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Abstract

Flood dynamics are important drivers of wetland biodiversity. With current climate and land-use changes affecting overall
water cycling, many wetland ecosystems are at risk of degradation, affecting biodiversity support negatively. This empha-
sizes a need for understanding possible correlations between specific hydrological conditions and biodiversity support in
wetlands, at least in terms of species composition. In this study, we used high resolution hydrological monitoring of water
levels and insect sampling in a depressional wetland to investigate possible correlations between inundation patterns and
insect abundance. Our results show that there is a high spatial and temporal heterogeneity in wetland inundation patterns and
that this heterogeneity explains variation in insect abundance. This creates episodes of downstream wet and upstream dry
conditions. In addition, the spatial variability was high between grid cells of 2 meter’s resolution. There were also indications
that distance to stream affected insect community structure. The findings from this work show that that the local hydrologi-
cal conditions can create heterogeneity in habitat conditions, which in turn lead to refuge habitats for species vulnerable
to changes in inundation condition. This study also highlights the importance of acknowledging quantitative hydrological
methods when assessing the relation to insect communities.
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Introduction

Wetlands are important ecosystems for biodiversity conser-
vation by providing living or breeding habitats for many
species while also providing important services to man-
kind (Davidson et al. 2019; Cheng et al. 2020; Hambéck
et al. 2023). Wetland ecosystem services and functions are
to a large extent driven by hydrological and hydrogeologi-
cal conditions (Mitsch and Gosselink 2015; Ahlén et al.
2020). For the abundance and diversity of wetland species,
waterlogging dynamics play an important role (Kuiper et al.
2014; Lafage and Pétillon 2016; Zmihorski et al. 2016).
Hence, changes in the water cycle from climate change and
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large-scale changes in land use threatens wetlands for deg-
radation (Fay et al. 2016; Foden et al. 2018; Albert et al.
2020; Ahlén et al. 2021), which consequently exacerbate
current global biodiversity losses (Millennium Ecosystem
Assessment (Program) 2005; Dudgeon et al. 2006; Bellard
et al. 2012).

The degree of water saturation and flood dynamics in
wetlands are important for many species (De Szalay and
Resh 2000; Davidson et al. 2012; Lafage and Pétillon 2016),
because floods both disturb plant and animal communities
and bring in nutrients that increase primary and secondary
productivity (Pollock et al. 1998; Lenssen et al. 1999; Nico-
let et al. 2004). As a consequence, previous studies show
that species composition differ with wetland type as the
level of water saturation, i.e., permanently flooded, semi-
flooded or seasonally dry, varies between wetlands (Neckles
et al. 1990; Whiles and Goldowitz 2005; Mclnerney et al.
2017). However, these studies seldom consider the specific
hydrological conditions affecting different species. Likewise,
studies that look at flood zones often consider them as a
homogeneous habitat (e.g., Wantzen and Junk 2000; Pore;j
and Hetherington 2005; Datry et al. 2014), and disregard
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small-scale topographic variation within wetlands that create
small-scale refuges. To catch such small-scale heterogeneity
of importance for species abundance and diversity in wet-
lands, it is necessary to also derive hydrological variables at
the relevant spatial scale.

There are large variabilities in flood regimes both within
and among wetlands. For large wetland areas in particular,
which often can be attributed to floodplains, deltas and ripar-
ian wetlands, inundation patterns are known to vary both
between season and in different parts of a wetland (Hess et al.
2003; Di Vittorio and Georgakakos 2018). This variability
in inundation can also be an important hydrological feature
for smaller depressional wetlands (e.g., Ahlén et al. 2022) in
which annual flood regimes might be less evident compared
to a floodplain. For wetland biodiversity support, even small
scale spatial variability (of couple of meters) in inundation
can significantly increase habitat heterogeneity (Rolls et al.
2018; Jordan et al. 1997). While habitat heterogeneity has
been shown to affect species composition at a landscape scale
level (Rolls et al. 2018; Fahrig 2020; Kacergyté et al. 2021),
this effect might also be apparent on a smaller scale, such as
within an individual wetland. To sharpen our understanding
on how species depend on and respond to specific hydrologi-
cal conditions, it is important to examine the habitat variation
not only between but also within wetlands.

In this study, we used high resolution hydrological data
to investigate the relation between hydrological proper-
ties and biodiversity patterns in a depressional wetland in
Uppland County, Sweden. More specifically, by simultane-
ously monitoring the wetland’s spatial inundation pattern
and insect species abundance, we tested the hypothesis that
significant and quantifiable spatial variation in inundation
pattern cause variation in insect abundance also within a
wetland. This study aims at demonstrating a methodological
approach that better correlates species abundance to differ-
ent inundation gradients by answering following questions:
(i) What are the spatial and temporal inundation pattern in
the wetland throughout the growing season (spring, summer
and autumn)? (ii) Are there spatial differences in insect com-
munities? and (iii) Are there identifiable relations between
different inundation states and insect abundances?

Methods

Rastmyran is a wetland located within the Vattholma catch-
ment in Uppland County, Sweden, (60°7'35"N, 17°53'56"E)
and is about 3.3 km? large with an upstream catchment area
of 37 km?. The topography of its catchment is undulating,
adhering to a wave-like pattern that essentially follows the
bedrock topography. The soil cover is thin, usually five
meters or less, or even non-existent as reflected by fre-
quently occurring bedrock outcrops (Antal et al. 1998). This
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is characteristic to large parts of southern Sweden, where
the landscape supports multiple smaller streams that follow
the local undulation pattern, in absence of more extensive
valleys and stream floodplains. Wetlands and lakes are com-
monly located in depressions of the undulating landscape,
and their levels are governed by multiple factors, such as the
elevation of natural barriers (e.g. surficial bedrock) at their
outlets, properties of adjacent shallow aquifers and bedrock
properties including water conductive rock fracture zones.
Hydrogeomorphologically, Rastmyran wetland can be clas-
sified as a depressional wetland, as it is located in a topo-
graphical depression with closed contours (Cole et al. 1997,
Shaffer et al. 1999; see Fig. S4 in supplementary materials),
close to the headwaters of the catchment. It is intersected by
a small stream (about two meter wide) that flows through
the wetland from south to north (Fig. 1). In contrast to, e.g.,
floodplain wetlands, overbank flow from the stream is just
one of several sources of flooding, not least as groundwater
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Fig. 1 Study site of Rastmyran wetland showing the locations of the
insect sampling points (SLAM traps), water level monitoring and the
water flow direction
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and diffuse unmonitored flows in ditches and non-permanent
stream branches can play an important role in water level
changes, as shown previously for this type of wetlands and
this type of landscape (Jarsjo et al. 2008).

The hydrological analysis was done by installing a pressure
transducer at the outlet, based on which water levels were
calculated from differential air—water pressures, recorded tem-
peratures, the local gravitational constant (equal to 9.81 m/s?)
and the temperature dependent water density. The monitoring
of water levels in Rastmyran was done between March and
October 2019 with 30 min intervals. The measured water lev-
els were then combined with a digital elevation map (DEM,
with a pixel resolution of 2 X2 m; see Fig. S4 in supplemen-
tary materials for detailed information about the topographi-
cal features of Rastmyran and surrounding landscape) of the
wetland (Swedish Mapping, Cadastral and Land Registration
Authority 2019) to estimate the inundation frequency within
each pixel. First, the daily water levels were estimated by con-
verting the average water level for each day into meters above
sea level (m.a.s.l) in order to match the unit of the DEM.
Secondly, inundation for each day across the wetland was
estimated by subtracting the water level to the elevation for
each DEM pixel. Hence, all pixels with a lower m.a.s.l value
than the current water level were considered as inundated.
This procedure was repeated for all days of the monitoring
period, giving a high resolution daily inundation map over
the wetland for 217 days (from March to October). Finally,
we estimated the inundation frequency by summing up the
number of days each pixel was inundated for the whole period
as well as seasonally. The inundation maps present the inun-
dation frequency in percent of days for three periods; spring
— 28 March to 31 May, summer — 1 June to 30 September and
autumn — 1 October to 30 October.

To estimate insect abundances, SLAM (Sea Land Air
Malaise) traps were set out for 3—4 days in end of June 2019.
A total of 28 traps was positioned in a grid relative to the
stream but also along a gradient from the downstream part
(northern) of the wetland in order to represent a hydrologi-
cal gradient of distance from water discharge area of the
wetland. Trapped insects were brought into the laboratory
for sorting, counting and identification (Table S3 in supple-
mentary materials). All specimens were identified to order,
and some groups were further identified to family or species.
Diptera were identified to family or lower levels for selected
groups (excluding difficult groups). Hemiptera (true bugs)
were subdivided into suborders (Heteroptera, Auchenorrhyn-
cha and Sternorrhyncha) and to lower levels for Heteroptera
and Auchenorrhyncha. Before analyses at the order level,
we subdivided orders into those with (a) aquatic larvae, (b)
terrestrial plant-feeding larvae and other c) mixed larval
feeding mode (Table S2 in supplementary matierals). The
latter groups include orders such as Diptera and Coleoptera
where larval feeding mode differs greatly among families.

For the separate analysis of Diptera, we similarly subdivided
families into those with (a) aquatic larvae, (b) larvae in moist
soil, (c) terrestrial plant-feeding larvae and (d) other terres-
trial feeding modes.

To relate hydrological conditions and insect abundances,
we used manyglm in the package mvabund (Wang et al.
2012) and posthoc univariate tests with Bonferroni-cor-
rected significance values. These tests were run separately
for each larval trait groups and both at the level of insect
orders and for Diptera at the family level. In this analysis,
the abundances of included taxa were used as a multivariate
response variable with two hydrological variables (distance
to stream and inundation frequency) as response variable
and a negative binomial error distribution. In the tests, we
used the hydrological variables estimated for each trap loca-
tion from the corresponding pixel in the DEM. For each
sampling point, we repeated the analysis the inundation fre-
quency for all pixels within a 25 m radius in order to assess
the nearby spread and variability of spatial inundation. All
analyses were performed in R version 4.2.1.

Results

The estimated inundation patterns for the Rastmyran wetland
showed that a majority of the area is water saturated for 75% to
100% of the time during spring and autumn (Fig. 2). Overall,
the wetland can be divided into three distinct inundation pat-
terns. The upstream parts of the wetland showed a more hetero-
geneous inundation pattern in space and time, with the excep-
tion of summer. During summer, inundation was infrequent
(between 0 to 25% of the time) for the upstream parts of the
wetland. In the middle part of the wetland, inundation was less
frequent during summer, compared to spring. The frequency
tended to increase towards the downstream part of the wetland,
i.e. along the flow direction, reaching values above 50%. In con-
trast, there is no distinct spatial pattern in inundation frequency
perpendicular to the stream, in the transverse direction of the
flow (Fig. 2 and Fig. S3 in supplementary materials), which is
a consequence of topographical depressions within the wetland
creating sinks and barriers for water to fill up.

The insect sampling points were distributed across the
three inundation regimes, reflecting different hydrological
conditions in the downstream (sample points 1A-1E), middle
(2A-4F) and upstream (5A-6F) parts of the wetland (Fig. 3).
In addition, most sampling points were found in areas (within
25 m from the sampling point) that are subject to considerable
spatial differences in local inundation frequencies (Fig. 3).

In total, we captured 10559 insect specimens, and the
insect orders with the highest number of individuals in Ras-
tmyran wetland were Diptera (flies and midges, N=3679)
and Hemiptera (true bugs, N=4224). Some orders with
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Fig.2 Inundation frequency estimated as the percentage of days with water above the soil level for each season (spring, summer and autumn)
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Fig.3 The distribution of local inundation frequencies (i.e., for each 2 X2 m pixel) within a 25 m radius around each sampling point

very low abundance (< 10) including Mecoptera, Orthop-
tera, Neuroptera and Blattodea were excluded from fur-
ther analysis (see Figs. S1 & S2 in supplementary materi-
als). Diptera and Hymenoptera (wasps) were found in the
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highest abundances in sampling locations 5 and 6, whereas
Auchenorrhyncha (leathoppers, treehoppers etc.) showed
the highest abundances in sampling locations 1 and 2 and
Trichoptera (caddisflies) showed the highest abundances in
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sampling locations 3 and 4 (see Fig. S2 in supplementary
material).

The multivariate analysis showed that insect communities
at the order level varied both in relation to inundation fre-
quency and to the distance from the stream, with the general
pattern independent of the measured resolution of inunda-
tion frequencies (Table 1). The subsequent post-hoc analysis
indicated that Auchenorrhyncha was the only group varying
with inundation frequency, with the highest abundances in
sites with a higher inundation frequency (Fig. 4 and Table S1
in supplementary materials). Similarly, Coleoptera was the
only group that varied by distance from stream and abun-
dances were greater further away from the stream (Fig. 4).

The multivariate analysis for Diptera families showed that
the composition varied in relation to inundation frequency
for all feeding modes and in relation to distance from stream
for taxa with aquatic larvae and for taxa with larvae in moist
soil (Table 2 and Fig. 5).

Discussion

Results from this study show that inundation patterns in Ras-
tmyran wetland vary spatially and temporally. In Rastmyran,
there is a frequently inundated downstream area and a drier
upstream area within a 2 km distance, with no corresponding
inundation gradient away from the stream. Hence, consider-
ing that some wetlands lack distinct riparian zone structures
as well as encompass complex topographical features creat-
ing natural barriers, studying shore zones might not always
be a good approximation for quantifying flooding conditions.
The temporal inundation pattern furthermore showed that

Table 1 Multivariate test of =
insect orders and suborders
with (a) aquatic larvae, (b)
mixed larval feeding modes
and (c) terrestrial plant
feeding larvae in relation to
inundation frequency at 2 and
25 m resolution and distance
to stream as environmental
variables

. Aquatic larvae

Variable

Inundation frequency

Distance to stream

b. Mixed feeding

Variable

Inundation frequency

Distance to stream

c. Terrestrial plant-feeding

larvae
Variable

Inundation frequency

Distance to stream

downstream areas of Rastmyran wetland remained water satu-
rated even during summer season while most upstream areas
were only partly inundated even during the high flood events
in spring and autumn. These results support the proposition
that temporal and spatial hydrological conditions in wetlands
are more complex and heterogeneous than accounted for when
using only wetland type or riparian zones as hydrological vari-
ables (Diamond et al. 2021). Future work coupling hydrology
and biodiversity should therefore acknowledge quantitative
and small-scale methods in the analysis process. Results from
this work also challenge the way that wetland are classified
and defined, suggesting that a single wetland might support a
range of hydrological conditions that traditionally might have
been attributed to different types of wetlands. In order to better
understand the relation between hydrology and biodiversity,
our study illustrates that a hydrological analysis should be per-
formed prior to the sampling of ecological data.
Hydrological heterogeneity of the Rastmyran wetland is
not only fragmented into downstream wet and upstream dry
conditions. In most areas of the wetland, we found that inun-
dation frequencies vary extensively within a 2 m distance.
Such large variability in small scale spatial inundation condi-
tions has shown to be important for biodiversity as well as
create heterogeneity at landscape and regional scale (Datry
et al. 2014; Manfrin et al. 2016). In the context of climate
and land-use changes that may impact wetland hydrology, our
present results indicate that the observed hydrological hetero-
geneity could potentially harbor microhabitats which can miti-
gate the effect of extreme flooding events on wetland species
(Batzer and Wu 2020). More specifically, for insect groups
and other macroinvertebrates with limited dispersal capac-
ity, nearby habitat conditions can act as important refuges for

Deviance
df 2 m 25 m
1,25 3.8 2418
(NS) (NS)
1,24 052 0.8
(NS) (NS)
Deviance
df 2 m 25 m
1,25 11.9 10.3
(NS) (NS)
1,24 19503 23.4
(P<0.01) (P<0.01)
Deviance
df 2 m 25 m
15125 34.6 24.5
(P<0.001) (P <0.01)
1,24 2.4 5.4
(NS) (NS)
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Fig.4 Abundance of Coleop-
tera, Auchenorrhyncha and
Sternorrhyncha in relation

to inundation frequency and
distance to stream. Other groups
were non-significant in relation
to both inundation frequency
and distance to stream

Table 2 Multivariate test of
Diptera families with (a) aquatic
larvae, (b) larvae developing

in moist soil, (c) larvae having
other terrestrial feeding modes
and (c) terrestrial plant-feeding
larvae in relation to inundation
frequency and distance to
stream as environmental
variables
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Fig.5 Abundance of selected Diptera families in relation to inunda- »

tion frequency and distance to stream. Other families did not vary in
relation to either inundation frequency or distance to stream

species that are at risk of being flooded or exposed to drought
conditions too difficult to survive (Plum 2005; Rothenbiicher
and Schaefer 2006). However, the exact mechanisms of how
nearby conditions can help species to adapt when their envi-
ronment changes cannot be fully understood from this study,
as multiple factors may affect species in a flooding gradient,
including biotic factors such as predation and competition
(Sipura et al. 2002; Verschut and Hambick 2018).

The multivariate tests identified spatial differences in insect
communities in the Rastmyran wetland connected to both
inundation frequency and distance from the stream. These
patterns were apparent despite that we only captured flying
insects, using SLAM traps, which presumably can move over
larger areas. Notice however that many dipteran species are
poor fliers and often aggregate close to their breeding grounds.
It is of course also possible that the different habitat conditions
are strong enough drivers of population growth and attraction
to species to overcome eventual dispersal effects. The reality
is that we know very little about the ecology and behavior of
most wetland arthropods, which is even truer for poorly studied
dipteran groups. In this study, we compared responses when
integrating inundation over different scales (2 or 25 m) but
patterns were not greatly different. However, it is possible that
scale difference were too small.

The specific groups responding to hydrological condi-
tions indicate that both direct and indirect effects determine
species abundances in the wetland. The lower abundance
of dance flies (Hybotidae), which develop in wet soils, may
indicate that these species are sensitive to intense flooding
that cause anoxic conditions for larvae. On the other hand,
the higher abundance of Auchenorrhynchaspecies with
plant-eating larvae [leafthoppers (Cicadellidae — Auche-
norrhyncha), gall midges (Cecidomyiidae) and grass flies
(Chloropidae)] in more inundated areas likely have an indi-
rect explanation, which may be traced to changes in their
respective host plant. These species mostly feed on either
live or dead plant matter and their higher abundance in more
inundated areas could be either because their host plants
grow wetter or because quality of these plants are better in
those areas, but an alternative could also be that arthropod
predators are often scarcer in more inundated areas (Sipura
et al. 2002; Verschut and Hambéck 2018). Such a trend could
be seen in dance flies (Hybotidae) and hover flies (Syrphi-
dae), where the former group is predatory as both adults and
larvae whereas the latter group here is dominated by species
with predatory larvae (Syrphinae). A different response was
seen for another predatory group, stilt flies (Dolichopodi-
dae), that decreased in abundance away from the stream.
The connection between Dolichopodidae and wetlands is
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logical as the larvae of many species develop in aquatic
conditions or in wet soil (Gelbi¢ and Olejnic¢ek 2011) and
previous studies also show an effect of proximity to water
courses (Pfister et al. 2017). Interestingly, two groups with
presumed aquatic larvae (Culicidae and Tabanidae) were
captured more in drier areas or away from the stream. The
pattern for Culicidae (mosquitoes) may be somewhat mis-
leading as mosquitoes are often poorly captured by Malaise
traps, but it is also evident that many species of both groups
are strong fliers. The same could also be applied to species
with aquatic larvae, such as for Trichoptera.

To conclude, using high resolution hydrological data,
this study presents a quantitative method for estimating
relationships between species abundance and inundation
conditions. In addition, our study shows that the scale
of the analysis matters as one wetland contain multiple
microhabitats due to small-scale variations in hydrologi-
cal conditions over both time and space. This result opens
for the consideration that even one single and heterogene-
ous wetland can provide refuges to sensitive species when
changes in environmental conditions in proximate areas
becomes prohibitive for organism survival. At last, the
findings of this paper show that wetland hydrology is com-
plex, which is not reflected in wetland classification sys-
tems and therefore need to be better acknowledged in eco-
logical studies involving freshwater and wetland systems.
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