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Abstract — Effect of nutrient enrichment on periphyton was studied using chemical diffusing substrates
that released, singly or in combination, PO,*~-P and nitrogen, both NO3; -N and NH,"-N. The study was
carried out in March and June 2014 as these two time periods showed abundance of different groups of
algae. Whereas diatoms and green algae were abundant in March, cyanobacteria dominated in June.
Nitrogen was primarily growth limiting in river water as its enrichment enhanced the growth of periphyton.
Phosphate limitation was secondary in nature. Enrichment of NH,-N caused greater enhancement of
periphytic growth than that of NO; ™ -N. Nutrient enrichment reduced species diversity, further enhancing
total biovolume of the periphytic group that was predominant at that particular point of time. Nutrient
enrichment markedly increased cyanobacterial populations in June due inter alia to high temperature. In
spite of nutrient enrichment, the periphytic biomass did not reach the level (chl @ > 100-150 mgm ™ ?)
considered as the nuisance, except in March when combined enrichment of PO4>~-P and NO;~-N greatly

enhanced the periphytic biomass.
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1 Introduction

Eutrophication of water bodies is a major environmental
problem in many parts of the world (Dodds and Smith, 2016).
It results from enrichment of waterbodies with nutrients that
trigger excessive and undesirable growth of algae and plants
(Stevenson et al., 2012). Nutrient enrichment is primarily due
to input of domestic wastes and other nutrient-loaded
wastewaters (point sources) or run off from fertilizer-enriched
agricultural fields or other areas (non-point sources) into
waterbodies. Many lakes, streams and rivers across the world
are becoming increasingly eutrophic and hence are greatly
suffering due to deterioration of water quality (Dodds, 2003;
Dodds and Smith, 2016). In coastal regions, including
estuaries, eutrophication has been identified as a major
environmental problem (Lyon and Ziegler, 2009; Paerl
et al., 2014). Although eutrophication is prevalent in almost
every part of the world, the problem is alarming in developing
countries that do not have enough financial resources for
proper waste treatment and disposal (Ansari et al., 2011).

Nitrogen and phosphorus are important nutrients that cause
eutrophication if present in high concentrations in aquatic
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ecosystems. In natural aquatic ecosystems, these nutrients
often occur at low concentrations, which are limiting for the
growth of algae (Tank and Dodds, 2003; Elser et al., 2007). To
study whether nitrogen or phosphorus limits the algal growth,
in situ studies have been done in lentic and lotic ecosystems
(Tank and Dodds, 2003; Death et al., 2007). In this context,
lentic ecosystems, showing a well-established relationship
between nutrient concentration and planktonic algal biomass,
have received a lot of attention of limnologists (Vollenweider,
1976). Establishing nutrient criteria in lotic ecosystems is
however difficult due to continuous unidirectional flow of
water and also because many environmental factors affect the
autotrophic biomass, including shading, light, nutrient and
current velocity fluctuations (Jarvie et al., 2002; Proia et al.,
2012; Townsend et al., 2012). Nevertheless, studies demon-
strate a positive correlation between benthic algal biomass and
nutrient concentration in water column (Dodds et al., 2002;
Dodds and Smith, 2016).

Periphyton constitutes an important component of primary
producers in lotic ecosystems (Petersen et al., 2018). Due to
attached nature, rapid growth and marked sensitivity to
environmental perturbations, they are sensitive indicators of
water quality (Hill er al, 2001; Pfeiffer et al, 2013).
Understanding how nutrients limit periphyton growth has
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for long been the subject of interest to stream and river
ecologists (Keck and Lepori, 2012). According to single-
nutrient paradigm (Liebig's law of minimum), only one
nutrient, shortest in supply relative to its need, limits the
biomass production in autotrophs (Paerl et al., 2014).
However, application of single-nutrient paradigm to multispe-
cies periphytic communities is not strictly valid (Keck and
Lepori, 2012) as algal species differ in their nutrient
requirements and different species could be limited by
different nutrients. Many in situ studies have been done to
investigate the impact of nutrient enrichment on periphytic
algae (Tank and Dodds, 2003; Lawrence ef al., 2004; Teissier
et al., 2007). Earlier it was a paradigm that P is only growth
limiting nutrient in freshwaters. However, recent meta-
analysis studies (Francoeur, 2001; Elser et al., 2007) explain
that in multispecies community both limiting and nonlimiting
nutrients enhance the biomass and N was approximately
equally likely as P to be limiting.

Determination of limiting nutrient in lotic ecosystems is
also difficult due to great temporal variations in the
environment. Since nutrient concentrations as well as nutrient
ratios vary seasonally, it is imperative to study seasonal
variations of nutrient limitation. Up to now, only a few workers
have studied the seasonal variation of nutrient enrichment
effect on periphyton (Franca et al, 2009; Casartelli and
Ferragut, 2015) and there is a need for further research in this
area. The pattern of nutrient limitation also varies among
systems across the globe. Previous studies conclude that
whether N or P limits growth depends upon -climatic
conditions, catchment geology and biogeography of a region
(Tank and Dodds, 2003; Death ef al., 2007; Stevenson et al.,
2012). Though a lot of research has been carried out in
temperate countries, very few studies have been done in
tropical countries, particularly in south and southeast Asia,
including India. Thus, it is necessary to carry out experiments
in different geographical regions and climatic conditions for a
better understanding of nutrient limitation pattern.

The river Ganga is one of the most important rivers in India
influencing lives of approximately 40% Indians inhabiting its
drainage area (Jin e al, 2015). The river receives treated/
untreated municipal sewage from various cities, industrial
effluents and other kinds of wastes along its about 2510 km
long journey commencing from Gangotri, in the state of
Uttarakhand, to the Bay of Bengal. The river has become
severely polluted and this has become a matter of great concern
for the common public as well as the government (Whitehead
et al., 2015). The Government of India has been actively
pursuing the task of remediation of this river by forming
appropriate bodies and also making huge investments in
various remedial activities (Whitehead et al., 2015). Another
very important action with respect to the management of this
river is regular monitoring of its water quality.

In view of the possibility that in future the concentration of
nutrients may increase in the river Ganga, a nutrient enrichment
study was carried out on periphytic communities of this river at
Varanasi, India. The study investigates the impact of the single
and interactive effects of phosphate, nitrate and ammonia
enrichment on biomass, community composition and diversity
of periphyton in different seasons of a year. Seasonal studies on
nutrient limitation of benthic algae have received only a little
attention up to now and a majority of these have focused on

biomass responses of periphyton and changes in taxonomic
composition and diversity has been less addressed. Moreover, in
the present investigation, attempt has been made to compare
the effect of both NO; -N and NH,4*-N on lotic periphytic
community structure, which was rarely studied earlier.

The present study addresses the following questions: (i)
Whether N and/or P limits the growth of periphytic algae in the
river Ganga, at Varanasi, India. (ii) Does seasonality affect
responses of various periphytic groups and taxa to nutrient
amendments and if so, how?

2 Study area

Nutrient enrichment experiments were carried out in
March (spring) and June (summer) 2014 in the river Ganga at a
site near Garhwa Ghat, Ramna, a village of Varanasi in the
eastern part of the state of Uttar Pradesh in India. Varanasi city
(25°18'N, 83°01’ E; and 80.71 m above mean sea level) lies in
the middle stretch of Ganges river basin in the northern part of
India. The climate of the town is tropical monsoon with total
rainfall ~1100 mm. During the course of the experiment, the
average minimum and maximum atmospheric temperatures
were 16.8 °C and 37.7 °C and 26.5 and 46 °C during March and
June 2014, respectively. The study site has extensive farmland
around it, which supports farming of various vegetable crops
and pulses. Besides farming, the river water is also used for
various recreational and subsistence activities, including
fishing, agriculture, animal husbandry, fish farming, bathing,
washing clothes and bathing of animals. Fishing is the most
important activity at this study site.

3 Materials and methods

3.1 Experimental design

To study the effects of nutrients on periphyton, chemical
diffusing substrates (CDS) were constructed (Fig. 1). CDS
were made using conical plastic funnels (height 8 cm, diameter
14cm at the base, internal volume 600 ml) and a circular
unglazed and fired clay tile (diameter 15 cm; thickness 4 mm)
following the method described by Pandey ef al. (2014). The
wide mouth of each funnel was sealed with clay tile using an
epoxy resin (m-seal, Pidilite Industries, Mumbai), making a
reservoir for nutrient solution while its narrow opening was
closed with a rubber stopper (Fig. 1). The constructed CDS
were then filled with one of the following nutrient solutions:
PO,> -P (0.1 M NaH,PO,), NO; -N (0.5 M NaNOs), NH, -
N (0.5 M NH,CI), NO; -N + PO,*~-P (0.5 M NaNOs+ 0.1 M
NaH,PO,), and NH,"-N+PO,°~-P (0.5M NH,Cl+0.1M
NaH,PO,). CDS filled with only river water served as the
control. When kept in water, these CDS diffused nutrient ions
via the porous clay surface, which also served as the substratum
for the attachment, colonization and growth of periphytic algae.

Initially, a laboratory experiment was carried out to
determine the rate of release of NO3; ™ -N, 1’043 ~-P and NH, -
N through CDS following the method given in Fairchild ef al.
(1985). For this purpose, CDS for each of the different nutrient
treatments, i.e. PO,° -P (0.1 M NaH,PO,), NO; -N (0.5M
NaNOs) and NH,"-N (0.5 M NH,CI), were placed in water-
filled plastic buckets (4 L). The water with diffused nutrient ions
was then sampled after every 24 h, analysed for PO4>~-P,NO; -
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Fig. 1. Photographs and schematic diagrams of chemical diffusing substrate and experimental setup deployed in river. (a) Photograph of a CDS.
( b) Schematic diagram of CDS. (c) Photograph of a section of experimental unit deployed in river. (d) Schematic diagram of a section of
experimental unit deployed in river showing CDS secured in bamboo frame.

NorNH,4t-Nand then renewed. Three replicates were employed
for each nutrient treatment and the experiment lasted 20 days.

The experiment was set up at the selected study site in the
river Ganga at Garhwa Ghat, Varanasi, India. The constructed
CDS were deployed in river using bamboo frame (Fig. 1) and
left for 20 days for the colonization and growth of periphytic
algae. CDS were mounted perpendicularly in bamboo frame in
such a manner that their clay surface was lying parallel to water
surface (Fig. 1). The substrates were fixed at a depth of 10 cm
below the water surface and 10 m away from the river bank.
The experiment was performed in two different study periods;
March as well as in June. Although 1-2 week time period has
been considered as sufficient to discern the effect of nutrient
enrichment on periphyton (Biggs and Kilroy, 2000), the
present study was carried out for 20 days with sampling at 5-
day time intervals.

3.2 Collection and analysis of river water

Physicochemical parameters of river water were measured
regularly at weekly interval in both the study periods. The
water samples were collected in triplicate, kept in an ice box
and transported to the laboratory within 20 min of sampling.
Water samples were analysed for temperature, pH, conductiv-
ity, total dissolved solid (TDS), flow rate, phosphate—
phosphorus (PO,>~-P), total phosphorus (TP), nitrate—nitrogen
(NO; -N), nitrite—nitrogen (NO, -N), ammonia—nitrogen
(NH,"-N) and dissolved silica following standard widely
used protocols (Wetzel and Likens, 2000). Temperature, pH,
conductivity and TDS were measured in situ with appropriate
portable devices (Hanna Hi98509 digital thermometer, Hanna
pHep® pH tester, ISO Tech System ITS, ITS-302 TDS
conductivity meter, Milwaukee M1003 1B conductivity meter).
Flow rate was measured via velocity—area method (Gordon
et al., 2013) using a low-density styrofoam float. Soluble
reactive phosphorus was analysed following the ascorbic acid
method. Total phosphorus was also measured by the ascorbic

acid method after digestion of water samples with persulfate.
NO; -N was reduced to nitrite by cadmium-reduction column
and NO, -N was thereafter measured by the diazotization
method. Ammonium nitrogen in water sample was determined
by the phenol-hypochlorite method and dissolved silica
estimated using the molybdate method.

3.3 Collection and study of periphyton

Periphytic algae were sampled 5, 10, 15 and 20 days after
deployment of CDS in the river Ganga. The sampling was done
in triplicate by scraping an area of 40 cm? of the colonized
periphytic biofilm on each CDS with a sharp razor blade and a
toothbrush with hard bristles. The samples were collected in
plastic screw cap tubes and diluted to a constant final volume
up to 8 ml using distilled water. The algal samples were then
homogenised by vigorous shaking and divided into three
subsamples. The first subsample was subjected to chlorophyll
a (chl a) estimation, the second preserved with 4%
formaldehyde solution for taxonomic analyses and the third
one used for microscopic examination of live material.
Chlorophyll a was estimated using the trichromatic method
given in Strickland and Parsons (1968) after extraction in 90%
acetone and storage for 24 h in the dark.

Taxonomic analyses of periphytic samples were done by
observing them under light microscope with an attached digital
camera (Motic, BML series, Hong Kong) at a magnification
450x and 1000x. At least 500 algal cell units were counted
from each sample using a Spencer's Bright-Line haemocy-
tometer and identified to species level following appropriate
literature, such as Phillipose (1967), Desikachary (1959),
Prescott (1962, 1978), Patrick and Reimer (1966, 1975), Cox
(1996), AlgaeBase (http://www.algaebase.org) and ANSP algal
image data base (http://diatom.acnatsci.org/Algaelmage/). An
algal cell unit was defined as an individual cell for unicellular
green algae and diatoms, each cell of filament for large
filamentous green algae and an area of 10 x 10 um? in case of
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Table 1. Mean rate of release and standard error (mean+SE) of NO; -N, NH,"-N and PO,*-P from CDS.

Duration of release (days) NO; -N NH, -N POS2~-P
(mgL~"d™" (mgL~"d™" (mgL~"d™"
1-5 21.47+0.30° 22.42+0.32° 2.19+0.05°
6-10 16.14+0.11* 16.69+0.11° 1.61+0.02°
11-15 11.40+0.19° 13.96+0.19° 1.41+0.01°
16-20 5.55+0.22° 10.78 £0.22° 1.11+£0.03°
ANOVA; F5) 650.45" 650.46" 392.97"

Data in a row bearing different letters a, b or ¢ are significantly different (p < 0.05; Tukey's HSD test) from each other. Data in the last row denote
results of statistical analysis test by one-way ANOVA, indicating the effect of time on release rate of various nutrients.

*Indicates significant differences at p < 0.05.

Table 2. Important physicochemical characteristics of river (Ganga) water during March and June 2014.

Parameters March 2014 June 2014 p
pH 7.8+0.05 8.5+0.04 :
Conductivity (wScm™") 580+20 600+20

Flow rate (cms™) 24-28 32-38 :
Total dissolved solids (mg LY 0.28+0.05 0.29+0.04

Total phosphorus (mgL™") 0.11+0.01 0.15+0.05

Soluble reactive phosphorus (mgL™") 0.054+0.02 0.058+0.02

NO;™-N (mgL™" 0.195+0.02 0.390+0.02 :
NO,™-N (mgL™" 0.030£0.002 0.035+0.002

NH, "N (mgL™") 0.01+0.005 0.010.004

Si (mgL™h 10.16+0.02 12.50+0.02

Data given are mean+ SE.

" Indicates significant differences of limnological parameters between seasons at p < 0.05 (paired #-test).

algal colonies. For small filaments of cyanobacteria, a 10 pum
length was counted as one unit, since trichome crosswalls were
not always apparent and thus counting individual cell would
give unreliable results (DeNicola et al., 2006; Larson and Passy
2012). Filamentous green algae and cyanobacteria were directly
counted and identified to species level, whereas diatoms were
identified after preparing their permanent slides. The cell count
data obtained were used for conversion into cell density and total
cell biovolume. The mean biovolume for each taxon was
calculated and converted to total biovolume by multiplying it to
cell density. The biovolume of each periphytic taxa was
calculated by measuring the average cell dimensions (length,
width, height/diameter) with an ocular micrometer and entering
the values in the appropriate geometric formulae that best
described their three-dimensional shape (Hillebrand et al.,
1999). A minimum of 10 individuals per algal species was taken
to determine average cellular dimension. Total biovolume of the
community was calculated by summing up the biovolume of all
the individuals belonging to diverse species in the sample. The
structure of periphytic community has been expressed in terms
of species richness (total number of species in the community)
and species diversity.

Data were statistically analysed by one-way analysis of
variance (ANOVA) to test the significance of the effect of
season, days and nutrient treatments on different periphytic
attributes (biomass, total biovolume, species richness and
diversity). Tukey's HSD test was done to test significance of

differences of various nutrient treatments with the control as
well as among different nutrient treatments (o < 0.05). All the
statistical tests were performed using the software SYSTAT13
(Systat Software, Inc., 2009). Species diversity, Shannon-
diversity index (Shannon, 1948), was calculated using the
statistical software “Past” (Version 3.12; Natural History
Museum, University of Oslo, Oslo).

4 Results

The mean rates of release (mg L~ 'd ") of PO,*-P,NO; -
N and NH4*-N from CDS at 5-day time interval have been
shown in Table 1. The rates of release of various nutrients
were high during the beginning of the experiment, which
consistently declined with the passage of time. NH,"-N and
NO;3; -N were released at a considerably higher rate as
compared to PO, ~-P (ANOVA, F,4=10.13, p=0.01).

Table 2 summarizes the important physicochemical
parameters of water, measured during the course of the study,
in the two seasons. Some of the parameters, such as pH, flow
rate and NO;-N concentration differed significantly between
the two seasons.

Figure 2 shows the biomass of algal periphyton, measured
in terms of chl a, subjected to various nutrient enrichments.
The biomass was low on day 5, which consistently increased
with the passage of time and the maximum biomass accrual
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Fig. 2. Biomass (chl @) of periphyton subjected to various nutrient treatments: C=Control, P=P0O,*>-P, N=NO;-N, A=NH,"-N,
NP=NO; -N+ PO4>-P and AP=NH,"-N + PO,>-P. Data bars marked with the same letter for a particular time period, bolds for March and
italics for June, are not significantly different from each other (p < 0.05; Tukey's HSD test).

was noticed on day 20. Statistics analysis by ANOVA showed
significant differences in biomass between different sampling
days (ANOVA, F3 140=37.00; p=0.00). Biomass was higher
in March than in June. In a majority of nutrient enrichments,
excepting PO,>-P, significantly higher values of chl a were
observed as compared to the control, in both the seasons.
PO,*"-P enrichment slightly enhanced the periphytic biomass,
which was not statistically significant. In both the study
periods, greatest biomass accumulation was observed in
combined nutrient treatments. In March, the biomass attained
maxima (115+2.80mg chl ¢ m™?) in NO; -N+ PO, -P
enrichment after 20 days. A relatively lower biomass
represented the maxima ( 50+0.85mg chl @ m™? ) in June
after 20 days of experiment in NO3; ™ -N + PO,>-P and NH,*-
N+ PO,*~-P enrichments. The total biovolume of periphytic
algae (Fig. 3) showed a trend similar to that of biomass as it
increased in various nitrogen treatments during both the
experimental periods. Total periphytic biovolume was
relatively greater in NH,"-N, NO; -N+4 PO, -P and
NH,"-N 4+ PO,*~-P treatments than that in the controls or
individual treatments of nitrogen and phosphorus at the end of
20 days of experiment in both March as well as in June.

The periphytic community on CDS comprised representa-
tives of Chlorophyta (green algae), Bacillariophyta (diatoms)
and Cyanobacteria (blue—green algae). The community
composition exhibited slightly different patterns in the two
study periods (Fig. 3). In March, during the initial phase of
colonization, diatoms were the most abundant group (day 1-5)
and the representation of other groups was negligible (Fig. 3).
However, from day 10 onwards green algae became common
and showed increased abundance on nutrient, releasing CDS.
They were most represented (>70%) on day 20 in periphytic
community that developed on NH4+-N+PO43*-P, releasing
CDS. The representatives of cyanobacteria occurred in small
number but they showed enhanced total biovolume on nutrient
diffusing CDS.

Contrary to March, in June, both diatoms and cyanobac-
teria were equally abundant during the initial phase (day 1-5)
of colonization. Subsequently, cyanobacteria became the best
represented group on CDS under diverse nutrient enrichments
and the control. The members of this group responded
positively to nutrient enrichment. They showed a relatively
greater total biovolume in combined nutrient enrichments
compared to single nitrogen enrichments. NH, "-N particularly
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Fig. 3. Average total biovolume by major algal groups growing on nutrient-releasing CDS in March and June 2014. Details of nutrient treatment
are given in Figure 2. Total biovolume data of the communities bearing the same letters are not significantly different from each other (p < 0.05,

Tukey's HSD test).

enhanced their total biovolume and their maximum total
biovolume occurred on NH,"-N + PO,> -P-enriched CDS.
Green algae occurred in small numbers and they also
responded positively to various nutrient enrichments.
Species diversity of the periphytic community as measured
by Shannon H' statistics varied between the two seasons and
was greater in March than in June (Fig. 4). The number of

species was also more in March than in June. Nutrient
treatments had significant effect on species diversity (ANOVA,
Fs,135 — 3.656, p=0.004) and it decreased in diverse nutrient
treatments throughout the study period except a few instances,
such as in NO; -N treatment in March as well as in NH,"-N
and PO,>-P treatments June. Species richness, however, did
not vary significantly with nutrient treatments (ANOVA,
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Fig. 4. Shannon diversity (H') and species richness of periphytic community subjected to various nutrient enrichments in March and June 2014.
The bars represent species diversity, whereas numbers inside the bars show the total number of periphytic species. Details of nutrient treatment
are given in Figure 2. Data means bearing different letters for different seasons, bold for March and italics for June, are significantly different

from each other at p < 0.05 (Tukey's HSD test). The uppercase letters stand for shannon diversity and lowercase for species richness.

Fs,133=1.853, p=0.107) and it showed a slightly different
pattern in March as well as in June. In March, a decrease in
species richness generally occurred in various nutrient
treatments as compared to the control with a few exceptions
in nitrogen and phosphorus treatment (Fig. 4). Contrary to
March, periphytic species richness increased in June in a
majority of nutrient treatments (Fig. 4).

Figure 5 shows the responses of major diatom species in
the community to various nutrient enrichments. The total
biovolume of Nitzschia palea increased in all the nitrogen
treatments. Its highest total biovolume was recorded on
NH,"-N diffusing CDS in March. Differential response to
nutrient treatment in various stages of colonization was
displayed by some of the taxa, such as Cyclotella
meneghiniana, whose total biovolume was increased by all
the nutrient treatments initially up to day 10. Nevertheless, it
declined in all nutrient treatments, except for NH,'-N
releasing substrate, at the end of the experiment. Some diatom
taxa showed enhanced growth in all the nutrient treatments.

The total biovolume of Aulacoseira granulata increased in all
the nutrient treatments in March and June. The total
biovolume of Navicula recens decreased in all the nutrient
treatments, except for NO3 -N.

Green algae also varied in their response to various nutrient
treatments (Fig. 6). The differential response of filamentous
green algae Oedogonoium epiphyticum, Cladophora glomerata
and Stigeoclonium tenue to POs° -P, NO; -N and NH,"-N
enrichment was evident. The positive response of Oedogonium
sp. was observed in PO,"-P, NO; -N and NO; -N + PO, "-P
treatments with greater total biovolume as compared to the
control in both the study periods (ANOVA, Fs,60=13.589;
p=0.000). Nevertheless, it disappeared on CDS releasing
NH, "-N alone or in combination with PO,>~-P. On the contrary,
S. tenue showed considerably enhanced abundance in NH,-N
and NH,"-N+PO,*"-P treatments (ANOVA, Fs,5c=5.56;
p=0.000), but it remained absent on NO3; -N and NO; -
N+ PO, -P releasing CDS. Total biovolume of C. glomerata
also increased significantly in all the nitrogen treatments, viz.
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Fig. 5. Total biovolume of major diatom species in the periphytic community subjected to various nutrient enrichments in March and June 2014.
Abbreviations for various treatments have been explained in Figure 2. Data are presented for day 10 and day 20 only. Data bearing different
letters for different time periods are significantly different from each other (p < 0.05, Tukey's HSD test). The uppercase letters have been used for

March, while lowercase for June.

NO; -N,NH;"-N,NO; " -N + PO,*~-Pand NH, "-N + PO,>~-
P, viz. in March (ANOVA, Fs,¢s=2.467; p=0.000). However, in
June, no such positive response of C. glomerata and S. tenue was
observed as total biovolume of the two species was very small
(Fig. 6). In both the study periods, total biovolume of
Phormidium ambiguum (ANOVA, Fs,66=2.921; p=0.019)
and Oscillatora limosa (ANOVA, Fs,6=3.051; p=0.015)
increased in all the nutrient treatments (Fig. 6). Lyngbya allorgei
also showed similar response with increased biovolume in all the
nutrient treatments (ANOVA, F’s,30=650.123; p=0.000. How-
ever, in March, the relative abundance of L. allorgei was low
enough for inclusion in cell count data.

5 Discussion

A significant effect of seasonality was evident in periphytic
community response to nutrient enrichment. The observed
temporal differences may be due to varying environmental
conditions as well as seasonal algal succession. The river
exhibited differential limnological conditions, which was the
major driving force for changes in periphytic community
structure in the two study periods. During the spring, there was
dominance of diatoms as well as green algae, whereas in
summer there was absolute dominance of cyanobacteria.
Similar patterns of seasonal succession of algae have also been
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Fig. 6. Total biovolume of major green algae and cyanobacterial species growing on nutrient-releasing CDS for 20 days in March and June.
C=control, P=P0O,> -P, N=NO; -N, A=NH,"-N, NP=NO; -N +PO,>"-P, AP=NH, "-N + PO,*~-P. Data bearing different letters for a
particular time period, uppercase for March and lowercase for June, are statistically different from each other (p < 0.05, Tukey's HSD test).

reported earlier (Allan, 1995; Teubner, 2000; Liboriussen,
2003; Pfeiffer et al., 2013).

Despite the temporal variabilities in various limnological
parameters, the pattern of nutrient limitation was similar in the
two study periods. Nitrogen appeared to be the primary
limiting nutrient, in both the study periods. Enhancement of
periphytic biomass by NO; -N enrichment, singly or in
combination with PO,” " -P as observed in the present study, is
in agreement with previous researchers (Francoeur, 2001;
Death et al., 2007). A relatively greater biomass in combined
nutrient enrichments (NOjz -N + PO43 “-P and NH,"-N+
PO,*-P) than in individual nutrient enrichments, observed in
both the study periods, indicated secondary growth limitation
by phosphorus. Earlier, it was widely believed that freshwater
systems are generally phosphorus limited, whereas marine
systems are nitrogen limited (Paerl et al., 2014). Nevertheless,
review of earlier bioassays conducted throughout the world
(Dodds and Welch, 2000) as well as meta-analysis and
synthesis (Francoeur, 2001; Elser et al., 2007) have shown that
nitrogen limitation is also common in freshwater lakes and
streams, which is reaffirmed by the present study as well. It

needs mention that which nutrient limits growth under which
conditions needs critical examination (Death et al., 2007).
The periphytic biomass responded sensitively to nutrient
amendments and differed greatly in the two seasons. On all
nutrient-releasing CDS, except for those diffusing PO, ~-P,
significantly more biomass, almost two- to threefold greater,
occurred in March than in June. Likewise, a higher periphytic
biomass in spring and early summer than in late summer and
fall was also reported by Allen and Hershey (1996). Stevenson
et al. (2012) also noted greater biomass of periphyton in spring
than in summer. The algal biomass with chl a value >100—
150mgm ™ ? has been suggested as “nuisance” (Welch ez al.,
1988). In the present study, the nuisance level was attained at
only one instance in NO; -N + PO, ~-P-enriched CDS after
20 days of colonization in March. The present observations of
seasonal differences in periphytic biomass may be due to time-
dependent variability in periphyton community composition.
Taxonomic composition of periphyton often follows a
seasonal trend in lakes and rivers (Allan, 1995). Diatoms
dominate during winter and spring, whereas other groups
particularly green algae and cyanobacteria become abundant
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during summer (Allan, 1995; Teubner, 2000; Liboriussen,
2003; Pfeiffer et al., 2013). The seasonal pattern may appear
due to variations in various physicochemical parameters
including nutrients, light and temperature. Temperature plays a
key role in determining algal growth; cyanobacteria generally
grow better at higher temperature than diatoms, which are
better adapted to comparatively low temperatures (Liirling
et al., 2013). In the present study, the two time periods,
respectively representing spring and late summer, displayed
large-scale differences in atmospheric temperature. Thus,
higher atmospheric temperature in June favoured the domi-
nance of cyanobacteria, whereas comparatively lower temper-
ature in March encouraged greater abundance of diatoms.

According to Casterlin and Reynolds (1977), the algal
species that respond to nutrient enrichment are generally
those that are simultaneously favoured by water temperature
as well as intensity of light, such as cyanobacteria in the late
summer and Bacillariophyta in winter and spring. In the
present study, also the algal group responded to nutrient
enrichment in March and June depending on the predominant
group, which increased its abundance following nutrient
enrichment. In March, diatoms responded most favourably to
nutrient treatments followed by green algae, whereas in June
cyanobacteria were most responsive to enrichment than
others.

NH4-N better supported the growth of the community
than NO; -N and this observation is in agreement with the
widely held view that NH4*-N is the best for algal growth as,
unlike NO; ™ -N that needs to be reduced in the cell, it can be
directly assimilated (Glibert et al., 2016). However, many
algae do not prefer NH,"-N for their growth (Glibert et al.,
2016). A group-specific preference for NH,"-N was also
evident in the present study, particularly by green algae and
cyanobacteria that was primarily dependent on season. The
total biovolume of green algae increased markedly in NH, -
N +PO,> -P treatment in March, suggesting abundance of
some NH,;"-N loving algae. The stronger preference for
NH4"-N was also displayed by cyanobacteria, however, in
June. Although cyanobacteria could grow efficiently in both
NO; -N and NH,"-N, an appreciably greater biovolume was
recorded in NH,"-N and NH4"-N+PO,> -P treatments.
Some previous studies also report preferential utilization of
ammonia by green algae and cyanobacteria (Domingues et al.,
2011; Donald et al., 2013; Glibert et al., 2016).

Species richness and diversity of periphyton generally
decrease following nutrient enrichment (Tilman, 1982). A
reduction in species diversity was observed in both the study
periods in almost all the nutrient treatments. This seemed to
have happened due to reduced population size or disappear-
ance of certain species on account of competitive interactions.
Species richness decreased similarly in March; nevertheless, it
increased in June in various nutrient treatments. The
differential response of richness might be because of differ-
ences in community structure in two study periods. An
increase in species richness following nutrient treatment has
also been reported in some previous studies (Hillebrand et al.,
2007; Larson and Passy, 2013). Tilman's “resource richness
species richness” theory (1982) best explains the increase in
richness. According to this, in resource poor habitats, the
diversity may get increased with increasing resources through
a narrow range.

During its development through various colonization
stages, the periphytic biofilms experienced many allogenic
and autogenic changes, including differential availability of
light, nutrient and space as well as biotic interactions among
species. In early growth phase, the biofilm was comparatively
thin and there was little competition for light, space and
nutrients. However, in late colonization period, the biofilm
thickened due to heavy periphytic growth that increased the
competition for resources. These biotic and abiotic changes in
the vicinity of microbial biofilms prompted constant changes
in biomass and other structural attributes of periphyton along
the colonization period.

The populations of various periphytic taxa were differently
influenced by nutrient enrichment in March as well as in June.
This was because the algal species differed in their ability in
utilizing various resources whose availability also varied with
time. The increased biovolume of N. palea in NH,"-N and
NO; ™ -N enrichment during both the study periods suggests its
preference for high nitrogen concentration. Its similar response
has been earlier reported from other geographical locations
(Lowe, 1974; Pringle and Bowers, 1984; Marks and Power,
2001). N. palea also showed increased abundance in combined
nutrient treatments NO; -N+PO,*"-P and NH,"-N+
PO,*~-P. Some previous studies have also reported this
species to be one of the abundant taxa under NO; -
N + PO,’"-P enrichment, thereby showing its liking for high
nutrient concentration (Felisberto et al, 2011; Larson and
Passy 2012). Incidentally, V. palea has been included in the list
of algal species most tolerant to organic pollution (Palmer,
1969).

The total biovolume of 4. granulata increased in all the
nutrient treatments, thereby suggesting its preference for high
nutrient concentration. Differential response to nutrient
treatment in various stages of colonization was also displayed
by some taxa, such as Cyclotella meneghiniana. An increase in
total biovolume of this species on all the CDS was found in
early colonization stage, i.e. up to day 10; however, its
biovolume decreased subsequently probably due to excessive
growth and dominance of late colonizing filamentous green
algae and cyanobacteria. Fairchild and Lowe (1984) also
observed a similar decline in total biovolume of C.
meneghiniana in response to nutrient addition after 35 days
of experiment.

Green algae also varied in their response to various nutrient
treatments. S. fenue was greatly abundant on CDS releasing
NH, "-N, individually or in combination with PO,>~-P. Similar
response of Stigeocolonium sp. occurred in a stream
contaminated by effluents from pig farm and subjected to
eutrophication by NH,™-N and PO’ -P (Francke and Den
Oude, 1983). Palmer (1969) also lists S. tenue as the sixth most
tolerant algal species under organic pollution. Increased
abundance of S. tenue following nitrogen, particularly NO; ™ -
N treatment, has also been reported earlier (Luttenton and
Lowe, 2006). Contrary to earlier investigations, this taxon was
absent in both the NO3; -N enrichments in the present study.
This seems to have occurred due to accelerated growth of C.
glomerata, which outcompeted S. fenue and displaced other
taxa also. PO4>~-P enrichment also had no significant effect on
the growth of'this S. fenue. In a previous study also, S. fenue did
not respond to either NO3; -N or PO, -P alone (Fairchild
et al., 1985).
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Increased abundance of C. glomerata on nitrogen-
diffusing substrates revealed its strong affinity for NO3; -N.
A strong correlation between Cladophora biomass and nitrate
level has also been reported earlier (Stevenson et al., 2006;
Penick et al., 2012). The positive response of Oedogonium sp.
to PO, ~-P enrichment is in agreement with several previous
studies (Schneider and Lindstrem, 2011; Stevenson et al.,
2012). Cladophora and Oedogonium spp. have often been
reported as predominant algal taxa in eutrophic water bodies in
addition to some bloom forming cyanobacterial species
(Stevenson et al., 2012).

The cyanobacterial species constituting the dominant algal
group in June responded strongly to all the nutrient treatments.
The total biovolume of Oscillatoriales, such as Oscillatoria
limosa, P. ambiguum and L. allorgei greatly increased in all the
nutrient treatments in both the study periods. Similar response
of Oscillatoriales was also reported by Douterelo et al. (2004)
who found the prevalence of Lyngbya and Oscillatoria spp. at
downstream river sites with high nutrient content in Spain. The
increased abundance of Phormidium sp. following nutrient
enrichment, as observed in the present study, is in consonance
with Larson and Passy (2012), who documented the
dominance of Phormidium inundatum in a laboratory stream
treated with increased supply of nitrogen and phosphorus and
subjected to high current velocity during late successional
stage. The species belonging to Oscillatoria, Phormidium and
Lyngbya have often been found in nutrient-enriched conditions
and serve as bioindicators of eutrophication (Douterelo ef al.,
2004; Mateo et al., 2015).

As of now, the situation is not alarming in the river Ganga
as the biomass of periphytic algae is well below the level
considered as nuisance. But increase in concentration of
nutrients may trigger excessive periphytic growth, which may
assume nuisance proportion. Of the various periphytic species
that responded favourably to nutrient enrichment in the present
study, many are included in Palmer's list of species tolerant to
organic pollution (Palmer, 1969). These algal taxa might turn
out to be essential biomonitoring tool for the assessment of
nutrient load in the river.

6 Conclusions

In conclusion, nutrient enrichment effect on periphyton
was dependent on season because of time-scale variability in
composition of periphytic community. Periphytic growth in the
river was primarily N limited and showed secondary limitation
by P. The enrichment effects were more pronounced in March
than June, which showed a much favorable biomass
development up to nuisance level. Reduction of species
diversity was one of the major changes that nutrient
enrichment brought about in a periphytic community.
Importance of colonization time seemed noteworthy in
designing and development of programmes to monitor and
control eutrophication. This study presented the results from
the spring and summer seasons and it is required to conduct the
experiments in other times of the year also to target appropriate
management strategies to reduce nutrient load.
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