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Abstract We examined the influence of land-use, habitat,
and water quality on the spatial distribution of aquatic
macroinvertebrates in two human-dominated catchments in
the Swiss Plateau (Giirbe, Mdnchaltorfer Aa). Land-use in
the Giirbe catchment was dominated by agriculture,
whereas urban land-use was more common in the
Monchaltorfer Aa. Study sites in each catchment were
characterized using measures of local habitat conditions,
water quality parameters including water temperature, and
organic matter resources. A strong longitudinal gradient in
temperature, conductivity and nitrogen was evident among
sites in the Giirbe catchment, although sites on a main
tributary had a strong agricultural signature and deviated
from this pattern. Percentage agricultural land-use in the
Giirbe was strongly correlated with algal biomass and the
water quality PCA axes associated with conductivity,
nitrogen (axis-1) and temperature (axis-3). Spatial
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grouping of sites by water quality was less evident in the
Monchaltorfer Aa, except for a strong signal by wastewater
treatment plant effluents and partial differences between
upper and lower basin sites. Percentage forest and agri-
cultural land-use in the Monchaltorfer Aa were correlated
with water quality PCA axis-2, being associated with
phosphorus and temperature. Macroinvertebrate densities,
taxonomic richness, and axis-1 from a non-metric multi-
dimensional scaling analysis (NMDS) of taxonomic
composition were significantly correlated with water
quality PCA axis-1 in the Giirbe catchment. Here, macro-
invertebrate densities and NMDS axis-1 scores based on
taxon relative abundances and densities were correlated
with land-use features. Spatial distances between sites also
were related to site differences in macroinvertebrates,
reflecting the strong longitudinal environmental gradient in
the Giirbe. Taxonomic differences between water quality
PCA site groups were less pronounced in the Monchal-
torfer Aa, although differences were significant for
trichopterans, ephemeropterans, chironomids, gastropods
and coleopterans. Here, NMDS axis-1 based on taxon
relative abundances and densities was correlated with for-
est land-use. Spatial distances between sites were not
evident in macroinvertebrate site differences, reflecting the
less pronounced spatial and longitudinal patterns in envi-
ronmental attributes in this catchment. Our results support
the hypothesis that spatial distributions of macroinverte-
brates are related to spatial relationships among
environmental attributes like land-use, habitat, and water
quality in human-dominated catchments that depend on
river network complexity, a habitat-filtering template in
line with ecological niche theory.
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Introduction

Most rivers are longitudinally-connected networks in the
landscape that display a hierarchical spatial-structuring at
multiple scales (Vannote et al. 1980; Allan et al. 1997). For
example, coarse-scale river properties are dictated by regional
patterns in geology and climate that influence flow and tem-
perature regimes along with background characteristics in
water quality (Frissell et al. 1986; Amoros and Bornette
2002). More fine-scaled patterns occur at local scales related
to spatial linkages with the surrounding landscape and inputs
from upstream sources (Richards et al. 1997). Even finer-
scaled properties are reflected in meso-habitats associated
with differences in substrate and flow characteristics within a
particular stream reach (e.g. Sponseller et al. 2001). This
spatial hierarchy forms the so-called habitat template for flora
and fauna inhabiting rivers and the inherent functioning of
river ecosystems (sensu Southwood 1988). For instance,
spatial-scale distribution patterns of flora and fauna are ulti-
mately influenced by a habitat filtering dynamic based on this
hierarchical perspective (Poff 1997), supporting ideas foun-
ded in niche theory (Thompson and Townsend 2006).
Human-dominated landscapes are a common feature on
the globe (Meyer and Turner 1994). Consequently, rivers
networking through these landscapes have been strongly
influenced from recent human-based multiple stressors
along with legacies of humans-past. Indeed, these land-use
legacies may even confound our understanding of biolog-
ical pattern and process in many riverscapes today
(Harding et al. 1998; Allan 2004). For instance, response
patterns of biota to river restoration measures may be
limited by constraints from past land-use legacies. Present
day land-use practices also may confound regional distri-
bution patterns by overriding coarse-scale habitat
properties influenced by, e.g. geologic differences between
catchments (Bernot et al. 2010). This so-called landscape
homogenization may weaken pattern and process among
streams in a river network in response to land-use effects or
gradients in environmental stressors (Matson et al. 1997,
King et al. 2005), thus derived spatial patterns may reflect
dispersal dynamics following ideas from neutral theory
(Thompson and Townsend 2006) while not corresponding
strongly to spatial patterns in environmental conditions.
Because of the ever increasing dominance of humans in the
landscape, it is even more imperative to better understand
land-use effects on river structure and function to sustain
the various services provided by these ecosystems.
Streams are often assessed in respect to abiotic and biotic
responses to gradients in agricultural and urban land use
(Richards et al. 1996; Strayer et al. 2003; Wassen et al.
2010). Four different response patterns are typically asso-
ciated with gradients in environmental stress: a nonlinear
threshold response at the high end of the gradient, a subsidy-
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stress response (e.g. Niyogi et al. 2007), a linear response,
and a non-linear threshold response at the low end of the
gradient (Allan 2004). The influence of multiple stressors is
a current theme in many recent catchment studies as a
mixture of juxtapositioned land uses are often common
(Wagenhoff et al. 2011), potentially causing stressor nodes
(hotspots) via local changes in water quality due to point-
source and diffuse pollution, stream morphology, riparian
vegetation or flow/temperature regimes (Matthaei et al.
2010). Urban areas in the catchment also show a dispro-
portional effect on river ecosystems (Busse et al. 2006),
especially in smaller basins where they can represent a
larger percentage of the land cover (Allan 2004). Conse-
quently, more ecological information is needed to elucidate
the linkages and hydrological flow paths along river net-
works in human-dominated landscapes (e.g. Walsh and
Kunapo 2009), as response patterns may differ substantially
and be less clear than those in more pristine catchments.
Water quality is a primary factor affecting aquatic
organisms through a range of different mechanisms. Urban
and agricultural land-use may change the level of inorganic
nutrients in streams, thereby influencing primary producers
in the system. Degradation of organic matter may lead to
low levels of dissolved oxygen. Concomitantly, toxic
compounds like heavy metals and organic micropollutants
(pesticides, pharmaceuticals, endocrine disruptors) may
impair organisms at different levels in the aquatic food web.
A primary goal of this study was to test the hypothesis that,
within a catchment, coarse-scale spatial patterns in macro-
invertebrate composition can be explained by differences in
water quality and habitat properties as influenced by
catchment land-use; essentially testing ideas of niche theory
(e.g. habitat filtering) versus those of neutral theory (e.g.
dispersal distance) (see Thompson and Townsend 2006).
We predicted that niche theory dynamics would still dom-
inate spatial patterns of aquatic macroinvertebrates in
human-dominated catchments. For this purpose, we com-
pared stream macroinvertebrate assemblages at different
sites in two medium-sized catchments of the Swiss Plateau
comprising a mixed land-use of forest, agriculture and
urban areas (Giirbe, Monchaltorfer Aa). Both catchments
have been investigated in several previous studies that
showed the stream networks to be affected by nutrients and
other pollutants from agricultural and urban sources (Hanke
et al. 2010; Wittmer et al. 2010, 2011; Stamm et al. 2012).

Methods
Catchment descriptions

The Giirbe catchment is located south of Bern, Switzerland
and covers an area of 137 km?. Altitude ranges from
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2,176 m a.s.l. in the headwaters to ca. 500 m a.s.l. in the
lowlands. The lower part is relatively flat and intensively
used for arable cropping, and includes most urban areas in
the catchment. The upper basin is characterized by steep
slopes of partially karstic geology. Heavy rainfall in the
upper catchment (1,260 mm average annual precipitation,
1,140 mm in the lower plain) often results in sudden floods,
thus the entire main channel was heavily modified (chan-
nelized) during the 19th century mainly to reduce flood
hazards in the lower valley. However, the lower section
near the confluence with the Aare River has been mor-
phologically improved in recent years. Land-use in the
catchment consists of agriculture (57 %), forest (30 %),
and urbanization (4 %). About 25,000 people live in the
catchment, and treated wastewater is discharged into the
main channel between sites G5 and G6 (Fig. 1). Treated
wastewater of the village Belp further downstream has
been discharged outside the catchment since 2009. Eight
sampling sites were located along the Giirbe main channel
and three along its primary tributary the Miische (Fig. 1).

Switzerland

The Monchaltorfer Aa catchment covers an area of
46 km? and is embedded in the Greifensee basin ca. 20 km
southeast of Ziirich, Switzerland in the Swiss Plateau
(Fig. 1). Altitude ranges from 853 to 445 m a.s.l. and
topography is moderate with headwater slopes typically
being <15 %. Predominant soil types are cambisoles on
hillsides and gley soils in flat areas. The climate is mod-
erate with an average annual precipitation of 1,220 mm
(20-year mean). The stream network consists of three main
branches that merge a few kilometers upstream of the
catchment outlet into Lake Greifen. The stream network
was substantially modified during the 20th century with the
lower reaches of streams being channelized during the
process of land reclamation in the 1940s 1950s. Many
small stream sections are now in culverts, while others are
straight drainage channels with wooden boards forming the
stream bottom. Land-use is mostly agriculture (63.2 %),
although only ca. 20 % of this is used for arable farming of
maize, winter wheat and barley. The most intensive agri-
cultural area is near the outlet of the catchment. Forest
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Fig. 1 Map of the two study catchments (Giirbe, Monchaltorfer Aa) in Switzerland (catchments in red) with site locations shown. Site G4, G7,
and G8 are situated on the primary tributary of the Gurbe, the Miische (color figure online)
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covers about 16.7 % and urban areas about 10.9 % of the
catchment. Fourteen sampling sites were located at various
locations within the catchment to encompass the range of
land uses (Fig. 1).

In both catchments, urban areas have combined and
separated sewer systems. In combined sewer systems,
urban storm-water and household wastewater is collected
in the same sewer and directed to the WWTP. During
intensive rainfall, combined sewer systems discharge
excess water via combined sewer overflows to surface
waters. In separated sewer systems, urban storm-water is
collected separately and is discharged directly into surface
waters.

Field and laboratory protocols
Water quality

Water grab samples (0.5 L) were collected from each site
on a monthly basis from September/October 2010 to
November 2011 (Giirbe, N = 10; Monchaltorfer Aa,
N = 12). Samples were returned to the laboratory on ice
for analysis of dissolved organic carbon (DOC), particulate
organic carbon (POC), alkalinity, total inorganic carbon
(TIC), NH4-N, NO;3-N, dissolved-N, particulate-N, PO,-P,
dissolved-P, and particulate-P. Methods of analysis were
the same as detailed in Tockner et al. (1997). On each
sample date, spot measures of conductivity and tempera-
ture were taken using a field portable meter (WTW,
Germany). Temperature also was recorded hourly at each
site during the study using field-placed data loggers (Hobo
tidbit). Some data gaps occurred in the logged temperature
data and these were filled using a calibrated temperature
model (M. Honti, unpubl. data).

Micropollutants, heavy metals, PCBs

Measures for micropollutants, heavy metals, and PCBs
were collected at three sites in each catchment upstream
and downstream of wastewater treatment plants (G1, G4,
G5, M2, M3, M5, see Fig. 1). Two passive sampling
campaigns were performed for organic, polar micropollu-
tants in 2011 (Monchaltorfer Aa: 31 May 17 June, 25
August 7 September; Giirbe: 6 20 June, 18 August 1
September) using preconditioned 3M Empore extraction
disks (47 mm) (Vermeirssen et al. 2012) as sampling
devices and a Supor-450 membrane filter as a protection
cover and to reduce the uptake rate of samplers. Precon-
ditioning consisted of placing disks in methanol in an ultra-
sonic bath for 5 min, transferring to nano-pure water in an
ultra-sonic bath for 5 min, and then storing in fresh nano-
pure water. In the field, disks were placed along one
transect in the stream, incubated for 2 weeks, collected and
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stored in acetone until processed. The subsequent analyti-
cal procedure was a multi-analyte LC-MSMS method as
described in Singer et al. (2010).

Heavy metals and PCBs were assessed once in autumn
2011 (Monchaltorfer Aa: 19 September 6 October; Giirbe:
20 September 5 October). For sampling heavy metals,
DGT disks (DGT Research Ltd., Lancaster, UK) were
deployed. Heavy metals were measured by ICP-MS after
24 h extraction in 2 M HNOj; following methods in Odzak
et al. (2002). Pure silicon stripes were used for collecting
PCBs, and time-averaged concentrations were estimated
based on continuous water temperature measurements at
each site (Zhang and Davison 1995).

Site characterization

Stream habitat characteristics at each 50-m study reach
were assessed for percent substrate embeddedness, percent
macrophyte cover, and percent canopy cover (shading).
Sites also were characterized at baseflow for average
wetted width (average of 5 transects), average substrate
size (n = 50), water velocity at 0.6 depth (n = 50, Mini-
Air2, Schiltknecht Ag, CH), and average depth (n = 50).
The abundance of emergent stones was categorized at each
reach as well for estimates of ovipositioning substrata
potentially used by adult aquatic insects.

Benthic samples

Benthic samples for macroinvertebrates were collected in
autumn 2010 (October), spring 2011 (April) and summer
2011 (August) to account for seasonal changes in assem-
blage structure at each site in each catchment. Three
samples were collected from riffle/run habitats at each site
and date using a Hess sampler (0.048 m? 250 pm mesh).
Samples were preserved in the field with 75 % ethanol and
returned to the laboratory for processing. In the laboratory,
macroinvertebrates were handpicked from each sample
using a microscope at 10x magnification. Taxa were
identified to lowest practical level, usually family/genus,
and counted. The remaining material from each sample
was dried at 60 °C, weighed, combusted at 550 °C, and
reweighed for determination of benthic organic matter as
Ash-free Dry Mass (AFDM).

On each sample date for macroinvertebrates, five stones
were randomly collected at each site for determination of
periphyton biomass as chlorophyll a (Chl-a) and AFDM.
Stones were returned to the laboratory in a cooler and
frozen at —20 °C until processed. For processing, a known
area was scraped from the surface of each stone using a
metal brush. Two volumetric aliquots of the material were
filtered (Whatman GFF filters), one filter was used for
chlorophyll a analysis and the other for analysis of AFDM.
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Filters for chlorophyll were extracted in 90 % hot ethanol
(70 °C) and analyzed using an HPLC. Filters for AFDM
were dried at 60 °C, weighed, combusted at 550 °C, and
reweighed with the difference in weights used to quantify
the AFDM.

Data analysis

General habitat characteristics of each site were summa-
rized as means and standard deviations. The physical
chemical measures of each site were treated separately for
each catchment because of landscape-scale differences in
catchment geology, land-use gradients, geography and
climate. The water quality data for each site within a
catchment were log(x + 1) transformed and then assessed
using a principal components analysis (3-factor PCA with
varimax rotation). The PCA was used to illustrate the
spatial clustering of sites within each catchment based on
similarities in water quality attributes. Relationships
between land-use, habitat measures and PCA factor scores
were analyzed using correlation (Zar 1984).

Each general environmental attribute (land-use, habitat,
water quality) consisted of a set of single parameters (e.g.
DOC, DON, TP, etc. for water quality). For each general
attribute, the dissimilarity between sites was calculated as the
Euclidian distance in multidimensional space where each
coordinate consisted of single parameters normalized
between zero and the maximum value in the catchment. The
analysis was carried out with the statistics and graphics soft-
ware R (R Development Core Team 2011). Subsequently,
linear regressions were calculated between the dissimilarity
values for the general environmental attributes between sites.

Macroinvertebrate data were summarized in terms of
taxon richness, taxon and total density, and taxon relative
abundance (percentage of the overall assemblage).
Log(x + 1) transformed taxon density data and
asin(sqrt(x)) transformed taxon relative abundance data for
sites (and dates) within each catchment were analyzed
using non-metric multi-dimensional scaling (NMDS).
Results (site and date) were plotted as means (£SE) of sites
along NMDS axis-1 and axis-2 for each catchment to
illustrate spatio-temporal relationships in assemblage
structure among sites within each catchment.

Lastly, relationships between macroinvertebrate densi-
ties and taxon richness against respective land-use, habitat
and water quality (PCA results) attributes at sites within
each catchment were assessed using correlation. In addi-
tion, the macroinvertebrate NMDS axis scores (based on
taxa densities and taxa relative abundances) were corre-
lated against respective land-use, habitat measures and the
water quality PCA factor scores for the sites in each
catchment. Finally, common macroinvertebrate taxa were
averaged (£SE) for site groups within each catchment

based on the water quality PCA results above with differ-
ences between groups tested using ANOVA on log (x + 1)
transformed taxa density data (Zar 1984).

Results
Land-use and habitat characteristics in each catchment

In both catchments, study sites covered a wide range of land-
use, in-stream habitat, and water quality characteristics
(Table 1). Correlations between general environmental attri-
butes (land-use, habitat, water quality) including the physical
distance between study sites revealed different patterns for the
two study areas (see Figs. S1, S2 in the supplementary
material). Correlations among environmental attributes
explained 50 % of the observed variance in the Giirbe,
whereas the observed variance was only 21 % in the
Monchaltorfer Aa. This implies that two sites that are more
distant in the stream network in the Giirbe are also dissimilar
with regard to the environmental influence of land-use, habitat
and water quality, whereas this distance effect is much less so
in the Monchaltorfer Aa (see detailed results below).

Giirbe

The percentage forest ranged from 12 % (G4) to 82 %
(G10), although most sites had 20 30 % forest cover
(Table 1). The percentage agriculture ranged from 17 %
(G10) to 78 % (G4) with most sites having 50 60 %
agricultural cover. The percentage of urban land-use ran-
ged from zero (G10) to 6 % (G7) with most sites having
2 5 % urban cover. Most sites had relatively low values of
percentage embeddedness (range 0 50 %), except for G4
at 75 % and G8 at 100 % (Table 1). The percentage
macrophyte cover also ranged from 0 to 50 % at most sites,
except G7 and G8 at 75 % coverage. The abundance of
ovipositioning stones for adult aquatic insects was highest
at sites G8 Gl1, with very few emergent stones (0 10
stones per reach) found at the other sites. Percent shading
was <25 % at most sites except forested G10 with 100 %.
Average stream width and depth reflected the general
longitudinal location of the sites with width ranging from
ca. 1 m at upper sites to 9 m at lower sites and depth from
5.7 cm at smaller sites to 65.3 cm at larger sites in the
catchment. Average substrate size ranged from 2.0 to
9.5 cm, and flow velocities from 0.19 to 0.63 m s7!
(except G10 at 0.05 m sfl) between sites (Table 1).

Monchaltorfer Aa

The percentage forest ranged from 8 % (M6) to 32 %
(M14), although most sites had ca. 15 % forest cover

@ Springer
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(Table 1). The percentage agriculture ranged from 42 %
M14) to 83 % (MS8) with most sites having ca. 65 %
agriculture cover. The percentage urban cover ranged from
zero (M11) to 19 % (M4) with most sites having between 8
and 15 % urban cover. Percentage embeddedness was
relatively high in the catchment with most sites averaging
>50 % and all sites being >25 % (Table 1). Percentage
macrophyte cover was low, ranging from 0 to 25 % at most
sites except M3 and M4 at >50 %. The percent shading
was typically over 50 % with most sites being >75 %; an
exception was G8 with 0 % shading. Average stream width
reflected general stream size and ranged from 1 to 5 m.
Average flow velocity and depth were quite similar among
sites, ranging from 0.10 to 0.45 m s~ !and 5.4 to0 19.3 cm,
respectively.

General water quality conditions in each catchment

During baseflow conditions, as reflected in the grab sam-
ples, nutrient levels were generally low at most sites in
both catchments. According to the Swiss Modular Concept
for Stream Assessment (Bundi et al. 2000; Liechti 2010),
most average concentrations for DOC, NHy-N, nitrate N
and DRP are classified as very good or good (DOC

<40mgL™!, NH,N <02mgL™", NOs;N < 5.6 mg
L~', DRP <0.04 mg L™"). Nutrient levels were high at a
few sites, mostly those located downstream of WWTPs in
the Monchaltorfer Aa where the average NOs-N values of
12.2 mg L™" at M5 are classified as poor.

Time averaged concentrations of measured toxicants
were generally low. Heavy metal concentrations also were
low (<1 pg L") (data not shown), ranging between 10.9
and 18.3 % of the water quality criteria in Switzerland
(2.0 pg L™") at the Giirbe sites and between 24.2 and
29.8 % in the Monchaltorfer Aa. Cu and Zn exhibited the
highest concentrations, with ranges for Zn being
3.5 11.6 % (Giirbe) and 22.4 30.8 % (Monchaltorfer Aa).
A comparison between sites upstream (G4, MS) and
downstream (G1, G5, M2, M3) of WWTPs showed that
WWTPs were not major sources of Cu or Zn. High values
of Fe and Mn at G4 suggest naturally reduced sub-soils
indicative of drained wetlands. PCB levels (10 250 ng kg™'
silicon in the Giirbe, 40 320 ng kg~' silicon in the
Mbonchaltorfer Aa) were in the range of many Swiss
streams without a pollution problem (M. Zenneg, pers.
comm.). The toxic equivalent concentrations ranged between
0.055 ng kg~! silicon (Giirbe: G1) and 0.208 ng kg~ sil-
icon (Monchaltorfer Aa: MI), suggesting more of a
regional than local effect. Because of the relatively low
values, no further analysis was conducted for these
parameters in this study.

Temporal and spatial distributions of organic micro-
pollutants corresponded to expected patterns. Below

WWTPs, for instance, indicator compounds for urban areas
like human pharmaceuticals (e.g. carbamazepine: time-
averaged concentrations of 12 14 ng L™' in the Giirbe,
17 234 ng L™" in the Monchaltorfer Aa) and the anti-
corrosive benzotriazole (24 55 ng L~!' in the Giirbe,
77 1226 ng L™ in the Monchaltorfer Aa) had high con-
centrations, but were present at very low levels at the other
sites. Major herbicides like metolachlor and terbutylazine
were present during the period of herbicide application at
all sites with a substantial fraction of arable land use.
Lastly, the urban source seemed more important for pes-
ticides having a dual use (urban and agricultural) like
diazinone (insecticide) and carbendazime (fungicide).

Environmental relationships within each catchment
Giirbe

The first three axes of the PCA results explained 80 % of
the variation in measured water quality attributes between
sites in the Giirbe (Fig. 2). The data revealed a clear spatial
differentiation within the catchment. PCA axis-1 was best
explained by values of electrical conductivity, alkalinity,
TIC, NO3-N, and DN. PCA axis-2 was best explained by
values of DOC, POC, PN, PP, PO,-P, and DP, whereas
axis-3 was best explained by differences between sites in
mean and maximum temperatures. Three groups were
distinguished via the PCA results, reflecting lower sites
along the main stream and G4 (Group 1), the Miische
tributary sites G7 and G8 (Group 2), and upper sites along
the main stream (sites G9 G11) (Group 3).

Examination of water quality attributes between groups
illustrated the differences shown by the PCA (Table 2). For
example, parameters explaining PCA axis-1 were notably
lower in Group 3 sites in the upper catchment and increased
downstream along the main stream (Group 1) and were
highest in Miische tributary sites (Group 2). For instance,
the upper Giirbe is characterized by low alkalinity (mean
3.6 mmol L™'), moderate levels of conductivity (mean 423
N cmfl) and low levels of TIC (mean 42.9 mg Lfl) and
nitrate N (mean 0.57 mg LY. In contrast, the lower Giirbe
had higher mean values of alkalinity (4.8 mmol L"),
conductivity (523 puS cm™ ), TIC (57.9 mg LY and
nitrate N (2.3 mg L_l), whereas the Miische tributary had
the highest mean values of alkalinity (6.2 mmol L™,
conductivity (547 pS cmfl), TIC (73.8 mg Lfl), and
nitrate N (3.2 mg L™".

PCA axis-2 was explained by values of particulates and
phosphorus, with values being lower and somewhat similar
between Groups 1 and 3, but much higher for the tributary
sites of Group 2. For instance, the upper Giirbe had low
levels of DOC (mean 2.4 mg L_l), and DP (mean
3.5 ug L"), whereas downstream levels increased
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Fig. 2 Scatterplots of the principal components analysis based on the
physical chemical measures recorded for each site in the two
catchments during the study period. Variables with factor loadings

moderately in the main channel (mean DOC = 2.4 mg L™,
DP = 7.6 ug L") and were more than twofold higher in the
Miische tributary (mean DOC = 6.3 mg Lfl, DP = 39.8
ng LY. Lastly, PCA axis-3 was explained by temperature
differences between groups that reflected the longitudinal
position of sites in the main stream (lower temperatures in
Group 3, higher temperatures in Group 1), but with similar
temperatures in Group 2 sites as in Group 3 (Table 2).
Land-use attributes were significantly correlated with
PCA axes 1 and 3, being negatively related to % forest
(r = —0.82, —0.66, respectively) and positively with %
agriculture (r = 0.94, 0.57, respectively) and % urban
(r = 0.84, 0.85, respectively). Land-use also was signifi-
cantly related to the algal biomass (AFDM, Chl-a) at the
different sites, being negatively related to percentage forest
(r = —0.72, —0.57, respectively) and positively related to
% agriculture (r = 0.84, 0.73, respectively) and % urban
(r = 0.77, 0.61, respectively). Lastly, percentage macro-
phyte cover was positively related to PCA axes 1 and 2
(r =0.72, 0.75, respectively) as well as algal biomass
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>(0.70 are shown for each respective axis. G represents sites in the
Giirbe catchment and M represents sites in the Monchaltorfer Aa
catchment

(r = 0.68, 0.77, respectively) and benthic organic matter
(r =0.67).

Monchaltorfer Aa

The first three axes of the PCA results explained 64 % of
the variation in measured water quality attributes between
sites in the Monchaltorfer Aa (Fig. 2). PCA axis-1 was best
explained by values of DN, NOs-N, and electrical con-
ductivity. PCA axis-2 was best explained by values of DP,
PO,4-P and mean and maximum temperature, whereas axis-
3 was best explained by values of POC, PN, and PP. The
PCA results distinguished four groups of sites within the
catchment. Group 1 included the lower basin sites M2, M3
and M5, all which are influenced by treated wastewater.
Group 2 sites included M1, M4, M6 and M14, sites gen-
erally located in the middle region of the catchment. Group
3 sites included sites M7-M10, M12 and M13 (more upper
basin sites), and Group 4 was site M11 (a small forested
headwater stream).
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Table 2 Mean (41 STD) of physico-chemical parameters for groups of sites in each catchment

pH Alkalinity TIC NO;-N DN PN PO,-P DP PP
mmol/L

Conductivity

DOC POC

Temp

Site

mg N/L mg N/L mg N/L ng P/L ng P/L ng P/L

mg C/L

mg C/L mg C/L uS/cm 20 °C

Mean °C

Giirbe

75
51
187

76
58

47

006
003
013
007
003
001

24
06
33
04
06
01

23

579

483
041
615
0381
358
028

80
03

5227

070
048
197
188
043
018

241
062
629
109
244
051

114

Mean

Group 1 (G1-6)
Lower sites

438

05

50
737

413
5479

42
101

STD

398

346

32
05

80
04
79
04

Mean
STD

Group 2 (G7-8)
Musche sites

226 156

196

98

834
4230

35 24

19
08

06

429

84
32

Mean
STD

Group 3 (G9-11)

Upper sites
Monchaltorfer Aa

19

41

01

33

460

197 298 136

009
004
006
008
009
009
010
007

90
45

89
45

644

536
062
558
055
629
051
545
016

79
03

7126

063
034
044
022
100
104
185
180

343
054
209
049
339
165
158
131

124

Mean
STD

Group 1 (M2, 3, 5)

Lower sites

87
40

125

118

74
670

736

5539

14
108

176

14 8

28

28

Mean

Group 2 (M1, 4, 6, 14)

Middle sites

30
148

95

82
28 4

06
22

06
05

66
754

02

553
558 4

14

111

STD

330

21

81

01

Mean

Group 3 (M7-10, 12, 13)

Upper sites

218 183

190

05

61

414
4823

14
99

STD

98 104

85
68

13
04

12

01

654

Mean
STD

Group 4 (M11)
Forested site

97

65

19

02

172

13

Groups based on PCA results (Factors 1 and 2)

Examination of water quality attributes between groups
illustrated the differences shown by the PCA (Table 2). For
instance, parameters explaining PCA axis-1 were highest in
Group 1 sites, intermediate in Groups 2 and 3, and lowest
for Group 4. Here, Group 1 sites had highest conductivities
(mean 713 uS cm™') and NOs-N (mean 8.9 mg Lh,
whereas values were lowest for Group 4 (conductiv-
ity = 482 pS cm™', NOs-N = 1.2 mg L™"). PCA axis-2
was best explained by values of phosphorus (PO4-P, DP)
and temperature, where Group 4 had the lowest mean
values (DP = 9.8 pg L', temperature = 9.9 °C), Group 2
had intermediate values, and Groups 1 and 3 had the
highest mean values (DP =30 33 ug L™, tempera-
ture = 11.1 12.4 °C). PCA axis-3 reflected differences in
particulates among the groups, where Group 2 had the
lowest mean values for PP (4.0 pg L™") and Groups 3 and
4 had highest values for POC (1.0 1.9 mg L™"). Notably,
few major differences were found among groups along
PCA axis-3 (see Fig. 2; Table 2).

The percentage forest land-use was negatively (r =
—0.66) and % agriculture positively (r = 0.51) related to
PCA axis-2 (i.e. phosphorus, temperature), whereas %
macrophyte cover was positively related to PCA axis-1
(r = 0.63). There was a distinct water quality signal at sites
downstream of WWTPs (e.g. Group 1 sites), in which
conductivity ranged between 685 and 800 puS cm™' while
the other sites had values between 480 and 600 uS cm™".
Similarly, pH was slightly below 8.0 (7.7 7.9) for sites
downstream of WWTPs but was generally >8.0 at the other
sites. Lastly, NO3-N levels were substantially higher at
sites below WWTPs (6.6 122 mg L™' compared to
1.4 3.8 mg L_l), but little WWTP effect was observed for
phosphorus.

Relationships between macroinvertebrates
and environmental attributes

The differences in spatial structure among environmental
attributes in each catchment also are reflected in how well
the taxonomic dissimilarities between sites can be
explained by environmental dissimilarity. In the Giirbe,
land-use explained 54 % of the taxonomic dissimilarity
between sites based on linear regression (see Fig. S3 in
supplementary material). The explained taxonomic dis-
similarity increased to 71 % when other environmental
attributes were included in the analysis, although the most
extreme dissimilarities between sites were not captured by
the regression models. In the Monchaltorfer Aa, the envi-
ronmental dissimilarity between sites explained little of the
taxonomic dissimilarity based on the regression models.
Water quality alone accounted for 13 % of the taxonomic
dissimilarity, and this percentage increased to 15 % when
other environmental attributes were included (see Fig. S4
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in supplementary material). Specific relationships between
environmental attributes and macroinvertebrates in each
catchment are presented below.

Giirbe

There was a positive correlation of total density and taxon
richness of sites against water quality PCA axis-1
(r =0.61, r = 0.44, respectively) (Fig. 3; Table 3). A
highly significant correlation was found (r = 0.94,
r = 0.95, respectively) if the tributary sites (G4, G7, G8)
were excluded in the analysis. These tributary sites showed
lower densities and taxon richness relative to the PCA axis
scores than main river sites. In main river sites, densities
and taxon richness were higher in lower basin sites than in
upper basin sites, reflecting the higher values of conduc-
tivity, alkalinity, TIC, NO5-N, and DN (i.e. PCA axis-1) in
the lower basin sites.

The correlation of total density and taxon richness also
was positive against PCA axis-3 (defined as mean and
maximum temperature) (r = 0.85, r = 0.55, respectively;
Fig. 3; Table 3). The relationship became more positive
when the tributary sites (G4, G7, G8) were excluded,
especially in respect to taxon richness (r = 0.90 for den-
sity, r = 0.96 for taxon richness). In this case, lower main
stream sites had warmer temperatures than upper basin
sites and, in turn, had higher densities and taxon richness.
In contrast, the tributary sites showed no relationship of
taxon richness with temperature (Fig. 3). Lastly, % forest
land-use was negatively (r = —0.61) and the % agricul-
ture/urban positively (r = 0.54, 0.69, respectively) related
to total density.

The NMDS analysis (which incorporated time as well)
using taxon densities and taxon relative abundances sepa-
rated sites along the first two axes with stress levels of 0.18
and 0.13, respectively (data not shown). There was a strong
correlation of NMDS axis-1 site scores against water
quality PCA axis-1 site scores for taxon density (r = —0.86)
and taxon relative abundances (r = 0.90) (Fig. 4; Table 3).
The correlation of NMDS axis-2 site scores against water
quality PCA axis-2 site scores was poor (r = —0.22 for
taxon density, r = 0.48 for taxon relative abundance), but
clearly showed the tributary sites G7 and G8 to differ from
the main stream sites along PCA axis-2.

The NMDS axis-1 scores (taxon densities and relative
abundances) were related to the % land-use (% forest:
r = —0.59 for density, r = 0.67 for relative abundance; %
agriculture: r = 0.76, r = —0.78, respectively; % urban:
r=0.75, r= —0.87, respectively) (Table 3). Lastly,
NMDS axis-1 scores showed either a negative (taxon rel-
ative abundances: r = —0.70 AFDM, r = —0.56 Chl-a) or
positive relationship (taxon densities: r = 0.85 AFDM,
r = (.80 Chl-a) with algal biomass.

@ Springer

There were some significant differences in the density of
different taxa among site groups in the Giirbe (Fig. 5).
Trichopterans had higher densities in Group 2 (G7, G8)
than the other two groups. Plecopterans and simuliids had
higher densities in Group 3 (G9 G11) than the other two
groups, whereas, leptophlebiids, chironomids and dipterans
(excluding simuliids and chironomids) were highest in
Group 1 (Gl G6). Gastropods, coleopterans, hirudinids,
turbellarians, and gammarids were highest in Groups 1 and
2, but absent or low in density in Group 3. Lastly, hepta-
geniids were abundant in Groups 1 and 3, but low in
density in Group 2, whereas differences for acari, baetids
and rhyacophilans were not significant.

Monchaltorfer Aa

There was a positive correlation of total density and taxon
richness against water quality PCA axis-1 (r = 0.66,
r = 0.53, respectively) (Fig. 4; Table 3). Sites M2, M3, and
MS5 had higher values of NO3-N, DN, and electrical con-
ductivity that was reflected in higher total densities than other
sites in the basin. The relationship of PCA axis-1 with taxon
richness was less pronounced, although M2 and M3 had
higher taxon richness values and higher PCA factor scores
than the other sites but M5 had a relatively low taxon richness.
The correlation of total density and taxon richness against
PCA axis-2 (defined by PO4-P, DP, temperature) was poor
(r =0.35, r = 0.07, respectively) (data not shown). Total
density and taxon richness were positively related to the %
macrophyte cover at a site (r = 0.56, r = 0.54, respectively).

The NMDS analysis (which incorporated time as well)
using taxon densities and taxon relative abundances sepa-
rated sites along the first two axes with stress levels of 0.20
and 0.19, respectively (data not shown). There was a nega-
tive relationship of NMDS axis-1 site scores against water
quality PCA axis-1 site scores for taxon density (r = —0.59)
and taxon relative abundance (r = —0.46) (Fig. 4). Here,
sites M2, M3, and M5 (lower basin sites) had higher values
of NO5-N, DN, and conductivity but lower taxon density and
taxon relative abundance scores than the other sites, espe-
cially M12, M13, and M14 (the most upper basin sites). The
correlation of NMDS axis-2 site scores against water quality
PCA axis-2 site scores showed no relationship (r = 0.28 for
taxon relative abundance, r = —0.11 for taxon density),
except site M11 had low values for each (Table 3).

The % forest land-use was positively related to both
NMDS axis-1 scores (taxon relative abundances: r = 0.60,
taxon densities: r = 0.55), whereas the NMDS axis-1
scores for taxon relative abundances were negatively
related to % agriculture land-use (r = —0.51) (Table 3).
Lastly, NMDS axis-1 scores for taxon densities were
negatively related to algal AFDM (r = —0.60), whereas
both NMDS axis-1 scores (taxon densities and relative
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Fig. 3 Scatterplots of significant regressions of macroinvertebrate total densities and taxon richness against principal component scores from the
physical chemical analysis shown in Fig. 2 for the respective sites in each catchment (G Giirbe, M Monchaltorfer Aa)

abundances) were positively related to benthic organic
matter (r = 0.75, r = 0.44, respectively) and % shading
(r = 0.70, r = 0.49, respectively).

In the Monchaltorfer Aa (Fig. 5), ephemeropterans, acari,
and coleopterans had high densities in Groups 1 3, but low
densities in Group 4 (M11). Gastropods and chironomids
had highest densities in Group 1 (M2, M3, M5), although
chironomids were also abundant in the other groups. Dip-
terans excluding chironomids were most abundant in Groups
1 and 2 (M1, M4, M6, M14). Plecopterans showed a trend of
higher densities in Groups 2 and 3 (M7 M10, M12 13) than

Groups 1 and 4. The other examined taxa (trichopterans,
gammarids, bivalves, turbellarians, hirudinids, asselids)
showed similar densities between groups.

Discussion

This study examined the spatial relationships between land-
use, habitat, water quality, and stream macroinvertebrates in
two human-dominated catchments. The results revealed
contrasting findings for the two catchments; i.e. a catchment
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Table 3 Correlations between macroinvertebrate metrics and land use, habitat measures, and physical chemical PCA scores

Catchment Land use Habitat Algal Biomass Benthic Physical Chemical
% Forest % Agriculture % Urban % Macrophytes % Shading AFDM Chl a Organic Matter PCA 1 PCA 2 PCA 3

Girbe

Density —0.61 0.54 0.69 0.10 0.35 0.31 0.06 0.06 0.61 0.07 0.85

Taxon richness  0.38 0.35 0.33 0.09 0.24 0.00 021 0.18 044  0.02 0.55
Taxon relative abundances

NMDS 1 0.67 -0.78 -0.87 0.47 0.11 -0.70 056 0.23 -090 031 -0.78

NMDS 2 0.13 0.12 0.01 0.39 0.30 048  0.62 045 020 048 034
Taxon densities

NMDS 1 0.59 0.76 0.75 0.60 0.11 085 0.80 0.40 0.86 049 049

NMDS 2 0.42 0.30 0.37 0.07 0.34 0.05 032 0.08 0.33  0.22 0.66
Monchaltorfer Aa

Density 0.39 0.21 0.13 0.56 0.44 029 0.14 0.34 0.66 0.35 NA

Taxon richness  0.13 0.13 0.27 0.54 0.06 0.13  0.08 0.21 0.53 0.07 NA
Taxon relative abundances

NMDS 1 0.60 0.51 0.22 0.30 0.49 028 0.10 044 046 0.19 NA

NMDS 2 0.20 0.12 0.31 0.05 0.16 0.13  0.18 0.02 0.23 028 NA
Taxon densities

NMDS 1 0.55 0.27 0.20 0.33 0.70 -0.60 0.39 0.75 -0.59 025 NA

NMDS 2 0.13 0.28 0.37 0.62 0.06 0.05 0.17 040 042 0.11 NA

Significant r values in bold (p < 0.05). N
NA not available

11 sites for the Giirbe, N

dependent context. In the Giirbe catchment, where envi-
ronmental attributes were closely correlated,
macroinvertebrate assemblages reflected coarse-scale pat-
terns in water quality as influenced by local land-use.
Specifically, the Giirbe catchment was dominated by agri-
cultural land-use and displayed a strong longitudinal
gradient in biotic response along the main channel with a
small primary tributary showing a more pronounced agri-
cultural land-use effect. Whereas the Giirbe is dominated by
the main channel in hydrologic terms, the Monchaltorfer Aa
catchment has a more complex stream network of three main
branches of similar size (see Fig. 1). Reflecting this more
complex stream network, there also was a more complicated
spatial relationship among environmental attributes punc-
tuated by areas of urban land-use that influenced biotic
patterns in the landscape. Here, more localized response
patterns reflected inputs from urban areas, e.g. WWTPs, and
outlier sites in more forested headwaters. Results from both
catchments suggest niche theory dynamics dominate
observed macroinvertebrate spatial patterns as discussed
further below.

Relationships between land use and stream physical-
chemistry

In many Swiss lowland catchments, streams typically
originate in managed, forested headwaters before flowing
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14 sites for the Monchaltorfer Aa

through a landscape dominated by agricultural lands and
urban settings. Humans have dominated European land-
scapes for 1,000s of years and this historical legacy of land-
use may be evident in many human-dominated catchments
today. Most streams have been regulated and channelized
to reduce flood hazards and to optimize the area available
for agricultural use. Such major land-use changes affecting
the stream network occurred mainly during the last
120 years (Giirbe) and over the last 60 years (Monchal-
torfer Aa) in our study areas. Thus the potential for legacy
effects on present-day response patterns is probable. Many
smaller streams, e.g. 1st order tributaries, in the agricultural
and urban landscape also are in culverts, thus simplifying
the river network in such landscapes and influencing the
overall aquatic biodiversity. We thus expected surface
flowing waters to show a strong land-use effect in such
human-dominated catchments that ultimately would be
reflected in macroinvertebrate spatial patterns.

The Giirbe catchment had a highly simplified network
with most sites situated along the main channel (see

Fig. 4 Scatterplots of site scores from the NMDS analysis based on p
macroinvertebrate assemblage structure (taxon densities and taxon
relative abundances) in each catchment against respective principal
component scores from the physical chemical analysis (G Giirbe,
M Monchaltorfer Aa). NMDS 1 is axis 1 site scores from the NMDS
analysis and NMDS 2 is axis 2 site scores from the NMDS analysis.
PCA 1 is axis 1 site scores and PCA 2 axis 2 site scores from the
physical chemical principal components analysis shown in Fig. 2
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Fig. 5 Average (41 SE)
densities of macroinvertebrate
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taxa collected in each catchment
for site groups distinguished
from the physical chemical
principal components analysis
in Fig. 2. Site groups are
described in Table 2 with three
groups being distinguished in
the Giirbe and four groups
distinguished in the
Monchaltorfer Aa. Asterisks
show taxa with significant
density differences among
groups in each catchment
(ANOVA, p < 0.05). TRIC
trichopterans, RHYA
rhyacophilans, PLEC
pleclopterans, ACAR
hydracarina, GAMM
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gammarids, LEPT
leptophlebiids, HEPT
heptageniids, BAET baetids,
TURB turbellarians, HIRU
hirudinids, COLE coleopterans,
DIPT dipterans, SIMU
simuliids, CHIR chironomids,
GAST gastropods, EPHE
ephemeropterans, BIVA
bivalves, ASSE asselids
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Fig. 1). The main river had one major tributary (Miische)
with three sites (G4, G7, G8) being sampled for this study.
Water quality changes in this system reflected a strong
longitudinal dynamic as the gradient of influence from
agricultural lands increased downstream. A number of
studies have shown a decrease in habitat quality in streams
flowing through agricultural landscapes resulting from
increases in nutrients and sediments (Richards et al. 1996;
Quinn 2000). For instance, electrical conductivity and
nitrogen constituents increased downstream and these
changes were highly correlated with the percentage agri-
cultural land in the Giirbe. This longitudinal dynamic also
was observed in an increase in water temperature from the
most headwater sites to the lower basin sites, an expected
continuum characteristic of more natural river networks
(sensu Vannote et al. 1980), although the degree of
increase is likely related to changes in land-use. For
instance, water temperature was negatively related to %
forest and positively with % agricultural land-use,
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suggesting the loss of forest and gain in agricultural land-
use may have a synergistic effect with longitudinal location
on water temperature because of reduced shading by
riparian vegetation in the agricultural part. The results
suggest that spatial patterns in water quality in the Giirbe
followed a general linear response as streams flowed from
the forested headwaters to lower basin sites (after Norris
and Thoms 1999), reflecting the strong longitudinal nature
of the river network in the catchment.

The Giirbe tributary sites G7, G8 deviated from the main
channel sites, demonstrating a more localized influence
from agricultural land-use on smaller streams. Although
being smaller in terms of flow than the main channel sites,
water quality at these sites was similar and even lower than
that at lower basin sites along the main channel (see
Table 2). For example, nutrient concentrations were the
highest at these two sites, phosphorus in particular, and
carbon measures (POC, DOC, TIC) were double that of the
other sites. These two sites also had the highest percentage
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agricultural land-use and the highest percentage macro-
phyte cover. Macrophyte cover tends to be higher in
agricultural streams due to the increase in nutrients and
better light conditions from a more open canopy (Allan and
Castillo 2007). In summary, these tributary sites showed a
strong influence of local land-use on water quality that
overrides regional or more coarse-scale land-use effects.
The spatial context of riverine networks in relation land-
use is complex, but clearly multiple spatial scales must be
embedded towards a holistic understanding of riverine
structure and function (Allan 2004). The results from these
tributary sites displayed a more subsidy-stress response
pattern (Matthaei et al. 2010), and suggest a mix of
response patterns may be evident within a catchment
depending on the spatial scale of analysis (Richards et al.
1996).

The Monchaltorfer Aa catchment, in contrast, had a
much more complex river network with sites being sam-
pled on three of its major tributaries. Urban land-use also
was embedded in the landscape and represented a signifi-
cant percentage of the catchment (10.9 vs 3.6 % in the
Giirbe). Most studies have shown significant urban land-
use effects at percentages ca. 10 %, and there is a basic
tenant that substantially less percentage urban land-use,
e.g. the 10 % threshold, can have significant impacts on
water quality than that from agricultural lands (ca.
30 50 % on average) (Allan 2004). However, the urban
footprint was more localized in the catchment, e.g. down-
stream of WWTPs inputs, probably because populations in
the villages were on the order of 10s of thousands and not
major urban centers. The relatively low gradient within this
catchment perhaps facilitated a more homogenized land-
use effect from intensive agriculture, although punctuated
with urban effects at some sites (e.g. M5).

The coarse-scale longitudinal pattern observed in the
Giirbe was less evident in the Monchaltorfer Aa, although
upper basin sites in the catchment had better water quality
than lower-most basin sites (e.g. M2, M3, MS5; see PCA
results Fig. 2). Here, no correlation was observed between
the percentage agricultural land-use and water quality
differences among sites, further suggesting a spatial
homogenization of stream physicochemical features in the
catchment. The extensive agricultural setting in the catch-
ment, on average 10 % higher than in the Giirbe, offset any
longitudinal patterns expected in physicochemical features,
e.g. water temperature and conductivity, resulting from an
increasing longitudinal gradient in land-use change.
Indeed, only one site situated in a forested headwater
(M11) had water quality conditions indicative of more
natural landscapes; i.e. lower water temperature and elec-
trical conductivity typical for the geologic region. Indeed,
water quality patterns in the Monchaltorfer Aa displayed a
non-linear response that reflected the more homogeneous

landscape properties in this catchment (Allan 2004). Water
quality changed dramatically once streams flowed out of
the forested headwaters and then water quality remained
rather similar throughout the lower basin.

Spatial determinants affecting macroinvertebrate
assemblages

Macroinvertebrate assemblages in the Giirbe catchment
were strongly related with changes in environmental con-
ditions among sites. Here, total densities, taxon richness
and NMDS site scores showed significant correlations with
the physico-chemical PCA scores. Taxonomic dissimilarity
as assessed by NMDS also was well-explained by land-use
and the different combinations of (correlated) environ-
mental  attributes.  These results showed that
macroinvertebrate assemblages responded in a relatively
linear fashion with the gradient in environmental condi-
tions among sites, as reflected in the strong longitudinal
pattern evident in this basin. These findings support ideas
from niche theory inferring the importance of habitat fil-
tering in species distributions (after Poff 1997). The
tributary sites (G4, G7, G8) deviated from the main
channel sites, and indicated a less diverse assemblage in
the tributary due to the more pronounced degradation in
water quality. These results are not overly surprising as the
tributary is strictly used as a drainage canal for adjacent
agricultural lands; site G8 even has wooden boards
installed on the stream-bed to facilitate drainage. Similar
spatial-scale effects on stream habitat conditions have been
noted in other studies (e.g. Sponseller et al. 2001), further
confirming the general hierarchical habitat-structuring of
streams embedded in the landscape (sensu Frissell et al.
1986).

Macroinvertebrate assemblages in the Giirbe were
related to percentage land-use in the catchment, in partic-
ular agricultural and urban land-use. The relationship with
urban land-use is likely a spurious result as most urban
center inputs were downstream of the sampling sites and
urban land-use was strongly correlated with agricultural
land-use in the catchment. This kind of relationship has
been thoroughly discussed in the literature regarding inter-
related land-use effects in aquatic systems (see Allan
2004). Furthermore, average urban land-use in the catch-
ment was low (3.9 %), and most studies document urban
land-use effects at percentages higher than 10 %. Conse-
quently, the relationship of macroinvertebrate assemblages
with percentage agricultural land-use is more realistic as
this land-use is the predominant land-use in the catchment
(see Table 1). Support for this argument also is demon-
strated in the strong relationship of algal biomass measures
with % agricultural land-use, showing the generally posi-
tive relationship of primary producers with increases in
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nutrients flowing off agricultural lands (Carr et al. 2005;
Klose et al. 2012).

Specific macroinvertebrate taxa responded to the lon-
gitudinal gradient in land-use effect on water quality. The
upper basin sites had cooler water temperatures and better
water quality than lower basin sites and this was reflected
in the greater abundance of plecopterans, a group well-
known to be sensitive to warmer stream temperatures and
poor lotic habitat conditions. In contrast, chironomids,
gammarids, gastropods, hirudinids (leeches) and other
dipterans (mainly empedids and ceratopogonids) were most
common in the lower basin and tributary sites, reflecting
the slightly lower water quality at these sites. Coleopterans
such as dytiscids were also prevalent in lower basin sites,
likely due to the presence of slower flowing pools. Lastly,
trichopterans (mostly hydropsychids and hydroptilids)
were more prevalent in the tributary sites G7 and G8. The
filter-feeding hydropsychids were probably responding to
the high concentrations of suspended particles, whereas the
abundance of algal-piercing hydroptilids was likely related
to the presence of macrophytes and associated epiphytes
(Merritt and Cummins 1984). Richards et al. (1997) also
showed the importance of catchment and reach-scale hab-
itat properties in determining species assemblages and
species traits within landscapes (also see Liess et al. 2012).
These changes in community composition further support
the habitat filtering perspective from niche theory
(Thompson and Townsend 2006), as habitat conditions
dictated the presence and absence of specific taxa among
the sites.

The spatial homogenization in the Monchaltorfer Aa
also was evident in the lack of a land-use relationship with
macroinvertebrate assemblage composition among sites.
Only the % forest land-use showed a relationship with
macroinvertebrate assemblages among sites, this being
attributed to the more forested headwater sites in the
catchment. This result was supported by significant rela-
tionships between the % shading (canopy cover) and
benthic organic matter with macroinvertebrate assemblage
composition among sites (see Table 3). These findings also
confirm the non-linear response pattern of water quality
with the gradient in land-use. The forested headwater sites
clearly represent an important habitat type in the catchment
with potential implications regarding biodiversity distri-
bution patterns. The presence and absence of taxa among
sites in this catchment were not related to spatial distances
between sites as expected from neutral theory predictions
regarding dispersal limitations on species distributions,
thus lending additional support for niche theory in this
catchment as well.

The lower basin sites (M2, M3, M5) showed the poorest
water quality of all sites, mainly reflecting the presence of
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treated wastewater in the stream, which was absent at all
other sites. These three sites were the primary cause in the
positive relationship of macroinvertebrate assemblage
structure, i.e. density, with changes in water quality, and
M5 was located just downstream of the mixing point of a
WWTP discharge into the stream. Walsh and Kunapo
(2009) showed the importance of urban flow paths on the
effects of urban areas on streams. Urbanized flow paths
may demonstrate more localized effects on stream eco-
systems, analogous to a site distance relationship (Mykrd
et al. 2007; Walsh and Kunapo 2009). These data further
suggest that even in homogenized catchments, the local
influence of habitat quality plays an important role in
dictating the local composition and abundance of macro-
invertebrate assemblages as inferred from niche theory
(Thompson and Townsend 2006).

The abundances of specific macroinvertebrate taxa
supported the results in land-use and water quality in the
Monchaltorfer Aa catchment with an overall similar com-
position occurring at the sites. This finding supports the
general premise of a homogenization of the landscape and
its ultimate effect on macroinvertebrate diversity patterns.
Although not tested, landscape homogenization in the
catchment also may reflect legacy effects that reduced the
overall species pool available for colonization. Legacy
effects have been documented in other studies relating
changes in land-use with the structure of macroinvertebrate
assemblages (Harding et al. 1998; Brierley et al. 1999).
The degraded lower basin sites showed the most significant
differences among sites, being dominated by chironomids,
gastropods and baetid mayflies. The forested sites showed
some separation in ordination space, but the regional spe-
cies pool likely constrained any major differences from the
other sites, and gammarids and chironomids also domi-
nated samples collected at this site. In closing, results from
both catchments suggest niche theory dynamics dominate
spatial distribution patterns of macroinvertebrates in these
running waters. Historical legacies clearly leave a strong
footprint on the regional species pool (after Dodds 2008),
but the pool of available species still responds to the habitat
filtering from regional and local environmental conditions.
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