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Abstract In the summer of 2015, large amounts of arti-
ficial fertilizer containing ammonium nitrate were acci-
dentally discharged into the Jagst River along with water
used to extinguish a serious fire. The incident caused a
massive fish kill the first 25 km downstream of the spill
and impacted fish density along a 50 km stretch of this
sensitive and important river. In this study, the long-
term effects of the accident on the local fish fauna were
investigated, and the implemented restoration measures
were evaluated. A majority of fish surviving the imme-
diate effects of the incident exhibited massive gill dam-
age and weakness to infections shortly after the acci-
dent, but survival over the following winter appeared
unimpaired. Two years after the accident, most survived
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fish appeared healthy. In 2016, about 9500 individuals
(500 kg fish of 11 autochthonous species) were caught
in unaffected sections of the river and distributed sys-
tematically into severely affected sections. Two control
sections were left unstocked. Species diversity and fish
density remained low over the first winter 2015/16, but
increased in autumn 2016, most likely as a result of sys-
tematic stocking measures taken in response to the disas-
ter. Stocking and natural migration were able to restore
species diversity back to pre-accident levels in due time,
i.e., 36 months, but density remains lower and shows no
sign of further recovery. A positive consequence of the
catastrophe has been the enactment in the ensuing years
of various measures to improve the resilience of the Jagst
River. However, connectivity is still lacking in relevant
sections of the river and this, in combination with high
predation from an increasing population of cormorants,
has hampered the recovery of fish stocks. Generalizable
conservation measures to mitigate the impact of similar
catastrophes are developed and discussed.

Keywords Ammonia - Conservation measures -
Fish health - Jagst River - Recovery - Stocking

1 Introduction

Fish kills are unfortunately not uncommon in aquatic
ecosystems, but detailed information pertaining to

their frequency, cause and extent and the efficacy of
mitigation measures is regrettably scarce. Recent data
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from Switzerland suggests that small-scale sudden
mass mortalities occurred on average every second
day following anthropogenic impacts in the period
from 1990 to 2018, with more than 90% resulting
from discharges of agricultural, municipal sewage,
or industrial effluents (BAFU, 2020). A recent inci-
dent affecting several hundred kilometers of the Oder
River in Poland and Germany in August 2022 reveals
the challenges inherent in identifying causes and miti-
gations for mass fish kills as well as the rarity of sci-
entific data and analyses (IGB, 2022). After weeks of
intensive investigation, authorities assumed that the
mortality was caused by a combination of industrial
waste disposal and climate change effects. High salt
loads in combination with increasing temperature led
to a massive spread of the toxin-producing golden-
brown algae (Prymnesium parvum) and the sub-
sequent death of hundreds of tons of fish as well as
other animal species, e.g., mussels and snails (IGB,
2022). In the present case of the Jagst River in 2015,
the massive kill was triggered by the accidental intro-
duction of nitrogen in one of the most fish-rich and
ecologically important rivers in southwestern Ger-
many (Chucholl et al., 2019).

Toxic levels of nitrogen, usually involving ammo-
nia, are often implicated in fish kills (BAFU, 2020;
Francis-Floyd et al., 2009; La & Cooke, 2011). In
water, non-ionized ammonia (NH;) occurs in an equi-
librium with ionized ammonium (NH,") (Francis-
Floyd et al., 2009; Levit, 2010), of which the former
is toxic to fish and other aquatic organisms (Randall
& Tsui, 2002; U.S. EPA, 2013). The equilibrium is
affected by both pH and water temperature. The ratio
of NH; to NH,* increases strongly with increasing
pH, while elevated temperatures cause a more moder-
ate shift towards NH; (U.S. EPA, 2013; Levit, 2010).
Ammonia is ubiquitous in aquatic environments as
an intermediate product of the natural nitrogen cycle,
produced by microorganisms involved in the decom-
position of organic matter (Randall & Tsui, 2002).
It is also a product of fish metabolism, excreted via
the gills (U.S. EPA, 2013). The process of microbial
oxidation of ammonium to nitrate produces nitrite,
which is also highly toxic to fish and other aquatic
organisms (U.S. EPA, 2013). The same degradation
processes can also have a noticeable effect on the
oxygen balance of a water body, and high NH; lev-
els can inhibit fish respiration in several ways. Ele-
vated NH; in the water can reduce or even reverse the
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gradient for diffusion from the gills and thereby lead
to accumulation inside the fish, by impaired excre-
tion or uptake of ammonia (Randall & Tsui, 2002).
Fish mortality occurs when plasma levels of ammonia
begin to exert a variety of chemical effects on cellular
processes including neurotoxic impacts (Ip & Chew,
2010). Exposure to ammonia can cause histopatho-
logical changes in the gill epithelium, which may lead
to sublethal or even lethal effects. In general, fish are
more sensitive to elevated ammonia levels than inver-
tebrates (Arthur et al., 1987).

A striking example of ammonia contamination
occurred in summer 2015 in southwestern Ger-
many. On the night of 22 to 23 August, after a fire
broke out in a mill at Lobenhausen/Kirchberg, large
amounts of artificial fertilizer containing ammo-
nium nitrate were washed into the Jagst River along
with water used to extinguish the blaze (LUBW,
LAZBW, and Regierungsprisidium Stuttgart, 2016;
LUBW, LAZBW, and Regierungsprisidium Stutt-
gart, 2017). The spillage took place at km 118.5 of
the Jagst River, a lowland section subject to a variety
of anthropogenic impacts (weirs, straightening, shore-
line stabilization, etc.) but nevertheless highly biodi-
verse, with a fish community dominated by cyprinid
species. The district office estimated that the water
used to fight the fire carried approximately 1.3 tons of
total ammonia nitrogen (TAN) into the river. Besides
TAN, apparently, no other toxic substances or chemi-
cals were released. Flow rates were low at the time
due to an extended dry period (with discharges of 1.8
m?®/s at Lobenhausen and 6.0 m?/s at the river mouth
compared to mean rates of 10.0 m*/s and 19.0 m?/s,
respectively) (LUBW, LAZBW, and Regierungspra-
sidium Stuttgart, 2017). This limited the potential for
dilution of the harmful pollutant and relatively slow
passage of the pollution wave downstream. Never-
theless, during the first 30-50 km downstream of the
incident, the high initial mortality rates decreased
strongly due to a continuous dilution and peak reduc-
tion of the TAN wave and with it the ammonia con-
centration (LUBW, LAZBW, and Regierungspri-
sidium Stuttgart, 2016; Fig. 1). However, even 70 km
downstream of the point of discharge, peak NH;-N
values still exceeded LC 50 concentrations for fish
such as brown trout (Salmo trutta) and common carp
(Cyprinus carpio) for which acute toxicity occurs at
0.43 mg L™! and 0.44 mg L~' NH;-N, respectively
(U.S. EPA, 2013).
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Fig. 1 Development of maximum ammonia (NH;-N) concen-
trations in the Jagst River after a large spill of artificial ferti-
lizer containing ammonium nitrate following progress of the
pollution wave (from day one until day five after the incident).
Ammonia levels were calculated from total ammonia nitro-
gen (TAN), pH, and water temperature measured in the river
(Emerson et al., 1995; LUBW, LAZBW, and Regierungspri-
sidium Stuttgart, 2016). The dashed line marks the acute tox-
icity values for a representative fish species (U.S. EPA, 2013)

In the first 25 km below the spill, almost all fish
died. Direct mortality then decreased slightly over
the following 25 km, although the pollutant levels
still exceeded concentrations reported to be lethal
to a majority of native fish species. About 20 tons
of dead fish, mainly cyprinids such as barbel (Bar-
bus barbus), roach (Rutilus rutilus), chub (Squalius
cephalus), and bream (Abramis brama), were col-
lected and taken to carcass disposal. Presumably, a
further unknown quantity of dead fish remained in
the river. As an immediate action, where possible,
electric fishing was used to catch as many fish as
possible (given limitations of manpower, gear, and
time) from downstream sections before the polluted
water arrived and transferred to unaffected sections
(including tributaries, isolated secondary channels,
bypasses). Furthermore, massive aeration measures
were initiated by local administrative authorities and
continued day and night for several days after the
accident, although there was supersaturation during
the day. From about 15 km below the spill, attempts
were made to divert polluted water through bypassing
mill channels to protect the fish communities in the
main river. However, despite all these measures, fish-
ing clubs, landowners, and nature protection agencies
reported low or non-existent fish stocks in the after-
math of the accident. After a few months, the “Jagst

River Program” was launched by environmental and
agricultural authorities with the aim of reviving and
improving the ecology of damaged sections of the
river in the long term (https://um.baden-wuerttembe
rg.de/de/umwelt-natur/wasser-und-boden/jagst/).  In
addition, a science-based stocking program was initi-
ated to swiftly restore ecological balance to local fish
communities and boost natural reproductive potential.
However, due to the high density of piscivorous birds
in this area, the efficacy of stocking was questioned in
advance by the local fishing clubs.

The aim of the present study was (i) to document
the consequences of the pollution incident on the fish
population in the Jagst River, (ii) to assess the effi-
cacy of stocking measures compared to natural recol-
onization, (iii) to investigate the importance of habi-
tat connectivity, (iv) to discuss the potential impact
of increasing pressure from piscivorous birds on the
vulnerable fish community, and (v) finally to appraise
implemented measures and consider other which may
improve the future resilience of the Jagst River.

2 Methods
2.1 Study Area

The Jagst River is a 190 km long tributary in the
Neckar/Rhine system in southwestern Germany.
Land use in the 1825 km? catchment area (Fig. 2)
comprises 64.8% agriculture, 29.7% forest, 5.0%
urban areas, and 0.5% other uses (Regierungsprésid-
ium Stuttgart, 2021). In the upper part of the study
area (about 93 km), the river is dominated by rhithral
habitats, which previously provided stronghold areas
for a number of rheophilic, often endangered or pro-
tected species including bullhead (Cottus gobio),
spirlin (Alburnoides bipunctatus), common nase
(Chondrostoma nasus), and barbel. The lower part of
the river is potamal in character, supporting higher
percentages of generalist species like perch (Perca
fluviatilis) and roach (about 25 km). In the affected
section, the river has a mean wetted width of 18 m
and a mean water depth of 1.5 m. Mean discharges at
Lobenhausen are 10 m?/s, increasing to 19 m>/s close
to the confluence with the Neckar River. Historically,
the Jagst River featured runs, riffles, and fast-flowing
deeper pools with coarse substrata, alternating with
slow-flowing parts where the substrata were typically
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Fig. 2 Course of the Jagst River, a tributary of the Neckar
River in southwestern Germany. Orange ellipse indicates the
section affected by fertilizer contamination in 2015, and red

sandy or muddy. However, the construction of 45
hydropower stations over the last 100 years has led
to considerable fragmentation of the watercourse as
well as habitat alteration and declining water qual-
ity. The chemical status of the damaged section of
the Jagst River failed to achieve good, because the
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Discharge point

ellipse shows the section where the impact was most severe;
numbered black dots indicate sampling locations, and purple
dashes transverse structures

concentrations of endosulfan, bifenox, brominated
diphenyl ethers, and mercury exceed the relevant
Environmental Quality Standards (Regierungsprsid-
ium Stuttgart, 2021). However, no fish kills associ-
ated with these chemicals have been observed to date
in this river section.
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2.2 Fish Monitoring

To assess the status of the fish stock in the wake of
the incident, an extensive fishing campaign was initi-
ated on September 1, 2015, 2 weeks after the mass
kill event. Between autumn 2015 and 2018, twenty
stretches were surveyed biannually in spring and
autumn (Fig. 2). From 2019 on, this was reduced to
annual monitoring on selected stretches. Sampling
was conducted using a single anode, 600 V DC elec-
trofishing setup (8 kW, EFKO Elektrofischfanggerite
GmbH). All captured fish were identified to spe-
cies, allocated to a 5 cm length class, counted, and
released. The catch per unit effort (CPUE) was cal-
culated as caught individuals per 100 m river stretch,
hereafter referred to as fish density. To compare the
new monitoring results with those from years preced-
ing the incident, data from electric fishing surveys of
the same sampling stretches between 2005 and 2013
(held in the online database of the Fisheries Research
Station, Table S1) were summarized. Using this his-
torical data, it was possible to calculate a mean fish
density for each sampling location prior to the fish
kill. In two severely damaged sections of the main
river, natural immigration of fish from unaffected sec-
tions was possible: in section 2 fish from upstream of
the discharge point, and in section 6 from a tributary,
the Brettach (Fig. 2).

To monitor the effect of attempts to direct the flow
of polluted water through bypassing mill channels to
protect fish communities in the main river, in Octo-
ber 2015 (7 weeks after the accident), electric surveys
were conducted in 10 mill channels and in 10 cor-
responding sections of the main river. All stretches
were located between 15 and 33 km downstream of
the discharge point. Monitoring was also carried out
in seven further mill channels and corresponding
main river sections where the polluted water was not
bypassed, located between 1 and 14 km downstream
of the discharge point.

2.3 Fish Health

Gill condition was used as a proxy for fish health
after the incident in the Jagst River. Gill tissues
are regarded as the most exposed and pollution-
sensitive of fish tissues, with numerous pollutants
shown to cause histopathological changes (Poleksié¢
& Mitrovié-Tutundzié, 1994). Chub and gudgeon

(Gobio gobio) were collected randomly during the
biannual electric fishing surveys between autumn
2015 and autumn 2017 as representatives of lotic
and benthic fish stocks and examined for signs of
gill damage. To avoid sampling of stocked individu-
als from autumn 2016 on, fish were only taken if their
size was significantly above or below stocking size or
if they were caught from the two unstocked sections
of the river. All fish were euthanized with an over-
dose of clove oil (1 mL L") and a gill cut according
to the German Animal Welfare Act (“Tierschutzge-
setz”). All fish were measured to the nearest millim-
eter total length (TL) and weighed wet to the nearest
gram, shortly after capture, then transported on ice to
the lab for immediate microscopic inspection (Stemi
SV6, Zeiss, Oberkochen, Germany) of the gill.
Alterations to gill tissues were assessed according
to the modified organ index I, described by Bernet
et al. (1999). Gills were excised and examined for
macro-pathological alterations, including anemia,
proliferation, and necrosis, and for mucus occur-
rence. Briefly, the alterations were classified accord-
ing to the intensity and distribution of damage, with
an importance factor (w) attributed to each alteration
(anemia 1, mucus occurrence 1, proliferation 2, and
necrosis 3). Table S2 presents the criteria used to
assign a score value for each alteration. From these
ratings, the gill damage index (Igp) was calculated as

Iop = de<adf * W)

where df is the diagnostic finding, a is the score value,
and w is the importance factor. The index represents
the degree of gill damage, with higher values repre-
senting more severe pathological alterations.

2.4 Stocking

In 2016, a stocking plan was developed based on the
baseline data for the most severely damaged section
of the Jagst River representing the pre-existing fish
community in an unimpaired state (Table 1 + S3)
(Dussling, 2009). This reference community had
been determined as part of the implementation of the
Water Framework Directive (WFD) (European Com-
munity, 2000). The main species chosen for future
stocking were those which dominated this baseline
community, namely, minnow (Phoxinus phoxinus),
stone loach (Barbatula barbatula), barbel, chub, dace
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(Leuciscus leuciscus), gudgeon, spirlin, bullhead,
and common nase (predators explicitly excluded;
Table S3A). Stocking fish of foreign provenance was
explicitly excluded in order to maintain local genetic
integrity (Antognazza et al., 2016). The goal was to
stock the 25 km long (45 ha) severely damaged sec-
tion with around 10% of the standing stock prior to
the incident (roughly 200 kg/ha, based on back calcu-
lations from earlier electric fishing surveys) to serve
as a basis for natural reproduction. Achieving this
would require a catch of around 27,000 local fish of
eleven different species with a total mass of around
910 kg (20 kg/ha). In July and September 2016, fish
were caught in different unaffected sections and tribu-
taries (Fig. S1) using the same electric fishing device
deployed for fish monitoring, placed in aerated fish
transport tanks (volume: 1-2 m®), and transported
directly (duration: 25-120 minutes) to selected sec-
tions in the severely damaged section of the river
(Fig. S1). Fish of different length classes (juvenile
and adult fish, Table S3B) were used for stocking pur-
poses. After acclimatization to ambient water temper-
atures, they were released uniformly across the whole
river section. Two sections were excluded from the
stocking measures, one directly below the discharge
point at Lobenhausen (Fig. 2, sampling section 2, 1.5
km long) and the other about 10 km downstream at
Diembot (Fig. 2, sampling section 5, 3 km long). The
latter is isolated by insurmountable weirs (Fig. S1).
Due to turbid water conditions, low capture rates, and
catch restrictions of the local fishing clubs for certain
species, only about 50% of the target stocking num-
bers could be caught in 2016 (Table 1), resulting in
a mean stocking density of around 10 kg/ha. In 2017
and 2018, an allowance was made for additional
catches in some donor sections, thus additional stock-
ing effort could be made for some species (Table 1).
Furthermore, an agreement was established with fish-
ing clubs and landowners along the Jagst River that
no further stocking would be conducted during the
subsequent monitoring period.

2.5 Bird Predation

In the winter before the accident, alone more than 150
cormorants (Phalacrocorax carbo sinensis) had their
night roosts at the Jagst River near to the polluted
river section. To appraise the impact of predation by
cormorants on natural (immigration) and artificially

enhanced (stocked) recovery of the fish community
in the aftermath of the pollution incident, the num-
ber of cormorants at night roosts was counted during
the study period at 4 weeks intervals by conservation-
ists and anglers. Based on these records, the number
of “cormorant days,” i.e., days with feeding cormo-
rants on a given section, was calculated. Pre-incident
records were also available made from fishing clubs
at various points along the Jagst River since 2006.

In the period August 2008 to March 2011, a dero-
gation for lethal control of cormorants during autumn
and winter was granted due to the increasing num-
ber of cormorants at the Jagst River (from around
the lower half of the severely damaged section down
to the Jagst-Neckar confluence, with the exception
of nature reserves and surrounding buffer zones).
In 2016, a derogation for lethal control was granted
for the same area and time of the year but with a set
maximum number of cormorants to be culled (170
individuals in 5 years and not more than 50 individu-
als per year) in order to rule out possible impairment
of protected species (Fig. S2a and b). This deroga-
tion was justified primarily as a means to enhance
fish stock recovery by minimizing bird predation.
From 2018 to 2021, additional annual derogations
were granted for night roosts upstream of the severely
damaged area and in some nature reserves and buffer
zones (Fig. S2C and D). To monitor the deterrent
effect of control measures on other birds (e.g., dis-
placement due to hunting activity), all measures were
accompanied by monitoring of protected bird spe-
cies since 2016 (detailed information Supplement
Fig. S2).

2.6 Data Analysis and Statistics

In terms of fish health, temporal trends in I after
the accident were analyzed using a linear regression.
Ordinal logistic regression assuming a Poisson distri-
bution was used to analyze the relationship between
gill condition and time after the pollution event.

In order to compare species diversity (number of
species) and CPUE (number of individuals per 100 m
river stretch) before and after the accident, data was
first tested for homoscedasticity (Levene-Test; Levene,
1960) before choosing a parametric (Dunnet’s test with
control; Dunnett, 1955) or non-parametric (Dunn’s test
with control for joint ranks; Dunn, 1964) test. Data
gathered before the incident (2005-2013) were used
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as a control. Temporal trends in species diversity and
CPUE after the accident were investigated using gen-
eral linear mixed models (GLMMs) following the gen-
eral formula (Sachs, 2004):

Yip=p+a+ ﬁ,‘ + 7+ (ay)y + (ﬂ?’)jk + €5t

where Yijk is the number of species or CPUE, y is the
overall mean, «; denotes whether stocking had been
carried out (stocking yes/no), §; denotes whether the
investigated sampling site has natural immigration
(immigration yes/no), y, is months passed after the
accident (time), (ay); is the interaction of stocking
and time, (ffy); is the interaction of immigration and
time, and ¢ is the random residual error. The sam-
pling location was added to the model as a random
factor. Furthermore, temporal trends were investi-
gated using a segmented least squares linear regres-
sion to identify potential breakpoints in the slopes of
species diversity and CPUE over time and test their
temporal relationship with the accident in 2015. The
statistical significance of the breakpoint was set at p
< 0.05 and tested by respective confidence values of
the slopes.

In order to examine changes in length class compo-
sition before and after the pollution event, catches per
1000 m river stretch were averaged (before: 2005-2013,
after: autumn 2015 and spring 2016) for selected large
fish species (barbel, chub, dace, common nase) in each
severely affected sampling stretch. Fisher’s exact test
(Fisher, 1992) was used to test differences between the
two periods at each sampling stretch.

To evaluate the success of directing the polluted

water through the mill channels, differences in spe-
cies diversity and CPUE were investigated, using
GLMMs following the general formula:
Yi=p+a +e;
where Y is the number of species or CPUE, u is the
overall mean, a; denotes the type of water body, and
¢; 1s the random residual error. The sampling location
was added to the model as a random factor.

To evaluate the influence of fish-eating birds on
CPUE before the incident, a GLMM with the follow-
ing formula was used:

Vi =p+a;+ b+ (af); + €.

where Y, is logarithmized CPUE, y is overall mean,
a; denotes the time point before (July 2005 to August

@ Springer

2008), with (September 2008 to March 2011) or after
(April 2011 to June 2013) the lethal control meas-
ures, ,Bj denotes the threat status of examined fishes
(according to the red list of fish species for the federal
state Baden-Wiirttemberg; Baer et al., 2014), (aﬂ)ﬁ
is the interaction of time point and threat status, and
€ 1s the random residual error. The sampling loca-
tion was added to the model as a random factor. For
two endangered fish species (common nase, bar-
bel), changes of the CPUE in each length class were
compared between the different time points (before,
with, and after culling measures) using Pearson’s chi-
squared test.

All analyses were performed with the help of the
software JMP Pro Version 17.0.0 (64 bit, SAS Insti-
tute, Cary, USA).

3 Results
3.1 Fish Health

In autumn 2015, shortly after the accident, the gill
tissues of more than 60% of examined fish exhibited
moderate or severe pathological alterations (Fig. 3a,
Fig. S3). Subsequent ordinal logistic regression
revealed a statistically significant improvement in
gill condition with time (whole model: 311 obser-
vations, df = 1, 309, r* = 0.098, Chi* = 77.824, p
< 0.0001), with predicted probabilities of milder
alterations or normal gill condition increasing
from 28% in autumn 2015 to 91% in autumn 2017
(p < 0.0001; Fig. 3a). The probability of severe
gill impairment decreased from 38% initially to
2% at the end of the study period. The gill dam-
age index also decreased significantly in accord-
ance (273 observations, df = 1, 271, r* = 0.289, F
= 109.7179, p < 0.0001) from 13.4 to 3.8 over the
period of investigation (Fig. 3b).

A high prevalence of unidentified gill fluke (class
Monogenea) and black spot disease (Posthodiplosto-
mum cuticola) was observed directly after the acci-
dent and in spring 2016 (Fig. S3c—e). This prevalence
decreased considerably thereafter with only single
individuals showing gill flukes or black spot disease
in autumn 2016 and from 2017 on. No difference in
prevalence was observed between the river sections
upstream and downstream of the discharge point.
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3.2 Development of Fish Stock

The first survey, about 3 weeks after the fish kill in
autumn 2015, revealed fish diversity (p = 0.0004)
and the fish density (p = 0.0007) were significantly
reduced for the first 25 km downstream of the point
where artificial fertilizer had been discharged com-
pared to the time period before the accident hap-
pened (Fig. S4, Table S4, and S5). In this severely
affected stretch of the river, most sections yielded
only one or two species with one outlier stretch yield-
ing 8 (Table S1). Furthermore, for some species, i.e.,
chub, minnow, gudgeon, and stone loach, only sin-
gle individuals were caught in autumn 2015, and all
were small, less than 10 cm in body length. A simi-
lar result was seen in CPUE, where an average of
only 26.3 individuals was detected per 100 m in the
severely affected section after the accident, represent-
ing less than 5% of former fish density (Table S1,
Fig. S4). The fishing results in spring 2016, 8 months

Months after accident

after the accident and before the first stocking effort,
showed no relevant recovery of the fish fauna in the
severely damaged section, with species diversity and
CPUE both remaining significantly lower than pre-
viously (species diversity: p = 0.001, CPUE: p =
0.0005; Table S4 and S5, Fig. S4). In autumn 2016
(12 months after the accident), some weeks after the
first stocking effort, species diversity and CPUE had
roughly doubled (Fig. S4). Later surveys revealed
a steady increase in both parameters, and the seg-
mented regression analysis identified significant
breakpoints over time (Fig. 4b+d). Thereafter, the
number of species and CPUE continued to increase
steadily until autumn 2018, 36 months after the acci-
dent. Both values then plateaued—diversity at around
pre-accident levels—but CPUE failed to reach previ-
ous levels (Fig. 4).

The utilized GLMMs revealed that both species
diversity and CPUE increased significantly with the
time since the accident (Table 2). Stocking had no
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Fig. 4 Results of the segmented regression analysis investigat-
ing temporal changes in fish species diversity and CPUE in the
severely damaged section of the Jagst River. a Boxplot species
before the pollution event. b Calculated breakpoint regression
for species number (black line) and descriptive illustration of
differences for locations with and without stocking measures

Table 2 Results of the general linear mixed models (GLMMs)
utilized to analyze changes in species diversity and CPUE after
the accident. Sampling location was added to the model as a
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(colored lines). ¢ Boxplot CPUE before the accident. d Calcu-
lated breakpoint regression for CPUE (black line) and descrip-
tive illustration of differences for locations with and without
natural immigration (colored lines). Points represent individual
measurements, and colored bands indicate standard error

random factor. n, number of observations; df, degrees of free-
dom. Statistically significant p-values are highlighted in bold

Analysis Parameter n df Model effect F-value/r? adjusted? p-value
Temporal trends Species diversity 59 5,53 0.5167° <0.0001
Stocking 11.3062 0.0237
Immigration 2.8990 0.1561
Time 19.3519 <0.0001
Stocking x time 0.3924 0.5339
Immigration x time 2.0932 0.1543
CPUE 59 5,53 0.2151* 0.0045
Stocking 0.0533 0.8246
Immigration 7.8432 0.0293
Time 9.4420 0.0034
Stocking x time 0.0109 0.9172
Immigration x time 0.8224 0.8224
Main river vs. mill channels Species diversity 20 1,18 0.3240° 0.0052
CPUE 20 1,18 0.3178* 0.0057

effect on CPUE, but did relate to a statistically sig-
nificant effect on the number of species recorded,
with around 30% more species being present at
stocked sites (least-square means + standard error
(SE): stocking = 10.77 + 0.68, no stocking = 7.76 +
0.97). Immigration had no effect on species number,
but exerted a significant effect on CPUE, with around

40% higher CPUE at sites with natural immigration

@ Springer

(least-square means + SE: immigration = 313.91 +
41.65, no immigration = 196.02 + 27.36). No statisti-
cally significant effects were observed in interactions
of stocking and time or immigration and time.

During monitoring in autumn 2016, after the first
stocking event, nine out of 11 stocked species were
recorded in the stocked sections, with only common
nase and dace not detected. Subsequent surveys up
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until autumn 2018 indicated an increased density of
all nine of these species, after which most plateaued.
Of common nase and dace, only single individu-
als were found during the whole study period, even
after two additional stockings in 2017 and 2018. Spe-
cies of endemic fish which were not stocked, such as
brown trout, pike (Esox lucius), perch, and carp, were
recorded for the first time after the accident in the sec-
ond year, spring 2017, but only as single individuals
and densities of most of these species remained very
low thereafter with only solitary individuals recorded
where any were found at all. One non-endemic spe-
cies, the stone moroko (Pseudoraspora parva), was
found in several different river sections from autumn
2017 onwards. This and the occurrence of large indi-
viduals of certain species suggest that some addi-
tional stocking took place despite the moratorium
agreed with local fishing clubs.

Small-sized fish species with low jumping and
swimming ability, i.e., the bullhead (Fischer & Kum-
mer, 2000), reappeared in sections 2 and 6 with
immigration possibilities in autumn 2016, but were
not recorded in section 5, the section without stock-
ing and without obvious immigration routes until
spring 2018, 2.5 years after the accident. Abun-
dances of barbel and common nase, both large-sized

Fig. S Size class compo-
sition for larger growing
species (>40 cm TL;

B o5cm
[ ]21-30cm [ 31-40cm [l >40cm

species with high migration abilities, remained lower
in the aftermath of the accident than before (mean +
SD of CPUE in 2018-2021: barbel = 10.4 + 11.9,
common nase = 1.2 + 0.0; mean + SD of CPUE in
2008-2014: barbel = 46.0 + 67.6, common nase =
8.1 + 18.7). Only barbel exhibited slowly increasing
numbers in sections downstream of the accident, with
notable deficits in length class contribution and natu-
ral recruitment.

Size class comparisons before and after the acci-
dent were not possible for most sampling sections
because of extremely small catches in the severely
damaged section of the Jagst River during the first
two post-incident surveys (Table S1). Analysis for
large growing fish species, such as barbel, chub, dace,
and common nase, was possible only in the two most
downstream sections, and here, statistically signifi-
cant and striking differences (section 7: p < 0.0001,
section 8: p < 0.0001) were apparent in size structure,
with the larger size classes almost completely disap-
pearing after the pollution event (Fig. 5).

Downstream of Elpershofen (Fig. 2, between sam-
pling sections 6 and 7), great efforts were made to
divert polluted water away from the main river and
into adjacent mill channels. The utilized GLMMs
revealed statistically significant preservation effects
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of this measure when comparing the mill channel and
the main river with respect to species diversity and
CPUE (Table S6 and S7). In the main river, species
number was around 35% higher (F = 10.1075, p =
0.0052) and CPUE about 72% higher (F = 9.8504, p
= (0.0057), compared to the mill channels.

3.3 Cormorants

Before the incident, when comparing the CPUEs with
or without (before and after) cormorant control meas-
ures, the utilized model (Table S7) revealed that con-
trol measures had a stark and statistically significant
effect (p < 0.0001). CPUE was around 57% higher
when cormorant control measures were in place
than before (least-square means + SE: before = 2.27
+ 1.42, during = 5.24 + 1.41). After the measures
stopped, CPUE dropped by around 70% (least-square
means + SE: after = 1.62 + 1.50). The conservation
status of examined fish species also had a statisti-
cally significant effect (p < 0.0001), in which CPUE
of threatened species was around 77% lower than that
of non-threatened species (least-square means + SE:
threatened = 1.29 + 1.45, non-threatened = 5.55 +
1.38). The interaction of control measures time point
and threat status had no statistically significant effect
(p = 0.4709). When comparing CPUE for different
size classes before, during, and after cormorant con-
trol measures, statistically significant changes were
observed for both common nase and barbel with mid-
dle size classes being distinctly underrepresented
(Fig. 6).

After the pollution event, as a condition of dero-
gations for lethal control of cormorants, monitoring
was carried out on protected species of birds (Supple-
ment Fig. S2). No interference or long-lasting effects
(e.g., displacements) were recorded for target bird
species. Cormorant counts on night roosts and results
of the International Waterbird Census (IWC) reacted
the same way and showed numbers of cormorants on
the Jagst River in the winter 2020/21 remained high
and unchanged. Between October 2018 and February
2019, the number of “cormorant days” was around
24,500 (on average, 163 cormorants every day). This
likely resulted in an overall take of around 10 tons of
fish (daily food intake 436 g according to Ridgway,
2010) roughly 42% of the estimated annual fishing
yield of 23.8 tons (assumptions: 170 km Jagst River X
20 m river width ~ 340 ha; fishery yield 70 kg ha™").

4 Discussion
4.1 Mortality After Incident

Ammonia is a highly toxic substance to fish, with
direct impacts on fish health even at very low con-
centrations (Levit, 2010; U.S. EPA, 2013). The toxic
effects vary according to several factors, mainly dura-
tion of exposure, dissolved ions, pH, water tempera-
ture, and fish size (Levit, 2010; U.S. EPA, 2013). All
of these factors must be considered in understanding
the massive fish kill that occurred in the Jagst River
in the summer of 2015. It is highly likely that the
dead fish found shortly after the accident succumbed
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Fig. 6 Changes in CPUE by size class in common nase (left)
and barbel (right) before, during, and after cormorant control
measures. Asterisks indicate statistically significant differences
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to high levels of toxic unionized ammonia (NHj;),
which leads to convulsions, coma, and death in all
aquatic vertebrates (Randall & Tsui, 2002). The water
temperature on the day of the catastrophe was 20-25
°C, pH values above 8 (data not shown), and high
TAN loads all served to exacerbate the toxicity of
the event (Table 3). It is surprising, given the sever-
ity of the spill, that the total mortality zone ended
rather abruptly around 25 km downstream of the acci-
dent, despite the fact that even 40-50 km below the
discharge point, NH; levels were still as high as 34
mg/L. This is several times above the levels listed by
the U.S. EPA (2013) as acutely toxic for the fish pre-
sent on the Jagst River (Table 3).

A number of factors may have contributed to this
outcome. Local dilution by groundwater inlets and
tributary brooks, which enter the Jagst River in the
first 25 km, may have been significant. This is espe-
cially true since the accident happened at a time of
low water when these small additions can contribute a
large share of total flow during periods of low water,
and offering small areas of refuge from the worst of
the contamination. This consideration should place
further emphasis on measures to protect groundwa-
ter levels (Perkin et al., 2017; Power et al., 1999).
Secondly, damage may have been mitigated by a
relatively short exposure time. The peak of the toxic
ammonia wave had a residence time between sev-
eral minutes and a few hours (velocity about 0.5 km
h™! according to LUBW, LAZBW, and Regierung-
spriasidium Stuttgart, 2017), while the acute toxicity
tests in which LC50 values are based are carried out
over a period of 96 h. Furthermore, given that fish
pre-exposed to increased TAN levels in their natural

habitat seem to be more susceptible to poisoning in
contamination events (Soler et al., 2021), the nor-
mally negligible levels of TAN in the Jagst River
may have helped maximize natural resilience. While
most fish species cannot tolerate high environmental
ammonia levels, acute susceptibility to ammonia in
fish varies by species, size, and life stage. Some spe-
cies are more tolerant to ammonia and have a vari-
ety of strategies to avoid the worst effects (Randall &
Tsui, 2002) such as maintaining excretion (Randall
et al., 1999) or conversion of ammonia to less toxic
substances (Ip & Chew, 2010; Mommsen & Walsh,
1992; Peng et al., 1998). Both size and species effects
were apparent in the aftermath of the Jagst River
event, in that the small numbers of individual fish
caught in autumn 2015 belonged to few species such
as chub, minnow, gudgeon, and stone loach and were
almost exclusively smaller than 10 cm. According
to Levit (2010), susceptibility to ammonia decreases
as fish develop from yolk sac fry to juvenile then
increases with age thereafter.

No data about long-term mortality effects result-
ing from the incident on the Jagst River are available.
However, in autumn 2015, around two-thirds of sur-
viving fish exhibited gill damage, and these patholog-
ical alterations remained present at comparable lev-
els after the first winter. Had significant numbers of
these damaged fish died from this damage, the preva-
lence of injured fish would have declined, and there-
fore, significant undetected and lingering mortalities
during the first year after the accident are deemed
unlikely. An increase in the proportion of fish with
healthy gills was observed in autumn 2016, but the
data at hand is insufficient to determine whether this

Table 3 Acute toxicity of TAN at pH 7 (20 °C, 96 h) for different species according to U.S EPA (2013), calculated toxicity at pH 8

and respective calculated share of unionized ammonia

Species Acute toxicity (TAN  Acute toxicity (TAN  Unionized ammo- Distance from Measured values of
inmg/L) pH 7,20 °C inmg/L) pH 8,20°C nia (NH;in mg/L) discharge point unionized ammonia
(km) (NH; in mg/L)
Threespine stickle- 282 28 1.18 0 6.40
back (Gasterosteus
aculeatus)
Common carp (Cypri- 106 10.6 0.44 25 3.20
nus carpio)
Brown trout (Salmo 102 10 0.43 50 1.00
trutta)
Rainbow trout (Onco- 82 8 0.34 100 0.15
rhynchus mykiss)
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represents recovery or delayed mortality of damaged
individuals (Cadiz & Jonz, 2020).

Our results suggest that action taken to divert pol-
luted water of the accident through mill channels 15
km downstream was effective. While it is unfortu-
nate that the fish in the mill channels suffered com-
prehensive mortality as a result of this action, these
communities comprised mostly non-endangered spe-
cies such as chub, roach, and bream. Meanwhile, the
higher biodiversity of the natural fish communities in
the parallel main river residual flows, including some
endangered and protected species (like bullhead or
barbel), was at least partially preserved. We assume
that these protected sites subsequently served as
sources of local repopulation and, along with stock-
ing events, helped boost the natural recolonization of
the damaged river sections.

4.2 Role of Stocking

Around 80 manmade barriers were constructed on the
Jagst River over the years for water power and flood
control (Ministry of the Environment, Climate Pro-
tection and the Energy Sector Baden-Wiirttemberg,
2018) and have severely impaired the lateral and lon-
gitudinal continuity of the river, especially in the sec-
tion most affected by the pollution event of 2015 (see
Fig. S1b). These pre-existing obstructions hampered
immigration, jeopardized the natural recovery of the
fish population (Brinker et al., 2018), and increased
the risk that an unoccupied habitat might be “over-
run” by the first occurring species, especially if these
happened to be r-strategists or worse invasives (Bajer
& Sorensen, 2010), which might prevent recovery of
a balanced and appropriate fish community. Given
these concerns, a systematic translocation of local
fish was deemed the only option for swiftly restor-
ing lost fish species and re-establishing a natural fish
community. The migratory and rheophilic common
nase was almost completely wiped out during the pol-
lution accident, with not even a handful of individu-
als captured in the most severely damaged section in
the first surveys after the event. Common nase is con-
sidered a keystone species in the Jagst River and was
thus a priority for re-establishment along with other
migratory fish species like barbel (Lucas & Batley,
1996) and dace (Mann & Mills, 1986), and several
small non-predatory fish species with low migration
abilities such as bullhead (Fischer & Kummer, 2000)

@ Springer

or stone loach (Tudorache et al., 2008). The steady
increase and apparently balanced numbers of stocked
fish species like bullhead and barbel recorded since
then suggest the measure was effective for these spe-
cies especially when these positive effects are com-
pared with results in the unstocked section (Diembot,
sampling section 5, Fig. 2, Table S1). Here, the recov-
ery of the fish population was greatly delayed (bull-
head was found for the first time 18 months after the
accident), most likely due to the lack of lateral and
longitudinal connectivity. In contrast, the unstocked
section below the accidental discharge point (Loben-
hausen, sampling section 2, Fig. 2, Table S1) recov-
ered very quickly thanks to direct continuity with the
undamaged section upstream. The same was observed
in section 6, where the Jagst River is fed by a small
tributary, the Brettach brook. The results strongly
support the translocation of fish as a general recovery
measure in sections of river where natural recoloni-
zation is physically hindered. However, in the case
of common nase and dace, stocking in a variety of
quantities and size classes yielded no improvement
in the re-establishment. This disappointing result is in
sharp contrast to other migratory species like barbel,
for which stocking proved very effective. The reasons
for the difference are not wholly clear, but common
nase are known to be specialists of free-flowing river
stretches, whereas barbel can also live in deeper and
slowly flowing pools (Lucas & Batley, 1996; Ovidio
et al.,, 2016; Ovidio & Philippart, 2008). Further-
more, common nase show a greater degree of hom-
ing behavior than barbel (Panchan et al., 2022). Thus,
we hypothesize that common nase was already facing
challenging habitat conditions due to the large num-
ber of existing barriers in the Jagst River. If this is the
case, it may be that further measures are necessary to
support functional fish migration, such as reducing
water flow through bypasses to boost water flow in
the main river (Petts, 1996). These additional meas-
ures should be urgently considered in the Jagst River
in order to avoid the effective loss, in the near future,
of this most iconic keystone fish species (Peidz,
1996; Wetjen et al., 2020).

As some macroinvertebrates are very sensitive to
high levels of ammonia (Berenzen et al., 2001), we
also considered food availability as a potential limit-
ing factor on stocking success. However, in the Jagst
River, the effects of the incident on the macrozoob-
enthos were minor, and faunal similarity indices and
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species diversity showed no evidence of acute dam-
age (LUBW, LAZBW, and Regierungsprisidium
Stuttgart, 2017), rendering the possibility that stocked
fish could not find enough food negligible.

4.3 Role of Cormorants

Cormorant predation has been shown already before
the incident to exert substantial negative influence
on certain endangered rheophilic species (Fig. 6,
Table S7). The influence of predators on the recov-
ery of a damaged fish stock in an exposed river like
the Jagst River should be taken seriously. Cormo-
rants were shown to exert significant feeding pres-
sure on the river, drastically reducing fish density and
affecting viable size classes. Over the past 10 years,
the number of wintering cormorants on the Jagst
River has increased steadily, and therefore, coordi-
nated lethal control measures were carried out in the
severely damaged section since 2016 in an attempt to
protect fish stock recovery. These measures failed to
bring about a reduction in cormorants (Fig. S2). On
the contrary, the data at hand shows a clear increase
in predation pressure on fish, whereas similar con-
trol measures enacted prior to the accident had pre-
viously been much more effective (Fig. 6, Table S7).
In the first period, the number of cormorants was
distinctly lower, both along the Jagst River and in
the federal state of Baden-Wiirttemberg than in the
second period, so that the scared cormorants could
more easily switch to other waters. Furthermore, set-
ting a maximum number of cormorants to be culled
independent of the effect of the measure, the percent-
age culled cormorants in relation to the total num-
ber decreased limited the necessary control options.
It is estimated that in recent years, almost half of
fish production on the Jagst River has been taken by
cormorants, with a knock-on effect on the recovery
potential of the fish community. Today, 7 years after
the incident took place with water conditions compa-
rable to those before the accident and most fish spe-
cies returned to the river, recovery of the fish stock
has stalled. Fish density has stagnated over 3 years at
20-50% of pre-accident levels, and individuals larger
than 20 cm are severely underrepresented in the fish
community (barbel, common nase, and dace densities
4.6, 1.1, and 1.1 individuals per 100 m for 2005-2013
compared to 0.6, 0.0, and 0.0 individuals per 100 m
for 2019-2021, respectively). During winter, lower

water temperatures slow the movements of fish
enough to render them more easily caught by cormo-
rants and birds clearly select larger prey at this time
(Cech et al., 2008). The absence of any other increas-
ing negative pressure on fish apparent in the Jagst
River makes it highly likely that predation pressure
from cormorants is the prime reason for continued
low fish density on the river. A reduction in the cor-
morant numbers would most likely help to increase
fish density and to establish more resilient stocks. As
there were no indications of a long-term disturbance
of priority bird species caused by cormorant control
measures disturbance, the current measures might be
stepped up.

4.4 Management Actions Initiated by the
Catastrophe

As positive consequence of the catastrophe on the
Jagst River has been a program of structural improve-
ment measures begun in the years after the acci-
dent, including the modification of ground sills and
the installation of fish passes (Ministry of the Envi-
ronment, Climate Protection and the Energy Sector
Baden-Wiirttemberg, 2018). Other measures include
the introduction of dead wood, boulders, and gravel to
improve habitat structure and the restoration of side
arms. A small number of weirs has been dismantled,
but more than 40 are still in use to generate hydroelec-
tric power and still present a barrier to the migration
of fish, particularly in the most severely damaged sec-
tion. The operators face a legal requirement to install
fish passes under the water laws of Germany and the
federal state of Baden-Wiirttemberg. Unfortunately,
residual water quantities are often not sufficient to
allow such passes to operate effectively, and oversight
by the appropriate authorities is often incomplete.
In order to achieve the goals of the WFD (European
Community, 2000), the federal state of Baden-Wiirt-
temberg launched the program “Landesstudie
Gewisserdkologie” to plan structural improvement
measures for water bodies. This planning has already
been carried out for two sections of the Jagst River,
including the section most severely damaged by the
2015 pollution event, and more will be implemented
in the coming years. The actions taken so far have
brought limited improvements to longitudinal connec-
tivity and cross-linkage with tributaries, oxbows, and
ditches and in securing groundwater levels and the
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benefits for fish, especially those endangered species
most seriously affected, have been likewise small. In
reality, the Jagst River in the affected area is more a
concatenation of reservoirs and residual water bodies
than a free-flowing river. It must be concluded that
the measures implemented thus far are insufficient
to achieve the stated aim of fundamentally improv-
ing resilience, especially with regard to the future
threat and impacts of the climate change (Basen et al.,
2022; TPCC, 2022). Posing severe for such a heav-
ily disrupted habitat: immigration routes to cooler
sections of the river and to smaller tributaries with
more shaded areas were at best only partly accessi-
ble, and fish were forced to aggregate in deeper pools
with greater exposure to fish-eating birds and other
predators. While all the measures taken have certainly
improved in situ conditions, actions to comprehen-
sively and functionally restore the river are yet to be
implemented or even fully conceived.

4.5 Lessons Learned

Accidents with the impact of the 2015 event on the
Jagst River are isolated cases, but fish kills can be
expected to increase in the future due to the exacer-
bating effects of climate change (Carere et al., 2023;
IGB, 2022; La & Cooke, 2011). The current scarcity
of data means that mistakes in assessing these situa-
tions and implementing ad hoc measures continue to
be inevitable. It is our hope that the experiences on
the Jagst River can help improve the response to com-
parable cases.

First of all, in the event of an identified fish kill,
it is vital for the situation to be assessed to accu-
rately determine the quantity and quality of the
causing agent, i.e., by qualified analytical personnel
with suitable equipment in close collaboration with
aquatic specialists. In the present case, it was known
that high oxygen levels mitigate the toxic effects of
ammonia to aquatic organisms (Alabaster et al.,
1979; Lloyd, 1961; Merkens & Downing, 1957),
and consequently, a massive aeration program was
implemented in the affected sections, day and night.
Unfortunately, this was not a suitable measure, as (i)
the positive oxygen effect is only effective in suble-
thal chronic cases (Downing & Merkens, 1955; U.S.
EPA, 2013); (ii) the Jagst River is already super-
saturated during the day with oxygen in summer,
meaning the aeration unintendedly removed oxygen;
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and (iii) the disturbance caused additional stress to
the already compromised fish. A second mitiga-
tion measure was to dilute Jagst River water from
holding reservoirs without considering potential pH
effects, which might have further boosted toxicity.

As a rule of thumb, it would be valuable to have
an emergency plan established with contact points
before an accident happens (Pintér, 1999). If, in the
event of an accident, a cascade of responsible quali-
fied and equipped persons is not at hand, precious
time in which to take appropriate measures will be
lost. Furthermore, the enlistment of external spe-
cialists from fields like toxicology, hydrology, and
water chemistry is highly recommended, as suffi-
cient expertise is unlikely to exist within regional
administrations. These external experts can be sec-
onded to help identify and quantify the causes of
a disaster and swiftly forecast effects downstream,
where relevant and responsible persons should be
informed as soon as possible.

In cases where an accident such as that on the
Jagst River does not cause long-term damage or
deposits in the river bed, it may make sense to
temporarily remove certain organisms, such as
endangered mussels, crayfish, lampreys, or fish
before the pollutant wave arrives. These organisms
should be stored in suitable places for restocking
once the water quality of their home river recov-
ers. Fish could be placed in unaffected stretches or
known other refuges, e.g., sections with ground-
water inputs. Relocating aquatic species to nearby
ponds, as happened at the Jagst River, is a short-
term measure and only if water quality is adequate
for the respective species. Due consideration should
be given to the risk of diseases, parasites, and inva-
sive alien species transmission if river fish are to be
stored temporarily in fish ponds or other standing
bodies of water.

The experiences on the Jagst River show that
diverting water flow through mill channels can pro-
tect local biodiversity from the worst effects of pol-
lution, especially as important specialist species tend
to be associated with natural main channel, which act
as refuges from which repopulation of autochthonous
species can occur. However, the cutting off of resid-
ual sections in the main river in low water conditions
without a suitable supplemental supply can itself pose
a danger to fish, and any such measure should be
closely monitored.
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In a river that is segmented by dozens of small weirs
and a lack of fish passes, natural fish immigration and
recolonization are strongly impaired. While systematic
stocking of the Jagst River with autochthonous species
from sections above and below the damaged area was
shown to significantly boost recovery of fish stocks,
not all fish species showed positive population trends,
and in particular, stocking the endangered common
nase yielded no improvement in density or dispersal.
For such sensitive and discerning species especially,
advanced management measures, such as structural
improvements, improvement of lateral and longitudinal
connectivity as well as protection from predators might
be necessary to restore endangered fish stocks.

Furthermore, after the accident in the Jagst River,
local authorities, NGOs, fishing clubs, and members
of the public wanted to help. This resource should
be informed, coordinated, and organized by qualified
persons in the fields of limnology, hydrology, nature
chemistry, physiology, nature conservation, and fish-
eries management, and well-intentioned but counter-
productive measures such as unofficial stocking with
piscivorous or even non-endemic fish, such as the
captured European catfish (Silurus glanis) and stone
moroko after the accident, must be avoided.

To sum up, the most important protective meas-
ure is to bring the river ecosystem in question into a
best possible resilient status, i.e., as close to natural
as possible, and to prepare and resource a location-
specific action plan involving qualified responsible
and reachable people. Had this been the case for the
Jagst River, action would have been taken faster and
ineffective measures could have been avoided, result-
ing in more aquatic species being rescued.
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