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ABSTRACT

To understand biodiversity change and support conservation decision-making, estimates of species' long-term
population trends at regional and national scales are essential. However, such estimates are missing for many
freshwater taxa, despite the diverse range of threats that they face. For this study, we mobilised monitoring data
on riverine freshwater fish abundance collected across different regions of Germany. We applied generalized
mixed effect models to estimate the population trends for 55 native species and 11 non-native species between
2004 and 2020. In addition, we used boosted regression trees to identify trait-based predictors of species trends
and assessed their predictive ability. We found evidence of increasing abundance trends for 14 species and
decreasing trends for 15 species; while the remaining species were mostly stable (26 species). Native species were
more typically decreasing than increasing (14 vs 10 species); while non-native species were more often
increasing (4 vs 1 species). Important traits associated with trends were maximum length, spawning temperature,
and water quality tolerance, with small species, those spawning at high temperatures, and those preferring
unpolluted waters, being most likely to have positive trends. Despite these associations, overall trait-based
models showed limited power to predict trends in terms of direction as well as magnitude. Our results
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highlight the ongoing change in riverine fish communities and the importance of on-going species-level moni-
toring. The trait-based associations also indicate climate change and invasive species as important drivers of
change in European freshwater rivers.

1. Introduction

Freshwater ecosystems are biodiversity hotspots (Su et al., 2021)
with rivers and lakes covering <1 % of the earth's surface but providing
habitat for numerous species, including 15,000 fish species, represent-
ing one-fourth of all known vertebrates (Léveque et al., 2008). The
current state of freshwater biodiversity, based on the most recent Living
Planet Index (LPI) aggregating data worldwide, shows an average pop-
ulation decline of 83 % (WWF, 2022). This estimated rate of decline is
much higher than those for terrestrial or marine biodiversity (WWF,
2022). Also, according to the IUCN, roughly one-third of all known
freshwater fish species face the threat of extinction (IUCN, 2021).
Especially rivers suffer from diverse threats such as fragmentation,
pollution, invasive alien species, and climate change (Tickner et al.,
2020).

While the LPI is important for conservation policy, it averages data
across different species as an indicator of mean biodiversity change, so it
does not provide an understanding of species level change. Species trend
estimates are, however, needed to develop specific conservation action
plans. The IUCN Red List Assessments, and almost all regional equiva-
lents, require population trend assessments at the species-level, but they
are still often qualitative due to a lack of data. Freshwaters are under-
represented in large scale monitoring (Maasri et al., 2022; van Rees
et al., 2021), especially for freshwater fish (Garcia-Girén et al., 2023;
Schmidt-Kloiber and De Wever, 2018) and data availability is only
improving slowly (Hering et al., 2010). Freshwater policy in Europe,
including the Water Framework Directive (WFD) 2000/60/EC (EC.,
2000) and the Habitats Directive (HD) 92/43/EEC (EC., 1992), has
promoted structured freshwater monitoring programs that produce
standardised abundance data for a wide range of freshwater taxa. But
these data are still often scattered, and access and harmonisation remain
difficult and time-consuming. Quantitative species-level trend estimates
at national or sub-national scales are still needed to strengthen the
evidence-base for conservation action, especially for freshwater eco-
systems (Ledger et al., 2023).

Recent analysis for freshwater invertebrates have suggested some
recovery of freshwater ecosystems in Europe (Haase et al., 2023), which
may be partly explained by improved wastewater treatment. However, it
is unclear whether such recovery is also apparent in freshwater fish
populations. The WFD, and partly the HD, have directed conservation
efforts towards freshwaters, but since the implementation of the WFD in
2000, only 40 % of surface waterbodies have reached a good ecological
status, with little to no improvement for the past 10 years (Vermeulen
et al., 2019). As one likely consequence, to date, >40 % of all known
European fish species are thought to face the threat of global extinction
(plus 15 are already considered extinct) (Darwall and Freyhof, 2015).
However, in the absence of structured data, this estimate is based on
distribution ranges plus threat assessments.

In addition to gaps in knowledge on trends, there are gaps in data to
describe threats, preventing explicitly linking suspected threats to
population declines (Joppa et al., 2016). As a short-cut, trait-based an-
alyses have shown to be a promising alternative to identify possible
causes of change (Bowler et al., 2017). Traits represent the biological
and ecological characteristics of a species, such as its life history, habitat
and diet preferences (Gutiérrez-Canovas et al., 2024). Of particular in-
terest are ‘response’ traits, which are those that affect how species
respond to specific environmental gradients and provide insights into
key drivers of change. For instance, increases in species classed as
‘warm-adapted species’ indicate a likely role of climate change in
reshaping biological communities. Over the last decades, a growing

number of databases have been built that organize trait data for species
that facilitate trait-based analyses (Thorson et al., 2023).

One of the most appealing aspects of trait-based approaches is the
potential to build predictive frameworks of species trends. If there are
associations between species traits and population trends, traits can be
used to predict population trends for species where data are scarce.
Previous studies have shown that traits have the potential to explain
variation in the estimated trends of different species across a range of
taxa (Jiguet et al., 2007; Kamp et al., 2021; Morelli et al., 2020).
However, there are also numerous cases where traits had only a limited
capacity to predict trends (Coulthard et al., 2019; Pocock, 2011; Skalova
et al., 2022).

Here, we compiled a large-scale time-series dataset across northern
and mid Germany for riverine freshwater fish abundance collected from
official authorities for monitoring purposes (e.g. WFD or HD) from 2004
to 2020 (Friedrichs-Manthey and Klasen, 2023). First, we used these
data to estimate long term population trends for 55 freshwater fish
species occurring in northern and mid German rivers. Second, we
combined trend estimates with species traits to identify species char-
acteristics associated with increasing or decreasing trends. We choose
traits reflecting vulnerability to climate change, habitat change, and
exploitation, as well as adaptive capacity of a species. We did both steps
for the full data set (55 species) and a reduced data set only including
native species with self-sustaining populations (42 species). Lastly, we
used boosted regression trees and linear models in a leave-one-out
approach to assess the predictive performance of traits.

2. Methods
2.1. Data compilation and cleaning

In collaboration with conservation agencies from 12 federal states of
Germany (excluding Bavaria, Rhineland Palatinate, Baden Wiirtemberg,
and Hamburg), we compiled a spatially explicit data-set consisting of
174,558 abundance counts for 72 fish species between 1985 and 2020
(Friedrichs-Manthey and Klasen, 2023). We merged all sampling sites
along the same waterbody within a distance of 100 m together as one
sampling site. This procedure was necessary because i) between years
some sampling sites were slightly moved along the water course (e.g. a
certain location falls dry in one year) in the original data set and ii) some
sampling sites had no unique ID but rather only coordinates. After this
process the data-set consisted of 12,007 sites. We further cleaned this
data set as follows. At first, because not all federal states delivered data
for the same period of time, we removed all years before 2004 for which
the spatial coverage was insufficient, as assessed visually (Supplemen-
tary Fig. 1). Then, since we were interested in species population trends
over time, we removed all sites that had been only sampled once. We
also removed all species that do not have self-sustaining populations in
Germany (e.g. Ctenopharyngodon idella, Hypophthalmichthys spp.) as well
as entries that were not identified to species level (e.g. Lampetra sp.).
Finally, to make sampling effort comparable, we only include data from
rivers sampled via electrofishing, which was the most typical method
(>95 % of the data). The final data-set consists of a time-series ranging
from 2004 to 2020 with 131.633 abundance measures for 62 freshwater
fish species over 5497 sites that had been at least sampled twice within
this time-frame (Fig. 1, see Supplementary Fig. 1 for spatial coverage of
sampling points for different timeframes).
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2.2. Trend estimation

To calculate species-specific population trends, we first completed
the site-specific species list for all years that a site was sampled. This was
necessary because the dataset only contained the abundance for detec-
ted species and zeros for undetected species were not reported. How-
ever, zero data were collected since the surveys could be assumed to
sample the whole community present. We added zeros as follows: if a
site had been sampled twice, e.g., 2004 and 2005, and three species were
found in 2004, and six species were found in 2005 (3 from 2004 plus 3
new species), we added three entries to the data set for 2004 for each
species that has been found at that site in 2005 but not in 2004, and set
the abundances for those species to zero. We choose this approach,
because 1) all samples were taken with the same method, so it can be
assumed that all species that are at least have been caught once are
generally catchable (although some species are more likely to be caught
than others), and 2) if a monitoring site would theoretically have been in
unfavourable environmental condition at the time the monitoring
should have taken place, WFD as well as HD allows to either move the
sampling area in a certain range up- or downwards the river or move the
sampling day, so that it can be assumed that species that have been
caught once were not excluded in the next event due to environmental
conditions. Based on this data-set, we fitted for each species a general-
ized linear mixed effect model with abundance as the response and year
as the main predictor, assuming a negative binomial distribution for
abundance. We also included the day of the year of the sampling event as
a predictor to account for variation in sampling dates. We also accounted
for variation in sampling effort by including effort (length of river
sampled) as an offset term (logged to match the scale of the linear
predictor). Random effects were used to account for mean site-level
differences in abundance and to account for random variation in
trends at the site-level around the mean fixed effect of year. Models were
fit using Bayesian inference with the brms package. Chain convergence

Number of sites
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was assessed visually and using the Brooks-Gelman-Rubin criterion
(Rhat). We achieved convergence with all Rhat <1.01.

2.3. Trait analysis

For all trait-based analyses, we collected traits from Freyhof and
Kottelat (2007), freshwaterecology.info (Schmidt-Kloiber and Hering,
2015), and fishbase.org (Froese and Pauly, 2010) (Table S1). Since not
all traits were available for all species, we i) screened available litera-
ture, or ii) used expert opinion to fill gaps. In total we collected nine
traits: two representing species sensitivity to climate change (spawning
temperature and temperature tolerance), two affecting species sensi-
tivity to habitat change (rheophily and water quality tolerance), two on
species sensitivity and exposure to exploitation (maximum body size and
gamefish), and three reflecting species adaptive capacity towards
threats (nativeness, female age at first maturity, and its current fre-
quency in Germany). Please note that “gamefish” here refers to species
that are regularly targeted by recreational anglers and that are also
harvested in amounts that could potentially affect population sizes
(Arlinghaus et al., 2020).

2.3.1. Trend-trait-relationship

To assess associations between the calculated species trends and
their traits, we used boosted regression trees (BRT) with the trend es-
timate as response and the nine traits as predictors. BRTs are nonpara-
metric models that combine regression (decision trees) and machine
learning (boosting) techniques. BRTs are able to fit complex non-linear
relationships between predictors and the response. In addition, they are
robust to outliers and can handle metrics of varying scales. Although
they are also robust against correlation, we made visually sure that there
were no obvious strong correlations between our predictors. We fitted
our BRTs using the gbm.step function in the dismo package with a
“Gaussian” family. We used the default settings of the gbm.step function
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Fig. 1. Distribution of 5497 sampling sites across 12 federal states of Germany, excluding Bavaria, Baden Wiirttemberg, Rhineland Palatinate, and Hamburg (left

panel). Number of sites and how often they have been sampled (right panel).
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except for the learning rate, which was set to 0.0001 to reach a sufficient
number of trees. To define the relative importance of traits on trend
estimates, we used a leave-one-out approach on the full data-set (all
species for which we could calculate trend estimates, n = 55) and on a
reduced data-set, where non-native species, common carp (Cyprinus
carpio) and salmon (Salmo salar) were excluded (n = 43, from here on
called native species data-set). We decided to exclude the common carp
from this native species list despite it being considered native in Ger-
many, because, i) natural reproduction is very limited, especially in
rivers (Freyhof et al., 2023) and ii) its current distribution and popula-
tion size is mainly maintained by stocking initiatives from recreational
anglers. Therefore, a trend estimate reflects stocking intensity over the
past years. Similarly, for salmon, the current population is only main-
tained by stocking initiatives with almost no natural reproduction
(Freyhof et al., 2023). The aim of additionally running the trait analysis
with this native species list was to make sure that observed trend-trait
combinations are not influenced by non-native, potentially invasive
species that are currently in an accelerating phase of their invasion
history.

2.3.2. Predictive ability

To assess the predictive ability of traits, we used a leave-one-out
approach and predicted the trend for each species using the pre-
dictions of the trend model built on all data except for that species. Based
on the predictions, we assessed if the model was able to predict the di-
rection of a trend and its magnitude. In addition, we compared the
predictions of the BRT against a simple linear model with those three
traits as predictors that showed the highest relative importance in the
BRT analysis.

Data cleaning and analysis was done using the software R Version
4.4.1 (R Core R-Core-Team, 2024).

3. Results
3.1. Trend estimation

We were able to calculate trend estimates for 55 freshwater fish
species (model convergence shown by rhat <1.01; Fig. 2 and Table S1).
Of these 55 species, 11 species are considered as non-native to German
rivers. The highest population trend (0.83), was estimated for the non-
native Neogobius melanostomus. Since this species was almost absent in
the beginning of the study period, but was very abundant at the end, the
number of individuals caught at a site has increased by 54.500 %. The
lowest population trend (—0.29) was estimated for the native Ballerus
ballerus. The mean number of individuals caught at a specific site has
shrunk by 98 %. We observed more significant negative trends (n = 15)
than significant positive trends (n = 14), while the remainder were
stable (n = 26). This overall negative pattern becomes more pro-
nounced, when only native species (i.e. the native species data-set; n =
44) are considered (negative trends = 14; positive trends = 10; stable
trends = 20).

3.2. Trait analysis

Our BRT analysis based on the full data-set showed that maximum
length (63.0 %), water quality tolerance (14.1 %), and spawning tem-
perature (9.2 %) were the three main predictors that explained an
increasing or decreasing long term population trend (Fig. 3A and B). For
the full data-set, we found that small-sized species, with a low water
quality tolerance and a high spawning temperature are most likely to
have positive population trends (Fig. 3B).

The general pattern for the native species data-set was similar to the
full data-set. However, the relative importance of single traits was
different. For the native species, spawning temperature was with a
relative importance of 68.3 % by far the most influential trait. Followed
by maximum length (25.2 %) and water quality tolerance (4.0 %).
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Similar to the full data-set, a small-sized species, with a low water
quality tolerance and high spawning temperature was most likely to
have a positive population trend.

3.3. Predictive ability

The predictive ability of all trait models was low. We found MSE
values ranging from 0.014 for the BRT based on the native species data-
set to 0.033 for the BRT based on all species. The linear models ranged in
between those extremes. The BRT based on the full data set predicted the
correct direction of the population trend for only 36.4 % of the species
(n = 55). The mean absolute distance to the true trend was 0.1 + 0.15
(Fig. 4 left panel red dots). In comparison, the linear model based on the
full data-set predicted for 52.0 % of species (n = 52) the correct direc-
tion. The absolute distance to the true trend was 0.09 + 0.14 (Fig. 4 right
panel blue dots). The BRT based on the native species data-set predicted
for 65.9 % of the species (n = 43) the correct direction and the mean
absolute distance to the true trend was 0.07 + 0.09 (Fig. 4 left panel
green dots). In comparison, the linear model based on the native species
data-set predicted for 50.0 % of the species (n = 40) the correct direction
and the mean absolute distance to the true trend was 0.1 + — 0.09 (Fig. 4
right panel purple dots).

4. Discussion

By using a newly mobilised almost German-wide abundance data-set
for freshwater fish, we estimated the long-term population trends (2004
to 2020) for 55 native and non-native species. Our analyses gave evi-
dence for a change in freshwater fish biodiversity in Germany, with
more native species having negative trends (n = 14) than positive (n =
10) and a diverse picture for non-native species. We combined trend
estimates with species-specific traits representing sensitivity to climate
change, habitat change, and exploitation, as well as species' adaptive
capacity towards threats. In this way, we tried to identify key traits
explaining positive or negative trend estimates. Our trait analysis
showed that no matter if all or just native species are considered, body
length and spawning temperature were among the most influential
traits. Despite that, traits had only a very limited capacity to predict
trends.

4.1. Native species trends

We calculated long-term population trends for 43 native freshwater
fish species. Ten of the 43 species showed significant increasing trends.
In contrast, 20 species showed either significant negative trends (n = 14)
or gave a strong indication for negative trends (upper CI very close to 0;
n = 6), indicating a general loss of population sizes of native species. A
phenomenon observed by several studies across Europe (Benitez et al.,
2022; Darwall and Freyhof, 2015; Santos et al., 2021).

Among the increasing species, we found that spirlin (Alburnoides
bipunctatus) showed the highest increase in population size over the past
16 years. The strong increase stands in contrast to a study focusing on
headwater streams of large rivers in Europe, which showed a decrease of
spirlin (Mueller et al., 2020). However, two reasons are likely for this
discrepancy. First, our data did not cover the main distribution range of
spirlin, but rather included the northern edge of its distribution. Thus, it
is likely that spirlin increases in abundance in our study area due to e.g.
climate change and that its distribution range in general moves north-
ward. Second, Mueller et al. (2020) included data only until 2013 and
attributed the decline of spirlin to waste water sewage disposal. Our data
included a more recent time period and, therefore, probably covers a
longer period with improvements in wastewater management.

Among the decreasing species were “expected” species such as Thy-
mallus thymallus or Lota lota. Both species are listed nationally as criti-
cally endangered and are known to be negatively affected by diverse
threats such as pollution, predation, fragmentation, and climate change.
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For both species, multiple stocking and conservation initiatives exist in
Germany, which, apparently, seem to be insufficient to halt the popu-
lation decline. However, we also identified several non-threatened and
widespread species, such as Abramis brama and Esox lucius, among the
group of decreasing species. Although, those common or very common,
non-threatened species are generally expected to be less affected by
drivers such as fragmentation or climate change (Jaric et al., 2019), the
number of studies, which identified significant decreases for common
species is increasing steadily (Benitez et al., 2022; Santos et al., 2021).

4.2. Non-native species trends

Overall, non-native species were present at 44 % of all sites at least
once. In the first three years (2004 to 2006), they were present at 23 % of
all sites and at 25 % in the last three years (2018 to 2020). This indicates
a relatively stable distribution pattern of non-native species in mid and
northern Germany. In extreme cases, non-native species made up to
roughly 50 % of the total fish caught at those sites. For example, at a
sampling event in Hesse in 2018, spanning 500 m of river length, in total
8432 individuals from 18 species were caught. Five of those species were
non-natives, summing up to 4013 individuals, from which again
N. melanostomus made up 3924 individuals. Four, out of 12, non-native
species in Germany had significant increasing population trends. Non-
native N. melanostomus and Proterorhinus semilunaris represent the two
species with the highest population trend increases at all. Those two
species can be considered in their accelerating phase of invasion, which
is characterised by rapid range expansion and a dramatic increase in
population size. Similar trends for those species have been observed in
different European countries (Azour et al., 2015; Juza et al., 2018).
However, here it is worth mentioning that a similar invasive species,
Pontcola kessleri, was found to have a stable population trend. P. kessleri
was among the first non-native goby species that arrived in German
rivers (Gaye-Siessegger et al., 2022). In their accelerating phase, they
expanded rapidly and increased in population size. However, after the
arrival of other goby species, the population size of P. kessleri seems to be
stable or even slightly decreasing. A trend that could be expected and
had been observed in other- places as well (Gaye-Siessegger et al., 2022;
Janac et al., 2018), given an increase in competition due to other goby
species and an additional increase in predation rate due to the accep-
tance of gobies as natural prey by native predators (Vsetickova et al.,
2018). The other two non-native species with increasing population
trends are Lepomis gibbosus and Pseudospora parva. Similar increases in
population sizes for both species have also been reported for Alpine
streams in central Europe (Niedrist et al., 2023). Both species probably
benefit from e.g. climate change and unintentional stocking from rec-
reational anglers (Baltazar-Soares et al., 2020; Rakauskas et al., 2021;
Yavno et al., 2020). The only non-native species with a decreasing trend
is Oncorhynchus mykiss. Despite a high stocking intensity over the past
hundreds of years, O. mykiss has only rarely established self-sustaining
populations in Germany, thus, similar to common carp, this negative
trend is rather reflecting stocking intensities (Freyhof et al., 2023;
Stankovic et al., 2015).

4.3. Trait analysis

Species' preferred spawning temperature was positively associated
with long-term population trends and for the native species, spawning
temperature was by far the most influential parameter associated with
population trends. This finding supports the general assumption that the
impacts of climate change favour warm-dwelling or thermally tolerant
species. For Europe, this pattern has been shown for example, for some
French rivers (Daufresne et al., 2004), but also by several trait-based or
predictive studies on a European scale (Jaric et al., 2019; Markovic et al.,
2014). However, several recent studies have found either no support or
more nuanced patterns for freshwater fish biodiversity. Bowler et al.
(2017) did not find a shift towards warm-dwelling or thermally tolerant
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species in several freshwater datasets across Europe. Similarly, a pre-
dictive study by Buisson et al. (2008) forecasted range expansion for
many cold- and warm-water species in France. On a species level,
Daufresne et al. (2004) found increasing long-term population trends for
Squalius cephalus and Barbus barbus (both warm-adapted), while Leu-
ciscus leuciscus (cold-adapted) showed a decreasing trend. In this line,
our study also gives evidence for a more nuanced interpretation, at least
for the decreasing species. We found no cold-adapted species with
increasing population trends and many cold-adapted species, such as
L. leuciscus, L. lota and T. thymallus, with significant negative trends.
However, we also found many significant negative trends for warm-
water adapted species, such as A. brama, Rutilus rutilus, or Carassius
carassius, indicating that warming is just an element of change in
German rivers.

Species length was for both data-sets (all species and only native
species) among the most important traits explaining population trends.
Considering all species, including non-native species, the importance
was larger compared to only the native species. For both sets, smaller
species were more likely to have positive trends than larger species. He
et al. (2018) suggested exploitation to be among the main reasons for the
dramatic decline in large fish species. However, exploitation is very
likely not the cause for the observed pattern in Germany, as there is
almost no commercial fishing pressure existing in inland waters in
Germany and we cover exploitation by recreational anglers by the trait
“game fish”. This trait turned out to be of minor importance in our
analysis. Although many studies found severe effects of angler exploi-
tation on fish stocks, there was no such signal in our dataset (Blackwell
et al., 2019). More likely, larger species are associated with long
spawning migrations, lower adaptive capacity, and long life-spans and
generation times, making them generally more vulnerable to change (He
et al., 2018). It might be speculated that those are characteristics that
could lead to shrinking population sizes in a highly variable, human-
dominated river landscape.

Not surprisingly, size was much more important when non-native
species were included, as these (Lepomis, Pseudorasbora, Neogobius and
Proterorhinus) are all small-sized species. Again, this points towards a
connection between size and adaptive capacity, which is known to be
often higher for non-native species and especially for invasive species
such as the aforementioned (Rosecchi et al., 2001).

We found that water quality tolerance was an important trait
explaining species trends. For both data-sets, water quality intolerant
species were slightly more likely to have positive trends than tolerant or
indifferent species. Organic pollution and eutrophication are among the
most prevalent pressures for freshwater fish communities in rivers in
Europe (Schinegger et al., 2016). Especially, eutrophication leads to
oxygen depletion and hypoxia (Teichert et al., 2016), causing cata-
strophic events and mass mortality in fish assemblages (Petriki et al.,
2021). In Europe, since 1990, improvements in water quality have been
on the agenda. Several directives, such as the Nitrate Directive 91/676/
EEC (EC., 2002), the Urban Waste Water Treatment Directive 91/271/
EEC (EC., 1999), and probably most importantly the WFD (EC., 2000),
have been set into force and recent papers show that they are at least
partly effective (Cooper and Hiscock, 2023; Vigiak et al., 2023).
Consequently, it could be assumed that our finding supports the theory
of recovery of water quality intolerant species due to water quality
improvements, similar to what is assumed for freshwater insects (van
Klink et al., 2020). However, in contrast to a recent study by Haase et al.
(2023), we had no evidence for any sort of plateauing, especially, since
Haase et al. (2023) found this effect mainly for richness and not for
abundance, which was our focus here. In our case, the native species
with the highest increase in population size, A. bipunctatus, is considered
poor-water-quality intolerant. The same is true for some other signifi-
cantly increasing species, such as B. barbus and Rhodeus amarus. How-
ever, in many more cases, we found significant and strong decreases for
water quality tolerant and indifferent species, such as A. brama or Bal-
lerus ballerus. Therefore, the importance of water quality tolerance as an
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explaining trait for species trends, should, in our opinion, be interpreted
as a result of decreases in population sizes of tolerant and indifferent
species, rather than an increase in population sizes of intolerant species.

4.4. Predictive ability of traits

For data-deficient taxa, traits are considered an effective tool to
identify conservation priorities (Jaric et al., 2019). We tried to predict
species trends based on our trait models. However, this approach was
only very limited in power. Only for the direction of trends, the BRT
model (based on the native species data-set) was able to predict the
correct direction for 66 % of native species. All other models performed
worse. The magnitude of trends was not well predicted by any of the
models. This finding is in line with other approaches that tried to use
traits to predict trends. Coulthard et al. (2019) showed for moth species
(Lepidoptera) that trait-based models were able to predict the correct
direction for declining species in almost 90 % of the cases; however, for
species with positive population trends, this success rate was reduced to
<50 %. Pocock (2011) showed for birds that models based on a trait-
trend relationship in one region had almost no ability to predict
vulnerable species in another region. For grassland communities,
Skalova et al. (2022) found that traits were able to predict short-term
dynamics. However, long-term trends were rather determined by envi-
ronmental change. For non-native fish species, Rosecchi et al. (2001)
found that invasiveness is a result of phenotypic plasticity rather than
determined by a certain set of traits pre-adapted to invasion.

In contrast, especially for birds and butterflies, several studies have
found that traits such as habitat preference or life history, explain some
of the variation among species in their long-term trends (Jiguet et al.,
2007; Kamp et al., 2021; Morelli et al., 2020).

In our study, the low predictive ability of traits has likely several
reasons. First, the relatively low sample size reduces the amount of
intraspecific variability to explain trends by traits. Traits explain the
interspecific variation of trends; hence, can only be useful when there is
considerable variation. Second, even with a large sample size, species
with the same traits might not show the same trends. For example, the
two goby species with the highest long-term population trends share
exactly the same set of traits with another goby species, P. kessleri, that
has a stable long-term trend. Third, our traits are mostly categorical,
except for the maximum length and the spawning temperature. More
continuous trends likely have a higher predictive power, especially
when the sample size and the intraspecific variability are rather low.
Fourth, there is also the chance that we have missed some key traits. For
example, Jaric et al. (2019) found that the centroid of the distribution
range was a good predictor to identify climate change susceptible spe-
cies across Europe. However, Jaric et al. (2019) did not confirm pre-
dictions by actual data and a lot of species classified as not susceptible
show negative long-term trends based on our national data set.

4.5. Concluding remarks

For the purpose of this study, we mobilised, archived and published
the first data set on fish occurrence and abundance in inland rivers for a
large part of Germany (Friedrichs-Manthey and Klasen, 2023). Initial
data mobilisation was part of the process for a new national red-list
assessment for freshwater fish in Germany (Freyhof et al., 2023).
Despite its importance in identifying large-scale patterns in biodiversity
change and consequently setting conservation priorities, monitoring
data for fish and other taxa in Germany are generally scattered around
different data holders (e.g. federal institutes, conservation agencies and
NGOs, natural history societies). Data mobilisation is often only possible
with strong commitments from those diverse data holders. In addition, a
significant amount of time, financial resources, taxonomic knowledge,
and technical expertise are prerequisites for data harmonisation of
different data sources and initial curation. However, timely research and
evidence-based actions are needed to reverse or stop biodiversity loss.
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Consequently, data accessibility according to FAIR(+)-principles needs
to be fostered, which will involve the establishment of trustworthy na-
tional (and European) data infrastructures to support the diverse land-
scape of data holders with data mobilisation, archiving and publication
(Luther et al., 2022). Our paper reveals the wealth of existing data for
freshwater fish in Germany, and shows the value of bringing data
together. However, in an ideal case for conservation purposes (since
rivers regularly cross administrative borders), we could have presented a
German (or European) wide analysis based on a FAIR+ dataset.
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