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bstract

Maintaining ecosystem functioning under global change requires resilient ecosystems to absorb disturbances, reorganize and
aintain the adaptive capacity. Maintaining resilience is therefore a common objective for ecosystem management, but how this

bjective may be achieved remains largely unclear. The concept of ecological memory provides a perspective on how the adaptive
apacity of ecosystems can be enhanced through management. It specifies how ecological processes in space and time assist in
he reorganization of communities after disturbances. We present a trait-based approach that links environmental variables at site
nd patch level to plant traits. With a generalized linear mixed-effects model we test how environmental variation in management
nd floodplain dynamics, within and between sites, relates to plant traits that are considered relevant for ecological memory. The
esults show different mechanisms that intervene in ecological memory. Grazing enhances recruitment opportunities, both for
nternal reorganization and for colonization between sites. Dense vegetation structure selects for species survival via resprouting
fter disturbance and competitive species. Hydrodynamics interact with seed dispersal mechanisms and seed persistence. We

how that at different spatial levels, plant trait composition can act as an indicator of ecological processes contributing to the

m management to maintain and use as much of this memory as
cological memory of a floodplain ecosystem. For ecosyste

ossible it should incorporate management measures at various levels of scale to enhance ecosystem resilience.

usammenfassung

Der Erhalt von Ökosystemfunktionen bei globalen Umweltveränderungen erfordert elastische Ökosysteme, um Störun-
en zu absorbieren, sich zu reorganisieren und die Anpassungsfähigkeit zu erhalten. Die Resilienz zu erhalten, ist daher ein
llgemeines Ziel des Ökosystemmanagements, aber wie dieses Ziel erreicht werden kann, ist weitgehend unklar. Das Konzept des
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kologischen Gedächtnisses bietet einen Ansatz, wie die Anpassungsfähigkeit von Ökosystemen durch Management gestärkt
erden kann. Es beschreibt, wie ökologische Prozesse in Raum und Zeit die Reorganisation von Gemeinschaften nach Störun-
en unterstützen. Wir stellen einen Merkmal-basierten Ansatz vor, der Umweltvariablen auf der Standort- und patch-Ebene mit
flanzenmerkmalen verbindet. Mit einem verallgemeinerten linearen gemischtem Modell testeten wir, wie sich Unterschiede

m Management und bei der Flussauendynamik, innerhalb und zwischen Standorten, zu Pflanzenmerkmalen verhielten, die als
edeutsam für das ökologische Gedächtnis angesehen wurden. Die Ergebnisse zeigten, dass unterschiedliche Mechanismen
n das ökologische Gedächtnis eingriffen: Beweidung stärkte die Gelegenheiten für Rekrutierungen sowohl für die interne
eorganisation als auch für Kolonisierungen zwischen Standorten. Dichte Vegetationsstruktur selektiert Arten, die durch
iederaustrieb nach Störung überleben, und konkurrenzstarke Arten. Die Hydrodynamik interagiert mit Samenausbrei-

ungsmechanismen und Samenpersistenz. Wir zeigen, dass auf unterschiedlichen räumlichen Ebenen die Zusammensetzung
er Pflanzenmerkmale als ein Indikator für das ökologische Gedächtnis eines Flussauensystems fungieren kann. Damit das
kosystemmanagement dieses Gedächtnis erhalten und so viel wie möglich davon nutzen kann, sollte es auf verschiedenen
kalenebenen Maßnahmen einschließen, die die Resilienz des Ökosystems stärken.

 2016 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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ntroduction

Ecosystem conservation objectives are increasingly aimed
t enhancing ecosystem resilience, particularly in the con-
ext of climate adaptation (Heller & Zavaleta 2009; Van
eeffelen, Vos, & Opdam, 2012). Ecosystems are dynamic
ntities, subject to variation in biotic and abiotic properties
hich are induced by natural and anthropogenic processes

nd disturbances over time (Seifan, Seifan, Schiffers, Jeltsch,
 Tielbörger 2013). The reorganization of ecosystems after

isturbance is referred to as resilience (Holling 1992). In the
ontext of dynamic ecosystems, resilience is the magnitude of
isturbance that an ecosystem can absorb before the variables
nd processes that control its functioning change, and move
he system into another stability domain (Holling 1992). The
ystem’s resilience is partially determined by ‘ecological
emory’, defined as the capacity of an ecosystem to main-

ain its structure and function after a disturbance, e.g. through
eorganization of the plant community (Bengtsson et al.
003). Ecological memory is considered to have an inter-
al as well as an external component. The internal component
upports reorganization in the area subject to disturbance, for
xample through survival and seed bank regeneration (e.g.,
emperton & Hobbs, 2004; Bischoff, Warthemann, & Klotz,
009). The external component refers to a species’ capac-
ty to recolonize from surrounding areas, through dispersal
Fig. 1; Jeltsch et al. 2013). The extent to which ecological
emory can facilitate resilience, is determined by (i) commu-

ity processes (like competition and survival), (ii) landscape
tructure (like heterogeneity and patch size), and (iii) changes
n (i) and (ii) over time and space (Bengtsson et al. 2003; Sun
t al. 2013). The relative importance of internal and exter-
al memory will vary depending on disturbance regime and

andscape structure (Bengtsson et al. 2003).

Insight in the mechanisms that influence ecological mem-
ry is fundamental to identify planning and management

n
p
M

 Ecological processes

trategies with the aim of increasing resilience. This is of
articular relevance in human-dominated landscapes, where
cosystem sites are typically small and isolated (DeAngelis

 Waterhouse, 1987; Standish et al. 2014). Although several
tudies have examined how ecological memory is encoded in
ite history and biological legacies, for example through seed-
anks, bud banks, stem fragments and dispersal agents (Sun
t al. 2013; Ortmann-Ajkai, Lóczy, Gyenizse, & Pirkhoffer,
014), the degree to which these mechanisms underlying
cological memory are influenced by the relative role of inter-
al and external memory is poorly understood. A trait-based
pproach can link environmental variables to plant species’
raits. With the growing number of trait-based descriptions
f plant strategies, we should be able to gain understand-
ng of how communities respond to disturbances and discern
hich traits are important for internal and which ones for

xternal memory (Schweiger et al. 2005; Violle et al. 2011).
he advantage of using traits over species is that results are
pplicable beyond biogeographic borders, since species with
omologous traits are expected to respond similarly to envi-
onmental filters (Keddy, 1992; Sun et al. 2013; Purschke
t al. 2014).

In river floodplain systems, variation in flood fre-
uency and duration induces environmental heterogeneity
Southwood 1988; Ortmann-Ajkai et al., 2014) by destroying
nd generating habitats and controlling connectivity (Sedell,
eeves, Hauer, Stanford, & Hawkins 1990; Ward & Tockner
001; Leyer 2006). Because river floodplain systems are
haracterized by high patch turnover, studying such sys-
ems allows to identify changes in plant trait composition,
n response to discrete flood events over considerable time
rames (Wiens 2000). This makes river floodplain systems
ighly suitable for investigating the relative roles of inter-

al and external memory for ecosystem resilience. This
aper focuses on riparian ecosystem sites along the river
euse in the Netherlands. We study the relation between the
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Fig.  1.  Schematic representation of rehabilitation sites (rectangles), riparian plant species monitoring sites (black circles) situated along the
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iver (black line). The different background shadings in the rehabi
easured by the environmental variables. The solid arrows indicate 

he dashed arrows indicate the scale at which external memory is c

patio-temporal ecosystem dynamics as captured by environ-
ental variables, and plant traits that we hypothesized to be

epresentative of internal and external memory. Two differ-
nt spatial scales are used, the site and the patch level, where
atches represent homogenous areas within sites (Fig. 1).
atch- and site-level variables relate to disturbances at differ-
nt scales. Objectives of our study are:

. To identify mechanisms contributing to community reor-
ganization based on the analysis of species traits that
reflect riparian plant distribution patterns along disturb-
ance gradients.

. To discern what factors drive the internal and external
memory at different spatial scales.

aterials and methods

tudy area

The River Meuse is one of Europe’s large rain-fed rivers
ocated in North-western Europe. The floodplain’s soil and
ydromorphological characteristics are specified in Van
ooy, Honnay, Pedroli, and Muller (2006). The Meuse is
ivided into six reaches based on geomorphological and
ydrological characteristics. This study focuses on the sec-
ion between Eijsden, at the border between Belgium and the
etherlands, and Ammerzoden in the Netherlands covering

hree reaches: Common Meuse, Peelhorst Meuse and Sand
euse. This section has a total length of circa 550 km.
From 1990 onward floodplain rehabilitation measures

ike river widening and dyke relocation have actively been
ursued in several areas in the Netherlands. Floodplain reha-
ilitation aims at creating natural river landscapes including
cological processes, such as erosion, sedimentation, and nat-
ral grazing (Geerling et al. 2008). Our study area comprises
8 floodplain rehabilitation sites, covering 1514 ha of flood-

lain habitats, each with a minimum area of 5.0 ha. From
hese sites both riparian plant species abundance data and
nvironmental data about abiotic conditions and management
ere available (described below). We consider two levels of

t
e
w
d

 sites indicate patches that differ in suitability for plant species as
le at which internal memory is considered to operate (within sites).
red to operate (beyond sites).

cale in our analysis, following the hierarchical structure and
elated processes of floodplain systems. The upper hierarchi-
al level is the level of the rehabilitated floodplain sites. These
ites are designated as natural areas by the Dutch government
ith nature conservation as the main objective. Measures like
atural grazing and gravel extraction apply to the sites. The
ower hierarchical level is the level of the habitat patches
ithin the rehabilitated floodplains (sensu  Tansley, 1939;
ig. 1). The number of patches per site fluctuates.

egetation data

Across the 38 rehabilitation sites, point abundance data
ere available for 125 riverine plant species that are con-

idered indicators for a natural river system. The data were
ecorded once from 15,000 monitoring locations (GPS local-
zed), in the period 2007–2009, and collected in the context
f the MaasinBeeld programme (Peters & Kurstjens, 2008;
ttp://www.maasinbeeld.nl).

From the 125 recorded species we excluded aquatic
pecies, as they are related to different environmental
actors than terrestrial species (Ozinga et al. 2005), and
pecies for which trait values were not available (trait values
re described in section ‘plant traits’). The final data set
omprised 118 riparian plant species (Appendix A: Table
1). Abundance data were converted into presence-absence
ecords to make the records comparable for statistical
nalyses.

nvironmental data

For each rehabilitation site, two sets of environmental
ariables were used. The first group comprised five vari-
bles at site level (hereafter called site variables) associated
ith large scale ecological processes: site area in hectares

xcluding open water (AreaS), years since the start of rehabili-

ation (Years), hydromorphological processes (Hydro), gravel
xtraction (Dist), and grazing intensity by free roaming semi-
ild large herbivores (Grazing) (Lejeune, Limpens, & Van
er Veen 2002). Hydro  is an indicator for the rehabilitation

http://www.maasinbeeld.nl/
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easures taken to improve hydromorphological conditions
n the sites (Lejeune et al. 2002; Pedroli, De Blust, Van Looy,

 van Rooij 2002) and is classified from no measurements
aken, measures that are only affected with extreme floodings,
o measures that are based on the morphological characteris-
ics of a particular site (Van Looy, Meire, & Wasson 2008).
ist indicates if gravel mining was done (1) or not (0) to

ower the bank and floodplain to restore the river contact
Pedroli et al. 2002). Grazing  indicates the grazing inten-
ity and is divided in classes from no grazing, grazing by
ne species, grazing by more than one species, to grazing by
everal species during the whole year (Lejeune et al. 2002).
he latter three variables were estimated using expert knowl-
dge (Peters & Kurstjens 2008; http://www.maasinbeeld.nl).
he second group of environmental variables comprised three
ariables at the patch level (hereafter called patch variables)
ssociated with small scale (hydrodynamic) processes in the
andscape: patch area (AreaP), vegetation structure (Veg)
nd hydrodynamics (Zone). Veg  is an indicator of the effect
f water quantity on the patch and is classified in vertical
egetation structures ranging from waterbodies, grassland
ithout/with structures, helophytes, rush, bushes, to trees.
one combines physiological and chemical effects of flood
vents, like duration, depth, frequency, time of flooding, and
alinity. Variables AreaS  and AreaP  were log transformed.
atch variables were calculated using the two-dimensional
ydrodynamic river model WAQUA (Middelkoop & Perk,
998; Warmink, Straatsma, Huthoff, Booij, & Hulscher 2013;
ersion 2008). WAQUA is calibrated and validated at the
evel of the vegetation patches used in this study, providing
ater level and flow velocities both for static and dynamic
ow events. It was applied to a schematic representation of

he river Meuse in the period 2004–2008 with correspond-
ng input parameters. See Middelkoop and Perk (1998) for a
etailed description.

lant traits

The five traits that reflect a plant’s capacity to locally reor-
anize after disturbance (internal memory) are growth form
grform), specific leaf area (SLA), seed mass (SeedMass)
nd seed bank persistence (SeedPers). grform  is a classi-
cation of the way plants are morphologically adapted to
nfavourable conditions (Raunkiaer 1934). SLA  is described
o relate to plants’ ability to tolerate submersion due to
ooding (e.g., Clevering 1997; Voesenek, Colmer, Pierik,
illenaar, & Peeters 2006; Violle et al. 2011). Low seed mass

s inherent to high seed production, contributes to the chance
f successfully colonizing a habitat patch (e.g. Westoby,
eishman, Lord, Poorter, & Schoen 1996; Dupré & Ehrlén
002; Violle et al. 2011) and can contribute to seed bank per-
istence (e.g. Nathan 2006; Ozinga et al. 2009). The traits

hat reflect the capacity to reorganize through spatial pro-
esses (external memory) are seed mass, as described above
nd via long distance dispersal, and seed dispersal by water,
ind, fur, dung and birds. We consider the following dispersal

t
o
e
o

cology 17 (2016) 479–488

ectors with a high efficiency for long-distance dispersal:
ater (hydrochory), wind (anemochory) and birds (endozoo-

hory and epizoochory) (e.g., Westoby et al. 1996; Dupré &
hrlén 2002; Ozinga et al.  2009).
Quantitative information on the traits was compiled from

he trait database LEDA (Kleyer et al. 2008). To avoid
ategories with very few species, the ordinal trait grform
ith eleven classes was reduced to two categories: (1)

bove-ground perennating buds, and (2) and below-ground
erennating buds. For SeedPers, we classified each species
ccording to its seed bank persistence: (1) not persistent, or
2) persistent. The quantitative traits SLA  and SeedMass  were
og-transformed. To quantify dispersal mechanisms we clas-
ified each species into one or more dispersal agents. When

 species showed memberships in multiple categories of dis-
ersal agents, the number of trait categories was added up into
he variable polychory (poly) and log-transformed (Ozinga
t al. 2009). Resulting in poly  low  when species do not score
n any of the dispersal agents. Poly  mid  if a species scores
ne category. And poly  high  if a species score 2 categories
Appendix B Table S2).

ata analysis

The data to be analyzed consist of three tables: a R  table
ith location * environmental data, connected by a L table
ith location * species occurrence to a Q  table with species *

rait data. For such data, the typical statistical method to use
s the RLQ method (for an application see Sterk et al. 2013).
owever, in the present study the location * environmental
ata table has an hierarchical structure of sites and patches
ithin sites, which cannot be handled in ordinary RLQ anal-
sis. An alternative approach is the generalized linear mixed
odel (GLMM), as described by Jamil, Ozinga, Kleyer, and

er Braak (2013). In this approach the species occurrence is
xplained by traits of the species and environmental variables
f the locations. It handles binary data by assuming a binomial
istribution, using a logit link function to link the proba-
ility of a species’ occurrence to plant traits, environmental
ata, and their interaction. In the interaction of plant traits
nd environmental variables the ecological message is hid-
en: which plant traits modify the regression coefficients of
hich environmental variables? The GLMM handles pseudo-

eplication, both for location (multiple species per location),
nd species (multiple locations per species) by inclusion
f random effects for location and species. The GLMM is
n example of a random coefficient model, because in the
andom part of the model random slopes of environmen-
al variables over species are specified. We extended the
LMM, described by Jamil et al.  (2013), by inclusion of

andom effects not only for sites, but also for patches within
ites, thereby accommodating the hierarchical structure of

he location data. We used the lme4 package in R (R Devel-
pment Core Team 2010) to fit the GLMM to the data. All
xplanatory variables were standardized, with the exception
f the binary variables grform, SeedPers, and Dist.

http://www.maasinbeeld.nl/
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Table  1.  Effects of site and patch variables on plant traits in flood-
plains along the Dutch Meuse using GLMM. Parameter estimates
are taken from the fixed effects of the final model based on tiered
forward selection. Bolded p-values reflect statistical significance at
the 0.05 level. See Table S2 for key to variable names.

Explanatory
variables

Parameter
estimate

Standard Error p-Value

SeedPers:Zone  −0.21131 −2.5310 <0.05
grform:Veg  0.18456 0.07677 <0.05
SeedMass:Grazing  0.18186 0.04355 <0.001
poly:Zone  −0.08795 0.03632 <0.05
SLA:Veg  0.08003 0.03630 <0.05
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In the model building phase, we applied a tiered model
election approach, modified from Jamil, Opdekamp, van
iggelen, and ter Braak (2012). In tier 1 we started with a
ull model containing only random effects for species, sites,
nd patches within sites, handling the pseudo-replication.
ext, we added, one-by-one, species-dependent random

oefficients for environmental variables to the null model,
electing variables which showed the largest improvement
f Akaike’s Information Criterion (AIC) first. In this tier we
elected candidate environmental variables with effects that
howed random variation over species, so that potentially they
nteract with species traits. In tier 2, a new null model was
efined as the model from tier 1 with added fixed effects for
ll selected environmental variables and all five plant traits.
his null model served as a starting point for selection of

nteractions of plant traits with selected environmental vari-
bles. Next we added, one-by-one, sets of interactions of each
elected environmental variable with all plant traits, selecting
rst the set which improved the AIC most. In tier 3, individ-
al interactions and main effects, not involved in remaining
nteractions, labelled as unimportant according to AIC, were
emoved from the model, yielding the most parsimonious
nal model.

esults

In the model selection process, all eight environmental
ariables were included in the first tier with random effects for
pecies, sites and patches within sites. The fact that all envi-
onmental variables were selected means that plant species
howed different responses (occurrences) to all environmen-
al variables, indicating the relevance of the environmental
ariables for the set of species in question. The order of vari-
ble selection was Hydro, Zone, Grazing, AreaS, Dist, Years,
eg, AreaP. The second tier – with starting model contain-
ng main effects of selected environmental variables and all
pecies traits – selected the sets of interactions of site variable
razing, and patch variables Zone  and Veg. In the final model,

he following interactions between variables were significant
p < 0.05): SeedMass:Grazing, SeedPers:Zone, poly:Zone,
rform:Veg and SLA:Veg  (Table 1). Of these, the interac-
ions between SeedMass  and Grazing, grform  and Veg, and
etween SLA  and Veg  had a positive sign (Table 1). The
nteractions between SeedPers  and Zone  and between poly
nd Zone  had a negative sign. A positive interaction param-
ter indicates that at higher values of the plant trait (e.g.
eedMass) the change in occurrence probability for a unit
hange in environmental variable (e.g. Grazing) becomes
arger (more positive). These relationships are visualized in
ig. 2. Note that the occurrence probability of plant species

s low due to a high amount of absence records. Because

he GLMM analyses used the median occurrence of species
er patch. The median patch occurrence fraction of plant
pecies was 0.0063 (5 occurrences in 797 patches; range
–235). This median is calculated with the species fraction of

l
T
l
m

oly:Grazing −0.07502 0.03961 0.06
eedMass:Zone  0.07099 0.04004 0.08

ccurrence for all 797 patches, resulting in a minimum occur-
ence of 0.001254 (species is present in only one patch) and

 maximum occurrence of 0.2949 (species is present in 235
atches), Fig. 2 shows for each significant interaction, how
pecies’ probabilities of occurrence change over the values of
he environmental variable, predicted from the GLMM analy-
es. Each interaction is split for species with low, medium, or
igh trait values (for SeedMass, poly, and SLA) or binary val-
es (for SeedPers  and grform), keeping all other explanatory
ariables at their average values. The interactions quantita-
ively show how species are selected through environmental
ariables based on their traits. For example, species with a
igh seed mass show a positive response (higher occurrence
robability) to increased grazing intensity, whereas species
ith a low seed mass respond negatively to increased grazing.

n other words: in sites with high grazing intensity rela-
ively more species with high seed mass are found, whereas
n low grazing sites species with low seed mass dominate.
or all other interactions the probability of species occur-
ence increases with increasing environmental value (Zone
nd Veg), but the rate of change differs. Plant species with a
ow number of dispersal mechanisms (low values of poly) and
o seed bank persistence (low values of SeedPers) showed
igher sensitivity to changes in the hydromorphology at the
atch level (Zone) compared to plant species with high values
f poly  and SeedPers. Plant species with high SLA  and below
round growth form showed to be more sensitive to changes
n Veg  compared to plant species with low SLA  and above
round growth form.

iscussion

The external (spatial) component of ecological memory
s considered to be sensitive to landscape configuration and
omposition, factors that can be partially changed through
andscape management (Peterson, Allen, & Holling 1998).

herefore, it is important to mechanistically understand the

ink between spatial landscape characteristics, ecological
emory and system responses to disturbances. By studying
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Fig.  2.  Predicted probability of plant species occurrence (solid lines) for different classes of traits with a 95% confidence band, in relation to
site or patch variables. Interactions between (A) seed mass and grazing (site variable), (B) polychory and hydrodynamic zone (patch variable),
(C) seed persistence and hydrodynamic zone (patch variable), (D) specific leaf area and vegetation structure (patch variable), and (E) growth
form and vegetation structure (patch variable). Based on data from floodplains along the Dutch Meuse using GLMM.
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or real systems how disturbance shapes community compo-
ition, measured through plant traits, it is possible to identify
echanisms behind ecological memory and their relation to
anagement measures. The advantage of using traits over

pecies is that the results can be extrapolated to other ecosys-
ems, since species with homologous traits are expected to
espond similarly to environmental filters.

nteractions contributing to internal and
xternal memory

The approach applied in this study allowed to extract the
ost relevant interactions between environmental variables

nd plant traits which are considered important for internal
nd external ecological memory in floodplains. As the patch
ccurrence probabilities of plant species are small (median
.0063; range 0.001–0.295), the probabilities predicted by
he GLMM as shown in Fig. 2 are very low too. Quite a large
umber of species (25 out of 118) were present in only a
ingle patch. Such isolated populations that are not part of

 may indicate vulnerability of particular species. Although
he probability of species occurrence is low, an increase in
he occurrence probability from 0.001 to 0.005 is a fivefold
ncrease of the chance to find a species in a patch with specific
nvironmental conditions. We think this is valuable informa-
ion for ecologists who are concerned about environmental
mpacts on ecosystems. Moreover trait-based approaches to
cology offer several powerful advantages over approaches
elying on species identity alone. First, traits are more directly
onnected to and influenced by the environment (Cornelissen
t al. 2003; Kleyer et al. 2008). Second, species come and
o, but certain traits may remain and be influenced similarly
y environment regardless of which species carries the trait.
hus, if we want to understand how disturbances influence
pecies over long time scales, focusing on their traits is a
owerful way of gaining insight. We discuss the significant
nteractions here, starting with the interaction with the highest
arameter value (see Table 1).
We found higher occurrence probability of plant species

ith low seed persistence in patches with high hydrody-
amics. This contradicts earlier studies indicating that most
pecies living in disturbed habitats have persistent seeds
Ackerly 2004). Though, work on large datasets showed
hat a collection of variables, including seed shape, ease of
urial and physiological traits, influences seed persistence.
ur results seem in accordance with studies showing that pio-
eer plant species are adapted to high dynamic environments
nd do not invest in seed persistence (Amoros & Bornette
002; Ozinga et al. 2009; Casanova 2015). In contrast, species
dapted to low dynamic environments have to invest in seed

ersistence to survive on the long term, thus relying on inter-
al memory. Taken together, internal memory is the major
river in less dynamic floodplain zones, whereas external
emory dominates highly dynamic floodplains.

o
H
s
w
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The higher occurrence probability of species with an
boveground budbank in dense vegetation indicates the
bundance of endurers. Endurers are one of the adaptation
trategies to flooding described by Naiman and Décamps
1997). Endurers resprout after breakage or burial of either
he stem or roots from floods. High occurrence of endur-
rs can promote short distance dispersal with flooding as
bove-ground connections are easily able to spread in the
ater through adventitious roots, which are characteristic
f flood-tolerant plant species (Boedeltje, Bakker, Bekker,
an Groenendael, & Soesbergen 2003). Therefore, functional
daptation of these species indicates a positive contribution
f the aboveground budbank to the internal memory of the
cosystem.

Our results show a positive interaction between seed mass
nd grazing of the sites. Seed mass is probably the most
mportant characteristic of a plant species with regard to
eedling recruitment (Leishman, Westoby, & Jurado, 1995;
oomes & Grubb, 2003; Turnbull, Coomes, Hector, & Rees
004). Large seeds are better sustained by nutrients and
ore buoyant in water favouring long-distance dispersal

Römermann, Tackenberg, & Poschlod, 2005; Leyer 2006).
he relationship between seed mass and grazing by free

oaming ‘semi-wild’ herbivores is relatively poorly stud-
ed though. One study including low-intensity permanent
razing with free-ranging cattle, sheep and ponies, showed
hat large seeds germinated better in the presence of her-
ivores then in abandoned areas compared to small seeds
Kahmen & Poschlod, 2007). Since the herbivores in our
tudy are free-ranging in a site, some areas are inten-
ively grazed and others are barely grazed. Grazed areas
re characterized by gradients of bare soil through tram-
ling, regenerating vegetation and mature vegetation and
he positive effects of gaps in enhancing seedling recruit-

ent is widely acknowledged (e.g., Leemans 1991; Zobel,
tsus, Liira, Moora, & Möls 2000). In this way grazing pro-
otes the internal and external memory of floodplain plant

pecies by creating suitable habitats for internal reorganiza-
ion and contributing to colonization of previously disturbed
ites.

Plant species with few dispersal vectors (low polychory)
howed to be more sensitive to changes in hydrodynamics
ompared to plant species with high polychory. Hydrody-
amics is a combination of physiological and chemical water
nfluences, like duration, depth, frequency and time of flood-
ng, and salinity. The variable hydrodynamics is often used
s an indicator of river-floodplain connectivity. The studies
f Boedeltje et al. (2003) and Leyer (2006) also show high
umbers of water-dispersed seeds in frequently disturbed
abitats, and low importance of wind and animal dispersal
n these areas. Their results suggest increased importance
f investment in colonization of new patches (external mem-

ry) relative to short-distance dispersal and local persistence.
owever, in this study dispersal vectors are not analyzed

eparately because the amount of data that can be processed
ith a GLMM is limited.
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The significant relation between dense vegetation structure
nd high specific leaf area of plant species at patch level is
onsistent with the hypothesis that species in less disturbed
oodplain habitats invest more in their potential relative
rowth rate. These species are also known for their shade-
olerance and resource-rich environments (Cornelissen et al.
003). As disturbance frequency decreases, biological inter-
ctions increase (e.g. competition and herbivory), favouring
ompetitive species. Disturbances by floods no longer dom-
nate plant communities at this end of the gradient. This
hows that species living in dense vegetation structures rely
n internal memory of the ecosystem for reorganization.

mportance of  scale for ecosystem management

Our study showed that species traits can be explained by
n extended GLMM that incorporates environmental gradi-
nts of disturbances at site and patch level. Scale is essential
o the analysis of ecological processes (Holling 1992). The
elationship between two variables in a natural system can be
bscured by other variables at other scales and the interfer-
nces drawn from an observed relationship can be distorted
r even reversed depending on the scale at which that rela-
ionship is measured. Van Looy et al. (2006) found that the
axonomic and functional structure of floodplain meadow
ommunities was distinct among ecoregions and that clus-
ering of species by ecoregion reflected different species’
ffinities for environmental variables. Relationships between
pecies traits and environmental gradients provide informa-
ion about environmental filtering, particularly when the traits
uggest an advantage in the associated environment (e.g.,
eddy 1992; Schweiger et al. 2005). Our results show how
ifferent mechanisms intervene in ecological memory. The
ariability in ecological mechanisms found at different spa-
ial scales, represent a memory that enables ecosystems to
dapt to changes in the environment. For ecosystem man-
gement to maintain and use as much of this memory as
ossible it should incorporate measures at various levels of
cale. While it is often possible for a manager to intervene at
he level of a site, managing to maintain ecological memory
ver larger spatial scales becomes increasingly more diffi-
ult. Managers will face constraints in jurisdiction over larger
patial scales, trade-offs with other land use types such as
griculture and other management goals such as flood pre-
ention, and financial constraints on the amount of restoration
easures. Therefore, only few management plans explicitly

onsider the spatio-temporal dynamics to which ecosystems
re subjected.

onclusions
We found that environmental variables associated with
oodplain disturbances were significantly related to plant

raits at two spatial scale levels. At site level grazing pres-
ure is significantly related to seed mass. At patch level

C

cology 17 (2016) 479–488

ydrodynamics is significantly related to polychory and seed
ersistence, and vegetation structure to specific leaf area
nd growth form. We linked these significant relationships
o ecological processes that allow ecosystems to reorga-
ize following disturbances: internal and external ecological
emory. By better understanding how the environment filters

pecies and shape communities based on traits, the capac-
ty of these systems to reorganize after disturbances can be
etter managed, in favour of ecological resilience. GLMM’s
re useful tools in this respect, allowing to obtain a better
nderstanding of the relative role of ecological factors at dif-
erent spatial scales and ultimately reinforcing management
trategies to support ecological resilience. Our trait-based
pproach contributes to understand phenomena that can be
sed to predict vegetation responses to disturbances.
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