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biogeochemical processes in rivers is an important scien-
tific challenge (Castillo et  al. 2003; Gibbons et  al. 2014). 
Unlike terrestrial ecosystems, the microbial processes in 
rivers suffers episodic events driven by urban-industrial 
flushing (more important during low flow) and rain driven 
pulsed connection between terrestrial and aquatic com-
ponents. Nutrient driven increases in autochthonous-C 
together with enhanced input of allochthonous-C activate 
microbes and microbial processes (e.g., increased het-
erotrophy and microbial processing of organic matter). 
Fluxes of nutrients and organic matter in rivers like Ganga 
are driven principally by urban-industrial releases, atmos-
pheric deposition (AD) and surface runoff (Pandey et  al. 
2014). The Ganga River with highest population density 
and extensive agricultural land (73.44% of total basin area) 
in its catchment (1,086,000 km2) becomes particularly sen-
sitive to AD- inputs and surface based nutrient delivery. 
The Ganges basin receives ~3.32 Tg reactive- N (Nr) and 
~173 Gg P annually through atmospheric deposition (Pan-
dey et al. 2016). This additional supply together with sur-
face runoff and sewage input can significantly change the 
autotrophic-heterotrophic linkages in the Ganga River.

During recent years a substantial number of water 
quality indices have been developed for effectively 
addressing to what degree the water has been rendered 
unsuitable for various usages and how much P reduc-
tion would be necessary for rejuvenating the system to 
a healthy ecological condition (Ponader et  al. 2008). 
Total microbial activity and hydrolytic enzymes are 
often used as a predictor of organic matter turnover in 
soil, litter and water (Schnurer and Rosswall 1982; Costa 
et al. 2007). Alkaline phosphatase, an important hydro-
lytic enzyme, produced by bacteria and phytoplankton, 
plays a crucial role in P cycling and during P- starvation 
(Duhamel et  al. 2010). About 78% of the AP activity 
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There is substantial evidence that human activities have 
caused and will continue to lead profound effects, both 
directly and indirectly, on ecosystem functions. Surface 
waters, particularly, are more vulnerable to anthropogenic-
changes occurring in the watershed. Rivers receive inputs 
from the watershed and, from within-stream erosion and 
transport. Understanding the changing links between 
these domains and associated shifts in microbial and 
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is contributed by the aerobic bacteria attached to the 
algae and zooplanktons. On the contrary, a group of 
anaerobic bacteria decreases the AP activity by increas-
ing the orthophosphate concentrations (Mhamdi et  al. 
2007). The AP activity can be used to relate P- status 
because AP is negatively influenced by P supply (Say-
ler et  al. 1979). Therefore, quantifying AP would help 
better understand how human activities impact P loads, 
river eutrophy and feedbacks in surface waters. In the 
present study, conducted along a 37 km river stretch, we 
tested whether microbial activity in the Ganga River var-
ies with changing influence of land use and urban core, 
and whether alkaline phosphatase activity can be used 
as a tool for monitoring the water quality. Because P 
concentration is rapidly rising in the Ganga River and 
because P is intricately linked with primary productiv-
ity and feedbacks at sediment–water interface, data on 
water quality interaction with alkaline phosphatase will 
provide important cues for assessing river health.

Materials and Methods

This 3 years study (March 2013–February 2016) was con-
ducted at three sampling stations of Ganga River cover-
ing ~37  km representing up- and downstream the Vara-
nasi urban core (25°18′N lat. 83°1′E long.) (Fig.  1). The 
climate of the area is tropical monsoonal. The year can 
be divided in a humid monsoon season (July–October), a 
cold winter (November–February) and a hot-dry summer 
(March–June). Over 80% of annual rainfall (~1050  mm) 
occurs during monsoon season. Soil of the region is highly 
fertile eutric cambisols and shallow luvisols.

Each study station represents three sites and samples for 
AD, river water and sediment were collected from each site 
in triplicates on monthly interval. Atmospheric deposition 
was collected fortnightly in triplicate using bulk samplers 
made up of 5  L high-density polyethylene buckets con-
nected to a Teflon funnel. Thymol was used as biocide in 
collection bottles to avoid changes in nutrient concentra-
tion. Concentrations were converted to deposition consid-
ering time and the area of the bulk samplers. The values 
were then converted to per hectare and subsequently on 

Fig. 1   Map of the study area showing sampling Sites 1 Adalpura (Adpr); 2 Assighat (Asht); 3 Rajghat (Rjht); a– f are sewage sampling sites 
where a and b are associated with Site 1, c with Site 2, and d, e and f with Site 3
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sub-watershed scale for Adalpura (8400  ha), Assighat 
(13,400 ha) and Rajghat (17,500 ha) as described in Pandey 
et al. (2014). For surface runoff, sites were selected based 
primarily on land use and the strategy was to collect storm 
water at single outlet from the area marked for the purpose. 
Surface runoff water was collected in triplicate on event 
basis, initiated from the first flush, using pre-sterilized plas-
tic bottles. Sampling details for surface runoff is described 
elsewhere (Pandey et al. 2014). Runoff volume was deter-
mined considering flow velocity and cross area of discharge 
outlet. Values were converted to sub-watershed scale by 
multiplying the discharge with mean concentrations. River 
water samples were collected from each site from directly 
below the surface (15–25 cm depth) in acid rinsed plastic 
containers. NO3

− was analysed following Voghel (1971) 
and NH4

+ using Nessler’s reagent. Orthophosphate (dis-
solved reactive-P; DRP) was measured following ammo-
nium molybdate-stannous chloride method (APHA 1998). 
The sum of NO3

− and NH4
+ represents dissolved inorganic-

N (DIN). Dissolved organic carbon (DOC) in water sample 
was measured following KMnO4 digestion method (Michel 
1984). Sewage water was collected from the mouth of 
sewage outlets a–f (Fig. 1) and analyzed for NO3

−, NH4
+, 

PO4
3− and DOC as above. The Assi drain, marked as c in 

Fig. 1 represents the average sewage composition for sub-
watershed 2 because it is the only outlet in study area 2 that 
carries sewage load from many small outlets originating 
from urban and sub-urban areas. Total nutrients and DOC 
entering through sewage were calculated by multiplying 
unit concentrations with annual discharge of the drain.

Biological oxygen demand (BOD) in river water was 
quantified following standard methods (APHA 1998). 
Chlorophyll a (Chl a) was measured following acetone 
extraction procedure (Maiti 2001). Gross primary produc-
tivity (GPP), photosynthetic activity and respiration all 
were measured by light and dark bottle method (APHA 
1998). Ash free dry mass (AFDM) was determined by 
quantifying the weight loss at 525°C. Chlorophyll a and 
AFDM were used to calculate autotrophic index (AI). Sedi-
ment samples (25–30 m reach; 0–10 cm depth) were col-
lected in triplicate using core samplers at monthly inter-
vals. Substrate-induced respiration (SIR) was measured in 
20 g of saturated sediment amended with 120 mg of glu-
cose (Wardle et al. 1993). Alkaline phosphatase (AP) was 
determined following Tabatabai and Bremner (1969) and 
fluorescein diacetate hydrolytic activity (FDAase) by filter-
ing and incubating the sediment suspension with fluores-
cein diacetate at 24°C (Schnurer and Rosswall 1982).

Three way analysis of variance (ANOVA) was used to 
test the effects of site, season and year. Regression analysis 
was used to test significant relationship between variables. 
Canonical correlation analysis (CCorA) was used to ordi-
nate sampling locations and environmental variables using 

XLSTAT 2016. SPSS package (version 16) was used for 
statistical analysis.

Results and Discussion

In aquatic ecosystems, natural biogeochemical cycles are 
often disturbed by human-driven episodic flushing of car-
bon and nutrients. Such additional supply of, for instance 
N and P, enhances autochthonous C build-up and provides 
feedback to C dynamics and microbial processes (Castillo 
et al. 2003). In this study, a broad range of N and P con-
centrations were observed with values increasing down-
stream urban core (Fig. 2), and the differences due to site, 
season and year were highly significant (F values ranged 
from 10.50 to 170.30; p  < 0.0001; ANOVA). NO3

− con-
centrations ranged from <154  µg  L−1 at Adpr (upstream) 
to >296 µg L−1 at Rjht (downstream), and PO4

3− from <22 
to >124 µg L−1. Thus, PO4

3− concentrations ranged from 
less than the benchmark of P limitation (30 µg L−1 as SRP) 
to sizably greater than that benchmark (Stevenson et  al. 
2012). This trend is similar to those observed in streams 
draining urban land use (Wahl et al. 1997). Each year, Rjht 
sub-watershed receives 770.70  tons DIN (NO3

− + NH4
+), 

64.75 tons DRP (PO4
3−) and 558.60  tons DOC as AD 

input; 194.18 tons DIN, 48.55 tons DRP and 1456.35 tons 
DOC through sewage; and 225.75  tons DIN, 41.13  tons 
DRP and 2764.13 tons DOC through surface runoff. These 
values were three to seven fold higher than those received 
at upstream Adpr (Table 1).

Productivity variables (Chl a, GPP and photosynthetic 
rate) and heterotrophic functions (BOD, AI and respira-
tion) all increased downstream (Figs.  2, 3) and showed 
significant effect of site, season and year (F = 17.09–1420; 
p <  0.0001; ANOVA). FDAase and SIR in sediment, 
increased overtime and downstream the urban land use 
with significant site-wise differences (F = 74.67–1160.00; 
p < 0.0001; ANOVA). The values were highest in summer 
and lowest in rainy season. AP did show an opposite trend 
with values being highest in rainy season (Fig.  4). Respi-
ration and BOD showed positive correlation (R2 = 0.26; 
p <  0.004 and R2 = 0.38; p < 0.001) with FDAase but 
negative correlation (R2 = 0.85; p < 0.001 and R2 = 0.82; 
p < 0.001) with AP. Respiration showed significant correla-
tion with DOC (R2 = 0.28; p < 0.004) and BOD (R2 = 0.82; 
p < 0.001) (Fig.  5). Further, despite similar trend down-
stream, FDAase and AI showed weak negative correlation 
(R2 = 0.23; p < 0.004) due possibly to strong influence of 
hydrologic flow on GPP. CCorA separated productiv-
ity, heterotrophy and biogenic silica (BSi) towards nutri-
ent rich side while AP and DO away from these variables 
(Fig. 6) indicating possible role of phosphorus and C pool 
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influencing heterotrophy and AP (Castillo et al. 2003; Lau 
et al. 2009).

Sediment microbial communities are responsible for a 
number of metabolic activities in river ecosystems (Gib-
bons et al. 2014). Positive relationships among nutrients, 

organic-C and BOD together with FDAase and SIR 
acknowledge such links. The ecosystem level metabo-
lism at nutrient-rich downstream sites was dominated by 
heterotrophs where a high proportion of primary produc-
tion is expected to be channelled to DOC. The relative 

Table 1   Sub-watershed scale 
contribution (tons year−1) of 
atmospheric input, surface 
runoff and sewage to river 
carbon and nutrients

Values in parenthesis represent direct deposition of carbon and nutrients to river surface in respective sub-
watershed. Values are mean ± 1 SE (n = 36)
DIN NO3

− + NH4
+

Sub-watershed Variable Input source

Atmospheric deposition Surface runoff Sewage

Adpr (8400 ha) DIN 103.32 ± 15.3 [6.52 ± 0.85] 65.52 ± 7.1 48.55 ± 4.8
DRP 7.81 ± 1.3 [0.34 ± 0.072] 8.85 ± 1.51 12.14 ± 1.2
DOC 110.88 ± 14.9 [4.75 ± 0.52] 703.08 ± 43.1 364.09 ± 23.5

Asht (13,400 ha) DIN 418.08 ± 22.3 [22.87 ± 1.1] 148.34 ± 12.5 485.45 ± 34.6
DRP 27.34 ± 2.8 [1.49 ± 0.16] 23.69 ± 2.2 121.36 ± 10.3
DOC 331.65 ± 25.6 [18.14 ± 0.95] 1790.91 ± 64.3 3640.88 ± 67.8

Rjht (17,500 ha) DIN 770.70 ± 26.3 [25.19 ± 1.11] 225.75 ± 24.81 194.18 ± 11.8
DRP 64.75 ± 5.9 [2.12 ± 0.25] 41.13 ± 3.13 48.55 ± 4.9
DOC 558.60 ± 28.3 [18.26 ± 0.97] 2764.13 ± 74.2 1456.35 ± 55.8
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importance of heterotrophic bacteria in C-degradation 
and releasing AP is expected to change as the system 
shifts from low to high productivity. Low productivity 
at Adpr, for instance, was associated with substantially 
low concentrations of N and P. The P starved hetero-
trophic populations at Adpr presumably carry metabolic 

attributes that allow them to release AP. These consid-
erations are relevant in human impacted rivers where 
increased supply of carbon and nutrients enhance het-
erotrophy. Furthermore, heterotrophic population may 
enhance dissolution of siliceous cell wall of diatoms 
shifting the partitioning and sequestration of biogenic 
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silica and carbon in the Ganga River (Bidle and Azam 
1999).

Most of the biomonitoring approaches are based either 
on time consuming extensive field sampling, or on cost 
intensive analytical techniques. Furthermore, simultaneous 
occurrence of multiple factors including those of hydro-
logic and climatic origin, effect of upstream water quality 
and anthropogenic influences often limit the use of specific 
bioassessment tools for monitoring river health (Lafont 
2001; Schinegger et  al. 2012; Turley et  al. 2016; Pear-
son et al. 2016). AP is one of the most important ectoen-
zymes in river bed sediments (Sinsabaugh et al. 2009). In 
the present study, the AP activity showed a declining trend 
downstream due possibly to the anthropogenically added 
phosphorus. Negative correlation (R2 = 0.82; p <   0.001) 
between phosphate concentration and phosphatase activity 
in river sediment could be expected because high phosphate 
concentration inhibits phosphatase activity as a feedback 
(Newman and Reddy 1993). Typically, highest concentra-
tion of P coincided with lowest activity of AP indicating a 
P-induced feedback inhibition (Dyhrman et al. 2006). This 
effect was more pronounced at Rjht draining urban landuse. 
Furthermore, the cumulative effect of diffused and point 
sources of nutrients trigger C build-up and, consequently, 
enhance oxygen demand by heterotrophs creating low oxy-
gen tension and sediment P release (Mhamdi et al. 2007). 

Overall, our analyses reveal consistent effects of P loading 
on alkaline phosphatase activity along the study stretch. 
The degree of consistency along the study gradient adds 
confidence to our interpretation that the AP activity in the 
riverbed sediment provides valuable information on water 
quality condition of the Ganga River. It may help exploring 
the likely cause and the magnitude of ecological degrada-
tion and deviation from pristine condition.

Our study establishes, in the Ganga River, phosphate-
alkaline phosphatase linkages as a high quality criterion for 
assessing the river health and provides cues useful in river 
rejuvenation. Because AP activity is related implicitly with 
P availability and demand, and the latter links eutrophy 
with sediment P release as a feedback, positive correlation 
between FDAase (a measure of overall microbial activity) 
and BOD and negative correlation between AP and BOD if 
coupled with independently measured physical and chemi-
cal parameters with linear or non-linear dependence might 
be useful for assessing ecosystem resilience of rivers. Field 
measurements of these linkages provide important cues on 
which river rejuvenation strategies can be keyed.
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