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Abstract: The spatial monitoring of plant diversity in the endangered species-rich grasslands of Euro-
pean mountain pastoral systems is an important step for fairer and more efficient Agri-Environmental
policy schemes supporting conservation. This study assessed the underlying support for a spatially
explicit monitoring of plant species richness at parcel level (policy making scale) in Southern Euro-
pean mountain grasslands, with statistical models informed by Sentinel-2 satellite and environmental
factors. Twenty-four grassland parcels were surveyed for species richness in the Peneda-Gerês
National Park, northern Portugal. Using a multi-model inference approach, three competing hy-
potheses guided by the species-scaling theoretical framework were established: species–area (P1),
species–energy (P2) and species–spectral heterogeneity (P3), each representing a candidate spatial
pathway to predict species richness. To evaluate the statistical support of each spatial pathway,
generalized linear models were fitted and model selection based on Akaike information criterion
(AIC) was conducted. Later, the performance of the most supported spatial pathway(s) was assessed
using a leave-one-out cross validation. A model guided by the species–energy hypothesis (P2) was
the most parsimonious spatial pathway to monitor plant species richness in mountain grassland
parcels (P2, AICc = 137.6, ∆AIC = 0.0, wi = 0.97). Species–area and species–spectral heterogeneity
pathways (P1 and P3) were less statistically supported (∆AICc values in the range 5.7–10.0). The
underlying support of the species–energy spatial pathway was based on Sentinel-2 satellite data,
namely on the near-infrared (NIR) green ratio in the spring season (NIR/Greenspring) and on its
ratio of change between spring and summer (NIR/Greenchange). Both predictor variables related
negatively to species richness. Grassland parcels with lower values of near-infrared (NIR) green ratio
and lower seasonal amplitude presented higher species richness records. The leave-one-out cross
validation indicated a moderate performance of the species–energy spatial pathway in predicting
species richness in the grassland parcels covered by the dataset (R2 = 0.44, RMSE = 4.3 species,
MAE = 3.5 species). Overall, a species–energy framework based on Sentinel 2 data resulted in a
promising spatial pathway for the monitoring of species richness in mountain grassland parcels and
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for informing decision making on Agri-Environmental policy schemes. The near-infrared (NIR) green
ratio and its change in time seems a relevant variable to deliver predictions for plant species richness
and further research should be conducted on that.

Keywords: biodiversity conservation; species richness; policy monitoring; generalized linear modeling;
remote sensing; Sentinel-2 satellite

1. Introduction

Agri-Environmental policy schemes are the most powerful tools to support conserva-
tion measures in the European agricultural landscapes (e.g., Common Agriculture Policy,
CAP) and to ensure that they are supporting biodiversity and the best possible agricultural
production is essential [1]. Among the different strategies that can be followed to pursue
this goal, the spatially explicit monitoring of biodiversity represents one of the most rele-
vant. Among the systems that would benefit most from a spatially explicit development
of policy are the European mountain pastoral systems and their endangered species-rich
grasslands [2]. Here, grasslands are target systems of Agri-Environmental policy schemes
affected by agricultural land use changes and abandonment [3,4] that still need reliable
spatial indicators to understand the status of biodiversity and, consequently, the progress
made in policy targets [5]. The achievements of Agri-Environmental policy schemes for
biodiversity in grasslands remain only partially known (e.g., in the cases where some field
inventories are performed) or just assumed. Allowing the spatial monitoring of plant diver-
sity at policy making levels (e.g., parcel level, unit of payment of conservation schemes to
farmers) is then fundamental to efficiently allocate subsidies and delineate local protection
schemes for species-rich sites.

There has been consistent research on spatially explicit indicators for grassland plant
diversity in the last decade, mostly driven by the developments in remote sensing and
spatial data science among other factors (e.g., data accessibility, spatial resolution) [6,7].
Remote sensing driven approaches have shown significant relationships between spectral
reflectance, spectral vegetation indices and plant diversity metrics [8–15]. For instance,
Fava and colleagues [8], with field spectrometric measurements, found that the best pre-
dictive indicators were based on chlorophyll/nitrogen sensible bands in the blue and red
spectral regions. Mockel et al. [10], with airborne hyperspectral data, identified a negative
correlation between the reflectance in the near-infrared spectral region and species diversity.
This study also suggested that species diversity increased as the above-ground biomass de-
creased and that spectral response can be a useful indicator for species richness monitoring
from space. Interestingly, both studies suggested spectral bands related to plant and struc-
tural properties of grasslands as indicators for plant diversity, a relationship theoretically
described as species–energy. Other recent efforts with satellite optical data described sub-
stantial support for spectral heterogeneity and its temporal variation [11,13,16] as species
richness indicators. Spectral diversity in the green band of IKONOS multispectral satellite
data may provide reasonable estimates for plant species richness [16]. Fauvel [13] empha-
sized the exploitation of spectral heterogeneity in time-series for more accurate prediction
of grassland plant diversity, namely time-series of red and infrared bands of Sentinel-2
satellite. The spectral heterogeneity pathway, however, seems to be scale dependent [12,16].
In terms of predictive capacity, studies at higher spectral and spatial resolutions tended to
better explain plant diversity data (66 to 72%; [8,9]) than those conducted at lower resolu-
tions [13,16]. Despite the advances, the literature suggests that plant diversity may not be
directly measurable by satellite remote sensing [17]. A widely usable stand-alone model
to the European level may not exist [12]. Hence, calibration of spatially explicit models
at local, landscape or regional scales seems necessary, particularly for policy making and
for improvement of model accuracy. Addressing the geographical unbalance distribution
of knowledge across European mountains would also be valuable (e.g., knowledge in the
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Southern European mountains is very reduced). The integration of satellite data with
other local spatial environmental factors (e.g., management, topography) is a strategy
that may improve the capacity of statistical spatial models to monitor grassland plant
diversity [13]. Remote sensing data, therefore, seems part of a pathway for more accurate
spatial monitoring of biodiversity. The links between relevant remote sensing indicators
and theoretical species-scaling frameworks (e.g., species–energy, species–heterogeneity)
suggests that these frameworks could guide further research in this context. Species–scaling
relationships (e.g., species–area [18], species–energy [19,20], species–disturbance [21] and
species–heterogeneity [22]) are consolidated attempts to upscale plant diversity. They could
serve as exploratory spatial pathways that would avoid an aimless search for indicators by
remote sensing community and simultaneously facilitate the dialogue and convergence of
spatial biodiversity knowledge existing beyond the remote sensing sector [1]. In fact, in
literature, we can find consolidated in situ knowledge on spatially explicit environmental
drivers of grassland plant diversity that has always been analyzed in relation to theoretical
species–scaling relationships [23–25]. That could lead to the formulation of more hybrid
spatial models. Mechanistic [26] or statistical modeling approaches [8,9,11] can be followed
towards a spatially explicit monitoring of grassland plant diversity as a function of satel-
lite and local spatial environmental factors. Statistical modeling represents a bridge that
has been commonly used to link field observations and predictor variables [17]. Within
the statistical approach, generalized linear models represent a modeling technique that
is frequently considered [9,27]. In addition, in regions where little is known about the
links between satellite remote sensing data and biodiversity and, consequently, multiple
hypotheses are plausible (e.g., species–area, species–energy), multi-model inference (MMI)
can be of help to evaluate the relative strength of evidence in the data for each one [28].

This study addresses the spatially explicit monitoring (hereafter called spatial monitor-
ing) of plant diversity in mountain grasslands in view of more effective Agri-Environmental
policy schemes devoted to their protection and management (e.g., CAP). Specifically, it
conducts a preliminary assessment with the main goal of identifying a spatial pathway(s)
for the monitoring of plant diversity at parcel level in Southern European mountains
grasslands. These are understudied pastoral systems in this regard, where EU Agri-
Environmental funding is being used to safeguard grasslands through the payment of
subsidies that compensate farmers by maintaining grasslands and adopting sustainable
practices. The reference unit (policy making scale) for farmers compensation is the parcel
size and sustainable practices are still mainly assessed by questionnaires during the annual
payment application. Specifically, we made use of an MMI framework that related species
richness collected in semi-natural grassland parcels (n = 24) to a set of three competing
hypotheses based on the species–area, species–energy and species–spectral heterogeneity
scaling theories. Each hypothesis represented a potential spatial pathway to monitor plant
diversity. Specifically, it was assumed that a spatial model guided by the species–energy
relationship could be a particularly effective pathway since it was the most responsive in
semi-natural grasslands or in conditions similar to our study area [8]. In addition, spatial
models that combine remote sensing and environmental factors may perform better than
single remote sensing approaches because they benefit from the merging of well-studied
spatial environmental driving factors of mountain grassland plant diversity. Two main
questions are therefore addressed:

(i) What is the statistical support for a spatial monitoring of plant diversity at parcel
level, a policy making scale, in Southern European mountain grasslands?

(ii) If support exists, what is the most supported pathway(s) and how do variables
composing the best performing pathway(s) relate to plant diversity?

The grasslands of the Peneda-Gerês mountain range, a biosphere reserve area and EU
Natura 2000 site in the north of Portugal, were chosen to answer these questions.
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2. Materials and Methods
2.1. Study Area

The study area is located in the Peneda-Gerês mountain range (41◦42′25.2′′ N,
8◦10′1.2′′ W, Figure 1), one of the best representatives of mountain pastoral systems in
Portugal. The climate is temperate sub-Mediterranean with mean annual precipitation of
1300 mm and mean annual temperature of 13 ◦C. Between cold and warm season, there is a
large amplitude in mean values (−10 to 35 ◦C). Steep slopes are a main feature (>20◦) and
elevation ranges from 145 to 1253 m above sea level (a.s.l). In the study area, grasslands
are mainly permanent hay meadows (habitat 6510) [29] and represent the main cover type
of the traditional man-made farmland mosaics. Grasslands have shaped the landscape
and livelihoods during centuries but, due to land abandonment and outmigration since
the 1970s, they are now viewed as threatened natural and cultural heritage sites [29]. To
safeguard this pastoral system and its grasslands, different EU policy schemes are acting
in the study area, namely on behalf the Common Agriculture Policy (CAP). These policy
schemes subsidize pastoral communities to maintain grasslands and sustainable manage-
ment practices that would also indirectly safeguard biodiversity and ecosystem services.
The management of grasslands is extensive, consisting mainly of one cut by the end of June–
beginning of July for hay production. After cutting, grasslands can be grazed by livestock.
Some grasslands are also irrigated by allowing water to circulate on it throughout the year.
This management regime can vary with proximity to settlements, those closely located
being more intensively managed. The overall conditions described makes Peneda-Gerês a
good representative of Southern European mountain pastoral systems.
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Figure 1. The study area located in the Portuguese Peneda-Gerês National Park, part of the trans-
boundary biosphere reserve Gerês-Xurez. The upper left panel shows the study area captured by
the Sentinel-2 satellite sensor in April 2016 (red-green-blue composite) and the grassland parcels
surveyed for plant species richness (in red, n = 24). The lower panels present grassland mosaics
in the study area and the traditional hay cutting performed by local pastoral communities in the
summer season.
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2.2. Field Data

A vegetation assessment was conducted in 24 grassland parcels to collect data for
plant species richness (Figures 1 and S1). Surveys were performed between the mid and
end of June 2016 before the traditional annual hay cut (see Table S1). In 2016, the traditional
hay cut was particularly late due to the extreme precipitation levels registered in May
(400 mm, +300%) and June (100 mm, +75%) in the region compared to historical mean
values (1971–2000) [30]. The sampling size was defined based on the operational and
budget capacity available for this field assessment. Grassland parcel was the sample unit
because it is the unit used by CAP agri-environment scheme to compensate farmers by
their sustainable practices in grasslands. The selection of parcels was made to cover the
range of edaphic and topographic conditions shaping grasslands (Figure 2). The sampling
strategy was opportunistic, and each record contained all vascular plant species present in
a 100 m2 sampling area established inside of each parcel. For the vegetation recording, the
scale used was adopted from the “Handbook for Surveillance and Monitoring of European
Habitats” [31], which is more detailed than the traditional Braun-Blanquet scale used in
phytosociological studies. The scale has intervals of 5%, with everything less than 5%
being treated at intervals of 1% to <1%. The surveyed parcels were mesic meadows (n = 8),
meso-hydrophilic meadows (n = 10), meso-xerophytic meadows (n = 3) and hygrophilic
meadows (n = 3). Regarding the topographical position, parcels were mainly bottom valley
meadows (n = 13) and hillside meadows (n = 11). During the survey, the geolocation of the
plot was registered using a GPS and the area of each parcel hand digitized combining field
information and the very high resolution satellite imagery archive of Google Earth [32].
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Figure 2. Examples of the different types of grasslands surveyed in the study area located in the
Portuguese Peneda-Gerês National Park (photos were taken during the field survey mid-end of June
2016). Photo (a) shows the mesic grasslands, (b) meso-hydrophilic grasslands, (c) meso-xerophytic
and (d) hygrophilic grasslands.

2.3. Remote Sensing and Spatial Environmental Data Collection

Very high-resolution imagery (VHR), Sentinel-2 satellite imagery and a digital ele-
vation model (DEM) were used as data sources to evaluate the set of competing spatial
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pathways established to monitor plant diversity in grassland parcels. The VHR imagery
was accessed through the imagery archive of Google Earth [32]. The satellite imagery
was obtained from Copernicus Sentinel-2 satellite at Level-1 C in the spring (30 April)
and summer season (9 July) of 2016. The images capture the study area before and af-
ter the field survey in the grassland parcels. The Sentinel-2 images were composed of
10 spectral bands: four at 10 m spatial resolution (blue b2: 497 nm; green b3: 560 nm; red
b4: 664 nm; NIR b8: 842 nm) and six at 20 m spatial resolution (red-edge b5: 704 nm, b6:
740 nm, b7: 782 nm; NIR narrow b8a: 865 nm; short-wave infrared SWIR b11: 1614 nm, b12:
2202 nm). The scenes were obtained from the Sentinel Hub and corrected atmospherically
with the Sen2Cor algorithm to Bottom-Of-Atmosphere (BOA) reflectance [33]. For this
study, only the green, red and NIR spectral bands were selected. The DEM information
was obtained from the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) Global Digital Elevation Model (GDEM) at 30 m spatial resolution. These data
were resampled to 10 m resolution using the nearest neighbor approach [34]. Satellite and
DEM data were then stacked, and all data projected in UTM-WGS84—Zone 29 N at 10 m
spatial resolution. Operations were performed in ENVI-IDL 5.0 (Exelis Visual Information
Solutions, Boulder, CO, USA).

2.4. Competing Spatial Pathways

To evaluate the support for a spatial statistical model-based monitoring of plant
diversity at parcel level in mountain grasslands (policy making scale), a MMI framework
was established. MMI is an approach that allows comparing and ranking a set of competing
hypotheses according to their capacity to explain variation in data and to identify model
selection uncertainty [35]. This approach was followed given the lack of previous studies in
the study region in this regard. MMI requires a priori definition of competing hypotheses,
here guided by the species-scaling theoretical framework and described as spatial pathways.
Accordingly, three main spatial pathways were defined: species–area (Pathway 1, P1),
species–energy (Pathway 2, P2) and species–spectral heterogeneity (Pathway 3, P3). Each
pathway refers to a candidate spatial model composed by predictor variables derived from
imagery (VHR, satellite) and/or spatial environmental data defined according to literature.
The pathways, rationale and respective predictor variables are given hereafter.

2.4.1. Species–Area (P1)

The species–area pathway relies on a primary question: can a spatial model based on
grassland parcel area be used to predict plant species richness? Theoretically, it emerges
from the empirical scaling relationship between species richness and sampling area (A) [36]
and from the observed increase in species richness with size of grasslands (ha) [24]. In ad-
dition, it considers the fact that parcel size is the unit of compensation of agri-environment
schemes to farmers and that policy authorities have georeferenced spatial data on parcel
area for each farmer [37]. The parcel area of each surveyed parcel (n = 24) was used as the
predictor variable to evaluate this hypothesis. Parcel area was derived from VHR imagery
of Google Earth [32] by hand digitizing and log transformed (ln) for analysis. Figure 3a
illustrates the features of the predictor using the predictor in a sampled parcel.

2.4.2. Species–Energy (P2)

The species–energy pathway is based on the theoretical variation of species richness
with the availability of environmental energy [19,20] as well as on the developments in
remote sensing and ecological research that seem to support species–energy as a pathway
for the spatially explicit monitoring of plant diversity. Remote sensing developments
show a link between reflectance and plant diversity based on wavebands sensitive to
plant pigment content (400–700 nm) and structural properties of grasslands (700–1300 nm),
namely a negative correlation with reflectance in the NIR and green regions, and a decline
of species diversity with the increase in above-ground biomass [8,10]. The NIR region is a
main source of information of grassland structural properties from space [38]. Ecological
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research developments suggest that topographic parameters can enhance the modeling
of functional attributes of grasslands [39]. Specifically, it emphasizes a link between
topographic parameters (e.g., slope, aspect) and grassland plant diversity by their effect
on light interception and farming management strategies [23,40]. To assess the strength
of this hypothesis, four predictor variables were selected: near-infrared green ratio in
the spring season (NIR/Greenspring, Equation (1)) and its ratio of change between spring
and summer (NIR/Greenchange, Equation (2)), slope and aspect. Each predictor variable
represents the mean values inside the sample parcel (n = 24). The Sentinel-2 and DEM data
were the source data for the satellite and topographic variables, respectively. Specifically,
the NIR/Greenchange represented the monthly ratio of change between spring (April) and
summer (July) Sentinel-2 scenes. R842 corresponded to band 8 and R560 to band 3 of
Sentinel-2, and time = 2 months. Aspect is a circular variable, and it was converted into
continuous data (from−1 to 1) for analysis by applying the cosine (aspect) and sine (aspect)
transformation. Cosine and sine aspect emphasize the north-south and east-west exposures,
respectively. Figure 3b illustrates the features of NIR/Green ratio predictor using the
predictor in springtime over a sampled parcel.

NIR/Greenspring =
R842 nm
R560 nm

(1)

NIR/Greenchange =
(NIR/Green spring − NIR/Green summer)

time(months)
(2)Diversity 2022, 13, x FOR PEER REVIEW 7 of 17 

 

 

 
Figure 3. (a–c) Illustration of the features of predictors using the sampled parcel geometry, the 
NIR/Green ratio in the spring and the standard deviation of NIR band in the summer (NIR SD sum-
mer) in a sampled parcel. 

2.4.2. Species–Energy (P2) 
The species–energy pathway is based on the theoretical variation of species richness 

with the availability of environmental energy [19,20] as well as on the developments in 
remote sensing and ecological research that seem to support species–energy as a pathway 
for the spatially explicit monitoring of plant diversity. Remote sensing developments 
show a link between reflectance and plant diversity based on wavebands sensitive to plant 
pigment content (400–700 nm) and structural properties of grasslands (700–1300 nm), 
namely a negative correlation with reflectance in the NIR and green regions, and a decline 
of species diversity with the increase in above−ground biomass [8,10]. The NIR region is 
a main source of information of grassland structural properties from space [38]. Ecological 
research developments suggest that topographic parameters can enhance the modeling of 
functional attributes of grasslands [39]. Specifically, it emphasizes a link between topo-
graphic parameters (e.g., slope, aspect) and grassland plant diversity by their effect on 
light interception and farming management strategies [23,40]. To assess the strength of 
this hypothesis, four predictor variables were selected: near−infrared green ratio in the 
spring season (NIR/Greenspring, Equation (1)) and its ratio of change between spring and 
summer (NIR/Greenchange, Equation (2)), slope and aspect. Each predictor variable repre-
sents the mean values inside the sample parcel (n = 24). The Sentinel−2 and DEM data 
were the source data for the satellite and topographic variables, respectively. Specifically, 
the NIR/Greenchange represented the monthly ratio of change between spring (April) and 
summer (July) Sentinel−2 scenes. R842 corresponded to band 8 and R560 to band 3 of Sen-
tinel−2, and time = 2 months. Aspect is a circular variable, and it was converted into con-
tinuous data (from −1 to 1) for analysis by applying the cosine (aspect) and sine (aspect) 
transformation. Cosine and sine aspect emphasize the north−south and east−west expo-
sures, respectively. Figure 3b illustrates the features of NIR/Green ratio predictor using 
the predictor in springtime over a sampled parcel. NIR/Green = R842 nmR560 nm (1)

NIR/Green = (NIR/Green spring −  NIR/Green summer)time(months)  (2)

2.4.3. Species–Spectral Heterogeneity (P3) 
The species–spectral heterogeneity pathway is increasingly suggested as valuable ap-

proach to achieve spatially explicit representations for biodiversity [41]. It refers to the 
spatial variability (heterogeneity) in the remotely sensed signal as a proxy of species di-
versity. It assumes that greater spectral heterogeneity may be a proxy for greater local 

Figure 3. (a–c) Illustration of the features of predictors using the sampled parcel geometry, the
NIR/Green ratio in the spring and the standard deviation of NIR band in the summer (NIR SD
summer) in a sampled parcel.

2.4.3. Species–Spectral Heterogeneity (P3)

The species–spectral heterogeneity pathway is increasingly suggested as valuable
approach to achieve spatially explicit representations for biodiversity [41]. It refers to the
spatial variability (heterogeneity) in the remotely sensed signal as a proxy of species diver-
sity. It assumes that greater spectral heterogeneity may be a proxy for greater local species
diversity [41]. The species–spectral heterogeneity relationship [9] relies on the species
heterogeneity theory that assumes an increase in species richness with the number of
ecological niches and that species coexistence is facilitated in more heterogeneous environ-
ments where different taxa can capitalize on different environmental conditions [19]. Recent
efforts with satellite optical data described substantial support for spectral heterogeneity
and its temporal variation [11,13,16]. Spectral diversity in the green band of multispectral
satellite data was a consistent predictor for species richness [16]. Spectral heterogeneity in
the red and infrared bands of Sentinel-2 satellite can be relevant explanatory variables for
the prediction of grassland biodiversity, particularly when considered from a time-series
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perspective [11,13]. Hence, to evaluate the support of this hypothesis, we used the standard
deviation (SD) of the reflectance in the NIR and Red bands of Sentinel-2 in the spring
and summer scenes in each sample parcel (Equation (3)) as predictor variables. SD is one
commonly used diversity metric in the spectral heterogeneity research [41,42]. Xijλ is the
reflectance for the spectral band λ and pixel (i, j), X is the mean reflectance in the sample
parcel, n is the number of pixels in the sample parcel. NIRSD and RedSD (Equation (3)) for
each sample parcel were obtained using the statistics function present in ENVI-IDL and the
sample parcel polygons as zonal reference for statistics. Figure 3c illustrates NIRSD using
the predictor in the springtime over a sampled parcel.

NIRSDspring =

√
∑ (Xijλ − X)2

n− 1
(3)

2.5. Model Selection and Accuracy Assessment

To evaluate the support of the three candidate spatial pathways established for the
monitoring of plant richness in mountain grasslands at parcel level (policy making scale),
statistical generalized linear models (GLM) were used. GLMs with a Poisson distribution
of errors were fitted and model selection based on Akaike information criterion corrected
for small sample sizes (AICc) was conducted. The dependent variable was plant species
richness registered in the grassland parcels. In order to avoid model overfitting by including
more predictor variables than allowed by the sample size (n = 24), the maximum number of
predictor variables included in each competing spatial pathway corresponded to one tenth
of the number of observations used or two predictors [43]. Models with AICc difference
(∆AICc) < 2.0 were considered models receiving support to explain species richness [35].
Before fitting GLM models, spearman rank correlations were performed. They evaluated
collinearity among predictor variables (no strong correlations were found (r > 0.6, Table S2)
and helped to identify the final set of predictors included in the species–energy and
species–spectral heterogeneity models, where the number of candidate predictors exceed
the allowed (n = 4). The final candidate variables included in each of these were those
achieving the highest correlation coefficient with species richness (Table S2). After model
selection, multicollinearity in the most supported spatial pathway(s) was evaluated by
estimating variation inflation factors (VIF) and by checking for overdispersion using the
test of Cameron and Trivedi [44]. To quantify the contribution of each predictor to the
most supported model(s), relative importance scores were estimated using the dominance
analysis methodology [45].

The performance of the most supported spatial pathway(s) in predicting plant species
richness was assessed using the leave-one-out cross-validation approach [46] since the
species richness dataset is small (24 samples) and an independent test dataset would not
be truly representative of the overall dataset [47]. In this approach, the model is fitted and
used to predict one hold-out observation at a time. This procedure is repeated until all
observations are used for validation. It provides unbiased estimates for in-sample predictive
accuracies, though does not allow assessing the model performance for predictions outside
the spatial range covered by the dataset [46]. The metrics cross validated R2, root mean
squared error (RMSE) and mean absolute error (MAE) were used as performance metrics,
and they assess the agreement between observed and predicted absolute values of plant
species richness in grassland parcels. All operations were performed in the R statistical
environment [48], using the standard “glm” function for the generalized linear models,
MUMIN package for model selection, HMISC for correlation analysis, Domir for the relative
importance scores, Caret for validation, AER and CAR packages for dispersion test and
VIF factors, respectively.
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3. Results
The Statistical Support for Spatial Monitoring of Species Richness in Grassland Parcels

A total of 104 species were registered in the 24 grassland parcels surveyed in this study.
Mean species richness amounted to 19 species, with values spanning from 13 to 33 species
(Figure 3 and Table S1). The most abundant species were Agrostis capillaris, Holcus lanatus
and Arrhenatherum bulbosum. Mean parcel area was 2379 m2, with size ranging from 493 to
10,900 m2. Summary statistics for the response and predictor variables are given in Figure 4.
The results of generalized linear modeling and AICc model selection indicated the spatial
pathway guided by the species–energy scaling relationship as the most parsimonious to
monitor plant species richness in mountain grassland parcels (P2, AICc = 137.6, ∆AIC = 0.0,
wi = 0.97, Table 1). The spatial pathways species–area (P1, AICc = 147.4, ∆AIC = 9.7,
wi = 0.01) and species–spectral heterogeneity (P3, AICc = 145.9, ∆AIC = 8.28, wi = 0.02)
were less statistically supported according to the ∆AICc values in the range 5.7–9.0. Results
highlight a support for a species–energy spatial pathway based on information present in
satellite data, namely on the near-infrared green ratio in spring obtained from Sentinel-2
satellite scene (NIR/Greenspring) and on its ratio of change between spring and summer
scenes (NIR/Greenchange). Both predictor variables related negatively to species richness,
indicating that grassland parcels with lower near-infrared green ratio values and amplitude
presented higher species richness records (Figure 5). When assessing the performance of
the species–energy spatial pathway in predicting plant species richness in the grassland
parcels covered by the dataset with the leave-one-out cross-validation technique, results
indicated a moderate performance (R2 = 0.44, RMSE = 4.3 species, MAE = 3.5 species). The
VIF values of the most supported model were lower than 2.0, indicating low collinearity
among variables (Tables 1 and 2). The overdispersion ratio was significantly lower than
1.0 (0.64, z = 2.03, p-value = 0.97), indicating that our Poisson model fits well to the data
and data are not overdispersed. In terms of variable importance, the standardized general
dominance statistic highlighted that NIR/Greenspring has a larger contribution (54.8%) in
the model explanation than (NIR/Greenchange, 45.2%, Figure 6).

Table 1. Results of the multi-model selection approach with the three different spatial pathways
evaluated to monitor plant species richness in the grassland parcels of Peneda-Gerês, Portugal
(n = 24). Model selection was performed using generalized linear models with a Poisson distribution
of errors and the Akaike information criteria corrected for small sample sizes (AICc) to identify and
rank the pathways. Pathways with ∆AICc ≤ 2.0 were considered models receiving strong support.
a Variable definitions: Species richness is the plant species richness registered in the grassland parcels
during the field survey; NIR/Greenspring is the near infrared-green simple ratio estimated from the
Sentinel-2 satellite in spring; NIR/Greenchange represents the monthly ratio of change in the near
infrared-green simple ratio between spring and summer scene Sentinel-2 satellite scenes. Spring
and Summer scenes refers to Sentinel-2 imagery collected on 30 April and 9 July 2016, respectively.
Loglik, log-likelihood. AICc, Akaike information criterion value. ∆AIC are the differences between
the AICc values of the best spatial pathway and the other spatial pathways considered. wi are the
Akaike weights and indicate the probability that a particular spatial pathway was best among those
considered. VIFs are the variation inflation factors for the best spatial model pathway that indicate
no multicollinearity affecting the model.

Rank Model Structure a Intercept Loglik df AICc ∆AICc wi Spatial Pathway

1
Species

richness~NIR/Greenspring
+ NIR/Greenchange

3.47 −65.2 3 137.6 0.0 0.97 species–energy (P2)

2
Species

richness~NIRSDspring
+ RedSDspring

2.9 −69.4 3 145.9 8.28 0.02 species–spectral
heterogeneity (P3)

3
Species

richness~Parcel area
(ln)

3.1 −71.4 2 147.4 9.77 0.01 species–area (P1)

Null model 3.1 −71.4 1 145.1 7.42 0.02
VIFs NIR/Greenspring (1.60); NIR/Greenchange (1.57)
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Figure 4. Summary statistics for the plant species richness in grassland parcels (n = 24) and predictor
variables included in the three spatial pathways (P1, P2, P3) established for the monitoring of vascular
plant richness in grasslands parcels (n = 24) of the Portuguese Peneda-Gerês mountain range. Species–
area (P1) is represented by parcel area (ln), species–energy (P2) is represented by NIR/Greenspring and
its ratio of change between spring and summer (NIR/Greenchange) and species-spectral heterogeneity
(P3) is represented by standard deviation in the NIR (NIRSDspring) and red band (RedSDspring) in
the spring Sentinel-2 scene, variance spring and NIR variance summer. The most abundant species
during the field survey are also shown.
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Figure 5. Relationship between plant species richness and the set of predictor variables composing the
most supported spatial pathway (AIC≤ 2) to monitor species richness in the grassland parcels (n = 24)
of Peneda-Gerês, Portugal (lines, fitted estimates; shading, 95% confidence levels). NIR/Greenspring

is the near-infrared green simple ratio estimated from the spring Sentinel-2 satellite scene.

Table 2. Predictive performance of the most supported spatial pathway (∆AICc ≤ 2.0) for the
prediction of plant species richness in grassland parcels evaluated using a leave-one-out cross-
validation approach. The units of root-mean-square error (RMSE) and mean absolute error (MAE)
are plant species richness (counts).

Model Model Structure (Coefficient, SE) Intercept R2 RMSE MAE Spatial Pathway

1
Species richness~NIR/Greenspring (−0.07,

0.04) + NIR/Greenchange (−0.07, 0.05) 3.47 ± 0.24 0.44 4.3 3.5 species–energy (P2)



Diversity 2022, 14, 8 12 of 16

Diversity 2022, 13, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 5. Relationship between plant species richness and the set of predictor variables composing 
the most supported spatial pathway (AIC ≤ 2) to monitor species richness in the grassland parcels 
(n = 24) of Peneda−Gerês, Portugal (lines, fitted estimates; shading, 95% confidence levels). 
NIR/Greenspring is the near−infrared green simple ratio estimated from the spring Sentinel−2 satellite 
scene. 

 
Figure 6. The importance of predictor variables for the explanation of plant species richness in the 
species–energy model, the most supported spatial pathway (P2). 

Table 1. Results of the multi−model selection approach with the three different spatial pathways 
evaluated to monitor plant species richness in the grassland parcels of Peneda−Gerês, Portugal (n = 
24). Model selection was performed using generalized linear models with a Poisson distribution of 
errors and the Akaike information criteria corrected for small sample sizes (AICc) to identify and 
rank the pathways. Pathways with ΔAICc ≤ 2.0 were considered models receiving strong support. a 

Figure 6. The importance of predictor variables for the explanation of plant species richness in the
species–energy model, the most supported spatial pathway (P2).

4. Discussion
Spatial Pathways for the Monitoring of Grassland Parcels Biodiversity in Mountains

Biodiversity is a measure of grassland health and resilience [49]. Ensuring that agri-
environment schemes acting in European mountain pastoral systems safeguard biodiversity
is valuable for policy action and, in a broader sense, to society [50]. The spatially explicit
monitoring of grassland biodiversity is therefore an essential step in that direction and it
may allow a new paradigm in agri-environment schemes, such as a hypothetical result-
based scheme (RBS), for which stakeholders demonstrated openness but highlighted the
lack of institutional capacity as a weakness for its large scale implementation [51].

It is in this context that this study tried to contribute and simultaneously cover the
knowledge gap in this regard in the mountain grasslands of Iberian Peninsula. In fact,
to the best of our knowledge, there are no previous studies using spatial disaggregated
satellite remote sensing and environmental data to spatially explicitly map plant richness
in view of a more effective monitoring of agri-environment schemes. That knowledge
gap led us to set up and evaluate multiple spatial pathways for this purpose, all defined
according to theoretical knowledge, current spatial data availability and the limits that
our small sampling size (n = 24) impose in model building. In fact, future studies should
expand sampling size in order to extend the formulation of new models and improve the
validation stage. This will contribute to reduce the prediction error and to increase the data
variance explained by the models. Both are essential features for a large-scale monitoring
of species richness to sustain agri-environment schemes.

At Peneda-Gerês, with lower plant diversity than that registered in the Italian [40] and
French Alps [52] or in the Spanish Pyrenees [53], this study identified a spatial pathway
for the monitoring of species richness that may be of help for policy purposes. In fact,
within the three main pathways established to monitor species richness, only the species–
energy spatial pathway (P2) received statistical support. Given the 44% (R2 = 0.44) of
variation in species richness accurately predicted by the model, the underlying support for
a spatial monitoring of plant species richness in mountain grassland parcels is moderate.
This performance was lower than the registered previously by Fava [8] with spectro-
radiometric measurements (66%) or by [9] with Lidar data (72%) but was in line with
estimates (R2 = 0.40) obtained for species diversity by Fauvel and colleagues [13] with
Sentinel-2 satellite data (10 m resolution). The decrease in model performance in grasslands
when models are applied to multispectral satellite data has been commonly reported [47].
In the species–energy spatial pathway, predictor variables derived from satellite data
were most relevant with respect to other environmental factors related to species–energy
interactions included in the initial set of predictor variables. This result is partially contrary
to our hypothesis that spatial disaggregated environmental factors driving plant diversity
together with remote sensing variables could improve the quality and accuracy of models.
Nonetheless, this finding requires careful interpretation, because our sampling size limited
the building of more complex models where they can be relevant.

Within the satellite predictor variables, the relevance of near-infrared green ratio
obtained from the Sentinel-2 data in the spring scene (NIR/Greenspring) and its ratio
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of change between the spring and summer scenes (NIR/Greenchange) follows previous
findings. First, it reinforces the role that the Copernicus Sentinel-2 satellite mission can have
in the protection of grasslands biodiversity [54,55]. Second, it highlights the NIR/Green
ratio as a valuable predictor variable to take in account in future studies addressing
the improvement in accuracy of spatially explicit models for biodiversity in mountain
grasslands. This fact was previously proposed [8,10] and our study corroborated this
relevance in Southern European mountains. Moreover, the relevance of the change in time
of the NIR/Green ratio (NIR/Greenchange), even if at a lesser extent, is in line with literature.
Previous studies suggested that temporal variation in the NIR region of Sentinel-2 can
have a role in the monitoring of species diversity in grasslands [11,13], in particular, that
occurring in the spring-summer seasons [54]. Time-series of NIR/Green ratio must be
exploited. Regarding the negative relationship between the predictor variables and species
richness, it seems to follow Mockel at al. [10] who indicated that species diversity increased
as the above-ground biomass decreased [10].

A relevant insight from this study is also the lack of statistical support found for the
spatial pathways based on the species–area and species–spectral heterogeneity relationships.
This suggests that, in our semi-natural grassland conditions, the assumption of an indirect
benefit for grassland biodiversity only through area-based payments may be too optimistic.
Our study did not find a relationship between parcel area and species richness. Concerning
the species–spectral heterogeneity pathway, our findings are consistent with very recent
studies that suggested a dependency of this relationship on the grassland ecosystems
studied [42,56]. In fact, Imran and colleagues [42,56] described that, in more natural
conditions as those occurring in mountain grasslands, the spectral heterogeneity pathway
did not perform adequately. Although interesting, our limited sampling size and set
of variables do not allows us to further elaborate in this regard. Other approaches [56]
and metrics of spectral heterogeneity [42,57] not considered in this study may alter these
findings. Further investigation should be conducted to maturate the preliminary findings
presented in this study.

5. Conclusions

This preliminary assessment with a small sampling size provided interesting in-
sights for the spatial monitoring of plant diversity in mountain semi-natural grasslands of
Southern Europe where knowledge is limited. Using species richness as the biodiversity
metric and grassland parcel as the scale of analysis, species–energy demonstrated to be
a relevant pathway for the spatial monitoring of biodiversity in view of more efficient
Agri-Environmental policy schemes. No support was found for monitoring based on the
parcel area or spectral heterogeneity spatial pathways. The reduced support for spectral
heterogeneity follows previous findings that highlighted non-satisfactory results in natu-
ral assembled grasslands and the dependency of the spectral heterogeneity–biodiversity
relationship on the grassland ecosystems studied. Within the species–energy pathway,
the ratio between wavebands linked to vegetation structural properties (700–1300 nm)
and plant pigment content (400–700 nm), such as the NIR/Green ratio (NIR/Greenspring)
and its change in time (NIR/Greenchange), were shown to be relevant variables to deliver
species richness predictions with Sentinel-2 satellite data. They outperformed topographic
factors frequently linked and used to model plant diversity. Despite encouraging, the
performance of the species–energy pathway, which was lower than previous studies at
higher resolutions, shows that more research is needed in spatial biodiversity monitoring
for Agri-Environmental policy purposes. Future studies have to enlarge sampling sizes in
order to extend the set of possibilities during the formulation of statistical models. Evalua-
tion of metrics (e.g., coefficient of variation for the spectral heterogeneity) and wavebands
not considered here and deep exploitation of the time dimension of Sentinel-2 satellite data
(e.g., time-series) are necessary to progress in prediction accuracy.
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Supplementary Materials: The following supporting information can be downloaded at: https:
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for species richness at Peneda-Gerês mountain range captured by the Sentinel-2 satellite imagery
in April 2016 (red-green-blue composite); Table S1: List of species recorded during the vegetation
surveys in 24 grassland parcels in the Portuguese Peneda-Gerês National Park; Table S2: Pairwise
Spearman correlations between the candidate predictor variables selected to evaluate the statistical
support of the three spatial pathways (P1, P2, P3) defined for the monitoring of plant species richness
in the mountain grasslands parcels (n = 24) of Peneda-Gerês, Portugal.
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