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Abstract: Small wetlands provide crucial ecosystem services but are facing widespread loss and
degradation. At present, small wetland complexes provide an alternative avenue for conservation;
we used a dataset to illustrate how zeta diversity can be assessed in a small wetland complex. The
small wetland complex studied consisted of nine hydrologically connected ponds, and all the ponds
were connected by narrow ditches. Data collected included the composition of both zooplankton
and phytoplankton communities, water physicochemical parameters, and hydrological connectivity.
Two ways in which connectivity affects biodiversity, dispersal filtration (path distance-controlled
biological diffusion) and environmental filtration (environment-selected species), were quantified. As
a result, (1) 46 zooplankton and 119 phytoplankton species were identified, with species richness dis-
tribution significantly affected by water properties (explained variances of 68% and 39%, respectively),
reflecting significant environmental filtration, and (2) both zooplankton and phytoplankton showed
zeta diversity distance decay (p < 0.001), reflecting significant dispersal filtration, and (3) relatively
rare species dominated community turnover, in which environmental filtration was far stronger than
dispersal filtration. Overall, the small wetland complex in this study was characterized by hydrolog-
ical connectivity, which not only allowed moderate biological connectivity but also promoted the
coexistence of diverse habitats and communities. We emphasize the applicability of zeta diversity for
assessing small wetland complexes, further demonstrating the value of small wetland complexes in
promoting biodiversity such as species richness and species turnover.

Keywords: small wetland; connectivity; community assembly; species turnover; zeta diversity

1. Introduction

Small wetlands, including ponds, pools, lochans, small lakes, and short rivers, have
many functions, such as providing biological shelter [1], flood storage, water purifica-
tion, climate regulation, and cultural value [2]. However, small wetlands are generally
threatened by degradation or disappearance, mainly due to anthropogenic influences or
development projects [3]. For instance, more than 2700 ponds in Xixi National Wetland
Park in China are mostly isolated, have serious organic pollution, or are at risk of cyanobac-
terial blooms [4]. Similarly, ponds in England and Wales have been extensively degraded,
and approximately 80% of them are of poor or very poor quality [5]. As small wetlands
and their benefits are being lost, the conservation and management of small wetlands [6]
resolution called on the contracting parties to identify and designate small wetlands and
small wetland complexes for inclusion in the List of Wetlands of International Importance.
The new concept of small wetland complexes is composed of numerous multifunctional
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small wetlands connected by water systems; moreover, they are spatially close and are
located in the same ecological environment [7].

Connectivity is typically considered an ecological corridor and stepping stone in
landscape ecology [8], and it can connect communities and alter the distribution of bio-
diversity [9]. Specifically, connectivity can indirectly affect plankton distribution through
changes in environmental conditions [10], which can be interpreted as environmental filter-
ing of community assembly in community ecology [11]. Moreover, connectivity directly
affects the dispersal process of plankton [12], which can be understood as dispersal filter-
ing of community assembly, i.e., species with strong dispersal ability can appear in more
communities [11]. However, recent studies have tended to consider the effects of habitat
or dispersal separately, such as the effect of salinity on plankton [13] and the distance
dependence of larval dispersal [14]. Although Jeliazkov et al. [15] proposed an original
framework to study the effect of the interaction between local pond conditions and pond
connectivity, the filtration and diffusion effects are difficult to analyse simultaneously, as
they tend to be interrelated under natural conditions.

Zeta diversity was introduced as a concept and metric that enables the calculation
of how diversity is constructed across multiple spatial scales within the same conceptual
framework [16]. The distinction between zeta diversity and existing measures of composi-
tional change lies in three key aspects. Firstly, the zeta diversity raw values encompass all
possible partitions within an assemblage consisting of all sites. Secondly, the information
value of zeta diversity is derived from the manner and rate at which zeta values change
across pairwise comparisons among n sites, either over time or distance. Lastly, it provides
insights into the relative contributions of rare species versus increasingly common ones to
turnover [16]. In short, zeta diversity provides a means of detecting the response of species
(from rare to common) to environmental and distance changes [17]. In particular, this
response can be decomposed into components describing the influences of both environ-
mental and distance variables, similar to the distance decay of similarity [18]. Zeta diversity
has been used to examine the contribution of habitat conditions to benthic communities at
the watershed scale [19]. However, how to apply the zeta diversity approach in assessing
the effects of connectivity on biodiversity has remained largely unexplored.

To analyse the effects of small wetland complexes on plankton community assembly,
zeta diversity was applied to describe profiles of community assembly based on a dataset
including 119 phytoplankton species and 46 zooplankton species (Figure 1). Two questions
were addressed: (1) In a small wetland complex with initially homogenous ponds, can
hydrological connectivity promote diverse habitats and communities? (2) How does con-
nectivity affect environmental filtering and diffusion filtration in the plankton community
assembly process?
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This study evaluated the ecological effects of the small wetland complex from a
biodiversity perspective, and thus, the results have application value for the conservation
of natural small wetland complexes or wetland projects. This study is the first to emphasize
the connectivity of small wetland complexes while also demonstrating the advantages of
using zeta diversity to assess small wetland complexes.

2. Materials and Methods
2.1. Study Area

In December 2009, the construction of a small wetland complex in Taihu Lake National
Wetland Park (31◦19′ N, 120◦21′ E), China, was completed. The pond bottoms all had the
same substrate layers (Figure 2b). Furthermore, water in each pond within the complex
was taken from the same source, ensuring biological homogeneity and comparable water
quality. Every connection consisted of a ditch 0.5~1.5 m deep and 2~5 m wide, and the
waterbody was stationary except during unusually heavy rains or strong winds. The
water level remained stable and waterbodies were completely isolated from Taihu Lake,
and water exchange, including the transfer of nutrients and invasive cyanobacteria, did
not occur.
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Figure 2. Location (a), substrate (b), and connections (c) of the small wetland complex. The nine
ponds are labelled P1 to P9.

2.2. Experimental Design and Sampling

The measured environmental variables fell into three categories: (1) geography, in-
cluding pond perimeter, depth, area, area-to-perimeter ratio, and volume; (2) connectivity,
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including pond ditch number, shortest path to an outside body of water, and ditch number
to an outside body of water; and (3) waterbody, including transparency, total phosphorus
(TP), labile phosphate (labile P), total nitrogen (TN), ammonium nitrogen (ammonium
N), temperature, oxidation-reduction potential (ORP), pH, dissolved oxygen (DO), and
electrical conductivity (EC).

In August 2020, plankton samples were collected by dragging 25# nets (64 µm pore
diameter; dragged 5~10 m horizontally, 2~4 times). Samples were transferred to brown
plastic bottles and fixed with Lugol solution. Samples were collected by netting from three
corners and the centre of each pond to create a mixed sample, and three independent
replicates were obtained for every pond. The nets were washed with clean water between
sampling efforts to prevent sample contamination. The inverted microscope method
was used for species identification, which was mainly based on The Freshwater Algae of
China—Systematics, Taxonomy and Ecology [20] and the Atlas of Freshwater Planktonic Algae in
China [21]. The phytoplankton were treated with a 0.1 mL count frame under a 400-fold
microscope, the zooplankton were treated with a 1 mL count frame under a 100-fold
microscope, and all samples were averaged after 3 repetitions. Data from a Mavic Pro
unmanned aerial vehicle (DJI, Shenzhen, China) were used to create a digital elevation
model (DEM) (0.1 m resolution), and the geographic variables were calculated using
ArcToolbox in ArcGIS 10.8. Flow rate and water depth were measured using an ADCP
FlowQuest2000-AFA-BC (LinkQuest, San Diego, CA, USA). Transparency measurements
were collected with a Secchi disc. Temperature, pH, ORP, DO, and EC were measured
in the field with an AP-800 handheld metre (Aquaread, Broadstein, UK). In the field,
100 mL surface water (depth < 0.5 m) was collected from each pond using sterile bottles
(3 replicates), and the TP, TN, labile P, and ammonium N were analysed using a DR2800
instrument (HACH, Loveland, USA) within 3 h of collection.

2.3. Data Analysis

To further consider the possible effects of phytoplankton composition changes on
functional composition, the common adaptive features of phytoplankton were regrouped to
simplify species complexity. Reynolds functional groups (RFGs) were applied to reclassify
phytoplankton [22], and each RFG was classified to the species level. To compare plankton
diversity turnover, the species-level data were organized into occupancy matrices based
on frequency.

There is currently no targeted way to measure connectivity at the community scale [15].
However, it is advantageous that the connectivity of this small wetland complex is very
simple, and only the cascade connectivity and the connectivity distance need to be consid-
ered. The cascade connectivity emphasizes a way of connecting one by one and mainly
considers the stepping-stone effect [8], e.g., when plankton diffuses from one pond to a
distant pond, the individual ponds they pass through become stepping stones. A simplified
asymmetric eigenvector map was selected [23] to visually represent the number of stepping
stones between any two ponds (Figure 2c). In contrast, the connectivity distance for zeta
analysis was obtained by measuring the shortest path distance from the centres of each
pair of ponds. To describe the relative isolation of the pond from external influences, the
shortest path was drawn from the centre of each pond to the outside waterbody.

To evaluate the effect of connectivity on plankton richness patterns, variance decompo-
sition analysis was used to compare the contributions of the three groups of environmental
variables. Based on redundancy analysis (RDA), the response variables were the phyto-
plankton RFGS richness and taxonomic richness of phytoplankton and zooplankton; the
explanatory variables were the environmental variables. Monte Carlo permutation tests
followed by backward selection were used to remove the nonsignificant variables from each
of the explanatory sets. The adjusted R2 of the RDA was used to screen variables for the
variance decomposition analysis [24], and then a one-way analysis of variance (ANOVA)
was performed to test the significance [10].
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Zeta diversity was investigated because of its ability to capture all the diversity
components produced by assemblage partitioning, including alpha diversity, beta diversity,
and more [16]. Zeta diversity (ζi) is the number of species shared by i number of sites, with
i referred to as the zeta order, and higher zeta orders (i > 2) represent the contribution of
increasingly common species (widespread, with large area of occupancy) to compositional
change [16]. For a community with a total number of S species discovered in N sites, let
species j occur in nj sites and let species j and k co-occur in nj∩k sites. The probability of
species j occurring in i sites is Pi

j and the expected probability of species j and k co-occurring

in i sites is Pi
jk, with Ci

n representing the binomial coefficient of n for chosen i; with the

covariance Cov
(

Pi
j , Pi

k

)
. The mean and variance of zeta diversity from the all-sample

selection scheme can then be calculated as E(ζi) and Var(ζi) [25].

Pi
j =

Ci
nj

Ci
j

(1)

Pi
jk =

Ci
nj∩k

Ci
j

(2)

Cov
(

Pi
j , Pi

k

)
= Pi

jk − Pi
j × Pi

k (3)

E(ζi) =
S

∑
j=1

Pi
j (4)

Var(ζi) =
S

∑
j=1

S

∑
j=1

Cov
(

Pi
j , Pi

k

)
(5)

Based on the conceptual framework and detailed demonstration provided by
McGeoch et al. [25], the following metrics were selected to describe their representation
in this study: (1) zeta order describes the number of communities included in the com-
parison; (2) zeta diversity decline describes the change in the number of shared species
with increasing zeta order; (3) zeta ratio describes the probability of retaining a species of
the same order of commonness in additional cases; and (4) zeta diversity decay describes
the change in the number of species shared with increasing connectivity distance between
communities for different zeta orders. Statistical analyses were performed with the package
“Zetadiv” [17,25] in R 4.0.3.

3. Results
3.1. Connectivity Drives Habitat and Community Richness

To compare the differences among all ponds of the small wetland complex, the main
drivers of plankton richness and water properties were analysed in these ponds. The
small wetland complex is rich in phytoplankton and zooplankton, which have different
responses to the waterbody, connectivity, and geography variables. The survey found
46 species of zooplankton and 119 species of phytoplankton, the latter of which were cate-
gorized into 20 RFGs. Zooplankton richness was mainly driven by water physicochemical
parameters (explained variance = 68%, p < 0.05) (Figure 3a) and was not directly related to
landform or connectivity. Phytoplankton were significantly affected by all environmental
variable groups (waterbody: explained variance = 39%, p < 0.05; connectivity: explained
variance = 33%, p < 0.05; geography: explained variance = 28%, p < 0.05) (Figure 3a). RFGs
were rich in all communities and did not show a significant response to environmental data
(Figure 3a).
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Figure 3. (a) Variance decomposition analysis of plankton richness according to geography, con-
nectivity, and waterbody properties. (b) Redundancy analysis (RDA) and actual connections of
the waterbodies. The RDA eigenvectors related to geography and connectivity were rescaled and
integrated. C1: ditch number of a pond; C2: ditch number to an outside waterbody; C3: shortest path
to an outside waterbody; G1: area-to-perimeter ratio; G2: perimeter; G3: area; G4: volume; G5: depth.

The connectivity between the ponds and outside waterbodies affected the water
quality, and the influence of pond area differences on the waterbody was basically excluded.
First, connectivity and geography together explained 53% of the water property variation
among ponds. In particular, C2 and C3 (distance and ditch number of the shortest path to
the outside) had a greater influence (Figure 3b). Second, based on the similarity ordination
of water properties, the actual connection and pond area were superimposed (Figure 3b).
As the ponds nearest to or farthest from the outside water, P1, P5, P6, and P9 had more
unique habitats (Figure 3b). These results showed that the pond water properties were
influenced by geomorphic factors such as depth and perimeter, but connectivity played a
major role in pond habitat diversification.

3.2. Connectivity Drives Species Turnover via Differential Mechanisms

Figure 4a,b shows the zeta diversity structures of plankton on continuous zeta order
scales: the zeta ratio had a minimum value when zeta order = 1 and 2 and most plankton
were relatively rare species (low-frequency occurrences) that contributed more to species
turnover among communities. With the increase in zeta order (more communities were
compared simultaneously), the zeta diversity of all plankton gradually declined, reflecting
that phytoplankton, RFGs, and zooplankton had stable common species in all communities.
Additionally, the zeta diversities of the zooplankton and phytoplankton declined in the first
five zeta orders (Figure 4a), indicating that relatively rare species contributed more than
common species to zeta diversity, which is consistent with the species frequency patterns
in which rare species predominate (Figure 4c,d).

The zeta diversity of the RFGs decreased more slowly than that of phytoplankton
and zooplankton with increasing zeta order (Figure 3a), reflecting the homogenization of
the RFGs (Figure 4e). For phytoplankton and RFGs, rapid decreases in the ratios of zeta
orders 7 and 8 (Figure 4b) were observed. Specifically, when 7 or 8 communities were
taken as a whole (excluding 1 or 2 communities) in the process of calculating the zeta
ratios, the zeta diversity values were strongly affected by species with frequencies of 1
or 2, indicating that rare species caused fast turnover of both phytoplankton and RFGs.
Conversely, the zeta ratio of zooplankton continued to increase (Figure 4b), reflecting a
more gradual composition turnover process.

To detect the correlation between distance and plankton species turnover, Figure 5
shows the variation trend of zeta diversity with increasing distance: both zooplankton
and phytoplankton showed significant distance dependence, while RFGs did not respond
significantly to distance. When the zeta order was [2,5], zooplankton had a distance-
dependent effect (Figure 5a,d). When the zeta order was [4,5], the zeta diversity decreased
strongly with increasing distance (Figure 5a), reflecting the strong dispersal filtration of
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connectivity on zooplankton. In contrast, phytoplankton showed a similar diversity decline
trend, especially when significance was set to 0.1 (Figure 5b), and most orders showed
stable dispersal filtrations. This result suggests that both rare and common phytoplankton
species generally exhibit distance-dependent effects and that these effects have almost
the same strength (Figure 5e). In contrast, RFGs did not show distance dependence at
any scale (Figure 5c), indicating that distance restriction does not lead to functional group
differentiation, at least within 500 m.
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4. Discussion
4.1. Zeta Diversity Quantified the Effect of Connectivity on Community Assembly

Both zooplankton and phytoplankton richness were significantly correlated with habi-
tat heterogeneity, but only phytoplankton richness correlated with connectivity. Related
studies have analysed the distance dependence of plants [26], microbial communities as-
sociated with kelp [27], and fishes [28] but have not analysed the contribution of habitat
heterogeneity. One of the main reasons is that connectivity directly limits plankton disper-
sal, but the effects of dispersal filtration are difficult to separate: the effects of dispersal
on metacommunities can depend on environmental heterogeneity [29], or environmental
heterogeneity can interact with the effects of dispersal. For instance, Limberger et al. [30]
found evidence that the diversity of zooplankton was almost unaffected by trophic hetero-
geneity but was responsive to trophic interactions. In wadeable streams and non-wadeable
rivers in the Danube basin, the zeta diversity of riverine fish suffers from faunal homoge-
nization at zeta orders above seven, which revealed a new and so far undescribed response
of native fish diversity to anthropogenic stressors; this indicated that the zeta diversity
could significantly deepen our knowledge on patterns in freshwater fish biodiversity to
multistressor effects [28].

In recent research, zeta diversity has provided a way to partition the effects of environ-
ment and distance: variation partitioning of zeta diversity over distance and environmental
variables [16,25]. Here, a significant distance dependence was detected based on the zeta
diversity decay (Figure 5a,b). Furthermore, connectivity distance independently explained
some of the changes in diversity, especially for zooplankton (Figure 5d). In this study,
the effects of environmental factors and dispersal filtering on zeta diversity were well
delineated, supporting the further evaluation of the effects of connectivity on plankton.

4.2. The Small Wetland Complex Could Efficiently Enhance Species Richness

The small wetland complex has an important feature: within a limited protected area,
connectivity can elongate the diffusion paths of biological and material flows. For example,
the connectivity distance (547 m) was much longer than the horizontal distance (325 m)
from P4 to P9 (Figure 2c); thus, the longer connectivity distance contributed to dispersal
filtration and achieved one of the goals of the reserve design: to maximize biodiversity and
minimize costs. If targets are set ambitiously, it is true that they may be unachievable in the
short term due to a lack of funds and available land [31].

On the other hand, this study’s results demonstrated that the species richness of
the small wetland complex study was more than double that of a single small wetland.
Similarly, based on the multi-scale response of wetland bird assemblages to landscape
patterns on a neotropical island, Fischer and Lindenmayer [32] showed that smaller patches
contributed strongly to species accumulation curves. Importantly, although the enclosed
ponds in the Xixi Wetland also promoted diverse phytoplankton communities [4], the
ponds in the small wetland complex studied did not come at the cost of fragmentation.
In contrast to directly protecting a large wetland area, the conservation of small wetland
complexes involves the maintenance of multiple relatively independent small wetlands.
Small wetland complexes can also coordinate their subsystems’ spatial connections [7], and
they have the ability to promote diverse communities and, thus, improve conservation
efficiency. Although large reserves are the necessary backbone of successful conserva-
tion [31], small wetland complex conservation or planning can be a valuable complement
to conservation strategies.

4.3. The Ecological Effects of Connectivity May Benefit Rare Species Conservation

This study’s results are consistent with a previous study of planktonic diatom
communities [24], which found that the local environment and connectivity were the
main drivers of plankton biodiversity. In contrast to amphibian biodiversity at the land-
scape scale [15], the small wetland complex evaluated in this study did not significantly
drive functional group turnover, possibly because the ponds were quite close together.
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Nonetheless, biodiversity at the species level responded significantly to connectivity. Ac-
cording to a study by Richardson et al. [1], small wetlands are critical for capturing rare
and threatened species and their functional richness.

It is generally believed that connectivity management can prevent the degradation
of small wetlands [33] and reduce extinction risks [34]. Singh et al. suggested helping to
restore the inter-patch connectivity pathways and highlighted the ecological implications
of connectivity and patch dynamics for developing sustainable wetland management
plans [35]. In the same way, the Convention on Wetlands [6] called for an assessment of
the connectivity and quality of small wetlands. In summary, the value of connectivity of
small wetlands in terms of rare species conservation and richness is being increasingly
recognized, and this information is relevant to conservation strategies, with the need to
manage connectivity to protect biodiversity.

5. Conclusions

Small wetlands provide crucial ecosystem services but have not received enough
attention. One of the important reasons is that scientific research on small wetlands is very
scarce. The concept of small wetland complexes is a novel approach that holds the potential
to accommodate diverse communities while simultaneously enhancing the conservation
efficiency of small wetlands. This study investigated a pond-like small wetland complex
encompassing plankton, waterbody properties, geography variables, and hydrological
connectivity. The main conclusions are as follows.

• The plankton community in the small wetland complex comprises 46 zooplankton
and 119 phytoplankton species, with the species richness primarily influenced by the
waterbody properties (p < 0.05). This suggests that the small wetland complex studied
provides a diverse habitat capable of accommodating various types of plankton.
Conversely, the impact of waterbody properties on plankton reflects an environmental
filtering effect during community assembly.

• Zeta diversity decay describes the distance-dependent effect of zooplankton and
phytoplankton (p < 0.05), indicating that hydrological connectivity distance influences
plankton zeta diversity. This phenomenon of distance attenuation reflects a dispersal
filtering effect during community assembly.

• Relatively rare species outnumber relatively common species in the small wetland
complex, suggesting that increasing small wetlands facilitates capturing these rela-
tively rare common species. Based on zeta diversity decline and ratio, rare species
dominate community turnover, indicating their positive contribution to enhancing
both species richness and zeta diversity within the small wetland complex.

• Furthermore, comparing environmental filtration and dispersal filtration reveals that
environmental filtration has a stronger influence than dispersal filtration in this small
wetland complex.

Overall, zeta diversity is valuable for revealing the ecological processes of plankton
community assembly in a small wetland complex, and it was used to (1) compare the
contributions of relatively rare and common species to zeta diversity, (2) quantify the
response of zeta diversity to continuous spatial distance, and (3) separate dispersal filtration
and environmental filtration. This study further suggests that the connectivity management
of small wetlands needs to consider hydrological connectivity, emphasizing that controlling
the water flux to affect environmental gradients and controlling the path distance to
affect biological diffusion would greatly improve the precise management level of small
wetland conservation.
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