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Abstract
Moving beyond monitoring the state of water quality to understanding how the sensitive ecosystems
‘respond’ to complex interplay of climatic and anthropogenic perturbations, and eventually the
mechanisms that underpin alterations leading to transitional shifts is crucial for managing freshwater
resources. The multiple disturbance dynamics- a single disturbance as opposed to multiple
disturbances for recovery and other atrocities, alter aquatic ecosystem in multiple-ways, yet the global
models lack representation of key processes and feedbacks, impeding potential management
decisions. Here, the procedure we have embarked for what is known about the biogeochemical and
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ecological functions in freshwaters in context of ecosystem resilience, feedbacks, stressors synergies
and compensatory dynamics, is highly relevant for process-based ecosystem models and for
developing a novel paradigm towards potential management decisions. This review advocates the
need for a more aggressive approach with improved understanding of changes in key ecosystem
processes and mechanistic links thereof, regulating resilience and compensatory dynamics concordant
with climate and anthropogenic perturbations across a wide range of spatio-temporal scales. This has
relevance contexting climate change and anthropogenic pressures for developing proactive and
adaptive management strategies for safeguarding freshwater resources and services they provide.
Keywords: Climate change; compensatory dynamics; disturbance dynamics; ecosystem feedback;
freshwater resources; resilience; response diversity; stressors synergies
Introduction
High resolution spatio-temporal analyses have enhanced our understanding of human impact on land
(Sanderson et al., 2002) and on world oceans (Halpern et al., 2008). These have opened the ways for
new domains of research. These more rigorously testing previous researches are needed to assertions
in identifying the state of freshwater resources (WWAP, 2009; Vörösmarty et al., 2010; Woodward et
al., 2012). The long-standing approach towards the management of surface waters is based on the
assessment of “concentration” of criteria pollutants or signature of eutrophy (for instance, chlorophyll
a biomass, biological oxygen demand, BOD etc.) that are assumed to be the major determinants of

qualitative shifts. When coordinated at appropriate spatio-temporal scale, these simple assessments
provide a framework towards quantifying qualitative shifts but also have significant limitations and
unable to translate observational data into internal mechanisms that maintain ecological balance
including resilience. Emerging theories addressing a deep understanding of ecosystem processes
reject the long-standing conceptual framework in favor of the management approaches that recognize
mechanisms, complex dynamic processes and thresholds thereof (Elmquist et al., 2003; Tonkin et al.,
2019). There is an increasing recognition that the ecosystem processes, including those that regulate
resilience, are crucial to address the magnitude to which a water body can absorb recurrent human
perturbations and able to regenerate without flipping into an alternate state (Scheffer et al., 2009;
Fuller et al., 2015; Jaiswal and Pandey, 2019a; 2021a). Emerging theories recognize that the
traditional approaches of surface water management based on the concentration of criteria pollutants
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or signatures of eutrophy alone are insufficient for long-lasting outcomes unless entwined with a deep
understanding of ecosystem processes (Fuller et al., 2015; Tonkin et al., 2019). In a worldwide
synthesis of threats to freshwater security and biodiversity, Vörösmarty et al. (2010) emphasized the
need to identify new precursors for future studies and solutions to ensure water security for humans
and river biodiversity. Recognizing these issues, the aquatic ecology is developing new conceptual
frameworks that encompass a multi-scale, process oriented perspective for managing human water
security, biodiversity, trophic attributes and ecosystem resilience (Jackson et al., 2016; Harvey and
Altermatt, 2019; Jaiswal and Pandey, 2019a).
Human-driven perturbations occur in multiples with different frequencies, intensities and

spatial patterns; and lead to multi-directional more serious ecological consequences than what is
generally expected (Regnier et al., 2013). Regions of dense human settlement and intensive
agriculture such as the major parts of the USA, Europe, Middle East, Central Asia, Eastern China and
the Indian subcontinent show high incident threat (Vörösmarty et al., 2010). Rivers, in particular,
receive pollutants from multiple sources combining non-point sources with highly polluted tributaries
punctuated by a number of point sources from urban and industrial areas. A normal ecosystem
subjected to a single disturbance generally recover, but, if it undergo multiple disturbances before
recovery, then the combined effect may lead to a long-term change and the system may enter in a new
ecological domain (Steckbauer et al., 2011) (Fig. 1). Physically-based perturbations such as pollutants
flushing; and biologically-mediated disturbances, for example, biological oxygen demand, species
diversity shifts; and their interactions, often lead to compounded perturbations, and consequently
yield ecological surprises (Paine et al., 1998; Suding et al., 2014).

The changes occur either

simultaneously or sequentially, and or often faster than the rate of recovery; or reach the level where
the damage may be irreversible (Schröder et al., 2005). Multiple, sequential and interactive effects of
disturbances may override the mechanisms governing biotic community compositions leading to a
shift in species diversity or response diversity (Harvey and Altermatt, 2019). Furthermore, the
countervailing effects of collateral disturbances, or ecosystem functioning, may also challenge
predictions (Mc Mullen et al., 2017). For instance, carbon flushing in a water body causes oxygen
depletion and enhance CO2 emission while simultaneous entry of metal pollutants cause stabilizing
effect (Jaiswal and Pandey, 2019b). Understanding these unanticipated consequences should be the
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basis of policy decisions in surface water management. As early as in 1995, Gunderson et al. (1995)
reviewed the barriers and bridges towards renewal of ecosystems and reiterated that the maladapted
management practices actually decrease the ecosystem resilience, and thereby increase the
susceptibility to subsequent disturbances. Calls for a resilience perspective in ecological assessment
of freshwater resources (Folke, 2006; Jaiswal and Pandey, 2019a) point towards the need for adaptive
management processes accessible to ecologist and policy decisions.
A mechanistic comprehensive understanding linking disturbance dynamics and climate

influences with ecosystem dynamics, so far, is lacking but is needed to predict aquatic ecosystem
response and resilience shifts. Particularly for India, no data so far is available linking ecosystem
functional responses to collateral and sequential drivers/stressors synergies operational in freshwater
ecosystems (Dwivedi et al., 2018; Jaiswal and Pandey, 2021b). This review argues that preventing
regime shift in freshwater ecosystems and their conservation from a water security and biodiversity
perspectives requires an understanding of dynamic ecosystem processes and mechanisms that regulate
or undermine resilience and enhance vulnerability; and those of perturbations, including collateral and
sequential impacts/stressors synergies that drive ecosystem functional changes (Table 1). This paper
highlights four major issues for developing a novel paradigm to be addressed to encourage more
experimental and proactive approach to surface water management. The first section examines the
need for a complex system approach in relation to climate, human-driven environmental changes and
local recruitments. The second section provides examples of collateral and sequential
impacts/stressors synergies and linkages between dynamic ecological attributes. The third section
elaborates the relevance of ecosystem change, functional/response diversity and resilience; and the
fourth section of this paper, highlights the importance of scale in understanding spatial and temporal
trajectories. These issues circumvent obstacles facing most management decisions and are ideally
suited for developing strategies under multiple-stressor interplay in freshwater ecosystems.
1. The need for a complex system approach
Multiple and sequential occurrence of extreme events can produce alternative states or ecological
surprise. Therefore, a cause-effect understanding of anthropogenic perturbations on freshwater
ecosystems requires an evaluation of multiple-collateral and sequential impacts linking dynamic
ecological attributes including feedbacks and the system’s ability to cope with changing conditions.
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An ecosystem usually respond to gradual changes almost in a smooth way. If the conditioning factors
are well below a certain critical level, the ecosystem will recover back to essentially in the same state
after the drivers of change are removed. However, the changes that affect resilience usually pave the
way towards switching the system to an alternative state (Scheffer et al., 2001). The loss of resilience,
resulting either from external drivers, or from a concordant shift in the internal dynamics, makes the
system more fragile towards irreversible damages. In practice, a blend of external forcing and internal
processes that generates changes to overstepping resilience can induce a state shift in an ecosystem
(Carpenter et al., 1999). Driven by near-ubiquitous human control, freshwater ecosystems are
governed by the patterns of spatio-temporal variations in five major groups of disturbances. These
include: atmospheric deposition (Elser et al., 2009; Pandey et al., 2014; Siddiqui et al., 2020),
catchment disturbances (Vörösmarty et al., 2010), water resource development (Nilsson et al., 2005;
Tonkin et al., 2018; Belletti et al., 2020), urban-industrial flushing (Yadav and Pandey, 2017;
Dwivedi et al., 2018) and biological factors (Harvey and Altermatt, 2019). This complex set of
dynamism (“disturbance dynamics”) is expected to continue in future due to intense human
interventions and climate change with implications on aquatic ecosystem interactions. Stressors
synergies, within system transformation and concentrated impacts resulting from shrinkage of water
volume are additional limitations challenging predictions (Jaiswal and Pandey, 2019c). These issues
highlight the diversity of stressors impact with confronting management efforts in high impact areas
and advocate for replacing conventional short-term management options with long-term integrative
planning that can alleviate multiple, interactive stressors impact and ensure restoration of ecosystem
services (Palmer and Filoso, 2009; Jaiswal and Pandey, 2019d) (Table 1).
Freshwater resources worldwide are vital for biodiversity and socio-economic values.

Management decisions in these cases are based generally on the assumption that human activities
influence water quality, although concurrent/consequential changes in many factors/processes can
alter the ecosystem performance in different ways. However, the critical assessment of how these
concurrent/consequential changes overlap/interact with each other to alter overall ecosystem
performance has rarely been accomplished and never with India’s water resources. Smith et al. (2009)
have provided a new concept of using “hierarchical-response-framework (HRF) for assessing the
dynamics and sensitivity of ecosystems to environmental changes. The hierarchy of responses and
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mechanisms thereof starts with metabolic/physiological changes of individuals followed by species
re-reordering and loss. Given the state of trophic complexity, differential life span of dominant
species, level of biodiversity, rate of biogeochemical cycles and magnitude of disturbances, the HRF
can be a comparative predictor of non-linearity in differential sensitivities of ecosystems and
alterations induced by external drivers (Smith et al., 2009). Under strong human interventions, shifts
to alternate states occur in lakes (Scheffer and van Nes, 2007) and streams (Lake, 2000). Water clarity
in lakes is hardly affected by increased concentration of nutrients. However, the human-induced
eutrophication (nutrient enrichment followed by a substantial increase in biomass) may lead a sudden
loss of transparency and submerged vegetation (Jeppesen et al., 1999; Pandey and Pandey, 2013).
This reduction of transparency and submerged vegetation leads to a suite of mechanisms, including
increased water column concentration of nutrients and dissolved organic carbon (DOC), reduced light
penetration, increased pressure on dissolved oxygen (DO), associated feedbacks and loss of animal
diversity, ultimately leading the system towards an undesired and permanently turbid state (Pandey
and Pandey, 2013; Solomon et al., 2015; Pandey et al., 2019).
Aquatic ecosystems are highly complex dynamic systems. Human pressures on ecosystems are

continuing to increase and are expected to rise over the next century (MEA, 2005). Conceptual
framework models predict that large and more rapid alterations in ecosystem structure and
functioning will occur in future as a consequence of global environmental change (Smith et al., 2009).
Irreversible ecosystem change, alternate states and regime shifts are increasingly accepted
consequences of global change drivers (Scheffer et al., 2001). Unlike discrete and pulsed nature of
natural disturbances, human-driven perturbations, which are generally chronic in nature, influence
ecosystem dynamics differently (Groffman et al., 2006). In an aquatic ecosystem, because of
relatively rapid turnover of phytoplankton, the producer community may transition more rapidly from
a physiological change to community reordering resulting in a trophic mismatch. This may lead to a
complex transitory dynamics in the ecosystem. Multiple anthropogenic pressures such as over
exploitation, pollution, habitat fragmentation and species replacement accelerate trajectories of
changes. For instance, over exploitation-driven loss of top predators leads trophic cascade enhancing
asynchrony between chronic nutrient enrichment with trophic responses, leading the ecosystem
towards state shift (Carpenter et al., 2001). Because ecosystem resilience is being eroded by chronic
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alterations (Smith et al., 2009), the interaction of natural disturbances with human-driven
perturbations may further shift the trajectories of ecosystem responses and exacerbate the overall
change. Because of the complexities of aquatic ecosystem dynamics, response trajectories may also
vary depending on compensatory dynamics of a specific response, time-scale of change in a
functional attribute, nature and magnitude of the changes and their interactions (Klug et al., 2000;
Slavik et al., 2004; Smith et al., 2009). Compensatory shifts, wherein a species that declines under the
influence of an environmental perturbations is replaced by functionally similar species, play a crucial
role in maintaining ecosystem processes and buffering the change (Klug et al., 2000).
Because of complex and dynamic nature and hysteresis in their response to alterations, the

aquatic ecosystems generally lack early-warning signals towards massive changes (Scheffer et al.,
2001; Smith et al., 2009) and predicting a tipping point is extremely difficult. Particularly, in
ecosystems where transitions occur repeatedly (Scheffer and van Nes, 2007), an early warning signal
appear largely independent of precise mechanism involved (Scheffer et al., 2009). Furthermore,
because of self-propelling nature of positive feedbacks (Jaiswal and Pandey, 2019a; 2020), and
changes in disturbance dynamics (Rahmstorf, 1995), predicting shifts towards transition remains
difficult. There are no accurate models, developed so far, for precisely predicting the thresholds in
complex systems varying from cells to ecosystems (Scheffer et al., 2009). Early-warning signals may
help to explore probability of such events. Indicators such as flickering and skewness (Guttal and
Jayaprakash, 2008), rising variance (Carpeneter and Brock, 2006), critical slowing down (Chisholm
and Filotas, 2009) and habitat patchiness or self-organized spatial configurations (Rietkerk et al.,
2004; Scheffer et al., 2009; Jaiswal and Pandey, 2019a; Pandey et al., 2019) are some of the
commonly used early warning signals for predicting critical transitions.
2. Collateral and sequential impacts
The concerns over degrading aquatic ecosystems from human activities have triggered a large body of
research exploring cascading effects on aquatic food webs, biodiversity and ecosystem functioning
(Jackson et al., 2016; Carpenter et al., 2016). Human activities imply fundamental alterations to the
top-down (eg., flow regulation/water diversion) and bottom-up (eg., resource availability) forces that
influence water quality, biodiversity and ecosystem processes. Collateral impacts often constrain
predicting specific response of individual stressors. For instance, acknowledging the variability in
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CO2 emission arising from heterogeneous distribution of substrate at land-water interface is
constrained by simultaneous entry of heavy metals (Jaiswal and Pandey, 2019b). In a study of the
Ganga River, these authors have shown that the metal enrichment is generally expected to reduce CO2
emission, however, the magnitude of reduction depends on how the carbon and metal sources co-vary
along the river tract (Jaiswal and Pandey, 2019b). Accordingly, the frequency of co-occurrence of
carbon and metal sources ultimately govern the pattern of C-sequestration in the river and transport to
the coastal ocean. This merits attention inviting caution in regional C-budgeting and interactionneutral modelling. Thus, despite a perturbation, collateral entry of metals may mitigate adverse shifts
in environmental conditions (for instance, regional climate change).
The dissolved oxygen deficiency is one of the major ways through which human-driven

changes in water bodies alter ecosystem functioning (Table 1). The in situ and incubation studies
conducted with large water bodies under different climatic conditions (Steckbauer et al., 2011;
Jaiswal and Pandey, 2019a) led to the hypothesis that because a decline in benthic O2 is accompanied
by a sequence of detrimental events; and the determinants of reducing oxygen levels also have other
side effects, human-driven decrements in benthic oxygen delivery will be the first to compromise
whole-ecosystem performance including loss of biodiversity and resilience. A decline in benthic O2
triggers positive feedbacks at sediment-water interface including sediment-P and bioavailable metal
release (Jaiswal and Pandey, 2020). The twinned effects can lead to enormous change on water
chemistry and aquatic life which are often long-lasting and difficult to reverse. The expansion of
hypoxic/anaerobic zones also has other side effects including an increase in microbial production of
N2O and nitrogen removal (Brewer and Peltzer, 2009; Finlay et al., 2013) and anaerobic
biodegradation of environmental contaminants such as chlorinated benzenes (Adrian et al., 2000)
accumulated in the bottom. Further, the oxygen demanding substances (ODS) and other determinants
of dissolved oxygen deficit (DOD) may alter the magnitude of synergistic effects (Jaiswal and
Pandey, 2019e). Can the synergism of such changes be quantified based on conventional cause-effect
database? So far, there is no formal way to quantify such impacts or to relate observed changes in
ecosystem functioning to these consequential and synergistic effects. The post-hypoxia ecosystem
changes (recovery) depend on the frequency and intensity of hypoxic stress, size of the affected area,
extent of mortality of benthic fauna and the magnitude of organic carbon build-up (Paine et al., 1998).
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If hypoxic events are of recurrent nature, benthic community may remain dominated by opportunistic
species (Diaz and Rosenberg, 1995).
Limited oxygen delivery often closely matches the adverse environmental changes. When

water volume contracts, oxygen demanding substances (ODS) concentrate putting a pressure on
oxygen demand. This coincides with summer time temperature rise which further exacerbate oxygen
limitation by increasing oxygen demand and reducing oxygen solubility (Pörtner and Knust, 2007).
During summer low flow, a decrease in water volume coupled with onset of thermal limitation
(summer time high temperature) matches the biological oxygen demand leading to a drop in aerobic
scope. Under such condition, aerobic scope becomes minimal in benthic zone (Pandey et al., 2019).
Such a constraint affects ecosystem functions including the behavior, growth and reproduction of
higher organisms. This has relevance in a climate change perspective because when eutrophy is
entwined with adverse meteorological conditions, such as a rise in temperature, the frequency and
intensity of the hypoxic events increase. Depending upon the severity of depletion in dissolved
oxygen, the effects on biological organisms range from the avoidance of the affected zones, to the
mortality of selective species. A decrease in aerobic performance reduces growth and enhances
mortality first among large organisms. Studies shows, if there is an early life time loss of aerobic
scope in large individuals, the organism may not grow beyond an oxygen-regulated size limit set by
the temperature (Pörtner and Knust, 2007). Also, reduced aerobic performance enhances sensitivity to
other factors including predation and diseases. These conditions may reduce the overall abundance of
sensitive organisms (Pörtner and Knust, 2007). Although the species specific adaptation and
sensitivity may cause variability in distributional shifts, a synchrony in dissolved oxygen deficiency
(DOD) and temperature rise thus, becomes effective at ecosystem level, suggesting that future climate
change may exacerbate DOD-driven shifts in aquatic ecosystems (Pörtner and Farrell, 2008). Because
the sediment oxygen demand (SOD) also significantly contribute to overall DOD, and consequently to
loss of aerobic scope, the year-wise analysis of ecological responses linking BOD alone may not
accurately quantify the mechanisms which are effective in the bottom. Long-term analysis of
individual summer (low flow season) data inclusive of BOD and SOD can provide more in-depth
insight addressing mechanistic cause-effect relationships, especially for benthic ecosystem changes
(Jaiswal and Pandey, 2019e).
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From about six decades back, complementarity in ecological stoichiometry emerged as a

unifying principle associated with cellular and ecosystem processes (Redfield, 1958). To maintain
growth rate and nutrient-rich bodies, herbivores require nutrient rich resources (Elser et al., 2000a;
200b; 2007). Even zooplankton discriminate algal cells differing in nutrient status (Butler et al.,
1989). Anthropogenic perturbations have greatly unbalanced the proportion of nutrient availability in
freshwater and coastal ecosystems (Beman et al., 2005; Pandey et al., 2014; Siddiqui et al., 2020).
Despite these facts, ecological stoichiometry is seldomly considered in most of the nutrient pollution
assessment and management studies (Elser et al., 2009; Finlay et al., 2013). At ecosystem level, the
species-specific N:P ranges may differ but these may overlap implying that variable nutrient need and
sensitivity to changes in elemental ratios cause variability in distributional shifts and species
composition leading to a mismatch in species interaction in a food web. Long-term shifts in N:P
stoichiometry may evoke a domino effect (Elser and Urabe, 1999), and simultaneous enrichment of N
and P produces strong synergistic responses in freshwater and marine environment (Elser et al.,
2007). Examples from aquatic animals show that the study of N:P-driven shifts in species
composition can help elucidating such ecosystem level changes and predicting future ecological
trends. For instance, nutrient-driven shifts in the density of a small crustacean species, Daphnia
magna may cause reduced food availability to planktivorous fishes, phantom midge larvae
(Chaoborus) and true bugs (Notonecta). This regime shift is largely regulated by food C:P
stoichiometry. D. magna enjoy a P-rich life style and face potential P-deficiency where food C:P ratio
exceeds 250 (Elser et al., 2000a; Taipale et al., 2014). Under these conditions, such herbivores exhibit
a reduction in gross growth efficiency. Such food quality limitation may have important effects on the
fate of aquatic food webs. It may underpin changes in trophic interactions and cause shifts in food
web functional linkages (Carpenter et al., 2016; Harvey and Altermatt, 2019). If other cues remain
constant, previously matched species interaction and food availability may change. When top
carnivores are removed, prey population may explode and deplete their own food resources. This may
lead to a cascade of ecological change. For example, when bass fish (a perch like fish) is removed
from P-rich lakes, it leads to an increase in minnows (small freshwater fish) which deplete the
phytoplankton grazers, and consequently, cause algal bloom (Schindler et al., 1997). Thus, a biotic
change resulting from altered proportion of nutrients can influence the C-balance of whole ecosystem.
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In a contrary situation, an increase in population size of zebra mussel (Dreissena polymorpha; a
bottom dwelling filter feeder) in a large river (Hudson River) caused a massive decline in
phytoplankton biomass increasing water clarity, and light availability and consequently, leading to a
shift in food web dynamics (Caraco et al., 1997). Overall, the nutrient limitation associated shift in
species composition provides integrative frameworks for a comprehensive understanding of synergies
and cause-effect relationships in food web functional linkages and new recruitments in humanimpacted aquatic ecosystems (Table 1).
3. Ecosystem change, biodiversity and resilience
Traditionally, the health of an aquatic ecosystem is typically assessed by monitoring certain water
quality parameters. The weakness of this long-standing approach is that the mechanisms regulating
ecosystem changes are generally poorly known, and the ecosystem responses to these changes are
rarely considered. As expected in future, if human perturbations continued with similar level of
magnitude, the ecosystem will become more vulnerable with greater uncertainty regarding how the
ecosystem will respond to increasing levels of perturbations (Folke et al., 2002; Elmquist et al., 2003).
In some cases, human activities have already reduced the ecosystem capacity to cope-up disturbances
(Scheffer et al., 2001). Furthermore, the disturbance dynamics (complex disturbance regimes) create
complex ecosystem dynamics which are challenging to predict (McMullen et al., 2017). These
prospects advocate the need to move beyond simply monitoring the state of aquatic ecosystems to
understand the mechanisms that underpin the adaptive capacity and sustenance. Developing new
indices that use response-based determinants, including ecosystem feedbacks and new trajectories,
and that predict ecosystem resilience shifts should be an urgent priority area to improve management
of surface water resources (Pandey and Yadav, 2017; Jaiswal and Pandey, 2019d; 2021a). An
ecosystem-based approach recognizes the mechanisms, uncertainties and key processes including
resilience and functional shifts that provide a deep understanding of how the system cope-up against
the changes driven by anthropogenic factors and within-system interplay (Tonkin et al., 2018; 2019)
(Fig. 1).
Recent studies show that conservation of biodiversity can be a useful tool in managing nutrient

pollution (Cardinale, 2011; Isbella et al., 2013). Biodiversity provides an insurance to self-organizing
ability and to minimize ecosystem changes in response to environmental disturbances (Folke et al.,
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2004). Loss of biodiversity changes the ecosystem processes and alter the ecosystem resilience, and
consequently the ability of the system to resist environmental perturbations (Chapin III et al., 2000).
The current rates of biodiversity loss are about 100-1000 times greater than pre-human rates (Pimm et
al., 1995). Because all species are not equal, loss of species with specific functional traits often has a
great impact (Tilman et al., 1997). Also, the species that appear redundant for ecosystem performance
during certain stage may become critical generating resilience and re-organizing the system after
disturbance (Bellwood et al., 2004). In a mesocosm study, Cardinale (2011) manipulated the algal
species and niche opportunities in the biofilms of multiple sets of stream mesocosms mimicking
different flow conditions and disturbance regimes which are typical of natural streams. The results
were striking; more diverse groups achieved greater biomass and N-uptake. When niche opportunities
removed and conditions in a stream made uniform, diversity was not found to influence N-uptake.
The author urged that communities with higher species diversity take advantage of niche opportunity
to capture higher proportion of biologically available resources. Despite great significance of
freshwater biodiversity, searching potential management solutions is very often constrained because
human-driven changes may influence water security and biodiversity in different ways that requires
conflicting management solutions (Vörösmarty et al., 2010).
The role of biodiversity has been well addressed with focus mainly on species richness,

biomass production or species-interaction-driven ecosystem stability in single equilibrium systems
(Loreau et al., 2001; Pfisterer and Schmid, 2002; Diaz et al., 2003). It is important to note that
different approaches to study diversity-ecosystem-stability relationships often give different results
(Tilman et al., 1997; Diaz et al., 2003). The ecosystem sustainability aspect needs to be more
critically focused considering response diversity that address the ‘diversity of responses’ in an
ecosystem to environmental changes (Elmquist et al., 2003; Cernansky, 2017) (Table 1). Variability
in species responses to environmental changes is critical to ecosystem resilience (Chapin III et al.,
1997). This functional attribute provides adaptive capacity for ecosystem reorganization following
disturbances (Folke et al., 2002; Diaz et al., 2003). Because response diversity operates at different
spatio-temporal scales, it enables the system to keep performing at other undisturbed patches. Species
differ in their response to environmental change (Little and Altermatt, 2018); and for this reason, at
least some species survive against the directional or stochastic environmental changes and able to
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maintain ecosystem properties (Chapin III et al., 1995). This allows the system to compensate with
minimal change in ecosystem processes (Frost et al., 1995). Loss of species from the same functional
group reduces response diversity across scales (Jackson et al., 2001) and results in contraction of
spatial resilience (Nyström and Folke, 2001). In a recent study, Harvey and Altermatt (2019)
illustrated how the complex interactions among regional and local scale predictors drive functional
structure and how the outcomes of such interactions generate large-scale variations in functional
community structures in large rivers. These authors (Harvey and Altermatt, 2019) used functional
groups instead of taxa to explain shifts (“responses”) based on trophic dependence (Harvey and
McDougall, 2014) or role of dispersal (Tonkin et al., 2018). It was urged that all streams may not
share same group of species but they do share same functional attributes (Vannote et al., 1980).
Human-impacted ecosystems differ dramatically with respect to the size of key nutrients and

carbon pools and in the rates of their biogeochemical turnover. The Ganga River, draining to Bay of
Bengal, is a major river system of India, most modified by human activities (CPCB, 2013; Dwivedi et
al., 2018). Many alterations in the ecology of the basin, and in the river itself, such as habitat
fragmentation, water quality changes, dams and excessive water diversion, harvest or loss of species
diversity, introduced species etc., in concert with urban-industrial flushing have led to profound
changes in the resource pool size and ecology of the Ganga River in India (Dwivedi et al., 2018;
Siddiqui et al., 2020). The resource pool size, and types and magnitude of resource alterations cause
differential sensitivity, and consequently, the species reordering. Chronic resource alteration favor
new dominant species where short-lived species respond more rapidly (Morris et al., 2008). Subject to
the magnitude of functional complementarity, the replacement of dominant species can result no
change in the ecosystem functioning given the ability of the other species to compensate functional
attributes (Smith and Knapp, 2003). In a multi-temporal and multi-spatial scale study, Pandey et al.
(2017) reported P-induced dominance transference in diatom species which are efficient producer of
transparent exopolymeric particles (TEP) in the Ganga River. Based on field observations and
controlled mesocosm studies, these authors identified the role of TEP in removing turbidity in the
Ganga River. Thus, an anthropogenic influence (increased turbidity) is, in part, counterbalanced by a
concomitant change in a functional attribute (TEP production) driven by P-induced dominance
transference of diatoms (Pandey et al., 2017).
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Resilience refers to the capacity of the system to absorb disturbances and capable of self-

organization and renewal (Elmqvist et al., 2003). It drives the ecosystem adjustment and functional
capacity to recover. A resilience perspective talks for a non-linear dynamics, and how such dynamics,
after disturbance, interact across spatial and temporal scales (Folke, 2006). Limits of acclimation and
shifts are set by trade-off between perturbations and structural and functional adjustments that
regulate the ability to recover. Higher resilience can offer a greater degree of stability against
ecological uncertainty (Fig. 1). Maintaining resilience requires a critical understanding of ecosystem
functions and processes (Gunderson, 2000). Our recent studies show that the ecosystem feedbacks are
the key indicator of transitional shifts in large rivers (Jaiswal and Pandey, 2019a; 2021a). Because
restoring a degraded ecosystem is more difficult than maintaining it in a good condition (Hughes et
al., 2005), developing proactive and adaptive management strategies requires an ability to measure
and interpret resilience, and recognize causal linkages and responses to ecosystem feedbacks. Because
intense and continuous human perturbations often lead to scale-dependent habitat fragmentation and
state shift in aquatic ecosystems, quantitative assessment of determinants of resilience has great
relevance (Schröder et al., 2005; Pandey et al., 2019). However, unlike terrestrial systems, where
community level variables are quantitatively detectable (Poorter et al., 2016), identifying stable
response determinants of resilience shift in aquatic ecosystems is relatively difficult. Self-propelling
positive feedbacks most often leads undesirable transitions (Dai et al., 2013). Because benthic oxygen
deficiency (hypoxia/anoxia) is an important driver of positive feedbacks, a combination of hypoxia
with response determinants of positive feedbacks can be used as an early warning signal of state shift
in aquatic ecosystems. Positive feedbacks provide mechanistic links between the causal determinants
and resilience shift. For instance, dissolved oxygen deficit (hypoxia/anoxia)-driven positive feedbacks
(sediment-P release; -metal release; denitrification etc.) may cause serious implications leading the
system towards an alternate stable state. Our recent studies (Jaiswal and Pandey, 2019a; 2021a) show
that positive feedbacks coupled with changes in microbial functional attributes (eg., microbial
extracellular enzymes) measured at sediment-water interface can be used to quantitatively predict
resilience shifts in large rivers. The fluorescein diacetate hydrolase, an extracellular enzyme used as a
proxy of microbial activity, can be used to demarcate good and poor patches (sub-habitats). As one
moves from an unusual sub-habitat, the enzyme activity increases gradually (Jaiswal and Pandey,

This article is protected by copyright. All rights reserved

Accepted Article

2018). This measure of spatial-scale recovery can be an important indicator of ecosystem resilience
(Jaiswal and Pandey, 2019a; 2021a).
4. Spatio-temporal trajectories
Traditionally, most of the surface water studies are short-term and localized. However, the new
paradigm of managing surface waters requires more in-depth and scaled-up ecological studies (Freixa
et al., 2016; Seymour et al., 2016; Wang and Zhang, 2020). Recent studies suggest for concentrating
on cumulative, interactive and sequential effects rather than focusing solely on changes in a specific
attributes (Ryo et al., 2018; Tonkin et al., 2018; Siddiqui et al., 2020). An aquatic system may initially
respond positively or show no change towards specific factor, and in due course of time, the response
may differ or even become opposite (Anderson et al., 2008; Pandey, 2011). Furthermore, many
processes operating in a system or outside interact across spatial scales (Soranno et al., 2014). Also,
the variations in microbial community composition along a river continuum reflect spatial scaling
along the gradient (Doherty et al., 2017). Thus, interpretations based on short-term data base without
considering spatial and temporal trajectories may be misleading and the system is likely to be falsely
perceived. This may mislead strategies to water resource management. Consequently, the time-scale
for understanding ecosystem responses need to be much longer than what is generally considered in
most of the conventional ecological studies.
Long-term records are essential to establish ecosystem level trends and causal linkages

because an observation based on individual portion of short-term data considered separately may
show an increase, decrease or even no change in a chosen attribute (Hsieh et al., 2005; Anderson et
al., 2008). Also, because the complex and multivariate processes regulate ecosystem functioning,
large differences in scale may confound cross-study comparisons. There is a need to identify key
processes and mechanisms that alter ecosystem dynamics over a broad range of temporal scales. In a
16 years of P-fertilization experiment at Kuparuk River (Alska), Slavik et al. (2004) have reported
that, after 8 years of P-fertilization, mosses replaced epilithic diatoms as major primary producers.
These authors suggest, predicting river ecosystem responses to chronic human perturbations requires
long-term experiments and observations. Controlling N-loading is a proven solution to mitigate
eutrophication in rivers and coastal waters (Mc lsaac et al., 2001; Beman et al., 2005). Rivers and
streams may act as a sink for bioavailable-N subject to their high rate of biological activity, channel
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size, hydrological connectivity with terrestrial domains and bed-sediment environment that favors
microbial denitrification (Seitzinger et al., 2006; Alexander et al., 2000). However, removal efficiency
declines with increasing concentration of nitrate (Mulholland et al., 2008) which is continuing to
increase under rising human pressure (Beman et al., 2005; Siddiqui et al., 2020). These uncertainties
question the validity of comparison of results obtained from short-term studies with long-term
nitrogen budgets (Alexander et al., 2000). In a long-term study, conducted at a woodland lake, Pandey
and Pandey (2009) did not observe significant effect of AD-nutrients on microbial biomass-C (Cmic)

and activity at land-water interface for the initial three years. After a time lag of three years, Cmic and
activity increased consistently during subsequent years in concordance with AD-nutrients (Pandey
and Pandey, 2009; Pandey, 2011). These results invite caution for interpreting results obtained from
short-term studies.
Rivers are also susceptible to other external drivers such as climate change that operate

predominantly on large scale. Lotic systems are governed by spatial configuration, environmental
variables, anthropogenic drivers and time-varying patterns in water flow regimes (Ryo et al., 2018;
Harvey and Altermatt, 2019). Climate change entwined with human control will alter flow regime,
which may severely influence species distribution and ecosystem functions (Singh et al., 2015;
Tonkin et al., 2018). Therefore, sustainable management of freshwater resources under hydrological
and climate uncertainty poses a great challenge (Poff et al., 2016). Many rivers in the world have
experienced driest and hottest weather condition on record. Murray-Darling River in Australia, Rhine
River in Germany and Switzerland and Guadiaro River in Southern Spain have experienced extended
dry spells which constrained the water supplies and devastated aquatic life (Tonkin et al., 2019). Such
incidence will become more common as the climate warms (Jaeger et al., 2014). A decrease in
precipitation if combined with temperature rise may push the annual surface runoff into a vulnerable
regime (Pandey and Pandey, 2013; Singh et al., 2015), which may, consequently, create large
uncertainties in stream flow. Under such conditions, predictions based on short-term studies do a poor
job.

Similar to the scaling-up of time frame, the spatial scale dispersal and effects of pollutants is

crucial for understanding the dynamics of ecosystem changes, and for maintaining resilience.
Particularly for rivers, with complex spatial-scale vertical structure, localized cross-system horizontal
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interactions and staggered human interventions, large spatial-scale data are important for explaining
ecosystem processes and community dynamics and for identifying dominant drivers (Seymour et al.,
2016; Tonkin et al., 2018; Harvey and Altermatt, 2019). Traditionally, most researchers assume that
local entry of pollutants directly influence the water quality, data on which are sufficient for
reasonable outcomes from a management perspective. Contrary to this, such changes may cause
habitat fragmentation and replace vulnerable species disrupting food web relationships leading to a
filtering effect downstream (Pandey et al., 2017; Harvey and Altermatt, 2019; Jaiswal and Pandey,
2019a). For a river system, this problem becomes more severe during low flow season. As expected
from multiple sources of pollutants entry, individual patches of degrading habitats may propagate and
collapse leading to a large scale ecosystem damage (Fuller et al., 2015). Under such condition, smallscale management efforts will not work. In localized studies, multiple-scale dynamics and warning
signals remain un-recognized and often mismatched to management efforts. Particularly in river
systems, the water column based results suffer large variances due to spatial heterogeneity in
hydrologic control. Therefore, the new research should consider to test, including the mechanisms
thereof, whether the land-water interface and/or sediment-water interface of large rivers provide an
imprint predicting human-driven changes in water quality and river ecosystem responses. In a multitemporal, multi-spatial scale study, Jaiswal and Pandey (2019c) have established that the land-water
interface of large rivers can be used as a test bed for precisely predicting the changes in water quality
and ecosystem response to human perturbations. These authors have also shown that under strong
human perturbations, changes in bed sediment-water interactions exacerbate ecosystem degradation in
large rivers (Jaiswal and Pandey, 2019a; 2021b). Such studies will facilitate upscaling the intercomparability across varied environmental gradients ranging from the head water streams-to-riverestuaries continuum.
Runoff-driven release of carbon and nutrients from urban and agricultural areas has increased

by many folds in several river basins of the world (Chapin III et al., 2000; Evans et al., 2006; Pandey
et al., 2014a; 2014b). The characteristics of runoff and stream flow regimes are regulated by the
complex interplay of geo-morphology, soil, climate and vegetation (Singh et al., 2015). In addition,
nutrients, largely emerging from anthropogenic sources (Woodward et al., 2012), stimulate the
microbial processing of terrestrial C, and therefore, enhance terrestrial carbon loss to downstream
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(Rosemond et al., 2015). Subject to the scale, studies testing the effects of atmospheric deposition
(AD) of nutrients on the release of dissolved organic carbon (DOC) from the soil have shown variable
results (Pandey and Pandey, 2013; Pandey et al., 2014a; Wang et al., 2019). In a recent and decadal
scale study along a 2303 km segment of the Ganga River, Siddiqui et al. (2020) conducted three sets
of investigations: a) in situ observations, b) soil-spray experiments (artificial nutrient fertilizationsupplemented over AD input), and c) pot-culture experiments. These authors did not observe
significant change in AD-DOC links for the first year of soil-spray and pot-culture studies. However,
based on the subsequent year trends, the authors demonstrated that the AD input of nutrients stimulate
microbial biomass (Cmic) and activity in the catchment soil, and consequently, accelerate the release of
DOC reaching to the Ganga River. Runoff-driven input of C and nutrients cause functional shifts
including light penetration, nutrient cycle and carbon capture and storage in rivers and lakes (Pandey
and Pandey, 2013; Pandey et al., 2014a). These studies highlight the relevance of multi-spatial and
multi-temporal scale database in predicting ecosystem level changes.
Overall, this review identifies four cornerstones that scientists need to assess and water

resource managers should combine to better extrapolate gaps in data sets and translate to management
decisions for safeguarding freshwater resources and the services they provide. Models based on
ecosystem processes and mechanisms can follow and predict disturbance dynamics and synergies.
Understanding ecosystem level functional shifts can help identifying sequence of events, feedbacks
and tipping points. It will also be possible to track how interactions among disturbances, including
climatic uncertainty, work along the gradient. These would help water resource managers to decide
which specific attributes of the ecosystem need quick attention to maintain and build resilience.
Conclusions
Uncertainties and non-linearities in ecological effects related to climate and multiple human actions
with tightly coupled positive feedbacks in aquatic ecosystems make ecosystem adaptation to changes
more difficult, and invite serious attention towards a more aggressive approach. To ensure the
sustainability of freshwater resources, this review advocates the need for an adaptive management
providing a novel framework for managing resilience entwined with climate and multi-scale
ecosystem processes and feedbacks. This paper has focused on the attributes of resilience in aquatic
ecosystems, and their role in decreasing vulnerability against disturbances. It highlights four different
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but potentially inter-linked aspects to be considered for developing a novel paradigm in surface water
management. Because the interplay of climate, environment and human perturbations results in a nonlinear coupling, the first aspect advocate towards the need to follow a complex system approach
linking ecosystem process attributes/functional changes with the disturbance dynamics. The second
aspect talks for potential understanding of collateral and sequential impacts/stressors synergies
generating unpredictable shifts/cascading effects in the system. The third aspect requires quantitative
and mechanistic knowledge of how the system is responding (for instance, response diversity,
functional shifts, compensatory dynamics etc.) within the limit of resilience and under overstepped
conditions. The fourth aspect highlights the challenges and importance of scales in understanding
spatial and temporal trajectories for assessment of gradients and trends essential for long-term
management decisions. A combination of these four cornerstones will help to better extrapolate the
gaps in data sets and further translate to management decisions for safeguarding freshwater resources
and services they provide.
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Table 1: Functional ecosystem measures/response variables identified to assess aquatic
ecosystem health under non-linear coupling of climate, environmental and anthropogenic drivers
Attribute

System

Reference

Cross-boundary flow/ecosystem

Lakes of United States

Elser et al., 2009

metabolism

Stream network

Woodward et al., 2012

North temperate lakes

Carpenter et al., 2015

Stream network

Rosemond et al., 2015

Tordera River

Freixa et al., 2016

Ganga River

Siddiqui et al., 2020

Climate/resilience

Guadiaro River

Tonkin et al., 2019

Climate/flow regime

River network

Tonkin et al., 2017

Climate/cross-boundary flow

River of Big Island

Murphy et al., 2016

Jaisamand Lake

Pandey and Pandey, 2013

Cascading effect/spatio-temporal Acheron River

Downes et al., 1998a

trajectories

Steavenson River

Downes et al., 1998b

Kuparuk River

Slavik et al., 2004

Baghdara Lake

Pandey, 2011

Stream network

Woodward et al., 2012

Rhine River

Seymour et al., 2016

Rhine River

Harvey and Altermatt,

Biodiversity-ecosystem function

2019
Lower St. Johns River

Wang and Zhang, 2020

Lake Mendota

Carpenter, 1992

Yahara Lake

Lathrop et al., 1992

Streams of New Zealand

Death, 1996

Hudson River

Caraco et al., 1997

Taieri River

Townsend et al., 1997

Rivers of Virginia

Angermeier and Winston,
1998

Steavenson River
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Trout lake

Klug et al., 2000

Mississippi River

Grimes, 2001

World database

Chapin III et al., 2000

Trombetas River, Lake Batata,

Farjalla et al., 2002

Caraná Stream
World database

Wu, 2002

Temperate and tropical lakes

Scheffer et al., 2003

Swedish rivers

Berglund, 2003

North American and European

Jeppensen et al., 2005

Lakes
Mississppi-Missouri Rivers

Muneepeerakul et al.,
2008

Nile River

Oczkowski et al., 2009

North American streams
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