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Abstract: Climate change represents a major threat to lotic freshwater ecosystems and their ability to
support the provision of ecosystem services. England’s chalk streams are in a poor state of health,
with significant concerns regarding their resilience, the ability to adapt, under a changing climate.
This paper aims to quantify the effect of climate change on hydroecological response for the River Nar,
south-east England. To this end, we apply a coupled hydrological and hydroecological modelling
framework, with the UK probabilistic climate projections 2009 (UKCP09) weather generator serving
as input (CMIP3 A1B high emissions scenario, 2021 to the end-of-century). The results indicate
a minimal change in the long-term mean hydroecological response over this period. In terms of
interannual variability, the median hydroecological response is subject to increased uncertainty,
whilst lower probability extremes are virtually certain to become more homogeneous (assuming a
high emissions scenario). A functional matrix, relating species-level macroinvertebrate functional
flow preferences to functional food groups reveals that, on the baseline, under extreme conditions,
key groups are underrepresented. To date, despite this limited range, the River Nar has been able to
adapt to extreme events due to interannual variation. In the future, this variation is greatly reduced,
raising real concerns over the resilience of the river ecosystem, and chalk ecosystems more generally,
under climate change.
Keywords: climate change impact; ecosystem functionality; freshwater ecosystems; UKCP09;
hydroecological impact; river health

1. Introduction
Under the Convention on Biological Diversity, biodiversity is defined as the variability among
living organisms, within & between species and ecosystems [1,2]. Within the public sphere,
reasons for preserving biodiversity are, frequently, purely aesthetic, cultural and economic [3].
Critically, the societal cost of biodiversity loss, in terms of ecosystem functionality, may be severe.
In recent years, significant progress has been made towards understanding this dependency [2,3];
if not universal, broad consensus points include [4]:

•
•
•

Increased diversity fosters greater productivity of ecosystem functions;
The diversity-stability hypothesis [5] states that biodiversity introduces redundancy in the system,
thereby introducing both resistance and resilience to environmental change;
The loss of certain species may have keystone effects which cascade through the ecosystem [6];
for example, Woodward, et al. [7] observed that the presence and absence of freshwater shrimp
(Gammarus pulex), a dominant predator in chalk streams, exerted a strong influence on detrital
processing rates.
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Termed the freshwater paradox, freshwaters are disproportionately rich in biodiversity [8].
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Rivers and streams cover approximately 0.58% of the world’s (nonglacial) surface [9], yet up to
7%
of species
make freshwaters
their
homeFor
[10,11].
For
humans,isfreshwater
considered
the
species
make freshwaters
their home
[10,11].
humans,
freshwater
consideredisthe
most essential
most
essential
natural
resource
[12].
In
addition
to
water
supply,
rivers
support
prosperity,
health,
natural resource [12]. In addition to water supply, rivers support prosperity, health, and well-being
and
well-being
through the
of ecosystem
services; examples
include hydro-hazard
regulation,
through
the provision
of provision
ecosystem
services; examples
include hydro-hazard
regulation,
water
water
purification
and
recreation
[13].
Our
need
for
freshwater
has
seen
a
rapid
decline
in
freshwater
purification and recreation [13]. Our need for freshwater has seen a rapid decline in freshwater
biodiversity;
biodiversity; in
in aa 2016
2016 World
World Wildlife
Wildlife Fund
Fund (WWF;
(WWF; see
see Table
TableA1
A1for
fordefinitions
definitions of
ofall
allabbreviations
abbreviations
used)
used) report
report [14]
[14] itit was
wasestimated
estimated that,
that, between
between 1970
1970 and
and 2012,
2012, freshwater
freshwater biodiversity
biodiversity declined
declined by
by
81%,
more
than
double
that
of
terrestrial
and
marine
combined.
Figure
1
illustrates
the
impact
81%, more than double that of terrestrial and marine combined. Figure 1 illustrates the impact of
of
environmental
environmental change
change on
on biodiversity,
biodiversity, ecosystem
ecosystem functionality
functionality and
and hence
hence the
the provision
provision of
of the
the vital
vital
ecosystem
ecosystem services
services upon
upon which
which we
wedepend.
depend.

Figure
Conceptualdiagram
diagram
linkages
between
biodiversity,
ecosystem
functionality
Figure 1. Conceptual
of of
the the
linkages
between
biodiversity,
ecosystem
functionality
(inset
(inset
represent
examples
of functions)
and ecosystem
services.
on Chapin
al., 1997
[6]
[6] and
represent
examples
of functions)
and ecosystem
services.
BasedBased
on Chapin
et al.,et1997
and
Cardinale
et 2012
al., 2012
Cardinale
et al.,
[4]. [4].

The
The functional
functional composition
composition of
of the
the macroinvertebrate
macroinvertebrate community
community is
is aa major
major determinant
determinant of
of
ecosystem
functionality
[15].
As
consumers
at
intermediate
trophic
levels,
macroinvertebrates
ecosystem functionality [15]. As consumers at intermediate trophic levels, macroinvertebrates exert
exert
bottom-up
top-down
controls
[16].
above,coupled
coupledwith
with their
their sensitivity
sensitivity to
strongstrong
bottom-up
and and
top-down
controls
[16].
TheThe
above,
to
environmental
change,
makes
macroinvertebrates
ideal
biological
and
functional
indicators
[17–19].
environmental change, makes macroinvertebrates ideal biological and functional indicators [17–19].
Macroinvertebrate
functional feeding
feedinggroups
groupsdescribe
describetheir
their
consumption
of resources
Macroinvertebrate functional
consumption
of resources
[20],[20],
for
for
example,
scrapers
consume
foodstuffs
such
as
algae
which
are
attached
to
substrate.
It
example, scrapers consume foodstuffs such as algae which are attached to substrate. It is
is this
this
processing
processingof
oforganic
organicmatter
matterwhich
which facilitates
facilitates essential
essential ecosystem
ecosystem processes
processes such
such as
as productivity
productivity and
and
nutrient
cycling
[4,6],
which
in
turn
supports
processes
at
the
regional
level.
Understanding
nutrient cycling [4,6], which in turn supports processes at the regional level. Understanding howhow
the
the
composition
macroinvertebrate
communitychanges
changeshelps
helpsto
to understand
understand the
composition
of of
thethe
macroinvertebrate
community
the ecological
ecological
processes
aiding
understanding
forfor
thethe
purposes
of conservation
and restoration
[21],
processesininaariver,
river,thereby
thereby
aiding
understanding
purposes
of conservation
and restoration
as
well
as
adaptation
to
environmental
change
[22];
the
latter
being
the
focus
in
this
study.
Flow
is
[21], as well as adaptation to environmental change [22]; the latter being the focus in this study. Flow
widely
acknowledged
of the
thehealth
healthofofthe
the
river
ecosystem
example,
is widely
acknowledgedasasaamajor
major determinant
determinant of
river
ecosystem
(for(for
example,
see
see
[23–27]).
Data-driven
numerical
models
are
used
to
link
flow
and
hydroecological
response
in
[23–27]). Data-driven numerical models are used to link flow and hydroecological response in order
order
to
understand
the
instream
response
to
changes
in
flow
[28].
Arguably,
the
term
river
health
to understand the instream response to changes in flow [28]. Arguably, the term river health is more
is
morefor
useful
for interpretation
than hydroecological
response
[29]; hereafter,
the
term
river should
health
useful
interpretation
than hydroecological
response
[29]; hereafter,
the term
river
health
should
be
considered
interchangeable
with
hydroecological
response.
be considered interchangeable with hydroecological response.
Chalk
Chalkstreams
streamsprovide
provideaasteady
steadyflow
flowof
of cool,
cool, clear
clear and
and nutrient-rich
nutrient-rich water
water whose
whose gravel
gravel channels
channels
support
uniquely
“diverse
and
fecund
ecosystems”
[30].
Such
streams
are
famous
amongst
support uniquely “diverse and fecund ecosystems” [30]. Such streams are famous amongst anglers
anglers
due
the high
highlevels
levelsofoffish
fishproduction
production
that
chalk
waters
to support
(relative
to other
due to
to the
that
chalk
waters
areare
ableable
to support
(relative
to other
river
river
types)
[31].
Charles
Rangeley-Wilson
[30]
describes
the
importance
of
England’s
224
chalk
types) [31]. Charles Rangeley-Wilson [30] describes the importance of England’s 224 chalk streams as
streams
as analogous
to such biodiversity
hotspots
as the
GreatReef
Barrier
and equatorial
rainforests.
analogous
to such biodiversity
hotspots as
the Great
Barrier
and Reef
equatorial
rainforests.
Indeed,
Indeed,
these
streams
are
(almost
entirely)
unique
to
Southern
England,
with
only
a
handful
located in
these streams are (almost entirely) unique to Southern England, with only a handful located
in
Northern
France
[30].
The
result
of
a
legacy
of
historical
physical
modifications—e.g.,
for
systems
of
Northern France [30]. The result of a legacy of historical physical modifications—e.g., for systems of

water mills and meadows for irrigation [32] as well as more recent fisheries management [33]—75%
of English chalk-streams were designated ‘heavily modified water bodies’ under the 2008–2012 River
Habitat Surveys [30]. Following on from their first report on the state of England’s chalk streams a
decade prior, the Environment Agency (EA) and WWF-UK concluded that English chalk streams
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water mills and meadows for irrigation [32] as well as more recent fisheries management [33]—75% of
English chalk-streams were designated ‘heavily modified water bodies’ under the 2008–2012 River
Habitat
on from their first report on the state of England’s chalk streams
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a decade prior, the Environment Agency (EA) and WWF-UK concluded that English chalk streams
“remain
“remainin
inaa shocking
shocking state
state of
of health”
health” [30,34].
[30,34]. With
With increasing
increasing water demand and climatic variability
(e.g.,
[35,36]),
there there
are significant
questionsquestions
as to the long-term
sustainability
(e.g., increased
increasedhydro-hazards
hydro-hazards
[35,36]),
are significant
as to the
long-term
of
this
water
resource
[6,30,37–41].
This
is
of
particular
concern
given
the
chalk
aquifer
provides
70%
sustainability of this water resource [6,30,37–41]. This is of particular concern given the chalk aquifer
of
the public
waterdrinking
in south-east
[30]. England [30].
provides
70%drinking
of the public
waterEngland
in south-east
The aim of this paper is to quantify
quantify the effect of climate
climate change on the river health of a chalk
stream.
Methods
investigating
hydroecological
response
been
qualitative
in in
nature
or
stream. Methods investigating hydroecological responsehave,
have,typically,
typically,
been
qualitative
nature
quantitative
withwith
limited
scope,scope,
whilstwhilst
the effect
uncertainty
(e.g., parameter,
structural, structural,
emissions
or quantitative
limited
theofeffect
of uncertainty
(e.g., parameter,
scenario)
rarely considered
[42]. To address
research
the author’s
a coupleda
emissionsisscenario)
is rarely considered
[42]. Tothis
address
thisgap,
research
gap, the proposed
author’s proposed
hydrological
and hydroecological
modelling
framework
[42]. The
framework
was developed
using
coupled hydrological
and hydroecological
modelling
framework
[42].
The framework
was developed
an
English
chalk stream,
the River
inNar
Norfolk,
where where
the coupled
model model
was run
forrun
a single
using
an English
chalk stream,
the Nar
River
in Norfolk,
the coupled
was
for a
scenario,
CMIP3
SRES
A1B
high
emissions
(Coupled
Model
Intercomparison
Project;
Special
Report
single scenario, CMIP3 SRES A1B high emissions (Coupled Model Intercomparison Project; Special
on
Emissions
Scenarios)
and 30-year
time slice
ThisThis
paper
considers
both
change
in
Report
on Emissions
Scenarios)
and 30-year
time (2041–2070).
slice (2041–2070).
paper
considers
both
change
river
health
overover
time time
(from(from
the 2030s
to the end
of century)
as well asasthe
implications
for ecosystem
in river
health
the 2030s
to the
end of century)
well
as the implications
for
functionality.
To this end,
same the
casesame
study
river,
eliminating
the needthe
forneed
model
ecosystem functionality.
Towe
thisconsider
end, we the
consider
case
study
river, eliminating
for
calibration.
The UK
probabilistic
climate
projections
20092009
(UKCP09)
weather
generator
serves
as
model calibration.
The
UK probabilistic
climate
projections
(UKCP09)
weather
generator
serves
input
to to
thethe
coupled
model;
specifically,
the
high
as input
coupled
model;
specifically,
the
highemissions
emissionsscenario
scenario(CMIP3
(CMIP3SRES
SRESB1).
B1). The
The results
results
focus on the 99–100% probability,
probability, consistent
consistent with
with the
the Intergovernmental
Intergovernmental Panel
Panel on
on Climate
Climate Change’s
(IPCC)
(IPCC) definition
definition of
of aa virtually
virtually certain
certain outcome
outcome [43].
[43]. The wider implications
implications for chalk streams and
and
groundwater-fed
groundwater-fed rivers
rivers more
more generally
generally are
are also
also reflected
reflectedupon.
upon.
2.
2. Case
Case Study
Study Catchment—River
Catchment—River Nar
Nar
The
as both
both chalk
chalk and
and fenland
fenland river
river [44].
[44].
The River
River Nar,
Nar, Norfolk,
Norfolk, East
East Anglia
Anglia (Figure
(Figure 2)
2) is
is classified
classified as
For
this
reason,
the
river
and
180
ha
of
adjacent
land,
was
designated
a
Site
of
Special
Scientific
Interest
For this reason, the river and 180 ha of adjacent land, was designated a Site of Special Scientific
(SSSI)
in(SSSI)
1992 [33,45],
of only
chalk
streams
to be designated
as suchas
[30].
In[30].
this In
paper,
Interest
in 1992 one
[33,45],
one eight
of only
eight
chalk streams
to be designated
such
this
2 from the (principal)
the
focus
is
on
the
24
km
chalk
river
which
encompasses
an
area
of
153.3
km
2
paper, the focus is on the 24 km chalk river which encompasses an area of 153.3 km from the
source
at Mileham
(TG895194)
the Marham
gauging
station
(TF723119)
Hereafter,
all Hereafter,
references
(principal)
source at
Mileham to
(TG895194)
to the
Marham
gauging
station[46].
(TF723119)
[46].
to
River Nar
refer
to this
chalk
only.
allthe
references
to the
River
Nar
referreach
to this
chalk reach only.

Figure 2.
2. Left:
Figure
Left: Location
Location of
of English
English chalk
chalk aquifers
aquifers (shaded)
(shaded) and
and the
the case
case study
study river
river catchment
catchment (arrow).
(arrow).
Right: River
RiverNar
Nar
catchment
map;
key
locations
and
Environment
Agency
macroinvertebrate
catchment map; key locations and Environment Agency macroinvertebrate sampling
sampling
sites are (green).
indicated (green).
sites
are indicated

2.1. Hydrology
Flow in the chalk valley is sustained by six springs between West Lexham and Narford Lake (nr.
Narborough; Figure 2) [44]. With a baseflow index of 0.91, the hydrology of the river Nar is consistent
with that of a classic chalk stream [44]. Typified by a highly seasonal flow regime, aquifer recharge
occurs in the autumn months at the start of the hydrologic year (identified as October-NovemberDecember; see Figure 3) with flow peaking in January and February (Figure 3). These high flows may
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2.1. Hydrology
Flow in the chalk valley is sustained by six springs between West Lexham and Narford Lake
(nr. Narborough; Figure 2) [44]. With a baseflow index of 0.91, the hydrology of the river Nar
is consistent with that of a classic chalk stream [44]. Typified by a highly seasonal flow regime,
aquifer recharge occurs in the autumn months at the start of the hydrologic year (identified as
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October-November-December; see Figure 3) with flow peaking in January and February (Figure 3).
These
high flows to
may
see reconnection
to floodplain
habitats
[33]. With
a runoff
coefficient
see reconnection
floodplain
habitats [33].
With a runoff
coefficient
of 0.35
(1961–1990),
flowofin0.35
the
(1961–1990),
flow
in
the
River
Nar
is
indicated
as
moderately
sensitive
to
change
in
precipitation
[47].
River Nar is indicated as moderately sensitive to change in precipitation [47].

Figure3.3. Daily
Daily median
median flow
flow recorded
recordedat
atthe
theMarham
Marhamgauge
gauge(1961–1990);
(1961–1990); the
the shaded
shaded area
arearepresents
represents
Figure
[46].
theflow
flowenvelope
envelopeof
ofdaily
dailyQ90
Q90to
toQ10
Q10flows.
flows.Data
Datasource:
source:NRFA,
NRFA,2018
2018[46].
the

2.2.
2.2. Hydrogeomorphological
Hydrogeomorphological Pressures
Pressures
The
The ecological
ecological potential
potential of
of the
the River
River Nar
Nar is
is limited
limited to
to the
the extent
extent that
that itit isisdeemed
deemed “technically
“technically
infeasible”
for
the
river
to
meet
the
ecological
requirements
of
the
Water
Framework
Directive
infeasible” for the river to meet the ecological requirements of the Water Framework Directive
(WFD)
(WFD)
The principle
reason
is the
long
history
physicalmodifications,
modifications, including
including Medieval
[33,48].[33,48].
The principle
reason
is the
long
history
of ofphysical
Medieval
navigation
navigation systems,
systems, domesday
domesday mills,
mills, ornamental
ornamental estate
estate lakes,
lakes, and
and most
most recently,
recently, agricultural
agricultural
drainage
drainage[33];
[33]; only
only the
the latter
latter remains
remains functional,
functional, providing
providing socio-economic
socio-economic benefits
benefits to
to the
the catchment.
catchment.
As
a
low-energy
chalk
stream,
peak
flows
in
the
Nar
are
insufficient
to
reshape
the
channel,
As a low-energy chalk stream, peak flows in the Nar are insufficient to reshape the channel,
thus
thus
intervention
is
the
only
means
through
which
the
river
might
realise
its
ecological
potential.
intervention is the only means through which the river might realise its ecological potential. The
The
already
of the
river is
further exacerbated
sediment
as well as
already
fragilefragile
state ofstate
the river
is further
exacerbated
by sedimentby
ingress
as wellingress
as over-abstraction
over-abstraction
for
the
service
of
public
water
supply,
fish
farms
and
spray
irrigation
[30,33,48].
for the service of public water supply, fish farms and spray irrigation [30,33,48].
2.3.
2.3. Biodiversity
Biodiversity
In
chalkstreams,
streams,
in macroinvertebrate
activityoccur
typically
occur
in spring
In chalk
peakspeaks
in macroinvertebrate
activity typically
in spring
(April-May-June
(April-May-June
where
flow
begins
to
recede
following
winter;
hatching
season)
and
autumn
where flow begins to recede following winter; hatching season) and autumn (October-November(October-November-December;
(food)
enters
theFishing
river system)
Fishing is vital
to
December; when detritus (food)when
entersdetritus
the river
system)
[32].
is vital[32].
to communities
along
communities
along
the
River
Nar
[49,50],
as
well
as
chalk
streams
more
generally
[30].
the River Nar [49,50], as well as chalk streams more generally [30].
Chalk
Chalk streams
streams are
are renowned
renowned for
for their
their abundance
abundance of
of flora
flora and
and fauna;
fauna; the
the high
high water
water table
table and
and
flooding
help
to
support
a
number
of
wetland
habitats,
on
the
River
Nar
these
include
water
meadows
flooding help to support a number of wetland habitats, on the River Nar these include water
&
pastures,&
fenpastures,
wetlandsfen
andwetlands
wet woodlands
[49].woodlands
From 1993–2017,
a total1993–2017,
of 188 macroinvertebrate
meadows
and wet
[49]. From
a total of 188
species
were
observed
across
21
orders
(see
also
Table
1);
samples
were
collected
by
the
EA
at the
eight
macroinvertebrate species were observed across 21 orders (see also Table 1); samples were
collected
sites
detailed
in Figure
2. A detailed
total of 12
dragonfly
(Odonata)
have
been recorded,
described
as
by the
EA at the
eight sites
inspecies
Figure of
2. A
total of 12
species of
dragonfly
(Odonata)
have been
an
“outstanding
assemblage”
in
the
SSSI
designation
[49].
Key
species
such
as
otters
and
ecosystem
recorded, described as an “outstanding assemblage” in the SSSI designation [49]. Key species such as
engineers,
voles,engineers,
have beenwater
widely
observed
in recent
years
[30,33].in recent years [30,33].
otters and water
ecosystem
voles,
have been
widely
observed
Table 1. Number of macroinvertebrate species, grouped by order, observed in the spring season
(April-May-June) in the River Nar.

Order, Latin Name (Common Name)
Coleoptera (Beetles)
Diptera (True flies)
Ephemeroptera (Mayfly)
Gastropoda c. (Snails and slugs)
Hemiptera (True bugs)
Odonata (Dragonfly and damselfly)

No. Species per Order
35
3
17
19
14
8
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Table 1. Number of macroinvertebrate species, grouped by order, observed in the spring season
(April-May-June) in the River Nar.
Order, Latin Name (Common Name)

No. Species per Order

Coleoptera (Beetles)
Diptera (True flies)
Ephemeroptera (Mayfly)
Gastropoda c. (Snails and slugs)
Hemiptera (True bugs)
Odonata (Dragonfly and damselfly)
Trichoptera (Caddisfly)
Other (13 orders)

35
3
17
19
14
8
52
40

Total
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3. Methods
Methods
3.
This paper
paper considers
considers the
the impact
impact of
of climate
climate change
change on
on river
river health,
health, hydroecological
hydroecological response,
response,
This
and the
the implications
implications for
for ecosystem
ecosystem functionality,
functionality, in
inchalk
chalkstreams.
streams. This
This response
response isis determined
determined
and
through application
application of
of aa quantitative
quantitative coupled model [42] with the River Nar serving as case study.
through
Probabilistic climate
climate change
change projections,
projections, from
from the
the UKCP09
UKCP09 weather
weather generator,
generator, serve
serve as
as input
input to
to the
the
Probabilistic
coupledhydrological-hydroecological
hydrological-hydroecologicalmodel.
model.ToTo
put
context,
proxies
for river
health
coupled
put
thisthis
intointo
context,
the the
proxies
for river
health
and
and ecosystem
functionality
first introduced
in Section
3.1. An
overview
of the applied
ecosystem
functionality
are first are
introduced
in Section 3.1.
An overview
of the
applied methodology
is
methodology
is
provided
below
in
Figure
4.
provided below in Figure 4.

Figure
Figure4.
4. Overview
Overview of
of methodological
methodological approach.
approach.

3.1. River Health and Ecosystem Functionality
3.1. River Health and Ecosystem Functionality
In this study, the lotic-invertebrate index for flow evaluation (LIFE) [51] serves as the proxy for
In this study, the lotic-invertebrate index for flow evaluation (LIFE) [51] serves as the proxy for
river health. The LIFE index combines functional flow preferences with the (log) abundance of each
river health. The LIFE index combines functional flow preferences with the (log) abundance of each
taxa to determine flow scores, fs (see Appendix A, Figure A1 for a matrix summary of this relationship).
taxa to determine flow scores, fs (see Appendix, Figure A1 for a matrix summary of this relationship).
The LIFE score is thus determined as:
The LIFE score is thus determined as:
∑ fs
LIFE =
(1)
n∑ 𝑓𝑠
(1)
LIFE
= n is the total number of taxa. Lower flow scores,
where the numerator is the sum of the fs per taxa,
and
𝑛
and by extension LIFE scores, are associated with limited flow and standing water, whilst high scores
where the numerator is the sum of the fs per taxa, and n is the total number of taxa. Lower flow scores,
are an indication of rapid flows.
and by extension LIFE scores, are associated with limited flow and standing water, whilst high scores
Chapin et al. (1997) [6] stated that no two species are ecologically redundant, it is the diversity
are an indication of rapid flows.
within macroinvertebrate functional feeding groups that ensures the resilience of the freshwater
Chapin et al. (1997) [6] stated that no two species are ecologically redundant, it is the diversity
ecosystem. Specifically, variation in environmental preferences, such as flow, ensures that a decrease
within macroinvertebrate functional feeding groups that ensures the resilience of the freshwater
in abundance of one species will be compensated by an increase in a functionally similar species.
ecosystem. Specifically, variation in environmental preferences, such as flow, ensures that a decrease
The importance of diversity, in the context of climate change, and as the freshwater ecosystem responds
in abundance of one species will be compensated by an increase in a functionally similar species. The
to more extreme flood and drought events, cannot be understated. A range of represented traits ensures
importance of diversity, in the context of climate change, and as the freshwater ecosystem responds
the productivity of the ecosystem.
to more extreme flood and drought events, cannot be understated. A range of represented traits
The impact of pressures, such as climate change, on the functionality of freshwater ecosystems has
ensures
the productivity of the ecosystem.
been limitedly explored, for example [52,53]. Here, we create a matrix of functional flow preferences
The impact of pressures, such as climate change, on the functionality of freshwater ecosystems
has been limitedly explored, for example [52,53]. Here, we create a matrix of functional flow
preferences and feeding groups (defined in Table A2) using species level macroinvertebrate data
collected by the EA at eight sites on the River Nar (Figure 2) from 1993 to 2014 (spring season, AprilMay-June; 8 * 22 * 1 = 176 samples) [54]. This ‘matrix’ highlights which aspects of ecosystem
functionality (to date) are most vulnerable to changes in flow. We consider the matrix in the context
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and feeding groups (defined in Table A2) using species level macroinvertebrate data collected by the
EA at eight sites on the River Nar (Figure 2) from 1993 to 2014 (spring season, April-May-June;
8 ∗ 22 ∗ 1 = 176 samples) [54]. This ‘matrix’ highlights which aspects of ecosystem functionality
(to date) are most vulnerable to changes in flow. We consider the matrix in the context of the
hydroecological projections to elucidate the possible impacts of climate change.
3.2. Climate Projections
The UKCP09 probabilistic climate projections, a 25 km grid-square resolution Perturbed Physics
Ensemble (HadCM3/HadSM3), serve as the input to the coupled hydrological-hydroecological
model. The weather generator was used to produce synthetic stochastic time series at a daily
timestep, 5 km grid-square resolution, of climate variables based on observed climate statistics and
change factors. The weather generator product was chosen due to its ability to represent climatic
variability [55,56], allowing low probability events, vital to ecosystem functionality [57], to be captured
more effectively [58]. The climate models upon which the weather generator is based are known
for their ineffective simulation of climatic extremes, particularly with regards to precipitation [59];
to address this, the tails of the UKCP09 climate projections are clipped (<5% and >95% probability) [60].
The objective of this study is to explore the change in hydroecological response over time. A range
of the CMIP3/SRES scenarios are used in UKCP09: low (B1), medium (A1B) and high (B1); see
Figure A2 for scenario specific increase in CO2 emissions. The high emissions scenario was selected
due to concerns over the influence that high magnitude change points (Figure A2, highlighted in red)
might have on the change signal over time.
Data requests for the required climate variables, precipitation and potential evapotranspiration,
were submitted using the UKCP09 web-based portal (http://ukclimateprojections-ui.metoffice.gov.uk/
ui/admin/login.php); as of 31 December 2018, data is accessed through the Centre for Environmental
Data Analysis (CEDA) archives. The full range of projections (10,000) were considered for each 30-year
time slice. As per UKCP09 recommendations, linear bias correction of the climate variables was applied
bimonthly (where necessary) [61]. The projections indicate increases in precipitation and potential
evapotranspiration in both winter and summer across the three time slices (Figure A3).
3.3. Coupled Hydrological-Hydroecological Modelling Framework
The case study river was used by the authors [42] in the development of the coupled
hydrological-hydroecological modelling framework. The hydrological and hydroecological models
were thus parameterised and validated in the course of the example application, thereby eliminating
the need to parameterise and validate the models in this study. To provide context, Sections 3.3.1
and 3.3.2 below provide a brief overview of the hydrological and hydroecological models.
3.3.1. Hydrological Model
The four-parameter lumped hydrological model GR4J (Genie Rural a 4 parametres Journalier) [62]
was applied using the R package airGR [63]. In summary, the soil moisture accounting model sees:
(1) water enter a production store with capacity x1 mm; (2) the water is divided into two flow
components, routed through unit hydrographs with time base x4 days; (3) a groundwater exchange
term, x2 mm/day, acts upon one component of routed flow, whilst the other enters a routing store
with capacity x3 mm; (4) flow in the river is the sum of these two routed flow components.
In the coupled modelling framework, the hydrological model is parameterised using a
modified covariance approach which focuses explicitly on the replication of hydrological indicators.
Hydrological indicators are used in an effort to improve simulation of the behaviour of the underlying
catchment processes [64–66]. Under this approach, the covariance structure of the input (precipitation
and potential evapotranspiration) and output (flow) time series are used to identify the region of
parameter space which is best able to replicate the characteristics of the hydrological indicators.
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The model was parameterised using data over a 54-year period (1961–2015) [42]. The capacity of
the production (x1) and routing (x3) stores were estimated at 511 and 311 mm respectively; the time
base for flow routing is approximately 1.17 days (x4). A positive groundwater exchange coefficient (x2)
of 2.84 mm per day represents inflow from the chalk aquifer.
3.3.2. Hydroecological Model
A suite of ecologically relevant hydrological indicators, reflecting Richter’s (1996) [67]
five facets of the flow regime (magnitude, frequency, duration, timing and rate of change)
were considered. In light of seasonality in the flow regime (Figure 3), indicators were
determined for both winter (October-November-December-January-February-March) and summer
(April-May-June-July-August-September) seasons. Additionally, a one-year time-offset was introduced in
order to account for previously observed delays in macroinvertebrate hydroecological response [28,68].
The hydroecological model is developed using multiple linear regression with an information
theory approach. This information theory approach provides a measure of the statistical importance of
each hydrological indicator (measure of the statistical weight of evidence for the inclusion of the index
in the model) in addition to minimising and quantifying uncertainties (structural and parameter).
For the structure of the hydroecological model and hydrological indicator definitions, see Equation (A1)
and Table A3 in the Appendix A.
3.3.3. Analysis
There are no established methods for the analysis due to the relative novelty of the coupled
modelling framework [42]. Accordingly, focus fell on the change in distribution of the hydroecological
response. For comparison, the projections on the baseline and three future time slices are considered
as discrete datasets, with the same methodological approach applied to each. The quantification of
uncertainty is central to the application of the coupled modelling framework. To this end, lower and
upper bounds of uncertainty where appropriate. Consistent with the IPCC terminology of a virtually
certain outcome, we use the 99.5% confidence interval [42]. We consider both the aggregated (30-year
time slice) and disaggregated (year-on-year) hydroecological response to ensure that the long-term
and interannual trends are captured.
4. Results
The focus here is on comparison of the distribution of LIFE score, the proxy for river health,
over the four time-periods. See Appendix A (Figure A1) for how to interpret LIFE scores relative to
functional flow preference. To provide a general overview of the change over time, the long-term
trends (aggregate 30-year time slices; Section 4.1) are presented first, followed by the interannual
change (Section 4.2) to examine year-on-year variation. Finally, in Section 4.3, the functional
matrix, relating functional flow preferences to feeding groups, is considered in the context of these
hydroecological projections.
4.1. Long-Term Change
The probability density function (PDF; Figure 5) provides a visual representation of the LIFE
score distribution for each time slice. The baseline distribution, 1961–1990, sees LIFE scores centered
on ~7 (functional flow preference slow to sluggish). From the baseline to the 2030s, the reduction in
this clustering coincides with an increase in LIFE scores, whilst the change from the 2030s to 2050s is
less marked. The trend for increasing LIFE scores continues into the 2080s where the clustering of LIFE
scores can be seen to increase again.

The probability density function (PDF; Figure 5) provides a visual representation of the LIFE
score distribution for each time slice. The baseline distribution, 1961–1990, sees LIFE scores centered
on ~7 (functional flow preference slow to sluggish). From the baseline to the 2030s, the reduction in
this clustering coincides with an increase in LIFE scores, whilst the change from the 2030s to 2050s is
less marked.
The trend for increasing LIFE scores continues into the 2080s where the clustering
of
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Figure 5. Distribution of lotic-invertebrate index for flow evaluation (LIFE; proxy for hydroecological
response/river health) projections on the baseline and three futures.

To elucidate further, we consider the standard deviation, as well as the measures of distribution
excess kurtosis and skewness (Table 2). The standard deviation reveals an initial increase in variance
(2030s), with a subsequent decrease to below the baseline level by the 2080s, suggestive of a slight
increase in low probability hydroecological responses by the end of the century. However, the difference
across the time slices is relatively small, indicating a limited change in the central distribution of
hydroecological response overall.
Table 2. Summary statistics of LIFE projections, proxy for hydroecological response or river health.

Standard deviation
Excess kurtosis
Skewness

1961–1990

2030s

2050s

2080s

0.68
12.43
−0.86

0.72
9.75
−0.76

0.7
10.57
−0.83

0.65
12.9
−1

Note that for excess kurtosis and skewness, comparisons from baseline to future are not possible,
due to differences in sample size (n = 1000 on baseline [69] p. 24). Excess kurtosis is a measure of
the combined weight of the tails relative to the normal distribution; for example, a negative value
means that more of the dataset is located in the tails than the normal distribution (note that kurtosis is
often misinterpreted as a measure of peakedness [70]). Table 2 shows that, for all four time periods,
the weight is not located in the tails (hence the observed clustering in Figure 5 previously). Table 2
shows that the change in kurtosis from the 2030s to 2050s, −0.07, is more than half that of the 2050s to
2080s, −0.17. Skewness, a measure of the symmetry in the distribution, shows that all four time-periods
are right-skewed; here, the increase from 2050s to 2080s is almost 3 times that of 2030s to 2050s.
In summary, the aggregated projections indicate a very limited change in the mean hydroecological
response under climate change. However, Table 2 does highlight that, by the end-of-century, there may
be a restructuring of the macroinvertebrate community response to low-probability events. Note that,
the smaller scale of change observed between the 2030s to 2050s may be explained by the overlap
between these two time slices (2041–2050).
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4.2. Interannual Variability
The long-term mean may mask significant changes in the interannual variability of
hydroecological response. Figure 6 describes vertical cross-sections (at specific quantiles) through
annual PDFs
LIFE
score;
the error bars represent the range of values possible9 offor
Waterof
2019,
11, x FOR
PEER REVIEW
19 a virtually
certain outcome (99.5% probability, based on the available information). Whilst the y-axis for each
Changes in the maximum and minimum hydroecological responses are marked, affecting not
quantile does vary, it is clear that, perhaps counter to expectation, that the greatest uncertainty
only variance, but also LIFE score. For the maximum, on the baseline, LIFE scores can be seen to vary
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Figure 6. Vertical cross-sections (at specific quantiles) through the PDFs of annual LIFE score; the error
bars represent the range of virtually certain outcomes. The x-axis refers to years 3–28 in each time period
(1961–1990, 2030s, 2050s and 2080s), offset is due to the consideration of lag in hydroecological response
in the hydroecological model; the y-axis scale is not fixed.
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The small shift in median LIFE scores (by time slice) indicates the increased presence of taxa with
higher flow scores (Equation (1)), though the variability of LIFE score remains broadly unchanged.
At the 75th percentile, a large change occurs between baseline and the 2030s, while the change from the
2050s to 2080s are almost negligible. At the other end of the IQR (25th percentile), the increase in LIFE
scores is approximately linear until the end-of the century. As for the 50th percentile, the variation in
interannual LIFE scores, per time slice, remains constant.
We now look to the tails of the distribution, essentially the hydroecological response to lower
probability extreme events. At the 95th percentile, the change in variance relative to the baseline stands
out (Figure 6), with Table 3 revealing that the reduction in variance may reach 92% as early as the
2030s. At the other end of the spectrum, the 5th percentile, the reduction in variance, although reduced,
is still high at −65%.
Table 3. Percentage change in variance relative to the baseline, per time slice, at the tails of the annual
probability density functions (PDFs).

95th percentile
5th percentile
Maximum
Minimum

2030s

2050s

2080s

−92
−65
−84
−92

−81
−52
−97
−84

−91
−31
−83
−98

Changes in the maximum and minimum hydroecological responses are marked, affecting not
only variance, but also LIFE score. For the maximum, on the baseline, LIFE scores can be seen to
vary from 10.5 to the maximum of 12. However, the projections for all three future time slices show a
plateau at LIFE scores of 12; a varied response becomes almost impossible. At the minimum, the same
phenomenon is observed, with LIFE scores plateauing to a value of 1 with almost no variance. Further,
the reduction in range is more notable than for the maximum.
Examination of the year-on-year change in hydroecological response provides further clarification
on the subtle changes observed over the long-term (Section 4.1). Figure 6 and Table 3 also highlight the
timing of a major change in hydroecological response could occur as early as the 2030s, 2021–2050.
This suggests that a major high or low flow event, in the very near future, could result in a
hydroecological response very different to the past (baseline period), where there was the probability
of a more varied response. By considering the associated uncertainty, we can be virtually certain of this
outcome, based on the available information. Given a potentially highly limited period of preparation,
this is of concern for the future health of the River Nar.
4.3. Functional Matrix
This paper introduces the functional matrix, Figure 7, relating species-level macroinvertebrate
functional flow preferences to functional food groups. See Appendix A for definitions. Figure 7 is
determined based on observed macroinvertebrate data collected in spring (April-May-June), and thus
reflects average conditions between 1993 and 2014. In terms of functional feeding group, only a
limited number of species with a range of flow preferences are observed, e.g., scrapers which may
tolerate anything from very low to rapid flows. The matrix highlights several functional feeding
group traits potentially unrepresented under extreme conditions. The data covers periods of very
high and low flows, ensuring that response to extremes are captured. For example, the available time
series began in 1993, at the end of the 1989–1992 supra-seasonal drought where groundwater levels
fell to their lowest in over 90 years [71]; inadequate groundwater supplies, coupled with increased
water abstraction due to the ongoing drought, saw summer and winter Q95 flow fall below 0.16 and
0.19 m3 /s, respectively [46].
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The overall trend indicates an increased probability and magnitude of extreme responses, with
less internal variability. This level of change relative to the baseline conditions has major implications
for the structure of the macroinvertebrate community, and hence on ecosystem functionality. The
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The overall trend indicates an increased probability and magnitude of extreme responses, with less
internal variability. This level of change relative to the baseline conditions has major implications for the
structure of the macroinvertebrate community, and hence on ecosystem functionality. The functional
matrix, Figure 7, revealed that all functional flow preferences are only met at intermediate flows
(LIFE scores range from approximately 6 to 8). Under more extreme conditions, they are effectively
‘knocked out’.
To date, the river system has been able to recover from extreme events, indeed, these events
may be necessary to ensure the long-term functionality of the ecosystem, acting as a form of “natural
reset” [73,74]. However, these responses occurred under a more heterogenous macroinvertebrate
community which was adapted to such conditions. With the results indicating a more homogeneous
community structure in the future, this may no longer be the case in the very near future. Further,
increases in duration of hydro-hazards as reported by Collet et al., 2018 [35] (CMIP3 SRES A1B) and
Visser et al., in review [36] (CMIP5 RCP2.6 and RCP8.5) could exacerbate threats to an increasingly
vulnerable riverine ecosystem.
5.2. Uncertainty
To ensure the validity of the projections, the quantification of uncertainty was central to the
application of the coupled modelling framework. To this end, this study utilised the UKCP09
probabilistic climate projections and the UKCP09 weather generator, allowing for the effective capture
of lower probability events. To further ensure confidence in the results, a 99.5% probability level was
considered. In terms of interannual variability, the bounds of uncertainty are largest for the median and
interquartile range, and the greatest confidence lies within the tails of the distribution. Consequently,
it is possible to state that a 98% reduction in the variance of hydroecological response by the end of the
century is virtually certain.
5.3. Enhancing and Encouraging Ecological Resilience in Chalk Streams
To our knowledge, this paper represents the first time that quantitative projections of
hydroecological response over time have been available. With impacts of climate change being
manifest in the river expected as early as 2021 (2030s time slice), the outlook for the River Nar is not
promising. A large part of this low resilience may be attributed to the pressures on the river. The River
Nar is not alone in this, the State of England’s Chalk Streams [30] reporting that, overall, English
chalk streams are in a poor state of health, largely for similar reasons. Therefore, whilst this study
has focussed on the River Nar specifically, these findings are likely to be more widely applicable to
the 200+ chalk streams in England. However, this is not and should not be considered a foregone
conclusion, as there remains the opportunity to intervene via improved river management.
Plans for restoration of the River Nar began with the 2010 River Nar Restoration Strategy, with a
total of 27 restoration initiatives planned for completion before 2027 [33]. (Note that, in the development
of the hydroecological model in Visser et al. [42] and the functional matrix in this study, pre-restoration
data was used, 1993–2014.) As the project is completed, and more data is available, this work also
presents an opportunity for further study into the effect restoration has on river health and climate
change adaptation.
For chalk streams more broadly, a number of positive advancements have been made in recent
years. In recognition of the poor condition of chalk streams, there is a drive by Natural England for the
reestablishment of a national chalk stream forum [30]; though as of 2018 progress is yet to manifest.
The 2014 amendment to the Water Act means that abstraction licence holders on longer have the right
to compensation when environmental flow limits are applied. Consequently, water companies are now
looking towards investment in measures which ensure water efficiency and thus an overall reduction
in abstraction [30].
The fertile chemistry of chalk streams supports their rich ecology and biodiversity, making these
systems highly sensitive to changes in nutrient balance. Consequently, management options such as
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compensation flows and river transfers are unsuitable in these catchments [49]. A pertinent outcome of
the project (EPSRC 1786424), of which this study is part, is the finding that, for the River Nar, up to two
years of antecedent flows influence the health of the river; additionally, antecedent winter flows (t-0)
are the main determinant of which aspects of the flow regime govern the hydroecological response [42].
See Table A3 for indicator definitions. A summer with high variation in flows could have a significant
negative impact on the river two years later; however, a high ratio of Q80 to Q50 flows in the following
summer may serve to mitigate these effects. The influence of these antecedent flows become irrelevant
when the winter index 10R90Log has either very high or low flow values (dominates LIFE score due
to the log nature of the index). These findings indicate a previously unknown degree of flexibility in
how the water in the catchment may be utilised. In combination with dynamic environmental flow
limits, this represents an opportunity to incorporate with water trading [75,76]. In this way, both the
quantity and timing of abstraction may be better managed. Initial scoping studies [75,76] indicated
that, for brown trout (Salmo Trutta) and mayfly (family Baetidae), water trading is unlikely to have a
significant impact on habitat availability. However, the study did not consider the importance of this
natural variability on the adaptability of the ecosystems or the potential effects of climate change.
6. Concluding Remarks
The aim of this paper was to quantify the effect of climate change on hydroecological response
in terms of both long-term change and interannual variability. A coupled hydrological and
hydroecological modelling framework was forced with UKCP09 high emissions (CMIP3 A1B)
projections from 2021 to the end of century. The River Nar, a Norfolk chalk stream, served as the
case study catchment. Whilst a minimal change in the long-term mean hydroecological response
was projected, the results suggest the homogenization of hydroecological response at the tails of the
distribution. At present, the River Nar is shown to be resilient to extreme events despite the absence
of key functional groups. With interannual variability contributing to this resilience, the findings in
this study raise real concerns over the long-term resilience of the river ecosystem. These new insights
into the health of the River Nar, and chalk streams more generally, highlight the necessity of further
study and the real need to for changed river management practices. Whilst this work has offered
certain pertinent and timely conclusions on the health of the Nar (prior to restoration works), and
by extension the chalk stream assemblage across England, it may also be understood as a beginning.
The methods are practically applicable across the piece with regards to assessment of the impact of
climate change on river health. Further, a better understanding of the River Nar may, and indeed must,
facilitate management interventions to safeguard its health and future ecosystem functionality.
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Appendix A
Table A1. Definition of the abbreviated terms used in the text.
Abbreviation
CEDA
CPOM
CMIP
EA
FPOM
GR4J
IPCC
IQR
LIFE
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Coarse particulate organic matter
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Figure A1. Matrix used to determine flow scores (fs) in the determination of LIFE scores.
scores.
Table A2. Description of the seven functional feeding groups considered. Aquatic food resources are
Table A2. Description of the seven functional feeding groups considered. Aquatic food resources are
classified by size: coarse and fine particulate organic matter (CPOM and FPOM respectively).
classified by size: coarse and fine particulate organic matter (CPOM and FPOM respectively).
Functional
Feeding
Group
Functional
Feeding
Collector
Group
Filterer
Collector
Gatherer
Filterer
Parasite
Gatherer
Predator
Scraper
Parasite
Shredder

Predator
Scraper
Shredder

Description

Description
A broad grouping generally capturing both filterers and gatherers.
Filter suspended FPOM from the water column.
A broad grouping
generally capturing both filterers and gatherers.
Gather FPOM settled on the substrate.
Filter suspended
FPOM
the water
column.
Taxa which do
not fitfrom
into other
groups.
Gather FPOM settled
theon
substrate.
Carnivorous macroinvertebrates
whichon
prey
smaller invertebrates.
Consumers of food
sources
substrate;
e.g., algae and biofilm.
Taxa
whichattached
do nottofitthe
into
other groups.
Shred
and consume
plant material such
as leafprey
litteron
and
wood.
Carnivorous
macroinvertebrates
which
smaller
invertebrates.
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LIFE = 0.07 10R90Logw, t−0 + 0.07riseMnw,t−0 + 0.93 Q80Q50s, t−0 + 0.02 Q90Q50s, t−0
+0.3 Q90Q50s,t−1 + 0.11 Q70Q50s,t−1 − 0.04 RevPoss,t−1 − 0.5logQVars,t−1

(A1)

Table A3. Description of the seven hydrological indicators in the hydroecological model (see Equation (A1)).
Index Name

Hydrological Season

Time-Offset

Unit

10R90Logw,t-0

Winter

t-0

-

revPoss,t-1

Summer

t-1

days

Q80Q50s,t-0

Summer

t-0

-

logQVars,t-1

Summer

t-1

m3 s−1

Q90Q50s,t-1

Summer

t-1

-

Q70Q50s,t-1

Summer

t-1

-

t-0

m3 s−1

riseMnw,t-0

Winter

Description
Ratio of log-transformed low to
high flows: log(P10)/log(P90).
Log-transformation represents the
log-normal distribution of flow.
Number of days when flow is
increasing (positive reversals).
Characterisation of moderate low
flows; Q80 relative to the median.
Variance in log flows.
Characterisation of low flows;
Q90 relative to the median.
Characterisation of moderate low
flows; Q70 relative to the median.
Mean rise rate in flow.

References
1.
2.

3.

4.

5.

6.
7.

8.
9.
10.
11.

12.

United Nations. Convention on Biological Diversity—Article 2. Use of Terms. Available online: https:
//www.cbd.int/doc/legal/cbd-en.pdf (accessed on 18 December 2018).
Balvanera, P.; Siddique, I.; Dee, L.; Paquette, A.; Isbell, F.; Gonzalez, A.; Byrnes, J.; O’Connor, M.I.;
Hungate, B.A.; Griffin, J.N. Linking Biodiversity and Ecosystem Services: Current Uncertainties and the
Necessary Next Steps. BioScience 2014, 64, 49–57. [CrossRef]
Loreau, M.; Naeem, S.; Inchausti, P.; Bengtsson, J.; Grime, J.P.; Hector, A.; Hooper, D.U.; Huston, M.A.;
Raffaelli, D.; Schmid, B.; et al. Biodiversity and Ecosystem Functioning: Current Knowledge and Future
Challenges. Science 2001, 294, 804. [CrossRef]
Cardinale, B.J.; Duffy, J.E.; Gonzalez, A.; Hooper, D.U.; Perrings, C.; Venail, P.; Narwani, A.; Mace, G.M.;
Tilman, D.; Wardle, D.A.; et al. Biodiversity loss and its impact on humanity. Nature 2012, 486, 59. [CrossRef]
[PubMed]
Chapin Iii, F.S.; Zavaleta, E.S.; Eviner, V.T.; Naylor, R.L.; Vitousek, P.M.; Reynolds, H.L.; Hooper, D.U.;
Lavorel, S.; Sala, O.E.; Hobbie, S.E.; et al. Consequences of changing biodiversity. Nature 2000, 405, 234.
[CrossRef] [PubMed]
Chapin, F.S.; Walker, B.H.; Hobbs, R.J.; Hooper, D.U.; Lawton, J.H.; Sala, O.E.; Tilman, D. Biotic Control over
the Functioning of Ecosystems. Science 1997, 277, 500–504. [CrossRef]
Woodward, G.; Papantoniou, G.; Edwards, F.; Lauridsen, R.B. Trophic Trickles and Cascades in a Complex
Food Web: Impacts of a Keystone Predator on Stream Community Structure and Ecosystem Processes. Oikos
2008, 117, 683–692. [CrossRef]
Martens, K. The International Year of Biodiversity. Hydrobiologia 2009, 637, 1. [CrossRef]
Allen, G.H.; Pavelsky, T.M. Global extent of rivers and streams. Science 2018. [CrossRef]
Vié, J.-C.; Hilton-Taylor, C.; Stuart, S.N.E. Wildlife in a Changing World—An Analysis of the 2008 IUCN Red List
of Threatened Species; IUCN: Gland, Switzerland, 2009; p. 180.
Dudgeon, D.; Arthington, A.H.; Gessner, M.O.; Kawabata, Z.-I.; Knowler, D.J.; Lévêque, C.; Naiman, R.J.;
Prieur-Richard, A.-H.; Soto, D.; Stiassny, M.L.J.; et al. Freshwater biodiversity: Importance, threats, status
and conservation challenges. Biol. Rev. 2007, 81, 163–182. [CrossRef]
Vörösmarty, C.J.; McIntyre, P.B.; Gessner, M.O.; Dudgeon, D.; Prusevich, A.; Green, P.; Glidden, S.; Bunn, S.E.;
Sullivan, C.A.; Liermann, C.R.; et al. Global threats to human water security and river biodiversity. Nature
2010, 467, 555. [CrossRef]

Water 2019, 11, 596

13.

14.
15.
16.
17.
18.
19.

20.
21.
22.

23.
24.
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.
36.

17 of 19

Gilvear, D.J.; Beevers, L.C.; O’Keeffe, J.; Acreman, M. Environmental Water Regimes and Natural Capital:
Free-Flowing Ecosystem Services. In Water for the Environment; Academic Press: Cambridge, MA, USA, 2017;
Chapter 8; pp. 151–171. [CrossRef]
WWF. Living Planet Report 2016. Risk and Resilience in a New era; WWF International: Gland, Switzerland, 2016.
Minshall, G.W.; Petersen, R.C.; Cummins, K.W.; Bott, T.L.; Sedell, J.R.; Cushing, C.E.; Vannote, R.L. Interbiome
Comparison of Stream Ecosystem Dynamics. Ecol. Monogr. 1983, 53, 1–25. [CrossRef]
Wallace, J.B.; Webster, J.R. The role of macroinvertebrates in stream ecosystem function. Annu. Rev. Entomol.
1996, 41, 115–139. [CrossRef] [PubMed]
Mendel, R.J. Benthic Macroinvertebrates. Available online: http://enviroscienceinc.com/benthicmacroinvertebrates/ (accessed on 24 October 2013).
EA. Water Framework Directive—Method Statement for the Classification of Surface Water Bodies v3 (2012
Classification Release); Environment Agency: Bristol, UK, 2013.
Acreman, M.; Dunbar, M.; Hannaford, J.; Mountford, O.; Wood, P.; Holmes, N.; Wx, I.C.; Noble, R.;
Extence, C.; Aldrick, J.; et al. Developing environmental standards for abstractions from UK rivers to
implement the EU Water Framework Directive / Développement de standards environnementaux sur les
prélèvements d’eau en rivière au Royaume Uni pour la mise en œuvre de la directive cadre sur l’eau de
l’Union Européenne. Hydrol. Sci. J. 2008, 53, 1105–1120. [CrossRef]
Cummins, K.W. Invertebrates. In The Rivers Handbook; Calow, P., Petts, G.E., Eds.; Blackwell Scientific:
Oxford, UK, 1995; pp. 234–250.
Nock, C.A.; Vogt, R.J.; Beisner, B.E. Functional Traits. eLS 2016. [CrossRef]
White, J.C.; Hannah, D.M.; House, A.; Beatson, S.J.V.; Martin, A.; Wood, P.J. Macroinvertebrate responses to
flow and stream temperature variability across regulated and non-regulated rivers. Ecohydrology 2017, 10, e1773.
[CrossRef]
Acreman, M.C.; Dunbar, M.J. Defining environmental river flow requirements ? A review. Hydrol. Earth Syst.
Sci. Discuss. 2004, 8, 861–876. [CrossRef]
Lake, P.S. Resistance, Resilience and Restoration. Ecol. Manag. Restor. 2013, 14, 20–24. [CrossRef]
Lytle, D.A.; Poff, N.L. Adaptation to natural flow regimes. Trends Ecol. Evol. 2004, 19, 94–100. [CrossRef]
Poff, N.L.; Allan, J.D.; Bain, M.B.; Karr, J.R.; Prestegaard, K.L.; Richter, B.D.; Sparks, R.E.; Stromberg, J.C. The
Natural Flow Regime. BioScience 1997, 47, 769–784. [CrossRef]
Poff, N.L.; Zimmerman, J.K.H. Ecological responses to altered flow regimes: A literature review to inform
the science and management of environmental flows. Freshw. Biol. 2010, 55, 194–205. [CrossRef]
Visser, A.; Beevers, L.; Patidar, S. Macro-invertebrate Community Response to Multi-annual Hydrological
Indicators. River Res. Appl. 2017, 33, 707–717. [CrossRef]
Marshall, J.C.; Negus, P.M. Application of a Multistressor Risk Framework to the Monitoring, Assessment,
and Diagnosis of River Health. In Multiple Stressors in River Ecosystems; Sabater, S., Elosegi, A., Ludwig, R.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2019; Chapter 15; pp. 255–280.
O’Neill, R.; Hughes, K. The State of England’s Chalk Streams; WWF-UK: Surrey, UK, 2014.
Mann, R.H.K.; Blackburn, J.H.; Beaumont, W.R.C. The ecology of brown trout Salmo trutta in English chalk
streams. Freshw. Biol. 1989, 21, 57–70. [CrossRef]
Berrie, A.D. The chalk-stream environment. Hydrobiologia 1992, 248, 3–9. [CrossRef]
Norfolk Rivers Trust. The River Nar—A Water Framework Directive Local Catchment Plan; Norfolk Rivers Trust:
Norfolk, UK, 2014.
Environment Agency; English Nature. The State of England’s Chalk Rivers: A Report by the UK Biodiversity
Action Plan Steering Group for Chalk Rivers; Environment Agency: Bristol, UK, 2004.
Collet, L.; Harrigan, S.; Prudhomme, C.; Formetta, G.; Beevers, L. Future hot-spots for hydro-hazards in
Great Britain: A probabilistic assessment. Hydrol. Earth Syst. Sci. 2018, 22, 5387–5401. [CrossRef]
Visser, A.; Beevers, L.; Collet, L.; Formetta, G.; Smith, K.; Wanders, N.; Thober, S.; Pan, M.; Kumar, R. Spatio-temporal
analysis of compound hydro-hazard extremes across the UK. Adv. Water Resour. 2019, under review.

Water 2019, 11, 596

37.

38.
39.
40.
41.

42.
43.

44.
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.
55.
56.

57.
58.
59.
60.

18 of 19

Rounsevell, M.; Fischer, M.; Boeraeve, F.; Jacobs, S.; Liekens, I.; Marques, A.; Molnár, Z.; Osuchova, J.;
Shkaruba, A.; Whittingham, M.; et al. Setting the scene. In The IPBES Regional Assessment Report on
Biodiversity and Ecosystem Services for Europe and Central Asia; Rounsevell, M., Fischer, M., Torre-Marin
Rando, A., Mader, A., Eds.; Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services, Bonn: Bonn, Germany, 2018; Chapter 8.
Klaar, M.J.; Dunbar, M.J.; Warren, M.; Soley, R. Developing hydroecological models to inform environmental
flow standards: A case study from England. Wiley Interdiscip. Rev. Water 2014, 1, 207–217. [CrossRef]
Gleick, P.H. Water strategies for the next administration. Science 2016, 354, 555–556. [CrossRef]
Gleick, P.H. Water in crisis: Paths to sustainable water use. Ecol. Appl. 1998, 8, 571–579. [CrossRef]
Davis, J.; O’Grady, A.P.; Dale, A.; Arthington, A.H.; Gell, P.A.; Driver, P.D.; Bond, N.; Casanova, M.;
Finlayson, M.; Watts, R.J.; et al. When trends intersect: The challenge of protecting freshwater ecosystems
under multiple land use and hydrological intensification scenarios. Sci. Total Environ. 2015, 534, 65–78.
[CrossRef] [PubMed]
Visser, A.; Beevers, L.; Patidar, S. A coupled modelling framework to assess the hydroecological impact of
climate change. Environ. Model. Softw. 2019, 114, 12–28. [CrossRef]
Mastrandrea, M.D.; Field, C.B.; Stocker, T.F.; Edenhofer, O.; Ebi, K.L.; Frame, D.J.; Held, H.; Kriegler, E.;
Mach, K.J.; Matschoss, P.R. Guidance Note for Lead Authors of the IPCC Fifth Assessment Report on Consistent
Treatment of Uncertainties; Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2010.
Sear, D.A.; Newson, M.; Old, J.C.; Hill, C. Geomorphological Appraisal of the River Nar Site of Special Scientific
Interest; N684; English Nature: Peterborough, UK, 2005.
Natural England. Designation 1006323—River Nar, West Norfolk, Norfolk. Available online: https://
designatedsites.naturalengland.org.uk/PDFsForWeb/Citation/1006323.pdf (accessed on 9 December 2018).
NRFA. 33007—Nar at Marham—Gauged Daily Flow (1953–2017). Available online: http://nrfa.ceh.ac.uk/
data/station/meanflow/33007 (accessed on 15 December 2018).
Arnell, N.W. Factors controlling the effects of climate change on river flow regimes in a humid temperate
environment. J. Hydrol. 1992, 132, 321–342. [CrossRef]
Rangeley-Wilson, C. The River Nar—A Water Framework Directive Local Catchment Plan; Norfolk Rivers Trust:
Norfolk, UK, 2012.
Bertholdt, N. River Nar SSSI. Available online: https://designatedsites.naturalengland.org.uk/SiteDetail.
aspx?SiteCode=S1006323&SiteName=river (accessed on 15 December 2018).
Garbe, J.; Beevers, L.; Pender, G. The interaction of low flow conditions and spawning brown trout (Salmo
trutta) habitat availability. Ecol. Eng. 2016, 88, 53–63. [CrossRef]
Extence, C.A.; Balbi, D.M.; Chadd, R.P. River flow indexing using British benthic macroinvertebrates: A
framework for setting hydroecological objectives. Regul. Rivers Res. Manag. 1999, 15, 545–574. [CrossRef]
Durance, I.; Bruford, M.W.; Chalmers, R.; Chappell, N.A.; Christie, M.; Cosby, B.J.; Noble, D.; Ormerod, S.J.;
Prosser, H.; Weightman, A.; et al. The Challenges of Linking Ecosystem Services to Biodiversity: Lessons
from a Large-Scale Freshwater Study. In Advances in Ecological Research; Woodward, G., Bohan, D.A., Eds.;
Academic Press: Cambridge, MA, USA, 2016; Volume 54, Chapter Three; pp. 87–134. [CrossRef]
Ncube, S.; Beevers, L.; Adeloye, A.J.; Visser, A. Assessment of freshwater ecosystem services in the Beas
River Basin, Himalayas region, India. Proc. IAHS 2018, 379, 67–72. [CrossRef]
EA. River Nar Macroinvertebrate Monitoring Data. Available upon request from the Environment Agency.
Kay, A.L.; Jones, R.G. Comparison of the use of alternative UKCP09 products for modelling the impacts of
climate change on flood frequency. Clim. Chang. 2012, 114, 211–230. [CrossRef]
Murphy, J.M.; Sexton, D.M.H.; Jenkins, G.J.; Booth, B.B.B.; Brown, C.C.; Clark, R.T.; Collins, M.; Harris, G.R.;
Kendon, E.J.; Betts, R.A.; et al. UK Climate Projections Science Report: Climate Change Projections; Met Office
Hadley Centre: Exeter, UK, 2009.
Wigley, T.M.L. Climatology: Impact of extreme events. Nature 1985, 316, 106–107. [CrossRef]
Schlabing, D.; Frassl, M.A.; Eder, M.M.; Rinke, K.; Bárdossy, A. Use of a weather generator for simulating climate
change effects on ecosystems: A case study on Lake Constance. Environ. Model. Softw. 2014, 61, 326–338. [CrossRef]
IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change; IPCC: Geneva, Switzerland, 2014; p. 151.
Murphy, J.; Sexton, D. Improvements to the UKCP09 Land Projection Data; Met Office Hadley Centre: Exeter,
UK, 2013.

Water 2019, 11, 596

61.
62.
63.
64.

65.
66.

67.
68.
69.
70.
71.
72.
73.
74.
75.
76.

19 of 19

UKCP09. Validation of Weather Generator Outputs; UK Climate Projections 2009: Exeter, UK, 2011.
Perrin, C.; Michel, C.; Andréassian, V. Improvement of a parsimonious model for streamflow simulation.
J. Hydrol. 2003, 279, 275–289. [CrossRef]
Coron, L.; Thirel, G.; Delaigue, O.; Perrin, C.; Andréassian, V. The suite of lumped GR hydrological models
in an R package. Environ. Model. Softw. 2017, 94, 166–171. [CrossRef]
Visser, A.; Beevers, L.; Patidar, S. Replication of ecologically relevant hydrological indicators following
a covariance approach to hydrological model parameterisation. Hydrol. Earth Syst. Sci. Discuss.
2018, 2018, 1–24. [CrossRef]
Seibert, J. Multi-criteria calibration of a conceptual runoff model using a genetic algorithm. Hydrol. Earth
Syst. Sci. 2000, 4, 215–224. [CrossRef]
Euser, T.; Winsemius, H.C.; Hrachowitz, M.; Fenicia, F.; Uhlenbrook, S.; Savenije, H.H.G. A framework to assess
the realism of model structures using hydrological signatures. Hydrol. Earth Syst. Sci. 2013, 17, 1893–1912.
[CrossRef]
Richter, B.D.; Baumgartner, J.V.; Powell, J.; Braun, D.P. A Method for Assessing Hydrologic Alteration within
Ecosystems. Conserv. Biol. 1996, 10, 1163–1174. [CrossRef]
Visser, A.; Beevers, L.; Patidar, S. Complexity in hydroecological modelling, a comparison of stepwise
selection and information theory. River Res. Appl. 2018. [CrossRef]
Jones, P.; Harpham, C.; Kilsby, C.; Glenis, V.; Burton, A. UK Climate Projections Science Report: Projections of
Future Daily Climate for the UK from the Weather Generator; DEFRA: London, UK, 2010.
Westfall, P.H. Kurtosis as Peakedness, 1905–2014. R.I.P. Am. Stat. 2014, 68, 191–195. [CrossRef] [PubMed]
Met Office. Met Office: Regional Climates: Eastern England. Available online: http://www.metoffice.gov.
uk/climate/uk/ee/ (accessed on 30 December 2013).
Wood, P.J.; Petts, G.E. Low flows and recovery of macroinvertebrates in a small regulated chalk stream.
Regul. Rivers: Res. Manag. 1994, 9, 303–316. [CrossRef]
Lake, P.S. Ecological effects of perturbation by drought in flowing waters. Freshw. Biol. 2003, 48, 1161–1172.
[CrossRef]
Everard, M. The importance of periodic droughts for maintaining diversity in the freshwater environment.
Freshw. Forum 1996, 7, 33–50.
Garbe, J.; Beevers, L. Modelling the impacts of a water trading scheme on freshwater habitats. Ecol. Eng.
2017, 105, 284–295. [CrossRef]
Erfani, T.; Binions, O.; Harou, J.J. Protecting environmental flows through enhanced water licensing and
water markets. Hydrol. Earth Syst. Sci. 2015, 19, 675–689. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

