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as substrates, the activities of extracellular enzymes 
(EEs), such as β-D-glucosidase, FDAase and protease 
in sediment (0–2  cm depth), increased significantly 
(p < 0.05) in response to the declining metal concen-
trations resulting from the industrial shutdown. We 
found strong negative correlations between EE activ-
ity and the concentrations of metal pollutants meas-
ured in 2019, but the correlations between these vari-
ables appeared poor in 2020 (lockdown period). Also, 
we found large variances (low stability coefficients) 
during the period of strong anthropogenic effects 
(2019). The study indicates that industrial sources 
are important contributors of metal pollution in the 
Ganga River and has relevance exploring river eco-
system recovery windows for management decisions.

Keywords COVID-19 · Collateral impacts · 
Extracellular enzymes · Heavy metal · Hypoxia

Introduction

The novel coronavirus (COVID-19) pandemic 
emerged as the largest threat to human health during 
2020–2021. This virus created a pandemic situation 
starting on 31st December 2019, wherein the first 
case was confirmed by the WHO in Wuhan, China, 
with symptoms of an unexplained low respiratory 
infection. The director of the WHO declared a pan-
demic situation on 11th March 2020 because the 
transmission rate of positive cases increased 13-fold, 
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Highlights 
•  The COVID-19 lockdown dramatically improved the 

water and sediment quality of the Ganga River.
•  Coupling change variableswith response determinants 

more comprehensively addresses changes in river 
ecosystem health.

•  Extracellular enzymes served as a proxy of P, C and N 
starvation and benthic anoxia/hypoxia-driven feedback.

•  Increases in extracellular enzymes indicated a 
temporary recovery in river health during lockdown.

•  Declining variances can be used as a potential indicator 
of the recovery phase.

M. Singh · J. Pandey (*) 
Ganga River Ecology Research Laboratory, Environmental 
Science Division, Centre of Advanced Study in Botany, 
Institute of Science, Banaras Hindu University, 
Varanasi 221005, India
e-mail: jiten_pandey@rediffmail.com

/ Published online: 8 October 2022

http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-022-10507-9&domain=pdf


Environ Monit Assess (2022) 194:858

1 3
Vol:. (1234567890)

and approximately 114 countries had shown several 
thousand positive cases and deaths (World Health 
Organization, 2020). The transmission of COVID-
19 increased very rapidly, and the whole world 
adopted curfew/lockdown policies by implementing 
human mobility restrictions. In India, the first case of 
COVID-19 was reported on 30th January 2020. The 
lockdown in India occurred from March 23 to April 
14, 2020 (Lockdown 1). It was further extended for 
19 days, until May 3, 2020 (Lockdown 2), and again 
until May 17, 2020 (Lockdown 3). During the lock-
down period, social, economic, industrial and urban 
activities were all completely prohibited. As a result, 
the water of the Ganga River appeared clear, and its 
turbidity declined relative to its previous status (Gard 
et al., 2020).

The Ganga River has unique hydrological and 
morphological features but is under strong human 
pressure. Approximately 6614 MLD (million litres 
per day) of wastewater with an organic pollution load 
of 426 TPD (tonnes per day) is discharged annu-
ally into the Ganga River (Central Pollution Control 
Board,  2016). Total industrial input in the Ganga 
River contributes 8% flow-wise; however, in terms of 
the percentage of the organic pollution load, indus-
trial input contributes up to 31% (Central Pollution 
Control Board, 2016). During the COVID-19 pan-
demic, industrial activity nearly ceased completely, 
but sewage release continued, and because there was 
no agricultural runoff (the lockdown period coincided 
with the dry season), the industrial shutdown could 
be considered to be accountable for the improvement 
in the water quality of the Ganga River.

Three groups of pollutants, carbon, nutrients and 
heavy metals, have received great attention as the 
cause of the Ganga water quality (CPCB, 2013). Car-
bon and nutrients are largely added through sewage 
and agricultural runoff, whereas metals come primar-
ily from industrial effluents (CPCB, 2013; Yadav & 
Pandey, 2017). Carbon enhances the turbidity and bio-
logical oxygen demand (BOD), and nutrients enhance 
eutrophy, leading to the progressive accumulation of 
biomass (Pandey et  al., 2014), whereas an excess of 
heavy metals causes detrimental effects on microbial 
activity (Jaiswal & Pandey, 2018) and aquatic con-
sumers (Siddiqui & Pandey, 2019). Because rivers 
impacted by humans simultaneously receive multiple 
pollutants from a variety of sources, collateral and 
sequential effects or stressor synergies may constrain 

the prediction of specific responses resulting from 
individual stressors (Jaiswal et al., 2021; Tonkin et al., 
2019). Thus, parallel enrichment and the collateral 
effects from these pollutants may hinder predicting 
the rate of carbon degradation and the magnitude of 
metal toxicity (Jaiswal & Pandey, 2018, 2019a). Fur-
thermore, carbon-demanding substances and other 
oxygen-demanding substances (ODSs) lead to a dis-
solved oxygen deficit (DOD) that causes a series of 
sequential effects, including positive feedback and 
the loss of resilience and overall ecosystem perfor-
mance (Jaiswal et  al., 2021). Therefore, lockdown 
period–driven reductions in one or more pollutants 
can help to understand and determine how the mecha-
nisms/key processes or amounts of specific pollutants 
respond to changes to a degree beyond which the key 
process or ecosystem performance is constrained.

Microbial activities and extracellular enzymes 
(EEs) are the key regulators of detritus food webs 
and carbon and nutrient cycling (Sinsabaugh et  al., 
2009). EE activity is favoured by carbon and nutri-
ent substrates, regulated by the sources of these 
substrates and environmental conditions (Hill et  al., 
2010), and constrained by toxicants such as heavy 
metals (Jaiswal & Pandey, 2018). Thus, EE activity 
can be used to demarcate the boundaries of microbial 
responses to source distribution, substrate availability 
and changes in environmental conditions, including 
the presence and concentrations of toxicants. Here, 
we attempted to analyse the impact of the restrictions 
imposed on human mobility during the lockdown 
period on the water and sediment quality of the Ganga 
River. We attempted to explore whether a reduction in 
the level of metal pollution, as was expected during a 
lockdown period, could improve microbial/EE activi-
ties at the sediment–water interface. Because indus-
trial sources are generally considered major contribu-
tors to heavy metal pollution, this study will be highly 
useful in clarifying the role of industrial activity on 
the heavy metal pollution and associated shifts in sed-
iment microbial activity and other functional attrib-
utes in the Ganga River.

Materials and methods

Here, we included a 518-km channel of the Ganga 
River to collect data on the improvements in water 
and sediment quality as influenced by the COVID-19 
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lockdown (2020). To quantify the magnitude of the 
changes, data comparisons were made with those 
generated in 2019. The seven study sites selected here 
were located between Kanpur (26°50′ N; 80°31′ E) 
and Varanasi (25°32′ N; 83°04′ E), constituting the 
middle segment of the Ganga River (Fig. 1).

The upstream site, Nawabganj (Site 1; Nwbj), is 
located upstream of Kanpur city. Jajmau (Site 2; Jjmu), 
located downstream of Kanpur city, is under strong 
urban influence. Wazidpur (Site 3; Wpdr), also located 
downstream of Kanpur city, represents the direct influ-
ence of the leather industry. Sampling Site 4, Adalpura 
(Adpr), situated upstream of Varanasi city, represents 
rural influence and agricultural land use. Sites Assi 
(Asdr), Rajghat (Rjhtup) and Varuna (Vrun), Sites 5, 
6 and 7, respectively, are under the influence of point 
sources (Asdr), urban release (Rjhtup) and Varuna 
tributaries (Vrun). Differences in the sites in terms of 
urban-industrial flushing were considered to mechanis-
tically link the causal connections with improvements 
in water/sediment quality resulting from the COVID-
19 restrictions.

Experimental protocol

To evaluate the effects on the Ganga River that 
resulted from the restrictions imposed during the 
COVID-19 lockdown period, we examined 10 subsur-
face water quality variables, 5 benthic water quality 
parameters and 19 sediment (0–2 cm) quality param-
eters, subject to feasibility of measurement under the 

imposed restrictions. This study is a continuation of 
our previous year data collection (2019) and is useful 
to compare the changes resulting from the imposed 
restrictions. The river tract considered here repre-
sents the most polluted stretch of the Ganga River. 
The overall observations are the result of three sets of 
studies conducted at different spatial-scales: the first 
set represents a main stem investigation considering 
7 sampling sites along a 518-km middle part of the 
main river from Kanpur to Varanasi. In total, 132 sed-
iment samples and 132 water samples were collected 
from three locations of each site for detailed analysis. 
The subsurface water samples were collected in tripli-
cate in the third week of June from ~ 25 m of the trav-
erse reach 15 to 25 cm below the water surface. Water 
samples were also collected from the sediment–water 
interface. The sediment samples were collected from 
two spatial locations. At sediment–water interface 
(SWI), samples were collected from 0 to 2 cm depth, 
and from riverbed (2–10  cm depth), samples were 
collected at 1.5–6 m water column depth from 25 m 
reaches in the main stem of the river. To increase 
comparability, we also collected freshly deposited 
sediment (0–2 cm deep) in triplicate from each sam-
pling site. In all cases, samples were collected from 
three sub sites and mixed to form composite samples. 
Samples were kept in acid-rinsed polyethylene bags 
and plastic bottles and brought to the laboratory for 
the analysis following standard protocols. After col-
lection of the fresh samples, a portion was acidi-
fied by adding 1  mL of concentrated nitric acid per 

Fig. 1  Map showing the 
sampling sites. Details of 
site locations are given in 
the text
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100  mL of sample to avoid microbial consumption 
of metals. For analysis, the sediment samples were 
sub-divided into three parts. One part was used for 
the analysis of carbon, nutrients and heavy metals 
after air drying for 3–4 days at room temperature. The 
dried samples were grinded using mortar and pestle 
and then sieved using 2 mm mesh. The second part 
was kept at 4 °C for the incubation experiments. The 
third part of the samples was incubated in desicca-
tors to obtain a moisture level of 80%. These samples 
were used for measuring microbial biomass/activity 
and extracellular enzymes. All samples were kept in 
dark and stored at 4 °C in an ice-box for maintaining 
the original status.

Methods

Biological oxygen demand (BOD) was quantified as 
 BOD5 (after 5 days of incubation; Eaton et al., 1995). 
Dissolved oxygen (DO) was fixed at the respective 
site and analysed volumetrically following azide 
modification according to Winkler’s method (APHA, 
1998). The chemical oxygen demand (COD) was 
estimated using the potassium dichromate method 
(APHA, 1998) and the amount of dissolved organic 
carbon (DOC) was evaluated following the  KMnO4 
digestion procedure (Michel, 1984). The dissolved 
oxygen deficit (DOD) was calculated using the for-
mula given by Sánchez et  al. (2007). We measured 
the content of  NO3

- as per Voghel (1971) and that 
of  NH4

+ as per Park et al. (2009). For reactive phos-
phorus, we used the ammonium molybdate method 
(Murphy & Riley, 1962). For heavy metals (Cr, Cu, 
Cd, Zn, Ni and Pb), water samples were digested in a 
tri-acid mixture (Allen et al., 1986) and quantified by 
atomic absorption spectroscopy (AAS; manufactured 
by PerkinElmer, USA, model Analyst 800).

Total organic carbon (TOC) in the sediment was 
measured following the protocol of Michael (1984). 
For the measurement of  NO3

- and  NH4
+, the phenol 

disulfonic acid method (Chapman, 1996) and phen-
ate method (Park et al., 2009) were used, respectively. 
Soluble reactive phosphorus (SRP) was quantified 
using the ammonium molybdate stannous chloride 
method (Murphy & Riley, 1962). P release was meas-
ured as described in Hu et  al. (2001). For quantita-
tive estimation of heavy metals, the dried sediment 
samples were digested in a mixture of  HNO3,  H2SO4 
and  HClO4 (5:1:1 ratio, v/v, Allen et  al., 1986) and 

quantified by AAS. For quality control, we followed 
Jaiswal and Pandey (2018).

The microbial biomass-carbon (Cmic) was esti-
mated by chloroform fumigation-extraction (Jenkinson 
& Powlson, 1976). The microbial metabolic quotient 
 (qCO2) was quantified according to Wardle (1993). The 
activity of β-D-glucosidase was estimated spectrophoto-
metrically (Eivazi & Tabatabai, 1988). Alkaline phos-
phatase (AP) content was determined using buffered 
p-nitrophenyl phosphate (Tabatabai & Bremner, 1969). 
Fluorescein diacetate hydrolysis (FDAase) was assayed as 
per Schnürer and Rosswall (1982). Protease (L-tyrosine 
equivalent) activity was determined as described by Ladd 
and Buttler (1972). Nitrate reductase (NR) activity was 
assessed following Nowak et al. (2002). Sediment oxygen 
demand (SOD) was quantified as per Ling et al. (2009). 
For calculation purposes, we used a plot of DO in the 
SOD chamber with respect to time and computed SOD as 
described by Doyle and Rounds (2003).

The results were statistically analysed by analy-
sis of variance (ANOVA). Data are presented as the 
mean supported by the standard error (SE). Corre-
lation analyses were used to test the level of signifi-
cance between variables. The stability coefficient for 
the different variables was calculated using the coeffi-
cient of variation (cv) following Kardol et al. (2018).

Results and discussion

The worldwide spread of COVID-19 during the pan-
demic and the enforcement of lockdown policies 
caused a dramatic decrease in industrial activities, 
road traffic and tourism; consequently, air and water 
quality was expected to show improvement. Some 
quickly published studies support these expecta-
tions (Yunus et al., 2020; Häder et al., 2020; Global 
Carbon Project, 2020). A similar scenario could 
also be expected for the Ganga River because a siz-
able amount of the water quality degradation in this 
river is caused by industrial activities (CPCB, 2013). 
Here, we observed two different but interlinked forms 
of changes measured in context of lockdown-driven 
alterations in the river water and sediment attributes. 
The first form of change includes “quality deter-
minants” measured in terms of decrease in the con-
centrations of carbon, nutrient and heavy metal pol-
lutants during lockdown period. The second form of 
change represents “response determinants” measured 
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in terms of increases in extracellular enzyme (EE) 
activity as influence by declining concentration of 
metal pollutants in the river. The study explores 
causal linkage between these variables and lockdown 
period restrictions and industrial shut-down.

Nutrient enrichment enhances eutrophy, leading 
to a progressive accumulation of biomass and the 
associated changes (Pandey et  al., 2014). Excessive 
loading of carbon enhances the BOD, whereas an 
excess of metals causes detrimental effects on micro-
bial activity (Jaiswal & Pandey, 2018) and to aquatic 
consumers (Siddiqui & Pandey, 2019). We found a 
significant (p < 0.05) decline in heavy metal concen-
trations in the water and sediment samples in 2020 
compared to those from 2019 at all sites (Figs. 2 and 
3). The microbial metabolic quotient (a measure of 
the stress conditions) showed a synchronous trend. In 

contrast, microbial biomass and the activities of the 
extracellular enzymes FDAase, β-D-glucosidase and 
protease all increased during the lockdown period 
(2020) compared to the previous year (Fig.  4). The 
effects of both the year and site were significant 
(p < 0.01; ANOVA). We found a strong negative cor-
relation between EE activity and the concentrations 
of metal pollutants measured in 2019. The correla-
tion between these variables appeared poor during 
the lockdown period (Tables 1 and 2). Furthermore, 
we found greater stability coefficient values (low 
variance) for the different variables measured during 
2020 (lockdown period) compared to those measured 
in 2019 (Table 3).

Because industrial flushing is the main source 
of heavy metal input to the Ganga River, a reduced 
concentration of metals in the water and in the upper 

Fig. 2  Heavy metal con-
centration (a–f) in water 
at study sites of the Ganga 
River. Values are mean 
(n = 3) ± SE. Nwbj, Nawab-
ganj; Jjmu, Jajmau; Wpdr, 
Wazidpur drain; Adpr, 
Adalpura; Asdr, Assi drain; 
Rjhtup, Rajghat upstream; 
Vrun, Varuna tributary
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layer of sediment is indicative of reduced indus-
trial activity during the lockdown, and an increase 
in enzymatic activity provides a second indicator of 
industrial shutdown–associated improvement as the 
lockdown progressed. The extracellular enzymes, 
especially FDAase, β-D-glucosidase and protease 
considered here, are used to relate and monitor the 
shifts in river ecosystem functioning. FDAase is 
commonly used as a proximate to total microbial 
activity (Aftabuddin et  al., 2017; Jaiswal & Pandey, 
2019b), β-D-glucosidase as a marker enzyme for C- 
acquisition (Sinsabaugh et al., 2009) and protease is 

considered as a proxy of N acquisition (Rejsek et al., 
2008). A decline in the denitrification enzyme nitrate 
reductase indicated an improvement in the ben-
thic environment with respect to DO (Pascual et al., 
2000), and the decline in alkaline phosphatase (AP) 
indicated a decreased benthic P supply. Furthermore, 
because industrial flushing adds organic C to the 
river and because microbial extracellular enzymes 
drive organic C decomposition, a reduction in total 
organic C compared to the previous year (2019) is a 
third indicator of industrial lockdown. An increase 
in extracellular enzyme (EE) activity indicates a 

Fig. 3  Concentration of 
heavy metals (a–f) and 
 PO4

3− (h) in sediment and 
sediment-P release (g) at 
study sites of the Ganga 
River. Values are mean 
(n = 3) ± SE
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Fig. 4  Microbial metabolic 
quotients  (qCO2) (a), Cmic 
(b), TOC (c),  NO3

− (d), 
 NH4

+ (e), β-D glucosidase 
(f), alkaline phosphatase 
(g), FDAase (h), protease 
(i) and nitrate reductase 
(j) activities in sediment 
at study sites of the Ganga 
River. Values are mean 
(n = 3) ± SE
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temporary recovery in river health. This is because 
EEs are highly sensitive to metal stressors and as 
the concentration of metal pollutants increases, the 
enzyme activity declines (Jaiswal & Pandey, 2018). 
Metal pollutants, at high concentration, are capable 
of inhibiting microbial communities that produce 
extracellular enzymes (Jaiswal & Pandey, 2019a) and 
or directly inhibiting the EE activity by altering the 
enzyme–substrate binding sites (Jaiswal & Pandey, 
2019b). For this reason, the increases in EE activities 
during industrial shutdown, a signature of decreased 
concentration of metal pollutants, could be con-
sidered as a “recovery window” in river ecosystem 
functioning. Collateral effects often change the over-
all impacts that constrain the prediction of specific 

responses to individual stressors. Such effects could 
be seen with the parallel entry of carbon, nutrients 
and heavy metal pollutants. As observed here, the 
EE activity, which is stimulated by carbon and nutri-
ent substrates, increased with the decline in the con-
centrations of metal pollutants. Heavy metals, which 
were present in higher amounts in 2019, outweighed 
the stimulatory effects of carbon and nutrients; thus, 
inhibitory effects on EE activity were observed, 
which is consistent with previous results (Jaiswal & 
Pandey, 2018). This has also been impressed upon 
by correlative evidences. We found a strong negative 
correlation between EE activity and the concentra-
tions of metal pollutants measured in 2019. However, 
the correlations between these variables were found 

Table 1  Correlations (based on 2019 data) between heavy metals and response variables (extracellular enzyme activity) measured in 
riverbed sediment in the Ganga River

AP Alkaline Phosphatase, FDAase Fluorescein Diacetate Hydrolytic activity, Glu β-D-glucosidase, NR Nitrate Reductase
Values > 0.75 are significant at p < 0.001.Values < 0.75–0.50 are significant at p < 0.01. Values < 0.50 are significant at p < 0.05

Variable Cr Cu Cd Zn Ni Pb Glu Protease FDAase AP NR

Cr 1
Cu .994 1
Cd .959 .950 1
Zn .973 .969 .898 1
Ni .907 .929 .864 .835 1
Pb .987 .997 .947 .964 .916 1
Glu  − .928  − .920  − .963  − .821  − .896  − .909 1
Protease  − .905  − .896  − .955  − .798  − .873  − .880 .990 1
FDAase  − .956  − .943  − .980  − .871  − .886  − .929 .993 .985 1
AP  − .910  − .893  − .948  − .798  − .874  − .873 .993 .992 .989 1
NR  − .969  − .954  − .985  − .907  − .890  − .953 .964 .940 .981 .947 1

Table 2  Correlations 
(based on 2020 data) 
between heavy metals 
and response variables 
(extracellular enzyme 
activity) measured in 
riverbed sediment in the 
Ganga River

Variable Cr Cu Cd Zn Ni Pb Glu Protease FDAase AP NR

Cr 1
Cu .977 1
Cd .940 .942 1
Zn .969 .941 .853 1
Ni .893 .907 .844 .815 1
Pb .975 .974 .931 .957 .903 1
Glu  − .841  − .836  − .835  − .846  − .859  − .823 1
Protease  − .821  − .827  − .848  − .736  − .801  − .816 .848 1
FDAase  − .820  − .817  − .832  − .833  − .823  − .915 .844 .830 1
AP  − .844  − .834  − .876  − .641  − .757  − .786 .865 .837 .804 1
NR  − .832  − .845  − .821  − .843  − .831  − .815 .839 .822 .864 .834 1
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to be poor during the lockdown period indicating fur-
ther a decline in the concentration of metal pollutants. 
Furthermore, we found greater stability coefficient 
values for the different variables measured during 
the lockdown period compared to those measured in 
2019, suggesting that increases in multiple anthro-
pogenic perturbations can be judged by increases in 
variance. Furthermore, because the fluxes in carbon 
and metal vary in response to the strengths of differ-
ent sources, we found wide variations in the collateral 
effects along the river tract. The COVID-19 lockdown 
period–driven reduction in these pollutants, espe-
cially heavy metals, may help understand the changes 
in these collateral effects and is relevant to determin-
ing the specific attributes of river ecosystems, which 
need prompt attention for management decisions.

The dissolved oxygen in both the subsurface water 
 (DOW) and at the sediment–water interface  (DODSW) 
showed improvement, increasing with respect to 
the values from the previous year by 11 and 22% 
and − 67 and − 64% at Adpr (the least polluted site) 
and − 63 and − 65% and 367 and 216% at Wpdr (the 
most polluted site), respectively (Figs.  5 and 6). At 
all sites, the  DOSW remained > 2.0  mg  L−1. Biologi-
cal and chemical oxygen demand (BOD and COD) 
showed the opposite trend and declined at all sites, 
but more sharply at those sites close to industrial 

flushing. Compared to Adpr, at Wpdr, the  BODW was 
higher by 129% and 258%, respectively, in 2019 and 
2020, respectively (Figs. 5 and 6). The sediment oxy-
gen demand (SOD) followed a trend similar to that 
of BOD. The concentrations of total organic carbon 
(TOC), the main causal factor of BOD, and nutrients 
declined significantly (p < 0.05) in 2020. Associated 
with these determinants, the dissolved oxygen deficit 
at the sediment–water interface  (DODSW) was rela-
tively less marked in 2020 than that in 2019. As has 
been previously observed (Pandey et  al., 2019), dur-
ing extremely low flow, many places along the Ganga 
River show a mosaic of hypoxic zones. Here, hypoxia 
at the sediment–water interface  (DOSW < 2.0  mg 
 L−1) was also observed at the Wpdr, Asdr and Vrun 
sites during the 2019 low flow. These sites are char-
acterised by an industrial point source (Wpdr) and 
the highly polluted urban tributaries Assi (Asdr) and 
Varuna (Vrun). Interestingly, however, none of the 
sites showed hypoxic conditions  (DOSW < 2.0 mg  L−1) 
at the sediment–water interface during the 2020 lock-
down. This could be linked to the reduced concentra-
tion of oxygen-demanding substances, as reflected by 
the increased  DOW and  DOSW during the lockdown 
low-flow period in 2020. Over 760 grossly pollut-
ing industries discharge their effluent directly into 
the Ganga River (CPCB, 2016), but there was almost 

Fig. 5  Subsurface water-
biological oxygen demand 
 (BODW; a), dissolve 
oxygen deficit  (DODW; b), 
dissolved organic carbon 
 (DOCW; c) and dissolved 
oxygen  (DOW; d) at study 
site. Values are mean 
(n = 3) ± SE
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complete industrial shutdown during the COVID-19 
lockdown. Improvements in  DOW and  DOSW were 
coupled with an asynchronous trend in BOD and 
COD in the river. This was also reflected in terms of 
the decreased SOD during 2020, indicating a reduced 
sedimentation load of oxygen-demanding substances 
(ODSs) during this period. This is relevant because 
SOD is an important contributor to  DODSW in the 
Ganga River (Jaiswal & Pandey, 2019a). This effect 
was more pronounced at Wpdr, which is under the 
strong influence of an industrial point source that 
flushes a sizable amount of other ODSs.

Overall, this study showed that the industrial shut-
down during the COVID-19 lockdown caused a con-
siderable positive impact on Ganga River water qual-
ity measured in terms of significant improvements in 
carbon, nutrient and metal pollution. Even the highly 
polluted zones did not show the signs of hypoxia 

(DO < 2.0 mg  L−1) that had been observed in the pre-
vious year. Despite a significant decrease in carbon 
concentration (an important substrate for enzymatic 
activities), the apparent decline in heavy metal con-
centrations created a window for the enzymatic activ-
ity to intensify. Because heavy metal decline can be 
directly linked to industrial shutdown, our study 
identified industrial release as an important source 
of metal pollution in the Ganga River. The study 
emphasises the need to complement change variables 
(such as shifts in water and sediment chemistry) with 
more comprehensive response determinants (such as 
enzyme activity and dissolved oxygen deficit) to more 
appropriately address changes in river ecosystem 
health. We suggest that diversion of industrial release 
and moving beyond monitoring are needed to incor-
porate ecosystem response attributes during river 
management decisions.

Fig. 6  Sediment–water 
interface-biological oxygen 
demand  (BODSW; a), 
chemical oxygen demand 
 (CODSW; b), dissolved 
organic carbon  (DOCSW; c), 
dissolved oxygen  (DOSW; 
d), dissolve oxygen deficit 
 (DODSW; e) and sediment 
oxygen demand (SOD; f) 
in sediment of the study 
site. Values are mean 
(n = 3) ± SE
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Conclusions

We argue that the COVID-19 lockdown period dra-
matically improved the water and sediment quality 
of the Ganga River. Industrial shutdown during this 
period led to a significant decrease in the concentra-
tions of heavy metals and consequently the simul-
taneous and collateral impacts of carbon and heavy 
metal pollutants, suggesting that industrial release is 
an important source of metal pollution in the Ganga 
River. These changes were markedly reflected in 
river responses measured in terms of microbial extra-
cellular enzyme (EE) activity. Mechanistic links 
between EE activity and regional-scale multiple 
anthropogenic stressors established for the Ganga 
River suggest that microbial EE activity can be used 
as a sensitive indicator of river responses to changing 
human perturbations. The study also revealed that 
declining variance can be used as a potential indica-
tor of diminishing anthropogenic perturbations. The 
study has potential relevance in evaluating shifts in 
river responses to anthropogenic changes and in 
deciding specific attributes of river ecosystems that 
need prompt attention during management decisions.
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