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Abstract

Wetlands play a crucial role in providing ecosystem services that contribute to the achievement of
the Sustainable Development Goals (SDGs). However, human activities have led to widespread
degradation of wetlands over the past three centuries, increasing efforts for wetland restoration.

In some cases, restoring wetlands to their original ecosystem state may no longer be feasible. As a
result, new restoration paradigms have emerged as alternative approaches to enhance ecosystem
services and resilience, such as rewilding. Active rewilding actions, including the emulation of dry
periods to create stochastic disturbances, and the introduction of "ecosystem engineers" for trophic
restoration, are currently employed in Oostvaardersplassen park, The Netherlands. A recent induced
drawdown, initiated in 2020, aimed to regenerate vegetation by following the natural wetlands cycle.
However, this restoration effort faces challenges from red deer (Cervus elaphus) herbivory, which
might limit vegetation development.

To address this issue, this study investigated the effects of red deer herbivory and artificial water
level management on vegetation development during the early stage of ecological succession. The
research involved an exclusion experiment in the wetland area of Oostvaardersplassen park. By
exploring the co-occurrence of these rewilding measures, the study aimed to fill knowledge gaps
regarding the impact of red deer herbivory on wetland vegetation following a drawdown. Particular
attention was given to the development of the common reed (Phragmites australis) species, as
reedbeds serve as vital habitats for numerous species.

On the one hand, the study's findings demonstrated that deer herbivory had adverse effects on reed
presence, coverage, and height. On the other hand, in the short-term, herbivory exclusion led to an
increase in vegetation coverage. However, other vegetation diversity variables were not significantly
affected by herbivory. Additionally, water level fluctuations resulted in different vegetation
communities over time, and higher water levels had a negative impact on vegetation development.
This research reveals the negative impact of deer herbivory on reed development and highlights
potential limitations to overall vegetation growth when herbivory pressure persists. The insights
gained from this study are valuable in shaping wetland restoration and management strategies,
ultimately contributing to the preservation and enhancement of wetland ecosystem services. To
ensure the progression of this ecosystem towards a boom phase, implementing preventive measures
to reduce deer impact will be crucial. By doing so, wetland restoration efforts can effectively steer
the development of a diverse and resilient ecosystem that benefits both biodiversity and the
fulfillment of wetland-related SDGs.
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1. Introduction

Freshwater wetlands have long been damaged because of anthropogenic activities over the past
three centuries (Fluet-Chouinard et al., 2023). A recent study conducted by Fluet-Chouinard and
colleagues (2023) estimated that a total of 3.4 million square kilometers of wetland surface has been
lost since 1700 worldwide, equating to a loss of 21% of the global freshwater wetland surface area.
The causes of wetland destruction vary across different regions, with agriculture, urbanization,
forestry, pasture, and peat extraction being the most notable factors. The reduction in wetland
surface area is coupled with socioecological consequences, leading to a decline in crucial ecosystem
services such as nutrient cycling, water purification, and carbon storage (Temmink et al., 2022;
Constanza et al., 2014; de Groot et al., 2012; Xu et al., 2020). Hence, directly impacting human well-
being. Additionally, wetlands play a vital role in advancing sustainability goals (SDGs) by providing
valuable ecosystem services (Ferreira et al., 2023; Ramsar Convention Secretariat, 2018). They act
as large carbon sinks, helping combat climate change (SDG 13), and are essential for addressing the
biodiversity crisis, as they harbor up to 40% of the world's biodiversity (SDG 15) (Zhang et al., 2020;
Ramsar Convention Secretariat, 2018). Even though wetland losses have been leveled off in Europe,
it is of special concern that approximately 50% of wetlands in the region have already vanished
between 1700 and 2020 (Fluet-Chouinard et al., 2023). To offset the declining trend in wetlands and
regain surface losses they have already experienced, well-managed restoration efforts aimed at
restoring ecosystem services are urgently needed (UNEP., n.d,; United Nations, 2015).

Restoration science is a growing research topic, highlighting the increasing social interest in this
subject (Suding, 2011). Likewise, international policies are putting an effort to counteract ecological
damage with the definition of the current decade as the “restoration decade” by United Nations, as
well as the European Union aims to restore damaged ecosystems by 2050 (European Commission,
2022). In this regard, clear pathways are needed to accomplish this goal. Within the restoration
framework, different paradigms underlie restoration projects (Suding, 2011). For instance, classical
restoration paradigms seek to restore an ecosystem to a previous state based on its historical
conditions or an analogue ecosystem (Jackson & Hobbs, 2009). However, achieving such an
approximation is often challenging due to limitations in knowledge about pre-disturbance ecosystem
conditions, or the fact that restoring an ecosystem to its pre-human state becomes nearly impossible
once it has undergone a threshold and shifted into a new stable state (Hobbs et al., 2009; Rohr, et
al., 2018; Suding & Hobbs, 2009). In this latter case, resetting the ecological state would be highly
costly but with no guarantee of success (Jackson & Hobbs, 2009; Rohr, et al., 2018; Suding, 2011).
However, novel restoration strategies have emerged that do not involve returning to the historic
stable state. Instead, they focus on enhancing the functioning and resilience of degraded land,
despite its historical ecosystem composition (Hobbs et al., 2009). This forward-looking paradigm
could even lead to developing a nonhistorical resilient ecosystem, capable of withstanding future
disturbances and providing diverse ecosystem services (Hobbs et al., 2009; Suding, 2011). This
approach is of great significance for the future supply of ecosystem services, especially considering
the current scenario of land scarcity and the increasing need for land reclamation for restoration,
which has been severely eroded, making the resetting of the ecological conditions unfeasible
(Gwenzi et al., 2021).
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Rewilding offers a means to facilitate the development and progression of the ecosystem towards
restoring ecological functioning (Perino et al., 2019). The aim of rewilding is rooted in forward-
looking paradigms as its final goal is not focused on reaching prehuman disturbance conditions (Toit
& Petorrelli, 2019). Instead, at the core of rewilding initiatives lies the concept of restoring
ecosystems wilderness, which refers to establish the autonomy of natural processes and promoting
self-regulation and ecological resilience in the long-term (Perino et al., 2019). It can follow a passive
or active restoration pathway, either by allowing the ecosystem to spontaneously undergo ecological
succession or by actively guiding the ecosystem through strategic choices (Perino et al., 2019; Suding,
2011). One crucial aspect of rewilding is trophic restoration, which means enhancing trophic
complexity by reintroducing absent species that play vital ecological roles, ultimately shaping the
desired ecosystem. This approach often involves introducing (non-native) species as functional
replacements for missing native species (Perino et al., 2019). Rewilding actions widely utilize certain
animals, such as herbivores as ecosystem engineers. They are broadly recognized as ecosystem
engineers due to their remarkable capacity to modify vegetation structure, species richness, and
composition through their consumption behavior, resulting in a top-down effect (Bakker & Svenning,
2018). By altering the vegetation, which serves as the foundation of the trophic chain, grazers initiate
cascading effects on higher trophic levels, potentially leading to an ecosystem shift (Cornelissen et
al., 2014b).

Another important aspect of rewilding is allowing stochastic disturbances within the system (Perino
et al,, 2019). In other words, natural disturbances are intentionally introduced to enhance spatial
and temporal heterogeneity in the ecosystem, hence leading to further ecosystem complexity. In the
case of wetlands, they are ecosystems shaped by water. Water level fluctuations naturally disturb
the system and trigger vegetational ecological succession, which has a significant impact on the
ecosystem services they can ultimately provide (Temmink, et al. 2022a; Vroom et al., 2020). In the
case of freshwater wetlands, drought disturbances occur cyclically (van der Valk & Davis 1978).
During dry years of the cycle these ecosystems experience an increase in the abundance of annual
plants and other species that are less tolerant to flooding (van der Valk & Davis, 1976). However,
during wetter conditions, the annual plants are gradually replaced by perennial plants. If water levels
remain stable, a transition to a less productive open water ecosystem occurs over the long-term,
until the next dry period initiates the cyclic vegetation change once again (Liu et al., 2005; Lu et al.,
2010; van der Valk & Davis 1978). Wetlands are classified as "boom" and "bust" systems, as they
experience high productivity periods (boom) when biodiversity flourishes, followed by bottleneck
periods (bust). Both states are strictly related to water level fluctuations (Beemster et al., 2010; Bino
et al.,, 2015; Lemke et al., 2017). In short, a drought disturbance is necessary for vegetation
establishment, supporting the system's boom phase upon the return of water (figure 1). The
occurrence of stochastic dry events exposes mudflats and creates favorable conditions for
germination from the seed bank, growth of annual plants that produce abundant seeds to replenish
the seed bank, as well as perennial plants that generate tubers (van der Valk et al., 1992). Therefore,
the oscillation between boom-and-bust phases in wetlands is closely tied to the development of
vegetation following a drought and an important dynamic to take into account for rewilding.

In the context of novel ecosystems and creating entirely new human-made wetlands, deliberate
interventions are necessary to guide the artificial system towards the desired 'boom' phase. These
interventions aim to emulate water level fluctuations and establish trophic interactions. Water level
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management techniques, such as artificial drawdowns and the introduction of selected herbivores
as ecosystem engineers, are combined rewilding strategies that are gaining popularity (Coops et al.,
2004; Farley et al., 2021; Smit et al., 2015). As wetlands functionality depends on vegetation (Hobbs
et al., 2006; Temmink et al., 2022b), the primary objective in the early stages of establishing a new
ecosystem is to revegetate. Promoting in this way, its ecological functionality through a bottom-up
approach. In wetland ecosystems, reed vegetation (Phragmites australis) is commonly targeted for
restoration efforts due to its ecological importance. Reed provides habitat diversity, shelter, nesting,
and food resources for several species (Beemster et al., 2010; Stastny & Riegert, 2021; Voslamber
and Vulink, 2010). Therefore, restoring reed vegetation serves as a crucial step towards establishing
a thriving wetland ecosystem.

The Oostvaardersplassen (OVP) is part of the National Park Nieuwland, in The Netherlands. It is an
example of a rewilding project of a nonhistorical or novel ecosystem, with active management. This
active management involves occasional drawdown, by emulating stochastic disturbances, and the
introduction of large herbivores to improve trophic complexity. OVP was the result of land
reclamation from the ocean in 1968 and nowadays represents an important conservation area
within Europe as it houses a wide bunch of threatened bird species, among others.

Boom Phase

Regenerating

. High energy availability
Degenerating

O Low energy availability

Bust Phase

Figure 1. Wetlands’ cycle (van der Valk & Davis 1978). This image depicts the different stages of a wetland.
This cycle is constantly undergoing in nature which is represented by the infinite figure. The transition of
wetlands from one state to another depends on the level of water due to weather conditions. "Dry marsh" is
the state of a wetland during a dry period. At this state, mudflats are exposed, facilitating the germination of
seeds from the seed bank. Further vegetation development increases energy availability for further trophic
levels in the food webs. The subsequent "regeneration state" is when emergent vegetation dominates the
habitat. They provide habitat, shelter, and food resources, resulting in a biodiversity enhancement (boom
phase). As the cycle progresses, the system transitions to a "degenerating state" characterized by a decline in
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emergent plant coverage. Ultimately, it reaches a "lake state" where the absence of emergent vegetation and
the dominance of submerged vegetation limits biodiversity (bust phase). Drops represent the percentage of
open water in the system.

1.1. Problem definition

The primary short-term objective of the OVP park managers is to enhance productivity in the
wetland area. Consequently, a biodiversity and especially bird populations increase is expected by
means of habitat, shelter and food provision (Beemster et al., 2010; Farley et al., 2021). This is all by
promoting habitat complexity, allowing the growth of reed vegetation, and limiting the sole extent
of open water. To achieve this, park managers implemented an artificial drawdown to facilitate the
expansion of the reed beds. Additionally, the introduction of red deer (Cervus elaphus) in 1992 as
ecosystem engineers has been carried out. However, the absence of regulatory influence from top
predators in the park allows deer populations to reach high densities, which can potentially have
negative impacts on other species groups (Smit et al., 2015, Cornelissen et al., 2014a; 2014b).

On the one hand, while some studies have evaluated the performance of reed and vegetation
establishment following a drawdown, many have focused solely on assessing seed and tuber
production (Greer et al., 2007; Kross et al., 2008), or have overlooked herbivory pressure (Farley et
al., 2021). On the other hand, in cases when herbivory has been considered, research has mainly
addressed the impact of geese grazing on vegetation establishment (Coops et al., 2004; Temmink et
al., 2022b), or deer herbivory has been investigated in other landscape types (e.g., Barrett & Stiling,
2006, Cornelissen et al., 2014a; 2014b; Smit et la., 2015; Vulink et al., 2000). Namely, the impact of
herbivory by red deer on wetland vegetation response following an artificial drawdown remains
poorly understood but might have a large impact on the success of these rewilding efforts.

To overcome this knowledge gap, this research aims to investigate the impacts of red deer herbivory
and artificial water level management on vegetation development during the first period of
ecological succession. It involved an exclosure field experiment in the Oostvaardersplassen park,
where herbivory was prevented within a fenced area. The findings will address knowledge gaps
about the co-occurrence of these rewilding measures and offer insights for management strategies.

1.2. Research Questions

To address the research gap identified in the previous section the main research question to be
answered is:

How do rewilding actions such as red deer (Cervus elaphus) herbivory and an ongoing artificial
drawdown influence vegetation development in an early successional state, in a freshwater human-
constructed and managed wetland ecosystem?
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And the following research sub-questions:

e Sub-question 1: How does red deer herbivory influence vegetation composition, species
richness, and abundance during the first stage of ecological succession triggered by the
drawdown?

e Sub-question 2: How does red deer herbivory affect the presence, height, and coverage of
common reed (Phragmites australis) during the first stage of ecological succession triggered
by the drawdown?

e Sub-question 3: How does water level affect vegetation diversity and common reed
(Phragmites australis) development during the first stage of ecological succession triggered
by the drawdown?

e Sub-question 4: How do water level and distance towards the vegetation border influence
the presence of red Deer on the wetland area across time?

1.3. Theory section

1.3.1. Herbivory influence on vegetation development

Biotic factors, such as herbivory, have played a significant role in shaping terrestrial ecosystems
throughout history (Wallisdevries et al., 1998). Herbivory can have positive, neutral (e.g., Humel et
al.,, 2028; Reijers et al., 2019; Ripa et al., 2023), or negative effects on vegetation of several
ecosystems (e.g., Cornelissen et al., 2014a; 2014b). On one hand, it may benefit plants diversity by
reducing light competition and promoting species richness (Hegland et al., 2013; Schutz et al., 2003;
van Klink et al., 2016). On the other hand, herbivory pressure can limit vegetation development,
depending on the ecosystems’ productivity (Bakker et al., 2006), synergic effect with other
environmental variables (Liu et al., 2020), herbivore densities (e.g., Cornelissen et al., 2014a; 2014b;
Gusewell et al., 2007), and the ecosystem stage of the studied system (Temmink et al., 2022b).

Various herbivores, such as crabs and waterbirds, have been studied, revealing detrimental
consequences on wetland growth. Particularly, herbivory effects on common reed (Phragmites
australis) have shown negative impacts on reed development (e.g., Zhang et al., 2021; Bakker et al.,
2018; Temmink et al., 2022b). However, less attention has been given to deer herbivory on wetland
vegetation, as deer are not usually present in wetland ecosystems. Conversely, herbivory by
ungulates has been widely studied in different ecosystems, particularly in woody landscapes. Deer,
for example, hinder woody plant establishment and forest recovery (Barrett & Stiling, 2006; Smit et
al., 2015). In the Oostvaardersplassen park in the Netherlands, Smit and colleagues (2015) examined
the influence of red deer (Cervus elaphus) on woody species establishment. Their findings indicate
that herbivory restricts wood-pastured landscapes' growth, necessitating grazing refuges for woody
vegetation establishment. Ungulates, in general, significantly impact vegetation growth and species
richness across various environments due to their foraging behavior (Borowski et al., 2021; Schiitz
et al., 2003). Moreover, Bakker and colleagues (2006) found that ecosystem productivity play crucial
roles in how grazing affects the system. Large herbivores positively impact species richness in highly
productive environments by creating "windows of opportunity for colonization," with bare soil
patches for germination and increased light availability (Van Belzen et al., 2022). In less productive

10
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ecosystems, vegetation development might be constrained, possibly due to propagule predation
limiting plant growth.

These studies highlight the complex and varied effects of herbivory on vegetation development,
emphasizing the importance of considering the ecological context when studying herbivory impacts.
The direction of the effects might be very context dependent. For instance, in high-productive
ecosystems like Oostvaardersplassen (OVP), herbivory could potentially have a positive effect on
vegetation diversity. However, the direction of the herbivory effect remains unknown in this early
ecosystem stage, where there is not light competition, and vegetation as well as reedbeds are not
fully established.

1.3.2. Red deer herbivory impacts on reed development

In OVP, large herbivores such as cattle and horses have been observed converting reedbeds into
grassy vegetation within four years (Cornelissen et al., 2014b; Vulink & Van Eerden, 1998). Deer, also
considered large herbivores, have been reported to feed on reed, as their terrestrial nature makes
their presence in the wetland area less likely. However, during drawdowns or times of reduced water
levels, deer may utilize the habitat. Additionally, even in the presence of water, evidence shows that
deer feed on macrophytes, negatively impacting conservation efforts (Takafumi et al., 2015). In the
United States, deer grazing has been suggested as a management strategy for Phragmites australis
(Blossey, 2003). These findings raise the possibility that deer could negatively influence reed
development in the wetland area, even when water is present.

Furthermore, seasonality plays an important role in deer feeding behavior, with certain preferred
plants available during specific seasons, leading to variations in deer presence depending on
resource availability (Geber & Verheyden-Tixier, 2008; Ligi & Randveer, 2012). Additionally, habitat
usage is also influenced by hunting pressure. Studies have shown that deer tend to avoid open areas
during hunting seasons (Ligi & Randveer, 2012). Therefore, as the wetland area is an open space
without tall vegetation and deer population are controlled by hunting within the park (during winter),
differences in habitat usage may be observed based on the distance to the current vegetation border.
The existing vegetation border has taller vegetation, offering protection against threats. Considering
the goal of improving reed vegetation expansion, deer herbivory may have an impact on vegetation
development in wetland regeneration initiatives due to its feeding behavior and habitat usage within
the wetland area.

1.3.3. Abiotic factor influencing vegetation development

It is well known that limiting factors such as soil humidity, nutrients, or organic matter content could
constrain vegetation development due to the lack of enough resources to germinates and grow
(Bornette & Puijalon, 2010; ter Heerdt et a., 2017). Different plant species generally have distinct
environmental requirements and adaptations that enable them to thrive under specific conditions.
Functional traits or physiological mechanisms to counteract environmental stress are essential for
plants survival (Kettenring et al., 2009; Pan et al., 2021). Therefore, environmental variables usually
determine species occurrence and communities’ composition (Coops & van der Velde, 1995; Coops

11
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et al., 2004). Furthermore, water depth has a dominant control on vegetation composition in
wetlands by limiting photosynthesis. Deeper water levels reduce light availability and carbon dioxide
concentration, as well as create anoxic root environments, altering the nutrient cycles (Gries et al.,
1990; Pan et al., 2021). In general, increased water levels lead to decreased vegetation cover and
vegetation diversity (Chen et al., 2020; van der Valk and Davis, 1978). This is of special concern under
prolonged high-water levels when the open water percentage is high, restricting plant reproduction
to clonal strategies and the presence of highly adapted species (Alvarez et al., 2005; Engloner &
Major, 2011)

In the case of Phragmites australis, it is a perennial herbaceous species, commonly inhabiting
wetland ecosystems with a high tolerance for environmental stressors (Srivastava et al., 2013). These
characteristics enable reed to successfully colonize and thrive in various habitats along a wide
environmental gradient, where other plants often struggle to establish (Kettenring et al., 2009). Reed
exhibits two reproduction mechanisms: sexual (seeds germination) and asexual (clonal or
vegetative). The prevalence of one mechanism over the other for reedbed expansion depends on
the water level deepness and stability (Alvarez et al., 2005). Under high and constant water levels,
clonal reproduction is more likely to occur, while seed germination becomes possible under dry
conditions, enhancing the genetic biodiversity (Alvarez et al.,, 2005; Engloner & Major, 2011).
However, both mechanisms have been shown to be affected for prolonged stable and deep-water
levels (Yu et al., 2012). Another crucial factor influencing reedbed recovery is the distance to the
source of seeds and available rhizomes, which impacts the speed of reed growth. Shorter distances,
among other factors, facilitate faster vegetation expansion (Applestein et al., 2022; Soomers et al.,
2012).

In addition, specific environmental conditions need to be met for reed germination. For instance, a
long enough dry period exposing the mudflats or shallow water under 4 cm (optimum) is essential.
Reed can germinate in deeper water depth; however, the germination rate is considerably reduced
as the water level increases (Yu et al., 2012). The work of ter Heerdt and colleagues (2017) in OVP
reveals that after a dry or very dry period, certain species, such as T. latifolia or P. australis, did not
emerge. This study underscores the significance of water availability for reed vegetation
establishment and development. Consequently, human-induced drought and natural rainfall
variability can lead to reduced reed vegetation development if the environmental conditions
become too dry. Due to these stressors, wetlands restoration is not always guaranteed.

1.4. Conceptual framework

The above-mentioned theory was summarized in Figure 2. This conceptual framework illustrates the
relationship between the theory and the research questions addressed in this study.

12
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Figure 2. This diagram depicts the conceptual framework of the research, illustrating the theoretical
foundation. A human-induced drought is utilized to simulate the dry phase of the wetlands cycle, initiating the
cycle from the dry marsh stage (Black dotted line). Water level fluctuations play a crucial role in shaping these
states, thus necessitating human management of human-made freshwater wetlands to promote the boom
phase. Higher productivity in the system resulting from vegetation enhancement is likely to lead to an increase
in biodiversity. However, this area will not be investigated in this research, as represented by the light gray
dotted arrow. The success of restoration efforts in increasing species richness can be influenced by
environmental and biological variables in a bottom-up perspective. Therefore, understanding the impact of
deer herbivory and water level on vegetation and reed development is essential for Oostvaardersplassen
managers aiming to enhance habitat diversity.
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1.5. Hypothesis

Based on the previous theory framework this research hypothesizes the following:

Hypothesis 1: After a year of the exclusion of red deer, | expect to find a change in the vegetation
composition, as well as an increase in species richness, coverage of vegetation and vegetation
biodiversity in comparison to plots under herbivory pressure.

Hypothesis 2: After a year of the exclusion of red deer | expect to find an increase in reed presence,
height, and coverage in contrast to plots subjected to herbivory.

Hypothesis 3: | expect to find that an increase in water level decreases species richness, coverage of
vegetation, and vegetation biodiversity, as well as negatively affect reed development.

Hypothesis 4. During the wetter seasons, deer exhibit a greater presence in more elevated zones
compared with the lower zones of the wetland area, while the nearest zone to the vegetation border
is the preferable habitat across all seasons in contrast with areas further away from the vegetation
border.
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2. Methods

2.1. Study Area

This research was conducted in the Oostvaardersplassen (OVP) the Netherlands (520 26'N, 5° 19'E)
(figure 3). The OVP encompass a total area of 5,600 ha of which 3,600 ha is characterized as
freshwater wetland. It is one of the first human-made natural parks in Europe. It was established in
1968, due to land reclamation from a marine habitat, called the Zuiderzee, when the South Flevoland
polder was created (Wigbels, 1990). The purpose of the reclaimed land was initially for agricultural
purpose. However, the area was leaved by its own for a few years when a spontaneously ecological
succession started to occur. The area was rapidly colonized by pioneer vegetation and several bird
species started to use the novel ecosystem. It was in 1974 when the area was assigned as a protected
conservation area and the first conservation actions were taken (Schmeets, 2016). Now, after four
decades of management, it is recognized as an important conservation area in Europe with a rich
bird diversity, OVP has been nominated for Natura 2000 status (European Commission, n.d; Provincie
Flevoland, n.d). OVP can be categorized as a rewilding project of a nonhistorical or novel ecosystem,
with active management. This active management involves occasional drawdowns, by emulating
stochastic disturbances, and the introduction of large herbivores to improve trophic complexity.

Currently, decreasing trends in bird population have been seen in the wetland area of OVP, indicating
the transition towards a less productive ecosystem (Mornout, 2022). In response to this,
management strategies to enhance birds’ biodiversity have been applied, such as inducing a
drawdown. In general, water level in the wetland area of OVP fluctuates according to the weather
and occasionally a complete drawdown is actively induced. This water level management is possible
due to the existence of dikes around and in the area, and the last induced drought started in 2020
and is still ongoing. This emulated dry period is expected to last until the wetland gets flooded
naturally due to weather conditions. A previous drawdown was induced in 1987 which lasted four
years (1991) until the system got inundated again. The results of this drawdown were positive for
reedbeds extension. Deer was not present in the area and geese was absent due to the lack of water
(Coops et al., 2014).

Following rewilding active management, large herbivores were introduced in the park as ecosystem
engineers. Red deer (Cervus elaphus) was introduced in 1992 after the first drawdown took place in
the wetland area (Wallisdevries et al., 1998). Therefore, this drawdown differs significantly from the
previous in that herbivory by red deer is present. It is important to highlight that Greylag geese
(Anser anser) might exert an additional herbivory pressure; however, as the water level is low, geese
will not be present in the wetland area. As top predators are still absent from OVP, large herbivores
population are managed by humans to avoid animal suffering. This hunting season usually take place
by the end of winter (Cornelissen et al., 2014a; 2014b; Smit et al., 2015).
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Figure 3. Oostvaardersplassen (OVP) National Park location. The Park is placed in Flevoland province right
next to the Markermeer lake.

2.1.1. Soil elevation in OVP

As a result of land reclamation from the ocean, the Oostvaardersplassen (OVP) park is situated below
sea level. Furthermore, there are different soil elevations across the area (figure 4). These elevation
differences caused variations in water levels and, in addition to other factors such as wind, they also
influenced the time it took for the soil to dry after a drawdown. Notably, the north-east area of the
park dried out first, followed by the south-west area, and lastly, the central area. The water level was
considerably reduced for the first time in September 2021. After that, water level has been shown
to fluctuated according to weather and presipitation patterns.

16



% Universiteit
Utrecht

South-West Central North-east
'_'-4.0' °
-
c
o 4.2-
© — L
D 4.4 ———
L] m— g =
E -4.6- -1 |
. \7‘1‘0‘\! . \\"‘0(\! X \lod . \\10(\! . \\"0(\! X \io(\;
ot 0 o 0 ot 0
,e\e‘ X\e‘ \e\eﬁ NG Y\e‘ X\ep‘
o W Wt

Treatment

Figure 4. Soil elevation in OVP. Soil elevation differences across the wetland area in OVP influenced the time
it took for the soil to dry after the induced dry period. The data are represented by boxplots with their respective
error bars. Treatments did not show differences in soil elevation. Some outliers are present, likely due to
measurement variations.

2.2. Analytical framework

To answer the main research question and sub-questions, various steps were followed. Hypothesis
testing involved the use of data from previous years and fieldwork conducted in 2023. Information
from previous years was provided by Netherlands Institute of Ecology (NIOO- KNAW). The data was
processed, and statistical analyses were performed. These steps are detailed in the following figure.
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Figure 5. The Research Analytical Framework. Actions to answer the main research question, sub-questions,
and hypothesis testing. Is also shows the statistical analysis carried out to test the hypothesis.

2.3. Experimental set-up

To investigate the impact of water level and deer herbivory on vegetation development during early
succession, a field-based "herbivory experiment" was conducted. This experiment involved
excluding herbivores from a specific area. In April 2022, exclosure plots were established in the
wetland area of OVP. Twenty-seven replicated sites were selected, both with herbivory (control plots)
and with non-herbivory (exclosure plots). To account for the spatial variability within the park, which
relatetes to the water level in the plots and the time taken for the soil to dry after a drawdown due
to variations in soil elevation, the sites were divided into three different zones (Figure 6). These zones
were classified as "Water Level (WL) Zones" and comprised three categories: "South-West Zone (a)",
"Central Zone (b)", and "North-East Zone (c)". Each zone consisted of nine replicates. Additionally,
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the wetland area was surrounded by vegetation, and some sample sites were located closer to the
existing vegetation border than others. This proximity could affect vegetation development through
vegetative reproduction and distance to the source of seeds, providing the nearest sites with a higher
chance of vegetative reproduction and faster vegetation colonization. To control for this source of
variation, another zone classification was created known as the "Vegetation Border (VB) Zone",
consisting of three categories (figure 6). Each VB zone encompassed nine replicates (figure 7).
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Figure 6. Zones Considered in the Analysis. The “Vegetation Border (VB) Zone” represents the distance to
the vegetation border (A, B, and C). The “Water Level (WL) Zone” represents the water level difference within
the park (a, b, and c). i) Vegetation Border Zone: the sites represented by the black square are nearer to the VB

and belongs to zone A; the black triangle represents sites in zone B, and are situated in a middle distance
towards the VB. Lastly, sites represented by a black circle, are the furthest away from the VB. These sites belong
to zone C. The sites highlighted in red are the ones where the trial cameras were placed. ii) Water Level Zone:
the park is divided in three zones, South-West (a), Central (b) and North-East (c), depending on the water level
in the area. In each of these 27 sampling sites in total, there are two plots, a control and an exclosure.
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At each sampling site, one exclosure and one control plot were established, approximately 10 meters
apart. The exclosures were constructed by covering an area with a diameter of 1.5 meters and a
height of 2 meters using a mesh (20 x 15 cm) to prevent deer from entering and grazing in the area.
Control plots, where herbivory was allowed, were marked with one wooden pole. During the
installation of the exclosures, some vegetation (30% coverage of swamp ragwort (Senecio congestus))
was found in plots located closer to the VB (VB zone: A), while the other exclosures were placed on
100% bare soil (VB zone: B and C) (figure 7).
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Figure 7. Vegetation Border (VB) Zone. This zone represents three possible distances towards the vegetation
border: nearest (vegetation zone A - square), middle (vegetation zone B - triangle), and farthest (vegetation
zone C- circle). These three vegetation border zones are located within the wetland area. Within each sampling
site (dotted circle), there were two plots: one exclosure and one control. Sites placed in zone A presented 30%
coverage of Senecio congestus at the time of plot installation. However, in the case of plots in zones B and C,
they were placed in completely bare soil.

In addition, nine sites include camera traps (Bushnell core no glow) to detect the presence or
absence of deer and other animals in the area. These cameras were installed in the exclosures
(within sites 21, 22, 23, 51, 52, 53, 81, 82, and 83) during August 2022 and programmed to snap
photographs whenever there was movement (figure 6).

2.4. Data collection and analysis

2.4.1. Herbivory Experiment

We surveyed vegetation in a 1x1 meter plot in all exclosures and controls during late July and August
2022, March 2023 and May 2023. Data collection included recording species composition,
vegetation coverage, and the height of the three tallest stems of reeds (measured by a measuring
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tape). As data collected during July 2022, was surveyed on the last day of the month, the entire data
set was considered as August 2022 to simplify the statistical analysis.

For the vegetation composition measurements, we visually identified all plants in the inventory to
species level, except in cases where the identification was uncertain, in which the genus level was
reported. We recorded vegetation cover measurements as the percentage of surface covered by
specific species. To ensure consistency, the same person visually determined these measurements
throughout the study to minimize variations. Vegetation coverage per species was used as a proxy
of abundance in Shannon-Index calculations. This allows us to compare the level of biodiversity
between samples. We calculated the total vegetation coverage per plot by adding all the species
coverage present in a given plot considering different layers of vegetation. We used species
composition, Shannon-Index, species richness, and total vegetation coverage as proxies for
vegetation development.

From the vegetation coverage data, we determined the presence or absence of reed. A
presence/absence matrix was created, where a coverage of 0% indicates the absence of reed in the
plot, while a coverage higher than 0% indicates its presence. For the analysis of reed coverage
percentage, we only included data where reed was present. In plots with present reed, we calculated
the mean height of the reed. However, not all plots had sufficient tall reeds for measurement ( >2-3
cm) , even when reed was present. As a result, the number of height measurements varied across
plots, and the mean reed height was calculated based on the total number of measurements per
plot. This approach was taken to avoid a lack of ecological meaning related to zero values. We used
reed presence, coverage and height as a proxy for reed development.

Starting point of the exclusion
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Figure 8. Data Collection. This figure depicts the data collection periods over time since the experiment started.
It also indicates when the drawdown started. For this research, September 2021 is considered the starting point
of the dry period, as it was the first time when the water level was considerably lowered to 0 cm in some areas
within the wetland.
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2.4.2. Abiotic data

To study water level influence on vegetation diversity and reed development, we measured the
above-ground water levels (cm) in all plots at three different time points: August 2022, March 2023,
and May 2023. These measurements were randomly taken, and we subsequently calculated the
average values for analysis. To account for the influence of soil elevation on water level, we recorded
the soil elevation in August 2022. This information was collected using a Differential Global
Positioning System (DGPS) (HiPer SR, Topcom, FC-5000, USA), with the samples also being randomly
distributed to ensure accuracy. The elevation was measured three times at each point; yielding 9
points per plot. Furthermore, three randomly distributed soil samples in all plots (the topmost 5 cm
of the soil, 3.5 cm diameter) using a core soil instrument. The samples were gathered during August
2022 and March 2023. The three replicates were stored in the same bag and labeled with the plot
number. Furthermore, soil samples were kept at 4°C until they were analyzed. We analyze the soil
moisture and organic matter content later in the laboratory by a method based on gravimetric
changes. Firstly, field-collected samples were weighed, and a sub-sample of 20 ml was extracted.
The sub-samples were then dried in an oven at 70°C for over 48 hours to remove all water content.
We calculate the soil humidity as the weight difference before and after drying, calculated as a
percentage of the total weight. Secondly, the loss of ignition (a proxy for organic matter content
(OM)) content was determined by aching at 550 °C for 3 hours, removing all organic content and
leaving only the soil particles. The remaining weight solely represented the soil particles, allowing
calculation of the OM content. Additionally, bulk density of the soil was calculated by dividing the
sub-samples' dry weight by their volume (20 ml).

2.4.3. Trail Cameras

With the purpose of studying deer habitat usage patterns within the wetland area of OVP, we
analyzed the images from the tail cameras. These images were collected on four occasions between
August 2022 and May 2023 (Figure 8), covering a total duration of nine months. The captured images
underwent artificial intelligence (Al) processing to analyze the habitat usage of deer (Agouti model
developed by Wageningen University) (Agouti, n.d.). From the total group of pictures, all images
containing deer were detected, and the animal's position in terms of pixel coordinates was recorded.
Using R, the images were then cropped based on pixel location and saved as separate sections in a
designated folder. Each cropped image was assigned a unique code and information about the date
when the picture was taken. Depending on the number of deer present in the original image
(Appendix A Image 1), multiple cropped images could be generated. Subsequently, a manual
verification process was conducted to ensure the accuracy of the cropped images.

After processing the images, a presence/absence matrix was generated for each camera. It was
assumed that if an animal was not captured in any of the photographs taken by the 9 cameras on a
given day, it was considered to be absent from the wetland area for that particular day. In summary,
the analysis resulted in a table with the camera ID, date, time (hour, minute, and second), and the
presence of deer in the cropped images. The same process was applied for pictures where geese
were present.

The presence/absence data was grouped by seasons. Subsequently, the presence/absence
information was plotted over time to visualize the occurrence of deer throughout the entire
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timespan. Additionally, heatmaps were created to depict presence patterns across "Water Level
Zones" and "Vegetation Border Zones", aiming to identify any differences in deer presence between
these zones that could potentially influence vegetation development. This approach provides a
comprehensive understanding of how deer utilize different habitat areas within the park.
Additionally, the same methodology was applied to analyze geese data. The objective was to
compare the presence patterns of both species and determine whether herbivory could be
attributed solely to deer or if geese also exerted significant herbivory pressure on the ecosystem.

2.5. Statistical analyses

The statistical analysis was divided into three sections in order to properly answer the research
questions. Particularly, the first section addresses the effects of reed herbivory and water level on
vegetation diversity. The second section is focused on the effects of deer herbivory and water level
on reed development. The third section is about deer population dynamics within the wetland area
of OVP, and the habitat usage of the identified zones in the park (WL and VB zones). All the statistical
analysis were performed in R studio version 4.3.0. (R Core Team., 2021).

2.5.1. Vegetation development

a) Sub-questions 1 and 3: Vegetation diversity (species composition, species richness,
abundance, and Shannon-index)

To evaluate the influence of herbivory and water level on vegetation diversity across time, we
analyzed the species composition, species richness, Shannon-index and total coverage per plot as a
proxy.

For comparisons of vegetation community composition between months and between treatments
(control: herbivory; Exclosure: non-herbivory), we performed a Non-metric Multidimensional
Scaling (NMDS) analysis, using the vegan package in R (Oksanen J. et al., 2022). The coverage data
was initially standardized using the Hellinger method, to avoid a strong influence of the abundant or
rare species on dissimilarities calculations (Fazekas & Liese, 1996; Legendre & Gallagher, 2001). The
Hellinger transformations are effective in downweighing rare species and work well with high-
throughput sequencing datasets that contain numerous zero values. Dissimilarities were then
calculated using the Bray-Curtis method, which is commonly recommended and preferred for
analyzing this type of ecological data (Bray & Curtis, 1957; Legendre & Gallagher, 2001). The NMDS
was performed using coverage data for August 2022 and March 2023. Data collected in May of 2023
was excluded from the analysis because of the stress value obtained in the NMDS analysis, which
was near to 0, indicating de need of increase the sample size for a better representation of reality.
We fit the environmental data collected in the field during August 2022 and March 2023 to the
NMNDS, by means of envfit function. With this analysis it is possible to visually determine if there
were some clusters or groups of species occurring under certain conditions and how the composition
of the community changes from one month to another, or between treatments. Significant
differences were identified using Permutational Multivariate Analysis of Variance Using Distance
Matrices (Bray-Curtis distance) (PERMANOVA) by means of adonis2 function from vegan package
(Oksanen J. et al., 2022) with 1000 permutations (Johnson et al., 2017). Furthermore, if there were
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significant differences, Tukey’s Honest Significant Difference was computed to identify pairwise
differences (pairwise adonis). Moreover, we examined which species contributed more to these
changes across time, by the Similarity Percentage Analysis (SIMPER) from the vegan package in R.
SIMPER operates at the individual level of each species within the groups under comparison,
calculating their respective contributions to the overall Bray-Curtis dissimilarities (Clarke, 1993). It
identifies the most influential species that drive the variations and patterns observed in the data.

In order to address the research questions and elucidate the influence of herbivory and water level
on vegetation development, we conducted generalized linear mixed-effects models (GLMMs) using
the gImmTMB package (Brooks et al., 2017) in R. The statistical models were assessed by performing
type 3 Wald x2 tests using the Anova.glmmTMB command (Lundin et al., 2023). Tukey’s Honest
Significant Difference was computed to identify pairwise differences using the emmeans package
(Lenth, 2021).

We fit two models per each independent variable to keep the models as simple as possible, (i) the
first for analyze the effect of herbivory on time (time models), and (ii) the second for analyze the
interaction between herbivory and water level (water level models). The GLMMs aimed to model
the relationship between the dependent variable (vegetation development) and the fixed effects
(herbivory, water level and/or months). The models were assessed for goodness of fit using the
DHARMa package (Hartig, 2022). Depending on the variable types (continuous or discrete) (table 1),
different error distributions (Gauss, Gamma, Generalized Poisson, Poisson, Binomial) were used for
fitting the models. Also, zero inflation modelling was needed in some models (table 2).

We examine the influence of the independent variables and their interaction on species richness
total vegetation coverage per plot, and Shannon index (response variables) as a proxy of vegetation
development. The Shannon index was calculated using the vegan package in R. In order to better
represent biodiversity within plots, we correct the Shannon index by its exponential (Exp(H)) as Jost
(2007) indicates. (i) Time models: the error distribution of the models to address the effect of
herbivory on time were fitted as follows; a) Species richness: Generalized Poisson distribution; b)
Square root of total coverage plus one: Gauss distribution; c) Exponential Shannon index: Gamma
distribution (with a log link function). (ii) Water level models: the models to address the effect of
herbivory and water level were fitted with the following error distributions; a) species richness:
Poisson distribution; b) Square root of total coverage plus one: Gauss distribution; c) square root of
the exponential Shannon index: Gauss distribution.

All response variables were assessed with respect to the fixed effect of herbivory (Herb), time
models also included months as a fixed effect, and water level models included water level mean as
fixed effect (WLM). Additionally, "water level zones (Zone_ WL)","vegetation border zones
(Zone_VB)" and plot ID were included in all the models as random effects to account for potential
variation associated with the plot locations within the OVP, and to ensure pair comparisons of
repeated measures per plot (3 measurements per plot). The detailed model specifications are
provided in table 2.
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Shannon-Index (SH) Continuous and positive
Species Richness (SR) Discrete and positive
Total Vegetational Coverage (%) Continuous proportion
Reed Presence Binomial (1: present; O: absent)
Reed Coverage (%) Continuous proportion (from 0 to 100%)
Reed Height (cm) Continuous and positive
Deer Presence Binomial (1: present; 0: absent)

| ndpondvtVarlsbles  versbawps |
Water Level (cm) Continuous and positive
Soil Humidity (%) Continuous proportion (from 0 to 100%)
Soil Organic matter (%) Continuous proportion (from 0 to 100%)
Bulk Density (%) Continuous proportion (from 0 to 100%)
Herbivory (Herb) Binomial (1: herbivory; 0: non-herbivory)
Time (month) Categorical (July, August, March, and May)
Plot ID Categorical
Water Level Zone (Zone_WL) Categorical (a, b, c)
Vegetation Border Zone (Zone_VB) Categorical (A, B, C)

Table 1. Variables Resume. Overview of dependent and independent variables and variable type
used in the present analysis.

b) Sub-questions 2 and 3: Phragmites australis development (presence, height, and
coverage)

We conducted a GLMM analysis to investigate the influence of herbivory and water level on reed
development following a drawdown. The goodness of fit, post-hoc, and data interpretation
procedures were the same as in the previous section. Reed presence, coverage (%), and height (RHM)
(cm) were used as estimations of reed development and served as the response variables in the
GLMMs. The models included fixed effects such as herbivory, water level mean, and months, while
also incorporating random effects such as "water level zones," "vegetation border zones," and plot
IDs, similar to the preceding models. For simplicity of the modelling, we developed two types of
models for each response variable. (i) time models, with herbivory and months as fixed effects, and
(ii) water level models, with herbivory and water level mean as fixed effects. This approach allowed
us to gain insights into the effects of herbivory and water level on reed development in a
comprehensive manner, providing valuable information for this study.

We fitted the models with different error distribution depending on the type of variable as follows.
(i) Time models: a) reed presence: Binomial distribution; b) square root of reed coverage: Gauss
distribution; c) reed height mean: Gauss distribution. In this model was necessary to include water
level mean as a fixed effect and zero inflation to improve the goodness of fit of the model. (ii) Water
level models: a) reed presence: Binomial distribution; b) reed coverage: Gamma distribution (with a
log link function); c) reed height mean: Gauss distribution. In this model months were added as
random effects and zero inflation was added into the formula to improve the goodness of fit of the
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model. It is worth noting that the reed coverage models were specifically applied to continuous data
points that were greater than zero. Zero values were already analyzed in the presence/absence
models.

Response Variable Fixed effects Random Link Error Zero
- P effects Function | distribution | inflation
. .
2 ] ] G lized
4 Species Richness log engra '€ No
g Poisson
- Treatment * Zone_VB + . . .
_;_; sqrt (Total Coverage +1) Month Zone WL +ID identity Gaussian No
Exponential Shannon Index log Gamma No
€ | Presence / absence * logit Binomial No
GEJ Treatment
T Month Zone_VB +
sqrt (Reed Coverage identit Gaussian No
A ( ge) Zone_WL +ID Y
> T *
& | Mean Height of Reed reatment identity Gaussian Yes

Month + WLM

Random Link Error Zero

Response Variable Fixed effects . P . .
- - effects Function | distribution | inflation
=
g Species Richness log Poisson No
>
H— *
° sqrt (Total Coverage +1) Treatment Zone_VB + identity Gaussian No
0 WLM Zone_WL+ 1D
sqrt (Exponential Shannon identity Gaussian No
Index)
-t . . .
B
g Presence / absence Treatment * logit inomial No
° WLM
o 8‘ Reed Coverage Zone_VB + log Gamma No
€ 3 Zone_WL+ 1D
= ) Treatment * A .
& | Mean Height of Reed reatmen identity Gaussian Yes

WLM + Month
Table 2. Herbivory Models. Summary of the response (predicted) and predictor variables, fitted error
distributions, and equation syntaxis used in the model, by means of gimmTMB package. (*) Denotes interaction
between the variables. Fixed effects, Treatment: (1: Control (herbivory), O: Exclosure (non-herbivory)); WLM:
water level mean; Month (August 2022, March 2023, and May 2023). Random effects, Vegetation Border Zone
(Zone_VB), Water Level Zone (Zone_WL) and plot ID.

2.5.2. Red Deer Habitat Patterns

a) Sub-question 4: Exploratory analysis of red deer habitat usage (deer presence/absence)

We conducted an exploratory analysis using data collected from camera traps to shed light on the
habitat usage and presence/absence patterns of deer in the wetland area of OVP over space and
time. This analysis involved binary data indicating the presence or absence of deer. To assess the
influence of park zones (WL Zone and VB zone) and months on deer presence/absence response, we
performed a GLMM analysis. Three models were developed for this purpose.
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The first model aimed to examine the presence patterns on the wetland area across seasons (table
3). The second model aimed to address the impact of the 'Water Level (WL) Zone' on deer
occurrence. It was fitted with a binomial error distribution, and months and WL zone were included
as fixed effects. The 'Vegetation Border (VB) Zone' was considered as a random effect. The second
model aimed to explore the influence of the VB Zone on deer presence patterns. In this model,
months and VB zone were included as fixed effects, while WL zone was considered as a random
effect. Both models were conducted in R using the gimmTMB package (Brooks et al., 2017).

. . Link Error Zero
Response Variable Fixed effects Random effects . s . .
Function distribution inflation
Deer presence / Zone_VB + . . .
absence Seasons Zone, WL logit Binomial No
*
Deer presence / Zone_VB Zone_WL logit Binomial No
absence Seasons
*
Deer presence / Zone_WL Zone_VB logit Binomial No
absence Seasons

Table 3. Deer models. Summary of the response (predicted) and predictor variables, fitted error distributions,
and equation syntaxis used in deer models, by means of gimmTMB package. (*) Denotes interaction between
the variables. Seasons (summer, autumn, winter and spring), Vegetation Border: Zone (Zone_VB) and Water
Level Zone: (Zone_WL).
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3. Results

To answer the research questions, the results section was divided into three sub-sections. The first
examines the influence of red deer herbivory and water level on vegetation development. The
second sub-section focuses on the impacts of red deer herbivory and water level on reed
development. Lastly, the third section addresses deer population dynamics in the wetland area of
OVP.

3.1. Vegetation Development

3.1.1. Sub-questions 1 and 3: Vegetation diversity (species composition, species richness,
abundance, and Shannon-index)

a) Vegetation Composition Analysis

Vegetation communities changed over time (figure 9). The vegetation composition observed in
August 2022 differed from the species pool present in March 2023 (F = 137.74, p = 0.001). Herbivory
treatments did not show a significant difference in species composition (F =0.2194, p =0.9131). The
species that contributed the most to the difference across time were Rumex maritimus (RUMA)
(21%), Persicaria maculosa (PEMA) (8.5%), Oxybasis rubra (OXRU), Ranunculus sceleratus (RASC)
(5%), as well as the vegetation type "old vegetation (OLVE)" (26%). The species Phragmites australis
(PHAU) did not contribute to the community change between months August 2022 and March 2023.

We found that vegetation composition was affected by soil elevation (WL zones) and sampling
periods (F=4.769, p = 0.006) (figure 10). Plots surveyed in August 2022 did show a difference across
all water level zones ([a-b]: F = 4.9958, p = 0.002; [a-c]: F = 8.728, p = 0.001; [b-c]: F=6.162, p =
0.001). Conversely, for plots sampled in March 2023, the only zone that remained different was "WL
zone c" (the highest elevation) ([a-c]: F = 4.026, p = 0.011; [b-c]: F = 4.581, p = 0.015). In the case of
“WL zone a” and “WL zone b”, their vegetation communities homogenized after seven months from
the first sampling period ([a-b]: F = 0.458, p = 0.739). Additionally, the average plots with Phragmites
australis differed significantly between “WL zone b” and “WL zone ¢” (p = 0.012), with Phragmites
australis contributing 5% to the difference between those zones.

The vegetation border zones significantly influenced the species composition, and this effect was
also dependent on the sampling period (F = 3.7225, p = 0.017982) (figure 11). Particularly, in August
2022, the only significant difference in community composition was observed between “VB zone A”
and “VB zone C”, the nearest and the farthest areas from the existing vegetation border respectively
([A-C]: F=4.6429, p = 0.001). However, the two nearest areas, “VB zone A” and “VB zone B,” did not
differ significantly from each other ([A-B]: F = 2.1256, p = 0.051), and the middle area, “VB zone B,”
did not differ significantly from the farthest zone, “VB zone C” ([B-C]: F = 2.4577, p = 0.052).
Eventually, in March 2023, only the nearest area to the vegetation border, "VB zone A," remained
different from "VB zone B" and "VB zone C" ([A-B]: F =4.7608, p = 0.009; [A-C]: F= 15.249, p = 0.001).
VB Zones B and C, evolved towards the same community after seven months of the first
measurement ([B-C]: F=2.398, p =0.069). The species Phragmites australis contributed significantly
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to dissimilarities among vegetation border zones in March 2023, being more abundant in the nearest
area to the vegetation border than in middle and furthest away zones ([A-B]: P = 0.004; [A-C]: P =
0.021). It is important to notice that the arrow for PHAU (Phragmites australis) appears
perpendicular to the environmental variable water level mean (WLM), indicating an inverse
relationship between them. The blue arrows represent the environmental variables that were
considered for this analysis, all of them were significantly influencing vegetation composition. These
variables included mean water level, organic matter content (OM), soil humidity (HUM), and bulk
density (BD) (WLM: r? =0.5765, p = 0.001; OM: r? = 0.1528, p = 0.002; HUM: r? = 0.7323, p = 0.001;
BD: r?=0.5736, p = 0.001).
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Figure 9. Non-Parametric multidimensional scaling plot of species composition in the wetland are of OVP
across time. The NMDS ordination plot shows the vegetation community changes between months. The NMDS
ordination analysis was carried out with coverage data as abundance proxy of vegetation species present in
the wetland area of OVP. The data was previously Hellinger-transformed, and dissimilarities were calculated
using Bray—Curtis’s matrices. Sampling sites are represented by triangles (non-herbivory) and squares
(herbivory), and colors represent the month of sampling. Grey rows symbolize plant species, and the blue rows
are environmental variables that influence the observed patterns (OM: organic matter content (p-value= 0.002);
WLM: water level mean (p-value= 0.001); BD: bulk density (p-value= 0.001); HUM: soil humidity (p-value=
0.001)).
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Figure 10. Non-Parametric multidimensional scaling plot of species composition in the wetland are of OVP
across time considering water level zones. The NMDS ordination plot shows the vegetation community
changes between months taking into account water level zones. The NMDS ordination analysis was carried out
with coverage data as abundance proxy of vegetation species present in the wetland area of OVP. The data
was previously Hellinger-transformed, and dissimilarities were calculated using Bray—Curtis’s matrices.
Sampling sites are represented by triangles (non-herbivory) and squares (herbivory), and colors represent the
interaction between month of sampling and water level zones. Grey rows symbolize plant species, and the blue
rows are environmental variables that influence the observed patterns (OM: organic matter content (p-value=
0.002); WLM: water level mean (p-value= 0.001); BD: bulk density (p-value= 0.001); HUM: soil humidity (p-
value=0.001)).
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Figure 11. Non-Parametric multidimensional scaling plot of species composition in the wetland are of OVP
across time considering vegetation border zones. The NMDS ordination plot shows the vegetation community
changes between months taking into account the distance to the vegetation border zone. The NMDS ordination
analysis was carried out with coverage data as abundance proxy of vegetation species present in the wetland
area of OVP. The data was previously Hellinger-transformed, and dissimilarities were calculated using Bray—
Curtis’s matrices. Sampling sites are represented by triangles (non-herbivory) and squares (herbivory), and
colors represent the interaction between month of sampling and VB zones. Grey rows symbolize plant species,
and the blue rows are environmental variables that influence the observed patterns (OM: organic matter
content (p-value= 0.002); WLM: water level mean (p-value= 0.001); BD: bulk density (p-value= 0.001); HUM:
soil humidity (p-value= 0.001)).
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b) Species richness

The sampling period (month) and water level influenced species richness. Nevertheless, herbivory
treatments did not result in any differences in this response variable (figure 12A). Furthermore, no
significant interaction was identified between herbivory treatments with water level (x2 = 2.38, p =
0.123) nor sampling months (x2 = 2.611, p = 0.27104). Species richness fluctuated over months (x2=
24.089, p <.001). The highest value in species richness was reached in August 2022 (non-herbivory
=4.370 £ 0.329; herbivory = 4.555 + 0.289; average * SE) and the lowest was in March 2023 (non-
herbivory = 2.148 + 0.415; herbivory = 1.592593 + 0.3746195). After March 2023, species richness
increased again however not as much as in August 2022 for both treatments ([May-August]: herb: p
< .001, non-herb: p < .001) (figure 12A). Regarding water level effect, it was found an inverse
relationship between water level and species richness (x2 = 20.994, p <.001). When the water level
was 0 cm, species richness reached the highest value, corresponding to 9 species. However, at 3 cm
of water level, the maximum number of species was reduced to 7 and to 5 species at 4 cm of water
level. With further increases in water level, there was a noticeable reduction in species richness.
After reaching 15 cm of water level, no plant species were found, independently of the sampling
period and treatment (figure 13A).

c) Total Coverage of Vegetation

Total coverage per plot changed across time and was negatively influenced by water level increases
(figure 13 B). Furthermore, an interaction effect was found between the exclusion of herbivores and
time (figure 12B). No interaction effect was found between herbivory treatments and mean water
level (x2 = 0.579, p = 0.447). The highest total vegetation coverage was found in August 2022 (non-
herbivory: 89.7 + 5.21%; herbivory: 86.2 + 7.04%), followed by a decrease in March 2023 (non-
herbivory: 9.04 + 2.27%; herbivory: 8.46 + 3%). After two months of preventing herbivory, total
vegetation coverage increased on average by 3 percent in May 2023 (non-herbivory: 39.2 + 6.3%)
than it was in March 2023 for the non-herbivory treatment (p < 0.001). Meanwhile, the herbivory
treatment in May 2023 remained the same as in the previous measurement in March 2023 for the
same treatment (p = 0.318). In relation to the water level, it negatively influenced the total
vegetation coverage in both treatments, dropping from 162% (maximum value) of total vegetation
coverage when the water level was 0 cm to 56% of total vegetation coverage when the water level
reached 4 cm. All plots with a water level of more than 15 cm did not present any coverage (figure
13B).

d) Shannon-Index

Water level did influence vegetation diversity (figure 13C). However, the exclusion of herbivores did
not lead to differences in the exponential Shannon index (figure 12C). Furthermore, there was no
interaction between water level and treatments (x2 = 0.061, p = 0.804) nor between months and
treatments (x2 = 1.531, p = 0.465). Specifically, August 2022 exhibited the highest biodiversity for
both treatments (non-herbivory = 2.879 + 0.19; herbivory = 2.825 + 0.17) compared to March 2023
(Herb: p <.001; non-herb: p <.001) and May 2023 (Herb: p= 0.007; non-herb: p = 0.003) (figure 12C).
Additionally, the exponential Shannon index was negatively influenced by an increasing water level
(x2 = 15.5014, p < .001). Precisely, the highest Shannon index value (exp(H) = 2.68 + 0.119) was
observed when water was absent (WLM = 0 cm), and as the water level increased, the exponential
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Shannon index decreased sharply. After reaching 8 cm of water level, the exponential Shannon index
reached its minimum value (exp(H) = 1) (figure 13C).
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Figure 12. Impact of herbivory treatments across time on vegetation diversity dependent variables. A)
species Richness, B) Total Vegetation Coverage (%), and C) Exponential Shannon Diversity Index (exp(H)), for
each treatment and time of measurement. The significance, represented by different letters, was obtained from
GLMMs and by means of Tukey test post-hoc analysis. This figure depicts the obtained results as boxplot with
error bars, and violin plot to visualize the variations on data distribution among measurements. It also includes
the mean value of treatments at each sampling period. (H: Herbivory; M: months; H x M: interaction between
herbivory and months).
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Figure 13. Impact of above ground water level mean (WLM) on vegetation diversity dependent variables,
A) Species Richness, B) Total Coverage (%), and C) Exponential Shannon Diversity Index (exp(H)), for each
treatment and time of measurement. The figures show the relationship between water level increase and the
response variables. Furthermore, the figures also include months distinctions with different colors. The lines
were fitted by an exponential decay function using the fitted values for each model (H: Herbivory; WLM: water
level mean; H x WLM: interaction between herbivory and water level mean).
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3.1.2. Sub-questions 2 and 3 Phragmites australis development (presence, height, and
abundance)

a) Reed presence

The presence of reed was influenced by herbivory treatments over time (figure 14). During August
2022, reed presence was observed in 33% of the non-herbivory plots and in 25% of the herbivory
plots (p = 0.9757). In March 2023, the scenario in terms of reed presence did not change compared
to August 2022 ([August-March]: Herb: p = 1; non-herb: p = 0.976). In the following months, there
was an increase in the proportion of plots containing reed (x2 = 16.141, p <.001). By May 2023, reed
occurred in around 75% of plots, but only in non-herbivory treatments. This indicates that reed
presence was on average approximately 3 times more frequent in non-herbivory plots compared to
plots subjected to herbivory ([herb - non-herb] p = 0.004). Water level did not show an influence on
reed presence (x2 =0.7238, p = 0.395), and no interaction was found between herbivory treatments
and water level (x2 = 0.615, p = 0.433) (figure 16A).
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Figure 14. Percentage of plots with reed presence / absence across time. The plot shows the percentage of
plots that presented reed across time. Different letters denote significant differences.

b) Coverage of reed

The coverage of reed exhibited variations over time, and the extent of this change was found to be
related to the herbivory treatment (figure 15A). The herbivory exclusion resulted in a significantly
higher reed coverage after ten months (x2 = 12.133, p = 0.002). During the first (August 2022: [herb]:
4 +1.57 %; [non-herb]: 4.33 £ 0.7%), and second sampling periods (March 2023: [herb]: 3.43 +1.21%;
[non-herb]:3.43 £ 0.95%), reed showed the same percentage of coverage, without any difference
among treatments (Herb: p = 1; non-herb: p = 0.998). Then, in May 2023 reed coverage suddenly
increased reaching 21.5 + 3.63% of reed coverage, this was an average 2.43 percent more coverage
compared with non-herbivory treatment in the same month (figure 15A). Additionally, mean water
level was found to have a significant influence on reed coverage (x2 = 15.142, p < .001), and no
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interaction effect was found between herbivory treatments and water level (x2 = 0.767, p = 0.382).
Increasing mean water level was associated with a reduction on reed coverage across all treatments
and sampling periods. After 5 cm of water level above ground the percentage of coverage of reed
was reduced (figure 16B).
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Figure 15. Impact of herbivory treatments across time on reed development dependent variables. A) Reed
Coverage (%), and B) Mean Reed Height (cm) for each treatment and time of measurement. The significance,
represented by different letters, was obtained from GLMMs and by means of Tukey test post-hoc analysis. This
figure depicts the obtained results as boxplot with error bars, and violin plot to visualize the variations on data
distribution among measurements. It also includes the mean value of treatments at each sampling period. (H:
Herbivory; M: months; WLM: mean water level, H x M: interaction between herbivory and months).

c) Reed height

The height of reed fluctuated across time and the exclusion of herbivores allowed reed to growth
(figure 15B). When reed was present, prevention of herbivory for ten months lead to an increase on
reed height (non-herb-May: 77.7 £ 10.1 cm). Comparatively, in May 2023, reed height in the non-
herbivory treatment (Herb-May: 12.8 + 5.6 cm) was on average 2.4 cm lower than in the herbivory
treatment (p < .001). Water level influence reed height depending on the treatment (x2 = 8.851, p =
0.003). It appears that under herbivory pressure, water level increase may have a positive effect on
reed height, compared to the non-herbivory treatment (figure 16C). Conversely, in the absence of
herbivory, an increase in water level may result in a decline in reed heigh. In general, observations
concentrated around the median; however, it's worth noting an outlier in the herbivory treatment
during March 2023, which deviated from the overall pattern might influence the observed positive
trend (figure 15B). Both models were fitted with zero inflation, and the results indicated that the
predictors did not have a significant influence on the zero values of the height of reed stems.
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Figure 16. Impact of above ground water level mean (WLM) on reed development dependent variables, A)
Reed Presence, B) Coverage of Reed (%), and C) Mean Reed Height (cm), for each treatment and time of
measurement. The figures show the relationship between water level increase and the response variables.
Furthermore, the figures also include months distinctions with different colors. The lines were fitted by an
exponential decay function using the fitted values for each model. (H: Herbivory; WLM: water level mean; M:
months; H x WLM: interaction between herbivory and water level mean).

3.2. Red Deer habitat Patterns

3.2.1. Sub-question 4: Exploratory analysis of red deer habitat usage (deer
presence/absence)

a) Presence absence analysis

Deer were not completely absent from the wetland area in OVP during any month of the sampling
period (figure 17B). This indicates that there was at least one deer present on at least one day of
each month. However, there is a clear presence/absence pattern observed over seasons (figure 17A)
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(x2 = 218.691, p < .001). During summer deer were continuously present in the wetland area, with
sightings on the trail cameras observed on almost every day within that timeframe. Then, deer
occurrence decreased during autumn ([summer — autumn]: p <.001), and there was even less deer
presence during winter ([summer — winter]: p < .001). Winter was the seasons with the lowest
proportion of sightings. During the following season, spring, deer increase again, reaching the same
presence levels than in autumn ([autumn — spring]: p = 0.694). In the case of geese
presence/absence dynamics, they followed an opposite pattern (figure 17A).
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Figure 17. Red Deer Population Dynamics. A) Deer and Geese Population Dynamics over Time: This figure
compares the presence patterns of deer and geese across time in the wetland area of OVP. B) Proportion of
Deer Sightings per Month: The figure shows the proportion of days per month when deer were present in the
wetland area.

b) Vegetation Border Zone analysis

We found that the presence of deer was influenced by the distance to the vegetation border (x2 =
13.332, p<.001), seasons (x2 = 96.068, p <.001), and their interaction (x2 = 35.299, p < .001) (figure
18). Specifically, during autumn, "VB zone A" presented more deer occurrences compared to "VB
zone C" (p =0.020). It was on average 0.87 times more likely to find deer in zone A instead of C during
autumn. In the case of spring, it was on average 2.1 times and 4.2 times more likely to find deer in
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"VB zone A" than in "VB zone B" (p <.001) and "VB zone C" (p < .001), respectively. Furthermore, VB
zones B and C did not differ significantly during spring (p = 0.205). Deer presence also showed
differences among vegetation border zones during summer, with deer occurring on average 1.1
times more in "VB zone A" than in "VB zone C" (p < .001). During summer, “VB zone A” and “VB zone
B” did not differed among them (p = 0.199) nor “VB zone B” and “VB zone C” (p = 0.858). On the
contrary, winter did not significantly influence deer presence ([A-B]: p = 0.277; [A-C]: P =1, [B-C]: p
=1).
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Figure 18. Deer presence heat map across vegetation border zones. The heatmap shoes the presence patters
over time, across the different vegetation border zones in the wetland area of OVP.

c) Water Level Zone analysis

We found that water level zones influenced deer presence within the wetland area (x2 = 25.150, p
<.001), as well as seasons (x2 =123.130, p <.001) and their interaction (x2 = 37.178, p <.001) (figure
19). During summer, deer were on average 1.4 and 1.3 times more likely to be found in "WL zone a"
compared to "WL zone b" and "WL zone c," respectively ([a-b]: p <.001; [a-c]: p < .001). Water level
zones b and c did not differ among them (p = 1). Furthermore, during autumn, the only difference
was found between "WL zone a" and "WL zone b". It was on average 0.9 times more probability to
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fin deer in “WL zone a” (p <.001). Spring and winter did not show any difference in deer occurrence
across water level zones (Spring: [a-b] p = 1; [a-c] p = 0.136; [b-c] p = 0.381; winter: [a-b] p = 0.672;
[a-c] p =1; [b-c] p = 0.499).
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Figure 19. Deer presence heat map across water level zones. The heatmap shoes the presence patters over
time, across the different water level zones in the wetland area of OVP.

4. Discussion

Vegetation development in the wetland area was partially influenced by red deer herbivory at this
early stage of ecological succession. The artificial drawdown triggered vegetation ecological
succession, and the ecosystem showed signs of evolving towards a more Phragmites australis-
oriented community, although it was still incipient. Water level significantly shaped vegetation, with
increasing water levels limiting vegetation and reed coverage, and leading to different communities
across water level variations. Specifically, the results of this study demonstrate that, in the short-
term, the exclusion of herbivory increased vegetation coverage. However, herbivory did not
significantly impact other vegetation diversity variables. After approximately one year of the induced
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drought in the wetland, the system constantly evolved and changed, as vegetation development
variables fluctuated over time. Moreover, herbivory had a strong negative influence on reed
development.

4.1. Time Patterns and Minimal Impact of Deer Herbivory on Wetland
Vegetation Development: Potential Negative Effects of Prolonged
Herbivory

The findings of this research suggest that herbivory had contrasting effects on different vegetation
variables, partially supporting the first hypothesis. Vegetation composition changed across time, but
it was not influenced by deer herbivory exclusion. In addition, species richness and Shannon index
remained unaffected, but herbivory exclusion had a positive impact on total vegetation coverage.

The change in species composition was not influenced by herbivory exclusion over a thirteen-month
period since deer exclusion. However, community composition did change across time, due to the
drawdown that reset vegetation succession (e.g., Coops et al., 2004; Ter Heerdt & Drost, 1994; Vulink
et al., 2000). Furthermore, vegetation border zones did influence vegetation composition, with areas
nearer to the vegetation border having different vegetation communities compared to the furthest
away area. This pattern was observed in August 2022 and March 2023, suggesting an effect of
vegetation border zones on initial species composition and its development over time. Species with
vegetative reproduction, as Phragmites australis, found it easier to colonize nearby areas rather than
distant ones. After seven months from the first sampling period (March 2023), middle distance (VB
zone B) and the longest distant areas (VB zone C) showed similar vegetation composition, while the
nearest area (VB zone A) remained different. The species Phragmites australis contributed
significantly to dissimilarities among vegetation border zones, being more abundant in the nearest
area to the vegetation border. Previous research (Temmink et al., 2022b) suggested that reed
planting accelerates reed development. The distance to the vegetation border may serve as an
analog for active planting, as shorter distances favor reed development due to vegetative
reproduction, similar to the effect of active planting.

While environmental variables such as soil organic matter content, humidity, and bulk density
showed an influence on community patterns, they were not extensively analyzed in this research.
Further evaluation of how these variables influence the occurrence and development of certain
species would be interesting. It is important to highlight that OVP is categorized as a highly
productive area. Therefore, nutrients are not a limiting factor for plant growth, which could
otherwise constrain vegetation development (Verhoeven et al., 1996).

Species richness and the Shannon index were not affected by herbivory during the short timeframe
of this research (thirteen months of herbivory exclusion), whereas total vegetation coverage was
negatively affected by herbivory. On the one hand, the negative effect on coverage aligns with
previous findings where herbivory limited vegetation coverage (Barret & Stiling, 2006). On the other
hand, other research has found positive impacts of herbivory on vegetation diversity and species
richness; however, those studies focus on stable ecosystems (e.g., Bekker et al., 2006; Hegland et al.,
2013; Schutz et al., 2003; van Klink et al., 2016). In these cases, herbivory offers a "window of
opportunity" for less competitive species, opening patches of bare soil for establishment and
reducing light competition (Bekker et al., 2006). In the wetland area of OVP, a recent drawdown
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disturbance had reset the system back to an unstable state, resulting in low light competition and
extensive bare soil. At this point, other mechanisms such as facilitation become more important than
reducing competition between species (Zhang & Shao, 2013; Zhao et al., 2007).

Our results showed a time pattern in species richness, total vegetation coverage, and the Shannon
index. The observed decrease in those variables after August 2022 is likely associated with seasonal
changes. August represents summer in the northern hemisphere, a period of peak productivity
(Hummel et al., 2018). During winter, vegetation growth was restricted, but a recovery trend for
species richness and the Shannon index was observed after the winter season (March 2023 and May
2023), regardless of the treatment. However, deer herbivory hindered vegetation coverage and has
the potential to damage vegetation development with prolonged exposure to deer herbivory.
Therefore, continuous monitoring of the area is crucial for understanding the post-May 2023
developments.

4.2. Initial Low Presence of Reed and Sudden Improvement of Red
Development in Non-Herbivory Plots: The need of Herbivory Refuges

Following a thirteen-month period of red deer exclusion, the areas without herbivory exhibited a
significant increase in the presence, height, and coverage of reed compared to the plots subjected
to herbivory. This finding confirms the prediction made by the second hypothesis.

The first eleven months after the exclusion experiment (April 2022 - March 2023) showed minimal
reed presence, regardless of the treatment. However, in May 2023, reed presence increased sharply
but only in the non-herbivory treatment, indicating the importance of preventing herbivory for early-
stage reed development. This result aligns with other studies that found herbivory hampers reed
development (e.g., Vulink et al. 2000; Bakker et al. 2018). Even after a short exclusion period, the
results were significant, with similar patterns observed in reed coverage (abundance) and height,
both constrained by herbivory once reed was present.

The aim of the park managers in OVP is to create a wetland landscape dominated by Phragmites
australis (PHAU). However, in March 2023, the vegetation did not clearly form a PHAU-oriented
community. Since dissimilarities in communities across time (August 2022 - March 2023), without
any zone distinction, were not driven by P. australis. In May 2023, P. australis became more present
in the area, but limitations in statistical analysis (NMDS stress equal to zero) prevented determining
if it was a more PHAU-dominated community. It is recommended to increase the sampling size for
future research to avoid shortcomings on statistical analysis.

This research provides evidence of deer consumption affecting reed coverage and height. Previous
studies have also found red deer feeding on reed (Cornelissen et al., 2014a; 2014b; Vulink et al.,
2000), and deer have been known to cause ecosystem shifts in other ecosystem types (Cornelissen
et al., 2014b; Smit et al., 2015). The stage of the ecosystem played a crucial role in defining the
direction of herbivory effects, as shown in the vegetation diversity section. Once reed beds are fully
vegetated, research indicates no detrimental effects of herbivory (Reijers et al., 2019). However, in
the early development stages of reed beds, as observed in this study, herbivory hampers reed
growth, consistent with previous findings (Bakker et al., 2018; Liu et al., 2020; Vulink et al., 2000;
Zhang et al., 2021). Therefore, the expected effect of deer herbivory was found. To promote reed
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development, especially in the early stages of wetland succession, it would be essential to consider
grazing refuges (Smit et al., 2015; Barrett & Stiling, 2006).

4.3. Water Level Inhibits Vegetation and Reed Development: A Need of
Water Level Thresholds

The evidence partially supports hypothesis four, indicating an inverse relationship between above
ground water level and vegetation diversity variables, as well as reed coverage. However, reed
presence was not affected by water level increases. In terms of reed height, water level showed
contrasting effects depending on the herbivory treatment.

Overall, water level was an important factor explaining changes on vegetation community, as well as
the reduction of (i) species richness, (ii) total vegetation coverage (%), (iii) Shannon index, and (iv)
reed coverage (%). The finding is partially consistent with prior research, which has shown that
deeper water levels have a negative impact on vegetation development (e.g., Alderson 2023; Coops
et al., 2004). However, in the specific case of P. australis presence, it was found to be unaffected by
water level changes. P. australis is an aquatic plant tolerant to floodings, allowing reproduction under
a range of water levels, even 15 cm of water depth (Meng et al., 2016; Yu et al., 2012). Based on the
results, it seems like water level fluctuation in the wetland did not surpass its tolerance. Furthermore,
water level had contrasting impacts on reed height, depending on herbivory treatment. In non-
herbivory plots with existing reed, water level negatively affected height, while in herbivory plots, it
had a positive effect. Unexpectedly, herbivory seemed to suppress a mechanism or variable present
in non-herbivory plots, causing the observed differences. One possible explanation might be the
availability of light for growth. The presence of deer outside the exclosures resulted in the removal
of old vegetation from the previous season, which in turn reduced the stress of light competition. In
contrast, within the exclosures, old vegetation accumulated, and when combined with the increasing
water level, a synergistic effect of both variables was observed. It is important to note that the
smaller sample size might have influenced the positive height trend under herbivory, as it
emphasized outliers. However, the negative trend in non-herbivory and the slightly different trend
in herbivory plots, for both reed height and coverage, should not be overlooked. This is especially
significant considering that the germination of P. australis has been shown to be sensitive to light
availability (Kettenring & Whigham, 2018).

Water level significantly influenced vegetation communities, as different plant species have varying
tolerance levels to water level fluctuations (Coops & Velde, 1995; Griest et al., 1990; Meng et al.,
2016). Some plants germination is less successful underwater, such as Phragmites australis, which
shows a higher likelihood of germination when the above-ground water level does not exceed 2-4
cm (Meng et al., 2016; Yu et al., 2012). The impact of water level zones on the park's species
composition was evident, with each zone's drying time playing a crucial role in shaping the species
community. After seven months from the first sampling period, the North-East area of the park (VB
zone c), being the first to dry up, remained the only community that showed a significant difference.
Phragmites australis emerged as a key factor in explaining the dissimilarities between the first and
last zones to dry up, highlighting the importance of a long enough dry period for reed to reproduce
and establish. This is in line with other research where time of inundation accounted for P. australis
seedling germination (Alvarez et al., 2005; Coops & van Velde, 1995).
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Furthermore, the findings indicate that maintaining the water level below a certain threshold is
crucial for the expansion of vegetation during wetland recovery (van der Valk and Davis 1978). Once
the water level exceeds this threshold, all the vegetation diversity variables were significantly
reduced. However, the threshold at which vegetation is affected differs between reed and other
vegetation species. For reed, the above ground water level should be kept below 5 cm, as its
coverage drastically decline beyond this value. In contrast, other vegetation types have a higher
threshold of over 13 cm for limiting their development. To increase vegetation diversity and expand
reedbeds, constant monitoring of water levels is necessary, and prompt action should be taken if
they exceed the threshold. In the case of OVP, where the focus is on restoring reedbeds, maintaining
a lower water level is essential for reed extension compared to other vegetation types.

4.4. Deer Presence Patterns and Management Implications: Deer
Influence on Vegetation

Water level and vegetation border zones were found to influence deer presence in the wetland area
of OVP. However, the effect was not as expected, deer were mostly absent in the wetland area during
winter (wet period). In addition, the nearest zone from the vegetation border was the preferable
habitat during spring and not across all seasons as it was hypothesized.

Deer were observed in the wetland areas of OVP during all seasons, and they actively fed on
Phragmites australis, leading to herbivory pressure. Throughout the entire sampling period, geese
were not continuously present, indicating that the herbivory on Phragmites australis was primarily
caused by deer. Even during months when geese were observed, it was possible to differentiate their
consumption behavior from that of deer. Deer predominantly fed on the top parts of tall herbs
(stems), while geese fed from the bottom of the plant. This difference in feeding behavior allowed
for the identification of the herbivory source, confirming that it was mainly due to deer.

The presence of deer in OVP's wetland area was influenced by water level zones, particularly during
the dry summer of 2022. The lowest or north-west zone showed the highest deer occurrence. This
preference for the lowest zone was likely due to favorable food resources rather than water level, as
in August 2022 the wetland area was already dry (Glisewell et al., 2007). This allowed deer to freely
move around the area. Vegetation species compositions varied among water level zones in August
2022, indicating potential differences in food availability (Hummel et al., 2018). Deer were also more
likely to be found closer to the vegetation border during spring. In the previous winter season, deer
were largely absent, possibly due to increased water levels, food scarcity, and the hunting season
that took place in winter (Glsewell et al., 2007; Ligi & Randveer, 2012). Red deer and other deer
species have shown changes in habitat usage due to hunting (Ligi & Randveer, 2012). Therefore, after
winter, deer returned to the wetland; however, as an open area, it was safer to stay near the existing
vegetation border. This winter absence might be considered beneficial, as it reduces pressure on
vegetation during challenging winter conditions.

The above-described patterns had management implications. The results are showing that deer
habitat usage differ across the wetland area. Therefore, some areas could suffer more herbivory
damage and might need to avoid deer presence. This research suggests that preferable vegetation
types might be present in the South-west area of the park (lowest elevation). Additionally, the area
nearest to the vegetation border is also more inhabited by deer, due to a sense of higher protection
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as it was predicted, or maybe it was also because of preferable vegetation availability. Cornelissen
and colleagues (2014a), findings suggest that herbivory can be influenced by the species
composition in the surrounding neighborhood. If a particular species is surrounded by preferred
plant species, it is more likely to be eaten. Conversely, if a species is surrounded by non-preferred
plant species, it is more likely to be protected from herbivory. This information highlights the
importance of considering the plant community composition when studying and managing
herbivory effects on vegetation. Based on the above, deer herbivory impact might not be equally
distributed in the wetland area; reed development might be more constrained when it is surrounded
by preferable species (, such as in the South-west area of the park or nearer to the vegetation border.
This could be of special concern for reed development in the nearest area toward the vegetation
border, as vegetation started to recover in spring, and P. australis became more abundant.

4.5. Further research

The findings of this research highlight the importance of the next steps, which include conducting
vegetation measurements after May 2023. This follow-up study aims to confirm the progression
towards a more PHAU-oriented community and to verify the impact of red deer herbivory on
vegetation development over longer period. Furthermore, it is crucial to explore the relationship
between the different species occurrences in the wetland and the abiotic environmental variables,
as these variables have been found to be correlated with species composition. Vegetation has shown
to influence abiotic conditions, and at the same time, abiotic conditions affect vegetation, leading to
the establishment of feedback mechanisms between them (Temmik et al., 2022a). These relations
are important to identify in a novel ecosystem to ensure resilience and self-regulation (Perino et al.,
2019).

Even the importance of herbivory densities on herbivory impacts, deer densities were not studied
in this research due to the experimental design. The primary aim was to identify deer presence in
the wetland area rather than establish deer densities. To calculate densities from images, a specific
sampling design would be needed (Becker et la., 2022; Ripa et al., 2023). Establishing deer densities
in the wetland area is a next step for the OVP managers, as high deer densities often imply a negative
impact on vegetation development, especially considering that deer have already shown
preferences in habitat usage within the wetland area. Additionally, as water levels start to increase,
the geese population might also increase (Coops et al., 2004), leading to herbivory pressure from
two species instead of one. It is still unknown what will happen with deer habitat usage at higher
water levels, but it might be a period of coexistence. Future research should take this potential
habitat overlap in consideration.

Within the OVP wetland area, vegetation successions are ongoing, and the results showed a trend
towards a more PHA-oriented community, aligning with the park managers' objectives. However,
vegetation establishment is only the initial step to trigger the boom phase and enhance ecosystem
services provision. Therefore, once full reed establishment is achieved, future research should focus
on how reedbeds enhancement sets the base for biodiversity improvement at higher trophic levels,
and the development of vegetation-abiotic feedbacks, including nutrient cycling and carbon storage.
These factors play a crucial role in combating climate change and addressing the current biological
conservation crisis.
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5. Conclusion

This study sheds light on the development of novel ecosystems and the successful artificial
management of a wetland ecosystem. The findings highlight the crucial role of herbivory by deer in
vegetation succession in the early ecosystem stage. Red deer negatively impacted reed development
and potentially hindering overall vegetation growth with prolonged exposure. However, the
implementation of the drawdown rewilding measure at this early ecological succession state has
shown promising positive effects on vegetation and reed development. Moving forward, it is
imperative to address the issue of deer herbivory in the area when water levels are lowered to
ensure the continued success of wetland restoration efforts. Preventive measures aimed at reducing
deer impact will be vital in guiding the progression of this ecosystem towards a boom phase.

The duration of the herbivory exclusion experiment and the recent drawdown disturbance have
been instrumental in shaping vegetation and reed development outcomes. As such, further research
is warranted to explore the long-term implications of herbivory on wetland vegetation dynamics in
similar disturbed ecosystems. Understanding the broader applicability of these findings in other
ecosystems worldwide will be essential for effective restoration and conservation efforts in the
future. Moreover, with the ongoing UN Decade on Restoration, the insights gained from this study
hold significant importance in contributing to the global restoration agenda. By incorporating these
research findings into conservation and restoration strategies, we can make substantial strides
towards achieving sustainable development goals and safeguarding critical ecosystems. In
conclusion, the dynamic interplay of ecological processes observed in this study underscores the
importance of continued monitoring and adaptive management to foster the successful restoration
of novel ecosystems.
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Appendix A
Species List

Number Scientific name Code
1 Juncus effusus JUEF
2 Poa annua POAN
3 Rorippa palustris ROPA
4 Ranunculus sceleratus RASC
5 Epilobium hirsutum EPHI
6 Old Vegetation OLVE
7 Salix sp. SASP
8 Menta aquatica MEAQ
9 Rumex maritimus RUMA
10 Typha sp. TYSP
11 Kiemplant KIEM
12 Tephroseris palustris TEPA
13 Phragmites australis PHAU
14 Carduus sp. CASP
15 Juncus bufonius JUBU
16 Solanum dulcamara SODbU
17 Atriplex prostrata ATPR
18 Bidens tripartita BITR
19 Persicaria maculosa PEMA
20 Matricaria chamomilla MACH
21 Oxybasis rubra OXRU
22 Tephroseris palustris TEPA
23 Epilobium montanum EPMO
24 Lycopus europaeus LYEU
25 Rumex hydrolapathum RUHY
26 Bidens frondosa BIFR
27 Alopecurus aequalis ALAE
28 Eupatorium cannabinum EUCA
29 Taraxacum officinale TAOF
30 Veronica anagallis-aquatica VEAN
31 Limosella aquatica LIAQ
32 Bidens cernua BICE
33 Eleocharis sp. ELSP
34 Sambucus nigra SANI

Table 1. List of species presented in OVP.
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Figure 1. Geese heatmap across time in vegetation border zones.
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Figure 2. Geese heatmap across time in water level zones.
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Image 1. Mammals’ identification by Artificial Intelligence. The red squares highlight the location of deer (the target animal)
within the entire image. Then, this image was cropped in three, because there were three animals in the same image.

Therefore, after all the image processing 3 cropped images with the same date and time will be obtained. The Numbers
mean the model's confidence level in the identification.
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