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Do changes in temperature affect EU Water 
Framework Directive compliant assessment 
results of central European streams?
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Abstract 

Background: Benthic invertebrate communities are an integral and longstanding component of stream biomonitor-
ing. However, multiple stressors driven by global change threaten benthic invertebrate communities. In particular, 
climate warming is expected to disrupt freshwater ecosystems. While an increasing number of studies have shown 
changes in benthic invertebrate community composition in response to climate warming, the effect on stream 
assessments has rarely been investigated. As several community composition metrics are also used in stream assess-
ments, we predicted that climate warming would worsen stream assessment results. Therefore, we used a compre-
hensive data set of 2865 benthic invertebrate samples taken between 2000 and 2014 from small central European low 
mountain streams. We examined the effects of changes in temperature on common community and stream assess-
ment metrics. We used 31 metrics covering composition, richness, tolerance and function of communities, of which 
many are used in various stream assessment schemes.

Results: Against our expectations, we identified a decreasing air temperature trend of − 0.18 °C over 15 years. This 
trend was accompanied by significant changes in community composition, for example, increases in species richness 
and decreases in the community temperature index (CTI). Further, we identified slight concomitant improvements 
of various globally used stream quality assessment metrics, such as a decreasing saprobic index and an increasing 
BMWP.

Conclusions: While temperature increased by + 0.9 °C during the past 30 years (1985–2014), our 15-year study 
period (2000–2014) showed a decrease by − 0.18 °C. Therefore, we regard the concomitant improvement in several 
assessment metrics as a recovery from prior increasing temperatures. In turn, we assume that increases in water 
temperature will lead to opposite effects and therefore cause declining assessment results. Water managers should 
be aware of this linkage that in turn could provide a chance to mitigate the effects of global warming by, for example, 
planting trees along the rivers and the removal of artificial barriers to increase current velocity to minimize a warming 
effect.
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Background
Climate warming is affecting biodiversity at an unprece-
dented rate [7, 48]. In recent decades, accelerated warm-
ing rates have resulted in changes in terrestrial [20, 21] 
and freshwater community compositions [55], as well 
as species range shifts towards higher elevated areas 
and towards the poles [62, 73]. Climate warming will 

Open Access

*Correspondence:  phillip.haubrock@senckenberg.de
1 Department of River Ecology and Conservation, Senckenberg Research 
Institute and Natural History Museum Frankfurt, Clamecystrasse 12, 
63571 Gelnhausen, Germany
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-2154-4341
https://orcid.org/0000-0003-1848-3154
https://orcid.org/0000-0002-9340-0438
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12302-020-00403-9&domain=pdf


Page 2 of 13Haubrock et al. Environ Sci Eur          (2020) 32:129 

particularly threaten taxa that are associated with colder 
water temperatures, such as several stream benthic inver-
tebrates constituting a large part of climate sensitive taxa 
(i.e. EPT-taxa [Ephemeroptera, Plecoptera and Trichop-
tera]; [23]). In contrast, warm dwelling and less special-
ized taxa will potentially increase due to an increase in 
suitable habitats [16]. For benthic stream invertebrate 
communities, such spatial and temporal community 
shifts to meet their species-specific temperature prefer-
ences have been described [32] and will likely continue in 
the future [23]. This is especially true for (low) mountain 
streams, which are considered biological hotspots as they 
serve as refugia for cold-adapted and specialized species 
[39], and are disproportionally affected by temperature 
changes [62].

Beside such direct temperature effects, there are many 
indirect effects resulting from climate warming. For 
example, increasing water temperatures lower solved 
oxygen concentrations [8], which in turn affect most 
stream benthic invertebrate species as most of them 
hold species-specific preferences towards certain oxy-
gen levels. However, reduced oxygen concentrations are 
also caused by organic pollution. Pollution effects on 
benthic invertebrates are well studied [9]. In the sapro-
bic system, a large number of benthic invertebrate taxa 
have an assigned saprobic value, indicating their toler-
ance towards organic pollution. As oxygen is consumed 
during the dismantling of organic substance, the sapro-
bic system is in an inverse relation to a waterbody’s oxy-
gen concentration [59]. Accordingly, the effect of climate 
warming driven decreases in oxygen concentration on 
stream benthic invertebrates should be similar to those 
caused by organic pollution. Hence, the saprobic system 
and or other related metrics might also be affected by cli-
mate warming.

Further indirect effects of climate warming are 
changes in the solubility of chemicals. Higher tempera-
tures increase the solubility of most chemicals leading to 
higher concentrations in the water [1], eventually affect-
ing sensitive taxa. Higher temperatures also promote 
primary production (i.e., algae growth, increased bio-
film; [43] causing various changes in the food web of the 
respective communities. The latter are well reflected in 
changes in functional feeding groups (aside from other 
trait based metrics such as body size, respiratory appara-
tus, etc.) of benthic invertebrate communities that could 
easily be measured by investigating the relative share of 
the feeding types present in the community under study.

In summary, changes in temperature can affect benthic 
invertebrates directly, yet indirect effects may be more 
pervasive through alterations to chemical and physi-
cal properties of freshwater ecosystems. The resulting 
changes in benthic invertebrate community composition 

can be mainly driven by changes in (a) species rich-
ness, (b) species abundance, (c) loss of sensitive (indi-
cator) species and (d) changes of the trophic system. 
Metrics describing such changes in community compo-
sition using benthic invertebrates have a long history in 
stream quality assessments [36]. Indeed, a broad variety 
of stream assessment schemes are applied globally (e.g., 
RIVPACS in UK; MEDPACS in Spain; PERLA in the 
Czech Republic; SWEDACRI in Sweden; AUSRIVAS in 
Australia; [28]), reflecting high biogeographic variability 
and different stream assessment histories [9]. Some of the 
stream quality-associated metrics used in the different 
assessment methods are based on the communities’ spe-
cies composition alone, while others are calculated on the 
basis of species-specific requirements.

With the use of such stream quality assessment 
schemes, potentially occurring changes can be measured 
using a broad set of metrics reflecting four major metric 
groups: (1) ‘composition and abundance’, (2) ‘richness 
and diversity’, (3) ‘tolerance and sensitivity’ and (4) ‘func-
tional feeding groups’ [36]. Exemplary, individual metrics 
such as the Saprobic Index or the Biological Monitor-
ing Working Party Score are frequently used in different 
national stream quality assessment schemes (e.g., PER-
LODES; RIVPACS, etc.). Other metrics that are used in 
stream assessments can be seen as direct proxies of com-
munity compositions (e.g., percentage of Ephemeroptera, 
Plecoptera and Trichoptera–EPT%; Number of Taxa; 
Number of Families; [37, 40]). All of these metrics that 
are used to assess the ecological status of a river might, 
however, be potentially subject to temperature effects as 
they are generally estimated on the basis of presences and 
abundances of living organisms such as benthic inverte-
brates. Owing to the pervasive effects of human-medi-
ated stressors such as climatic warming [15], results from 
metrics utilized by various stream quality assessment 
schemes have likely been affected by climatic change [40]. 
In turn, identifying such a link between climate warming 
and stream quality assessment results may have signifi-
cant implications for nationally and globally used assess-
ment systems.

Against this background, we hypothesize that changes 
in air temperature (as a common proxy for water tem-
perature) will trigger changes in community composition 
which consequently affect stream assessment results, as 
most assessment systems are based on common commu-
nity metrics that are also sensitive towards temperature. 
In particular, we hypothesize that increasing tempera-
tures will result in lower stream assessment results (i.e., 
lower metric scores), while periods of cooling will result 
in higher stream assessment results. To test our hypoth-
esis, we analyzed a large dataset comprising 2865 ben-
thic invertebrate samples from central european low 
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mountain streams sampled over a period of 15  years 
(2000–2014).

Results
In contrast to the overall increase in temperature in 
the past decades in Germany, and against our expec-
tations, our study period was characterized by a 
decrease in mean annual air temperature of − 0.18  °C 
(− 0.012 ± 0.004  °C  year−1; LME: p < 0.05; Additional 
file 1). Comparably, the minimum temperature decreased 
by − 0.16  °C (− 0.011 ± 0.004  °C  year−1; LME: p > 0.05), 
while the maximum temperature decreased by − 0.19 °C 
(− 0.013 ± 0.004  °C  year−1; LME: p < 0.05; Additional 
file  3: Table  S1). The calculated community tempera-
ture index (CTI) for the same time period decreased by 
− 0.44  °C (− 0.029  °C ± 0.005°C  year−1; LME: p < 0.05; 
Table  1). In respect to stream quality metrics, the SI 
displayed a decrease of − 3.0% (− 0.002 ± 0.001  year−1, 
GLMM:p < 0.05), while the MMI (29.3%; 
0.019 ± 0.004  year−1; GLMM: p < 0.05), BMWP score 
(19.8%; 1.3 ± 0.05  year−1; GLMM: p < 0.05) and Num-
ber of taxa (23.0%; 0.016 ± 0.25 year−1; GLMM: p < 0.05) 
increased significantly (Fig.  1; Table  1). Furthermore, 
the percentage of EPT-taxa indicated a slight increase 
(EPT%: 4.4%; 0.293 ± 0.003 year−1; GLMM: p > 0.05). All 
these assessment metrics indicated an increase in stream 
quality.

The analyzed precipitation data showed a decrease in 
precipitation and, thus, diminished dilution over the 
study period (Additional file  2). Similarly, changes in 
land use from 2000 to 2012 indicated no amelioration 
(Additional file 3), underlined by the land-use index (LUI; 
[10]), suggesting a slight increase from 109.2 to 111.0.

While the rates of change for mean annual air tempera-
ture, CTI, and Number of taxa did not vary significantly 
from each other (indicated by the overlap of the 95% 
confidence interval), the slope of the SI was identified as 
significantly different from all other slopes except for the 
MMI and EPT  % (Fig.  1h). Furthermore, the MMI 95% 
confidence interval overlapped with the temperature, 
while the slope of the BMWP score did not overlap with 
any other metric. Subsequent to quality metrics, several 
community composition metrics computed on the basis 
of species abundances were identified to significantly 
vary over the study period (Table 1), especially functional 
group and composition metrics, indicating profound 
changes within the communities.

Within the compositional metrics, we observed that 
“Trichoptera-%” with 16.6%, “Ephemeroptera-%” with 
− 26.4% and “Diptera-%” with  −15.1% mostly directed 
the ongoing transition within the community compo-
sition (GLMM: p < 0.05; Fig.  2). In respect to functional 
groups, significant decreases in “Grazers and Scrapers-%” 

(− 19.9%; GLMM: p < 0.05) and “Passive Filter Feeders-%” 
(−  52.6%; GLMM: p  <  0.05),  and significant increases 
in “Active Filter Feeders-  %” (21.2%; GLMM: p < 0.05) 
and “Shredders-%” (40.9%; GLMM: p < 0.05) dominated 
observed changes in the community composition (Fig. 2).

Discussion
Even though (and against our expectation) tempera-
ture decreased during the study period (2000–2014), we 
observed significant changes in community composition, 
as indicated by changes in various metrics. Whilst effects 
of changes in temperature on benthic invertebrate com-
munities have been reported in the past [34], none have 
yet examined the implications of climate change for com-
mon biomonitoring metrics, despite their importance for 
water quality assessments. Jyväsjärvi and Hämäläinen 
[42] demonstrated that while benthic invertebrate com-
munity responded rapidly to short-term but large-scale 
climate fluctuations, gradual changes in temperature 
can cause strong variance in community composition 
[14]. Apart from the overall global increase in tempera-
ture, the frequency of cooling periods and reoccurring 
“short-term” temperature fluctuations are reflected in 
considerable changes in communities [71]. However, the 
observation of such a “cooling period” strongly depends 
on the temporal window that is investigated [29, 26]. 
In our study, the 15  years of observation are embed-
ded in a longer period of time that is actually showing 
an increase in temperature of ~ + 0.9  °C. Nevertheless, 
longer periods of decreasing temperatures have not yet 
been investigated for their effect on aquatic invertebrate 
communities.

Temperature‑driven changes in community composition 
and functionality
The Water Framework Directive has been a milestone 
for the monitoring and quality assessment of European 
streams and rivers [69]. Some of the utilized assessment 
metrics have been proven adequate for the purpose of 
identifying specific stressors [52]. To our knowledge, 
however, there is currently no assessment metric that is 
assessing temperature effects on stream benthic inver-
tebrates, although temperature is a considerably impor-
tant stressor affecting stream communities. Due to the 
so far largely unexplored interactions of assessment 
metrics, it is currently difficult to distinguish between 
a, for example, pollution signal and a temperature signal 
as (e.g.) the saprobic index also responds to changes in 
temperature.

Here, we showed significant changes in 10 out of 13 
‘composition and abundance metrics’, indicating a direct 
connection between changes in the abundance of certain 
taxa and temperature. This is particularly noteworthy, 
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Table 1 Changes in estimated community metrics over the study period (2000–2014); metrics highlighted as “italic” were 
identified to significantly change over time

Metric family Full name Short name Estimate Respective 
increase 
or decrease

Std. Error z value p R2/cR2

Air Temperature AirT 0.01493 − 0.18 °C 0.004008 − 3.725 < 0.001 0.29/0.48

Composition/
Abundance

Total Abun-
dance

TAbund 3.21e−02 48.9% 4.592e−03 6.981 < 0.001 0.09/0.99

EPTCBO % EPTCBO % 2.75e−02 39.3% 2.572e−03 10.040 < 0.001 0.01/0.04

EPT % EPT_perc % 2.89e−03 4.34% 1.222e−02 0.238 0.812. 0.04/0.25

Ephemerop-
tera  %

E %_perc − 0.018 − 26.4% 6.472e−3 − 2.747 0.006 0.01/0.01

Plecoptera  % P %_perc 1.82e−02 27.5% 9.688e−03 1.877 < 0.001 0.13/0.43

Trichoptera  % T %_perc 1.31e−02 16.6% 5.773e−−03 1.902 < 0.030 0.02/0.18

Coleoptera  % Col %_perc 0.002 2.3% 0.007 − 0.205 0.837 0.01/0.22

Bivalvia  % Biv %_perc 4.635e−03 6.9% 1.850e−02 − 0.251 0.802 0.12/0.66

Odonata % Odo %_perc 5.41e−02 83.4% 3.067e−02 1.764 0.178 0.18/0.62

Hirudinea  % Hir %_perc − 4.60e−02 − 60.8% 1.311e−02 − 6.876 < 0.001 0.12/0.42

Gastropoda  % Gas %_perc − 2.520e−02 − 37.3% 1.212e−02 − 2.079 < 0.05 0.03/0.45

Diptera  % Dip %_perc − 0.0,101,269 − 15.1% 0.005 − 1.878 < 0.05 0.01/0.27

Crustacea  % Crust % 1.159e−02 17.5% 9.329e−03 1.242 0.214 0.13/0.55

Richenss/Diver-
sity

Number of Taxa Num_Tax 1.52e−02 22.989% 1.426e−03 10.665 < 0.001 0.10/0.69

Number of 
Families

Num_Fam 1.153e−02 17.395% 1.266e−03 9.113 < 0.001 0.08/0.30

Shannon Diver-
sity Index

Shan 8.747e−04 1.312% 3.677e−03 0.238 0.812 0.00/0.00

Simpson Diver-
sity Index

Simpson 1.953e−04 0.293% 6.016e−03 0.032 0.974 0.00/0.00

Margalef rich-
ness

Margalef 1.232e−02 18.594% 2.405e−03 5.121 < 0.001 0.04/0.04

Evenness Evenness − 8.073e−04 − 1.211% 6.171e−03 − 0.131 0.896 0.00/0.00

Tolerance/Sensi-
tivity

German Sapro-
bic Index

GSI − 2.000e−03 − 3.00% 4.060e−04 − 4.925 < 0.001 0.26/0.89

Saprobic 
Index—
Zelinka and 
Marvan

SI_ZM − 2.763e−03 − 2.912% 1.358e−03 9.626 < 0.001 0.01/0.01

Biological 
monitoring 
working party 
Score

BMWP Score 1.308e−02 19.749% 1.358e−03 9.631 < 0.001 0.12/0.92

Average Score 
per Taxon

ASPT 3.329e−03 4.289% 2.345e−03 1.217 0.224 0.01/0.01

Index of 
biocoenotic 
region

IBCR 4.142e−04 0.621% 2.833e−03 0.146 0.884 0.01/0.01

Abundance 
weighted 
Community 
Temperature 
Index

CTIab − 0.030 − 0.44 °C 0.005 − 6.187 < 0.001 3.95e−06/2.42e-05
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as some taxa prefer cold water streams [68, 45] while 
exhibiting minor plasticity [4] and thus, being in align-
ment with recent literature signaling opposite trends for 
scenarios with increasing temperatures [19]. Similar to 
our identified changes in ‘composition and abundance 
metrics’, we identified 5 ‘functional groups’ metrics to 
significantly change over time. Specifically, we identified 
an increase in all functional groups except “Passive Fil-
ter Feeders” and “Grazers and Scrapers”, as both groups 
potentially suffer from a decrease in productivity due to 
cooler temperatures in the water [74].

Our observed changes in metrics reflect directly oppos-
ing trends for benthic invertebrates than identified by 
[22, 23] for a temperature increase in European streams. 
Especially the observed increases in ‘community and 
abundance’ metrics can be interpreted as being driven by 
decreasing temperatures, further indicating a potential 
for recovery of the stream communities [57]. Recipro-
cally, an upward trend in temperature would likely lead to 
changing community compositions as well as changes in 
certain taxa (e.g., a decrease in Plecoptera and increase in 
Chironomidae; [32]) and feeding groups opposite to what 
was indicated for decreasing temperatures [70].

Temperature‑driven changes in stream assessment results
We observed a slight increase in stream quality which is 
indicated by, for example, an increasing saprobic index 
and BMWP score over the studied time period. On that 
note, we further extend on the hitherto less investigated 

existence of a linkage between temperature-driven 
changes in quality assessment results. Based on the 
identified changes in temperature, the observed amelio-
rating trend could be due to: (1) a shift in ‘composition 
and abundance’ metrics, i.e., a shift from warm-dwellers 
to cold-dwellers, or; (2) a temperature-driven change in 
‘sensitivity and tolerance metrics’ through a recovery of 
indicator species [24]. Furthermore, we were able to iden-
tify varying levels of sensitivity among stream assessment 
metrics regarding temperature-linked changes in com-
munity composition. The BMWP score indicated a rather 
strong, more sensitive reaction to changing tempera-
tures; while, metrics such as the saprobic index or per-
centage of EPT-taxa expressed a less sensitive response. 
Such differing signals can be linked to the taxa used in 
each respective metric, of which some are more strongly 
affected by temperature variations than others [22]. Fur-
thermore, the differing response might also relate to the 
BMWP score using the tolerance of taxa towards pollu-
tion at a higher taxonomical level (family). The BMWP, 
thus, considers not only a broader variability but also 
lower resolution in the utilized species compared to, e.g., 
EPT-taxa and SI, which both use certain taxa at the spe-
cies/genus level and, thus, may be more restrictive [53]. 
Accordingly, the German SI relies on species information 
which are not considered in the estimation of the family-
level based BMWP score as it is commonly used in other 
countries (e.g., UK). This likely makes it less sensitive to 
visible changes. As such, the BMWP and its resonance 

Table 1 (continued)

Metric family Full name Short name Estimate Respective 
increase 
or decrease

Std. Error z value p R2/cR2

Functional 
group per-
centage

Percentage of 
active filter 
feeder

ActFilFeed % 11.404e−02 21.2% 6.671e−03 2.105 < 0.05 0.03/0.17

Percentage of 
passive filter 
feeder

PasFilFeed % − 3.571e−02 − 52.6% 7.367e−03 − 4.847 < 0.001 0.01/0.26

Percentage of 
gatherers and 
collectors

GathCol % 4.074e−03 6.1% 1.705e−0 0.239 0.811 0.00/0.03

Percentage of 
grazers and 
scrapers

GrazScra % − 1.336e−02 − 19.9% 2.978e−03 − 4.487 < 0.001 0.01/0.06

Percentage of 
predators

Pred % 0.002 3.5% 0.004 0.657 < 0.001 0.01/0.04

Percentage of 
shredders

Shred % 2.690e−02 40.9% 4.999e−03 5.380 < 0.001 0.01/0.18

Others Multimetric 
Index

MMI 0.019 29.3% 0.012 1.569 < 0.001 0.26/0.88



Page 6 of 13Haubrock et al. Environ Sci Eur          (2020) 32:129 

Fig. 1 Changes in (a) mean annual air temperature [°C], (b) CTI [°C], (c) Saprobic Index [SI], (d) Multimetric Index [MMI], (e) BMWP Score, (f) Number 
of Taxa, (g) percentage of EPT-taxa [EPT %] during the study period 2000–2014. Plots are of type “conditional”; thus, all covariates were held constant 
to their median values. (h) Slopes (± 95% CI) of the relationships between response variables (a–g) and time. All slopes were significantly different 
from zero (p < 0.05). The slopes of MMI, BMWP Score, Number of Taxa and EPT % were inverted (they were strictly positive) because here we want to 
compare the rate of change, independent from the direction of change.
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to community changes can be seen as an early indicator, 
while SI and other metrics may react with a certain time 
lag towards changes in temperature.

A point that should be raised is whether changes in 
stream quality as described in the past [50], that were 
substantially based on changes in benthic invertebrate 
communities, are ultimately and entirely due to changes 
in pollution, improvements or deterioration in water 
quality. Observed changes may to some degree be linked 
to changes in climate (or interactions with other stress-
ors like changes in precipitation driven dilution of pol-
lutants). However, an identified correlation does not 
naturally imply causality [66]. In this work, despite hav-
ing identified a decreasing trend in temperature, we can-
not exclude the possibility that other stressors had no 
effect at all. However, the filter criteria that we applied 
to our dataset should have further minimized the impor-
tance of other stressors. The German Federal Agency 
for Environment (‘Umweltbundesamt’) highlighted 
that the ecological state of 91.8% freshwater systems 
was not appraisable as “good” and  ground water qual-
ity did not improve between 2009 and 2015. Ultimately, 
chemical stress is considered as high [11]. Similarly, the 
studied period was not characterized by increased pre-
cipitation (Additional file  2), submersible contributing 
to an increased dilution, nor an ameliorating trend in 
land use (Additional file 3). For these reasons, we argue 
that an effect of decreasing pollution as a factor related 
to changes in community or stream quality associated 

metrics can be neglected. It can further be assumed 
that the strong connections between temperature and 
community composition as well as consistent correla-
tion between temperature and stream quality associated 
metrics will persist if temperatures further increase [25, 
72]. According to the recent climate projections [51], it 
can additionally be assumed that such increasing tem-
peratures will have profoundly deteriorating effects on 
community assemblages [32, 64] and, therefore, also 
associated assessment results.

Potential implication and mitigation measures
The existence of a potential linkage between community 
composition, stream assessment, and temperature, going 
into both directions, will ultimately have to be consid-
ered in management and restoration projects [13, 41] as 
it raises the hope that timely actions on climate change 
effects could effectively reverse previous changes in 
stream communities. Recently, it was argued that com-
munity changes can be accompanied by a temporal debt 
due to abiotic stress [72]. This debt was argued to origi-
nate from an assumable inaccuracy due to the specific-
ity of a species’ temperature tolerance and the potential 
existence of other stressors [58]. Accordingly, Vaughan 
and Gotelli [72] showed the effectiveness of mitigation 
efforts through a reduction in pollution, implying the 
imminent need to increase restoration efforts. Further, 
efforts and approaches that aim at combating climate 
change effects and habitat destruction, thus lowering 

Fig. 2 a Effect sizes of individual composition metrics [%] on changes in the total abundance of the community. Effect sizes are expressed as 
standardized beta coefficients (± 95% CI) resulting from generalized linear mixed models. b Effect sizes of individual functional groups [%] on 
changes in the total abundance of the community. Effect sizes are expressed as standardized beta coefficients (± 95% CI) resulting from generalized 
linear mixed models
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their respective impacts on aquatic invertebrate com-
munities, exist. For instance, a recovery of riparian and 
stream bank vegetation (i.e., by trees providing shade) 
lowered temperature effects on small sized streams, 
being beneficial for benthic invertebrate taxa with sensi-
tive thermal tolerances [60]. This effect could be trans-
ferred to even medium-sized streams where, depending 
on the locality, larger trees could serve as an overshad-
owing canopy. In the course of the energy transition, 
a reduced outflow of waste heat into rivers by power 
plants could have a similar, but potentially local effect 
on benthic invertebrate communities. Adding to this, a 
removal of barriers could increase current velocity, lead-
ing to lower temperatures. Lastly, the increased presence 
of buffer strips constituted by riparian vegetation might 
reduce the entry of pollutants and nutrients from, e.g., 
land use in direct proximity to the water body.

Conclusions
To accurately assess stressors that affect the quality of 
freshwater ecosystems, ideally assessment metrics display 
specifically the effect of the respective stressor. However, 
we have shown that various assessment metrics suggest 
to also respond to a temperature signal and, thus, may 
be affected by climate change. Increasing temperature 
could lead to a decrease in water quality. In certain cases, 
managers could be pressured to decrease pollution, albeit 
temperature being the key driver. However, as pollu-
tion and temperature interact, the sensitivity of streams 
to pollution will increase with increasing temperature. 
Accordingly, pollution reductions need to be more strin-
gent in a warmer climate, implicating that managers 
might need to reduce pollution even if temperature is the 
key driver. Hence, it would be advisable to advance the 
currently used assessment system with all its currently 
used metrics to consider the connection between stress-
ors, temperature and metrics. This could be done by, e.g., 
refining these currently used metrics to not incorporate 
a temperature signal, or to develop new metrics which 
explicitly displays the latter, thus enabling managers to 
filter out the effect of temperature and better understand 
the effect of specific stressors.

Materials and methods
Biotic data
We compiled a total of 7386 stream benthic inverte-
brate samples from low mountain streams in Germany 
that were sampled between 2000 and 2014. We chose 
low mountain streams, as they are generally subjected 
to a considerable variation in elevation, therefore allow-
ing a restructuring of stream communities over rather 
short distances to meet temperature requirements [32]. 
These samples originated from annually conducted field 

surveys as part of the European Water Framework Direc-
tive (WFD) monitoring of the German states. Samples 
were collected following the German EU WFD compliant 
sampling method described by Haase et al. [30], in which 
each sample comprises 20 subsamples corresponding to 
a total of 1.25 m2 of the stream bed, proportionally cor-
responding to the coverage of major habitats within the 
site.

To ensure homogeneity and to limit the effect of other 
stressors than temperature [72], we filtered the entire 
dataset by applying six criteria: (1) all taxa were identified 
to the level proposed by the German EU WFD compli-
ant “Operational Taxalist” (mostly to species and genus 
levels, subfamily or family levels for Chironomidae and 
Oligochaeta) to ensure comparable taxonomic resolution 
[31]; (2) taxa that were only sampled once were deleted 
to avoid the confounding effects from taxa that were not 
established in the study area; (3) only samples from small 
low mountain streams in Central European highlands 
(German stream type 5: small siliceous low mountain 
streams; [56]) were selected to eliminate potential effects 
of different stream types; (4) only samples collected 
between March and May of the prospective year were 
used to exclude confounding effects driven by seasonal-
ity; (5) samples with species richness in the lower 10th 
percentile of all of the samples were excluded from the 
analysis (< 21 taxa per sample), given such samples are 
not suitable for examining the effects of temperature due 
to the low species richness, potentially reflecting heavy 
human disturbance; (6) we ensured, that a minimum 
number of ten sites were available for each sampling 
year to provide a comparable sample size among years 
[32]. As a result, a total of 2869 samples for the period 
2000–2014 located between 16 and 1013 m a.s.l., latitude 
of 49.36°–52.51° and longitude of 6.35°–14.36° remained 
(Additional file 4).

Climatic data
Climatic data for the studied time period were extracted 
from the E-OBS gridded dataset developed by the Euro-
pean Climate Assessment and Database (ECA&D, www.
ecad.eu; [18] which is maintained by the Copernicus Cli-
mate Change Service (http://surfo bs.clima te.coper nicus 
.eu/). The E-OBS is an observational and gridded data-
set and includes data on modeled air temperature data 
covering the period 01.01.1950–31.12.2018 with a high 
resolutional accuracy of 0.1°. Locality-specific tempera-
ture data were extracted from the database using refer-
ence coordinates and date of sampling from each biotic 
measurement. With these data, the annual mean and 
minimum (consisting of the mean temperature from the 
months December, January and February) temperature 
from the year of the sampling as well as the maximum 

http://www.ecad.eu
http://www.ecad.eu
http://surfobs.climate.copernicus.eu/
http://surfobs.climate.copernicus.eu/
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(consisting of the mean temperature from the months 
June, July and August) temperature of the year prior to 
sampling were estimated for each site and year [40]. Air 
temperature was used as a proxy for water temperature 
[33, 34] due to the lack of water temperature measure-
ments with adequate and comparably high temporal and 
spatial resolution and the strong linear relationship with 
stream temperature [3, 17, 38]. We further collected data 
on annual precipitation from the German Meteorologi-
cal Service (www.dwd.de) and openly available informa-
tion on land use changes from 2000 and 2012 using the 
CORINE land use dataset from the metadata catalog of 
the Federal Environment Agency (www.gis.uba.de). With 
these data, we investigate if (i) a change in precipita-
tion could have induced a change in dilution, and (ii) if 
a potential land use change may have affected the catch-
ment area and thus, sampled streams.

Changes in community composition, functional groups 
and stream assessment
We selected a comprehensive list of metrics belonging 
to the four major metric groups ‘composition and abun-
dance’, ‘richness and diversity’, ‘tolerance and sensitivity’, 
and ‘functional groups’ (see Table  2). Several of these 
metrics are actively used in stream assessments [37]. 
Additionally, we computed two further assessment met-
rics. First, the Multi-Metric Index (MMI) as the German 
national metric, describing the general degradation of a 
site. It is the weighted mean of four stream type-specific 
metrics (Type 5 streams: Fauna-Index, describing ben-
thic invertebrate communities on the basis of stream 
type-specific indicator species; EPT %; Rheo-Index, ratio 
of rheophilic and rheobionic taxa of a stream to species 
found in standing water bodies and ubiquists; percent-
age of hyporhithral colonizers, individuals preferring to 
live in the hyporhithral area; [49]). This weighted mean 
is scaled to values between zero (poor quality) and one 
(high quality) according to specific reference condi-
tions [44]. Second, the German Saprobic Index (SI) as an 
assessment index was used to evaluate organic pollution 
via the estimated oxygen demand of benthic invertebrate 
species [61] and a common determinant of the biological 
water quality on the basis of listed indicator species and 
their abundances within a sample. Estimated SI values 
rank between 0.0 and 4.0, with the latter being consid-
ered as a bad ecological state. All metrics were computed 
using the ASTERICS software (http://www.flies sgewa 
esser bewer tung.de/downl oad/berec hnung /).

To provide further evidence that temperature changes 
correlate with community changes, the abundance 

weighted CTI was calculated on the basis of the stream 
zonation concept (seven stream zones; eucrenal, hypoc-
renal, epirhithral, metarhithral, hyporhithral, epipotamal 
and metapotamal) following Haase et al. [32]. In this con-
cept, each zone is characterized by specific abiotic fea-
tures and a probability for most European invertebrate 
taxa to occur in them according to its taxon-specific tem-
perature preference [63]. Hence, the usage of an abun-
dance weighted CTI reflects temperature-driven changes 
in benthic invertebrate communities.

Spatial as well as temporal patterns of CTI and temper-
atures were investigated with linear mixed effect mod-
els (LMEs) using the R package “nlme” [54]. Changes in 
community metrics were explored with generalized lin-
ear mixed models (GLMMs) using the R package “lme4”, 
utilizing Poisson distributions for count data and Bino-
mial distributions for percentage data [6]. The respective 
response variables were analyzed as a function of spatial 
and temporal variables (year, elevation, latitude, longi-
tude, temperature). Hence, each model consisted of the 
specific response variable and the explanatory variables 
‘year’, ‘latitude’, ‘longitude’, ‘elevation’, ‘minTemp’, ‘max-
Temp’, and ‘AnnualMeanTemp’ as explanatory variables. 
We initiated all models with all explanatory variables and 
compared all combinations of these predictor variables 
as well as their respective absence for each model using 
Akaike information criterion (AIC) to determine which 
variables were important predictors. Site (accounting 
repeated measurements) and the variable “observation” 
(i.e., as a vector from 1 to the total number of observa-
tions) were included to account for over-dispersion and 
repeated measures within sites over time [27]. All pre-
dictors were checked for variance inflations to be lower 
than four to exclude the possibility of collinearity. To 
analyze spatial and temporal patterns for quality associ-
ated metrics (MMI, SI, BMWP Score, Number of Taxa, 
and percentage of EPT-taxa), additional GLMMs were 
employed. We also included The respective weighting 
factors (higher weight to values with lower variance) was 
included to account for the uncertainty associated to the 
computation of metrics used as response variables in the 
appropriate model.

To gather insights into occurring community composi-
tion changes, we analyzed the effect of shifting compo-
sition metrics as well as functional groups on the total 
abundance of macroinvertebrates over time (GLMM). 
This approach could indicate not only which group 
increases or decreases in relation to changing tempera-
tures through time, but also reveal which changing group 
has the highest magnitude on the community compo-
sition. In every utilized model, we included as many 

http://www.dwd.de
http://www.gis.uba.de
http://www.fliessgewaesserbewertung.de/download/berechnung/
http://www.fliessgewaesserbewertung.de/download/berechnung/
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Table 2 Selected metrics and their association within community describing metric groups

Metric group Metric Explanation Reference

Composition/Abundance Total abundance Describes the total number of all sampled 
species abundances

Ephemeroptera, Plecoptera, Trichop-
tera  %

Combined percentage of Plecoptera, 
Ephemeroptera and Trichoptera

Barbour et al. [5]

EPTCBO  % Combined percentage of Plecoptera, 
Ephemeroptera, Trichoptera, Coleop-
tera, Bivalvia and Odonate.

 Lorenz et al. [46]

Plecoptera  % Percental contribution of Plecoptera to 
overall sample

Hering et al. [36]

Trichoptera  % Percental contribution of Trichoptera to 
overall sample

Hering et al. [36]

Ephemeroptera  % Percental contribution of Ephemeroptera 
to overall sample

Hering et al. [36]

Coleoptera  % Percental contribution of Coleoptera to 
overall sample

Hering et al. [36]

Bivalvia  % Percental contribution of Bivalvia to 
overall sample

Hering et al. [36]

Odonata  % Percental contribution of Odonata to 
overall sample

Hering et al. [36]

Hirudinea  % Percental contribution of Hirudinea to 
overall sample

Hering et al. [36]

Gastropoda  % Percental contribution of Gastropoda to 
overall sample

Hering et al. [36]

Diptera  % Percental contribution of Diptera to 
overall sample

Hering et al. [36]

Crustacea  % Percental contribution of Crustacean to 
overall sample

Hering et al. [36]

Richness/Diversity Number of Taxa Total number of taxa present in a sample

Number of Families Total number of Families present in a 
sample

Shannon–Wiener Indicator of species diversity Shannon and Weaver [65]

Simpson Diversity Indicator of species diversity Simpson [67]

Margalef richness Indicator of species richness Margalef [47]

Evenness Indicator referring to balanced species 
abundances

Tolerance/Sensitivity German Saprobic Index Indication or measure of the level of 
organic pollution

Rolauffs et al. [59]

Saprobic index—Zelinka and Marvan Indication or measure of the level of 
organic pollution

Zelinka and Marvan [75]

BMWP Score Measure of water quality according to 
aquatic invertebrate tolerance to pol-
lutants

Hawkes [35]

Average Score per Taxon Average of the tolerance scores of all 
macroinvertebrate families found in a 
sample

Hawkes [35]

Index of biocoenotic region Index describing the distribution of mac-
roinvertebrates in biocoenotic regions

Armitage et al. [2]

CTI Community Temperature Index Haase et al. [32]
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variables as possible considering the lack of local site spe-
cific variables, finding a good trade-off between data-set 
size and resolution. Lastly, as a means of evaluation, the 
slopes of CTI, temperature and quality metrics as well as 
their 95% confidence interval were compared using lin-
ear mixed-effect models. To enable this assessment, it 
was ensured that the direction of slopes was identical by 
eventual inversion of variables.
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org/10.1186/s1230 2-020-00403 -9.

 Additional file 1. Mean annual temperature in the study area from 
1970 to 2018 in [°C]. The red line indicates the increasing temperature 
trend previous to our studied period and the orange line the trend when 
considering the last 30 years prior to the last year of our studied period. 
The blue line indicated the temperature trend from the investigated 
period (data from https ://www.dwd.de/DE/leist ungen /zeitr eihen /zeitr 
eihen .html). 

Additional file 2. Mean annual precipitation in the study area from 1999 
to 2014 in [mm]. The dotted line indicates the trend for the investigated 
period (data from https ://www.dwd.de/DE/leist ungen /zeitr eihen /zeitr 
eihen .html). 

Additional file 3. Land use types in 2000 compared to land use types in 
2012. Values are displayed in percent. 

Additional file 4. Study area. Sampling sites are marked as red circles. 
AT: Austria, DE: Germany, LU: Luxemburg, CZ: Czech Republic, F: France, B: 
Belgium, NL: Netherlands, and AT: Austria.
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Table 2 (continued)

Metric group Metric Explanation Reference

Functional groups Active filter feeder  % Percental contribution of active filter 
feeder to overall sample

Hering et al. [36]

Passive filter feeder  % Percental contribution of passive filter 
feeder to overall sample

Gatherers and Collectors  % Percental contribution of gatherers and 
collectors to overall sample

Grazers and Scrapers  % Percental contribution of Grazers and 
scrapers to overall sample

Predators  % Percental contribution of predators to 
overall sample

Shredders  % Percental contribution of shredders to 
overall sample

Others Fauna Index Descriptor of the macrozoobenthos on 
the basis of type-specific indicator 
species

Lorenz et al. [46]

Multi-Metric Index German national metric describing the 
general degradation of a site

Böhmer et al. [12]
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