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Abstract

Context Climate change is a severe threat to biodiversity. Areas with a high variety of microclimates
may provide opportunities for species to persist in a changing climate.

Objectives Test the extent to which microclimate is an important determinant of the distribution of
a widespread upland passerine, the meadow pipit Anthus pratensis, and whether microclimate
becomes an increasingly important determinant of distribution towards the warm edge of the
species’ range.

Methods We used models of the occurrence of meadow pipits based on data from an extensive
survey to identify macroclimate and topographic associations, the latter as proxies of microclimate.
We assessed magnitude and direction of the effects of microclimate and whether the magnitude of
microclimate effects increases as macroclimate suitability declines.

Results The probability of meadow pipit occurrence is significantly correlated with macroclimate and
microclimate. Microclimate accounts for about a third of the variation in occupancy probability and
has a stronger effect than macroclimate at all three spatial scales considered. Elevation and
topographical wetness index are positively correlated with meadow pipit occurrence, while
insolation is negatively correlated. Elevation and macroclimate suitability show a positive interaction,
while insolation and macroclimate suitability show a negative interaction.

Conclusions Microclimate substantially influences the distribution of the meadow pipit. For high
latitude and upland species such as this, suitable areas on cool slopes could form the focus for
conservation protection, as these areas are likely to become increasingly utilised and may remain the
only locations occupied in otherwise unsuitable climate.

Keywords

Climate change, meadow pipit, microclimate, refugia, topography, upland species.

Introduction

Climate change is regarded as a severe long-term threat to biodiversity, likely to increase the risk of
extinction faced by many species (Bellard et al. 2012; Jetz et al. 2007; Thomas et al. 2004). The shift
of climatic zones will force species to move and track their climatic niche or adapt to the new
climatic conditions (Maggini et al. 2011). Poleward and, to lesser extent, altitudinal range shifts in
species’ distributions have already been observed (see e.g. Chen et al. 2011; Tayleur et al. 2015;
Hickling et al. 2006; Parmesan et al. 1999; Zuckerberg et al. 2009). However, range expansions have
been documented more frequently than range retractions (Thomas and Lennon 1999; Massimino et
al. 2015). Many mechanisms have been suggested to explain the prevalence of range expansions,
including different limiting processes at cold and warm margins (Sunday et al. 2012), higher
importance of rainfall at warm margins (Thomas and Lennon 1999), accumulation of an extinction
debt (Dullinger et al. 2012) and persistence in suitable microclimate despite the surrounding area
becoming unsuitable (Hampe and Jump 2011; Maclean et al. 2015).

Microclimate describes the climate experienced by individuals, often at the scale of metres
or smaller (Suggitt et al. 2011), which contrasts with descriptors of climate over larger spatial scales
such as kilometres or larger, that we refer to as macroclimate. The ability of a species to persistin
suitable microclimate may have a significant impact upon the future effectiveness of protected areas,
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a key tenet of conservation practice (Aradjo et al. 2011; Beale et al. 2013; Johnston et al. 2013).
Areas of environmental heterogeneity, with a higher variety of microclimates, are likely to provide
opportunities for species to persist in a changing climate (Suggitt et al. 2018). For this reason, it has
been suggested that management should seek to maximise heterogeneity, and that existing areas of
heterogeneity with a greater range of microclimates should be prioritised for protection (Hannah et
al. 2007; Hodgson et al. 2009). Understanding whether species distributions are affected by
microclimate, particularly in parts of a species’ range that is relatively unsuitable climatically, is an
essential first step to assess the potential for species to persist under a changing climate.

The tracking of climatic-induced changes in distribution has been best studied in plants
(Maclean et al. 2015) and ectothermic animals (Bennie et al. 2013; Davies et al. 2006; Thomas et al.
1999). Ectotherms are widely considered as vulnerable to climate change because their ability to
perform basic physiological functions typically rises gradually with temperature to an optimum and
then drops rapidly to a critical thermal maximum (Huey and Stevenson 1979; Deutsch et al 2008). In
contrast, endotherms maintain their body at a metabolically optimal temperature, which is thus
decoupled to a large degree from the direct influence of ambient heat (Khalig et al 2014). Even so,
endotherms can still be affected by variations in ambient temperature, either directly as a result of
increased energetic expenditure or indirectly through variations in the availability of food (Oswald et
al 2010). Further, there is increasing evidence that species are threatened by climate change mainly
through such impacts on the species with which they interact (Ockendon et al. 2014).

Previous research on the importance of microclimate in determining the distribution or
range changes of birds has collected mixed evidence. For example, Bradbury et al. (2011)
demonstrated the role of macroclimate in facilitating the range expansion of the Dartford warbler
Silvia undata in the United Kingdom towards higher areas but did not find strong evidence of a
similar role of microclimate. Conversely, Calladine & Bray (2012) found that the occurrence of
breeding Whinchat Saxicola rubetra in the UK uplands was associated with aspect, particularly at low
elevations, suggesting that even for some bird species, microclimate can play a role in determining
the distribution of individuals. Fine-scale variation in temperature has also been found to influence
conditions within bird nests that could then influence breeding success (Dawson et al. 2005,
Rockweit et al. 2012). Given this variation and the limited number of studies published, it is unclear
where and when microclimate may be important. For ectotherms, microclimate is an increasingly
important driver of habitat availability towards the edge of their ranges (Thomas et al. 1999), but this
has not been tested in endothermic species.

Species associated with mountain habitats are particularly threatened by warming, because,
amongst other things, they are likely to suffer substantial reductions in suitable land simply because
of the smaller area existing at higher elevations (Wilson et al. 2005). However, mountains are also
extremely heterogeneous environments where topography has a strong impact on microclimate.
Notably, spatial variation in temperature and moisture availability is often much greater in
mountainous than in lowland areas (Suggitt et al. 2011). The wider range of available microclimates
can provide opportunities for species to survive changes in macroclimate by shifting towards more
suitable areas within a landscape without having to move large distances (Scherrer and Kérner
2011). These climate change refugia are increasingly suggested as a focus for potential conservation
strategies (Keppel et al. 2015; Morelli et al. 2016).

Here, we use extensive fine-grained data on the distribution of a passerine, the meadow
pipit Anthus pratensis, that is widespread in topographically complex upland (rough grassland,
moorland, blanket bog and montane) habitats in Great Britain to investigate the potential influence
of microclimate on the distribution of an endotherm. A key mechanism through which insectivorous
upland birds like the meadow pipit can be vulnerable to climate change, and therefore potentially be
sensitive to microclimate, is through impacts on the abundance of their prey (Pearce-Higgins 2010,
Pearce-Higgins et al. 2010). Meadow pipits feed heavily on Diptera such as craneflies (Tipulidae)
(Pearce-Higgins 2010), whose abundance is sensitive to localised high temperatures and drying out
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of the surface layers of the peat or soil (Pearce-Higgins et al. 2010, Carroll et al. 2011, Carroll et al.
2015). Given that meadow pipit select areas of high insect abundance (including tipulids) for foraging
(Douglas et al. 2010), it is plausible that meadow pipits might show selection for cool or damp
microclimate. More generally, in common with many other upland birds, meadow pipit abundance
varies with vegetation cover and structure (Pearce-Higgins and Grant, 2006), which is also sensitive
to climate (Pearce-Higgins & Green 2014), and has shown evidence for an upwards elevation shift
from 1994 to 2009 (Massimino et al. 2015), further emphasising the potential likelihood of an
association with cooler temperatures.

Using bioclimate models of range extent, we test, firstly, the extent to which microclimate is
an important determinant of meadow pipit distribution, and secondly, whether microclimate
becomes an increasingly important determinant of distribution towards the edge of the species’
range, which would be our theoretical expectation. We chose the meadow pipit as a model species
for several reasons. Firstly, it is a predominantly northern and upland species in the study area, which
makes it potentially more vulnerable to climate change than southern lowland species (Renwick et
al. 2012). Secondly, a large amount of census data is available, as the meadow pipit is widespread
across the British uplands where it is often the commonest breeding species (Balmer et al. 2013;
Pearce-Higgins and Grant 2006). Thirdly, Britain is one of the most important strongholds for the
meadow pipit, with an estimated 1.9 million breeding pairs, comprising an estimated 17% of the
European population (Musgrove et al. 2013). The species has recently become of conservation
interest, as in the last two decades, it has undergone a population decline throughout Europe (EBCC
2018), including the UK (Harris et al. 2019). It has recently been added to the global red list of birds,
being classified as “near threatened” (BirdLife International 2018) and is thus a species of
conservation concern.

Methods
Bird data

This study used data from the BTO/JNCC/RSPB Breeding Bird Survey (BBS), an extensive volunteer
survey used to monitor bird populations in the United Kingdom (Harris et al. 2019). The BBS is
undertaken on a stratified random sample of 1-km squares. Each 1-km square is visited twice
between April and July and birds are recorded along two 1-km line transects, each one divided into
five 200-m sections. Each section is also classified according to habitat using a hierarchical coding
system of nine classes (Crick 1992). The survey season overlaps very well with the breeding season of
the meadow pipit, which in Britain starts in the second week of April and peaks between the second
and the third week of May, depending on latitude (Cramp & Simmons 1988). Our research therefore
focuses on the breeding distribution as the species is a partial migrant in Britain and moves to more
lowland and southern areas in winter. For the purposes of this analysis, we considered occurrence
data at the 200-m transect section level from years 2007 to 2012. We chose a 6-year period to
ensure an appropriate balance between including enough years to have a large sample size, but so as
to avoid incorporating any periods of significant change. The species was shown to have a stable
population during the study period (Harris et al 2019). We considered only sections where the main
land cover was likely to provide habitat for meadow pipits; specifically comprising semi-natural
grassland/marsh, heathland and bogs, or inland rock, excluding all other land cover types. By using
data from 6 consecutive years and filtering to exclude non-suitable transects, we reduced the
variability in the data which is not due to climate, whilst also ensuring that the findings are not
simply a function of the weather in one particular year. After filtering non-suitable transects, a total
of 4558 transect sections in 956 different 1-km squares and 685 different 10-km squares were left
(Fig. 1). To avoid pseudoreplication of the data due to the double sampling within a year, we only
used a single data point for each year, with the meadow pipit considered to be occurring if it was
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detected in at least one of the two visits. Transects which were surveyed only once in a given year
were excluded from the analysis for that year. The total sample size was 4890.

Macroclimate model

Meadow pipit distribution at 10 km resolution was modelled using the two-step approach of Beale et
al (2013). This applies a Bayesian, spatially explicit (Conditional Autoregressive) Generalised Additive
Model (GAM) to species’ distribution data in order to separate climatic, spatial and random
components in determining the distribution of each species, and thus accounts for potential spatial
autocorrelation in the data (Beale et al. 2010). During the first step, the European meadow pipit
distribution (Hagemeijer and Blair, 1997) was modelled as function of four bioclimate variables from
the CRU TS 1.2 dataset for 1961-90 (Mitchell et al. 2004): mean temperature of the coldest month
(MTCO), growing degree days (GDD5), the coefficient of variation of temperature (CVTemp) and soil
moisture (soilWater). MTCO was calculated by simply finding the lowest mean monthly temperature
for each cell. GDD5 was calculated by fitting a spline to mean monthly temperatures for each cell to
convert monthly data to daily estimates, and then summing the accumulated daily temperature
above 5°C. CVTemp was calculated by converting mean monthly temperatures to the Kelvin scale,
and then dividing the standard deviation by the mean for each cell. Finally, soilWater was calculated
following the bucket model described by Prentice et al. (1992), which takes inputs of temperature,
rainfall, % sun/cloud and soil water capacities, then calculates the soil water balance over the year
for each cell. This European-scale model was initially constructed using uninformative priors to
describe the relationship between occurrence and climate, which were described by the flexible
GAM relationships. Once converged, a second model was fitted to the 10x10-km meadow pipit
distribution data from Great Britain in 1988-1991 (Gibbons et al. 1993) using the UKCPQ9 climate
data (Murphy et al. 2009) for the same 1961-1990 period as used when analysing the European data.
For these models, informative priors were applied from the European-scale model so that any strong
climatic signal based on the European distribution would remain essentially unchanged when
modelled using only data from Great Britain, unless the evidence for a different climatic signal within
Great Britain was strong (see Beale et al. 2014 for full details of the model).

Microclimate data

Directly observed microclimatic data were not available at the required spatial resolution across the
UK, so we used topographical information to calculate microclimate proxies. This is possible for open,
upland environments where topography is the most important factor contributing to microclimate,
and the magnitude of its spatial variation is similar to the amount of temperature change predicted
from anthropogenic climate change (Bennie et al. 2008). We therefore summarised microclimate
using two variables that describe variation in temperature and one related to variation in moisture
availability.

All of the following variables were derived from digital elevation data from the Shuttle Radar
Topography Mission at 90 m resolution (Farr et al. 2007), which was resampled to 100 m for
consistency with the UK national grid (Suggitt et al. 2014)

First, we considered variation in relative elevation, likely to be strongly correlated with fine-
scale variation in mean temperature, by including the difference (expressed in meters) between the
elevation of the mid-point of each 200-m transect section and the mean of the 10-km square within
which the transect section falls.

Second, we used the midsummer solar index as a proxy of summer maximum temperature,
likely to reflect the period when temperature may be limiting (Pearce-Higgins et al. 2010). This was
calculated as the proportion of direct full beam radiation that reaches the ground, which is a
function of slope, aspect, topographic shading and sun position (itself a function of latitude,
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longitude, date and time), and was summarised as mean hourly solar radiation on the summer
solstice (Maclean et al. 2015).

Third, we calculated a measure of soil moisture (the topographic wetness index) from
estimated surface run-off, using the equation by Beven and Kirkby (1979):
topographic wetness index = In (a / tan B)
where a is the area that contributes to flow accumulation and B is the slope angle (see also Suggitt et
al 2014). Higher values are where the contributing area is large and the slope angle is little, while
lower values are on mountain tops (very little contributing area) and steep slopes.

The list of microclimatic variables with descriptive statistics is shown in Table 1.

Statistical analysis

We modelled the occurrence of meadow pipits as a function of both macroclimate (as a measure of
large-scale climate suitability and proximity to the species’ range edge) and microclimate variables.
Secondly, we tested the extent to which the magnitude of microclimate effects varies with
macroclimate suitability, through interactions between macroclimate suitability and the solar index,
wetness index and relative elevation. We tested the following hypotheses.
1. Meadow pipit occurrence is positively correlated with the difference in elevation between
the 200-m transect section and the mean of the 10-km square (Pearce-Higgins et al. 2010),
negatively correlated with the solar index and positively correlated with the topographical wetness
index. Our expectations are based on the importance of craneflies (Tipulidae) in meadow pipit diet,
as tipulid abundance and distribution are negatively affected by temperature and positively affected
by moisture availability (Carroll et al. 2011; Carroll et al. 2015; Pearce-Higgins 2010, Pearce-Higgins et
al. 2010).
2. The effects of microclimate are strongest where macroclimate suitability is lowest, resulting
in significant interactions between macroclimate suitability and the microclimate variables. Given the
northern and upland distribution of meadow pipits in the UK, variation in macroclimate suitability
largely represents a gradient from the south (low macroclimate suitability) to the north (high
suitability).

The first hypothesis was tested by modelling the probability P of meadow pipit being
recorded in each visit v to the transect section k in the 1-km square j in the 10-km square i. This
probability was modelled as a function of both fixed effects and random effects:

logit(Piikv) = Po + Bimi + Bahi + BasSk + PaWk + 21, + 22+ Z3 k + € kv (1)

where [, ..., Pz are the estimated fixed effect coefficients for the macroclimate within the 10-km
square (m;), the elevation of the transect section relative to the 10-km square (hy), the index of the
transect section midsummer insolation (si) and the index of the transect section topographic
wetness (wk). The three random effects are each normally distributed and represent the effect of 10-
km square (z1,), 1-km square nested within 10-km square (z,,), and transect section nested within 1-
km square (z3 ).

In order to examine the relative importance of macroclimate and microclimatic suitability in
determining meadow pipit occurrence at different scales we documented changes to residual
covariance at the 10-km, 1-km and transect section level upon the insertion of first the macroclimate
variable m, and then the inclusion of the microclimate variables (h, s and w). Thus, we first described
covariance in a null model with no fixed effect:

logit(Pikv) =Bo + 21, + 22, + Zak + &ijky (2)

Macroclimatic suitability was then included as the sole fixed effect:
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logit(Pik) = Bo + Pimi + z1i + 235 + Zak + €jjkv (3)

Finally, this was compared to the full model (1).
The second hypothesis was tested by additionally testing the significance of interactions
between macroclimate suitability Py and each of the microclimate variables as follows:

logit(Piiv) = Bo + B1mi + Bahi + Pask + Pawi + Bsmihi + Bemisk + Brmiwk + 21, + 22+ Za x + €jj kv (4)

where s, Bs, f7 are model coefficients associated with the interactions between
macroclimate and microclimate. This allowed us to describe the importance of variation in
microclimate with increasing macroclimate suitability in driving additional variation in meadow pipit
occurrence at the three spatial scales considered of 10-km, 1-km and transect level. A final model
was simplified by backwards selection of non-significant (p > 0.05) variables from model (4).
Individual relationships between variables and meadow pipit occurrence were plotted by fixing the
values of the other explanatory variables to their median values. We checked for spatial
autocorrelation in the residuals by calculating Moran’s | for distance classes up to 30 km using the
‘spdep’ package (Bivand et al 2013).

All generalised linear mixed models were fit using Penalised Quasi-Likelihood (function
glmmPQL of the R package MASS, Venables and Ripley 2002; R Core Team 2016). Maps were
produced using the R libraries rgdal (Bivand et al 2013), raster (Hijmans 2018), and RcolorBrewer
(Neuwirth 2014).

This paper forms part of what was a much wider programme of work on microclimate. For
more details of our methods and that wider work, see Suggitt et al (2014), some of which has
already been published elsewhere (Suggitt et al. 2018).

Results
Macroclimate model

Our model predicted high probabilities of meadow pipit occurrence across north-western Britain,
Wales and with additional high probabilities in the moorlands of the Pennines and Devon (Fig. 2). It
also identified the southern heaths as having probabilities of occurrence above 50%, with
particularly low probabilities estimated only for the West Midlands and a few other areas of central
England, accurately reflecting the more or less continuous distribution of the species in preferred
upland areas and patchier breeding distribution elsewhere (Balmer et al. 2013). Significant gradients
of suitability are evident around the core upland areas, demonstrating suitability of this species for
the study undertaken. Note that measures of predictive ability such as Kappa statistics or AUC are
unsuitable for occupancy models, and the inclusion of a random effect means mapped suitability is
always strongly related to distribution (Beale et al. 2014).

Microclimate importance

The probability of meadow pipit occurrence in a transect section was significantly affected by both
macroclimate (m) and each of the microclimate variables (model 1). As expected, meadow pipit
occurrence was positively correlated with topographical wetness index (p=0.047) and negatively
correlated with the solar radiation index (p<0.001), which supports our hypotheses, although the
former relationship was relatively weak. Meadow pipit occurrence was also positively correlated
with relative elevation (the difference between the elevation of the transect section and the mean
elevation of the 10-km square) (p<0.001), confirming the preference of this species for cooler
locations within the wider landscape (Table 2).
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Changes in the distribution of the variance components between random effects can be used
to assess the relative importance of macroclimate and microclimate in influencing the occurrence of
meadow pipits at different spatial scales (Table 3). Firstly, by partitioning the variance components
between different random effects it is clear that the majority (54.3%) of variation in meadow pipit
occurrence at the 200-m scale can be attributed to 10-km square identity (5.092 as a proportion of
summed variance across random effects), 24.8% to 1-km squares and 20.9% between individual
transect-sections within 1-km squares. The addition of macroclimatic suitability (model 3) accounts
for 6.9% (1-(4.740/5.092)) of the variation in fine-scale meadow pipit occurrence at the 10-km level.
In other words, 6.9% of the variation in the occurrence of meadow pipits at the 200-m transect
section level that can be attributed between 10-km squares is related to macroclimate, but none of
the variation at the 1-km and transect-section level. This is entirely as expected, given macroclimate
was predicted at a 10-km square resolution. The inclusion of the microclimate terms accounts for a
further 19.8%, 31.1% and 20.1% of variance in meadow pipit occurrence, at the 10-km, 1-km and
transect section levels respectively. This indicates that not only does microclimate and topography
affect the distribution of meadow pipits within 1-km squares, but it also accounts for significant
proportions of the variation in the probability of transect-section occupancy, a surrogate of
abundance, between 1-km squares and 10-km squares, and appears more important than
macroclimate, even at that large scale.

Interactions between microclimate and macroclimate.

The model (4) with the interactions between microclimatic variables and macroclimate suitability
showed that the importance of both elevation and midsummer solar index varied in relation to
macroclimate suitability (Table 4, Fig. 3).

The positive interaction between relative elevation (h) and macroclimate suitability (m)
means that meadow pipits were more likely to occur at cooler, higher elevation locations in the core
of their range with maximum macroclimatic suitability (Fig. 4a). The slope of the association between
meadow pipit occurrence with elevation increases with increasing macroclimatic suitability.

The negative interaction between midsummer solar index and macroclimate suitability (Fig.
4b) shows that the probability of meadow pipits being found on transect sections with low
macroclimate suitability was greatest at sites with the lowest midsummer solar index , whilst when
macroclimate suitability was high, the effect of the midsummer solar index was less important. Thus,
meadow pipits preferentially favour cool slopes, particularly in areas of low macroclimate suitability,
whilst this preference is less important where macroclimate suitability is high and meadow pipits
appear widespread. The interaction between the topographic wetness index and macroclimate was
non-significant (P = 0.208), and deleted from the final model (Fig. 4c).

Combined, the effect of these interactions between macroclimatic suitability and measures
of microclimate explained a relatively small proportion of the residual variation in meadow pipit
occurrence at either the 10-km, 1-km or transect section scale, accounting for additional 3.6%, 0.9%
and 0.8% of the variation in occurrence respectively (Table 3).

The spatial autocorrelation of the residuals, measured as Moran’s |, was negligible for all
distances, with the highest value being I=0.041 for the distance class 0—200 m.

Discussion

There have been relatively few studies of the impact of microclimate on fine-scale distributions of
birds (but see e.g. Frey et al. 2016; Ceresa et al. 2020). Whilst a number of studies have examined
the effects of microclimatic variation of nest sites upon measures of the condition of chicks or
productivity of those nests (e.g. Burton 2006; Dawson et al. 2005; Rockweit et al. 2012), our aim was
to test the impact that microclimate has upon the fine-scale (200-m scale) distribution of birds
during the breeding season and, by examining the importance of this variation at different spatial
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scales, to investigate the relative importance of microclimate in influencing abundance. The mixed
modelling approach that we used allowed us to investigate how the variation in bird occurrence is
partitioned across three different spatial scales, effectively accounting for the spatially nested
structure of the variance and cross-scale correlations (Battin & Lawler 2006).

Our first conclusion is that fine-scale variation in topography, as measured by relative
elevation, solar index and topographic wetness, strongly influences where meadow pipits are located
in the landscape, explaining about a third of the variation in the probability of meadow pipit
occurrence at a fine scale. These factors are also influential in determining variation in the
distribution of meadow pipits between 1-km squares and 10-km squares. Previous work has shown
that elevation alone can explain almost a quarter of the variation in meadow pipit abundance
between 200ha plots (Pearce-Higgins and Grant 2006), some of which, our results suggest, may be
directly attributable to microclimatic associations. These apparent associations of meadow pipits
with high elevations, cool slopes and wet locations, can be explained by reference to their ecology
and that of their prey, whose abundance is positively correlated with soil moisture and negatively
with summer temperature (Pearce-Higgins 2010; Pearce-Higgins et al. 2010, Carroll et al. 2011). In
that context, the stronger associations with elevation and solar radiation (both P < 0.001), compared
to topographical wetness (P = 0.047), may indicate that temperature effects, related to both solar
radiation and elevation are more important than soil moisture. This could be because temperature
has a multitude of impacts on meadow pipits, not just through the drying out of the soil negatively
affecting tipulids, but potentially positively affecting the abundance of other insect prey, or even on
habitat condition. Alternatively, given the complexities of hydrology, the topographical wetness index
may simply be a poorer descriptor of the conditions experienced by the meadow pipits than the
temperature-related measures of microclimate. Given the importance of heterogeneity in
topography in determining the abundance or occurrence of a wide range of upland bird species (e.g.
Buchanan et al. 2017), these findings may be widely applicable. For example, another bird species for
which our results could be important is whinchat, whose altitudinal distribution varies significantly
between north- and south-facing slopes in a manner consistent with temperature limiting their
occurrence (Calladine and Bray 2012).

Secondly, we considered the extent to which the importance of microclimate varied with
decreasing suitability of macroclimatic conditions, as assessed by the outputs from the macroclimate
suitability modelling framework of Beale et al. (2014). Previous work has shown how microclimate
may be an increasingly important driver of occurrence towards a species range edge in some
invertebrate groups, such as butterflies (Thomas et al. 1999; Davies et al. 2006; Oliver et al. 2009)
and ants (Thomas et al. 1999), but not others, such as ground beetles (Gillingham et al. 2012). Here
we find evidence that this is the case for solar insolation, but not for elevation or topographic
wetness. Thus, we find that in warmer areas (lower macroclimatic suitability) meadow pipits are
increasingly found on cooler slopes (Fig. 4), but when macroclimate suitability is high, solar index has
a weaker effect on occurrence. However, this interaction appeared to be of relatively limited
importance in terms of actually accounting for variation in the occurrence of meadow pipits on the
ground. Unexpectedly, we found evidence for the opposite interaction than expected for the
elevation, with meadow pipits apparently showing stronger selection for higher elevations in the
more climatically suitable part of its range, avoiding areas of lower elevation (Fig. 4). This may reflect
stronger habitat gradients with elevation in more mountainous areas which may mean that the
suitability of lower elevation habitats in these core areas is reduced. Although more work is required
to test this further, this does provide only partial support for our hypothesised interaction between
microclimate and macroclimate.

There is growing evidence that microclimate can play an important role in buffering
extinction risk from climate change, at least for plants and insects (Suggitt et al. 2018). Building on
the work presented here, equivalent analysis looking at changes in species’ persistence through time



444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

as a function of microclimate should be undertaken for endothermic vertebrates such as upland and
mountain birds. Given that they have undergone recent population declines and elevation shifts over
the last two decades, meadow pipits would be a good model species for this.

If deteriorating climate suitability leads upland species’ ranges to fragment and persist only
within particular microclimates, then further work is required to consider their vulnerability to
habitat fragmentation. Although the meadow pipit currently has a very large and mostly continuous
range (BirdLife International 2018), an extensive loss of suitable habitats and climate (e.g. Massimino
et al. 2017) will likely increase the fragmentation of its populations. Given their migratory behaviour
and relatively low level of natal dispersal (Hotker 1982), meadow pipits are probably less sensitive to
the effects of fragmentation than some other, less dispersive upland birds for whom the persistence
in small areas of refugia within otherwise unsuitable climate may increase their vulnerability to the
threats that are typical of relict species (e.g. Rehnus et al 2018). To examine this further, a natural
extension of our work could be to incorporate climate projections (e.g. UKCP18, Lowe et al 2018)
with the topographic data that we used, to project likely future shifts in microclimate suitability
under different climate change scenarios, which ultimately could be incorporated into models of
climate change impact on species’ abundance. Previous research on impacts of future climate
change of British bird population showed potential declines in meadow pipit population size
between 50% and 80%, depending on the scenario and time-period considered (Massimino et al
2017), suggesting that future population declines may be substantial even in areas where the species
could persist.

To conclude, these results suggest that in a changing climate, where warming may reduce
large-scale climatic suitability for meadow pipits in the UK (Renwick et al. 2012; Massimino et al.
2017), topography and microclimate may influence their distribution. Thus, in principle, for northern
and upland species such as this, climate change refugia consisting of areas of potentially suitable
habitat on cool slopes with a low solar index could form the focus for conservation protection, as
they will become increasingly utilised, and potentially may remain the only locations occupied in
conditions of unsuitable climate.
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Table 1 List of all microclimatic variables and their descriptive statistics

Variable Abbreviation Description of variable Average value  Extreme
+ standard values
deviation

Elevation h Difference between the elevation of 29+91m -387 m,

difference the mid-point of the transect section 501 m

and the mean of the 10-km square
within which the transect section falls.

Midsummer s Proportion of direct full beam 0.334+0.025 0.139,

solar index radiation that reaches the ground in 0.356

midsummer.

Topographic w Soil moisture from estimated surface  6.74 + 3.27 0.45,

wetness index run-off. 19.01
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Table 2 Parameter estimates for the final model (1) without interactions. h: difference between the

elevation of the centroid of the transect section and the average elevation of the 10-km square; s:
midsummer solar index; w: topographic wetness index; m: estimated probability of detecting the

species from the macroclimatic model

Variable Coefficient Std. error p-value
h 0.010 0.001 <0.001
s -14.571 2.239 <0.001
w 0.021 0.010 0.047
m 2.186 0.609 <0.001
Intercept 2.305 0.833 0.006

19



727
728
729
730
731
732

733
734
735

Table 3 Estimated variance of the response variable (detection of meadow pipit) between the three
nested random effects. This is useful to understand the relative importance of macroclimate (m) and
microclimate (h, s, and w, see table 1 for details on the variables) in influencing the occurrence of
meadow pipits at the three different spatial scales. The decrease in variance between model (3) and
model (1) across all random effects highlights the importance of microclimate at all spatial scales.

Random effects

Fixed effects
10-km square  1-km square  Transect section

Model (2) None 5.092 2.324 1.960
Model (3) m 4.740 2.355 1.969
Model (1)m+h+s+w 3.800 1.622 1.573
Model (4) m+h +s+w+m:h+ m:s+ m:w 3.664 1.608 1.560
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736  Table 4 Parameter estimates for the final model with interactions. h: difference between the

737 elevation of the centroid of the transect section and the average elevation of the 10-km square; s:
738 midsummer insolation index; w: topographic wetness index; m: estimated probability of detecting
739  the species from the macroclimatic model

740
741

Variable Coefficient Std. error P-value

h 0.003 0.003 0.186

s -37.106 7.667 <0.001

w 0.025 0.012 0.044

m -11.302 4.477 0.012

m:h 0.012 0.005 0.006

m:s 40.123 13.238 0.006

Intercept 9.865 2.599 <0.001
742
743
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745
746

Fig. 1 Map showing the location of the transects used for modelling the occurrence of meadow
747

pipit in Great Britain. Transects with no suitable transect section were not used in the models and
are not shown here. For details on the selection of suitable transect sections, see the methods
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Fig. 2 Probability of meadow pipit occurrence in Great Britain from the macroclimate model
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Fig. 3 Probability of meadow pipit occurrence in Great Britain from the microclimate model. To
produce the map we used the estimates of the fixed effect coefficients and the average random
intercept across all groups. The map therefore does not show the variability that is accounted for by

the random effects.
. y i Probability
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Fig. 4 Plots of the partial effects of elevation difference (h), midsummer insolation index (s) and
topographic wetness index (w) on the probability P of finding a meadow pipit in a transect section in
Great Britain, for three different values of macroclimatic suitability m (orange: m=0.1, green: m=0.4,
blue: m=0.7). Shaded areas show 95% confidence intervals. Raw data are shown on the P=0 line
(absence) or on the P=1 line (presence)
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