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� Lowland stream sediment food and
habitat characteristics were land use
specific.

� Macroinvertebrate community
composition was also land use
specific.

� EPT richness was positively related to
the presence of woody debris.

� Shannon-Wiener diversity was well
explained by fatty acids origin.

� Oligochaeta and Chironomus sp.
abundances were explained by a low
sediment C/N ratio.
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The input of land use specific organic matter into lowland streams may impact sediment characteristics
in terms of food resources and habitat structure, resulting in differences in macroinvertebrate community
composition. Therefore, we investigated to what extent land use specific sediment food and habitat char-
acteristics structure macroinvertebrate communities. To this purpose linear multiple regression models
were constructed, in which macroinvertebrate biotic indices were considered as response variables and
sediment characteristics as predictor variables, analysed in 20 stream stretches running through five dif-
ferent land use types. Sediment characteristics and macroinvertebrate community composition were
land use specific. The carbon/nitrogen (C/N) ratio, woody debris substrate cover and the origin of fatty
acids influenced macroinvertebrate community composition. Shannon-Wiener diversity was better
explained by fatty acids origin, such as in grassland streams, where a higher relative content of plant
derived fatty acids related to a higher macroinvertebrate diversity. In cropland and wastewater treatment
plant (WWTP) streams with a low C/N ratio and dominated by microbial derived fatty acids, higher abun-
dances of Oligochaeta and Chironomus sp. were observed. Ephemeroptera, Plecoptera, and Trichoptera
(EPT) richness was positively related to woody debris substrate cover, which only occurred in forest
streams. Hence, macroinvertebrate community composition was influenced by the origin of the organic
material, being either allochthonous or autochthonous and when autochthonous being either autotrophic
or heterotrophic. It is therefore concluded that sediment food and habitat characteristics are key ecolog-
ical filters.
� 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Catchment land use strongly defines the structure and function-
ing of stream ecosystems, urging for a better understanding of the
connection between terrestrial and aquatic ecosystems (Sponseller
and Benfield, 2001; Palmer et al., 2014; de Vries et al., 2019;
Krynak et al., 2019). Impacts from different land use types on ben-
thic ecosystems and macroinvertebrate community structure have
been reported (Lu et al., 2014; Dalu et al., 2017; Miltner and
McLaughlin, 2019; Wang et al., 2019), but the key environmental
variables driving land use specific benthic community composition
remain unclear. The input of terrestrial fine sediment may influ-
ence the sediment characteristics in streams (Burcher and
Benfield, 2006; Kominoski and Pringle, 2009; Gieswein et al.,
2019), particularly in deposition zones, where allochthonous mate-
rials, woody debris, and nutrients accumulate (Golladay et al.,
1987; Pusch et al., 1998). Since the composition of allochthonous
material differs between land use types (e.g. Matthaei et al.,
2010), impacts on stream sediment food and habitat characteris-
tics are expected to be land use specific as well (de Haas et al.,
2002; Lu et al., 2014; dos Reis Oliveira et al., 2018), differently
affecting local macroinvertebrate communities (Wood and
Armitage, 1999; Callisto and Graça, 2013) and aquatic food webs
(Cummins and Klug, 1979; Tank et al., 2010). Laboratory studies
have indeed shown that macroinvertebrate species respond to dif-
ferences in sediment characteristics, each preferring a specific sed-
iment food quality (de Haas et al., 2002; Chung and Suberkropp,
2009; Vonk et al., 2016; dos Reis Oliveira et al., 2018). Yet, the role
of sediment characteristics in terms of food resources and habitat
structure as key ecological filters driving macroinvertebrate com-
munity composition remains poorly understood. Therefore, the
aim of this study was to determine if lowland stream sediment
food and habitat characteristics are land use specific and if they
do structure macroinvertebrate communities. To this purpose lin-
ear multiple regression models were constructed, in which
macroinvertebrate biotic indices were considered as response vari-
ables and sediment characteristics as predictor variables. To this
end four replicate streams running through five different land
use types were sampled, where substrate cover, sediment organic
matter composition and the origin of fatty acids were analysed.
We hypothesized that the land use specific input of fine sediment
and organic matter in lowland stream impact sediment food and
habitat characteristics, consequently affecting macroinvertebrate
community composition.
2. Material and methods

2.1. Study area

This study was conducted in October and November 2017, in 20
lowland streams in the Netherlands representing five common
land use types. For each land use type, four replicate streams with
similar morphological characteristics were selected (mean depth
0.13–0.35 m; width 2.0–2.9 m; current velocity 0.02–0.19 m/s; dis-
charge 0.003–0.022 m3/s). The land use types included forest, serv-
ing as natural reference sites (hereafter referred to as forest) and
streams in areas with non-fertilized pasture (extensive grassland
(EG)), fertilized pasture (intensive grassland (IG)), arable field
(cropland) and waste water treatment plants (WWTP). The selec-
tion criterion for the streams of the land use types forest, grass-
lands and cropland was the percentage of surface covered in the
catchment (>2/3) by the selected land use type (Table S1), as indi-
cated on the national Dutch land use map (LGN5) (Hazeu et al.,
2011). The WWTP effluent receiving streams were selected based
on the presence of a sewage treatment plant outflow (�50,000
people).

The stream oxygen conditions differed between the land use
types, where dissolved oxygen saturation (DO) in the water col-
umn was the lowest in cropland streams and the sediment oxygen
demand (SOD) was the highest in WWTP streams (Table 1) (dos
Reis Oliveira et al., submitted for publication).

2.2. Sediment sampling

In the middle reach of each of the 20 streams deposition zones
were identified as a 20 m stretch, defined as deeper instream areas
where current velocity was low, measured with an electromag-
netic current meter Valeport model 802 and where fine particulate
organic matter (FPOM) accumulated. A composite sediment sam-
ple was taken per stream from representative deposition zones
by sampling the top 2 cm layer using an acrylic core several times
until 500 g sediment was collected, allowing to perform all analy-
ses. The samples were freeze-dried (CoolSafe 55-9 Pro) directly
after sampling and subsequently analysed for sediment
characteristics.

2.3. Sediment characteristics

In the present study, sediment characteristics included sub-
strate cover, sediment composition and the origin of fatty acids.
Substrate cover and sediment composition data were obtained
from a parallel study in the same streams (dos Reis Oliveira
et al., submitted for publication). Substrate cover, used as a proxy
for habitat structure, was determined by the relative amount of
woody debris, macrophytes, coarse particulate organic matter
(CPOM) and fine particulate organic matter (FPOM) on the sedi-
ment of a 20 m stream stretch. Substrate cover was estimated
according to Hering et al. (2003), quantifying the cover percentage
of all mineral substrates and biotic microhabitats.

To determine the sediment composition, a subsample of ball-
milled sediment was taken per stream for organic matter content
(OM), total carbon (TC), total nitrogen (TN) and chlorophyll-a con-
tent (Chla) measurements. The TC and TN were measured using an
elemental analyzer (Elementar Vario EL, Hanau, Germany) and OM
by loss of weight-on ignition of oven dried (105 �C) material at
550 �C for 16 h. Sediment chlorophyll–a concentrations were
quantified according to Porra et al. (1989) and Brito et al. (2009),
and the respective concentrations were calculated using Loren-
zen’s equation (Lorenzen, 1967), modified for sediment samples.

Chl a mg=gð Þ ¼ A� K� 665b� 665að Þ � V
g� l

in which: A is the absorption coefficient of chlorophyll a = 11.63, K
is the factor to equate the reduction in absorbancy to initial chloro-
phyll concentration 2.43, 665b is the absorbance before acidifica-
tion, 665a is the absorbance after acidification, V is the volume of
acetone used for the extraction (ml), g is the grams of sediment
sample, l is the path length of cuvette (cm)

Fatty acids origin was determined by first weighing 2 sets of 1 g
sediment, extracted by accelerated solvent extraction (ASE) and
analysed by gas chromatography-mass spectrometry (GC/MS), per-
formed on a ThermoQuest Trace GC 2000 gas chromatograph con-
nected to a Finnigan Trace MS quadrupole mass spectrometer,
according to Jansen et al. (2006). Peak areas for individual fatty
acids were identified and quantified using the Xcalibur program
(version 1.0.0.1). The origin of fatty acids from various organisms
can be identified by the carbon chain length and by the level of
unsaturation. Firstly, fatty acids from microbial origin (FA micro)
were categorized as the sum of saturated and unsaturated short



Table 1
Mean (n = 4, ± sd) 48 h dissolved oxygen saturation (mean DO sat.), minimum dissolved oxygen saturation during 48 h in the water column and sediment oxygen demand over
24 h (dos Reis Oliveira et al., submitted for publication).

Forest EG IG Cropland WWTP

Mean DO sat. (%) 63.6 (13.5) 36.9 (20.8) 66.3 (3.9) 35.9 (45.4) 72.6 (7.5)
Minimum DO sat. (%) 52.9 (15.9) 21.6 (19.8) 53.0 (7.2) 16.9 (23.0) 53.2 (10.7)
SOD (gO2 m-2 day-1) 0.32 (0.10) 0.33 (0.03) 0.34 (0.08) 0.40 (0.17) 0.68 (0.18)
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carbon chain fatty acids (C14 to C18) (Napolitano, 1999; Bianchi
and Canuel, 2011), while plant derived fatty acids (FA plant) were
considered to be the sum of saturated and unsaturated long carbon
chains (C22 to C32) (Meyers and Ishiwatari, 1993; Bianchi and
Canuel, 2011). Secondly, the autotrophic or heterotrophic nature
of the microbial fatty acids was determined (Whatley et al.,
2014a). Here, heterotrophic microbial fatty acids were identified
by summing the saturated and branched fatty acids, while fatty
acids originating from autotrophic microbes were categorized as
the sum of monounsaturated and polyunsaturated fatty acids. Sub-
sequently, the ratio between heterotrophic/autotrophic microbial
fatty acids (SB/MP) was calculated per stream.

2.4. Macroinvertebrate community composition

To characterize the effects of fine sediment input in stream
ecosystems on macroinvertebrates, in each stream four replicate
macroinvertebrate samples were taken from the deposition zones
using a Surber sampler (surface area: 625 cm2; mesh size:
0.5 mm). Within 48 h, the collected organisms were sorted and
identified to the genus level. Species richness (number of taxa),
Shannon–Wiener diversity index, relative abundance of Ephe-
meroptera, Plectoptera and Trichoptera (EPT) individuals, EPT rich-
ness, the relative abundance of Oligochaete individuals (O), the
sum of the relative abundance of Oligochaeta and Chironomidae
individuals (O + Ch) and the total number of Chironomus sp. indi-
viduals divided by the total number of Chironomidae (C/Ch) were
calculated. To access the quality of the stream in terms of macroin-
vertebrate community composition, EPT and EPT richness were
used to indicate good quality, as these taxa are considered to be
sensitive to stream degradation (e.g. Lenat and Resh, 2001), while
O + Ch and C/Ch were indicative of poor environmental quality,
as many Oligochaeta and Chironomidae taxa, especially Chirono-
mus sp. can tolerant high levels of organic pollution (e.g. Kerans
and Karr, 1994; Czerniawska-Kusza, 2005). In addition, all individ-
uals were classified according to their functional feeding traits
derived from to the autecological database for freshwater organ-
isms, version 7.0, accessed on 01 February 2019 (www.freshwa-
terecology.info), and subsequently the relative abundances of the
different functional feeding groups (Moog, 1995) were calculated.

2.5. Data analyses

To evaluate whether sediment characteristics were land use
specific, a principal component analysis (PCA) was performed on
log-transformed data of substrate cover of woody debris, macro-
phytes, CPOM and FPOM, OM content, C/N ratio, chlorophyll-a,
and microbial and plant derived fatty acid content and the SB/MP
ratio. As the sediment characteristics (response data) were compo-
sitional and had a 0.9 SD units long gradient, a linear method was
recommended (Ter Braak and Šmilauer, 2002). The PCA was there-
fore performed in CANOCO for Windows version 5.12 (Ter Braak
and Šmilauer, 2002).

Differences in fatty acid origin between land use types were
tested separately using one-way analysis of variance (ANOVA), fol-
lowed by a Tukey post hoc test (R-package stats). In the cases
where the conditions of data normality (Shapiro–Wilk test) and
homogeneity of variances (Levene’s test) were violated, differences
between means were evaluated using the non-parametric Kruskal–
Wallis test, followed by a Mann-Whitney pairwise comparison test
(Bonferroni corrected: 0.05/4, a = 0.0125) to compare the streams
from the five different land use types (R-package multcompView).
To test the differences between microbial and plant derived fatty
acids content per land use type, T-tests were used.

In order to consider the multiple streams and the surber repli-
cates per stream in the statistical analyses, differences in macroin-
vertebrate community indexes and functional feeding groups
between land use types were tested using a linear mixed effect
model with land use type and within stream location as fixed
effects and stream surber replicates as random effect (R-packages
lmertest and emmeans) (Kuznetsova et al., 2017).

To evaluate how much of the variance in macroinvertebrate
community composition was explained by the sediment food and
habitat characteristics, generalized linear models (GLM) were
applied. To this purpose linear models (multiple regression, assum-
ing Gaussian errors) were formulated, fitted and validated accord-
ing to Burnham and Anderson (2002), using data from the 20
studied streams. The macroinvertebrate biotic indices and func-
tional feeding group classes means per stream were considered
as response variables, and sediment characteristics as predictor
variables. Predictor variables were categorized as substrate cover
(macrophyte, woody debris, CPOM, FPOM), sediment composition
(OM content, C/N ratio, chlorophyll-a concentration) and sediment
fatty acid origin (microbial, plant and SB/MP). For each group of
predictor variables, models were constructed with all possible
combinations of parameters. The Akaike Information Criterion
(AIC) was used to select the best statistical models. Models were
considered adequate and retained when differing less than 2 AIC
from the model with the lowest (best) AIC value. In the resulting
model ensemble, the mean of the adjusted R2 (R2

adj) was determined
as a measure to explain the variation in macroinvertebrate commu-
nity composition according to sediment characteristics. Within each
group of sediment characteristics, the importance of the contributing
parameters was determined by calculating their relative frequency
of occurrence in the model ensembles. All analyses were performed
in R (R Core Team 2015), using functions from the packages plyr,
reshape, rpart (Wickham, 2007; Wickham, 2009; Wickham, 2011;
Therneau and Atkinson 2018).
3. Results

3.1. Sediment characteristics

In the PCA, the first two axis together explained 73% of the ordi-
nation of the sediment characteristics. On axis 1, all forest streams
were grouped, positively related to woody debris (factor
score = 0.94), CPOM substrate cover (factor score = 0.95), and C/N
ratio (factor score = 0.50). All agricultural and WWTP streams were
grouped on the opposite side of axis 1, related to macrophyte cover
(factor score = � 0.50). On axis 2, WWTP streams were positively
related to microbial derived fatty acids (factor score = 0.50). Most
of the agricultural streams were clustered on the opposite side of
axis 2, related to plant derived fatty acids (factor score = �0.50),
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Fig. 1. Principle Component Analysis biplot for ordination of sediment character-
istics in 4 replicate streams per land use type (forest, EG – extensive grassland, IG –
intensive grassland, Crop – cropland and WWTP – Wastewater Treatment Plant).
The arrows represent the environmental variables C/N ratio (CN), chlorphyll-a
(Chla) and organic matter percentage (OM) in the sediment; wood debris, coarse
particulate organic matter (CPOM), fine particulate organic matter (FPOM) and
macrophytes substrate cover; plant derived fatty acids (FA_plant), microbial
derived fatty acids (FA_micro) and the ratio between heterotrophic/autotrophic
microbial fatty acids (SB/MP).
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Chlorophyll-a (Chla) (factor score = �0.78), OM (factor
score = �0.63) and FPOM (factor score = �0.73) (Fig. 1 and
Table S2). Overall, axis 1 separated sites where the organic matter
source was either allochthonous or autochthonous, while axis 2
separated sites where the organic matter originated either from
autotrophic (FA_plant and Chla) or from heterotrophic (SB_MP)
organisms.

3.2. Sediment fatty acid origin

Microbial derived fatty acids content (C14 to C18) was signifi-
cantly (p < 0.05) higher in WWTP streams than in EG and IG
streams (Fig. 2A). In contrast, in EG and IG streams, plant derived
fatty acids content (C22 to C32) was significantly (p < 0.05) higher
than in WWTP streams (Fig. 2B).

Microbial derived fatty acids content was significantly
(p < 0.05) higher than plant derived fatty acids content in forest
and WWTP streams, while plant derived fatty acids content was
significantly (p < 0.05) higher than microbial fatty acid contents
in EG streams (Fig. 2C). The ratio heterotrophic/autotrophic micro-
bial fatty acids (SB/MP) was higher in WWTP and cropland streams
than in forest, EG and IG streams, but these differences were not
significant (Fig. 2D).

3.3. Macroinvertebrate community composition

3.3.1. Abundances and indices
The WWTP streams were characterized by significant (p < 0.05)

higher total macroinvertebrate abundances compared to the
streams of the other land use types, except for forest. In IG streams,
the Shannon-wiener diversity was significantly (p < 0.05) higher
than in cropland and WWTP streams. Forest streams showed the
highest EPT scores, significantly (p < 0.05) higher than in the IG
and WWTP streams, while also EPT richness was highest in forest
streams, significantly (p < 0.05) higher than in all other streams.
WWTP streams were characterized by significantly (p < 0.05)
higher abundances of Oligochaeta. Cropland and WWTP streams
contained significantly (p < 0.05) higher numbers of Chironomus
sp. (C/Ch) (Table 2 and S3).

3.3.2. Functional feeding groups
The macroinvertebrate functional feeding groups composition

differed between land use types. The relative abundance of grazers
was significantly (p < 0.05) higher in cropland than in forest and
WWTP streams. Shredder numbers were significantly (p < 0.05)
higher in EG streams than in cropland streams. Gatherers showed
significantly (p < 0.05) lower relative abundances in EG streams.
Relative abundances of active filter feeders (AFF) were significantly
(p < 0.05) higher in EG streams than in all other streams, except for
cropland streams. Passive filter feeder relative abundances (PFF)
were significantly (p < 0.05) lower in forest streams than in EG
and WWTP streams (Table 3).

3.4. The relationship between sediment characteristics and
macroinvertebrate community composition

To evaluate the relationship between macroinvertebrate com-
munity composition and the sediment characteristics in terms of
food resources and habitat structure, GLM analyses were per-
formed. Fatty acids origin was the response variable that better
explained macroinvertebrate community indexes: 32 (±3) % of
the Shannon-Wienner diversity, 21 (±1) % of the Oligochaeta abun-
dances, 15 (±1) % of the C/Ch ratio and 16 (±1) % of the total rich-
ness (Fig. 3A). Sediment composition best explained worm
abundances (24 ± 1%) and the C/Ch ratio (18 ± 3%), where in both
cases the C/N ratio occurred in all models (Table S4). Sediment
cover better explained EPT richness (20 ± 2%) and total richness
(18 ± 6%), where for EPT richness the woody debris substrate cover
occurred in all models, while for total richness the FPOM cover
occurred in all models (Table S4).

When functional feeding groups were used as response vari-
able, sediment characteristics explained no more than 15% of min-
ers and passive and active filter feeders variation (Fig. 3B). The
highest R2

adj was related to the occurrence of active filter feeding
individuals in relation to fatty acid origin of the sediment. Concern-
ing the most abundant functional feeding groups (gatherers, grazers
and shredders, Table 3), only 2% of the occurrence of gatherers was
explained by FA. For grazers, sediment composition explained 10%,
where C/N ratio was present in all models (Table S4). For shredders,
sediment cover explained 7%, where C/N ratio was present in all
models (Table S4, Fig. 3B).
4. Discussion

4.1. Land use type specific sediment characteristics

Land use type determined the characteristics of the sediments
in the deposition zones of the studied lowland streams, in line with
other studies (Delong and Brusven, 1998; Hoffmann, 2005; Rosi-
Marshall et al., 2016). In the forest streams, the input of leaves
and woody debris from the surrounding terrestrial ecosystem lar-
gely determined the sediment characteristics in terms of food
resources and habitat structure, composed by microbial derived
fatty acids and having a high C/N ratio. Sediment C/N ratio is a reli-
able indicator of food quality in benthic ecosystems, as higher
ratios are associated with streams in catchments with less anthro-
pogenic impacts, as well as a higher food web stability (Rooney and
McCann, 2012; Lu et al., 2014; dos Reis Oliveira et al., 2018). In
contrast, in the anthropogenically exploited land use types, the



Fig. 2. Mean microbial (A) and plant (B) derived fatty acid contents measured in 4 replicate streams per land use type (forest, EG – extensive grassland, IG – intensive
grassland, Crop – cropland and WWTP – Wastewater Treatment Plant), the comparison between microbial (Micro) and plant (Plant) derived fatty acid content per land use
type (C), and the heterotrophic/autotrophic microbial fatty acids ratio (SB:MP) (D). Different letters indicate a significant difference between the means per land use type
(p < 0.05, analyses of variance followed by multiple comparison test). Asterisks indicate a significant difference between plant and microbial derived fatty acids for each land
use type (p < 0.05).

Table 2
Mean (n = 4, ±sd) macroinvertebrate community indices per land use type (forest, EG – extensive grassland, IG – intensive grassland, Crop – cropland and WWTP – Wastewater
Treatment Plant). EPT is the relative abundance of Ephemeroptera, Plecoptera and Trichoptera individuals; O is the relative abundance of Oligochaete individuals; O + Ch is the
relative abundance of Oligochaeta and Chironomidae; C/Ch is the total number of Chironomus sp. individuals divided by the total number of Chironomidae (C/Ch). Different letters
indicate a significant difference between the means (p < 0.05, analyses of variance followed by multiple comparison test).

Forest EG IG Cropland WWTP

Abundance 400 (581)ab 218 (98)a 281 (136)a 307 (149)a 723 (518)b

Total number of taxa 19.2 (7.4)a 19.4 (5.8)a 24.4 (6.5)a 19.1 (5.4)a 19.3 (10.2)a

Shannon-Wiener diversity 1.94 (0.44)ab 1.89 (0.68)ab 2.33 (0.3)a 1.68 (0.44)bc 1.17 (0.69)c

EPT 0.20 (0.25)a 0.15 (0.11)ab 0.01 (0.01)b 0.11 (0.19)a 0.01 (0.01)b

EPT richness 6.8 (3.9)a 5.3 (2.4) b 3.3 (1.7)b 1.3 (1.5)b 2.8 (2.2)b

O 0.12 (0.04)a 0.11 (0.05)a 0.24 (0.21)a 0.35 (0.34)a 0.51 (0.32)b

O + Ch 0.47 (0.24)a 0.20 (0.11)b 0.44 (0.26)a 0.44 (0.32)ab 0.58 (0.35)a

C/Ch 0.01 (0.02)a 0.12 (0.14)ab 0.02 (0.02)a 0.34 (0.09)b 0.52 (0.44)c
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composition of the sediments differed, shifting to a prevalence of
autochthonous organic matter. In grassland streams, the presence
of plant derived fatty acids showed that macrophyte-derived food
was dominant, as a result of increased nutrient concentrations in
the sediment and a high light incidence. Likewise, Mulholland
et al. (2008) and Finlay (2011) also showed that streams located
in agricultural grasslands were characterized by a higher primary
production than forest streams. Despite the high nutrient concen-
trations in the sediment of the cropland streams, the water turbid-
ity in these streams hampered the development of autotrophic
organisms (Jones et al., 2014) and heterotrophic microbes served
as food source instead, as shown by the high prevalence of micro-
bial derived fatty acids. In WWTP streams, having the highest
microbial fatty acids content, the food present in the sediment
mainly consisted of heterotrophic microbes growing on top of
the sediment, as a result of high concentrations of nutrients
released from theWWTP (Battin et al., 2016). Our results are in line
with Johnson et al. (2009), who also observed that land-use specific
organic matter input determined autotrophic and heterotrophic
biofilm development on stream bottom substrates. Therefore,



Table 3
Mean (n = 4, ±sd) relative abundance of functional feeding groups indices per land use type (forest, EG – extensive grassland, IG – intensive grassland, Crop – cropland and WWTP
– Wastewater Treatment Plant). Different letters indicate a significant difference between the means per land use type (p < 0.05, analyses of variance followed by multiple
comparison test).

Forest EG IG Cropland WWTP

Grazer 9.4 (4.5)ac 17.6 (13.5)abc 15.1 (4)bc 24.3 (10.9)b 14.8 (4.5)c

Miners 0 (0) 0 (0.1) 0 (0) 0 (0.1) 0 (0)
Xylophagous 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Shredders 14.7 (8.4)ab 16.4 (14.9)a 12 (7.7)ab 5.6 (4.5)b 12.4 (13.4)ab

Gatherers/collectors 52.5 (13.5)a 29.2 (10.9)b 49.7 (12.1)a 45.6 (11.1)a 54.5 (20.1)a

Active filter feeders 10.8 (9.2)ac 20.8 (15.7)b 7 (5.3)ac 12.8 (9.6)ab 2.6 (3.6)c

Passive filter feeders 0.6 (0.5)a 1.7 (1.1)b 0.9 (0.4)ab 1.3 (0.8)ab 1.5 (1.2)b

Predators 11.4 (6.0) 12.4 (8.0) 13.7 (8) 9.2 (5.1) 7.3 (10.3)
Parasites 0.5 (1.5) 0.0 (0.1) 0 (0) 0 (0.1) 0.1 (0.2)
Other 0.1 (0.2)a 1.9 (3.6)a 1.4 (1.7)a 1.2 (1)a 6.7 (8.6)b

Fig. 3. Mean (n = number of models in Table 3, ±sd) R2
adj of the models ensemble for three sediment response variables: substrate cover, sediment composition and fatty

acids origin (FA), explaining the macroinvertebrate community composition indices (EPT is the relative abundance of Ephemeroptera, Plecoptera and Trichoptera individuals;
O + Ch is the relative abundance of Oligochaeta and Chironomidae; C/Ch is the total number of Chironomus sp. individuals divided by the total number of Chironomidae (C/
Ch); O is the relative abundance of Oligochaete individuals) (a) and functional feeding groups (b) observed in 20 lowland streams.
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shifts from allochthonous to autochthonous resources in the diets
of macroinvertebrates is not only a river continuum effect
(Vannote et al., 1980) or seasonal variation (Hunt et al., 2012),
but also seems to be determined by anthropogenic activities in a
land use type specific way.

4.2. The relationship between sediment characteristics and
macroinvertebrate community composition

In line with the differences in sediment characteristics,
macroinvertebrate community composition also differed per land
use type. Responses of the macroinvertebrate communities to
these differences in sediment characteristics were expected,
because consumers react to food composition by changing feeding
rates, food selection, production efficiency, biomass and ultimately
population growth rate (Bianchi and Canuel, 2002). Indeed, in the
present study the sediment characteristics in terms food quality
and habitat structure, such as woody debris substrate cover, the
C/N ratio and the fatty acid origin all influenced macroinvertebrate
community composition. The fatty acids composition better
explained the macroinvertebrate Shannon-Wiener diversity, giving
valuable insights into the food and energy sources available for
aquatic invertebrates (Vonk et al., 2016). In contrast to the
community metrics, functional feeding groups were barely related
to sediment food composition. In spite of the many attempts to
categorize macroinvertebrates into functional feeding groups, in
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practice, most macroinvertebrates are omnivores, feeding on dif-
ferent types of food, either fresh or dead organic matter derived
from various sources ranging from animals to bacteria (Tierno de
Figueroa et al., 2019). Only in cases of excess food availability the
species-specific food preferences may be more pronounced. Below,
we discuss the relationship between sediment characteristics and
macroinvertebrate community composition per land use type.

In forest streams, containing more allochthonous plant derived
organic matter characterized by a high C/N ratio, also more EPT
taxa were observed. EPT species may take advantage of the pres-
ence of the high quality heterogeneous substrates within the wood
and CPOM patches, conform Besemer et al. (2009) and Boyero et al.
(2011), who argued that heterogeneous substrates support a
higher food resource diversity. Moreover, Von Bertrab et al.
(2013) reported that a high C/N ratio together with oxygen avail-
ability explained the occurrence of EPT taxa. In contrast to the for-
est areas, in human impacted streams autochthonous organic
matter dominated the sediment characteristics. Here, macroinver-
tebrate community composition varied from a high Shannon-
Wiener diversity when the organic matter was plant derived, such
as in the grassland streams, to high abundances of Oligochaeta and
Chironomus sp. when the organic matter consisted of heterotrophic
microbes, sediment characterized by a low C/N ratio, such as in the
WWTP and cropland streams. Hence, macroinvertebrate commu-
nity composition was influenced by the type of organic matter in
the sediment, being either allochthonous or autochthonous and
when autochthonous being either autotrophic or heterotrophic.

Sediment characteristics explained approximately one third of
the macroinvertebrate community composition (GLM R2

adj � 32%),
indicating that sediment food quality and habitat structure are obvi-
ously not the only drivers of community composition. In forest
streams, heterogeneous allochthonous organic matter, high oxygen
concentrations and structural habitat availability jointly supported
highernumbers of EPT taxa. Yet, thewoodydebris substrate cover bet-
ter explained EPT richness, even though no xylophagous species were
present. These observations are in strong agreement with Wallace
et al. (2015), demonstrating that the addition of physical structures
alone in absence of the appropriate detrital food sources did not
restore macroinvertebrate communities after anthropogenic distur-
bance. In thegrasslandstreams, thehighestShannon-Wienerdiversity
was observed, where autochthonous plant derived food dominated
the sediment food sources. Torres-Ruiz et al. (2007) observed that
autochthonous organic matter was a richer source of essential fatty
acids for most macroinvertebrates than allochthonous matter, which
explains partially the higher Shannon-Wiener diversity in grassland
streams. Here, sediment fatty acids were mainly plant derived, no
harsh oxygen conditions occurred (Table 1) and a suitable structural
habitat for many macroinvertebrate species was provided by the
macrophytes (Whatley et al., 2014b), jointly sustaining a high biodi-
versity. Oligochaeta and Chironomus sp. were abundantly present in
the microbial derived fatty acid rich WWTP and cropland streams,
feeding on heterotrophic microbial derived food, in line with Fuller
et al. (2004). Worms and chironomids which are considered diet gen-
eralist (Baumgartner and Robinson, 2017), do not have to feed exclu-
sively on such heterotrophic microbes, but they do survive the low
sediment oxygen concentrations caused by the high respiration rate
of the microbial activity in the top layer of the sediments (Table 1,
Stewart and Franklin, 2008), excluding many other species. This way
they can take advantage of the excess of food and persist under these
conditions (de Haas et al., 2005; dos Reis Oliveira et al., 2018).
5. Conclusions

The present study demonstrated that macroinvertebrate com-
munity composition was influenced by the origin of the organic
material, being either allochthonous or autochthonous and when
autochthonous being either autotrophic or heterotrophic. It is
therefore concluded that sediment food and habitat characteristics
are key ecological filters, partially shaping ecosystem structure.

Acknowledgements

We would like to thank the water authorities Hunze en Aa’s and
Vallei en Veluwe, João Lotufo and Evan for their help in the field.
Thijs de Boer for helping with GIS, and Dorine Dekkers for her help
in macroinvertebrate identification. We thank laboratory techni-
cians Mariska Beekman and Samira Absalah. PCRO received fund-
ing from CNPq, Brazil (grant number 200879/2014-6, 2014).

Author contributions

PCRO, PFMV, HG and MK designed the experiment. PCRO and
MPO conducted the experiment. PCRO and MPO analysed most of
the data, and wrote most of the manuscript together with PFMV,
HG and MK. PFMV, HG and MK advised on practical issues during
the course of the experiment and data processing and contributed
to editing and revising draft versions of the manuscript.

Declaration of Competing Interest

The authors declare no conflict of interests.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.scitotenv.2019.135060.
References

Battin, T.J., Besemer, K., Bengtsson, M.M., Romani, A.M., Packmann, A.I., 2016. The
ecology and biogeochemistry of stream biofilms. Nat. Rev. Microbiol. 14, 251–
263. https://doi.org/10.1038/nrmicro.2016.15.

Baumgartner, S.D., Robinson, C.T., 2017. Changes in macroinvertebrate trophic
structure along a land-use gradient within a lowland stream network. Aquat.
Sci. 79, 407–418. https://doi.org/10.1007/s00027-016-0506-z.

Besemer, K., Singer, G., Hödl, I., Battin, T.J., 2009. Bacterial community composition
of stream biofilms in spatially variable-flow environments. Appl. Environ.
Microbiol. 75, 7189–7195. https://doi.org/10.1128/AEM.01284-09.

Bianchi, T.S., Canuel, E.A., 2011. Chemical Biomarkers in Aquatic Ecosystems.
Princeton University Press, Princeton.

Boyero, L., Pearson, R.G., Dudgeon, D., Graça, M.A.S., Gessner, M.O., Albariño, R.J.,
Ferreira, V., Yule, C.M., Boulton, A.J., Arunachalam, M., Callisto, M., Chauvet, E.,
Ramírez, A., Chará, J., Moretti, M.S., Jr, J.F.G., Helson, J.E., Chará-Serna, A.M.,
Encalada, A.C., Davies, J.N., Lamothe, S., Cornejo, A., Li, A.O.Y., Buria, L.M.,
Villanueva, V.D., Zúñiga, M.C., Pringle, C.M., 2011. Global distribution of a key
trophic guild contrasts with common latitudinal diversity patterns. Ecology 92,
1839–1848.

Brito, A., Newton, A., Tett, P., Fernandes, T.F., 2009. Development of an optimal
methodology for the extraction of microphytobenthic chlorophyll. J. Int.
Environ. Appl. Sci. 4, 42–54. https://doi.org/10.13140/2.1.2696.2886.

Burcher, C.L., Benfield, E.F., 2006. Physical and biological responses of streams to
suburbanization of historically agricultural watersheds. J. North Am. Benthol.
Soc. 25, 356–369. https://doi.org/10.1899/0887-3593(2006) 25[356:pabros]2.0.
co;2.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-Theo- retic Approach. Spring-Verlag, New York.

Callisto, M., Graça, M.A.S., 2013. The quality and availability of fine particulate
organic matter for collector species in headwater streams. Int. Rev. Hydrobiol.
98, 132–140. https://doi.org/10.1002/iroh.201301524.

Chung, N., Suberkropp, K., 2009. Contribution of fungal biomass to the growth of the
shredder, Pycnopsyche gentilis (Trichoptera: Limnephilidae). Freshw. Biol. 54,
2212–2224. https://doi.org/10.1111/j.1365-2427.2009.02260.x.

Cummins, K.W., Klug, M.J., 1979. Feeding ecology of stream invertebrates. Ann. Rev.
Ecol SySL 10, 147–172.

Czerniawska-Kusza, I., 2005. Comparing modified biological monitoring working
party score system and several biological indices based on macroinvertebrates
for water-quality assessment. Limnologica 35, 169–176. https://doi.org/
10.1016/j.limno.2005.05.003.

https://doi.org/10.1016/j.scitotenv.2019.135060
https://doi.org/10.1038/nrmicro.2016.15
https://doi.org/10.1007/s00027-016-0506-z
https://doi.org/10.1128/AEM.01284-09
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0020
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0020
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0025
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0025
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0025
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0025
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0025
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0025
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0025
https://doi.org/10.13140/2.1.2696.2886
https://doi.org/10.1899/0887-3593(2006)25[356:pabros]2.0.co;2
https://doi.org/10.1899/0887-3593(2006)25[356:pabros]2.0.co;2
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0040
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0040
https://doi.org/10.1002/iroh.201301524
https://doi.org/10.1111/j.1365-2427.2009.02260.x
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0055
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0055
https://doi.org/10.1016/j.limno.2005.05.003
https://doi.org/10.1016/j.limno.2005.05.003


8 P.C. dos Reis Oliveira et al. / Science of the Total Environment 703 (2020) 135060
Dalu, T., Wasserman, R.J., Tonkin, J.D., Alexander, M.E., Dalu, M.T.B., Motitsoe, S.N.,
Manungo, K.I., Bepe, O., Dube, T., 2017. Assessing drivers of benthic
macroinvertebrate community structure in African highland streams: an
exploration using multivariate analysis. Sci. Total Environ. 601–602, 1340–
1348. https://doi.org/10.1016/j.scitotenv.2017.06.023.

Dalu, T., Wasserman, R.J., Tonkin, J.D., Alexander, M.E., Dalu, M.T.B., Motitsoe, S.N.,
Manungo, K.I., Bepe, O., Dube, T., 2017. Assessing drivers of benthic
macroinvertebrate community structure in African highland streams: an
exploration using multivariate analysis. Sci. Total Environ. 601–602, 1340–
1348. https://doi.org/10.1016/j.scitotenv.2017.06.023.

de Haas, E.M., Reuvers, B., Moermond, C.T.A., Koelmans, A.A., Kraak, M.H.S., 2002.
Responses of benthic invertebrates to combined toxicant and food input in
floodplain lake sediments. Environ. Toxicol. Chem. 21, 2165–2171. https://doi.
org/10.1002/etc.5620211020.

de Haas, E.M., van Haaren, R., Koelmans, A.A., Kraak, M.H.S., Admiraal, W., 2005.
Analyzing the causes for the persistence of chironomids in floodplain lake
sediments. Arch. für Hydrobiol. 162, 211–228. https://doi.org/10.1127/0003-
9136/2005/0162-0211.

de Vries, J., Kraak, M.H.S., Verdonschot, R.C.M., Verdonschot, P.F.M., 2019.
Quantifying cumulative stress acting on macroinvertebrate assemblages in
lowland streams. Sci. Total Environ. 694. https://doi.org/10.1016/j.
scitotenv.2019.133630.

Delong, M.D., Brusven, M.A., 1998. Macroinvertebrate community structure along
the longitudinal gradient of an agriculturally impacted stream. Environ.
Manage. 22, 445–457. https://doi.org/10.1007/s002679900118.

dos Reis Oliveira, P.C., Kraak, M.H.S., van der Geest, H.G., Naranjo, S., Verdonschot, P.
F.M., 2018. Sediment composition mediated land use effects on lowland
streams ecosystems. Sci. Total Environ. 631–632, 459–468. https://doi.org/
10.1016/j.scitotenv.2018.03.010.

dos Reis Oliveira, P.C., Kraak, M.H.S., van der Geest, Verdonschot, P.F.M., 2019. Land
use affects lowland strean ecosystems through dissolved oxygen regimes. Sci.
Rep. (submitted for publication)

Finlay, J.C., 2011. Stream size and human influences on ecosystem production in
river networks. Ecosphere 2. https://doi.org/10.1890/es11-00071.1. art87.

Fuller, R.L., Kennedy, B.P., Nielsen, C., 2004. Macroinvertebrate responses to algal
and bacterial manipulations in streams. Hydrobiologia 523, 113–126. https://
doi.org/10.1023/B:HYDR.0000033099.48058.e8.

Gieswein, A., Hering, D., Lorenz, A.W., 2019. Development and validation of a
macroinvertebrate-based biomonitoring tool to assess fine sediment impact in
small mountain streams. Sci. Total Environ. 652, 1290–1301. https://doi.org/
10.1016/j.scitotenv.2018.10.180.

Golladay, S.W., Webster, J.R., Benfield, E.F., 1987. Changes in stream morphology
and storm transport of seston following watershed disturbance. J. Source Am.
North Soc. Benthol. 6, 1–11.

Hazeu, G.W., Bregt, A.K., de Wit, A.J.W., Clevers, J.G.P.W., 2011. A Dutch multi-date
land use database: identification of real and methodological changes. Int. J.
Appl. Earth Obs. Geoinf. 13, 682–689. https://doi.org/10.1016/j.jag.2011.04.004.

Hering, D., Buffagni, A., Moog, O., Sandin, L., Sommerhäuser, M., Stubauer, I., Feld, C.
K., Johnson, R.K., Pinto, P., Skoulikidis, N., Verdonschot, P.F.M., Zahradkova, S.,
2003. The development of a system to assess the ecological quality of streams
based on macroinvertebrates – design of the sampling programme within the
AQEM project. Int. Rev. Hydrobiol. 88, 345–361. https://doi.org/10.1002/
iroh.200390030.

Hoffmann, A., 2005. Dynamics of fine particulate organic matter (FPOM) and
macroinvertebrates in natural and artificial leaf packs. Hydrobiologia 549, 167–
178. https://doi.org/10.1007/s10750-005-5174-2.

Hunt, R.J., Jardine, T.D., Hamilton, S.K., Bunn, S.E., 2012. Temporal and spatial
variation in ecosystem metabolism and food web carbon transfer in a wet-dry
tropical river. Freshw. Biol. 57, 435–450. https://doi.org/10.1111/j.1365-
2427.2011.02708.x.

Jansen, B., Nierop, K.G.J., Kotte, M.C., de Voogt, P., Verstraten, J.M., 2006. The
applicability of accelerated solvent extraction (ASE) to extract lipid biomarkers
from soils. Appl. Geochem. 21 (6), 1006–1015. https://doi.org/10.1016/j.
apgeochem.2006.02.021.

Johnson, L.T., Tank, J.L., Dodds, W.K., 2009. The influence of land use on stream
biofilm nutrient limitation across eight North American ecoregions. Can. J. Fish.
Aquat. Sci. 66, 1081–1094. https://doi.org/10.1139/F09-065.

Jones, J.I., Duerdoth, C.P., Collins, A.L., Naden, P.S., Sear, D.A., 2014. Interactions
between diatoms and fine sediment. Hydrol. Process. 28, 1226–1237. https://
doi.org/10.1002/hyp.9671.

Kerans, B.L., Karr, J.R., 1994. A benthic index of biotic integrity (B-IBI) for rivers of
the Tennessee valley. Ecol. Appl. 4, 768–785.

Kominoski, J.S., Pringle, C.M., 2009. Resource-consumer diversity: testing the effects
of leaf litter species diversity on stream macroinvertebrate communities.
Freshw. Biol. 54, 1461–1473. https://doi.org/10.1111/j.1365-2427.2009.02196.
x.

Krynak, E.M., Lindo, Z., Yates, A.G., 2019. Patterns and drivers of stream benthic
macroinvertebrate beta diversity in an agricultural landscape. Hydrobiologia
837, 61–75. https://doi.org/10.1007/s10750-019-3961-4.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. lmerTest package: tests in
linear mixed effects models. J. Stat. Softw. 82, 1–26. https://doi.org/10.18637/
jss.v082.i13.

Lenat, D.R., Resh, V.H., 2001. Taxonomy and stream ecology — the benefits of genus-
and species-level identifications. J. N. Am. Benthol. Soc. 20, 287–298.

Whatley, M.H., van Loon, E.E., van Dam, H., Vonk, J.A., van der Geest, H.G., Admiraal,
W., 2014b. Macrophyte loss drives decadal change in benthic invertebrates in
peatland drainage ditches. Freshw. Biol. 59, 114–126. https://doi.org/10.1111/
fwb.12252.

Lorenzen, C.J., 1967. Determination of chlorophyll and pheo-pigments:
spectrophotometric equations. Limnol. Oceanogr. 12, 343–346. https://doi.
org/10.4319/lo.1967.12.2.0343.

Matthaei, C.D., Piggott, J.J., Townsend, C.R., 2010. Multiple stressors in agricultural
streams: Interactions among sediment addition, nutrient enrichment and water
abstraction. J. Appl. Ecol. 47, 639–649. https://doi.org/10.1111/j.1365-
2664.2010.01809.x.

Meyers, P.A., Ishiwatari, R., 1993. Lacustrine organic geo-chemistry: an overview of
indicators of organic matter sources and diagenesis in lake sediments. Org.
Geochem. 20, 867–900. https://doi.org/10.1016/0146-6380(93)90100-P.

Miltner, R., McLaughlin, D., 2019. Management of headwaters based on
macroinvertebrate assemblages and environmental attributes. Sci. Total
Environ. 650, 438–451. https://doi.org/10.1016/j.scitotenv.2018.08.418.

Moog, O., 1995. Fauna Aquatica Austriaca. Bundesministerium für Land- und
Forstwirtschaft, Vienna.

Mulholland, P.J., Helton, A.M., Poole, G.C., Hall, R.O., Hamilton, S.K., Peterson, B.J.,
Tank, J.L., Ashkenas, L.R., Cooper, L.W., Dahm, C.N., Dodds, W.K., Findlay, S.E.G.,
Gregory, S.V., Grimm, N.B., Johnson, S.L., McDowell, W.H., Meyer, J.L., Valett, H.
M., Webster, J.R., Arango, C.P., Beaulieu, J.J., Bernot, M.J., Burgin, A.J., Crenshaw,
C.L., Johnson, L.T., Niederlehner, B.R., O’Brien, J.M., Potter, J.D., Sheibley, R.W.,
Sobota, D.J., Thomas, S.M., 2008. Stream denitrification across biomes and its
response to anthropogenic nitrate loading. Nature 452, 202–205. https://doi.
org/10.1038/nature06686.

Napolitano, G.E., 1999. Fatty acids as trophic and chemical markers in freshwater
ecosystems. In: Arts, M.T., Wainman, B.C. (Eds.), Lipids in Freshwater
Ecosystems. Springer, New York, pp. 21–44.

Palmer, Hondula, K.l., Koch, B.J., 2014. Ecological resotration of streams and rivers:
shifting strategies and shifting goals. Annu. Rev. Ecol. Evol. Syst. 45, 247–269.
https://doi.org/10.1146/annurev-ecolsys-120213-091935.

Porra, R.J., Thompson, W.A., Kriedemann, P.E., 1989. Determination of accurate
extinction coefficients and simultaneous equations for assaying chlorophylls a
and b extracted with four different solvents: verification of the concentration of
chlorophyll standards by atomic absorption spectroscopy. Biochim. Biophys.
Acta 975, 384–394. https://doi.org/10.1016/S0005-2728(89)80347-0.

Pusch, M., Fiebig, I., Brettar, H., Eisenmann, H., Ellis, B.K., Kaplan, L.A., Lock, M.A.,
Naegeli, M.W., Traunspurger, W., 1998. The role of micro-organisms in the
ecological connectivity of running waters. Freshw. Biol. 40, 453–495. https://
doi.org/10.1046/j.1365-2427.1998.00372.x.

R Core Team, 2015. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rooney, N., McCann, K.S., 2012. Integrating food web diversity, structure and
stability. Trends Ecol. Evol. 27 (1), 40–46. https://doi.org/10.1016/j.
tree.2011.09.001.

Rosi-Marshall, E.J., Vallis, K.L., Baxter, C.V., Davis, J.M., 2016. Retesting a prediction
of the River Continuum concept: autochthonous versus allochthonous
resources in the diets of invertebrates. Freshw. Sci. 35, 534–543. https://doi.
org/10.1086/686302.

Sponseller, R.A., Benfield, E.S., 2001. Influences of land use on leaf breakdown in
southern Appalachian headwater streams: a multiple-scale analysis. J. North
Am. Benthol. Soc. 20, 44–59. https://doi.org/10.2307/1468187.

Stewart, P.S., Franklin, M.J., 2008. Physiological heterogeneity in biofilms. Nat. Rev.
Microbiol. 6, 199–210. https://doi.org/10.1038/nrmicro1838.

Tank, J., Rosi-Marshall, E., Griffiths, N.A., Entrekin, S.A., Stephen, M.L., 2010. A review
of allochthonous organic matter dynamics and metabolism in streams. J. North
Am. Benthol. Soc. 29, 118–146. https://doi.org/10.1899/08-170.1.

Ter Braak, C., Šmilauer, P., 2002. CANOCO reference manual and CanoDraw for
Windows user’s guide. Software for Canonical Community Ordination (version
5.12). Microcomputer Power, Ithaca, NY.

Therneau T., Atkinson, B. (2018). rpart: Recursive partitioning and regres- sion trees.
R package version 4.1-13, https://CRAN.R-project.org/ package=rpart.

Tierno de Figueroa, J.M., López-Rodríguez, M.J., Villar-Argaiz, M., 2019. Spatial and
seasonal variability in the trophic role of aquatic insects: an assessment of
functional feeding group applicability. Freshw. Biol. 64, 954–966. https://doi.
org/10.1111/fwb.13277.

Torres-Ruiz, M., Wehr, J.D., Perrone, A.A., 2007. Trophic relations in a stream food
web: importance of fatty acids for macroinvertebrate consumers. J. North Am.
Benthol. Soc. 26, 509–522. https://doi.org/10.1899/06-070.1.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., Cushing, C.E., 1980. The
river continnun concept. Can. J. Fish. Aquat. Sci. 37, 130–137.

Von Bertrab, M.G., Krein, A., Stendera, S., Thielen, F., Hering, D., 2013. Is fine
sediment deposition a main driver for the composition of benthic
macroinvertebrate assemblages ? Ecol. Indic. 24, 589–598. https://doi.org/
10.1016/j.ecolind.2012.08.001.

Vonk, J.A., Van Kuijk, B.F., Van Beusekom, M., Hunting, E.R., Kraak, M.H.S., 2016. The
significance of linoleic acid in food sources for detritivorous benthic
invertebrates. Sci. Rep. 6, 1–7. https://doi.org/10.1038/srep35785.

Wallace, J.B., Eggert, S.L., Meyer, J.L., Webster, J.R., Sobczak, W.V., 2015. Stream
invertebrate productivity linked to forest subsidies: 37 stream-years of
reference and experimental data. Ecology 96, 1213–1228. https://doi.org/
10.1890/14-1589.1.

Wang, L., Gao, Y., Han, B.P., Fan, H., Yang, H., 2019. The impacts of agriculture on
macroinvertebrate communities: From structural changes to functional
changes in Asia’s cold region streams. Sci. Total Environ. 676, 155–164.
https://doi.org/10.1016/j.scitotenv.2019.04.272.

https://doi.org/10.1016/j.scitotenv.2017.06.023
https://doi.org/10.1016/j.scitotenv.2017.06.023
https://doi.org/10.1002/etc.5620211020
https://doi.org/10.1002/etc.5620211020
https://doi.org/10.1127/0003-9136/2005/0162-0211
https://doi.org/10.1127/0003-9136/2005/0162-0211
https://doi.org/10.1016/j.scitotenv.2019.133630
https://doi.org/10.1016/j.scitotenv.2019.133630
https://doi.org/10.1007/s002679900118
https://doi.org/10.1016/j.scitotenv.2018.03.010
https://doi.org/10.1016/j.scitotenv.2018.03.010
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0100
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0100
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0100
https://doi.org/10.1890/es11-00071.1
https://doi.org/10.1023/B:HYDR.0000033099.48058.e8
https://doi.org/10.1023/B:HYDR.0000033099.48058.e8
https://doi.org/10.1016/j.scitotenv.2018.10.180
https://doi.org/10.1016/j.scitotenv.2018.10.180
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0120
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0120
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0120
https://doi.org/10.1016/j.jag.2011.04.004
https://doi.org/10.1002/iroh.200390030
https://doi.org/10.1002/iroh.200390030
https://doi.org/10.1007/s10750-005-5174-2
https://doi.org/10.1111/j.1365-2427.2011.02708.x
https://doi.org/10.1111/j.1365-2427.2011.02708.x
https://doi.org/10.1016/j.apgeochem.2006.02.021
https://doi.org/10.1016/j.apgeochem.2006.02.021
https://doi.org/10.1139/F09-065
https://doi.org/10.1002/hyp.9671
https://doi.org/10.1002/hyp.9671
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0160
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0160
https://doi.org/10.1111/j.1365-2427.2009.02196.x
https://doi.org/10.1111/j.1365-2427.2009.02196.x
https://doi.org/10.1007/s10750-019-3961-4
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0180
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0180
https://doi.org/10.1111/fwb.12252
https://doi.org/10.1111/fwb.12252
https://doi.org/10.4319/lo.1967.12.2.0343
https://doi.org/10.4319/lo.1967.12.2.0343
https://doi.org/10.1111/j.1365-2664.2010.01809.x
https://doi.org/10.1111/j.1365-2664.2010.01809.x
https://doi.org/10.1016/0146-6380(93)90100-P
https://doi.org/10.1016/j.scitotenv.2018.08.418
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0210
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0210
https://doi.org/10.1038/nature06686
https://doi.org/10.1038/nature06686
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0220
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0220
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0220
https://doi.org/10.1146/annurev-ecolsys-120213-091935
https://doi.org/10.1016/S0005-2728(89)80347-0
https://doi.org/10.1046/j.1365-2427.1998.00372.x
https://doi.org/10.1046/j.1365-2427.1998.00372.x
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0240
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0240
https://doi.org/10.1016/j.tree.2011.09.001
https://doi.org/10.1016/j.tree.2011.09.001
https://doi.org/10.1086/686302
https://doi.org/10.1086/686302
https://doi.org/10.2307/1468187
https://doi.org/10.1038/nrmicro1838
https://doi.org/10.1899/08-170.1
https://doi.org/10.1111/fwb.13277
https://doi.org/10.1111/fwb.13277
https://doi.org/10.1899/06-070.1
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0290
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0290
https://doi.org/10.1016/j.ecolind.2012.08.001
https://doi.org/10.1016/j.ecolind.2012.08.001
https://doi.org/10.1038/srep35785
https://doi.org/10.1890/14-1589.1
https://doi.org/10.1890/14-1589.1
https://doi.org/10.1016/j.scitotenv.2019.04.272


P.C. dos Reis Oliveira et al. / Science of the Total Environment 703 (2020) 135060 9
Whatley, M.H., van Loon, E.E., Cerli, C., Vonk, J.A., Van Der Geest, H.G., Admiraal, W.,
2014a. Linkages between benthic microbial and freshwater insect communities
in degraded peatland ditches. Ecol. Indic. 46, 415–424. https://doi.org/10.1016/
j.ecolind.2014.06.031.

Wickham, H., 2007. Reshaping data with the reshape package Retrieved from J. Stat.
Software 21 (12) http://www.jstatsoft.org/v21/i12/paper.
Wickham, H., 2009. Elegant Graphics for Data Analysis. Springer Verlag, New York.
Wickham, H., 2011. The split-apply-combine strategy for data analysis. J. Stat.

Software 40 (1), 1–29. https://doi.org/10.1234/2013/999990.
Wood, P.J., Armitage, P.D., 1999. Sediment deposition in a small lowland stream—

management implications. Regul. Rivers Res. Manag. 15, 199–210.

https://doi.org/10.1016/j.ecolind.2014.06.031
https://doi.org/10.1016/j.ecolind.2014.06.031
http://www.jstatsoft.org/v21/i12/paper
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0325
https://doi.org/10.1234/2013/999990
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0335
http://refhub.elsevier.com/S0048-9697(19)35052-1/h0335

	Responses of macroinvertebrate communities to land use specific sediment food and habitat characteristics in lowland streams
	1 Introduction
	2 Material and methods
	2.1 Study area
	2.2 Sediment sampling
	2.3 Sediment characteristics
	2.4 Macroinvertebrate community composition
	2.5 Data analyses

	3 Results
	3.1 Sediment characteristics
	3.2 Sediment fatty acid origin
	3.3 Macroinvertebrate community composition
	3.3.1 Abundances and indices
	3.3.2 Functional feeding groups

	3.4 The relationship between sediment characteristics and macroinvertebrate community composition

	4 Discussion
	4.1 Land use type specific sediment characteristics
	4.2 The relationship between sediment characteristics and macroinvertebrate community composition

	5 Conclusions
	ack20
	Acknowledgements
	Author contributions
	Declaration of Competing Interest
	Appendix A Supplementary material
	References


