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The Aland Islands are feeding grounds for river- and sea-spawning whitefish (Coregonus
lavaretus), including also hatchery-reared released whitefish. Management of fisheries
requires knowledge of whitefish origin from their catches, but such information is defi-
cient at the Aland Islands. The numbers of gill rakers had unique (discretized) Gaussian
frequency distributions in all three forms studied. This justified the usage of Gaussian
finite mixture models on gill raker data for estimating the proportions of the forms in
mixed catches during the non-spawning season. From 14 catches at the Aland Islands
from 20122013, on average 54.8% were river-spawning whitefish, while the presence
of hatchery-reared, sea-spawning whitefish was low but uncertain. Using a hierarchical
variant of the model, we showed that the proportion of river-spawning whitefish decreased
from 69.6% in June to 38.3% in August. Our study provides feasible methods for monitor-
ing spatio-temporal variation in the proportions of river- and sea-spawning whitefish.

Introduction two ecotypes: anadromous, river-spawning white-

fish and sea-spawning whitefish (Himberg 1970,
Whitefish (Coregonus lavaretus) is an economi-  Lehtonen 1981). The two ecotypes coexist in
cally important fish species at the Gulf of Bothnia  the sea during non-spawning times and in areas
(Baltic Sea). The whitefish in this area consists of ~ containing both wild (i.e., naturally reproduc-
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ing) and stocked whitefish. The river-spawning
whitefish can undertake distant feeding migra-
tions; for example between northern rivers and
southern parts of the Gulf of Bothnia (Wikgren
1962, Lehtonen 1981, Lehtonen and Himberg
1992, Jokikokko and Huhmarniemi 2014). River-
spawning whitefish abundantly occur at the Aland
Islands and the adjacent Archipelago Sea, where
they stay for several years (Lehtonen 1981). Fol-
lowing maturation, they return to their home
rivers or stocking/imprinting sites to spawn. The
sea-spawning whitefish spawn in coastal bays,
e.g. at the eastern Archipelago Sea and at the
Aland Islands. Due to the widely different ecol-
ogy and behaviour of the two ecotypes, any pos-
sible management actions have to be tailored for
the focal ecotype.

River-spawning Baltic Sea whitefish is
presently listed as endangered according to
the Baltic Marine Environment Protection
Commission — Helsinki Commission (http://
www.helcom.fi/Red%20List%20Species%20
Information%20Sheet/HELCOM%20Red%20
List%20Coregonus%?20albula.pdf). At the Gulf of
Bothnia, a drastic decline in whitefish catches has
occurred since the mid-1900s. The reproduction
of the river-spawning whitefish has diminished
mainly due to anthropogenic activities. In most
major rivers at the Gulf of Bothnia, dams built
for hydropower stations have restricted whitefish
migration to their spawning grounds (Tuikkala
and Pirttijarvi 1976, Saisd er al. 2008, Larsson
et al. 2013). Eutrophication, dredging and sand
and gravel prospecting have destroyed spawning
grounds, particularly for sea-spawning whitefish
(Himberg 1995, Vanhatalo et al. 2012, Hudd et
al. 2013, Veneranta et al. 2013). Furthermore,
at the Aland Islands, there is a distinct whitefish
form (of the sea-spawning ecotype), which pos-
sibly originates from hatchery-reared fish. The
proportion of this form in fishery catches during
the non-spawning season is still unknown. The
strong whitefish fishery pressure and the threat-
ened status of the species are important arguments
for the discussion about fishery restrictions. For
stock assessment of whitefish, there is an interest
both from an economical point of view and for
preservation reasons to estimate the proportion of
different ecotypes of whitefish in fishery catches
at different locations and seasons.
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At the Finnish west coast, river-spawning
whitefish have on average 29-31 gill rakers, while
sea-spawning whitefish have on average 26-28
gill rakers (Himberg 1970, Himberg et al. 2015).
This difference has previously been utilised to
approximate, in different manners, the proportion
of river- and sea-spawning whitefish in catches
from the Aland Islands (Himberg 1978, Lehtonen
1981) and the Archipelago Sea (Lehtonen and
Bohling 1988). The gill raker number is also used
to assure the ecotype identity of stocks used in
hatcheries (Jokikokko and Huhmarniemi 1998).
Notably, the sea-spawning whitefish that nowa-
days spawn in coastal bays at the Aland Islands,
have an average gill raker number below 26; thus
being a distinct form, differing from sea-spawning
whitefish spawning in the eastern part of the
Archipelago Sea. We still lack a coherent picture
of the mix of different forms and the spatio-
temporal distribution of the two ecotypes at the
Aland Islands.

In this study, we analysed the composition of
whitefish forms found in mixed catches sampled
in the summer, during non-spawning times, and
at non-spawning sites. We applied finite Gaussian
mixture models (McLachlan and Peel 2000) to
data on gill raker count (GRC) frequencies to sta-
tistically estimate the proportions of three differ-
ent whitefish forms in mixed catches at the Aland
Islands. To establish the basis for the identification
of these forms, we used existing GRC data from
nominally pure populations (each representing a
distinct form) of whitefish sampled at spawning
sites during spawning time. These data, hereafter
called baseline samples, included: river-spawning
populations from rivers at the Finnish west coast,
sea-spawning whitefish populations from the
Archipelago Sea and sea-spawning populations
from the Aland Islands.

First, we investigated the assumption that each
of the baseline samples of GRC data were nor-
mally distributed, validating the further use of
Gaussian mixture models. Second, we assessed
the proportion of three different forms in the com-
plete summer data set, and used information theo-
retical model selection to reveal the most parsi-
monious mix of forms. Third, we used a hierarchi-
cal model to study the spatio-temporal variation
of the proportion of the river- and sea-spawning
ecotypes. We hypothesized that the proportion of
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Fig. 1. Whitefish sampling sites used in this study. Spawning river-spawners were sampled at: A — Tornio River;
B — Kokeméki River; C — Aura River; D — Kisko River. Spawning Archipelago Sea sea-spawners were sampled at:
E - Bengtséar; F — Airisto; G — Rihtniemi; H — Pyhamaa. The sampling sites | (insert) — Aland Islands — were used
for sampling mixed catches outside the spawning season: 1 — Mariehamn (Kobba Klintar), 2 — Lagskar, 3 — Eckerd,
4 — Geta, 5 — Saltvik, 6 — Kumlinge, and for spawning Aland Island sea-spawners: 1 — Mariehamn (Slemmern Bay),

4 — Geta, and 5 — Saltvik (Tengstda Bay).

river-spawning whitefish decrease throughout the
summer, as the mature individuals start migrating
back toward their spawning grounds.

Materials and methods

Study area

The Gulf of Bothnia (Baltic Sea) extends ~725 km
in the north—south direction (Fig. 1). The salinity

of the surface water decreases from about 7% in
the south to about 1% in the north. The Aland

Islands is a province located in the southern-
most part of the Gulf of Bothnia. The Aland
Islands’ eastern archipelago is contiguous with the
Archipelago Sea, which stretches to the southwest
coast of Finland. The Archipelago Sea consists of
thousands of islands, skerries, reefs and shallow
waters abundant with food for whitefish.

Catches used as baseline data

To establish the basis for the identification of
forms, we used earlier-collected GRC data of
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nominally pure river- and sea-spawning white-
fish undergoing spawning in October—Novem-
ber. We restricted the baseline data to the most
recent data available, and divided it into three
groups (Table 1, Fig. 1): "River" — data on river-
spawning whitefish (n = 183) from rivers along
the Finnish west coast; "Aland" — data on sea-
spawning whitefish (z = 291) sampled at coastal
bays at the Aland Islands mainland, where fish
from a local hatchery (Guttorp, Aland Islands)
is annually stocked; "Archipelago" — data on
sea-spawning whitefish (n = 323) sampled from
coastal bays in the Archipelago Sea and adjacent
areas at the Finnish west coast.

Mixed catches from the Aland Islands

Whitefish, of presumably several forms, were
collected during non-spawning season in a total
of 14 mixed catches (n = 709), from six sites
around the Aland Islands, from June—August in
2012 and 2013 (Fig. 1, Table 2). The catches
were divided into two spatial groups to facilitate
comparison: north to east (NE) and south to west
(SW) (Table 2). The sample size per catch was
on average 50.6 individuals and the between-
catch SD in sample size was 10.9 individuals.
The fish were caught with standing gill
nets (45 mm knot distance, 1.8-3.0 m deep,
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0.17 mm nylon tread diameter), which are the
most common gear in whitefish fisheries at the
Aland Islands and Archipelago Sea. Sampled
whitefish were frozen at —20°C until examined.

Gill raker counting

Frozen whitefish were thawed and gills
rinsed with tap water. The gills were cut out and
mounted with pins on a backing. The number of
gill rakers on the left outer-gill arch was counted
with the aid of stereomicroscope at 5—10 times
magnification. Minor rakers located at the ends
of the arch were also counted.

Statistical analysis
Testing the normality of baseline samples

Although GRC data are discrete counts, the vari-
able much resembles a continuous quantitative
morphometric trait. GRC data have earlier been
modelled applying Gaussian distributions and the
choice has been justified with analyses of the
empirical distributions of GRC in pure popula-
tions (Amundsen et al. 2004). To further justify
the use of finite mixtures models with presumed
distribution shapes for our data, we tested sepa-

Table 1. Summary of baseline data. The whitefish catches are divided into three groups according to their spawn-
ing behaviour (River — river-spawning; Aland - sea-spawning from the Aland Islands; Archipelago — sea-spawning
from Archipelago Sea). For each catch, we reported the location (with associated symbols in Fig. 1), year, month,
numbers of fish caught (n), sample mean and SD of the number of counted gill rakers.

Population Location Year Month n Mean SD
River Torne River (A) 2013 10 47 30.19 1.84
Kokemaki River (B) 2011 11 65 29.95 212
Aura River (C) 1998 1 40 30.60 1.81
Kisko River (D) 1994 1 31 29.84 2.08
Aland Mariehamn-Slemmern Bay (I-1) 2013 11 57 25.67 2.87
Geta (I-4) 2012 11 50 26.54 2.62
Geta (I-4) 2013 1 36 26.42 212
Saltvik-Tengsdda Bay (I-5) 2007 11 40 25.30 2.34
Saltvik-Tengsdda Bay (I-5) 2012 11 52 24.65 2.20
Saltvik-Tengsdda Bay (I-5) 2013 11 56 25.35 2.10
Archipelago Bengtsar (E) 2009 11 29 27.90 1.90
Airisto (F) 2012 10 50 27.60 2.54
Rihtniemi (G) 2001 1 182 27.78 2.15
Pyhamaa (H) 2012 10 62 27.60 2.66
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rately for each of the baseline samples (whitefish
forms) the null hypothesis that the GRC data
were distributed according to a discretized normal
distribution (Roy 2003). With a given mean (u)
and standard deviation (o), this distribution is
defined for all integer values, &, and is derived
from the cumulative normal probability density
function @(k | u, 0), as:

DN(k | u, 0) = @(k+ 0.5 u, 0)
—D(k-05|u,0). (1)

For a given baseline sample (with sample
size n), we first calculated the sample mean (¥)
and standard deviation (o) of the GRC. We then
determined the observed GRC frequencies of
fish (Observed,) for all integers (k) in the range
X + 3 a. Next, we determined the expected fre-
quencies as:

Expected, = n DN(k | X, @), 2)

and calculated a y? test statistic, to measure the
amount of evidence against discrete normality, as:

x> = Z (Observed, — Expected,) / Expected . (3)

A suitable predefined range of studied inte-
gers — e.g., 2.5-3 a from the mean — should
simultaneously avoid high rates of very small
expected frequencies (causing noise in the test
statistic; Eq. 3) and efficiently make use of data in
the tails. In our case (£ 3 a), 2 of 797 observations
fell outside the range of integers.

To relax the assumption of a strictly %> dis-
tributed test statistic under the null hypothesis,
we assessed the statistical significance with a
Monte Carlo test, where we repeatedly applied
the procedure described above (Eq. 2 and Eq. 3)
to 10 000 simulated data sets, generated under the
null hypothesis of discrete normality. Each simu-
lation event was done by first drawing » random
numbers from a normal distribution with mean x
and standard deviation s, then rounding them to
the nearest integer. In the simulation we used:

N = 20( - SDsim’ (4)

sim

instead of a, because the rounding causes a slight
bias on the standard deviation (Roy 2003). We

obtained SD_ as the sample standard devia-
tion of 1 000 000 rounded, random normal num-
bers with mean x and standard deviation a. We
assessed normality graphically in relation to the
simulations, and using one-tailed tests, where
the statistical significance is the proportion of
simulated y? test statistics being larger than the
empirical one.

The finite mixture model

Mixture models are commonly applied in many
fields of science to identify and analyse the pres-
ence and proportions of two or several subpopula-
tions or clusters in a larger sample, without the
need to identify the group membership of the
individual observations. Finite Gaussian mixture
models assume that the samples concerned are
a mixture of a finite number of subpopulations,
each characterized by a univariate or multivari-
ate Gaussian distribution (McLachlan and Peel
2000). Here, we applied finite mixture models to
univariate GRC data, assuming a discretized ver-
sion of the normal distribution to match the dis-
crete character of the data (Roy 2003; see Eq. 1).
For the full summer data set, we assumed
that the evaluated GRC data, x = (x,, x,, X,, ..., X,)
are independent observations from a mixture of
three normal distributions having different means

Table 2. Summary of mixed catches. The year, month and
numbers of whitefish caught (n), spatial grouping (Area:
SW - south to west, NE — north to east) and the loca-
tion (with associated symbols in Fig. 1) were reported.

Location Year Month n Area
Mariehamn-Kobba 2012 6 34 SW
Klintar (I-1) 7 61 SW
8 34 SW
2013 6 73 SW
8 50 SW
Lagskar (I-2) 2013 7 50 SW
Eckero (1-3) 2013 6 50 SW
7 50 SW
Geta (I-4) 2013 6 53 NE
7 52 NE
Saltvik-Tengstda 2013 6 51 NE
Bay (I-5) 8 50 NE
Kumlinge (1-6) 2013 6 37 NE
8 64 NE
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(u,» pp, ;) and standard deviations (o, 0,, 0,),
representing the "River", "Aland" and "Archipel-
ago" forms, respectively. The contributions of the
forms are described using two parameters: p, = the
proportion of the river-spawning ecotype; and
p, = the proportion of the Archipelago form among
all sea-spawning whitefish (1 - p ). Given a vector
of parameters 0 = (u,, 0,, i,, 0,, 15, 0, P, P,), the
marginal probability of each data point (i) in the
mixed catch data is defined as:

P(x,10) =p, DN(x,| u,, 5))
+(1-p)(1-p)DN(x | pp,0)  (5)
+(1=p,) py DN(x,| u;, o).

The baseline data sets with presumably
known origins are simply thought to be dis-
tributed according to the discrete normal dis-
tribution specified for each particular form:
Br = river-spawning; Bs = sea-spawning at Aland;
and Ba = sea-spawning at the Archipelago Sea:

P(Br|0)=DN(Br|pu,, o) (6)
P(Bs | 0)=DN(Bs | u,, 0,) (7
P(Ba|0)=DN(Ba | u,, o) (®)

The model was fitted with a direct maximum
likelihood search by searching the combination of
parameters (0), which minimizes the negative log-
likelihood function:

“InL(0) =Y InP(x | 0)— ¥ InP(Br | 0)
~ S InP(Bs|0)-Y InP(Ba|0) (9)

In practice, we applied the Nelder-Mead sim-
plex algorithm for multidimensional optimization,
using the function, optim(), in the programming
environment R ver. 3.4.4 (R Core Team 2018).
The numerical search over the means and stand-
ard deviations was applied without transforma-
tions, but for the parameters p, and p, — both con-
strained to the interval {0, 1}, the search was done
on the logit-scale (i.e., the parameters were back-
transformed when evaluated, at each iteration).
The maximum number of iterations was set to
9999 and we applied a relative tolerance of 10
to define convergence. In this type of numerical
search, we have to define a set of starting values
for the parameters. For parameters 4 and o, we
set the starting values to the sample means and
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sample standard deviations, respectively, from
each baseline data set. For the parameters p, and
p, we used the starting value 0.5 (i.e., logit(p ) = 0
and logit(p,) = 0).

We assessed the precision of obtained sets of
parameter estimates 0 . by simulating their
sampling distribution using parametric bootstrap-
ping, with B = 2000 repetitions. In other words,
we randomized all the stochastic components
of the models, given the estimated parameters
and their presumed distributions, to simulate B
resampled data sets, to each of which we refit-
ted the same model. From the B simulated sets
of potential parameter estimates, and under the
scenario of . being true, we calculated the
standard errors (SE) by taking the sample stand-
ard deviation of the resampled estimates. Further,
we calculated for all parameters, 95% confidence
intervals (CI), by taking for each parameter the
2.5th and 97.5th percentiles of the resampled
estimates. Under repeated resampling, the CI can
be expected to contain the true parameter value in
95% of the cases.

An R-function was written to perform the
analyses described above. The code performs the
full model fitting procedure for one sample, which
is a mixture of one, two or three subpopulations.
The code also has an option for parametric boot-
strapping.

Model selection

For detailed analysis of the proportions of white-
fish forms based on GRC data in mixed samples,
(e.g., variation in time and space), we needed to
choose a relevant and parsimonious composition
of the three potential forms to be considered in the
mixed samples. All candidate forms are not neces-
sarily identifiable using our model, or even pre-
sent in relevant numbers in the mixed samples, so
we can see this step as a data compression prob-
lem. Using information theoretic model selec-
tion, we evaluated the support of seven candidate
models, representing different mixtures of the
three forms. Models were evaluated and ranked
with regard to their parsimony, according to the
Akaike Information Criterion (AIC), which is a
statistic derived from the Kullback—Leibler diver-
gence (see Burnham and Anderson 2002).
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All candidate models were special cases of
the most complex model #7 (see Table 3), which
allows a mixture of all three forms (river spawn-
ing, Archipelago sea- and Aland sea-spawning
whitefish). The full model was described previ-
ously in the "The finite mixture model" section,
under "Materials and methods", and its param-
eters and CI were evaluated regardless of the
model selection result. In other words, the results
from model #7 were only to view the general role
and presence of all the different whitefish forms.

The models were compared in terms of dif-
ferences in AIC (hereafter AAIC); i.e., units of
AIC from the best-ranked model (with the lowest
AIC). Models with AAIC < 3 were considered
competitive and relevant to consider. An excep-
tion occurred if any model with AAIC < 3 was
essentially the highest ranked model and in addi-
tion, an extra, so-called uninformative parameter,
which does not improve the model (Arnold 2010).
Such models were disregarded because the larg-
est possible drop in AIC when adding one more
parameter is 2.

A spatio-temporal extension of the model

For assessing spatio-temporal variation in the pro-
portion of river-spawning whitefish (¢) between
the 14 mixed samples (each denoted with index
7), we developed a hierarchical version of the
model described above, for two forms, river- and
Archipelago sea-spawning, instead of three (or
in other words, p, fixed to one). Depending on
the results from the previous analysis (model
selection) and the estimate of p,, the composi-
tion of the sea-spawning baseline sample (Aland
and Archipelago whitefish) can be adjusted, if
necessary. Assuming a logit-linear relationship,
the proportion of the river-spawning ecotype was
modelled using numbers indicating the summer
month (June = 0, July = 1; August = 2) and spatial
grouping (Area; NE = 0, SW = 1) as explanatory
variables, as:

logit (¢) =a + b Month + b,Area + &,

g~ Normal (0, asmpl).

(10)
(1D

Here, a is the intercept term, b, is the coef-
ficient describing the monthly change, and b,

is the coefficient describing the spatial con-
trast along the NE-SW-axis. The unexplained
spatio-temporal variation in the proportion (qj)
is modelled as a random effect (g) of the
mixed sample ID, being normally distributed
with zero mean and standard deviation o .
Given the parameter ¢, (which is defined by the
higher level parameters of Eq. 10 and Eq. 11,
B=(a,b,b, asmpl)) and the lower level parame-
ters 0 = (u,, 0, u,, 0,), the marginal probability
distribution of each data point (i) from mixed
sample (j) is:

P(x,| g, 0)=¢q,DN(x, | u,, o))

The negative log-likelihood function is
obtained by integrating over the random effects
(e¢) from minus infinity to plus infinity (for the
mixed samples), and similarly to Eq. 9, combin-
ing with the baseline sample likelihoods as:

—InL(B, 0) =—3 In JP(x | &, B, O)P(c | B)de
—Y InP(Br|0) - InP(Bs | 0). (13)

Table 3. Description and model selection results
of the seven models evaluated for the complete
summer data set using Akaike Information Criterion.
The criterion was used to determine the most rel-
evant mix of three populations (River — river-spawn-
ing; Aland — sea-spawning from the Aland Islands;
Archipelago — sea-spawning from Archipelago Sea).
All models are special cases of model #7 — the mix of
three populations. K'is the number of estimated param-
eters. For p, and p,, the values are either estimated
(+), fixed to a specific number (0 or 1), or redundant,
but in practice fixed to 0 (-). AAIC is the difference in
Akaike information criterion of the fitted model com-
pared with the most parsimonious one (model #5).

Model Description K p, p, AAIC

#1 Only River 6 1 - 37.80

#2 Only Aland 6 0 0 334.30

#3 Only Archipelago 6 0 1 6147

#4 Mixture of River 7 + 0 19.74
and Aland

#5 Mixture of River 7 + 1 0
and Archipelago

#6 Mixture of Aland 7 0 + 6347
and Archipelago

#7 Mixture of all 8 + + 2.0

three populations
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Fig. 2. In all three baseline samples, the observed gill
raker count frequencies (filled and open circles), are
well in accordance with the assumption of discretized
normal distributions (expectation with thick lines; 95 %
confidence bands with thin lines).

Here, P(x | €, B, 0) is a short notation for
applying Eq. 12, and the relationship between
g, and g, described in Eq. 10 to vector x, while
P(e | B) refers to the normal distribution pre-
sented in Eq. 11. For numerical integration, we
used adaptive Gauss—Hermite quadrature, with
25 node positions, applying the R-package fast-
GHQuad (Blocker 2014).

For model fitting, we again used the
Nelder-Mead simplex algorithm for multidi-
mensional optimization, now over parameters
B=(a b,b, asmpl) and 0 = (u, 6, u,, 0,), with
the target to minimize the expression in Eq. 13.
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The maximum number of iterations was set to
9999 and the relative tolerance was set to 10712
Finally, after having estimated the parameters
Binaess Ouimaes)» W€ estimated the random
effect of each mixed sample (¢) separately and
hence, also the corresponding proportions of
river-spawning whitefish (q/), by minimizing the
expression:

_lnL(S/) == z ln[P(x[j| Sj’ |:\}estimated’ Oestimated)
x P(Sj‘ Bestimated)]' (14)

Again, the sampling distribution of the
parameters was simulated using parametric boot-
strapping and B = 2000 resampling events.

Results
Normality of the number of gill rakers

All investigated baseline samples appeared to
be close to a discretized normal distribution
(parameter estimates shown in Table 4), with
deviations within the range of what can be
expected from randomness (Fig. 2). According
to the Monte Carlo y*-tests, we could not reject
the null hypothesis of discrete normality for any
of the baseline samples studied (River: x> = 8.03,
mean simulated y*> = 8.86, p-value = 0.520;
Aland: > = 8.87, mean simulated x> = 11.96,
p-value = 0.715; Archipelago: ¥* = 13.93, mean
simulated > = 10.96, p-value = 0.231).

Table 4. Parameters and their estimates according to the most parsimonious model (#5), where the pooled summer
data (June—August; n = 709) represent the mixed catch. Uncertainties of the estimates are shown as standard

errors (SE) and 95% confidence intervals (Cl,,, Clhigh),

based on a parametric bootstrapping procedure with 2000

repetitions. For comparison, raw sample means and SDs from the baseline data sets are also shown (Baseline).

Notation Explanation

Baseline

Estimate SE Cl Cl

low high
H, Mean, river 30.14 30.08 0.132 29.82 30.35
o, SD, river 1.98 2.04 0.077 1.88 2.18
A Mean, Aland 25.62 25.62 0.142 25.33 25.90
o, SD, Aland 2.48 2.46 0.105 2.25 2.67
A Mean, Archipelago 27.73 27.77 0.120 27.54 28.01
g, SD, Archipelago 2.29 2.24 0.075 2.09 2.38
P, Proportion river vs. sea - 0.55 0.056 0.44 0.67
P, Proportion Aland vs. Archipelago - 1.00 - - -
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Fig. 3. Observed frequencies of whitefish gill raker
counts from June—August (open circles), the fitted con-
tributions of river-spawning fish (shaded area under
black solid line), fish spawning in the Archipelago Sea
(grey solid line) and the mixture distribution (black
dashed line). The estimated proportion of river-spawn-
ing whitefish is 54.8%.

Model selection and estimated
proportions in the pooled summer data

In the complete summer data set (n = 709),
model #5 — a mixture of river-spawning and
sea-spawning whitefish of the Archipelago type
— was the most parsimonious model in terms
of AIC (Table 3). According to this model, the
estimated proportion of river-spawning white-
fish (p,) was 54.8% (CI = 43.5-65.6%) (Fig. 3;
Table 4). The final estimated parameters (u,, i,,
u,, and o, 0,, o) describing the distributions of
gill rakers in the baseline sample, differed fairly
little from the raw point estimates calculated
directly from the samples (Table 4). Hence, as
expected, these parameters were dominated by
the baseline samples.

Superficially, the second best model was
model #7 — the scenario with all three forms
present in the mixed catches — where the AIC-
score was ca. 2 units higher. Since estimation of
the additional parameter p, (compared to model
#5, where p, was fixed to 1) made the model
less parsimonious, and the largest possible dif-
ference was AAIC = 2, model #7 was better
not regarded as competitive (Arnold 2010). We
consulted model #7 only to view the estimated
proportion of Archipelago type whitefish among
sea-spawning ones (p,), which was 99.6%
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Fig. 4. The hierarchical version of the Gaussian mixture
model, with temporal variation in the proportions of the
14 mixed samples. A decreasing trend in the share
of river-spawning whitefish throughout the summer
months was observed (VI-VIIl). The thick black line is
the model prediction, while the dashed lines are 95%
Cls of the prediction. The open circles are estimated
proportions of each mixed sample, combining the fixed
and random effects.

(CI = 85.1-100.0%). Hence, the Aland type
whitefish was estimated to be virtually absent
from the samples, but in the light of the CI, its
representation might be up to 15% of the sea-
spawning part.

None of the other candidate models had
any relevant support in relation to these two
models. The third lowest AIC-score was model
#4, i.e., a mixture of river-spawning and Aland-
type sea-spawning whitefish, with AAIC = 19.74
(Table 3). We therefore restricted all further
investigations to only the mixture represented in
model #5.

Spatio-temporal comparison of the
proportion of river-spawning whitefish

For the mixed catches collected in summer, we
fitted a hierarchical model to reveal any temporal
or spatial trends in the proportion of river-spawn-
ing whitefish. As baseline data for the sea-spawn-
ing whitefish, we used GRC data from the Archi-
pelago Sea alone (see the results from the previ-
ous section). The proportion of river-spawning
whitefish decreased throughout the summer (esti-
mated effect of month: b, = -0.669 + 0.260 SE;
95% CI=-1.252,-0.242}), but the spatial differ-
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ence between the areas did not differ from zero
(estimated effect of SW: b, = 0.702 + 0.453 SE;
95% CI=-0.136, 1.629}).

Given only 14 mixed samples and mini-
mizing the risk for overparameterization, we
refitted the model without the spatial param-
eter (setting b, = 0). The temporal effect was
still clear (estimate of b, = —0.652 + 0.277 SE;
95% CI = -1.265, —0.201}; Table 5), showing
a decrease in the proportion of river-spawn-
ing whitefish, ranging from 69.6% in June
(CI = 47.1-85.4%) to 38.3% in August
(CI = 20.0-60.6%) (Fig. 4). All model param-
eters are presented in Table 5.

Discussion

We studied the composition of whitefish in
mixed catches at the Aland Islands, applying
finite mixture models on GRC data. The method
assumed that fish with a particular origin shows
(discretized) normally distributed numbers of
gill rakers. Data sets from the nominally pure
populations of river-spawning whitefish and the
two forms of sea-spawning whitefish were used
as baseline data to inform the model about the
parameters of these distributions. Our results
confirmed for all three baseline samples that
GRC data can be successfully modelled using
discretized normal distributions, validating the
model assumptions. Hence, similar to Amund-
sen et al. (2004), our study provides support
for approximating the frequency distribution of
GRC data for whitefish populations with normal
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distributions, or as in our study, their discrete
counterparts.

The analyses of mixed catches showed that
the river-spawning ecotype of whitefish, as
one group, and sea-spawning whitefish from
the Archipelago Sea, as another group, together
dominated the mixed catches. The model, assum-
ing a mix of these two forms, and disregard-
ing the sea-spawning whitefish from the Aland
Islands as the third group, was the most parsimo-
nious, suggesting that the model is a simple and
robust candidate for further analysis on the com-
position of mixed catches. For model #7, where
the sea-spawning Aland Island form was also
included, its estimated proportion among all sea-
spawning whitefish was only 0.4%. In the light
of the 95% confidence interval, the proportion of
mixed catches was < 15% and not significantly
differing from zero. Hence, assuming no obvious
pattern of selectivity in the sampling, we con-
clude that the stocked sea-spawning whitefish
originating from the local hatchery contributed
very little to the whitefish pool at the Aland
Islands. Alternatively, the Aland form may differ
in its behaviour (e.g., migration), being less
likely captured in the mixed catches compared
with the two other groups.

River-spawning whitefish dominated the
mixed fishery catches by an overall estimated
proportion of ca. 55%. Previous samplings with
similar fishing gears resulted in similar estimated
proportions (40—60%) of river-spawning white-
fish at the Aland Islands (Lehtonen and Himberg
1979, Lehtonen 1981, Himberg ef al. 2015) and
in the Archipelago Sea (Lehtonen and Bohling

Table 5. Parameters and their estimates in the hierarchical mixture model, which allows for temporal variation in
the proportion of river-spawning whitefish. The spatial coefficient (b,) was fixed to zero, as it did not differ from zero.

Parameter estimates are associated with their standard errors (SE) and 95% confidence intervals (ClI

low? Clhigh)'

These are based on a parametric bootstrapping procedure with 2000 repetitions.

Notation Explanation

Estimate SE Cl Cl

low high
a Intercept 0.827 0.432 0.105 1.850
b, Coefficient for temporal change -0.652 0.277 —-1.265 -0.201
b, Coefficient for spatial change 0 - - -
O, Between-sample SD 0.573 0.314 0 1.079
4, Mean of GRC, river 30.10 0.132 29.85 30.35
o, SD of GRC, river 2.04 0.079 1.88 2.19
, Mean of GRC, sea (Archipelago) 27.78 0.119 27.55 28.01
o, SD of GRC, sea (Archipelago) 2.24 0.074 2.10 2.37
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1988). This makes sense, as the waters around
Aland Islands and in the Archipelago Sea hold a
high production of food (Lehtonen 1981, Him-
berg 1995, Himberg et al. 2015). A decrease in
the proportion of river-spawners was observed
in the catches from June to August. Presum-
ing no changes in the selectivity of the two
ecotypes in the catches, this decrease is prob-
ably due to spawning migration toward rivers of
the recently maturated river-spawning whitefish
pool (Lehtonen 1981, Himberg ef al. 2015).

Our study provides no evidence for a consist-
ent difference in the proportion of river-spawners
in the south-west compared with the north—east
of the Aland Islands during the summer months.
The south-west parts of Aland are beneficial
feeding grounds and seem to be at least as
important for river-spawning whitefish as the
north—east parts of Aland, despite the longer
distance from presumed spawning grounds. For
example, the fairly high estimated proportion
of river-spawning whitefish in catches from
the southernmost sampling site of Lagskir (see
Fig. 1), extends the known southern latitude of
feeding migration habitats for river-spawning
whitefish at the Aland Islands and shows that
river-spawning whitefish can pass considerable
deep open sea distances.

Notably, a considerable part of the river-
spawning whitefish foraging at the Aland Islands
is stocked, as indicated by a spot-check sample
(Lill et al. 2015, Hagerstrand ef al. 2015). In
order to strengthen the whitefish stocks and
increase fishery catches, several million one-
summer-old whitefish of the river-spawning type
are stocked at rivers along the Finnish west
coast. River whitefish from the Kokemienjoki
river population are also stocked at the inner-part
of the Archipelago Sea. The use of Kokemien-
joki whitefish is beneficial because it is the fast-
est growing form of river whitefish in the Both-
nian Bay region (Lehtonen 1981).

Also, sea-spawning whitefish are stocked in
the Archipelago Sea and in the waters around
the Aland Islands to strengthen local sea-spawn-
ing stocks. The stocked sea-spawning whitefish
in the Archipelago Sea mainly originates from
Bengtsar (Hanko, Uusimaa). The stocked sea-
spawning whitefish in Aland is largely raised in
a hatchery in Guttorp (Aland Islands); with these

fish being originally caught from local popula-
tions (Geta and Saltvik, Aland). As shown in
this study, the Guttorp whitefish, which has a
characteristic distribution of gill rakers, make
up an uncertain part in the mixed catches at the
Aland Islands. However, the proportion is quite
small, with total catches from 0-15% of the sea-
spawning ecotype. The stocking of river white-
fish into the sea should be avoided, due to the
risk of hybridization between the two ecotypes.

While knowing the proportion of the two
ecotypes is important for successful fishery man-
agement, reliable management actions simulta-
neously need to account also for the total num-
bers of fish present at different times and sites
— or at least of relative abundance, e.g., meas-
ured as catch per unit effort. This component,
combined with an estimated proportion of the
ecotypes, contains similar information as time
series of relative abundance of both ecotypes.
In this study, where we consider only summer
data from a three-month period and far outside
spawning time, there are large numbers of fish;
and temporal changes in the proportion alone
may as such provide guidelines for the situation
in early and late summer.

Using Gaussian mixture models on GRC data
is a practical approach for approximating the
proportion of river- and sea-spawning whitefish
in catches at the Aland Island. It is a simple and
robust tool for local implementation. We recom-
mend that statistically large samples (preferably
> 200) are analysed from each sampling area
and season and that each sample contains fish
from several locations (e.g., at least 5 clusters). A
more laborious and expensive method, combin-
ing GRC with genetic data (Ozerov et al. 2015,
2016), may be less practical for immediate use
by local authorities. Even for these types of data
sets, hierarchical mixture models can be useful
for analysing spatio-temporal variation in the
proportion of ecotypes.

Conclusion

Our study sheds knowledge on the occurrence
of whitefish forms in summer catches at the
Aland Islands. From the conservation perspec-
tive, the clearly decreasing proportion of the
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river-spawning ecotype throughout the summer,
suggests that any fishing restrictions targeting
river-spawning whitefish should focus on the
early summer months (and perhaps the spring
months). However, considering the fairly low
fishing efforts and small numbers of whitefish
caught at the Aland Islands during the spring and
summer; and that only a part of the river-spawn-
ing whitefish is naturally born, the effectiveness
of such measures is questionable. This result is
conditional based on the fact that the proportions
in the catches reflect the actual whitefish pool
without selectivity patterns. Further data on total
numbers are needed to consolidate the patterns.
Naturally, the successful conservation of the
river-spawning ecotype also requires reconstruc-
tion of deteriorated spawning rivers. Conserva-
tion actions targeting the local sea-spawning
whitefish population, in turn, should focus on
fishing restrictions at spawning time (15 Octo-
ber—15 November) in spawning areas. Further-
more, selling whitefish roe could be prohibited.
The models presented here provide tools for esti-
mating the proportions of river- and sea-spawn-
ing whitefish in fishery catches at the Aland
Islands and facilitates authorities to follow spa-
tio-temporal frequency distribution alterations.
Together with information on the total number
of whitefish around, this type of information is
relevant for taking evidence-based actions for
regulating the fishing pressure on either white-
fish ecotype. Better knowledge on the population
dynamics, larger sample sizes with more recent
baseline data, as well as accounting for possible
temporal trends in baseline distribution param-
eters would likely improve the insights on the
whitefish populations composing the whitefish
catch at the Aland Islands. The feeding behavior
and migration of the two sympatric ecotypes in
the sea should be further studied. Other impor-
tant questions from a conservation point of view
are to investigate whether stocked river whitefish
spawn in the sea at Aland and whether they
hybridize with local sea spawners.
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