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Abstract Running waters are among the most threatened
ecosystems globally, having altered hydrological regimes,
homogenized habitat, and impaired water quality. These
multiple stressors impact aquatic biodiversity and ecosys-
tem function across space and time, although a clear
mechanistic understanding is still lacking. Here, we
examined the trophic response of macroinvertebrates
among streams in a Swiss lowland catchment encompass-
ing a gradient of land uses. Clear compositional changes
were observed as anthropogenic impacts increased from
least-impacted to agricultural and urbanized sites. Taxo-
nomic diversity was lowest at sites with morphological and
water quality impairment (agricultural sites), whereas tax-
onomic identity (susceptible vs. generalist species) mainly
changed due to water quality degradation (agricultural and
urban sites) based on the SPEAR (pesticides) index. Using
stable isotopes (5'°C, 8'°N), a simplification in macroin-
vertebrate trophic structure was evident along the land use
gradient. At a site receiving wastewater treatment effluent,
stable isotopes also revealed trophic shifts in primary
consumers that corresponded to changes in available food
resources. Results further showed that some taxa losses,
e.g., the mayfly Ecdyonurus, to land- use effects may be
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due to low trophic plasticity. The combination of analyses,
including stable isotopes, provided an improved mecha-
nistic understanding of community and population
responses to land-use changes along river networks.

Keywords Trophic plasticity - Stable isotopes - SPEAR
index - Stress gradient - Urban stream

Introduction

As the importance of stream ecosystem integrity gained
awareness (Palmer et al. 1997), stream surveillance was
implemented in many countries to mitigate impacts and
preserve running waters from further degradation (Friberg
et al. 2011), as in line with the EU Water Framework
Directive (European Commission 2000). In this regard,
aquatic macroinvertebrates have been used as proxies for
water quality and ecological integrity for decades, mainly
focusing on species presence-absence, abundance and
various biotic indices (reviewed by Birk et al. 2012).
Macroinvertebrates have many advantages as indicators, as
they are diverse, ubiquitous, easily collected, and sensitive
to a range of stressors (Bonada et al. 2006). For instance,
the trait-based approach using macroinvertebrates was
augmented through the development of the Species At Risk
(SPEAR) index to identify stream pollution (Liess and von
der Ohe 2005). SPEAR incorporates the inherent suscep-
tibility of macroinvertebrate taxa to pesticide toxicity as
well as their potential resilience to pesticide peaks (Beke-
tov and Liess 2008; Schletterer et al. 2010). Although
various large data sets acquired over a long period of time
have shown the impacts of human activities on lotic
macroinvertebrates (e.g., Jackson et al. 2015), the under-
lying mechanisms often stay unknown because the threats
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to running waters transcend multiple spatio-temporal scales
(Malmgpvist et al. 2008). Moreover, multiple anthropogenic
stressors often auto-correlate as they cumulate along the
course of a stream network in conjunction with land-use
change (Allan 2004; Statzner and Beche 2010).

Biotic interactions also play a central role in general
ecology (Fretwell 1987) and can constitute a major driver
of macroinvertebrate community assembly in streams (Poff
1997; Schuwirth et al. 2015). Common biotic interactions
among macroinvertebrates include both negative (compe-
tition, predation, parasitism) and positive (indirect facili-
tation) effects (reviewed by Holomuzki et al. 2010). As
anthropogenic pressures not only act directly on species but
also indirectly on species interactions, shifts in many biotic
processes can be induced via land-use change (Folt et al.
1999; Allan 2004). For example, Ledger and Hildrew
(2005) found that under human-induced acidic conditions
in UK streams, the dominant chironomid and ephemer-
opteran grazers dramatically decreased and that putative
shredders consequently shifted to consuming large amounts
of algae, thereby limiting re-colonization of other grazer
taxa after habitat restoration via competitive exclusion.
However, even these trait-based approaches still lack a
fundamental understanding of the mechanisms underlying
such biotic responses (e.g., Schuwirth et al. 2015).

The study of trophic interactions using stable isotope
analysis has been common in terrestrial ecology for many
years (Dawson et al. 2002) and in the last decades has
gained momentum in freshwater ecosystems as well
(Peterson and Fry 1987; Post 2002; Pastor et al. 2013).
Stable isotope results have demonstrated that omnivory is a
common trait for many stream macroinvertebrates (Lan-
caster et al. 2005; Anderson and Cabana 2007), reflecting
the ability of invertebrates to adjust diets to available
resources (Cabana and Rasmussen 1996; Peipoch et al.
2012). For instance, Leberfinger et al. (2011) found
macroinvertebrate shredders opportunistically consumed
larger fractions of periphyton at open canopy sites com-
pared to forested sites, whereas Kraus (2010) observed a
trophic shift in lentic dragonfly larvae towards aquatic prey
after exclusion of terrestrial arthropod subsidies. From a
stressor perspective, Layer et al. (2013) found that gener-
alist herbivore-detritivores persisting across a broad pH
gradient consumed more periphyton at high pH sites than at
low pH sites where algal resources were scarce. The
question arises as to whether similar response patterns
occur for macroinvertebrates exposed to a gradient of land
uses as found in many human-dominated river networks
(Jackson et al. 2015).

We used a variety of biotic measures in this study,
including stable isotopes to elucidate trophic shifts, to gain
a better mechanistic understanding of community and
population response patterns to changes in land use and
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associated stressors in the river network. Macroinvertebrate
assemblages were examined among streams in a lowland
catchment comprising a gradient of land uses and stressors
(i.e., agriculture, urbanization, and a wastewater treatment
plant as a point source of pollution). We expected that the
information derived from the different measures would
differ depending on the response of that variable to a
particular stressor as related to land use. We used
stable isotope data to provide causal information to better
explain the response patterns observed among examined
biotic metrics.

Materials and methods
Study sites

The study was conducted in the Monchaltorfer Aa catch-
ment situated ca. 20 km southeast of Ziirich, Switzerland
with an average annual precipitation ca. 1300 mm (20-year
mean) (Fig. 1). It covers a drainage area of 46 km? with a
moderate topography (headwater slopes of usually <15 %)
and elevations ranging from 445 to 853 m a.s.l. (Robinson
et al. 2014). Forests cover about 17 % of the catchment and
mostly in headwater areas where most near-natural streams
occur. Much of the area is used for agriculture (63 %),
whereas urban areas cover around 11 %. Various studies
suggest an urbanization threshold effect on streams at ca.
10 % urbanized land cover (see Allan 2004). Lower
catchment streams have been mostly channelized for
agricultural and flood protection purposes.

Eight sites were chosen to provide a gradient of anthro-
pogenic stressors on stream morphology and water quality.
These included three upper basin sites with low-moderate
anthropogenic impact (Lil, Li2, Li3), two sites mainly
affected by agriculture (Agl, Ag2), and three sites affected
by agriculture and urbanization (Url, Ur2, Ur3) (Fig. 1). The
least-impacted (Li) sites showed intact stream morphology
with highest width and depth variability. They were situated
in forested areas but also drained agricultural lands. At
agricultural (Ag) sites, streams were channelized and had
uniform flow. Here, stream habitats lacked larger cobbles or
water-protruding stones, and the river bed was highly
embedded. The urbanized (Ur) sites further downstream had
moderately degraded morphology and water quality was
affected by agricultural as well as urban runoff. Site Ur2, in
particular, was morphologically restored in 2005 but
received effluent from a waste-water treatment plant.

Field procedures

A detailed habitat assessment at each site was performed in
March 2011 following methods described in Robinson
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Fig. 1 Location of the study
catchment (red dot on map of
Switzerland) and study sites
within the catchment. Color
codes for land use are given in
the legend and site notations in
methods (color figure online)

Monchaltorfer Aa

[ Forest
|:| Traffic infrastructure
[ urban
[ others

Agriculture intensive
[ Agriculture extensive

Location of the
study catchment

[ Waste water treatment plant

Data source: swisstopo (Art. 30 GeolV): ): 5704 000000, Vector25©2008 / DHM25©2003,

et al. (2014). The area covered by the three land use types
(forest, agriculture, urban) were calculated from GIS data
(Robinson et al. 2014). Stream depth, substrate size (b-
axis), and flow velocity at 0.6 depth were recorded every
0.2 m along 5 transects, each situated 20-m equidistant
from another transect at each site (n = 50/variable/site).
Quartile percent substrate embeddedness, percent shading
by canopy cover, and percent river bed surface covered by
macrophytes were estimated visually at each site. Hourly
temperatures were recorded using temperature loggers
(TidbiT v2, Onset Corp., USA) installed at each site. Water
samples were collected on each sample date and analyzed
for dissolved organic carbon (DOC), particulate organic
carbon (POC), alkalinity, total inorganic carbon (TIC),

swisstopo (reproduced with permission of swisstopo / JA100119);
Area statistics 1992/97, Federal Department of Statistics (BFS), GEOSTAT

nitrite (NO,-N), nitrate (NO5-N), dissolved nitrogen (DN),
particulate nitrogen (PN), phosphorous (PO4-P), dissolved
phosphorous (DP), and particulate phosphorous (PP) fol-
lowing methods detailed in Tockner et al. (1997). Electrical
conductivity (at 20 °C) and pH were recorded on each visit
at each site using a field portable meter (WTW, Germany).

Macroinvertebrate sampling in April, August, and
November 2011 followed the methods of the Swiss
Modular Concept for Stream Assessment (Stucki 2010). At
each site, a reach of ca. 10x the stream width was used for
sampling on each date (n = 24). All meso-habitat types
present within the study reach were identified visually and
included different substrates and levels of embeddedness,
variable flow characteristics, aggregations of woody debris
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and detritus, and presence of filamentous algae and
macrophytes. All meso-habitats were then kick-sampled
(250 p mesh, D-frame net) with larger stones and woody
debris sampled separately by hand. Multiple kick-samples
were combined for collecting taxa at a site used in isotope
analysis (n = 24 as above). All sampled material was
placed in a white sorting pan and macroinvertebrates
immediately handpicked while alive using soft forceps and
placed into flasks filled with stream water. Macroinverte-
brates were pre-sorted in the field to keep large predatory
taxa from consuming other specimens.

2 h were spent per site for sampling and pre-sorting,
after which usually no additional taxa were found. For
isotope analysis (see below), the aim of at least 20 random
individuals per taxon, encompassing the range of sizes for
that taxon on that sample date, was met for common taxa
but not for larger, usually rarer taxa. To acquire enough
material of small taxa (mostly dipterans and mainly Chi-
ronomidae), the remaining sample material from each site
was returned to the laboratory for additional sorting using a
binocular scope at 10x magnification. Macroinvertebrate
abundance for each site was qualitatively recorded in
abundance classes: no occurrence, 1-3 individuals, 3—10
individuals, 10-30 individuals, 30—-100 individuals, and
>100 individuals.

After macroinvertebrate sampling, basic food resources
were sampled and returned to the laboratory. Leaf litter,
FPOM, macrophytes, and filamentous algae were gathered
from at least 5 different areas within each study reach and
stored separately in 25 ml centrifuge tubes. For periphyton,
five stones were haphazardly collected and stored in plastic
bags for processing in the laboratory.

Laboratory procedures

Macroinvertebrates were kept alive at 8 °C overnight to
allow gut clearance; sufficient oxygen was ensured by air
injection via air pumps. The next day, specimens were
sorted using a binocular microscope to the lowest rea-
sonable taxonomic level (Ephemeroptera, Plecoptera,
Trichoptera, Crustacea and Coleoptera to genus level,
Diptera to family level) using standard keys (Tachet
et al. 2010; Waringer and Graf 2010). Whenever possi-
ble, 15 live individuals per taxon were collected for
isotope analysis. An exception was the Chironomidae,
which usually needed ca. 50 individuals to have enough
material for isotope analysis. All available individuals
were used for rare taxa. Once collected, each taxon
sample was washed in ultra-pure water, frozen and then
freeze-dried in 2 ml round-bottom Eppendorf (Vaudaux-
Eppendorf AG, Switzerland) tubes. Each freeze-dried
sample was homogenized using a 5-mm stainless steel
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bead in a bead mill (Qiagen TissueLyserIl, Qiagen,
Germany) for 5 min at a frequency of 30 Hz.

Leaf litter, FPOM, macrophytes, and filamentous algae
were washed with ultra-pure water, frozen and then
freeze-dried and homogenized as described above. Peri-
phyton was scrubbed off the stones using a steel brush
and rinsing with ultra-pure water. A sub-sample of the
slurry was dried at 60 °C for 24 h. Preliminary analysis
showed inorganic carbonate content in the periphyton
samples and thus they were pre-treated with acid (HCL):
0.3 g of material was placed in a 15-ml centrifuge tube
and 2.5-ml 1 M HCL was added three times. After gas
emergence stopped, the tube was closed and shaken on
an orbital shaker (Heidolph Unimax 1010, Merck, Ger-
many) for 12 h. After 5 min centrifugation at 4500 rpm
(Eppendorf Centrifuge 5417C, Vaudaux-Eppendorf AG,
Switzerland), another 7.5-ml 1 M HCL was added, and
the tube again placed on the orbital shaker for 4 h fol-
lowed by centrifugation. Each sample was washed two
times with ultra-pure water, mixed on a vortexer, fol-
lowed by centrifugation and removal of supernatant liq-
uid by pipetting. The samples were dried overnight at
60 °C before homogenizing in the bead mill as described
above.

For isotope analysis, sufficient material (invertebrates:
ca. 0.5 mg, basic food resources ca. 1.5 mg) was weighed
into 5 x9mm tin capsules (Sdntis analytical
SA76981103, Teufen, Switzerland). Isotope measurements
were performed using an EA-Flash-IRMS following Nae-
her et al. (2012). Data are expressed in delta notation () as
[ (Reample /Retandara) — 1] % 1000%,, where R is the ratio
of heavy to light isotope (i.e., *C: '>C and "N: ™N,
respectively), Rqmple is from the sample, and Rgandarq 1S the
international standard value.

For estimating periphyton standing crops, each stone
was scrubbed with a metal brush and washed with ultra-
pure water. A sub-sample was used for isotope analysis
as described above. The remaining solution was diluted
with ultra-pure water to a volume of 50 ml. Two aliquots
of the resulting slurry were each filtered through glass
microfiber filters (Whatman GF/F). One filter was dried
at 60 °C, weighed, combusted at 500 °C, and reweighed
for determination of periphyton ash-free dry mass
(AFDM). The other filter was placed into a glass vial
with 8-ml 90 % EtOH and heated at 70 °C for 10 min to
extract chlorophyll-a. Chlorophyll-a concentration was
then measured with a reverse-phase HPLC and diode
array-detector. Individual stones were photographed and
the surface area sampled was calculated using the open
source software Image] 1.4q (W. Rasband, National
Institute of Health, Bethesda, Maryland, USA) following
Reinking (2007).
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Statistical analysis

All statistical analyses were performed using the open-
source program R3.0.1 (R Core Team 2012).

Community composition

Macroinvertebrate community composition among sites
was examined by detrended correspondence analysis
(DCA) using the R-package ‘vegan’ (Oksanen et al. 2013)
on log-transformed taxa abundance (using the means) data.
The measured chemical and physical habitat properties
were fitted to the DCA axes as an ordination biplot using
independent Pearson correlations (Legendre and Legendre
2012). A preliminary assessment showed a strong influence
of the wastewater treatment plant (WWTP), thus sites were
further categorized as ‘least-impacted’ (Lil, Li2, Li3),
upstream of the WWTP (Agl, Ag2, Url) and downstream
of the WWTP (Ur2, Ur3), and standard deviation ellipses
for the groups were drawn to better illustrate differences.

Macroinvertebrate indices of taxa richness and EPT taxa
richness were compared between site types using general-
ized linear mixed models (GLMM, R-package ‘lme4’;
Bates et al. 2013) with ‘Month’ as a random factor,
assuming poisson distribution and applying a Laplace
approximation. Post-hoc tests were performed using the
R-package ‘LMERConvenienceFunctions’ (Tremblay et al.
2013). The SPEAR pesticides index (Liess and von der
Ohe 2005) was calculated using the online SPEAR calcu-
lator (http://www.systemecology.eu/spear/spear-calculator/
), resulting in a numerical value estimating pesticide con-
tamination at each site. As SPEAR values followed a
normal distribution, the GLMM described above was per-
formed using ‘family = gaussian’ to test for site type
differences.

Macroinvertebrate trophic structure

Trophic structure differences among site types was further
assessed using the total number of links, link density, and
connectance calculated using the R-package ‘food web’
and the outputs analyzed by running the GLMMs described
above (family = gaussian). In addition, the number of
trophic levels (TL) was calculated following the model of
Cabana and Rasmussen (1996) in which: TLcon-
sumer = 1 + (3'"°Nconsumer—3&'°Nbaseline)/A, where
8" Nbaseline is the 3'°N average of all primary consumers
at a site and A is the enrichment factor per trophic level,
i.e., 3—4 %o (Peterson and Fry 1987; Post 2002). Isotope
ratios (8'°C, 8'°N) of basal resources and for the most
common taxa (Baetis sp., Chironomidae, Ecdyonurus sp.,
Gammarus sp., Hydropsyche sp., Rhyacophila sp.) were

examined among site and site types using GLMMs as
described above.

Average consumption proportions of food sources
among sites and site types were investigated with DCA;
environmental measures were fit as in the community
composition DCA described above. The data sets for pri-
mary consumers (herbivores/detrivores) and predators/
omnivores were analysed separately and standard deviation
ellipses were drawn for sites and site types. Lastly, the food
sources of the most common herbivore/detrivore taxa
between sites were investigated using GLMMs.

Results
Study site differences

Lil, Li2 and Li3 were surrounded mostly by forest
(75-100 % canopy coverage). Lil had the most natural
morphology with high variability in width and depth,
although having high concentrations of dissolved phos-
phorous (Supplement Table 1). Around 30 % of the drai-
nage area of Lil and Li2 was forested and ca. 45 % was
agricultural. Nitrate concentrations at Li2 were high
(12.3 + 5.5 mg N/L). Li3 was a special case, as it partly
drained a peat area (grey area in Fig. 1) and it drained more
agricultural area than the other least impacted sites (ca.
67 %, mostly pasture). Agl and Ag2 were channelized and
situated in an agricultural landscape (around 80 % agri-
cultural area). They exhibited higher temperatures, higher
nutrient levels and higher amounts of benthic organic
matter than the other sites (Supplement Table 1). Ag2 had
more shading (50 % cover) than Agl, which had an open
canopy.

Url and Ur2 were located on a tributary and Ur3 in the
main-stream above the town Monchaltorf (Fig. 1). Url was
upstream of a WWTP and was covered by dense riparian
vegetation, resulting in 100 % shading. Gravel was scarce,
as it was regularly removed further upstream for flood
protection reasons. Instream habitat was mainly provided
by cobbles and riparian roots. Ur2 is around 150 m
downstream of Url, but below the WWTP water output. It
was morphologically restored in 2005 and showed high
variability in width and depth. Habitat was provided by
heterogeneous substrate and submerged vascular plants
(macrophytes, 50 % coverage). Canopy shading was low
(25 %), as the planted riparian shrubs and trees were sparse
and not fully grown. High concentrations of dissolved
nitrogen (10.1 £ 6.8 mg N/L) and dissolved phosphorous
(29.0 &+ 6.9 pg P/L) were measured at Ur2. There was a
dilution of ca. 1:5 between Ur2 and Ur3, with Ur3 being
relatively wide (ca. 5 m) and heterogeneous in substrate
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Below WWTP GLMM output

Above WWTP

Table 1 Total taxa richness, EPT taxa richness, Spear pesticides values, total number of links, link density, and connectance at the three site types (least impacted, above WWTP, below
Least impacted

WWTP) for the three sampling dates with summary GLMM results

Variable
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p value

GLMM AIC Result

August  November  April August  November  April August  November

April

0.0294

Li > Above wwtp

20.5

17.5

15.0

11.0

18.3 19.0 16.7 11.0 15.7 14.0

Mean

Total taxa richness

2.1

2.8

2.8

2.7
6.3

35

6.3

2.7
6.3

1.5

7.7

1.0
9.3

2.5

10.3

Stdev

0.0490

Li > Above wwtp

19.6

6.5

8.0
4.2
46.5

6.0
2.8

Mean

EPT taxa richness

35

2.1
31.2

1.2
42.5

1.2
37.9

1.2
40.1

2.1
50.3

1.5
4.7

5.9
136.0

Stdev

0.0025
0.0252
0.0022
0.0237
0.0012
0.0133

159.6 Li > Above wwtp
No significant differences

1
7.7
110.5

384

5

Mean

SPEAR pesticides

Li > Below wwtp

8.7
97.5

54

61.0

2.0
91.3

5.8

8.9
59.3

9.4

6.9
111.7

137.3

Stdev
mean

Li > Above wwtp

65.6

89.3

Total number of links

Li > Below wwtp

17.7

12.0

31.1

243 24.8 18.9 26.7 27.2 29.5

Stdev

Li > Above wwtp

213.8

4.79
0.18
0.21
0.02

4.75
0.09
0.23
0.02

3.48
1.25
0.20
0.04

4.48
0.94
0.22
0.02

4.13
0.71
0.19
0.01

3.52
0.85
0.21
0.01

4.83
0.50
0.21
0.01

5.54
0.73
0.22
0.02

5.72
0.54
0.24
0.01

Mean

Link density

Li > Below wwtp

Stdev

—86.0

Mean

Connectance

Stdev

and depth. It was flanked by a busy road on one side and
agricultural areas on the other.

The DCA revealed that important environmental factors
separating the least impacted sites from the other sites were
increased shading and DOC concentrations and lower
temperatures, depths, macrophyte abundances, benthic
organic matter and nitrate concentrations (Fig. 2). Higher
chlorophyll-a concentrations and pH were the main envi-
ronmental factors that separated Ag2 from the other sites.
The DCA also showed clear separation of site types as
illustrated by the standard deviation ellipses (Fig. 2).

Macroinvertebrate communities and trophic
structure

Macroinvertebrate community composition was distinct
among sites and among site types (Fig. 2). For instance,
least-impacted sites had higher DCA1 and lower DCA2
values than agricultural (Agl, Ag2) and urban sites (in-
termediate DCA1 and DCA2 scores for Url above the
WWTP; lower DCA1 and higher DCA?2 scores for Ur2 and
Ur3 below the WWTP). Taxa more abundant at least-im-
pacted sites were Nemoura sp. (Plecoptera), Dytiscidae
(Coleoptera), Ecdyonurus sp. (Ephemeroptera), and
Ephemera sp. (Ephemeroptera). The trichopterans Mysta-
cides sp. and Sericostoma sp. were more abundant at Lil,
thus lowering its DCA1 score. Taxa abundant at Ag2 (high
DCA1 and DCA?2 scores) were Habrophlebia sp. (Ephe-
meroptera), Limnephilus sp. (Trichoptera), and Asellus sp.
(Crustacea). Taxa more abundant in urban sites were
Ceratopogonidae  (Diptera), Serratella sp. (Ephe-
meroptera), Piscicolidae (Hirudinea), and Cordulegaster
sp. (Odonata) (Fig. 2).

Significantly higher total taxa richness and EPT taxa
richness was found at least-impacted sites than at sites
above/below the WWTP (Table 1). Furthermore, signifi-
cantly more sensitive taxa (SPEAR pesticides index) were
found at least-impacted sites than at downstream sites
above and below the WWTP. Significantly higher total
number of links and link density were found at least-im-
pacted sites than at impacted sites, whereas no significant
difference in connectance was found between sites
(Table 1). The mean number of trophic levels (TLcon-
sumer) were similar among sites, although the range in
values was highest at sites downstream of the WWTP (U2,
Ur3) and more low values were evident for impacted sites
in general (Fig. 3).

The WWTP effluent strongly influenced nitrogen iso-
tope ratios with substantially higher 8'°N values at sites
downstream of the WWTP (Ur2, Ur3: 8'°N = ca. 10) than
all sites above the WWTP (8'°N usually <8) (Fig. 4). The
least-impacted sites had the lowest 3'°N values (usually
<6), indicating that agricultural sites also were influenced
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Fig. 2 Results from the detrended correspondence analysis (DCA) on
macroinvertebrate community composition. The left panel shows the
DCA ordination plot with common taxa. The right panel shows sites
(green ellipses) and site types (purple ellipses), black arrows are vectors
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Fig. 3 Box-whisker plots of consumer trophic levels (TLconsumer)
among the different sites. See methods for calculation of TLconsumer
based on 3'°N values

by inputs from adjacent land use. In general, "°C values
were variable among sites (average range —27.1 to —34.6),
although there was a trend of greater 5'°C values in the
least-impacted sites (mean = —29.9 4+ 1.2 (SD) Li versus
—32.1 &+ 1.9 (SD) for Ag/Ur sites) that likely reflected the
differences in adjacent terrestrial vegetation (i.e., higher
forest cover).

All common taxa, Baetis sp., Chironomidae, Ecdyonu-
rus sp., Gammarus sp., Hydropsyche sp. and Rhyacophila
sp. were enriched in "N at sites downstream of the WWTP
(Fig. 5). These taxa also showed intermediate 8'°N values
for more agriculturally influenced sites, and these taxa at
site Url (above WWTP) surprisingly showed values sim-
ilar to least-impacted sits Lil and Li2. The 5'°N values for
periphyton also were substantially higher in urban sites
(and Ag2) than least-impacted sites (Lil, Li2, Li3) and

DCA1

representing significant (r* = 0.70) environmental factors (abbrevia-
tions: BOM benthic organic matter concentration, Macro. macrophyte
coverage, Cond. conductivity, Temp. temperature, Chl.a chlorophyll-a
concentration, DOC dissolved organic carbon) (color figure online)
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Fig. 4 Stable isotope (8'°C, 8'°N) plot of macroinvertebrates and in-
stream basal food sources. Dots represent values for taxa averaged
over time (April, August and November) and site type (least
impacted, above WWTP, and below WWTP). Error bars indicate
standard errors

Agl. Other basal resources (FPOM, leaf material, fila-
mentous algae) had similar 8'°N values among sites
(Fig. 5). Lastly, the three most common herbivore/detri-
vore taxa, Baetis sp., Chironomidae and Ecdyonurus sp.,
showed a clear preference for periphyton (Fig. 6). Baetis
sp. and Chironomidae switched to other food sources at
Url and Ur2 (leaf litter at Url and filamentous algae at
Ur2), whereas Ecdyonurus sp. did not occur at these two
sites.
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Fig. 6 Consumption
proportions (interaction
strengths calculated with
stable isotope data; see
methods) by the three most
common primary consumers
Baetis sp., Chironomidae and
Ecdyonurus sp. among the
different sites. Color codes for
the basal food sources are given
in the legend (color

figure online)
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Discussion

The community assembly and trophic structure macroin-
vertebrates significantly changed at eight sites examined
along a land-use gradient of increasing anthropogenic
impact within a lowland river catchment. Results showed
that a higher resolution analysis using stable isotopes
increased the mechanistic understanding of response pat-
terns by stream macroinvertebrates to changes in land use.

Macroinvertebrate communities

Community composition changed along the gradient of
increasing anthropogenic impact as found worldwide in
many studies (e.g., Folt et al. 1999; Murphy and Davy-
Bowker 2005; Manfrin et al. 2013). Shifts in community
composition have been attributed to general land-use
change (forested, agricultural, rural) (Lenat and Crawford
1994; Wang et al. 1997) and associated morphological
alterations and fine sediment inputs (Richards et al. 1993;
Waters 1995; Matthaei et al. 2006) as well as pesticide
(Friberg et al. 2003) and nutrient pollution (Vander Laan
et al. 2013). Potential confounding factors are usually
inferred in these studies, further emphasizing that co-
variation between anthropogenic and natural gradients is a
major challenge in understanding the mechanisms under-
lying response patterns (Allan 2004). Due to natural gra-
dients (stream order, substratum, altitude, etc.) and the
dendritic structure of river networks (Altermatt et al. 2013),

Food source

. Periphyton

I Macrophytes

[l Leaf litter

FPOM

W Filamentous algae




Changes in macroinvertebrate trophic structure along a land-use gradient within a lowland... 415

cumulative environmental factors affecting biotic assem-
blages are expected in human-dominated catchments (Al-
lan 2004). At regional and local scales, habitat properties
(sensu habitat filters) can be additional drivers of
macroinvertebrate distribution and abundances (Poff
1997).

The least-impacted sites had more pesticide sensitive
taxa (higher SPEAR pesticides index scores) than sites
influenced by agriculture and urbanization. For instance,
highly sensitive taxa like the stoneflies Nemoura sp. and
Leuctra sp. were found only at least-impacted sites,
whereas less sensitive, more generalist mayfly taxa like
Baetis sp. and Serratella sp. were common below the
WWTP. The SPEAR pesticides index is based on life
history traits of macroinvertebrates and determines sus-
ceptibility to pesticides in terms of sensitivity to toxicants
per se (including presence of aquatic stages during periods
of maximum pesticide application) as well as the resilience
to pesticide pollution (generation time and migration
ability) (Liess and von der Ohe 2005). This index is
independent of most longitudinally related factors in river
networks (Beketov and Liess 2008; Schletterer et al. 2010),
thereby highlighting the local effects of water quality
degradation. Further, macroinvertebrate diversity indices
(total and EPT taxa richness) also decreased between the
least-impacted sites and sites above the wastewater treat-
ment plant, but sites below the WWTP were comparable to
least-impacted sites. Sites below the WWTP were mainly
affected by poor water quality but only moderately by poor
morphology. These results suggest that assemblages in
agricultural/urban influenced sites may be constrained by a
press disturbance of pesticide pollution as a component of
land use in the catchment even though local sites may have
relatively good morphology (sensu Lake 2000).

Macroinvertebrate trophic structure

The total number of links and link density were higher at
least-impacted than impacted sites (above or below the
WWTP), suggesting simplification in trophic structure with
increasing degradation. Further, the mean number of
trophic levels remained similar among sites, although the
range in TLconsumer values was highest in urban sites.
These results indicate a compositional shift in assemblage
structure that compensates for the simplification in trophic
structure with increasing degradation. Omnivory is com-
mon in lotic systems and this coarse assessment of trophic
structure suggests a possible loss in dietary-specialist taxa
with increasing degradation. For example, Borrvall et al.
(2000) found a stabilizing effect of omnivory on trophic
dynamics, and Dunne et al. (2002) showed robustness
(measured as secondary extinctions due to species
removal) increased with connectance. Connectance in this

study was similar between site types, further supporting the
importance of omnivory in sustaining trophic dynamics in
streams. Closs et al. (1999) argue that the traditional theory
of a negative correlation between trophic complexity and
stability must be reassessed, incorporating the stabilizing
effect of generalist predators and omnivory, which is
concordant with functional redundancy theory (Woodward
2009).

We found 3'°N values to increase along the stress gra-
dient in land use, with a particularly major increase at sites
affected by wastewater treatment effluent. Stable isotopes
(.e., 615N) have been used to indicate wastewater effects
on macroinvertebrates (Cole et al. 2004; Morrissey et al.
2013; Pastor et al. 2014); and Saito et al. (2008) found a
correlation of '’N enrichment and toxic PAH concentra-
tions. Similarly, Harrington et al. (1998) and Bergfur et al.
(2009) also showed increased 3'°N values in response to a
nutrient enrichment gradient from agricultural runoff (also
see meta-analysis results of Peipoch et al. 2012). Denitri-
fication of inorganic fertilizer can cause increases in 8'°N
values (Diebel and Vander Zanden 2009). Results of these
studies, including ours, support the finding that high 5'°N
values are good indicators of anthropogenic stress in
stream networks. However, it also should be noted that
anthropogenic stressors can have opposite effects on
nitrogen isotope ratios, e.g., when industrial effluents are
depleted of '°N (Ulseth and Hershfy 2005).

Carbon isotope ratios (8'°C) showed higher values at
least-impacted than impacted sites. Finlay (2001) found a
longitudinal increase in 8'°C along a stream network due to
increased limitation of algal carbon uptake. In contrast,
Turner and Edwards (2012) found non-linear or even
reversed longitudinal 3'>C patterns in their study system. It
is likely that the patterns in the present study were caused
by the type of organic matter consumed. Although inputs of
allochthonous resources, which are depleted in heavy car-
bon isotopes (Benner et al. 1987), was high at least-im-
pacted sites situated in mostly forested areas, periphyton
was still a proportionately higher food source for
macroinvertebrates.

Shifts in carbon isotopes infer changes in resources
available to consumers and potentially give insight to the
loss of taxa with changes in land use. For example, the
most common primary consumer taxa, Baetis sp., Chi-
ronomidae, and Ecdyonurus sp., used periphyton as a main
food source at all sites except Url and Ur2. Url was the
site above the WWTP with a full canopy that limited
periphyton development. Here, diet-generalists Baetis sp.
and Chironomidae switched to leaf litter as a primary
resource. In contrast, Ur2 is just below the WWTP with an
open canopy and high levels of filamentous algae. Here,
Baetis sp. and Chironomidae switched to filamentous algae
as the primary resource. Lastly, at both sites where these
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shifts were evident, the dietary specialist Ecdyonurus sp.
was absent. Changes in habitat properties (Url) or water
quality (Ur2) as an explanation for the lack of Ecdyonurus
sp. are unlikely as Ecdyonurus sp. was found further
upstream (authors, personal observation). The isotope data
suggest that Ecdyonurus sp. has low trophic plasticity and
may be physiologically limited by resource availability
(i.e., diet specialist), whereas Baetis sp. and Chironomidae
can shift their diet in response to resources availability (i.e.,
diet generalists) (see Wogerbauer and Kelly-Quinn 2013),
thus providing a mechanistic explanation for the loss of
Ecdyonurus sp. at these sites. A similar mechanism may
explain the loss of other taxa along a land-use gradient in
human-dominated catchments. For instance, changes in
nutritional composition or abundances of basal food sour-
ces can induce shifts in primary consumers or even their
exclusion (Hall 2004). Indeed, Scherber et al. (2010) found
that bottom-up effects exerted stronger impacts on lower
than higher trophic levels.

General conclusions and implications

Running waters are highly significant, not only for global
biodiversity (Dudgeon et al. 2006) and terrestrial ecosys-
tems transcending stream boundaries (Richardson et al.
2010), but also for human economy and society (Dudgeon
et al. 2006). Assessment of stream integrity has been an
important part of lotic ecosystem research for decades.
Different methodologies have been implemented and
applied, mostly concentrating on water quality, river mor-
phology, catchment land use, and flora and fauna (e.g.,
macroinvertebrates as indicators), and combinations of the
above (Birk et al. 2012). Using macroinvertebrate pres-
ence, abundance, evenness and other indices, and also their
interactions, in an ecological network approach is a more
recent development (Woodward 2009). The present study
also used stable isotopes to improve the mechanistic
understanding of response patterns by macroinvertebrates
along a land-use gradient.

Agricultural land use strongly affected all macroinver-
tebrate properties due to degradation in water quality and
habitat morphology. Sites impacted by urban settlements
(especially below the WWTP) had low water quality but
moderately impacted morphology. As a result, macroin-
vertebrate diversity indices failed to detect anthropogenic
stressors at these sites, whereas the SPEAR pesticides
index indicated poor water quality. Increasing the resolu-
tion to taxa identity (community composition) confirmed
this finding. Incorporating trophic interactions further
revealed more complex assemblages at least-impacted
sites. Stable isotope analysis additionally revealed the
possibility of anthropogenic stressors indirectly affecting
macroinvertebrate assemblages by excluding taxa lacking

@ Springer

dietary plasticity. The different approaches led to a more
complete understanding of macroinvertebrate assemblage
shifts along an anthropogenic stress gradient. The current
study demonstrates how stable isotope analysis can
advance our mechanistic understanding of factors driving
changes in community assembly along anthropogenic
stress gradients.
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