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Abstract: Patches of riparian woody vegetation potentially help mitigate environmental impacts of
agriculture and safeguard biodiversity. We investigated the effects of riparian forest on invertebrate
diversity in coupled stream-riparian networks using a case study in the Zwalm river basin (Flanders,
Belgium). Agriculture is one of the main pressures in the basin and riparian forest is limited to a number
of isolated patches. Our 32 study sites comprised nine unshaded “unbuffered” sites which were
paired with nine shaded “buffered” sites on the same stream reach, along with five ‘least-disturbed’
sites and nine downstream sites. We sampled water chemistry, habitat characteristics and stream and
riparian invertebrates (carabid beetles and spiders) at each site. Three methods were used to quantify
riparian attributes at different spatial scales: a visually-assessed qualitative index, quantitative
estimates of habitat categories in six rectangular plots (10 x 5 m) and geographic information system
(GIS)-derived land cover data. We investigated relationships between invertebrates and riparian
attributes at different scales with linear regression and redundancy analyses. Spiders and carabids
were most associated with local riparian attributes. In contrast, aquatic macroinvertebrates were
strongly influenced by the extent of riparian vegetation in a riparian band upstream (100-300 m).
These findings demonstrate the value of quantifying GIS-based metrics of riparian cover over larger
spatial scales into assessments of the efficacy of riparian management as a complement to more
detailed local scale riparian assessments in situ. Our findings highlight the value of even small patches
of riparian vegetation in an otherwise extensively disturbed landscape in supporting biodiversity of
both terrestrial and freshwater invertebrates and emphasize the need to consider multiple spatial
scales in riparian management strategies which aim to mitigate human impacts on biodiversity in
stream-riparian networks.
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1. Introduction

Multiple pressures threaten European stream ecosystems [1-4]. These pressures result from
various human activities, such as modifications of river morphology [5-7] and hydrology [6,8,9],
intensive agriculture [10-14], urbanization [13,15,16] and mining [17-19]. Together, these activities often
lead to the degradation of stream ecosystems, reducing biodiversity, water security and ecosystem
services [4,20]. Various measures are implemented to rehabilitate or restore degraded aquatic
ecosystems. Among these are stabilization of river banks, removal of dams, construction of fish
passages, improvement of instream habitat, installation of wastewater treatment plants [21-23],
reduced fertilizer applications, spatial and temporal restrictions of fertilizer usage, introduction of
catch crop, reduction of autumn ploughed areas and arable crops and the use of buffer strips [24].
Riparian vegetation, in particular, might potentially provide a wide range of ecosystem services in
agricultural landscapes, such as enhancing aesthetic values, stabilizing river banks, natural flood
management and support protection of biodiversity [25].

Riparian vegetation has been planted in the riparian zone to alleviate the effect of non-point
source pollution through the interception of nutrients and contaminants [26-30]. Furthermore, riparian
buffer strips enhance terrestrial and aquatic biodiversity [25,31,32] and have potential in improving
ecological connectivity due to their intimate linkages to watercourses [33,34]. Studies suggest that
wider buffers support a high density of predatory insects, such as carabid beetles [35,36], increase
food availability for pollinators [37] and provide a habitat for insects, such as pollinators and ground
beetles [36,37]. However, the properties of riparian buffers that optimize ecological benefits and
ecosystem services remain unresolved. For instance, the efficiency of a riparian buffer in intercepting
pollutants may depend on several factors, such as the width, the vegetation type, soil texture and
slope [38]. The diversity and densities of insects within the buffer strips may also depend on
the vegetation type and width of buffers [25,35,39]. Moreover, stream invertebrate composition is
potentially influenced by the type of riparian vegetation [40-43]. Beyond these local-scale attributes,
the importance of larger scale riparian properties, such as the extent of woody vegetation with the
stream riparian zone upstream, for local biodiversity has been limitedly assessed. Assessing such
relationships requires development of approaches for quantifying riparian attributes at large as well as
small spatial scales.

Although the effects of riparian conditions on macroinvertebrates have been documented [40,44—46],
investigations rarely explicitly test whether associations are dependent on the riparian assessment
methods used. In previous studies, varying methods have been used to estimate and quantify riparian
attributes. For instance, Grunblatt et al. [41] characterized vegetation type using LiDAR data based on
vegetation height. Parkyn et al. [40] and Cole et al. [39] physically measured riparian vegetation height
via a graduated meter stick, inclinometer and trigonometry. Juen et al. [43] evaluated the structure
and density of riparian vegetation through visual estimates in a 10-m? plot. Similarly, Oldén et al. [47]
also used visual estimation to assess the tree cover in riparian zones. Another study used satellite
images to estimate the average width of riparian buffers [48]. These methods range from quantification
of riparian vegetation using remote-sensed data to visual estimation to manual quantification using
measuring equipment. Yet, the question remains whether the method of estimating a riparian attribute
affects the observed relations between riparian characteristics and invertebrate diversity indicators.

A published literature review indicated that riparian buffer widths ranging from 3 to 200 m can be
effective in protecting at least some aspects of stream ecosystems, depending on site-specific conditions.
However, a 15-m width is necessary to protect streams under most conditions and a 30-m width is
required to positively affect species distribution and diversity [44]. It is less well understood what
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benefits small patches of woody riparian vegetation can provide in a heavily degraded landscape for
invertebrate biodiversity. Here, we present the results from a study combining field-sampled data with
geographic information system (GIS)-based quantification of riparian attributes to investigate if riparian
attributes at both local and larger scales can be associated with the diversity of both stream-living
macroinvertebrates and terrestrial invertebrate predators (spiders and carabid beetles). We focus
especially on the diversity of “EPT taxa”, comprising three groups of freshwater taxa (Ephemeroptera,
Plecoptera and Trichoptera) known to be sensitive to environmental change and widely used in stream
bioassessment for assessing anthropogenic impacts [49-54]. We further evaluated whether associations
between riparian attributes and invertebrate diversity are method dependent (i.e., visual estimation,
in situ measurements and estimation from GIS data). We present a case study in the Zwalm river basin
(Flanders, Belgium), which is characterized by a predominantly agricultural landscape with several
human settlements but with woody riparian vegetation limited to a number of small patches, and
thus provides an ideal setting for evaluating the potential for a network of woody riparian vegetation
patches to support terrestrial and freshwater invertebrate diversity in heavily impacted landscapes.

2. Materials and Methods

2.1. Study Area

The Zwalm river basin is situated in the south-western part of Flanders (Belgium), has a total
catchment area of 117 km? (Figure 1) [55] and is dominated by sandy loam [56]. Annual rainfall ranges
between 700 and 1000 mm [57]. Climatic conditions can be categorized as humid temperate [56,58].
Despite the Flanders region being generally flat, the topography of the basin is best described as
rolling hills, mild slopes and altitudinal differences of up to 150 m [56,59]. These attributes have strong
amenity values and offer opportunities for recreation and tourism. The land use within the basin is
mainly agriculture (arable crops and pasture) with about 10% urban land cover [56,59]. The Zwalm
river forms the main stem of the catchment and has a length of 22 km before flowing into the larger
river Scheldt [57,60]. At the confluence, the Zwalm river has an average discharge of about 1 m3 s
with a very irregular regime (i.e., minimum and maximum flows ranging from below 0.3 m3 s~! during
summer to 4.7 m® s~! during the rainy periods) [55].

Despite the recognition of the Zwalm basin as a biodiverse region in Flanders, stream conditions
within the basin are not without issues. For instance, soil erosion is one of the most significant processes
which results in considerable transport of sediments throughout the river system [59]. The presence of
a weir impedes migration of several organisms (e.g., eel). Many parts of the river are still contaminated
by untreated urban wastewater and diffuse pollution from agricultural land [59].

2.2. Data Collection

2.2.1. Site Selection

This study was performed in the context of the ERA-NET BiodivERsA project CROSSLINK
project (see Burdon et al. [46]) and employed the common CROSSLINK tiered sampling design.
Firstly, the paired approach focused on the immediate local implications of the presence of woody
riparian vegetation. We sampled 12 streams flowing through an impacted (predominantly agricultural)
landscape and 9 of those streams had two paired sites: an upstream site with no riparian buffer and a
downstream site with a riparian buffer (i.e., leading 18 sites in total). Secondly, the network approach
testing aspects of longitudinal connectivity involved 14 additional sites distributed throughout the
river network (e.g., upstream and downstream of the site pairs). Within these sites, two site types
are included: least-disturbed headwater reference sites and more degraded downstream matrix sites.
The latter sites show the potential cumulative impacts of catchment land uses. There were, however,
exceptions to this design in the Zwalm River basin case study. The majority of woody riparian buffers
in the Zwalm River network were located at the headwaters of streams. This means that either the



Water 2020, 12, 3070 40f 21

stream source was located within the woody riparian buffer or the upstream unbuffered reach only had
intermittent flows and thus violated the site selection criteria (cf. Burdon et al. [46]). Hence, additional
downstream matrix sites were used as surrogates for the unbuffered reach in four site pairs. In the
Zwalm basin, there were five least-disturbed sites (Lds), nine paired sites (buffered (Bf) and unbuffered
(Ubf) sites) and nine downstream matrix sites (Lon).
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=== River
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Figure 1. Locations of the sampling sites within the Zwalm River basin.

2.2.2. Riparian Characterisation

Three methods were used to characterize the riparian attributes of each study site: a quick
assessment method resulting in a qualitative index, quantitative assessment focused on measuring a
variety of riparian attributes in six plots (10 X 5 m) and quantification based on GIS data. Detailed
information on the quick and quantitative riparian assessment are presented in Burdon et al. [46]. Both
surveys were carried out in late spring of 2018 from 22 May to 18 June, when leaf-out was complete
for all tree/shrub species and targeted both banks. A summary of the different riparian attributes is
presented in Table S1.

Quick Assessment—Riparian condition was surveyed by using an assessment of 13 qualitative
attributes, including shading of water, buffer width, buffer intactness, vegetation component of buffer
and adjacent land, bank stability, livestock access, riparian soil denitrification potential, land slope,
groundcover of buffer and/or adjacent land, soil drainage and rills/channel. This assessment follows
the protocol described by Harding et al. [61], which was adapted to European conditions (Table S2).
Attributes were graded from poor (1) to excellent (5) on each bank over the habitat assessment reach
(50 m). Subsequently, at each study site, bank scores were averaged to provide a single value for
riparian condition.
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Quantitative assessment—Riparian habitat characteristics were surveyed in the riparian zones
adjacent to the habitat assessment reach (50 m) at each study site. Six 50-m? rectangular plots
(10 m x 5 m) were used to describe vegetation characteristics. These plots were located close to
the stream edge, did not overlap and spread across the habitat assessment reach, capturing the full
heterogeneity present at the study sites (Figure S1). For each plot, the pooled cover (% area) of
different vegetation/habitat categories was estimated: managed short grasses (e.g., grazed or mown);
unmanaged grasses and long grasses, including rushes and sedges; herbs and herbaceous vegetation,
including forbs; mosses and lichens growing on the ground; small trees and shrubs (diameter at breast
height (DBH) <5 c¢m); rocks and bedrock; bare ground; plant litter including leaves; other (e.g., roads,
fences and embankments). The cover of each category was estimated as a vertical projection on to
a horizontal plane (i.e., the ground). If plants in one category occurred in multiple layers then only
the vertical projection on the ground was considered. Furthermore, the trees with DBH >5 cm and
their circumference at breast height (~130 cm) were identified and measured in each plot. Trees were
identified to the species level using a local identification guide [62]. Canopy cover was also measured at
zenith from the center of each plot (Figure S1) using the smartphone app “CanopyApp” (University of
New Hampshire, Durham, NH, USA). Measurements in each plot were averaged to provide a single
value of riparian attributes in each site. Moreover, tree richness and abundance were calculated,
which are the total number and count of tree species per site, respectively.

Quantification based on GIS data—Riparian characterization of each site was also obtained from
GIS data using different spatial units. Four spatial units were used: Loc300mUP, which is the polygon
300 m upstream of the sampling sites (i.e., the recorded coordinates) with 50-m width on each stream
bank, Loc200mUP which is the polygon 67 and 133 m downstream and upstream, respectively, of the
sampling sites (resulting in a total of 200 m length) with 25-m width on each stream bank, Loc100mUP
which is the polygon 33 and 67 m downstream and upstream, respectively, of the sampling sites
(resulting in a total of 100 m length) with 25-m width on each stream bank and RipCatch100, which is
the whole riparian corridor upstream of the sampling sites with 50-m width on each side of the stream.
The different riparian conditions quantified from GIS data are the land use, tree cover area and density,
width of riparian woody vegetation patches and the average distance between riparian tree blocks
upstream of a sampling site (Table 1).

Table 1. The spatial units and the quantified riparian attributes considered in this study. Quantified
attributes are indicated with x.

Spatial Units Loc100mUP, Units Loc200mUP, Units Loc300mUP, Units RipCatch100, Units GIS Source
Land use

Agricultural, forest and shrub

Pasture and grassland Urban X, m? x, m? X, % X, % BKK

and industrial

Wetland and waterbodies X, % X, % BKK

Tree cover

Tree cover area X, % X, % Copernicus
Tree cover density X, % X, % Copernicus
Width of each riparian land use (agricultural, forest, pasture and urban)

Min. width X, m X, m X, m BKK

Mean width X, m X, m X, m BKK

Distance between all riparian
forest blocks upstream of a
sampling site

Distance between 100 m

forest blocks X, m BKK
Distance between 50 m

forest blocks X, m BKK
Distance between 25 m om BKK

forest blocks

Note: BKK is a 1-m resolution land cover dataset obtained in 2015 [63]. Copernicus is a 20-m resolution land cover
dataset [64].

2.2.3. Other Environmental Variables

For each site, a set of environmental variables was quantified in addition to the riparian
characteristics: catchment size, total inorganic nitrogen (ammonium-, nitrite- and nitrate-nitrogen),
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total phosphorus, biological oxygen demand, water pH, dissolved oxygen saturation, conductivity,
water temperature, average stream width and percentage of fine sediments. The catchment size
was calculated using the 5-m resolution Digital Elevation Model (DEM) [65]. Water samples were
collected during the autumn of 2017 and analyzed for total inorganic nitrogen, total phosphorus and
biological oxygen demand following a standard method [66]. In situ measurements were performed
for pH, dissolved oxygen saturation, water temperature and specific conductivity of water using the
YSI probes (YSI 6600 V2 and YSI 6600 V1, Yellow Springs, OH, USA) and WTW probe (Three-Multi
3430 IDS, WTW GmbH, Weilheim, Germany). Cross-sectional measurements of stream width were
recorded in 5-6 transects that were distributed in a stratified random approach throughout the 50-m
reach. “Wolman walk” methodology [67] was performed to determine the percentage of fine sediments
(silt and clay). For details, we refer to Burdon et al. [46].

2.3. Invertebrate Collection

Riparian invertebrates consumers—We collected two groups of invertebrates commonly found in
riparian zones that are known to predate on aquatic macroinvertebrates: arachnids (web-building and
free-living spiders) and ground beetles (carabid) [68]. Sampling occurred in dry weather conditions
during the spring between 22 May and 19 June, 2018. The sampling method used a semi-quantitative
approach involving visual searches and collection by a hand net to obtain a relative indication of
abundances (see Burdon et al. [46]). Both banks were surveyed over the habitat assessment reach using
the same plots (i.e., 5 X 10 m = 50 m?) described above for riparian habitat quantitative assessment.
The maximum total area searched was the plot area (i.e., 50 m?), but the area searched can be a fraction
of 50 m? recorded from the plot boundaries. Whenever possible, 6 plots were searched. Five and
ten minutes of sweep-netting and visual search were implemented by 1 and 2 persons, respectively.
The searching of invertebrates was systematically started from the shoreline (i.e., near the water’s
edge), with each collector following a transect parallel to stream edge moving further from the stream’s
edge. Attempts were made to standardize the allocation of effort to reflect the proportion of different
habitat types present. We calculated the “Catch per unit effort” (CPUE), which is a relative measure of
abundance and richness allowing comparison between sites (Equation (1)). For details, we refer to the
supporting information in Burdon et al. [46].

CPUE — No. of invertebrates 1)
~ (Total area sampled.Duration of samplin
P ping

Macroinvertebrates—Aquatic macroinvertebrates were sampled at each sampling site within
a 30-m stretch of flowing water. The sampling area comprised the entire stream width along the
predefined reach but efforts were made to ensure that sampling did not include areas that were dry
in the recent past. We quantitatively sampled macroinvertebrates with a Surber sampler, which is a
quadrant of 0.0625 m? (25 x 25 cm) to which a 500-pum mesh net is attached. A total of six replicate
subsamples were collected in the sampling reach, i.e., three from erosional/riffle-run habitats and
three from depositional/run-pool habitats. Sampling effort was standardized for 60 s, during which
the bed substrate was disturbed to a maximum depth of 10 cm from the surface of the streambed.
All subsamples were pooled together. The pooled macroinvertebrate sample was sieved (500-um
mesh) and sorted and then preserved in 10-mL tubes with 96% ethanol to reach a final concentration
of 70%. Samples were identified under a stereomicroscope to the species level for Ephemeroptera,
Plecoptera and Trichoptera (EPT) taxa and for several insects, gastropods and isopods, Hirudinea and
Turbellaria family level for a few insects (i.e., Scirtidae, some Chironomidae, Tabanidae and Dytiscidae)
and oligochaetes and genus level for the rest of the taxa using the taxonomic guides of Nilsson [69],
Nilsson [70] and de Pauw and Vannevel [71].
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2.4. Diversity Indices

We calculated a standard set of diversity metrics for each site: macroinvertebrate richness, which is the
number of stream macroinvertebrate taxa per sample; macroinvertebrate abundance, which is the number
of individual stream macroinvertebrates in a sample; Ephemeroptera, Plecoptera, Trichoptera (EPT) richness,
which is the number of EPT taxa in a sample; EPT abundance, which is the number of individual EPT
taxa in a sample; insect richness, which is the number of stream insect taxa in a sample; percent stream
insect, which is the proportion of insects in a sample; No.1 in Table 2. Diversity indices for stream
macroinvertebrates were also determined for each site: the Shannon—Wiener index incorporates both
richness and evenness components of biodiversity [72], No.2 in Table 2; the Simpson index is an index
that gives more weight to common or dominant species [73], No.3 in Table 2; Pielou’s evenness index
quantifies how numerically equal the community is [74], No.4 in Table 2; the Margalef diversity index (d)
measures species richness [75], No.5 in Table 2. Lastly, metrics for terrestrial invertebrates (spider
and carabids) were computed for each site: catch per unit effort (CPUE) in terms of abundance, which is
the number of individual invertebrates per m? and per hour; CPUE in terms of richness, which is the
number of invertebrates taxa per m? and per hour (see Equation (1)).

Table 2. Equations of different indices, where p; is the proportion of individuals found of taxon 7, S is
the total number of taxa and N is the total number of individuals.

Indices Equation No.
_ Number of individual insects X 100

% Insect Jolnsect = Total number of individual macroinvertebates 1
S

Shannon-Wiener index (H") H =-Y% pilnp; 2
=
' S

Simpson’s index (D) D=1Y piz 3
i=1

Pielou’s evenness index (J) I = én_s 4

Margalef diversity index (d) = ;1\1] 5

2.5. Data Analysis

2.5.1. Riparian Attributes and Diversity Metrics: Differences between Site Types

To visualize the differences in both riparian attribute data and biodiversity metrics among site types,
boxplots of the site types were plotted as a function of the riparian attributes and invertebrate indices.

2.5.2. Relationships between Riparian Attributes and Diversity: Linear Regression Models

To relate each diversity metric (cf. Section 2.3) in response to each riparian attribute (Table S1),
linear regression models (LM) were fitted. Linear regression models are widely applied and easy to
implement and interpret [76,77]. It assumes linearity between dependent and independent variables.
“Forward addition” was applied as a model selection procedure to determine whether the diversity
metric was only associated with the riparian attribute or also related to the site type (i.e., least-disturbed
sites, buffered and unbuffered sites and downstream sites)—i.e., first, the model was fitted with each
riparian attribute; if it was significant at 5% level of significance, the “site type” was added in the
model. The term “site type” entered the model as a nominal factor variable. All parameters in the
linear regression were estimated using maximum likelihood [76]. To visualize the model, the results
of the LM were visualized as the estimated mean of the diversity metric as a function of the selected
riparian attribute.

Model assumptions were assessed by plotting the deviance residuals against fitted values to
assess homogeneity and correctness of the mean model. All statistical tests were performed at the 5%
level of significance. All analyses were performed with R software [78].
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2.5.3. Redundancy Analysis

EPT taxa were associated with many riparian attributes and ordination analyses were used
to (1) determine the riparian attribute that best explains the variability of EPT taxa occurrences
and (2) explore the relationships between the occurrences of EPT taxa and the other environmental
variables. We applied detrended correspondence analysis (DCA) to test whether a linear method
or unimodal method was preferred. If the Length of Gradient (LoG) is higher than 3, a unimodal
method is needed (i.e., canonical correspondence analysis), whereas if the LoG is smaller than 3,
a linear method is designated (i.e., redundancy analysis (RDA)) [79]. As the LoG was lower than
3, RDA was implemented. RDA is a direct gradient analysis that accounts for multiple response
variables and explanatory variables and attempts to effectively ordinate objects on axes that are built
to maximize their relationship to the linear combinations of the explanatory variables [80]. All the
other environmental variables and the riparian attributes that are statistically associated with EPT
richness were initially included in the model. To reduce or eliminate multicollinearity in the model,
we calculated the variance inflation factor (VIF) of each variable. Subsequently, the variable with the
highest VIF was dropped. This process was repeated until the VIF of all variables was lower than
4 [81]. The analysis was performed using the vegan package [82] and R software [78].

3. Results
3.1. Riparian Characteristics

3.1.1. Implications of Spatial Resolution and Data Collection Methods

Riparian attributes varied among each other (Figure 52, Table S1). For instance, area of forest varied
when quantified using GIS of the same spatial units but of different resolution (1-m and 20-m resolution)
(Figure S2d,e). Between different spatial units, the percentage of forest area at least-disturbed sites
was higher in the larger (RipCatch100m) than in smaller spatial unit (Loc300mUP) (Figure S2d-f).
The coverage of trees was more pronounced in the least-disturbed sites and buffered sites in both the
quick assessment and quantitative methods (Figure S2a—c,i) than in the GIS-based method (Figure
S2d-h). The mean widths of forest and shrub in spatial units Loc200mUP and Loc300mUP were
slightly different with respect to the site types (Figure S2g,h).

3.1.2. Differences among Site Types

Riparian attributes also varied between site types (Figure S2). Buffer vegetation, percent tree
coverage, tree abundance and tree richness differed among site types. These riparian attributes were
quantified based on the quick assessment and quantitative methods. The percentages of forest area
quantified from GIS data were generally higher at the least-disturbed sites than other site types
(Figure S2d-f). The riparian forests were also generally wider in least-disturbed sites than other
site types (Figure S2g,h) and most narrow at the downstream sites (Figure S2h). The median forest
coverage of the whole riparian corridor upstream of a sampling site (RipCatch100m) was almost the
same between the unbuffered, buffered and downstream site types due to their close spatial proximity
and the general limited area of riparian forests in the catchment scale. It was also observed that both
the least-disturbed sites and buffered sites were more diverse with riparian tree species (quantified by
six plots of 50-m? area) compared to other site types.

3.2. Invertebrates

A total of 74 stream macroinvertebrate taxa and 45,495 individuals were found and identified in
the Zwalm River basin during the spring of 2018 (Table S3). The number of individuals was lower
in the least-disturbed sites compared to the unbuffered sites (Figure 2a). Many of the unbuffered
sites were dominated by chironomids, gammarids and oligochaetes. On the other hand, stream
macroinvertebrate taxa were the most diverse at the least-disturbed sites (Figure 2b). We found a total
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of 20 Ephemeroptera, Plecoptera and Trichoptera (EPT) taxa, totaling 1577 individuals. They were
abundant in unbuffered and least-disturbed sites while they showed higher diversity in both buffered
and least-disturbed sites (Figure 2c,d). Buffered sites had lower number of EPT taxa individuals than
least-disturbed sites. EPT richness was also different between least-disturbed sites and downstream sites.
The high abundance of EPT taxa in unbuffered sites was attributed to high densities of Baetis rhodani
(Ephemeroptera: Baetidae) and Chaetopteryx villosa (Trichoptera: Limnephilidae). Concerning spiders
and carabids, we found a total of 2303 individuals and 81 taxa, of which 31 taxa were carabids (Table S4).
Both web building and free-living spiders were found. We found that diversity of our terrestrial
invertebrate predator groups was lowest in least-disturbed sites, whereas abundance was greatest at
downstream sites (Figure 2e,f). The most abundant taxa were Agelenidae, Araneidae, Linyphiidae
and Theridiidae.
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Figure 2. Boxplots of stream macroinvertebrate abundance (a), stream macroinvertebrate richness (b),
Ephemeroptera, Plecoptera and Trichoptera (EPT) abundance (c), EPT richness (d), catch per unit effort
(CPUE)—terrestrial invertebrate abundance m2 h! (e) and CPUE—terrestrial invertebrate richness
m~2 h™1 (f), with respect to the site types 1ds (least-disturbed sites), ubf (unbuffered), bf (buffered) and
lon (downstream).

3.3. Relationships between Riparian Attributes and Invertebrate Diversity Metrics

Among the metrics, EPT richness showed the strongest responses and was mainly associated
with riparian attributes obtained from quick assessment methods and GIS-based methods (Table 3,
Table S5). In general, EPT richness was positively related to the coverage of trees present in the riparian
zone. Specifically, EPT richness increased with increasing buffer width and riparian condition index
(RCI) and was higher at least-disturbed sites than other site types (Table 3, Figure 3a). EPT richness
was, furthermore, positively associated with the forest area and width at 100-300 m upstream and full
riparian corridor and was also higher in least-disturbed sites compared to other site types (Table 3,
Figure 3b—e). At varying groundcover quality (for buffer and adjacent), EPT richness was higher at
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least-disturbed sites than other site types (Table 3). The Margalef index increased with increasing
groundcover quality (Table 3, Figure S3a,b). The Margalef index was positively associated with
the percentage of tree cover. Particularly, it was related to the larger spatial unit riparian data
(Loc300mUp and RipCatch100m; Table 3, Figure S3c—f). The percentage of insects, the Shannon-Wiener
index and Pielou’s evenness index increased with higher percentages of unmanaged grass (Table 3).
Moreover, the Margalef index and invertebrate and insect richness rose with an increase in riparian soil
permeability (in terms of soil drainage, Table 3). The richness-based metrics (i.e., invertebrate, EPT and
insect richness and the Margalef index) were positively associated with the share of forest land use
300 m upstream of the sampling site. Richness of terrestrial invertebrate predators was only associated
with the quantitative-based method, percent managed grass, wherein terrestrial invertebrates were
more diverse if the percentage of managed grass increases. However, terrestrial invertebrate predators
were less diverse in unbuffered sites than in the other site types.
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Figure 3. Mean EPT richness in relation to the quick assessment method, buffer width (a), and GIS
methods, area of trees in spatial units Loc200mUP (b), Loc100mUP (c); minimum and mean width of
trees in spatial unit Loc300mUP ((d,e), respectively) are represented by grey lines. Grey dash lines are
the confidence interval and the dots represents the sampling points. The blue line represents the mean
EPT richness in relation to the respective riparian attribute at least-disturbed site type. The p-values are
presented in Table S5.
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Table 3. Overview of associations between each riparian attribute and diversity metric obtained from the linear regression models. Only riparian attributes with
significant associations are presented in the table. Black arrow represents statistically significant associations. Blue and red arrows indicate significant difference of site
type—least-disturbed sites and unbuffered sites—from the other site types, respectively. Upward and downward arrows signify positive or negative associations,
respectively. Graphical representations of selected models are presented in Figure 3 and Figure S3. The p-values are presented in Table S5.

Abundance Richness Abundance Richness Richness Pielou’s

Riparian Attributes Inv 1 Inv ! EPT 2 EPT 2 Insects % Insects ~ Shannon-Wiener Margalef Evenness Index

CPUE (Richness)

Quick Assessment
Adjacent groundcover )
Buffer groundcover T
Buffer width M
1
N

- —

Soil drainage )
Riparian Condition Index (RCI)
Quantitative assessment
Unmanaged grass (%) T T T
Managed grass (%) T
Quantification based on GIS (spatial units)
Local riparian attributes
Forest 3, shrub (Loc100mUP) (mz) ” ™
Forest, shrub (Loc300mUP) (%) T ™ T T
Local riparian width attributes
Forest, shrub mean width (Loc100mUP) ) 1N
Forest, shrub mean width (Loc300mUP) TT T 1
Forest, shrub min. width (Loc100mUP) ™
Forest, shrub min. width (Loc300mUP) TT T T
Full riparian corridor attributes
Forest, shrub (RipCatch100m) T ™ T T
Near distance to 25 m ForestBlocks
(RipCatch100m) T

Note: 1 Aquatic macroinvertebrates; 2 Ephemeroptera, Plecoptera, Trichoptera; 3 forest refers to the woody riparian vegetation, such as trees and shrubs.
q P P P P y 11p. g
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The outcome of the redundancy analysis showed that mean width of the riparian forest at 300 m
upstream of the sampling site (Tr_me_wi_300) had largest relative importance for the occurrence
(presence-absence) of EPT communities (Figure 4). This was followed by the riparian quality
index, RCI (Riparian Condition Index). The riparian attributes were, therefore, the most important
variables for indicating the differences in EPT taxa occurrences. With regards to the environmental
variables, conductivity and catchment size explained most of the variability. Conductivity, biological
oxygen demand (BOD) and total inorganic nitrogen showed similar direction in the ordination space,
an indication of a water pollution gradient. The occurrences of most EPT taxa were positively associated
with the riparian attributes while they were negatively associated with conductivity, catchment size
and biological oxygen demand. That is, the number of EPT taxa increased with increasing tree width
and riparian quality while it decreased with increasing conductivity, catchment size and biological
oxygen demand.

* |east-disturbed S'DE’rSD”ﬂm,':Ter sad o
. unbuffered - :
o | * buffered
downstream
RCI < Cond
L T - TP et 4= SRS PRSI
O
O
o .
Tr_me_wi_300 \
I} E.ujhelyii E.danica Cat_siz
o -
1
Sir_wi
L :
+ B.rhodani
I I [ I
-2 -1 0 1
RDA1

Figure 4. Redundancy analysis (RDA) plots of Ephemeroptera, Plecoptera and Trichoptera (EPT) taxa in
response to gradients of environmental variables’ riparian condition index (RCI), forest and shrub mean
width at Loc300mUP (Tr_me_wi_300), water pH (pH), water temperature (Temp), percentage of fine
sediments (Per_sed), conductivity (Cond), biological oxygen demand (BOD), catchment size (Cat_siz),
stream width (Str_wi), total inorganic nitrogen (TIN) and total phosphorus (TP). Dots represent the
sites. The EPT taxa are Agapetus fuscipes (A.fus), Baetis muticus (B.mut), Baetis rhodani (B.rhodani),
Baetis vernus (B.vernus), Caenis horaria (C.ho), Centroptilum Iuteolum (C.lut), Chaetopteryx villosa (C.vil),
Cloeon dipterum (C.dip), Electrogena ujhelyii (E.ujhelyii), Enoicyla pusilla (E.pus), Ephemera danica (E.danica),
Hydropsyche angustipennis (H.angustipennis), Hydropsyche fulvipes (H.fulvipes), Lype reducta (L.reducta),
Paraleptophlebia submarginata (P.sub), Plectrocnemia conspersa (P.conspersa), Potamophylax cingulatus
(P.cin), Potamophylax rotundipes (P.rotundipes), Sericostoma personatum (S.personatum) and Silo pallipes
(S.pal). The environmental variables explain 57.6% of variation in EPT taxa occurrences.

4. Discussion

4.1. Environmental Variables and Invertebrate Diversity

Our findings indicate that increases in woody forest vegetation in the riparian zones of our
streams flowing through an otherwise heavily degraded landscape are associated with increases in the
richness of freshwater macroinvertebrates, EPT richness and Margalef index. Specifically, the values
of these metrics increase with increasing forest cover along the riparian zone at 300 m upstream
of the sampling site. It has been reported that riparian vegetation enhances stream invertebrate
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diversity [44,45]. The findings of our study are particularly in line with the results of Rios and
Bailey [83]. They observed an increase in EPT and invertebrate richness with increasing tree cover in
the riparian zone at micro-basins. Similar to our study and catchment conditions, they also studied
first- and second-order streams and mainly agricultural land cover, although some of their micro-basins
are forest. The same patterns were observed by Death and Collier [84] in the Waikato (New Zealand)
stream sites. This can be due to the various benefits of riparian forests: they help to stabilize the
stream banks, minimize erosion or trap sediments, improve water quality through the reduction in
nutrient runoff and enhance habitats for both fish and invertebrates [85]. Riparian forest also provides
shade and maintains inputs of terrestrial leaf litter and wood [44,86,87]. The increased presence of EPT
taxa in streams with more forested riparian vegetation might also reflect the provision of a suitable
habitat for the terrestrial reproductive phase of these organisms [88] and is in line with previous
observations indicating that greater exposure to wind and solar radiation is associated with reduced
dispersal of adult aquatic insects [89]. Furthermore, aquatic insects leaving the water for emergence
are particularly vulnerable to predation in open sand and gravel bars [90,91]. The presence of woody
vegetation provides them shelter against predators. Forest riparian vegetation influences the riparian
microclimate, which can play a role in conserving stream insects by maintaining cool temperatures
and thereby improving riparian habitat quality for adult insects [87,92].

We also observed the dominance of certain taxa, such as chironomids and oligochaetes,
in unbuffered sites. This observation is in line with the findings of Ivkovic et al. [93] and can
be explained by the abundance of fine particulate organic matter, which is a food source of these
organisms in unbuffered sites (open canopy) [93].

EPT richness and Margalef index also increased with increasing riparian forest width. Based on
our findings, maximal diversity was observed at a mean riparian forest width of about 3040 m for
most site types except the least-disturbed sites (Figure 3e and Figure S2f). According to Castelle et
al. [44], buffer widths of 3 to 200 m were found to be effective in protecting the biological integrity of
streams, depending on site-specific conditions (e.g., the level of degradation in the stream, the value of
streams and surrounding catchment land use); furthermore, a buffer width of at least 15 m is necessary
to protect streams under most conditions. Another study, however, indicated the need for a 30-m
riparian buffer width to positively affect species distribution and diversity [44]. This might be related
to the mobility distance of some EPT taxa. Adult Trichoptera were found within 30 m of the stream
edge in forested riparian zones [88]. A study has also shown that riparian forests as narrow as 5 m
wide can considerably moderate air temperatures compared to treeless streams [94]. As lower air
temperature increases the potential of adult Plecoptera to survive, riparian forest buffers may play a
key role in the existence of these organisms, even if the riparian woody vegetation width is narrow [92].

Other environmental variables, such as catchment size, stream size and level of nutrient impact,
are possibly confounded with variation in the spatial distribution of riparian attributes in our study,
such as the extent of riparian cover upstream. However, such correlations are unlikely to have affected
our analyses, given that these variables are not systematically correlated with the riparian attributes
(Table S6). Moreover, the occurrence of EPT taxa is strongly related to the riparian attributes in
comparison to other environmental variables (Figure 4). The RDA biplot indicates that most of the
EPT taxa prefer lower nutrient concentrations and organic matter as well as smaller catchment sizes
and stream widths. This is in line with previous findings that higher conductivity, BOD and nutrients
are generally associated with lower abundance and/or diversity of EPT taxa [95,96]. Based on the
linear regression models, EPT richness was higher at least-disturbed sites. The least-disturbed sites
are characterized by limited or no domestic wastewater input. This suggests that the streams in the
Zwalm river basin will significantly benefit from water quality improvements through the installation
of wastewater treatment aside from the increase riparian forest cover.

Relationships between the terrestrial predator groups, carabid beetles and spiders, and riparian
attributes were only detected when the quantitative assessment of riparian attributes was applied.
This assessment method is the most localized method of quantifying riparian attributes. Studies suggest
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that both organisms are mainly affected by local factors [97-99]. Based on our findings, spider and
carabid richness increased with an increasing percentage of managed grass but was lower at unbuffered
sites than other site types. Unbuffered sites are locally characterized by no or very limited riparian
forest compared to other site types (Figure Sla—c). Studies indicate that spider diversity increases
with plant diversity [100] while carabids are more diverse in grassland and forest edge than forest
interior [101]. The limited presence of riparian forest goes with low vegetation variability in unbuffered
sites that most likely leads to lower carabid and spider richness. Our findings suggest the importance
of both the grass vegetation as well as forests in riparian zones for the diversity of spiders and carabids.

Limitations of the study can be attributed to the temporal and seasonal variation of both
environmental and biological variables [102,103]. Environmental variables most likely vary within
the day and month, between seasons and within seasons. Biological samples also vary between and
within seasons due to their inherent life cycle and responses to environmental changes. Although
temporal deviations are not covered by our study, our study provides an indication of the role of
woody riparian vegetation on invertebrate diversity and our samples were collected and processed in
a standardized way.

4.2. Quantification of Riparian Attributes

Quantification of riparian habitats has been thoroughly presented in several previous studies
which classified vegetation type according to height using LiDAR data in a reach length of 5-5.5 km
and reach width of 5-15 m [41]. Juen et al. [43] examined the physical habitat of each stream within a
channel length of 150 m using eleven 102 plots in each bank. Another study characterized riparian
widths of 15-50 m at the watercourses within the subbasins [48]. Oldén et al. [47] estimated percentage
cover of vegetation by eye estimation in 24 1-m? plots within the 15-m width from the stream. In our
study, the quick assessment method (i.e., Riparian Condition Index) was assessed over 30 m on
both banks, although the same length as the quantitative habitat assessment method encompassed a
much wider coverage laterally from the stream channel (i.e., 30 m). The quick assessment method
is subjective as it is assessed based on scores [46]. However, in our case study, only one person
was evaluating the riparian attributes and therefore all the sites were estimated in the same way.
For between-site comparisons, the findings of the study are, only to a lesser extent, affected by
subjectivity. The quantitative method is the most localized riparian estimation method. It measures
riparian attributes at 6 x 50-m? areas covering 30 m length in each bank. This method provides detailed
information on riparian characteristics, such as percent canopy cover, unmanaged grass, managed
grass, mosses, lichens, shrubs and plant litter, in addition to tree density and species composition.
The quantification based on the GIS method covers a large spatial area due to the availability of
basin-scale data. The accuracy may depend on the spatial resolution of the GIS data.

We found that the richness diversity indicators of aquatic macroinvertebrates were mainly
associated with the riparian attributes quantified by the GIS-based and quick assessment methods while
the terrestrial invertebrates (carabids and spiders) were associated with the quantitative assessment
method. This suggests that the stream macroinvertebrates are affected at wider (about 25 to 50 m)
and longer stretches (100 to 300 m) of riparian attributes while both carabids and spiders are mainly
affected by localized habitat factors. Sponseller et al. [104] indicated that macroinvertebrate indices
(e.g., EPT richness and Shannon-Wiener diversity index) were most closely related to land cover patterns
evaluated at the 200-m sub-corridor scale (30-m width extending laterally). Their study suggests that
local, streamside development effectively alters assemblage structure. Their findings are similar to our
findings wherein a length of 100-300 m was related to the richness indices. Another study, however,
reported that a 200-m reach of riparian woody vegetation did not affect the stream macroinvertebrates
and EPT taxa richness [105] when compared with open reaches. However, their study focused on
urban stream ecosystems while our catchment is dominantly agricultural landscape. The findings of
our study provide insights into the spatial extent of riparian forest that needs to be evaluated and
considered when relating invertebrate diversity.
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4.3. Implications in Management and Future Studies

The findings of this study are relevant in the context of the EU Water Framework Directive (WFD)
as one of its aims is to achieve a “good ecological status” for all waters [106]. Presently, there is
no WFD intercalibrated indicator which is attributed to the riparian zones that relate to biological
quality. Based on the findings of our study, wider width of tree forest can potentially increase the
EPT taxa richness at a length of 300 m upstream of the target site. In particular, at least 30- to 40-m
mean widths of riparian forest patches along the stream (e.g., 15 m of tree cover on each bank) can
potentially deliver maximal EPT taxa richness (see Figures 3e and 4). Despite the limited riparian
forest within the Zwalm catchment, our findings illustrate their contribution to enhancing EPT taxa
richness. To achieve good ecological status, patches of forest in the catchment can help but the
whole catchment perspective is needed. Moreover, streams might benefit from the installation of a
sewerage system and secondary wastewater treatment as our results show a significantly higher EPT
richness at least-disturbed sites, characterized by no or limited untreated wastewater input (Figure 3).
Approximately 40% of the basin’s inhabitants live in scattered population clusters and are therefore not
connected to the centralized sewer system and nor is their wastewater treated [107], resulting in direct
discharge to the streams. As most of the sampling sites are located in the headwaters, caution must be
considered when findings are extrapolated in the main river of the catchment. Furthermore, the amount
of riparian forest can be optimized to provide a balance between agricultural production and increasing
the EPT taxa diversity. This can be implemented through an optimization framework in a future study
(cf. Supplementary Information in Burdon et al. [46]) by integrating recent insights into the added
value of buffer strips [108]. While stream invertebrates benefit from a catchment perspective, local
actions could be sufficient for terrestrial consumers (i.e., carabids and spiders).

Future studies can be considered in determining the contribution of unmanaged grass on
macroinvertebrate diversity at a catchment scale. Unmanaged grass at a large spatial scale was not
explicitly analyzed in this study as the GIS data only provide grassland information and did not
provide segregated data of managed and unmanaged grass. This information provides an added value
in the context of riparian management within the Zwalm basin as some riparian zones are only covered
with unmanaged grass.

5. Conclusions

Woody vegetation along the riparian zone is generally associated with the richness-related metrics
of aquatic macroinvertebrates. Specifically, EPT richness shows a directly proportional relationship
with riparian forest area and width, as exemplified in our case study area. Spiders and carabids were
only associated with the riparian attributes quantified with the most localized method, suggesting
that local riparian conditions mainly affect spiders and carabids while stream macroinvertebrates are
affected by longer stretches (100-300 m) of riparian conditions. In particular, at least 30- to 40-m mean
widths of riparian forest patches along the stream can potentially deliver the optimal EPT taxa richness.
A GIS-based method is advised in quantifying riparian condition in order to investigate relationships
with stream macroinvertebrate diversity as GIS data can cover a larger spatial coverage in comparison
with the visual method of estimation. Our study shows that although local riparian habitat properties
are important, broader spatial scales involving riparian forest cover still need to be evaluated and
considered when assessing aquatic biodiversity and formulating river management strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/11/3070/s1,
Figure S1: Sampling scheme for terrestrial vegetation and habitat assessment, Figure S2: Boxplots of the quick
assessment riparian attribute buffer vegetation (a), quantitative assessment riparian attributes percent tree coverage
(b) and tree abundance (c), GIS-based quantification riparian attributes forest, tree shrub area in spatial units
Loc300mUP obtained from 1 m resolution (d), tree cover area in spatial units Loc300mUP obtained from 30 m
resolution (e), forest, tree shrub area in spatial units RipCatch100m (f), mean width of forest, shrub in spatial
units Loc200mUP (g), mean width of forest, shrub in spatial units Loc300mUP (h) and tree richness obtained
from quantitative sampling method (i) with respect to the site types 1ds (least-disturbed sites), ubf (unbuffered),
bf (buffered), and lon (downstream), Figure S3: Mean Margalef index in relation to the quick assessment method,
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buffer ground cover (a) and adjacent ground cover (b), and GIS methods, forest, shrub in spatial units Loc300mUP
(c) RipCatch100m (d), minimum and mean width of trees in spatial unit Loc300mUP (e and f, respectively) are
represented by grey lines, Table S1: Riparian attributes considered in the study, Table S2: Subjective scores for
riparian attributes used to calculate an index of riparian condition, Table S3: Stream invertebrates found in the
Zwalm River basin, Table S4: Terrestrial invertebrates found in the Zwalm River basin, Table S5: Overview
of associations between each riparian attribute and diversity metric; Table S6: Spearman’s rank correlation
coefficients of riparian attributes and other environmental variables.
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