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Eggs on a plate: Population-dependent effects of humic
substance rich water on perch egg size and hatching success
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2. To address these questions, we generated pure and hybrid (inter-population)
crosses of Eurasian perch (Perca fluviatilis) originating from clear-water and humic
lakes. Fertilised eggs from each cross were exposed to natural humic and clear-
water lake water. Intra-chorionic space diameter (embryo diameter) and hatching
success were recorded.

3. Perch embryos successfully developed even in a small volume of water (5mL) and
majority hatched (70%) by 13day post-fertilisation. Embryo diameter was influ-
enced by the interaction between cross type and treatment where embryos with
maternal clear-water origin were smaller than embryos of humic water origin in
both clear-water and humic water treatments. The probability of hatching was
not related to female size, but rather to embryo diameter at the eyed stage and
the interaction between cross type and treatment, resulting in pure clear-water
crosses hatching earlier and at higher numbers.

4. Our study shows that effects of humic water are not uniformally negative in perch
and discloses population-dependent responses to humic water exposure during
development. Our experimental design also illustrates the utility of multi-well

plates for conducting complex high-throughput experiments beyond traditional
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applied sector.
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1 | INTRODUCTION

Understanding how genetic factors and the early-life environment
interact to shape animal fitness is increasingly important for predict-
ing organismal responses to environmental change. This is particu-
larly relevant for ectotherms, such as teleosts, whose early stages
are vulnerable not only to temperature (Dahlke et al., 2020), but
also to water chemistry disturbances such as acidification, pollution
and freshwater browning (Baumann et al., 2012; Ramos et al., 2012;
Rask, 1984a; Wood et al., 2011). Such sensitivity is rather unsur-
prising as fish typically undergo embryonic development inside
the egg with a minimal protection from the external environment
(Helmstetter et al., 2016). Thus, in contrast to live-bearing species,
the ability of externally developing fish embryos to survive unex-
pected environmental disturbances during early life rests upon
much more subtle maternal effects, genetic factors and possibly
phenotypic plasticity. Understanding the physiological and molecu-
lar mechanisms behind organism reactions to increased concentra-
tion of humic substances is particularly valuable in the context of
water browning (Frangois—Etienne et al., 2023; Marques et al., 2017;
Ozerov et al., 2022).

Brownification is a pronounced problem in boreal fresh and
brackish water habitats (Blanchet et al., 2022; de Wit et al., 2016;
Murdoch et al., 2021). The browning of surface waters involves com-
plex alterations in habitat biogeochemistry, which include increased
concentrations of terrestrially derived dissolved organic carbon
(DOC), heavy metal retention, reduced pH, and subsequently oxy-
gen, temperature and light stratification (Arvola et al., 2010; Brothers
et al., 2014; Eloranta, 1978; Weyhenmeyer et al., 2014). The speed
and magnitude of the change may differ depending on local and
regional conditions (Klante et al., 2021; Meyer-Jacob et al., 2020;
Murdoch et al., 2021), but in more extreme cases, lakes may expe-
rience rapid turnover in just several years (Brothers et al., 2014).
This eventually leads to reduction in not only phytoplankton bio-
mass, but also zooplankton and bacterial diversity (Bergstrom &
Karlsson, 2019; Estlander & Horppila, 2023; Zhou et al., 2020). In
boreal regions, only a few fish species can live in DOC-rich wa-
ters (Hesthagen et al., 1992; Matuszek & Beggs, 1988; Murdoch
et al., 2021). We urgently need to understand the extent to which
populations are able to adapt to an increase in DOC and whether
sensitivity at early life stages plays a critical role in this process.

model species and opens new possibilities for testing perch genotype-environ-
ment associations in early-life traits.

5. Taken together, results of this study add to the growing evidence that humic sub-
stances may have complex effects on fish during early life, motivating further

investigations on their role in shaping natural phenotypes and potential use in the

dissolved organic carbon, egg ribbon, hatching, humic substances, Perca fluviatilis

At the same time as concerns about increasing DOC in various
habitats are being raised, humic substances are gaining attention
for their potential immunomodulatory properties (Dou & Wu, 2023;
Lieke et al., 2022; Lieke, Steinberg, Bittmann, et al., 2021; Lieke,
Steinberg, Pan, et al., 2021) and their effects on microbial commu-
nity composition (Chiasson et al., 2023; Louvado et al., 2021; Verrillo
et al., 2022). Natural, effective and sustainably produced reagents
for disease control are especially welcome in the aquaculture sec-
tor, which currently relies heavily on the wide use of antibiotics
and disinfectants (De Swaef et al., 2016; Lieke et al., 2020; Lulijwa
et al., 2020). Yet to this day, the effects of humic substances remain
controversial (Lieke et al., 2022; Saebelfeld et al., 2017). While the
complexity of humic substances play a role in this ambiguity (Lieke,
Steinberg, Bittmann, et al., 2021), the interaction between bio-
active compounds and genetics requires more rigorous attention
(Saebelfeld et al., 2017). The effect of certain bioactive compounds
can depend on genetics, which may differ at the species, popula-
tions or individual levels (Hutchinson et al., 2014; Yang et al., 2021).
Whether genetic background, which can lead to differential reac-
tions to humic substance exposure, is important remains poorly
understood.

The Eurasian perch (Perca fluviatilis) is an ideal species to investi-
gate the effects of humic substances. This species lives in both high
and low DOC environments, thus providing an excellent opportu-
nity to study adaptive divergence between humic water and clear-
water populations (Noreikiene et al., 2020; Ozerov et al., 2022).
Additionally, the perch domestication process is ongoing, and it is a
promising species for aquaculture (Fontaine et al., 2019). Perch repro-
duction has a rare characteristic where females spawn eggs that are
bound together into a single tubular egg mass (Formicki et al., 2009).
These egg "ribbons” are formed before spawning and, upon contact
with water, take a typical cylindrical spiral shape (Eckmann, 2012;
Mansour et al., 2009). Perch egg "ribbons” are thought to provide
some protection from pathogens (Paxton & Willoughby, 2000) and
repel predators (Almeida et al., 2017; Newsome & Tompkins, 1985).
Glycoprotein-rich egg coatings may serve as a maternal factor that
increases resistance to environmental challenges, similar to what
was found in moor frogs (Rana arvalis) (Formicki et al., 2009; Rasianen
et al., 2003; Shu et al., 2015). This may be especially important in
acidic environments typical of humic lakes. Embryos and fry of perch
inhabiting humic-rich lakes are sensitive to low pH and take longer
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to develop in acidic conditions (Rask, 1983, 1984a, 1984b). However,
whether populations differ in humic water tolerance and whether
parental effects play a role in the variation of reactions to high humic
content is unclear.

Teasing apart environmental and genetic effects in common gar-
den experiments is a standard approach that may offer additional
advantages in the genomics era (de Villemereuil et al., 2016). Such
experiments typically require complex designs that often involve
multiple crosses and treatment combinations, as well as large sam-
ple sizes (Skaala et al., 2019). To partially overcome this challenge,
incubation of fish embryos in Petri dishes or similar small contain-
ers may offer substantial benefits. If successful, such an approach
would enable researchers to perform high-throughput experiments
at a fraction of the cost, even in a relatively small laboratory space. In
addition, this approach provides better control and reduces the risk
for pathogens (e.g., Saprolegnia sp.) spread, which may cause con-
siderable mortality during the experiment and can be substantial in
perch when the whole egg "ribbon” becomes infected (van den Berg
et al., 2013). Embryo incubation in Petri dishes and multi-well plates
is a standard approach for fish models such as zebrafish (Danio rerio)
(Wlodkowic & Campana, 2021). Experiments in Petri dishes and
multi-well plates have also been carried out in an increasing num-
ber of non-model fish species (Baberschke et al., 2021; Barnes &
Durben, 2008; Mora-Zamorano et al., 2017; Papakostas et al., 2012;
Stewart et al., 2021; Unuma et al., 2019; Wedekind & Midiller, 2004).
However, the power of Petri dish design for ecological and quantita-
tive genetic studies in non-model fish species in general, and perch
in particular, has not been realised to its full potential.

In this study, we aimed to investigate the effects of natural
humic-rich water on perch early-life traits. We hypothesised that
humic water will have negative population-dependent effects on
perch embryos and predicted that: (i) exposure to humic water
during embryonic development will reduce hatching success and (ii)
such negative effects will be more pronounced in a clear-water pop-
ulation. To this end, we performed an experiment in multi-well plates
where in vitro fertilised perch clutches of pure and hybrid habitat
type (humic, clear-water) crosses were exposed to humic and clear-

water treatments.

2 | MATERIALS AND METHODS

We used breeders from two contrasting populations in Estonia:
one humic lake (Kuulma lake [K], Estonia [57.9569°N, 27.1613°E])
and one clear-water lake (Saadjarv lake [S], Estonia [58.5535°N,
26.6059°E]). The humic lake has acidic (pH=4.5) and dark (DOC
47.1mg/L) water, whereas the clear-water lake is alkaline (pH=28.75)
and contains lower levels of DOC (11.24mg/L). Breeders from these
lakes were caught at the end of April 2022 using fyke nets and cage
traps. Females (Ny=13, N, =13) and males (N;=10, N, =16) were
transported in their natural corresponding lake water to the aqua-
culture breeding facility at the Estonian University of Life Sciences
(Tartu, Estonia). The breeders were subsequently transferred to
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800-L tanks filled with native lake water and equipped with me-
chanical and biological filters and aerators. Room temperature
was set to 16°C (realised temperature mean+SD=15.85+0.51°C)
and photoperiod was kept close to the natural regime but dimmed
to minimise stress (10h:14h, light:dark). Perch breeding followed
procedures described in perch reproduction manuals with minor
modifications (Zarski et al., 2012, 2017). Briefly, female readiness
to release eggs was monitored by gently massaging their belly, and
once ready, the stripped egg ribbon was collected to a dry plastic
plate. The egg ribbon was cut in half and split between two plas-
tic dishes. Dishes were filled with reconstituted soft water (48 mg/L
NaHCO,, 30mg/L CaSO,x2H,0, 61.4mg/L MgSO,x7H,0 and
2mg/L KCI) which has a nominal pH of ~7.3 and was aerated for
48 hr before use (APHA, 1985). After activation for 30s in reconsti-
tuted soft water, the eggs were fertilised by milt using either a humic
Kuulma lake male or a clear-water Saadjarv lake male to produce full-
sib families. Reconstituted soft water was used during fertilisation
to eliminate potential environmental differences in sperm mobility
and fertilisation. This produced four types of crosses: pure humic
cross with female (dam, D) and male (sire, S) from Lake Kuulma (K-
Ks, N
from Lake Saadjarv (Sy-Se, N isib families = 10); and reciprocal hybrid
=10; Ky-Sg N =5) (Figure S1).
This crossing design enabled us to separate the relative importance

cullosib families = 2); PUre clear-water cross with female and male

crosses (Sp-Kg N

full-sib families full-sib families

of additive genetic and non-additive or maternal effects for the ex-
pression of investigated phenotypes. That is, if additive genetic ef-
fects are more important for a given phenotype, then hybrid type
crosses (i.e., Sp-Kg and K-S¢) should be more similar to each other
and be phenotypically intermediate to the well-differentiated pure
crosses (Ky-Kg and S-So).

Artificial reproduction was carried out over 5days (25-29
April 2022) in the mornings and had different cross types pro-
duced. After swelling for 24 hr at 15.8°C, the fertilised egg rib-
bons were cut again with laboratory scissors into a one-layer egg
clump with 7.47 +2.28 (mean +SD) eggs per well. For each cross,
six egg groups were cut out and transferred to the same Nunc 6-
well flat bottom multi-well plate (Thermo Fisher Scientific). Half of
the wells were filled with 5ml of fresh water from the humic lake
and the other half with 5ml of clear lake water. This resulted in
three replicated wells per treatment x cross combination. The lake
water used in the experiment was filtered from large particles with
filter paper (pore size 20 um), but was not specifically sterilised.
Embryos in multi-well plates were incubated in a temperature-
controlled room (15.8°C, 10h:14h [light:dark]). To reduce possi-
ble environmental heterogeneity, the position of the plates was
randomly changed on a daily basis. Embryo status was assessed
for the first time at 3days post-fertilisation (dpf) (47 °d) and as-
sessment was conducted every second day until the 13dpf (205
°d) when the maximum number of fry were expected to hatch and
start to initiate feeding (Alix et al., 2015). Perch fry start feed-
ing at the same post-fertilisation time regardless of hatching
(Alix et al., 2015). Thus, we selected 13 dpf as a rational stopping
point. During the monitoring period, the number of developing or
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dead embryos and hatched or dead fry were recorded for each
well every second day. Dead fry were removed from the wells,
but dead embryos usually were bound to developing embryos and
hence were not removed. Each day, half of the water was replaced
with fresh water of the same temperature and properties. At 7 dpf,
photographs of each well were taken with a Panasonic DC-FZ82
camera (Figure 1a). Both hatched fry and unhatched embryos were
over-anaesthetised at 13 dpf in MS-222 (Sigma-Aldrich) according
to recommendations set forth by European Parliament in Annex IV
of the Directive 2010/63/EU and preserved in 4% formalin (Sigma-
Aldrich) or RNAlater (Thermo Fisher Scientific) for future analyses.

In order to assess maternally derived traits that may influence
early-life fitness in perch (Hall et al., 2023; Olin et al., 2012), we
have explored two metrics: female total length (TL, to the nearest
1mm) and intrachorionic space diameter (embryo diameter, mm).
The live embryo diameter was measured in the middle of the ex-
periment at 7dpf from photographs (Figure 1b) using ImageJ soft-
ware (Schneider et al., 2012). To assess the technical repeatability
of our measurement protocol, a subset of embryos (n=20) were
remeasured thrice. Then, we measured two embryos per well, which
resulted in 24 egg measurements, on average, per successfully re-
produced female (i.e., 2 eggs/wellx 3 replicatesx 2 cross typesx2
treatment types; Table S1). To increase the interpretability of the
results on embryo size, we also included additional intrachorionic
space measurements for the same crosses, which were incubated
in reconstituted soft water for the whole duration of 13days as part
of a different experiment. Measurements were taken for three eggs
per well and three separate wells per cross, and later averaged to ac-
quire one data point per cross per treament. Averaging was needed
as replicates in the additional experiment which had reconstituted
soft-water treatment were arranged differently than described for

the main experiment.
2.1 | Statistical analyses
Hatching success was defined as the probability of hatching (p, ,;.,)

for each well, rather than embryos, because the wells were true repli-

catesin this study; p, .,.,, was a bivariate variable that combined cases

with positive outcomes and other cases (R syntax: cbind[hatched,

other]). Probabilities of in ovo embryo and fry mortality were cre-
ated in the same way. Defining outcomes in such a way allowed us to
control the probability of an event while accounting for the number
of opportunities for this event to occur (i.e., the number of embryos
in each well), which is more sensitive than percentage-based evalu-
ation. Such an approach was required, as the viable embryo number
in wells was variable, which if not controlled for, might have some in-
fluence on the outcome. Repeatability coefficients were calculated
for hatching success, in ovo embryo and fry mortality among the
replicated wells to assess the comparability of outcomes between
each replicate. Technical measurement repeatability was also calcu-
lated for log-transformed embryo diameter measurements. All re-
peatability estimates were assessed using the bootstrapping option
(n=1,000) with the rptR version 0.9.22 package (Stoffel et al., 2017).

In order to understand which factors may influence embryo
diameter, we constructed a linear mixed effect model (LMM) with
gaussian error distribution and maximume-likelihood method within
the R package Ime4 (Bates et al., 2015). Several models were tested
for the best fit according to information criterion approach using
functions implemented in AlCcmodavgv2.3.2 (Mazerolle, 2023).
The response variable was averaged per well log-transformed em-
bryo diameter (INnEmbD). This resulted in three measures per each
cross x treatment. To explain variation in INEmbD, we constructed
a full model which included log-transformed maternal total length
(InF_TL,) and a two-way interaction between cross type (four level
factor: Ky-Kq, Sp-Se, Sp-Ks, Kp-Se) and treatment (two level fac-
tor: S, K). Sire and dam IDs were added as random factors. For
interpretational purposes, we conducted post hoc Tukey's honestly
significant difference (HSD) test comparing InEmbD data from
humic, clear water and reconstituted soft water across studied
cross types.

In order to analyse whether p, , . was affected by the treatment
in a population-dependent manner, a generalised linear mixed effect
model (GLMM) fitted by maximum-likelihood with binomial error
distribution was run using functions implemented in Ime4 (Bates
et al.,, 2015). The GLMM included the logit function and adaptive
Gauss-Hermite Quadrature (nAGQ=0) to improve model conver-
gence. The full model included treatment interactions with cross
type and dpf, which was treated as a factor. In addition, to account

for the potential contribution of maternal size or embryo diameter,

FIGURE 1 Intrachorionic space
diameter (embryo diameter) was
measured from photographs at 7 days
post-fertilisation (a). Embryo diameter was
measured for two live embryos and three
replicate wells per each cross x treatment
combination (b; EmbD, white bar).
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either INEmbD or InF_TL were added as covariates. Sire and dam IDs
and well ID were added as random factors. The same model struc-
ture was also used for analysing the probability of in ovo mortality
(Pgeadems)- Model selection followed previously described AlC-based
strategies (Mazerolle, 2023).

For group comparison from the above-described mixed models,
estimated marginal means (back transformed on the original scale)
and contrasts were used as implemented in package emmeans ver-
sion 1.8.8 (Lenth et al., 2023; Searle et al., 1980). Owing to the low
number of full-sib/half-sib families within each cross-type and low
number of independent replicates of outcomes, the design used in
the study was not suitable to provide accurate estimates of within
population variation. All analyses were done in R version 4.2.2 (R
core Team, 2022).

2.2 | Ethics

Wild perch breeders were caught with a permit from Estonian
Ministry of the Environment (nr 10-1/21/18). Reproduction and ex-
perimental protocols were approved by Estonian Ministry of Rural
affairs (animal experiment licence ref. number 187, 17.03.2021) and
followed guidelines and regulations of the European Union.

3 | RESULTS

Female TL differed between Kuulma (humic) and Saadjarv (clear-
water) populations (p=0.02; Table S1). Technical repeatability of
embryo diameter measurements was high (R=0.99; SE=0.00; ClI
[0.999-1.00], p<0.0001) and sizes of two different embryo diame-
ters from the same well were highly correlated (r,=0.98, p <0.0001,
df=215). Mean embryo diameter across both treatments was
3.13+0.42mm (mean+SD, range [2.03-4.07], N =446;

embryos

TABLE 1 Model selection based on

Table S1). The best LMM model for explaining variation in embryo
diameter included the interaction between cross type and treat-
ment (Table 1). The size of embryo was not associated with female
TL (Table 1), but it was significantly explained by the interaction
between cross type and treatment (F3V191=21,0606, p<0.0001).
Embryo diameter in humic water treatment was larger than in clear-
water for all cross types (p<0.05; Table 2; Figure 2). Within humic
treatment, significant differences between embryo diameter with
maternal Kuulma (K,-K and Kj-S) and maternal Saadjarv (Sy-S¢
and S,-K;) origin were observed so that Kuulma female embryo di-
ameters were larger. In clear-water treatment, embryonic diameter
did not differ significantly among crosses (Table 2). Tukey's HSD
test results showed that embryo diameter was significantly larger
in humic than clear-water, and reconstituted soft water versus
clear-water treatments (p<0.001). However, diameter did not dif-
fer between reconstituted soft water and humic water treatments
(p>0.05). In reconstituted soft water, pure and hybrid crosses with
Kuulma females had larger embryo diameters than Saadjarv crosses
(Figure S2). Several Kuulma families had lower embryonic diameter
in humic and soft reconstituted water treatments. These values
were consistent among replicated wells and were not marked as po-
tential influential data points.

Hatching started at 5dpf, but such early-hatching cases in
the period between 5 and 7 days constituted only a small portion
of total outcomes (1.24%; 23 of 1,855 live eggs). Major hatching
episodes occurred between 9 and 13dpf (142-205 °d). By the
end of experiment, at 13dpf, 69 +30.0% (mean+SD) of embryos
hatched. Repeatability for hatching probability (p,,,.,) between rep-
licated wells was moderate and significant (R=0.309; SE=0.047,
Cl [0.214-0.397], p<0.0001). The repeatability for the proba-
bility of in ovo embryo death was lower (R=0.197; SE=0.053; CI
[0.08-0.282]; p<0.0001) and constituted 11.58 +21.35% of cases.
Hatched fry death occurrences were rare (0.92 +4.18%) and did not
have significant repeatability between replicates (p>0.05).

corrected Akaike's information criterion Log-
. L Response: INEmbD K AlCc AAICc AICcWt Weight likelihood
(AlCc) approach for explaining variation
in intrachorionic space diameter (embryo ~CrossType x Treatment 11 -558.22 0 0.72 0.72 290.77
diameter). ~CrossTypex Treatment+InF. 12 -556.36  1.86 0.28 1 290.97
TL*
~CrossType + Treatment 8 -510.22 48 0 1 263.47
~CrossType+ Treatment+InF_ 9 -508.36 49.86 0 1 263.63
TL
~Treatment 5 -500.89 5733 0 1 255.59
~CrossType 7 -345.73 212.49 0 1 180.14
~InF_TL 5 -340.63 21759 O 1 175.46
~1 4 -339.28 218.94 0 1 173.74

Note: In the full model (*) log-tranformed embryo diameter (INEmbD, response variable) was
explained by log-transformed female total length (InF_TL), cross type, treatment or their
interaction. All models also included sire and dam IDs as randomn factors. Final model is marked in

bold.

Abbreviation: K, number of parameters.
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TABLE 2 Contrasts in intrachorionic diameter (embryo diameter) between treatment (Treatment A, Treatment B) and cross

type (Cross type A, Cross type B) combinations produced using the emmeans R package the final linear mixed effect model (LMM:

~CrossType x Treatment + (1|dam) + (1]|sire)).

Treatment A Crosstype A  Treatment B Crosstype B Contrast (ratio A/B) SE df t ratio p-value Pagj
Humic Kp-Kg Humic Kp-Ss 1.01 0.017 35.5 0.603 0.999 1
Humic Kp-Ks Humic Sp-Ks 1.175 0.044 30.7 4.282 0.004 0.008
Humic Kp-Ks Humic Sp-Ss 1.197 0.044 291 4.849 0.001 0.002
Humic Kp-Se Humic Sp-Ks 1.163 0.044 31.6 3.966 0.008 0.014
Humic Kp-Sg Humic Sp-Ss 1.185 0.045 30.5 4.507 0.002 0.004
Humic Sp-Ks Humic S 1.019 0.015 59.2 1.259 0.910 1
Humic Kp-Ks Clear-water Kp-Kg 1.208 0.019 1909 11.878  <0.0001 <0.001
Humic Kp-Ks Clear-water KOESS 1.257 0.021 32.8 13.697  <0.0001 <0.001
Humic Kp-Ks Clear-water Sp-Kg 1.275 0.048 304 6.455  <0.0001 <0.001
Humic Kp-Ks Clear-water Sy 1.315 0.049 28.9 7.384  <0.0001 <0.001
Humic Kp-Se Clear-water Kp-Ss 1.245 0.020 188 13.397  <0.0001 <0.001
Humic Kp-Se Clear-water Sp-Ks 1.262 0.048 313 6.119 <0.0001 <0.001
Humic Kp-Se Clear-water Sp-Ss 1.301 0.049 30.3 7.01 <0.0001 <0.001
Humic Sp-Kg Clear-water Sp-Kg 1.085 0.016 190.9 5.559  <0.0001 <0.001
Humic Sp-Kg Clear-water Sp-Ss 1.119 0.017 57 7.621  <0.0001 <0.001
Humic SrSs Clear-water SrSs 1.098 0.014 189 7146  <0.0001 <0.001
Clear-water  Kj-Kg Humic Kp-Ss 0.836 0.014 34.9 -10.698  <0.0001  <0.001
Clear-water Kp-Kg Humic Sp-Ks 0.973 0.037 31.5 -0.73 0.995 1
Clear-water Kp-Kg Humic Sp-Se 0.991 0.037 29.8 -0.247 1.000 1
Clear-water Kp-Ss Humic Sp-Ks 0.935 0.036 gL -1.779 0.638 0.893
Clear-water Kp-Ss Humic Sp-Se 0.952 0.036 30.2 -1.309 0.888 1
Clear-water Sp-Ks Humic Srs 0.939 0.014 52 -4.342 0.002 0.004
Clear-water Kp-Ks Clear-water Kp-Se 1.041 0.017 32.2 2.413 0.269 0.443
Clear-water Kp-Ks Clear-water Sp-Ks 1.055 0.040 311 1.418 0.842 1
Clear-water Kp-Ks Clear-water Sp-Ss 1.088 0.041 29.7 2.266 0.344 0.535
Clear-water Kp-Ss Clear-water Sp-Ks 1.014 0.039 31 0.362 1.000 1
Clear-water Kp-Sg Clear-water Sp-Ss 1.046 0.039 30 1.19 0.929 1
Clear-water Sp-Kg Clear-water Sp-Se 1.031 0.015 50.7 212 0.416 0.613

Note: To correct for multiple comparisons, p-values were adjusted using the Benjamini-Hochberg method (padj). Significant differences between pairs
are in bold. Cross types were pure Kuulma K-K,, pure Saadjérv S-S, and hybrid crosses K-S¢, Sp-Ks. SE, standard error, df, degrees of freedom.

The best model that explained variation in fry hatching probabil-
ity included cross type and treatment interaction while controlling
for embryo diameter (InEmbD) and dpf (GLMM: ~CrossType*Treat
ment +dpf+InEmbD; Table 3). In both humic and clear-water treat-
ments, hatching probabilities were higher for pure Saadjarv crosses
than Kuulma. The difference was strongest between pure crosses
in clear-water treatment (K-Kg vs. S-S¢; odds ratio [OR] =0.062,
p<0.0001; Table 4; Figure 3) and also pure Saadjarv in humic and
pure Kuulmain clear-water treatment (Sy-S¢ humic treatment vs. K-
K clear-water treatment; OR=17.840, p <0.001; Table 4; Figure 3.).
Hatching probability was negatively associated with embryonic di-
ameter (GLMM: p=-2.71, p=0.01).

The best model explaining in ovo embryo death included treat-
ment, cross type, embryo diameter and dpf (GLMM: ~CrossType + Tre
atment +dpf +InEmbD; Table 5). Embryo death probability was lower

in humic water than in clear-water treatment (K vs. S; OR=0.239,
SE=0.156, z-ratio=-2.192, p=0.028) but did not differ significantly
among cross types (Figure 4). In contrast to hatching, the probability
of embryo death was positively associated with embryo size (GLMM:
$=8.97,p=0.01).

4 | DISCUSSION

In boreal regions, waters rich in humic substances generally
show a reduced biodiversity and can be seen as challenging en-
vironments (Brisecke et al., 2023; Estlander & Horppila, 2023;
Hillbricht-llkowska et al., 1998; Matuszek & Beggs, 1988; Murdoch
et al., 2021; Noreikiene et al., 2020; Rahel, 1984). Simultaneously,
a range of humic substances are being tested for their potential
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TABLE 3 Model selection based on corrected Akaike's information criterion (AlCc) approach for explaining variation in hatching
probability (p_;.p.)-
Response: p, ., . K AlCc AAICc AlCcWt Cum.Wt Log-likelihood
~CrossType x Treatment + dpf + InEmbD* 17 1,631.7 0 0.43 0.43 -798.61
~CrossType + Treatment + dpf+InEmbD 14 1,633.89 2.19 0.14 0.58 -802.78
~CrossType + Treatment + dpf 13 1,634.21 2.51 0.12 0.7 -803.96
~CrossType +dpf 12 1,634.88 3.18 0.09 0.79 -805.32
~CrossType + Treatment +dpf+InF_TL 14 1,634.94 3.24 0.09 0.87 -803.31
~CrossType x Treatment + dpf 16 1,635.24 3.54 0.07 0.95 -801.41
~CrossType x Treatment +dpf +InF_TL* 17 1,635.86 416 0.05 1 -800.69
~Treatment +dpf 10 1,666.55 34.85 0 1 -823.19
~dpf 9 1,667.18 35.48 0 1 -824.52
~1 4 6,415.99 4784.29 0 1 -3,203.98

Note: In the full model (*) a bivariate variable constructed of successful hatches and other outcomes (cbhind[hatched fry, other cases]) was explained
by cross type, treatment or their interaction, day post-fertilisation (dpf) and either log-transformed embryo diameter (INEmbD) or log-transformed
female total length (InF_TL). All models also included sire, dam, and well IDs as randomn factors. Final model is marked in bold.

Abbreviations: K, number of parameters.

to reduce pathogenic bacteria growth and increase immunocom-
petence in animals (Lieke, Steinberg, Pan, et al., 2021; Verrillo
et al.,, 2022). To better understand the potential population-
dependent effects of humic water exposure on perch early phe-
notypes, we have conducted a factorial experiment in multi-well
plates using breeders from humic and clear-water populations. We
observed that both embryonic diameter and hatching probabilities
were affected by genetic background and treatment interaction.
The probability of in ovo embryo death, however, was modulated
only by the treatment so that odds of mortality during embryonic
stage were higher in clear-water than humic water, but did not dif-
fer between cross types. Although responses to humic water ex-
posure during the in ovo stage may differ between populations,

water rich in humic substances may not necessarily be jeopardising
development in perch.

Teleost early-life stages are highly sensitive to environmental
disturbances. For example, perch from lakes undergoing acidifica-
tion can have a low recruitment rate and close to 100% failure to
hatch (Lappalainen et al., 1988). Given the high DOC concentration
(47 mg/L) and low pH (<5) in the natural humic water used in our ex-
periment, we expected to see reduced hatching and increased in ovo
mortality in the humic water treatment. Yet, exposure to humic water
during development did not have a uniformly negative influence on
perch embryos. In fact, most viable embryos successfully hatched
in the humic treatment. Furthermore, we observed that the prob-
ability of death in ovo was lower for experimental groups exposed
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TABLE 4 Contrastsin hatching probability between treatment (Treatment A, Treatment B) and cross type (Cross type
A, Cross type B) combinations produced using the emmeans R package from the final generalised linear mixed effect model

(GLMM:~CrossType x Treatment + dpf + InEmbD + (1|dam) + (1|sire) + (1|well)).

Odds

Treatment A  Crosstype A  TreatmentB  CrosstypeB ratio

Humic Kp-Kg Humic Kp-Ss 0.653
Humic Kp-Kg Humic Sp-Ks 0.320
Humic Ky K¢ Humic Sp-Ss 0.112
Humic Kp-Kg Clear-water Kp-Ke 1.995
Humic Kp-Kg Clear-water Kp-Se 1.037
Humic Kp-Kg Clear-water Sp-Kg 0.214
Humic Kp-Kg Clear-water Sp-Ss 0.124
Humic Kp-Se Humic Sp-Kg 0.491
Humic Kp-Sg Humic Sp-Ss 0.171
Humic Kp-Se Clear-water Kp-Kg 3.057
Humic Kp-Sg Clear-water Kp-Sg 1.589
Humic Kp-Se Clear-water Sp-Kg 0.328
Humic Kp-Sg Clear-water Sp-Ss 0.190
Humic Sp-Kg Humic S 0.349
Humic Sp-Ks Clear-water Kp-Kg 6.228
Humic Sp-Ks Clear-water ISeSH 3.236
Humic Sp-Ks Clear-water Sp-Ks 0.668
Humic Sp-Ks Clear-water S 0.388
Humic Sp-Ss Clear-water Kp-Kg 17.840
Humic GREST Clear-water  K,-Sg 9.270
Humic Sp-S¢ Clear-water Sp-Ks 1.914
Humic S Clear-water S5rss 1111
Clear-water Kp-Kg Clear-water Kp-Sg 0.520
Clear-water  K,-K¢ Clear-water S, -K¢ 0.107
Clear-water Kp-Ks Clear-water Sp-S¢ 0.062
Clear-water  K,-Sq Clear-water S, -K¢ 0.206
Clear-water Kp-Sg Clear-water Sp-S¢ 0.120
Clear-water SpKs Clear-water S5rSs 0.581

SE df Null  zratio p-value [

0.207 Inf 1 -1.346 0.881 0.987
0.145 Inf 1 -2.520 0.187 0.308
0.052 Inf 1 -4.757 <0.0001  <0.001
0.719 Inf 1 1.917 0.539 0.686
0.415 Inf 1 0.089 1.000 1

0.107 Inf 1 -3.093 0.042 0.084
0.063 Inf 1 -4.092 0.001 0.004
0.224 Inf 1 -1.562 0.773 0.940
0.078 Inf 1 -3.878 0.003 0.008
1.117 Inf 1 3.058 0.046 0.085
0.597 Inf 1 1.232 0.923 0.994
0.164 Inf 1 -2.234 0.331 0.488
0.096 Inf 1 -3.304 0.021 0.049
0.092 Inf i -4.009 0.002 0.006
2.656 Inf 1 4.288 0.001 0.004
1.420 Inf 1 2.677 0.130 0.228
0.179 Inf 1 -1.503 0.806 0.940
0.113 Inf 1 -3.264 0.024 0.052
7.518 Inf 1 6.838 <0.0001  <0.001
3.907 Inf i 5.283 <0.0001  <0.001
0.515 Inf 1 2412 0.235 0.366
0.275 Inf 1 0.426 1.000 1

0.162 Inf 1 -2.101 0.414 0.552
0.046 Inf i -5.193 <0.0001  <0.001
0.027 Inf 1 -6.483 <0.0001  <0.001
0.089 Inf i -3.656 0.006 0.015
0.050 Inf 1 -5.081 <0.0001  <0.001
0.150 Inf 1 -2.106 0.411 0.552

Note: To correct for multiple comparisons, p-values were adjusted using the Benjamini-Hochberg method (padj). Significant differences between pairs
are in bold. Cross types were pure Kuulma K,-K¢, pure Saadjérv S-S, and hybrid crosses K-S, S-K.. SE, standard error; df, degrees of freedom.

to humic water than those exposed to water from a clear-water
lake. Humic substances are biologically active and decreased inci-
dences of embryonic mortality in the humic water treatment could
be linked to increasingly recognised antimicrobial, immunomodula-
tory, or protective properties of humic substances (Francois-Etienne
et al., 2023; Gao et al., 2017; Lieke et al., 2022; Lieke, Steinberg,
Bittmann, et al., 2021; Lieke, Steinberg, Pan, et al., 2021; Meinelt
et al., 2007; Oladipupo et al., 2023; Ondrasovicova et al., 2023;
Verrillo et al., 2022; Yamin et al., 2017). Recent experiments with
rainbow trout (Oncorhynchus mykiss) demonstrated that egg sur-
vival was better in humic acid-treated group, which was likely to
be through effects on bacterial community composition (Chiasson
et al., 2023). Likewise, zebrafish survival was higher in non-sterilised
versus sterilised Amazon blackwater and was also linked to the

presence of specific bacterial communities naturally occurring in the
water (Francois-Etienne et al., 2023). The current experiment used
wild perch breeders and natural non-sterilised lake water, and did
not apply any egg disinfectants or antibiotics typical in aquaculture
procedures (De Swaef et al., 2016). Although not investigated here
directly, the effects of naturally occurring pathogens on perch em-
bryos may have been reduced in humic water by changes in bacterial
communities, subtle immunomodulatory properties, or both.

We predicted that any negative effects of humic low pH water
exposure would be more pronounced in clear-water populations,
mirroring what was found for Rana arvalis eggs from acidic water
bodies (Rasanen et al., 2003) and earlier perch studies (Johansson
& Milbrink, 1976; Rask, 1984b). Although the results of this study
revealed that perch embryo death probabilities did not differ
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FIGURE 3 Eurasian perch hatching probability (p,,.,) as a function of days post-fertilisation in humic and clear-water treatments.
Probabilities were estimated from a generalised linear mixed effect model considering averaged well embryo diameter and also random
effects of dam, sire and well identities. Intra-cross type (pure Kuulma Kp-Ks, pure Saadjarv S-S, and hybrid crosses K-S, SD'Ks) variation
was illustrated as marginal mean probability (dot) and confidence interval (95%, whiskers). Dodge effect was introduced to reduce overlap

between groups.

TABLE 5 Model selection based on corrected Akaike's information criterion (AlCc) approach for explaining variation in embryo death

probability (p 4e,qemp)-

Response: p..iemp K AlCc
~CrossType + Treatment + dpf + InEmbD 14 1,331.63
~CrossType x Treatment +dpf+InEmbD* 17 1L IS
~dpf 9 1,335.48
~Treatment+dpf 10 1,337
~CrossType +dpf 12 1,340.49
~CrossType + Treatment + dpf 13 1,342
~CrossType + Treatment+dpf+InF_TL 14 1,343.81
~CrossType x Treatment + dpf 16 1,346.76
~CrossType x Treatment +dpf +InF_TL* 17 1,348.62
~1 4 1,668.5

AAICc AICcWt Cum.Wt Log-likelihood
0 0.59 0.59 -651.65
1.5 0.28 0.86 -649.33
3.85 0.09 0.95 -658.67
5.37 0.04 0.99 -658.42
8.86 0.01 0.99 -658.13

10.37 0 1 -657.86
12.18 0 1 -657.74
15.13 0 1 -657.17
16.99 0 1 -657.08
336.87 0 1 -830.24

Note: In the full model (*), a bivariate variable constructed of successful hatches and other outcomes (cbind[dead embryos, other cases]) was explained
by cross type, treatment or their interaction, day post-fertilisation (dpf) and either log-transformed embryonic diameter (InEmbD) or log-transformed
female total length (InF_TL). All models also included sire, dam and well IDs as random factors. Final model is marked in bold.

Abbreviations: K, number of parameters.

between cross types, the odds of hatching in humic treatment were
significantly higher for pure Saadjarv (clear-water population) than
pure lake Kuulma (humic population) crosses. Exposure to stress-
ful conditions in ovo may affect the developmental rate either by
introducing delay or by accelerating it depending on species and
the nature of the stressor (Jezierska et al., 2009; Liang et al., 2017,
Nelson, 1982; Yao et al., 2010). However, pure lake Saadjirv crosses
had higher hatching probability than Kuulma embryos also in clear-
water treatment, which is the typical environment for the former
population. Such a trend also could not be explained by female

size differences (Hall et al., 2023; Olin et al., 2012). Important con-
siderations for the current study are the experimental treatment
procedures and stark habitat-dependent population differences
(Noreikiene et al., 2020; Ozerov et al., 2022). Firstly, to reduce ex-
pected differences at the fertilisation stage we conducted in vitro
fertilisation and egg swelling in reconstituted soft water which has a
neutral pH. Such a step increases the reproducibility of experimental
procedures but may mask population-dependent effects of humic
waters at pre-fertilisation and egg swelling stages. Secondly, in re-
lation to stark population differences the results may be linked to
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embryonic developmental rate. Thus, we stopped the experiment
at 13dpf (205 °d) when on average ~70% of embryos hatched while
~18% remained unhatched. According to a developmental table for
perch (Alix et al., 2015), 195 °d is the time point when most hatchings
should have hatched and feeding is initiated. Such timing is typical
for most clear-water lake or river populations, but in humic habitats,
which are rarely investigated (but see [Rask, 1984b]), developmen-
tal time could be longer. Differences in embryonic developmental
rate may have a genetic basis as found in other fish species (Beck
et al., 2022). Populations living in stressful conditions such as low pH
humic water like lake Kuulma could be selected for slower metabolic
rate (e.g., Urbina et al., 2014). Metabolic rate have been examined
in adult perch (Andersson et al., 2020, 2022), but population- or
habitat-dependent early-life metabolic rate has not been investi-
gated in detail and warrants future research effort.

We cannot overlook the maternal effects, which are commonly
described as one of the most important source of variation across
animals-especially during early life-and may be realised via ge-
netic and non-genetic mechanisms (Green, 2008; Kim et al., 2023;
Venney et al., 2020). The results of this study reiterate the impor-
tance of maternal population for perch early-life phenotypes, such
as hatching and embryo diameter, but also show that embryo in-
cubation conditions may modulate these associations. However,
we also observed that embryo size predicted hatching success in
perch better than female size. Such results are largely in line with
a study on Baltic sea perch, which concluded that performance in
different thermal regimes was mediated by egg size rather than
maternal size (Hall et al., 2023), and adds to the evidence of a
more complex association between egg/embryo and female size
(Hendry & Day, 2003). In addition to maternal effects, a pater-
nal population effect, while much more subtle, was detectable
in humic treatment where pure and hybrid crosses with Saadjarv
dam differed significantly from each other in hatching probability.
Paternal contributions to early-life traits are much less understood

but could be created from various physiological mechanisms in-
cluding, but not limited to, female and male compatibility (Crean
et al., 2013; Herrdez et al., 2017; Rideout et al., 2004; Siddique
et al., 2017). Except for one observation (Sy-S¢ vs. S,-K) and de-
spite a relatively high genome-wide F.;=0.264 between popula-
tions (Ozerov et al., 2022), our results did not show a systematic
reduction in hybrid cross hatching probability or increased mor-
tality, which would signal post-zygotic isolation between popula-
tions (Behrmann-Godel & Gerlach, 2008). A multi-well approach,
as used here, would be particularly suitable for further in-depth
evaluation of parental and maternal variance components and her-
itability estimates of perch early-life traits.

One significant early-life trait investigated in the current study
was perch embryo size at the eyed stage. Size of spawned and
fertilised eggs in different species is linked to hatching size, off-
spring quality and fitness prospects (e.g., Krist, 2011; Pakkasmaa
et al., 2001). Intraspecific differences in egg size are common and
for instance were described in Arctic charr (Salvelinus alpinus) eco-
morphs (Beck et al., 2022) and multiple populations of perch (Vanina
et al., 2019). Here, we found that embryo diameter measured at
7dpf (110 °d) was significantly influenced by treatment and cross
type interaction. Embryo diameter was considerably larger in humic
treatment and especially so for Kuulma (humic lake) maternal back-
ground families. The same pattern was observed in reconstituted
soft water which was the medium used both during fertilisation and
egg swelling. Several crosses had smaller embryonic diameter, but
same pattern was observed in humic and reconstituted soft water
treatments which indicates that the observation was not affected
by treatment. Upon spawning and fertilisation, teleost eggs undergo
swelling, during which water from the surrounding medium fills the
perivitelline space. The extent of the swelling is influenced by both
maternal and paternal factors (Pakkasmaa et al., 2001). Together, our
results illustrate population differences in embryo diameter that are
likely to be the result of maternal effects not directly associated with
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female size, and demonstrate that fertilised egg size is more plastic
than anticipated previously.

Likely candidates behind the molecular mechanisms in the swell-
ing process are a family of proteins named aquaporins. Some mem-
bers of the family are classical water channels that are important
for water balance regulation in multiple tissues and also key in oo-
cyte swelling in fish (Cutler et al., 2012; Fabra et al., 2005; Ferré
et al.,, 2023; Maclver et al., 2009). Interestingly, a recent study which
used whole genome sequencing of perch from humic and clear-water
lakes elucidated that gene candidates behind humic water adapta-
tion included aquaporin-4 isoform X2 (PFLUV_G00135760; human
orthologue AQP4) (Ozerov et al., 2022). The role of AQP4 was already
recognised in oocyte hydration for rainbow trout (Oncorhynchus my-
kiss) (Bobe et al., 2006). Furthermore, experiments with the dogfish
shark (Squalus acanthias) APQ4 gene transfected to Xenopus leavis
oocytes demonstrated much larger swelling in comparison to con-
trols (Cutler et al., 2012). Thus, while proper experimental evidence
is currently lacking, AQP4 or other water channels could be behind
population- and environment-dependent differences in perch em-
bryo diameter.

Physiological consequences of fertilised egg size are non-
negligible. Based on theoretical assumptions, smaller eggs have
historically been assumed to be better suited for surviving in low
oxygen environments (Krogh, 1959). This, however, has been dis-
proven as oxygen and, hence, metabolic demands do not grow
linearly with increasing egg size, and larger eggs may fare bet-
ter in low oxygen environments (Einum et al., 2002; Hendry &
Day, 2003). The association was indirectly supported in Baltic
sea perch (Hall et al., 2023). Kuulma lake, as is typical for humic
lakes, has a strong oxygen stratification with concentrations of
dissolved oxygen falling sharply and reaching anoxic conditions
closer to the bottom. The ability of Kuulma female eggs to attain
a larger size appears to be environmentally driven and could have
an adaptive significance in low oxygen environments. Future ex-
periments should aim to separate the effects of pH and humic
substances to gain a better understanding about physiological
and molecular mechanisms behind the population-dependent re-
sponses described here.

The fast pace of environmental changes encourages the applica-
tion of accessible high-throughput approaches, which allow testing
of complex hypotheses. As early-life development is highly sensi-
tive to environmental challenges, understanding the factors that
may influence developmental outcomes is of utmost importance.
Therefore, the incubation of fish eggs and embryos in multi-well
plates may provide a suitable system for high-throughput analysis of
early-life phenotypes and how they are modulated by a combination
of environmental factors. By building upon knowledge from other
fish species, we may thereby expand this approach and adjust to
specific requirements of the target species (Barnes & Durben, 2008;
Mora-Zamorano et al., 2017; Neumiller et al., 2017; Wedekind &
Miuiller, 2004). With increasing use of automated high-throughput
phenotyping (Tang et al., 2022), and an increasing appreciation
for computer vision and machine learning in animal sciences and

Freshwater Biology BVVA| ]_EYM

ecology (Cardona et al., 2021; Lirig et al., 2021), we expect to see
merging of the two technologies for more non-model fish species.
Consequently our ability to study adaptations and evaluate genetic
and environmental components may be greatly improved. For in-
stance, we are just beginning to understand the composition and
molecule dynamics of humic water as well as its effects on living
organisms (Frangois—Etienne et al., 2023; Isles et al., 2021; Lieke,
Steinberg, Pan, et al., 2021; Meinelt et al., 2007; Ozerov et al., 2022).
In this study, we elucidated population-dependent responses of
perch embryos to humic water, demonstrated growing evidence that
humic water does not confer uniformly negative effects, and illus-
trated the applied potential of humic substances.
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