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Abstract

A 6-m-deep lake has been sampled to measure the temporal and depth-wise distribution of heterotrophic
bacteria and biologicalactivity in the water. Surface, mid-depth and bottom waters were analysed at monthly
intervals foraperiod of one year, The coctiicient of heterotrophic activity, nlkaline phosphatasc activity and
biological oxygen demand are used as an index of biological activity. The bacterial community was at
maximum during spring, coinciding with high values of biological activity. Highest biological activity was
observed in the bottom waters. Dissolved organic carbon showed a significant positive correlation with most
of the biological activity parameters. This suggests that biological activity, as measured by the coefficient of
heterotrophicactivity, was more closely related to the concentration of substrates than to population density

of heterotrophic bacteria.

Introduction

Population estimates have been widely used as a
measure of activity ol microorganisms. However,
many times they do not reflect the actual activity of
the microbes (Strickland 1971). Populations of bac-
teria have been measured by direct microscopic
counts and by plate counts. While the former does
not reflect whether these cells are active or dead, the
latter always underestimates the population, and
the counts reflect certain ecophysiological groups
which can grow on the medium used for culture.
General awareness of this problem has increased
and during the last two decades attempts have been
made to measure the biological activity in various
environments using enzymatic methods (Hoffman
& Hoffman 1966; Lenhard 1967; Overbeck & Ba-
benzien 1964; Reichardt er al. 1967, Reichardt
1971; Jones 1972a, b; Verstracte er al. 1976) and
utilization ol substrates (Azam & Holm Hansen
1973; Godlewska-Lipowa 1974a, 1976; Vaccaro &
Jannash 1966; Wright & Hobbie 1965, 1966). Sub-

strate utilization and enzymes activity measure-
ments are the two methods most widely used to
understand the involvement of microbial commun-
itics in the functioning of various ccosystems, Stu-
dies on heterotrophic activity of bacterial microflo-
ra (Wrgiht & Hobbie 1965; Vaccaro & Jannash
1966) have shown that bacteria assimilate organic
substrates in relation to their concentration. God-
lewska-Lipowa (1974a) measured the coefficient of
heterotrophicactivity by estimating the quantity of
oxygen utilized by bacteria. She reported that the
cocefficient of heterotrophic activity is a direct mea-
sure of the degree of eutrophy and the process of
destruction of organic matter in aquatic ecosys-
tems.

Phosphatases are responsible for phosphate re-
generation in aquatic environments. In such envir-
onments, phosphatases, first demonstrated by
Steiner (1938), arc produced by bacteria (Joncs
1972a, b), algae (Brandes & Elton 1956) and zoo-
plankton (Jansson 1976). Phosphatases may be as-
sociated with seston or exist as dissolved enzymes
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(Berman 19700 Jones 19720: Overbeck & Babenzein
1964 Reichardteral. 1967). T herelease of enzymes
i soluble form has been often attributed to mincer-
alization of planktonic organisms (Reichardt er al.
1967). Phosphatase activity has proved to be good
indicatorofdegree ofcutrophication(Jones 1972a).

The present paper takes into consideration var-
ious methods of biological activity measurements
and relates them to physical and chemical charac-
ters of the water in time and depth. Three parame-
ters, viz. alkaline phosphatase activity, cocllicient
ol heterotrophic activity and biological oxygen
demand (BOD), have been used to measure biolog-
ical activity in the lake.

Description of the lake

The lake is man-made, built in 1893 and situated
in Shillong (India) (altitude 1460 m, latitude
25.34°N_ longitude 91.25°E). The adjoining slopes
of the valley are covered with dense managed
grasses and scattered trees, predominantly pine.
The lake receives water from an inflow throughout
the year and has a controlled surface outlet which
allows excess water to flow out during rainy
months. Throughout the year the water level doces
not change appreciably except during January
February when it drops by approx. 30 cm. The
bathymetric map and the general morphometry of
the lake are given in Fig. 1. The sampling station is
located 10 m from the shore at the deepest part of
the lake where the bottom is silty with a cover of
semi-decomposed plant litter, mainly pine ncedles.
Secchidisk transparency during the study was 98 to
112 cm. Chlorella sp. and Microcystis spp. domi-
nate the phytoplankton community. A phytoplank-
ton maximum was obscrved during the month of
March. Thelake harbours a sizcable community of
zooplankton and lish, and receives nutrients in the
form of litter of adjoining vegetation during fall.
The rainfall and temperature at the study arca are
shown in Fig. 2.

M aterials and methods
Samples for bacteriological examination from

3 m and the bottom (6 m) were collected between
1 000 and I 100 husinga JZ sampler (Zobell 1941).
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Fig. 2. Ombrothermic diagram of the study area. Rainfall: histo-
grams, mean maximum temperature: closed circles and mean
minimum temperature: open circles.



Surtace samples were collected in sterile bottles,
avoiding the surface hilm. Samples for all other
analyses were collected using o S-hitre polythene
Van Dorn bottle. Bottles were maintained ina dark
chamber and transported to the Iaboratory within
halt an hour of sampling. Within 3 hours of collec-
ton the samples were inoculated for the estimation
ol viable bacteria by spread plate method. Cascin
peptone starch agar (CPS) (Collins & Willoughby
1962) was used for plate counts of bacteria, Ali-
quots ol 0.5 mlmserial dilutions were inoculated to
three rephicates of partially dricd medium. The
plates were kept at 10 2C for 12 hours for absorp-
tion ol the abiquot and incubated at 25 ¢ tor 7
days. The plates having 30 300 visible colonices
were counted. Direct microscopic counts were done
following the method deseribed by Sorokin & Ka-
dota (1972) using 0.22 wm poresize millipore Lilters
(Millipore Corporation, Massachussetts, U.S.AL).

The estimalion of alkaline phosphatase followed
the method of Verstracte er al. (1976), but reagents
and distilled water were filter sterilized and aseptic
precautions were observed. Soluble alkaline phos-
phatase was measured in the lake water filtered
through 0.22 um pore size millipore filter. Coeffi-
cient of heterotrophic activity was determined fol-
lowing Godlewska-Lipowa (1974). Lake water was
filtered through a 40 um pore-size sicve to remove
phyto- and zooplankton. After measuring the in-
wial dissolved oxygen concentration, the water was
transferred to six BOD bottles. Bacteriological pep-
tone (BDH) was added to three bottles to the con-
centration of 10 mg/ 1. All bottles were incubated at
20 £ 1°C in a BOD incubator for 24 hours and
dissolved oxygen concentration was measured. The
coefficient of heterotrophic activity was calculated
by dividing the oxygen consumption in liske water
with peptone by the oxygen consumption in the
lake water without peptone. The permanganate ox-
idizable dissolved organic carbon was measured as
described by Gocke & Hoppe (1977). Estimation of
soluble phosphate, nitrate, dissolved oxygen and
BOD was done as outlined in Standard Methods
(APHA 1971). Temperature was measured using a
mercury thermometer of 0.1 °C accuracy. pH was
measured with an electrical pH meter and conduc-
tivity with an Elico conductivity bridge.

Most sampling was done at weekly intervals; the
data in the paper, however, are averaged per
month. Simple correlation coelficients were used to
test the relationship among the various factors.

25
Results
Popdation of bacieria

The population estimates of total and viable bac-
teriain the lake water are shownin Fig. 3. The total
population of bacteria is 10 to S0 times the viable
populiation, suggesting that only a fraction of total
bacteria was estimated by the culture method. The
tend of varation in total population and viable
population was almost similar, which s evident
from a highly significant corrclation between the
two parameters (r=0.99; p = 0.01). In general, the
bacterinl population was high during the spring
months (March May) and declined to minimum
during winter (Dcecember January). During the
other part of the yvear, the population remained
almost stable with a slight increment in the late
autumn (October November).

Cocfficient of heterotrophic activity

The cocllicient of heterotrophic activity was
highest during late spring (April-June) and lowest
during winter (November- January). During the re-
maining part of the year the cocefficient of hetero-
trophic activity was consistently higher in the bot-
tom watcers than at the surface and middle waters,
cexcept in August and September when it touched
the lowest value. Besides  distinet  scasonality,
marked variation was also observed at different
depths. During winter the mid-depth water consist-
ently harboured less heterotrophic ativity than the
surface and bottom water (Fig. 4a).

Biological oxygen demand (BOD)

Biological oxygen demand showed distinct sca-
sonal variation. It was maximum during spring and
decreased with the onset of summer. Lowest values
were recorded in November-January, followed by
aslightincrease in February. In general, the highest
BOD values were associated with bottom waters. In
most of the months, the middle waters had higher
values than the suiface but not during March,
April, Junc and February (Fig. 4b).

Alkaline phosphatase activity

The alkaline phosphatase activity showed a dis-
tinct seasonality. Thetrend of variation at the three
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Fig. 3. Monthly variation in numbers of bacteria. Surface water: circles; mid-depth water: triangle; bottom-water: squares.
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depths, however, did not follow the same pattern,
While surface waters showed maximum activity
during March June, bottom water exhibited a
maximum in November. Depth-wise, the activity
decreased during March June. after which the
maxima tend to shift to bottom waters and from
August to January, maximum activity was re-
corded at the bottom. Minimum activity was re-
corded in January and February. 1he soluble en-
syme remained at faarly constant levels throughout
most of the year except during winter when the
values were comparatively low (Fig. 5).

Permanganate oxidizable dissolved organic carbon

(PODOC)

In general, PODOC values were higher during
spring and carly summer (March May), and de-
clined subsequently. The minimum values were re-
corded during colder months (November-Janu-
ary), while during the remainder of the yeara fairly
constant level was maintained except for a peak in
October, at mid-depth. Organic carbon was always
highest in the bottom waters. The PODOC values

Alkaline phospratase « mole /L /H
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increased with depth except in March, April and
June (Fig. 6).

Soluble reactive phosphate

Soluble phosphate values also showed distinct
scasonality. In general, higher values were recorded
during spring and summer and showed a definite
increase along depth. During winter, however, the
pattern was cither opposite (November, December,
February) or it did not vary significantly (October,
January). Throughout the year soluble phosphate
remained at fairly high levels (Fig. 7).

Lstimates of nitrate showed an interesting pat-
tern of variation throughout the study period. A
minimum was recorded in May and remained quite
low during April July. The higher values for nitrate
were recorded during August October (Fig. 7).

Dissolved oxygen (1DO)
Throughout the study, dissolved oxygen re-

mained fairly constant at the surface. Distinet verti-
cal gradients are depicted in Fig. 8. The oxygen
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Fig. 5. Monthly variation in alkalinc phosphatasc activity for waters at different depths. Partition at basc indicates the values for soluble

alkaline phosphatase. Deptis shown as in Fig. 4.
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Fig. 6. Monthly variation in permanganate oxidizable dissolved organic carbon values. Depths shown as in Fig. 4.
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Fig. 7. Monthly vicniation in nitrate and orthophosphate values. Depths shown as in Fig. 4.
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Fable 1. Simple correlation cocellicient values among various parameters.

Microscopic  Viable Biological  Coellicient of Lotal alkaline Soluble Permanganate
count of count ol oxygen heterotrophic  phosphatase  alkaline oxidizable
bacteria bacteria  demand activity activity phosphatase  dissolved
activity organic carbon
Microscopic count of 0.9926** 0.5404 0.5201 0.5430 0.4500 0.5024
bacteria
Viable count of bacteria 0.5505 0.5497 0.5754 0.4523 0.5178
Biological oxygen demand 0.8831** 0.6519* 0.8359** 0.69932**
Coclficient of heterotrophic 0.6015* 0.7072%* 0.8950 1 **
activity
Total alkaline phosphatase 0.6157* 0.6903*
activity
Soluble alkaline .8344**
phosphatase activity
*o0r Signilicant at 0.05 and 0.01 p, respectively.
’
level at the bottom showed strong scasonal varia- Discussion -

tion. It was fairly high in March and decreased
steadily up to July. InJuly and August the bottom
water was anoxic. Thercafter, re-oxygenation was
noted and the value steadily increased until No-
vember, with a drop during December.

The water temperature varied between 12.8 and
24.0 °C. The bottom temperature remained quite
low as compared to the surface and mid-depth wa-
ters. Single departure from this gencral pattern was
observed in the month of February when the sur-
face water was cooler than the bottom water (Fig.
8). Figure 9 shows-that conductivity values in-
creased with the depth. Conductivity was maxi-
mum in August and minimum in late winter (Janu-
ary, February). This also showed that the bottom
waters were always rich in inorganic ions. pll did
not vary appreciably and remained near neutrality
throughout (Fig. 9).

These various variables, viz. dissolved oxygen
temperature, conductivity, organic carbon and
others, suggest that the lake remained stratified for
most of the year and that mixing took place in
January-February. Correlation coefficients are
given in Table I. A significant correlation was not-
ed between permanganate oxidizable dissolved or-
ganic carbon and BOD, heterotrophic activity and
alkaline phosphatase activity. A comparison ol the
depth-wise distribution pattern of ortho-phosphate
and alkaline phosphatase activity shows a negative
relationship between both (Figs. 5 and 7).

On comparison of bacterioplankton population
estimates by two methods, it appears that both
methods depict similar trends of variation with
depth and time. However, the depth-wise distribu-
tion of bacterial populations estimated by onc me-
thod did not always correspond with the estimate
obtained by the other method. This was particular-
ly truc with the tow population estimates in the
bottom water samples by plate count, such as in
March, May, September, October and November,
where the bottom samples contained maximum
bacterial populations by the microscopic counting
but not with the plate count method. This may
retlect a diffecence in physiological state of bacteria
in the bottom water. Indeed, this layer is anoxic for
most of the year and rich in dissolved inorganic and
organic nutrients. Therefore, the bacteria of the
bottom waters might not grow well on a CPS medi-
um when incubated aerobically. Thus, it may be
concluded that the viable count gives an underesti-
mation of the bacterial community, which is more
pronounced in extreme environments.

The coefficient of heterotrophic activity corres-
ponds well with bacterial population estimates and
dissolved organic carbon values. Similarly, BOD
estimates were generally in correspondence with the
dissolved organic carbon values. It appears, there-
fore, that BOD values give an etimate of oxidizable
organic carbon. The estimation of organic carbon
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by permanganate oxidation method underestimates
the total value but its correspondence with BOD
and other parameters of heterotrophicactivity con-
firms that it is a good measure of biologically oxid-
izable organic carbon, at least in our experimental
conditions.

Earlier studics on alkaline phosphatase have well
established their role in phosphate regeneration
(Jansson 1977) and as an indicator of cutrophica-
tion and microbial biomass (Reichardt er al. 1977,
Jones 1972a). These and most of the other attempts
to relate phosphatase activity with microbial bio-
mass and other limnological characters have been
based on short=term studics, except tor those of
Stevens & Parr (1977) and Health & Cooke (1975).
During thisstudy higher values ofalkaline phospha-
tase activity werecoupled with higher bacterial pop-
ulationsand other biologicalactivity measurcments
during April-July, which was consistent with the
observations of Jones (1972a). The second maxi-
mum in phosphate activity was obscrved in the bot-
tom waters during November- December and asso-
ciated with the lowest values of soluble phosphate
concentration. It may, therefore, be inferred that
duringthe period of high microbialactivity(March-
June) the phosphatasc activity was not represscd by
higher ortho-phosphate values as observed by
Heath & Cooke (1975). But low values of soluble
phosphates could trigger the enzymatic activity
(November-December) in order to release phos-
phate from organic compounds. During the period
of high phosphatase activity the depth-wise distri-
bution of soluble phosphates showed a trend oppo-
site to phosphatase activity, clearly depicting a neg-
ative relation between the two. The relationship
between phosphate and phosphatase activity ob-
served during this study is in conformity with work
by Stevens & Parr (1977). Therefore, in natural
waters, phosphorus limitations may enhance phos-
phatase activity but the repression of phosphatase
activity by soluble phosphates may not occur if it
coincides with high microbial activity. The absolute
values of phosphatase activity often cannot be
compared with other reports because of differences
in units as well as methods employed. However,
data of the present study are within the range re-
ported by Heath & Cooke (1975). The depth-wise
distribution of phosphatase activity suggests that
during spring and warm periods of the year, more
phosphatase was produced in the surface waters
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than in the bottom waters, largely by phytoplank-
ton. Jones (1972a) also observed some increasce in
phosphatase activity in deeper water in late sum-
mer. Berman (1970) did not find any induction
repression and/or activation of phosphatase in
Lake Kinneret with soluble phosphate. Similarly
Jones (1972b) did not find such a relationship and
suggested that without a detailed survey, the con-
trol mechanism of enzymes could not be deter-
mined satisfactorily. Results also clearly depict that
major portion of the alkaline phosphatasc activity
remains associated with particulate matter and only
a small fraction of it was in soluble form (Fig. 5).
Coclficient of heterotrophic activity has often been
used as a measure of biological activity measure-
ment (Godlewska-Lipowa 1973, 1974b). The pres-
ent study revealed that, although correlated with
the microbial population estimates, it was rather
direetly related to dissolved organic carbon concen-
trations. BOD has been the most widely used single
parameter to estimate biologically utilizable organ-
ic matter. BOD values in this study were significant-
ly related with the dissolved organic carbon. Al-
though maximum and minimum values also
corresponded to maxima and minima in bacterial
populations, a general relationship was not ob-
served. The variation of nitrate was related to its
utilization by phytoplankton as evident from its
lowest values during and after the phytoplankton
peak. ; :

Maximum biological activity as measured by the

" coefficient of heterotrophic activity as well as max-

imum microbial population levels were noted dur-
ing spring, which may be ascribed to the mixing of
the water column in February (clearly evident from
the bottom oxygen level in March) resulting into a
March phytoplankton bloom followed by a bacte-
rioplankton bloom. The fresh input of extraneous
nutrients in the form of plant litter during late
February and early March from the adjoining vege-
tation may also have contributed to this.

It' may be concluded that in shallow stratified
lakes, distinct seasonal variations in the biological
activity and microbial populations take place. Mix-
ing during the end of winter results in a bloom of
phytoplankton in March-April, followed by a bac-
terioplankton bloom in May. The spring blooms
also coincide with maxima in alkaline phosphatasc
activity, cocfficient of heterotrophic activity and
BOD. All these variables were positively correlated
(Table 1).
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Summary

The temporal and depth-wise ariation in plank-
tonic heterotrophic bactéria, coefficient of hetero-
trophic activity, BOD and alkaline phosphatase
activity, permanganate oxidizable dissolved organ-
ic carbon, soluble reactive phosphate, nitrate, pH,
conductivity, dissolved oxygen, and water tempera-
ture have been measured ina small freshwater lake
for a period of one year at monthly intervals, Dis-
tinet spring (March May) maxima and winter
(November January) minima were observed in the
community of heterotrophic bacteria and the bio-

logical activity estimates. On statistical analysis of

the data, clear positive relationship among hetero-
trophic bacteria, coefficient of heterotrophic activi-
ty, BOD, alkaline phosphatase and permanganate
oxidizable dissolved organic carbon has been not-
cd. However, phosphate, nitrate, phH, conductivity,
dissolved oxygen and water temperatures did not
show any significant correlation with any of the
other parameters measurcd. The bottom waters
harboured higher biological activity. The data also
suggest that the biological activity as measured by
the coefficient of heterotrophic activity was more
closely related tosubstrateconcentration(dissolved
organic carbon) than to the population density of
heterotrophic bacteria.
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