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Abstract The role of hydromorphological degrada-

tion and temporal variation for food webs in human-

modified rivers is still not fully evaluated. We tested

the hypothesis that man-made engineering structures

alter macroinvertebrate resource use in the Elbe River

(Germany) in relation to seasonal variation. Stable iso-

topes (d13C, d15N) and mixing models revealed that

dietary contributions of benthic organic matter (BOM)

and phytoplankton were driven by engineering struc-

ture. Contributions of biofilm were driven by season,

while contributions of terrestrial particulate organic

matter (t-POM) were driven by both engineering

structure and season. Contributions of t-POM were

larger than those of phytoplankton in spring and

summer, but not in autumn, which adds to the debate

about the sources of organic matter fuelling riverine

benthic food webs. Resource availability was not

systematically related to resource use, indicating that

factors other than resource limitation were responsible

for the observed results. By demonstrating that human

alterations determine consumer resource use indepen-

dently from resource availability, our study links

hydromorphological modifications to fluxes of matter

in riverine food webs. Future studies should quantify

organic matter fluxes from various autochthonous and

allochthonous pathways in human-modified and nat-

ural rivers to allow for a robust synthesis of how

hydromorphological modifications alter benthic food

webs.
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Introduction

Determining the origin and significance of particulate

organic matter (POM) that fuels benthic food webs

remains a central challenge of ecological research in

freshwater ecosystems (Benke & Wallace, 1997;

Pingram et al., 2012). In general, POM may either

originate from autochthonous primary production and

enters benthic food webs via the invertebrate grazer

pathway or may be of terrestrially derived, allochtho-

nous origin and is primarily used by invertebrate

shredders. The significance of both resource types for

food webs changes from headwaters to large rivers,

and there are two major concepts that make predic-

tions as to whether autochthonous primary production

or terrestrial particulate organic matter (t-POM) fuels

benthic food webs. The River Continuum Concept

(RCC, Vannote et al., 1980) claimed that fine partic-

ulate organic matter (FPOM) derived from upstream

processing of t-POM should be the most important

OM source in the downstream section of rivers.

However, depending on whether the river channel is

naturally constrained and the extent to which the river

is connected to its floodplains, large river food webs

can be supported by both floodplain POM and

upstream FPOM (Junk et al., 1989; Sedell et al.,

1989; Tockner et al., 1999). Conversely, the Riverine

Productivity Model (RPM, Thorp & Delong,

1994, 2002) predicted that the most important source

of OM is autochthonous primary production due to the

recalcitrant nature of OM imported from upstream

reaches. Since then, there has been much research

testing both predictions, and currently, there is more

empirical support for autochthonous primary produc-

tion as the main basal resource (Roach, 2013).

However, Roach (2013) also cautions that resource

use is a function of multiple environmental factors,

which differ between rivers. For example, autochtho-

nous resources can become important in slow-moving

or stagnant river sections, especially if the river is not

constrained to a single channel (Thorp & Delong,

1994; Thorp et al., 2006), suggesting a spatial

component in the significance of OM resource. The

type and the amount of OM resources available for

riverine food webs are furthermore driven by seasonal

variation. For example, seasonal variations in dis-

charge, temperature and global radiation are major

drivers of the composition and quality of riverine

suspended particulate organic matter (SPOM)

(Hamilton et al., 1992). Especially, the algal fraction

of SPOM with its high food quality (Guo et al., 2016)

shows pronounced seasonal patterns, with generally

higher concentrations during the vegetation period

compared to winter. During flood events, POM can be

mobilized from floodplains and river beds (Junk et al.,

1989; Calizza et al., 2012) with negative effects on

algal SPOM due to shading. Together, this can

decrease SPOM edibility (Kendall et al., 2001;

Harmelin-Vivien et al., 2010). In temperate river

ecosystems, significant entries of t-POM are also

restricted to autumnal leaf fall, suggesting that differ-

ent resources become available during different times

of the year.

While factors such as river–floodplain connectivity

or season control the availability of organic matter

resources, the extent to which resources are used by

riverine consumers depends on the composition of the

recipient consumer community. For example, coarse

particulate organic matter (CPOM) from upstream or

the floodplain can be an abundant OM source but may

not fuel benthic food webs as long as consumers that

are able to process this resource, i.e. invertebrate

shredders, are absent. The composition of the con-

sumer community, especially those of macroinverte-

brate primary consumers in large rivers depends to a

large extent on the interplay of hydraulic conditions

and habitat availability. For example, Benke et al.

(1984) showed that filtering collectors numerically

dominated the consumer community on large wood

habitats, whereas collector-gatherers dominated in

sand habitats. Similarly, filterers were highly corre-

lated with Reynolds number and substrate roughness

in a gravel bed river (Rempel et al., 2000).

However, most large rivers are now modified for

navigation, which is associated with strong gradients

of spatial complexity (Tockner et al., 1998; Peipoch

et al., 2015). The conversion of natural to armoured

shorelines in navigable rivers is often followed by

reduction of habitat heterogeneity as engineering

structures are usually created out of boulders and

stones that replace complex natural habitats such as

macrophytes (Brabender et al., 2016). Such modifica-

tions may impact the significance of autochthonous or

terrestrial resources for riverine food webs. For

example, the importance of epilithic biofilms for

macroinvertebrate consumers may be higher at

armoured shorelines due the higher availability of

substrate suitable for biofilm colonization. The change
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in habitat complexity may also affect resource signif-

icance by changing macroinvertebrate consumer

communities. In a previous study, we demonstrated

that the conversion of near-natural shorelines into

shorelines armoured with rip rap-altered macroinver-

tebrate community composition as well as macroin-

vertebrate secondary production. Our results also

showed that hydromorphological differences among

engineering structures determine the share of non-

native species to community composition (Brabender

et al., 2016). As most non-native species differ in

resource use from their native counterpart, the dom-

inance of non-native species at armoured shorelines

may influence both the use of resources and the

effectiveness of energy transfer through food webs

(Vander Zanden et al., 1999; Jackson et al., 2017).

In conclusion, human modifications of riverine

hydromorphology have the potential to substantially

alter the role of autochthonous or terrestrial resources

for benthic food webs. However, it remains unclear if

this is due to alterations of the spatial or temporal

component of variation in macroinvertebrate resource

use.

Here, we quantified the role of spatial variation

induced by different engineering structures compared

to temporal variation induced by season on macroin-

vertebrate resource use in a large lowland river.

Furthermore, we tested potential drivers for differ-

ences in resource use and compared stable isotopes of

consumers and resources, resource availability and

consumer composition among engineering structures

and seasons. We expected that spatial variation is

more important than temporal variation because of

stronger spatial gradients associates with human

modifications of riverine hydromorphology.

Methods

Sampling and sample preparation

The Elbe is an 8th order sandy lowland river located in

Central Europe and drains a catchment area of

148,268 km2. Mean (range) discharge during the

study period was 417 m3 s-1 (160–1,080). The river

is used for commercial and private navigation and is

thus modified by a variety of engineering structures

over the entire watercourse (Scholten et al., 2005).

Compared to other large European rivers, the Elbe is

classified as eutrophic, carrying a significant amount

of phytoplankton (Hardenbicker et al., 2014). Our

study covered the three most common engineering

structures: an off-bankline revetment, a rip rap, and a

wing dike within a 4-km reach of the Elbe River

(51�52042.1300N, 12�17023.8700E, river km 250–254,

Supplementary Material, Fig. S1). The off-bankline

revetment consists of a stone bar approximately 500 m

long installed at 5–30 m in front of the shore, parallel

to the flow direction (Brabender et al., 2016). Opening

of an upstream and a downstream created a secondary

flow which is hydraulically connected with the

navigational channel except during low water levels.

The rip rap consisted of layered, rectangular stones

covering the shore from the long-term mean water

level down to the lowest low water level. The wing

dike (also called spur dike, groyne) consisted of stone

bars installed almost perpendicular to the shore.

Macroinvertebrate consumers were collected in

May (summer) and October (autumn) 2011 and March

2012 (spring) within each of the three engineering

structures from the wadeable margin of the river

(water depth 0.3–1.0 m). In each engineering struc-

ture, consumers were sampled from all available

habitats, i.e. boulders, macrophytes and bottom sed-

iments. Macrophytes and bottom sediments were

sampled with a Surber sampler (500 lm mesh), while

macroinvertebrates from boulders were brushed over

nets with 500-lmmesh. Individuals were sorted alive,

identified to the lowest feasible taxonomic level and

transferred to filtered river water for several hours to

allow for gut clearance. Molluscs were removed from

their shells, andmacroinvertebrates were dried at 40�C
for 48 h.

Putative organic matter resources were sampled

along with sampling of consumers except for sus-

pended particulate organic matter (SPOM). SPOM

was collected monthly from May 2011 until April

2012 from the main channel adjacent to the three

engineering structures, except for March 2012, where

a larger flood prevented SPOM sampling. Hence, a

total of 33 SPOM samples were available. At each

site, 40 l of river water was filtered over a 100 lm
mesh to remove coarse particles and concentrated by

cross flow filtration (0.45 lm) to obtain sufficient

quantities for the following analyses. The phytoplank-

ton and detrital fraction of SPOM were separated and

collected for isotopic analysis by density gradient

centrifugation in a colloidal silica matrix following
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established methods (Hamilton & Lewis, 1992;

Delong & Thorp, 2006). Briefly, we transferred 5 ml

of concentrated SPOM to 50 ml tubes containing a

colloidal silica matrix (1.16 specific gravity at 25�C).
After 10 min of centrifugation (1,000 rpm), the

supernatant that contained the phytoplankton fraction

was carefully removed with a pipette. To remove the

colloidal silica matrix, the supernatant was resus-

pended into particle-free river water and filtered onto

an ashed Whatman GF/F filter (nominal pore size

0.7 lm; Whatman, Clifton, New Jersey, USA). The

quality and quantity of bulk SPOM was quantified by

measuring Chl a and ash free dry mass (AFDM) as

described elsewhere (Brabender et al., 2016).

Stable isotope samples for biofilm were collected

by brushing at least three stones per engineering

structure. The resulting slurry was filtered over

100 lm to remove coarse particles and was immedi-

ately frozen for later analysis. BOM was sampled

using a sediment corer (Uwitec, Mondsee, Austria) at

five sites located equidistantly across each engineering

structure. The upper 2 cm of each core was extracted

and sieved over sieves with 250 lm mesh. BOM

samples were examined under a microscope, and

invertebrates were removed. Terrestrial particulate

organic matter (t-POM), i.e. leaves from riparian trees

and the riparian herbaceous vegetation were collected

by hand. After processing, resource samples were

dried at 40�C for 48 h. Resource availability was

quantified as standing stocks from resource samples

collected over the course of a year. The corresponding

methods of data collection have been presented

elsewhere (Brabender et al., 2016).

Stable isotope analysis

To prepare samples for stable isotope analysis,

macroinvertebrates and food resources were ground

with an electronic ball mill and weighed into tin

capsules. Each macroinvertebrate sample for

stable isotope analysis consisted of several individuals

to obtain sufficient material for analysis. For each

engineering structure and season, we analysed at least

three independent replicates if available (see Table S1

for number of replicates). Elemental concentrations

and stable isotopes of C and N were analysed on an

Eurovector 3000 elemental analyser (Hekatech, Ger-

many) directly connected via open split (ConFlo IV) to

a Finnigan MAT 253 isotope ratio mass spectrometer

(Thermo Fisher Scientific, Germany). Stable isotope

data are expressed as the relative difference between

ratios of samples and standards (PeeDee Belemnite for

d13C, atmospheric N2 for d
15N):

dR &ð Þ ¼ RSAMPLE

RSTANDARD

� �
� 1

� �
� 103; ð1Þ

where R = 13C/12C or 15N/14N.

All isotope results were consistently two points

calibrated against reference materials IAEA-CH6 and

IAEA-CH7 for d13C and two in-house ammonium

sulphate reference materials for d15N. Analytical

precision (SD) from multiple runs was 0.12% for

d13C and 0.1% for d15N.

Mixing model analysis

We first estimated consumers’ trophic positions rela-

tive to a site-specific baseline derived from stable iso-

tope values of all non-predatory macroinvertebrates,

i.e. Chironominae, mussels and snails for each engi-

neering structure and season (Vander Zanden &

Rasmussen, 1999). We excluded consumers having a

trophic position[ 2.4 as such trophic positions indi-

cate omnivorous or predatory feeding mode.

Prior to mixing model analysis, we identified

outliers in the stable isotope data of consumers using

simulated mixing polygons (Smith et al., 2013). The

method generated 1,000 possible mixing polygons

based on mean and SD of resource stable isotopes

using Monte Carlo simulation and tests if consumers

are located inside these polygons. For each consumer,

the proportion of iterated polygons containing the

respective consumer was calculated, and consumers

were that were in less than 5% of the iterations were

excluded from further mixing model analyses as

suggested by Smith et al. (2013). We accounted for

trophic discrimination using factors and uncertainties

specific for aquatic invertebrates: 0.1 ± 2.2% for

d13C and 2.6 ± 2.0% for d15N (Brauns et al., 2018).

We used Bayesian mixing models as implemented

in the MixSIAR package (Stock & Semmens, 2013) to

estimate the contribution of biofilm, BOM, phyto-

plankton and t-POM to the diets of macroinvertebrate

primary consumers found at each engineering struc-

ture and in each season. We used the discrimination

factors described above and model options with

concentration dependence (Phillips & Koch, 2002)

and without residual error terms (Parnell et al., 2013).
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Convergence of each model run was verified using

diagnostic plots and tests provided by the software.

Mixing models resulted in 3,000 posterior estimates of

proportional contribution of each resource to a given

consumers diet that were used to calculate the mean

and 95% credible intervals (Table S1) and subsequent

statistical analysis. Overall means for a given resource

at a given engineering structure and season were

calculated by averaging posterior estimates of con-

sumers found there.

Statistical analysis

We evaluated drivers for the spatiotemporal variation

of macroinvertebrate resource use and tested if

stable isotope composition of consumers and

resources, resource standing stocks and consumer

composition differed among engineering structures or

seasons. We used 1-way repeated measure analyses of

variance (RM ANOVA) to test for differences in

resource standing stocks, stable isotope composition

of consumers and resources using either engineering

structures or seasons as replicates. We compared the

temporal development of stable isotope compositions

of bulk SPOM with that of SPOM separated into

phytoplankton and detritus using a 1-way RM

ANOVA with seasons as replicates. All variables

were tested for normality, homogeneity of variances as

well as sphericity, and were transformed if necessary

(IBM SPSS Statistics, v 22, Chicago, U.S.A.).

We tested if there were compositional differences

of consumer communities among engineering struc-

tures and seasons using a permutational analysis of

variance (PERMANOVA). Analysis was based on the

presence–absence data of macroinvertebrate con-

sumers and the Sorensen coefficient as a measure of

beta diversity (PRIMER-E Ltd., v. 6, Plymouth, UK).

We statistically tested if dietary contributions of

biofilm, BOM, phytoplankton and t-POM were driven

by engineering structures or by season. Point estimates

such as means do not reflect the full uncertainty of

estimates of dietary proportions (Phillips et al., 2014)

and there is no statistical framework for comparing

multiple posterior estimates of dietary proportions.

Hence, we used the 95% credible intervals of dietary

proportions and created histograms for each resource,

engineering structure and season. We then calculated

the percentage overlap of these histograms between all

combinations of engineering structure as well as

season using the ‘overlapping’ package (Pastore,

2017) in R (R Core Team, 2013). A large proportional

overlap indicates no difference in dietary proportions.

From the resulting comparisons among engineering

structures or season, mean values and the 95%

confidence intervals of percentage overlap were

calculated for each resource separately. We inter-

preted engineering structure as the more important

driver for the use of a given resource if mean

percentage overlap was lower for engineering struc-

ture than for season. If the difference between

engineering structure and season was less than 5%,

we deemed both factors as similarly important.

Furthermore, we tested if t-POM was the more

important diet for macroinvertebrate primary con-

sumers than phytoplankton. To do that, we calculated

the proportion of the 3,000 posterior estimates of

t-POM that were larger than that of phytoplankton for

each engineering structure and each season. This test

was done in R using the ‘‘tRophicPosition’’ package

(Quezada-Romegialli et al., 2018).

Results

Resource availability and consumer composition

Standing stocks of organic matter resources did not

significantly differ with engineering structure. Stand-

ing stocks of biofilm significantly differed with season

and were highest in summer. Pelagic Chl a as an

indicator of phytoplankton biomass was highest in

spring and summer and lowest in autumn and signif-

icantly differed by season (Tables 1, S2).

The composition of macroinvertebrate consumer

communities did not significantly differ neither with

engineering structure (PERMANOVA: Pseudo-

F = 1.19, P(perm) = 0.339) nor with season (Pseudo-

F = 1.06, P(perm) = 0.467).

Stable isotopes of resources and consumers

There were significant differences in d13C between

bulk SPOM and its phytoplankton and detrital frac-

tions (RM ANOVA: F2,10 = 15.5, P\ 0.001). The

detrital fraction of SPOMwas significantly enriched in

d13C compared to bulk SPOM (P\ 0.001) (Fig. 1),

but there were no significant differences in d13C
between the phytoplankton fraction and bulk SPOM
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(P = 0.144). There were no significant differences in

d15N between bulk SPOM and its phytoplankton and

detrital fractions (RM ANOVA: F2,10 = 0.3,

P = 0.721) indicating that the stable isotope signature

of bulk SPOM can be a reliable indicator of that of

pelagic primary producers.

The phytoplankton fraction of SPOM varied by *
8% for both isotopes over the course of year (Fig. 1)

and tended to differ in d13C and differed significantly

in d15N with season (Table 1). There was no signif-

icant effect of engineering structure on phytoplankton

fraction of SPOM for both isotopes (Table 1).

Stable isotope values of macroinvertebrate con-

sumers ranged from - 33 to - 23% for d13C and

from 5 to 13% for d15N (Fig. S2) and there was a

significant effect of season on consumers d13C (RM

ANOVA: F2,82 = 30.34, P\ 0.001) and d15N (RM

ANOVA: F2,82 = 18.75, P = 0.001), but no significant

effect of engineering structure (d13C, RM ANOVA:

F2,82 = 1.63, P = 0.229, d15N, RM ANOVA:

F2,82 = 4.64, P = 0.270).

Consumer resource use

Resource use differed with season or engineering

structure depending on the type of resource as revealed

by the comparison of the degree of overlap of the

credible intervals of dietary contributions (Fig. 2,

Table 2). Overlap of the contribution of biofilm was

on average lower for seasons than engineering struc-

tures, indicating stronger effects of season on the use

of biofilm by macroinvertebrate primary consumers

than of engineering structures. Conversely, overlap of

BOM as well as phytoplankton contributions were

lower for engineering structures than for seasons

(Fig. 2). Overlap of t-POM contributions did not differ

between season and engineering structures, indicating

that both factors were similarly important for the use

of this resource by macroinvertebrate primary con-

sumers (Fig. 2). Concerning the importance of t-POM

for primary consumers in comparison with phyto-

plankton, t-POM was more important than phyto-

plankton in summer and spring but not in autumn

irrespective of engineering structure (Table 3).

Discussion

Knowledge on the significance and interplay of

variation induced by hydromorphological degradation

and temporal variation in determining macroinverte-

brate resource use is a critical component for our

understanding of organic matter flows in food webs of

human-modified rivers. We compared macroinverte-

brate resource use in a large lowland river among

engineering structures and seasons and expected

engineering structures to be the more important driver

for macroinvertebrate resource use.

Contribution of the phytoplankton fraction of

riverine SPOM to macroinvertebrate diets was pri-

marily driven by engineering structure (Fig. 2), even if

standing stocks and stable isotope signatures did not

significantly differ. Instead, stable isotopes of the

phytoplankton fraction of riverine SPOM varied

significantly with season and we found an 8%
variation in d13C and d15N over the course of 1 year.

Table 1 Results of a one-way repeated measure ANOVA

testing for the effects of engineering structure (df = 2) and

season (df = 2) on stable isotopes and standing stocks of bio-

film, benthic organic matter (BOM), suspended particulate

organic matter (SPOM) and terrestrial particulate organic

matter (t-POM)

Variable Engineering structure Season

Biofilm

d13C 0.988 0.089

d15N 0.006 0.075

Standing stock 0.259 0.003

BOM

d13C 0.263 0.089

d15N 0.764 0.005

Standing stock 0.143 0.797

SPOM – phytoplankton

d13C 0.397 0.057

d15N 0.964 0.021

Standing stock 0.458 0.045

SPOM – bulk

d13C 0.565 0.002

d15N 0.314 0.024

Standing stock 0.358 0.298

t-POM

d13C 0.758 0.119

d15N 0.941 0.093

T-POM was only sampled qualitatively and was unavailable

for standing stock tests. For each test, the level of significance

is given
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Hamilton & Lewis (1992) found similar variation in

the Orinoco River (Venezuela), where phytoplankton

SPOM variation was 14% for d13C and 6% for d15N.
Temporal variation in d13C of primary producers is

often associated with variations in the source and the

relative availability of dissolved inorganic carbon

(DIC) and the respiration rate of primary producers

(Finlay, 2001). There are not enough studies available

to generalize the magnitude of variation in phyto-

plankton d13C, but our results indicate that season

needs to be considered when planning isotope studies

of pelagic primary producers in large rivers. Dietary

contribution of t-POM was similar among seasons and

engineering structures and stable isotope signatures

neither differed by season, nor by engineering struc-

ture. This indicates that both factors were similarly

important for the use of this resource by macroinver-

tebrate primary consumers.

Concerning the debate on whether t-POM is more

important for food webs than riverine phytoplankton,

we showed that t-POM was the more important

resource for macroinvertebrate primary consumers in

summer and spring, but not in autumn. This is

surprising given that autumnal leaf fall should lead

to higher availabilities of t-POM and thus an increased

use of this resource. Our results on the role of t-POM

are conservative given as our estimates of allochthony

rely on t-POM only. BOM was overall the most

important resource and is known to contain significant

amounts of OM of terrestrial origin. However, it is

currently impossible to differentiate the sources con-

tributing to BOM based on bulk stable isotope anal-

yses. Differentiation of BOM sources will benefit from

the increasing use of compound-specific stable isotope

Fig. 1 Temporal variations of mean (± SD) stable isotope values of bulk suspended particulate organic matter (SPOM), and SPOM

separated into phytoplankton and detritus across the studied engineering structures in the Elbe River

Fig. 2 Significance of engineering structures and seasons for

the contribution of major organic matter resources to the diets of

macroinvertebrate primary consumers. The mean percentage

overlap of the 95% credible intervals of dietary proportions

across the studied three engineering structures and three

seasons, respectively, is shown. Engineering structure deemed

to be more important for macroinvertebrate resource use if its

percentage overlap was smaller than that of season. SeeMethods

section for further details
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analysis, e.g. based on amino acids (AA-CSIA). A

recent study used AA-CSIA to estimate the degree of

allochthony in fish in a natural and a human-modified

US river and found that the average contribution of

t-POM was substantially lower than that of algae

(Thorp & Bowes, 2017). However, contributions of

algae were lower, and contributions of t-POM were

higher in the human-modified river. This finding taken

together with our results indicates that human alter-

ations of the riverine hydromorphology play an

important role for organic matter sources fuelling

benthic food webs.

Regarding dietary contributions of biofilm as a

sessile primary producer, we expected a stronger role

of spatial variation than for phytoplankton having a

relatively homogenous distribution as a suspended

resource (Table 1). Biofilms are generally strongly

controlled by environmental factors including light,

grazers and hydrodynamics, which leads to both

spatial and seasonal variations in biofilm composition

(e.g. Rosemond et al., 2000; Risse-Buhl et al., 2017).

In fact, our results showed clear seasonal variations in

biofilm standing stock, whereas spatial variation was

non-significant. This coincided with a higher impor-

tance of season than engineering structure for the

contribution of biofilms to macroinvertebrate diets.

Surprisingly and in contrast to the results of the biofilm

standing stock, the stable isotope data (d15N) of the
biofilms show pronounced spatial differences. This

Table 2 Mean

proportional contribution of

resources (95% credible

interval) to the diet of the

macroinvertebrate

consumer community from

the Elbe River

Also shown are mean and

95% credible intervals for

the annual mean

BOM Benthic organic

matter, t-POM terrestrial

particulate organic matter

Engineering structure

Off-bankline Rip rap Wing dike

Biofilm

Summer 0.11 (0.00–0.24) 0.09 (0.00–0.19) 0.08 (0.00–0.18)

Autumn 0.59 (0.42–0.76) 0.28 (0.07–0.48) 0.35 (0.13–0.55)

Spring 0.18 (0.00–0.37) 0.12 (0.00–0.28) 0.08 (0.00–0.22)

Annual 0.28 (0.16–0.41) 0.18 (0.07–0.29) 0.16 (0.08–0.26)

BOM

Summer 0.44 (0.19–0.68) 0.16 (0.00–0.34) 0.37 (0.10–0.61)

Autumn 0.11 (0.00–0.28) 0.21 (0.03–0.41) 0.25 (0.01–0.50)

Spring 0.56 (0.37–0.74) 0.22 (0.00–0.46) 0.19 (0.00–0.42)

Annual 0.42 (0.29–0.55) 0.20 (0.08–0.33) 0.25 (0.11–0.40)

Phytoplankton

Summer 0.20 (0.00–0.32) 0.20 (0.00–0.44) 0.16 (0.00–0.35)

Autumn 0.20 (0.09–0.33) 0.26 (0.12–0.38) 0.24 (0.11–0.38)

Spring 0.10 (0.03–0.17) 0.25 (0.04–0.50) 0.36 (0.07–0.66)

Annual 0.14 (0.09–0.20) 0.24 (0.13–0.35) 0.27 (0.14–0.41)

t-POM

Summer 0.23 (0.01–0.46) 0.54 (0.31–0.75) 0.38 (0.20–0.60)

Autumn 0.08 (0.00–0.18) 0.24 (0.06–0.46) 0.15 (0.00–0.27)

Spring 0.15 (0.08–0.23) 0.40 (0.10–0.71) 0.35 (0.01–0.65)

Annual 0.14 (0.07–0.20) 0.37 (0.21–0.50) 0.30 (0.13–0.45)

Table 3 Proportion of the posterior probability distribution of

t-POM that was larger than that of phytoplankton at each

engineering structure and each season

Season Engineering structure t-POM[Phytoplankton

Summer Off-bankline revetment 0.55

Rip rap 0.92

Wing dike 0.91

Autumn Off-bankline revetment 0.10

Rip rap 0.40

Wing dike 0.22

Spring Off-bankline revetment 0.86

Rip rap 0.74

Wing dike 0.49
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pattern was not observed in any other resource.

Substantial spatial variation in biofilm d15N is often

attributed to dissolved inorganic N from different

sources such as fertilizer or of atmospheric origin

(Peipoch et al., 2012; Bentivoglio et al., 2016). Given

that our sites were just 4 km apart, we assume effects

of different N sources to be minor. Another explana-

tion may be the multi-trophic status of the microbial

biofilms. Biofilms are composed of many trophic

guilds among the microbial food web, including algae,

bacteria and small grazers, the latter including primary

consumers and predators (Weitere et al., 2018). The

relative contribution of those different trophic levels

within the bulk biofilm might explain variations in

their isotopic signatures.

Engineering structure tended to be the more

important driver for the observed variability of the

contribution of BOM than season. Previous studies

have shown that differences in the morphological

setting of riverine engineering structures are often

associated with different retentiveness and thus dif-

ferences in sedimentation patterns (Poulton & Allert,

2012; Reid & Church, 2015). In our study, there was

no significant effect of engineering structure and

season on BOM standing stocks, which makes inter-

pretation of the results difficult. Hence, further studies

are needed to test if the spatial variation in the

contribution of BOM to macroinvertebrate diets

exceeds the temporal variation along a gradient of

different hydromorphological settings.

Our study revealed the interesting phenomenon that

macroinvertebrate resource as revealed by stable iso-

tope analyses did not covary with resource standing

stocks for phytoplankton and t-POM. Even the pres-

ence of a covariation as found for biofilms does not

imply that seasonal shifts in resource availability drive

consumer resource use. Apparently, standing stocks of

both phytoplankton and t-POM were sufficiently high

throughout the year to not limit macroinvertebrate

primary consumers. We rather assume that in produc-

tive eutrophic large rivers that are sufficiently con-

nected to floodplains, availability of autochthonous

primary production and allochthonous subsidies

matches the resource demand of benthic consumers.

In a previous study, we showed that the morphological

configuration of engineering structures controlled

macroinvertebrate communities in the Elbe River

(Brabender et al., 2016). This contradicts with results

from this study where communities did not differ

among engineering structures. A part of this mismatch

may be due to the semi-quantitative nature of

stable isotope studies, where resource use is usually

related to single individuals instead of the populations

or communities. Hence, future studies should adopt a

quantitative approach and link estimates of macroin-

vertebrate ingestion rates to seasonally and spatially

resolved resource production rates in order to derive

quantitative measures of consumer–resource interac-

tion such as ecotrophic efficiency.

In conclusion, we showed that engineering struc-

ture is an important predictor of macroinvertebrate

resource use. However, the detailed analyses also

revealed that the role of engineering structure depends

on the resource type with strong effects on contribu-

tions of BOM and phytoplankton and weak effects to

no effect on contributions of biofilm and t-POM.

Season was as important as engineering structure

suggesting that macroinvertebrate resource use in this

large human-modified river is driven by an interplay of

environmental parameters under large scale control as

season and variations in local hydromorphology

induced by engineering structures. Our results do not

allow for a robust generalization beyond the studied

river system given the restricted level of spatial

replication. This is exacerbated by the restricted

knowledge on the functioning of macroinvertebrate

communities in other large human-modified rivers.

Hence, future studies should quantitatively compare

resource use of benthic consumers in constrained and

natural rivers to evaluate the potentially adverse

effects of hydromorphological alterations on organic

matter flows in riverine food webs.
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