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Abstract: Stream and terrestrial ecosystems are intimately connected by riparian zones that support
high biodiversity but are also vulnerable to human impacts. Landscape disturbances, overgrazing,
and diffuse pollution of agrochemicals threaten riparian biodiversity and the delivery of ecosystem
services in agricultural landscapes. We assessed how terrestrial invertebrate communities respond
to changes in riparian vegetation in Romanian agricultural catchments, with a focus on the role of
forested riparian buffers. Riparian invertebrates were sampled in 10 paired sites, with each pair
consisting of an unbuffered upstream reach and a downstream reach buffered with woody riparian
vegetation. Our results revealed distinct invertebrate community structures in the two site types.
Out of 33 invertebrate families, 13 were unique to either forested (6) or unbuffered (7) sites. Thomisidae,
Clubionidae, Tetragnathidae, Curculionidae, Culicidae, and Cicadidae were associated with forested
buffers, while Lycosidae, Chrysomelidae, Staphylinidae, Coccinellidae, Tettigoniidae, Formicidae,
and Eutichuridae were more abundant in unbuffered sites. Despite statistically equivocal results,
invertebrate diversity was generally higher in forested riparian buffers. Local riparian attributes
significantly influenced patterns in invertebrate community composition. Our findings highlight the
importance of local woody riparian buffers in maintaining terrestrial invertebrate diversity and their
potential contribution as a multifunctional management tool in agricultural landscapes.

Keywords: biodiversity; riparian buffer; land-use; spatial scales; nature-based solutions;
agricultural management

1. Introduction

Riparian zones are areas of transition between stream and terrestrial ecosystems
that provide heterogeneous microhabitats [1] for both terrestrial and aquatic populations,
thus supporting biodiverse communities [2]. These organisms help connect aquatic and
terrestrial systems: Aquatic consumers derive energy from allochthonous inputs of leaf
litter and prey originating in the adjacent riparian zones, whereas aquatic organisms are
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consumed by riparian predators, thereby facilitating the reciprocal transfer of aquatic
subsidies to terrestrial food webs [3]. Emergent aquatic insects and riparian invertebrate
consumers, including spiders and beetles, play a key role in linking stream and terrestrial
trophic networks [4] and contribute to biodiversity at local and catchment scales.

However, riparian zones are often highly degraded in agricultural catchments. Land-
use change, deforestation (including riparian trees), overgrazing, inputs of pesticides,
and nutrients from agricultural sources all threaten riparian biodiversity and ecosystem
services at different spatial scales. Thus, protecting and enhancing riparian zones are
often seen as the first steps towards reversing the impacts of agricultural land use [5].
Riparian buffers, typically comprising uncultivated, vegetated areas alongside streams and
rivers, can play an essential role in preserving the integrity of stream–riparian networks in
modified landscapes [6].

Riparian buffers help increase streambank stability and shading, thus reducing tem-
peratures and inputs of diffuse pollutants (e.g., sediment, nutrients, and pathogens) to
receiving stream ecosystems [7–9]. Riparian vegetation can provide habitat for plants
and animals in highly fragmented agricultural landscapes [6,9]. The positive influence of
riparian buffers on aquatic macroinvertebrate community structure has been documented
in a number of studies [6,9–13]. Consequently, water quality, biodiversity, and other ecosys-
tem services provided by streams in human-impacted landscapes are highly dependent on
riparian buffer properties [9].

The enhanced biodiversity and community dynamics provided by riparian buffers
may also be valuable to agricultural productivity. Many invertebrates that act as agents of
biocontrol by feeding on plant or animal crop pests (e.g., carabid and staphylinid beetles)
or that help pollinate crops (e.g., certain dipterans) use riparian buffers to complete their
life-cycles [9,14–16]. These attributes add to the co-benefits of riparian buffers and point to
their use as multifunctional management tools in agricultural landscapes [17].

Despite the recognition of riparian buffers as essential features to preserve ecosystem
integrity in agricultural catchments, there remain gaps in our knowledge. Integrated
ecological studies in recent decades have tested the effects of buffer properties, such as
width, longitudinal continuity, age, species, and canopy cover, mainly on the stream com-
munity composition, diversity, and functionality [9,11,12]. However, studies addressing
riparian invertebrate communities are relatively rare and have focused only on certain
groups, such as beetles or spiders [2,4,10,18–20]. In this context, our case study aims to
highlight how forested riparian buffers structure riparian invertebrate communities in
a basin impacted by agriculture. We present a case study in the Arges, River Basin (Roma-
nia), with predominantly agricultural land use, which following the fall of communism,
has been characterized by highly fragmented land ownership and little coordination of
riparian zone management.

We investigated terrestrial invertebrate community composition and diversity in
riparian zones with and without a riparian buffer of woody vegetation. We also assessed
the relative and shared effects of reach (local) and catchment-scale environmental variables
in structuring invertebrate community composition. We expected that the presence of
woody vegetation in riparian zones would influence the diversity and composition of
riparian invertebrate communities. Specifically, we hypothesized that woody riparian
buffers have a positive influence on terrestrial invertebrate diversity at the local scale by
providing habitat heterogeneity and refuge from disturbance. We also hypothesized that
patches of woody riparian vegetation influence beta-diversity, thus helping to mitigate the
effects of agricultural land-uses at the catchment scale. Providing evidence for the positive
effects of woody riparian buffers would demonstrate their efficacy as a tool for biodiversity
conservation and improving landscape integrity in a human-impacted landscape.
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2. Materials and Methods
2.1. Study Area and Site Selection

Our field sampling took place between May and June 2018 in the Middle Arges, River
Basin, located in south-eastern Romania (Figure 1, Tables S1 and S2). The Arges, River is a
major tributary of the River Danube, and its catchment is representative of a sylvo-steppe
landscape. Agriculture is the dominant land use, representing 56% of the total catchment
area of 125 km2. Other human pressures include aquaculture, forestry, hydropower,
industry, and urban development [21]. Human impacts on the region’s stream–riparian
networks have serious consequences, including increased flooding, water pollution, and
the spread of invasive species (i.e., Fallopia japonica). Our case study was part of the
CROSSLINK project, and the study design was based on the CROSSLINK paired sites
approach (see [6]). We choose 10 paired stream–riparian sites in a landscape modified by
agriculture, with the no woody riparian buffer site (UBF) located upstream of the forested
vegetation buffer site (FBF) (see [6], Figure 1). All streams are 1st to 3rd order [22], mostly
2–6 m wide, with the streambed dominated by gravels and cobbles. Woody riparian buffers
were a minimum of 50 m in length, moving upstream from the downstream end of the
sampling reach, with a width of 2–3 times the wetted stream width and consist mainly of
large trees (Diameter at Breast Height (DBH) > 5 cm) on both banks. The vegetation of the
UBF sites (hereafter named unbuffered sites) was dominated by grass and herbs, with few
shrubs and small trees (DBH < 5 cm). Information on the geographical location is listed in
Table S1 (Supplementary Materials).

Figure 1. The study site locations in the Arges, basin, Romania. Forested buffer sites (R1–R10) are
marked in blue, and the unforested buffer sites (I1–I10) in red.

2.2. Sampling Design and Methods

We established six riparian sampling plots per site, three on each bank of the stream,
attempting to cover the full heterogeneity of the study sites. The plots did not overlap
and were in close proximity to each other. The plot size was 10 m in length (parallel to
the stream) and 5 m in width (perpendicular to the stream), resulting in a sampling reach
length of 30 m at each site (for details, see [6,10]).

2.2.1. Environmental Variables

We wanted to describe environmental factors contributing to the variation in riparian
invertebrate community composition. Specifically, we wanted to reveal the role of forested
riparian buffers in structuring riparian invertebrate communities. To do this, we used
three categories of explanatory variables (Table 1) representing key groups of influence
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factors. The first category involved catchment attributes at broader spatial scales quantified
from Geographical Information System (GIS) data: catchment area and elevation, Corine
land cover and land use data, and the distance to the next 100 m forested buffer upstream
of the site pair. The second category involved riparian habitat characteristics recorded
from the quantitative field survey of the six 50 m2 rectangular plots at each sampling site.
The percentage area of different vegetation/habitat categories was estimated as a vertical
projection on the ground. Canopy cover at the zenith was measured in each plot’s center
using the smartphone app “CanopyApp” (University of New Hampshire, Durham, NH,
USA), and width and length of riparian forest patches were quantified based on the GIS
data. All values were averaged to provide a single value for a site. The third and final
category involved riparian integrity scores assigned for 13 qualitative attributes (Table 1).
They were assessed over a 50 m study reach on each bank (30 m along of the three sampling
plots and 20 m upstream) and graded from poor (1) to excellent (5), following the protocol
described by Harding et al. [23] and adapted to European conditions (see Table S1, [6]).
Subsequently, at each study site, bank scores were averaged to provide a single value for
each attribute.

Table 1. Explanatory variables used to explain the patterns observed in the structure of the riparian invertebrate community
and assess the role of the riparian forested buffers.

No Category Data Source Variables

0. Site location
Geographical Information System (GIS) data Latitude

GIS data Longitude
spectral decomposition of the spatial
relationships among the study sites Principal Coordinates of Neighborhoods Matrix (PCNM)

1.
Catchments
properties

GIS data: Digital Elevation Model (DEM) Elevation
GIS data Upstream catchment area (m2)

Corine Land Cover (level 2)

Forest: broad-leafed, coniferous, and mixed (%)
Heterogeneous agricultural land (%)

Arable crops (%)
Pasture (%)

Herbaceous vegetation associations (Natural grassland) (%)
Permanent crops (Orchards and Vineyards) (%)

Urban and Industrial (%)
Other (%)

Distance to the next 100 m riparian forested buffer block, upstream
the site (m)

2.
Riparian habitat

characteristics (30
m sampling reach)

Field data (quantitative assessment)

Canopy cover (%)
Unmanaged grass: long grasses including rushes and sedges (%)

Managed short grasses (e.g., grazed or mown) (%)
Herbs, herbaceous vegetation including forbs (%)

Moss and lichens growing on the ground (%)
Small trees and shrubs (diameter at breast height (DBH) < 5 cm) (%)

Trees (DBH) > 5 cm) (%)
Rocks and bedrock (%)

Plant litter including leaves (%)
Bare ground (%)

Deadwood volume
Deadwood (no of fragments)

Tree species richness
Habitats’ richness

GIS data
Riparian buffer length (m)
Riparian buffer width (m)

3.

Riparian integrity
condition scores

(ranging from 1 to
5, according to

[6,23])

Field data (quick assessment)

Adjacent ground
Adjacent vegetation

Bank stability
Buffer ground

Buffer intactness
Buffer vegetation

Buffer width
Land slope

Livestock access
Rills and channels

Riparian soil denitrification potential
Shading

Soil drainage



Water 2021, 13, 188 5 of 20

2.2.2. Riparian Invertebrates

Riparian invertebrates were sampled during the transition between spring and sum-
mer (May–June) in European temperate zone regions (Table S2). The timing of sampling
was intended to occur after leaf-out was complete for all tree and shrub species and adults
of most invertebrate species were present and active in the field. Following Burdon et al. [6],
we used a standardized semi-quantitative sampling strategy to allow for between-site com-
parisons. The methods used involved two approaches. The first approach used visual
searching (i.e., looking for spider webs, turning over stones and wood, and riffling through
leaf litter) and then collection by hand (i.e., guiding the invertebrates into labeled sam-
ple tubes). The second approach involved sweep netting in each sampling plot (see [6]).
There was an exception in one buffered site (R6) where only one bank (three plots) was
sampled due to the steepness and inaccessibility of the other bank. This site was considered
an outlier and was excluded from the analysis. Plots were sampled methodically along
transects parallel to the stream channel to allocate effort evenly. The sampled area and
sampling duration (a maximum of 15 min) were recorded for each plot. Buffered and
unbuffered sites in a pair were sampled on the same day, under similar weather conditions
to ensure the comparability of results (Table S2). To reduce the sampling biases that may be
introduced by different field workers (e.g., sampling effort and selection) [24], two trained
researchers sampled all sites.

In the field, adult individuals were separated into broad taxonomic groups (i.e., spi-
ders, beetles, dipterans), placed in separate tubes, labeled, and transported to the laboratory
in a cooler bag. In the laboratory, all collected individuals were identified to the family level
for most taxa and genus level for Carabidae, Staphylinidae, and Araneae, under a stereomi-
croscope using specific identification keys [25–29]. Araneae and beetles (Carabidae and
Staphylinidae) are considered reliable indicators in monitoring programs [30] and are also
frequently studied [31–34]. They were grouped and analyzed together as the consumer
(predator) trophic group.

2.3. Data Analysis
2.3.1. Environmental Variables

To visualize the differences between the site types induced by the explanatory variables
selected at different scales, we used the non-Metric Multidimensional Scaling (nMDS),
with Euclidean distances, based on standardized values of the environmental variables,
in accordance with [35]:

STD = (x− xmin)/(xmin − xmin) (1)

where STD is the standardized variable, x = the values of each explanatory variable, xmin
and xmax = minimum and maximum values of each explanatory variable across the sites.
We then used PERMANOVA (PERmutational Multivariate ANalysis Of VAriance) to assess
differences in the environmental variables between sites. All these analyses were performed
with PAST 4.03, the Palaeontological Association software [36].

2.3.2. Patterns in Invertebrate Community Structure

To estimate the relative abundance of invertebrates and to allow for the comparability
between sites, we used a “Catch Per Unit Effort” (CPUE) approach [6]:

CPUE =
No. of invertebrates

(Area sampled/Duration of sampling)
(2)

Based on these estimates, we investigated the patterns in invertebrate community com-
position (taxa and consumer abundance, %) and diversity (richness, Shannon diversity—H′

index and Pielou’s evenness index—J′) in buffered and unbuffered sites. The dissimilarity
between community composition in buffered and unbuffered sites and the identity of
taxa and consumer whose abundance explained up to 70–80% from the observed dis-
similarity between sites were identified with SIMPER analysis (Bray–Curtis similarity
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measure, [37]). All these analyses were performed with PAST 4.03, the Palaeontological
Association software [36]. To identify the significant differences between the two categories
of sites, we used one-way ANOVA, with sqrt (for abundance) or ln (x) or ln (x + 1) (for
diversity) transformed data (lmer function in the R package lme4). One-way ANOVA was
also used to compare the patterns in consumer diversity. To account for spatial variation
among pairs, stream identity was fitted as a blocking factor.

2.3.3. Influence of Selected Environmental Variables on Invertebrate Community Structure

The percentage abundance and consumer structure of riparian invertebrates and the
explanatory data obtained from different sources (Table 1) were combined for statistical
analysis, including redundancy analyses (RDA) and variance partitioning in R, version
3.6.3 (2020-02-29). To normalize data and reduce homescedascity, the percentage data
were logit transformed, whereas the metric data (e.g., distance to the next 100 m riparian
forested buffer block, upstream the site, riparian buffer length and width) were log or
log+1 transformed using R packages car and vegan. All data were standardized by the
decostand function in R (package vegan). Decostand is a widely used R function enabling
standardization methods for community ecology. We applied Hellinger transformation for
the invertebrate data [38] that does not give high weights to the rare species.

To detect spatial structures in communities (e.g., spatial autocorrelated data), we ex-
plicitly incorporated the spatial predictors into the statistical model. Principal Coordinates
of Neighborhoods Matrix (PCNM) in R (vegan, dist) was used to decompose the spatial
location of sites into PCNM functions used to express distances in the rectangular for
ecologically relevant spatial scales. The descriptors of spatial relationships (PCNM base
functions) were obtained by principal coordinate analysis of a truncated matrix of Eu-
clidean (geographic) distances among the sampling sites [39]. PCNM base variables were
used as spatial descriptors in the multivariate variation partitioning [40,41]. Variation par-
titioning (varpart, vegan package in R) was used to reveal the relative and shared effect of
significant variables in shaping the riparian invertebrate communities’ structure. We used
Venn diagrams to visualize the variation partitioning results. To reduce the predictor
list and select significant variables for RDA and variation partitioning models, we fitted
variables for each group individually (catchment-wide properties, riparian habitat char-
acteristics, and riparian integrity condition scores) and fit global models for estimation
of corresponding adjusted R2. The forward selection method in RDA, with appropriate
stopping criteria (the adjusted coefficient of multiple determination, R2 adj, permutation
test with 999 randomizations, and an alpha significance level of 0.05) was used to assess
which variables are essential (forward.sel function in the packfor package in R). The forward
selection method prevents overestimation of the explained variance [39].

To test for association between explanatory variables (paired samples), function cor.test
in stats v 3.6.2 in R was used. The significance of different components was tested using
ANOVA. Highly collinear predictors (e.g., p < 0.05, r > 0.65) were removed from the analysis
to avoid over-parametrizing models. Function vif.cca, defined as generic in R package
vegan (vif ), gave the variance inflation factors for each constraint or contrast in factor con-
straints. Variance inflation factors are useful diagnostic tools for detecting multicollinearity.
Predictor variables with VIF scores > 10 were excluded. For data visualization, the R
packages gplots, ggplot2, and grid were used.

2.3.4. The Effect of Forested Riparian Buffers on Riparian Invertebrate Community Structure

To reveal the association of the riparian invertebrate structure with local riparian
attributes, we specified a partial redundancy analysis model (pRDA) that conditioned
out confounding influences of spatial location and characteristics at the catchment level
(i.e., land-use). For this, we combined the explanatory variables from the two categories
related to riparian properties: the riparian habitat characteristics and the scores from the
attributes used in the Riparian Condition Index. As described above, auto-correlated
variables (e.g., p < 0.05, r > 0.65) were not considered in the analysis.



Water 2021, 13, 188 7 of 20

Additionally, we compared the effect size (log response ratios± 95% CI) by calculating
the change in diversity indices between downstream sites buffered with forested riparian
vegetation and the unbuffered upstream sites (i.e., without woody riparian vegetation).

3. Results
3.1. Environmental Differences between Site Types

There was little variation in the catchment-scale environmental variables between
site types. In both site types, forest was the dominant upstream land use, followed by
orchards and vineyards, natural grassland, and pasture (Table S1). Regarding local riparian
habitat properties, forested buffer sites had a higher percentage cover and richness of
trees (DBH > 5 cm), an abundance of dead wood, and shading (canopy cover; Figure S1).
The percentage composition of habitat attributes was also different in forested buffer sites.
The %cover of unmanaged grass, trees and shrubs, and plant litter was higher in forested
buffer sites, while unbuffered sites recorded greater %cover of bare ground and managed
grasses (Figure S2). Considering the riparian integrity conditions scores, we found the
scores for adjacent ground and vegetation cover, buffer ground and vegetation cover, buffer
width, and intactness were all higher in forested buffer sites. The shading attribute was
also higher in forested buffer sites. In contrast, the scores for soil denitrification potential
and livestock access were slightly higher in unbuffered sites (Figure S3).

The unconstrained ordination analyses of selected environmental variables showed
differences in our site types that were highly dependent on the spatial scale (Figure 2).
The variables recorded at the catchment scale showed little dissimilarity among site types
(Figure 2A), and the difference was statistically insignificant (PERMANOVA, F = 0.017,
p = 0.991). In contrast, the variables recorded at the local spatial scale showed clear differ-
ences among the two site types (Figure 2B,C). The differences between the two groups of
sites were statistically significant for both riparian habitat characteristics (PERMANOVA,
F= 7.296, p = 0.0003) and riparian integrity condition scores (PERMANOVA, F = 5.349,
p = 0.0005).

Figure 2. The unconstrained (nMDS) ordination of sites based on values of environmental variables
from the catchment (A) and the local scales: riparian habitat characteristics (B), riparian integrity
condition scores (C). Unbuffered sites (UBF) = red, forested buffered sites (FBF) = blue.

3.2. Patterns in Invertebrate Community Structure

We sampled 1384 individuals (735 in unbuffered and 649 in forested buffer sites)
belonging to 39 taxa in total. The 39 taxa were identified as 33 families and 6 orders
(Figure S4). Adult Plecoptera were excluded from analyses due to their low number (two
individuals) and restricted presence (in only one site). Seven taxa were present only in
unbuffered sites: Gnaphosidae and Agelenidae (Araneae); Melyridae, Dermestidae, Oede-
meridae, and Cleridae (Coleoptera), and specimens from the Neuroptera. Six taxa were
only present in buffered sites: Opiliones (Arachnida); Blattidae (Blattodea); Anthicidae
and Heteroceridae (Coleoptera); Panorpidae (Mecoptera); and Julidae (Diplopoda: Jul-
ida). The Lycosidae (Araneae) was the only family present in all samples from both site
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types. Chrysomelidae (Coleoptera) and Tettigoniidae (Orthoptera) were identified in all
samples from unbuffered sites. In contrast, Thomisidae, Clubionidae, and Tetragnathi-
dae (Araneae); Cicadidae (Hemiptera); and other hemipterans (hereafter referred to as
Hemiptera) were identified in all samples from buffered sites. The most abundant taxa
were Lycosidae (~22%), Chrysomelidae (11%), and Hemiptera (~11%) in unbuffered sites,
and Culicidae (Diptera; 12%), Hemiptera (~10%), Thomisidae and Clubionidae (~8%) in
buffered sites. Spiders (Araneae) were the most abundant taxa in the trophic group of
secondary consumers (beetles and spiders) (Figure S5), with Lycosidae: Alopecosa sp. (19%)
and Trochosa sp. (16%) dominating in unbuffered sites and Clubiona sp. (22%) (Clubionidae)
and Tetragnatha sp. (17%) (Tetragnathidae), in buffered sites.

Our diversity metrics were generally higher in the buffered sites (Figure 3, Table S3).
However, most of the differences between the two site types were statistically insignificant
at α = 0.05, with the exception of invertebrate taxa richness and Araneae Pielou’s evenness
(ANOVA, Table 2). The differences in invertebrate and Araneae Shannon diversity, as well
as Pielou’s evenness of secondary consumers, were significant at α = 0.1 (Table 2).

Figure 3. The median value of diversity indices of riparian invertebrate community in unbuffered
(UBF) and buffered sites (FBF). Only the indices showing significant (* p < 0.05) and marginally
significant (p < 0.1) differences between the site types (see Table 2) are shown. The box = 25–75 percent
quartiles, the whiskers = minimal and maximal values. A = taxa richness, B = taxa Shannon diversity,
C = consumer Pielou’s evenness, D = Araneae Shannon diversity, E = Araneae Pielou’s evenness.

Table 2. Differences in diversity metrics values between unbuffered and forested buffered sites (One-
way ANOVA). H′ = Shannon diversity index; J’ = Pielou’s evenness. Only statistically significant
indices are shown.

Diversity Index Num df Den df F p (same)

Taxa_richness 1 8 6.35 0.0358 *
Taxa_H′ 1 16 3.69 0.0728 ·

Consumer_J 1 16 3.68 0.073 ·
Araneae_H′ 1 16 3.39 0.084 ·
Araneae_J′ 1 8 7.32 0.015 *

Taxa = invertebrate families, consumer = Carabidae, Staphylinidae and Araneae; Statistic significance: * p < 0.05, ·
p < 0.1.

The highest genera richness (9) and Shannon diversity (H′ = 1.9) of ground beetles
(Carabidae and Staphylinidae) were recorded in buffered sites. In contrast, the highest
values of genera richness and Shannon diversity of spiders (Araneae) were found in the
open unbuffered sites (11 and 2.09, respectively). However, no significant differences were
identified between site types (ANOVA, p > 0.1).

3.3. Effects of Selected Environmental Variables on Riparian Invertebrate Community Structure

In total, our forward selection procedure (RDA) showed that nine environmental
variables significantly influenced riparian invertebrate community composition in the
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Arges, basin (Table 3). Of these, only the PCNM1 and PCNM2 descriptors of spatial
relationships, along with buffer intactness and pasture, were used for pRDA and variation
partitioning analyses. Buffer intactness scores were significantly correlated with shading
(p < 0.001), %trees with DBH > 5 cm (p < 0.001), and no. of dead wood elements (p = 0.088);
%bare ground was correlated with PCNM (p = 0.023) and no. of dead wood elements
(p = 0.096); and PCNM1 with buffer length (p < 0.001). Along the first two RDA axes,
spatial location independently accounted for 23% of community variation, land-use at
the catchment level explained 10%, and the riparian integrity condition score was able to
explain 20% of the total variation. All effects were significant at α = 0.05.

Table 3. Variables with a significant independent contribution in shaping the taxonomic structure of
the riparian invertebrate community in the Arges, basin (RDA).

Category of Explanatory
Variables Significant Variables R2 Adjusted Cumm F alpha

Spatial structure PCNM1
PCNM2

0.07
0.11

2.18
1.89

0.017 *
0.044 *

Catchment properties Pasture 0.03 1.58 0.083 .

Riparian habitat
characteristics

%Trees (DBH > 5 cm)
Buffer length

No dead wood elements
%Bare ground

0.09
0.16
0.22
0.26

2.62
2.34
2.13
1.73

0.004 **
0.002 **
0.008 **
0.035 *

Riparian condition scores Buffer intactness
Shading

0.12
0.18

3.22
2.18

0.002 **
0.008 **

PCNM = Principal Coordinates of Neighborhoods Matrix, DBH = diameter at breast height. Statistical significance:
** p < 0.01, * p < 0.05, . p < 0.1.

Variation partitioning revealed that spatial structuring (i.e., spatial relationships at the
landscape scale) of terrestrial invertebrate communities was highly significant (F2,13 = 1.92,
p = 0.003) and explained 9% of the observed variation in community composition. At the
local scale, buffer intactness (Riparian Condition Index scores) showed a significant inde-
pendent effect (F1,13 = 3.28, p = 0.001) and explained 12% of the total variation in community
structure. At the catchment scale, upstream land-use (% of pasture) was not significant
in shaping the structure of the invertebrate community (F1,13 = 1.41, p = 0.125) (Figure 4).
Spatial location and catchment land-use combined explained only 2% of the total variation,
indicating a weak autocorrelation of catchment-wide land use impacts. The unexplained
(residual) variation was 75%.

Figure 4. Variation partitioning results showing the portions of variation in the taxonomic structure
of riparian invertebrate community explained by groups of predictors at nine paired sites in the
Arges, basin. Riparian = Buffer intactness scores, Spatial = PCNM1 and PCNM2 axes, Catchment
variables = % of Pasture. The unexplained (residual) variation was 75%; Values < 0 are not shown.
** p < 0.01, *** p < 0.001.
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3.4. The Effect of Forested Riparian Buffers on Riparian Invertebrate Community Structure

The partial redundancy analysis model (pRDA) conditioned out confounding influ-
ences of spatial location and characteristics at the catchment scale helped to reveal the
association of terrestrial invertebrate structure with riparian properties (i.e., habitat and
riparian condition attributes) (Figure 5). The first two pRDA axes explained 38% of the vari-
ation among sites. The taxa scores indicated clear differences in taxa abundances between
unbuffered and buffered sites (Figure 5, Table S4). The taxa with the highest scores along the
first two pRDA axes were Thomisidae, Tetragnathidae, Culicidae, Clubionidae, Curculion-
idae, Cicadidae, which are associated with forested buffered sites, and Hemiptera (other
than Cicadidae), Tettigoniidae, Formicidae (Hymenoptera), Staphylinidae, Chrysomeli-
dae, Lycosidae, and Eutichuridae (Araneae), which were associated with unbuffered sites
(Figure 5).

Figure 5. Redundancy analysis (pRDA) of riparian invertebrate communities at nine paired sites
in the Arges, basin, Romania, showing the influence of riparian attributes after conditioning out
confounding Spatial location and Catchment level variables (i.e., land use). Riparian attributes
used in the pRDA are shown in black (auto-correlated variables were not included in the analysis;
Pearson’s correlation, p < 0.05). Buffer intactness, Buffer length, %Bare-ground, %Small trees and
shrubs, %Moss and lichens, %Plant litter, %Herbs, Dead wood volume, and Soil drainage were
included. The species with the highest scores along the first two pRDA axes are shown in dark
brown: Araneae: Thomisidae = Tho_ar, Tetragnathidae = Tet_ar, Clubionidae = Clu, Culicidae = Cul,
Coleoptera: Curculionidae = Cur, Hemiptera: Cicadidae = Cic are associated with buffered sites
(blue ellipse and blue dots), whereas other Hemiptera = HETE, Orthoptera: Tettigoniidae = Tet_or,
Hymenoptera: Formicidae = For, Coleoptera: Staphylinidae = Sta, Chrysomelidae = Chr, Araneae:
Lycosidae = Lyc, Eutichuridae = Eut, are associated with unbuffered sites (red ellipse and red dots).

The biplot values for riparian attributes associated with forest buffered sites were
positive along the RDA2 axis and either positive (buffer length 0.51) or negative (buffer
intactness −0.72; % plant litter −0.18) along the RDA1. In contrast, the biplot values along
the RDA2 axis were negative for %bare ground and %moss and lichens associated mostly
with sites without forested riparian vegetation.

The pRDA results are consistent with results from our SIMPER (Similarity percent-
age) analysis, which revealed an overall average dissimilarity between buffered and un-
buffered sites of 65%. Up to 80% of these differences were due to the abundance of 14
out of the 39 identified taxa. Seven of them have higher abundances in buffered sites:
Thomisidae, Clubionidae, Tetragnathidae (Araneae); Curculionidae (Coleoptera); Culicidae
(Diptera); Cicadidae (Hemiptera), and Gastropoda, while Lycosidae (Araneae), Chrysomel-
idae, Staphylinidae, Coccinellidae (Coleoptera), Tettigoniidae (Orthoptera), Formicidae
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(Hymenoptera), and Hemiptera (other than Cicadidae) were more abundant in unbuffered
sites (Figure S4). One-way ANOVA proved statistically significant differences between the
abundance of Tetragnathidae (F1,16= 12.47, p = 0.0075), Culicidae (F1,16 = 7.06, p = 0.0171),
and Lycosidae (F1,16 = 6.36, p = 0.0222), and statistically marginally significant differences
of Clubionidae (F1,16 = 4.22, p = 0.0565).

We also tested the mean effect size of the changes in riparian invertebrate community
conferred by improved riparian conditions (i.e., forested buffers). None of the diversity
indices showed negative effects with the presence of forest buffers. In particular, forest
buffers had a strong positive effect on beetle diversity (Shannon Index) and a weak posi-
tive effect on beetle richness and richness and diversity of total invertebrate community
(Figure 6).

1 
 

 
Figure 6. Mean effect size (log response ratios ± 95% CI) showing the change between forested
buffered sites situated downstream and upstream sites without forested riparian buffers for diversity
indices that characterize the riparian invertebrate community (Richness = taxa richness, H′ = Shannon
diversity index, Consumers = Araneae, Carabidae and Staphylinidae, beetles = Carabidae and
Staphylinidae, spiders = Araneae, invert = all 39 identified invertebrate taxa).

4. Discussion
4.1. Patterns in Invertebrate Community Structure

Our results revealed that the forested riparian buffers supported a distinct invertebrate
assemblage with a tendency for higher overall invertebrate diversity. These findings sug-
gest that forest buffers play a key role in supporting biodiversity in agricultural landscapes.
Out of 33 invertebrate families, 13 were unique either in forested (6) or unbuffered (7)
sites. The ground-hunting spiders Lycosidae (Araneae), were the only family present at
all sites. Overall, Tetragnathidae (Araneae) and Culicidae (Diptera) were prominent in
buffered sites, whereas Lycosidae were more common in unbuffered sites. Regarding the
Araneae, the percentage abundance of common riparian spiders was influenced by riparian
vegetation structure. Tetragnathidae, Thomisidae, and Clubionidae were prominent in
forested buffered sites, while the Lycosidae favored open, unbuffered sites. We found
greater proportions of web-building spiders (e.g., Tetragnathidae) in the forest buffer sites.
Our results are similar to those of Ramberg et al. [4], who found that the web-building fam-
ily, Linyphiidae, was more abundant in buffered sites, while the Lycosidae was abundant
in unbuffered sites [4]. Higher abundances of web-building spiders in forested riparian
zones have been associated with vegetation structure (e.g., the presence of trees and dead
wood structures) that aids the construction of webs [42,43]. Moreover, the Tetragnathidae
are a web-building family that typically rely on aquatic prey from streams, meaning that
they may respond numerically to changes in abundances of emergent stream insects [44,45].
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Thus, lower abundances of web-building spiders in unbuffered streams could also reflect
reduced abundances of emergent insects [10,42,45].

The Lycosidae are a family of free-living ground spiders that have greater mobility
and feed on both aquatic and terrestrial prey [42]. Invertebrate species from the abundant
families in our unbuffered sites have been cited as prey for lycosids [46]. These spiders may
be less constrained by the vegetation structure, and Burdon and Harding [45] highlighted
that open spaces (e.g., stony banks, gravel bars) may be beneficial to ground-dwelling
spiders just as the close proximity of riparian vegetation may assist web-building spiders
in headwater streams [45]. In contrast, the Thomisidae and Clubionidae are families of free-
living ground spiders that contain ambush-hunting species [47]. The Clubionidae may use
leaf litter and woody debris as cover [48] to capture prey, meaning they favor the ground
habitat conditions provided by overhead forest cover. The Thomisidae are typically reliant
on vegetation to ambush flying insects, so the presence of complex vegetation structure
and a reduction in disturbance (e.g., grazing) may explain their greater abundance in the
forest buffer sites.

We found some interesting patterns in invertebrate groups other than the Araneae.
The preference of Culicidae for shaded areas [49] could help explain the prevalence of these
dipterans in forest buffer sites, although water-filled tree-holes may also provide crucial
habitat for the aquatic phase of their life cycles [50]. The association of hemipteran Cica-
didae [51] and coleopteran Curculionidae [52] species with tree presence are well known
and can reflect dead wood consumption [52], plant litter [53], or egg-laying substrate [52].
In contrast, we found that other hemipteran and coleopteran (e.g., Staphylinidae) taxa
were associated with unbuffered sites. Unmanaged riparian zones with a mixture of
grassland and bush habitat were reported to be the best reservoirs for beetles (Carabidae
and Staphylinidae), where they reach high densities and abundances and dispersion to
agrosystems [54–56]. Similar to our results, increased rove beetle diversity (Staphylinidae)
has been reported in tropical and temperate regions that have undergone a land-use change
from forest to pasture and cropping [57–60].

A major challenge in biomonitoring is resolving diversity at the species level since
this requires a high level of expertise and may be affected by the presence of cryptic and
undescribed species [61]. Although our study provides a useful overview of invertebrate
diversity inhabiting riparian zones in a Romanian agricultural landscape, we likely missed
substantial diversity at the species level. Most taxa were identified to the family level except
Carabidae, Staphylinidae, and Araneae that were identified to the genus level. However,
other studies have concluded that higher taxonomic identifications (e.g., family-level,
genus-level) are sufficient to represent biodiversity patterns [62,63].

4.2. The Effects of Environmental Variables and the Role of Forested Riparian Buffers

The effects of anthropogenic pressures can be scale-dependent [64,65]. Patterns ob-
served in local assemblages are not determined solely by local mechanisms but also result
from processes operating at larger spatial scales [66]. We aimed to understand the in-
dependent and shared effects of influence factors at different spatial scales better and
to identify those most significant in shaping the biodiversity patterns in riparian zones
with contrasting vegetation structure. This knowledge would help optimize the ecological
benefits and ecosystem services provided by woody riparian buffers by highlighting their
contribution to local diversity in a Romanian agricultural landscape.

Our results demonstrated the strong influence of local-scale environmental factors
(including both riparian habitat characteristics and scores from riparian condition attributes)
in structuring riparian invertebrate communities. This contrasted with the relatively small
contribution of land-use effects at the catchment scale. Riparian predictors independently
explained 12% of the variation in terrestrial invertebrate community structure among
sites, with a residual (unexplained) variation of 75%. Our partial redundancy analysis
(pRDA) indicated that the buffer intactness attribute from the Riparian Condition Index
(i.e., for rapid habitat assessment) together with other local riparian properties, including
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woody riparian buffer length, %plant litter, and dead wood volume (i.e., quantitative
assessment attributes), were potentially strong indicators of the microhabitats used by
taxa that were more abundant in forested buffered sites. The influence of local riparian
conditions on terrestrial invertebrate assemblages supports results from other studies [4,10].
Forio et al. [10] found that local riparian conditions influenced spiders and carabids in
contrast to stream macroinvertebrates, which were more influenced by properties of the
riparian zone over broader spatial scales. Rodrigues et al. [67] showed a positive effect
of canopy cover on invertebrate abundance and richness, as well as the influence of
vegetation structure on species composition. Cole et al. [9] found that wider vegetated
riparian buffers support greater densities of predatory hemipterans and coleopterans
(e.g., Carabidae) that overwinter as adults. However, Stockan et al. [55] suggested that the
distributions of carabid beetles in riparian zones within agricultural landscapes are shaped
by the three factors at different spatial scales: the site type of the riparian zone, the local
environmental conditions, and the catchment within which these stream–riparian networks
are located. This suggests that processes acting at different spatial scales contribute to local
biodiversity in riparian zones, with the presence of forested riparian buffers providing
niche requirements for a wide range of invertebrate taxa.

Zermeño-Hernández et al. [68] found that the structure and diversity of riparian
vegetation were strongly influenced by the riparian condition. In our study, the lower
abundances of web-building spiders (e.g., Tetragnathidae) at unbuffered sites in the Arges,
basin are likely the result of reduced habitat for web construction. The reduced vegetation
structure (e.g., bare ground) in unbuffered sites could be the result of livestock overgraz-
ing and disturbing habitat [69]. Other studies have made similar observations. Freiberg
et al. [70] mentioned Tetragnathidae species “exclusively” in ungrazed areas, in contrast
with Lycosidae species that were abundant in grazed areas.

The intensity of human and animal activity in our unbuffered sites may degrade
riparian habitat with negative consequences for other ecosystem services provided by
riparian zones. For instance, livestock presence may lead to soil compaction that favors
anaerobic bacteria activity with increased denitrification rates and N2O emissions [71–73].
The lack of woody riparian vegetation (e.g., trees) and the increased soil nitrogen from live-
stock, crop fertilizers, and waste disposal may further increase denitrification rates [74,75].
These ecosystem “disservices” may also reflect changes to the terrestrial invertebrate com-
munities in our study. For instance, species of staphylinid coleopteran Paederus favor open
habitats with higher temperatures [76,77], and Philonthus spp. have been associated with
the presence of animal dung [77], potentially helping to explain increased abundances of
Staphylinidae at our unbuffered sites.

In our study, we found strong local effects of riparian vegetation structure on terrestrial
invertebrate communities, while the influence of catchment land uses was weak. This may
be a feature of the catchments used in our case study, and more generally, the strength of
local riparian effects may be context-dependent. For instance, other studies have found
that local effects of the riparian condition are weaker than catchment-scale environmental
variables when anthropogenic impacts are high [6,78]. This observation may be more
relevant to aquatic communities because those authors found evidence that riverine in-
vertebrate assemblages are more degraded by upstream catchment-scale impacts, such as
urbanisation [6,78] and land use and water chemistry degradation [6] than by local riparian
impacts (e.g., deforestation and vegetation structure). Future research should consider
what role human impacts at different spatial scales play in shaping invertebrate assem-
blages and ecosystem functioning since land use intensity and habitat fragmentation linked
to biodiversity loss are particularly relevant for terrestrial invertebrate communities [79].

4.3. Management Implications

The maintenance of a habitat mosaic in agricultural landscapes is an important tool to
support biodiversity conservation from local to catchment scales [4,80–82]. Due to their
invertebrate faunas [83–87], riparian zones are extremely valuable for invertebrate conser-
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vation [88,89]. Our study and others have shown that woody riparian buffers are important
habitat patches by providing food for terrestrial invertebrates (e.g., Cicadidae), sites for web
construction (e.g., Tetragnathidae) and ambush-hunting (e.g., Thomisidae and Clubion-
idae), life-stage microhabitats and shelter (e.g., Culicidae), and sites for overwintering and
laying eggs (e.g., Carabidae) [9,43,49,90,91]. Woody riparian buffers may provide essential
habitat diversity (via plant diversity) that helps support diverse assemblages of riparian
invertebrates (e.g., consumers) [81]. Some of these invertebrates are natural enemies of
crop pests [9,92,93] or potential pollinators [94,95], so their presence and abundance could
be beneficial for adjacent agricultural systems.

In our study, the diversity and richness of coleopterans in the riparian zone responded
to changes in vegetation structure. Woody riparian buffers supported beetle assemblages
with greater taxonomic richness and diversity. Other studies have shown that carabid
assemblages are useful ecological indicators for riparian zones [86,96,97] and river man-
agement [98,99]. As predatory invertebrates feeding on prey items of both aquatic and ter-
restrial origin, carabid beetles are key indicators of aquatic–terrestrial linkages [4,100] that
respond to vegetation structure [101,102], habitat heterogeneity, and distribution [103,104].
Being active early in the season, carabids may provide an important first line of defense
against spring-active crop pests, such as aphids [105]. In open riparian zones, preda-
tory rove beetles (Staphylinidae) exhibited a high degree of tolerance to changes in en-
vironmental conditions derived from human activities, enabling them to prevail in dis-
turbed areas [106]. Studies suggest a high dispersal ability for certain species of carabids
and staphylinids (e.g., Aleochara bilineata with distances of 1.4 to 5 km [107]) through
human-modified landscapes [108,109]. Such dispersal abilities could enable these preda-
tors to persist in more disturbed unbuffered riparian zones and adjacent agricultural crops,
thus meaning they may provide valuable ecosystem services of pest biocontrol.

Other positive interactions may be fostered by woody riparian buffers. A wide variety
of dipterans contribute to plant pollination, and despite their disservices for human and
animal health as potential disease vectors, there are studies that link species of mosquitos
(Culicidae) and pollination. Although an earlier study by Foster [110] talked about the
reduced role that Culicidae play in pollination, more recent studies have documented
the role mosquitos and other dipterans contribute as pollinators [94,95]. Species of the
Aedes genus (inclusive A. aegypti) and even the common mosquito (Culex pipiens) were
mentioned as being pollinators for some species of plants [94,95]. Insect species, such as
dipterans, that favor forested riparian buffers may provide valuable ecosystem services of
plant pollination, adding to the co-benefits these multifunctional habitat features generate
in agricultural catchments.

In contrast, higher abundances of herbivorous species from the orthopteran subfamily
Phaneropterinae (Tettigoniidae) and the coleopteran family Chrysomelidae in our un-
buffered sites could pose threats to agricultural crops as pests [111–114]. It is not clear if
these taxa represent “spillover” from adjacent crops or are potential source populations
that could move into adjacent agricultural systems, thus threatening crop production.

Managing these myriad interactions requires effective biomonitoring focused on mea-
suring abundances of indicator fauna and habitat properties. Spider and ground beetle
communities respond structurally to environmental change, indicating that they can pro-
vide valuable information for ecological impact assessment [101]. Both Tetragnathidae and
Lycosidae are regarded as adequate biological indicators of habitat modification due to
their potential to provide early warnings of environmental change [115–117]. These preda-
tory invertebrates (e.g., tetragnathid and lycosid spiders, as well as carabid and staphylinid
beetles) may be important sentinels of change because of their importance in controlling
crop pest populations [92,118]. For example, Maisonneuve and Rioux [82] found that the
proportion of pest species decreased with the complexity of riparian vegetation structure,
while insectivorous species increased in abundance in woody riparian buffers. Accordingly,
the presence and abundance of predatory invertebrates in our paired sites are highly rele-
vant for the management of agricultural systems. The vegetation structure of the riparian



Water 2021, 13, 188 15 of 20

zone can support different predator assemblages, thus suggesting the importance of both
forested and grassy riparian vegetation in agricultural landscapes.

However, managing stream–riparian networks needs to embrace a multifunctional
perspective that accounts for positive co-benefits as well as ecosystem disservices. For ex-
ample, patches of riparian forest in catchments can help protect stream health (e.g., sta-
bilizing streambanks and shading the channel, helping to regulate water quality and
stream temperatures, providing plant litter and woody detritus inputs for shredding in-
vertebrates) [6,10,68]. Forested riparian buffers can also provide refuge (microclimatic
conditions, overwintering, or aestivation sites) and food resources for natural enemies of
crop pests [119]. These habitat features may also serve as dispersal corridors between other
non-crop habitats, as well as population sources of predatory invertebrates that disperse
into crop fields [54,120]. These multiple co-benefits can help increase stream and terrestrial
biodiversity [4,9,10], and future research should focus on the location and size of woody
riparian buffers to optimize management goals that balance societal and conservation
needs [6].

5. Conclusions

Our results showed that the composition of terrestrial invertebrate communities dif-
fered between sites with forested and unforested riparian zones. The forested riparian
buffers supported higher invertebrate diversity and distinctive communities overall. Spi-
der and beetle families that are natural enemies of crop pests were found at both riparian
site types, with their taxonomic identity influenced by the vegetation structure of the
riparian zone. The compositional differences in invertebrate communities (i.e., β-diversity)
at buffered riparian sites could be important for maintaining biodiversity and ecological re-
silience at the catchment scale, thus indicating positive influences on ecosystem functioning.
Local riparian properties were the most influential factors driving differences in community
structure. This response underpins an important message for managers because while
interventions at the catchment scale are often not logistically and economically feasible,
local-scale changes in riparian management practice are within reach of most landowners
and river authorities. Hence, the multiple co-benefits (shading, habitat diversity, plant litter
and woody detritus inputs in terrestrial and stream systems, biological control of crops
pest populations) that come from restoring and maintaining vegetated riparian buffers
may safeguard biodiversity across spatial scales in both aquatic and terrestrial ecosystems.
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and buffered sites, Table S4: Riparian invertebrate taxa scores from the partial redundancy analysis
model (pRDA) conditioning out confounding influences of spatial location and catchment land-uses.
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