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Theories, like islands, are often reached by stepping stones.
– MacArthur & Wilson (1967)

The little reed, bending to the force of the wind, soon stood upright again
when the storm had passed over.

– Æsop (c. 580 BCE)

For my family.





A B S T R A C T

Climate change and habitat fragmentation are altering the structure and functioning
of plant communities world-wide. Understanding how, why and with what conse-
quences are major challenges of ecology today. This thesis develops new ways of
operationalising functional traits to understand plant community responses to the en-
vironment and community effects on ecosystem functioning and services. Wetlands
are distinct in nature, patchy in their distribution and of global importance by virtue
of the ecosystem services they provide. Wetlands here serve as inspiration for meta-
community modelling and as a natural laboratory to extend plant trait theory and to
disentangle the complex ecology underlying ecosystem service provision.
The primary contributions of this thesis are (i) the development of a response-effect
trait framework to guide functional assessments of wetland plant community effects
on ecosystem processes involved in generating wetland ecosystem services, (ii) the
application of this framework to estimate climate change driven alterations of future
wetland ecosystem service potential in central Sweden, and (iii) the development of
theoretical models that explore the relative importance of local and regional dynamics
in climate change responses and provide new conceptual tools to study community
functional change.

Paper 1 surveys the state of knowledge regarding (i) ultimate and proximate drivers
of wetland plant community functional composition, trait covariation and responses
of individual traits along gradients, as well as (ii) trait effects on the sets of ecosystem
properties and processes that underlie the generation of three key wetland ecosys-
tem services (regulation of water flow, water quality, and climate). Paper 2 modifies
species distribution modelling to predict future changes in plant community trait
distributions following climate change in central Sweden, which allows a qualitative
estimate of changes in ecosystem service potential. Climate change induced func-
tional changes may benefit water quality and flow regulation provided by fens and
riparian wetlands, but could compromise carbon sequestration capacity of bogs.

Paper 3 finds model assumptions about species dispersal capacity to strongly in-
fluence predictions of diversity loss following climate change. While differences in
species dispersal capacity drastically increase predicted extinction risk, more real-
istic models based on an empirically derived seed mass – seed number trade-off
strongly moderate these predictions. Without considering fitness effects of covarying
traits, models that include variable dispersal capacities thus might overestimate ex-
tinction risk from climate change. Paper 4 studies the development and recovery of
the regional average trait-lag of response trait distributions, as a direct measure of the
instantaneous realised metacommunity response to temperature change with implica-
tions for levels of ecosystem functioning. The dynamical response jointly depended
on local response capacity and regional adaptive re-organisation via species range
shifts. Where habitat was scarce, connectivity network properties mediated response
capacity and may guide conservation priorities.
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This thesis makes contributions to plant trait ecology, wetland functional ecology,
ecosystem service science and metacommunity theory. As a whole it contributes to
the development of a predictive ecology that can bridge scales from individual phys-
iology to ecosystem dynamics and anticipate global change effects on biodiversity
and ecosystem functioning.

Keywords: Functional traits, Plant community ecology, Trait distributions, Wetlands, Ecosys-
tem functioning, Ecosystem Services, Climate change, Dispersal, Metacommunity modelling.
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S A M M A N FAT T N I N G

Klimatförändringen och fragmentering av livsmiljöer förändrar strukturen och funk-
tion av växtsamhällen i hela världen. Att förstå hur, varför och med vilka följder är
stora utmaningar för ekologi idag. Denna avhandling utvecklar nya sätt att opera-
tionalisera funktionella egenskaper för att förstå växtsamhällets svar på miljöförän-
dringar såväl som samhällseffekter på ekosystemens funktion och tjänster. Våtmarker
är distinkta i karaktär, ojämn i sin distribution, och av global betydelse på grund av
de ekosystemtjänster som de tillhandahåller. Våtmarker fungerar här som inspiration
för modellering av metasamhällen och som en naturlig laboratorium för att förbättra
funktionell egenskaps teori av växter och att reda ut den komplexa ekologin under-
liggande tillhandahållande av ekosystemtjänsterna.
De främsta bidrag i denna avhandling är (i) utvecklingen av en ramverk av svars-
och effekt-egenskaper för att vägleda funktionella bedömningar av våtmarksvege-
tationens effekter på ekosystemprocesser som är involverade i att generera våtmarks-
ekosystemtjänster, (ii) tillämpningen av detta ramverk för att uppskatta konsekvens-
erna av klimatförändringar för framtida våtmarksekosystemtjänst potential i meller-
sta Sverige, och (iii) utvecklingen av teoretiska modeller som utforskar den relativa
betydelsen av de lokala och regionala dynamiken i klimat svaren och ger nya kon-
ceptuella verktyg för att studera funktionella förändringar av växtsamhällen.

Papper 1 undersöker kunskapsläget avseende (i) ultimata och närbelägna orsaker
av våtmarkernas växtsamhällets funktionell sammansättning, samvariation av egen-
skaper och variation av individuella egenskaper längs gradienter, samt (ii) egenskaps
effekter på ekosystem egenskaper och processer som ligger bakom frambringande av
tre viktiga våtmarks-ekosystemtjänster (reglering av vattenflödet, vattenkvalitet och
klimat). Papper 2 modifierar arter fördelningsmodellering för att förutsäga framtida
förändringar i växtsamhällets egenskapsdistributioner pågrund av klimatförändringar
i mellersta Sverige, vilket möjliggör en kvalitativ bedömning av förändringar i ekosys-
temtjänst potential. Funktionella förändringar framkallade av klimatförändringar kan
gynna vattenkvalitets- och flödesreglering från kärr och strand våtmarker, men min-
ska kolbindningsförmåga i mossar.

Papper 3 visar att modellantaganden om arternas spridningsförmåga påverkar mod-
ellförutsägelser av mångfalds förlust efter klimatförändringar. Medan skillnader i
arternas spridningsförmåga drastiskt ökar förutspådde utrotningsrisk, så minskar
mer realistiska modeller baserade på ett empiriskt härledda jämkning mellan massa
och antal av fröer dessa förutsägelser starkt. Utan att ta fitness effekter av sam-
varierande egenskaper i beräkningen, kan modeller som inkluderar variabla sprid-
ningskapacitet därmed överskatta utrotningsrisk från klimatförändringarna.
Papper 4 studerar utveckling och återhämtning av fördröjningen av svarsegenskaps-
distributioner bakom skiftande optimum, som ett direkt mått på den momentana
regionala reaktion på temperaturförändring med konsekvenser för nivåer av ekosys-
temens funktion. Den dynamiska svaret berodde gemensamt på lokal svarsförmågan
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och regional adaptiva omorganisation via förflyttning av arternas fördelningar. Där
habitat var knappa, påverkade nätverksmått svarsförmågan.

Denna avhandling ger bidrag till egenskaps-baserad växt ekologi, funktionell våt-
marks ekologi, ekosystemtjänstvetenskap och metacommunity teori. Som helhet bi-
drar det till en prediktiv ekologi som kan överbrygga skalor från enskilda fysiologi till
ekosystemens dynamik och förutse globala förändringens effekter på den biologiska
mångfalden och ekosystemfunktioner.

Nyckelord: Funktionella egenskaper, Växtsamhällesekologi, Egenskapsdistributioner, Våtmarker,
Ekosystemfunktion, Ekosystemtjänster, Klimatförändring, Spridning, Metasamhällesmodellering.
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1
I N T R O D U C T I O N

Human activities have changed the Earth system at all scales and to such an extent
that they now rival "nature’s great forces", prompting researchers to proclaim the
advent of a new geological epoch: the Anthropocene (Steffen et al., 2007; Ellis, 2011).
Anthropogenic global change spans transformation of land use and land cover, hy-
drological and biogeochemical cycles, the climate, and the integrity of the biosphere
(Steffen et al., 2015). Habitat destruction has been viewed as the major threat to bio-
diversity until recently (Pimm & Raven, 2000), but may become outstripped by accel-
erating extinction risk from climate change in the next decades (Bellard et al., 2012;
Urban, 2015).

At local and regional scales, climate change is altering the species composition of
communities and species relative abundances, which can trigger cascading changes
in ecosystem functioning (Chapin et al 2000, Walther 2010, Cardinale et al. 2012).
Changes in ecosystem functioning (ecosystem properties and processes) in turn alter
the potential of ecosystems to deliver the ecosystem services on which human soci-
eties depend (Mooney et al. 2009, Mace et al. 2012).

To anticipate and mitigate biodiversity loss and its consequences, we urgently
need to understand how species, communities and ecosystems will respond to cli-
mate change. Ecology as a discipline has made tremendous progress in unravelling
the mechanisms that regulate species responses to environmental conditions, species
interactions with each other, and species’ effects on their surroundings. Yet, while
time is pressing, the stakes are high, and there remain significant gaps in our under-
standing of many aspects of ecological dynamics. These knowledge gaps, together
with the challenge of anticipating responses to unprecedented conditions, warrant
and necessitate the continued tenacious pursuit of basic ecological research.

The rise of the functional approach to diversity, a.k.a. trait-based ecology, is one
manifestation of the effort to move away from phenomenological models towards a
more mechanistic, quantitative, and hopefully predictive ecology. The goal is to over-
come the "unworkably complicated", "necessarily contingent theory" (Lawton, 1999)
that haunts community ecology, by replacing the multitude of species with a smaller
set of descriptors (traits) which ideally should aid in the discovery of common pat-
terns and rules (McGill et al., 2006) and which capture actual mechanistic links from
the environment to species and back (Suding et al., 2008). Take as an example the
(ongoing) biodiversity-ecosystem functioning debate (BEF) (Naeem et al., 2009). I was
personally much influenced by the impressive body of work devoted to studying
the effect of species richness on ecosystem properties, such as primary productiv-
ity, not least because it presented such a compelling argument for the precautionary
conservation of as many species as possible. Much evidence was produced that pro-
ductivity increases with the number of species in a community (Waide et al., 1999).
When it comes to an explanation for this observation, however, it quickly becomes
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evident that it won’t matter very much how many species there are unless they differ
in what they do. The mechanisms proposed to cause the diversity-productivity rela-
tionship (e.g. the sampling effect or the complementarity effect, Loreau 1998) require
that species differ in some way from one another. Functional traits try to capture and
describe how.

This thesis adopts the trait-based approach in order to tackle a variety of ques-
tions under the umbrella of two broad main research questions:

Q1 How do plant communities respond to climate change? What factors af-
fect their response? How does the functional composition of communities change?

Q2 What are the consequences of changes in plant communities for ecosys-
tem functioning and ecosystem services?

The thesis focuses on wetland vegetation, inspired by the prevalence, peculiar-
ity and beauty of these ecosystems in Scandinavia. Wetlands are relatively under-
represented in the trait-based literature, and therefore offer a fresh perspective and
new insights to the field. Nonetheless, the conceptual and methodological approaches
developed here apply broadly to vegetation in general. Generality after all is a key
concern, if not the raison d’être of trait-based ecology.

scope

The first part of the thesis centres on wetlands and functional traits of wetland plants.
It studies wetland ecosystems using plant functional traits as response as well as
effect traits to understand key aspects of wetland response to climate change and
wetland functioning.

Paper 1 reviews the state of knowledge regarding (i) ultimate and proximate drivers
of wetland plant community composition (in terms of both species and traits), trait
covariation and responses of individual traits along gradients, as well as (ii) trait
effects on the sets of ecosystem properties and processes that underlie the genera-
tion of three key wetland ecosystem services (water flow regulation, water quality
regulation, and climate regulation).

Paper 2 uses species distribution modelling (SDM) to estimate expected future
changes in plant community composition caused by climate change in Sweden, and
then calculates concurrent changes in community trait distributions to estimate po-
tential changes in ecosystem properties and processes and resulting services.

The second part turns to simulation modelling and metacommunity theory, and
develops trait-based simulation models to study species range shifts and commu-
nity changes in response to climate change. Simulation modelling here allows for the
study of complex spatial and temporal dynamics of species interactions in patchy
landscapes.

Paper 3 was inspired by the shortcomings of traditional SDM methods to study
species range shifts in patchy landscapes where competition and dispersal capacity
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matter. It develops a trait-based simulation model of a metacommunity of annual
plants to examine the effect of three dispersal scenarios on predictions of biodiversity
loss and extinction risk from climate change.

Paper 4 employs a similar trait-based metacommunity model to focus on the tem-
poral dynamics of community trait distributions of a response trait. It proposes and
explores a novel measure to quantify the regional response of the whole metacom-
munity to climate change: the lag of the mean community response trait behind its
optimum. It then examines the relative and interactive contribution of local species
dynamics (competition), dispersal (including traversal across the landscape, or range
shifts), and spatial patch arrangement (interpatch distance and network topology) on
meta-community response capacity.

Box 1: Ecosystem services.
The success of humans as a species in appropriating and transforming the bio-

sphere has driven human consumption past Earth’s ongoing productivity and caused
the erosion of ’natural capital’ (Steffen et al., 2011), i.e. the depletion of non-renewable
resources (e.g. oil, minerals) and the loss of biodiversity (Cardinale et al., 2012). In
the search for more sustainable futures, the importance of acknowledging the in-
extricable intertwinement of nature and people in a single global social-ecological
system has become ever more apparent (Berkes & Folke, 1998). Humans are an in-
tegrated part of the biosphere. Societal dynamics are dependent on ecosystems and
feed back to ecosystems directly, via conservation practices and natural resource
management, and indirectly, via patterns of economic behaviour and cultural prac-
tices.

One way to conceptualise and highlight the relevance of ecological functioning
for human well-being are ecosystem services (ES), comprising both goods (e.g. timber,
food, fuel) and often invisible regulating and cultural services (e.g. clean air, pollina-
tion, spiritual well-being). Since the Millennium Ecosystem Assessment (MA, 2005),
a massive global synthesis of the knowledge base of ecosystems’ capacity to support
human well-being, the concept has gained momentum and found wide-spread ap-
plication in both policy and science. Attempts at the economic valuation of ’nature’s
capital’ (e.g. Costanza et al. 1997a) continue to spark debates (Schröter et al., 2014)
about the ethical components of nature conservation and management, suggesting
a false dichotomy of only utilitarian vs. non-utilitarian approaches to the problem.
My stance on monetary valuation is that it is problematic (Gomez-Baggethun &
Ruiz-Perez, 2011) and ultimately unnecessary (Loreau, 2014). The advantage of the
ES concept lies in raising awareness of and drawing attention to the multifaceted re-
lationships of people with nature, and this variety implies different types of values.

Irrespective of the basis for valuation (monetary, ethical, spiritual etc.), a poten-
tial issue of the enthusiasm to incorporate ES into policy and management is a lag
of the scientific knowledge base behind the demand for ES management tools. In
many cases, our understanding of the ecological basis of service generation is still
incomplete, and our knowledge of the consequences of restoration and manage-
ment practices rudimentary. Especially with a view of the world as an integrated
social-ecological system where ecosystem services are a conservation priority, we
need to get the ecology right.
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2
B A C K G R O U N D

Biodiversity matters. It maintains ecosystem functioning and the temporal stability
thereof (Cardinale et al., 2012). Functional traits and diversity in trait values have
large impacts on ecosystem functioning and on the responses of communities to en-
vironmental change (Enquist et al., 2015). Spatial scale and heterogeneity matter for
the maintenance of biodiversity (Levin, 1992; Chesson, 2000; Levin, 2000). The meta-
community framework accounts for this by integrating interactions between local and
regional dynamics. The following sections lay out the theoretical foundations of this
thesis.

2.1 traits - theoretical framework

2.1.1 Definitions

A trait is "any morphological, physiological, or phenological heritable feature mea-
surable at the individual level, from the cell to the whole organism, without reference
to the environment or any other level of organisation." (Garnier et al., 2016).

Traits can be continuous (e.g. leaf area) or categorical (e.g. C3 or C4 plant), and are
usually measured at the population level by taking the average across values of sev-
eral individuals (Violle et al., 2007; Pérez-Harguindeguy et al., 2013). Trait values may
differ for the same species between different localities due to different environmen-
tal conditions (owing to phenotypic plasticity), and information on the environment
should therefore be recorded as well.

The trait concept as defined here is essentially synonymous with the phenotypic
character or trait as used in evolutionary theory, and thus facilitates bridging the two
disciplines. The addition of the modifying ’functional’ is meant to emphasise the rel-
evance of a trait for a particular function, for example the relevance of specific leaf
area (trait) for photosynthesis (function). Usage of the term varies between authors
however, for example when functional traits are used to designate a relationship to
ecosystem functioning (although then often dubbed ’effect traits’, see Box 2).

I here adopt a conceptual framework (based on Violle et al. 2007), that labels traits as
functional if they affect individual fitness. It is a hierarchical framework, where ’func-
tional traits’ (morphological, physiological and phenotypical traits) affect higher level
’performance traits’ (growth rate, reproductive output, plant survival rate) which rep-
resent the three components of fitness: growth, reproduction, and survival (Fig. 1).
The use of performance traits facilitates links to population dynamics (vital rates or
demographic rates) and the description of species responses to environmental gradi-
ents (tolerance curves, performance curves).
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2.1 traits - theoretical framework

Functional traits Performance traits

Fitness

Growth rate

Reproductive output

Survival rate
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Figure 1: Theoretical framework and key terms illustrated. A) Functional traits comprise multi-
ple morphological, physiological, and phenological traits that can covary. In a given
environment, multiple functional traits together affect each of three performance traits
(growth rate, reproductive output, survival rate). Performance traits together deter-
mine an organisms fitness via direct links to the three components of fitness (growth,
reproduction, survival). Adapted from Violle et al. 2007. B) Ecological performance (or
habitat preference) can be described by the value of a performance trait along an
environmental gradient (captured by the optimum and spread), corresponding to a
response or tolerance function. In theory, the three dimensional distribution of all
three performance traits - along multiple environmental axes - would constitute its
niche (as Hutchinson’s n-dimensional hypervolume). C) A hypothetical community
trait distribution of a single trait. The functional composition of a realised community
can be described by the distribution of trait values carried by species with different
relative biomass (or abundances). A trait distribution can be fully characterised by
its four central moments (mean, variance, skewness, kurtosis). The biomass- (or
abundance-)weighted mean is commonly known as the community weighted mean
trait (CWMT). The shape of the trait distribution can be related to metrics of func-
tional diversity.
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Box 2: Definitions

community weighted mean trait value (cwmt) The mean of the
distribution of trait values in a community, weighted by species relative abundances
or relative biomass. Thought to have the strongest effect on community and ecosys-
tem level properties (mass ratio hypothesis, Grime 1998).

functional trait Any morphological, physiological, or phenological herita-
ble feature measurable at the individual level, from the cell to the whole organism,
without reference to the environment or any other level of organisation (Garnier
et al., 2016).

performance trait The higher level traits growth rate, reproductive out-
put, and survival rate that together determine individual fitness (modified from
Violle et al. 2007).

ecological performance The distribution (described by optimum and
spread) of values of a performance trait along an environmental gradient. Used
synonymously to habitat preference (Violle et al., 2007).

ecosystem functioning Ecosystem properties (e.g. standing biomass, soil
redox state, soil carbon pool) and processes (e.g. primary productivity, biogeochem-
ical cycling, remineralisation) characteristic of (the state of) an ecosystem. A product
of both abiotic and biotic factors.

ecosystem services The benefits that people derive, directly or indirectly,
from ecosystem functions (properties and processes) (Costanza et al., 1997b). Recog-
nition and valuation of natural processes or products by human beneficiaries is
implicit in the concept.

response and effect traits Response traits are those functional traits
that mediate an organisms response to the abiotic and biotic environment (Lavorel
et al., 1997). Effect traits are those functional traits with demonstrable effects on
their environment (Lavorel & Garnier, 2002). The distinction is often not clear but
gradual, and some traits are both response and effect traits. The concept can be
useful in deciding on shortlists of traits when studying either community assembly,
or effects of existing assemblages on ecosystem functioning. A key challenge is to
establish patterns of covariation between response and effect traits (Suding et al.,
2008).

soft traits and hard traits Soft traits are functional traits that are rel-
atively easy to measure and are known to correlate with more difficult to measure
hard traits (Hodgson et al., 1999), and as such can be used as proxies. For example
seed mass and dispersal mode can be used as a soft trait relating to the hard trait
mean dispersal distance, or specific leaf area can be used as an estimate of relative
growth rate (Weiher et al., 1999).
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2.1 traits - theoretical framework

2.1.2 Traits and ecosystem functioning

Individual functional traits can be linked to particular plant functions, such as nu-
trient acquisition, light interception or photosynthesis. The perhaps most exciting
proposition of trait-based ecology is that such trait-function linkages can scale be-
tween levels of organisation, from plant organ to whole plant to equivalent functions
at the population to community and ecosystem levels.

A classic example is specific leaf area (SLA), the surface area of a fresh leaf divided
by its oven-dry mass (mm2 mg-1), which is larger for thin leaves that maximise sur-
face assimilation area and smaller for thick leaves that maximise structural strength
or defences (Cornelissen et al., 2003). At the organ (leaf) level, SLA correlates posi-
tively with net photosynthetic rate (Wright et al., 2004). At the individual plant level,
average SLA correlates positively with plant relative growth rate; and at the commu-
nity level, the community weighted mean SLA correlates positively with specific net
above-ground productivity (Violle et al., 2007). Thus, traits of individual plant organs
can be linked to whole ecosystem process rates.

Two main hypotheses have been put forward to estimate effects of traits present
in a community on ecosystem functioning. The mass ratio hypothesis (Grime, 1998)
assumes that the dominant species (i.e. with the highest relative biomass) drive com-
munity and ecosystem level properties due to relatively greater contribution to pri-
mary production. As in the above example, the mean trait value weighted for rela-
tive biomass (CWMT) is expected to have the strongest predictive relationship with
ecosystem functioning. A related mechanism proposed by diversity theory is the sam-
pling or selection effect (Loreau, 1998). The complementarity hypothesis proposes that
the range of trait values in a community affects ecosystem functioning positively via
complementarity in resource use (Cardinale et al., 2012). These two mechanisms are
not mutually exclusive. While the CWMT is more commonly used to estimate trait
effects on ecosystem functioning, the range of trait values, or the width of the trait
distribution, are likely important as well.

2.1.3 Trait covariation

Plants are complex organisms that have evolved a variety of strategies to survive in
variable environments with a limited number of resources. The classification of plant
species into similar types is older than the scientific discipline of ecology itself (Wei-
her et al., 1999). Early groupings into growth forms (defined by structure, such as
trees, shrubs, herbs) moved on to life forms (incorporating function, e.g. deciduous
and evergreen trees), and most recently plant functional types (integrating morphol-
ogy, physiology, and function; often based on multivariate analysis of multiple traits,
e.g. Pakeman 2011). Implicit in all of these classifications are traits.

Increasing the resolution from functional types to the traits or trait suites that
constitute them (Vile et al., 2006) has several advantages. Studying continuous func-
tional variation among plants holds higher quantitative information than a focus on
discrete groups (Laughlin & Laughlin, 2013), and intraspecific variation can be in-
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croporated. Most importantly, functional traits can capture the actual mechanisms by
which plants respond to and affect their environment (Suding et al., 2008), opening
avenues to predictive models and a basis to scale from individuals to ecosystems
(Enquist et al., 2015). Variation of traits along multiple dimensions of functional spe-
cialisation can be used to quantify the primary strategies of plants to cope with stress,
disturbance and resource availability (Westoby et al., 2002; Craine et al., 2012; Reich,
2014). These strategies consist of suites of covarying traits that simultaneously repre-
sent adaptations and constraints, and as such are the ecological mirror image of the
integrated phenotype on which natural selection acts (Pigliucci, 2003). Traits directly
link the genotype and phenotype, and thus can bridge evolutionary and ecological
theory (Laughlin & Messier, 2015).

The characterisation of plants by a parsimonious but functionally comprehensive
set of traits that captures both species’ response to the environment and their effect
on ecosystem functioning is the Holy Grail of plant functional ecology (Lavorel et al.,
2007). Establishing common patterns of trait covariation across species and habitats
is one fundamental task in this quest.

2.2 metacommunities

A metacommunity is "a set of local communities that are linked by dispersal of multiple
potentially interacting species" (Leibold et al., 2004). The framework was developed to
acknowledge and incorporate the influence of regional scale spatial dynamics on
local community dynamics (i.e. cross-scale interactions) (Wilson, 1992; Levin, 1992).
It unifies theories developed for local community interactions with those describing
spatial dynamics in metapopulations (Levins, 1969; Hanski & Gilpin, 1991), drawing
on a large body of literature. Local community dynamics refer to sets of coexisting
populations of different species that interact and affect each others demographic rates,
and can be modelled conveniently by e.g. Lotka-Volterra (Mouquet et al., 2005) or
resource competition models (Loreau et al., 2003). Metapopulations are populations
of the same species distributed in patchy landscapes and linked by dispersal (Hanski
& Gilpin, 1991).

2.2.1 Spatial heterogeneity and dispersal

Different theoretical perspectives or paradigms for metacommunity dynamics have
emerged, depending on the assumptions made about patch similarity and the rate of
dispersal (Holyoak et al., 2005). In the models presented in this thesis, patches differ
in environmental conditions (specifically temperature). The species sorting and mass
effects perspectives both assume spatial heterogeneity in patch quality, different habi-
tat preferences of species (leading to environmental filtering), and either relatively
low dispersal rates (species sorting) or high dispersal rates (mass effects). If dispersal
is high, spillover or source-sink dynamics can occur, where species maintain popula-
tions in unfavourable patches (sinks) by high dispersal and population replenishment
from favourable patches (sources). If dispersal is very high, the whole region is well-
mixed and essentially behaves like a single community.
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2.2.2 Spatially implicit vs. explicit

Much of metacommunity theory has been developed using spatially implicit models,
i.e. the spatial location of patches is implied but not explicitly defined. This facilitates
the derivation of closed-form analytical solutions. In contrast, the models developed
here are spatially explicit, i.e. patches have explicit locations with coordinates in 2D
space. This complicates/precludes an analytical treatment and simulation modelling
is used here instead. Using simulations allows to implement dynamic, mechanis-
tic models where different processes (e.g. dispersal, competition) are made explicit,
stochasticity can be included and, most importantly, the behaviour of individual pop-
ulations and communities can be followed over time.

2.2.3 Trait-based metacommunity modelling

Traits are implicit in all of metacommunity theory with the exception of neutral mod-
els. In models assuming homogeneous patches, competitiveness and dispersal ability
differ between species; in models with heterogeneous patches, niche preferences and
differential performance in different environments is implied.

The models presented here are spatially explicit in landscapes with a distinct gra-
dient in environmental conditions (temperature), to which species’ performance is
responsive. We use growth as a performance trait (Fig. 1 B) and the temperature
optimum as a physiological response trait that determines growth. Hence, our mod-
els are trait-based in so far as environmental filtering acts via plant performance
(growth) based on a trait (temperature optimum), with the growth response/perfor-
mance function made explicit. Realised species distributions within the landscape
emerge from the interaction of temperature-dependent growth, competition, and dis-
persal.

2.2.4 Adaptive capacity and the trait lag

The adaptive capacity of a community is its ability to track environmental conditions
by the maintenance of a match between attributes or traits of constituent organisms
and changing ambient conditions (Leibold et al., 2005). This tracking involves a shift
of the community trait distribution of a performance trait or the response trait that de-
termines performance. The rate of change of the CWMT value of a relevant response
trait has been recently proposed as a measure of community response capacity (En-
quist et al. 2015; Fig. 2).

In a metacommunity setting, local community adaptive capacity depends in com-
plex ways on the level of dispersal, the strength of local interactions (rate of exclusion,
competition), spatial heterogeneity, and the rate of environmental change (Mouquet
& Loreau, 2003; Loreau et al., 2003; Leibold & Norberg, 2004; Mouquet et al., 2006).
Diversity within the metacommunity region can constitute a spatial insurance if dif-
ferent species persist in different patches (e.g. due to asynchronous fluctuations in
conditions) and dispersal is sufficient but not too high (Mouquet & Loreau, 2003;
Loreau et al., 2003).
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Figure 2: A shift in environmental conditions causes a shift in the community response trait
distribution. A) During stable conditions, the community trait distribution (trait
values per relative biomass) of a response trait converges to center around the cur-
rent environmental optimum: the CWMT coincides with the trait value optimum at
current environmental conditions, indicated by the blue handle. B) A shift in envi-
ronmental conditions shifts the optimal trait value, illustrated as the blue arrow and
the handle with square ends. The trait distribution tracks the shifting optimum as
species with trait values closer to the new optimum increase in relative abundance,
or as species with different trait values immigrate. Note that 1) the distribution is
skewed, and that 2) the CWMT has not yet reached the new optimum, such that
there is a trait lag between the CWMT and the optimum trait value, indicated by
the red arrow.

2.3 why wetlands?

Wetlands form where land and water meet. They are neither fully terrestrial nor fully
aquatic habitats but have features in common with both. The presence of water is the
defining characteristic. As opposed to terrestrial ecosystems, water tables in wetlands
are frequently close to, at, or above the soil surface, which leads to development of
anaerobic and reduced soil conditions. Unlike fully aquatic ecosystems where algae
predominate, wetland primary productivity is largely driven by macrophytes (large
plants with mostly terrestrial growth forms, rooted in soil) or mosses.

Definitions of wetlands are as varied as wetland types themselves. The broadest
and only internationally accepted wetland definition is given by the Ramsar Con-
vention, which includes both natural and human-made wetlands as well as shallow
waters extending to 6 m below low tide along ocean shorelines (Scott & Jones, 1995).
The present discussion pertains to inland freshwater wetlands only and is focused on
temperate and boreal wetlands, in particular the wetland classes bog, fen, marshes
and riparian shoreline wetlands such as wet meadows.

Wetlands are notoriously difficult to delineate, often small, and scattered in the
landscape. Estimates of their global extent range from 5.3 to 12.8 million km2, or 3.5
to 8.5 % of the global land surface area (Zedler & Kercher, 2005; Mitsch et al., 2009).
These numbers, however, are declining as wetland loss continues globally. Worldwide
more than 50% of wetlands have been lost already because of human impacts (Fin-
layson et al., 2005b), and in some densely populated areas of Europe, North America
and East Asia more than 80% of wetland have been lost or severely degraded (Verho-
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even et al., 2006). Although these figures carry some degree of uncertainty, it is well
established that much of the loss of wetlands has occurred in the northern temperate
zone during the first half of the twentieth century, mostly from drainage for urban
development and agricultural purposes (Finlayson et al., 2005a).

2.3.1 Wetlands are wonderful

The human perception of wetlands has a fascinating history. Prehistoric communi-
ties and early civilisations were flourishing and developing for centuries in the fer-
tile floodplains of rivers such as Tigris-Euphrates or Ganges (Maltby & Acreman,
2011). With the advent of modernity, increased population pressure and improved
(agro-)technology, a different image of wetlands arose. They were promoted as un-
healthy, disease-ridden (malaria was widespread in Europe), inaccessible and useless
marginal lands. Drainage and land conversion were encouraged and subsidised way
into the twentieth century (LePage, 2011). They continue to be associated with ’dis-
ease and death, horror and the uncanny, melancholy and the monstrous’ in modern
popular culture (Giblett, 1996).

In recent decades, the appreciation of wetlands as productive, diverse and valu-
able ecosystems has been returning. Historically, the recognition of their high level
of plant and animal (especially bird) diversity was perhaps the major reason for this
change in perception and a turn towards high protection priority for wetlands world-
wide (Verhoeven et al., 2006). Wetlands became the first ecosystem to be protected
by an international treaty in 1975 (the Ramsar convention, Zedler & Kercher 2005).
Nowadays, the multiple benefits that wetlands provide to humans are recognised and
they are valued highly as a natural resource (Barbier, 2011).

2.3.2 Wetlands are useful

There are many different types of wetlands, and each delivers multiple ecosystem
services. In fact most of the ecosystem services described to date are provided by
some wetland type (Vandewalle et al., 2008). There are, however, three key services
that are generated by most wetlands and that stand out as having global significance
(Zedler & Kercher, 2005; Harrison et al., 2010; Maltby & Acreman, 2011; Turner et al.,
2011): the regulation of water flow, water quality, and climate.

Wetlands have a significant influence on the hydrological cycle (Bullock & Acreman,
2003) and hence the supply of water for people and the manifold uses they make of it,
including drinking water, irrigation, energy generation, and transport. Through the
use, storage, and transport of water, wetlands affect the quantity, location, and timing
of water flow (Brauman et al., 2007). Wetlands thereby can maintain constant and
predictable river flow, promote groundwater re-charge, or attenuate the devastating
energy of flood peak flows (Bullock & Acreman, 2003; Zedler & Kercher, 2005).

The improvement of water quality through physical and biogeochemical processes
is perhaps the most highly valued wetland service (Barbier, 2011). Wetland restora-
tion and construction for wastewater treatment is the focus of a whole field of ecologi-
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cal engineering research. Natural wetlands have been called ’the kidneys of the catch-
ment’ as they remove nitrogen and phosphorus from agricultural or urban runoff,
improving downstream water quality (Verhoeven et al., 2006; Mander & Mitsch, 2009).

Wetlands are one of the important linchpins of climate change. The amount of
carbon stored in wetlands, particularly in peatlands, is enormous, with estimates
ranging from 40-70% of terrestrial organic C storage (Mitra et al., 2005; Limpens et al.,
2008). Climate change or anthropogenic disturbances that could affect this storage,
e.g. by drying of the boreal regions or drainage of peatlands, could result in a mas-
sive positive feedback amplifying CO2 emission to the atmosphere. On the other
hand, wetlands are known sources of two other important greenhouse gases (GHGs)
- methane (CH4) and the ozone-depleting nitrous oxide (N2O). The net effect may
partly depend on the time-scale considered, such that wetlands are contributing to
the overall greenhouse effect in the short term (20 yrs), but over longer timescales
may attenuate global warming (subtropical and temperate wetlands) or be perched
on the "greenhouse compensation point" (northern wetlands) (Whiting & Chanton,
2001).

2.3.3 Wetlands are interesting

Wetlands are incredibly interesting model systems for both trait-based ecology and
metacommunity ecology.

Wetlands differ from terrestrial systems in terms of conditions, plant adaptations,
and ecosystem processes. Groundbreaking early work on the trait-based study of
community assembly (Keddy, 1992; Weiher et al., 1998) and competitive interactions
(Gaudet & Keddy, 1988; Keddy et al., 1994) has been conducted with wetland plants.
The literature linking traits to ecosystem functioning, however, stems largely from
terrestrial ecosystems (Díaz & Cabido, 1997; Lavorel & Garnier, 2002) and notable
extensions to ecosystem services are particularly well developed for mountain grass-
lands (Lavorel et al., 2011; Lavorel, 2013). Also research on trait-trait covariation and
coordination into predictable syndromes/strategies (Reich, 2014; Laughlin, 2014b) is
rarely conducted in wetlands, and gradients of water availability tend to consider pre-
cipitation rather than (excessive) soil moisture (but see Ordoñez et al. (2010)). To what
extent research findings from other ecosystems hold in wetlands is an open question.
Testing and extending established frameworks for the case of wetland plants remains
a research gap which this thesis aims to address (Paper 1).

Wetlands are ideal systems also for metacommunity science. Different wetland
types have different patterns of distribution and connectivity. Rain-fed bogs are very
distinct and clearly delineated systems with patchy landscape distribution and little
or no hydrological connectivity. Marshes or shoreline wetlands along rivers may have
more diffuse boundaries but have the interesting property of more or less unidirec-
tional hydrological connectivity. Connectivity of wetland patch mosaics in floodplains
varies over time, and seasonal flood pulses can homogenise local soil propagule pools
(Boudell & Stromberg, 2008). Wetland plants are adapted to a variety of dispersal
vectors, from wind and water to birds and mammals. The main focus herein is on a
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generic dispersal kernel that is most appropriate for wind dispersal, with the exten-
sion of occasional long distance dispersal by animals or humans, but the possibilities
to explore connectivity patterns associated with different vectors are manifold and
exciting.
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3
S U M M A RY O F R E S U LT S

This thesis is motivated by a deep concern regarding the effects of anthropogenic
global change on plant communities. It investigates effects of climate change on veg-
etation and potential biodiversity loss (Q1) as well as its consequences for ecosys-
tem functioning and services (Q2).

(Q1) Addressing this issue first requires an understanding of the factors that deter-
mine which species occur in a given location, and involves questions such as: Under
which environmental conditions can species persist (environmental filtering, the fun-
damental niche)? How then would a change in conditions, from e.g. climate change,
alter the assemblages we see today? How do species interactions modify species
occurrence and coexistence (e.g. competition, niche partitioning, and the realised
niche)? Can species track their climatic niche across the landscape (range shifts)?
Are they able to persist in the new conditions or do they face extinction?

(Q2) To understand what climate change might mean for ecosystem functioning
(as affected by vegetation), we first have to establish how vegetation affects its sur-
roundings under stable conditions, specifically: the properties and processes typical
of an ecosystem (ecosystem functioning). Human well-being is intricately linked to
ecosystem functioning by the benefits we derive from it, the often invisible ecosystem
services. Here we need to identify the aspects of ecosystem functioning that combine
to generate the services of interest, their interactions and interdependencies. Finally,
we can then ask how changes in ecosystem functioning might affect the potential of
ecosystems to deliver these services.

The papers in this thesis tackle different parts of this problem and are unified
by the use of the theoretical approach based on plant functional traits. The following
sections summarise key insights that hopefully contribute to a better understanding
of the value and vulnerability of plant communities in general and wetland plant
communities in particular.

3.1 climate change effects on plant communities (q1)

3.1.1 Local environmental filtering - wetland plant adaptations

On ecological timescales, species thrive in conditions to which they are well adapted,
while species that are less well adapted quickly get outcompeted. Functional traits de-
scribe adaptations, or components of adaptive strategies (plant ecological strategies,
Westoby et al. 2002). Species in locations with different environmental conditions, or
along gradients of changing conditions, thus are expected to have different traits or
trait values (environmental filtering of response traits, Reich et al. 2003; Suding et al.
2008).
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Paper 1 reviews key drivers of wetland plant community composition and func-
tional trait signatures of the three broad, generally tree-less wetland classes bog, fen
and marsh. Since recent plant trait theory has largely been developed in terrestrial
systems (de Bello et al., 2010), wetlands are an ideal natural laboratory to examine and
extend theoretical propositions such as trait covariation predicted from the plant eco-
nomics trait spectrum (PES, Reich 2014). Key insights regarding local environmental
filtering in wetlands can be summarised as follows:

1. The predominant water source and associated hydrological regime constitute
the main drivers that determine wetland type (bog, fen, marsh) and local condi-
tions. Regional topography, hydrology and land use determine landscape scale
distribution of wetland types.

2. Local conditions (hydroperiod, nutrient availability, pH) mediate the functional
signature of the present plant community (environmental filtering). The vege-
tation of different wetland types separates in functional trait space, reflecting
plant specialisation along main trait trade-off axes.

3. Wetland conditions differ from terrestrial gradients. Soil saturation in particu-
lar is a complex gradient that comprises not only water availability but also
changes in soil biochemistry (redox conditions), nutrient availability, as well as
irregular mechanical disturbance. High water availability in wetlands thus also
represents a stress gradient that prohibits dominance of the most acquisitive
trait syndromes.

4. Wetland plants have special adaptations to soil saturation (e.g. aerenchymatic
tissue, high root porosity, radial oxygen loss barriers). Whether and how these
traits trade off with other functional traits is largely unresolved. Constraints
associated with soil saturation and flooding appear to alter some predicted trait
covariation patterns observed in terrestrial plants (e.g. the covariation of leaf
nitrogen content, specific leaf area, and photosynthetic rate; Wright & Sutton-
Grier 2012).

5. Mosses exhibit trait co-variation along axes of specialisation that bears some
similarity to vascular plants. For direct comparison of vascular plant and bryo-
phyte traits, whole moss canopies may function as equivalent to vascular plant
leaves.

6. Phenotypic plasticity could potentially be selected for in wetland plants ex-
posed to irregular flooding regimes. A higher degree of phenotypic plasticity
or intraspecific variation might confer greater adaptive capacity under environ-
mental change.

In summary, local environmental filtering in wetlands reduces the functional trait
space that allows species persistence, depending on wetland type and local condi-
tions. Commonly measured functional traits (e.g. leaf area, leaf dry matter content,
height) are filtered according to theoretical expectations, but additional traits as well
as patterns of trait co-variation sometimes differ in wetland plants. Plant strategies
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in response to complex wetness gradients that involve interactions with fertility and
mechanical disturbance require further elucidation.

3.1.2 Regional species sorting - species distributions along climatic gradients and after cli-
mate change

On larger, biogeographical scales, the distributional ranges of plant species are lim-
ited by bioclimatic factors, such as mean annual temperature, precipitation during
the growing season, seasonality etc. Climate change is moving the suitable climatic
niche of many species, and there is already evidence of species responding to this
by shifting their ranges (Chen et al., 2011). Species have been reported to expand the
leading edge of their ranges, generally northwards or upwards, to retract the trail-
ing edge of their ranges, or to alter their abundance distribution within their ranges
(Lenoir & Svenning, 2015). As even co-occurring species are likely to have different
climatic preferences and range sizes, their relative response to climate change should
differ (i.e. they do not move in concert), resulting in changes in community composi-
tion and species relative abundances.

In Paper 2, species distribution modelling (SDM) was used to estimate changes in
community composition in three wetland types in Sweden in response to predicted
climate change by 2070. Wetland types analysed were bogs, fens, and riparian wet-
lands, the latter here including marshes but also shoreline vegetation and wet mead-
ows. The analysis of compositional change focused on the Norrström Drainage Basin
(NDB), a large catchment in central Sweden including also Stockholm (see Elmhagen
et al. (2015) for a detailed description of the region). Under an intermediate emission
scenario, mean annual temperature in the NDB is predicted to increase by 2.85

◦C
until 2070; annual precipitation is predicted to decrease by 6.7%.

Key results with regard to changes in plant community composition under climate
change were:

1. Species locally respond differentially to shifts in climatic conditions.

2. Changes in species relative abundance can caused changes in community trait
distributions and community weighted mean traits (CWMTs).

3. Relevant bioclimatic factors included both mean annual temperature and pre-
cipitation as well as seasonal extremes (e.g. minimum temperature of the cold-
est month, or precipitation during the warmest quarter).

4. Regional differences in climate change are reflected in community trait change.
Assessment of areas that will be more vulnerable to functional change is theo-
retically possible.

5. While trait changes differed between wetland types, we found a general trend
towards increased proportions of faster growing, more productive, and taller
species, corresponding to a shift towards the acquisitive end of the resource
economics spectrum.
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6. Predicted functional changes were similar to climate-change induced trait
changes predicted for alpine plant communities (Dubuis et al., 2013). This re-
sult suggests that latitudinal shifts may parallel altitudinal shifts in functional
terms, underlining the potential generality of trait-based predictions.

For botanically interested readers, examples of strong predicted increases in rela-
tive biomass in the NDB were for Eriophorum vaginatum and Andromeda polifolia in
bogs, Phalaris arundinacea in fens and Glyceria maxima in riparian wetlands. Plants
predicted to decrease in relative biomass included Rhynchospora alba and Betula nana
in bogs, Molinia caerulea in fens, and, surprisingly, Phragmites australis in riparian
wetlands (due to relatively much stronger increases in abundances of Glyceria maxima
and Typha latifolia). Among mosses, Sphagnum pulchrum, S. rubellum and S. majus were
predicted to decrease, while Calliergonella cuspidata, Sphagnum squarrosum and S. fallax
were predicted to increase in relative biomass.

3.1.3 What affects species range shifts in patchy landscapes filled with competitors?

SDM is based on the correlation between observed (realised) species distributions
and climatic variables. When predicting potential future distributions, the approach
assumes perfect dispersal (all species can get everywhere instantly) and does not
include the effect of resident species that are already there nor that of competitors,
which move as well but at potentially different speeds. To study the relative effects
of local species interactions (competition), dispersal, and the arrangement of patches
in the landscape, we turned to metacommunity simulation models.

Paper 3 examined the effect of increasing ecological realism in a trait-based meta-
community model where interspecific competition and species dispersal capacity me-
diate species and community responses to climate change. I here focused on model
predictions of climate change-driven diversity loss and extinction risk under differing
assumptions. Three dispersal scenarios were compared: i) uniform dispersal capacity
(mean distance) among species, ii) variable dispersal capacity between species, based
on seed mass, and iii) trade-off based dispersal, where seed mass affects not only
dispersal capacity but also other life history parameters relevant to dispersal (seed
number, seedling biomass and germination probability).

Key insights from this model are:

1. Interspecific competition impacts local and regional responses to climate change.
It affects metacommunity dynamics in a number of ways. First, already during
stable conditions, increasing strength of interspecific competition lowers local
and regional diversity, therewith decreasing the metacommunity’s response di-
versity. Second, during changing conditions, competition depresses local even-
ness and population abundances and causes local competitive exclusion of
species that could otherwise persist. Third, pre-emptive dominance of resident
species can cause competitive resistance to colonisation, which slows down
range shifts and increases extinction risk.
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2. Assumptions about dispersal capacity strongly affect predictions of regional
responses to climate change (extinction risk and diversity loss).

3. Differences between dispersal scenarios were driven by competition: dispersal
assumptions determined species fitness differences and the relative importance
of different competitive mechanisms.

4. Variability in species dispersal capacity increased predicted extinction rates
dramatically via the introduction of strong fitness differences between species
(stemming from dispersal kernel manipulation only).

5. Addition of an empirically based life history trade-off between seed mass and
seed number, however, substantially reduced these fitness differences and mod-
erated predicted rates of extinction and diversity loss.

6. The most realistic dispersal scenario (trade-off) generated predictions more sim-
ilar to the simplest scenario (uniform).

In summary, assumptions about dispersal strongly affect model predictions of
species range shifts and regional diversity loss in response to climate change. Real
species differ in their dispersal capacity, but ubiquitous life history trade-offs are
likely to maintain fitness equivalence of different dispersal strategies. Without con-
sidering fitness effects of covarying traits, models that include variable dispersal ca-
pacities thus might overestimate extinction risk from climate change. In terms of
model complexity, the simplifying assumption of uniform dispersal capacity appears
to be a cautious but reasonable choice.

In Paper 4, we explore whole metacommunity responses to climate change in
terms of community trait distributions. Using a similar trait-based metacommunity
model (with uniform, but here stochastic dispersal) the time dynamic of community
response trait distributions during and after climate change was followed. Recent the-
ory predicts the development a lag of CWMT values behind a shifting environmental
optimum (Norberg et al., 2001; Norberg, 2004; Enquist et al., 2015). We applied this
theory to the metacommunity scale, and tracked the regional average trait-lag (TLMC)
as a direct measure of the realised response of the whole metacommunity to changing
conditions.

Following the dynamics of TLMC allows to i) study the timescales of development
and recovery of the regional trait-lag, ii) disentangle the components contributing
to community reorganisation, and iii) summarise the realised response into a sin-
gle value metric by integrating TLMC over time. We propose to use the inverse of
the integrated regional trait-lag (1/

∫
TLMC) as measure of metacommunity response

capacity.
Using this metric, we compared effects of functional group characteristics (intrinsic

rate of increase and strength of interspecific competition) and landscape characteris-
tics (interpatch distance and patch arrangement, quantified by properties of the con-
nectivity network) on response capacity. By decomposition of the dynamic response,
the relative contributions of local and regional dynamics over time were studied.

Main findings can be summarised as follows:
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1. Metacommunity response capacity jointly depended on local and regional dy-
namics.

2. The initial response was governed by local shifts in resident species relative
abundances (functional compensation).

3. Given sufficient response diversity (high variance of local trait distributions),
the speed of the response (mediated by growth rates) determined local initial
response capacity.

4. Long-term response or adaptive capacity depended on regional re-organisation
by migration of species better adapted to novel conditions.

5. Regional trait-lags built up faster than they recovered. Dispersal was the limit-
ing factor for recovery, and was mediated by both landscape characteristics and
local dynamics.

6. Fast turnover communities of ’ruderals’ (fast growth and weak competition)
developed the smallest lags and recovered faster due to faster establishment and
species turnover in conjunction with higher levels of coexistence. Slow turnover
’competitive’ communities (slow growth and strong competition) showed weak
response capacity owing to lower response diversity, persistence of maladapted
species and resistance to immigration.

7. In larger landscapes where patches were scarce and dispersal limited, trait-lags
persisted long after climate change had come to a halt.

8. Under dispersal limitation, properties of the functional connectivity network
influenced traversal of the landscape and response capacity. Spatial clustering of
patches or short characteristic path length appeared to be alternative topologies
that both enabled range shifts.

9. Analysis of potential functional connectivity networks in real landscapes may
help prioritise those habitat patches for conservation to maintain the connectiv-
ity required for species range shifts.

3.2 consequences for ecosystem functioning (q2)

3.2.1 How do plants affect ecosystem functioning and services?

At the landscape scale, regional topography, hydrology, and human land use deter-
mine the type and location of wetlands that can form. As a result of their charac-
teristic ecosystem structure, as well as depending on their hydrological connectivity
with the surrounding landscape, wetland types differ in their ecosystem service po-
tential. Locally however, the present plant community determines or influences key
structural and functional ecosystem characteristics.

Paper 1 went on to review the knowledge base for wetland plant trait effects on
those ecosystem properties and processes that are involved in the generation of three
key wetland services: water flow regulation, water quality regulation, and climate
regulation. Key insights were:
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1. Ecosystem services (ES) often comprise a variety of aspects or potential benefits.
For example, ’water flow regulation’ can refer to either groundwater recharge,
ensuring drinking water supply, or the regulation of surface runoff and river
flow, maintaining predictability and constancy of water flow, or the retention
and temporary storage of rainfall and the dissipation of peak flow energy, mit-
igating flood damage. Clarity as to which aspect is meant is necessary when
attempting to unravel the underlying ecology.

2. Each ES (aspect) is dependent on the balance of multiple ecosystem processes
(Fig. 3). The relative magnitude of process rates with either positive or negative
effects on a resulting service matter for the net potential to generate a single
service as well for ecosystem multifunctionality.

3. Predominant functional traits or community weighted mean traits can be useful
to estimate ES potential via their effects on the magnitude of different process
rates.

4. Fundamental trade-offs at the trait level can scale up to tradeoffs and synergies
among ecosystem processes and ultimately ecosystem services.

5. The usefulness of traits to ES assessments is limited when the same traits foster
conflicting service aspects or when timescales of effects are very long.

6. Traits that affect ecosystem functioning overlap with patterns in terrestrial sys-
tems.

7. Morphological and architectural traits can capture much of how plants affect
their physical environment (e.g. height, growth form and leaf shape affect flow
regulation), and may also influence biochemical conditions (aerenchyma results
in oxygenation of the rhizosphere). Biochemical traits related to the resource
economics spectrum affect soil microbial processes and biogeochemical cycling
(e.g. leaf nitrogen concentration affects decomposition and denitrification rates).

8. Wetland-specific traits additionally mediate plant effects on soil redox condi-
tions, microbial communities and on water flow. Such traits, as well as trait
spectra of mosses, vary among wetland types but their effects on wetland func-
tioning are less often studied.

All of the processes involved in generating an ecosystem service are influenced
to some degree by the present plant community. Multiple traits are linked to many
ecosystem processes, and the resulting network of relationships is complex.

This reductionist programme of studying effects of single traits aims to identify the
most important traits and processes involved in ecosystem service generation and the
mechanisms by which they are linked. It is not intended to stop there, but hopes to
point to the relevant building blocks we need to incorporate when we then step back
again to generate simpler, but mechanistic models of wetland functioning.

A major contribution of Paper 1 is the interactive summary of review results in an
online figure, which breaks the traditional linear review format and allows to explore
these complex relationships in a more intuitive and pedagogical fashion (Paper 1:
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Figure 3: Ecosystem service potential depends on the balance of multiple ecosystem pro-
cesses, exemplified here for water flow regulation. The box represents the local wet-
land environment. Water input terms are precipitation, surface water inflow (SWI)
and groundwater inflow (GWI). Water outflow terms are surface water outflow
(SWO), ground water outflow (GWO) and evapotranspiration. Vegetation controls
or mediates all of the involved ecosystem processes directly (e.g. canopy intercep-
tion, transpiration) or indirectly (via effects on soil properties or microclimate).

Fig. S1). The figure assembles the most important drivers of wetland plant functional
characteristics and links to ecosystem functioning to provide an overview and guide
future research towards process-based predictive models that consider the complex
relationships between multiple aspects simultaneously.

3.2.2 Potential consequences of climate-change driven vegetation change for wetland func-
tioning and services

Paper 2 built on this established knowledge base of trait effects on ecosystem pro-
cesses and applied it to estimate the direction of change in ecosystem service po-
tential in response to climate change. We here attempted the first estimate of future
changes in wetland ecosystem service potential based on quantitative estimates of
community trait changes (see Kominoski et al. 2013 for a qualitative discussion of po-
tential riparian wetland changes). Under the assumption that the effect of species on
ecosystem functioning is proportional to their relative biomass (mass ratio hypothe-
sis), we used the modelled change in biomass-weighted community mean trait values
(CWMT) to then qualitatively estimate likely changes in ecosystem process rates and
resulting services. Key results were:
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summary of results

1. Community trait changes differed between wetland types, and showed some
regional variation within the drainage basin (Paper 2: Figs. 2-5). Root depth
for example was predicted to decrease in bogs and riparian wetlands, but to in-
crease in fens. A spatial trend within the drainage basin of stronger trait changes
towards the hillier west was largely driven by relatively greater decreases in pre-
cipitation.

2. Functional changes followed an overall trend towards an increase in relative
biomass of taller, faster growing, more exploitative species, corresponding to a
shift along the plant economics spectrum towards the acquisitive end. Predicted
changes in CWMT values included increases in CWM canopy height and spe-
cific leaf area, a shift from graminoids and evergreens to higher proportions of
herbaceous species, and an increase in the proportion of facultatively mycor-
rhizal species.

3. Taken together, the predicted changes in community traits point to potential
increases in rates of primary productivity and nutrient turnover (nutrient up-
take and decomposition, see Fig. 4). Larger standing biomass could increase
canopy interception of precipitation, transpiration rates, and water flow resis-
tance. Among aquatic plants, proportional shifts towards more rigid species
with larger space occupancy in the water column would further increase flow
resistance in flowing water bodies.

4. These estimates of changes in ecosystem properties and process rates indicate
a potential direction of change for ecosystem services. Short- but not long-term
nutrient retention could increase in fens and riparian wetlands, but not in bogs.
Flood attenuation was predicted to increase in all wetland types, most strongly
in riparian wetlands. For carbon sequestration, the method predicted conflicting
changes in process rates that were overall inconclusive, except for a potential
decline in carbon sequestration capacity in bogs, where decomposition and net
ecosystem carbon exchange rate could go up.

5. Climate change effects on the functional composition of wetland plant commu-
nities thus had both positive and negative effects on ES potential. While water
quality and water flow regulation might benefit, carbon sequestration capacity
could decrease.
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3.2 consequences for ecosystem functioning (q2)
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Figure 4: Changes in community mean traits affect ecosystem properties and rates of pro-
cesses involved in water quality regulation. The example highlights pathways for
effects on nitrogen retention, which is especially relevant for quality regulation of
agricultural surface water runoff and the prevention of eutrophication in down-
stream waterbodies. The left hand side shows modelled trait changes (black) along
with expected changes in co-varying traits (grey); signs indicate the general direc-
tion of trait change due to climate change in central Swedish wetlands. The middle
through to the right shows important ecosystem properties and processes involved
that are influenced by trait changes. Black full lines indicate positive relationships;
red, dashed lines indicate negative relationships. Arrow thickness is a three level
estimate of the relative importance of links in determining the net rate of nitrogen
retention.
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4
M E T H O D S - L I M I TAT I O N S A N D N E X T S T E P S

The papers in this thesis have employed a broad range of methods to tackle the prob-
lem from different angles. The following sections briefly evaluate their usefulness
and limitations with regard to the two main research questions and suggest possible
extensions and complementary approaches.

4.1 sdm and trait distributions

Species distribution modelling (SDM) is a numerical, essentially correlative approach
to link observed species occurrences (and potentially confirmed absences, or abun-
dances) with environmental data, most often of climatic variables. From established
correlations, altered distributions of species under changed, future conditions can be
predicted, assuming no dispersal limitation and no change in species interactions.

Using a large dataset for Sweden (the national wetland inventory, Paper 2 Sup-
plementary Material) we identified species that were common and abundant in any
of the three wetland types studied (bogs, fens, and riparian wetlands); these were
assumed to cover a substantial proportion of each community’s biomass. This is a
practical advantage of mass ratio effects: when the mean and not the spread of the
community trait distribution is of interest, it is possible to restrict sampling or mod-
elling to the dominant species. Currently rare species are not included though. SDMs
were constructed for all selected species and overlaid to model community composi-
tion (so-called stacked SDMs, Guisan & Rahbek 2011).

Maxent was chosen as a robust SDM algorithm, given the quality (poor) and ex-
tent (large) of the species occurrence data at hand. Maxent is a machine learning
algorithm developed specifically for presence-only data (Phillips et al., 2006), next to
a number of additional advantages (Elith & Leathwick, 2009; Elith et al., 2011). Predic-
tor variables were carefully chosen, and included not only bioclimatic variables, but
also elevation, soil and bedrock, as well as pH data (see Paper 2 Suppl.). The output
of Maxent is an estimate of occurrence probability given the environment.

Occurrence probability does not always directly translate to mean local abundance
(Thuiller et al., 2014), but appears to predict the local maximum abundance well (Van-
DerWal et al., 2009). Hence, to convert occurrence probability into an estimate of
species relative biomass, we (1) modified the approach and (2) extended it as fol-
lows. (1) Species abundance in the dataset was recorded in three categorical classes
(rare, intermediate, dominant); we ran separate SDMs for each abundance class and
calculated a weighted average of occurrence probabilities from each of them as a
continuous estimate of probable abundance given the environment. (2) We converted
these relative abundance estimates into relative biomass via allometric scaling rela-
tionships between individual height, biomass, and density (Niklas & Enquist, 2001;
Belgrano et al., 2002). We used this innovative approach to tackle the challenge of
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4.2 metacommunity modelling

predicting changes in biomass-weighted community traits, but as emphasised in the
paper, results are treated as indicative rather than definitive.

ways forward While allometric scaling can detect strong relationships over broad
ranges of species, within guilds or local assemblages its predictive power might be
less strong, and the method requires further refinement. Two possible approaches are
to (1) relate occurrence probability directly to abundance or other demographic vari-
ables measured in the field (Thuiller et al., 2014), or (2) establish how biomass scales
with or can be predicted from other traits (e.g. Enquist et al. 2007). Either way, esti-
mates of realised relative abundances and biomass are complicated by the modifying
effect of interspecific interactions.

4.2 metacommunity modelling

Metacommunity models are designed to integrate local species interactions and re-
gional dynamics. In contrast to SDM, they can be difficult to parameterise and link
to observed distributions, but they are rooted in strong theoretical foundations. Most
empirical metacommunity studies are conducted in microcosms with short lived or-
ganisms (e.g. zooplankton in rock pools, protozoans in pitcher plant cavities, inverte-
brates in moss patches) and large scale field studies are difficult and rare (but see e.g.
Alexander et al. 2012). The power of metacommunity models lies in the exploration
of theoretical implications of added complexities, and that is how they are employed
here.

The metacommunity simulation models developed here are spatially explicit, set
in landscapes characterised by a linear environmental (temperature) gradient, and
local community dynamics in-between dispersal events are modelled explicitly. Re-
alised species distributions across the landscape emerge from the interaction of dis-
persal, trait-based sorting (via growth rate) and competition. As such these models
include the fundamental processes that regulate species persistence and migration
in a patchy landscape during climate change. Local density-dependence and com-
petition are combined with environmental filtering, dispersal and regional species
sorting in a warming landscape. In principle, they should be possible to parameterise
for any species. A significant advantage lies in their modularity, and the ease with
which they could be extended.

Models are by definition simplified representations of reality, and as such could
always include more detail. The challenge is to make them just complex enough to
capture the factors essential to the question at hand. While I hold that the current
models met that target, major limitations remaining are i) a focus on either annuals
or perennials only, ii) random landscapes, iii) generic parameterisation that limits
applicability to real world situations.

ways forward Future work could address these limitations by extending the
presented models in a number of ways.

First, environmental filtering in the current models is based on a synthetic trait
describing the temperature dependence of growth rate. This performance trait likely
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methods - limitations and next steps

depends on a combination of functional traits. Experimental studies could measure
temperature dependence of species relative growth rates (and other vital rates) and
assess which morphological and physiological traits affect it. Submodels describing
the dependence of temperature optima on more easily measurable traits would allow
to parameterise demographic dynamics in the model for real species.

Second, pairwise competitive effects of species could potentially also be inferred
from functional traits and parameterised for specific communities (Gaudet & Keddy,
1988; Kunstler et al., 2016). Other forms of species interactions (e.g. facilitation) could
be explored (e.g. Singer et al. 2013).

Third, the dispersal kernel could be derived from mechanistic wind dispersal mod-
els (Nathan et al., 2011), which could be linked to plant dispersal traits (Schleicher
et al., 2011; Thomson et al., 2010; Tamme et al., 2014). Rare long distance dispersal
(LDD) events could be added as a second kernel (Nathan et al., 2008). Incorporat-
ing multiple dispersal vectors would be another step towards more realistic models.
The question of dispersal vectors is particularly interesting in wetlands, where seed
dispersal by water (hydrochory) is common, with the interesting property of unidi-
rectional downstream movement. Zoochory could be added via behavioural models
of animal movements (Cousens et al., 2010). Dispersal vector availability could then
be examined, as a lack of suitable vectors is known to contribute to regional species
loss (Ozinga et al., 2009).

Fourth, landscape design could be altered. Patch arrangement could be manipu-
lated to model connectivity network properties directly (Lennartsson et al., 2012), to
better evaluate conservation efforts aimed at creating stepping stones and corridors
(Saura et al., 2014). Variability could be added to the environmental gradient, creating
pockets in the landscape that differ in e.g. their microclimate and that could serve as
microrefugia (Hannah et al., 2014). Additional factors affecting patch quality could be
included, from resource availability to patch size.

Lastly, alternative climate change scenarios could be explored, and more climate
variables included (especially precipitation). The climate change scenario chosen here
is based on long-term temperature increase predicted by an Earth System Model en-
semble (Zickfeld et al., 2013). Realised regional climate trajectories are likely to differ
in magnitude and rate, and potentially also in their functional form from the global
average. The rate of climate change should interact with landscape connectivity and
species’ dispersal capacity in modifying range shifts and extinction probabilities. Ad-
ditionally, not only mean temperatures are predicted to increase, but also climate
variability (Rahmstorf & Coumou, 2012), with implications for community dynam-
ics (Thompson et al., 2013). And, importantly for wetlands, climate change driven
alterations of regional hydrology should be assessed.

next steps Overall, two major research avenues emerge. (1) A combination of
SDM with metacommunity modelling would combine the strengths of the two ap-
proaches. Indeed, so-called hybrid SDMs are now under development that combine
habitat suitability estimates with demographic models (Thuiller et al., 2013; D’Amen
et al., 2015; Thuiller et al., 2015; Ehrlén & Morris, 2015). Such efforts represent a major
step forward towards better predictions of climate change effects on plant commu-
nities. However, extensive programmes of intermediate to long-term experimental
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4.3 trait effects on ecosystem functioning

manipulations and field observations will be required to estimate demographic pa-
rameters even for a shortlist of a few model species (Ehrlén et al., 2016). Therefore, (2),
it will be worthwhile to further develop models that estimate these parameters from
combinations of functional traits, so as to generalise predictions to the full diversity
of plant species.

4.3 trait effects on ecosystem functioning

Paper 1 reviewed the literature to assemble a knowledge base for the ecological sig-
nificance of wetland plant traits. As there were comparatively few studies explicitly
linking wetland plant traits and ecosystem services, I conducted a multi-tier litera-
ture review in ISI Web of Science and Google Scholar. First, keyword combinations
included search terms for traits (trait*, plant trait, functional trait, attribute, etc.), wet-
land types (e.g. wetland*, bog, fen, mire, marsh, riparian, etc.) and aspects of the three
ecosystem services (e.g. flow, flood, nitrogen, eutrophication, etc.). Second, a separate
survey established which ecosystem processes are involved in the provisioning of
each service. Based on this, keyword combinations were generated including traits,
wetland types and all of these processes (e.g. infiltration, interception, peat formation,
decomposition, etc.). In addition to this search, studies were added via referenced stud-
ies from included papers and expert knowledge of all authors. While this approach
resulted in a rather extensive review, it is not necessarily comprehensive, and relevant
studies might have been overlooked.

The majority of studies reviewed in Paper 1 offered qualitative or anecdotal ev-
idence of links from traits to ecosystem properties. Studies reporting quantitative
relationships between traits and ecosystem process rates commonly focused on only
one or two processes, complicating estimates of effects on ecosystem functioning as
a set of multiple, interdependent processes. Links from traits to ecosystem function-
ing assumed in Paper 2 are thus qualitative, unidirectional and univariate, ignoring
potentially important interactions among traits and among processes, as well as feed-
backs from processes to traits.

A second assumption made in Paper 2 was that trait effects are driven by the dom-
inant species in a community, i.e. the species with the highest relative biomass (mass
ratio hypothesis, Grime 1998). Based on this, the change in community mean trait
values weighted for biomass (CWMT) was used to estimate changes in ecosystem
functioning. Mass ratio effects on ecosystem functioning and the usefulness of the
CWMT are empirically well supported (e.g. Lavorel et al. 2011; Laliberté & Tylianakis
2012; Tardif et al. 2014). Some ecosystem processes, however, might be driven by func-
tional diversity effects, where not the mean, but the spread (variance) of the biomass-
weighted trait distribution affects the level of an ecosystem process (Butterfield et al.,
2016). Also functional divergence and evenness of trait distributions have been pro-
posed as relevant measures (Mason et al., 2005; Villéger et al., 2008). When charac-
terising trait distributions by their central moments, evenness can be captured via
kurtosis; divergence or multimodality are less straightforward to incorporate. When
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methods - limitations and next steps

and for which functions these aspects of trait distributions matter is to my knowledge
largely unresolved.

ways forward Our review findings emphasise the multivariate nature of trait-
ecosystem functioning relationships. Any one ecosystem process was found to be
influenced by a number of traits. Whether CWM values of single traits are powerful
enough indicators of ecosystem functioning levels (Butterfield & Suding, 2013), or
whether multi-trait indices are needed (Mouillot et al., 2011) is still an open ques-
tion. It might depend on ecosystem context or the process in question (Butterfield
& Suding, 2013). My impression is that the establishment of general trait covariation
patterns will be necessary when evaluating plant effects on ecosystem services that
depend on multiple processes or when trying to predict plant community functional
responses to multivariate changes in the environment (Mouillot et al., 2013; Laughlin
& Messier, 2015).

4.4 trait data situation

The availability of trait data is still an issue in trait-based ecology and particularly
so for wetland plants, despite the rise of global databases such as TRY (Kattge et al.,
2011).

Trait data used (Paper 2) was assembled from a variety of sources, but was con-
strained by data availability. I used web scraping to combine trait data from public
databases 1, extracted data from data papers 2 and primary literature 3, and benefited
from ongoing work that is analysing old archive data (courtesy of Klaas Metselaar 4).
Notwithstanding these efforts, full species coverage for 69 vascular plant species was
only given for five commonly measured ’soft’ traits (Paper 2: Table 1).

To fill gaps for a sixth trait (root depth) we used a method that estimates missing
trait values based on phylogenetic relationships (PhyloPars, Bruggeman et al. 2009).
This innovative approach might offer reasonable approximations in the majority of
cases, but rapid divergence in trait values can occur, especially for species adapting
to extreme habitats such as wetlands. One possibility for refinement of this method
would be the addition of constraints from known covarying traits.

ways forward Wetland-specific traits, moss traits and below-ground traits in
general are not well covered in existing trait databases. As a consequence, current
trait-based studies tend to focus on the same limited set of commonly measured
traits. To establish truly general relationships between traits, studies and databases
must be extended to all habitats and traits from all plant organs. There is clearly a
need for field studies and controlled experiments that measure trait values and trait

1 LEDA (Kleyer et al., 2008); BiolFlor (Klotz et al., 2002); PLANTATT (Hill et al., 2004); BRYOATT (Hill
et al., 2007); ECOFLORA (Fitter & Peat, 1994)

2 Mycorrhiza dataset, Akhmetzhanova et al. (2012); GLOPNET, Wright et al. (2004); FIFTH, Cerabolini et al.
(2010)

3 e.g. Willby (2000), Hempel et al. (2013), Grime et al. (2007)
4 Metselaar et al. (2009)
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4.5 are traits useful?

covariation in wetland plants, with a special focus on below-ground characteristics
and intraspecific variability.

The lack of a standardised estimate of intraspecific variability is another, general
limitation of most trait databases. For a few common traits (e.g. SLA), multiple mea-
surements in different locations are available. This could allow for an estimate of the
extent of intraspecific variability, were it not for extremely uneven sample sizes that
hinder such assessments. Investigations into which traits are most plastic and their
range of variation are however needed to at least enable estimation of error margins
around mean traits and models based on them (Albert et al., 2011).

4.5 are traits useful?

The foundational hypothesis of this thesis is that the mechanisms by which biodi-
versity responds to and affects the environment can be captured by functional traits
(Lavorel & Garnier, 2002). An explosion of research over the past decade has accumu-
lated evidence for the power of the approach, yet challenges remain before we can
build truly general predictive models (Funk et al., 2016). In principle, traits have the
potential to mechanistically explain plant and community functioning in different
environments (Enquist et al., 2015; Levine, 2016). In practice, the question remains:
which traits? A large proportion of the global variation in plant form and function
can be captured by two main axes of coordination (size and leaf economics) (Díaz
et al., 2016), but, as with allometric scaling relationships, things are likely to be more
complicated in local assemblages. Our review of trait responses to gradients in wet-
lands has shown that we have not yet mastered the details well enough to make full
use of the potential of trait-based approaches.

ways forward A research programme to address this might take form as follows.
(1) Identify the actual selective forces acting along environmental gradients and stan-
dardise their measurement across different habitats and regions (Shipley et al., 2016).
(2) Establish the position of species and individuals (to account for intraspecific vari-
ation) in multidimensional trait space and relate this position to fitness in different
environments (Reich et al., 2003; Kraft et al., 2015). While we should initially include
as many (reasonable) traits as possible, the trait space available and trait covariation
may be constrained by fundamental trade-offs (Laughlin, 2014b; Díaz et al., 2016).
Uncovering these will allow us to find the limited axes of variation needed to fully
capture plant functioning (Laughlin & Messier, 2015), and hopefully to identify sets
of soft traits (Weiher et al., 1999) that allow us to estimate plant position along these
axes. (3) Quantify effects of community mean positions (or functional divergence;
Mouillot et al. 2011) along functional trait axes on multiple ecosystem processes. (4)
To extend the argument to ecosystem services, map out relationships and feedbacks
among ecosystem processes involved in ecosystem service generation.

Whether we can think of the right traits, or indeed measure them (Levine, 2016),
is uncertain. More extensive incorporation of below-ground traits should be the next
step. Since ongoing environmental change can rapidly alter both abiotic conditions
and biotic interaction milieus, the need to anticipate community responses demands
predictive models for which traits may be our best bet.
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5
S Y N T H E S I S

Climate change interacts with habitat loss and fragmentation to alter the structure
and functioning of plant communities, with consequences for ecosystem function-
ing and resulting ecosystem services. In short, human impacts on ecosystems are
threatening biodiversity (Ceballos et al., 2015), and biodiversity loss is putting human
well-being at risk (Díaz et al., 2006).

The better we understand the ecological dynamics that maintain healthy, function-
ing and resilient ecosystems, the better we can anticipate potential change and the
greater our chance of mitigating undesirable outcomes (Ehrlich & Pringle, 2008). The
work in this thesis contributes to a better understanding of climate change impacts
on plant communities and potential consequences for ecosystem functioning by in-
vestigating and illuminating different parts of this problem, while drawing on and
combining different approaches and theories (Fig 5).

Functional traits for functional wetlands! Pushing the envelope of plant trait theory
to wetlands has pointed to limits of our current understanding and to exciting av-
enues for future research (Paper 1). Understanding wetland plant trait covariation
in response to complex soil saturation gradients should prove informative regarding
universal axes of plant specialisation and the trade-offs that mediate species position-
ing along them. That such theory can be extended to the form and functioning of
mosses sparks optimism as to its potential universal applicability. While our knowl-
edge of response traits in wetlands is still limited, we have shown that key environ-
mental drivers can be linked to the functional signature of different wetland types,
thus providing also first indications of their vegetation-mediated ecosystem service
potential. Plant traits mechanistically explain vegetation effects on hydrology and
biogeochemical cycling.

How will wetland plant communities change? To model climate change responses
of wetland vegetation directly from traits, our understanding is not yet advanced
enough. As an approximation, species distribution modelling was employed, and
combined in a novel way with plant effect traits to estimate potential change in wet-
land functioning due to climate change (Paper 2). Changes in relative biomass of
species caused marked shifts in community mean traits. Functional changes differed
between wetland types, but the general trend was a shift towards the more acquisitive
end of the resource economics spectrum.

Are these changes likely to be realised? In the long term, most probably yes, but we
should expect considerable time lags stemming from the limited capacity of species
to shift their ranges in fragmented landscapes fast enough to keep up with climate
change (Paper 3). In the meantime, reductions in primary productivity and other pro-
cess rates are possible (Paper 4). ’Migration lags’ (Corlett & Westcott, 2013) resulting
in community trait-lags coincide with depressed rates of ecosystem functioning.
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synthesis

Figure 5: How does climate change interact with habitat fragmentation to impact plant com-
munitities, and what are the consequences for ecosystem functioning and ecosystem
service potential? The papers in this thesis have addressed this question by draw-
ing on trait-based theory to study response and effect traits in wetlands (Paper 1),
touching on questions from biodiversity-ecosystem functioning theory (BEF). Com-
munity trait responses to climate change were estimated using species distribution
modelling, to scale to changes in ecosystem service potential (Paper 2). To inte-
grate the modifying effects of landscape scale dynamics and dispersal with local
dynamics involving species interactions, models built on metacommunity theory
were developed (Papers 3, 4). LULC: Land Use/Land Cover.

What factors should we consider? Species interactions (competition) have here been
shown to influence local responses to climate change, but for larger scale and long-
term responses, species dispersal and landscape characteristics were decisive (Papers
3, 4). This echoes recent findings that the imprint of biotic interactions is relevant at
local scales, where it mediates species abundances, but diminishes at larger scales,
where abiotic factors and dispersal are more important in determining species occur-
rence probability (Boulangeat et al., 2012; Thuiller et al., 2015).

Differences in dispersal capacity between species are a reality, yet fundamental
trade-offs may have the potential to maintain fitness equivalence and coexistence of
different dispersal strategies in plant communities (Paper 3). Regarding the mod-
elling of aggregate properties such as regional diversity, the assumption of uniform
dispersal capacity can offer a reasonable approximation. Nonetheless, during climate
change, worse dispersers are expected to develop larger lags behind their optimum
niche. While they may locally resist changing conditions and show transient persis-
tence, this ultimately might accrue extinction debts (Hylander & Ehrlén, 2013) that
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could also entail functioning and ecosystem service debts (Gonzalez et al., 2009; Is-
bell et al., 2015). To facilitate climate change adaptation of species with low dispersal
capacity and of slow-growing species, assisted migration may be required (Corlett &
Westcott, 2013).

Where habitat was scarce, connectivity network properties were found to influ-
ence species range shifts (Paper 4), suggesting that the maintenance of connectiv-
ity should be of concern to conservation decisions. Clustering of patches into local
components enhanced the efficiency of landscape traversal, as did the alignment of
patches of good reachability into stepping stones. The maintenance of habitat connec-
tivity should take into account both the dispersal capacity of target species as well
as the regional directionality of climate change (Vos et al., 2008). Species distribution
modelling can identify areas where range expansions can be expected.

Wetlands in the wings: future ecosystem service potential. Wetlands provide a multitude
of ecosystem services at levels disproportionately greater than their area would sug-
gest (Zedler & Kercher, 2005). In Europe, only an estimated 20% of the original wet-
land area remain, but concerns over biodiversity loss, surface water quality as well
as increasing flooding damage have sparked renewed interest in the conservation,
restoration and construction of wetlands (Verhoeven, 2014). Between 1996-2011, Swe-
den has spent 130 million euros on the construction of wetlands for nutrient retention
in efforts to achieve national environmental protection goals (’Thriving wetlands’)
and water quality standards of the European Water Framework Directive (Arheimer
& Pers, 2016). The achieved reduction efficiency of nitrogen and phosphorus loadings
to the Baltic Sea was less than could be expected (Land et al., 2016), partly due to a
lack of clear guidelines for wetland construction. Wetland creation and restoration
should take into account local environmental and hydrological conditions (Mitsch &
Gosselink, 2000; Meli et al., 2014), also in order to anticipate the functional compo-
sition of establishing communities. Trait-based approaches then allow for targeted
functional fine-tuning of the local plant community via management of plant popu-
lations with particular trait values (Laughlin, 2014a). Species distribution modelling
can point to those species that are most likely to alter their abundances, and, in con-
junction with trait-based assessments, indicate potential functional consequences.

We here found that climate change driven compositional changes of wetland vege-
tation in the long-term might prove beneficial for wetland potential for flood mitiga-
tion and nutrient retention in central Sweden (Paper 2). The fate of peatland carbon
sequestration on the other hand is less certain; a decrease in precipitation along with
increased rates of decomposition due to changed species composition could decrease
the carbon sequestration capacity of bogs. Other authors however, have found that
increased primary productivity might offset these effects, such that peatland carbon
sequestration rate could benefit from warmer future climates (Charman et al., 2013).
More detailed projections of local hydrological change as well as improved predic-
tions of functional vegetation change are needed to reduce these uncertainties.

Nonetheless, these findings are overall encouraging. While we can expect some
changes in both wetland form and function, wetland ecosystem service potential
may benefit from climate change. The growing awareness of the multifunctionality of
wetlands will support efforts to preserve these valuable ecosystems.
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6
C O N C L U S I O N A N D F U T U R E D I R E C T I O N S

The ultimate goals of predictive plant ecology are to capture the links between en-
vironmental conditions and individual performance, and to scale from individuals
to community composition and finally ecosystem functioning and service potential.
Trait-based approaches base these links on mechanistic relationships, thereby moving
beyond descriptive theories based on taxonomic identity towards true explanation
and prediction. Employing a variety of methods, this thesis has contributed some
puzzle pieces to the bigger picture. It has pushed the envelope of current plant func-
tional ecology by extending the investigation of response and effect traits to wetland
vegetation and by exploring new trait-based modelling approaches to climate change
effects on plant communities and ecosystem functioning.

where to go from here?

Two major lines of inquiry have emerged that offer great potential for future research.

First, the further pursuit of a trait-based ecology for wetland vegetation that will
benefit general plant theory as well as wetland ecology. We urgently require empirical
studies that i) establish patterns of wetland trait responses and covariation along
interacting gradients of soil saturation and nutrient availability, ii) better quantify the
relationships between community mean traits and multiple ecosystem process rates
in wetlands, and iii) test whether mean traits or the diversity or range of trait values
have the higher explanatory power with regard to different ecosystem processes. This
echoes calls for a firmer empirical validation of some foundational aspects of trait-
based plant ecology in general (Shipley et al., 2016), and I believe that wetlands are
an ideal testing ground for this.

Second, the conceptual and theoretical advancement of trait-based models towards
a quantitative theory of community trait dynamics from community assembly through
coexistence to ecosystem functioning. Exciting research is currently emerging that re-
casts basic ecological theory in terms of traits.

New frameworks and models have been developed for the trait-based prediction
of community assembly through dispersal limitation and environmental filtering of
traits from a regional species pool (Laughlin & Laughlin, 2013; De Bello et al., 2013).
Functional traits are being linked to mechanisms of species coexistence (sensu Ches-
son 2000). For example, Adler et al. (2013) found strong potential for spatial and
temporal heterogeneity to mediate coexistence by acting on functional trait variation.
Kraft et al. (2015) demonstrated that individual traits were correlated with fitness
differences that cause competitive exclusion, while combinations of multiple traits
were required to explain stabilising niche differences that promote coexistence. Suc-
cessful modelling of species abundance patterns from traits will require the adequate
resolution of the direct links between traits and fitness.
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conclusion and future directions

In a move towards quantitative modelling of ecosystem functioning, the recently
proposed ’Trait Driver Theory’ (TDT; Enquist et al. 2015) integrates performance trait
responses to environmental drivers with metabolic scaling theory to predict ecosys-
tem process rates. TDT has been developed with a focus on one performance trait
(growth). Establishing the dependence of growth rate on multiple co-varying traits,
potentially constrained by fundamental (evolutionary or physiological) trade-offs,
might be the next necessary step to further generalise the theory.

Examining these different research trajectories from a bird’s-eye view, and perhaps
combining them via their predictions about the shape and dynamics of trait distribu-
tions, brings us closer to a predictive theory that can bridge scales from individual
physiology to community and ecosystem dynamics.

Most importantly, the integration of empirical research with theory development
in an iterative feedback process should be the most fertile ground in this fast moving
field. Mathematical models can guide empirical research. Experimental assessment
of trait effects on demographic variables and competitive interactions would enable
a generalised parameterisation of models. Moving towards integrated multidimen-
sional phenotypes by establishing fundamental trait trade-offs and patterns of trait
covariation will allow progress towards the explanation of both species coexistence
and links to ecosystem functioning (Turnbull et al., 2012; Laughlin & Messier, 2015).
Quantifying and modelling the links between traits and multiple ecosystem process
rates simultaneously (including potential feedbacks) will improve predictions of po-
tential future change in ecosystem functioning.

This thesis has probed novel ways to operationalise traits to understand commu-
nity responses to the environment and community effects on ecosystem functioning.
Further development of the approaches outlined here will contribute to the anticipa-
tion of climate change effects on plant diversity and ecosystem service potential.

Nonetheless, looking back to the basic assumptions of trait-based ecology and rein-
forcing the empirical knowledge base with data from experimental and field studies
will be just as important and valuable to the future progress of the field.

We have only just begun.
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Two roads diverged in a wood, and I–
I took the one less traveled by,

And that has made all the difference.

— Robert Frost (1920)
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