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Encroachment of rush Juncus spp. in the United Kingdom uplands poses a threat to

declining wader populations due to taller, denser swards that can limit foraging and

breeding habitat quality for some species. Rush management via cutting, implemented

through agri-environment schemes (AESs), could thus increase wader abundance, but

there is insufficient assessment and understanding of how rush management influences

upland waders. Across two upland regions of England [South West Peak (SWP) and

Geltsdale nature reserve, Cumbria], we surveyed waders over four visits in fields where

rush was managed according to AES prescriptions (treatment; n = 21) and fields

without rush management that were otherwise ecologically similar (control; n = 22) to

assess how the densities of breeding wader pairs respond to rush management in the

short-term. We find evidence for regional variation in the response of waders to rush

management, with densities of Common Snipe Gallinago gallinago significantly higher

in treatment than control fields in the SWP, but not Geltsdale. There were no statistically

significant responses to treatment on densities of Eurasian Curlew Numenius arquata

or Northern Lapwing Vanellus vanellus. The 95% confidence intervals for the treatment

parameter estimates suggest that this may be due to limited statistical power in the case

of Lapwing. For Curlew, however, any potential increases in densities are negligible.

There was no evidence that variation in rush cover, which ranged from 10 to 70%,

influenced densities of any of our three focal species. Our results suggest that rush

management through AES prescriptions delivered in isolation of other interventions may

not lead to general increases in breeding wader densities in the short-term, but benefits

may arise in some situations due to regional and inter-specific variation in effectiveness.

Rush management supported with interventions that improve soil conditions and thus

food availability, or reduce predation pressure, may enable AES rush management to

generate benefits. Additional research is required to maximise the potential benefits of

rush management for each species through the development of prescriptions that tailor

to individual species’ optimum sward structure.

Keywords: agricultural change, conservation effectiveness, farmland birds, habitat management, Juncus spp.,

rush pasture, shorebirds, upland grasslands
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INTRODUCTION

Waders are one of several taxonomic groups of farmland
breeding birds that have undergone severe Europe-wide declines
in recent decades (PECBMS, 2020), with species threatened
at both the national level (e.g., Common Snipe Gallinago
gallinago; Amber-listed, United Kingdom; Eaton et al., 2015) and
international level (e.g., Eurasian Curlew Numenius arquata and
Northern Lapwing Vanellus vanellus; globally Near Threatened;
IUCN, 2020). In the United Kingdom, wader population declines
are occurring throughout the lowlands and uplands, with the
latter containing the majority of remaining grassland-breeding
wader populations (Wilson A. M. et al., 2005; Balmer et al.,
2013; Siriwardena et al., 2017). Poor nest and chick survival,
primarily attributable to predation and habitat degradation, are
thought to be the major drivers of these declines (Roodbergen
et al., 2012; Franks et al., 2018; Roos et al., 2018). Land use
change including agricultural intensification, and to a lesser
extent land abandonment, is driving degradation of wader habitat
in United Kingdom upland regions (Baines, 1988; Fuller and
Gough, 1999; Amar et al., 2011; Silcock et al., 2012; Douglas et al.,
2017; Johnstone et al., 2017).

To prevent further degradation of grasslands, agri-
environment schemes (AESs) encourage farming practices
that benefit breeding waders through improved habitat quality
(O’Brien and Wilson, 2011; Smart et al., 2013, 2014; Franks et al.,
2018). Such AES prescriptions have exhibited mixed success;
population trends of some wader species have been reversed
at the local level, yet nationally wader population declines
continue (O’Brien and Wilson, 2011; Smart et al., 2013, 2014;
Siriwardena et al., 2017; Franks et al., 2018). One mechanism
used in these AES prescriptions is the manipulation of vegetation
structure (e.g., Natural England, 2018) with the aim of creating a
mosaic of short and tall vegetation that is beneficial for foraging
and breeding waders (Wilson J. D. et al., 2005). Due to the
substantial inter-specific variation in wader breeding habitat
requirements, creation of a mosaic aims to simultaneously
provide suitable habitat for several wader species. Lapwing,
for example, favour short swards with a few tussocks (Baines,
1988; Milsom et al., 2000; Durant et al., 2008), whereas Curlew
and Snipe may be more tolerant of a range of sward structures
with a greater preference for taller vegetation (Baines, 1988;
Pearce-Higgins and Grant, 2006; Hoodless et al., 2007; Durant
et al., 2008).

A recent threat to the maintenance of structurally
heterogeneous grasslands in the United Kingdom uplands
is encroachment by Juncus spp. (hereafter termed “rush”),
with rush frequency approximately doubling between 2005
and 2018; multiple factors relating to agricultural grassland
management and changes in climate have likely driven this
encroachment (Ashby et al., 2020). Rush encroachment could
significantly contribute to wader population declines by creating
expanses of tall, dense, rush-dominated swards. It could
consequently restrict physical access to the soil for foraging
(Devereux et al., 2004; Robson and Allcorn, 2006), and reduce
waders’ ability to detect predators and thus their willingness
to breed and forage in such locations (Whittingham and Evans,

2004; Robson and Allcorn, 2006). Although, the taller, denser
vegetation generated by increased rush cover could provide nests
and chicks with greater concealment from predators (Valkama
et al., 1998; Kelly et al., 2021).

Rush management prescriptions within AES have been
developed to address the adverse impacts of rush encroachment
(Natural England, 2018). These prescriptions, which typically
comprise a long-term aim to reduce the extent of dense
rush swards within a field to <30%, involve mowing,
aftermath grazing, and occasionally herbicide application
(precise prescriptions deviate slightly between United Kingdom
countries; Natural England, 2012; Welsh Government, 2017;
Shellswell and Humpidge, 2018). In the short-term, rush
management opens up the sward and reduces vegetation
height and density (Kelly et al., 2021). There is, however, little
published data supporting the assumed beneficial impacts of
these changes in sward structure on breeding waders. Whilst
previous studies suggest that targeted rush management, or
cutting of rank vegetation including rush, can increase wader
abundance, these studies do not experimentally compare
areas with and without rush management and in some cases
are combined with additional interventions (Holton and
Allcorn, 2006; Robson and Allcorn, 2006; Douglas et al., 2017).
Consequently, there is insufficient assessment and understanding
of how rush management influences upland waders, despite the
importance of evaluating the effectiveness of AES prescriptions
(Kleijn and Sutherland, 2003).

Here, we assess how the number of breeding wader pairs
responds to rush management in the short-term by surveying
waders in treatment fields (where rush is managed according to
AES prescriptions) and control fields (without rushmanagement)
across two upland regions of England. We first test whether field
size and environmental conditions that could influence wader
abundance [rush cover, Holton and Allcorn (2006); Robson and
Allcorn (2006); soil conditions (pH, moisture, and penetration
resistance), Smart et al. (2006, 2008), Hoodless et al. (2007),
McCallum et al. (2016); and woodland distance, Douglas et al.
(2014), Wilson et al. (2014)] are similar between control and
treatment fields. We then test whether the density of breeding
wader pairs differs between treatment and control fields whilst
accounting for environmental conditions and region, and test if
the effects of rush management vary between regions and with
the amount of rush cover.

MATERIALS AND METHODS

Study Areas
This study was conducted during the wader breeding season
(April–June 2019) in the south–west of the Peak District National
Park (South West Peak, hereafter “SWP”), and Geltsdale nature
reserve in Cumbria (hereafter “Geltsdale”; Figure 1). Both
regions support important breeding wader populations including
Curlew, Lapwing, and Snipe (Carr, 2009; Balmer et al., 2013;
Douglas et al., 2017). Temperatures during the winter period
preceding our surveys were not below long-term averages (1981–
2010) and thus the densities of waders at our focal sites are
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unlikely to have been unduly influenced by cold weather-
related mortality. Survey fields within the two regions were
characteristic of United Kingdom upland farmed landscapes
and were mostly semi-improved pasture with a smaller number
of unimproved pasture, hay meadow and “white moor” fields
(rough grassland with rush and Molinia). The dominant rush
species was Juncus effusus with smaller amounts of other species
present at some sites, particularly Juncus acutiflorus and Juncus
conglomeratus at Geltsdale.

The study design is described in full by Kelly et al. (2021).
Field selection was performed without prior knowledge on wader
use of the selected fields, and was based on fields meeting our
criteria on rush management, spatial configuration and obtaining
permission from landowners to conduct the research. Treatment
fields were selected if fields had received rush management
between autumn 2018 and spring 2019 (fields may also have
received management in previous years) following the EK4
and EL4 rush cutting prescriptions in Entry Level Stewardship
(Natural England, 2012). These are standard AES prescriptions
that are applicable to any field with at least one-third rush
cover, including those on nature reserves. Rush management
in treatment fields involved cutting one-third of the rush
present once or twice annually on rotation (Supplementary

Table 1 provides more information on the AES prescriptions).
Control fields were selected if fields had not undergone rush
management in the previous 2 years, had a similar extent of rush
cover to treatment fields (mean rush cover ± standard error,
treatment = 46.70 ± 3.67%, control = 40.00 ± 4.21%; Mann–
Whitney test: W = 186, P = 0.255) and were in close proximity
to treatment fields (mean distance = 90 ± 34 m standard error;
Figure 1 and Supplementary Table 2). Information on field
rush cover was provided by the landowners prior to selection
of our survey fields. For both treatment and control fields, we
only selected those that had greater than one-third rush cover
so that all survey fields, regardless of treatment, qualified for
the AES rush management prescriptions. Control fields were
not deliberately selected to contain different levels of rush cover
than treatment fields and thus both control and treatment fields
constituted a representative sample of the rush cover in fields
with and without AES rush management. Rush cover in our
survey fields was subsequently assessed during fieldwork and
varied across fields from 10 to 70% (three control fields contained
less than 30% rush cover). In the SWP, there were 12 treatment
and 13 control fields (one treatment field that had initially
been selected was excluded as insufficient rush cutting had been
conducted) and at Geltsdale, there were 9 treatment and 9 control
fields, giving a total sample size of 21 treatment and 22 control
fields (Figure 1).

Wader Surveys
We estimated the number of breeding wader pairs using a
modified version of the standard field-by-field survey method of
O’Brien and Smith (1992). Four visits were made to each survey
field – two visits in the early breeding season (SWP: 16th–28th
April; Geltsdale: 5th–18thMay) and two visits in the late breeding
season (SWP: 28th May–18th June; Geltsdale: 21st–25th June).
Successive visits within the early or late breeding season were

on average 7 days apart in the early breeding season and 6 days
apart in the late breeding season. All visits were conducted by
one researcher to ensure consistency of survey estimates and thus
both regions could not be surveyed concurrently. As Geltsdale is
at a higher latitude than the SWP (Figure 1), the wader breeding
season commences slightly later in the former region. Survey
fields in the SWP were thus visited first in both the early and
late breeding seasons. Moreover, surveys were not undertaken
during the first hour after sunrise or last hour before sunset,
or in heavy rain, fog (<250 m visibility) or wind greater than
Beaufort Force 5.

Within each field, observations were made along a survey
route that started 50 m from the field edge and took the observer
to within 50 m of every part of the field. All individual waders
were marked on a field map with symbols to note behaviour that
indicates breeding status. Surveys recorded Lapwing, Curlew,
Snipe, and Common Redshank Tringa totanus, but the latter was
only detected in three fields at Geltsdale (two control and one
treatment) and is not considered further.

An index of the number of breeding pairs of each species
per field was calculated using standard species-specific criteria.
For all species, groups of more than four individuals were
excluded as these may represent non-breeding flocks (following
Sim et al., 2005; Douglas et al., 2021). For Lapwing, we divided the
maximum number of individuals across the two early breeding
season visits by two (detectability of Lapwing is high and this
approach follows O’Brien and Smith, 1992; Bolton et al., 2011;
O’Brien and Wilson, 2011; Smart et al., 2014). For Curlew and
Snipe, two birds together, or a single (detectability of these
species is expected to be lower than that of Lapwing), either
in a field or associating with the field (displaying or mobbing
birds above the field) were treated as a pair (following O’Brien
and Smith, 1992; Henderson et al., 2002; Hoodless et al., 2006;
Pearce-Higgins and Grant, 2006). The number of pairs were then
estimated as the maximum per-visit number across all four visits
(following Green, 1985; Smart et al., 2008; O’Brien and Wilson,
2011; Buchanan et al., 2017; Douglas et al., 2017). The restricted
date range of visits used for calculating Lapwing pairs, compared
to Snipe and Curlew, follows standard protocols (O’Brien and
Smith, 1992; Bolton et al., 2011; O’Brien andWilson, 2011; Smart
et al., 2014). Estimates of breeding Snipe pairs from diurnal
records of Snipe heard (drumming or chipping) or seen, rather
than crepuscular surveys of Snipe heard drumming, are likely to
be reliable in regions such as our survey locations where Snipe do
not occur at very high densities, as suggested by Hoodless et al.
(2006).

Environmental Variables
Rush cover was estimated once per field to the nearest 10%
from multiple vantage points during the early breeding season
when more accurate estimates can be obtained due to lower
vegetation height [note that whilst rush grows tall, it typically
spreads relatively slowly in horizontal extent (Ashby et al., 2020)
and thus any spread in extent of rush cover within a field is
negligible during the survey period]. Field size (ha) was measured
in ArcMapTM (v10.4.1; Esri, Redlands, CA, United States)
using 1:25,000 Ordnance Survey maps (Ordnance Survey, 2019).
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FIGURE 1 | The two study regions showing locations of treatment fields (rush management, light grey) and control fields (no rush management, dark grey).

Straight-line distance (km) from the centroid of each survey
field to the nearest block of woodland (defined as areas
with >20% tree cover, from Land Cover Map 2015; Rowland
et al., 2017) was measured using the “Near (Analysis)” tool as
woodland proximity can influence breeding wader distributions
and abundance (Douglas et al., 2014; Wilson et al., 2014).

Soil conditions (penetration resistance, moisture content, and
pH) were measured during one early, and one late, breeding
season visit to account for potential seasonal variation. Soil
penetration resistance (kgF) and soil moisture content (%) were
recorded at three locations within each field (field centre and two
randomly selected locations toward opposite ends of the field)
and at two separate points (approximately 15 cm apart) at each
of these three locations – giving six measurements per field on
each of the two visits. Soil penetration resistance was measured,
following Green (1988), using a soil penetrometer with a 5 mm
diameter metal pressure rod (20 kg Pesola macro-line spring scale
and pressure set, NHBS, Devon, England). Soil moisture content
(%) was measured using a soil moisture sensor and readout meter
(SM150T soil moisture sensor and HH150 readout meter, Delta-
T Devices, Cambridge, England). This sensor had a maximum
measurement threshold of 85% and when this threshold was
exceeded, we used a value of 92.5% (the mid-point between this
threshold and 100%). Soil pH was recorded, using a direct soil
pH meter (HI-12922 HALO wireless soil pH electrode, Hanna

Instruments, Woonsocket, RI, United States), at one of the points
at each of the three locations – giving three measurements per
field on each visit and six measurements per field overall.

Mean soil penetration resistance, soil moisture, and soil pH
values were calculated per field for the early breeding season
visit (for use in models of the number of Lapwing pairs as these
are estimated using data from the early breeding season only),
and across the overall breeding season (for use in Curlew and
Snipe models as these use data from all site visits). We note,
however, that early breeding season and overall breeding season
soil conditions were highly correlated (soil penetration resistance:
r = 0.958; soil moisture: r = 0.931; soil pH: r = 0.919; P < 0.001
and n = 43 in all cases).

Statistical Analyses
All analyses were conducted in R version 3.6.3
(R Core Team, 2020).

Environmental Conditions in Treatment and Control

Fields

We tested whether treatment and control fields had similar
environmental conditions. We fitted generalised linear models
(GLMs) with a Gaussian error structure and identity link
that modelled each environmental variable [rush cover (%),
soil penetration resistance (kgF), soil pH, soil moisture (%),
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woodland distance (km), and field size (ha; natural logarithm
transformed prior to inclusion in the models to remove the
influence of outliers due to its skewed distribution)] as a function
of treatment (treatment or control field) whilst accounting for
region (SWP or Geltsdale).

Wader Responses to Rush Management

We modelled the density of breeding waders for each species
by constructing GLMs with a response variable of the estimated
number of breeding pairs per field with a Poisson error structure
(log link) and field size (ha; natural logarithm transformed)
as an offset in all models. This offset variable converts wader
pairs into densities and ensures that field size is accounted for
within the models. McFadden’s pseudo-R2 was calculated to
represent model fit.

We first ran preliminary checks for simple non-linear effects
of our environmental variables [rush cover (%), soil penetration
resistance (kgF), soil moisture (%), soil pH, and woodland
distance (km)] by modelling each species’ density as a function
of the selected environmental variable linear term (linear
models), and linear and quadratic terms (quadratic models),
whilst including region as a fixed factor and field size (ha;
natural logarithm transformed) as an offset. There was no
strong evidence for non-linear associations, defined as Akaike
information criterion value corrected for small sample sizes
(AICc) of a quadratic model being two points or more lower
than that of a linear model (Supplementary Table 3) and all
subsequent modelling thus used only linear terms.

Following these preliminary checks, we followed
Whittingham et al. (2006) and constructed a full model of
the main effects to test the prediction that rush management
increased wader density, i.e., that there were significantly higher
densities in treatment than control fields, whilst accounting
for other environmental variables (Supplementary Table 4).
For each species, we modelled estimated breeding pairs as a
function of treatment (treatment or control field), region (SWP
or Geltsdale), rush cover, soil moisture, soil pH, soil penetration
resistance, and woodland distance, with field size (ha; natural
logarithm transformed) as an offset. Early breeding season soil
conditions were included in the Lapwing models, and overall
breeding season soil conditions were included in the Curlew
and Snipe models to match the survey dates that were used to
estimate the number of breeding pairs of these species (see wader
surveys section above).

In addition to the main effects full model, we constructed two
extra models that also included (1) the interaction between rush
cover and treatment/control field (to test if the effects of rush
management varied across different amounts of rush cover), or
(2) the interaction between region and treatment/control field
(to test if rush management effects differed between regions;
which could be the case if the factors regulating population
size or the capacity of populations to respond to management
vary regionally).

For each species, we compared the three full model types
(main effects only, main effects plus treatment and rush
cover interaction, and main effects plus treatment and region
interaction) using eachmodel’s AICc, and when interaction terms

were present their statistical significance (using a P < 0.05
threshold) (Supplementary Table 5). For Curlew and Lapwing,
the main effects only models had the lowest AICc values
and interaction terms were not significant; inference is thus
based solely on the main effects only model as there is no
evidence that the effects of treatment varied with region or
rush cover. For Snipe, the model with the lowest AICc value
was that with the treatment and region interaction [1AICc
relative to model with the next lowest AICc (main effects only
model) = 3.605, interaction term P = 0.009]. The interaction
term’s parameter estimate did, however, have a very large
standard error (SE = 3621.325) demonstrating uncertainty in its
effect size and we thus also report the results from the full model
that only contains the main effects (Table 1).

RESULTS

Environmental Conditions in Treatment
and Control Fields
Environmental conditions (rush cover, soil penetration
resistance, soil moisture, woodland distance, and field
size) did not differ significantly between treatment
and control fields, except for soil pH (Supplementary

Tables 2, 6). In both the early and overall breeding season
metrics, treatment fields had slightly more alkaline soil
(mean soil pH ± standard error; early breeding season:
treatment = 5.36 ± 0.15, control = 4.87 ± 0.13; overall breeding
season: treatment = 5.34 ± 0.15, control = 4.88 ± 0.14).

Effects of Rush Management on
Breeding Wader Pair Densities
Models that took region, rush cover, woodland distance, and
soil conditions into account found no evidence that the density
of Curlew pairs varied between treatment and control fields
[Figures 2A,B and Table 1; profile 95% confidence interval
(CI) for treatment parameter estimate = −0.73 to 1.12]. Rush
cover, which varied from 10 to 70% (Supplementary Table 4),
was not associated with breeding Curlew densities (Table 1).
Similarly, there was no evidence that Lapwing pair densities
differed between control and treatment fields or were influenced
by rush cover (Figures 2C,D and Table 1; profile 95% CI for
treatment parameter estimate = −0.76 to 1.91) – although it
is important to note that Lapwings were extremely rare in
the SWP survey fields, being observed in just a single control
field (Supplementary Table 7). For Snipe, when treatment was
modelled as an interaction with region, there were higher Snipe
densities in treatment fields than control fields in the SWP
but similar densities in the treatment and control fields at
Geltsdale, and no evidence that rush cover was associated with
Snipe densities (Figure 2G and Table 1). When the interaction
between treatment and region was excluded from the model
there was no evidence that Snipe pair densities differed between
treatment and control fields or were influenced by rush cover
(Figures 2E,F and Table 1; profile 95% CI for treatment
parameter estimate = −0.64 to 2.09).
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TABLE 1 | Generalised linear models of breeding wader pair density for Curlew, Lapwing, and Snipe – treatment, region, rush cover, soil conditions (moisture, pH, and

penetration resistance), and woodland distance were included as predictor variables, with field size (natural logarithm transformed) included as an offset.

Wader species Environmental variable McFadden’s

pseudo-R2

Treatment Region Rush cover Soil moisture Soil pH Soil penetration

resistance

Woodland

distance

Treatment

× region

Curlew β = 0.182

(−0.725 to

1.124)

β = 0.181

(−1.259 to

1.458)

β = −0.014

(−0.044 to

0.018)

β = 0.025

(−0.011 to

0.061)

β = 0.592

(−0.075 to

1.243)

β = 0.198

(−0.274 to 0.687)

β = 1.385

(−1.056 to

3.910)

– 0.229

χ2 = 0.152 χ2 = 0.069 χ2 = 0.753 χ2 = 1.913 χ2 = 3.049 χ2 = 0.672 χ2 = 1.226

P = 0.670 P = 0.793 P = 0.386 P = 0.167 P = 0.081 P = 0.412 P = 0.268

Lapwing β = 0.509

(−0.757 to

1.911)

β = −1.504

(−4.571 to

0.464)

β = −0.035

(−0.085 to

0.009)

β = −0.007

(−0.049 to

0.038)

β = 0.384

(−0.324 to

1.073)

β = 0.069

(−0.499 to 0.654)

β = −1.567

(−4.566 to

1.346)

– 0.437

χ2 = 0.595 χ2 = 2.100 χ2 = 2.444 χ2 = 0.101 χ2 = 1.165 χ2 = 0.057 χ2 = 1.122

P = 0.441 P = 0.147 P = 0.118 P = 0.750 P = 0.281 P = 0.811 P = 0.290

Snipe β = 0.632

(−0.636 to

2.093)

β = 1.837

(0.023–3.420)

β = −0.026

(−0.066 to

0.015)

β = 0.048

(0.001–0.100)

β = 0.699

(−0.113 to

1.509)

β = 0.104

(−0.544 to 0.749)

β = −2.537

(−5.675 to

0.885)

– 0.168

χ2 = 0.902 χ2 = 3.933 χ2 = 1.585 χ2 = 4.042 χ2 = 2.870 χ2 = 0.104 χ2 = 2.147

P = 0.342 P = 0.047* P = 0.208 P = 0.044* P = 0.090 P = 0.747 P = 0.143

β = −0.377

(±0.734)

β = −16.871

(±3621.325)

β = −0.032

(±0.022)

β = 0.070

(±0.030)

β = 0.804

(±0.433)

β = 0.132

(±0.373)

β = −2.702

(±1.651)

β = 19.636

(±3621.325)

0.273

χ2 = 0.902 χ2 = 3.933 χ2 = 2.009 χ2 = 5.948 χ2 = 3.218 χ2 = 0.126 χ2 = 2.400 χ2 = 6.824

P = 0.342 P = 0.047* P = 0.156 P = 0.015* P = 0.073 P = 0.723 P = 0.121 P = 0.009*

Following preliminary tests, Snipe densities were modelled with and without the interaction term between treatment and region; the densities of other species were

modelled with the main effects only. Parameter estimates (β) and profile 95% confidence intervals (CIs; in brackets) are presented, with significant effects highlighted with

an asterisk. CIs cannot be generated for the Snipe model with the interaction term and thus standard errors are presented for this model. Geltsdale is the reference level

for region. Control fields is the reference level for treatment. McFadden’s pseudo-R2 are presented for each model. *P< 0.05.

Effects of Woodland Distance, Soil
Conditions, and Region on Breeding
Wader Pair Densities
There were trends, albeit only marginally non-significant ones,
for higher densities of Curlew and Snipe in fields with more
alkaline soil conditions (Table 1). Snipe densities were also
higher in fields with wetter soils and in the SWP than Geltsdale
(Table 1, Figure 2, and Supplementary Figures 1, 2). No
other environmental variables influenced breeding wader pair
densities (Table 1).

DISCUSSION

Our results reveal potential regional variation in the short-term
response of Snipe breeding densities to AES rush management
prescriptions, with benefits arising from rush management in
the SWP but not Geltsdale. Certainty around the strength of
this effect is, however, limited by the large standard error
around the interaction term’s parameter estimate. When regional
variation is omitted, there is no firm evidence for benefits of
rush management. Breeding Lapwing densities also did not
appear to be significantly influenced in the short-term by rush
management. Yet, positive impacts on breeding densities cannot
be excluded for either Snipe or Lapwing as the 95% CIs for the
treatment parameter estimate suggest that the largest plausible
values are approximately two (Snipe = 2.09; Lapwing = 1.91).
For Curlew, we found negligible evidence for positive effects
of rush management on breeding densities in the short-term

(no significant effect; 95% CIs indicate that the largest plausible
treatment parameter estimate is 1.12).

Whilst our findings are not indicative of strong, and regionally

uniform increases in Lapwing and Snipe breeding densities
arising from rush management, they do suggest that these species

are more likely to respond positively than Curlew, especially in
the case of Snipe. This is perhaps logical given (1) the preference

of nesting Lapwing for short, open vegetation (Baines, 1988;
Milsom et al., 2000; Durant et al., 2008) that is generated by
rush cutting (Robson and Allcorn, 2006; Kelly et al., 2021), and
(2) smaller- and medium-bodied species (Snipe and Lapwing,
respectively) may be particularly negatively impacted by taller

and denser swards that will obscure their view and thus ability
to detect predators (limiting their willingness to forage and nest
in such habitats) to a greater extent than larger species such as
Curlew (Devereux et al., 2004; Whittingham and Evans, 2004;
Wilson J. D. et al., 2005).

There is evidence for regional variation in Snipe responses
to AES rush management, with Snipe densities being higher in
treatment than control fields in the SWP but not Geltsdale. Such
situations are expected to arise if there is regional variation in the
extent to which habitat availability regulates Snipe populations.
Snipe densities were significantly higher in the SWP than

Geltsdale. This situation could arise if most of the habitat
with structurally suitable vegetation is occupied in the SWP,
whilst other regulating factors limit the Geltsdale population and
prevent it from occupying all suitable habitat, including that
created through AES rush management. Indeed, the general lack
of strong evidence for beneficial impacts of rush management
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FIGURE 2 | Poisson model (main effects only models) predicted breeding wader pair densities in control fields and treatment fields within Geltsdale [left hand column;

n = 18 fields (9 control and 9 treatment)] and the SWP [right hand column; n = 25 fields (13 control and 12 treatment)] when taking into account rush cover, woodland

distance, and soil conditions (moisture, pH, and penetration resistance) for Curlew (A,B), Lapwing (C,D), and Snipe (E,F). Bars represent model predicted densities,

and errors represent model predicted 95% confidence intervals. The best fitting model (judged by AICc values) for Snipe densities included an interaction between

region and treatment with model predicted densities (G) being represented by triangles (SWP) and circles (Geltsdale); error bars again represent 95% confidence

intervals but note that for Snipe densities in SWP control fields these are infinite due to singularity issues with the model as no Snipe were observed in such fields.

could highlight that habitat improvements alone will not enable
breeding densities to increase because other factors are regulating
population sizes (Smart et al., 2013). This links to the buffer effect,
through which there is higher likelihood that high quality habitat
remains unoccupied (Kluyver and Tinbergen, 1954; Brown, 1969;

Gunnarsson et al., 2005). Thus, our results will be most applicable
to wader populations at similar or lower densities to those at
our study sites and we cannot exclude the possibility that rush
management impacts would be greater in populations whose
size is regulated by availability of fields with suitable vegetation
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structure. Given that increased nest and chick predation rates are
a key driver of wader declines (Roodbergen et al., 2012; Roos
et al., 2018), management may be required that simultaneously
tackles rush encroachment and predation pressure to enable
wader populations to recover and respond positively to AES rush
management – especially for Curlew which exhibited negligible
evidence for increased densities in response to rush management.

Alternatively, rush management may not be creating
sufficiently optimal conditions for some of our focal wader
species to generate consistent and detectable increases in
breeding densities. Some AES prescriptions aim to reduce rush
cover within a field to <30% (e.g., Natural England, 2018),
yet all treatment fields had >30% rush cover due to the study
design. Nevertheless, we found no evidence that rush cover
(which ranged between 30 and 70% in all survey fields barring
three control fields with 10–30% rush cover) influenced wader
densities. As our study spanned a single breeding season, results
are most applicable to the influence of rush management on
breeding waders through its short-term impact on vegetation
structure (i.e., vegetation height and density). Given that Lapwing
favour short grass swards with sparse tussocks comprising rush
and grass (Baines, 1988; Milsom et al., 2000), rush management
may need to ensure a large proportion of short vegetation is
retained throughout the breeding season to generate substantial
increases in breeding Lapwing densities, which in the long-term
could be achieved by reducing rush cover to lower than 30%.
Curlew require a heterogenous sward structure for breeding
(Pearce-Higgins and Grant, 2006; Durant et al., 2008), with
taller areas to provide chicks with concealment from predators
(Valkama et al., 1998), more open areas for foraging (Robson
and Allcorn, 2006; Fisher and Walker, 2015), and a range of
vegetation heights for nesting (Valkama et al., 1998; Fisher and
Walker, 2015; Zielonka et al., 2019). It is plausible that current
AES rush management prescriptions are not delivering sufficient
within-field heterogeneity in sward structure to provide the
complex habitat matrix required by Curlew. Such a situation
could arise either because the current prescriptions to cut one-
third of the rush within a field on an annual basis are insufficient,
or because such prescriptions are too difficult for farmers to
follow as they feel that they should cut a larger proportion of the
field when they are able to access fields for rush cutting (this is
often difficult in winter due to waterlogged conditions). It is also
important to note that rush cutting through AES prescriptions
has been found to increase the risk of artificial wader nest
predation (Kelly et al., 2021) and thus birds may be avoiding
nesting in such fields due to perceived, or realised, increases in
nest predation risk.

Implications for Management of Wader
Breeding Habitat
Accounting for variation in field size via inclusion as an offset in
the models, our results suggest that rush management through
AES prescriptions can increase Snipe breeding densities in some
but not all regions, and such benefits could also arise for Lapwing
(although low population sizes, especially in the SWP, limited our
ability to detect such effects). In contrast, we found evidence that

Curlew are, out of our focal species, the least likely to respond
to the implementation of AES rush management prescriptions.
Whilst ideally surveys would be repeated in subsequent years due
to the potential for environmental conditions to vary between
years, this was not possible due to logistical constraints. Our
study of two distinct upland regions, however, enables testing
of rush management across different environmental conditions
and population densities of our focal species (see Figure 2).
Moreover, our results provide a snapshot of wader densities in
fields with and without rush management, with results revealing
the potential for rush management to increase densities of Snipe
and Lapwing in the short-term. Our study thus advocates further
research exploring both the short- and long-term impacts of AES
rush management prescriptions on upland breeding waders. We
also found evidence that more alkaline soils were associated with
higher Curlew and Snipe breeding densities, which for Curlew is
consistent with previous research showing lower densities where
soil organic carbon (assumed to be more acidic, peaty soils) is
higher (Franks et al., 2017). These patterns are presumably due
to higher pH increasing abundance of soil invertebrates such
as earthworms (McCallum et al., 2016), and wetter soils also
increased Snipe densities. Combining rush management with
additional interventions to improve habitat quality may thus be
beneficial, such as installation of wetter depressions or flushes
and blocking of drainage ditches (Smart et al., 2006; Douglas
and Pearce-Higgins, 2014; Douglas et al., 2021), or liming of
more acidic soils (but with targeted use; McCallum et al., 2016).
Rush management prescriptions may, however, benefit from
potential revision to increase their efficacy. Potentially beneficial
changes that merit further investigation include researching the
optimal total area and spatial configuration of cut and uncut
rush within fields, thus ensuring heterogeneity in sward structure,
perhaps particularly for Curlew (as shown by beneficial mosaic
grassland management for Black-tailed Godwits Limosa limosa
in The Netherlands; Schekkerman et al., 2008), and in the case
of Lapwing contrastingly ensuring rush cover is below 30% (yet
retaining some taller vegetation patches; Laidlaw et al., 2017)
which will limit heterogeneity in the sward. In addition, where
additional drivers to habitat degradation, such as increased nest
and chick predation risk, are suppressing wader populations,
interventions that focus solely on habitat improvements are
unlikely to fully meet their potential to reverse population
declines (Smart et al., 2013).
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