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Abstract: The decomposition of allochthonous organic matter, such as leaves, is a crucial ecosystem process in low‐order
streams. Microbial communities, including fungi and bacteria, colonize allochthonous organic material, break up large
molecules, and increase the nutritional value for macroinvertebrates. Environmental variables are known to affect microbial
as well as macroinvertebrate communities and alter their ability to decompose organic matter. Studying the relationship
between environmental variables and decomposition has mainly been realized using leaves, with the drawbacks of differing
substrate composition and consequently between‐study variability. To overcome these drawbacks, artificial substrates have
been developed, serving as standardizable surrogates. In the present study, we compared microbial and total decom-
position of leaves with the standardized substrates of decotabs and, only for microbial decomposition, of cotton strips,
across 70 stream sites in a Germany‐wide study. Furthermore, we identified the most influential environmental variables for
the decomposition of each substrate from a range of 26 variables, including pesticide toxicity, concentrations of nutrients,
and trace elements, using stability selection. The microbial as well as total decomposition of the standardized substrates (i.e.,
cotton strips and decotabs) were weak or not associated with that of the natural substrate (i.e., leaves, r²< 0.01 to r²= 0.04).
The decomposition of the two standardized substrates, however, showed a moderate association (r²= 0.21), which is
probably driven by their similar composition, with both being made of cellulose. Different environmental variables were
identified as the most influential for each of the substrates and the directions of these relationships contrasted between
the substrates. Our results imply that these standardized substrates are unsuitable surrogates when investigating the
decomposition of allochthonous organic matter in streams. Environ Toxicol Chem 2023;42:2007–2018. © 2023 The Authors.
Environmental Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION
The decomposition of allochthonous organic matter is a cru-

cial ecosystem process in freshwater systems, especially in low‐
order streams with forested catchments where primary pro-
duction contributes much less to the system's productivity
(Graça & Canhoto, 2006; Vannote et al., 1980). After entering
streams, allochthonous organic material, such as leaves and
wood, is initially colonized by fungi and bacteria (Bärlocher, 2005;
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Pascoal & Cássio, 2004). These microorganisms break up large
molecules such as lignin and cellulose, and build up microbial
biomass, thereby increasing protein and lipid contents and thus
the nutritional value of the organic matter for shredding macro-
invertebrates (Bärlocher, 1985; Gessner et al., 1999; Jenkins &
Suberkropp, 1995). Ultimately, the organic matter is transformed
into small (<1mm) particles, representing a large proportion of
fine particulate organic matter, which in turn is an important food
source for deposit feeders and collectors (Gessner et al., 1999;
Vannote et al., 1980).

The distribution of freshwater (micro)organisms is controlled
by a wide range of environmental variables. Anthropogenic
activities leading to changes in these variables often result in
community shifts, which may affect the decomposition of al-
lochthonous organic matter, with consequences for the entire
stream food web (Bundschuh et al., 2021; Ferreira et al., 2016;
Gomes et al., 2018; Piggott et al., 2015). Moderate nutrient el-
evation (Gulis & Suberkropp, 2003; Robinson & Gessner, 2000;
Truchy et al., 2022) or higher flow velocity (Benfield et al., 2001)
can stimulate decomposition. In contrast, pesticides, especially
fungicides and insecticides, can harm microbial as well as
macroinvertebrate communities and reduce decomposition
(Fernández et al., 2015; Rasmussen, Wiberg‐Larsen, et al., 2012;
Schäfer et al., 2012). Similarly, trace elements, such as copper
with its toxic potential for microorganisms, can reduce the de-
composition of allochthonous organic matter by altering micro-
bial decomposer communities and their activity (Duarte et al.,
2008; Flemming & Trevors, 1989; Zubrod et al., 2015).

Studying the relationship between organic matter de-
composition (OMD) and environmental variables in streams
has a long history (e.g., Jenkins & Suberkropp, 1995) in which
most studies used leaves from local tree species as substrate
(Feckler & Bundschuh, 2020). This may result in between‐
study variability because the decomposition of different leaf
species can greatly differ due to the varying chemical com-
position including nitrogen (N), phosphorous (P), and lignin
contents (Bruder et al., 2014; Lecerf & Chauvet, 2008; Zhou
et al., 2020). Similarly, the same leaf species from different
geographic origins may exhibit variability in its chemical
composition, although this is typically much lower than for
different leaf species (Bruder et al., 2014; Fernandes et al.,
2013; Santschi et al., 2018). Moreover, the collection, quality
sorting, storing, and handling of leaves are time‐ and labour‐
intensive and standardized procedures are lacking, which
may cause variation in decomposition measurements. For
example, leaves may be air‐dried or frozen, with frozen leaves
exhibiting higher initial leaching and consequently higher
mass loss during deployment in streams (Bärlocher, 1992) or
deployed in bags of different material, mesh size, and con-
struction, which in turn might alter the accessibility of leaves.
To overcome these drawbacks, various artificial substrates
have been developed with the aim of using them as
standardized surrogates, with the benefits of being cheaper
and easier to handle (Ferreira et al., 2020). These stand-
ardized substrates include decotabs, usually made of agarose
and celluloses (Hunting et al., 2016; Kampfraath et al., 2012;
Van der Lee et al., 2020), wooden popsicle sticks, and cotton

strips, with the latter two only being suitable to quantify mi-
crobial decomposition (Maharning & Bärlocher, 1996; Tiegs
et al., 2013). Until today, however, the decomposition of
cotton strips and leaves was only directly compared at sites
exhibiting similar environmental conditions or under con-
trolled conditions, that is, in mesocosms (Tiegs et al., 2007;
Truchy et al., 2020), whereas to our knowledge, the decom-
position of decotabs was compared with the decomposition
of neither leaves nor cotton strips. Thus, it remains unknown
how the decompositions of different substrates relate to each
other at sites along a gradient of environmental conditions
including anthropogenic stressors and whether the decom-
position of different substrates responds similarly to this
gradient. This knowledge, however, is crucial to justify the
use of such standardized substrates as surrogates for
investigating ecosystem processes such as OMD.

The aim of the present study was to determine the
sole microbially and the combined (i.e., microbially and
macroinvertebrate‐mediated) decomposition (further referred
to as microbial and total decomposition, respectively) of nat-
ural and artificial substrates. The substrates included black
alder leaves, decotabs, and cotton strips, which were deployed
at 70 stream sites in a Germany‐wide study. To our knowledge,
this is the first study comparing the decomposition of leaves (a
natural substrate) and two standardized substrates across sites
with varying environmental conditions, in the present study
mainly associated with agricultural land use. From a wide range
of environmental variables, including anthropogenic stressors
such as pesticide exposure and nutrient enrichment, we iden-
tified the variables best explaining the decomposition of each
of the substrates using a stability selection approach. We hy-
pothesized that the most influential environmental variables,
those showing the strongest relationship to OMD, differed
between the assessed substrates because the substrates are
likely colonized by different microbial communities with varying
susceptibility to stressors (cf., Gulis, 2001; Thomas et al., 1992).
Nevertheless, we expected congruent responses in the de-
composition of the most influential environmental variables,
expressed in the similar directions of the relationships between
single environmental variables and decomposition.

MATERIALS AND METHODS
General study design

To capture the peak in pesticide application and the related
in‐stream exposure, the study was conducted in June and
July 2019 at 70 stream sites (Supporting Information, Figure S1)
distributed over Germany as part of a Germany‐wide
monitoring campaign (Kleingewässermonitoring; Liess et al.,
2021a). Thus, the study period preceded the natural input of
leaf litter during autumn and the results might differ from those
of studies conducted in autumn. Details on site selection are
provided in Liess et al. (2021a). Briefly, most (n= 59) of the sites
were located in small (mostly <30 km² catchment size, on
average 17.6 km² catchment size, second to fourth Strahler
order) agricultural streams (average agricultural land cover
75% in the upstream catchment), whereas 11 sites were only
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marginally influenced by agricultural land use (<20% agricul-
tural land use in the catchment).

Microbial decomposition was determined using leaves, de-
cotabs, and cotton strips as substrates (see details below).
Substrates were separately sewed into fine mesh bags (mesh
size 500 µm) and deployed in triplicate at each sampling site by
mounting them on stainless‐steel bars. Deployment (duration
16–26 days) took place from June 10 to June 14, 2019, while
retrieval took place between July 1 and July 9, 2019.

Total decomposition was only determined with leaves and
decotabs because macroinvertebrates do not typically feed on
cotton strips. To allow feeding by macroinvertebrates, substrates
were separately sewed into coarse mesh bags (mesh size 7mm)
and triplicates were mounted at each sampling site on stainless‐
steel bars. While decotabs were deployed simultaneously with
the substrates used for the determination of microbial decom-
position, leaves were deployed for a shorter duration (6–8 days)
between June 3 and June 7, 2019, and June 10 and June 14,
2019. The shorter deployment duration of the leaves was moti-
vated by the high decomposition rate observed during earlier
studies, ensuring an accurate determination of total decom-
positions (personal observation, after 2 weeks ~50% of leaf bags
were retrieved empty).

Additional bags (n= 8–12 per substrate and decomposition
type) containing one of the three substrates were taken along
all process steps, including transportation to the field, to cor-
rect for handling losses and to determine the initial ash‐free dry
mass (AFDM) of the leaves as well as of the decotabs and the
tensile strength of cotton strips. The measured decomposition
was normalized for the deployment duration and the average
temperature at the stream sites (details below).

Substrate handling and processing: leaves
Black alder (Alnus glutinosa (L.) Gaertn.) leaves were col-

lected shortly before senescence in 2018. For the determi-
nation of microbial decomposition, leaves were collected in a
biosphere reserve (at 49.24 N, 7.89 E) close to Landau, South‐
West Germany. Leaves for the total decomposition were col-
lected adjacent to the Parthe stream (51.21 N, 12.70 E) close to
Leipzig, Middle‐East Germany. Subsequently, all leaves were
quality sorted (i.e., leaves with traces of herbivory and in-
fections were removed) and leaf stems were removed. After-
wards, leaves were air‐dried and stored in the dark at room
temperature until use. Fine and coarse mesh bags were filled
with 8± 0.05 and 6± 0.05 g of leaves and then deployed for
16–26 and 6–8 days, respectively.

At the end of the deployment, the leaf bags were gently
washed in the stream to remove sediment as well as organisms
(for the coarse mesh bags, a few remaining organisms were
removed manually) and transported cooled (at ~4 °C) to the
laboratory, where they were stored at −20 °C. The OMD was
estimated based on AFDM to correct for the remaining in-
organic substrate. The AFDM was determined after burning the
leaves to ash for 5 h at 500 °C and relating the mass to the
same dried (60 °C for 48 h) sample. The OMD (in %) was

calculated per degree day to normalize for site temperature
and deployment duration as follows:
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−
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where AFDMt0 and AFDMt1 are AFDM before (normalized for
handling losses) and after deployment, respectively, T is the
average temperature over the deployment period, and n re-
fers to the number of days of deployment (summed up as
degree days). Determining the total OMD and not the
macroinvertebrate‐specific OMD resulted in a high remaining
number of replicates with positive values and thus enabled a
direct comparison between the total OMD of leaves and
decotabs.

Because of the loss of bags, drying of streams, lack of reliable
temperature data, or complete decomposition of the substrate
on retrieval, we present data from 64 and 66 out of 70 sites for
microbial and total leaf decomposition, respectively.

Substrate handling and processing: decotabs
Decotabs with a diameter of 35mm and 8mm in height

were prepared following Kampfraath et al. (2012). Briefly,
150ml of ultrapure water with 3 g of agarose was heated using
a microwave until the agarose dissolved, cooled to 50 °C, and
9 g of powdered cellulose was added. The mixture was sub-
sequently poured into acrylic glass moulds and put into a fridge
(4 °C) to solidify the tabs. If the decotabs were still convex after
cooling down, excess material was removed with a surgical
blade. The decotabs were prepared approximately 2 weeks
before the deployment, individually sewn into coarse and
fine mesh bags, and stored as well as transported at 4 °C.
Their OMD was determined as described for leaves (see sec-
tion Substrate handling and processing: leaves).

Due to loss of bags, drying of streams, lack of reliable
temperature data, or complete decomposition (the case for
54% of the decotabs in coarse mesh bags) of the substrate
on retrieval, we were able to use decotabs data from 61 and 34
out of 70 sites for microbial and total decotabs decomposition,
respectively.

Substrate handling and processing: cotton strips
Cotton strips were cut from artists' fabric in the dimensions

8 × 2.5 cm following Tiegs et al. (2013). Before sewing them
into mesh bags, the cotton strips were pre‐leached in ultrapure
water for 48 h to remove any chemicals potentially remaining
from the manufacturing process and dried at 60 °C. At the end
of the deployment, the surface of the strips was cleaned from
attached material and stored frozen (−20 °C). Before de-
termining the tension loss—the proxy for microbial OMD—the
cotton strips were dipped in ethanol, dried at 60 °C for 24 h,
and the tensile strength was determined using a tensiometer
(Mark‐10 brand, Model ESM303). The peak tension necessary
to tear the cotton strips apart was recorded per strip. The
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tensile strength loss (in % per degree day) was calculated
similarly to the OMD, with AFDMt1 and AFDMt0 being replaced
by the peak tension of the exposed and the average peak
tension of the handling control cotton strips, respectively.

Due to loss of bags, drying of streams, lack of temperature
data, or incorrect tearing of the cotton strips (e.g., tearing
right below, above or in between the grips of the tensiometer),
we were able to use cotton strips data from 63 out of 70 sites.

Environmental variables and local
macroinvertebrate community

During the Kleingewässermonitoring project (between April
and July 2019; Liess et al., 2021a), a wide range of environ-
mental variables were measured following the scheme

described in this section. We restricted our analysis to average
values of measurements during the two deployment periods of
the analyzed substrates (Table 1). Every 3 weeks, pH and
temperature (single measurements, continuous measurement
see below) were determined using a pH meter (WTW Multi
3630 IDS Set G or Greisinger G 1500) and the flow velocity was
measured using either a flow meter (Höntzsch) or via a drifting
unit (Schwoerbel, 1995). At the same time, grab water samples
were taken in the middle of the each stream. In addition, during
heavy rainfall causing a water level rise, water samples were
taken using an automated event‐driven sampler (MAXX TP5).
The procedure is detailed in Liess et al. (2021a) and Neale et al.
(2020). These grab and event water samples were used to
measure several environmental variables. First, concentrations
of ortho‐phosphate, nitrate, nitrite, and ammonium were

TABLE 1: Overview of environmental variables characterizing the sampling sites during the deployment period of substrates

Variable n± SDa Unit Analysis Min. Max. Median Mean SD

Stream typeb NA Both 2.1 19 7 10 5.6
Catchment sizec km² Both 1.6 270 11 16 33
Proportion of agricultural land

use in upstream catchment
% Both 0 100 63 55 32

Fine substrate (<2mm) % Both 0 100 30 41 28
Coarse particulate organic

matterc
% Total 0 70 0 7 13

Dissolved oxygend Probese mg L−1 Both 1.8 9.6 7.6 7 1.9
Stream temperature during

deploymentd,f
Probes °C 10 21 17 16 2

pHd 2± 0.41 NA Both 5.9 8.8 7.7 7.6 0.52
Conductivityd Probes µS cm−1 Both 94 1800 550 600 360
Flow velocityd 1.3± 0.47 m s−1 Both 0 0.8 0.23 0.24 0.16
sumTU for fungid 2.9± 0.72 NA Both −4.79 −1.53 −2.44 −2.51 0.53
sumTU for invertebratesd 2.9± 0.72 NA Total −6.13 −0.54 −3.14 −3.15 1.3
Phosphatec,d 2.6± 0.81 mg L−1 Both 0.07 6 0.46 0.8 1
Nitrated 2.6± 0.81 mg L−1 1.3 81 9.1 15 15
Nitrited 2.4± 0.87 mg L−1 Both 0.03 1 0.14 0.21 0.2
Ammoniumc,d 2.4± 0.88 mg L−1 Both 0.01 1 0.1 0.21 0.25
Total phosphorusc,d 2.5± 0.81 mg L−1 Both 0 1.2 0.08 0.12 0.17
Total nitrogenc,d 2.5± 0.81 mg L−1 Both 0.16 28 3.3 4.9 4.7
Arsenicc,d 2.5± 0.77 mg L−1 Both 0.05 7.3 1 1.4 1.5
Cadmiumd 2.5± 0.77 mg L−1 0.005 0.25 0.01 0.02 0.03
Copperd 2.5± 0.77 mg L−1 Both 0.1 6.1 2.1 2.4 1.5
Mercuryc,d 2.5± 0.77 mg L−1 Both 0.001 0.04 0.003 0.005 0.01
Leadd 2.5± 0.77 mg L−1 0.03 2.2 0.03 0.1 0.27
Zincc,d 2.5± 0.77 mg L−1 Both 0.5 17 2 2.5 2.8
SPEARpesticides NA Total 0 1 0.47 0.48 0.2
Abundance shredder per m²g NA 0.24 9600 130 530 1600
Proportion shredder % Total 0.03 67 28 28 17

aThe number of samples varied per sampling site due to different numbers of rainfall events and single failures of measuring devices. During rainfall events, in case of
incomplete sampling (caused by short high water level durations) the water samples were prioritized as follows: (i) pesticide analysis, (ii) nutrient analysis, and (iii) trace
element analysis.
bThis variable refers to the biocoenotic stream type (Pottgiesser & Sommerhäuser, 2004).
cThese variables were log‐transformed (decadic logarithm) to alleviate skewness.
dThese variables were either recorded repeatedly (i.e., in continuous intervals complemented by event‐driven samples) during the deployment period or via probes and
in Table 1 we present the average per site.
eMeasurements via probes were conducted every 15 or 30min.
fThe stream temperature during deployment was used to normalize the decomposed organic mass (details see section Substrate handling and processing: leaves).
gThe abundance for the feeding group shredders was calculated based on the fuzzy codes of this trait. This means that a taxon was not necessarily only categorized as a
shredder.
In Table 1, we present the average value of environmental variables during the deployment of microbial decomposition substrates and the total decomposition
of decotabs (see Supporting Information, Table S1, for the range of environmental variables of the total decomposition of leaves). In addition, we present the number
of samples (n) and their standard deviation (SD) for variables where we calculated average values. Variables indicated with “Both” are used for statistical analysis of
microbial and total decomposition, whereas variables indicated with “Total” are only used for the analysis of total decomposition. For nutrients and trace
elements, values below the limit of quantification (LOQ) were set to half of the LOQ, whereas values above the qualification range were set to twice the potential highest
value.
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measured without pre‐processing steps on‐site using a UV
spectrophotometer (DR 1900; Hach Lange) and the corre-
sponding cuvette tests (Hach Lange). Second, concentrations
of total P and total N as well as trace elements (arsenic,
cadmium, copper, zinc, lead, and mercury) were analyzed via
inductively coupled plasma mass spectrometry (ICP‐MS 8800
Triple Quad; Agilent). Samples for the analysis of arsenic,
cadmium, copper, zinc, and lead were filtered on‐site (0.45 µm
syringe filter), while the samples to analyze mercury concen-
trations were stabilized using a nitric acid and potassium di-
chromate solution and stored at 4 °C until analysis. Finally, the
concentrations of 76 pesticides were analyzed using an LC‐MS/
MS (Agilent 1290 infinity liquid chromatography system cou-
pled to a QTrap6500+ tandem mass spectrometer equipped
with an electrospray ionization [ESI] interface; Sciex). Details on
the pesticide analysis are provided by Halbach et al. (2021).

To estimate the potential toxicity toward fungi and in-
vertebrates, either the 25 detected fungicides or all detected
pesticides were considered when calculating the logarithmic
sum of toxic units (sumTU) as follows:

( )∑=
c

sumTU log
EC

i

i50

where c is the concentration of pesticide i and EC50i is the
concentration of pesticide i at which 50% of the test organisms
were affected. When calculating the sumTU for fungi (hereafter
sumTUfungi), we selected the respective lowest EC50 value of
either the most sensitive freshwater invertebrate or algae be-
cause EC50 values for fungi are lacking and we anticipated that
fungi react more sensitively to fungicides than invertebrates or
algae (Ittner et al., 2018). For the sumTU for invertebrates
(hereafter sumTUinv), we selected the respective lowest EC50
value of the most sensitive freshwater invertebrate, which
proved to be the most responsive measure in a comparative
analysis (Schäfer et al., 2013). The EC50 values were collected
via the R‐package Standartox (Scharmüller et al., 2020) and
complemented by values from Lewis et al. (2016).

In addition to tri‐weekly measurements, temperature (con-
tinuous measurements), oxygen concentrations, and conductivity
were constantly measured using multiparameter probes
(LogTrans7‐compact measuring system SENSOdive CTDO2, UIT
equipped with O2‐Log3055‐INT and CTD3100–10 loggers;
Driesen + Kern). Due to the failure of a few probes or too low
water levels (10 and nine streams for the two deployment pe-
riods, respectively), values were missing for individual streams.
Missing average temperatures during substrate deployment
were complemented by estimations based on single measure-
ments and logger data of neighbouring sites. Because the nor-
malization of decomposition for cumulative temperature (degree
day over deployment period) can vary strongly, only temper-
atures estimated using information from streams with similar
temperature regimes were used for the analysis. This resulted in
missing temperature information for five and four streams for the
two deployment periods (see above), respectively.

By using the R‐package “openSTARS” (Kattwinkel & Szöcs,
2022), a digital elevation model (cell size 25 × 25m) and

CORINE land cover data (European Environment Agency,
2018), we derived information on the catchment size and the
proportion of agricultural land use in the upstream catchment
(aggregated CORINE classes 2.11, 2.21 and 2.22).

At the beginning of June 2019, macroinvertebrates were
sampled using standardized multihabitat sampling over ap-
proximately 50‐m long stream stretches (Meier et al., 2006).
The ratio and abundance of shredders were calculated based
on trait data retrieved from freshwaterecology.info (Schmidt‐
Kloiber & Hering, 2015). The SPEARpesticides, a metric to de-
scribe the sensitivity of macroinvertebrate communities toward
pesticides, was calculated as described in Liess et al. (2021a).
During the multihabitat sampling, the biocoenotic stream type
(Pottgiesser & Sommerhäuser, 2004), as well as the ratios
of fine substrate (smaller than 2mm) and coarse particulate
organic (CPOM) matter were recorded.

Data analysis
To compare the microbial decomposition of the three sub-

strates (i.e., leaves, decotabs, and cotton strips) and the total
OMD of two substrates (i.e., leaves and decotabs), we con-
ducted three and one Pearson's correlations, respectively. The
inter‐replicate variability (%) was calculated as the variability in
OMD of one set of replicates divided by its mean.

For identifying the environmental variables most influential for
the decomposition, we used average values for the environ-
mental variables measured consecutively during the respective
deployment periods. Before calculating the averages, all nutrient
and trace element concentrations below the limit of quantifica-
tion (LOQ) were set to half of the LOQ, while values above the
qualification range were set to twice the potential highest value.
For variables continuously measured via probes (conductivity and
dissolved oxygen), we calculated median values (Table 1). From
the environmental variables, we omitted those from further
analysis (i.e., nitrate and abundance of shredders) that exhibited
strong intercorrelation (Pearson's correlation> 0.7) and variance
inflation factors above five (Table 1; Lin, 2008). Furthermore, we
removed variables with a low range or a high number of values
below LOQ (i.e., cadmium and lead). Variables that exhibited a
strong skewness were log‐transformed (Table 1).

The variables most influential for the decomposition of the
different substrates were identified using stability selection
(Meinshausen & Bühlmann, 2010). This method estimates the
probability that a variable is selected in a model via boot-
strapping and, in comparison with cross‐validation methods,
reduces the number of falsely selected variables. Using the
package “stabs” (Hofner & Hothorn, 2021), we selected a cut‐
off value of 0.7 (i.e., a variable was selected in 70% of the fitted
models) and a per‐family error rate of 1 (i.e., a maximum of one
variable is tolerated to be falsely selected per model). Thus,
variables that were selected with a higher frequency can be
considered more relevant. Before running the analysis, the
explanatory variables were standardized to an average of 0 and
a standard deviation of 1 to remove the effect of different
ranges and magnitudes. We displayed the relationship of the
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substrates' decomposition to the respective selected environ-
mental variables using marginal effects plots (Lüdecke, 2018).

Data preparation, statistical analysis, and visualizations were
conducted in R (Ver 4.2.1; R Core Team, 2022) using additional
packages including “ggplot2” (Wickham, 2016; full list of all
packages and their versions is given in the R code). We provide
raw data on decomposition, processed environmental varia-
bles, and the computer code under https://github.com/VCSchr/
Standard_vs_Natural. The raw data of the environmental vari-
ables are provided by Liess et al. (2021b) at https://doi.org/10.
1594/PANGAEA.931673.

RESULTS
Microbial decomposition

The OMD of decotabs (median 0.06% per degree day, mean
0.08%, SD 0.05; absolute decomposed substrate mass mean
58.6%, SD 28.9%) was the lowest, followed by the OMD of leaves
(median 0.14% per degree day, mean 0.14%, SD 0.04; absolute
decomposed substrate mass mean 24.5%, SD 32.8%) and the

tension loss of cotton strips (median 0.19% per degree day,
mean 0.18%, SD 0.06; absolute tension loss mean 47.4%, SD
12.7%; Figure 1). The inter‐replicate variability of the microbially
decomposed substrates was with 0.46% (absolute value=
0.0007) the lowest for leaves, whereas it was with 0.92% and
1.5% a factor of two to three higher for cotton strips and deco-
tabs respectively (absolute values 0.0014 and 0.0015, re-
spectively). The OMD of leaves was not or only weakly associated
with that of the two standardized substrates, decotabs, and
cotton strips (r²< 0.01, p= 0.898 and r²= 0.03 p= 0.053, re-
spectively; Figure 1A,B). The decomposition of the standardized
substrates showed a moderate correlation (r²= 0.21, p< 0.001;
Figure 1C), which means that approximately 20% of the variance
of one substrate could be explained by the other substrate.

Total decomposition
The total OMD of decotabs had a median of 0.16% (mean

0.15% per degree day, SD 0.07; absolute decomposed sub-
strate mass mean 49.8%, SD 24.8%) lower than the OMD of
leaves with 0.40% (mean 0.45% per degree day, SD 0.19;

FIGURE 1: Relationships between the microbial decomposition of different substrates. The decomposition of all substrates was normalized for
deployment duration and temperature (degree day, dday). (A) Decomposed organic mass of decotabs versus decomposed organic mass of leaves.
(B) Tension loss of cotton strips versus decomposed organic mass of leaves. (C) Tension loss of cotton strips versus decomposed organic mass of
decotabs. The decomposed organic mass of decotabs is displayed on a logarithmic scale (see Supporting Information, Figure S2, for nonlogarithmic
scaled decomposition of decotabs).
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absolute decomposed substrate mass mean 51.6%, SD 21.3%).
The OMD for decotabs, however, was likely underestimated
because 54% of the coarse mesh bags were retrieved empty
and thus removed from the analysis. The inter‐replicate varia-
bility of total OMD was with 1.73% (absolute 0.008) higher for
leaves than for decotabs (relative= 0.74%, absolute= 0.0009).
The total OMD of leaves was weakly related to the OMD of
decotabs (r²= 0.10, p= 0.118; Figure 2).

Variables explaining microbial and total
decomposition

None of the environmental variables identified in the
statistical analysis was most influential to the microbial and
total decomposition of all substrates (Table 2). Furthermore,
the majority of variables showed contrasting relationships to
the decomposition of the different substrates, with only four
(dissolved oxygen, pH, logarithmic total P concentration,
and estimated toxicity toward fungi [sumTUfungi]) of 26 en-
vironmental variables exhibiting the same direction.

Variables explaining microbial decomposition
The most influential environmental variables for microbial

decomposition differed among the three substrates (i.e.,
leaves, cotton strips, and decotabs; Table 2 and Supporting
Information, Figure S3). The OMD of leaves was strongest
and positively related to flow velocity (Supporting In-
formation, Figure S3A), followed by negative relationships
with the logarithmic arsenic concentration and the pro-
portion of agricultural land use in the catchment, that is,
the general agricultural impact (Supporting Information,
Figure S3B,C). In contrast to the OMD of leaves, the tension
loss of cotton strips was positively related to the proportion
of agricultural land use in the catchment (Supporting In-
formation, Figure S3D). The OMD of decotabs was positively
related to the estimated toxicity toward fungi (sumTUfungi;
Supporting Information, Figure S3E).

FIGURE 2: Relationship between the total decomposition of leaves
and decotabs. The decomposition of the substrates was normalized for
deployment duration and temperature (degree day, dday).

TABLE 2: Selection frequency of the environmental variables explaining the respective decomposition of the substrates

Microbial Total

Leaves Cotton strips Decotabs Leaves Decotabs

Stream type – n.s. + 0.02 + 0.01 – 0.15 o 0.02
Catchment size (log) o 0.04 + 0.09 o 0.08 – 0.49 + 0.10
Proportion of agriculture − 0.76 + 0.85 (+) 0.02 − 0.26 + 0.17
Fine substrate (−) 0.01 (−) 0.02 + 0.19 + 0.03 − 0.18
Dissolved oxygen + n.s. + n.s. + n.s. + n.s. + n.s.
pH o 0.01 − 0.04 − 0.09 − 0.08 − 0.22
Conductivity (+) n.s. − n.s. − n.s. − n.s. − n.s.
Flow velocity + 0.98 − 0.01 − 0.02 − 0.01 + 0.04
sumTU fungicides + n.s. + 0.25 + 0.78 + 0.03 o 0.35
Phosphate (log) + 0.01 − 0.11 − n.s. o n.s. − 0.05
Nitritea (−) n.s. − 0.01 o 0.14 + n.s. − 0.15
Ammonium (log) o 0.01 o 0.36 − n.s. − n.s. + 0.19
Total phosphorus (log) o 0.01 + 0.43 + 0.28 + 0.22 + 0.86
Total nitrogen (log) (−) n.s. + 0.51 + 0.14 + 0.56 − 0.01
Arsenic (log)a − 0.80 + 0.04 + 0.63 − 0.06 − n.s.
Copper − 0.09 − n.s. o 0.03 + 0.06 − 0.01
Mercury (log) (+) 0.11 (−) 0.02 o 0.08 − 0.06 o 0.56
Zinc (log) + 0.05 − n.s. − 0.26 − 0.26 − 0.01
Ratio coarse particulate organic matter (log) n.i. n.i. n.i. + 0.09 o 0.08
sumTU invertebrates n.i. n.i. n.i. o 0.05 + 0.70
Shredder proportion n.i. n.i. n.i. + 0.40 + 0.06
SPEARpesticides n.i. n.i. n.i. + 0.85 o 0.02

aNitrite was log‐transformed and arsenic was not log‐transformed when identifying the most relevant environmental variables for the total decomposition.
Selected variables (i.e., above the cut‐off value of 0.7 in the stability selection) are marked in bold. n.s. = variable was not selected in stability section; n.i. = not included
in analysis. The direction of the relationships is indicated by: + = positive relationship, − = negative relationship; o = no tendency. Symbols in brackets refer to weak
relationships.
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Variables explaining total decomposition
The total decomposition of the two substrates (i.e., leaves

and decotabs) is best explained by different variables (Table 2
and Supporting Information, Figure S3). Although the OMD of
leaves was positively related to the estimated pesticide impact
on the macroinvertebrate community (i.e., SPEARpesticides;
Supporting Information, Figure S3F), the OMD of decotabs was
positively related to the logarithmic total phosphorus concen-
tration and the estimated toxicity toward invertebrates
(sumTUinv; Supporting Information, Figure S3G,H).

DISCUSSION
Microbial decomposition

For microbial decomposition, we detected a weak or no
relationship between the standardized substrates (i.e., cotton
strips and decotabs) and the natural substrate (i.e., black alder
leaves; Figure 1), which suggests that standardized substrates
are not ideal surrogates for natural substrates to assess mi-
crobial OMD in streams. Nevertheless, the positive weak rela-
tionship between the microbial OMD of leaves and the tension
loss of cotton strips (Figure 1) detected in our study is in
agreement with Tiegs et al. (2007). The correlation in this earlier
study was, however, stronger, which may be explained by dif-
ferent experimental designs, including the use of different leaf
species (black alder in the present study vs. black poplar
[Populus nigra] in Tiegs et al. [2007]). Moreover, our study
covered sites with varying environmental conditions whereas
Tiegs et al. (2007) assessed the decomposition over
different habitats within one stream section with comparable
environmental conditions.

The lack of strong correlations between leaves and stand-
ardized substrates may be explained by both standardized
substrates mainly consisting of cellulose (Boulton & Quinn,
2000; Hunting et al., 2016; Imberger et al., 2010), therefore
they represent a simplified substrate in terms of complexity and
are likely to be colonized by a more specialized and thus
functionally limited microbial community in comparison with
black alder leaves (Gulis, 2001; Thomas et al., 1992). Leaves in
comparison are composed of a more diverse set of organic
polymers, including lignin (Bruder et al., 2014; Lecerf &
Chauvet, 2008; Zhou et al., 2020). Due to their chemical
composition, the standardized substrates lack central nutrients
such as P and N (Imberger et al., 2010; Tiegs et al., 2013, 2019),
which likely makes the associated microbial communities highly
dependent on external nutrient sources. The access to these
may be uneven at different stream locations driven by hydro-
morphological conditions (e.g., higher flow velocities make
higher amounts of resources accessible; Burgazzi et al., 2020).
Consequently, the dependency on external nutrients, whose
availability was likely highly variable in our study, and the lack
of buffer capacity by microbial communities may result in
higher inter‐replicate variability of the standardized relative to
the natural substrates. The low inter‐replicate variability of the
natural substrate in the present study can be further explained
by a standardized selection procedure of leaves for use in the

study likely leading to a rather homogenous chemical compo-
sition among replicates.

Total decomposition
Similar to the microbial decomposition, the total OMD of

leaves and decotabs showed a weak relationship, which in turn
demonstrates that decotabs are not ideal surrogates for natural
substrates to assess total and likely also net macroinvertebrate
OMD. The total OMD of leaves was higher than that of the
decotabs. However, more than half of the bags containing
decotabs at deployment were retrieved empty (54%) and thus
excluded from further analyses and interpretation, under-
estimating the OMD of decotabs. Nevertheless, the higher
OMD of leaves might result from a feeding preference of
shredders, a macroinvertebrate feeding group that is highly
selective when it comes to food (Arsuffi & Suberkropp, 1989;
Graça et al., 2001). This selectivity is driven by substrate
properties and likely the microbial communities colonizing
these (Gulis, 2001; Thomas et al., 1992), as discussed above.
Furthermore, the inter‐replicate variability of leaves was clearly
higher than that of decotabs, which could be related to the very
short deployment duration of leaves in comparison with de-
cotabs (6–8 vs. 16–26 days). This short deployment period
likely favoured a patchy colonization by the aquatic microbial
community, probably resulting in a more variable feeding
source for shredders (Pascoal & Cássio, 2004).

Environmental variables explaining
decomposition

We were able to confirm our hypothesis that the most in-
fluential environmental variables for decomposition differed
between substrates (Table 2). In contrast to our expectations,
however, the different substrates showed incongruent re-
sponses to the same environmental variables because the di-
rections of the relationships differed (Table 2). Yet, because the
standardized substrates, that is, decotabs and cotton strips,
capture only a rather limited proportion of the entire leaf de-
composition process (cellulose vs. more complex composition
of organic polymers) varying responses to environmental vari-
ables are plausible. This observation consequently suggests
that standardized substrates are not suitable representatives of
their natural counterpart when quantifying microbial and total
OMD. Using standardized substrates may, in fact, be mis-
leading when analysing the effects of environmental variables
on ecosystem functioning (in our case the decomposition of
allochthonous material) and, thereby, ultimately misinform
management.

None of the environmental variables identified in the stat-
istical analysis was most influential to all substrates. Only one
variable, the proportion of agricultural land use in the upstream
catchment, was identified as most influential for two substrates
(i.e., leaves and cotton strips, both for microbial decomposition).
The directions of these relationships were, however, contrasting
(Table 2 and Supporting Information, Figure S3C,D): while a
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negative impact of agriculture on the OMD of leaves is in line
with previous studies (Liess et al., 2022; Rasmussen, Wiberg‐
Larsen, et al., 2012), the tension loss of cotton strips was pos-
itively related to this variable, a trend reported in few studies
using leaves and focussing on microbial respiration (Griffiths
et al., 2009; Rossi et al., 2019).

Only four of 26 analysed environmental variables exhibited
the same direction of the relationship for the decomposition of
all substrates. Among these was the estimated toxicity toward
fungi (sumTUfungi), which was positively related to all substrates
targeting microbial decomposition, as well as the leaves for
total decomposition. Overall, the sumTUfungi was the single
most influential variable on the microbial OMD of decotabs
(Table 2 and Supporting Information, Figure S3E). Previous
studies, however, found a negative impact of fungicides and
antibiotics on fungal communities and the microbial OMD of
leaves across different seasons (Fernández et al., 2015;
Rasmussen, Monberg, et al., 2012; Schreiner et al., 2018) as
well as on OMD of decotabs (Kampfraath et al., 2012). An ex-
planation for the positive relationship could be a community
turnover resulting in the prevalence of tolerant taxa having a
higher decomposition capacity compared with unaltered com-
munities (Baudy et al., 2021; Feckler et al., 2018; Schreiner et al.,
2018). Although we lack data to support this assumption from
the present study, the detected sumTUfungi corresponded to a
range where strong fungal community turnovers were observed
elsewhere (Fernández et al., 2015; Schreiner et al., 2018). An-
other environmental variable exhibiting the same direction of
the relationship with the decomposition of most substrates was
the logarithmic total P concentration. The logarithmic total P
concentration showed a positive relationship to the decom-
position of substrates used for macroinvertebrate as well as the
microbial decomposition of cotton strips and decotabs (Table 2
and Supporting Information, Figure S3G). For the total OMD of
decotabs, this environmental variable was selected as one of the
most influential, which is in agreement with previous studies
(e.g., Gulis & Suberkropp, 2003; Robinson & Gessner, 2000;
Truchy et al., 2022). Moreover, the data partially support the
assumption discussed above, namely that the lack of nutrients
within the substrate increases dependency on external sources
(Imberger et al., 2010; Tiegs et al., 2013, 2019).

Interestingly, two variables which captured the pesticide
toxicity toward macroinvertebrate communities showed pos-
itive relationships with total OMD for leaves and decotabs,
respectively. The total OMD of leaves showed a positive rela-
tionship to the potential recent pesticide impact on the mac-
roinvertebrate community (SPEARpesticides), which is in concert
with previous studies (Schäfer et al., 2007, 2012). The positive
relationship between the total OMD of decotabs and the es-
timated toxicity toward invertebrates (sumTUinv) is in contrast to
previous studies, which detected a negative relationship with
decomposition (Magali et al., 2016; Schäfer et al., 2012). Other
studies reported ambiguous relationships between the esti-
mated toxicity toward invertebrates and decomposition (Link
et al., 2022; Rasmussen, Wiberg‐Larsen, et al., 2012), which
may be explained by differing gradient lengths. The fact that
only the total OMD of decotabs but not of leaves exhibited a

relationship to sumTUinv may be explained by different toxicity
levels and related gradients during the two deployment pe-
riods (Table 1 and Supporting Information, Table S1). During
leaf deployment, the estimated toxicity toward invertebrates
was, based on the median, higher than during deployment of
decotabs (median sumTUinv of −2.58 vs. −3.14) though during
both deployment periods the estimated maximal toxicity was
similar (maximum sumTUinv of −0.65 and −0.54, respectively).

CONCLUSIONS
The decomposition of the standardized substrates, deco-

tabs and cotton strips, showed weak or no relationships to the
decomposition of the natural substrate consisting of black alder
leaves, for microbial as well as for total decomposition in
streams. This suggests that standardized substrates are un-
reliable surrogates to investigate the ecosystem process of
OMD. This statement is backed up by the fact that these
standardized substrates mainly consist of cellulose, ignoring
other components of natural substrates such as leaves, which
will attract more diverse microbial and likely also macro-
invertebrate communities. The ability of microorganisms to
take up nutrients from the surrounding water could buffer for
low nutrient availability from the substrate and thereby sup-
porting their functional performance (Costello et al., 2022).
Furthermore, the composition of decotabs could be adjusted
to resemble the chemical composition of natural substrates
such as leaves by adding further ingredients (Hunting et al.,
2016; Vonk et al., 2016). In other words, a real‐world situation
can hardly be reproduced using these rather simplistic stand-
ardized substrates, a criticism well documented in terrestrial
(Howard, 1988) and aquatic (Tiegs et al., 2013) studies. The
difference among substrates used in the present study likely
drives the varying responses in their decomposition toward
changes in environmental variables, therefore, when using
standardized substrates, results might be of minor relevance for
decomposition processes in natural systems and estimates of
the relevance of single environmental variables are likely
biased. However, differences in chemical composition or de-
ployment times may also be relevant among other natural
substrates, including different leaf species or other dead plant
parts. This suggests additional efforts are needed before final
conclusions about the suitability of artificial, standardized
substrates as surrogates for natural substrates can be drawn.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library, at https://doi.org/10.1002/
etc.5577.
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