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Abstract

Landscape rewilding has the potential to help mitigate hydrological extremes

by allowing natural processes to function. Our systematic review assessed the

evidence base for rewilding-driven mitigation of high and low flows. The

review uncovers a lack of research directly addressing rewilding, but highlights

research in analogue contexts which can, with caution, indicate the nature of

change. There is a lack of before-after studies that enable deeper examination

of temporal trajectories and legacy effects, and a lack of research on the scrub

and shrubland habitats common in rewilding projects. Over twice as much evi-

dence is available for high flows compared to low flows, and fewer than one

third of studies address high and low flows simultaneously, limiting our under-

standing of co-benefits and contrasting effects. Flow magnitude variables are

better represented within the literature than flow timing variables, and there is

greater emphasis on modeling for high flows, and on direct measurement for

low flows. Most high flow studies report a mitigating effect, but with variability

in the magnitude of effect, and some exceptions. The nature of change for low

flows is more complex and suggests a higher potential for increased low flow

risks associated with certain trajectories but is based on a very narrow evidence

base. We recommend that future research aims to: capture effects on both high

and low flow extremes for a given type of change; analyze both magnitude and

timing characteristics of flow extremes; and examine temporal trajectories

(before and after data) ideally using a full before-after-control-impact design.
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1 | INTRODUCTION

Anthropogenic modifications to the water cycle have exacerbated the economic impacts of hydrological extremes such
as floods and droughts. The economic costs of flooding and managing flood hazard globally are vast. In the
United Kingdom alone, flooding losses amounted to £333 million from the winter 2019/2020 floods and in England
£5.2 billion spending has been allocated to flood and coastal risk management between 2021 and 2027 (Environment
Agency, 2020). Extreme low flows can also be economically, as well as ecologically costly (van Loon et al., 2016). Hydro-
logical extremes and damages arising from them are projected to increase substantially with climate change
(Kundzewicz et al., 2014) and there is a pressing need to use Nature-based Solutions (NbS) to reduce the impacts of
extreme weather on the environment and people (IUCN, 2020). Water resource management is increasingly emphasiz-
ing the importance of working with natural ecosystem processes through NbS to create resilient ecosystems that deliver
multiple environmental, social, and economic benefits (WWAP, 2018). Prevailing approaches to working with natural
processes to mitigate high and low flows, such as Nature-based or Natural Flood Management (NFM; Lane, 2017;
Dadson et al., 2017; Bridges et al., 2021) are directly focused on hydrological change and emphasize strategic placement
of features in the landscape (e.g., tree planting, ponds, and wetlands, instream wood as “leaky barriers”) to optimize
attenuation effects. Alongside these hydrologically focused approaches, landscape rewilding is rapidly gaining popular-
ity and driving biodiversity gains (Pereira & Navarro, 2015; Rewilding Britain, 2023), but many of the wider ecosystem
service benefits or disbenefits remain unquantified.

Rewilding involves restoring wildness to anthropogenically altered landscapes, often including the reintroduction of
missing species (Perino et al., 2019). There is overlap and complementarity between definitions of “rewilding” and “res-
toration” (Pettorelli & Bullock, 2023), and some debate around definition and utility of the term rewilding (Hayward
et al., 2019). Rewilding, however, is generally defined as being more hands-off, minimizing sustained intervention, and
emphasizing reinstatement of natural processes while de-emphasizing a return toward a past ecosystem (Corlett, 2016).
It is also often, but not exclusively, large-scale (Lawton, 2011). Rewilding has been advocated as a vital tool in reversing
global biodiversity decline (Svenning et al., 2016) and dramatic, diverse, and large-scale biodiversity gains have been
achieved over relatively short timeframes (Pereira & Navarro, 2015). Types of biodiversity change include natural regen-
eration of grassland, woodland, and scrubland (Beguería et al., 2003; Tree, 2017), increased soil fauna biodiversity
(Andriuzzi & Wall, 2018), and the reintroduction of large herbivores (e.g., cattle, deer, pigs; Tree, 2017; Balfour
et al., 2021) and large carnivores (e.g., lynx, wolves) with associated trophic cascade effects (Beschta & Ripple, 2015;
Law et al., 2016). Many reintroduced or recolonizing species are effective “ecosystem engineers” (e.g., beavers) capable
of modifying resource flows, altering ecosystem functioning, and increasing restoration success (Bailey et al., 2019;
Jones et al., 1994).

Importantly, the fundamental principles that underpin rewilding offer potential for much wider-ranging benefits to
natural capital assets and ecosystem services but many of these remain largely unexplored and unquantified. Rewilding,
by nature and scale, will alter key elements of the water cycle (see Harvey & Henshaw, 2023 for overview and prelimi-
nary conceptual model). For example, wilder terrestrial landscapes characterized by removal of or reductions in land
management (e.g., Tree, 2018), natural vegetation regeneration (Cerdà et al., 2019), and, sometimes, species
reintroductions (large grazing and browsing herbivores; Vermeulen & Nature, 2015, beaver; Brazier et al., 2021, and
potentially apex predators such as wolves and lynx; Beschta & Ripple, 2015; Mysterud & Ostbye, 2004) can be expected
to drive changes in infiltration rates, soil water storage, overland flow, interception, and evapotranspiration (Harvey &
Henshaw, 2023). Wilder river systems, achieved through reduced management, terrestrial landcover change, and/or
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river restoration approaches (e.g., Cluer & Thorne, 2014), sometimes in conjunction with removal of flow regulation
structures (Rideout et al., 2021) can also be expected to increase instream and floodplain roughness (Thomas & Nisbet,
2006), alter floodplain inundation and storage (Addy & Wilkinson, 2019) and conveyance of water through the river
network (Harvey & Henshaw, 2023). This generates potential for flood attenuation and low flow alleviation effects, but
a full understanding of the nature and magnitude of these effects, and any benefits and/or risks, is lacking. Future sup-
port for rewilding projects depends on being able to describe and quantify the range of public benefits that can be deliv-
ered, including changes to hydrological extremes.

The motivation for this review of the evidence base arose from our identification of a developing knowledge gap
between assumed hydrological benefits of rewilding and the availability of evidence from hydrological monitoring and
modeling at active rewilding sites. In this paper, we use a systematic review to (i) assess the state of the existing evi-
dence on rewilding-driven changes to hydrological processes and hydrological extremes (floods and low flows) and
(ii) identify key knowledge gaps and priorities for future hydrological research on rewilding, with a focus on temperate
zone environments.

2 | LITERATURE REVIEW

A systematic review was conducted following the established Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Page et al., 2021). This involved identification of published studies from databases
(Web of Knowledge, Scopus) and from key review texts using pre-defined search terms (see Supporting Information 1).
Papers were screened for relevance to the topic and full text retrieved for relevant articles. Full text articles were
assessed for eligibility (see Supporting Information 1) and data extracted from retained sources. The review included
studies published up to February 2022. We hypothesized a lack of research specific to nature recovery and rewilding
approaches, and therefore also included relevant analogue environments in our eligibility criteria, specifically natural
systems, and landscape recovery trajectories such as regenerative agriculture or sustainable land management. The rele-
vant studies were identified based on the following inclusion criteria: (1) focus on freshwater or terrestrial environ-
ments within biomes relevant to temperate zones, but not exclusively from the UK; (2) study conducted within
rewilding, natural system, or other land management contexts relevant to a rewilding trajectory (see Supporting Infor-
mation 1); (3) addresses hydrological processes; (4) refers to mitigation of hydrological extremes (floods and/or low
flows). In total our searches identified 291 relevant studies, comprising 133 review or opinion pieces and 158 empirical
studies. The discussion in this paper focuses on the 158 empirical studies. Inevitably, our systematic review will not cap-
ture all relevant papers on this topic, but we sought to achieve a representative sample of literature by employing com-
binations of rewilding-relevant terminology and hydrological process-based terminology in our search strings (see
Supporting Information 1).

Biomes and ecosystem functional groups captured in each study were classified according to IUCN categories
(Keith et al., 2020). Studies were also categorized as to whether the title and/or abstract contained key environmen-
tal context terms relevant to rewilding and nature recovery (land abandonment, restoration, natural flood manage-
ment, nature-based solutions, beaver). Locational data for study sites were extracted, including geographic co-
ordinates where possible. For the UK, study locations from the published literature were also compared to the geo-
graphic location of rewilding sites in rewilding Britain's rewilding network at the time the review was conducted
(Rewilding Britain, 2023).

We identified whether studies examined effects on high or flood flows, low flows, or both. Studies were also classi-
fied according to research design: Before-After-Control-Impact pairs (BACI); Before-After (BA); Control-Impact
(CI) including paired catchment studies; and Other (i.e., non-comparative studies). For BACI studies, we classified the
flow variables used to assess effects on hydrological extremes into four groups according to whether they addressed high
flow magnitude (peak discharge or outflow variables, Q10, Q5, Q1), high flow timing (lag or transit time, time to peak,
exceedance time, return period, flood duration), low flow magnitude (5 year 7 day low flow, annual 7 day mean/min,
baseflow/low flow, min daily Q, Q355, Q90, Q95, Q99) or low flow timing (no flow days, low flow pulse duration). Full
descriptions of the variables are provided in Supporting Information 1. We also produced a qualitative classification of
evidence types and assigned categories to each article based on (i) the nature of evidence provided for alterations to
causal hydrological processes; and (ii) the nature of evidence for a mitigating effect on high or low flows (measured,
modeled, or inferred in each case). We categorized overall outcomes of the high flow papers according to whether they
had an attenuating effect on high flows or increased them (or reported no/negligible change), and whether this effect
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was identified as variable in magnitude. Increases in lag time, or reductions in peak flow magnitude would represent
an attenuating effect, while the opposite effects represent an increase in high flows. We took the same approach for low
flow papers, identifying whether the trajectory of landscape change was associated with increased water levels under
low flow conditions and/or shorter durations of low flow periods (i.e., potential for reduced low flow stress) or the
reverse which would indicate potential for increased low flow stress. A small proportion of papers contained one or
more trajectories that represent the “reverse” of a rewilding process (19 papers; 30 cases), for example, change from nat-
ural forest to grazed grassland, meaning that we classified the outcome as the reverse of what was reported in the paper,
to reflect what would be relevant to rewilding-driven change (i.e., increase in woody vegetation in this case). Our dis-
cussion below acknowledges that legacy effects may influence the nature of these relationships.

3 | AVAILABILITY OF EVIDENCE FROM REWILDING AND ANALOGUE
SYSTEMS

In total, 158 papers were retained based on our inclusion criteria. Many of these included more than one field site or
change trajectory relevant to rewilding, yielding 326 data records for different environmental contexts and trajectories.
None of the retrieved papers on hydrological extremes referred directly to rewilding in the title or abstract, reflecting a
significant lack of targeted research on the hydrological outcomes of landscape rewilding. This might partially reflect
time lags in terminology changes (“rewild” entered the Oxford English Dictionary in 2010 and “rewilding” was one of
Collins Dictionary's “top ten words of 2019”) and in publication of longer-term monitoring research. Our process-based
search strings (see Supplementary Material 1), however, were designed to capture relevant studies using different but
related terminology (e.g., restoration, land abandonment, nature-based solutions) or comparisons of semi-natural ver-
sus degraded systems. Just under a third of papers (29%; 46 papers) referred to one or more related environmental con-
text terms in the title or abstract: restoration (26 papers), natural flood management (15), nature-based solutions (10),
beaver (12), and land abandonment (4). The remainder and majority (71%) of papers are drawn from a range of inten-
sive land use settings such as croplands, pasture, and plantation forestry, as well as semi-natural forest, shrubland, and
freshwater settings (Figure 1). Existing evidence is therefore primarily drawn from analogue landcover settings rather
than studies directly addressing rewilding and nature recovery. While these settings are helpful in indicating expected
trajectories of change, they may also have some important distinctions from rewilding-driven landcover changes. A
small number of our retained studies (5) involved before/after comparisons where the “before” scenario was a natural
or semi-natural system and the “after” a degraded state. Given the low numbers of studies overall, we retained these
but using such comparisons to indicate change in the reverse direction can be problematic since legacy effects in
degraded landscapes may alter the recovery time and trajectory (see Section 5.1).

The most commonly occurring ecosystem functional groups were pastures, fields, and croplands within the inten-
sive land use biome, and montane and deciduous forests and woodlands. In contrast, shrublands occurred less fre-
quently within the data set. This lack of research on shrubland environments represents an important knowledge gap
since lowland rewilding and land abandonment trajectories commonly report successional stages in shrubland vegeta-
tion and scrub-woodland mosaics through natural vegetation regeneration (e.g., Garcia-Ruiz et al., 2010; Tree, 2017;
Broughton et al., 2021; Vicente-Serrano et al., 2021). These vegetation types are spatially complex and temporally
dynamic and are likely to characterize future nature recovery projects in temperate environments, but our findings
highlight a limited evidence base for understanding associated hydrological change.

We synthesized the principal trajectories of landscape change among the retained papers into 18 subcategories
within five broad categories of: reduced agricultural intensity, increasing woody vegetation cover, river and wetland res-
toration, NFM measures, and plantation forestry. Figure 2 summarizes the main landscape change trajectories identi-
fied within the papers. Overall, trajectories of change in terrestrial environments are approximately twice as common
within the literature than trajectories focused directly on changes in river and wetland systems. The most
common rewilding-relevant change trajectory was the increase in woody vegetation cover which includes changes in
forest structure such as species, maturity, and management (e.g., Robinson et al., 2003; Belmar et al., 2018) as well as
cover (e.g., Buechel et al., 2022). Hydrological response to different levels of agricultural intensity (e.g., Berdeni
et al., 2021; Bond et al., 2021; Cerdà et al., 2021) and the hydrological functioning and restoration of rivers and wetlands
(e.g., Clilverd et al., 2013; Dixon et al., 2016; Quin & Destouni, 2018) were also relatively common in our retained
papers, and the hydrological outcomes of more recent and innovative approaches to river restoration such as “stage
zero” (Cluer & Thorne, 2014) are likely to represent future contributions to the evidence base. Removal of flow
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regulation structures was beyond the scope of our systematic review searches but may represent an important precursor
to rewilding actions in many freshwater systems (Rideout et al., 2021). NFM measures were fewer and supplied by
10 papers. We retained a small number of papers that included trajectories associated with plantation forestry but note
that hydrological response may differ significantly in comparison to natural forest (e.g., Fahey & Jackson, 1997;
Hawtree et al., 2015). Some papers contained multiple trajectories, for example, Smith et al. (2020) examine hydrologi-
cal response to the interaction of river and wetland restoration and beaver recolonization and Dixon et al. (2016) com-
bine the effects of instream large wood and riparian forest cover. Several papers contributed large numbers of trajectory
records, for example, flow attenuation by beaver dams across multiple sites (Puttock et al., 2021), extensive multi-
catchment analysis of the hydrological impact of afforestation (Buechel et al., 2022) or agricultural intensity (Ries
et al., 2020) or changes in forest characteristics (Brogna et al., 2017; Belmar et al., 2018) and meta-analysis of NFM pro-
jects (Iacob et al., 2014).

Our searches did not return references exploring the role of large animals such as bison, hippopotamus, and ele-
phants which can also alter riparian ecosystems and flood regimes and contribute to climate change mitigation (Malhi
et al., 2022). Such animals can have ecosystem engineering effects that alter hydrological processes, for example,
hippopotamus-created drainage networks in wetlands (Deocampo, 2002; McCarthy et al., 1998), and are globally threat-
ened (Ripple et al., 2015). Relative to long-term (e.g., Pleistocene) norms, contemporary ecosystems are simplified and
depleted in megafauna in most ecosystems outside Africa (Fløjgaard et al., 2022). The influence of large terrestrial wild

FIGURE 1 Ecosystem functional groups that characterize published studies, distinguishing between studies that contained nature

recovery related keywords (land abandonment, restoration, nature-based solutions, natural flood management, beaver) in the title and

abstract in darker shading. Note that multiple functional groups can be associated with the same study, and all are shown here together with

the respective biomes.
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animals on hydrological systems would therefore have been more widespread across temperate environments in the
past (Moss, 2015; Brown et al., 2018) and research in this area is needed within the context of rewilding and species
reintroductions.

4 | TEMPORAL AND SPATIAL TRENDS IN PUBLISHED STUDIES

The earliest study in our data set was published in 1988 and publications on the rewilding-relevant changes to hydro-
logical extremes have increased through time (Figure 3). Only small numbers of publications were contributed annually
(<2 per year on average) until around 2000 and publication increased more rapidly in the last two decades, with 41% of
studies published since 2017 alone. The first paper referring to restoration in the title or abstract was published in 2003,
while terms natural flood management and nature-based solutions do not appear in titles or abstracts until 2014 and
2017 respectively. The knowledge base is therefore relatively “young” and is rapidly developing.

The spatial distribution of study locations is partly constrained by our research focus on temperate zone biomes,
with the vast majority of field sites in Europe (72% of records), USA (10%), and Australasia (6%). The most commonly
occurring countries are UK, Germany, USA, Belgium, Spain, and New Zealand. Multiple study locations also found in
Brazil, China, and Canada (Figure 4). There is a notable absence of studies from France (0) and Italy (1). Figure 4 also
plots UK study locations from our review alongside the locations of rewilding sites in Rewilding Britain's published Net-
work (Rewilding Britain, 2023) to enable comparison of project locations and published study locations. There are some
striking differences between the distribution of rewilding projects and the distribution of published studies and many
individual rewilding projects did not return any published hydrological studies in our searches. In particular, there is a
lack of studies published in more central and eastern regions despite a number of rewilding projects in these areas.
Some of these deviations will reflect the time lags involved in the collection and publishing of data on post-rewilding
change, but even so, the pattern suggests a significant lack of active hydrological monitoring at rewilding sites in the
United Kingdom.

FIGURE 2 Frequency of occurrence of different landscape change trajectories in the retained papers. Boxes are scaled to the number of

data records for that trajectory. Note that n = 325 because some papers contained multiple trajectories. The “plantation other” category
groups low frequency plantation trajectories for brevity (plantation forestry to peatland/moorland or grassland, or agriculture/peatland to

plantation).
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5 | TRENDS AND GAPS IN HYDROLOGICAL RESEARCH ON REWILDING

5.1 | Research design

The most frequently occurring study types were modeling studies, followed by longer-term field monitoring (Figure 5).
Comparatively fewer studies incorporated field or laboratory experimentation, which can contribute useful insight into
the causal processes behind observed changes in hydrological extremes. Examples include laboratory flume experi-
ments on controls on wood jam afflux (Muhawenimana et al., 2021) and field experiments on hillslope hydrology
(Marshall et al., 2009), runoff reaction from extreme rainfall events (Ries et al., 2020) and floodplain retention (Carling
et al., 2020). While most articles (85%) adopted some form of comparative research design, the vast majority were
control-impact studies (61% of all papers) enabling quantitative spatial comparisons to be drawn between degraded and
restored or natural states. In contrast, less than 25% of studies collected data before and after a change in land use or
land cover, enabling direct examination of hydrological change through time. Fewer studies still (9%) adopted a full
BACI design. While the statistical power of BACI designs is reduced by low sample sizes, they have been shown to out-
perform CI designs in multiple accuracy metrics (Christie et al., 2019). Within a rewilding and nature recovery context,
the lack of before and after data limits our understanding of the potential legacy effects from previous land use. For
example, soil compaction can inhibit hydrological functioning over long timescales (Tempest et al., 2014), physico-
chemical barriers or time lags may influence species recolonization (e.g., Sarremejane et al., 2017) and recovery of soil
mycorrhizal communities may be impacted by legacy land use (e.g., Säle et al., 2015).

5.2 | Addressing high and low flows

Our review found more than twice as much evidence available for effects on high flows (145 papers) compared to low
flows (58 papers; Figure 6). The majority of papers (72%) addressed either low or high flows while only 28% of articles

FIGURE 3 Temporal trends in published empirical studies meeting our eligibility criteria, showing yearly totals and cumulative

number of sources. Text labels show the first appearance of related keywords (land abandonment, restoration, natural flood management,

nature-based solutions, beaver) within the title or abstract of papers in our data set.
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FIGURE 4 Map showing the frequency of published articles by country (shading) and the locations of study sites (where data are

available) globally (top left) and in greater detail for European sites (bottom left). UK inset map (right) compares the location of UK

rewilding sites listed on the Rewilding Britain Rewilding Network (Rewilding Britain, 2023) with the location of published UK studies

within our data set.

FIGURE 5 Study type and research design for empirical studies retained from our searches. Breakdown shows Control-Impact (CI),

Before-After (BA), and Before-After-Control-Impact (BACI) alongside other research designs.
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addressed low and high flows concurrently (Figure 6). This is an important evidence gap since similar types of land-
cover change can have differing effects on the mitigation of high and low flows. For example, increases in woody vege-
tation can reduce flows across the flow duration curve, and hence can deliver attenuation of flood flows (Monger
et al., 2022; Murphy et al., 2021) but can also increase low flow stresses in some contexts (Buechel et al., 2022; Vicente-
Serrano et al., 2021). In contrast, beaver reintroductions have been linked with alleviation of both flood flow and low
flow stresses downstream of beaver dam and wetland systems (Puttock et al., 2017; Brazier et al., 2021). Simultaneous
consideration of high and low flows therefore represents an important focus for future work on nature-based solutions
for mitigating hydrological extremes. Mitigating effects also depend on the receptor, for example, the downstream flood
attenuation benefits of instream wood jams (including beaver dams) rely on the acceptability of localized upstream
increases in floodplain inundation and storage (Keys et al., 2018; Thomas & Nisbet, 2012). Greater emphasis on low
flows is required in future monitoring, particularly within the context of climate change. This can be supported by
wider infrastructure development programmes, for example, the UKRI Natural Environment Research Council (NERC)
Floods and Droughts Research Infrastructure (FDRI) programme in the United Kingdom (CEH, 2022).

Data are richest for flow magnitude compared to timing variables for both high and low flow extremes (Figure 6).
Since efforts to attenuate floods and low flow emphasize the “slowing the flow” of water through the landscape
(Dadson et al., 2017; Lane, 2017), flow timing variables should be given greater attention in published studies alongside
the magnitude variables which are currently better represented.

5.3 | Mitigation of high and low flows: Evidence types and outcomes

We identified eight possible evidence categories for our reviewed articles according to whether causal hydrological pro-
cesses and the mitigation of extremes were measured, modeled, or inferred, respectively (Table 1). We distinguished
studies modeling extremes further into those where model development and parameterization was directly informed by
site-specific field measurement of hydrological or hydraulic processes (type 4, e.g., Fiener & Auerswald, 2005; Jackson
et al., 2008), studies where site-specific data or knowledge informed parameterization but hydrological or hydraulic pro-
cess representation is governed by model selection (type 5, e.g., Hankin et al., 2021), and studies where model parame-
terization is achieved through use of parameter values predefined on the basis of simple proxies such as land cover type
(type 6, e.g., Wübbelmann et al., 2021). We found no examples of category 2 in our review (direct measurement of
effects on extremes combined with modeling of local hydrological processes) but have included it here since such

FIGURE 6 Outer circles show the total number of papers addressing high flows (blue), low flows (yellow), and high and low flows

simultaneously (gray). Within the high and low flow circles, subcategories show frequency of occurrence of flow magnitude and timing

variables among the comparative studies (before/after or control/impact). Non-comparative studies do not contain data to enable before/

after or control/impact comparisons. The “other hydrological” category refers to comparative studies reporting variables other that peak/low

flow timing or magnitude properties.
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studies may exist beyond our review and may be undertaken to contribute to the evidence base. All seven remaining
categories were found within our sample, with some variation in frequency between high and low flow examples
(Table 1).

Overall, flow extremes were most commonly directly measured (44% of analyses) followed closely by modeling
approaches (36%) with the remaining 20% inferring effects on flow extremes based on the analysis of causal hydrologi-
cal processes. Proportions of evidence types differ between high and low flows studies, however. Interestingly, a higher
proportion of low flow studies (57%) directly quantified the impact on hydrological extremes, rather than modeling or
inferring impacts, compared to only 39% of studies for high flows (though they are more frequent in absolute terms). A
higher proportion of high flow studies modeled (39%) or inferred (21%) impacts on extreme flows compared to low
flows (28% modeled and 16% inferred, respectively). This indicates that while the evidence base for low flows is smaller,
there is a greater emphasis on direct measurement of flow magnitude or timing. In contrast, while the evidence base is
larger for high flows, it is more common for impacts on hydrological extremes to be either modeled or inferred than it
is for them to be directly measured.

To synthesize the main outcomes of the papers, Figure 7 presents heatmaps to show the frequency of papers for
each outcome category for high and low flows, plotted according to the evidence type. For flood flows, 80% of sources

TABLE 1 Classification of evidence types for studies in our data set and the nature of their contribution to the evidence base, together

with the frequency of occurrence of each evidence type for high flow analyses (blue circles; n = 145) and low flow analyses (yellow

circles; n = 58).

Evidence for

Contribution FrequencyAltered hydrological processes
Mitigation of
extremes

1 Local (plot/site level) hydrological
processes quantified through
measurement

Runoff/streamflow
quantified
through
measurement

Provides evidence for/against mitigating effect and
develops process understanding of causal
mechanisms

2 Local (plot/site level) hydrological
processes quantified through
physical or numerical model

Provides evidence for/against aggregate mitigating
effect, enables evaluation of relationships/
interactions among causal mechanisms

3 Causal hydrological processes
responsible for changes to
extreme flows are inferred

Provides for/against an aggregate mitigating effect
but unable to directly attribute to causal
mechanisms

4 Local (plot/site level) hydrological
processes quantified through
measurement

Runoff/streamflow
computed using
physical or
numerical model

Develops process understanding of altered
hydrology and estimation of mitigating effect

5 Parameter changes based on site-
specific data/knowledge generate
expected response

Evidence for/against mitigating effect and
evaluation of relationships/interactions among
causal mechanisms

6 Parameter changes based on simple
proxies generate expected
response

Provides evidence for/against mitigating effect
based on existing understanding of landcover
change

7 Local (plot/site level) hydrological
processes quantified through
measurement

Wider impacts on
hydrological
extremes inferred
but not directly
quantified
through
measurement or
modeling

Process understanding of how rewilding-driven
biodiversity change manifests in local
hydrological processes

8 Local (plot/site level) hydrological
processes quantified through
physical or numerical model

Evaluation of relationships and interactions among
causal mechanisms

Note: Total n = 203 since some studies included the analysis of high and low flows.
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identified a mitigating effect associated with the rewilding-relevant trajectory, some of which note variable magnitude
of the effect(s) (29% of studies). These variations reflect the moderating influence of factors such as event magnitude (e.-
g., Garcia-Ruiz et al., 2010; Cruise et al., 2010) the scale of landscape change or intervention (e.g., Škute et al., 2008;
Ward et al., 2008), vegetation characteristics (e.g., species; Fahey & Jackson, 1997; Murphy et al., 2021 and maturity;
Viola et al., 2014), antecedent conditions such as soil moisture (e.g., Ghimire et al., 2013; Hughes et al., 2020), catch-
ment size (e.g., Deutscher and Kupec, 2014) and legacy effects associated with the landscape history (e.g., Ahiablame
et al., 2019). Only 3% of high flow studies showed no change or negligible change, attributed to physical characteristics
at the catchment scale (O'Donnell et al., 2011) and site or valley scale (Worley et al., 2022). Interactions between multi-
ple environmental factors created a combination of increases and decreases in flood risk for some publications: 11%
reported variable outcomes spanning attenuation and increased peak flows within the same study. For example,
increasing forest vegetation cover may mitigate lower magnitude floods, but ditching networks associated with forested
catchments can increase peak flows relative to grassland (Bathurst et al., 2020). Likewise, interactions between the
structural configuration of wood jams and groundwater-surface water interactions may lead to either attenuation or
increases in flow peaks (Munir and Westbrook, 2020). Several studies reported local increases in high flows that could
generate attenuation effects downstream, for example, local inundation around wood jams (Keys et al., 2018) or arising
from embankment removal (Clilverd et al., 2013), highlighting the importance of considering the nature of receptors in
the landscape. Increases in high flows were generally associated with management practices including spatial variations
in stocking densities (Meijles et al., 2014) and forest harvesting and regeneration cycles (Yu et al., 2019). There was no
obvious systematic variation in outcomes with evidence type for high flows.

The outcomes are more complex for low flows, albeit based on a much smaller absolute number of sources. For low
flows, 29% of studies show evidence of reduced low flow stress that is, higher water levels under low flow conditions
and/or shorter durations of low flow periods. These responses tend to be associated with change trajectories such as
beaver dams (Nyssen et al., 2011; Puttock et al., 2021) and other wood jams (Wenzel et al., 2014; Norbury et al., 2021),
peatland restoration (Wilson et al., 2011; Bathurst et al., 2018) and lake, wetland and floodplain restoration (Carling
et al., 2020; Quin & Destouni, 2018). Compared to high flows, a higher proportion of studies (19%) reported no change
or negligible change for low flows while just over half of studies (51%) indicate potential for increased low flow stress
associated with reduced water levels and/or longer duration of low flow periods. Increases in vegetation cover, and in
particular forest cover, accounted for a lot of instances of increased potential for water stress, reflecting increased evapo-
transpiration (e.g., Willaarts, 2012; Adelana et al., 2014; Tian et al., 2017; Vicente-Serrano et al., 2021). Such studies,
however, often focus on established forests and there is a lack of research into the scrub, shrubland and wood pasture
habitats characteristic of earlier stages of natural vegetation regeneration in lowland temperate environments. Although
based on a small sample size, low flow outcomes raise the possibility that some rewilding-related landscape change

FIGURE 7 Heatmaps showing the frequency of studies that indicate attenuating or increasing effects on high flows (left, blue shading)

and low flows (right, orange shading) for rewilding-relevant trajectories, according to each evidence type.
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trajectories could lead to increased water stress. As for high flows, this also depends on the nature of receptors in the
landscape and interaction with other risks, for instance retaining water upstream could exacerbate low flow risks down-
stream but could mitigate on-site risks such as wildfire. Further research statistically analyzing the magnitude of these
effects and causal factors for different rewilding trajectories is an important next step. Studies exploring the impacts of
combinations of rewilding trajectories on hydrological processes are also urgently required to help identify whether
potential increases in hydrological risks are mitigated by the interactions between multiple rewilding actions and out-
comes, and establish the significance of positive and negative feedbacks. For example, increased water use associated
with terrestrial vegetation regeneration may occur alongside beaver reintroductions and other forms of instream large
wood that can help sustain baseflows.

6 | CONCLUSION AND RECOMMENDATIONS

The evidence base for rewilding impacts on hydrological processes and mitigation of hydrological extremes is young
and narrow in focus but is rapidly developing. There remains a significant lack of published data on rewilding-driven
changes to hydrological processes, but analogue landcover change trajectories can, with caution, provide indicators of
the expected nature and magnitude of effects. More emphasis should also be given to researching the impact
of rewilding actions within freshwater systems as well as the rewilding of terrestrial landscapes. Most studies employ
spatial comparisons through control-impact research design, enabling quantitative comparison of degraded versus
restored or natural settings relevant to rewilding. The focus on space-for-time substitution and lack of before-after com-
parisons limits full understanding of the nature of change through time, and the influence of legacy effects from previ-
ous land use on potential rewilding outcomes.

There are over twice as many studies focusing on high flow effects compared to low flows, and less than a third of
studies address high and low flows simultaneously. This creates a significant knowledge gap since rewilding-style land-
cover changes can be associated with mutually beneficial—or contrasting—effects across high and low flows depending
on the nature of change, the scale, and the receptor in question. Flow magnitude variables are represented more fre-
quently than flow timing variables for both high and low flows. This represents an important gap since both magnitude
and timing together influence the potential for mitigation of flow extremes. Overall, impacts on extremes are more com-
monly modeled or inferred for high flows, rather than directly measured, while the reverse is true for low flows, albeit
with fewer low flow studies overall. The evidence for high flows suggests a mitigating effect across the majority of stud-
ies, although with some exceptions and with variability in the magnitude of effect reflecting moderating factors includ-
ing event magnitude. The nature of change for low flows is more complex and suggests a higher potential for increased
risks of low flow events associated with certain trajectories but is based on a very narrow evidence base. Further, quan-
titative research is required to establish the magnitude of effects associated with different trajectories, the relationship
with causal factors, and the interacting effects of multiple rewilding actions and change trajectories on both floods and
low flows concurrently.

This review also highlights the potential for land managers developing and implementing rewilding projects to con-
sider hydrological impacts and ecosystem benefits of their projects. Although some rewilding projects are focused on
floodplain and wetlands systems, the literature shows that more terrestrial projects have the potential to mitigate flood
risk and potentially low flow effects. Any project which leads to more structurally diverse vegetation cover and better
structured soils has the potential to provide water management-related ecosystem benefits.

Figure 8 summarizes key research approaches and methodological considerations arising from our review to guide
future work. As well as examining high flow and low impacts concurrently, and addressing changes in the timing of
flows alongside magnitude, there is also a need to develop novel monitoring approaches to provide field evidence
(e.g., low-cost sensor networks, Internet of Things), experimental approaches to generate process understanding of how
water moves through the landscape (e.g., flow tracers including environmental DNA, plot-scale field experimentation,
exclusion and inclusion, laboratory-based physical modeling experiments) and predictive hydraulic and hydrological
modeling approaches, particularly in relation to understanding impacts on high severity events, the net effects of inter-
acting trajectories of change, and variability of responses under future climate scenarios. As well as employing before-
after-control-impact designs where appropriate and feasible, the relative low frequency and uncertainty in the timing of
flood and low flow events generates a pressing need for more long-term field monitoring in conjunction with modeling
of hydrological extremes.
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Given the rapid expansion of rewilding projects, there are many opportunities to capture these effects, but modeling
and field monitoring efforts are urgently required to capture baseline data, temporal dynamics and develop a full under-
standing of the nature of change in different rewilding contexts. We recommend that future research in this area simul-
taneously captures effects at high and low flow extremes, considers both magnitude and timing properties for both high
and low flows, and adopts a full BACI design where possible (Figure 8). Since rewilding is a low control process and
nature recovery can advance in a variety of directions, hydrological monitoring must take place alongside monitoring
of nature recovery trajectories to help understand the drivers of hydrological change and potential feedbacks.

AUTHOR CONTRIBUTIONS
Gemma L. Harvey: Conceptualization (lead); data curation (supporting); formal analysis (supporting); funding acqui-
sition (lead); investigation (lead); methodology (lead); project administration (lead); visualization (lead);
writing – original draft (lead); writing – review and editing (lead). Adam T. Hartley: Data curation (lead); formal anal-
ysis (lead); methodology (supporting); visualization (supporting); writing – original draft (supporting); writing – review
and editing (supporting). Alexander J. Henshaw: Conceptualization (supporting); data curation (supporting); formal
analysis (supporting); funding acquisition (supporting); investigation (supporting); methodology (supporting); project
administration (supporting); writing – original draft (supporting); writing – review and editing (supporting). Zareena
Khan: Data curation (supporting); formal analysis (supporting); visualization (supporting); writing – original draft
(supporting); writing – review and editing (supporting). Stewart J. Clarke: Conceptualization (supporting); funding
acquisition (supporting); investigation (supporting); methodology (supporting); writing – original draft (supporting);
writing – review and editing (supporting). Christopher J. Sandom: Conceptualization (supporting); funding acquisi-
tion (supporting); investigation (supporting); methodology (supporting); writing – original draft (supporting);
writing – review and editing (supporting). Judy England: Conceptualization (supporting); funding acquisition

FIGURE 8 Infographic providing a summary of the research recommendations for future studies arising from this review.

HARVEY ET AL. 13 of 18

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1710 by Q

ueen M
ary U

niversity O
f L

ondo, W
iley O

nline L
ibrary on [05/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(supporting); investigation (supporting); methodology (supporting); writing – original draft (supporting);
writing – review and editing (supporting). Sara King: Conceptualization (supporting); funding acquisition
(supporting); investigation (supporting); methodology (supporting); writing – original draft (supporting);
writing – review and editing (supporting). Orlando Venn: Conceptualization (supporting); funding acquisition
(supporting); investigation (supporting); methodology (supporting); writing – original draft (supporting);
writing – review and editing (supporting).

ACKNOWLEDGMENTS
Jordan Bull provided assistance with screening and eligibility assessment for papers.

FUNDING INFORMATION
This work was supported by the UKRI Natural Environment Research Council/Economic and Social Research Council
(grant number NE/W007460/1) as part of the “Synthesising evidence for economics of biodiversity research pro-
gramme.” Gemma Harvey was supported by The Leverhulme Trust via a Leverhulme Research Fellowship (grant num-
ber RF-2022-284\4). Adam Hartley was also supported by a Queen Mary University of London Principal's Studentship.

CONFLICT OF INTEREST STATEMENT
Stewart Clarke (National Trust), Sara King (Rewilding Britain) and Orlando Venn (Wildfowl and Wetlands Trust) are
employed by registered charities. Judy England is employed by the Environment Agency of England. Chris Sandom is a
Director of Wild Business Ltd. The views expressed within this paper are those of the authors and do not necessarily
represent the views of their respective employer organisations.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the corresponding author upon reasonable request.

RELATED WIREs ARTICLES
Natural flood management
Ecosystem engineers in rivers: An introduction to how and where organisms create positive biogeomorphic feedbacks
Rewilding and the water cycle

ORCID
Gemma L. Harvey https://orcid.org/0000-0003-1067-0553
Adam T. Hartley https://orcid.org/0000-0001-9403-2115
Alexander J. Henshaw https://orcid.org/0000-0001-9464-8518
Christopher J. Sandom https://orcid.org/0000-0003-2294-1648
Judy England https://orcid.org/0000-0001-5247-4812

REFERENCES
Addy, S., & Wilkinson, M. E. (2019). Representing natural and artificial in‐channel large wood in numerical hydraulic and hydrological

models. WIREs Water, 6(6), Portico. https://doi.org/10.1002/wat2.1389
Adelana, S. M., Dresel, P. E., Hekmeijer, P., Zydor, H., Webb, J. A., Reynolds, M., & Ryan, M. (2014). A comparison of streamflow, salt and

water balances in adjacent farmland and forest catchments in South‐Western Victoria, Australia. Hydrological Processes, 29(6), 1630–
1643. Portico. https://doi.org/10.1002/hyp.10281

Ahiablame, L., Sheshukov, A. Y., Mosase, E., & Hong, J. (2019). Modelling the impacts of grassland to cropland conversion on river flow
regimes in Skunk Creek watershed, Upper Midwest United States. River Research and Applications, 35(9), 1454–1465. Portico. https://
doi.org/10.1002/rra.3512

Andriuzzi, W. S., & Wall, D. H. (2018). Soil biological responses to, and feedbacks on, trophic, 373(1761), 20170448.
Bailey, D. R., Dittbrenner, B. J., & Yocom, K. P. (2019). Reintegrating the north American beaver (Castor canadensis) in the urban landscape.

Wiley Interdisciplinary Reviews: Water, 6(1), e1323.
Balfour, N. J., Durrant, R., Ely, A., & Sandom, C. J. (2021). People, nature and large herbivores in a shared landscape: A mixed-method study

of the ecological and social outcomes from agriculture and conservation. People and Nature, 3(2), 418–430.
Bathurst, J. C., Fahey, B., Iroumé, A., & Jones, J. (2020). Forests and floods: Using field evidence to reconcile analysis methods. Hydrological

Processes, 34(15), 3295–3310. Portico. https://doi.org/10.1002/hyp.13802

14 of 18 HARVEY ET AL.

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1710 by Q

ueen M
ary U

niversity O
f L

ondo, W
iley O

nline L
ibrary on [05/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/wat2.1211
https://doi.org/10.1002/wat2.1271
https://doi.org/10.1002/wat2.1686
https://orcid.org/0000-0003-1067-0553
https://orcid.org/0000-0003-1067-0553
https://orcid.org/0000-0001-9403-2115
https://orcid.org/0000-0001-9403-2115
https://orcid.org/0000-0001-9464-8518
https://orcid.org/0000-0001-9464-8518
https://orcid.org/0000-0003-2294-1648
https://orcid.org/0000-0003-2294-1648
https://orcid.org/0000-0001-5247-4812
https://orcid.org/0000-0001-5247-4812
https://doi.org/10.1002/wat2.1389
https://doi.org/10.1002/hyp.10281
https://doi.org/10.1002/rra.3512
https://doi.org/10.1002/rra.3512
https://doi.org/10.1002/hyp.13802


Bathurst, J., Birkinshaw, S., Johnson, H., Kenny, A., Napier, A., Raven, S., Robinson, J., & Stroud, R. (2018). Runoff, flood peaks and propor-
tional response in a combined nested and paired forest plantation/peat grassland catchment. Journal of Hydrology, 564, 916–927. https://
doi.org/10.1016/j.jhydrol.2018.07.039

Beguería, S., L�opez-Moreno, J. I., Lorente, A., Seeger, M., & García-Ruiz, J. M. (2003). Assessing the effect of climate oscillations and land-
use changes on streamflow in the central Spanish Pyrenees. A Journal of the Human Environment, 32(4), 283–286.

Belmar, O., Barquín, J., Álvarez‐Martínez, J. M., Peñas, F. J., & Del Jesus, M. (2018). The role of forest maturity in extreme hydrological
events. Ecohydrology, 11(4) Portico. https://doi.org/10.1002/eco.1947

Berdeni, D., Turner, A., Grayson, R. P., Llanos, J., Holden, J., Firbank, L. G., Lappage, M. G., Hunt, S. P., Chapman, P. J., Hodson, M. E., &
Helgason, T. (2021). Soil quality regeneration by grass-clover leys in arable rotations compared to permanent grassland: Effects on wheat
yield and resilience to drought and flooding. Soil and Tillage Research, 212, 105037.

Beschta, R. L., & Ripple, W. J. (2015). Divergent patterns of riparian cottonwood recovery after the return of wolves in Yellowstone, USA.
Ecohydrology, 8(1), 58–66.

Bond, S., Kirkby, M. J., & Holden, J. (2021). Upland grassland management influences organo-mineral soil properties and their hydrological
function. Ecohydrology, 14(8), e2336.

Brazier, R. E., Puttock, A., Graham, H. A., Auster, R. E., Davies, K. H., & Brown, C. M. (2021). Beaver: Nature's ecosystem engineers. Wiley
Interdisciplinary Reviews: Water, 8(1), e1494.

Bridges, T. S., King, J. K., Simm, J. D., Beck, M. W., Collins, G., Lodder, Q., & Mohan, R. K. (Eds.). (2021). International guidelines on natural
and nature-based features for flood risk management. U.S. Army Engineer Research and Development Center.

Brogna, D., Vincke, C., Brostaux, Y., Soyeurt, H., Dufrêne, M., & Dendoncker, N. (2017). How does forest cover impact water flows and eco-
system services? Insights from “real‐life” catchments in Wallonia (Belgium). Ecological Indicators, 72, 675–685. https://doi.org/10.1016/j.
ecolind.2016.08.011

Broughton, R. K., Bullock, J. M., George, C., Hill, R. A., Hinsley, S. A., Maziarz, M., Melin, M., Mountford, J. O., Sparks, T. H., &
Pywell, R. F. (2021). Long-term woodland restoration on lowland farmland through passive rewilding. PLoS One, 16(6), e0252466.

Brown, A. G., Lespez, L., Sear, D. A., Macaire, J.‐J., Houben, P., Klimek, K., Brazier, R. E., Van Oost, K., & Pears, B. (2018). Natural vs
anthropogenic streams in Europe: History, ecology and implications for restoration, river‐rewilding and riverine ecosystem services.
Earth‐Science Reviews, 180, 185–205. https://doi.org/10.1016/j.earscirev.2018.02.001

Buechel, M., Slater, L., & Dadson, S. (2022). Hydrological impact of widespread afforestation in Great Britain using a large ensemble of mod-
elled cenarios. Communications Earth & Environment, 3(1), 1–10.

Carling, P. A., Leyland, J., Kleinhans, M. G., Besozzi, L., Duranton, P., Trieu, H., & Teske, R. (2020). Quantifying fluid retention due to natu-
ral vegetation in a forest floodplain analogue using the aggregated dead zone (ADZ) dilution approach. Water Resources Research, 56(9),
e2020WR027070.

CEH. (2022). Floods and Droughts Research Infrastructure (FDRI) [website]. UK Centre for Ecology and Hydrology. Available from https://
www.ceh.ac.uk/our-science/projects/floods-and-droughts-research-infrastructure-fdri, Accessed October 20, 2022

Cerdà, A., Ackermann, O., Terol, E., & Rodrigo‐Comino, J. (2019). Impact of farmland abandonment on water resources and soil conserva-
tion in citrus plantations in eastern Spain. Water, 11(4), 824.

Cerdà, A., Terol, E., & Daliakopoulos, I. N. (2021). Weed cover controls soil and water losses in rainfed olive groves in Sierra de Enguera,
eastern Iberian Peninsula. Journal of Environmental Management, 290, 112516.

Christie, A. P., Amano, T., Martin, P. A., Shackelford, G. E., Simmons, B. I., & Sutherland, W. J. (2019). Simple study designs in ecology pro-
duce inaccurate estimates of biodiversity responses. Journal of Applied Ecology, 56(12), 2742–2754.

Clilverd, H. M., Thompson, J. R., Heppell, C. M., Sayer, C. D., & Axmacher, J. C. (2013). River–floodplain hydrology of an embanked lowland
Chalk river and initial response to embankment removal. Hydrological Sciences Journal, 58(3), 627–650.

Cluer, B., & Thorne, C. (2014). A stream evolution model integrating habitat and ecosystem benefits. River Research and Applications, 30,
135–154.

Corlett, R. T. (2016). Restoration, reintroduction, and rewilding in a changing world. Trends in Ecology & Evolution, 31(6), 453–462.
Cruise, J. F., Laymon, C. A., & Al‐Hamdan, O. Z. (2010). Impact of 20 years of land‐cover change on the hydrology of streams in the south-

eastern United States 1. JAWRA. Journal of the American Water Resources Association, 46(6), 1159–1170. Portico. https://doi.org/10.
1111/j.1752-1688.2010.00483.x

Dadson, S. J., Hall, J. W., Murgatroyd, A., Acreman, M., Bates, P., Beven, K., Heathwaite, L., Holden, J., Holman, I. P., Lane, S. N., &
O'Connell, E. (2017). A restatement of the natural science evidence concerning catchment-based ‘natural'flood management in the UK.
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences, 473(2199), 20160706.

Deocampo, D. M. (2002). Sedimentary structures generated by Hippopotamus amphibius in a lake-margin wetland, Ngorongoro Crater.
Tanzania. Palaios, 17(2), 212–217.

Deutscher, J., & Kupec, P. (2014). Monitoring and validating the temporal dynamics of inter day streamflow from two upland head micro‐
watersheds with different vegetative conditions during dry periods of the growing season in the Bohemian Massif. Czech Republic. Envi-
ronmental Monitoring and Assessment, 186(6), 3837–3846. https://doi.org/10.1007/s10661-014-3661-5

Dixon, S. J., Sear, D. A., Odoni, N. A., Sykes, T., & Lane, S. N. (2016). The effects of river restoration on catchment scale flood risk and flood
hydrology. Earth Surface Processes and Landforms, 41(7), 997–1008.

HARVEY ET AL. 15 of 18

 20491948, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1710 by Q

ueen M
ary U

niversity O
f L

ondo, W
iley O

nline L
ibrary on [05/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.jhydrol.2018.07.039
https://doi.org/10.1016/j.jhydrol.2018.07.039
https://doi.org/10.1002/eco.1947
https://doi.org/10.1016/j.ecolind.2016.08.011
https://doi.org/10.1016/j.ecolind.2016.08.011
https://doi.org/10.1016/j.earscirev.2018.02.001
https://www.ceh.ac.uk/our-science/projects/floods-and-droughts-research-infrastructure-fdri
https://www.ceh.ac.uk/our-science/projects/floods-and-droughts-research-infrastructure-fdri
https://doi.org/10.1111/j.1752-1688.2010.00483.x
https://doi.org/10.1111/j.1752-1688.2010.00483.x
https://doi.org/10.1007/s10661-014-3661-5


Environment Agency. (2020). National flood and coastal erosion risk management strategy for England. Policy paper. Environment Agency.
Available from https://www.gov.uk/government/publications/national-flood-and-coastal-erosion-risk-management-strategy-for-
england–2, Last Accessed January 19, 2023

Fahey, B., & Jackson, R. (1997). Hydrological impacts of converting native forests and grasslands to pine plantations, South Island,
New Zealand. Agricultural and Forest Meteorology, 84(1–2), 69–82.

Fiener, P., & Auerswald, K. (2005). Measurement and modeling of concentrated runoff in grassed waterways. Journal of Hydrology, 301(1–4),
198–215.

Fløjgaard, C., Pedersen, P. B. M., Sandom, C. J., Svenning, J. C., & Ejrnæs, R. (2022). Exploring a natural baseline for large-herbivore biomass
in ecological restoration. Journal of Applied Ecology, 59(1), 18–24.

García‐Ruiz, J. M., Lana‐Renault, N., Beguería, S., Lasanta, T., Regüés, D., Nadal‐Romero, E., Serrano‐Muela, P., López‐Moreno, J. I., Alvera,
B., Martí‐Bono, C., & Alatorre, L. C. (2010). From plot to regional scales: Interactions of slope and catchment hydrological and geomor-
phic processes in the Spanish Pyrenees. Geomorphology, 120(3–4), 248–257. https://doi.org/10.1016/j.geomorph.2010.03.038

Ghimire, C. P., Bonell, M., Bruijnzeel, L. A., Coles, N. A., & Lubczynski, M. W. (2013). Reforesting severely degraded grassland in the Lesser
Himalaya of Nepal: Effects on soil hydraulic conductivity and overland flow production. Journal of Geophysical Research: Earth Surface,
118(4), 2528–2545 Portico. https://doi.org/10.1002/2013jf002888

Hankin, B., Page, T., McShane, G., Chappell, N., Spray, C., Black, A., & Comins, L. (2021). How can we plan resilient systems of nature-based
mitigation measures in larger catchments for flood risk reduction now and in the future? Water Security, 13, 100091.

Harvey, G. L., & Henshaw, A. J. (2023). Rewilding and the water cycle. Wiley Interdisciplinary Reviews: Water, 10, e1686. https://doi.org/10.
1002/wat2.1686

Hawtree, D., Nunes, J. P., Keizer, J. J., Jacinto, R., Santos, J., Rial-Rivas, M. E., Boulet, A. K., Tavares-Wahren, F., & Feger, K. H. (2015). Time
series analysis of the long-term hydrologic impacts of afforestation in the Águeda watershed of north-central Portugal. Hydrology and
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