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mean daily maximum water temperature of 6.6  °C 
and 4.8 °C, leading to a higher share of stream-type 
specific and temperature-sensitive macroinvertebrate 
taxa and feeding types typical for rhithral stream 
reaches. These results indicate that both WRV and 
groundwater influx play a crucial role in regulating 
stream temperature and maintaining stream-type spe-
cific macroinvertebrate communities under extreme 
low-flow conditions. The study highlights WRV man-
agement as a key tool for protecting stream ecosys-
tems from the increasing frequency of droughts and 
related low-flow due to climate change.
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Introduction

In Central Europe, precipitation in summer is pre-
dicted to decrease due to climate change (Cook et al., 
2018) leading to a decrease in discharge accompanied 
by increased low-flow (van Vliet et  al., 2013). Usu-
ally three phases are distinguished with decreasing 
discharge: The flowing, pool, and dry phase (Stub-
bington et  al., 2017). Already in the flowing phase, 
extreme low-flow affects macroinvertebrates through 
different pathways, especially by reducing the extent 
of habitats for rheophilic species, by disconnecting 
riparian habitats, sedimentation of fine sediments, 

Abstract  We investigated the role of woody ripar-
ian vegetation (WRV) in reducing the detrimental 
effects of extreme low-flow conditions on macroin-
vertebrate communities in Central European streams. 
We hypothesized that WRV decreases water tem-
perature, thereby lessening the impacts of drought on 
streams. The study was conducted in the Lippe catch-
ment in northwestern Germany at 26 study sections 
during the summer drought of 2022. Water tempera-
ture and macroinvertebrate communities were ana-
lyzed. WRV cover, groundwater influx, cross-section 
form and flow velocity were considered as predictors 
in structural equation models. We investigated how 
the immediate effects of extreme summer low-flow 
on water temperature and macroinvertebrates were 
mitigated by the four predictors. Shading by WRV 
and groundwater influx caused a significantly lower 
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increasing conductivity and nutrient concentration 
as well as increasing water temperature (see review 
in Dewson et al., 2007). These effects of reduced dis-
charge and the effects on macroinvertebrates were 
documented, among others, for streams in Den-
mark and U.K. (Dunbar et  al., 2010). The pool and 
dry phases cause even more severe environmental 
changes and a dramatic decrease in taxa richness 
(Verdonschot et  al., 2015; Stubbington et  al., 2017). 
Other than in intermittent streams, invertebrate com-
munities in Central European perennial streams are 
not yet adapted to extreme low-flow periods and cli-
mate change will potentially cause major shifts in 
community composition. Presently, seasonal flow 
intermittence with pool and dry phases does not 
occur regularly in perennial streams by definition 
and is restricted to phases of extreme droughts. As a 
result of ongoing climate change, extreme low-flow, 
flow cessation and drying will occur more frequently 
in the future. While flow cessation and drying will 
most probably have the most obvious and detrimen-
tal effects on invertebrate communities, the effects of 
permanent but extreme low-flow are less-well stud-
ied and still likely to cause considerable changes in 
habitat conditions and macroinvertebrate community 
composition. These changes will potentially affect 
large parts of Central European river networks in the 
future.

To assess the future shifts in invertebrate commu-
nity composition caused by more frequent extreme 
low-flow in presently perennial streams, it is impor-
tant to focus on the immediate effects after single 
low-flow events. In perennial streams, recovery of 
invertebrate communities from single extreme low-
flow events is assumed to be rapid (Wood and Petts, 
1994; Wright and Symes, 1999) and in the range 
of one to a few years (Ladle and Bass, 1981; Wood 
and Armitage, 2004). This is mainly because less 
affected stream sections remain, which serve as ref-
uge and source for recolonization (Boulton, 2003). 
However, with the expected increase in drought fre-
quency and severity due to climate change, these 
possible sources for recolonization will decrease. 
Therefore, the effects presently observed immediately 
after an extreme low-flow event are probably a bet-
ter indication of how macroinvertebrate communities 
will change in future compared to presently observed 
long-term effects mitigated by recolonization from 
refuges. This is supported by Sarremejane et  al. 

(2020) who demonstrated the crucial role of source-
sink dynamics in the recovery of communities follow-
ing disturbances.

Low flow is frequently accompanied by an increase 
of summer water temperatures. Water temperature 
increases given that (i) extreme low-flow events are 
usually accompanied by sunny weather with high 
direct solar radiation input, which governs water 
temperature in summer (Webb and Zhang, 2004), 
(ii) lower flow velocities increase residence time and 
the time the water body is exposed to solar radiation 
energy input (White et al., 2023), and (iii) the smaller 
water volume potentially heats faster in rectangular 
cross-sections, because wetted width and the water 
surface receiving direct solar radiation input remains 
rather constant (White et al., 2023). However, in case 
of high groundwater influx, water temperature might 
even decrease during extreme low-flow due to the 
higher share of cold groundwater (Mosley, 1983; Kin-
zie et  al., 2006). Higher water temperatures induces 
a main pathway through which extreme low flows 
immediately affect macroinvertebrates, by increasing 
metabolic rate and oxygen demand of macroinverte-
brates (Verberk et al., 2011).

However, even in streams affected by droughts, 
this increase in water temperature could be mitigated 
by addressing the key stream characteristics govern-
ing summer water temperature. Direct solar radia-
tion input can be substantially reduced by shading by 
woody riparian vegetation (WRV), e.g., by about 95% 
under broadleaved forests (Rutherford et  al., 1997; 
1999). This results in a reduction of mean daily water 
temperature in small streams in summer by about 
0.5 to 1.5 °C (Bowler et al., 2012), and a much more 
pronounced reduction in maximum daily water tem-
perature by about 3 to 5°C (Bowler et al., 2012; Kail 
et  al., 2021). Therefore, shading by WRV is widely 
considered the most important factor which can eas-
ily be influenced by river management (White et al., 
2023). There are, however, other options to mitigate 
the effects of low flow that are less often explored and 
used in management. In particular, landscape water 
balance might be improved to increase groundwater 
recharge and groundwater influx during meteorologi-
cal droughts. Groundwater influx is known to reduce 
water temperature especially during summer low-
flow, for example by about 0.7°C in a lowland mid-
sized river in south-east France (Wawrzyniak et  al., 
2017). Furthermore, river morphology might be 
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restored to create a less rectangular cross-section with 
a deeper part (thalweg). This would modify cross-
sections, wetted width and width/depth ratios suscep-
tible to high water temperatures, but there is limited 
empirical evidence for this effect (White et al., 2023). 
In addition, there is evidence for the positive effect 
of natural stream morphology on macroinvertebrates 
during low flows by providing refugia (Dunbar et al., 
2010).

While multiple studies investigated the influence 
of these relationships, including the effects of WRV 
on water temperature and of water temperature on 
macroinvertebrates, only few studies considered the 
full cause-effect chain from WRV via shading and 
water temperature (including possible influences of 
groundwater discharge) on macroinvertebrates. Sev-
eral studies treat this cause-effect chain as a black box 
and demonstrated the large positive effects of WRV 
on macroinvertebrates (see review in Sweeney and 
Newbold, 2014). These positive effects can poten-
tially be attributed to many different functions of 
WRV like nutrient, fine sediment and pesticide reten-
tion, input of organic material like leaf litter and large 
wood, habitat provision for terrestrial species, its 
role as migration corridor, and the functions related 
to shading like promoting natural riverbank stability 
and river morphology, regulating primary produc-
tion and water temperature (reviews in Broadmeadow 
and Nisbet, 2004; Sweeney and Newbold, 2014). 
Some studies and reviews indicated that the positive 
effect of WRV can mainly be attributed to the func-
tions related to shading and especially to the decrease 
of water temperature (Parkyn et al., 2003; Feld et al., 
2011; Palt et  al., 2023), but this has rarely been 
empirically tested. The effect of water temperature 
on macroinvertebrate community composition has 
often been investigated in the field using mean water 
temperature as a predictor (Lessard and Hayes, 2003; 
Rivers-Moore et al., 2012; Li et al., 2012). However, 
daily water temperature fluctuations increased mor-
tality in laboratory studies on thermal limits (Cox and 
Rutherford, 2000), indicating that mean daily maxi-
mum water temperature might be the water tempera-
ture parameter most strongly affecting macroinverte-
brate communities.

Given the above considerations, the main objective 
of this study was to investigate the immediate effects 
of a summer drought with extreme low flows on mac-
roinvertebrates in perennial streams and the possible 

mitigating effects of WRV. More specifically, the 
following hypotheses were tested: First, high water 
temperature, particularly high daily maximum water 
temperature, during extreme low-flow has immediate 
detrimental effects on macroinvertebrates. Second, 
daily maximum water temperature during extreme 
low-flow can most strongly be decreased by reducing 
solar radiation input via shading by WRV; this effect 
is higher than the effect of groundwater influx, cross-
section form and flow velocity. Third, macroinverte-
brates mainly benefit from reduced water temperature 
induced by WRV during extreme low-flow, while 
other functions of WRV are less relevant.

Material and methods

Study area

The study area is located in the western part of the 
Lippe catchment within the central European low-
lands in northwestern Germany (Fig. 1). The streams 
investigated are lowland sand-bed streams and 
organic streams which irreversibly developed into 
sand-bed streams after lowering of the groundwater 
table or peat extraction (Pottgiesser and Sommer-
häuser, 2014). Naturally, type 14 streams are heavily 
meandering with shallow cross-sections, low valley 
slope (2–7 ‰) and therefore low-flow velocities. The 
channel bed mainly consists of sandy substrate with 
patches of gravel, alder roots, macrophytes, coarse-
particulate organic matter, and large amounts of large 
wood, leading to the formation of pools.

Study sections and period

First, 34 study sections, each 100 m in length, were 
selected to cover a gradient in the four stream char-
acteristics potentially mitigating low-flow effects on 
water temperature and used as predictors (WRV cover 
and related solar radiation input, flow velocity, cross-
section form and groundwater influx).

Second, to ensure comparability in respect to 
other stream characteristics not used as predictors, 
the study was restricted to (i) a single stream type, 
lowland sand-bed streams (type 14 and degraded 
type 11), (ii) stream sections not being affected by 
other relevant pressures like impoundments and 
bank or bed fixation with riprap (i.e. no boulders as 



	 Hydrobiologia

Vol:. (1234567890)

non-natural bank or bed substrate, artificially increas-
ing the share of sensitive EPT taxa), and (iii) sections 
with a similar cover of natural WRV on both banks 
up to 500  m upstream, given that it took about 400 
m to reach a new equilibrium summer water tempera-
ture downstream of a change in WRV cover in similar 
lowland sand-bed streams (Kail et al., 2021).

Catchment size of the study sections ranged 
between 4.69 and 72.28  km2 (mean size of 
31.04  km2). Landcover in the catchment was mainly 
agricultural area (mean 55%, SD 9%) and forest and 
natural area (mean 26%, SD 13%), but also built up 
area (mean 19%, SD 14%), with six study sections 
located in urban catchments with > 38% built up area. 
Water samples were taken once per month in the 3 
months before macroinvertebrate sampling. Nutrient 
concentrations were within the typical range in agri-
cultural lowland catchments with mean total nitrogen 
concentrations ranging from 0.4 to 6.2  mg/L (mean 

3.4 mg/L) and mean total phosphorus ranging from 
0.01 to 0.23 mg/L (mean 0.05 mg/L).

The study was conducted during an extraordinarily 
hot and dry summer from July to August 2022. Mean 
discharge at a gauging station in one of the study 
streams (Hammbach) was about 0.06 m3/s in July to 
August 2022 and almost five times lower compared 
to the years 1999 to 2023 (without 2022, mean 0.29 
m3/s, SD 0.14 m3/s).

Responses

Water temperature was measured every 20 min from 
July 10th until August 28th 2022 at the downstream 
end of each of the 34 study sections, right before 
macroinvertebrates were sampled. HOBO Pendant 
MX2202 temperature loggers were used. The loggers 
were installed at roots or iron pins at the lower end 
of the study sections as deep as possible to prevent 

Fig. 1   Study section locations. Gray: Built up area (CLC1 (CORINE Land Cover 1)); Yellow: Agricultural area (CLC2); Green: 
Forest and natural area (CLC3); Blue: Water (CLC5); Light blue: Lippe catchment
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the loggers from falling dry at low water levels. For 
one study section, temperature data are only available 
for July 7th until July 30th, because the logger could 
not be found afterward. The raw temperature data 
were checked for obvious measurement errors: Val-
ues > 30 and < 10 °C (only exceeded at sites that dried 
completely and were excluded from the analysis) as 
well as temperature changes > 4 °C within the 20 min 
interval (did not occur). These pre-processed data 
were then used to calculate mean water temperature 
(Tmean) and mean daily maximum water temperature 
(Tmax) during the study period.

Macroinvertebrate samples were taken between 
August 28 and September 7, 2022, right after three 
months of an extraordinary drought with almost no 
precipitation, except for five study sections which 
completely dried. Thus, 29 macroinvertebrate sam-
ples remained. Sampling was conducted follow-
ing the multi-habitat sampling method (Meier et  al., 
2006a, b), which was modified in the following way: 
Instead of collecting 20 subsamples, 10 subsamples 
were taken in order to reduce the number of sam-
pled individuals and allow for determination of each 
individual. Still, each substrate with an estimated 
coverage of at least 5% was sampled. The remaining 
number of samples was split between the substrates 
with greater coverage, leading to overrepresentation 
of rare substrates. Since type 14 streams usually con-
tain few other substrates than sand, overrepresenting 
rare substrates may increase and emphasize differ-
ences between study sections. Samples were fixed in 
96% ethanol and taken to the laboratory for sorting 
and determination. Each individual was determined 
to the lowest taxonomic level possible. Only for 
groups with an extremely high number of individuals, 
one half or quarter of the individuals was sorted and 
determined and total abundance extrapolated, which 
only applied to Crustaceans in five samples. Taxa lists 
were adjusted by bringing the same taxa to the same 
taxonomic level to prevent double counting of the 
same taxon caused by different taxonomic levels. The 
following metrics were computed using the software 
Perlodes (app version 5.0.9 and taxa database version 
3.6.0): (i) The stream-type specific German Fauna 
Index (GFI). Here, each taxon that is characteristic for 
a specific stream type and/or indicates the presence 
of ecologically valuable structures is assigned a value 
of + 2 or + 1, while taxa who indicate disturbances 
are assigned a value of − 1 or − 2. To obtain the GFI 

of a study section, the mean value of the entire com-
munity is calculated, including the abundance of each 
taxon. The higher the GFI, the more representative 
the community is of a typical macroinvertebrate com-
munity for near-natural conditions in a specific stream 
type—in this case type 14. The GFI ranges from − 2 
to 2 (Lorenz et al., 2004; Meier et al., 2006a, b). (ii) 
The KLIWA index reflects the quality of the respira-
tory habitat conditions in summer (July, August, and 
September) for macroinvertebrates in streams, con-
sidering water temperature, flow, and oxygen content. 
It has the unit °C and includes the focus temperature 
of each taxon of the given community, its specificity, 
and abundance (Halle et  al., 2016). (iii) The RETI 
indicates how close the feeding-type composition to 
values typical for rhithral reaches. For each taxon, 
10 points are distributed among the different feed-
ing types according to its feeding characteristics. The 
RETI of a community is calculated as the sum of the 
points for feeding types typical for rhithral reaches 
(grazers, xylophagous taxa, and shredders) multiplied 
with the abundance of each associated taxon, divided 
by the sum of the points of all feeding types multi-
plied with the abundance of each associated taxon. 
Higher RETI values indicate a feeding-type composi-
tion closer to values typical for rhithral reaches. RETI 
values range between 0 and 1 (Schweder, 1992).

Predictors

WRV cover and resulting solar radiation input were 
quantified based on a 1 m resolution digital surface 
model from summer (DSM; 2018 to 2022) and a 
digital elevation model of the region (DEM; 2019 to 
2020). Subtracting height values of the DEM from 
height values of the DSM resulted in a difference 
raster representing the height of features in summer 
such as trees or buildings. First, the water surface of 
the 100 m study sections plus 500 m upstream was 
demarcated on orthophotos. In case, the water sur-
face was not visible on the orthophotos, the stream 
network was buffered with the mean width. All cells 
of the difference raster with values largen than 4 m 
in a 30 m buffer along the water surface were con-
sidered WRV. Visual inspection revealed that virtu-
ally all these features were indeed bushes and trees. 
WRV percentage cover was calculated for a 10 m 
wide buffer along the stream network, because this 
was a better predictor for water temperature compared 
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to WRV cover in the 30 m buffer in comparable low-
land streams (Kail et al., 2021). Total solar radiation 
input in the summer period (May 1st until October 
31st) to each raster cell of the water surface was cal-
culated in kWh/m2, considering the shading of the 
surrounding raster cells of the DSM in the 30 m wide 
buffer, i.e. including all features on the bare-Earth 
surface as massive opaque objects (using the ESRI 
ArcPro tool Area Solar Radiation with a transmit-
tivity of 0.5 and a diffuse proportion of 0.3 for gen-
erally clear sky conditions, i.e., without clouds). To 
consider the shading of overhanging tree canopies 
directly above the water surface, the solar radiation 
input received by these tree canopies was reduced by 
a factor of 0.5 and 0.75 for WRV 4–10 m and > 10 m 
in height to assess the solar radiation input received 
by the water surface raster cell below them. For each 
study section, WRV cover and solar radiation input 
were calculated for the 100 m study section as well as 
a 600 m section including 500 m upstream, because 
this was approximately the length necessary to reach 
equilibrium water temperature in comparable lowland 
streams (Kail et  al., 2021). The calculation of WRV 
cover and solar radiation input was carried out by the 
planning office Koenzen. For one study section, the 
DSM used did not represent the conditions during the 
study period given that the pollard trees—which had 
just been cut prior to when the DSM was measured—
had fully grown again when this study was conducted. 
For that study section, solar radiation input was esti-
mated based on the values of similar fully shaded 
study sections.

Groundwater influx (m3/ha/year) was calculated by 
dividing groundwater leakage (m3/year) at the study 
sections by catchment size of each study section (ha). 
The catchment upstream of the study sections was 
demarcated and catchment size calculated in GIS 
based on a digital elevation model with a 10 m resolu-
tion. Modeled groundwater leakage was provided by 
the responsible water association and a related hydro-
logical engineering company, based on two SPRING 
groundwater models (König et  al., 2022). The first 
was a steady-state groundwater model calibrated 
using a quasi-steady state derived from measured 
groundwater levels from 1989 to 2018, kindly pro-
vided by the Lippeverband. The second was a tran-
sient groundwater model considering the dynamics of 
groundwater surface water interaction and calibrated 
using measured groundwater levels and measured 

surface water discharge rates from 2011 to 2023, pro-
vided by the engineering company Delta H. For rea-
sons of comparability, annual means were calculated 
from the daily values of the transient model. As out-
put, both models provided leakage values (m3/year) 
for 2022 at model nodes irregularly spaced along 
the river network. For each study section, a mean 
value was calculated for the nodes (3–5) located up 
and downstream of the study section in a river reach 
approximately 100–150 m in length.

The influence of cross-section form on water 
temperature was assessed by calculating the ratio 
between wetted width receiving solar radiation input 
and wetted cross-section area representing the water 
volume to be heated (referred to as width/area ratio 
in the following). At each study section, three repre-
sentative cross-sections were mapped and daily dis-
charge and related water levels in these cross-sections 
extracted from existing hydrological and hydraulic 
models developed for the KliMaWerk project (www.​
eglv.​de/​klima​werk-​wasse​rland​schaft/). Based on these 
daily water levels, mean wetted width, wetted area, 
and width/area ratio during the study period (July 
10th to September 28th) was calculated for each study 
section. It was not possible to assess flow velocity in 
the study period the same way, because not all of the 
hydraulic models provided this as standard output.

Flow velocity was measured monthly in July, 
August, and September 2022 at five, approximately 
evenly spaced locations in a representative cross-sec-
tion at each study section. Measurements were taken 
for 30 s approximately 2 cm below the water surface 
using a Schiltknecht MC20 flow velocity meter, and 
mean values calculated for each month (n = 5) and the 
whole study period (n = 15).

Statistical analysis

RStudio (version 4.3.1 and 4.3.3) was used for all fol-
lowing calculations.

For the statistical analyses, three of the 29 study 
sections were excluded due to missing water tem-
perature data (SE01, WI09) or distinctly higher con-
ductivity (PI02) than the other study sections, which 
limited comparability, leaving 26 study sections for 
analysis (Table 1).

Given that statistical methods to quantify variable 
importance of correlated predictors like conditional 
inference models need a much larger sample size, 

http://www.eglv.de/klimawerk-wasserlandschaft/
http://www.eglv.de/klimawerk-wasserlandschaft/
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correlations between the four predictors were quanti-
fied and visualized using simple Spearman rank cor-
relation and a PCA biplot, respectively, to ease inter-
pretation of the single regression model results. For 

the PCA calculated with the “prcomp” function of 
the “stats” package, predictors were standardized to a 
mean of zero and standard deviation of one because 
they were measured on different scales.

To investigate the first hypothesis (higher maxi-
mum daily water temperature during extreme low-
flow has immediate detrimental effects on macroin-
vertebrates), six regression models were set up, one 
for each of the three invertebrate response variables 
(GFI, KLIWA, and RETI index) with the mean daily 
water temperature Tmean and the mean daily maxi-
mum water temperature Tmax as predictor, respec-
tively. For the RETI index, a beta-regression model 
was set up as this variable ranges between 0 and 1. 
Similarly, two beta-regression models were set up 
for the GFI metric after transforming the metric val-
ues—originally ranging from − 2 to 2—to range 
between zero and one. Given that the KLIWA index 
values are not restricted to a specific range, a linear 
regression model with a Gaussian distribution was 
used and a variance structure added if necessary to 
ensure homogeneity of residuals. In all models (beta 
regression and linear regression), catchment ID was 
considered as a random effect (random intercept), to 
account for potential differences between catchments 
in water temperature or other catchment characteris-
tics. However, given that including the random effect 
did not significantly improve any of the models, the 
random effects were finally not implemented. Linear 
regression models were set up using the functions 
“lm” from the “stats” package and “lme” from the 
“nlme” package. When a variance structure was nec-
essary, the function “gls” from the “nlme” package 
was used. For beta regression, the function “betareg” 
from the “betareg” package was utilized. If the water 
temperature variable was significant at p < 0.05 and 
the regression coefficient negative for GFI and RETI 
and positive for the KLIWA index, it was considered 
a detrimental effect. The water temperature variable 
Tmax or Tmean resulting in the regression model with 
the higher (pseudo) R2 value was considered to be 
more strongly related to the respective macroinverte-
brate metric (Table 2).

To investigate the second hypothesis (impor-
tance of shading by WRV in decreasing water 
temperature during extreme low-flow compared 
to other stream characteristics), five single linear 
regression models with a Gaussian distribution 
were set up with Tmax as response and the following 

Table 1   Selection criteria for the study sections. SE01 and 
WI09 were excluded due to missing temperature data. PI02 
was excluded due to its high mean conductivity indicating 
a high ion load. GA01, HA10, HA11, SO02, and SO04 were 
excluded because no macroinvertebrate samples could be taken 
as they dried out

SiteID Conductivity
[µS/cm]

Dried out Temperature 
data incom-
plete

GA01 0.343 yes no
GE01 0.388 no no
HA03 0.427 no no
HA04 0.419 no no
HA06 0.425 no no
HA10 0.592 yes no
HA11 0.588 yes no
HA12 0.594 no no
LO01 0.734 no no
LO03 0.717 no no
MM02 0.388 no no
MM03 0.400 no no
MM05 0.384 no no
NL01 0.966 no no
PI02 1.225 no no
RA01 0.984 no no
RM02 0.404 no no
RM03 0.395 no no
RM04 0.389 no no
RM05 0.404 no no
SE01 0.842 no yes
SM01 0.851 no no
SO01 0.846 no no
SO02 0.778 yes no
SO03 0.837 no no
SO04 0.837 yes no
WE01 1.340 no no
WE02 0.786 no no
WI01 0.400 no no
WI03 0.409 no no
WI05 0.411 no no
WI07 0.413 no no
WI08 0.477 no no
WI09 0.410 no yes
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predictors: groundwater influx (m3/ha/year), mean 
width/area ratio during the study period to consider 
cross-section form, mean flow velocity in the study 
period (m/s), as well as WRV cover and resulting 
solar radiation input in the study period in the 100 
m and 600 m section (kWh/m2). Again, a variance 
structure was added if necessary to ensure homo-
geneity of residuals and catchment ID included as 
random effect (random intercept) to consider the 
nested study design. For the random effect models, 
the marginal R2 of the fixed effect was quantified, 
i.e. the variance explained by the random effect 
excluded, using the function “multilevel.r2” of the 
“misty” package. Selection of the most important 
predictors by coefficient values was not possible 
since the predictors were not standardized in the 
single regression models. Alternatively, a parameter 
was considered more important if its effect on water 
temperature was higher. The effect of a parameter 
on water temperature was quantified by calculat-
ing the change in water temperature predicted by 
the regression equation along the range of values 
of the stream characteristic in the dataset. Addi-
tionally, the coefficient signs were implemented in 

the decision. If the coefficient sign was not logi-
cally consistent, then the correlation was considered 
non-causal.

The third hypothesis assumes that the positive 
effect of WRV on macroinvertebrates during extreme 
low-flow mainly occurs through the pathway via 
water temperature and is not related to other functions 
of WRV. To investigate this hypothesis, a piecewise 
structural equation model (SEM) was set up. In an 
SEM, a set of different predictors can be linked to a 
response variable through multiple pathways, i.e., 
the predictors can also be linked among each other. 
This allows to distinguish between (i) the indirect link 
of a predictor like ‘WRV cover’ via other predictors 
like ‘solar radiation input’ and ‘water temperature’ 
with the response (here: macroinvertebrate com-
munity metric), representing a specific cause-effect 
relationship, (ii) the direct link, subsuming all other 
pathways and effects of the predictor on the response 
not explicitly included in the SEM, and (iii) its total 
effect on the response through all pathways (Fig. 2). 
In piecewise SEMs, only the variables directly point-
ing to one specific response variable are included 
in a respective, independent regression model. The 

Table 2   Summary results of the four regression models with mean daily maximum water temperature in summer Tmax as response 
and one of the three macroinvertebrate community metrics as predictor, respectively

Macroinvertebrate commu-
nity metric

p-value (Tmean) Pseudo R2 (Tmean) p-value (Tmax) Pseudo R2 (Tmax)

GFI  < 0.05 0.1458  < 0.05 0.2201
KLIWA index 0.001 0.3635  < 0.001 0.3119
RETI  < 0.001 0.3697  < 0.001 0.4054

Fig. 2   General structure of the structural equation model 
showing how the variables are linked. All variables with 
arrows directly pointing to another variable were included in 
a respective, independent regression model. The dashed line 

indicates a non-causal correlation between solar radiation input 
and groundwater influx implemented in the SEMs as an error 
term
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regression coefficients of all models are then com-
bined to calculate direct, indirect, and total effects 
for each predictor. For the technical implementation, 
all data were normalized to make coefficients of the 
different regression models comparable. Using a 
bootstrapping approach implemented in the function 
“bootEff” from the “semEff” package, it was possi-
ble to obtain 95% confidence intervals including 95% 
of the effect values calculated in 1000 bootstrapping 
runs for the direct, indirect and total effects. Effects 
were considered relevant if confidence intervals did 
not include zero. Instead of showing the means of 
the bootstrap samples—which are close to the center 
of the respective confidence interval—the original 
model estimates were given in the figures. The differ-
ence between these two values is the bootstrap bias, 
indicating how representative the original non-boot-
strapped dataset is compared to the population. Based 
on the previous analyses, all stream characteristics 
which had significant effects on water temperature 
were included in the SEM, resulting in the following 
set of single and independent regression models: (i) 
WRV cover in the 100 m study section—solar radia-
tion input to the 100 m study section, (ii) solar radia-
tion input to the 100 m study section and groundwa-
ter influx—mean daily maximum water temperature 
in the study period, (iii) mean daily maximum water 
temperature in the study period and WRV cover in 
the 100  m study section—macroinvertebrate index 
(Fig. 2). These regression models were set up in the 
same way as described for hypotheses one and two 

but using the standardized data. However, since the 
“bootEff” function cannot handle gls models with a 
variance structure, it was not possible to include such 
a variance structure in the regression model with 
WRV cover as predictor and solar radiation input as 
response. This was considered an acceptable limita-
tion, because the model including a variance structure 
was only slightly better compared to the model with-
out (p = 0.048).

After setting up the SEM, the global goodness-of-
fit test was used to check if the so-called basis set of 
independence claims (all relationships between the 
variables not included in the SEM) can be considered 
independent, i.e., is not significant with a model-wide 
p < 0.05, or if additional relationships may exist as 
indicted by the data. In addition, the more detailed 
test of directed separation was used to see if any of 
the independence claims was significant (Lefcheck, 
2016).

Results

Water temperature and macroinvertebrates 
[Hypothesis 1]

Higher mean daily maximum water temperature 
(Tmax) had immediate detrimental effects on all three 
macroinvertebrate metrics. GFI and RETI signifi-
cantly decreased with increasing Tmax (Fig.  3). The 
observed difference between the study sections in 

Fig. 3   Scatterplots and regression lines of mean daily maxi-
mum water temperature in summer Tmax prior to biological 
sampling versus three macroinvertebrate community metrics 
(German Fauna Index GFI increasing with the share of natural, 

river-type specific species, the RETI index being higher if the 
feeding-type composition corresponds to rhitrhal reaches, the 
KLIWA index based on water temperature preferences)
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Tmax from 14 to 24  °C corresponded to a difference 
of the GFI index values of about 0.75 (scale rang-
ing from − 2 to + 2) and of the RETI index values of 
about 0.5 (scale ranging from 0 to 1). The KLIWA 
index increased with Tmax. A change in Tmax by 10 °C 
from 14 to 24 °C corresponded to an increase in the 
KLIWA index by about 3 °C.

WRV and water temperature [Hypothesis 2]

The reduction of solar radiation input by WRV cover 
was the most important stream characteristic and 
had the largest effect and more strongly decreased 
mean daily maximum water temperature in summer 
(Tmax) compared to the three other stream charac-
teristics investigated. Solar radiation input resulting 

from WRV cover in the 100 m reach had a significant 
effect on Tmax (p < 0.01, Fig. 4) and a change in Tmax 
of 6.6  °C was predicted by the regression equation 
for the range of solar radiation values in the dataset 
of 91.4–750.9 kWh/m2 (corresponding to a range of 
WRV cover values of 0–99%, Table  3). When con-
sidering WRV cover and related solar radiation input 
of a longer 600 m upstream reach, this predictor was 
not more strongly related to Tmax, but even not sig-
nificantly related to Tmax at all. In contrast, groundwa-
ter influx was again significantly correlated with Tmax 
(p < 0.001; Fig.  5), but the effect on Tmax of 4.8 °C 
predicted by the regression equation for the range of 
groundwater influx values in the dataset (− 0.8–146.8 
m3/ha/year) was smaller. Width/area ratio and flow 
velocity were also significantly correlated with Tmax 
(p < 0.01 and p < 0.001), but the signs of the correla-
tion coefficients were opposite to the expected and 
higher width/area ratios (i.e., wider cross-sections) 
related to lower Tmax and higher flow velocities (i.e., 
shorter residence times) to higher Tmax.

Correlations between the predictors have to be con-
sidered for the interpretation of the single regression 
models. While solar radiation input was not related to 
any of the three other predictors, the other three pre-
dictors were indeed correlated (Fig.  6). Width/area 
ratio and flow velocity were significantly correlated 
(rs = 0.524, n = 26, p < 0.01), as well as flow velocity 
and groundwater influx (rs = -0.447, n = 23, p < 0.05), 
while groundwater influx and solar radiation input 
were not significantly correlated.

WRV and macroinvertebrates [Hypothesis 3]

The positive effect of WRV on macroinvertebrates 
during extreme low-flow mainly occurred indirectly 
through the pathway via water temperature and was 
less strongly related to other functions of WRV. 

Fig. 4   Scatterplot and regression line of total solar radiation 
input to the water surface in summer (01.05. − 31.10.) for gen-
erally clear sky conditions but considering shading by woody 
riparian vegetation WRV along the 100 m study sections ver-
sus mean daily maximum water temperature Tmax in the study 
sections

Table 3   Model summary 
output for linear regression 
and beta regression of 
environmental parameters 
versus Tmax

Parameter Coefficient p-value (Marginal) R2 Differ-
ence 
Tmax

Solar radiation input 100 m [kWh/m2] 0.00558  < 0.01 0.277 6.6
Solar radiation input 600 m [kWh/m2] 0.00449 0.135 0.091 2.4
Groundwater influx [m3/ha/year] − 0.03220 0 0.749 4.8
Width/area ratio − 0.10669  < 0.001 0.711 5.1
Flow velocity [m/s] 14.84468  < 0.01 0.618 4.3
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WRV cover had an ecologically positive mean indi-
rect effect on the GFI, RETI, and KLIWA index via 
solar radiation input and mean daily maximum water 
temperature Tmax, with the confidence intervals not 
including zero (Fig. 7). For the GFI and RETI index, 
the mean direct effect of WRV cover—representing 
effects of WRV on the indices via other functions—
was even larger, but the confidence intervals included 
zero.

Besides WRV cover, also groundwater influx 
had a relevant indirect effect on most macroinver-
tebrate metrics via Tmax as already indicated by the 
linear regression model with groundwater influx as 
predictor and Tmax as response using the unstand-
ardized data (see section on hypothesis 2). Ground-
water influx had an ecologically positive mean indi-
rect effect on the GFI, RETI, and KLIWA index via 
solar radiation input and mean daily maximum water 
temperature Tmax, with the confidence intervals not 
including zero (Fig.  7). The mean indirect effect of 
groundwater influx is similarly small compared to the 
mean indirect effect of WRV cover and confidence 
intervals again clearly include zero.

Test of directed separation revealed a significant 
correlation between solar radiation input (100 m) and 
groundwater influx (p < 0.05), which had not been 
considered in the SEM so far. As this was not a causal 
correlation, a correlated error term between solar 
radiation input and groundwater influx was added to 
the SEMs, to consider that solar radiation input and 
groundwater influx were correlated but not part of the 
unidirectional set of assumed causal relationships or 
paths in the network. This resulted in a model fulfill-
ing the global goodness-of-fit test (Chi-Squared and 
Fisher´s C p > 0.05).

Discussion

The main objectives of this study were (i) to investi-
gate, if the immediate detrimental effects of extreme 
low-flow and high water temperature during a 
drought in 2022 on invertebrates were mitigated by 
woody riparian vegetation (WRV), (ii) to compare 
the mitigating effect of WRV to other stream charac-
teristics (groundwater influx, cross-section form and 
flow velocity), and (iii) to find out if this mitigating 
effect mainly occurred through the dampening effect 
of shading on solar radiation input and water tem-
perature. This might help river management selecting 
appropriate measures to mitigate the effect of extreme 
low flows caused by climate change.

Water temperature and macroinvertebrates 
[Hypothesis 1]

As assumed, higher water temperature during 
extreme low-flow had immediate detrimental effects 

Fig. 5   Scatterplot and regression line of groundwater influx 
in m3 per hectare and year versus mean daily maximum water 
temperature Tmax in the study sections

Fig. 6   PCA biplot of the stream characteristics used as predic-
tors for mean daily maximum water temperature in summer 
prior to the biological sampling Tmax. Solar radiation input 
refers to the conditions along the 100 m study section
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on macroinvertebrates, and mean daily maximum 
water temperature (Tmax) had a stronger effect than 
mean water temperature (Tmean) on all macroinverte-
brate metrics investigated, except the KLIWA index. 
This points out the high importance of temperature 
extremes for macroinvertebrate communities under 
drought conditions. Life cycles of aquatic insects 
are frequently synchronized with water temperature, 
and at higher water temperature, emergence might 
occur earlier (Hynes, 1970) and possibly at inap-
propriate times for adult survival. Higher tempera-
ture leads to an increase in respiration and oxygen 
demand of macroinvertebrates and simultaneously 
decreased oxygen solubility in water (Bonacina et al., 
2023). Macroinvertebrate taxa have specific water 
temperature limits and if they are exceeded, they 
retreat and/or die and are replaced by more temper-
ature tolerant species (Steward et  al., 2013). Higher 
Tmax significantly affects the GFI, KLIWA index, 
and RETI. The KLIWA index reflects the quality of 
the respiratory habitat conditions in summer (July, 
August, and September) for macroinvertebrates in 
streams and is—among other parameters—based 
on the mean focus water temperature of each taxon 
of a given community. Therefore, it is directly asso-
ciated with water temperature. It is positively cor-
related with Tmean and Tmax, which is reasonable, as 
the reference time period for the index and the time 
period in which water temperature was measured 
before macroinvertebrate sampling is similar. Even 
within the short period of about 2 months extreme 
low-flow duration, differences in water temperature 

resulted in differences in the macroinvertebrate com-
munities, i.e., extreme low-flow and related increase 
in water temperature had very immediate detrimental 
effects. The higher the RETI, the more typical is the 
feeding-type structure of the macroinvertebrate com-
munity for a rhithral stream section. In this study, 
WRV cover indirectly affected the RETI via a reduc-
tion in water temperature. With increasing Tmax, the 
RETI decreased, stressing that global warming may 
shift the feeding-type composition of macroinver-
tebrate communities further away from their natural 
state. In our study, the RETI values cover about half 
of the entire possible range of the RETI (0 to 1) with 
a range of 10  °C mean daily maximum water tem-
perature difference, which underlines the strong influ-
ence of water temperature on the RETI. We expected 
WRV to also directly influence the RETI, for exam-
ple by input of dead wood and leaves. As the RETI is 
based on the feeding-type composition, it is reason-
able that differences in WRV cover leading to differ-
ences in food and habitat availability act on the RETI 
as well. Still, we did not find a significant direct effect 
of WRV on the RETI index. This could be caused by 
the fact that the study sections were selected by the 
amount of shading and not by the naturalness of the 
WRV. Therefore, it is possible that non-native tree 
species made the majority of WRV at some study 
sections, with their leaves and wood being a poorer 
food basis for macroinvertebrates than the one of 
native tree species. The GFI describes the proximity 
of the observed macroinvertebrate community to the 
expected community of the stream type. In our study, 

Fig. 7   Standardized regression coefficients (path coeffi-
cients) for the indirect, direct, and total effects of the three 
stream characteristics and mean daily maximum water tem-
perature Tmax on macroinvertebrate metrics in the structural 

equation model (SEM). Original path coefficients of the non-
bootstrapped dataset (dots) and 95% confidence intervals (gray 
lines) of the 1000 bootstraps are given. Effects were considered 
relevant if confidence intervals did not include zero
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we found that the higher the Tmax, the lower (and 
further from the natural state) the GFI. The GFI has 
a range of about 0.75 within a Tmax range of 10 °C. 
This means that with further progression of climate 
change and increase in water temperature, macroin-
vertebrate communities will change away from their 
natural state. This was concluded in many studies: A 
shift in macroinvertebrate community composition 
due to global warming was predicted by Pedreros 
et  al. (2020) for Andean watersheds. Long-term cli-
mate change-induced water temperature increase 
and discharge reduction in a river in France lead to 
the decline and extinction of rheophilic, temperature 
sensitive taxa (Floury et  al., 2013). Domisch et  al. 
(2011) set up models predicting that new conditions 
due to climate change will alter species composition 
and community structure along the river continuum. 
Since macroinvertebrates are part of complex food 
webs, this may lead to changes across the entire food 
web including higher and lower positions and other 
organism groups in the web.

Not only small-scale parameters influence the 
macroinvertebrate community composition, but also 
larger scale parameters such as land use (Sponseller 
et  al., 2001). Since the study focuses on extreme 
low-flow and not every prevailing factor could be 
included in the analysis due to sample size, macroin-
vertebrate community metrics were selected, which 
are connected to water temperature and flow condi-
tions in order to evaluate extreme low-flow effects 
on macroinvertebrates. We did not include general 
macroinvertebrate community characteristics, such as 
taxa richness or the Saprobic Index which is strongly 
connected to nutrient concentration. As the utilized 
metrics are connected to drought influenced environ-
mental parameters, we do not expect a strong effect 
of other environmental parameters such as land use. 
Additionally, we considered land use indirectly by 
checking on conductivity as a proxy for substance 
input and intentionally excluding one study section 
with distinctly higher ion concentrations that prob-
ably result from the high percentage of urban land use 
in the catchment (Table 1).

Even though not all prevailing environmental 
parameters could be implemented in the models, we 
were able to demonstrate that higher water tempera-
ture, especially higher mean daily maximum water 
temperature, had immediate detrimental effects on 
macroinvertebrate communities.

WRV and water temperature [Hypothesis 2]

As hypothesized, shading by WRV and its reduction 
of solar radiation input most strongly decreased Tmax 
in our study (change in Tmax by 6.6 °C and p < 0.01) 
compared to other stream characteristics. The rela-
tionship between shading and water temperature was 
shown in several other studies (Kalny et  al., 2017; 
Kail et al., 2021; Rutherford et al., 1997, 2004) and is 
mainly caused by a reduction of solar radiation reach-
ing the water surface.

In comparable lowland streams, a new lower equi-
librium water temperature was reached after a sharp 
increase in shading by WRV within about 400 m, 
corresponding to a travel time of 45 min (Kail et al., 
2021). In contrast, correlation between WRV cover 
and water temperature was stronger in our study when 
implementing WRV cover of the 100 m study section 
than for an additional 500 m upstream. This indicated 
that—at least in our case–WRV in close surroundings 
is more important in determining water temperature 
than conditions further upstream. This is supported 
by findings of another study: high rates of tempera-
ture change can occur over short distances if the 
amount of shading changes (Rutherford et al., 2004). 
A possible reason for this fast temperature adapta-
tion to the WRV cover levels could be the prevailing 
drought conditions and the accordingly smaller water 
volume that heats up faster, underlining the outstand-
ing role of WRV in reducing water temperature, espe-
cially under drought conditions.

Another important factor governing Tmax in our 
study was groundwater influx (Tmax difference of 
4.8  °C; p < 0.001). Groundwater temperature in 
the study area is approximately 10 °C (LANUV), 
as mean yearly air temperature can be seen as a 
proxy for groundwater temperature (O’Driscoll and 
DeWalle, 2004). Due to its constant and low tem-
perature, it has the potential to cool down water 
temperature in summer, depending on its share in 
the stream, and to reduce diurnal water tempera-
ture fluctuations (Constantz, 1998; O’Driscoll and 
DeWalle, 2004). Based on that, it can be concluded 
that conservation of high groundwater levels is of 
similar importance compared to conservation and 
restoration of WRV along streams. If groundwater 
levels keep on dropping, this may lead to a sub-
stantial increase in water temperature which in turn 
negatively affects macroinvertebrates. In addition, 
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it increases the risk of complete drying with much 
larger detrimental effects on macroinvertebrates. 
Additionally, global warming does not only affect 
air temperature, but also groundwater temperature 
(Menberg et  al., 2014). This may have devastating 
consequences for groundwater-fed streams and their 
inhabitants as it reduces the potential of groundwa-
ter to mitigate a strong increase in water tempera-
ture in groundwater-fed streams.

Flow velocity impacts water temperature by deter-
mining the distance water in a stream needs to flow 
through a higher shaded section in order to reach 
equilibrium temperature (Kail et  al., 2021). The 
slower the flow velocity, the shorter the distance the 
water needs to flow through to reach equilibrium tem-
perature. By flowing through an unshaded stream sec-
tion, the water constantly gains temperature by solar 
radiation input (if no clouds are present). If it flows 
through a shaded stream section, water temperature 
does not increase but approaches equilibrium temper-
ature, as no solar radiation reaches the water surface. 
Still, in our study, flow velocity was significantly 
positively correlated with water temperature, which is 
counterintuitive, and seems to result from non-causal 
negative correlation with groundwater influx. Study 
sections with low-flow velocity that were expected to 
have higher Tmax than sections with high flow velocity 
had high groundwater influx, which decreased water 
temperature and probably masked the influence of 
flow velocity on Tmax. We cannot think of any other 
possible or plausible reason for this correlation.

Similarly, width/area ratio was also negatively 
related to Tmax, contrary to our expectation. Study 
sections with a high width/area ratio were expected 
to heat up faster, because a larger surface exposed 
to solar radiation receives more energy to heat the 
same volume of water (Poole and Berman, 2001). 
These counter intuitive results may have been due 
the selection criteria for the study sections: They 
cover a gradient of shading, with a substantial part of 
the sections being strongly shaded. At these shaded 
sites, solar radiation input was low, which prevents 
width/area ratio from taking effect. The sample size 
was too low to investigate the potential interaction 
between shading and width/area ratio, but a scat-
terplot restricted to the nine study sections with low 
WRV cover (less than 30%) showed some indication 
for the expected positive correlation between width/
area ratio and Tmax.

To sum up, solar radiation input reduction via 
shading by WRV was the main and groundwater 
influx another important parameter governing water 
temperature in our study.

WRV and macroinvertebrates [Hypothesis 3]

We assumed that macroinvertebrates mainly benefit 
from reduced water temperature induced by WRV 
during extreme low-flow, while other function of 
WRV, subsumed by the direct link in the SEM, is less 
relevant.

This hypothesis was partly confirmed for the 
KLIWA index and RETI, while it was partly rejected 
for the GFI. For the KLIWA index and RETI, the 
indirect effect of solar radiation input reduction by 
WRV and the other effects subsumed in the direct 
link in the SEM were similar, but only the bootstrap 
confidence intervals of the indirect effect did not 
include zero, which we considered a relevant effect. 
This is reasonable for the KLIWA index, given that 
it is based on the summer temperature preferences 
of the macroinvertebrates. Furthermore, we assumed 
that factors like leaf litter and dead wood input lead 
to a strong positive effect of WRV cover on macroin-
vertebrates by providing food (Oester et  al., 2023) 
and habitat (Valente-Neto et al., 2015) for shredders 
and xylophagous taxa. Additionally, we expected 
WRV to directly influence the RETI through other 
factors, such as shading limiting macrophyte growth 
and affecting biofilm development, which serve as the 
food basis for grazers (Vannote et al., 1980). All those 
effects apart from the indirect effect via solar radia-
tion input reduction are subsumed in the direct link 
in the SEM and it is unexpected that those effects of 
WRV on the RETI are weaker than the effect of solar 
radiation input reduction, given that it reflects the 
feeding-type composition of the macroinvertebrate 
community (Schweder, 1992). The study sections 
were selected against the amount of WRV cover but 
not the naturalness of the WRV, thus possibly limiting 
other positive WRV effects.

For the GFI, the other effects of WRV subsumed 
as the direct link in the SEM were much larger than 
the indirect effect via solar radiation input reduction, 
but again, the bootstrap confidence intervals for the 
larger other effects (direct link) included zero, rep-
resenting what we consider a non-relevant effect. 
Such large bootstrap confidence intervals result from 



Hydrobiologia	

Vol.: (0123456789)

extreme values in the data. Still, the much larger 
value for other effects than solar radiation input 
reduction implies that other functions of WRV have 
a stronger effect on the GFI than reduction in solar 
radiation input. Those include substrate input (leaf lit-
ter and dead wood) and the role of WRV as a migra-
tion corridor for species. The GFI represents how 
typical a macroinvertebrate community is for lowland 
sand-bed streams. In this stream type, other functions 
of WRV seem to be more important for macroinver-
tebrate community formation and continuance than 
the reduction in water temperature via shading. This 
could be due to the fact that in low-land streams, 
water temperature is usually higher than in other 
stream types, for example mountain streams. There-
fore, under extreme low-flow conditions, we find spe-
cies that are adapted to higher temperatures (as indi-
cated by the KLIWA index) but are still typical for 
low-land streams (no relevant indirect effect via solar 
radiation input reduction of WRV cover on the GFI).

In summary, water temperature reduction and other 
effects of WRV cover shape different components 
of macroinvertebrate communities during extreme 
low-flow.

Conclusion

High water temperature has immediate detrimental 
effects on macroinvertebrates. However, WRV cover 
and groundwater influx can reduce water tempera-
ture during extreme low-flow events. WRV cover has 
a stronger potential in reducing water temperature 
(Tmax) than groundwater influx (6.6 °C from 0 to 
99% WRV cover versus 4.8 °C from 0 to 150 m3/ha/
year). Additionally, increasing the amount of WRV 
cover at the shores of streams is more practicable than 
increasing groundwater influx, making it an easily 
and quickly applicable measure which can strongly 
reduce water temperature, especially during drought 
conditions. Furthermore, WRV supports macroin-
vertebrates through other important functions, such 
as provision of food and habitat. In groundwater-fed 
streams, groundwater is another important factor 
decreasing stream water temperature and eventually 
avoiding a deterioration of biota under drought con-
ditions. This highlights the importance of halting 
the drop of groundwater levels in order to limit the 
increase in water temperature resulting from climate 

change. Preventing a further drop of groundwater 
levels is also crucial for macroinvertebrate communi-
ties of perennial streams as groundwater influx may 
inhibit complete drying of streams during drought 
phases. A combination of high WRV cover and high 
groundwater influx holds the highest potential to miti-
gate a strong increase in water temperature and by 
that negative consequences for macroinvertebrates 
during extreme low-flow events.
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