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Abstract
1.	 The effectiveness of agri-environment schemes (AESs), the largest conservation-

related expenditure for farmland biodiversity conservation within the European 
Union, is often compromised by a limited spatial scale of implementation. We focused 
on multiannual forage crops, a surrogate habitat for grassland birds, to assess the 
scale-dependent effects of mowing timing and frequency on the local population 
size of an iconic species, the skylark (Alauda arvensis). While there is much evidence 
for a negative impact of in-field mowing activities on grassland birds, whether such 
effects occur also at broader spatial scales is largely unknown.

2.	 We surveyed breeding skylarks in the Po Plain (northern Italy) to determine (1) the 
association between landscape composition/configuration and abundance and (2) 
how abundance is affected by forage crop mowing timing and frequency. We ad-
dressed both questions through scale optimisation, identifying the most influential 
spatial scales for each covariate. Forage crop mowing timing was assessed through 
a novel remote sensing algorithm based on high-resolution Sentinel-2 satellite 
images.

3.	 We observed a strong scale dependence on the importance of different habitats 
in determining skylark abundance. Abundance increased with an increasing cover 
of forage crops locally (200 m) and of winter crops at a landscape scale (2600 m), 
suggesting that the species is favoured by heterogeneous agroecosystems. Locally 
(150–350 m), skylarks were more abundant when crops were aggregated, being 
negatively impacted by crop fragmentation caused by urbanization and by semi-
natural habitats.
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1  |  INTRODUC TION

Natural and seminatural grasslands harbour an extraordinarily rich 
biodiversity, which has been maintained by low-intensity farming 
practices for millennia (Pykälä, 2000; Veen et al., 2009). Since the 
second half of the last century, grassland management practices have 
become more intensive, or, when no longer economically sustain-
able, have ceased, leading to a profound crisis in grassland-dwelling 
plants and animals (Douglas et al., 2023; MacDonald et al., 2000). 
It has been estimated that a net loss of 190 million grassland birds 
occurred in the European Union between 1980 and 2017 (Gregory 
et al., 2023). This decline has been exacerbated by the introduction 
of the EU Common Agricultural Policy (CAP), which has supported 
both farming intensification and land abandonment, with severe 
impacts on grassland biodiversity (Assandri et  al.,  2019a; Pe'er 
et  al.,  2014). However, CAP has also introduced agri-environment 
schemes (AESs), that is policy mechanisms in which farmers are fi-
nancially incentivized to adopt environmentally beneficial measures. 
AESs represent the highest conservation-related expenditure in the 
EU (Batáry et al., 2015), yet whether their monetary cost translates 
into effective biodiversity conservation in agroecosystems has been 
questioned. A large amount of literature has shown that AES effec-
tiveness depends on whether measures are targeted to the specific 
conservation issue and on the spatial scale of implementation (Kleijn 
et al., 2006; McCracken et al., 2015).

Across European landscapes, natural and seminatural grass-
lands have often been replaced by intensive annual crops (Lambin 
et al., 2001; Pelletier & Tyedmers, 2010). In intensive cereal crop-
lands, multiannual forage crops (i.e. cultivation of plants grown spe-
cifically to provide feed for livestock) can be considered the best 
possible surrogate for grassland habitats because they are subject to 
a rotation period of 3–4 years (or even longer) and agricultural prac-
tices are generally less intensive than those applied in annual crops 

(Bretagnolle et al., 2019; Buckingham et al., 2015). As a result, these 
habitats are attractive for several declining grassland bird species 
(Assandri et al., 2023; Buckingham et al., 2015). However, multiple 
and early-season harvests have been shown to cause substantial 
losses of nests and fledglings, often transforming forage crops into 
an ecological trap (Buckingham et al., 2015; Green, 1996).

Although there is substantial evidence for the negative effects 
of in-field mowing practices on grassland-dwelling birds (Assandri 
et al., 2019b; Brambilla et al., 2021; Strebel et al., 2015), there is still 
a dearth of data on how mowing practices affect bird abundance at 
a broad spatial extent (i.e. landscape; Canonne et al., 2024). This is 
largely due to the technical restrictions in mapping mowing events 
at large scales (e.g. regional). From a conservation and policy per-
spective, this represents an implementation gap, as the few studies 
that have addressed AES biodiversity conservation effectiveness at 
broader-than-farm scales have often found that biodiversity-friendly 
management practices are delivered by AESs at spatial scales that 
are too small to achieve population-level effects (Pe'er et al., 2019; 
Sharps et al., 2023; Siriwardena, 2010).

In this study, we focused on the Eurasian skylark Alauda arven-
sis, a ground-nesting grassland bird species, which has undergone 
large population declines in European farmland regions (BirdLife 
International,  2017; Burfield et  al.,  2023), to unravel potential 
landscape-scale effects of forage crop mowing on its abundance. 
We relied on standardized skylark counts conducted in an intensive 
agricultural area mostly dedicated to the production of forage crops 
(southeastern Po Plain, northern Italy) to first determine the asso-
ciation between landscape composition/configuration at different 
spatial scales and skylark abundance; secondly, we investigated how 
and at which spatial scale skylark abundance was affected by for-
age mowing timing and frequency. We predicted that (1) abundance 
should be positively associated with the cover of forage crops, as 
this cultivation represents a grassland habitat surrogate in intensive 

4.	 At the landscape scale (1150 m), the timing of mowing was consistent across years, 
with early-mown areas supporting fewer skylarks. This is probably because, over 
longer temporal scales, early-mown forage patches have limited or null productiv-
ity, eventually limiting local population size.

5.	 Synthesis and applications. We provide a new perspective on the overarching influ-
ence of spatial scale in driving the abundance of a declining farmland bird species, 
supporting the urgency of designing landscape scale-effective AESs. This should 
be framed within the new EU Common Agricultural Policy reform and operated 
by farmer collectives, whereby management interventions should be monitored 
by state-of-the-art remote sensing techniques. These results suggest that imple-
menting scale-optimized AESs could be crucial for effective farmland biodiversity 
conservation.

K E Y W O R D S
agri-environment schemes, agroecosystem, Alauda arvensis, CAP, crop rotation, Sentinel 
satellite, skylark
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agroecosystems, and (2) abundance should be reduced with earlier 
cut dates and more frequent mowing events. The latter may occur 
because consistently early and more frequent forage cuts reduce 
survival and productivity via increased direct mortality and nest loss 
(Buckingham et al., 2015; Wilson et al., 1997), which can result in 
lower abundance of the species. The scale at which this mechanism 
is likely to occur is difficult to predict given the limited knowledge 
available to date.

We determined the timing and frequency of mowing by leverag-
ing a novel remote sensing methodology integrating high-resolution 
satellite images from Sentinel-2 (Andreatta et al., 2022). This allowed 
us to estimate forage crop mowing parameters at increasing spatial 
extents with respect to the bird sampling location, from 150 to 
3000 m. Our ultimate goal was to disentangle the spatial scale(s) at 
which a given farming practice (i.e. mowing of forage crops) is most 
influential in driving spatial variation in the abundance of a declining 
farmland species. From a conservation and landscape management 
perspective, our results might be applied to develop AESs at a spatial 
scale tailored to the ecology of the target species.

2  |  MATERIAL S AND METHODS

2.1  |  Target species

The skylark favours natural and seminatural grasslands as a breeding 
habitat, although arable lands harbour a considerable part of the 
species' European population (Chamberlain & Siriwardena,  2000; 
Copland et  al.,  2012). Managed grasslands and forage crops 
are actively selected by the species, particularly in the absence 
of natural grassland (Püttmanns, Böttges, et  al.,  2022; Wilson 
et al., 1997). In common with several other ground-nesting farmland 
birds (Guerrero et al., 2012; Li et al., 2023), the skylark has shown 
a dramatic decline at the European scale since the second half of 
the 20th Century and it is now considered a species of European 
Conservation Concern (Burfield et  al.,  2023; https://​pecbms.​info/​
trend​s-​and-​indic​ators/​​speci​es-​trends/​speci​es/​alaud​a-​arven​sis/​). 
In Italy, it declined by 53.6% between 2000 and 2023 (Rete Rurale 
Nazionale & Lipu, 2024a).

2.2  |  Study area and design

This study was performed in the southeastern part of the Po Plain 
(Lombardy and Emilia-Romagna regions, northern Italy), a densely 
inhabited and intensively cultivated region (Falcucci et  al.,  2007). 
In the study area, forage crops are well represented, as they are 
fundamental to the production of the Parmigiano Reggiano PDO 
cheese, whose production specification rules do not allow silage and 
require that at least 75% of the forage provided to cattle must be 
cultivated in the area (Battini et al., 2016; Mantovi et al., 2015).

Our study was designed to understand both the importance of 
forage crops and their management for the skylark. To capture a wide 

gradient of forage crop cover, we overlaid a 1-km grid over three sub-
areas of the southeastern plain (between the city of Cremona and 
the Adriatic Sea) resulting in 2467 1-km2 landscape cells initially in-
cluded in the study (Figure 1, see also Assandri et al., 2023 for fur-
ther details). One square kilometre is a scale previously shown to be 
relevant for nest site selection in ground-nesting passerines (Pickett 
& Siriwardena, 2011). In addition, at this scale, several territories of 
skylark (given their average size; Donald & Harris, 2010) are likely to 
occur, resulting in an abundance gradient suitable for the analysis.

For each cell, we calculated the cover of each land use/land 
cover (LULC) category (see Supporting Information for additional 
details). Within this area, we retained the 2301 landscape cells with 
more than 33% of agricultural LULC, and within them, we randomly 
selected 120 landscape cells according to four strata (30 cells in each 
stratum) defined based on the cover of forage crops within the cell: 
high (≥55%), medium (≥30 to <55%), low (≥5% to <30%) and very 
low (<5%).

2.3  |  Skylark survey

In each of the 120 selected landscape cells, we undertook a point 
count survey located as close as possible to the centroid of the 
cell (mean distance between two nearest-neighbour point counts: 
1304 m; range: 615–4234 m). We counted skylarks at each point dur-
ing three count sessions during the 2021 breeding season (7–20 April; 
12–20 May; and 12–18 June) within a 150 m radius (area: 7.07 ha), 
which was previously considered to be adequate to sample open-
habitat bird species in the same area (Assandri et al., 2023). During 
each of these count sessions, we surveyed 12 point counts each day 
(hereafter ‘point cluster’), from half an hour after sunrise and for 
the subsequent 4 h, on days with favourable weather (Bibby, 2000). 
Among periods, the point count sampling sequence was reversed 
within clusters. Each point count lasted 10 min (Bibby, 2000) during 
which we mapped all the initial contacts with every individual skylark 
on updated high-resolution aerial photographs (scale 1:2000 m). We 
derived a minimum number of skylark territories for each point count 
based on simultaneous contacts and reproductive cues and finally 
retained the maximum territory count among the three repetitions 
(Assandri et al., 2018; Broyer et al., 2012). Neither specific permis-
sions nor ethical approval were required to conduct this study.

2.4  |  Landscape and forage mowing variables

We measured seven landscape covariates in circular landscapes 
around each point count, starting from a radius of 150 m and 
ending at 3000 m, with a 50 m incremental increase in the 
radius (n = 58 spatial scales). Each covariate was thus extracted 
at 58 spatial scales (see Guttery et  al.  (2017) for a comparable 
approach). For each landscape of increasing size, we assessed 
the percentage cover of five LULC categories based on the 2021 
release of the LULC map (see Section 2.2): (1) forage crops (mostly 
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alfalfa Medicago sativa, cultivated for 4–5 years with up to four 
to six mowing events per season, then converted into winter/
summer crops for at least 5–6 years before the cycle restarts); 
(2) winter crops (mostly cereals sown at the end of autumn and 
harvested at the beginning of the following summer, for example 
wheat and barley); (3) summer crops (sown at the end of winter/
beginning of spring and harvested in the same summer, mostly 
maize and soybean); (4) seminatural habitats (mostly woodlots 
and wetlands, including ditches/channels); and (5) built-up areas, 
including roads (Figure  S1a). In addition, we calculated an index 
of landscape compositional heterogeneity (Shannon landscape 
diversity index; hereafter ‘SHDI’) and an index of configurational 

heterogeneity (Aggregation Index, hereafter ‘AI’) using the R 
package landscapemetrics (Hesselbarth et  al.,  2019). At large 
scales, circular landscapes were partially overlapping; however, 
according to Zuckerberg et al. (2020), this should not be regarded 
as a violation of statistical independence.

We mapped three forage mowing parameters for 2021 at each 
point count and for each scale (150–3000 m; Figure S1b) using the 
mowing detection algorithm developed by Andreatta et al. (2022). 
This algorithm profited from the high spatial and temporal reso-
lution of Sentinel-2 (S2) imagery (respectively up to 10 m and 
2–5 days) to effectively detect mowing events. Since the method 
was initially developed to map the frequency of mowing in montane 

F I G U R E  1  Map of the study area and sampling design. The top panel shows the location of the point counts within the study area. The 
circle colour represents the forage cover within the 1-km cell (the overall distribution in the study area is shown in the bottom right bar plot; 
see legend for colour interpretation). Black-filled dots represent those at which at least one skylark territory occurred. The main cities in the 
area are highlighted with black squares (CR = Cremona; PR = Parma; RE = Reggio Emilia; MN = Mantua; MO = Modena; FE = Ferrara). Original 
artwork by Lorenzo Starnini (© ISPRA).
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grassland rather than the first cut date in lowland forage crops, we 
assessed its estimation accuracy in the context of our study area 
and investigated whether any adjustments were needed. To this 
end, we developed a reference dataset of first cut dates based on 
visual inspection of PlanetScope imagery (details in Supporting 
Information  1.2). The reference dataset indicated that, on aver-
age, the first cut happened on the day of the year (DOY) 144 (24 
May 2021), and that, except for one outlier, all parcels (n = 248) 
were mown by DOY 180 (30 June 2021). However, the Andreatta 
et  al.  (2022) method estimated that 17% of the area was mown 
later than DOY 180. A detailed investigation revealed that this 
error was attributable to first cut omission errors, which meant that 
in those cases the first cut that was reported as having occurred 
was actually the second. Pixels with unrealistic first cut dates (i.e. 
>DOY 180) were therefore removed from the spatial averaging 
of mowing metrics (details about spatial averaging in Supporting 
Information  1.3). This adjusted method demonstrated very high 
accuracy of the estimated first cut dates (details in Supporting 
Information 1.4; Griffiths et al., 2020; Schwieder et al., 2022).

For the 73 point counts with a forage crop cover >0% within 
the bird sampling buffer (150 m), and for each spatial scale between 
150 and 3000 m radius (i.e. n = 58), we estimated the mean first for-
age cut date, the forage mowing frequency (i.e. the average mean 
number of forage cuts between April and mid-November), and the 
first forage cut date heterogeneity. The latter was expressed as 
Shannon's diversity of the first forage cut date at each point count 
and each scale accounting for the overall surface mown on the same 
date. Lower values of this metric suggest synchronous mowing and 
higher values asynchronous mowing.

2.5  |  Scale-optimized effects of landscape 
composition/configuration on skylark abundance

We first modelled skylark abundance as a function of landscape 
composition/configuration. This was done on the full dataset (i.e. 
including plots without foraging crops within 150 m, N = 120). 
We first applied the (pseudo-)optimized multiple scales method 
proposed by McGarigal et  al.  (2016). Specifically, we tested 
the effect of each predictor by univariate regression models 
fitted separately for each of the 58 scales considered; then, we 
selected the single best scale for each covariate, choosing the 
one showing the lowest AICc. A univariate approach was required 
to avoid issues related to the inherent correlation of landscape 
compositional variables. Subsequently, we built a multivariate 
(and multi-scale) model, including each predictor at the best-
supported scale according to the previous step. This analysis was 
performed using GLMMs with a generalized Poisson distribution 
and a log link function (exploratory Poisson models indicated 
underdispersion). Continuous variables were standardized 
before model fitting. Following graphic exploratory analyses 
(Zuur et  al.,  2010), built-up area cover was log10-transformed to 

reduce the influence of outliers and reduce skewness. Point count 
cluster identity was entered in the model as a random intercept 
to account for potential non-independence of surveys related 
to the day of sampling and the spatial arrangement of the point 
counts (the 12 points in a cluster were relatively close and thus 
were not considered spatially independent). Multicollinearity was 
assessed with the adjusted generalized variance inflation factor 
(aGVIF) calculated with the R package misty (Yanagida,  2021) 
on the full model. When collinearity was considered too high 
(aGVIF >2.5; Johnston et al., 2018), we progressively removed the 
most collinear variable(s) starting from the one with the highest 
aGVIF and stopping when the metric fell below the threshold 
of 2.5. Forage, winter, and summer crop cover were tested with 
their quadratic term, as there is evidence (Assandri et al., 2023), 
supported by exploratory analyses, that ground-nesting species 
can show non-linear responses to these variables.

GLMMs were fitted in the R package glmmTMB (Brooks 
et al., 2017). Model validation was performed with the DHARMa R 
package (Hartig, 2021); no major model fit issues were detected in 
any of the final models. All the analyses were performed with R 4.2.2 
(R Core Team, 2022).

2.6  |  Scale-optimized effects of forage crop 
mowing on skylark abundance

We applied the (pseudo-) optimized multiple scales method 
described in Section  2.5 to the three forage mowing variables. 
Subsequently, we built a multivariate model, including each 
predictor at the resulting best-supported scale and, to control for 
the influence of landscape variables, we also included composition 
and configurational covariates at the best scale resulting from the 
previous step (Section 2.5). The analytical framework was the same 
as the one described in Section 2.5. In this model, the only plot in 
which four territories of skylarks were found was shown to be an 
influential point according to exploratory analysis and was thus 
removed from the analyses (Ieno & Zuur, 2015).

2.7  |  Timing and consistency of forage crop 
mowing across years

To assess whether the timing of the first forage crop cut was 
consistent among years  (i.e., if fields mown earlier in 2021 
were consistently also mown earlier in previous years), we first 
tested whether this variable measured in 2021 was predicted by 
the same variable measured the year before and 3 years before 
(which represents the average skylark lifespan; Delius, 1965) using 
Gaussian GLMMs (with cluster identity as a random intercept). 
Additionally, we assessed the repeatability of the (standardized) 
first forage cut date over the 3 years using the R package rptR 
(Stoffel et al., 2017).
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3  |  RESULTS

3.1  |  Scale-optimized effects of landscape 
composition/configuration

We detected at least one skylark territory in 55% of point counts 
(median = 1; range: 0–4 territories). The average number of skylark 
territories did not significantly vary among the three count sessions 

(χ2 (df = 2) = 0.80; p = 0.67; Figure  S2), suggesting that three visits 
were more than adequate.

The scale optimisation process for seven landscape predic-
tors, each tested at 58 spatial scales (Figure  2), showed that the 
best scale for predicting the effect of forage crop cover on skylark 
abundance was 200 m, with a comparable level of support between 
150 and 400 m, whereas for winter crop cover, it was 2600 m (1700 
and 3000 m). The best, and only supported, scale for seminatural 

F I G U R E  2  Scale optimisation of landscape predictors. AICc values were derived from univariate regressions testing the effect of a given 
covariate on skylark abundance (models fitted for predictors calculated for each incremental 50 m buffer, 150–3000 m from the point count). 
The AICc difference (ΔAICc) from the best-fitting model is reported. Negative parameter estimates are reported in red, and positive ones 
in green. Transparency highlights non-significant associations (p ≥ 0.05). Grey shadow represents models in an interval of ΔAIC = 2, having 
comparable support. N = 120 point counts.
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habitat cover was 150 m, whereas for built-up areas, it was 200 m 
(with comparable support between 150 and 450 m). The best scale 
for AI was 350 m (150–500 m). For summer crop cover and SHDI, 
all the scales were comparably supported, and the null model was 
always the best-fitting one; thus, these variables were not included 
in the final model. In addition, we removed built-up areas200, as it 
was moderately negatively correlated with AI350 (r = −0.42), inflating 
the aGVIF metric.

According to the final scale-optimized multivariate landscape 
model (Table  S1; Figure  3), skylark abundance increased with in-
creasing extent of forage crops locally (200 m) and of winter crops at 
a wider scale (2600 m). Similarly, abundance increased where land-
scape patches were more aggregated (350 m) and decreased with 
increasing extent of seminatural habitats (150 m).

3.2  |  Scale-optimized effects of forage 
crop mowing

The scale optimisation process for three forage crop mowing predic-
tors, each tested at 58 different spatial scales (Figure 4), showed that 
the best scale for the effect of the first forage cut date was 1150 m, 
with a comparable level of support between 950 and 1850 m. For 
mowing frequency and forage crop cut date heterogeneity, all the 
scales were comparably supported and the null model was always 
the best-fitting one, thus these variables were not included in sub-
sequent analyses. It is worth noting that first forage cut date and 
forage mowing frequency (at 1150 m) were moderately negatively 
correlated (r = −0.43; p < 0.001).

According to the final scale-optimized multivariate forage mow-
ing model (Table S2; Figure 5), skylark abundance was higher when 
forage crops were mown later at a landscape scale (1150 m). This 
held true even when accounting for the scale-optimized landscape 
compositional and configurational covariates. In fact, the coeffi-
cients of the landscape covariates were comparable to those based 
on the 120-point model, taking into account the smaller sample size. 
The only difference was for forage crop cover200, whose effect be-
came non-significant because of the considerably lower variance in 
this subset of the data (CV72 = 60%; CV120 = 108%).

3.3  |  Timing and consistency of first cut date 
across years

In 2021, the median DOY of the first cut was 142 (22.05), 135 (15.05) 
in 2020, and 146 (26.05) in 2018 (Figure S3). The mean first forage 
cut date in 2021 (at 1150 m) was significantly predicted by the same 
variable measured in the previous year (β = 0.34 [95% CI = 0.04–
0.64]; χ2 (df = 1) = 4.92; p = 0.02), and 3 years earlier (β = 0.25 [95% 
CI = 0.02–0.48]; χ2 (df = 1) = 4.84; p = 0.02). Hence, the first cut date 
at the landscape scale was moderately, but significantly, repeatable 
across years (R = 0.36; p = 0.001), implying that a given farmland area 
experienced consistently early or late mowing.

4  |  DISCUSSION

Our results showed that the local abundance of a declining farmland 
songbird, the skylark, responded to different habitat/management 
variables at specific spatial scales, which varied considerably among 
different predictors. Abundance increased with an increasing cover 
of forage crops locally and of winter crops at a landscape scale. In 
addition, skylarks were locally more abundant in aggregated crop 
patches. Thanks to our remote sensing approach, we showed that 
the timing of mowing affected the species at a landscape scale, 
with early-mown areas supporting fewer skylarks. Although sev-
eral other studies have previously investigated the determinants 
of skylark abundance at the local versus landscape scale (Batáry 
et al., 2007; Chamberlain & Siriwardena, 2000; Miguet et al., 2013; 
Szilassi et al., 2022), they used fixed a priori-defined scales, and none 
consistently identified the exact spatial scale (or range of scales) at 
which different landscape variables affect skylark occurrence or 
abundance in agroecosystems. Additionally, to our knowledge, no 
previous study has explored the effect of mowing on skylark abun-
dance beyond the local (i.e. crop parcel) scale.

Skylark abundance was enhanced by forage crops at the local 
scale (200 m), confirming that this habitat represents a grassland 
surrogate in intensive agroecosystems (Buckingham et al., 2015). 
Conversely, at a broader landscape scale (2600 m), the species 
showed a positive association with winter crop cover. Considering 
that, in our study area, these two crops are the dominant land 
cover, and that the higher the cover of winter crops, the lower 
those of forage crops, it can be concluded that skylarks locally 
prefer breeding in forage patches within a mixed farmland land-
scape. These results confirm the importance of landscape com-
positional heterogeneity for this species (Bretagnolle et al., 2019; 
Miguet et  al.,  2013; Püttmanns, Lehmann, et  al.,  2022), but also 
add a new element, that is a strong scale-specificity in the impor-
tance of the effects of different habitats on abundance of breed-
ing pairs. In the study area, the coexistence of forage, winter, 
and summer crops (with the latter being less influential) is due to 
crop rotation, which is required for the production of forage for 
the local dairy industry and has prevented the establishment of 
monocultures (Assandri et al., 2023; Tabacco et al., 2018). Forage 
and winter crops have different phenologies, which result in dif-
ferent vegetation heights and structures in different periods of 
the breeding season. Although forage crops are likely the primary 
breeding habitat for the species, winter crops may constitute a 
complementary resource, possibly used for foraging or breeding 
when the forage crop sward height is inadequate, or for laying re-
placement clutches when forage crops are mown.

Considering landscape configuration, skylark abundance in the 
study area was positively associated with aggregated habitat patches 
at 350 m, in line with previous results showing how this open-
habitat specialist favours larger fields (Batáry et  al.,  2007; Gayer 
et al., 2019). Although removed from the analysis due to collinearity, 
it is worth mentioning that built-up areas200 were negatively associ-
ated with the aggregation index; this is best interpreted as an effect 
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of the agroecosystem fragmentation produced by buildings, roads 
and other infrastructures, which reduces habitat availability, results 
in higher human disturbance and increases nest predation (Assandri 
et  al.,  2017; Filippi-Codaccioni et  al.,  2008; Loretto et  al.,  2019). 
The same is likely true for the negative local-scale effect of semi-
natural habitats (e.g. small wetlands, isolated woodlots, tree rows, 

hedgerows), which are generally avoided by the species and other 
open-habitat specialists because they fragment the open landscape 
and increase predation risk (Bazzi et al., 2015; Canonne et al., 2024; 
Morris & Gilroy, 2008).

It could be expected that the date of the first cut of forage 
crops would have a greater effect on skylark abundance at a small 

F I G U R E  3  Top panel. Caterpillar plot showing the parameter estimates from a generalized Poisson GLMM of skylark abundance (number 
of territories) in relation to landscape covariates (Table S1). The spatial scale at which landscape predictors were entered in the models (i.e. 
the most supported according to the scale optimisation) is reported as subscripts. Bottom panel. Effects of landscape covariates ((a) forage 
crop cover; b) winter crop cover; c) seminatural habitat cover; d) aggregation index) on skylark abundance according to the same model. 
Only variables for which confidence intervals of estimates did not include zero are shown. Dots represent observed values. A small amount 
of jittering was applied to reduce overlap. Regression lines and 95% confidence bands are derived from the model and are shown in shaded 
colours. The scale at which each variable was entered in the model after scale optimisation is reported on the x-axis. Other predictors 
included in the model are kept at their mean values. N = 120 point counts.
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spatial scale (e.g. field) than at a broader scale. Indeed, forage crop 
mowing has been considered responsible for considerable nest 
losses, which, in the long run, may trigger population decline by 
reducing breeding productivity (Buckingham et al., 2015; Kragten 
et al., 2008; Stein-Bachinger & Fuchs, 2012; Wilson et al., 1997). 
Contrary to expectation, we detected a stronger effect at a broader 
landscape scale (950–1850 m; most supported 1150 m), with areas 
mown on average earlier supporting lower numbers of skylarks. 
This finding is robust as it simultaneously accounts for compo-
sitional and configuration landscape patterns. Although skylarks 
suffer a direct impact of mowing at the field scale (through, e.g. 
nest destruction and even adult mortality), our approach did not 
highlight such a pattern, as the mean number of territories in the 
third count session, after which most of the forage crops had been 
mown, was similar to previous counts (Figure S4). On the contrary, 
our novel remote sensing approach to estimate the timing of crop 
mowing highlighted a previously undocumented broad-scale spa-
tial pattern; we showed that among years, at a scale broader than 
that of the field (which we identified to be approximately 1 km), 
the mowing calendar was quite consistent, that is areas mown on 
average earlier in a given year were also likely to be mown earlier 

in other years. Notably, those areas which were mown consis-
tently earlier were those where skylark abundance was lowest. 
Hence, in areas constantly mown earlier, possibly due to pedologi-
cal and climatic reasons, and, partly, to farm-level choices by farm-
ers, the direct impact of mowing on skylark breeding success may 
be higher and this, in the long run, may turn early-mown forage 
crop patches into ecological traps with limited or null productiv-
ity, depressing local population size. Low skylark breeding success 
would be expected to promote breeding dispersal (ca. 1 km in sky-
lark; Paradis et al., 1998). Breeding dispersal away from such areas 
may also depress local population size. Whether the consequent 
redistribution of breeding adults across the landscape, both within 
and between years, explains the observed patterns remains to be 
investigated.

Under our approach, we were able to identify which is the most 
significant effect of mowing on the species, that is the date of the 
first forage cut of the year. Other mowing variables, such as the in-
tensity of mowing or the heterogeneity of the first cut date (which 
hypothetically could create a patchy landscape in which some nests 
or juveniles could survive), had no effect. We suggest that this is be-
cause the first forage cut is likely to occur at the end of the nestling 
rearing period of the first clutch (see Ferlini (2006) for a study in a 
comparable area), and its timing is thus crucial to breeding success. 
Considering that the impact of mowing on grassland birds is often 
context-specific (Canonne et al., 2024), our results should be consid-
ered valid for the study area and their replicability elsewhere should 
be evaluated on a case-by-case basis. Nevertheless, we believe that 
our approach based on scale optimisation and mowing covariates 
derived through remote sensing is promising and possibly applicable 
to other species/contexts.

Our novel findings emerged thanks to the state-of-the-art re-
mote sensing approach proposed by Andreatta et  al.  (2022) and 
further developed here, reaching a very high accuracy compared 
with current mowing detection algorithms (Griffiths et al., 2020; 
Schwieder et al., 2022). This allowed us to accurately map mowing 
history at a landscape scale across years for the first time. Other 
approaches have previously aimed to estimate the effect of grass-
land mowing regimes on bird population occurrence/abundance. 
For instance, Howison et  al.  (2018) assessed the habitat pref-
erences of black-tailed godwits (Limosa limosa) using as a proxy 
the temporal stability of vegetation types, which was calculated 
as the standard deviation of the variations in surface roughness 
obtained from synthetic aperture radar. Meanwhile, Bekkema and 
Eleveld  (2018) examined the relationship between the distribu-
tion of nests in grasslands and a land use intensity index based on 
Sentinel-2 imagery. The explicit estimation of the first cut date and 
mowing frequency—the two specific metrics that are expected to 
have an impact on bird communities—together with the use of a 
cloud platform providing both access to images and huge com-
putational capacity, are what make our approach novel. It gives 
the possibility of rapidly and efficiently mapping the date of the 
first cut in multiple years. This allowed us to show how the median 
date of the first cut can change considerably over the years, for 

F I G U R E  4  Scale optimisation of forage mowing predictors. 
AICc values were derived from univariate regressions testing 
the effect of a given covariate on skylark abundance (models 
fitted for predictors calculated for each incremental 50 m buffer, 
150–3000 m from the point count). The AICc difference from the 
best-fitting model is reported. Negative parameter estimates are 
reported in red, and positive ones in green. Transparency highlights 
non-significant associations (p ≥ 0.05). Grey shadow represents 
models in an interval of ΔAIC = 2, having comparable support. 
N = 72 points.
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instance in 2020 it occurred on average 6–9 days before 2018 and 
2021 (Figure  S3), although the mowing calendar is consistently 
early or late across areas. This date depends on the climatic con-
ditions of the year (mowing is delayed in cold and/or wet years) 
and might lead to high heterogeneity in skylark breeding success 
among years. However, the long-term effect of early mowing is 
likely reflected in the low abundance of the species in those areas, 
as shown in this study.

4.1  |  Management and conservation implications

The agroecosystem of the southeastern Po Plain still harbours 
good numbers of skylarks, at least in the context of the alarm-
ing decline of the species in Emilia-Romagna, Italy, and across 
Europe (Brichetti & Fracasso, 2020; Keller et al., 2020; Rete Rurale 

Nazionale & Lipu,  2024a, 2024b; Tirozzi et  al.,  2024). In fact, the 
production of Parmigiano Reggiano still sustains a considerable ex-
tent of forage crops, particularly compared with the rest of the Po 
Plain, where maize (an unfavourable habitat for the species; Praus 
& Weidinger, 2015) covers more than 90% of the agricultural area 
(Bava et al., 2014; Tabacco et al., 2018). However, this area has been 
immune to the strong intensification experienced by European 
farmland (i.e. increase in farm size and consequent mechanization, 
reduction in habitat heterogeneity, and simplification of the agri-
cultural landscape; see Calvi et al. (2018) and Assandri et al. (2023) 
for details on the study area) and the associated impacts on biodi-
versity (Assandri,  2022; Stoate et  al.,  2009). Urgent conservation 
measures and biodiversity-tailored landscape planning should thus 
be undertaken.

Our results can support the design of landscape scale-effective 
AESs using state-of-the-art remote sensing approaches, which allow 

F I G U R E  5  Top panel. Caterpillar plot showing parameter estimates from a generalized Poisson GLMM of skylark abundance (number 
of territories) in relation to first forage cut date (only supported forage crop mowing predictor) at its best-supported spatial scale (1150 m; 
Table S2), controlling for the landscape covariates at the best scale as resulting from landscape composition/configuration analysis (see 
Figure 3). The spatial scale at which landscape predictors were entered in the models (i.e. the most supported according to the scale 
optimisation) are reported as subscripts. The parameters whose confidence intervals encompass zero are shown in a lighter colour. Bottom 
panel. Effects of first forage cut date on skylark abundance according to the same model. Only variables for which confidence intervals of 
estimates did not include zero are shown. Dots represent observed values. A small amount of jittering was applied to reduce overlap. The 
regression line and 95% confidence bands are predicted from the model and are shown in shaded colours. Other predictors included in the 
model are kept at their mean values. N = 72 point counts.
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the tracking of agricultural practices, such as mowing over large areas 
on an annual basis. This could be framed within the context of the new 
CAP reform, which started in 2023, and potentially provides ‘green’ 
instruments for halting the farmland biodiversity crisis. Among the 
measures defined under Pillar I, the new CAP has introduced eco-
schemes, which should support farmers in adopting practices that 
minimize the negative impact of agriculture on the environment and 
climate (Guyomard et  al.,  2023). Based on our results, we suggest 
that crop rotation which includes forage and winter crops could be a 
good candidate for an eco-scheme, given its limited impact on farm-
ers' income and strong beneficial outcomes on the environment and 
biodiversity. On the contrary, Pillar II agri-environmental and climatic 
measures, which pay farmers to apply biodiversity-friendly practices, 
can sustain more demanding (and beneficial) practices for the sky-
lark and other ground-nesting species, primarily through the delayed 
mowing of forage crops. The spatial scale is crucial when designing 
agri-environment measures for this—or other ecologically similar—
species given that it is evident that they are often applied at an inap-
propriate spatial scale (Sharps et al., 2023; Siriwardena, 2010; Walker 
et al., 2018). For instance, in the study area, the scale of application of 
AES is typically the farm, which has an average size of 14.5 ha (Calvi 
et al., 2018), that is less than 5% of the area in which the effect of 
the first forage cut is most likely to impact the species. Therefore, 
extending the spatial scale of interventions may significantly enhance 
the ecological success of a measure of this kind. This can be possi-
bly achieved by gathering farmers in collectives, as already occurs in 
other parts of Europe (Grondard et al., 2023), which would allow a 
coordinated implementation of AESs at the scale of landscape rather 
than the individual farm.

Further research should focus on understanding the mechanism 
by which mowing activity affects the species, ultimately influenc-
ing its fitness, dispersal, and abundance. This could be achieved by 
leveraging population models, monitoring individual movements 
through miniaturized GPS devices (Wild et al., 2022), or by mark–re-
capture studies (Pérez-Granados et al., 2022). Additionally, regular 
monitoring of the species to address changes in its population size is 
needed to better understand the long-term effects of management 
practices and potential conservation measures.
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DOY and obtained by two alternative methods, PlanetScope and 
Sentinel 2 (see text).
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