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Abstract

Support for eDNA as a quantitative monitoring tool is growing worldwide. Despite ad-
vances, there are still uncertainties regarding the representability of the eDNA signal
over varying spatiotemporal scales, the influence of abiotic forcing, and phenological
changes affecting the behavior of the study organism, particularly in open environ-
ments. To assess the spatiotemporal variability and predictive power of quantitative
eDNA analysis, we applied species-specific real-time quantitative PCR on water fil-
trates during two visits to 22 coastal bays in the Baltic Sea. Within bays, we col-
lected water along four transects across each bay and compared the pooled eDNA
concentration to temporally matched catches from standardized angling targeting
the northern pike (Esox lucius), a species for which reliable monitoring data is lacking.
We found the variability in eDNA concentrations between transects to be moder-
ate (21%) but still considerably lower than across bays and visits (52%), suggesting
small-scale spatial differences are of less importance during spring when pike spawn.
Standardized angling catches, bay area, and water temperature together explained
48% of the variance in eDNA concentrations. DNA concentrations decreased with
the increasing bay area, likely indicating a dilution effect. Notably, the relationship be-
tween eDNA and standardized catches was positive but varied with temperature and
the eDNA-abundance relationship was only significant at higher temperatures, which
also coincided with a higher proportion of spawning/spent fish. We conclude that
temperature is a key moderating factor driving changes in pike behavior and spring
DNA-dynamics. We recommend that future surveys focus on larger spatiotemporal

scales during times when the influence of changing temperatures is minimized.
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1 | INTRODUCTION

The monitoring of fish stocks requires quantitative data on their
abundance. This can be difficult to obtain for species with seden-
tary lifestyles and whose catchability in passive gears is low, such
as gillnets and traps (Villegas-Rios et al., 2014). Environmental DNA
(eDNA) has been suggested as a possible tool for fish stock moni-
toring in general, and monitoring of species with low catchability in
particular (Kacergyté et al., 2021). While eDNA can be successfully
used in biodiversity monitoring based on presence/absence data
(Dejean et al., 2011; Dunker et al., 2016; Hernandez et al., 2020;
Takahara et al., 2013; Thomsen et al., 2012), its potential use for bio-
mass estimation is still under development. Quantitative relation-
ships between eDNA concentrations and fish biomass have been
demonstrated under controlled conditions with known biomass and
to a lesser extent also in natural environments with unknown bio-
mass (Rourke, Fowler, et al., 2022 and references therein). Moreover,
the positive relationship between eDNA and fish biomass in the wild
has most often been found in freshwater lakes (Spear et al., 2021),
streams (Yates, Cristescu, & Derry, 2021), and to some extent pe-
lagic marine environments (Li et al., 2022). Comparative eDNA sur-
veys for semi-open coastal fish communities are still scarce in the
literature (Rourke, Fowler, et al., 2022).

Although linear relationships have been obtained in controlled
experiments, the precision of these estimates varies greatly in
natural systems where eDNA on average explains 57% of the
variance compared with 81% in controlled mesocosm experi-
ments (Yates et al., 2019). The variability in these estimates can
be attributed to differences in ground truthing methods (Rourke,
Fowler, et al., 2022), hydrologic conditions (Song et al., 2017), DNA
extraction methods (Bockrath et al., 2022; Karlsson et al., 2022),
presence of polymerase chain reaction (PCR) inhibiting humic and
tannic acids (Lance & Guan, 2020), sediment particles in the water
(Stoeckle et al., 2017), size distribution of the local population (Yates,
Cristescu, & Derry, 2021; Yates, Wilcox, et al., 2021) and ambient
temperature (Lacoursiére-Roussel et al., 2016). Here, two of these
factors are focused on, namely, temperature (DNA shedding and
degradation) and hydrology (distribution and dilution). Temperature
is intimately linked to metabolic processes (Thalinger et al., 2021),
activity (de Souza et al., 2016; Thalinger et al., 2021), and behavior
(Tillotson et al., 2018) that all affect DNA shedding rates, particularly
in poikilotherms like fishes. In extension, this likely also affects the
detection probability and spatial distribution of organisms (Takahara
etal., 2012). However, the extent to which temperature affects DNA
shedding and degradation rates in aquatic environments is still not
well understood and studies have reported contrasting results. For
example, temperature did not seem to affect DNA concentrations in
aquaria experiments with common carp (Cyprinus carpio, Linnaeus
1758) (Takahara et al., 2012), bighead carp (Hypophthalmichthys
nobilis, Richardson 1845) and silver carp (Hypophthalmichthys mo-
litrix, Valenciennes 1844) (Klymus et al., 2015) and round goby
(Neogobius melanostomus, Pallas 1814) (Nevers et al., 2018) while
higher temperature did increase DNA shedding rates in experiments
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with brook charr (Salvelinus fontinalis, Mitchill 1814) (Lacoursiére-
Roussel et al., 2016) and Japanese jack mackerels (Trachurus ja-
ponicus, Temminck & Schlegel 1844) (Jo et al., 2019). Increased
shedding rates caused by higher temperatures may in turn be coun-
teracted by increased microbial activity and degradation of DNA
(Andruszkiewicz Allan et al., 2021; Jo et al., 2019; Tsuji et al., 2017).
How and when temperature influences eDNA concentrations in the
water thus seems to depend on species as well as experimental/en-
vironmental conditions.

Hydrological conditions govern the distribution of DNA.
Therefore, it is important to consider that eDNA-abundance rela-
tionships deduced from field surveys likely are influenced by the
area or volume of the sampled water body. Although the literature
is scarce on this topic, a few studies have reported improved DNA-
abundance relationships for river-dwelling salmonids when water
flow has been accounted for, indicating that high water flows dilute
the DNA signal (Curtis et al., 2021; Jane et al., 2015). Even less is
known for lentic or marine environments but generally, biomasses
scaled to the area of the water body seem to correlate well with
quantified DNA copy numbers, suggesting that the sizes of water
bodies should be considered in order to correctly reflect population
sizes (Gaudet-Boulay et al., 2022; Seymour & Smith, 2023). Hence,
it is important to include the influence of multiple abiotic factors in
quantitative eDNA studies (Jo, 2023).

The northern pike (Esox lucius, Linnaeus 1758) is a species of
growing research interest (Forsman et al., 2015). It is a keystone
predator in freshwater and coastal ecosystems and it is import-
ant for ecosystem functioning as well as a focal species for the
recreational fishery (Arlinghaus et al., 2018; Crane et al., 2015).
Pike also provides an example of a species for which accurate
abundance indices are difficult to obtain due to its low catchabil-
ity in passive gears (Craig, 2008). In the Baltic Sea, large-scale
patterns indicate that the pike populations on the east coast of
Sweden have drastically declined (Olsson et al., 2023). The rea-
sons are multifaceted but likely a consequence of increased
predation on adults from gray seals and cormorants (Hansson
et al., 2017; Svensson, 2021), predation on juvenile stages by
three-spined stickleback (Donadi et al., 2020; Ekl6f et al., 2020),
loss of recruitment habitats (Sundblad & Bergstrém, 2014), and
also a period of high recreational fishing mortality during the
early 1990s (Bergstrém et al., 2022). For stationary species which
form genetically stable distinct populations over rather small
geographical areas (Diaz-Suarez et al., 2022; Laikre et al., 2005;
Moller et al., 2021; Wennerstrom et al., 2016) management needs
to be regional and there is a need for monitoring methods which
can accurately assess the status of pike populations on a local
scale. Northern pike aggregates in shallow areas to spawn during
spring and have a strong homing behavior (Craig, 2008; Skov &
Nilsson, 2018). This requires monitoring with a high level of spa-
tial coverage, which poses challenges to the management of this
species. Since traditional, passive, and lethal monitoring meth-
ods have proven ineffective, recent attempts to quantify pike
abundance have employed active methods, such as standardized
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rod-and-reel fishing during the spawning period to obtain mea-
sures of relative abundance (Catch-Per-Unit-Effort data, CPUE)
and size structure of distinct populations that form local spawning
aggregations. Standardization of such methods is however com-
plicated as the size and type of bait used, catch-and-release (C&R)
practices and angling effort can affect the catchability (Arlinghaus
et al., 2008, 2017; Kuparinen et al., 2010), meaning that CPUE can
underestimate population size in areas where fishing is intense and
C&R is common. In fisheries research, this phenomenon is called
hyperdepletion, which can seriously bias stock assessments (Alds
et al., 2015). Environmental DNA analysis on the other hand offers
several advantages over active rod-fishing, in the sense that it is
not size selective, unaffected by fishing effort and gear use, can
provide an adequate level of replication (Shelton et al., 2022), is
noninvasive, cost-efficient, and potentially has a higher probability
of better reflecting the local density of fish (Wilcox et al., 2016).
Strong positive relationships between eDNA and the biomass of
pike have been shown in large outdoor mesocosms during the re-
productive period (Karlsson et al., 2022). However, it is unknown if
eDNA analysis can provide quantitative data on pike abundance also
under natural conditions. In this paper, we test the hypothesis that
relative pike population sizes can be estimated using eDNA analy-
sis during the reproductive season when pike aggregates. We do
this using data collected from a large number of coastal bays in the
Baltic Sea where we compare eDNA concentrations to standardized
angling while accounting for the potential effects of environmental

factors.

2 | MATERIALS AND METHODS
2.1 | General design

To assess the potential of eDNA analysis to estimate pike popula-
tion biomass/abundance under natural conditions, we collaborated
with a project conducting standardized angling to support manage-
ment actions. The multi-year project was initiated by the Stockholm
County Administrative Board and aimed to assess pike population
sizes in relation to current and future fishing closures during the pike
spawning season.

The study area covered >200km of the Stockholm archipelago
in the Baltic Sea. The angling was performed during two visits in 24
coastal bays during April-May 2020 (coordinates for each bay can
be found in the supplementary data file “DATA.xIsx"). The selection
of bays to include in this study was therefore reliant on the evalu-
ation of fishing closures. The design for that evaluation was based
on paired bays, of which some used a Before-After-Control-Impact
(BACI)-design (Eberhardt, 1976; Green, 1979) which enables future
evaluations of fishing closures as a form of fisheries management by
accounting for site-specific temporal changes in the environment.
The paired bays were chosen to be in close proximity to each other
and to be as similar as possible in terms of size, mean depth, and
habitat conditions, but with one bay being either closed or soon-to

be closed for fishing and the other one open to angling; thus likely
providing a range of fish densities spanning from low to high, which
was a prerequisite for the evaluation of the eDNA-biomass relation-
ships in this study.

The eDNA sampling was performed in 22 out of the 24 fished
bays a few days prior to each angling visit in a bay, to not risk the
eDNA signal to be influenced by the fishing activity nor to disturb
the fishing by simultaneously sampling eDNA (Figure 1).

2.2 | DNA analyses
2.2.1 | eDNA collection and filtration

Within each bay and visit, we collected water along four transects:
three shallow water transects (A, B, and C), each trailing roughly
a third of the coastal length of the bay, and one deep water tran-
sect (D) across the center of the bay (Figure 2, supplementary
list of figures “Bay.info.pdf”). For each transect, 1L of surface
water was collected every 50m. The distance between individual
subsamples was chosen based on the reported detection dis-
tance for caged northern pike carcasses in a freshwater system
(Dunker et al., 2016) and live Japanese striped jack (Pseudocaranx
dentex, Bloch & Schneider, 1801) in a marine setting (Murakami
et al., 2019). The total amount of water collected per bay and tran-
sect was approximately proportional to the bay area. The water
from each transect was pooled in a large plastic container and the
total volume of pooled water varied from four to 26 L, median=10,
interquartile range (IQR)=7 (Supporting information file, “DATA.
xIsx”), depending on the length of the transect. From this pool of
water, duplicate samples of 1L each were filtered on-site using an
established filtration technique (Karlsson et al., 2022) with some
modifications. Each water sample was pushed through a Swinnex
filter holder (Merck KGaA) loaded with two stacked filters (cel-
lulose nitrate filter, pore size of 0.8 um and a glass microfiber filter
on top (GF/A, pore size of approximately 1.6 um; GE Healthcare))
using a plastic syringe. The glass microfiber filter allowed a larger
volume of water to pass through (Capo et al., 2020). We re-used
the filter holder and exchanged the filters in the field for the sec-
ond technical replicate. Although some cross-contamination could
be expected at this stage, we assumed the contamination would
be diluted to the point that it would fall below the detection limit.
This was later confirmed by finding no consistent increase in
eDNA concentrations in consecutive eDNA samples (Figure S1).
One field negative control using 1L of distilled water was run per
bay visit directly after the filtration of the eDNA samples. After
filtration, the filters were enclosed in zip-loc bags and snap-frozen
on dry ice until arrival to the laboratory where they were directly
transferred to a -80°C freezer pending DNA extraction. Nitrile
gloves and sterile pincers were used at all times during filter han-
dling. All equipment was sterilized between field visits by immer-
sion in 10%-20% commercial grade sodium hypochlorite bleach
for a minimum of 10 min and then rinsed thoroughly in tap water.
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FIGURE 1 Overview map of bays sampled for eDNA and pike by angling (left panel) and sampling scheme (right panel) showing sampling
dates for eDNA and angling ordered by bay-pair during the survey in 2020. Angling was either divided into two half days within a bay-pair
and fished for two consecutive days, alternating morning and afternoon in each bay, or as a full day's fishing in a specific bay.

FIGURE 2 Schematic image showing
the sampling design for eDNA. 1L water
samples were collected 50m apart in
four transects (A-D) and pooled within
each transect. Transects A-C normally
covered the shallowest vegetated areas
while transect D was the deepest in the
central part of the bay. Transect length
was approximately proportional to the
bay area.

2.2.2 | DNA extraction

DNA was extracted from both types of filters using a modified
Chelex extraction protocol described in Karlsson et al. (2022). In
brief, the filters were cut into smaller pieces using sterile equip-
ment and then mixed with 750 pL of a 10% (w/v) Chelex suspen-
sion in 5mL Eppendorf® screw cap tubes. The tubes containing
the filter cuttings were heated at 100°C for 10 min to lyse cell
material and denaturate the DNA, and then vortexed thoroughly.

This step was repeated twice after which the supernatant was

transferred to a smaller 1.5mL tube and centrifuged at 16 x 1O3g
for 1.5min to remove remaining filter debris and Chelex from the
solution. After centrifugation, the supernatant was once again
transferred to a clean 1.5mL tube. If necessary, any remaining
Chelex was removed by repeating the last centrifugation step and
transferring the supernatant to a clean tube. Extraction-negative
controls were added for each batch of samples that were ex-
tracted (n=21).
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2.2.3 | DNA quantification using qPCR

We used a real-time quantitative polymerase chain reaction assay
(gPCR) for quantification of pike DNA in collected samples. The
primer and probe combination (F-primer: 5-CCT TCCCCCGCATA
AATAATATAA-3, R-primer: 5-GTACCAGCACCAGCTTCAACAC-3'
and probe: 5-FAM-CTTCTG ACTTCTCCCC-BHQ-1-3' (Microsynth
AG)) was originally developed and tested for specificity against co-
occurring freshwater species, including closely related muskellunge,
Esox masquinongy by Olsen et al. (2015, 2016). The assay has subse-
quently been successfully used for northern pike detection in water
samples (Dunker et al., 2016; Karlsson et al., 2022). The assay targets
a 94-base-pair-long fragment of the Cytochrome oxidase | gene (COI).
qPCR was performed on a BioRad CFX384 Real-time PCR system
with 15uL reaction volumes. Reaction concentrations of the forward
primer, reverse primer, and probe were 900nM each with 7.5uL 2x
TagMan™ Environmental Master Mix 2.0 (Thermo Fisher) in each well
loaded with 4L of the sample template. An internal positive control
(IPC) (Cy®5-QXL®670 Probe; EuroGentec) kit was run in duplex reac-
tions to control for potential inhibition. 0.3 pL of 10 IPC mixand 0.2 uL
of IPC template DNA was added to each reaction.

Inhibition in eDNA samples was determined based on aberrant IPC
Cg-values. The expected Cq of the IPC over the range of the standard
curve was on average 27.3 Cq with average minimum and maximum
values ranging 26.5-28.5 Cq. Therefore, we classified samples >28.5
Cq as unacceptable. Such samples were purified using a Zymo OneStep
PCR Inhibitor Removal Kit (Zymo Research Corp.) and reanalyzed in
the qPCR. If purification of the sample did not improve, the IPC-value
to within acceptable Cg-limits was excluded (Figure S2).

The following qPCR program was used for all the reactions:
10min activation at 95°C followed by 45cycles of 15s at 95°C and
60s at 60°C. Quantification of eDNA was achieved using a standard
curve consisting of an 8-step, 10-fold dilution series of pike DNA
(1-1x 107 copies/pL) with the addition of a lowest concentration at
0.25copies/pL. As a standard, we used a synthetic 94 nucleotide
oligo template targeting the mitochondrial COl-gene: 5-CCT TCC
CCC GCA TAA ATA ATA TAAGCT TCT GAC TTCTCCCCC CCT CCT
TTTTACTTCTCT TAGCCTCCTCAGTTCTCT GTGTTG AAGCTG
GTG CTG GTA C-3’ and complementary strand: 5-GTA CCA GCA
CCA GCT TCA ACA CCT GAG GAG GCT AAG AGA AGT AAA AAG
GAG GGG GGG AGA AGT CAG AAG CTT ATATTATTT ATG CGG
GGG AAG G-3' (Microsynth AG).

Samples and standard curves were run in quadruplicates with
four no-template control (NTC) reactions on each plate. Plate effi-
ciency varied between 101.3% and 110.7%, with R? values between
0.983 and 0.995.

2.2.4 | Determination of limits of detection (LOD)
and quantification (LOQ)

The limits of detection (LOD) and quantification (LOQ) were deter-
mined by running a standard curve with DNA concentrations in the

same range as all other standards ranging 0.25-1x 107copies/pL each
in 16 technical replicates. The estimated qPCR efficiency was 118.2%
with R2=0.981. LOD is defined as the lowest concentration of DNA
that can be detected with 95% probability in one single replicate
and LOQ is defined as the lowest concentration of DNA with a co-
efficient of variation (CV) below 35% (Klymus et al., 2020). Effective
LOD is defined as the lowest concentration with a 95% probability of
detection given n technical replicates. LOD and LOQ were both deter-
mined to 1.97 copies/uL. Analysis in quadruplicates (n=4) gave an ef-
fective LOD of 0.58 copies/pL which is the LOD relevant to our assay.
Concentrations are given per microliter of target sample (4 uL).

2.2.5 | gPCR data handling and curation

DNA concentrations below the LOQ cannot be adequately deter-
mined and are considered to be censored in statistical terms (Cohen
& Ryan, 1989). This means that the true value is unknown but the
threshold below or above which the true value can occur is well de-
fined. In order to calculate an average DNA concentration per sam-
ple when some values are partially unknown is problematic. To solve
this problem, the simplest approach is to remove the data. However,
the consequence is that (i) valuable data are discarded and the sam-
ple characteristics are lost, lowering the overall statistical power of
tests (Turkson et al., 2021) and (ii) arithmetic means calculated using
excluded data become overestimated and standard deviations bi-
ased (Hornung & Reed, 1990). Censored data can be estimated using
several statistical methods like Maximum likelihood estimation,
Kaplan-Meier estimators, Cox-regression, or simply, by substitution
with fixed values (Canales et al., 2018; Dinse et al., 2014; Hornung
& Reed, 1990). Here, we chose the simpler approach of substitu-
tion which has been proven adequate for most applications (Glass
& Gray, 2001). Furthermore, samples with very low average DNA
concentrations usually have an unproportionally high frequency of
non-detects across technical replicates (Lesperance et al., 2021;
McCall et al., 2014). To accurately estimate the average DNA con-
centration per eDNA sample, it is important to assign a value of zero
to true negatives, that is, non-detects. We visually determined the
average DNA concentration per Bay and Visit where the proportion
of non-detects clearly deviated from the mean. This threshold was
approximately at 8 copies/uL (Figure S4). Hence, non-detects below
this threshold value were assigned a DNA concentration value of
zero while values above the threshold, but below the LOD, were as-
signed a value of one-half of the LOD (Cohen & Ryan, 1989; Glass &
Gray, 2001). Detectable values but below the LOD were set to the
LOD while values between the LOD and the LOQ were assigned the
mean value of LOD +LOQ (Figure S3).

2.3 | Collection of angling data

In total, 24 coastal bays were fished at two occasions (visits),
8-20days apart. Two of these bays were not sampled for eDNA due
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to logisticreasons (Villinge N 59°5.7789’, E 18°36.7948’, Jungfruskar,
N 59°8.4618', E 18°40.9969’). During each visit, the fishing was di-
vided into two consecutive half days a 4h of active fishing each,
alternating morning (08:00-12:00) and afternoon (13:00-17:00).
In some cases, however, the fishing was instead performed during
one full day (8h, Figure 1) due to logistics and weather conditions.
The fishing was performed by six teams, each team consisted of two
highly experienced pike anglers. The aim was to fish efficiently and
catch as much fish as possible by choosing what the anglers consid-
ered to be the most suitable angling gear and bait. Sampling effort
was quantified as rod hours, that is, time fished per person. For each
visit, the fishing teams recorded surface water temperature, num-
ber of seals at the site (estimated by eye), number of cormorants at
the site (estimated by eye), numbers of other anglers present at the
site (i.e. a boat with three anglers should be counted as three), and
stationary fishing gear at the site (as indicated by buoys). Each pike
caught was measured for total length using a tape measure, weight
with a digital balance and sexed based on external characteristics
(Casselman, 1974). Spawning status was visually assessed according
to expert judgment and classified as either pre-spawning (large girth
indicating developed gonads but no running roe or milt), spawning
(running roe or milt), post-spawning (spent fish, no running roe or
milt and flaccid abdomen) or undefined (usually small fish without
external characteristics indicating sexual maturation).

2.4 | Abiotic data collection

Abiotic data were collected on each eDNA sampling visit to the bays
using a Rinko ASTD-102 profiler (JFE Advantech Co., Ltd.). Depth,
temperature, salinity, dissolved oxygen, turbidity and Chl-A-levels
were measured from the surface to the bottom at the beginning and
the end of each transect. The median value was calculated per depth

profile and across transects to provide a grand median per bay visit.

2.5 | Statistical analyses

Statistical analyses were performed using R, version 4.2.0 (R
Core Team, 2022) and the tidyverse suite of packages (Wickham
et al., 2019). Linear mixed models were run using the Ime4 (Bates
et al., 2015) and generalized linear models using the MASS package
(Venables & Ripley, 2002). Associations between candidate vari-
ables in the models were first assessed graphically using pair plots
and by Pearson's product-moment correlation coefficient. Highly
correlated (r>0.7) and biologically insignificant variables were
excluded. Multicollinearity was also checked using the Variance
Inflation Factor (VIF) and no variable included in the modeling had
VIF values >1.6, indicating lack of significant multicollinearity. Model
evaluations were performed using the DHARMa (Hartig, 2022) and
visreg packages (Breheny & Burchett, 2017) in combination with vis-
ual inspection of the residuals, outliers and leverage. Model fit was
assessed using AlCc (AIC corrected for sample size) and R square
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values were calculated with the rsq package (Zhang, 2022). The level
for statistical significance was set to «=0.05. R-scripts and data for

the analyses are provided as Supporting Information.

2.5.1 | Standardization of angling data

To account for the potential influence of variables that might have
affected catchability (i.e., rod-fishing efficiency), we ran a series of
generalized linear mixed effects models to standardize the catch of
pike in each bay and visit (hereafter called the CPUE-model). We
modeled the number of pike caught per bay and visit using a Poisson
distribution and the log of fishing effort as an offset (h=48). We used
Bay and Visit nested within Bay as random factors on the intercept.
The latter also functioned as an observation level random effect
(OLRE) to handle overdispersion in the count data (Harrison, 2014).
For models that did not converge, the random effects were simpli-
fied to only include Visit nested within Bay. The number of other
anglers (mean 3.0, range 0-25), number of cormorants (mean 9,
range 0-100), and water temperature (mean 7.9°C, range 4-16°C)
observed during angling were treated as continuous fixed effect
variables. The other variables (number of seals and numbers of sta-
tionary fishing gear) were not included in the models since the data
were too sporadic to be useful. Model selection consisted of fitting
(i) a base model with only random effects, (ii) models with each fixed
effect separately, (iii) models with pairwise combinations of the fixed
effects and (iv) a full model with all variables, resulting in a total of 8
models. If two models were identified as equally parsimonious based
on AlCc, we chose the model with the strongest statistical signifi-
cance for the fixed effects.

2.5.2 | Estimating spatiotemporal variation in eDNA
concentrations

Because the eDNA and angling datasets were collected at different
spatial scales, we modeled the average DNA concentration in each
combination of bay and visit to make the two datasets compatible
(hereafter called the eDNA-model). We used a generalized linear
mixed model with a Poisson distribution (Chambert et al., 2018).
Although gqPCR data derived using standard curves can be treated
as a continuous variable, it is appropriate to use Poisson or negative
binomial models since gPCR quantifies discrete counts of DNA and
the underlying distribution can be assumed to be driven by a Poisson
process (Majumdar et al., 2017). Because the data were continuous
but the Poisson model requires integer values, we also rounded the
data up to the nearest integer (Chambert et al., 2018). As response
variable, we used DNA copy number per pL, the interaction between
Bay and Visit was used as the fixed effect. Random effects on the
intercept were transects nested within visits nested within bays and
sample filter 1D, which acted as an OLRE to account for the overd-
ispersion in the data. We chose a mixed model over a conventional
generalized linear model due to the hierarchical nesting of our data.
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To assess the relative variance associated with either spatial
or temporal variation we calculated the intra-class correlation co-
efficients (ICCs, or variance components) and their uncertainty
(Nakagawa et al., 2017; Nakagawa & Schielzeth, 2010). The model
contained only random intercepts on Bay, Visit nested within
Bay (Bay:Visit), Bay:Visit:Transect, Bay:Visit:Transect:Filter and the
OLRE which consisted of each individual technical replicate in the
qPCR dataset. Moreover, we fitted a second model, excluding the
random effects for Bay and Bay:Visit and replaced them with the
pooled effect of Bay and Visit, that is, the unique combinations
of bays and visits. This was done in an attempt to account for
the large uncertainty stemming from low within-level replication,
especially at the finer scale such as within transects (two filters

per transect).

2.5.3 | Modeling eDNA concentrations

To explain the variation in eDNA concentrations across bays and vis-
its we tested and evaluated a range of generalized linear models. The
response variable in these models was the average eDNA concen-
tration (DNA copies per plL) estimated from the eDNA-model. Due
to overdispersion, we chose a model assuming a negative binomial
distribution over Poisson (Lindén & Mantyniemi, 2011).

As predictor variables we chose a range of variables known to
affect the eDNA signal. We chose temperature because it is a prox-
imal variable that is intimately linked to physiological rate process
in poikilotherms (Woods et al., 2003), and hence also DNA shed-
ding and degradation (Jo et al., 2019), bay size because the eDNA
concentration should be approximately proportional to the area or
volume of a particular bay, assuming complete mixing of the water,
that is, a dilution effect (Yates, Glaser, et al., 2021) and fish density
estimated as CPUE from angling (Capo et al., 2019; Lacoursiére-
Roussel et al., 2016; Stoeckle et al., 2021; Yates, Glaser, et al., 2021).
Furthermore, because eDNA concentrations have been shown to
scale allometrically with fish size (Yates, Cristescu, & Derry, 2021;
Yates, Wilcox, et al., 2021; Zhang et al., 2022), we also calculated
the allometrically scaled average fish weight per bay and visit in the

population (ASM) as:

ASM = ' (M)p/N

where M equals the individual weight (g), s equals a scaling coefficient
(0.7) (Yates et al., 2022), and N the total number of fish caught per bay
and visit. Effectively, this approach was a slight modification of the al-
lometrically scaled mass (ASM) proposed by Yates, Glaser, et al. (2021)
and Stoeckle et al. (2021) since ASM in our case did not extend the
calculation to the population level. Instead, we used it as a covariate to-
gether with CPUE (sensu Spear et al., 2021). Another potential variable
that could be expected to affect eDNA concentrations is the spawning
status of the population, since spawning events momentarily increase
eDNA-levels due to increased activity of the fish (movements) but also

release of gametes (Collins et al., 2022; Wu et al., 2023). This variable
was strongly correlated with temperature and therefore omitted from
the models by necessity. However, we calculated the variable propor-
tion spawned to visualize the relationship between temperature and
spawning status (Figure S6),

(S+PS)

Proportion spawned = S+PSTPS+U)

where S=spawning, PS=post-spawned, PrS=pre-spawning and
U=undefined.

Based on the selected variables temperature, bay size, CPUE,
and ASM, we used a forward selection process starting with the
main effects of each variable, as well as the interaction between
CPUE and ASM (Spear et al., 2021). After having selected the best
fitting main effects, we included also potential interactions.

3 | RESULTS
3.1 | gPCR data and quality control

Inhibition, operationally defined as a sample displaying Cq-values
>28.5 for the Cy5-labeled IPC was found in all or some of the tech-
nical replicates from five out of the 22 bays (“SP -Slapan/Ekefjard”,
“TT -Tomtviken/Urd”, “SS -Sédersundet”, “MO -Mécklingeviken”
and OL -Ostra Lemaren”, Figure S2). Consequently, these samples
did not pass the quality control and were excluded from further
analyses. In total, 285 filter samples (1135 samples including tech-
nical replicates) passed the quality control and were amenable
for downstream analysis. Out of these samples (n=1135), 61.9%
were above the LOQ, 12.2% between LOD and LOQ, 2.2% below
the LOD, and 23.6% were non-detects (Figure S3). In order to not
overestimate sample averages, 86.6% of the non-detects were
imputed with zeros based on their overall high sample Cg-values
(Figure S4).

3.2 | Descriptive abiotic data

The surveyed parts of the bays were shallow, with a median depth
of 1m (IQR=0.7-1.4m) across transect measurements. At the bay
level, the temperature increased over the survey period from 3.2 to
11.7°C (min-max). At the visit level the temperature increased from
4.9 to 8.3°C on average. Salinity was relatively stable around 5psu
(median=5.7, IQR=5.1-5.9) but two bays situated in the innermost
parts of the archipelago had lower salinity (SP - Slapan/Ekefjard and
MV -Mpyttingeviken, median=2.4 and 2.6 psu respectively). These
two bays were also characterized by markedly higher fluorescence
intensities in the 640-980nm range which is a proxy for Chlorophyll
A concentrations (median=13.8 and 5.9 ppb respectively relative
the global median of 1.9 pbb).
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3.3 | Spatiotemporal eDNA dynamics

The amount of variance associated with the different levels of the
eDNA survey could not be partitioned into clear spatial and tem-
poral dynamics with the original model (Figure 3a). However, using
the simplified model with the combined effect of Bay and Visit,
differences emerged (Figure 3b). Surprisingly, the variance within
transects, that is, between the two filters from the same collec-
tion of water, seemed to have a rather high variance (22%, Cl 14-
33). The amount of variance explained at the local scale (within
bays/visits, that is, across transects) was lower (21%, Cl 11-34)
than at the larger spatiotemporal scale between bays and visits
(52%, Cl 33-64) (Figure 3b). This indicates that while significant,
small-scale spatial differences are of less importance compared
with more large-scale and temporal processes during spring when

pike spawn.

3.4 | Effects of fishing pressure on CPUE

The number of pike caught per rod-hour in the standardized angling
was best explained by the negative effect of the number of other an-
glers present at the time of the survey (Table 1, model 4). It is worth
noting that the negative effect of cormorants also appears important
(Table 1). However, model 4 explained more of the fixed variance,
had the lowest AlCc and had a statistically significant predictor term
(p=0.023), which is why we chose this model to standardize the
catches. The standardization model was used for the comparison
with eDNA by predicting the catch (standardized pike abundance)
in the absence of other anglers at an effort of 16 rod hours for each

Dediicated to the study and use of environmental DNA for basic and applied sciences

3.5 | eDNA-abundance/biomass relationship

The forward selection process revealed that the eDNA concentra-
tion in the bays was primarily explained by temperature, followed
by bay size (Table 2). Adding an interaction between temperature
and bay size did not improve model fit, nor did adding either CPUE
or ASM as main effects. However, the best fitting model included
bay size and the interaction between temperature and CPUE (Model
18, Tables 2 and 3). Temperature and CPUE showed a significant and
positive log-linear relationship with DNA concentration among bays
and visits, which together with the negative effect of bay size ex-
plained 48% of the variance (Figure 4, Table 3).

4 | DISCUSSION

As eDNA-abundance relationships are being established for many dif-
ferent species in a wide range of habitats, evidence is accumulating in
favor of eDNA analysis as a quantitative tool for monitoring fish popula-
tions. This suggests that the methodology bears potential for resource
management and conservation purposes. However, the strength of
these relationships has been variable, ranging from basically no rela-
tionship (Knudsen et al., 2019; Rourke, Walburn, et al., 2022) to rather
high levels of correlation >80% (Salter et al., 2019; Spear et al., 2021,
Yates, Glaser, et al., 2021). Reasons for this high level of heterogeneity
are still not well understood but could be attributed to species-specific
behavioral differences (Rourke, Walburn, et al., 2022) and responses
to environmental factors (e.g., Curtis et al., 2021; Jo et al.,, 2019;
Lacoursiere-Roussel et al., 2016) as shown here. Therefore, it is im-
portant to evaluate eDNA-abundance relationships at the species level

bay and visit. (Jane et al., 2015; Lance & Guan, 2020).
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TABLE 1 Model selection for the CPUE-model.

Model Fixed effect Random effect AlCc dAICc
1 Intercept (1|Bay/Visit) 340.2 2.7
2 Temperature (1|Bay/ Visit) 342.3 4.8
3 Cormorants (1|Bay:Visit) 341.0 3.5
4 Anglers (1|Bay/ Visit) 337.5 0.0
5 Cormorants (1|Bay/ Visit) 338.3 0.8
Anglers
6 Temperature (1|Bay/ Visit) 339.7 2.2
Anglers
7 Temperature (1|Bay:Visit) 343.3 5.8
Cormorants
8 Temperature (1|Bay/ Visit) 340.6 3.1
Cormorants
Anglers

Marginal R? Conditional R? Estimate SE p
0.00 1.00 -0.99 0.24 <0.001
0.00 1.00 0.04 0.06 0.587
0.08 0.91 -0.02 0.01 0.058
0.09 0.91 -0.09 0.01 0.023
0.14 0.85 -0.01 0.01 0.189
-0.07 0.04 0.071
0.10 0.90 0.03 0.06 0.586
-0.09 0.04 0.023
0.08 0.91 0.02 0.07 0.751
-0.02 0.01 0.060
0.15 0.85 0.03 0.06 0.6000
-0.01 0.01 0.192
-0.07 0.04 0.070

Note: AlICc is Akaike's Information Criterion corrected for sample size and dAICc is the difference in AICc between a model and the best model.
Marginal and conditional R% show the proportion of variance explained by fixed factors only and total including random effects, respectively. Note
that the conditional R? is inflated by the use of observation level random effects. The estimate with associated standard error and p-value are given
for each fixed effect. Significant p-values are highlighted in bold. Catch-Per-Unit-Effort (number of pikes caught per rod-hour) was used as the
response variable in the models. The models assume a Poisson distribution and use a log-link function. The natural log of fishing effort was used as an

offset term.

By comparing eDNA concentrations to standardized abundance
metrics complemented by abiotic data, we add to the growing line
of evidence that eDNA can reflect the densities of wild fish pop-
ulations and be a useful tool for monitoring. Specifically, our re-
sults show that eDNA analysis can be applied to species that are
generally undersampled by standard monitoring gear like gill nets.
Our results also show that this method can be used in semi-open
brackish water habitats. However, the positive relationship between
eDNA concentrations and the standardized pike abundance was not
straightforward and we identified a number of confounding factors
that will need to be taken into consideration as the eDNA method-
ology develops.

4.1 | Spatiotemporal variation in eDNA
concentrations

Using a high level of spatial replication within and across 22 bays, we
were able to assess the spatial variability of eDNA in a semi-enclosed
coastal system. We found considerable variability across bay visits
but lower variation within bay visits. Within specific bays, the vari-
ability in eDNA concentrations across transects was without typical
patterns (Figures S1 and S5). We initially predicted that the central
transect (D), which was situated in the deeper part of the bay, would
consistently show lower DNA concentrations because it normally
would fall outside the preferred vegetated habitat of spawning pike
(Frost & Kipling, 1967; Pursiainen et al., 2021). This was however not
the case and we found no such discernible patterns.

The spatial distribution of eDNA has been shown to be patchy
and vary seasonally in both marine and freshwater environments

(Hervé et al., 2022; Littlefair et al., 2021). However, the degree to
which concentrations vary mainly depends on the spatial distribu-
tion of the target species but also hydrographic and environmen-
tal conditions. For example, in larger lakes and marine systems, it
is common to find eDNA to be vertically stratified by thermoclines
that form during periods of limited vertical mixing, effectively con-
centrating eDNA released from cold water species below the ther-
mocline (Hervé et al., 2022, Littlefair et al., 2021). During our survey,
the bays were thoroughly mixed which likely smoothed out any spa-
tial differences (Table S1). This lack of patchiness was also consistent
over the two bay visits, albeit the average concentrations tended
to be somewhat higher at the second visit as water temperatures
rose (Figures S1, S5, and S6). Moreover, our integrative approach of
pooling water samples along the transects likely also contributed to
decrease spatial patterns.

At smaller spatial scales, caging experiments have shown a rather
limited detection distance in the range of 30-50m in lakes (Dunker
etal., 2016) and coastal waters (Murakami et al., 2019). In our case, we
subsampled the transects with 50 m intervals and pooled the water at
the end of each transect. In doing so, we averaged out some level of
variation making transects more similar to each other. Nevertheless,
it should also be noted that the level of variation between filter rep-
licates was of the same magnitude as across transects. This could
partly be explained by low sample sizes and a statistical difficulty in
partitioning the variance components but it could also be an effect
of low DNA copy numbers and stochasticity which would warrant a
higher level of in-field replication and filtration of larger volumes of
water. Although the filtration of large water quantities may be cum-
bersome, it may be performed using larger filter pore sizes. Such fil-
ters have a higher probability of capturing longer multi-copy nuclear
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explaining eDNA concentrations. Model index Independent variables K AlCc dAICc R?
1 ASMxCPUE 5 243.9 28.8 0.01
2 ASM 3 240.9 25.9 0.00
3 CPUE 3 239.6 24.6 0.00
4 Bay size 3 231.4 16.3 0.09
5 Temp. 3 223.6 8.5 0.10
6 Temp.+ASMx CPUE 6 226.6 11.5 0.16
7 Temp.+ASM 4 2251 10.0 0.05
8 Temp.+CPUE 4 221.8 6.7 0.13
9 Temp.+ Bay size 4 219.8 4.8 0.23
10 Temp. x Bay size 5 220.7 5.7 0.31
11 Temp. + Bay size+ ASMx CPUE 7 2251 10.0 0.28
12 Temp. + Bay size+ ASM 5 222.2 71 0.19
13 Temp.+ Bay size + CPUE 5 219.7 4.6 0.22
14 Temp. + Bay size+ ASM + CPUE 6 222.6 7.6 0.22
15 Temp.+ Bay size x CPUE 6 2211 6.1 0.24
16 Temp. + Bay size x ASM 6 216.2 1.2 0.49
17 Temp.x ASM + Bay size 6 2251 10.1 0.15
18 Temp.x CPUE + Bay size 6 215.0 0.0 0.48
19 Temp. x Bay size + CPUE 6 219.0 3.9 0.40
20 Temp.x Bay size+ ASM 6 223.4 8.3 0.22

Note: The table is divided by a forward selection process. ASM is the allometrically scaled mean
size in the population, CPUE is the standardized pike abundance, Temp. is water temperature (°C)
and K is the number of parameters in the model. AlCc is the Akaike Information Criterion corrected
for sample size and dAICc is the difference in AICc between a model and the best model. R? shows
the proportion of variance explained by the model. Bold AlICc indicates the best candidate model
at each forward selection step. The models assume a negative binomial distribution and use a log-

link function.

TABLE 3 Model summary for the
best-performing model predicting eDNA
concentrations (Model 18, Table 2).

Coefficients

Intercept
Temperature
CPUE

Bay size

Temperature x CPUE

Estimate SE z p-Value R?
2.65 0.98 2.702 0.007 0.48
0.02 0.11 0.189 0.850

-0.13 0.05 -2.446 0.014

-0.04 0.01 -2.983 0.003
0.02 0.01 2.845 0.004

Note: The model assumes a negative binomial distribution and uses a log-link function.

eDNA fragments (Jo et al., 2020), which due to their higher degrada-
tion rates compared with shorter mitochondrial DNA, better reflect
instantaneous fish densities (Jo et al., 2022) and could possibly have

improved the precision of our measurements.

4.2 | eDNA-abundance relationship

421 | Temperature drives eDNA dynamics

Although we found a positive relationship between CPUE and

eDNA concentrations, we found an even stronger influence of tem-
perature. Moreover, the effect of CPUE was only evident at higher

temperatures suggesting either that (i) pike abundance in the bays
increased over the survey period and that there was an interaction
with catchability (increased fish density but unchanged CPUE), (ii)
eDNA shedding rates increased with temperature (becoming detect-
able and fully quantifiable above a threshold temperature), and/or
(iii) that spawning, which increased with temperature (Figure S6),
had an additive effect.

We cannot rule out that pike abundance in the bays increased
as the bays became warmer (i above) but temperature had no sig-
nificant effect on CPUE (Table 1), suggesting that the abundance
of pike was relatively stable over the survey period. Moreover,
catches were sometimes substantial already at temperatures as low
as 3-4°C (Figure 5) indicating that arrival to the spawning grounds
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FIGURE 4 Model estimated DNA concentration (log-scale
copies per pl) as a function of (a) standardized pike abundance, at
different temperatures, and (b) bay size (hectares). Points are partial
residuals. R? for the model was 0.48.

happens well before temperatures have reached optimal spawning
conditions which normally fall between 6 and 8°C (Clark, 1950; Frost
& Kipling, 1967). This is also supported by observations from other
fresh and brackish water systems where arrival to the spawning
grounds can precede the actual spawning event by several weeks
or even months (Flink et al., 2023; Raat, 1988). Therefore, direct
effects of temperature on eDNA concentrations (i and iii above) are
more probable.

In line with our field observations, a laboratory study on brook
trout has also shown a temperature-mediated effect, resulting in a
stronger eDNA-abundance/biomass relationship at higher tempera-
tures (Lacoursiére-Roussel et al., 2016). The authors suggested that
the temperature-biomass interaction was driven by increased activ-
ity levels and metabolism. This is indeed very likely since metabolism
and in extension DNA shedding rates are dependent on temperature
(Bean, 2010; Jo et al., 2019; Kitchell et al., 1977). Additional changes

log(DNA concentration (copies/uL))

log(Standardized pike abundance)

Temperature (°C) _ -
4 6 8 10

FIGURE 5 Raw data plot (log-log scale) of the relationship
between DNA concentration and standardized pike abundance
(CPUE) colored by water temperature.

also take place as temperature rises, not the least an increase in the
proportion of spawning fish (Figure S6). As the fish spawn, their activ-
ity and physical interactions increase (Lucas, 1992). Simultaneously,
the spawning event itself leads to the release of sperm which be-
comes readily incorporated in the eDNA pool (Holmes et al., 2022;
Tillotson et al., 2018; Tsuji & Shibata, 2021). The contribution of
sperm could potentially be estimated by comparing ratios of nuclear
and mitochondrial eDNA (Bylemans et al., 2017). Such comparisons
rely on robust assays for both mitochondrial and nuclear DNA, but
the latter is currently lacking for pike. In summary, we believe that
temperature, especially during early spring in temperate regions, is
a key driver affecting physiological processes, such as metabolism
and shedding rates, as well as behavior and spawning activity-all of

which have a strong influence on eDNA concentrations.

4.2.2 | CPUE based on angling likely underestimates
true abundance

Even though we did our best to estimate the “true” pike abundance
by modeling the effect of other anglers and deriving a standard-
ized pike abundance, we found a relatively weak relationship be-
tween CPUE and eDNA concentrations. This could be a result of
using angling data instead of census data from, for example, mark-
recapture experiments (Spear et al., 2021). It is well known that
angling success can vary due to local environmental conditions,
and for species that are the target of catch-and-release practices
like pike, also previous fishing intensity (Arlinghaus et al., 2017;
Chen & Zeng, 2022; Kuparinen et al., 2010). Even though we cor-
rected for the number of anglers present during the rod-fishing,
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fishing pressure the days before remains unknown, which could
also influence catchability. Similarly, poor predictive capability of
angler-based abundance was obtained in a study investigating the
eDNA-abundance relationships for brook charr (Salvelinus fontin-
alis, Mitchill 1814) in a series of Canadian lakes (Gaudet-Boulay
etal., 2022). In that study, the CPUE of brook charr estimated from
angling data predicted eDNA concentration in the lakes poorly, but
the explanatory power of the model increased once the surface
area of the lakes was accounted for, indicating that fish density
measured per unit area is a better predictor (marginal R? in models
with only fish density as a predictor varied from 0.1 to 0.44). That
observation is in accordance with our study where bay size as a
covariate had a strong negative effect on eDNA concentrations
(Table 2). Accounting for the size of the study area makes sense
assuming that fish are heterogeneously distributed and concen-
trated to certain habitats. In the case of pike, it is very likely that
most fish were aggregated close to the vegetated shore where
spawning usually takes place (Clark, 1950; Lucas, 1992). Since the
proportion of preferred habitat scales disproportionately with the
square of bay area, and given that the eDNA is thoroughly mixed
within the bay, this results in a dilution effect. Similar patterns of
DNA dilution have been observed in rivers with elevated water
discharges (Pont et al., 2023).

4.2.3 | Abundance or biomass as eDNA predictors?

Apart from using standardized abundance as a predictor of eDNA
concentration, we also tested to include allometrically scaled bio-
mass (Yates et al., 2022; Yates, Wilcox, et al., 2021) by calculating
the allometrically scaled mean population weight and using this as
a covariate in our modeling. Several authors have recently shown
improved relationships between fish biomass and eDNA concentra-
tions when accounting for the size distribution of the fish commu-
nity. Spear et al. (2021) saw an improvement in model R? from 0.62
to 0.81 when the mean size of walleye (Sander vitreus, Mitchill 1818)
was used as a covariate together with the estimated population bio-
mass, while Yates, Glaser, et al. (2021) saw an improvement in model
R? from 0.59 (fish/ha) and 0.63 (kg/ha) to 0.78 when accounting for
allometric scaling in a study on brook charr. Although the evidence
for allometric effects on eDNA production seem to be generalizable
across species (Yates et al., 2022), we did not find a significant ef-
fect of including ASM in our pike models. The reason for this lack of
effect is not clear but could potentially be attributed to a relatively
homogeneous size distribution across bays. Indeed, the average pike
weight per bay and visit in our study only differed by approximately
a factor of three, while in the study by Yates, Glaser, et al. (2021),
the difference was substantially larger across lakes (factor ten dif-
ference). Furthermore, it is likely that the angling approach underes-
timated the abundance of smaller individuals which likely were not
captured as efficiently by the anglers (x=60cm, SD=10cm). Such a
size selectivity would effectively inflate the average size of the pop-
ulation, decrease the variance, and hence also influence allometry.

Open Access
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Nevertheless, it is probable that allometric effects may be of greater
importance during other seasons when local size distributions are
more variable (Neumann & Willis, 1995). Another potential cause
for the lack of allometric effect in our study could also be attrib-
uted to a temperature-dependent effect on the actual scaling coef-
ficient itself. Temperature-dependent effects on metabolic scaling
coefficients have been shown to vary greatly among teleost species
(Glazier, 2005) and seem, to a high extent be related to temperature
(Killen et al., 2010; Lindmark et al., 2018; Ohlberger et al., 2012).
Assuming that metabolism is closely linked to eDNA shedding rates
(Thalinger et al., 2021), it is plausible that temperature also can affect
the allometric relationship between body mass and eDNA shedding
rates. However, to the best of our knowledge, there are no studies to
date that have tested the influence of temperature on allometric re-

lationships in an eDNA context, which is an avenue worth exploring.

4.3 | Conclusions

Our study supports the growing body of evidence showing a posi-
tive relationship between fish abundance/biomass and eDNA
concentrations in the wild. Including abiotic data, we were able to
explain nearly 50% of the variance in eDNA concentrations. This isin
line with similar studies performed on other species and in different
ecosystems (Yates et al., 2019). With the additional support from es-
tablished eDNA-biomass relationships under more controlled condi-
tions (Karlsson et al., 2022), it is likely that eDNA could be used to
infer relative abundance data in wild pike populations. However, we
also found temperature to be important, likely acting as a driver of
fish activity and spawning that has a strong effect on eDNA concen-
trations. Temperatures that change rapidly, especially in temperate
regions, will therefore induce unwanted variance, which may be dif-
ficult to account for. Hence, choosing appropriate sampling times
will be crucial in order to make longitudinal data comparable. We
therefore recommend that quantitative eDNA-surveys targeting
species that converge for spawning should be performed at tem-
peratures when spawning has peaked but fish maintain a high prob-

ability to stay aggregated in close proximity to their spawning areas.
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