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Population dynamics, response to sedimentation
and role in benthic metabolism of the amphipod
Monoporeia affinisin an open-sea area of the
northern Baltic Sea
Kari K. Lehtonen*,Ann-Britt Andersin
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ABSTRACT: Population dynamics of the benthic, deposit-feeding amphipod Monoporeia affinjs was
studied over 3 spring bloom periods (1991 to 1993) at a deep (125 m), northern Baltic (Bothnian Sea)
open-sea station. Simultaneously recorded sedimentation data (1991 and 1993) were used to investigate pelagic-benthic coupling that is believed to regulate the growth of the amphipod populat~on
Growth of individuals and population biomass both showed a distinct response to the sedimentation of
the spring bloom after, approximately, a 4 wk time lag. Thus, the dynamics of the amphipod population
seems to be tightly coupled to the autochthonous food source. Using parallel metabolic and body composition data, the instantaneous and annual requirements of carbon and nitrogen (production, respiration and nitrogen excretion) of the population were calculated. The results showed that the role of the
amphipod population in benthic mineralization of organic matter is probably highly significant in the
study area. Moreover, the results implied that local primary production and the measured sedimentation rates at the location cannot provide the benthos with sufficient food. This suggests that resuspension and the lateral transport of organic particulates from adjacent sea areas play a critical role in
supporting the amphipod population in the study area. In addition to strong seasonal variability in
growth of the amphipods, marked interannual variabhty was observed in the other population parameters measured. Biomass, density and annual production rates of the population all showed a marked
decreasing trend during the study period. Marked interannual variation in the recruitment success
(survival of the offspring) of the different annual cohorts also seemed to show density- and/or nutritiondependency. This study also corroborates previously recorded long-term fluctuations (ca 7 yr cycle) in
amphipod populations in the Bothnian Sea and reveals the possible factors causing these fluctuations.
KEY WORDS: Baltic Sea . Benthlc amphipod . Metabolism . Mineralization - Monoporeia affinis .
Pelagic-benthic coupling - Population dynamics . Sedimentation

INTRODUCTION

The amphipod Monoporeia affinis (formerly Pontoporeia affinls;see Bousfield 1989) dominates the macrozoobenthos in the species-poor northern Baltic Sea softbottoms, reaching densities of 10 000 ind. m-2 and more
(e.g.Ankar & Elmgren 1975, Andersin et al. 1978, 1984,
Elmgren 1978). In these areas, the species has a key
role with regard to energy flow and plays a n important
part in the organization and functioning of the ecosys-
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tem. Extensive studies on the general biology of M. affinis have been published (e.g.Segerstrale 1937, Andersin et al. 1984, Sarvala 1986, Uitto & Sarvala 1991).
Monoporeja affinisis semelparous, reproducing usually in early spring, with a life-cycle varying between l
and 4 yr (e.g. SegerstrAle 1937, Andersin et al. 1984,
Leonardsson et al. 1988). The amphipod feeds mainly
on detrital organic matter and sedimented phytoplankton, and is therefore strongly dependent on the nutntional composition of the sediment surface layer In the
northern Baltic open-sea areas, the major sedimentation event occurs during and just after the 5 to 6 wk of
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Table 1 Monoporeia aff~nls.The sampl~ngscheme, 1991 to 1993
the spring phytoplankton bloom, while at
other times the vertical input is small (e.g.
Kuparinen et al. 1984, Leppanen 1988).
Population samples
Biochemistry
Metabolism
(This study)
(Lehtonen 1996a) (Lehtonen 199613)
This type of sedimentation pattern generDate
ates strong seasonal variations in the
1991 16 Jan
availability of good qual~tyfood, and it
03 Mar
•
•
16 APT
has been suggested that the bioenergetic
07 May
strategy of A4. affjnis is modified by geo22 May
graphically varying environmental condil ? Jun
13 A U ~
tions (Lehtonen 1995, 1996a, b).
24 Sc.p
The density and biomass of Monoporeia
12 Dec
affim'spopulations show substantial spatial,
1992 03 Mar
seasonal and interannual variations (An06 May
dersin et al. 1978, 1984). Evidence of a
28 May
coupling between the intensity of algal
16 Jun
09 Sep
blooms and the density and biomass of
25 NOV
•
benthic amphipod populations has been
1993 04 Mar
obtained from lakes (Johnson & Wieder27 may
28 Jul
holm 1992, Fitzgerald & Gardner 1993) and
from coastal areas of the Baltic Sea (Cederwall 1977, Elmgren 1978, Sarvala 1986).
In areas where the dens~tyof benthic macrofauna is
nian Sea (northern Baltic Sea) open-sea station SR5
high, animal metabolism contributes a marked portion
(61"05' N, 19"35' E, depth 125 m) (Table 1). Samples
were obtained using a modified Olauson box corer
to the mineralization of organic matter. The role of
with a biting area of 400 cm2 (Andersin et al. 1986). At
Monoporeia affinis in benthic respiration has been
each sampling occasion 5 samples were taken and
shown to be important in a coastal region of the northsieved through 1.0 and 0.5 mm meshes. The organisms
ern Baltic Sea (Bergstrom & Sarvala 1986).The potenwere stored in 5 % formalin solution containing hexatial contribution of amphipods to benthic nitrogen mlnmin as buffer Species composition, abundance and
eralization after the spring bloom has been estimated
biomass (formalin wet wt) were determined from 4
in different parts of the Baltic Sea (Lehtonen 1995);
samples. The body length (from the end of the rostrum
moreover, in the Gulf of Riga, the total annual nitrogen
to the tip of the telson) of M, affinis was determined
release has been estimated (Lehtonen unpubl.).
from 4 samples with the accuracy of 0.17 mm, using an
The goals of th.is study were to examine (1) the popocular micrometer (6x magnification). From 1 or 2
ulation dynamics of an open-sea population of Monosamples, biomass (wet and dry wt) was determined
poreia affinis, ( 2 ) the effects of environmental nutrifor each 1 mm length class. For size distributions, a
tional factors, mainly sedimentation, on the population,
3-value floating average was used and the amphipods
and (3) the role of the amphipods in benthic mineralwere divided into year classes (cohorts). Using the
ization processes. The study was carried out in the
average length and mean biomass per individual in
Bothnian Sea (northern Baltic Sea) during 1991 to 1993
each length class, length-weight regressions DW = aLb
and covered 3 spring bloom periods; thus, in addition
[DW = formalin dry weight (mg),and L = length (mm)]
to seasonal coverage, interannual comparisons were
were calculated for each sampling occasion (Table 2).
possible. Advantage was taken of parallel studies on
Population biomass values were calculated by using
the metabolism (Lehtonen 1996b) and body composithe
actual size distributions and the length-weight
tion (Lehtonen 1996a) of amphipods, and of origlnal
regression equations. The formalin DW were corrected
data on primary production in the area in 1991 (Anto lyophilized DW by multiplying by the empirical
dersson et al. 1996). The studies were initiated under
factor 1.58 (Table 3; see below).
the Finnish-Swedish cooperation framework 'Gulf of
Bothnia Year 1991'.
In connection with zoobenthos sampling, temperature, sallnity and oxygen conditions in the near-bottom
water (see Fig. 1) were analyzed according to the
MATERIAL AND METHODS
methods described in the Guidelines for the Baltic
hlonitoring Programme of the Helsinki Commission
(Anonymous 1988).
Sampling and morphometric measurements. MonoComparison of weight determination methods. The
poreia affinis were collected at different seasons becommon practice of using formalin DW was not contween 16 January 1991 and 28 July 1993 at the Both-
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Table 2. Monoporeia affinis. Seasonal variation in the parameters of the length-weight regressions DW = a X Lh, where
DW = formalin dry \vt ( m g ) ,and L = length (mm) n: number
of individuals measured, r' = coefficient of determination
Date

n

intercept

a

Slope
b

73

Re~roductiveo u t ~ uand
t cohort dvnamics. Theoretical annual reproductive output of the amphipod population was calculated by multiplying the number of
qravid females by the mean number of eqqs
indi- - per
vidual of corresponding size. The n.umber of eggs per
gravid female was obtained in November 1990; a positive correlation between length and number of eggs
was observed. Since no 10 mm females were found in
1991, the number of eggs produced by this size class,
present in 1992 and 1993, was estimated by using a
linear regression between the body size ( X ,mm length
classes) and the egg number (y, mean for each mm
length class) of the ovigerous females, giving the equation y = 3 . 2 ~ 6.43
(n = 3, r 2 = 0.96).
Metabolism, body composition and production. Seasonal data on metabolism [oxygen consumption ( ~ 0 ~ )
and ammonia excretion (VNH;) rates] and body composition (e.g.carbon and nitrogen) of Monoporeia a f f i nis (Lehtonen 1996a, b) were used to calculate the
assimilation (production + metabolism) by the amphipod population. The results and detailed descriptions
of the methods used can be found in the papers above.
Production of the amphipod population (Table 4 ) was
calculated using seasonal carbon and nitrogen values
measured for different age classes and combining
them with population data.
Mineralization by the amphipod population. The
an~phipods collected on each sampling date were
grouped into 0.5 mm length classes. Mean DWs from
each length class were fitted into the allometric model
E = aWb, where E = excretion rate (1-lmol NH: d-l),
W = mean dry wt (mg) of the individuals from a given

r2

1991 1 6 J a n
03 Mar
16 Apr
07 May
22 May
17 Jun
13 Aug
24 S e p
12 Dec
1992 03 Mar
06 May
28 May

16 J u n
09 Sep
25 Nov
1993 04 Mar
27 !\lay
28 Jul

Mean
SD

sidered valid for the biomass estimations, since the
extensive lipid stores of A4onoporeia affinis (Hill et al.
1992, Lehtonen 1996a; up to 44 % of DW) are likely to
leak into the formalin solution during prolonged storage, causing a serious downward bias of DW. To solve
this problem, a comparison was made between different methods of weight determination (Table 3).

Table 3. A4onoporeia affinjs.A comparison of different methods commonly used in weight determinations. Samples were taken
on 7 January 1991 at the study s t a t ~ o nSR5. Formalin-preserved amphipods were stored for 3 mo in 5('& hexamin-buffered
formalin solution. n: number of weighed groups X number of individuals in each group

Wet

Fresh
Oven-dried

Formalm-preserved
Wet
Oven-dried

Lyophilized

Weight (mg) per ~ndividual
3 x 10
-1 yr olds
-2 yr olds
3x5
Gravid females
3X 5
Water ( X ) of fresh weight
-1 yr olds
3 x 10
-2 yr olds
3x5
Gravid females
3X5

Lyophilized \vt vs
formalin oven-dned wt

- 1 yr olds
-2 yr olds

Gravid females
Mean

1.73
1.54
1.47
1.58

Selected weight factors
Formalin wet wt vs
formalin oven-dried wt

--

Formalin \.vet wt vs
lyophilized wt
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Table 4. Primary production and sedimentation of carbon (C) and nltrogen (N) in relat~onto production (periods of positive
growth) and metabolic requirements of Monoporeia affinis. Quasi-annual and active period (15 Apnl to 14 July) totals have been
chosen. Nitrogen produced in primary production was obtained using a C:N ratio of 7. PP: primary production. Sed: sedirnentation; P: produchon; R: respiration; E nitrogen excretion. Please note discussion on the applicability of sedimentation data

Carbon

PP

Sed

(g C m-2 period-')

Period
Quasi-annual
1991 15 Feb-l4 Nov
1992 15 Mar-14 Sep
1993 15 Mar-l4 Jul

104.8
-

18.4

Active period
1991 15 Apr-14 Jul
1992 15 Apr-14 Jul
1993 15 Apr-14 Jul

72.b
-

13 9

Nitrogen

PP

Sed

-

9.2

-

8.1

(g N m-' period')

Period
Quasi-annual
1991 15 Feb-14 Nov
1992 15 Mar-14 Sep
1993 15 Mar-14 Jul

15.0
-

Active period
1991 15 Apr-14 Jul
1992 15 Apr-l4 Jul
1993 15 Apr-l4 Jul

10.4
-

1.9
-

0.9

1.3
-

0.8

Sed:PP
(%)

(P+R):PP (P+R):Sed

P:R
ratio

("/.l

17.5
-

5.75
2.72
1.51

12.56
6.37
3.14

18.31
9.09
4.65

0.46
0.43
0.48

17.5

19.2
-

4.07
1.39
144

3.31
3.01
2.48

7.38
4.40
3.92

1.23
0.46
0.58

10.2

Sed:PP
(%)

Monoporeia affinis
E
P+E
(g N rn-l period-')

P

99.7
50.6

-

53.1
48.6

-

-

(P+E):PP (P+E):Sed

PE
(X)

ratio

12.5
-

0.49
0 30
G. i5

0.37
0.15
0.12

0.86
0.45
0.27

1.32
2.00
1.25

5.7

46.0
31.2

12.6
-

0.34
0.13
0.14

0.13
0.08
0.10

0.47
0.21
0.24

2.61
1.62
1.40

4.5

36.1
31.2

length class, b = non-empirical exponent 0.75 (Peters
1983) and a = intercept, calculated for each sampling
date separately. Excretion rates were temperaturecorrected using a temperature coefficient (Qlo) of
(Lehtonen unpubl.). The VO, was esti2.67 for
mated in a simiIar way, using equations R (p1 O2 d-l) =
14.29W(mg dry ~ t ) * - " (October
~
to April period),
R = 18.32W0774 (May to September period) and
R = 13.93W1.030(gravid females), where R = respiration rate (Lehtonen 199613). An empirical Qlo value of
1.70 for V O ~(Lehtonen unpubl.) was used. Since
amphipods use mostly lipids for metabolism, a respiratory quotient (RQ) of 0.75 was chosen to convert VO, to
carbon (C) units. Both excretion and respiration values
were multiplied by the number of individuals in each
length class, and the instantaneous metabolism of the
whole population was calculated by summing up the
values of all length classes; the results were integrated
for the whole study period (see below).
Primary production and sedimentation. Data on
seasonal measurements of primary production at the
study station in 1991 were obtained from. Andersson
et al. (1996). Settling particles were collected in 1991
(14 February to l? November) and 1993 (7 March to
28 July) by an automated funnel-shaped multisample
trap ('Kiel Type', Germany; opening diameter 80 cm;

m~,'

Monoporeia affinis
R
P+R
(g C m-' period-')

P

-

see Zeitzschel et al. 1978), moored at the sampling
station SR5 at a depth of 80 m. The trap was
equipped with revolving sample bottles that allowed
a frequent sampling (2 to 3 d interval during the
spring bloom, 3 d at other times). Prior to sampling,
the sample bottles were filled with 4 % formalin prepared in 8 PSU seawater. After lyophilization of the
collected material, total DW, carbon and ni.trogen
(Heraeus CHN analyzer), as well as phosphorus,
silica and chlorophyll a were determined from the dry
matter [essentially as described in Leppanen (1988)l.
Inorganic salts are not completely removed by this
procedure: in the present paper, however, C+N+P is
considered to represent roughly the organic fraction
of the sample. Jn 1993, only DW, carbon and nitrogen
were measured.
Interpolation of the results over time periods. The
results from amphipod DW, carbon and nitrogen production, respiration and excretion, as well as sedimentation and the original data on primary production (Andersson et al. 1996),were interpolated linearly
between sampling dates over the whole study period.
Periodical totals were obtained from the daily rates; for
convenience, the periods used here were chosen to be
monthly and extended from the 15th day of month A to
the 14th day of month B.
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The quality of the sedimenting material varled
markedly during the year (Fig. 2). A rough index for
the quality of the sedimenting matter, obtained by
calculating the ratio (C+N+P):[totalDW - (C+N+P)],
indicated that the inorganic portion of the material
caught by the trap was high (60 to 95%). During
the period of intense phytoplankton production, the
organic fraction of sedimenting matter was markedly
greater than at other times. Strongly varying C:N, C:P
and N:P ratios, as well as the chlorophyll a content and
C:chlorophyll a ratio, showed seasonal variability in
the quality of the material. All the calculated ratios
suggested that a great deal of the material reaching
the 80 m trap was not coming directly from the
euphotic layer, but was resuspended or laterally transported to the area. This was found to be more accentuated in the late summer when very high C:N ratios
(even >?0) were recorded for a period lasting about
1 mo. The C:P and N:P ratios approximately tripled
their basic levels during the late spring and remained
high until late autumn, during which time the
C:chlorophyll a ratio was also elevated. However, since
ca 90 % of the sedimentation occurred between 7 May
and 16 June, in terms of nutrition, the variation in the
quality of the deposited material outside this period is
likely to be of small importance to the amphipods.

RESULTS
Near-bottom hydrography
Seasonal variations In the near-bottom hydrographical conditions are presented in Fig. 1. The temperature
varied between 2.1 and 5.4"C, with the highest values
in late autumn and the lowest in early summer. The
oxygen content varied between 5.0 and 7.9 mg O2 I-'
and showed a weak negative correlation with temperature. No marked seasonal variation was observed in
the salinity.

Primary production and sedimentation
The data by Andersson et al. (1996) showed that in
1991 the intensive period of primary production occurred in April/May, with a peak in mid-May. Between
June and September the production rates were
markedly lower and negligible between late autumn to
early spring. The peak of sedimentation occurred after
about a 2 wk time lag, with maximum rates in late
May/early June and a marked reduction in rates from
mid-June onwards (Fig. 2, Table 4). Relating primary
production to the amount of material collected by the
trap, from the 'quasi-annual' (15 February to 14 November) production of 105 g C m-2, only an amount
corresponding to 17.5% (18.4 g C m-') was found in the
trap. From the material produced during the most
productive period (15 April to 1 4 June), 73 g C m-', a
sedimentation of 19.2% was calculated. The amount of
sedimenting carbon was markedly lower in 1993; a
total of 8.1 g C m-2 sedimented between 15 April and
14 July 1993, compared to the 13.9 g C m-2 that accumulated during the same period in 1991 (Table 4 ) . In
most other respects, the seasonal sedimentation patterns and chemical characteristics of the sedimenting
matter were similar in 1993 and 1991 and are not presented here.

g
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The macrobenthic community
Only 4 infaunal species, the polychaete Harmothoe
sarsi and the crustaceans Saduria entomon, Pontopal-eia femorata and Monoporeia affinis formed the
macrobenthic community at the study location. M. affinis contributed 94 to 99% of the density and 45 to 99%
of the biomass (formalin wet weight); at 13 out of 16
sampling occasions M. affinis formed more than 70%
of total biomass. The occasionally low M. affinis biomass dominance values were caused by the presence
of a single large specimen of S. entomon.
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?
Fig. 1. Hydrographic conditions ~n
the near-bottom water at the study
station dunng the study period
1991 to 1993
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Monoporeia affinispopulation dynamics

Total biomass and abundance
The biomass and density of the Monoporeia affinis
population varied markedly during the year, and also
interannually. Highest biomass (g DW m-2) always
occurred in late summer/autumn [1991: 13.41; 1992:
9.87; 1993: 9.561, and the lowest in spring (1991 3.29;
1992: 3.70; 1993: 4.86) (Fig. 3a).A decline in maximum
density values (ind. m-') during the study years was
evident; in June 1991 the density was 9572; in late May
1992 it was 7700 and in late May 1993 only 4675

M

A

M

J

J

A

S

O

N

Fig. 2. Sedimentation characteristics at the study
station during 1991. The
sedimentation trap was
moored at a depth of 80 m.
automatic sampling occurred at 3 d intervals

(Fig. 3b).Note should be taken that the maximum densities given for the spring are severe underestimates,
si.nce the 0+ yr olds were not sampled quantitatively
during the first 2 to 3 mo after their release (see below).

Cohort dynamics
During the study peri.od.,3 distinct year classes in the
Monoporeia affinis population were found each year.
The males die soon after copulation in late autumn,
and the females after releasing the young in March/
April. The amphipods matured during their third
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autumn, when between September to December
males as well as egg-bearing females were registered in the samples. Due to the uncertainties in
the effectiveness of the sampling technique in
capturing the newborn in March/April (partly
blown away from the sediment surface by even a
minor pressure wave caused by the landing of the
grab), offspring survival (as a O/o of the estimated
reproductive o.utput) could only be followed by
examining the dynamics of the 0+ y r olds from
June onwards.
The reproductive success and, consequently,
the size of the cohorts varied markedly between
the years (Fig. 4 ) . The theoretical number of offspring was clearly highest in 1992 because both
the average number and size of the females were
greater than in 1991 and 1993, greater size also
having a positive effect on fecundity (Fig. 5). Mortality in this cohort was, however, dramatically
higher compared to those born in 1991 and 1993;
furthermore, in this cohort, the number of the
remaining individuals continued to decrease
markedly (Fig. 4).

1993

J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A

1993

ind m 7

400

-

W1991

171992
Fig. 3. Monoporeia affjnis. Seasonal changes In (a) biomass and
(b) density of the study population during the study period 1991
to 1993
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Fig. 4. ivlonopore~aaffinjs. Reproductive success of annual cohorts during different study years, examined by estimating the potential offspring output (= number of gravid females found in wintedearly spring
multiplied by the number of eggs per female in a given length class;
large symbols] and the observed number of survivors of the cohort
collected from late summer onwards

Fig- 5. Monoporeia affinis. (a) Size-frequency distribution of gravid females during the study period
1991 to 1993. (b)Relationship between the length of
gravid females (number of measured individuals
shown inside the bars) and the number of eggs per
female, obtained from the sample collected in
November 1990; the number of eggs in the 10 mm
size class was obtained by regression
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Growth of the individuals
The growth (DW and body length) of Monoporeia
affinis representing different annual cohorts followed
a distinct pattern from year to year, with 2 very characteristic features: (1) a long period of no growth (or even
negative growth) from late autumn to late spring; and
(2) a very sharp, seemingly exponential rise in growth
in early summer (Fig. 6). In 1991, growth continued
until early autumn and was then completely halted
until the next spring. In 1992, weight increment of
the amphipods had ceased already by late summer.
To describe changes in the condition of the amphipods, a fatness index (FI), relating body DW to body
length, was determined. The index was calculated as
F1 = DW (mg): 0.00227 X length (mm)3.30,where the
mean weight and length of the individuals representing the annual cohort at each sampling were fitted into
the equation obtained by using combined data for the
whole study period (n = 310, r 2 = 0.97). The F1 showed
seasonal variation coinciding with the accumulation
and depletion of lipid reserves (Lehtonen 1996a)
(Fig. 7). More important, interannual differences in
the condition of the individuals representing different
annual cohorts were clearly shown by this index; the
reduced biomass increment during 1992 was especially marked.

Because sampling was terminated on 28 July 1993, the
period between 15 April and 14 July was chosen since
it covers both the start and the end of major primary
production and sedimentation, and allowed a time lag
for the utilization of settled organic matter by the
amphipod population.
In 1991, the Monoporeia affinis population assimilated [production (P) + respiration (R)] 17.5% of the
'quasi-annually' (15 February to 14 November) produced carbon (Table 4), while a proportion of 10.2%

Production, metabolic requirements and
mineralization potential of the population

In order to compare the different study years, values
for primary production, sedimentation, as well as production and metabolism of the Monoporeia affinis
population were calculated for the 'active period', I.e.
the time when all these rates are at their highest.

+

Born 1988

-0-

Ban 1992

f + year-olds

2t year-olds

0.ooJ.
J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S

Fig. 6 . Monoporeia &finis. Seasonal changes in the mean dry weight
of individuals representing different annual cohorts during the
study period 1991 to 1993

J

. . . ,
F M A M J

J A S O N D

Fig. 7. A4onoporeia affjnis. Seasonal changes in the fatness index (PI) of individuals representing different annual cohorts during the study period 1991 to 1993
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was calculated for the active period. Utilization of nitrogen / P + excretion ( E ) ]
accounted for 5.7 % (quasi-annual) and
4.5% (active period). An unrealistically
high proportion (99.7%) of the quasiannual sedimentation of carbon was calculated to be utilized by the amphipods. In
1991, 53% of the sedimented carbon was
assimilated by the amphipods during the
active period, the proportion being very
similar (49%) in 1993. The P:R ratio
during the active period was markedly
higher in 1991 (1.23) compared to 1992
(0.46) and 1993 (0.58), showing a substantial allocation to growth in 1991. The
P:E ratio, reflecting nitrogen dynamics in
the amphipods, showed interannual variations similar to those of the P:R ratio.
The daily respiration rate of the Monoporeia affinis population ranged between
18.8 and 72.2 mg C m-2 d-' (Table 5). Total
monthly respiration was higher between
July and January (1.13 to 2.03 g C m-2
period-') than between February and
June (0.58 to 1.54 g C m-2 period-l)
(Fig. 8a). Annual carbon mineralization
rates were 17.1 g C m-2 yr-' (January 1991
to January 1992) and 14.4 g C m-2 yr-'
(January 1992 to January 1993).The rates
of release showed marked seasonal variability, ranging from 8.6 to 179.1 pm01
(0.1 to 2.5 mg) m-2 d-' (Table 5). Subsequently, monthly excretion values varied
greatly, being higher in summer (June to
August: 37 to 70 mg m-2 period-') than at
other times (8 to 49 mg NH;
period-')
(Fig. 8b). The annual release by this M.
affinispopulation was 31.0 mm01 (433 mg)
m-2 yr-' (January 1991 to January 1992)
and 15.2 mm01 (213 mg) NH; m-2 yr-'
(January 1992 to January 1993).
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Fig. 8. Monoporeia affinjs. Assimilation of (a) carbon and (b) nitrogen by the
population (g m-' period-'), divided into monthly net secondary production
and metabolic requirements. After interpolation of the original data over the
whole sampling period (17 January 1991-28 July 1993), the data were reconstituted to monthly intervals. The negative production values ~ n d i c a t e
loss of biomass. Arrows = actual sampling dates

DISCUSSION
Table 5.~Llonoporeiaaffjnis. Mineralization potential of the amphipod population studied. R,,,, and R,,,. minimum and maximum daily mineralization
rates during the year
Carbon
Daily rate Annual total
(g C m-')
(m.g
C m-')
R,,"
Rmax
1991'
18.8
1992"
27.1
1 9 9 3 ~ 19.7

72.2
50.1
39.9

17.1
14.4

-

Nitrogen
Daily rate
Annual total
(pm01 NH; m-') (mm01NH; m-')
Rmin

Km,,

22.6
8.6
14.2

179.1
121.8
96.0

'15 Jan-l4 J a n of the next year; b15 Jan 1993-28 Jul 1993

31.0
15.2
-

I

The striking effect of the sedimentation
of the spring phytoplankton bloom on the
growth of the Monoporeia affinis individuals and the equally marked nongrowth period during the winter are
exquisitely illustrated in this study. In
coastal areas, the post-bloom period has
also been established as the main period
of growth for these amphipods (Cederwall
1977, Sarvala 1986, Uitto & Sarvala 1991).
In the present study, the continuation of
growth until early autumn despite a n
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extensive reduction in primary production and, more
important, in sedimentation rates during the summer
indicates that benthic nutritional conditions remain
favourable for growth also dunng the summer (see below). Interannual differences were, however, marked.
Furthermore, the growth dynamics of this amphipod
population reflected the observed seasonal variations
in their metabolism and body composition (Lehtonen
1996a, b).
The extensive autumdearly spring period of low
quantity and quality food input, combined with a constantly low temperature, has produced a strategy for
high energy storage and reduced metabolic rate in
the amphipods (Lehtonen 1996a, b), the latter probably
inducing the observed 3 yr life-cycle. The longevity of
Monoporeia affinis and its North American relative
Diporeia spp. has been associated with depth and temperature (Segerstrdle 1937, Moore 1979, Leonardsson
et al. 1988), and also with trophic conditions (Siegfried
1985). On shallow coastal soft-bottoms, where strong
seasonal oscillations in temperature have a considerable effect on metabolic rates, the life-cycle and population dynamics of the amphip0d.s are different to the
populations inhabiting deep, open-sea areas, where
growth cannot be temperature-regulated because low
temperatures prevail throughout the year (Fig. 1). In
the study area, it is evident that available food is the
key factor regulating the growth, life-cycle and overall
population dynamics of the species.

Pelagic processes affecting sedimentation
During the spring bloom, the downward flux of algae
through the water column is likely to be rapid, the particles reachmg the bottom in a matter of days (in the
Baltic Sea area: see e.g. Smetacek et al. 1978, Smetacek
1985 and citations within, Heiskanen & Kononen 1994,
Heiskanen & Leppanen 1995). Since the abundance of
zooplankton grazers in the northern. Baltic Sea is low at
the time of the spring bloom (Viitasalo 1994), the organic material produced should reach the benthos in
high proportion relative to primary production, being
also relatively unprocessed and thus of good nutritional
value. In a northern Baltic open-sea area, ciliates and
mesozooplankton have been shown to consume only 28
and 7 %, respectively of the primary production during
the spring bloom period (Leppanen & Bruun 1988). Interannual variations in the portion of diatoms in the
spring bloom assemblage may also affect the quality of
the food input during the spring bloom, and lead to
vanations in the condition of the amphipod populations,
as has been demonstrated by Johnson & Wiederholm
(1992) in a study on long-term population fluctuations
of Monoporeia affinisin a Swedish lake.

The sedimentation values recorded here are in the
same order of magnitude as those recorded in other
areas of the Baltic Sea. In the shallow Kiel Bight, Graf
et al. (1982) recorded sedimentation of 11.5 g C m-'
during the 4 wk period of the spring bloom, while in
the Bornholm Basin (southern Baltic Sea),a carbon flux
of 6.2 g C m-' in 34 d during the spring bloom was
recorded by Smetacek et al. (1978). In a deep, opensea area study that must be regarded as most relevant
to the present one, Leppanen (1988) recorded sedimentation up to 43.7 g C m-2 during the spring bloom.
However, since differences in the methods of measuring sedimentation often lead to highly variable results
(see below), the comparisons are of limited value.

Benthic community response to sedimentation
The annual total assimilation (P+R)of carbon by the
Monoporeia affinis population is comparatively high
with regard to the amount of carbon fixed by primary
production (17 %; Table 4 ) , but not unusual. Early work
by Riley (1956) in Long Island Sound showed utili~ation by the benthos to be 31 % of primary production.
Concerning coupling with sedimentation, Wassmann
(1984) calculated the proportion of carbon utilized by
the benthic community to be 40 to 47 O/o of sedimented
carbon in a Norwegian fjord. The results obtained here
on the annual carbon requirements of the M. affinis
population (Table 4 ) are some 25% higher than those
recorded by Uitto & Sarvala (1991)for a coastal M. affinis population (15.2 g C m-2 yr-l). In the coastal Asko
area (Baltic Sea), Ankar (1977) and Elmgren (1978)
estimated the carbon requirements of the benthos
(~ncludingmeiofauna) to be 40 to 60 g C m-' yr-'; if we
assume that the P+R of meiofauna in the study area
equals that of the amphipods, values indicating the
carbon requirements of the benthos recorded in the
present stud.y approach the lower end of this estimate.
Apart from macrozoobenthos, meiofauna and bacteria play an imp0rta.n.t and often predom~nantrole in
the utilization of deposited organic matter. A parallel
study at the present study station showed an increase
in bacterial abundance and biomass immediately after
the start of the main period of sedimentation (Mohammadi et al. 1993). With respect to meiofauna, despite a
considerably lower biomass compared to macrozoobenthos (in the present area about half of that of the
macrofauna; Elmgren 1978), shorter generation times
(causing high production/biomass, P/B, ratios) and
markedly higher weight-specific metabolic rates (cf.
common allometric relationship between body size
and metabolic rate; e.g. Peters 1983) denote the importance of meiofauna in the cycling of sedimented nutrients. However, in the present study area, the respira-
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tion of Monoporeia affinis comprised abo'ut 30 % (seasonal average) of total benthic community respiration
(Finnish Institute of Marine Research unpubl, data);
combined with the allocation of carbon to growth
(Fig. 8a), it is apparent that a large portion of the sedimented organic matter in this location is consumed by
the amphipods. Thus, it is claimed that even if the
actual deposition rates were, say, 2 to 3 times higher
than recorded here, the carbon (and nitrogen) requirements of the amphipod population suggest that it is
strongly limited by food, considering the requirements
of other members of the benthic community (discussed
below).

Quantifying sedimentation: uncertain factors
Seasonal primary production and the measured sedimentation of particulate carbon barely supported the
benthic system in the study area. The annual carbon
and nitrogen requirements of the Monoporela affinis
population (Fig. 8, Table 4) are greater than the
amount that would be available to them from local
prlmary production after taking into account the
requirements of other consumers in the pelagic and
benthic food webs. Therefore, the amount of organic
matter caught by the sedimentation trap at 80 m definitely underestimates the total flux at this site. Calculations based on primary production and sedimentation rates can yield highly dubious results in areas
where resuspension, lateral transport (d~scussedin
Smetacek et al. 1978, Leppanen 1988) and extensive
focusing of material towards the sedimentation basin
occur. For example, in the Kiel Bight only 25% of
benthic activity could be attributed to vertical input of
organic carbon, pointing out the importance of other
transport processes (Graf et al. 1982).The seabed type
of the Bothnian Sea is mostly erosion and transport, but
this is not the case in the present study area (e.g. Brydsten 1993). The benthos in this area is probably fueled
by the concentration of particles from a very much
greater pelagial area.
The sedimentation rates of both carbon and nitrogen
recorded in the present study are only about half
(1991) and one-third (1993) of those recorded by Leppanen (1988) in an open-sea area of the northern Baltic
Proper. The study in question showed that resuspension below the halocline distorts the carbon flux measurements during the bloom period (3 traps between
30 and 80 m: 21.6 to 22.5 g C m-2; traps at 100 and
150 m: 43.7 and 29.6 g C m-2),while the amount of
sedimenting nitrogen varied less (5 trap depths between 30 and 150 m: 2.6 to 3.0 g N m-'). This indicates
that the material 'contaminating' the deeper traps was
extensively 'stripped of quality'.
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Mechanisms that could explain the apparent quantitative imbalance between the observed sedimentation
rates of carbon and the requirements of the benthos
include (1) the horizontal transport (focusing) of
organic material from adjacent areas and (2) the
'bouncing back' of the previously settled material
(local resuspension). In the present study area, the
amount of horizontally moving, resuspended matter is
probably high in the ca 45 m layer that remained between the trap at 80 m and the bottom, providing the
benthos with a n 'extra' input of food. A turbid bottom
water column reaching the upper depth of ca 80 m has
been observed in the study area (Fukuda 19601, while
notably strong water currents and a turbid benthic
boundary layer 5 m above the bottom were registered
by Marmefelt (1994).Thus, gross deposition on the site
is probably much greater than that indicated by the
80 m trap.

Mineralization potential of the amphipod population
The importance of benthic organisms in nitrogen
mineralization, either by direct metabolism or by enhancing bacterial activity via bioturbation is well
known. For benthic amphipods, Gardner et al. (1987)
estimated the excretion of a n abundant Diporeia spp.
population to comprise up to 42% of total benthic
nitrogen release in Lake Michigan. Henriksen et al.
(1983) showed that excretion by the amphipod Corophiunl volutator could account for 80% of the net NHi,
flux from the sediment and provide nitrifying bacteria
with an important source of NH:. Moreover, bioturbation by C. volutator has also been shown to enhance
benthic denitrification rates (Pelegri & Blackburn 1994,
Pelegri et al. 1994).
Evidently, excretion by the Monoporeia affinis population (Table 5) plays a n important role in benthic
nitrogen dynamics of the study area. Daily release
varied markedly according to season 19 to 179 pm01
(0.13 to 2.51 mg) m-2 d-'1, but in summer/autumn it was
above the averages found in other areas of the Baltic
Sea [up to 237 pm01 (3.32 mg) m-"-';
Lehtonen 19951.
The estimated annual total respiration (14.4 to 17.1 g
C m-2 yr-l) recorded was somewhat higher than that
recorded by Bergstrom & Sarvala (1986) for a coastal
M. affinis population (11.9 g C m-2 yr-', 31% of total
benthic respiration), although the summer temperature in that area reached 18°C. With regard to amphipods from the Gulf of Riga, considerably lower annual
mineralization rates of both carbon and nitrogen have
been recorded, due mainly to lower population densities in the area (Lehtonen unpubl.).
In the study area, seasonal variations in the mineralization potent~alof the amphipod population were
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In the late summer of all the study years the lipid
levels of Monoporeia affinis were close to the maximum values recorded for amphipods (Gardner at al.
1985, Lehtonen 1996a),regardless of marked variation
in the productivity of the population (Fig. 8).This is not
surprising since the abundance and biomass showed a
decreasing trend through the study years, leaving,
potentially, more food available for a smaller population to exploit. Interannual variations in the input of
particulate organic matter and variations in population
density result in differing amounts of food available to
organisms per capita. It is apparent that the available
quality food is utilized efficiently each year, but the
overgrowth of the population ultimately results in a
reduced survival of the young and a subsequent
decrease in populat~onsize.
Nutrition and recruitment success as sources of
Remarkably, the proportion of the sedimented carinterannual variations in population size
bon assimilated by the amphipod population during
the 'active period' was similar (ca 50%) in both 3.991
Monoporeia affinis collected in winter and spring
and 1993 (Table 4 ) , despite the fact that in 1993 the
1991 were markedly'smaller than at a corresponding
population density and sedimentation rates were 49
and 58%, respectively, of the values recorded in 1991.
time in 1992 and 1993 (Fig. 6). Also the seasonally
This suggests that, at this site, the dlllphipods consume
characteristic biochemical condition of the amphipods
a constant proportion of the material that settles. Since
was almost identical in spring 1992 and 1993, indicatgood quality food material is effectively assimilated or
ing a healthier physiological state than in spring 1991
'stripped of quality' by benthic organisms, it is likely
(Lehtonen 1996a). It appears that 1990 was nutritionally unfavourable for the amphipods in this area.
that, even during 1991, the most favourable year reWhether this was due to a lower sedimentation rate,
garding sedimentation, the quality of food would not
or the fact that the density of the population was close
remain high throughout the summer.
Would the 50 % assimilation rate have remained the
to its peak with respect to the observed interannual
same if the sedimentation in 1993 had been as high as
cyclicity (Fig. 9) causing high intraspecific competiin 19911 The 2+ yr olds rapidly attained their maximum
tion for food, or both of these, is speculative. Indications of the presence of the latter mechanism have
size (and lipid content); the small young-of-the-year,
even with elevated growth rates, are unlikely to be
been obtained in earlier studies (e.g. Elmgren 1978,
able to consume but a small portion of the remainder.
Sarvala 1986, Maximov 1997) and are discussed furThen, the group with the greatest potential to deplete
ther below.
and benefit from the 'extra' food would be
the l + yr olds. It is likely that the meiofauna
and bacteria consume the matenal not taken
g wet wt m-2
ind m - 2
up by the amphipods. Thus, intensive compe7 000
20
tition for nourishment between the groups of
6 000
organisms leads to rapid depletion of the
settled good quality food.
15
5 000
The recruitment success of the young-ofthe-year
is another potentially important
4 000
element in regulating the population size of
3 000
Monoporeia affinis. With the 'r-strategists'
the survival of the offspring and their sub2 000
S
sequent inclusion to the population as a distinct cohort represents a crucial step; even
1 000
a minor increase in the proportion of the
o
o
original offspring surviving a high-mortality
1965
1970
1975
1980
1985
1990
1995
period may result in a distinctly more abunGOsselin
dant cohort (Valiela
review
Fig. 9 . Monoporela affinis.Long-term oscillations in the density and biomass of the population at the study station S R 5 between 1965 to 1996
& Qian 1997).
mostly determined by biomass and, to a lesser extent,
the density of the population, since the size of the
amphipods varied markedly during the year (cf. Lehtonen 1995). In summer/autumn the growth of the
amphipods is intense, and a marked elevation in the
metabolism of the population was observed. The
increase in the VNH; (by 22%) in summer is far less
distinct compared to variations in VNH;, which show a
ca 7-fold elevation (Lehtonen 1996b). In conclusion,
the physiological condition of the amphipods (strong
seasonal variations in the VNH;), which is affected by
seasonally changing food conditions, is an important
regulator of the annual nitrogen release of this amphipod population.
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In the present study, the survival rate of the offspring
was considerably higher in 1991 (56%) compared to
1992 (12 %), although the population density was lower
in 1992 (Figs. 3b & 5), which strongly implies better
availability of food in 1991. Furthermore, the latter cohort had a distinctly low F1 (Fig. 7) and continued to decrease in abundance towards its second summer. In
1993, the theoretical offspring production was about
double (due to a higher fecundity; Fig. 4 ) , while the
population density was about half of that recorded in
1991 (Fig. 3b). However, despite the fact that the sedimentation of carbon (between 15 April and 14 July) in
1993 (8.1 g C mm2;Table 4) was markedly lower than in
1991 (13.9 g C m-2),the proportion of the number of offspring that survived until late summer was considerably higher (38 %) than in 1992, although clearly lower
than in 1991 (56%) (Fig. 5). This indicates that densitydependent control of Monoporeia affinis population
size through competition for food (Sarvala 1986, Maximov 1997), especially as such competition reduces recruitment success, is a valid hypothesis for explaining
the interannual variations in this amphipod population.
Corroborating this interpretation, the negative effect of
a high density, and of the presence of older generations, on the survival and growth of the young-of-theyear of M. affinis has been experimentally demonstrated by Hill (1992).
The decline in the survival rate of the cohort born in
1992 was distinct and coincided with very high offspring output and high population density (Figs. 3b &
5). It is suggested that competition for food was very
intense during the late spring and early summer, leading to rapid exhaustion of the newly settled matter.
Observations on the greatly reduced lipid accumulation rate in both l + and 2+ yr olds between mid-June
and early autumn 1992, compared to 1991 and 1993
(Lehtonen 1996a),indicate that quality food was sparse
from mid-June onwards. Density-dependent regulation of population size appears to be the most obvious
mechanism affecting the survival rate; however, since
sedimentation (gross deposition) of organic matter may
have been less dunng 1992 and/or more concentrated
than in 1991 and 1993 (due possibly to different
weather and hydrodynamic conditions) it may have
had a crucial effect on the dynamics of the amphipod
population.
The number of eggs per female was ca '4lower than
would be expected using the female length versus egg
number power regression by Cederwall (1977; also
used by Sarvala 1986), and led to a substantially
smaller number of potential offspring output at the
study station. The marked interannual differences in
the size of the gravid females (Fig. 4a) were later
manifest in the variations in the potential number of
offspring. A lower fecundity of the amphipods at the
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present open-sea station is conceivable, because of the
poor food conditions compared to the coastal areas. In
Cederwall's (1977) 2 yr study in the coastal Asko area,
survival of the newborn was between 17 and 28 %; the
maximum survival rate recorded in the present study
(1991: 56%), albeit probably a slight overestimation,
was much higher. Even in the low-diversity Baltic Sea,
coastal communities are usually more species-rich
(e.g.Ankar & Elmgren 1975, Elmgren 1984),with more
intense interspecific competition for food and predation pressures. Together with severe temperature
fluctuations these are factors that could be reducing
the survival rate of the newborn, 'cancelling out' the
observed higher fecundity of the coastal populations
compared to open-sea populations.
Although the method used in the present study for
estimating offspring survival may be considered somewhat unrefined, clear implications of interannual, density-dependent variations in the recruitment success of
different annual cohorts are evident. In conclusion, a
feasible hypothesis linking food availability and density-dependent control of population size of Monoporeia affinisat this site is that, during a good year of
food availability, competition for food with the older
cohorts (in this case, the l + and 2+ yr olds) faced by
the young-of-the-year is greatly alleviated, and the
prospect of the young passing the bottleneck of recruitment is increased, resulting in a marked elevation
in population size.

Observations relating to long-term oscillations
This Monoporeia affinis population, monitored frequently since 1965 (Fig. g), shows long-term oscillations (Andersin et al. 1978, 1984), which, as discussed
above, are likely to be connected to variations in nutritional conditions, directly or through con~petitionfor
food. Predation by fish has been suggested to be a
major force in regulating the population size of benthic
amphipod populations in lakes (e.g. McDonald et al.
1990). However, in the study area, predation by demersal fish (and the isopod Saduria entomon) is unlikely
to cause the observed long-term interannual variability; the variations show a n oscillating character with
long intervals (ca 7 yr) between peaks and troughs,
and, in the case of direct coupling, one would expect to
find similar cycles also in the predator populations.
Furthermore, despite a distinct seasonal cyclicity in the
mean size of the individuals, no abrupt decreases that
reflect size-selective predation can be seen in the relative abundance of the size classes (except changes that
are obviously related to reproduction).
No direct links between the observed long-term
fluctuations in the Monoporeia affinispopulations and
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environmental biotic or abiotic variables could be
established. Interannual variability in hydrographical
conditions (salinity, temperature) have not been
observed to coincide with the population fluctuations
(Andersin et al. 1984). Interannual variations in primary production in the Bothnian Sea are not well
known, but they are presumably rather weak (e.g. earlier compilation by Elmgren 1978, Lassig et al. 1978,
Larsson & Hagstrom 1982, Andersson et al. 1996),
while no comparable data on variations in sedimentation rates are available. Nevertheless, it is perfectly
clear that the observed variations in population size
and the survival of the young are associated with
changes in benthic nutrit~onalconditions, either directly or through intraspecific competitlon for food.
It is highly probable that the observed variations in
the survival rate of offspring have far-reaching consequences for the development of long-term abundance
fluctuations in this area. A smaller cohort will produce
less offspring, with a time lag of 3 yr; meanwhile, its
low abundance will reduce intraspecific competition
with the following generations during the next 2 yr,
thus potentially increasing their survival rate. Since
the amphipods at the study site have a 3 yr life-cycle,
the recovery of the population, once reduced, is slow.
It is suggested that even though the amount of available food sets the ultimate limits on population growth,
and critical density where density-dependent food
competition exerts a significant effect, it does not remain the primary regulating factor once population
density has started to decline. Thus, between-year
irregularities in food concentration, assuming that they
remain within the amplitudes that characterize the
area, have little effect on the amphipod population in
its low-density stage; however, these irregularities
may have a marked effect when amph~podabu.ndance
has increased close to or over the crit~calcarrying
capacity of the ecosystem.
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