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Abstract

Relative role of intrinsic density-dependent factors (such as inter- and intraspecific
competition, predation) and extrinsic density-independent factors (environmental
changes) in population dynamics is a key issue in ecology. Density-dependent mecha-
nisms are considered as important drivers of population dynamics in many vertebrate
and insect species; however, their influence on the population dynamics of fresh-
water invertebrates is not clearly understood. In this study, | examined interannual
variations in the abundance of the glacial relict amphipod Monoporeia daffinis in a small
subarctic lake based on long-term (2002-2019) monitoring data. The results suggest
that the population dynamics of amphipods in the lake is influenced by the combined
effects of both intrinsic and extrinsic factors. The reproductive success of amphi-
pod cohorts was inversely related to its initial abundance, indicating it is influenced
by density-dependent factors. M. affinis recruitment was negatively correlated with
population density and near-bottom temperature but positively correlated with food
availability, which is defined as the concentration of chlorophyll a. Multiple regres-
sion with chlorophyll, temperature, and abundance of parent cohort as independent
factors explained about 80% of the variation in the reproductive success of amphi-
pods. The negative correlation between amphipod recruitment and water tempera-
ture indicates that the current climate conditions adversely affect the populations of
glacial relict amphipods even in cold-water lakes of the subarctic zone. Results of this
study can be useful in environmental assessments to separate population oscillations

connected with density-dependent mechanisms from human-mediated changes.
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1 | INTRODUCTION

Understanding the causes of year-to-year fluctuations in species
abundance is a key issue in ecology. Particularly, the relative role of
intrinsic density-dependent factors (such as inter- and intraspecific
competition, predation) and extrinsic, as a rule density-independent,
factors (environmental changes) in population dynamics was de-
bated for almost a century. Although nowadays it is generally agreed
that both intrinsic and extrinsic factors are important (Bjernstad
& Grenfell, 2001; Stenseth et al., 2002; Stenseth, 2007), there are
advocates of categorical views. For example, some authors disclaim
density-dependent regulation of abundance (Sakuramoto, 2015;
White, 2008), while others believe that the population dynamics of
many species is indeed regulated by density-dependent mechanisms
(Sibly et al., 2005).

A strong effect of density-dependent regulation is widely ac-
cepted in vertebrate research especially of charismatic and econom-
ically important species such as ungulates and commercial fishes
(Forchhammer et al., 2002; Lorenzen & Enberg, 2002). Also, density-
dependent factors are believed to be of key importance in regulat-
ing insect populations (Nowicki et al., 2009; Ouyang et al., 2014;
Sibly et al., 2005). Density-dependent processes in populations of
freshwater invertebrates are still poorly understood. As a rule, it is
considered that invertebrates are influenced mainly by environmen-
tal conditions directly or indirectly (as a result of climate-induced
variations in primary production and food availability) (Jyvasjarvi &
Hamaldinen, 2014; Maximov et al., 2021).

Macroinvertebrates, especially sedentary and long-life benthic
species, are widely recognized as an indicator of change in environ-
mental conditions in both freshwater and marine monitoring pro-
grams (Perus et al., 2007; Rosenberg & Resh, 1993). It highlights the
need to understand the mechanisms of population change in indica-
tor species, and in particular, to quantitate the role of both density-
independent (including human activity) and density-dependent
factors. Understanding population change is also essential for con-
servation of imperiled invertebrate species.

In this study, | examined the population dynamics of the glacial
relict amphipod Monoporeia affinis (fam. Pontoporeiidae) in a small
subarctic lake based on long-term monitoring data. Amphipoda is a
well-established and long-recognized indicator of good ecosystem
health for assessing the ecological status of aquatic environments
(Dauvin, 2018). In particular, pontoporeiid species are known to
be highly sensitive to climate warming and different local environ-
mental disturbances like eutrophication, pollution, acidification
(Demandt et al., 2012; Goedkoop, 2006; Maity et al., 2013). In the
Baltic Sea, M. affinis is used as a bioindicator to monitor benthic com-
munity ecology and biological effects of contaminants (Lof et al.,
2016; Sundelin & Eriksson Wiklund, 1998).

Glacial relict amphipods from fam. Pontoporeiidae are a key el-
ement in the profundal benthic community of many deep northern
lakes. They play a major part in the flow of energy and nutrients
through the food web forming an important link between pelagic
production and fish (Gardner et al., 1990; Johnson & Wiederholm,

1992; Nalepa et al., 2009a). The population dynamics of these spe-
cies can, therefore, have cascading effects across multiple trophic
levels (Nalepa et al., 2009b; Pothoven et al., 2011). Currently, gla-
cial relict amphipods are experiencing a global decline attributing to
the degradation of their habitats by eutrophication, hypoxia, climate
changes, biological invasions, and other human-caused phenom-
ena (Eriksson Wiklund & Andersson, 2014; Kalinkina et al., 2016;
Watkins et al., 2013). However, the mechanisms underlying such a
decline are not fully understood.

The worldwide declines together with high vulnerability and im-
portant food web role highlight the need to examine the drivers of
the population dynamics of pontoporeiid amphipods. Here | present
an analysis of interannual variations in the abundance of the popu-
lation of M. dffinis that exists in nearly pristine oligotrophic north-
ern lakes. The absence of a local anthropogenic impact provides an
opportunity to assess the importance of natural extrinsic as well
as intrinsic factors for amphipod population. The aims of the study
were: (1) to examine the presence of any density dependence, (2)
to evaluate the effects of environmental variability, including varia-
tions in pelagic productivity, on the population dynamics of amphi-
pod, and (3) to assess the relative importance of density-dependent
versus density-independent factors. Water temperature, oxygen
concentrations, and food availability are recognized as the most
important environmental factors limiting the abundance of M. af-
finis (Goedkoop, 2006; Gordeev, 1952; Sarvala, 1986). There are
also field-based and experimental evidence that show the effects
of density-dependent processes on M. dffinis populations, especially
from the Baltic Sea (Leonardsson, 1994; Sarvala, 1986; Wenngren
& Olafsson, 2002). Oxygen level cannot be the decisive factor here,
because at the study site oxygen concentrations were more than
10 mg/L. In this paper, | examine the impact of water temperature,
food, and intraspecific competition on amphipod reproductive out-
come. The annual mean chlorophyll a concentration was used as an

indicator for pelagic primary production and food availability.

2 | MATERIALS AND METHODS
2.1 | Study lake

Lake Krivoe is a small (0.5 km?) oligotrophic lake located at the
northernmost (30 km below the Polar Circle) part of the Republic
of Karelia (northwest of the Russian Federation) in the immediate
vicinity of the White Sea coast. The mean and maximum depths of
the lake are 12 and 32 m, respectively. The catchment area is un-
peopled and mostly covered by bare rocks with lichens and mosses
and sparse growth of pine trees. Lake Krivoe is dimictic. Ice-covered
period lasts from November to May in the lake. The bottom waters
of the lake are usually well-saturated (60-98%) by oxygen. Only in
local deep (depth 30 m), hypoxic conditions are registered toward
the end of the ice-covered period.

The study site (66°20.774'N and 33°37.77'E) is situated in the

sublittoral zone at a depth of 8.5 m. Near-bottom temperature varies
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from 2 to 3°C during ice-covered period to 10-13°C in late August
and September. Bottom sediment is soft brown silt.

2.2 | Study species

The semelparous amphipod M. affinis (Figure 1) is a winter breeder.
The adults copulate from December to January. Males die immedi-
ately after copulation. The ovigerous females carry their embryos in
marsupium and die after releasing their young in March-April. The
duration of the life cycle of amphipods depends on their growth rate
and varies from 1 to 4 years. In some habitats and/or years, amphi-
pods have no time to reach a threshold size in order to reproduce;
thus, they remain immature throughout the first 1-3 years of their
life (Leonardsson, 1988; Sarvala, 1986). Overwintered individuals
live during the following summer and autumn up to the next repro-
duction period in winter. Because of the short period of recruitment,
different cohorts can be clearly distinguished on histograms of
length-frequency distribution. In Karelian lakes, M. affinis generally
reproduces during the second year of its life (Gordeev, 1952).

Lake Krivoe is characterized by a simple food web. There are only
three fish species in the lake. Two of them perch, Perca fluviatilis,
and vendace, Coregonus albula, feed mainly on macrofauna including
M. affinis (Berezina et al., 2018, 2021).

2.3 | Field methods

Materials were collected at one sublittoral site from 2002 to 2019
mainly during the ice-free period (late May-October) as a rule, four
to five times a season. Benthic samples were taken by standard Van
Veen grab (area 0.025 m?) in five replicates and were sieved through
a screen with mesh sizes of 0.25 mm. In the laboratory, all macroin-
vertebrates were sorted and preserved in 70% ethanol. To estimate

the age structure of M. affinis population, the body length (distance

FIGURE 1 The glacial relict amphipod Monoporeia affinis
(Lindstrém) (fam. Pontoporeiidae) from Lake Krivoe. The diagonal
size of screen mesh is 1 mm
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between rostrum and telson base) of the preserved amphipods was
later measured to the nearest 0.1 mm. Altogether about 4000 (that
is 50 individuals per sampling occasion) amphipods were measured.
The age groups were separated subjectively based on histograms of
length-frequency distribution.

Near-bottom (7-8 m) temperature during the ice-free period was
measured on a biweekly or monthly basis. The mean temperature
was calculated by integrating these data. The annual mean chloro-
phyll a concentration was used as an indicator for phytoplankton
development and food availability for macrozoobenthos. The con-
centration of chlorophyll from 2010 was obtained from monthly
integral water column samples (0-7 m) collected by Ruttner bottle
from May to October. The earlier (2002-2009) data are average an-
nual values accepted from Maximov et al. (2021). In both cases, the
concentration of chlorophyll a was measured using standard tech-
nique (UNESCO, 1966).

2.4 | Time series analysis

The time series obtained were analyzed with partial correlation and
multiple regression analyses (TIBCO Software Inc., 2020). By the use
of partial correlation analyses, | first examined the relationship be-
tween recruitment (number of offspring) and different extrinsic and
intrinsic variables. The following variables were used: (a) mean water
temperature during one (T,) and two (T,) years preceding the new
cohort appearance; (b) mean concentration of chlorophyll a during
one (Chl,) and two (Chl,) years preceding the new cohort appear-
ance; (c) abundance of parent cohort in ages O+ (Np,) and 1+ (Np,,);

(4) abundance of older (N_,) and younger (N cohorts which co-

voung)
occurred and potentially competed with parent generation, respec-
tively, in the first and second years of life. Then, significant relations
were tested by a multiple regression analysis. Before this analysis,
potential multicollinearity between predictor variables was checked
with the Pearson correlation test. There was no significant pairwise
relationships (p > .1). The significance of each of the explanatory var-
iables was also examined using Akaike Information Criterion (AIC). A
lower AIC value indicates a better model fit. The addition of a param-
eter is considered significant if the AIC is decreased by more than
2 (Burnham & Anderson, 2002). Finally, | modelled the influence
of density on the reproductive outcome of amphipod by using the
stock-recruitment function of Ricker (1954), the classical model most
widely used to describe dynamics of fish populations. This simple
population model (so-called reproduction curve) expresses the ratio
between sizes of parental (Np) and filial (recruitment, R) generations

at the same stage of the life cycle:

R=N, (%)

Coefficients a and b were determined using a linear form of this
function (Ricker, 1975):

INR —InNp =a — a/bN,
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3 | RESULTS

3.1 | Environmental factors

Interannual variations in near-bottom water temperature and chlo-
rophyll a concentration are presented in Figure 2. The mean tem-
perature varied within a relatively narrow limit between 6.0 and
10.0°C. The lake water is typified by low primary production. The
highest concentrations of chlorophyll a (up to 3 ug/L) were recorded
in June. The mean annual values varied from 0.83 to 1.77 and aver-
aged 1.36 ug/L.

3.2 | Macrobenthic community

Macrozoobenthos at the study site was strongly dominated by am-
phipod M. affinis and chironomids (Figure 3). These two taxa formed
more than 90% of the abundance and 80% of the biomass of the
whole macrozoobenthos. M. affinis contributes 31% of total abun-
dance and 60% of the total biomass. There were no major differ-
ences in the composition of macrozoobenthos across the years.
There was a significant positive correlation between mean annual
values of abundance (R = 0.672, p < .01) and biomass (R = 0.854,
p < .001) of both main taxa.

3.3 | Population dynamics of Monoporeia affinis

The study population of M. affinis demonstrated considerable intra-
and interannual fluctuations. (Figures 3 and 4). Lowest abundance
occurred in late summer 2008 and 2009 (56 and 70 ind./m?, respec-
tively), and highest (1187 ind./m?) in June 2004. Mean annual abun-
dance exhibited long-term variations with two peaks in 2004 and
mid-2010 (Figure 3).

15 1

10 A

T™C

3.4 | Dynamics of different age groups

During the study period, the young amphipods were released in late
March and early April. Basically, the abundance of each cohort de-
creased gradually with considerable scatter until almost complete
disappearance in the spring following reproduction at the second
year of life. Only a few individuals remain immature through the sec-
ond winter and live up to the third year (age group 2+) (Figure 5).
Thus, two distinct age groups (0+ and 1+) were presented in summer
and autumn because almost all older individuals died during spring
(Figure 6). The abundance of different cohorts varied markedly
across years. During each year, the abundance of both age groups
fluctuated within wide limits, but maximum values were generally
observed in spring or early summer (Figure 4).

Due to the great intra-annual (and/or among samples) data vari-
ability, mean annual numbers were used in statistical analyses which
were estimated by averaging abundances of each age group through-
out the whole year. Analysis revealed that population recruitment
was inversely related with the initial abundance of the parent cohort
and co-occurred older cohort (i.e., abundance of 0+ and 1+ groups
two years ago, respectively) (Table 1). At the same time, there was no
significant correlation between recruitment and abundance values
in the year preceding the appearance of young (one year ago). Also,
variations in the recruitment were closely related with studied en-
vironment factors during both years preceding reproduction. There
was a significant positive partial correlation with the concentration
of chlorophyll a and negative correlation with water temperature
(Table 1).

The multiple regressions with chlorophyll, temperature, and
abundance values 2 years back (Npy, N4 and N ) as indepen-
dent factors explained about 80% of the variation in the population
recruitment:

R = 901-0.347-Npy, + 332:Chl, - 128.T, (R = .769; p < .0004)

J FIGURE 2 Changesin mean

water temperature and chlorophyll

a concentration at study site during
open-water period (May-October) in
2002-2019. (1) Near-bottom (7-8 m)
temperature (+range). (2) Concentration
of chlorophyll a (0-7 m). The mean
concentration (+standard error) was

Chlorophyll, g

calculated by pooling water samples taken
at study site during open-water period.

Earlier published data of 2002-2009
are presented without standard errors

T T 0

0 T T T T T T T T T T T T T T

2002 200320042005 2006 2007 2008 2009 20102011 20122013 201420152016 201720182019

Years

because seasonal data series are not
available
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FIGURE 3 Changesin mean annual 1500 -
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FIGURE 4 Monoporeia affinis population abundance (+standard error) from June 2002 to December 2019. N O+ and N 1+ indicate

abundance of age group O+ and 1+, respectively.

R =1011-0.767-N,, + 366-Chl, - 142.T, (R? = .806; p < .00014)

R =942-0.27-N,,, , + 343-Chl, - 132-T, (R? = .784; p < .00027)

The best one-parameter regression model with lowest AIC
(198.3) was with water temperature. The addition of chlorophyll
concentration considerably improved fit (AIC = 188.9). The best
performing model included temperature, chlorophyll, and abun-
dance values. The AIC decreased by more than 2 as a result of
adding abundance values, indicating that the fits were signifi-
cantly improved. At the same time, according to AIC (184.9-185.5)
there were practically no differences between fits with different
abundance values (NP0+, N, and N,,.). The relationship be-

tween the reproductive outcome of the M. affinis cohort and its

initial abundance was significantly described by the Ricker model
(Figure 7):

1.1043( 1-Neos

R=Npy+e 240 )(p=.006)

4 | DISCUSSION

The results of this study suggest that the population dynamics of

M. dffinis in Lake Krivoe is influenced by the combined effects of
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FIGURE 5 Age-related dynamics of Monoporeia affinis abundance

both intrinsic (population density) and extrinsic (temperature and
concentrations of chlorophyll a) factors. Reproductive success of
the cohort was inversely related with its initial abundance and abun-
dance of older age group, indicating density dependence.

In contrast, there was no significant correlation with abundance
of younger cohort. This result agrees with experimental studies that
growth and mortality in juvenile M. dffinis are dependent on the
density of adults, but juveniles do not affect adults (Elmgren et al.,
2001; Hill, 1992; Wenngren & Olafsson, 2002). The descending right
limb of the reproduction curve begins above a bisectrix of quadran-
tal angle (Figure 7). This type of dependence between parental and
filial generations should result in cyclic oscillations in population size
(Ricker, 1954). However, the Ricker model predicts that these cy-
cles are damped and should eventually disappear because of the flat
slope (lesser than 45°) of the right limb. Therefore, the observed con-
siderable interannual fluctuations seem impossible without external
environmental influence.

Temperature and food conditions are crucial for the recruitment
success of lake populations of M. affinis (Goedkoop & Johnson,
2001; Johnson & Wiederholm, 1992). In Lake Krivoe, abundance of
offspring was negatively correlated with thermal conditions during
two preceding years (i.e., through life of parental cohort). M. affinis
is a cold stenothermal glacial relict species, and it is sensitive to high
water temperature. In the Baltic Sea this amphipod is known to es-
cape from warm shallower areas toward colder deep waters during

thermal stratification in late summer (Sarvala, 1986). At the study

...
‘ [ ]
°
:o. s o. -
Vool
A S
° °
° °

site, near-bottom temperature (Figure 2) was lower than optimum,
12-15°C, as claimed for Karelian lakes by Kaufman (Kaufman, 2001)
based on thermopreferendum data. The annual means during the
study period were below 10°C (Figure 2). However, studies from
the Baltic Sea have shown that temperature conditions that are not
detrimental to adults could severely affect the gonads and embryos
(Eriksson Wiklund & Sundelin, 2001; Reutgard et al., 2014). In the
sublittoral zone of Lake Krivoe, the period of gonad development co-
incides with the maximum water temperatures in early September.
Thus, temperature stress during maturation can cause serious harm
to the reproductive success of the species. Also, elevated tempera-
ture may indirectly affect the abundance of amphipods through
deterioration of nutritional condition and (or) intensity of fish preda-
tion. Food shortage for amphipods is more probable in warmer water
because of higher metabolic rate and energy losses at high tempera-
ture. In Lake Krivoe, amphipods are consumed by perch (Perca fluvi-
atilis) and vendace (Coregonus albula) (Berezina et al., 2018). These
fish switch to feeding on M. dffinis in late August-October when
deep waters warm up during autumn mixing. It could be that with
increased temperature, fish extend their depth range, leading to
greater predation pressure on zoobenthos.

Food availability is the main factor limiting animal populations
(White, 2008). Benthic invertebrates are strongly dependent on
sedimentation of organic matter from pelagial zone. Temporal and
spatial variations in pelagic primary production have a profound ef-

fect on the food availability for macrozoobenthos in lakes (Hayden



MAXIMOV

FIGURE 6 Seasonal dynamics of
length-frequency distribution of a
population of Monoporeia affinis. Data of
2012 are presented as an example
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et al., 2017; Jyvasjarvi et al., 2012). In Swedish lake Vanern, the in-
terannual fluctuations of M. affinis abundance were highly correlated
with spring maximum diatom biovolume at a 1-year lag (Goedkoop &
Johnson, 2001; Johnson & Wiederholm, 1992). In Lake Krivoe, year-
to-year dynamics of littoral communities seems to follow the varia-
tions in chlorophyll a level with maximum biomass values 1-2 years
later after peaks of phytoplankton development and, hence, peaks
of food resources for benthic macroinvertebrates. However, there is
no significant correlation between chlorophyll and biomass of mac-

roinvertebrates (including M. affinis) in the sublittoral zone (Maximov

.|,.|||‘I| w1 clblliny
4 7 8

5 6
Length, mm

et al.,, 2021). The results presented here suggest that pelagic pro-
duction does have effect, but operates primarily through changes
in recruitment. This together with density dependence may obscure
linear correlation between pelagic and benthic productivity at the
studied sublittoral site.

Basically, both limitation by primary production and density-
dependent regulation are interrelated, because the food availabil-
ity depends naturally not only on sedimentation of pelagic organic
matter but also on a number of individuals consuming this food

source. Intraspecific competition for food is recognized as most
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TABLE 1 Partial correlation between recruitment (R) and

different variables describing abundance (Npg, N4 Nigor Npyss

N N,ot.1)» concentration of chlorophyll a (Chl, and Chl,), and

young’
water temperature (T, and T,). Marked correlations are significant

at *p < .05, **p < .01, ***p < .001

Relation Abundance  Chlorophyll  Temperature
R:Npg, - Chl, - T, -0.578* 0.723** -0.852***
R:Ng4 - Chl, - T, -0.663** 0.783*** -0.880***
R:Ny, - Chl, - T, -0.615* 0.747** -0.863***
R:Npy, - Chl, - T, 0.093 0.576* -0.54*
RiNygung = Chly = Ty 0.511 0.616* -0.628*
R:Nyyq - Chl, - T, 0.363 0.583* -0.579*
Notes: Ny, Noqand Ny, are respectively abundance of O+ (parent
cohort), 1+ (older cohort) groups and total population 2 years ago.
Npis Nyoung, Ni.tq are respectively abundances of 1+ (parent cohort)

and O+ (younger cohort) groups and total population 1 year ago. Chl,
and T, Chl, are respectively mean concentration of chlorophyll a

and temperature of near-bottom water during 1 year preceding the
recruitment period. Chl, and T, are respectively mean concentration of
chlorophyll a and temperature of near-bottom water during the 2 years
preceding the recruitment period.
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FIGURE 7 Abundance of parent (NP) and filial (R) cohorts in

age O+. The fitted functions represent Ricker stock-recruitment
Ny
model g — Npel-1°43(1*ﬁ). The thin solid straight line is bisectrix of

quadrantal angle. Labels are years of recruitment

common reason of density-dependent effects in amphipod pop-
ulations (Elmgren et al., 2001; Wenngren & Olafsson, 2002). The
idea that density-dependent factors regulate M. affinis populations
evolved from field studies from the Baltic Sea (Lehtonen & Andersin,
1998; Maximov, 1996; Sarvala, 1986) and then was supported by
laboratory experiments (Goedkoop & Johnson, 1994; Hill, 1992;
Leonardsson, 1994; Wenngren & Olafsson, 2002). In inland waters,

density-dependent interactions were found early in Swedish lake

Malaren only, where amphipod growth was negatively correlated
with conspecific density and biomass (Johnson & Wiederholm,
1989).

There are reasons to believe that the role of density depen-
dence in regulating the abundance of amphipods is a function of
trophic status, being of greater importance in relatively nutrient-
rich water areas, as a rule, with high population density. In the eu-
trophic Baltic Sea year-to-year changes in Monoporeia populations
seem to be independent from the primary production and can be
explained by intrinsic density-dependent interactions (Lehtonen
& Andersin, 1998; Sarvala, 1986); although, primary production,
as well as other extrinsic factors (such as temperature, oxygen,
structure of fish community) are important explanatory variables
for more long-term changes (Eriksson Wiklund & Andersson,
2014; Olsson et al., 2013; Rousi et al., 2013). In Sweden's large
lakes, density-dependent factors play a marked role in regulating
M. daffinis population in the most productive Lake Malaren, but
they are not important in oligotrophic lakes Vanern and Vattern,
where variations in amphipod abundance correlate with phyto-
plankton development (Goedkoop & Johnson, 2001; Johnson &
Wiederholm, 1989, 1990). The existence of density-dependent
relationships in oligotrophic Lake Krivoe is likely due to the lesser
depth of the studied site (8 m) compared with sites in Sweden's
lakes (50 m and more), where powerful hypolimnion isolates the
profundal benthic communities from the productive euphotic
layer. Also, in the small Lake Krivoe, allochthonous detritus that is
transported from the littoral zone and catchment area would be a
noticeable source of food for amphipods that is practically absent
at offshore sites in Vanern, Vattern, and Malaren.

Thus, food limitation is a plausible hypothesis for explaining both
density dependence and correlation of population recruitment with
environmental factors such as concentration of chlorophyll and (at
least partly) temperature. The most probable underlying mechanism
is intraspecific food competition. The importance of other supposed
density-dependent (predation and other interspecific interactions)
factors as a mechanism regulating M. daffinis population in the lake
is equivocal. Benthic amphipods are the most important prey items
of perch and vendace in Lake Krivoe (Berezina et al., 2018). There
are marked seasonal differences in the foraging strategies with dis-
tinct prey switching caused by the availability of prey (Berezina et al.,
2018, 2021). As noted above, this dietary shift can partly explain the
negative correlation between water temperature and recruitment of
M. daffinis. Similarly, it seems possible that during the periods of high
abundance of M. dffinis fish predators may be feeding selectively on
amphipods resulting in density-dependent mortality. Unfortunately,
we have no long-term data on fish diet as well as on fish stocks in the
lake to evaluate how much predation has affected the population of
amphipods. From invertebrate predators, M. dffinis can be only con-
sumed by large nectobenthic amphipod Gammaracanthus loricatus
(Berezina, 2007). However, this species inhabits the profundal zone
(depth >20 m) and is absent at the study sublittoral site.

Johnson and Goedkoop (1992) showed that the abundance

of M. dffinis and chironomids was negatively correlated in Lake
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Malaren, suggesting exploitative competition and/or interference as
plausible mechanisms. It was also suggested that amphipods either
may passively or actively prey on juvenile chironomids. However, in
Lake Krivoe such negative interactions are unlikely to be important,
because the population dynamics of M. affinis was found to be pos-
itively correlated with chironomids abundance. The role of chirono-
mids as potential food sources is not substantial enough to explain
changes in M. daffinis abundance. Indeed, M. dffinis is a nonselective
deposit feeder, which can consume small benthic organisms such as
juvenile chironomids, but preferably feeds on newly settled phyto-
plankton (Aljetlawi et al., 2000; Goedkoop & Johnson, 2001). The
role of other taxa in benthic community was negligible (a small per-
cent in total abundance of macrozoobenthos) (Figure 3); therefore,
it seems unlikely that interactions with any other benthic species
would be anything important.

In conclusion, the study results demonstrate that amphipod
recruitment was negatively influenced by both high population
density and high water temperature, but positively affected by
food availability, defined as chlorophyll a. Previous studies showed
that the interannual dynamics of primary production in the Lake
Krivoe is appreciably controlled by winter meteorological con-
ditions. Consequently, the dynamics of the M. affinis population
to a large extent was determined by climate variations related to
year-to-year changes in summer temperature and pelagic produc-
tion combined with density dependence. My findings suggest that
density-dependent factors play a significant role in regulating the
M. daffinis populations, and should be taken into account in the envi-
ronmental assessments. This is due to the fact that this amphipod is
unanimously recognized as being sensitive to pollution and other an-
thropogenic disturbances, and is often used as a bioindicator or test
organism in monitoring programs (Berezina et al., 2013; Lof et al.,
2016; Sundelin & Eriksson Wiklund, 1998).

ACKNOWLEDGMENTS

This study was conducted at the White Sea Biological Station of
Zoological Institute, Russian Academy of Science. | thank Olga
B. Maximova who kindly provided chlorophyll data; Nadezhda
A. Berezina, Sergey M. Golubkov, Vasily A. Petukhov, Andrey A.
Przhiboro, and staff of White Sea Biological Station for invaluable
help during field work. | express gratitude two anonymous review-

ers, whose comments helped to improve the manuscript.

CONFLICT OF INTEREST
None declared.

AUTHOR CONTRIBUTION

Alexey A. Maximov: Conceptualization (lead); Formal analysis (lead);
Funding acquisition (lead); Investigation (lead); Methodology (lead);
Writing-original draft (lead); Writing-review & editing (lead).

DATA AVAILABILITY STATEMENT
Data are available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.0zpc866z6.

Ecology and Evolution _ Jﬂ
9 e~ WILEY

Open Access,

ORCID

Alexey A. Maximov https://orcid.org/0000-0002-8581-6994

REFERENCES

Aljetlawi, A. A., Albertsson, J., & Leonardsson, K. (2000). Effect of food
and sediment pre-treatment in experiments with a deposit-feeding
amphipod, Monoporeia affinis. Journal of Experimental Marine
Biology and Ecology, 249(2), 263-280. https://doi.org/10.1016/
s0022-0981(00)00206-9

Berezina, N. (2007). Food spectra and consumption rates of four am-
phipod species from the North-West of Russia. Fundamental and
Applied Limnology/Archiv Fiir Hydrobiologie, 168, 317-326. https://
doi.org/10.1127/1863-9135/2007/0168-0317

Berezina, N. A,, Strode, E., Lehtonen, K. K., Balode, M., & Golubkov, S. M.
(2013). Sediment quality assessment using Gmelinoides fasciatus
and Monoporeia affinis (Amphipoda, Gammaridea) in the north-
eastern Baltic Sea. Crustaceana, 86(7-8), 780-801. https://doi.
org/10.1163/15685403-00003215

Berezina, N. A, Strelnikova, A. P., & Maximov, A. A. (2018). The benthos
as the basis of vendace, Coregonus albula, and perch, Perca fluvi-
atilis, diets in an oligotrophic sub-Arctic lake. Polar Biology, 41(9),
1789-1799. https://doi.org/10.1007/s00300-018-2319-0

Berezina, N. A., Litvinchuk, L. F., & Maximov, A. A. (2021). Relations
between the food spectrum of fishes and the composition of zoo-
plankton and benthos in a subarctic lake. Inland Water Biology, 14,
438-448. https://doi.org/10.1134/51995082921040052

Bjgrnstad, O. N., & Grenfell, B. T. (2001). Noisy clockwork: Time series
analysis of population fluctuations in animals. Science, 293, 638-
643. https://doi.org/10.1126/science. 1062226

Burnham, K. P., & Anderson, D. R. (2002). Model selection and inference:
A practical information-theoretic approach, 2nd ed. Springer-Verlag.

Dauvin, J.-C. (2018). Twenty years of application of Polychaete/
Amphipod ratios to assess diverse human pressures in estuarine
and coastal marine environments: A review. Ecological Indicators,
95,427-435. https://doi.org/10.1016/j.ecolind.2018.07.049

Demandt, M. H., Angeler, D. G., & Goedkoop, W. (2012). Genetic di-
versity of Monoporeia affinis in relationship to environmental and
spatial factors in Sweden's largest lakes. Fundamental and Applied
Limnology / Archiv Fiir Hydrobiologie, 181, 183-195. https://doi.org/
10.1127/1863-9135/2012/0311

Elmgren, R., Ejdung, G., & Ankar, S. (2001). Intraspecific food competition
in the deposit-feeding benthic amphipod Monoporeia affinis-a lab-
oratory study. Marine Ecology Progress Series, 210, 185-193. https://
doi.org/10.3354/meps210185

Eriksson Wiklund, A. K., & Andersson, A. (2014). Benthic competition and
population dynamics of Monoporeia affinis and Marenzelleria sp. in the
northern Baltic Sea. Estuarine, Coastal and Shelf Science, 144, 46-53.

Eriksson Wiklund, A.-K., & Sundelin, B. (2001). Impaired reproduction
in the amphipods Monoporeia affinis and Pontoporeia femorata as
a result of moderate hypoxia and increased temperature. Marine
Ecology Progress Series, 222, 131-141. https://doi.org/10.3354/
meps222131

Forchhammer, M. C., Post, E., Stenseth, N. C., & Boertmann, D. M. (2002).
Long-term responses in Arctic ungulate dynamics to changes in
climatic and trophic processes. Population Ecology, 44, 113-120.
https://doi.org/10.1007/s101440200013

Gardner, W. S., Quigley, M. A, Fahnenstiel, S. D., & Frez, W. A. (1990).
Pontoporeia hoyi - a direct trophic link between spring diatoms and
fish in Lake Michigan. In M. M Tilzer & C. Serruya (Eds.), Large lakes.
Ecological structure and function (pp. 632-644). Springer-Verlag.
https://doi.org/10.1007/978-3-642-84077-7_34

Goedkoop, W. (2006). Multiple stressors acting on populations of the
glacial relict amphipod Monoporeia affinis (Lindstrom) in Lake
Mélaren, Sweden. SIL Proceedings 1922-2010, 29, 1789-1795.


https://doi.org/10.5061/dryad.0zpc866z6
https://doi.org/10.5061/dryad.0zpc866z6
https://orcid.org/0000-0002-8581-6994
https://orcid.org/0000-0002-8581-6994
https://doi.org/10.1016/s0022-0981(00)00206-9
https://doi.org/10.1016/s0022-0981(00)00206-9
https://doi.org/10.1127/1863-9135/2007/0168-0317
https://doi.org/10.1127/1863-9135/2007/0168-0317
https://doi.org/10.1163/15685403-00003215
https://doi.org/10.1163/15685403-00003215
https://doi.org/10.1007/s00300-018-2319-0
https://doi.org/10.1134/S1995082921040052
https://doi.org/10.1126/science.1062226
https://doi.org/10.1016/j.ecolind.2018.07.049
https://doi.org/10.1127/1863-9135/2012/0311
https://doi.org/10.1127/1863-9135/2012/0311
https://doi.org/10.3354/meps210185
https://doi.org/10.3354/meps210185
https://doi.org/10.3354/meps222131
https://doi.org/10.3354/meps222131
https://doi.org/10.1007/s101440200013
https://doi.org/10.1007/978-3-642-84077-7_34

MAXIMOV

15914 WI LEY—ECOIOgy and Evolution

Open Access,

Goedkoop, W., & Johnson, R. K. (1994). Exploitation of sediment bacterial
carbon by juveniles of the amphipod Monoporeia affinis. Freshwater
Biology, 32, 553-563. https://doi.org/10.1111/j.1365-2427.1994.
tb01146.x

Goedkoop, W., & Johnson, R. K. (2001). Factors affecting population
fluctuations of the Glacial relict amphipod Monoporeia daffinis
(Lindstréom) in Sweden's Largest Lakes. Ambio, 30, 552-558. https://
doi.org/10.1579/0044-7447-30.8.552

Gordeev, O. N. (1952). Biologiya i ekologiya rehktovogo rachka
Pontoporeia affinis Lindstr. v ozerakh Karelii - Uchenye Zapiski
Karelo-Finskogo Universiteta. Biol. nauki 4(3): 98-109. (In Russian).

Hayden, B., Myllykangas, J.-P., Rolls, R. J., & Kahilainen, K. K. (2017).
Climate and productivity shape fish and invertebrate community
structure in subarctic lakes. Freshwater Biology, 62, 990-1003.
https://doi.org/10.1111/fwb.12919

Hill, C. (1992). Interactions between year classes in the benthic amphi-
pod Monoporeia affinis: Effect on juvenile survival and growth.
Oecologia, 91, 157-162.

Johnson, R. K., & Goedkoop, W. (1992). Interactions of Monoporeia af-
fins with sedentary Chironomidae. Netherlands Journal of Aquatic
Ecology, 26, 491-497.

Johnson, R. K., & Wiederholm, T. (1989). Long-term growth oscillations
of Pontoporeia daffinis Lindstrom (Crustacea: Amphipoda) in Lake
Malaren. Hydrobiologia, 175, 183-194.

Johnson, R. K., & Wiederholm, T. (1990). Long-term studies of profundal
zoomacrobenthos in Sweden's great lakes: implications of biotic in-
teractions. Annales Zoologici Fennici, 27, 291-295.

Johnson, R. K., & Wiederholm, T. (1992). Pelagic-benthic coupling - The
importance of diatom interannual variability for population oscilla-
tions of Monoporeia affinis. Limnology and Oceanography, 37, 1596-
1607. https://doi.org/10.4319/10.1992.37.8.1596

Jyviésjarvi, J., Boros, G., Jones, R. I., & Hamaldinen, H. (2013). The im-
portance of sedimenting organic matter, relative to oxygen and
temperature, in structuring lake profundal macroinvertebrate as-
semblages. Hydrobiologia, 709(1), 55-72. https://doi.org/10.1007/
s10750-012-1434-0

Jyvasjarvi, J., & Hamaldinen, H. (2014). Profundal benthic inverte-
brate communities in boreal lakes vary with climate fluctuation.
Aquatic Sciences, 77, 261-269. https://doi.org/10.1007/s0002
7-014-0384-1

Kalinkina, N. M., Sidorova, A. I., Polyakova, T. N., Belkina, N. A., Berezina,
N. A, & Litvinova, I. A. (2016). Decline in the deepwater ben-
thic communities abundance in the Onego Lake under multifac-
tor influence. Principles of the Ecology, 18(2), 43-61. https://doi.
org/10.15393/j1.art.2016.5182

Kaufman, B. Z. (2001). Preferential Behavior of Pontoporeia affinis
Lindstrom (Crustacea, Amphipoda). Hydrobiological Journal, 37, 6.

Lehtonen, K. K., & Andersin, A.-B. (1998). Population dynamics, response
to sedimentation and role in benthic metabolism of the amphipod
Monoporeia daffinis in an open-sea area of the Northern Baltic Sea.
Marine Ecology Progress Series, 168, 71-85.

Leonardsson, K. (1994). Multiple density dependence in two sub-
populations of the amphipod Monoporeia affinis: A potential for
alternative equilibria. Oecologia, 97, 26-34.

Leonardsson, K., Sérlin, T., Samberg, H., & Sorlin, T. (1988). Does Pontoporeia
affinis (Amphipoda) optimize age at reproduction in the Gulf of
Bothnia. Oikos, 52, 328-336. https://doi.org/10.2307/3565206

Lo6f, M., Sundelin, B., Bandh, C., & Gorokhova, E. (2016). Embryo aber-
rations in the amphipod Monoporeia affinis as indicators of toxic
pollutants in sediments: A field evaluation. Ecological Indicators, 60,
18-30. https://doi.org/10.1016/j.ecolind.2015.05.058

Lorenzen, K., & Enberg, K. (2002). Density-dependent growth as a key
mechanism in the regulation of fish populations: Evidence from
among-population comparisons. Proceedings. Biological Sciences,
269, 49-54.

Maity, S., Jannasch, A., Adamec, J., Watkins, J. M., Nalepa, T., H66k, T. O,
& Sepulveda, M. S. (2013). Elucidating Causes of Diporeia Decline
in the Great Lakes via Metabolomics: Physiological Responses
after Exposure to Different Stressors. Physiological and Biochemical
Zoology, 86(2), 213-223. https://doi.org/10.1086/669132

Maximov, A. A. (1996). Monoporeia affinis population dynamics in the
eastern Gulf of Finland. In A. Andrushaitis (Ed.), Proceedings of
the 13th Symposium of the Baltic Marine Biologists (pp. 121-126).
Institute of Aquatic Ecology, University of Latvia.

Maximov, A. A., Berezina, N. A., & Maximova, O. B. (2021). Interannual
changes in benthic biomass under climate-induced variations in
productivity of a small northern lake. Fundamental and Applied
Limnology, 194(3), 187-199. https://doi.org/10.1127/fal/2020/1291

Nalepa, T. F,, Fanslow, D. L., & Lang, G. A. (2009). Transformation of the
offshore benthic community in Lake Michigan: recent shift from the
native amphipodDiporeiaspp. to the invasive musselDreissena ros-
triformis bugensis. Freshwater Biology, 54(3), 466-479. https://doi.
org/10.1111/j.1365-2427.2008.02123.x

Nalepa, T. F., Pothoven, S. A., & Fanslow, D. L. (2009). Recent changes
in benthic macroinvertebrate populations in Lake Huron and
impact on the diet of lake whitefish (coregonus clupeaformis).
Aquatic Ecosystem Health & Management, 12(1), 2-10. https://doi.
org/10.1080/14634980802715175

Nowicki, P., Bonelli, S., Barbero, F., & Balletto, E. (2009). Relative impor-
tance of density-dependent regulation and environmental stochas-
ticity for butterfly population dynamics. Oecologia, 161(2), 227-
239. https://doi.org/10.1007/s00442-009-1373-2

Olsson, J., Bergstrém, L., & Gardmark, A. (2013). Top-Down Regulation,
Climate and Multi-Decadal Changes in Coastal Zoobenthos
Communities in Two Baltic Sea Areas. PLoS One, 8(5), e64767.
https://doi.org/10.1371/journal.pone.0064767

Ouyang, F., Hui, C,, Ge, S., Men, X.-Y., Zhao, Z.-H., Shi, P.-J., Zhang, Y.-
S., & Li, B.-L. (2014). Weakening density dependence from climate
change and agricultural intensification triggers pest outbreaks: a
37-year observation of cotton bollworms. Ecology and Evolution,
4(17), 3362-3374. https://doi.org/10.1002/ece3.1190

Perus, J., Bonsdorff, E., Back, S., Lax, H.-G., Villnas, A., & Westberg, V.
(2007). Zoobenthos as Indicators of Ecological Status in Coastal
Brackish Waters: A Comparative Study from the Baltic Sea. AMBIO:
A Journal of the Human Environment, 36(2), 250-256. https://doi.
org/10.1579/0044-7447(2007)36[250:zaioes]2.0.co;2

Pothoven, S. A., Hondorp, D. W., & Nalepa, T. F. (2011). Declines in
deepwater sculpin Myoxocephalus thompsonii energy density as-
sociated with the disappearance of Diporeia spp. in lakes Huron
and Michigan. Ecology of Freshwater Fish, 20(1), 14-22. https://doi.
org/10.1111/j.1600-0633.2010.00447.x

Reutgard, M., Eriksson Wiklund, A.-K., Breitholtz, M., & Sundelin, B.
(2014). Embryo development of the benthic amphipod Monoporeia
affinis as a tool for monitoring and assessment of biological effects
of contaminants in the field: A meta-analysis. Ecological Indicators,
36, 483-490. https://doi.org/10.1016/j.ecolind.2013.08.021

Ricker, W. E. (1954). Stock and recruitment. Journal of the Fisheries
Research Board of Canada, 11, 559-623.

Ricker, W. E. (1975). Computation and interpretation of biological statis-
tics of fish populations. Bulletin - Fisheries Research Board of Canada,
1-191, 382.

Rosenberg, D. M., & Resh, V. H. (Eds.). (1993). Freshwater biomonitoring
and benthic macroinvertebrates. Chapman and Hall.

Rousi, H., Laine, A. O., Peltonen, H., Kangas, P., Andersin, A.-B., Rissanen,
J., Sandberg-Kilpi, E., & Bonsdorff, E. (2013). Long-term changes in
coastal zoobenthos in the northern Baltic Sea: the role of abiotic
environmental factors. ICES Journal of Marine Science, 70(2), 440-
451. https://doi.org/10.1093/icesjms/fss197

Sakuramoto, K. (2015). lllusion of a Density-Dependent Effect in Biology.
Agricultural Sciences, 6, 479-488.


https://doi.org/10.1111/j.1365-2427.1994.tb01146.x
https://doi.org/10.1111/j.1365-2427.1994.tb01146.x
https://doi.org/10.1579/0044-7447-30.8.552
https://doi.org/10.1579/0044-7447-30.8.552
https://doi.org/10.1111/fwb.12919
https://doi.org/10.4319/lo.1992.37.8.1596
https://doi.org/10.1007/s10750-012-1434-0
https://doi.org/10.1007/s10750-012-1434-0
https://doi.org/10.1007/s00027-014-0384-1
https://doi.org/10.1007/s00027-014-0384-1
https://doi.org/10.15393/j1.art.2016.5182
https://doi.org/10.15393/j1.art.2016.5182
https://doi.org/10.2307/3565206
https://doi.org/10.1016/j.ecolind.2015.05.058
https://doi.org/10.1086/669132
https://doi.org/10.1127/fal/2020/1291
https://doi.org/10.1111/j.1365-2427.2008.02123.x
https://doi.org/10.1111/j.1365-2427.2008.02123.x
https://doi.org/10.1080/14634980802715175
https://doi.org/10.1080/14634980802715175
https://doi.org/10.1007/s00442-009-1373-2
https://doi.org/10.1371/journal.pone.0064767
https://doi.org/10.1002/ece3.1190
https://doi.org/10.1579/0044-7447(2007)36[250:zaioes]2.0.co;2
https://doi.org/10.1579/0044-7447(2007)36[250:zaioes]2.0.co;2
https://doi.org/10.1111/j.1600-0633.2010.00447.x
https://doi.org/10.1111/j.1600-0633.2010.00447.x
https://doi.org/10.1016/j.ecolind.2013.08.021
https://doi.org/10.1093/icesjms/fss197

MAXIMOV

Sarvala, J. (1986). Interannual variation of growth and recruitment in
Pontoporeia affinis Lindstrém (Crustacea: Amphipoda) in relation to
abundance fluctuations. Journal of Experimental Marine Biology and
Ecology, 101, 41-59.

Sibly, R. M., Barker, D., Denham, M. C., Hone, J., & Pagel, M. (2005). On
the Regulation of Populations of Mammals, Birds, Fish, and Insects.
Science, 309(5734), 607-610. http://dx.doi.org/10.1126/scien
ce.1110760

Stenseth, N. C., Mysterud, A., Ottersen, G., Hurrell, J. W,, Chan, K.-S., &
Lima, M. (2002). Ecological Effects of Climate Fluctuations. Science,
297(5585), 1292-1296. https://doi.org/10.1126/science.1071281

Stenseth, N. C. (2007). Canadian hare - lynx dynamics and climate vari-
ation: Need for the further interdisciplinary work on the interface
between ecology and climate. Climate Research, 34, 91-92.

Sundelin, B., & Eriksson Wiklund, A.-K. (1998). Malformations in embryos
of the deposit-feeding amphipod Monoporeia affinis in the Baltic
Sea. Marine Ecology Progress Series, 171, 165-180.

TIBCO Software Inc (2020). Data Science Textbook. Retrieved from
https://docs.tibco.com/data-science/textbook

UNESCO (1966). Determination of photosynthetic pigments. Report of
SCOR — UNESCO working group 17 on determination of photo-
synthetic pigments. Determination of photosynthetic pigments in
sea-water. Paris (pp. 9-18).

Ecology and Evolution _ Jﬂ
9 e~ WILEY

Open Access,

Watkins, J. M., Rudstam, L. G., Crabtree, D. L., & Walsh, M. G. (2013).
Is reduced benthic flux related to the Diporeia decline? Analysis
of spring blooms and whiting events in Lake Ontario. Journal of
Great Lakes Research, 39, 395-403. https://doi.org/10.1016/j.
jglr.2013.05.007

Wenngren, J., & Olafsson, E. (2002). Intraspecific competition for food
within and between year classes in the deposit-feeding amphipod
Monoporeia affinis - the cause of population fluctuations? Marine
Ecology Progress Series, 240, 205-213. https://doi.org/10.3354/
meps240205

White, T. C. R. (2008). The role of food, weather and climate in limiting
the abundance of animals. Biological Reviews, 83, 227-248.

How to cite this article: Maximov, A. A. (2021). Population
dynamics of the glacial relict amphipods in a subarctic lake: role
of density-dependent and density-independent factors.
Ecology and Evolution, 11, 15905-15915. https://doi.
org/10.1002/ece3.8260



http://dx.doi.org/10.1126/science.1110760
http://dx.doi.org/10.1126/science.1110760
https://doi.org/10.1126/science.1071281
https://docs.tibco.com/data-science/textbook
https://doi.org/10.1016/j.jglr.2013.05.007
https://doi.org/10.1016/j.jglr.2013.05.007
https://doi.org/10.3354/meps240205
https://doi.org/10.3354/meps240205
https://doi.org/10.1002/ece3.8260
https://doi.org/10.1002/ece3.8260

