shift from
plant functional types towards functional trgfi&ang et al., 2015bje.g. compar&mith et al. (2001)
andHolzwarth et al. (2013) The reviewed studies give examples of how adaptive, flexible and-reali
tic trait-based modelsan be, emphasizing their strengths in these attributes. Moreover, individual
based modelling is increasingly applied to represent individual interactions aad tfeestdynamic

nature of DGVMSs.

1.4.1.6.Trait-based models of plant invasions

Trait-based modellingvas frequently used to study invasidppendix Tab. AL.1). The frequency of

this use probably arises because it is a common goal of invasion biology to identify traits that can be
used to predict future invaders. This goal was particularly common antatigtical modelgOt-
finowski et al., 2007Herron et al., 20Q7Klster et al., 2008)The individualbased models of plant
invasion focused on understanding the invasion psote®rporating, for instance, disturbar{etg-

gins and Richardson, 1998)r herbivory(Radny and Meyer, 2018Jhese models have differerd-r

gional and taxonomic foci includingine trees in tb southern hemisphe(eliggins and Richardson,
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1998) exotic plants in North AmericgOtfinowski et al., 2007Herron et al., 2007)nvasion success
in Germany(KUster et al., 2008)and establishment success as the combined effect of functional traits

and biotic pressurgfadny and Meyer, 2018)

Conclusion: While usage of traibased modelling in the study of invasions is growing, these
models have yet tgield auniversal set of traits that characterize potentially invasive species. Future
trait-based invasion models should address all the processes and interactions relevant to the system
being studied. This might be facilitated by individbalsed modeltig approaches, as the broad range
of individuatbased models in this sectidemonstrates. Thaodels of plant invasions may also ben

fit from the advantages discussed in Seclid@rl 4. Traitbased models of community dynamics

1.4.1.7 Trait-based models of esgstem services

Ecosystem service models are usually built with a management goal. Thus, they benefit frdm inclu
ing plant functional traits because functional traits are aggregate measures that can more easily be ta
geted by ecosystem management thanigpedlost models in this section were statistical models
(Appendix Tab. Al.1l), often in the form of generalized linear mod@saz et al., 200;7Lavorel et

al., 2011) whereas three models were equatiased. According thavorel et al. (2011)ecosystem
properties were better captured by models including spatial variation in environmental variables and
plant traits than by lanrdse models. Variain across the landscape in the commuwiyghted mean

of four traits and their functional divergence were modelled with generalized linear rflcaalsel et

al., 2011) Compared to remote sensing, this tkaised statistical modelling approach better reflected
the process of land use that underlay ecosystem propgt@solova et al., 2014)Another model
investigated the influence of plant and microliactional traits on grassland ecosystem services
(Grigulis et al., 2013)Based orLavorel et al. (2011andGrigulis et al. (2013)future ecosystem se

vices were estimated for three seelmonomic scenaridSchirpke et al., 2017 he approach deme

strated that ecosystem services were potentially highly resilietwo other semimechanistic mdse
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functional traits facilitated the scaling of wellunderstood functional traesfs from the organismal

to the ecosystem levflamarque et al., 2014)

Equationbased models of ecosystem serviceged from assessing the sensitivity of esesy
tem services to landse changéQuétier et al., 2007determining the vulnerability of pollinationrse
vices(Astegiano et al., 2015and evaluating the management of mown subalpine grasglaoat®on

et al., 2018)

Conclusion:Based on the examples in this section, 4vated models demonstrate great p
tential for solving applied questions in ecosystem studies as well as for thosenigwsaaling. Trait
based models arparticularly advantageous to explore ecosystem services because of the fact that

traits help identify underlying meahisms such as langse change.

1.4.1.8.Trait-based models on interactions between plants and other organisms

A few traitbased models did not focus purely on vegetation and interactions among plants but also
included the interactions of plants with other groups of organisms. These models were parfly conce
tual and partly equatiehased Appendix Tab. Al.1). For kample, he effects of biodiversity on riwu
tispecies interactions and cretssphic functions were described in a tiagtsed bottorup framework

(Lavorel et al., 2013)This conceptual model was linked to a statistical structural equatiatel,

which demonstrated that high functional and interaction diversity ohalnmutualists promoted the
provisioning and stability of ecosystem functions. In another case study, avian body size was ident
fied as an important response trait related to the susceptibility of avian seed dispersers to disturbance
by humangSchleuning et al.,@L5). A conceptuaimodel Pdyry etal. 2017)reconstructed how the

effects of soil eutrophication cascade to higher trophic levels across a range-beptivire intere-

tions. The model was evaluated based on butterfly and moth data. The authors suggested that a major
future trend willbe the increased dominance of insect species that are large, dispersive dietaly genera

ists over those preferring oligotrophic environments. These conceptual models await further testing by
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being converted into equatioor codebased models and the enipad testing of tle predictions of
these models.

There were also four equatidsased models in this section addressing nutrient competition in
an earth system mod@hu et al., 2016)tradeoffs of defensive plant traits in plaherbivore intere-
tions (Mortensen et al., 2018plantsoil feedback mediated Hifter and microorganismée et al.,
2015) and threavay interactions between a plant, a herbivore and a beneficial microbe in the context
of biological invasiongJack et al 2017)

Conclusion Due to the fact that interactions are mediated by traits;bagsitd models aread
al to capture a variety of conceptual interactions, inclduing the ecologically significant cases- of inte

actions between plants and other organisms.

1.4.2. Trait-based modelling of animals in terrestrial ecosystems

Animals are underrepresented among papers on théoaisetd modelling of terrestrial ecosystems,
whereas traibased models of marine ecosystems which included animals abounded. There are about
three times as many marine as terrestrial papers including animals in our review (seelsé8tion
Trait-based modelling in aquatic ecosystgnthe reason for the imbalance may lie in there being
many different behaviours, feeding strategies and morghlesiaamong terrestrial animaScherer et

al., 2016) making it hard to define common functional traits. Nevertheless, 23 papers covered trait
based modelling ofinimals in terrestrial ecosystems. There were twice as many egbatied
models as individudbased models and almost as many statistical models as eejgdioh ones
(Appendix Tab. AL.1). As the following studies show, these models cover a broae m@nippics,
including population dynamics and survival analysis, predatey and hospathogen interactions,
species distribtions, and community assembly.

Population dynamics was more frequently investigated inlieged modelling studies of
animalsthan plants in terrestrial ecosystems. We included here pure population dynamics studies, but
also other studies at the population level, namely -tordetection studies, survival analysis,
vulnerability analysis, home range determination, and a studgceévolutionary dynamics. For

example, the effect of functional traits on the population dynamics of mites was studied with equation
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based integral projection modenfallegange and Ens, 2018)awing on the dynamic energy budget
theory better known from aatic studies (see sectioh43. Traitbased modelling in aquatic
ecosystemsAccording to an individuabased model, the population dynamics of meerkats depend on
intraspecific variation in body ma$®zgul et al., 2014)In a similar but equatichased model trait
demography relanships were studied to identify the mechanism underlying population fluctuations
(van Benthem et al., 2017)raitbased models of population dynamiavestigated the responses of
populations to environmental chand&antini et al., 2016and to perturbation€zgul et al., 2012)

Using an approach similar to that of the titnedetection studies mentioned in sectiod.12. Trait-

based models of species distributicgBshlossberg et al. (201B8)odelled detectability for ten mammal
species. This model was based on species traits such as body mass, mean herd size and colour anc
employed a statistical approach based on conditional likelihoatdsxample of a traibased survival

model was the prediction of bat survival based on reproductive, feeding, and demographic traits such
as age, sex, and type of foragih@ntini et al., 2015)A trait-based vulnerability index was applied to
subarctic and arctic breeding birds in aistaal model constructed around MaxEnt and CAHsf et

al., 2017) We found three further individulased modelsScherer et al. (201&xplored the response

of bird functional types to climate and lande changedBuchmann et al. (2011jsed the methodology

to predict the home range and the spatial bdgs distribution of species in terrestrial mammal
communities in fragmented landscapes; And, for a theoretical study adveldionary dynamics,
Pontarp and Wiens (201%)mulated the evolutionary radiation of a clade across several habitats with
differing environmental conditions.

Predatoiprey interactions were considered from a functional perspective relatively early on in
the history 6 trait-based approaches, i.e. when generalist and specialist functional types veere intr
duced into modellingHanski et al., 1991)Functional traits are a much more recent characteristic of
predatorprey modelling studies, e.g. in a general additive model of beetle predation with eight pred
tor traits and four prey traif®rousseau et al., 2018)he novelty of these models is that the corabin
tion of functional traits and phylogeny overcome the limitations of puredgrigsive approaches.
Where predateprey interactions are combined into a food web model, body size is often the central

trait. This was the case in an allometric trophic network model that explicitly featurecdaimd-énte-
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specific interference includg predatoprey interactions in beetles and spidéraubmeier et al.,
2018) Pathogethost interactions resemble predapoey interactions in many ways as demonstrated
by the interations of amphibian species and their fungal pathogens. In this case, the interactions were
modelled with a statistical approach investigating the predictive power of traits related to phylogenetic
history, habitat use, and life history trajGervasi et al., 2017)ndividual and traitbased movement
models are very powerful when it comes to scalipgacross several level§ arganization. This fa-
ture was exploited in an individubhsed model that scaled up from individual movement andsbeha

iour to metacommunity structuelirt et al., 2018)

Species distributions and species niches were modelled for the cane toad with a statistical a
proach(Kearney et al., 20Q&olbe et al., 2010and for endotherm@orter and Kearney, 200ahd
ants(Diamond et al., 2012)ith an equatiofbased approach. For the endotherms and the aats, bi
physical principles were used to link variation in functional traits with environmental data to predict

thermal nichegPorter and Kearney, 200Biamond et al., 2012)

Community assembly and dynamics were studied with equbisad models which, foxe
ample, accounted for spatial variation in community structure with a-negitbon multispecies oat-
pancy modelTenan et al., 2017)nvestigated irreversible changes in community structure ima co
sumerresource modelHaney and Siepielski, 201,8xnd used traitnediated interactions to analyse
invasiveness and invasibility of ecologicalwetks (Hui et al., 2016) The need to include suchopr
cessbased components in community assembly models was emphasiZzédntayp and Petchey

(2016)

Conclusion: The nodels in this section show a great diversity of applications for the trait
based modelling of animals in terrestrial ecosystems, such as studying the influence of intraspecific
variation in body mass on population dynamics, investigating the mechaniseryinmgdpopulation
fluctuations, exploring the response of populations to environmental change, simulating evolutionary
radiation and scaling up metacommunity structure from individual behaviour. However, each topic is
represented by one or very few stwdi€his indicates that there is scope for more applications in these

and related fields, regardless of model type.
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1.4.3. Trait -based modelling of aquatic ecosystems

According toLitchman and Klausmeier (2008he traitbased approach was first used for modelling
aguatic ecosystems in a model of a phytoplankton community by Ramon MdhMateghlef, 1978)
Nevertheless-ollows and Dutkiewicz (2011)n their analysis of the state of the art of marine exosy
tems, concluded that trditased approaches were just then (i.e. in 2011) starting to be used in marine
ecosystem models.hE€ conflict between these two statements demonstrates different understandings

of what a traibased model is.

In addition to the research papers, we also found that reviews ehaseitl approaches for
studying aquatic ecosystems are not uncommon. Tdretefre shortly summarize the most important
reviews hereLitchman et al. (2010)eviewed traibased approaches applied to phytoplankton and
revealed a new treridto look at a trait and the phylogenetic structure of communities simultaneously.
This trend, in combirtéon with adaptive trait models, makes it possible to predict trait evolution. In
another review on traltased approaches for studying phytoplankBomachela et al. (2018howed
that it is also possible to successfully use-rated models to identify and compare possible survival
strategies described by a set of functional traits. These models typically includeffsatdetween

traits such as ceflize and resource allocation.

In the following sections, we first review aquatic tagtsed models including those for fish
and then those focusing on plankton. There are fewhasiéd modelling studies of other aquatic
realms, whit are briefly covered in this paragraph, e.g. studies of bivalve species distribution models
(Montalto et al., 2015)inland freshwadr communitie§Gardner et al., 2014¢oral reef{Edmunds et
al., 2014 Madin et al., 2014)a pelagic microbial mixotrophic food wéBastdlani et al., 2013)ma-
rine benthic communitiefAlexandridis et al., 2017)diatoms in peatlandddagerthey et al., 2012)
and trace metal concentrations in invertebréteg) Peter et al., 2018]raits were usually the inputs
for models but in one case were outp&®méldi et al. 2014)In that paper, mechanistic functional trait
models were used to predict life history traits such as body size and fecunstiggllééh in lagoons.

The fact that traits were used both as inputs and outputs for models emphasizes the difference between
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effect traits and response traits (Fidl), two concepts introduced earlier to terrestrial ecologicak-the

ry (Lavorel and Garnier, 2002)

1.4.3.1.Trait-based models including fish

Trait-based modelling is widely applied to model fish communities. Of those models, the owerwhel
ing majority were equatichased modelsAppendix Tab. Al.1). There were only four individual

based modeléBrochier et al., 2013Houle et al., 201306 Far r e | | ; Heebert atlal., 20182 0 1 5
one statistical modgHoweth et al., 2016and one statistical and conceptual mo@®nnett et al.,
2016)that generalised the trilateral life history modeMdinemiller and Rose (19927 his prevalence

of equatiorbased models may be due to the fact that agaabsystems are more homogeneous than
terrestrial ecosystems and therefore lend themselves more naturally to the continuous afaracter
most equatiofbased models.

Size appears to be the main structuring trait in aquatic ecosystems because sizesthenc
most important organism processes, such as foraging, growth, and reproduction. For example, fish fall
into different trophic levels when young than when old. Because size usually correlates with age,
trophic level in fish is linked to body size. 8istructure prevails up to the community level in marine
ecosystems. This fact prompted the formulation of the community size sp€Guien et al., 2016b)

The regularity of the community size spectrum is expressed in the constancy of total ecosystem bi
mass within flogarit hmi @ aidtétgl., 2006b)Thdis, conondinity sizé z e i
spectrum models represent the ecosystem using two paraindébersslope and the intercept of the
community size spectrum. This type mabdel mechanistically addresses the role of species diversity

via the introduction of the trait sizgiartvig et al., 2011Maury andPoggiale, 2013Guiet et al.,

2016a) In these models, community dymics emerge from individual interactions. THaétsed size
spectrum models were developed with a range of goals, including to study the benefit to fish of the
reproductive strategy of producing many small eggs or to analyse coexistence between species and
link it to maturation sizes and predajmey size ratiogHartvig and Andersen, 2013]raitbased

sizespectrum models also demonstrate the impact of fishing on species compg&iephard et al.,
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2012) i.e. that fishing out larger individuals shifts the size spectrum towaradmthmance of smaller
species.

Originally, Andersen and Beyer (2008)troduced a sizeand traitbased model to estimate
fishing effectsat the ecosystem level. In this model, every individual was characterized byawo fe
tures: body size and asymptotic body size. This model was later expdiwldd et al., 2013Zhang
et al., 2013 Jacobsen et al., 2014ennings and Collingridge, 2015)he asymptotic body size was
defined as a main trait because it is the basis for applying life history theory to estimatersatuir
ty and reproductive outpytlennings and Collingridge, 2015)he ndirectinfluence of fishing on
community structuravas revealed by an extended version of the initial model considering entire life
histories and individual energy budgékolding et al., 2016) Another size and traitbased model
included individual interetions in the form of competition and predation and individual processes
such as encounters, growth, mortality and reprodugflanobsen et al., 2014) similar model was
developed byAndersen and Pedersen (2080)d Andersen and Rice (2010 this model, all basic
processes at the community level emerged directly or indirectly from indivighel processes. To
answer the guestion how to maximize fishing yield under a certair@ti®n constraintAndersen
et al. (2015kuggested a conceptual siamd traitbased model. Aadaptation and a dynamic version
of the model of a theoretical fish commun{Bope et al., 2006pased onlassical multispecies fib-
ery models and community size spectrum models, was reconsidefedibssen and Pedersen (2010)
and Andersen et al. (2015h the framework of a tralbased approach. A similar model to describe
population structure based on the size of the organisms was preseriadiby et al. (2011pand
Hartvig and Amlersen (2013)This model was a product of the synthesis between traditional cnstru
tured food webs, allometric body size scaling, #baised modelling, and physiologically structured
modelling (Hartvig et al., 2011)These approaches were further developed into more complex food
web models that showed that climate change effects are highly unpriedi@haang et al., 2014
Zhang et al., 2017)Jsing Approximate Bayesian Computation in their food web maddielian et al.
(20149 highlighted the importance of accounting for intraspecific variability when investigataig sp
cies coexistence. Such combinations of traditional approaches with novel modelling techrogues pr

vides a promisingew approach to the study of sizeuctured dod webs.
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Other examples, which we briefly describe in this section, covered the topics of marine biod
versity exploitation, marine community modelling including seal spétlesle et al., 2016)adaptive
behavioural responses, fisesozooplankton interactions, fighlyfish interactions and freshwater
fish modelling. Marine biodiversity exptation was studied with an objegatiented individuabased
model (Brochier et al., 2013)This model incorporated four main categories of life history depending
on which pat of the life cycle fish spent in the estuary studied. To reduce the computing power nee
ed, Brochier et al. (2013)ised a supdndividual approacl{Scheffer et al., 1995)ith one individual
representing a fish school. They also created 15 groups of ecologically similar mode$,spach
representing a group of real spedjEsoutin et al., 2010)Each group contained one or more super
individuals with similar trophic position and ecological traPgrsistent spatial interactions and-ca
cading behavioural interactions were revealed in a marine ecosystem model wildddgre stro-
ture and life cycles of mesozooplankton and fi€astellani et al., 2013)'his model became a step
towards a mechanistic and adaptive representation of the upper trophic levels in ecosystenirmodels.
this model,the main trait was size at maturation. Based on a traditional ocean ecosystemnmodel i
cluding chemistry, phytoplankton, micrand mesozooplanktofschrum et al., 2006)a new model
version replaced the compound group of mesozooplankton by a developmentabsthgpecies
specific matrix and introduced fish feeding on mesozooplan{@astellani et al., 2013 general
mechanistic food web modef fish-jellyfish competitive interactions/as based on theeding traits
of fish and jellyfish populationéSchnedleiMeyer et al., 2016)The model also incorporated, in &dd
tion to feeding traitselemental composition, allometric scaling of vital rates, locamgtand life
history traits. Thenodel predicted fish dominance at low primary production and a shift towangs jell
fish with increasing productivity, turbidity and fishing.

A few freshwater studies included one on $iraulation and screening of freshwatish in-
vasion which were tackled with the help of tlagtsed statistical models that used classification trees
(Howeth et al. 2016)Another example investigated temperatdependent colonization and extin
tion rates of darter fish in a body sigentred dynamic occupancy mog@8hea et al.2015) Stocha-
tic integral projection models were not only used for plants and terrestrial animals, but also in a trait

based modelling study of pike in a freshwater ecosyéw#nuenes et al., 2014)
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Conclusion:Based orthese publications, we believe there is no question that the long and
successful history of tratased modelling including fish centred on size spectrums will contine. F
ture applications are likely to further imgve model predictions by following the increasing number

of examples where traits other than size are also included in the models.

1.4.3.2.Trait-based models focusing on plankton

As with fish, it is also possible to explicitly model plankton in a 4oaised wg (Follows et al., 2007
Litchman et al., 200Bruggeman and Kooijman, 200Kigrboe, 2011) The models used are predo
inantly equatiorbased models, as they were forgbancluding fish discussed in the previous section
(Appendix Tab. AL.1l). Similarly, the models considered size as the main functional trait. Only two
models were supplemented with individbaised modulefClark et &, 2013 Pastor et al., 2018)wo
adopted a statistical approagtitchman et al., 20Q7Terseleer et al., 2014and one a conceptugh-a
proach(Glibert, 2016) The great majority of these models targeted the ecosystem level. This focus on
eosystems is possibly also one of the reasons for the domination of echeixh approacheg-b

cause such approaches are particularly well stitedpture ecosystem fluxes.

The marine ecosystem model Bgllows et al. (200)became a starting point for the deve
opment of a number of traitased models in microbial ecology and plankton research. Thishka-p
bly because it successfully reproduced the observed global distributions and community structure of
the phytoplankton. The model included a diverse phytoplankton community that was described by a

set of physiological traits defined by field and laboratdata with relatedadeoffs.

Phytoplankton cell size, and especially the drivers of small cell size, were addressed with a
trait-based model of cellular resource allocat{@tark et al., 2013)This model considered a three
way tradeoff between cellsize, nutrient and light affinity, and growth rate. It was developed as a
combination of a classic nutriephytoplanktorz o o p| ankt on +#Hmedelf i a6d médes
trait-based approach was supported by individhzeded modelling such that individdde histories
gave rise to the evolutionary dynamics of the whole system. This bafiapproach allowed missing

ecosystem processes to be derived from model data. Where many individuals are similar, as in the
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general case of plankton and the specidisecof this mod€|Clark et al., 2013)superindividuals can
be created that represent groups of individuals with similar traits. As in othefisdiédual appli@a-
tions (e.g.Brochier et al., 2013 in sectidh4.3.1. Traitbased models including fighthis approach
reduces computing power requirements. Plankton cell size and gtemnsns underlying observed
biogeographical difference in cell size were also studieddavedoTrejos et al. (2005and Aceve-
do-Trejos et al. (2018)Their models considered tradés between cell size and nutrient uptakey-zo
plankton grazing, anghytoplankton sinkingMacroscopic system properties such as total biomass,
mean trait values, and trait variance were studied with a continuoubasaitl phytoplankton model
(Chen and Smith, 2018Yhis model was developed as a-sobdule of a larger model the goal of
which was to simulate ocean dynamics. The model produced realistic patterns of phytoplaaion m
size and size diversity. G@volution of traits with respect to chromatic and temperature adaptation
was studied with a traltased ecosystem modelickman et al., 2010)Traitbased models with aga
tive traits were compared to trgjtoup resolving models in a study of phytoplankton communities in

partially mixed water column@eeters and Straile, 2018)

Disease transmission in multost communities was the focus of a mgknerational plak-
ton-based model that considered epidemiological traits such as foraging or exposure rate, conversion
efficiency, susceptibility, virulence and spore yi€Rirauss et al., 2015Jhis model succeeded imi
proving the mechanistic and predictive clarity of the dilution effect by connecting a reductiort-in dilu
er species with thincrease in disease risk. The dilution effect probably explains links between host
communities and transmission. In their model of virus infection of plankton based -trisidey
traits, Beckett and Weitz (2018pund that lysis rates were driven by the strains with the fastest repl

cation and not thoseith the greatest abundance.

Compared to models with better resolved spespesific representations of physiological
processes, improved representation of biaditye was suggested in a biodiversiigsed marine ee
system modeBruggeman and Kooijman, 2007he model was based on a system of infinite divers
ty in which species were defined by continuous trait values for-fightestng investment and nutr

entharvesting investment. The traits chosen affected all parts of the metabolism formingatftrade
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between harvesting and net growth. Based on this model and a mdaeldgeman (2009)a trait
based model was developed to include mixotrophy, succession and evolution of lanipklhktonic
organisms and to predict optimum trophic strategies of species under changing environmeiatal cond
tions (Berge et al., 2017)This model contained three key resodnegvesting traits: photosynthesis,
phagotrophy and inorganic nutrient uptake. To distinguish two different mixotrophic strategies,
Chakraborty et al. (201 8xtended the model gerge et al. (2017hy explicitly incorporatingcell

size and introducing a pure heterotrophic strategy.

Different aspects of plankton ecosystems were recently scrutinizedaaéigdetail, including
trait-based ecosystem function predictions for a global lake dat@wett et al., 2015)biological
interactions, species extinctions, nutrient uptake kinetics, and some theoretical properties as well as
more applied implications of plankton models. Interactions were investigated in the form ofaemper
ture depenénce of competition of phytoplankton spediBgstion et al., 2018\nd of hospathogen
interactions between zooplankton and a fungal pathodgeichveeem to be mediated by host foraging
under climate warmingShocket et al., 20185pecies extinctiastrengthen the relationship between
biodiversity and resource use efficien@meti et al.2018)based on a model studying phytoplankton
succession(Roelke and Spatharis, 2015ahd assemblage charagstics (Roelke and Spatharis,
2015b) Based on insights from a sibased model on nutrient uptake kinetics of phytoplankton,
Smith et al. (2014pmphasized that plankton ecology benefits from maskia traitbased models
that account for physiological tradéfs. In a theoretical exercis&aedke and Klauschies (2017)
showed that the knowledge of the shape of observed trait distributions is beneficial for the elegant
analysis of aggregate plankton models, because it allows febds¢éal moment closure. With a new
scaleinvariant sizespectrum plankton modeGuesta et al. (201&xplored the constancy of theael
tionship between biomassrgty and logarithmic body mass across scales. Finally, there ware exa
ples of traitbased plankton models that explicitly addressed applied questions such as the- manag

ment of harmful algal bloom&libert, 2016 Follett et al., 2018)

Condusion: The vibrant field of tra#based plankton models is a good example of how trait

based approaches can inspire ecosystem modelling. The relatively homogeneous conditions in aquatic
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environments lead to the dominance of one fraizei over any otkr trait or any taxonomic categ
ry in explanations of community and ecosystem processes and paiéinsgh size as a main trait
promotes simplification, which is the core aim of models, size is not always the ideal trait to describe
all processes relewnt for aquatic organisms. Thus, inclusion of further traits such as light and nutrient
affinity (Bruggeman and Kooijman, 200Clark et al., 2013AcevedaTrejos et al., 2013Berge et al.,
2017 is required to improve models that aim to address such proc&ss=do the central role of
body size and other traits for processes in aquatic realmsydsst approaches are more suitable than

specieshased approaché&s model aquatic communities and ecosystems.

1.4.4. Trait -based models on microorganisms and soil decomposers

Microorganisms and soil decomposers are relatively new subjects difdsaitl modelling and are still
often represented as functional groups or fameti types rather than traits. Therefore, the following
seven examples also included classifications into functional groups. As in models of aquate ecosy
tems, the models of microorganisms and soil decomposers were built around the key trait body size
andwere predominantly equatidmsed Appendix Tab. AL.1) with the exception of one statistical
model (Van Bellen et al., 2017)n terms of scale, all but one model in this section operated at the
community level. This one exception targeted continental to global g¥dleder et al., 2015)Such
scales are surprisingly large for a moigheluding microbial processes.

Nitrification by ammonieoxidizing bacteria, ammoniaxidizing archaea and nitri@xidizing
bacteria was considered in a mechanistic-traged mode(Bouskill et al., 2012) It was based on
traits connected to the gmme kinetics of nitrite. Another version of this model simulated the-infl
ence of global change atological niches of soititrite-oxidizing bacteriatypes(Le Roux et al.,
2016) This traitbased model groupatitrite-oxidizing bacteria into a few functional groug$e ai-
thors demostrate that this approach was successful because three main bacterial functiona-types e
pressed contrasting respes to environmental changes.

Using functional types can be inferior to using functional traits. This was demonstrated by a

other microbial mdel that addressedrte lags in the enzymatic response of denitrifying micraorga
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isms to changes in substrate concentration, including the interactive dynamics between enzymes and
nutrients(Song et al., 2017)This model linked community traits with functional enzymes, not species

or functional guilds ag previous studie¢Taffs et al., 2009Bouskill et al., 2012)With organisms

whose multiple functions overlapped with oneotlyer, the guilebased (functional type) approach

failed to properly represent these organisms. Enzyand thus traibased implementations provide

tools for scaling up biogeochemical functions to the community level without involving the dynamics

of individual species or their guilds.

A physiological tradeoff between the traitef drought tolerance and carbon use efficiency
was at the core of two modellirggudies on soil decompositigAllison, 2012 Allison and Goulden,
2017) In these models, the decomposition submodel of enzymatic traits was desivethé phyo-
plankton model byrollows et al. (2007)o predict litter decomposition rates in soil. T8ensitivity of
microbial traits, community dynamics, and litter decomposition to variation in drought tolerance costs
was quantified in an updated mod@lllison and Goulden, 2017)The model implied that, for the
Mediterranean climate system, seasonal drought was a more important environmental filter than r
duced precipitation during the wet season. These models were examples of suerebafge -
tween disciplines.

Conclusion:Trait-based models are not yet so common for microorganisms and saih-deco
posers, but the few examples show their great potential for future applications. One €&amglet

al., 2017)also illustrated nicely how important it can be to use functional traits instead of functional

types.

1.4.5. General insights on trat-based modelling

There were few general trdiased models that are applicable to terrestrial and marine ecosystems
alike. One of the rare casétarfoot et al. (2014)was a general ecosystem model based on eight traits
thought to be the most important for determining rates of ecological processes. These traits were
realm, nutrition source, mobility, leaf stegty, feeding mode, reproductive strategy, thermoregulation
mode, and body mass. This model benefited from a coupled indivehélequatiofbased approach.

The equatiotbased approach was applied to autotrophs and the indiddaatl one to all other-o
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ganisms. In this way, ecosystem structure and function emerged from interactions at the individual
level. However, the individuals in this model were in fact groups or cohorts of organisms (the super
individual approachScheffer et al., 1995This general ecosystem model showed that highly complex
models require the combination of different modelling approachésding simplification tools such

asthe supeindividual approach.

All in all, the variety of models in all sections demonstrates thatliesied modelling &
proaches are useful tools that are able to facilitate modelling and improve the predictiveopower
model outcomes across taxa and disciplifgesling and Goldstein, 200Bitchman et al., 20L,0Pow-
ney et al., 2014Laughlin et al., 2015Song et al., 2017)n this variety of models, we nevertheless
see a number of trends that allows comparison and incorporation of results across taxa and disciplines.
One of thesesi a shift from functional types to functional traits. There is also a search for gemeraliz
tions across organisms with similar functions and a few examples thatipcatecesses from the-|
cal to the global level. Techniques that appear to be usefelcialp in individuatbased models, are
the supeindividual approach and the incorporation of intraspecific-traitability. Nevertheless, it
seems clear from both empirical and modelling studies that the developmentlo@seitmodels did
not produe a universal set of traits. Therefore, researchers should instead select traits according to the

research question and strategies of the organisms unmvestigation.

1.5. Discussion andConclusions

Based on our systematic review, it is clear that-tragtel approaches are as valuable in modelling
studies as they were earlier in empirical studies. They facilitate parameterization andugraling
models as well as the generalization of their results. Despite some inconsistencies in the terminology
of trait-based studies, trditased models have been implemented widely for different groups of
organisms and ecosystems, in different model types, and for achieving a broad range of aims (See

Appendix Tab. Al.l). We observed productive exchange of tbaised moelling concepts and
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techniques, especially between vegetation ecology and other disciplines, and argue that this should be
intensified and extended toore disciplines in the future.

Inconsistencies in terminology within trdiased approaches mainly origie from the
unclear differentiation between functional types and functional traits as categories for grouping
organisms. For exampldeltsch et al. (200&uggested three strategies for applying plant functional
type approaches in modelling, wher e-togdther withf unct
Af unctoauwpndalanmgd Af unct i oleltach et al.x20@Fjlse poided w the factteay i e s .
it was not possible to easily separate these strategies from each other. In any case, none of the
modelling papers explicitly use the classification Jgftsch et al. (2008)f researchers did so, it
would certainly clarify terminology.

In our review, we distinguish between models applying functionaktgpe functional traits,
following the shift in the theoretical literature from describing vegetation types to describing
vegetation functionMoore and Noble, 1990WNebb et al., 2010)eflected in the development of
DGVMs (Van Bodegom et al., 2012)he inconsistent use of terminology biases systematic reviews
that use key words in search engines. For example, some papers state that they implement a novel
trait-based modelling approach although in practice they use functional types. Other paplrs clea
consider weldeveloped traitbased models but are not found using that key word $eifan et al.,

2012. Some studies develop crucial theoretical frameworks or methods that are probably useful for
future model development and validation but do not themselves use any model. They advocate, for
example, incorporatig other organisms in plant traiased modelqTreseder, 2016)including
community trait distributions to overcome the chadje of estimating single trai{&dwards, 2016)
considering intraspecific variabilityBurton et al., 2017) or using remotely sensed data to
parameterize traibased model@McDowell and Xu, 2017)Nevertheless, not all facets of trhased
modelling seem to be sufficiently well known in all fields of ecology to warrant correct attribution of a
study to his method. Thus, unambiguous terminology requires more attention in the future. Adhering
to a consistent terminology will also simplify the exchange of-brasted conceptsetween different

disciplines.
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Exchange of ideas on implementing tiastsed modsl occurred between the fields of
vegetation ecology, marine ecology, limnology, animal ecology and microbial ecology. This exchange
already started with the first tradiased approaches from plant functional ecoliagyworel & Garnier,

2002 Wright et al., 2004peing adopted by animal studies of b@tentini et al., 2015and birds
(Scherer et al., 2016)n ecological modelling, ideas were transferred from phytoplankton research
(Follows et al., 20070 a litter decomposition modgAllison, 2012) We encourage the expansion of
such exchange of traitased modelling approaches between disciplinessd@ exchanges are likely to

be most promising for cases where different organisms have sinmitdidios in their communities.

Trait-based models have been implemented for answering a number of ecological research
questions from basic and applied ecoloBwgsic ecological questions that were addressed with trait
based models included goals such as identifying which mechanisms drive plant growth, how
populations develop over time and space, how communities assemble and biodiversity can be
explained, as weklas which factors influence community dynamics. Applied tvaged modelling
studies investigated biological invasion conditions and consequences, responses of ecosystems to
climate and landise change, conservation and management planning, as we#l egalnation of
ecosystem services. We see potential for the reinforcement ebdsstt modelling approaches in
areas such as the assessment of ecosystem services, invasion prediction and prevention, biodiversity
studies, connection to demographic apphes(SalguereGémez, Violle, Gimenez, & Childs, 2018)
and, especially, the prediction of community and ecosystem responsesclimage and landise
changes.

Many model types were emplayeto implement traibased approaches. The greatest
proportion was equatiebased models. The next greatest proportion was that of statistical models that
describe patterns and demonstrate correlations between, for example, functional traits and
environmetal filters. The combination of tralfased approaches with procéssed modelling, as one
subcategory of equatidmased modelling, is particularly interesting because the detailed
representation of physiological processes in prebased models may nat first be compatible with
the aggregated approach of tiaised models. However, once united in a model, it is possibly just

these different perspectives on a study system that, by complementing each other, will overcome the

52



Chapter 1.
Trait-based modelling in ecology: a review of two decades of research

limitations from which the @nstituent approaches suffer when used in isolg&eheiter and Higgins,
2009 Ali et al., 2015 Holzwarth et al., 2015)Combined processnd traitbased rodels are also able
to capture a broader range of scales than each approach alonba3editmodels are challenging to
implement at extreme scales because the trait concept aggregates information too much for very fine
scale models and too little for yebbroadscale models. However, traits are successfully integrated into
processhasedmodels that implement plant physiology at fine scales and into DGVMs and earth
system models at global scales.

Individuatbased approaché&rimm and Railsback, 200®beAngelis and Mooij, 2005are
well suited to implement tratased models, because they can capture variation of trait values at the
individual level(May et al., 2009Scheiter et al., 2013Veiss et al., 2014Pontarp andiens, 2017)
Despite of the apparent similarity between thgised modelling and individubhsed modelling,
when considered in isolation, there are differences between them in the main entities of the models
(traits versus individuals) and in the wineractions are represented (Figd). Nevertheless, trait
based models can easily accommodate indivithyall variation, and in individugdased models
interactions are usually mediated by traits (Hig). Thus, it is straightforward to combine thés®
approaches, yielding several advantages: It is possible to link traits directly to environmental
conditions, so that combined individualnd traitbased models are considered to be an adequate tool
for investigating community responses to environmakegtadientdMcGill et al., 2006 Webb et al.,
2010) Moreover, combinethdividual and traitbased models are able to offer sufficient flexibility to
simplify the description of individuals, to capture pkpldnt interactions at the individual level and
thereby explain local communitgvel phenomendJeltsch et al., 2008)and to facilitate model
parameterization based on trait data that are becoming increasingly available throuagedataiss
et al., 2014 Grimm and Berger, 2016Yrait databases will become an even richer source fibr tra
based modelling once they expand their current focus on plants to other organisms and start collecting
and offering information on abiotic and biotic interactions as well as intraspecific trait vaffatiok

et al., 2016)

53



Chapter 1.
Trait-based modelling in ecology: a review of two decades of research

A. Trait-based modelling: B. Individual-based modelling:

environment, functional traits environment,

” i s s communit
trait cammunity, individual other v
H Ot.her non-functional - o
individuals traits,... traits individuals,..

Figure 1.4.Trait-based modelling differs from individudbsed modelling in the main entities of the models (traits o+
viduals, respectively) and in the way interactionsrapgesented (arrows). A. In trdihsed modelling, interactions betw
traits and other traits, populations, communities or the environment can be of three types: 1. direct, e.g. biomass
population growth rate; 2. mediated by species, if gpecific trait variability is considered; or 3. mediated by individue
intraspecific trait variability is considered. B. In individdmsed modelling, interactions between individuals and othe
viduals, populations, communities or the environrmametalways mediated by traits. Functional traits are linked to &
mal functions such as growth, reproduction and survival.-iNoational traits are not directly linked to such functions
include, for example, -y-coordinates of individuals. Notéadt in both cases (A. and B.), arrows represent interactiot
any process that is related to the respective interaction, such as individual survival, growth, or reproduction.

We conclude that although trdiased modelling approaches have rapidly increased in ecology
over the past twenty years, the potential advantages of the method have not yet been fully exploited.
Key terms should be uniquely defined and the main concepts of the theoretical frameworkbshould
unambiguously clarified. We recommend developing and applying-btia#d models to study
community structure and dynamics and to attempt predicting the direction and intensity of community
changes under global climate and lars#® change. The compléexiof such communityevel studies is
outweighed by the usually lower parameterization effort and more general model outcomes of trait
based modelling approaches. We recommend combining indisbdsad with tratbased approaches
more frequently to benéffrom the enhanced flexibility. Moreover, trdiased modelling enables the
capturing of the feedback from communities to the environment, as long as the model includes the
effects as well as the responses of ecosystems and traitsbdsad modellingsi therefore able to

become an important contributor to a comprehensive understanding of community structure and

dynamics uder global change.
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Abstract

Understanding the mechanisms driving camity dynamics helps us to make reliable predictions
about communities6é response to environmeuwmnt al c
larly challenging because of strong inteand interannual fluctuations in precipitation. Models rise to

this challenge by providing an arena for systematic evaluation of the parameter space in virtual expe
iments. We applied a traiand individualbased model to explore how community dynamics arise
from the plant traits and interactions of plants among te&ms and with their environment. The
model is based on data from annual plant communities in the Negev Desert dominated by the True
Rose of JerichoAnastatica hierochuntida We showed that functional traits that are involved in
plantplant interactionsre equally important for community dynamics as traits promoting tolerance to
abiotic stress. The sensitivity analysis of the model highlights relative growth rate, maximum biomass,
the amount of time in dormancy and germination probability as the mosttamptraits for commun

ty dynamics. The model reflects the particular importance of environmental factors such asaprecipit
tion and soil water availability based on topography for community dynamics. Our model benefits
from the ability of individualbase&l models to capture plaptant interactions and derive community

properties from individual characteristics and from the feature oftiaaied approaches to link traits
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to organismal functions. Our study demonstrates the advantages of the combinemaiseuad ind-

vidualbased models for investigating community drivers in changing extreme environments.

2.1 Introduction

The fate of desert plant communities is unclear in the face of climate cfix@ge, 2018) An exten-
sive understanding the mechangdriving plant community dynamics is important to predich-co
munity responses to climate changmwever, the drivers of community dynamics under arid-env
ronmental conditions are not well known. This uncertainty is partly due to stronganttanteranu-
al fluctuations in water supplChesson et al., 2004yvhich are difficult to capture with relatively
shortterm empirical investigationg\ccording to future climatehange predictions, interannual \zari
bility in precipitation will only increase, whit may generate extreme weather conditiRCC,
2018)These alterations in precipitation patterns may cause loss of desert vegetation, including annual
plants, which are a major component of the vegetation community in these r@Egidtesman, 2000)
Beddeswater availability(Loik et al., 2004)and its pulsed natuf&€hesson et al., 2004)lant growth
and survival are affected by extreme temperatures, temperature fluc{@titberman, 2000and soil
salinity (Gutterman, 1997)Deserts are usually csidered to be particularly vulnerable to climate
change as their inhabitants may already grow at their physiological (Wigsd, 2009Vale and B
to, 2015) However, some studies claim thiaé communities of annual plants might be not as vulne
able ass commonly assumed (e.8alguereGomez et al., 2092To support the empirical investig
tion of the possible vulnerability of annual plant communitiess presena simulation modethat uses
a trait and individualbased modelling approach. This apptog@covides the necessary tools 6 e
plore how community dynamics arise from individual plant traits and plant interactions in an ever
fluctuating environment.

Ecological modelling is highly suitable to explain the mechanisms underlying plant cémmun
ty dynamics in deserts. An obvious advantage of modelling tools over empirical approachespis the o
portunity to test different hypotheses without an intrusion into real ecosygiéeyer et al., 2009)

For instance, ecohydrological conditions in deserts areestudia variety of models addressing-run
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off and ruron processe@Howes and Abrahams, 2003)ew effect{GerleinSafdi et al., 2018)basic
flow processeg¢Dijkema et al., 2018)effect of fog on soil moisture dynami@s et al., 2018) extra-
tion of goundwater through roo®Vang et al., 2018and groundwater flow in two dimensio(Sun
et al., 2018) Ecosystem processes including water, carbon and nitrogen fluxes are also represented in
the desert modelling literatu(€hen and Reynolds, 199Reynold et al., 2004)Considering the \u
nerability of desert vegetation to climatic and anthropogenic change, it is surprising that most of the
influential models on the topic are more than ten years old. Examples include models consiglering di
persal and germation strategies of annudléenable and Lawlor, 1980falculating optimal biomass
allocation(King and Roughgarden, 1988) modelling shrubgMcAuliffe, 1988 James et al., 2005)
Although dobal vegetation models target desert vegetation as a spasi&Reick et al., 2013)we
are not aware of any models that address community structure and dynamics of desert annuals.
Trait-based approaches provide a holistic understanding of the processes driving desert plant
communities. Thse approaches link inddual characteristics of organisms with their influence on
organism performance and community functigvimlle et al., 2007) Desert plant strategies to cope
with abiotic and biotic stress are linked to a set of plant functional traits. Such a tcaihsetts ind
vidual performance with the ability of an organism to tolerate changes in its environment and endure
competition from itmeighboursBased on this, functional traits might be divided into two groups re
resenting traits that mediate plgsiant interactions versus traits that help coping with harsh abiotic
conditions. These two groups of traits represent the opposing sides of the-guovidal tradeoff
(Grime, 1977) These interactions with the environment and wighighboursgive rise to ommunity
structure and dynamics at the local scalertie et al., 2004)Thus, due to the link between traits and
interactions, traibased approaches can help to explain the processes underlying community structure
and dynamics. Such mechanistic explaret are the basis of predictions of the fate of desert plant
communitiegWebb et al., 2010)
Combining modelling and traliased approaches provides a better understanding ofahe pr
cesses that drive desert plant communities and define their respemsérémmental changgMay et
al., 2009 Weiss et al., 2014)lrait-based models may assist in revealing the mutual interaction b

tween interspecific and intraspecific plant trait variability and changes in the environment and in the
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community(Auger and 8ipley, 2013 Kazakou et al., 20345rassein et al., 201deffers et al., 2015)
Individuatbased modelling is a particularly promising method in combination withbasied p-
proacheqZakharova et al., 2019)ndividuatbased modelling follows a botteap approach, where
population or communitylevel dynamics are derived from interactions between individual organisms
and their environmer(Grimm and Railsback, 2008nd capturing plarblant interactions at the iid
vidual level to explain local commugiphenomendJeltsch et al., 2008) rait-based approaches can
bridge the gap between the specific phenotypic characteristics of individuals, species performance in
particular habitats, population dynamics, and community dynamics including speciestiorisrac
(SalguereGémez et al., 203&akharova et al., 2019Yhus, combining traibased modelling with
individuatbased modelling may assist in overcoming limitations of computing power and lack of data
as well as enrich models by including functionakéirbetween individual organisms and higher levels
of organization.
We aimed at identifying the plant traits and environmental factors that drive the dynamics of a
community of desert annuals, particularly concerning traits that mediateppdamninteratons versus
traits that help plants to cope with harsh abiotic conditions. Traits that mediat@lplaninteractions
include, for example, maximum biomass and relative growth rate. Traits related to coping with harsh
conditions include speciespecificdispersal parameters, the speapscific number of seeds, and the
probabilities to survive and germinate. To tackle our research question, we developediadtiail-
viduaktbased simulation modeF plant communities of annuals dominatedAnastati@ hierochunit
cain the Negev desert in Israel. Each species in this model was represented as a set of plant functional
traits. For now, we focused on tvgpecies interactions to represent two contrasting dispersa-strat
gies. We consi det ed(Guitemad, 200@d¢ed dispedsal étrategies as important
functional traits of desert annual plants ensuring their survival in the desert environment. Species with
an O6escapebd6 strategy produce | ar ge ndtonaly.eSg-s of
cies with a o6protect i otard sesed banks witlgsgedhtizavaee kepteon thé o p

mother plants and are only dispersed in portions by(@itterman, 2000)
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2.2. Methods

2.2.1. Research site

Model structure, parameteation, and validation are based on an annual plant community in the
southern part of the Negev Desert, Israel. This part of the desert is characterized by meanennual pr
cipitation of less than 80 mm, allocated from September to(MayT h e Me t eviwe Dafalmgp] ¢ Se
| srael Go v er nmé&ails in tRioregioa dre rég sdl @ril @garse desert alluvium, which

have properties of loess soils regarding wilting point and field capacity (Dan et al., A9 &jproof
of-principle that the model simatles longterms patterns similar to those observed in nature,ave p
rameterized the model with environmental parameters and plant functional traits from a field site in
the Negev. For this, we focused on a tspecies community based on two of the most damti a-

nual plant species at the Mbar site (30°24'48.3"N 34°56'37.9"E). For this, we considered the plant
functional traits ofAnastatica hierochuntica. (BrassicaceagpandMalva parvifloralL. (Malvaceag

(Appendix Tab. A3.1).

2.22.Developing a trat- and individual-based model

We developed the individudased ATIDmodel @Anastaticalrait-Based andndividuatbasedesert

model; atidi a Hebrew word meaninfyiture) to investigate, which environmental factors and plant
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Figure 2.1.Conceptual scheme of the ATHDodel.

59



Chapter 2.
Combining trait and individualbased modelling to understand desert plant community dynamics
functional traits are imponta for plant performance and community dynamics in desertsZBig.

We implemented the modaét NetLogo (Wilensky, 1999) version 6.0.ZAppendix Model
code:https://github.com/lazakharova/PhDThégsi/e combined traibased(Violle et al., 2007)and
individualbased modelling approach&Srimm and Railsback, 2005 the following, we describe
our modelaccording to the Overview, Design concepts, Details (ODD) protocol for describirg ind

vidual and agenbased model&rimm et al., 2006)

Overview Design concepts, and Details

1. Purpose
The aim of the ATIBmodelis to assess the relative importance of environmental factors and traits
driving biotic versus abiotic interactions, and how these factors and traits affecetongommunity

dynamics.

2. Entities, state variables, and scales

Agents/individuals

Agents are adult individual plants and seeds of two generic species that are inspirdiebgchunit

caandM. parvifora( generi ¢ species OAnastaticaéarechawmed 06 Mal
terized by two contrasting disper Gauttermar, 200800 e gi e
The model has an 4ouilt opportunity to be extended by an unlimited number of other species with
their speciespecific functional trait cotvination, depending on the plant community that the model
represents. Each species in this model is represented as a set of plant functional traits related to plant

plant interactions and to coping with abiotic strefgspendix Tab. A2.1, Tab. A2.2).

Spatal units.
The simulated surface of the modelmade up o€ells representing arid sites with different topmgr

phy and soil water availability with a grain of 1m by 1 m.
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Environment

The environmenis simulated as aaily updated soil water availalif that depends on two types of
precipitation, rainfall and dew input, during the vegetation growth season. The model has embedded
rainfall and topography generators.

Temporal scale.

The time step of the model during the simulated vegetation growthnssasae day. This time stép

small enough to consider daily variation in precipitation and, simultaneously, the main physiological
processes involved in growth, survival and reproduction of plants. Outside of the vegetation growth
season, there are naily updates of the model variables. This reflects environmental conditions in the
Negev desert, whemnnualplants grow exclusively during winter, the only wet season in the region.
The vegetation growth season is restricted by precipitation availafiline extent of a model sim

lation can be set depending on the research aims, but we recommendtanipgeets A tenyear pe-

riod allows observing relevant fluctuations in environmental factors that may affect the performance

of annual plantsThe timeextent can be prolonged if required.

Spatial scale.

The size of one grid cels 1mby 1 m, corresponding to the scale of field measurements of tlie env
ronmental factors and veigg¢ion parameterdlhe spatial extent covean area ofL00by 50 m to c@-

ture the most important processes at the level of an annual plant community. This extent also reflects

the size of the experimental field at tMeisharsite used for proebdf-principle-simulations.

3. Process overview and scheduling

During each time steghe two main parts of the mod&/egetationand Environment are executed
(Appendix Fig. A2.1). The simulation loop contingauntil the specified time extem$ reached or no
adult plant or seed agents exist anymore.

TheVegetatiorpart consists of sevekgubmodels involvingeed an@dult plantagents.
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Processes at the level of seeds:
Seedgermination Germination submodgtransforms seeds into adult plants if there is enough soll
water availability Seed dispersaDispersal submodgHistributes seds. Seed mortality represents the
loss of seeds caused by processes such as disease, granivory, desiccation or other causes of natura
mortality. It is incorporated in th&ermination submodels an integrative part of germination paeb
bility.
Processestahe level of adult plants:
Adult plants experienceatural mortality, interand intraspecific competitiogrowth, ageing ande-
production(Fig. 2.2) Natural mortalityis the probability of dyingbecause ofiny natural mortality
factors otherthan drect competition, e.gdisturbance bywild animal activity Adult mortality sub-
mode). Competition occurs via the zone of influen@opetition submodelGrowth is represented
by an increase in biomas&rpwth submodél based on the share of resourdest each adult plant

gets in the Competition submodehgeing is applied for both seeds and adult plaiggeing submodgl
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Figure 2.2.Causal diagramf theprocesses at the core of the ATilbdel. The bludoxeswith the triple frameshow env-
ronmental processes; the green boxiés the simple framshow vegetation processes. The boxes with dashed border

ty and evaporation are not explicitlycinded in the current model version, but should be explored at greater detail i

model versions. Theamplear r ows wi th fA+0 show the positive influ
process at the end of ithe dublearrowswi t o fief | ect , r es pectThe félddpox isnhe ged
output.
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because age is relevant for some subnsosieth asReprodudion and Germinaion. Reproduction
leads to the productionf seeds undearertain conditionsReproduction submodel

Within the Environment partduring each time step that is part of the vegetation growth season, soll

water availabilityis updated for each cell depending on its topography and precipitatiater
availability submodél The model considers topography as the most important environmental factor
(Fig. 2.2) This assumption is made based on the nature of the soil in the region that causes a large
fraction of the rainfall to move at the local scale from the highiéss to the lowest. All other elRv
ronmental factors in the model depend on topography. Refined soil water availabilgs!isuig will

be incorporated in future model extensions reflecting the progress of ongoing data collections.

4. Design concepts

The model adopts a tréitasedapproach, whiclprovides a link between individual functional traits
and properties of populations and communifiéislle et al., 2007) Plant functional traits also reflect
strategies adopted by individual plants in respaodgotic and abiotic stress. The competition mec
anism implemented in the model is based on zofdsfluence, which are circular biomadspended
zones around each pldi@erger et al., 2008)

Emergence

Heterogeneity of environmental settings togethih the variability of plant functional traits dete
mine emerging plarplant interactions as well as the patterns of the spatial distribution of adult plants
and seeds, population sizes of different species and response trait distributions, e stribiatoais,

at various temporal and spatial scales.

Adaptation

In the current version of the model, no adaptive processes are implemented.

Sensing

Plants and seeds sense soil water. They indirectly sense other plants in the cells within Hodir zone

influence through shared water resources.
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Interaction
Plants interact with their environment by taking up water depending on soil water availability. Plants

interact indirectly with other plants during the competition for resources via-piiireffuence.

Stochasticity

Stochasticity is directly embedded in most model processes, namely in the construction ad-the lan
scape topography, in the temporal distribution of the rain, in seed dispersal, in germination, in growth
and in natural mortality. Landape topography is created by drawing differences in heights di-neig
bouring cells from a normal distribution. Each year, the number of rain days within the vegetation
growth season is drawn from a uniform distribution. Seed dispersal includes two stochasgii-

nents, one each regarding direction and distance. The direction is uniformly distributed, white dispe
sal distances are drawn at random from a Weghalped distribution with specigpecific parare-

ters. Both seed germination and plant growth acgletted as probabilities that seeds get water to
germinate and plants get water to grow, respectively. This loegpiecific probability is a function of
rainfall, dew, and topography. Natural mortality is modelled as a constant, speetiféc probabity.

In addition to these stochastic processes, depending on the chosen model scenario, the initial distrib
tion of adult plant individuals and seeds in space may also be random

Observation

Table 2.1. Potential output values of the model with the unitsneasurement and level of observation, which cantbe o
tained in the model simulations. These outputsaggregated data based on individual variables, such as biomass and spatial
coordinates, as well as the number of individuals. (The individual leeeldeessed in the model (e.g. as a carrier of traits),

but is not considered as output level in this model version).

Output (unit) Level of observation
Abundance of species Population
Population density (Plant/fn Population
Population mean of produceéeds Population
Population mean biomass (g) Population
Species composition Community
Spatial pattern of species Community
Spatial pattern of traits Community

The following outputs of the model can be potentially observed at different levels sunclivakial,

population and community (TaB.1). The basis for these compound measures is the numbeii-of ind
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viduals, both adult plants and seeds, their spatial coordinates and biomass of adult plants. In this paper,

we used all of these measures excepspatial coordinates as reference values for sensitivity analysis.

5. Initialization

Model initialization involve setting up a landscapéth the cell heightg¢parameteheigh) gradually
distributed between the lowest and the highest heights abovevetda he procedure starts wittsa

signing the lowest celinfin-heigh). The height value of iteeighbourss a sum of the height of this

lowest cell and an increment calculated as a difference between the highest and lowest height divided
by the width ofthe modelled landscape. A standard deviatsmhhgigh) is added to this calculated
height.Based on this initialization, the following topographic objeets be identified: local maxima,

local minima, and slopes (Fig.3). Local maxima are 1 by 1 mitsesurrounded by eight cells(&II-
neighbourhood) lying below them hreight Local minima are cells lying below their eight neighbours
inheight(t hese microhabitat s Hegaay and Kgbiel,R007plopes tavefatp at c t
least one neighdur lying above them and at least one neighbour lying below fhieese topographic

objects differ in their properties in terms of water and seed retention.

The soil seed bank is initialized by creating and randatislyibutingseedshroughout the landspe
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Figure 2.3. Schematic representation of the simulated topographical objects and their influence on the process
growth and seed germination. Note that fltjgre overemphasizes the steepness of the site slope for visualization re:
reality and in the model the overall site slope is relatively shallow (e.g. for the simulation as-affgmao€iple the heigt

difference is 5 m for the area of 100 by in size).
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Seeds are assigned a set of traits. A model simulation starts with the beginning of the first vegetation
growth season. Thus, only a specific number of seeds representing each species are cregted. This a
proach provides us with as neutral startingditions as possible, where the influence of the initial

conditions on model outputs is minimized.

Depending on topography, the suitability of each cell for seed germination and plant growtln-is dete

mined Wateravailability submodelGrowthandGerminatbn submode)s

6. Input data

Topography and rainfall can be initialized in thi®del via algorithms (this stuylyr via input data
(notimplemented in the analyses presented)héiiee rainfall data must include the number of rainy
days in a year, thegequential order and the overall length of the vegetation growth seasom-The i
corporated rain algorithm is rather simplified due to the absence of suitable rainfall generators for the
region generating typical, but not historical, rainfall time serie® fBpography data must include
distribution of heights above sea level (e.g. from digital elevation models). The simulations presented
in this paper are based on a topography generitinifzation) and a rainfall generatoR@in sup-

maode).

7.Submoded

Here we explicitly describe the submodels that make ugtiveonment parand theVegetation part

We explain theories related to plant physiological processes underlying these submodels afid give re

erences to the respective variables and parametersv@ppendix Tab. A2.1, Tab. A2.2).

Environmengpart.

Rain submodel
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Rainy days stimulatplantgrowth and seed germination through the increase of soil water availability
(Wateravailability submoddl and i nitiate di spenéabkt Appanagixgdi (g
Fig. A2.1, Dispersal submodgl
This submodel generates a list of rainy days annually, where the number of the list items is the number
of rainy days in a certain year, and the list items themselves are the sequential numbersif the
days in the vegetation growth season. The potential number of rainy days in the season is predete
mined as well as the approximate duration of the seagmreqdix Tab. A2.1). The distance between
the first and the last simulated rain events dateemthe actual duration of the vegetation growt: se
son in the simulated year. Each simulated year starts with the vegetation growth season. The generated
list of the rainy days sees as an input to the mod€ln rainy days, soil water availability ingtcells

is updated in accordance with their topographic characteristital{zation).

Wateravailability submodel

The Wateravailability submodelchecks if there is any precipitation, either in the form of rain
(Rainsubmodsgl or in the form of dewupdating soil water availability daily during the vegetation
growth season. Soil water availabilitg-@ateravailability) is a cell property in the model ane-d

pends only on the presence of precipitation and the topographical properties of the celht&oil
availability is expressed as a probability for plants on this cell to take up enough water for growth (or
germination in the case of seeds), and it does not depend on the species identity or age of the plant.
There are three soil water availabilitglues: a local minimum, a slope, and a local maximum. These
values are assigned to the topographical objects so that a local minimum has the greatest value and a
local maximum has the smallest value. This dependency of soil water availability on topdgrégghy

model represents the effects of local wateratinfrom a higher site to lowemeighbouringsites and

higher evaporation at higher sit@3aws et al., 2002Hegazy and Kabiel, 200.7)n reality, the am

tude of differences in soil water availatyilbetween topographical objects depends on soil properties,
such as soil texture, which define water holding capacity and infiltrationKKeaener, 2019)Thus,

soil water availability in the model is a derivative of the soil properties, althoughsbiégeoperties

are not modelled explicitly in this model version.
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Dew, as an additional source of water, is particularly important under water constraints in the desert
(Hill et al., 2015) Its impact is increasing with the elevation gradient in the Négielvon, 1999) To
study possible dew effects on plant growth and survival, we included a mechanism in the model to
consider the possible input of dew throughout the vegetation growth season (with additiona-days b
fore and after this seasdrdewdaysbefore anddewdaysafter, respectively) and accordingly update
soil water availability beyond the rain events within the vegetation growth season. Dew presence
equally affects the soil water availability of all the topographic objects. Possible elevégicis eh

dew are negligible within our research area.

Vegetatiorpart.
Dispersal submodel
In this submodel, seeds created in Reproduction submodake dispersed depending on a species
specific dispersal str at e gtggy AppendixcFa.pA2.D), weidchrimmt e gy
the simulated plant community of this model version, correspond to the dispersal strat&yigsrof
viflora and A. hierochunticarespectively(Gutterman and Ginott, 1994ln general, seeds are only
dispersed if theyeach the dispersal agedisp-age, i.e. if they are mature enough to leave themare
tal plant.
The descapebd strategy represents an unspecific
persal is drawn at random between 0 and 360 degregtgisiance calculation Isased on a Weibull
shaped dispersal kernel. Paramete(s-disp-shap@ andi (s-disp-scale (Appendix Tab. A2.1) are
speciesspecific (Paradis et al., 2002nd are involved in the calculation of the distanseligp
distancé over which seedsre dispersed from anaternalplant following the cumulative density
function"Q

Q p Qon Q1 (Eq. 1),

after rearrangement of (Eq 1):

Q Jtagp Q! (Eq.2)

whered is adistancgParadis et al., 2002)
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The6protectiondé strategy differs from the O6esca
Seeds with the O6protectiond strategyRaimasuenddi s pe
el). Such a mechanism increases the probability thatgbds get enough water to germinate. All the
foll owing steps, such as setting a direceion a
gy. Speciespecificparameter® andl as well as dispersal strategies are considered plant functional

traits related to survival in arid environments.

Germination submodel

The submodel runs only during the simulated vegetation growth season. In the main part &f this su
model, seeds, vith were already dispersed, germinate and become adult plants (without explicit
modelling of the seedling stage). Germination occurs only under the following conditions: soil water
availability (p-wateravailability) is sufficient for germination, the spesspecific probability to ge

minate is me{s-pr-germ) and seeds have spent the spesjesific amount of time in dormancy (
daysdorm).

An adult plant inherits the functional trait characteristics of the seed from which it emerged. Age of
germinatedadult plants is set to one. The stage of seedlings is not explicitly modelled, bdwause
seedling stage of annuals lasts only a few days. However, seedling mortality is included by giving
adult plants a lower probability of survival until they reactedain biomassAdult mortality submad-

el). This submodel represents the ability of plants to survive in a desert environment. We focus on the
amount of time in dormancy and probability to germinate as plant functional traits involved in coping

with the hash environment.

Competition submodel

This submodel reflects competition of adult plants for space and resources, which are represented in
this model version by soil water availability. This submodel determinesspaae and resources are
sharedithe actal resource uptake expressed in biomass increase is implementedsrowta sup-

model The submodel runs only during the simulated vegetation growth season. Plants acquire water
resources from theeighbouringcells based on their total biomass and asymmnt# competition. The

competition mechanism occurs through the zohmfluence (ZOI) approactBerger et al., 2008)n
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this submodel, a set of measurements related to the concept of ZOl is calculated, such as the radius of
the ZOI and the effective @a for resource uptake.
The ZOI of a plant is calculated as a circular area with a radius reflecting its potential resource use.
This area can cover more than one cell. The model offers two calculation options for the allometric

relationship between thadius of the area of the ZOI and the biomass of a plant:

i O0 "QéH';_—(Eq. 3),

or

i 0QQ06 1 (Eq. 4),

where B is plant biomassdefines an individual in theentreof a given ZOlI, and is a time
step,after Lin et al., 2012 (Eq. 3) or afté&/einer and Damgaard, 200Bq. 4).
The model offers two alternative implementations of the ZOI approach, Eq. 3(Eq.€& al., 2012
Radny and Meyer, 2018nd Eq. 4, Eq. {Weiner et al., 2000Weiner and Damagard, 2006)because
it was not possible to choose one over the other purely based on the literature. We suggest that always
both implementations are tested to choose the more suitable one for the study at hand based on sens
tivity analysis, model calibrain, or patterroriented modellingGrimm, 2005)
If a plant haseighboursi.e. their zones of influence have an overlap, an effective area of these plants
is calculatedThe effective area is the difference between the area that the plant covers arahthe
lost to competition with itmeighbourgWeiner and Damgaard, 2006n the calculation of the efe
tive area, the degree of asymmetag-cCompasymmetnor d) of competition is incorporated. Thigd
gree of asymmetry is a measure of competition intensity. It reflects how the competing plants share

their resources, depending on their biomass relative to the other competitors. The effective area is:

0 ™

'Y (Eq. 5),

whered is the degree of asymmet andBj are the biomasses of the interacting plaatsd

i, R is the amount of resources shared between indivifBetsvinning and Weiner, 1998)

70



Chapter 2.
Combining trait and individualbased modelling to understand desert plant community dynamics
If the degree basymmetry equals zeroesources are shared equally, regardless of plant biomass. If
the degree of asymmetry equals one, resources are distributed proportionally to the biomass (perfect
sizesymmetry)(Schwinning and Weiner, 1998/einer and Damgaard, @6; Lin et al., 2012)
This submodel and the following one reflect the plaiant interactions in the modelled system. We

consider here maximum biomass and relative growth rate adnraitged in these interactions.

Growth submodel

In theGrowth subrodel plants increase their biomass based on the available resources. The submodel
runs only during the simulated vegetation growth season and follov@othpetition submodelf the
conditions for theCompetition submodelre not fulfilled, theGrowth sibmodelis not executed, either.

The Growth submodeluns onlyif the zoneof-influence of an individual is larger thaeroand soil

water availability p-wateravailability) is larger than a random number.

We implemented two alternatives for the calcwlatof biomass gair- as a function of the effective
area fqq) described in th€ompetition submodel

— 1.0t o — (Eq. 6)

or

e 6 AT

— 1 Wogqlg PT B o (Eq. 7),

whered is the maximum asymptotic biomass and rgr is a spagpiesific relative growth
rate after (Veiner and Damgaard, 200Badny and Meyer, 2018Eq. 6) or after Lin et al., 2012 (Eq.
7). The relative growth rate is constant throughout atiesteof the plant development in our model.
The model does not consider the distribution of biomass between plant organs such as leaves, stem,
and roots. Biomass is equal to all the biomass gained in the process of growth. Plants do ret lose bi
mass becaussf maintenance and metabolism processes. The biomass gained by a plant during a year
is positively correlated with the number of seeds it produces.

The model assumes that plants use all of the water available in the soil during one day according to

their share in the competition process. The change of soil water availability due to uptake by plants is
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not explicitly modelled to keep the model simple. Any water left after the uptake is considered lost to

evaporation.

Ageing submodel

In the Ageingsubmodelthe age of both seeds and adult plants is increased daily. The age update is
relevant for thesubmodelReproduction, Dispersand Germination Adult plants cannot reproduce

until they reach the age of reproductiaa-@gerepr). In theDispersalsubmodk the dispersal is [

sible only if seeds reach a specific agalipage. Seeds also cannot germinate before they have

spent a certain period of their life in dorman@efminationsubmodél

Reproduction submodel
This submodel allowadult plants tgroduce seeds. If an adult plansheached the age of repradu
tion (ad-agerepr) and the biomass of reproducticacibiomassrepr), it producesseveral seedsed
pendent on the plant bioma&snumberactual) with a certain seed weigtg-(nas3. This actal num-
ber of seeds is calculated basedaohiomass of reproductiomd-biomassrepr), which isthe min-
mum biomass needed for the production of at least one seed

Based on the assessed reproduction effort, the number of seeds, which this specifanplant c
produce at a certain time step, is calculated:

s-numberactual = int (adbiomass / acbiomassrepr),

wheread-biomassds the actual biomass of this plant antlis a function, which returns the-i
teger part of the argument.
These seeds receive @linctional trait characteristicef their parental adult plant arale dispersed
(Dispersalsubmodeél In the model, an adult plant loses biomass equal to the multiplication result of
seed weight and produced seed number:

ad-biomass = aebiomass s-mass * snumberactual
A plant can reproduce more than once during the vegetation growth season if it again reachres the mi

imum biomass necessary for the production of at least oneagbtbfnhassrepr). The counter of the
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seeds ¢ounts-numbej controls that the lpnt does not produce more seeds than a spspexsfic
number.
The reproduction process is a strategy for annuals to survive under harsh environmental conditions,

and seed weight, reproduction age and biomass are plant functional traits involvegrioctss.

Adult mortality submodel

Adult plants die randomly with a speciggecific probability of survival during a yeaad-prob-sury),

which reflects the natural mortality caused by processes that are not explicitly modelled (sunh as da
age caused byild animals or herbivores). If plants have not reached a certain fraction of tlie max
mum biomassjv-biomas$, they are exposed to a lower survival probabiijiy-6ury). Seed morta

ty is included in the germination probability. The survival probabdftplants is considered as a plant

functional trait that provides information about the survival strategies in a desert environment.

2.2.3. Model analysis

To assess the relative effects of the model parameters on model output, we conducted a sensitivity
analysis Appendix Tab. A21) with R (R Core Team, 201 8; ver si
(Salecker and Sciaini, 2019). The nirx package provides efficient tools to set up, ruamadysk
NetLogo model simulations in Salecker et al., 2019)

The parameter space of the entire model avadysedn a global sensitivity analysis. To eff
ciently sample the parameter space, we applied the Morris screening prddéoiuie 1991) where
only one parameter out of all model parameters is changedtaseepWe used two output indices of
the Morris screening procedure to assess the
is the mean of the absolute values of the elem
mentary efécts(looss and Lemaitre, 2015)

For each model parameter, we provided a minimum and a maximum value lothe
screeningalgorithm according to expert knowledgéppendix Tab. A2.1). As the output reference

val ues of t he an arkpackags), we éhose maan wosass af adulttplangs, narhber
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of adul't pl ants and number of seeds of two gen
(6Anastaticabd6) seed dispersal strategi ersWeover
chose to run the analysis for one simulated year to keep the processing time short and capture output
reference values for those parameter combinations that lead to the death of all seeds and adult plants in
the first year. We checked the model otitpensitivity to many plant functional traits and environme
tal parametersAppendix Tab. A2.1). The sensitivity analysis was performed under eight scenarios
combining the absence or presence of dew with one of two calculations of ZOIl and plant growth
(Weiner & Damgaard, 2006 and Lin et al., 2012) and different combinations of two seed dispersal
strategies.
The initial number of adult plants and the initial number of seeds were not varied during Mo
ris screening, simulating the beginning of the vegetajiomth season.
To address the large numbers of parameters and to minimize processingeikept the fb

lowing parameters fixed: asymmetry of competition, the lowest height in the topography generator and
the shape parameter of the Weibull distributidime asymmetry of competition parameter was set to
one as the model considers belowground competition for water as the main limiting resource in deserts
(Fonteyn and Mahall, 1978nd belowground competition is considemgmmetric(Weiner et al.,
1997) We set the lowest height to one, guided by common sense that the minimum height defines the
starting point from which all other heights and differences are calculated. We set the shape parameter
of the Weibull distribution to one, which corresponds to apoagntiallike distribution function
(Garc2a and Bo rintatal, wetestethauirdlyence @ thé model output of 37 paeam

ters Appendix Tab. A2.1).

2.3. Results

2.3.1. Model development and validation

We developed a running model that cegsfully passed visual plausibility checks. Visual diagnostics

(Mayer and Butler, 1993)Jemonstrated that the model output is similar to informal empirical aloserv
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tions with respect to annual vegetation growth peaks-temg species coccurrence of twspecies

and interannual variation in mean biomass of a populationZHEiy.
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Figure 2.4. 10-year simulation of the ATID model. Left panel: seasonal fluctuations in plant numbers-anductence ¢
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2.3.2. Results of sensitivity analysis
Weanalysed he results of Morris screening for eight
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following, we consider the influence of the parameters and scenarios on the model output following
the order of the corresponding model parts and submoaete(idx. Fig. A2.1).

Environmenpart.

Topographical parameters from model initialization did not have a large influence in any scenario. The
difference between the highest and the lowest site affected only mean biomass out of all pdssible ou
put reference vaks, and the standard deviation of the smooth slope only influenced the number of
adults. Thst andard deviation of the smooth sHinegre al
effect or interactions with other parametekggendix Fig. A2.2).

Among the environmental parameters of ta&n sibmodel the minimal number of rainy
days pewyear and the overall length of a rainy season were highly influential parameters. Both of these
parameters influenced largely the number of adult plants and humber of see@b (. 2.6). For
the scenarios considering the dew effect, the numbdayd before the first rain, during which dew
contributes to water availability in the model, showed a great influence on all output reference values,
except for the number of adul t pl ants of t he
( 6 Antai sctaad ) .
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The number of the days after the last rainy days, when dew still can affect plant growth, in
contrast, had very little influence on any output reference values, although both of these parameters
increase the length of the possible vegetation dreeason.

Regarding the paraness of theWateravailability submode| the model demonstrated high
sensitivity to water availability at local minima and to the difference between local minima and slopes
for all the scenarios. Both these parameters inflegnargely the number of seeds and number of
adult plants, but much less biomass outputs. The difference in water availability between slopes and
local maxima influenced only the number of seeds. For scenarios with dew effect included, the diffe
ence in vater availability between local maxima and dew contribution to water availability had a high

influence on the seed number (R2p; Fig.2.6).

Vegetatiomart.

The parameters of tHeispersal submodeduch as the age at dispersal and the scale parameter

of the dispersal distribution had no or little influence on model output. Surprisingly, there were no r
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markable differences in the sets of the most influential parameters between scenarios condidering di
ferent combinations of seed dispersal strategigs,seenarios with the contrasting and with the same
strategies (Fig2.7).
The parameters of th&ermination sbmodelappeared to be more influential. The amount of
time in dormancy influenced all of the outputs of the corresponding specie& BFigig. 2.6). Add-
tionally, the parameter of &é&Malvad had a | ar ge
number of seeds of OAnastaticadé in the scenari
2006). Seed weight had a large influencdt@biomass of the corresponding species (&8). Seed
probability to germinate had a large influence on the number of adult plants and seeds okthe corr
sponding species (Fig.5; Fig.2.6).
The influence of the parametarsthe CompetitionandGrowth submodelsvere considered in
relation to the chosen algorithm of ZOl calculation. The relative growth rate had a large influence on
the output in general. Remarkably, the influence on the output for the opposite species was greater

than on the correspondng one (but the relative growth rate

Figure 2.8. Results of the sensitivity analysis for biomass as output metric and for the scenario withl@(THtion afte
Weiner & Damgaard, 2006 and dew absent in the model. Left:panél Anast at i c ad , differinggrhainly i
dispersal strategqy The graphs show the relationship between

corresponding standard devi ati om* orhedarmse tMoatritshel eo
| arger effect on the output. Larger O -lmeax effsct om ihé dugput
that this parameter is involved in interactions with other parameters. For ofenéfgresentation, only the parameters the
among either the | argest ten values of ¢&* or d&danandigne

corespod to O6Anastaticad and 66Malvabd
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