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The roles played by environmental factors in seasonal changes in microbial
populations were investigated in the Tvdrminne area, off the southern coast of
Finland. Surface-layer samples were collected at 1- or 2-week intervals in 1976-
78, and 14 microbiological and 10 environmental parameters were determined.
Stepwise multiple regression analysis was used to explain seasonal variation in
the microbiological parameters. Separate analyses were made of the data from
the open-water and ice-cover periods. In analyses of data from both periods, the
environmental factors included accounted for a significant proportion of the
variation in the parameters for community respiration (30%) and bacterial spores
(80%), and a smaller proportion (60 to 65%) of the variation in total counts of
bacteria and plate counts of psychrophiles and yeasts. Lower values (40 to 55%)
were obtained for the variation in the other microbiological parameters. The
environmental factors with maximal contributions were organic matter, water
temperature, chlorophyll a, and salinity, but rainfall and winds also explained
part of the variation in some microbiological parameters. In the winter analysis
the results differed from those obtained for the other seasons, the variation being
governed by parameters indicating freshwater outflows, namely, humic matter,
salinity, water temperature (positive regression coefficient), and rainfall (negative

regression coefficient).

The Tvarminne archipelago, situated at the
entrance to the Gulf of Finland, east of the
Hanko peninsula, represents the coastal waters
of the Northern Baltic Sea. From late autumn
on, the influence of outflows of freshwater and
sewage effluents extends to the distant parts of
the outer archipelago zone, being especially ev-
ident in the low-salinity surface layer below the
ice cover (15). The seaward-flowing freshwater
transports sewage and microorganisms to the
outer archipelago zone, sometimes carrying fecal
bacteria to the outermost skerries. The effluents
have caused eutrophication in the inner parts of
the archipelago (15) and slight changes in the
composition of the biota also in the distant parts
of the outer archipelago zone (7).

In a subsequent paper (28), it will be shown
that the microbial communities in the surface
layer of this area are regulated by phytoplankton
blooms, freshwater outflows, and water temper-
ature. It was desired to examine in more detail
the effects of some environmental parameters
on selected types of microorganisms and on com-
munity respiration. Samples were collected from
1.0 m depth in the outer archipelago, at Tvir-
minne Storfjidrd, over a period of about 2 years.
Stepwise multiple regression analysis was used
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to explain variations in the microbiological pa-
rameters. Separate analyses were made of the
data from the open-water (late April to late
December) and ice-cover (January to late April)
periods to find out whether the significant en-
vironmental parameters regulating microbial
populations were different in the winter, when
the freshwater outflows are more abundant.

MATERIALS AND METHODS

Study area. Descriptions of the hydrography and
hydrobiology of the Tvarminne research area (59° 50’
N, 23° 20’ E) are available in, e.g., the papers of Luther
(13), Niemi (15-17), Sarvala (22), Vaatanen (24-26)
and Virta (29).

Water samples. The water samples were collected
aseptically from 1.0 m depth at Tvéarminne Storfjard,
station XII, in sterile glass bottles of 5,500 ml with the
sampler constructed by T. Sjolund and P. Vaitdnen
(27). During the sampling period (29 September 1976
to 26 July 1978), a total of 71 samples were taken, 51
in the open-water periods and 20 when Tvédrminne
Storfjard was covered with ice. At each of the 19 first
samplings (September 1976 to June 1977), short-term
fluctuations were examined by taking four consecutive
single samples within 20 to 30 min. Since the four
consecutive samples never differed significantly, single
samples were collected thereafter. For the four-sample
period, the means of the parameters of the four sam-
ples are used.

The samples were protected against temperature
fluctuations and kept in refrigerators at 5 to 7°C until
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further processing, which occurred no later than 5 to
6 h after sampling.

Determinations. Nine environmental parameters,
the concentration of chlorophyll a, and 14 microbio-
logical parameters comprising numbers of selected
types of bacteria, plate counts of yeasts, and two
parameters for community respiration (Table 1) were
determined according to the methods given by Vaa-
tdnen (24, 26, 28). Polymyxin-resistant bacteria were
considered to represent slow-growing bacteria from
brackish water, and bacterial spores were considered
to have come from terrestrial microbial populations.
Fluorescent pseudomonads were thought to indicate
fecal pollution. Yeasts were also selected because of
an interest in their ecology.
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Analysis of the data. All the microbial counts and
chlorophyll a were subjected to a logio x transforma-
tion. For the direct counts, a square-root transforma-
tion was applied (11). Square root transformations
(Vx + 1) of rainfall appeared to explain larger propor-
tions of the variation (R?%) than untransformed data.
The data were analyzed by the stepwise multiple
regression program at the Computing Centre of the
University of Helsinki.

RESULTS

Variation in the microbiological param-
eters. The variation in the parameters investi-
gated is summarized in Table 1. The maxima of

TABLE 1. Variation of parameters determined at Tvirminne Storfjdard on 71 occasions during the period 29

September 1976 to 26 July 1978
Date (daw;m.onth-year) Coefficient
Parameters Range or: Mean” of varia-
Minimum  Maximum tion (%)
Environmental
Temperature (°C) —0.3-+16.7 1-2-78 26-7-78 +4.7 1.6°
Salinity (%o) 3.93-7.39 12-4-78 14-9-77 6.24 12
Ice cover (cm) 0-50
NE wind vector (m s") —9.9-+9.1 -0.8
SE wind vector (m s7') —7.8-+9.9 +0.7
Transparency (cm) 130-790 17-5-78 18-1-77 490 25
Rainfall (7 days, mm) 0-50 8-2-78° 6-7-77 14 85
Total organic matter (Azs,)® 0.290-0.610 15-11-77 15-2-78 0.360 18
Total humic matter (Aasso) 0.046-0.140 21-9-77 15-2-78 0.074 29
Chlorophyll @ (ug liter™") 0.3-39.0 1-3-78 17-5-78 2.6 190
Microbiological
Direct count (10° ml™")
Total 0.55-4.7 29-9-76 12-7-77 1.6 40
Cocci 0.52-2.8 18-1-78 12-7-77 0.95 36
Rods 0.12-1.6 12-1-77 12-7-77 0.48 53
Curved rods 0.011-0.56 21-11-77 17-5-78 0.10 71
H.S pfoducers (MPN¢ 3-3,900 22-11-77 12-4-78 160 163
ml™’)
Mesophiles (CFU’ ml™) 180-430,000 10-11-77 17-5-78 4,300 276
Psychrophiles (CFU ml™) 2-320,000 6-9-77 17-5-78 510 394
Protecl)lytic bacteria (CFU 32-17,000 1-6-77 19-4-78 200 328
ml™')
Fluorescent pseudomonads 0-90 12-7-77° 12-4-78 5 167
(CFUml™)
Polymyxin-resistant 50-380,000 26-10-77 17-5-78 2,500 322
bacteria (CFU ml™')
Bacte{'ial spores (CFU 100 20-1,600 21-9-77 19-4-78 180 111
Yeasts (CFU 1,000 ml™") 10-8,400 26-7-78 12-4-78 290 170
Community respiration (ug
of O, liter ' h™")
Unsupplemented 0-74 12-1-77° 17-5-78 4 213
Supplemented 0-92 14-10-77 17-5-78 10 118

2 Microbial counts given as geometric means.

® Calculated from temperatures in degrees Kelvin.
¢ An example of several minima.

9 Ay, Absorbancy at 254 nm.

¢ MPN, Most probable number.

/ CFU, Colony-forming units.
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plate counts of mesophilic, psychrophilic, and
polymyxin-resistant bacteria occurred in mid-
May 1978 during the second phytoplankton
peak. At the same time, the direct count of
“curved rods” and the community respiration
values were at their highest. The direct counts
(curved rods excluded) had their maxima in July
1977 in connection with a strong outflow from
the inner parts of the archipelago. Proteolytic
bacteria had their maximum in late April 1978
below the ice, during the onset of the vernal
phytoplankton bloom, which mainly consists of
diatoms (15). The maxima of H.S producers,
fluorescent pseudomonads, and yeasts occurred
in late winter of 1978 during the observed salin-
ity minimum of 3.93 %o, and the peak of bacterial
spores was recorded 1 week later.

The minima of most of the microbiological
parameters occurred in either the autumn or
early winter, except those of proteolytic bacteria,
fluorescent pseudomonads, and yeasts, the low-
est numbers of which were recorded in June or
July (Table 1). However, a summer peak of

_yeasts (710 colony-forming units per liter) was
found in July 1977, in connection with the rain-
fall maximum of 50 mm and with a simultaneous
strong outflow from the inner parts of the archi-
pelago.

Some intermicrobial correlations. Bacte-
rial spores, the majority of which are considered
to represent terrestrial microbial communities
in the study area, had significant positive corre-
lations with all the microbial types during the
ice-cover periods (Table 2) and with the plate
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counts of the various microbial types over the
whole period studied. During the open-water
periods, bacterial spores correlated significantly
with psychrophiles, fluorescent pseudomonads,
and yeasts.

Mesophilic bacteria had significant positive
correlations with the direct counts (not with
cocci in winter) and H.S producers; the correla-
tion with curved rods in the winter was espe-
cially strong (r = +0.929).

Yeasts had significant positive correlations
with fluorescent pseudomonads but a negative
correlation with mesophilic bacteria during the
open-water periods.

Regression models of microbiological pa-
rameters. Results of the stepwise regression
analysis are given in Table 3. Good explanation
was obtained for the variation in psychrophiles,
bacterial spores, and yeasts (63 to 77%), and
particularly high values were obtained for the
two parameters of community respiration (about
90%). The significant independent variables ac-
counted for approximately 50% of the variation
in direct counts (not curved rods), H.S pro-
ducers, mesophiles, and polymyxin-resistant
bacteria. The proportion of the variation ex-
plained for curved rods, proteolytic bacteria, and
fluorescent pseudomonads was only 37 to 44%.

Total organic matter and water temperature
were significant for most of the microbiological
parameters, having positive regression coeffi-
cients, but not for fluorescent pseudomonads,
bacterial spores, or yeasts. Chlorophyll a played
a major role for the respiration parameters and

TABLE 2. Some intermicrobial correlations obtained for data from Tvarminne Storfjdrd

All data® Open-water periods® Ice-cover periods®
Parameter Bacte- Com Bacte- Com- Bacte-
. Meso- munity . Meso- munity . Meso-
rial philes Yeasts respira- rial philes Yeasts respira- rial philes
spores tion? ~ SPores tion? ~ SPOTeS
Direct count
Total 0.55 0.45 0.61 0.45 0.71 0.71
Cocci 0.38 0.43 0.65
Rods 0.57 0.49 0.67 0.50 0.58 0.65
Curved rods 0.69 0.41 0.65 0.46 0.73 0.93
H:S producers 0.48 0.47 0.63
Mesophiles 0.31 0.46 -039 0.64 0.73
Psychrophiles 0.65 0.33 041 0.53 0.82
Proteolytic bacteria 0.34 0.41 0.79
Fluorescent pseudo- 0.70 0.73 0.59 0.67 0.81
monads
Polymyxin-resistant 0.37 0.45 0.60 0.77
bacteria
Bacterial spores 0.66 0.51

“rz0.38, P<0.001; r = 031, P < 0.01.
®rz 045, P <0.001; 7 = 0.36, P < 0.01.
‘rz0.68, P <0.001; r = 0.56, P < 0.01.
“In unsupplemented samples.
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TABLE 3. Significant® independent variables in the
regression models for microbiological parameters
based on all the data (71 observations) from

Tvdrminne Storfjird®
Depend?r;::)variable g; Independent variables
Direct count
Total 58 °C(17); A24(13); log
Chl(7); —Aaso(3)
Cocci 49 °C(40); —%0(21)
Rods 55 log Chl(15); °C(10);
Azsi(11); —Asso(4)
Curved rods 37  As4(25); log Chl(5);
°C(3)
H.S producers 45 —%(30); °C(7); NE
winds(3)
Mesophiles 51  A2:(38); °C(3); Chl(3)
Psychrophiles 63 A2(38); °C(3); Chl(2);

SE winds(2)
A24(42); °C(6); Aaso(2)
—°C(19); —%o(13);

Proteolytic bacteria 44
Fluorescent pseudo- 41

monads rainfall(3)
Polymyxin-resistant 49 A25,(37); °C(2); Chl(2)
bacteria
Bacterial spores 77 —°C(31); Ass0(5); —%o(1)
Yeasts 64 Flps.(14); —°C(7);
rainfall(5); —%o(3)
Community
respiration
Unsupplemented 89 Chl(67); Bact.(2)
Supplemented 87 Chl(56); Bact.(6)
2 At the 5% risk level.

® The figure in parentheses is the reduction of the
percentage explained if the variable is omitted. The
minus sign means that the variable has a negative
regression coefficient. Symbols: °C = water tempera-
ture; %o = salinity; Assq = total organic matter (ab-
sorbancy at 254 nm); Ass = total humic matter; Chl
= chlorophyll a; Fl.ps. = fluorescent pseudomonads;
Bact. = colony-forming units of mesophiles.

the number of rods and a minor role for total
bacteria, curved rods, mesophiles, psychrophiles,
and polymyxin-resistant bacteria. Rainfall,
which may wash microbes from the land (2),
appeared in the models for fluorescent pseudo-
monads and yeasts. Low salinity, connected with
freshwater outflows (15), was especially signifi-
cant for H.S producers and fluorescent pseu-
domonads, and also for cocci, bacterial spores,
and yeasts.

The variable that best explained the variation
of yeast counts was the number of fluorescent
pseudomonads.

Comparison of regression models ob-
tained for data from the open-water and
ice-cover periods. The independent variables
found to be significant in the regression models
for the two periods are presented in Table 4.
With most of the parameters, the models ob-
tained for the open-water data were either iden-
tical or similar to those for the whole study
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period (Table 3). This was evidently related to
the fact that most of the observations (70%)
were derived from the open-water periods. For
the open-water periods, the independent varia-
bles explained a satisfactory proportion of the
variation in total bacteria, bacterial spores, and
yeasts (61 to 68%) and a very substantial pro-
portion of that in the respiration parameters
(90%), but with the other microbiological param-
eters the proportion was 50% or less. For the ice-
cover periods, high values (62 to 84%) were
obtained for most of the parameters. The regres-
sion models for the winter seasons differed from
those obtained for the open-water periods. Total
organic matter was significant for many of the
parameters during the open-water periods,
whereas total humic matter was the dominant
independent variable in the winter.

Water temperature appeared, with positive
regression coefficients, in the winter models for
many of the parameters, being highly significant
for the respiration in supplemented samples.
Increased water temperatures in winter indicate
the presence of seaward-flowing freshwater and
domestic effluents below the ice cover (16). Dur-
ing the open-water periods, water temperature
appeared with a negative coefficient in the
models for psychrophiles and bacterial spores
and with a positive one in the models for nearly
half of the parameters (Table 4).

Chlorophyll a did not figure in the winter
models for rods, curved rods, mesophiles, poly-
myxin-resistant bacteria, or respiration in sup-
plemented samples.

Low salinity is connected with freshwater out-
flows; salinity had a significant negative coeffi-
cient in the winter models for rods, fluorescent
pseudomonads, and H,S producers, but was of
no significance for the two first-mentioned pa-
rameters during the open-water periods. Salinity
appeared in the open-water model for cocci but
not in the winter model.

Rainfall during the open-water periods figured
only in the model for yeasts, having a positive
regression coefficient, whereas it appeared in
half of the winter models with a negative coef-
ficient. The model for yeasts contained fluores-
cent pseudomonads for both periods.

Mesophilic bacteria accounted for about 40%
of the variation in the two respiration parame-
ters during the open-water periods, but in the
winter they were significant only for the respi-
ration in supplemented samples and explained
a smaller proportion of the variation (about
20%).

DISCUSSION

Jones (12) found that about 65% of the varia-
tion in plate counts of bacteria and 75% of that
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TABLE 4. Significant® independent variables in the regression models for migrobiolog_ical parameters
based on data from the open-water (51 observations) and ice-cover (20 observations) periods at Tvarminne

Storfjird®
Open-water periods Ice-cover periods
Dependent variable (Y)
R? (%) Independent variables R? (%) Independent variables
Direct count
Total 61 °C(13); A2s4(11); log Chl(7); 82  Ice(16); —rain(14); Ass(11),
—Aszs0(5) Chl(12)
Cocci 51 °C(24); —%0(10) 84  log Chl(23); ice(16), — Vrain
(10); Asso(4)
Rods 52 log Chl(21); °C(14) 39  —%0(39)
Curved rods 46  A54(26); —Aas0(10); log 74  Ajs0(16); —Vrain(16); °C(6)
Chl(9)
H:S producers 33 —%o(33) 62  —%0(62)
Mesophiles 56  Ajs(10); Chl(9); °C(8); 75  Ass0(47); —rain(14)
—Ass0(6)
Psychrophiles 45  Aj(45); —°C(6) 75  Aas(27); —Vrain(5); °C(5)
Proteolytic bacteria 39 Aax(17); °C(9) 76  °C(19); Ass0(13); — Vrain(6)
Fluorescent pseudomonads 31 —°C(29); A24(9) 74  —%o(38); log Chl(18)
Polymyxin-resistant bacteria 52 Azs4(14); —Aas0(6); Chl(5); 65  Asso(44); —Vrain(5)
°C(4)
Bacterial spores 68 —°C(55); A254(33) 84  Aszs0(40); °C(10)
Yeasts® 62 Rain(11); Fl.ps.(11); 65  Fl.ps.(22); —Prot.bact.(8)
—Bact.(8)
Community respiration
Unsupplemented 90 Chl(49); Bact. (3) 78  °C(14); Chl(8)
Supplemented 90 Chl(48); Bact. (3) 79  °C(55); Bact.(7)
® At the 5% risk level.

® Symbols and explanations are given in Table 3. Prot. bact., Proteolytic bacteria.
 Without Fl.ps. and Bact.: R? 36%; —°C(24); rain(18); —%o(4).

in direct counts could be explained by chloro-
phyll a, temperature, inorganic nutrients, and
pH. The values obtained in the present study
were lower, about 50 and 60% with organic mat-
ter, chlorophyll a, and temperature (Table 3).
The importance of phytoplankton and temper-
ature for these two types of bacterial counts has
been shown in other aquatic biotopes (e.g., ref-
erences 3, 4, 8, 10, 18, 19, 23). In the present
study, temperature was found to be of signifi-
cance also for cocci, rods, curved rods, H.S
producers, psychrophiles, and proteolytic and
polymyxin-resistant bacteria. The significance of
organic matter for the microbiological parame-
ters (Table 3) is attributed both to autochtho-
nous and allochthonous organic compounds,
since no clear distinction between their contri-
butions could be made. However, the role of
autochthonous organic matter is indicated
by chlorophyll a appearing in the regression
models. The striking role of chlorophyll a in the
variation of the respiration parameters (Table
3) evidently shows that microbial respiration is
closely dependent on algal extracellular organic
compounds. It is difficult to understand how
plankton algae would be responsible for the main
part of the community respiration.

In most of the investigations cited above, the
population peaks for bacteria have appeared
after those of phytoplankton. However, no rela-
tion between the bacterial numbers and phyto-
plankton biomass could be demonstrated by
Goldman et al. (5), Gunkel (6), or Ramsay (21).

The correlations of plate counts of mesophilic
bacteria with direct counts of bacteria (Table 2)
indicate that their temporal changes were partly
parallel; their variation was explained by the
same environmental factors (Tables 3 and 4). In
contrast to these observations, Melchiorri-San-
tolini et al. (14) found a negative correlation
between plate counts and direct counts in Lago
Maggiore. The high correlation of curved rods
with plate counts of mesophiles shows that
curved rods formed a considerable proportion of
the colonies obtained from the winter samples.

The negative coefficient for salinity in the
models not only for bacterial spores and yeasts
but also for fluorescent pseudomonads, cocci,
and H,S producers (Table 3) shows that these
microbial types are transported with seaward-
flowing freshwater. A similar conclusion may be
drawn from the negative coefficients for water
temperature in the models for bacterial spores,
fluorescent pseudomonads, and yeasts (Table 3),
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because the effects of freshwater outflows be-
come evident when the water temperature falls
from autumn on.

Northeast winds cause the seaward flow of
H:S producers, as is shown by the appearance
of these winds in the regression model for H.S
producers (Table 3). This bacterial type is prob-
ably derived from domestic effluents. Western
winds also transport H,S producers to Tvir-
minne Storfjard, in this case from the decaying
Fucus mats in the nearby inlet Byviken (28).
The model for psychrophiles contained south-
east winds, which sometimes occur in connection
with the seaward flow of fecal bacteria into the
Tvéarminne area. Hence, it may be concluded
that many of the psychrophiles at Tvarminne
Storfjard originate from the inner parts of the
archipelago.

The contribution of fluorescent pseudomo-
nads to the explanation for yeasts (Tables 2 and
3) indicates that yeasts are connected with do-
mestic effluents, since fluorescent pseudomo-
nads often occur with sewage (1). However, be-
cause sewage and freshwater flow together into
the Tvidrminne archipelago, some of the yeasts
might be derived from the Pojoviken proper.
The presence of rainfall in the model for both
these microbial types shows that they are also
washed from the land. Thus, fluorescent pseu-
domonads are not necessarily associated with
domestic effluents. Increased bacterial counts
have been recorded after rainfall in lakes by
Collins (2), Jones (9), and Ramsay (21).

The negative correlation of yeasts with me-
sophilic bacteria (Table 2) and the appearance
of mesophilic bacteria with a negative coefficient
in the open-water model for yeasts (Table 3)
suggest that yeasts cannot compete for nutrients
with bacteria, which probably have higher
growth rates.

Below the ice cover, all the parameters were
affected by freshwater outflows. This was evi-
dent from the appearance of either humic matter
or salinity in the winter regression models (Table
4) and from the winter correlations of microbes
with bacterial spores. The appearance of tem-
perature with a positive regression coefficient in
the winter models for psychrophiles, proteolytic
bacteria, and the respiration parameters (Table
4) is connected with the effects of freshwater
outflows, since increased temperatures below
the ice cover indicate freshwater outflows in the
Tvidrminne area (16). However, it can also be
attributed to an increase in microbial metabo-
lism with increasing temperature. Low rainfall
(negative coefficient) appearing in the winter
regression models is often linked with rising
atmospheric pressure, which also increases the
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freshwater flow seawards in the Tvarminne area.
Hence, it also indicates effects of freshwater
outflows. The reason why the percentage of the
variation explained was in most cases highest in
the winter was that freshwater outflows govern-
ing the populations were characterized well by
the environmental parameters chosen, whereas
during other seasons other properties than those
determined became more characteristic.

The role of freshwater outflows in the varia-
tion of polymyxin-resistant bacteria indicates
that these bacteria did not represent slow-grow-
ing bacteria from brackish water. The identity
of the regression models of mesophilic and
polymyxin-resistant bacteria shows that similar
bacterial types were determined in many cases.
Thus, polymyxin mostly failed to select slow-
growing bacteria in the Tvéarminne area.

Sampling frequency has been found to affect
the degree to which population changes can be
explained (11). At the beginning of the present
study, samples were also collected at short in-
tervals (about 5 min), but they did not reveal
significant changes in any of the parameters.
The subsequent sampling intervals of 1 or 2
weeks, on the other hand, may have been too
long during the phytoplankton blooms. An in-
termediate frequency with daily samplings
proved satisfactory in connection with the vernal
bloom (P. Vaitdnen, J. Appl. Bacteriol,, in
press). However, in regression models for micro-
organisms the percentage of the variation ex-
plained will be increased by phytoplankton only
when there is considerable overlapping of micro-
bial and algal peaks, which is not always the
case. Unfortunately, the breakdown of phyto-
plankton blooms shown to be of importance for
microbial populations (28) invariably escapes
the regression analysis, because no parameters
unambiguously characterizing the breakdown
are available.

It seems that understanding of temporal
changes in the microbial populations in the
Tvéarminne area might be increased by taking
into consideration inorganic nutrients and pH,
since these undergo strong seasonal variation in
this area (15, 16). Measures of microbial inter-
actions, e.g., predation (11), might also contrib-
ute to their explanation. Examination of the
effects of filter-feeding zooplankton on microbial
populations might also further our understand-
ing of their fluctuations.
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