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Abstract
Purpose Hyporheic biofilms are the central site for biogeochemical cycling in streams and rivers. In view of global warm-
ing and increasing human pressures, this study aimed to compare the response of hyporheic biofilm biomass and activities 
from an unpolluted reference stream reach surrounded by forest with those from a stream reach exposed to agricultural and 
urban land use using a mesocosm experiment in which the water temperature and dissolved organic carbon (DOC) contents 
were manipulated.
Methods Hyporheic sediments collected in the field from the two study reaches (i.e. reference and impacted) were incu-
bated in the laboratory at two different temperatures (10 °C, 14 °C) and wetted with three types of synthetic water (control 
[C] – 0 mg  L−1; low DOC – 5 mg  L−1; high DOC – 30 mg  L−1) for four weeks. The responses of the hyporheic biofilms 
were measured weekly using structural (total protein content [TPC] as a proxy for biofilm biomass) and functional measures 
(electron transport system activity [ETSA] and community-level physiological profiling [CLPP]).
Results The response of hyporheic biofilms to temperature changes and DOC enrichment was site-specific for all studied 
measures (TPC, ETSA and CLPP, including measured average well colour development [AWCD]). The addition of DOC 
to biofilms from the pristine stream reach significantly heightened the responses at 10 °C, a temperature within the normal 
environmental temperature ranges of the reference location, but not at 14 °C, which was here, a temperature outside normal 
environmental range. On the other hand, biofilms from the impacted stream reach exhibited increased responses follow-
ing DOC enrichment under both temperature regimes, with a particularly pronounced response at 14 ºC, in this case, both 
experimental temperatures were within the normal environmental temperature ranges of the study locations.
Conclusion Hyporheic biofilms were shown to be, like benthic biofilms, sensitive to temperature changes and organic 
enrichment, but their response to temperature changes and enrichment caused by climate change and/or other anthropogenic 
pressures (i.e. point and non-point pollution, removal of the riparian zone, hydromorphological modifications, etc.) was not 
simply linear but site-specific. The intensity of the response, characterized by increased activity and biomass production, 
appears to be constrained within the temperature ranges prevalent in the environment from which the biofilms originate. 
These findings emphasize the importance of site-specific considerations in predicting the impacts of climate change and 
anthropogenic pressures on these critical components of river and stream ecosystems.
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1 Introduction

Freshwater ecosystems, including rivers and streams, are 
exposed to a range of stressors resulting from intensive water 
and land use, affecting both ecosystem structure and func-
tion (Wagenhoff et al. 2011; Mori et al. 2019). In addition, 
freshwaters are highly vulnerable to climate change, which 
affects water temperatures and induces shifts in hydro-
logical patterns (Woodward et al. 2010). Current climate 
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models predict that mean air temperature will increase by 
up to 4.4 °C by the year 2100 (IPCC 2021), and a recent 
study from Switzerland (Michel et al. 2022) suggests that 
river water will warm significantly in the twenty-first cen-
tury. Predictions from this study are that by the end of the 
century (2080–2090), the mean annual water temperature 
increase will range from + 0.9 °C for low-emission scenar-
ios to + 3.5 °C for high-emission scenarios for lowland and 
alpine catchments. As temperature is an important environ-
mental factor affecting every aspect of living organisms—
from molecules to cells to ecosystem processes—these 
changes will inevitably affect river ecosystem structure and 
function, including microbial community composition and 
biogeochemical processes.

Aquatic biofilms are heterogeneous consortia of microor-
ganisms (i.e. archaea, bacteria, fungi, algae and protozoans) 
embedded in a matrix of extracellular polymeric substances 
(Battin et al. 2016). Species-rich, surface-attached biofilms 
dominate microbial life in streams and rivers, where they 
contribute substantially to biogeochemical transformations 
and thus play an essential role in stream ecosystem func-
tions (Besemer 2015; Battin et al. 2016). Most ecosystem 
processes in streams driven by microorganisms, including 
mineralisation of organic matter, degradation of pollutants, 
nutrient transformations and other redox-related processes, 
occur in the hyporheic zone (i.e. at the dynamic interface 
between the river channel and underlying sediments along 
the stream network sensu Orghidan (1959, 2010). How-
ever, most studies addressing the microbial communities in 
streams have investigated benthic or epilithic biofilms that 
include photoautotrophic microorganisms (e.g. Ylla et al. 
2012, 2014; Oest et al. 2018; Romero et al. 2019; Dang et al. 
2021; Thomas et al. 2021; Zhang et al. 2021), while fewer 
studies have focused on predominantly heterotrophic micro-
bial communities from the hyporheic zones, i.e. hyporheic 
biofilms (but see Findlay and Sinsabaugh 2003; Nogaro et al.  
2010; Wagner et al. 2014; Mori et al. 2019; Matjašič et al. 
2021).

Both benthic and hyporheic biofilms are highly sensitive 
to changing environmental conditions (Dang et al. 2021). 
For example, the abundance, taxonomic composition and 
metabolic activity of aquatic biofilm communities have been 
shown to depend on environmental factors, such as hydroge-
omorphology (Simčič and Mori 2007; Gerbersdorf et al. 
2020), quality and quantity of organic matter (e.g. Findlay 
et al. 2003; Judd et al. 2006; Freixa et al. 2017), availability 
of inorganic nutrients and terminal electron acceptors (e.g. 
Baker et al. 2000; Ito et al. 2002), and temperature (e.g. Ylla 
et al. 2012, 2014; Mori et al. 2019). Temperature increases 
accelerates processes, such as microbial growth, activity 
and metabolic rates (Ylla et al. 2012; Mori et al. 2019). For 
example, Ylla et al. (2012) reported that the biofilm micro-
bial community responded to increased water temperatures 

by increasing the bacterial cell number, respiratory activity, 
and extracellular enzyme activity. Alongside temperature, 
the availability of organic material and nutrients is thought 
to have the greatest influence on the abundance and activ-
ity of heterotrophic microbial communities in most aquatic 
ecosystems (Hedin 1990; den Heyer and Kalff 1998; de 
Vicente et al. 2010; Cibic et al. 2019). Dissolved organic 
matter (DOM), which is the primary substance for bacterial 
growth and respiration, is introduced into aquatic ecosys-
tems, where organic carbon (DOC) is usually the most com-
mon form of DOM (Benner 2003). DOC contains a variety 
of compounds: from labile simple sugars readily available 
to microbes to lignin-based refractory molecules resistant to 
microbial assimilation (Aiken et al. 1985; Volk et al. 1997). 
The supply of bioavailable DOC has been cited as one of the 
most important factors controlling the abundance and meta-
bolic activity of heterotrophic bacteria in many streams (e.g. 
Buffam et al. 2001; Findlay et al. 2003; Romaní et al. 2006; 
Foulquier et al. 2011; Weigelhofer et al. 2020). For example, 
Findlay et al. (2003) found significant differences in bacte-
rial growth, oxygen consumption, and enzyme activities in 
hyporheic bacterial communities exposed to different DOC 
concentrations. In general, the addition of labile and recal-
citrant organic materials increased oxygen consumption, 
production or both, depending on the background DOM. 
Moreover, concentrations of inorganic nutrients, particularly 
nitrogen and phosphorus, are most important in regulating 
the growth of autotrophic organisms in aquatic ecosystems, 
while the combined effect of high organic and nutrient loads 
may also directly affect the abundance of heterotrophic 
microbial organisms (Cibic et al. 2019).

Based on the occurrence of different microbial commu-
nities in sediments from different hyporheic environments 
(Lowell et al. 2009; Hall et al. 2012; Atashgahi et al. 2015), 
different structural and functional responses of hyporheic 
microbial biofilms to changing environmental conditions 
are expected. For example, bacterial production can only 
increase after a temperature change if DOM production, 
uptake, bacterial growth efficiency or a combination of all 
three factors increases (Kirchman et al. 2005). Furthermore, 
temperature acclimation adds another level of complexity to 
the physiological response to temperature by microorgan-
isms in the environment (Hall et al. 2010). Understanding 
the individual and combined effects of increased tempera-
tures and altered DOC supply as two of the major environ-
mental drivers is therefore necessary to model ecological 
processes at different levels of biological organisation in 
aquatic ecosystems (Cross et al. 2015; Dang et al. 2021).

This study aims to quantify the effects and relative impor-
tance of temperature changes and elevated DOC on hypor-
heic biofilms in streams that are exposed to different inten-
sity of human pressures in the catchment. We investigated 
the response of hyporheic biofilms originating from the two 
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river reaches with distinct trophic status and temperature 
regimes (i.e., the unpolluted, colder upstream river reach 
(pristine, reference location, temperature range 6-10 ºC) and 
agriculturally impacted, warmer downstream river reach 
(impacted location, temperature range 6-16 ºC)). Since the 
biofilms at the reference location have a more constrained 
ecological niche by means of temperature and nutrient avail-
ability ranges compared to the biofilms colonizing sediments 
at the impacted location, we hypothesised that the struc-
ture (i.e. microbial biomass – total protein content (TPC)) 
and functioning (i.e. respiratory electron transport system 
activity (ETSA) and community-level physiological profil-
ing (CLPP)) of hyporheic biofilms in sediments from the 
reference stream reach would respond differently by means 
of intensity to temperatures changes and increased DOC 
quantities from those collected from the impacted reach due 
to above mentioned initial inherent differences in biofilm 
structural characteristics. We hypothesised that the addition 
of DOC to biofilms in sediments will increase the biomass 
production and microbial activity and shift the physiological 
profile only in a case when exposed to temperature within 
their natural thermal regimes. To test these hypotheses, a 
mesocosm experiment was carried out in the laboratory 
under controlled conditions using hyporheic sediments col-
lected in the field from the two study reaches (i.e. reference 
and impacted). This study contributes to the understanding 
of how the combined effects of climate change, by means 
of changes in water temperature regimes (warming, extreme 
thermal and hydrological events) and increasing human-
driven organic pollution, may further affect the metabolism 
of streams already exposed to varying degrees of anthropo-
genic impacts in the catchments.

2  Materials and methods

2.1  Sediment collection

Sediments needed for the mesocosm experiment were col-
lected in October 2018 from the gravel bed pre-alpine river 
Kamniška Bistrica (Slovenia). Two 50 m long river reaches, 
approximately 20 km apart, were selected for sediment col-
lection: the unpolluted upstream (i.e. reference) reach near 
Stahovica (Ref; 46°16′ 08,63'' lat, 14°36′18,33'' lon) and the 
agriculturally impacted (i.e. impacted) downstream reach 
near Videm (Imp; 46°04′34,04'' lat, 14°38′11,27'' lon). 
Reported nitrate concentrations in the river water were 
1.94 and 8.97 mg  NO3  L−1 for the reference and impacted 
river reach, respectively, accompanied by a low total phos-
phorus concentration at the reference reach  (Ptot, 0.003 mg 
 L−1) and by a higher concentration at the impacted reach 
 (Ptot, 0.05 mg  L−1) (EARS) 2018). The reported water tem-
peratures during the year ranged from 5.6 °C to 10.2 °C at 

reference and from 6.1 °C to 15.7 °C at impacted reaches 
(Debeljak 2018). Mean annual DOC were 0.96 mg  L−1 
(± 0.19 mg  L−1) and 2.47 mg  L−1 (± 0.93 mg  L−1) for the 
reference and impacted study reaches, respectively (unpub-
lished data). More information on the characteristics of the 
study river is available in Debeljak (2018), Debeljak et al. 
(2017) and Mori et al. (2019).

At both river reaches, a plastic tube (diameter 30 cm, 
height 50 cm) was inserted into the riverbed at three sites 
to obtain spatial replicates within the study reach. First, 
the larger stones and the upper layer of the sediments (cca. 
20 cm) were removed from the tube to access the hypor-
heic sediments. Extracted hyporheic sediment samples were 
gently sieved through an 8 mm mesh and then through a 
4 mm mesh to obtain sediments with a grain size < 4 mm. 
Approximately 15 L of homogenised sediment from each 
study reach was transported to the laboratory where it was 
used for incubation experiments under controlled conditions.

2.2  Experimental design

Prior to the experimental setup, the grain size distribution 
was determined for the sediments from both study reaches 
using a shaker (MINOR, Endecotts, UK) consisting of three 
sieves (mesh size 0.063 mm, 0.2 mm and 2 mm). The grain 
size distribution was expressed as a percentage of the total 
dry mass of the sample for each grain size fraction.

After grain size characterisation, the sieved sediments 
from the two study reaches were placed in 12 round Plexi-
glas containers (diameter 21 cm, height 10 cm) and incu-
bated in the dark in temperature-controlled chambers for four 
weeks (W1, W2, W3, W4) under two temperatures (10 °C 
and 14 °C) and wetted with three types of synthetic water 
(control – C; low DOC – lDOC; high DOC – hDOC; N = 2 
loc × 2 temp × 3 water types × 1 replicate). 1 L of synthetic 
water (i.e. 2940 mg of CaCl × 2  H2O, 1230 mg of  MgSO4 × 7 
 H2O, 650 mg of  NaHCO3 and 60 mg of KCl in 10 L of 
bidistilled water) (ISO standard 6341, 1996) was added to 
four control containers (C). 1 L of synthetic water was added 
with 5 mg C (2.5 mg C as cellobiose (Sigma-Aldrich) and 
2.5 mg C as dipeptide proline-leucine (Sigma-Aldrich)) 
into four "low DOC" containers (lDOC), whereas 1 L of 
synthetic water was added to four "high DOC" containers 
(hDOC) with 30 mg C (15 mg C cellobiose and 15 mg C 
proline-leucine). An air stone was placed in each container 
to enable continuous aeration, and the container was covered 
with dark foil during incubation to prevent evaporation. At 
the bottom, the containers had two diametrically positioned 
openings (diameter 0.5 cm) into which a plastic tube with a 
valve at the end was inserted to regularly collect the water 
samples for further chemical analyses collected on W1, W2, 
W3 and W4. Inside the container, the openings were covered 



2862 Journal of Soils and Sediments (2024) 24:2859–2873

with a net to prevent the tubes from clogging when intersti-
tial water was sampled.

2.3  Water sampling and analyses

During the incubation, 100 mL of interstitial water was col-
lected weekly (W1, W2, W3 and W4) for the measurements 
of physical and chemical characteristics using plastic tubes 
placed at the bottom of the containers. A temperature, dis-
solved oxygen concentration, and conductivity were meas-
ured using WTW probes (Multi 3430 Set, WTW, Germany). 
After the measurements, the collected water was poured 
back into the respective containers. After the first and fourth 
weeks of incubation, water samples were collected to deter-
mine dissolved organic carbon (DOC) and total nitrogen 
(TN). DOC and TN in water were analysed according to 
SIST ISO 8245:2000 (filtration through 0.45 μm filter) and 
SIST EN 12260:2003, respectively.

2.4  Biofilm analyses

Biofilms were analysed prior to the experimental setup and 
after one, two and four weeks of incubation, when 20  cm3 
of sediment was collected from each container in triplicate. 
After collecting, part of the sediment was immediately used 
for community-level physiological profile (CLPP) analysis 
and particulate organic matter (POM) determination, while 
the other part of the sediment was stored in a plastic bag in 
the freezer at -80 °C until ETSA and TPC analyses were per-
formed. POM was also determined for sediments prior to the 
incubation. The amount of POM in the sediments was deter-
mined by the loss of ignition. Dried samples (24 h, 105 °C) 
were ignited at 520 °C for 2 h, and the POM content was 
determined as loss on ignition in g per dry mass of sediment.

TPC (i.e. microorganisms and extracellular polymeric 
protein substances) in the sediment samples was determined 
using a commercially available kit according to the manu-
facturer's recommendations (Pierce™ BCA Protein Assay 
Kit, Thermo Scientific). First, 25 µL of the standard solu-
tions or supernatant of samples were pipetted in duplicate 
into each well of a microtiter plate, and then 200 µL of the 
working reagent was added to each well. After incubation, 
absorbance was measured at 562 nm within 10 min using a 
microplate reader (Synergy Mx, BioTek). The protein con-
tent of the sample was calculated using a standard curve and 
expressed as µg  g−1 dry mass of sediment.

Respiratory ETSA was measured using an assay origi-
nally proposed by Packard (1971) and modified by Broberg 
(1985). It estimates potential metabolic activity by determin-
ing the activities of dehydrogenases and cytochromes within 
the respiratory electron transport system. 10 g of sediment 
was weighed into centrifuge tubes that were stored in ice. To 
each tube, 3 mL of homogenisation buffer was added, and 

the sample was ultrasonically homogenised for 2 min (ultra-
sonic homogeniser, Cole-Palmer). The samples were cen-
trifuged in a refrigerated centrifuge (Sigma) at 10,000 rpm 
for 4 min. From each sample, 30 µL of the supernatant was 
pipetted into three wells of a microtiter plate, while the 
fourth well was left empty and used as a blank. 150 µL of 
the substrate solution (NADPH, NADH) and 50 µL of the 
reagent solution (2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phe-
nyltetrazolium chloride, INT) were added to all four wells. 
The entire procedure was repeated for all samples and then 
incubated in the dark at 20 °C for 30 min. The reaction was 
stopped by adding 50 μL of the stop solution  (H3PO4 conc.: 
formalin) to all wells. Finally, another 30 μL of the sample 
was added to the blank well, and absorbance was measured 
at 490 nm within 10 min. We calculated the concentration 
of oxygen consumed, which corresponds to the amount of 
formazan formed by the reduction of INT. We used the fol-
lowing formula:

ETSA = electron transport system activity (μL  O2 
 S−1  h−1).

Abs490nm = sample absorption (the absorbance of the 
blank subtracted from the absorbance of the sample).

Vr = final volume of the reaction mixture (0.28 mL).
Vh = volume of homogenate (3 mL).
Va = volume of homogenate in the sample (0.03 mL).
S = sample size (dry mass (DW), g).
t = incubation time (30 min).
1.30 = path length correction factor (Lampinen et al. 

2012).
1.42 = factor for conversion of formazan concentration to 

oxygen volume (Kenner and Ahmed 1975).
CLPP was performed using the Biolog Ecoplates™ assay 

(Biolog, California, USA), which provides information on 
community functioning. The Biolog Ecoplate™ consists of 
96 wells containing 31 different carbon sources and a control 
well in three replicates (Weber and Legge 2009). For each 
well, the redox dye tetrazolium violet was used as a colour 
indicator to show whether the added microorganisms uti-
lised the substrates (Insam and Goberna 2004). First, one 
gram of fresh sediment was weighed into a sterilised glass 
beaker (100 mL) using an analytical balance (Sartorius, 
Germany), and 10 mL of cold Ringer's solution (Ringer's 
solution ¼ strength tablets, Sigma-Aldrich) was added. The 
beakers were placed in an ultrasonic bath (Elma, Germany) 
for 1 min (37 kHz, 30%). The solution from each beaker was 
poured into a centrifuge tube and centrifuged at 800 rpm for 
5 min at 4 °C. Then, 150 μL of the supernatant of the first 
replicate was transferred from the vial to each well of one-
third of the Biolog Ecoplates™ using a multichannel pipette. 

(1)ETSA =
Abs

490nm
× V

r
× V

h
× 60 × 1.30

V
a
× S × t × 1.42



2863Journal of Soils and Sediments (2024) 24:2859–2873 

The supernatants of the second and third replicates from 
the same container were transferred to the second and third 
parts of Biolog Ecoplates™, respectively. The absorbance 
of each well was measured on the same day and after 24, 48 
and 72 h at 590 nm using a SynergyMX spectrofluorometer 
(BioTek Instruments, USA). Between measurements, the 
Biolog Ecoplates™ were incubated in the dark at 20 °C. 
The raw absorbance values measured for the substrate wells 
on each third of the plate were corrected for the absorbance 
of the blank well (inoculated but without a carbon source). 
Negative values were coded as zeroes for subsequent data 
analysis. The average well colour development (AWCD), 
which represents the average metabolic activity over all 
wells, was calculated as

where Ai represents the absorbance reading of well i and A0 
is the absorbance reading of the blank well. In accordance 
with certain recommendations (Weber and Legge 2010), 
substrate utilisation measured after 48 h of incubation with 
Biolog Ecoplates™ was used for CLPP.

The figures for the results of the biofilm parameters ana-
lysed at the first and second week of incubation are attached 
as supplementary material.

2.5  Statistical analysis

We used Shapiro–Wilk's test and Levene's test to examine 
the normality of the data distribution and homoscedasticity. 
Consequently, all values (TPC, ETSA, AWCD and substrate 
utilisation absorbances) were  log10(x + 1) transformed and 
proportions for carbon substrate groups were arcsin trans-
formed to ensure normality and homoscedasticity. First, a 
t-test was used to test for the differences in measured vari-
ables between sediments from reference and impacted study 
reaches or sediments exposed to two temperatures, and a 
one-way ANOVA was applied to test for the differences in 
the three DOC regimes. To examine the effects of the study 
reach (Reference, Impacted), the two temperatures (10 °C 
and 14 °C) and three DOC regimes (C, lDOC and hDOC) 
on TPC, ETSA and AWCD, the utilisation of carbon sub-
strate groups, and three-way ANOVAs were performed on 
data obtained after one week, two weeks, and four weeks of 
incubation, respectively, with location (Loc), temperature 
(Temp), and quality (DOC) as factors. Tukey's honest sig-
nificant difference post hoc test was used to determine the 
significance of the factors and interactions.

The CLPP data were investigated using the non-metric 
multidimensional scaling (NMDS) analysis method based 
on the Bray–Curtis similarity index to visualise and test for 
differences in overall metabolic function between samples. 

(2)AWCD =
1

31

31
∑

i=1

(A
i
− A

0
)

Input data for NMDS included absorbance data from all 
treatments (in triplicate), separately for each week (W1, 
W2 and W4). One-way (between sediments from the refer-
ence and impacted study reaches) and two-way analyses of 
similarity (ANOSIM) were performed to test for the sig-
nificance of differences in substrate utilisation separately 
between sediments from the two study reaches (Reference, 
Impacted) and incubation temperatures (10 °C and 14 °C), 
the two locations and water quality (C, lDOC, hDOC), and 
incubated temperatures and water quality as factors. Simi-
larity percentage analysis (SIMPER) was used to examine 
the substrate utilisation that contributed most to differences 
between locations, incubation temperatures, and water qual-
ity separately for each week (W1, W2 and W4). Statistical 
analyses (three-way ANOVA, t-test, Shapiro–Wilk's test 
and Levene's test) were performed using SPSS Statistics 
version 20.0 for Windows (SPSS Inc., Chicago, IL, USA), 
while NMDS, ANOSIM and SIMPER were performed using 
PAST 3.22 (Hammer et al. 2001).

3  Results

3.1  Physical and chemical characteristics of water 
and sediments prior and during incubation

The grain size distribution of the sediments from both sam-
pling locations prior to the experimental setup was: 8% and 
9% of grain size fraction < 0.063 mm, 63% and 61% of grain 
size fraction 0.2–2 mm, and 20% and 22% of grain size frac-
tion 2–4 mm, respectively, for the sediments from the refer-
ence and impacted study reaches. Prior the incubation, the 
sediments from the reference study reach had a significantly 
higher content of initial POM (9.1 ± 1.1 g  kg−1) than those 
from the impacted stream reach (7.1 ± 0.7 g  kg−1) (N = 6, 
t-test, p ≤ 0.05).

During incubation, however, no clear pattern in POM 
related to controlled parameters (location, temperature, 
DOC) was observed (Table 1). The lowest average oxygen 
concentrations in the interstitial water of both stream sedi-
ments were measured at 14 °C and high DOC enrichment 
indicating intensive oxygen consumption due to higher tem-
perature and the high availability of food resources. Gener-
ally, higher temperature and DOC enrichment let to lower 
oxygen concentrations in the sediments from both study 
reaches, and significant differences between the two study 
reaches were observed for the incubation at 10 °C but not 
at 14 °C (N = 24, t-test, p ≤ 0.05) (Table 1). Substantially 
increased conductivity was observed in the sediments from 
both locations after incubation at 14 °C and under treatment 
with hDOC water (Table 1). In contrast, concentrations of 
TN in the interstitial water showed no clear pattern related 
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to tested factors (e.g. location, temperature and DOC), most 
probably due to the low number of samples.

3.2  Total protein content (TPC) and electron 
transport system activity (ETSA)

The biomass of the biofilms, measured as TPC in sedi-
ments from the two locations prior the incubation sig-
nificantly differed and was lower (13.4 ± 1.3 µg  g−1) for 
the reference location than that from the impacted loca-
tion (24.9 ± 2.7 µg   g−1) (t-test, p < 0.01). At the end of 
the experiment (i.e., after four weeks), the average TPC 
(N = 9) was 46.9 µg  g−1for the sediments from reference 
and 51.2 µg  g−1for the sediments from impacted location 
incubated at 10 °C (Fig. 1a, b). At 10 °C, hDOC enrichment  
resulted in increased TPC in sediments from reference, but 
not in those from impacted location. The average TPC at 
14 °C was 19.2 and 84.0 µg  g−1 for the sediments from the 
reference and impacted locations, respectively (Fig. 1a, b). 
Relatively low TPC was measured at 14 °C after DOC enrich- 
ment in sediments from reference location, while in biofilms 
from impacted location TPC increased with DOC enrich-
ment. According to the three-way ANOVA (factors: location, 
temperature, DOC), significantly higher TPC values were 
found in sediments from the impacted location after four 
weeks of incubation, and also after one and two weeks (Figs. 
S1-S2; Table 2). Higher TPC values were found in sediments 
with high DOC than in those with low DOC after two and 
four weeks of incubation (Table 2). After four weeks, the 
high DOC treatment showed also significantly higher TPC 

values than the control (Tukey's post hoc test, p < 0.05). Sur-
prisingly, temperature did not prove to be a significant factor 
for differences in TPC, but there was a significant interaction 
between location and temperature on TPC after one and four 
weeks of incubation (Table 2).

ETSA differed between the sediments from the reference 
and impacted locations prior the incubation. Significantly 
lower ETSA (0.50 ± 0.03 µLO2  g−1DW  h−1) was determined 
in the sediments from reference location than in those from 
the impacted location (1.16 ± 0.07 µLO2  g−1DW  h−1) (t-test, 
p < 0.01). At the end of the incubation at 10 °C, the average 
ETSA was 0.49 and 1.01 µLO2  g−1DW  h−1 for the sedi-
ments from the reference and impacted locations, respec-
tively (Fig. 1c, d), indicating no effects of temperature on 
ETSA. The addition of DOC at 10 °C did not lead to an 
increase in ETSA in the sediments from reference loca-
tions, but it increased slightly in impacted sediments. The 
average ETSA after four weeks of incubation at 14 °C was 
0.55 and 1.39 µLO2  g−1DW  h−1 for the sediments from the 
reference and impacted locations, respectively (Fig. 1c, d). 
Results showed that increased ETSA was observed at 14 °C 
and for hDOC enrichment. A three-way analysis of vari-
ance (ANOVA) indicated location, temperature and DOC 
as significant factors for differences in ETSA but not for 
all sampling dates (Table 2). For example, location was a 
significant factor on all sampling occasions after four weeks, 
while temperature was significant after two and four weeks 
and DOC was significant after one week of incubation. Inter-
actions (Loc × Temp; Loc × DOC) were observed only for 
data obtained after one week of incubation (Table 2).

Table 1  Physical and chemical parameters (Cond – conductivity; TN 
– total nitrogen; POM – particulate organic matter) measured in the 
interstitial water during the 4-weeks experiment. Abbreviation repre-
sents locations of sediment collection (Ref – reference location; Imp 
– impacted location); incubation temperature (10 or 14  °C); DOC 

addition (no addition of DOC (control—C), addition of 5 mg of DOC 
 L−1 (lDOC) or 30  mg DOC  L−1 (hDOC)). Data present mean ± SD 
(Oxygen, Cond: n = 4; POM, n = 3; DOC, TN, n = 2). * -  significant 
differences between locations (N = 24–48, t-test, p < 0.05)

Treatment Oxygen (mg  L−1) Cond
(µS  cm−1)

DOC
(mg  L−1)

TN
(mg  L−1)

Sediment POM
(g  kgDW−1)

Ref10C 8.8 ± 1.3 676.8 ± 61.9 8.7 ± 1.1 0.2 ± 0.2 8.5 ± 0.5
Ref10lDOC 9.7 ± 0.7 623.0 ± 20.7 3.6 ± 0.6 0.3 ± 0.0 8.0 ± 0.8
Ref10hDOC 8.5 ± 1.1 665.8 ± 19.6 5.9 ± 1.5 0.3 ± 0.1 8.4 ± 0.7
Ref14C 7.8 ± 1.4 671.0 ± 33.4 3.6 ± 3.7 0.5 ± 0.2 9.3 ± 4.3
Ref14lDOC 7.2 ± 1.1 641.5 ± 26.1 3.2 ± 2.7 0.7 ± 0.3 7.3 ± 1.4
Ref14hDOC 6.5 ± 1.4 705.5 ± 64.3 201.8 ± 271.0 0.6 ± 0.3 7.2 ± 1.0
Ref (all treat.) 8.1 ± 1.5 663.6 ± 46.2* 37.8 ± 112.0 0.4 ± 0.2 8.2 ± 1.0
Imp10C 8.2 ± 0.8 753.3 ± 73.3 5.9 ± 3.6 0.2 ± 0.0 8.6 ± 1.0
Imp10lDOC 8.5 ± 1.0 702.5 ± 45.4 3.0 ± 0.8 0.5 ± 0.5 7.1 ± 1.7
Imp10hDOC 7.6 ± 1.5 716.8 ± 79.1 2.1 ± 0.5 0.4 ± 0.0 7.7 ± 1.0
Imp14C 7.7 ± 0.5 702.0 ± 34.5 25.1 ± 3.9 0.5 ± 0.2 8.5 ± 2.5
Impi14lDOC 7.6 ± 0.5 699.8 ± 38.1 7.7 ± 4.3 0.5 ± 0.1 6.7 ± 1.1
Imp14hDOC 6.2 ± 2.0 793.0 ± 105.7 123.4 ± 160.1 0.7 ± 0.0 7.5 ± 0.8
Imp (all treat.) 7.6 ± 1.3 727.88 ± 69.4* 24.6 ± 66.9 0.5 ± 0.2 7.8 ± 2.6
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Fig. 1  Total protein content – 
TPC (a, b), electron transport 
system activity – ETSA (c, d), 
average well colour develop-
ment – AWCD (e, f) in the 
sediments from reference and 
impacted locations incubated 
at 10 or 14 °C with no addition 
of DOC (control – C), addition 
of 5 mg of DOC  L−1 (lDOC) 
or 30 mg DOC L.−1 (hDOC) 
measured after four weeks 
of incubation. Bars represent 
means ± SD (n = 3). Different 
letters in the column indicate 
significant differences between 
treatments (p < 0.05)

Table 2  Results of three-way ANOVA of total protein content (TPC), electron transport system activity (ETSA) and average well colour devel-
opment (AWCD) with location (Loc), temperature (Temp) and water quality (DOC) as factors

TPC ETSA AWCD
Week 1 Week 2 Week 4 Week 1 Week 2 Week 4 Week 1 Week 2 Week 4

Loc  < 0.001
F = 59.520

 < 0.001
F = 19.752

 < 0.001
F = 29.391

 < 0.001
F = 132.472

 < 0.001
F = 133.160

 < 0.001
F = 113.549

 < 0.001
F = 113.409

 < 0.001
F = 64.333

 < 0.001
F = 55.182

Temp 0.484
F = 0.483

0.148
F = 2.231

0.406
F = 0.716

0.158
F = 2.126

0.041
F = 4.662

0.008
F = 8.265

0.805
F = 0.056

0.872
F = 0.026

0.015
F = 6.891

DOC 0.391
F = 0.977

0.021
F = 4.561

 < 0.001
F = 12.276

0.036
F = 3.838

0.187
F = 1.800

0.055
F = 3.272

0.016
F = 4.926

 < 0.001
F = 12.571

0.020
F = 4.656

Loc × Temp 0.017
F = 6.549

0.732
F = 0.120

 < 0.001
F = 18.033

0.049
F = 4.304

0.252
F = 1.380

0.072
F = 3.548

0.890
F = 0.019

0.450
F = 0.591

0.958
F = 0.003

Loc × DOC 0.104
F = 2.492

0.030
F = 4.067

0.770
F = 0.264

0.008
F = 5.859

0.300
F = 1.267

0.297
F = 1.279

0.089
F = 2.674

0.182
F = 1.833

 < 0.001
F = 11.557

Temp × DOC 0.405
F = 0.938

0.104
F = 2.485

0.616
F = 0.495

0.641
F = 0.453

0.139
F = 2.149

0.089
F = 2.679

0.178
F = 1.858

0.008
F = 5.879

 < 0.001
F = 11.957

Loc × Temp × DOC 0.124
F = 2.278

0.653
F = 0.434

0.192
F = 1.767

0.254
F = 1.450

0.960
F = 0.041

0.943
F = 0.059

0.237
F = 1.531

0.885
F = 0.123

0.107
F = 2.451
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3.3  Community‑level physiological profiling

At the beginning of the incubation, differences in microbial 
functioning were observed between the sediments collected 
at reference and impacted locations. Significantly lower 
AWCD values were determined in the sediments from the 
reference (0.42 ± 0.01) than in those from the impacted loca-
tion (0.89 ± 0.11) (t-test, p < 0.05). Utilisation of alfa-D-lac-
tose, alfa-cyclodextrin, D-cellobiose and glucose-1-phos-
phate contributed most to dissimilarity between reference 
and impacted locations, but differences were not statistically 
significant (ANOSIM, p > 0.05). The utilisation of carbon 
substrate groups—carbohydrates, polymers, carboxylic and 
ketonic acids, phenolic compounds, amino acids and amines/
amides—did not differ significantly between sediments from 
reference and impacted locations prior the start of the incu-
bation (t-test, p > 0.05). Among the groups, the microbes 
efficiently utilised the carbohydrates, while a low percent-
age of utilisation was observed for the phenolic compounds.

At the end of the experiment (i.e., after four weeks), the 
AWCD values were still lower in the sediments of the refer-
ence location than those of the impacted location (Fig. 1e, f). 
The average AWCD after four weeks of incubation at 10 °C 
was 0.70 for the sediments from the reference locations and 
0.81 for the impacted sediments. No pattern was observed 
in the responses of AWCD to DOC addition in sediments 
from reference or impacted location at 10 °C. At 14 °C, aver-
age AWCD was 0.74 and 0.87 for the biofilms in reference 
and impacted sediments, respectively, where DOC enrich-
ment resulted in increased AWCD. A three-way ANOVA 
indicated a significant impact of location, temperature and 
DOC after four weeks, whereas earlier during incubation 
(at the first and second week; Fig. S1-S2), temperature have 
no impact on AWCD (Table 2). A significant interaction 
between location and DOC was obtained after four weeks 
and between temperature and DOC after two and four weeks 
(Table 2).

Comparison of microbial community functioning using 
NMDS showed differential substrate utilisation between 
sediments from reference and impacted locations at after 
four weeks (Fig. 2; stress = 0.1808), and the similar results 
were obtained for the first week (Fig. S3; stress = 0.1056), 
and second week (Fig. S4; stress = 0.1501). Moreover, after 
four weeks, greater variability under different treatments 
was observed for hyporheic biofilms from the reference 
study reach, particularly due to the pronounced effect of 
DOC addition on substrate utilisation. Substrate utilisation 
of hyporheic biofilms from the impacted location was less 
variable after incubation in different temperature and DOC 
regimes. ANOSIM showed the importance of the location 
and addition of DOC for the differences in substrate utili-
sation available on Biolog Ecoplates™, but no significant 
effect of temperature was detected after four weeks, and also 

not after first and second week (Table 3). The SIMPER anal-
ysis showed that the substrates that contributed most to the 
differences between locations, temperature and the various 
DOC additions after four weeks were alfa-D-lactose, alfa-
cyclodextrin, glucose-1-phosphate, and 4-hydroxybenzoic 
acid (Fig. 3). In addition to the above substrates, L-arginine 
contributed more than 5% to the differences at first week 
Fig. S5) and 2-hydroxy benzoic acid and phenylethyl-amine 
contributed more than 5% to the differences at second week 
(Fig. S6).

At the end of the experiment (i.e., after four weeks) the 
average percentage for carbohydrates at 10 °C was 39.0% 
and 36.6% for the sediments from the reference and impacted 
locations, respectively (Fig. 4). Addition of hDOC increased 
percentage of carbohydrate utilisation in sediments from  
reference locations, but not impacted ones. The average  
percentage for carbohydrates utilisation at 14 °C was 36.6% 
and 36.0% for the sediments from the reference and impacted 
locations, respectively. DOC enrichment did not affect per-
centage of carbohydrate utilisation in hyporheic biofilms 
of impacted sediments. According to three-way ANOVA 
(Table 4), location as a factor had a significant effect on the 
proportion of carbohydrate, polymer, phenolic compound 
and amine/amide utilisation, being higher in the sediments 
from reference locations for the first two groups and in the 
sediments from impacted locations for the last two groups 
at the fourth week, and also at the first and second week 
(Fig. S7-S8). The proportion of utilised carbohydrates was 
higher at 10 °C than at 14 °C at the end of the experiment. 
Moreover, the utilisation percentages of carbohydrates were 
significantly affected by different DOC additions (lower for 
lDOC than hDOC and control) and temperature, where a 

Fig. 2  Ordination diagrams of NMDS based on data on substrate 
utilisation (Biolog Ecoplates™) after four weeks of incubation 
(stress = 0.1808) in the sediments from reference (blue colour) and 
impacted (orange colour) locations incubated at 10 °C (empty marks) 
and 14 °C (full marks) with no addition of DOC (control—C; ◊), low 
DOC (lDOC; ∆) and high DOC (hDOC; □)
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higher proportion was obtained at 10 °C. At the end of the 
experiment, interaction between location and DOC was 
observed for carbohydrates.

4  Discussion

In general, changes in environmental factors such as water 
temperature and inputs of nutrients and organic substrates 
affect aquatic microbial communities through both changes 
in diversity and metabolic activity, and thus through struc-
tural and functional responses (Besemer 2015). However, the  
intensity and the mode of the response of hyporheic biofilms 
under specific environmental conditions is pre-determined 
by existing microbial community composition, abundances, 
biomass and age of biofilm (e.g. Ylla et al. 2012, 2014; 

Phillips et al. 2017; Mori et al. 2019). This was confirmed 
also by our study which showed that the microbial commu-
nities in the hyporheic sediments from colder, unpolluted 
(i.e. reference) locations responded more strongly to DOC 
enrichment at a lower temperature of 10 °C and very little 
under 14 ºC, which is a temperature beyond the range occur-
ring in the environment from where the sediments used in 
the study originated. On the other hand, the hyporheic bio-
films already acclimated to both experimental temperatures 
(10 and 14 ºC) and eutrophication responded very inten-
sively to DOC enrichments at both temperatures, but with 
more accelerated response at higher temperature,

Higher initial TPC (Fig. 1b) measured prior to the experi-
ment in sediments from polluted locations was in accordance 
with the findings of Mori et al. (2019), who reported that 
higher TPC is related to a higher proportion of urban and 

Table 3  Results of two-way ANOSIM of differences in substrate uti-
lisation on Biolog Ecoplates™ with two locations (Loc; reference and 
impacted) and incubation temperatures (Temp; 10 and 14 °C), or the 

locations and addition of DOC (no addition of DOC (control—C), 
addition of 5 mg of DOC  L−1 (lDOC) or 30 mg DOC  L−1 (hDOC)) 
as factors

Included factors

Time Loc Temp Loc DOC Temp DOC

Week 1 R = 0.7771
p < 0.0001

R = 0.0425
p = 0.1976

R = 0.9148
p < 0.0001

R = 0.1461
p = 0.0193

R = -0.0642
p = 0.7973

R = -0.0019
p = 0.4516

Week 2 R = 0.6348
p < 0.0001

R = -0.00051
p = 0.4359

R = 0.7784
p < 0.0001

R = 0.3512
p < 0.0001

R = -0.0574
p = 0.7770

R = 0.1113
p = 0.0488

Week 4 R = 0.5538
p < 0.0001

R = 0.07887
p = 0.0906

R = 0.7142
p < 0.0001

R = 0.2720
p = 0.0006

R = 0.0827
p = 0.1309

R = 0. 1685
p = 0.0126

Fig. 3  Heatmap indicating the intensity of substrate utilisation on 
Biolog Ecoplates™ in the sediments from reference and impacted 
locations incubated at 10 or 14 °C with no addition of DOC (control 
– C), addition of 5 mg DOC  L−1 (lDOC) or 30 mg DOC  L−1 (hDOC) 
at the beginning of incubation (Initial) and after four weeks of incu-

bation. The green–yellow–red scale was used; the darkest green col-
our indicates the log maximal substrate utilisation  (absmax = 0.6) and 
the darkest red indicates the minimal substrate utilisation  (absmin = 0), 
expressed as absorbance (abs) and measured spectrophotometrically



2868 Journal of Soils and Sediments (2024) 24:2859–2873

agricultural land use in the catchment and of Simčič et al. 
(2022) reporting increased TPC in the environments with 
increased nutrients and organic matter contents. A similar 
response was observed for ETSA (Fig. 1c,d). ETSA has been 
frequently used as a functional measure of the intensity of 
organic matter decomposition and mineralisation in aquatic 
sediments (e.g. Trevors 1984; Fleituch and Leichtfried 2007; 
Simčič and Mori 2007; Ylla et al. 2012; Mori et al. 2017, 
2019; Simčič et al. 2022). It depends on the trophic condi-
tions of the aquatic ecosystem and increases with increasing 
trophic status (Debeljak et al. 2017).

It is well known that increasing temperature acceler-
ates biological processes, including microbial growth rate 
(Phillips et al. 2017) and metabolic activity (Mori et al. 
2019). However, the results of the present study show that 
temperature has no significant effect on hyporheic biofilm 
biomass, but a slight decrease in biomass was observed 
during temperature change from 10 ºC to 14 ºC for biofilms  
from the reference location. It seems that incubation at 
14 °C represented stress for hyporheic biofilms from the 
reference location, even when enriched with DOC, as they  
are adapted to lower temperatures and without the ability 

to adjust temperature changes (Hall et al. 2010). Further- 
more, Mori et al. (2019) found that water temperature is 
irrelevant for predicting the response of structural indi-
cators in models that consider the effects of multiple 
stressors. This means that other stressors can override the 
effects of temperature. In contrast to TPC, ETSA was sig-
nificantly higher in sediments incubated at higher temper-
atures, as reported by Ylla et al. (2012). Similarly, ETSA 
was shown to be significantly related with temperature 
when conducting a regional study of hyporheic biofilms' 
response to multiple stressors (Mori et al. 2019). Further-
more, elevated temperatures accelerated the degradation of 
recalcitrant (mainly allochthonous) compounds more than 
the degradation of labile compounds (Ylla et al. 2012). 
Thus, the extremely high DOC concentrations observed 
in treatments with high DOC enrichment at high tempera-
tures at the end of incubation are likely related to the high 
ETSA and microbial biofilm decomposition activity of 
recalcitrant organic matter (i.e. POM) in the sediments. 
In addition, the higher DOC in sediments from reference 
locations than in sediments from impacted locations, both 
incubated at 14 °C with hDOC at fourth week (393 mg 

Fig. 4  The utilisation of carbon 
substrate groups in different 
treatments at the beginning of 
incubation (Initial) and after 
four weeks of incubation in the 
sediments from reference and 
impacted locations. Abbre-
viation represents incubation 
temperature (10 °C or 14 °C), 
and nutrient level (no addition 
of DOC (control – C), addition 
of 5 mg DOC  L−1 (lDOC) or 
addition of 30 mg DOC L.−1 
(hDOC))
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 L−1 and 287 mg  L−1 for reference and impacted locations, 
respectively) could be related to the higher amount of 
POM in the sediments from the reference location com-
pared with the second one with impacted sediments. One 
of the reasons for the higher POM in the reference sedi-
ments, which are intensively degraded during incubation 
at 14 °C, is probably the lower water temperature in the 
upper reaches of the river where the reference location is 
located. This result is in accord with the findings of Freixa 
et al. (2017), who reported that small temperature changes 

can have a strong impact on carbon metabolism by increas-
ing heterotrophic activity and accelerating carbon cycling, 
as well as altering sediment biofilm communities, ulti-
mately affecting the composition of the food web in rivers.

The abundance and metabolic activity of heterotrophic bac-
teria are controlled by the supply of bioavailable DOC (e.g. 
Weigelhofer et al. 2020). Accordingly, the addition of DOC 
resulted in an increase in TPC relative to the amount of DOC 
added, as the highest TPC values were obtained in sediments 
with the highest DOC addition, which is in agreement with the 

Table 4  Results of three-way ANOVA of utilisation of carbon sub-
strate groups (carbohydrates, polymers, carboxylic and ketonic acids, 
phenolic compounds, amino acids, amines/amides) with location 

(Loc), temperature (Temp) and DOC as factors. For each group, p- 
and F-values are presented (p-values written in bold numbers are sig-
nificantly different – p < 0.05)

Time point/
Group of substrates

Loc Temp DOC Loc × Temp Loc × DOC Temp × DOC Loc × Temp × Time

WEEK 1
 Carbohydrates  < 0.001

28.002
0.128
2.487

0.791
0.237

0.103
2.873

0.528
0.657

0.627
0.476

0.617
0.492

 Polymers  < 0.001
33.943

0.108
2.786

0.126
2.265

0.602
0.279

0.260
1.427

0.047
3.483

0.215
1.639

 Carboxylic and Ketonic acids 0.874
0.026

0.586
0.305

0.093
2.629

0.489
0.495

0.487
0.741

0.049
0.3423

0.311
1.228

 Phenolic Compounds  < 0.001
65.732

0.091
3.091

0.129
2.237

0.990
0.000

0.681
0.390

0.412
0.920

0.481
0.755

 Amino Acids 0.064
3.770

0.461
0.562

0.565
0.585

0.663
0.194

0.601
0.520

0.211
1.663

0.923
0.080

 Amines/Amides  < 0.001
78.952

0.125
2.520

0.461
0.799

0.350
0.909

0.234
1.545

0.005
6.541

0.001
9.804

WEEK 2
 Carbohydrates 0.071

3.569
0.980
0.001

0.223
1.599

0.872
0.026

0.196
1.746

0.450
0.826

0.771
0.264

 Polymers  < 0.001
58.920

0.102
2.891

0.001
9.917

0.198
1.751

0.302
1.259

0.225
1.586

0.258
1.436

 Carboxylic and Ketonic acids 0.494
0.482

0.768
0.089

0.045
3.527

0.459
0.565

0.300
1.268

0.868
0.143

0.432
0.869

 Phenolic Compounds  < 0.001
17.062

0.464
0.554

0.259
1.432

0.766
0.090

0.482
0.752

0.849
0.164

0.515
0.682

 Amino Acids 0.095
3.029

0.690
0.163

0.212
1.655

0.565
0.341

0.940
0.062

0.169
1.914

0.966
0.035

 Amines/Amides  < 0.001
19.954

0.382
0.792

0.277
1.357

0.910
0.013

0.679
0.393

0.917
0.087

0.689
0.378

WEEK 4
 Carbohydrates 0.036

4.918
0.035
4.983

0.006
6.450

0.218
1.601

0.046
3.512

0.356
1.079

0.264
1.409

 Polymers  < 0.001
20.146

0.678
0.177

0.651
0.437

0.488
0.495

0.725
0.326

0.338
1.134

0.929
0.074

 Carboxylic and Ketonic acids 0.253
1.370

0.691
0.162

0.773
0.261

0.770
0.087

0.183
1.165

0.329
1.165

0.973
0.028

 Phenolic Compounds  < 0.001
36.894

0.006
9.149

0.079
2.825

0.958
0.003

0.415
0.912

0.265
1.406

0.689
0.379

 Amino Acids 0.011
7.573

0.532
0.402

0.305
1.247

0.886
0.021

0.902
0.104

0.211
1.662

0.091
2.651

 Amines/Amides  < 0.001
36.202

0.415
0.687

0.105
2.482

0.437
0.624

0.706
0.353

0.209
1.672

0.470
0.779
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results of the study by Ylla et al. (2012), where the addition of 
labile DOC increased the heterotrophic biomass of the biofilm. 
Furthermore, the higher TPC values in the sediments from 
the impacted location are consistent with the results of Cibic 
et al. (2019), who reported that the abundance of heterotrophic 
microbial organisms was stimulated by the combined effect 
of high organic and nutrient loads. The microbial community 
background was also reflected in the higher ETSA responses 
of the biofilm in the sediments from the impacted locations 
compared to those from the reference locations. In addition, the 
biofilm response also depended on the amount of DOC added. 
The reason for the higher ETSA in sediments incubated with 
high DOC enrichment than in sediments with low DOC enrich-
ment is likely the greater availability of labile DOC for the 
metabolic processes of heterotrophic microbial biofilms that 
require organic carbon as an energy and food source (Bechtold  
et  al. 2012), which was limited under natural conditions 
(Romaní et al. 2006). In the present study, high conductivity 
was observed for all treatments with biofilms from impacted 
locations as well as for treatments with biofilms from reference 
locations with hDOC enrichment at 14 °C. In addition to the 
high conductivity, a high ETSA of the biofilms was present. 
This is consistent with the results of Debeljak et al. (2017), 
in which conductivity and DOC were identified as the main 
drivers of ETSA in five pre-Alpine rivers in Slovenia over two 
seasons (summer and winter) and at two depths (5–15 and 
20–40 cm).

A more complex measure describing microbial function-
ing is community-level physiological profiling (CLPP) using 
Biolog Ecoplates™ (Biolog, California, USA), which has 
been used in several studies to examine the effects of sedi-
ment origin (e.g. Oest et al. 2018; Thomas et al. 2021), tem-
perature (e.g. Biggs et al. 2011; Ylla et al. 2014; Dadi et al. 
2017), or nutrients (e.g. Kiersztyn et al. 2019; Lacoste et al. 
2019) on the utilisation of different substrates to determine the 
functional diversity of microbial communities. AWCD, which 
represents the average metabolic activity over 31 wells with 
carbon substrates on Biolog Ecoplates™, was influenced by 
sediment origin, revealing higher AWCD in sediments from 
impacted locations than at reference locations at all time 
points (i.e., after one, two and four weeks). The reason for 
higher AWCD for biofilm in impacted sediments is higher 
microbial abundance since Christian and Lind (2006) found 
a significant positive correlation between bacterial inoculum 
density and AWCD. Similarly, Liao et al. (2018) reported that 
anthropogenic activities promoted bacterial production, influ-
enced the distribution of dominant species and accelerated 
the metabolic rate of organic matter by microbes. In addition 
to sediment origin, DOC enrichment and temperature as fac-
tors significantly affect AWCD after four weeks, with high 
DOC enrichment and elevated temperature leading to higher 
AWCD, as also reported by Dadi et al. (2017). However, the 
addition of DOC resulted in different responses in the AWCD 

with respect to the locations, with lower values after the addi-
tion of DOC to the biofilms from the reference location com-
pared to the control without DOC addition, while the AWCD 
after the addition of hDOC was higher in the sediments of 
the impacted location than in the control. Moreover, the sig-
nificant interaction between temperature and DOC treatment 
showed a higher AWCD in the control at 10 °C but a higher 
value in the hDOC treatment at 14 °C, indicating the impor-
tance of the synergistic interaction between the studied factors 
for carbon substrate utilisation.

The response of biofilms from the reference and impacted 
locations indicates the importance of the origin of micro-
bial communities for the utilisation of organic compounds. 
Because environmental factors vary across stream regions, 
it seems plausible that the general composition of organic 
matter and consequently the microbial community and its 
metabolic function varies across the studied stream regions 
(Findlay and Sinsabaugh 2006). The response of biofilm to 
multiple stressors depends on the ability of its organisms 
to respond to each stressor as well as potential interactions 
(Romero et  al. 2019). When 31 carbon substrates were 
considered separately, the results of our study showed that 
the profiles of carbon substrate utilisation were influenced 
by location and DOC enrichment but not by temperature 
(Table 3). The utilisation of four carbon substrate groups, 
namely carbohydrates, polymers, phenolic compounds 
and amines/amides were all affected by sediment origin, 
while the utilisation of carbohydrates was also significantly 
affected by DOC enrichment and temperature after four 
weeks (Table 4). It is known that carbohydrates are the pre-
ferred metabolic pathway of many aerobic and facultative 
heterotrophs involving the oxidation of a simple or complex 
carbohydrate and oxygen as the terminal electron accep-
tor (Oest et al. 2018). These carbohydrates are utilised to a 
greater extent at lower temperatures because more bioavail-
able organic matter is rapidly utilised regardless of higher 
temperatures, while the degradation of recalcitrant sub-
stances is enhanced by warming (Ylla et al. 2012). In addi-
tion, higher proportions of carbohydrates and polymers were 
utilised in the sediments from the reference location, while 
higher utilisation of phenolic compounds and amines/amides 
was observed in the impacted sediments (Table 4), indicating 
a different microbial community structure in the sediments 
from the two study reaches (i.e. reference and impacted). For 
example, 4-hydroxybenzoic acid, one of the phenolic com-
pounds on Biolog Ecoplates™ used as an intermediate in the 
synthesis of agrochemicals (pesticides) (OECD SIDS 1999), 
is extensively utilised by biofilms in sediments from agricul-
turally impacted locations. Consistent with this, Langenheder 
et al. (2006) reported that the history and distribution of taxa 
within the source community (i.e. inoculum) were impor-
tant factors in the composition of the selected communities, 
which differed in terms of specific functions, such as enzyme 
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activities, whereas environmental conditions (i.e. medium) 
appeared to be less important when bacteria from distinctly 
different aquatic habitats were regrown under identical con-
ditions. To gain a deeper understanding of the structural– 
functional linkage of hyporheic biofilms, further investiga-
tion of the taxonomic composition of the community using 
next-generation sequencing (NGS) would be a next step in 
studies such as ours. Several studies have already reported 
distinct microbial community composition along anthropo-
genic pressure gradients (Liu et al. 2018; Liao et al. 2019), 
and some have also provided insights into structural–func-
tional linkages (Li et al. 2021).

5  Conclusion

This study provides new information on the response of 
hyporheic biofilms from different environments to temper-
ature changes and enrichment with DOC. As shown, site-
specific differences in biofilm features are reflected in the 
different responses of structural (i.e. TPC) and functional 
(ETSA, CLPP) measures. In general, higher values for all 
study measures were observed in biofilms from urban and 
agriculturally polluted locations, which increased more 
intensely at higher temperatures and DOC enrichment than 
those from unpolluted reference locations. Lower micro-
bial biomass was observed in the sediments from the refer-
ence location when exposed to higher temperatures, most 
likely due to a stress response to high temperatures, as the 
environment from which the biofilm originated has lower 
water temperatures ranges (6 -10 ºC). After four weeks of 
incubation, the CLPP exhibited the high diversity among 
location, temperature and DOC regimes for carbohydrate 
utilisation and less diversity in other substrates utiliza-
tion (e.g. amino acids). Our study demonstrates that site-
specific environmental conditions, such as trophic status 
and/or existing temperature regime, strongly underline the 
response of the hyporheic biofilm structure and its func-
tioning to additional stressors.
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