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Abstract: The reintroduction of livestock grazing to regulate biomass load is being tested for large-
scale restoration in Mediterranean landscapes affected by rural abandonment. Concurrently, there
is a need to develop cost-effective methods to monitor such interventions. Here, we investigate
if satellite data can be used to monitor the response of vegetation phenology and productivity to
grazing disturbance in a heterogenous forest mosaic with herbaceous, shrub, and tree cover. We
identify which vegetation seasonal metrics respond most to grazing disturbances and are relevant
to monitoring efforts. The study follows a BACI (Before-After-Control-Impact) design applied to a
grazing intervention in a Pyrenean oak forest (Quercus pyrenaica) in central Portugal. Using NDVI
time-series from Sentinel-2 imagery for the period between June 2016 and June 2021, we observed
that each type of vegetation exhibited a distinct phenology curve. Herbaceous vegetation was
the most responsive to moderate grazing disturbances with respect to changes in phenology and
productivity metrics, namely an anticipation of seasonal events. Results for shrubs and trees suggest
a decline in peak productivity in grazed areas but no changes in phenology patterns. The techniques
demonstrated in this study are relevant to a broad range of use cases in the large-scale monitoring of
fine-grained heterogeneous landscapes.

Keywords: phenology; livestock grazing; NDVI; Quercus pyrenaica; Mediterranean landscape;
BACI design

1. Introduction

Large herbivores play a critical role in ecosystem functioning; they contribute to the
regulation of vegetation structure and composition, maintenance of habitat diversity, seed
dispersal, and nutrient recycling [1-3]. Their effects on ecosystems are associated both with
biomass consumption (i.e., herbivory) and with mechanical disturbances, such as trampling
and wallowing. In some world regions, and particularly in the Mediterranean basin, the
populations of wild herbivores have historically been depleted, and their ecological role
has been largely replaced by livestock in extensive grazing regimes [4,5]. More recently,
during the last half-century, socioeconomic changes have been driving the abandonment of
marginal agricultural land, including grazing areas [5-7]. Abandoned areas have experi-
enced two main land-use-change trajectories: afforestation or natural revegetation driven
by secondary succession. In both cases, active biomass management may be neglected, or
even absent, due to the low benefit—cost ratio [8,9]. This results in unregulated biomass
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growth with shrub and tree encroachment, which leads to an increased risk of wildfire and
impairs the sustainability of these landscapes.

For these reasons, the reintroduction of grazing by large domestic herbivores is being
regarded as a nature-based solution to counteract and address the risks of unregulated
biomass growth in marginal land [10-12]. This method has the advantage of being applica-
ble on large scales, such as in landscape restoration, and of being potentially cost-effective
when compared to other management options [13,14].

If adequately managed, the reintroduction of livestock grazing is expected to generate
moderate levels of ecological disturbance and contribute to the restoration or mainte-
nance of habitat and species diversity, regulate biomass growth and vegetation structure,
and promote nutrient cycling and seed dispersal [3,15,16]. On the other hand, grazing
regimes need to be carefully monitored and adjusted to avoid the risk of overgrazing and
other associated impacts, such as soil degradation, low tree regeneration, a decline in
vegetation productivity and in species diversity, and lower resilience to environmental
pressures [17-19].

Hence, these approaches require monitoring techniques that can be applied to large
spatial scales, without compromising the spatial and temporal resolutions, to ensure an
effective evaluation and monitoring of the results. The increasing spatial, temporal, and
spectral resolutions of Earth-observation satellites pushes forward the use of remote sensing
as a means of generating large-scale understandings, at low cost, of ecosystem conditions
and environmental changes [20,21].

In the case of landscape vegetation monitoring, vegetation seasonal metrics, namely
phenology and productivity metrics, are a good example of information that can be re-
trieved from remotely sensed imagery. Phenology can be defined as the timing of the
development of photosynthetically active leaf foliage, and phenological parameters are the
metrics used to describe the stage of the vegetation seasonal growth curve or phenology
curve [22]. Therefore, phenology, which is monitored using phenology metrics, is intimately
related to the variation in photosynthetic activity and vegetation growth, which is moni-
tored using productivity metrics. Phenology curves, which show the temporal dynamics
(i.e., changes in the value) of photosynthetic activity, are produced from time-series of
primary productivity data, which, for their part, can be estimated using remotely sensed
vegetation indexes based on the spectral reflective behavior of the vegetation. In particular,
the level of vegetation greenness can be assessed from the comparison of reflectance in
the near-infrared and red wavelengths, where the greener the vegetation, the more it will
reflect light in the near-infrared and absorb in the red wavelength [23].

Remotely sensed phenology and productivity metrics are extracted from the phenology
curves (Table 1, Appendix A, Figure Al) and can be used to infer vegetation seasonal
dynamics and responses to environmental changes. This includes parameters associated
with the timing of seasonal events, such as the start and end times of the growing season or
season length, and the parameters associated with the values of productivity, such as the
maximum or base productivity, the seasonal amplitude, or the small and large seasonal
integrals [24].
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Table 1. Definition of the phenology and productivity metrics used in this study [24,25].

Metric Definition

Phenology metrics

Season start

Season end

Season length

Time of maximum NDVI

Point in time when NDVI reaches 20% of seasonal amplitude as
measured from the left minimum level. It corresponds to the start
of the growing season.

Point in time when NDVI reaches 20% of seasonal amplitude as
measured from the right minimum level. It corresponds to the
end of the growing season.

Length of time from the start to the end of the season. It
corresponds to the duration of the growing season

Date of the seasonal NDVI peak.

Productivity metrics

Base value

Maximum value

Average of the left and right minimum values (between seasons).
Largest NDVI value for the fitted function during the season. A

proxy of the maximum amount of vegetation for the sample point.
Difference between the maximum and base NDVI values for

the season.

Integral of the difference between the function describing the
season and the base level from season start to end. Used as proxy
for seasonal productivity between season start and season end.
Integral of the function describing the season from start to end.
Same as the small integral but with a cumulative start at zero
NDVI. Used as a proxy for total productivity, including existing
vegetation produced outside of growing season.

Seasonal amplitude

Small integral

Large integral

In this work, we investigate if remotely sensed satellite data can be used to detect
and monitor changes in phenology and productivity patterns in a deciduous forest mosaic,
composed of different types of vegetation cover, namely herbs, shrubs, and trees, and
characterized by high heterogeneity and fine spatial grain. We aim to identify which
vegetation seasonal metrics respond to grazing disturbance and can be used to monitor
and assess the effects of grazing interventions in this type of landscape.

More specifically, and when compared with areas under natural succession without
grazing, the areas with moderate grazing are expected to show higher productivity of the
herbaceous layer due to the reduction of self-shading by the standing senescent biomass,
which prevents seed germination and plant growth [26]. Grazing was also shown to be
associated with a compensation mechanism in herbaceous vegetation, where plants increase
their growth rate to account for the suffered herbivory damages [26]. On the other hand,
a declining trend in herbaceous productivity and in the annual minimum NDVI value
could suggest an increase in bare ground due to overgrazing [27]. The effect of herbivory
and trampling is also expected to cause a decline in shrub productivity due to the loss
of photosynthetic structures [28]. Finally, the impacts of moderate livestock grazing are
expected to be less severe on trees (especially on adult trees) than on other vegetation
types. Hence, we do not anticipate grazing-driven changes. However, if present, declines
in canopy greenness may indicate direct or indirect negative impacts on tree condition (e.g.,
mechanical damage to bark and branches, indirect effects from changes in soils features
due to overgrazing) and the need to adjust the grazing regime.

2. Materials and Methods
2.1. Study Area

This study uses data from a Pyrenean oak forest (Quercus pyrenaica, Habitats Directive
9230) of about 200 ha, located in Quinta da Franga (Covilha, Portugal, Figure 1a,b). This is a
farm with multiple lands uses, including production and conservation forest, cereal crops,
meadows, and pastures for livestock production (https://www.terraprima.pt/en/area-de-
actividade/4, accessed on 6 May 2022). The climate is generally warm, with an average
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annual temperature of 12.6 °C and precipitation of 1012 mm (https:/ /en.climate-data.org/
europe/portugal/covilha/covilha-6944/, accessed on 14 September 2021). During the
study period, the temperature ranged from 1 °C in January 2017 to 35 °C in July 2020.
As for precipitation, March 2018 was the wettest month with 364.23 mm of accumulated
rainfall, while September 2017 was the driest with 0.1 mm (Appendix A, Figure A2).
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Figure 1. (a) Location of Quinta da Franca in Portugal (40°17'1”N, 7°24'45"W); (b) Forest study area
(colored) inside Quinta da Franga (black outer line), showing the two sectors separated by a fence:
the north (control) in brown and the south (test) in blues. The area with more grazing is shown in
darker blue; (c) High resolution landcover map overlapping the forest study area.

Regarding vegetation cover, the forest area is composed of tree-covered patches of
varied sizes and densities, interspersed with shrubs and herbaceous vegetation (Figure 1c).
The dominant species, Quercus pyrenaica, is a deciduous tree native to the Iberian Peninsula,
where it has most (95%) of its distribution. As for the shrub layer, it is largely dominated
by broom species (Cytisus multiflorus and C. scoparius). Hawthorn (Crataegus monogyna),
blackberry (Rubus ulmifolius), and grey willow (Salix atrocinerea) are also present.

The forest study area has been under natural regeneration since two large fires in
1983 and 1995 and is now managed mostly for carbon storage and sequestration and
conservation purposes. Periodic shrub clearing with mechanized tools has been used to
prevent shrub encroachment and the risk of wildfires, with the last general intervention
dating to 2010 (specific interventions, such as road maintenance, are more frequent and
those areas were excluded from the analyses). More recently, in 2018, as part of the
SILVPAST project (https:/ /www.terraprima.pt/en/projecto/23, accessed on 6 May 2022),
the oak forest was divided into two large sectors by a fence installed halfway (Figure 1b,c).
A herd of approximately 60 cows was given access to the south sector in June 2018, while the
north sector remained closed to grazing. Since then, the herd has had permanent access to
the forest while also grazing on rainfed and irrigated pastures in the vicinity (total grazing
area, including forest and pastures, of about 180 ha). This management intervention aims
to test the use of cattle grazing as a nature-based solution to regulate vegetation structure
and biomass loads. Wild herbivores, such as roe deer, are present in both sectors but in
low abundance.

2.2. Study Design

The study follows a BACI (Before-After-Control-Impact) design, that is, its time inter-
val spans from two years before to three years after the start of the grazing intervention and
uses data from both forest sectors (Figure 1b). The north sector is used as a control area, and
the south sector is used as an impact/test area. This type of study design is recommended
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for its robustness, because, when applied to areas sharing equivalent environmental condi-
tions and exposed to the same natural and other background drivers of change, it allows
for the singling out of the effect of the management intervention from background changes
(e.g., interannual climate variability), thus reducing the potential bias from confounding
variables [29,30].

Here, we use an NDVI time-series from Sentinel-2 imagery to analyze vegetation
phenology from June 2016 to June 2021 and assess its response to cattle grazing. Vegetation
phenology is examined separately for the three main types of vegetation cover in the oak
forest mosaic: herbs, shrubs, and trees. A landcover map of 2020 with a pixel size of 20 cm
(Figure 1c), produced from drone imagery and available from the farm managers, was
upscaled using the 10 m x 10 m pixel grid of Sentinel-2. The dominant vegetation cover
in each grid cell was defined using the following rules: cells with tree cover >80% were
classified as tree areas; cells with tree cover <30%, herbaceous cover <30%, and shrub cover
>50% were classified as shrub areas; and cells with herbaceous cover >70% as herbaceous
areas; remaining cells not meeting any of these criteria were excluded from the analysis.
Note, however, that the percentage of landcover only relates to the top vegetation layer
visible from above (i.e., aerial image), so it does not reflect the vertical stratification at
each point. We also excluded from the analysis those areas that had been subjected, since
2016, to any type of vegetation management, such as road maintenance or vegetation
clearing for fence installation. Moreover, in the south sector, we only kept areas that were
effectively used by cattle to ensure representativeness in the analyses. For that purpose,
cattle movement data, collected with three GPS collars between 2018 and 2020, were
analyzed on ArcGIS (version 10.7.1). We applied a conservative approach by only selecting
GPS locations that were within a range of 50 m from each other and discarding movement
outliers. Following outlier removal, frequent grazing areas (Figure 1b) were defined as the
areas within a 50 m buffer of the selected location points. The upscaled landcover layer was
then intersected with the limits of the two forest sectors (without excluded areas) and the
NDVI layers, to classify and select all the eligible 10 m x 10 m pixels of the Sentinel-2 grid
into six non-overlapping landcover groups, considering landcover in 2020: in the north
sector, trees (3763 pixels), shrubs (554 pixels), and herbs (625 pixels); in the south sector,
trees (1947 pixels), shrubs (118 pixels), and herbs (603 pixels). While these groups pertain
to landcover in 2020, we expect the dominant landcover in each grid cell (10 m x 10 m)
to have remained stable during the study period, with changes mostly occurring on a
finer scale, being more gradual and nuanced, and related to changes in cover density
and stratification (i.e., horizontal and vertical structures) and in ecosystem functioning,
including phenology and productivity seasonal dynamics.

2.3. Satellite Data

Sentinel-2 Multispectral Instrument (MSI) orthorectified images (Level-1C) were ac-
quired from January 2016 until June 2021. These images were automatically downloaded
through Copernicus API HUB or manually downloaded from Copernicus Open Access
Hub (https:/ /scihub.copernicus.eu/, last accessed on 19 October 2021). Complete images
(700 Mb) for the region’s 100 km tile (29TPE tile) that were free of clouds (<5% clouds)
were automatically selected and downloaded. For missing dates, due to the cloud-cover
threshold (>5% clouds), a visual and geographic cloud-cover assessment was completed for
the study area in the Sentinel Hub Playground (https:/ /apps.sentinel-hub.com /sentinel-
playground/, last accessed on 19 October 2021), and the images free of clouds were se-
lected for download. The resulting time-series included all images of the Sentinel-2 tiles
containing the study area for 5 years and 4 months, resulting in a final set of 121 images
(1-4 per month).

The Normalized Difference Vegetation Index was calculated for the extent of the study
area for all the available dates using Sentinel-2’s B4 (red) and B8 (near-infrared) bands [31].
The NDVI is one of the most widely used metrics in satellite vegetation monitoring [23,32].
It can be obtained by calculating the normalized difference between the near-infrared and
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red spectral bands (NDVI = (NIR — red)/(NIR + red)) and is positively correlated with
the biophysical properties of vegetation cover and biomass [33]. Due to its correlation
with plant biomass, several phenology and productivity metrics can be derived from this
index. For that reason, it has been applied in a diverse range of phenology studies [34-36].
Moreover, due to its large-scale applicability and cost-efficiency, the NDVI has been and
continues to be considered one of the most important tools in environmental research [23].

2.4. Data Analysis

Seasonal metrics were retrieved from the NDVI time-series using TIMESAT (version
3.3), a software package for time-series processing and the assessment of vegetation dy-
namics [24]. Due to the fact that the collected time-series had temporal gaps due to data
unavailability, a Python script was used to bin the data into regular monthly time intervals
as required by TIMESAT. Specifically, we selected one image per month based on the
following criteria: preference was given to mid-month images (date close to the middle
of the month); otherwise, preference was given to the image whose distance was closer to
30 days from the previous image/previous month. The goal of this approach was to build
a monthly dataset that was as regularly timed as possible considering image availability
constraints. The final dataset consisted of 60 monthly images, 1 per month during the
5-year interval between June 2016 and June 2021. The selected TIFF images were then
converted to a binary format (.bin) using the GDAL library and imported to TIMESAT to
perform the analysis.

An adaptive Savitzky—Golay filter was fitted to the data to reduce the noise in the
time-series. A window size of four time-steps was selected for this filter, along with an
adaption strength range of 2-3. The curves were fitted using TIMESAT’s TSM_GUI tool,
and the default parameters values were applied to the time-series of individual pixels
representative of the different landcover types. The values for the fitting parameters were
accepted after verifying that fitted curves aligned with the expected seasonal parameters
for the dominant type of vegetation.

The phenology and productivity metrics delivered by TIMESAT for each individual
pixel were extracted from the corresponding Savitzky—Golay fitted curve. The median
values were then calculated per pixel-group for group analyses of the vegetation metrics
(Table 2). Moreover, for the visualization of phenological patterns, the NDVI values were
imported directly from the 121 available satellite images, using Python’s GDAL library
(version 3.3.2). A Savitzky—Golay filter was applied to the NDVI values on each pixel, using
parameters similar to those on TIMESAT. Then, the median absolute deviation (MAD) and
the median of the adjusted values were calculated for each of the six pixel-groups and
plotted using Python’s Matplotlib library (version 3.4.2) (Figure 2).

Table 2. Median values (and median absolute deviation) of the phenology and productivity metrics
extracted from the TIMESAT fitted curve. Values are shown for the main vegetation types in each
sector and for the first (Season 1-2) and second (Season 3—4) time intervals. Season start time
(S start), season end time (S end), season length (S len), and the time of maximum NDVI (Max T) are
measured in months (from 1 to 12, where a value of 1 corresponds with 1 January, and a value of
12 to 31 December). Seasonal base value (Base V), seasonal maximum value (Max V) and seasonal
amplitude (Amp) correspond to NDVI values. Small Integral (S int) and large integral (L int) are the
integrated values of the area under the NDVI curve.

Zone Season S Start S End S Len Max. T Base V Max V Amp S Int L Int
1-2 10.91 (2.39) 7.46 (1.73) 8.41 (1.06) 3.91(2.13) 0.23 (0.03) 0.40 (0.05) 0.17 (0.04) 0.93 (0.18) 3.19 (0.43)
Herb. North 34 10.88 (2.21) 7.27 (1.94) 8.42 (1.07) 3.64 (2.01) 0.24 (0.04) 0.43 (0.04) 0.19 (0.04) 1.04 (0.23) 3.54 (0.51)
1-2 10.40 (1.87) 7.21 (1.71) 8.56 (0.84) 3.21(2.15) 0.22 (0.03) 0.38 (0.04) 0.16 (0.03) 0.91 (0.16) 3.24 (0.35)
Herb. South ) )

34 10.04 (1.44) 6.60 (1.48) 8.53 (0.57) 2.25(1.65 0.21 (0.03) 0.42 (0.04) 0.20 (0.05) 1.16 (0.25) 3.47 (0.32




Remote Sens. 2022, 14, 2322

7 of 23

Table 2. Cont.

Zone Season S Start S End S Len Max. T Base V Max V Amp S Int LInt
1-2 243(199)  927(258)  711(140)  534(136)  030(0.03)  053(005  023(0.05  1.06(028)  3.83 (0.67)
Shrubs North
rubs ot 34 168(192) 1026 (216) 850 (0.84)  5.44(L62)  032(0.03)  053(0.04)  020(0.04)  1.09(0.27) 448 (0.52)
1-2 234(266)  824(261)  693(175  512(L51)  029(0.03)  048(0.05  0.18(0.04)  082(0.19)  3.48(0.71)
Shrubs South
rubs sou 34 1283 (270) 847 (265  851(121)  496(212)  032(0.03)  046(0.03)  0.15(0.03)  079(0.19)  4.12(0.56)
1-2 3.05(116) 1186 (147) 883 (043)  607(125)  031(0.03)  070(0.04)  039(0.05)  225(036)  5.60 (0.43)
Trees North
rees or 34 306(145  1128(141)  834(046)  6.61(1.37)  032(0.03)  0.68(0.04)  036(0.05)  211(0.33)  5.46 (0.40)
12 3.06(124)  1178(193) 873 (0.82)  584(130)  031(0.02)  0.67(005  035(0.05)  192(042)  5.34(0.59)
Trees South
rees sou 34 311(164)  1115(171)  821(056)  640(L51)  035(0.03)  0.63(0.06)  028(0.03)  159(041)  5.13 (0.45)
0.8
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Figure 2. Time-series of median and median absolute deviation (shaded areas) of NDVI in (a) herba-

ceous, (b) shrubs, and (c) tree-dominated areas. Vertical gridlines indicate the first day of each year,

and the orange dot marks the start date (June 2018) of the grazing intervention in the south sector.
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Considering the Savitzky—Golay adjusted time-series, the default settings of TIMESAT
were used to define the start of a growing season, that is, the time for which the left edge
of the NDVI curve has increased to 20% of its maximum value. Similarly, the season is
considered to end when the NDVI value drops to 20% of the maximum value. While
the timing of each season varies between vegetation types and according to their growth
dynamics, we can generally identify four growing seasons during the period of this study,
the first two seasons (season 1 and 2) encompassed by the time-interval that starts between
late 2016/ early 2017 and ends between late 2018 /early 2019 and the last two seasons (season
3 and season 4) encompassed by the time-interval that starts between late 2018/early 2019
and ends between late 2020/ early 2021 (Figure 2). We considered these two intervals of
time when assessing the impact of cattle grazing. The first interval corresponds to the first
and second growing seasons, while the second interval corresponds to the third and fourth
seasons, all identified using TIMESAT. Although the cattle were introduced in June 2018,
the chosen time intervals are defined based on the assumption that the effect of cattle on
vegetation dynamics would not be immediate and would therefore only be noticeable in
the next growing seasons (i.e., seasons 3 and 4).

After dividing the time-series into two time intervals, the changes in vegetation sea-
sonal metrics were assessed in two steps. First, by comparing phenology and productivity
metrics between the two time intervals (seasons 1-2 against seasons 3—4) using paired
samples of the pixels in each of the six groups (i.e., a pair of values for each single pixel,
each value corresponding to a time interval). In this approach, the average value for the
two growing seasons in each interval was used. This approach delivers a first assessment of
changes in vegetation seasonal metrics, including the magnitude and direction of change,
per vegetation type in each sector, regardless of the underlying drivers, namely climatic
variability and presence or absence of grazing. Second, the magnitude and direction of
the observed changes are compared between the two sectors (i.e., test if the differences
are different). The aim of this analysis is to control for the natural interannual variability
in vegetation dynamics and detect divergent patterns of change between the two sectors,
which would be associated with the distinct trajectories in land use, that is, no intervention
in the north sector versus cattle grazing in the south sector. We opted for this approach
instead of a direct comparison of the sectors, because, despite being very similar, there are
still differences between the two due to the natural spatial heterogeneity.

We used the paired Wilcoxon Signed-Rank tests when comparing the two time periods
for each sector (step 1), and Mann-Whitney U tests when comparing the differences
between sectors (step 2), as most of the metrics datasets did not meet the assumption
of normality. In addition, statistical testing was complemented by visual inspection of
the boxplots.

In both steps, statistically significant results were further analyzed by means of effect
sizes using the Cliff’s delta value. This was necessary because sample sizes were very large
(118 to 3763 pixels per group), and, therefore, the statistical significance may not reflect
the practical significance [37]. The effect size informs on the magnitude of the difference
between the groups and is frequently used to evaluate the extent of the effect of any type of
treatment between two study groups [38].

Cliff’s delta, in particular, estimates the probability that a randomly selected observa-
tion from one sample group is larger than a randomly selected observation from another
sample group, minus the reverse probability [39]. It is estimated as,

J— Zi,j [xl' > xf] B [xf > xi] ) 1)
mn

where x; are values within one group (test group), x; are values within another group
(control group), and m and n are the respective sizes of the sampled groups. The Iverson
bracket [-] equals to 1 if the condition inside the square brackets is satisfied and 0 otherwise.

As such, this statistic ranges from 1 when all values in the test group are higher
than the values in the control group, to —1 when the reverse is true. A Cliff’s delta of 0
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(zero) means that the samples’ distributions completely overlap. Due to its non-parametric
nature, Cliff’s delta reduces the impact of extreme values or of the distribution shape and
is therefore suitable when data is not normally distributed or presents many outliers. For
interpretation of results, we considered commonly used thresholds for this metric, with
Id | < 0.147 being considered as negligible’, 0.147 < 1d | <0.330 as ‘small’, 0.330 < Id | <
0.473 as ‘medium’, and |d | > 0.473 as ‘large’ [40].

Considering the description above, in the first step of the data analysis, the x; values
correspond to the second time interval, being the averaged values (from seasons 3 and 4) of
the phenology or productivity metrics for a given pixel, while the x; values represent the
same for the first time interval (seasons 1 and 2). When dealing with productivity metrics,
a positive signal of the delta value is associated with an increase in measured NDVI, and
a negative value with a decrease. Regarding phenology metrics, a positive value would
be associated with a delay of the date (i.e., later in time), while a negative value would be
associated with an anticipation.

For the second step of the analysis, the absolute values of the differences between the
two time intervals (from step 1) were used to compare the magnitude of change between
sectors. Hence, x; represents the absolute values of the differences observed in the south
sector for a given phenology or productivity metric in a given pixel, while x; represents
the same on the north sector. In this case, delta values close to 1 would indicate that a
higher degree or magnitude of change in the south sector, when compared with the north
sector, while values close to —1 would indicate the reverse. In addition to the magnitude of
change (assessed from the absolute values), the direction of the change (i.e., positive values
indicating an increase or delay in the metrics and negative values indicating a decrease or
anticipation) was assessed from the inspection of the boxplots.

3. Results
3.1. Phenology Patterns of Vegetation Types

The three main types of vegetation assessed here are characterized by distinct phe-
nological patterns (Figure 2, Table 2). The herbaceous vegetation has its growing season
from autumn to summer, with a productivity peak around March and a senescent period
in the summer. Shrubs start their growing season later than herbs, i.e., during the winter,
reaching their maximum productivity in mid-spring, around May;, after which they enter a
descending phase until reaching a base value in the autumn. Finally, tree-dominated pixels
displayed the most regular seasonal patterns, with growing seasons always starting at the
end of the winter (early March) and coming to an end in the autumn (November), with
peak productivity registered by the month of June. Both trees and shrubs show a second,
smaller, peak of productivity in the autumn, around the month of November. This pattern
could be related to the first events of precipitation in the autumn, which could restore shrub
and tree productivity after the dry season, and it is also likely to be related to the start
of the growing season of the herbs, also triggered by precipitation, in the understory of
shrubs and trees. Hence, the NDVI of areas dominated by shrubs or trees (i.e., covering the
top vegetation layers) also includes the signal of the herbs in the bottom layer, especially
during shrubs’ and trees’ low productivity seasons, when their cover is at minimum levels
or even absent (as in the case of deciduous trees).

From a temporal perspective, the phenology curves of the two sectors in the first two
growing seasons seemed to be fairly aligned for all vegetation types but start to diverge
after the introduction of cattle grazing in June 2018 in the south sector, especially in what
regards herbaceous and shrub vegetation (Figure 2). In particular, the phenology curve
of herbaceous vegetation in the south sector (Figure 2a) shows higher productivity in the
initial stages of the growing season, an increase of the maximum productivity, and an
earlier end time. Regarding shrubs (Figure 2b), the main changes seem to be a decrease
in maximum NDVTI in season 4, in the south sector, but also an increase of the base value,
which may be an artifact of the presence of a more productive herbaceous layer under the
shrub canopy at that time of the year. Finally, in the areas with tree cover, the phenology
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curve does not seem to be significantly disrupted by cattle grazing, continuing to be aligned
with the curve from the north sector (Figure 2c). The most striking difference is an increase
in the base NDVI value. As discussed above, this change may be associated with a stronger
signal from the herbaceous layer in the understory, especially because oak trees are leafless
at that time of the year.

3.2. Changes in Phenology Metrics

Shrub- and tree-dominated areas showed similar patterns of change between the two
study periods (i.e., seasons 1-2 vs. season 3—4) in both study sectors. In the case of shrubs,
the growing season started earlier in the second time period, but the end of the season did
not change, which resulted in an increase in the season length (Tables 3 and 4, Appendix A,
Figure A4). Because these changes were equivalent in both study sectors (Table 5, Figure 3),
they are probably driven by the same factors, in particular, by natural climatic variability.
Regarding trees, the observed phenological changes included the anticipation of the end
of the growing season, which consequently reduced the season length, and a delay in the
timing of the peak productivity (Tables 3 and 4, Appendix A, Figure A3). While changes
were equivalent in both sectors (Table 5, Figure 3), and therefore probably driven by the
same factors, the effect sizes were smaller in the south sector in relation to what constitutes
the end of the season and its length. This could be due to a more vigorous signal of the
herb layer in the south sector (see next paragraph and section), which starts its growing
season at about the same time as the trees” growing season ends, hence, probably masking
and offsetting the decline of the trees’ signal at this time of the year.

Finally, both sectors experienced an anticipation of the end of the growing season
for herbs and of their time of peak productivity (Tables 3 and 4, Appendix A, Figure A3).
However, the large values of the effect sizes indicate that this pattern was more prevalent
in the south sector, while the effect sizes in the north were relatively small. This result
is further confirmed by the comparison of changes between sectors, with larger changes
observed in the south sector (Table 5, Figure 3), that is, the anticipation of the timing of the
peak productivity and of the end of the growing season.

Table 3. Effect sizes (Cliff’s delta values, d) and Wilcoxon Signed-Rank test results of the changes in
phenology and productivity metrics between the two time periods in the north sector. A positive
delta value is associated with a delay in time, an increase in productivity metrics or in season length
in the second time period (and vice-versa for negative values, see text). Wilcoxon Signed-Rank test
p-values: ** p < 0.01, *** p < 0.001, n.s.: p > 0.05. Effect sizes are considered negligible if |d| < 0.147
and large (in bold) if Id| > 0.473.

North Sector Herbaceous Shrubs Trees

Phenology metrics

Season start negligible —0.47 *** negligible
Season end —0.25** negligible —0.66 ***
Season length ns. 0.43 *** —0.56 ***
Max. Time —0.23 *** 0.27 *** 0.80 ***
Productivity metrics

Base Value ns. 0.35 *** 0.34 ***
Max Value 0.26 *** n.s. —0.19 ***
Amplitude 0.16 *** —0.29 *** —0.34 ***
Small int. 0.32 *** n.s. —(0.25 ***

Large int. 0.40 *** 0.45 *** —0.18 ***




Remote Sens. 2022, 14, 2322

11 0f 23

Table 4. Effect sizes (Cliff’s delta values, d) and Wilcoxon Signed-Rank test results of the changes in
phenology and productivity metrics between the two time periods in the south sector. A positive
delta value is associated with delay in time, an increase in productivity metrics or in season length
in the second time period (and vice-versa for negative values, see text). Wilcoxon Signed-Rank test
p-values: ** p < 0.01, *** p < 0.001, n.s.: p > 0.05. Effect sizes are considered negligible if |d| < 0.147
and large (in bold) if Id| > 0.473.

South Sector Herbaceous Shrubs Trees

Phenology metrics

Season start —0.2 #** —0.40 *** n.s.
Season end —0.59 *** negligible —0.39 ***
Season length negligible 0.41 ** —0.37 ¥+
Max. Time —0.65 *** negligible 0.70 ***
Productivity metrics

Base Value n.s. 0.47 *** 0.65 ***
Max Value 0.50 *** —0.22 *** —0.32 ***
Amplitude 0.27 *** —0.60 *** —0.55 ***
Small int. 0.60 *** negligible —0.41 ***
Large int. 0.40 *** 0.49 *** negligible

Table 5. Effect sizes (Cliff’s delta values, d) and Mann-Whitney U test results comparing the magni-
tude of the temporal changes observed in the north and the south sectors. High positive delta values
indicate a higher magnitude of change in the south sector when compared with the north sector (and
vice-versa for negative values, see text). Mann-Whitney U test p-values: ** p < 0.01, *** p < 0.001, n.s.
p > 0.05. Effect sizes under 0.147 are considered negligible. Effect sizes are considered negligible if
Id| <0.147 and large (in bold) if 1d | > 0.473.

Herbaceous Shrubs Trees
Phenology metrics
Season start negligible n.s. negligible
Season end 0.45 *** n.s. negligible
Season length —0.18 *** ns. negligible
Max. Time 0.74 *** 0.27 *** negligible
Productivity metrics
Base Value —0.20 *** 0.33 *** 0.58 ***
Max Value 0.61 *** 0.16 ** 0.44 ***
Amplitude 0.55 *** 0.32 *** 0.63 ***
Small int. 0.60 *** negligible 0.46 ***
Large int. ns. n.s. n.s.

3.3. Changes in Productivity Metrics

Results for productivity metrics also reveal similar trajectories of change in both sectors
but suggest stronger effects for all vegetation types in the south sector, some of which were
driven, directly or indirectly, by grazing.

Starting with the herbaceous cover, the time-series shows a productivity increase in
both sectors (associated with the maximum NDVI value) which contributed to raise the
amplitude, as well as the value of the small and large integral. However, large effect sizes
were only found for the maximum NDVI and for the small integral (associated with the
seasonal productivity) in the south sector (Tables 3 and 4, Appendix A, Figure A4). The
comparison of changes between sectors supports this result, revealing larger differences
in the south sector (Table 5, Figure 4). Moreover, because sectors show similar changes in
the value of the large integral, but differ in the response of the small integral, the increase
in the productivity of herbs during the growing season appears to be promoted by the
introduction of cattle grazing.
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Figure 3. Distribution of differences in phenology metrics between the two study periods for the
pixels in each sector (north sector in blue, south sector in brown) and for each vegetation type.
Positive values indicate a delay in the season start time (a), maximum time (b), and end time (c), or
an increase in seasonal length (d) from the first two seasons to the last two seasons. Negative values
indicate an anticipation or decrease, values close to zero indicate little or no change. TP1—Time
Period 1 (seasons 1-2), TP2—Time Period 2 (seasons 3—4).

In the shrub-covered areas, changes in productivity metrics were associated with
an increase in the base value and a consequent decrease in amplitude in both sectors
(Tables 3 and 4, Appendix A, Figure A4). However, the rise of the base value is probably
related to the signal of the herbaceous layer in autumn/winter, being that this a time of
low seasonal productivity for shrubs. Effect sizes comparing changes between sectors
are relatively small for all metrics, which reinforces the inference that this result is driven
by the signal of herbaceous cover and not a real change in shrub productivity dynamics.
Moreover, the increase in the value of the large integral (observed and equivalent in both
sectors) is likely a consequence of the expansion of shrub cover during the study period
and not necessarily of an increased productivity during the growing season (changes in
the small integral were not significant). Nevertheless, it is worth noting that, at the peak
season, the productivity of shrubs shows a decline in season 4 (Figure 2), with potential
effects on the value of the large integral.

Finally, in tree dominated areas, the main changes in productivity metrics were an
increase in the base value and a decrease in the amplitude, which were observed in
both sectors, but with stronger effects on the south sector (Tables 3 and 4, Appendix A,
Figure A4). As for shrubs, this result is likely caused by the signal of the herbaceous layer,
especially because trees are leafless at their base value, and herbs have started their growing
season, and because the effect is stronger in the south sector (Table 5, Figure 4), where the
herbaceous layer showed an increased productivity after the introduction of cattle grazing.
Moreover, the decrease in amplitude in the south sector also seems to be due to a decrease
in maximum productivity, which was observed in both sectors but more pronouncedly in
the south sector (Table 5, Figure 4).
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Figure 4. Distribution of differences in productivity metrics between the two study periods for
the pixels in each sector (north sector in blue, south sector in brown) and for each vegetation type.
Positive values indicate an increase in base value (a), maximum value (b), amplitude (c), small
integral (d), and large integral (e) from the first two seasons to the last two seasons. Negative values
indicate a decrease, values close to zero indicate little or no change. TP1—Time Period 1 (seasons 1-2),
TP2—Time Period 2 (seasons 3-4).

4. Discussion

This study analyzed the potential of remotely sensed satellite data to characterize
vegetation phenology and productivity patterns and to detect changes driven by grazing
disturbance in a heterogenous Mediterranean deciduous forest. Due to the expected
differences in the phenological dynamics of the main vegetation types (i.e., herbs, shrubs
and trees) and in their responses to grazing, landcover data were disaggregated before data
analysis and vegetation types were examined independently.

More specifically, the combined used of a high-resolution landcover map (20 cm pixel;
produced from drone imagery) with a time-series of high-resolution satellite data (10 m
pixel) made possible the identification of relatively homogenous landcover patches within
the forest mosaic, as well as the characterization of each vegetation type. This approach
enabled a more comprehensive assessment of the seasonal dynamics in play. Moreover,
because the study followed two contiguous areas that shared equivalent edaphoclimatic
conditions, the specific responses of vegetation to livestock grazing could be singled out
from the responses to other factors of change by means of a BACI experimental design,
which facilitated the identification of the most responsive vegetation seasonal metrics
and is an important contribution to future research on this subject and to the develop-
ment of effective monitoring protocols supported by informative indicators. Furthermore,
grazing-driven changes were detectable at an early stage of the grazing intervention, which
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reinforces the potential of satellite-based phenological time-series to monitor the use of
livestock grazing for ecosystem management in fine-grained landscape mosaics and to
foster adaptive management approaches.

4.1. Vegetation Seasonal Dynamics and Response to Grazing

The phenological curves here presented are consistent with the overall regional pat-
terns described for the Iberian Peninsula [41] and show the distinct nature of each vegetation
type. More specifically, the analyzed vegetation types show a time lag at the start of the
growing season, with the herbaceous layer starting first in the autumn, followed by shrubs
in the winter, and finally by deciduous trees in early spring (Figure 2, Table 2). There
are also differences between the base and maximum NDVI values and consequently in
amplitude. Being perennial, shrubs show lower NDVI amplitudes, with moderate values
of minimum and maximum NDVI. Both trees and herbs show low base values (trees are
leafless in winter, and herbs are senescent in summer) and moderate values, in the case of
herbs, or high values, in the case of trees, of maximum NDVI, with the peak being reached
around March by herbs and in May/June by trees.

The characterization of the main phenological dynamics present in a Pyrenean oak
forest provides a valuable benchmark against which to monitor the trajectories of change
in vegetation phenology and productivity in this type of ecosystem at a fine spatial scale.
Due to the fact that this study is circumscribed to an area of approximately 200 ha, the
generalization of these findings to the regional scale, which encompasses a larger diver-
sity of environmental conditions, requires additional studies based on an unbiased and
regionally representative sample [42]. Despite this caveat, we consider the patterns here
described to be representative of the main dynamics present in the transitional landscapes
found in the region, that is, landscapes under secondary succession following abandon-
ment and/or large-scale disturbance events, namely fire, where vegetation types (trees,
shrubs, and herbaceous patches) co-occur and are interspersed. Moreover, the use of high
resolution spatial data is an important step to address the limitations of coarse spatial data
when applied to the monitoring of heterogenous landscapes [43,44], including the failure
to capture nuanced vegetation responses and effectively monitor changes to inform the
best management decisions. Coarse resolution landcover maps produced at the national
or regional scales, such as Corine Land Cover maps (https:/ /land.copernicus.eu/), are
often used as ancillary data to delimit the different landcover units, namely forest patches.
However, these map products, which are produced for large spatial extents, ignore the
fine-scale structure of vegetation within patches and inter-patch variability, thus missing
an important component of ecosystem functioning when studying local-to-landscape scale
processes [45]. In this study, the access to a high-resolution landcover map was critical
to overcome such challenges and to enable a fine scale analysis that accounted for the
structural heterogeneity of the forest patch that otherwise would only have been charac-
terized by its shape and size and treated as structurally uniform. Hence, the method here
described is particularly suited to monitor specific vegetation’s responses to management
in fine-grained vegetation mosaics composed of multiple vegetation types but sharing
similar edaphoclimatic conditions on the landscape scale.

Regarding the concrete responses to grazing, herbaceous vegetation was the most
responsive, showing both phenology and productivity changes in the first years after the
start of the grazing intervention. This result was expected, not only because this type of
vegetation is the most subject to livestock grazing, but also because of the species’ short-
term life cycles (annual, biennial), which allows a faster response to drivers of change.
After the introduction of cattle in the south sector, seasonal events, namely the peak season
time and the end of the growing season, suffered an anticipation. This change was possibly
promoted by the lower amount of accumulated senescent herbaceous biomass in autumn
(due to previous grazing and biomass removal), which enhanced the conditions for seed
germination and seedling emergence in early autumn, namely more access to sunlight and
space, when the abiotic conditions became appropriate for the start of the herb’s growing
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season [26]. This change was also accompanied by an increase in biomass production,
revealed by a higher NDVI value at the season peak, which is a proxy for the maximum
level of productivity, and a higher value of the small integer, which is an indicator of
seasonal biomass production. Light to moderate grazing has been identified as a driver
of grassland productivity, especially in areas where herbivores and plant communities
evolved together [46]. The moderate disturbance effect created by herbivore presence has
been associated with the maintenance of light and space availability, as well as with the
control of dominant species, which may ultimately contribute to increased productivity by
fostering plant-niche complementarity during the growing season [28,47].

Unlike the herbaceous layer, shrubs and trees did not show significant changes, driven
by grazing, in phenological metrics but results suggest changes in productivity metrics.
In the case of shrubs, the shape of the phenology curve (Figure 2) shows a flattening of
the maximum NDVI values in the grazed sector in the last growing season (season 4),
which suggests a decline in the overall productivity of the shrub layer. This change was
not captured by statistical testing, which compared the average of the first two seasons
with the average of the last two seasons but is probably related to the effect of trampling
and herbivory by cattle. Trees showed a decrease in overall productivity in both the
ungrazed and the grazed sectors; however, the change was more pronounced in the grazed
sector. This trend is particularly reflected by the decline in the maximum NDVI value
(Figures 2 and 4), which is an indicator of lower tree productivity at the peak season. On
the other hand, the decline in the value of the small integer is both linked to the decline
in the maximum NDVI and to the increase in the base value (associated with the higher
productivity of the herbaceous layer in the winter).

When compared to the north sector, the south sector was already characterized (in
seasons 1 and 2, Table 1 and Figure 2) by a lower seasonal productivity, as indicated
by the lower values of the maximum NDVI and of the small integer (with similar base
values). This condition could be related to the effect of former fires and a higher level
of fragmentation of tree cover in the south sector, which may have eroded the resilience
of trees to the pressure exerted by climatic variability and grazing. While the relative
contribution of each cause to the potential decline in primary productivity needs to be
further investigated in future research, the current finding calls for targeted monitoring to
avoid the unintended effects of cattle grazing in the condition of trees.

4.2. Use of NDVI Time-Series to Monitor Grazing

This study demonstrates the potential of NDVI time-series to monitor grazing effects
on vegetation in fine-grained landscape mosaics and, particularly, to monitor grazing inter-
ventions for ecosystem restoration. All vegetation types exhibited changes in vegetation
phenology or productivity that could be related to grazing. Moreover, these changes were
already detectable by remote sensing after two growing seasons, which further supports the
value of this type of data in fine-scale, large-extent, and continuous monitoring approaches.

The separate analysis by vegetation type shows that the suitability of vegetation met-
rics as indicators of change depends on the type of vegetation and on its responsiveness to
the driver of change. In the case of herbaceous vegetation, both phenology and productivity
indicators were useful to characterize the changes driven by the implementation of grazing.
Notably, there were changes in the time of maximum productivity and in the magnitude of
productivity (indicated by maximum NDVI and by the small integral) which are relevant to
guide management, such as evaluating the system carrying capacity to keep grazing within
sustainable limits [16,17,19]. For woody vegetation, that is, perennial shrubs and deciduous
trees, only the productivity metrics seemed to change after grazing disturbance, at least
in the first two seasons after livestock introduction. In this case, changes in the maximum
NDVI value signaled a potential loss of productivity in the peak season. In the context of
our case study, the decline in shrub productivity could be interpreted as a positive outcome,
suggesting that the overall shrub biomass is being controlled and reduced by livestock
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disturbance, while in the case of trees it can be an early signal of unintended impacts and
of the need to take action to mitigate them.

Moreover, some of the observed changes in productivity metrics in areas dominated by
shrubs or trees were likely related to changes in the herbaceous layer. That is the case of the
detected increase in the base NDVI value (with cascading effects on other metrics, such as
amplitude and the small integral) at a time when shrubs are at minimum productivity levels
and trees are leafless. In both cases, the relative contribution of the herbaceous layer to the
overall signal of the vegetation is expected to be larger at that seasonal time and influence
the observed NDVI value. Hence, while the current approach was successful in disaggre-
gating the main vegetation types from a horizontal (aerial) structure perspective it has
limitations regarding signal interferences from vertical stratification. In those cases, being
aware of the distinct phenology of each vegetation type is an important step to disentangle
responses, discard unclear results or eventually decide on the need of complementary
approaches to confirm or refine results. The challenges posed by vertical stratification
could also be addressed by monitoring the different vegetation types at different times in
the year [43,48], as a complementary approach, or using data obtained from LiDAR (Light
Detection and Ranging) or SAR (Synthetic Aperture Radar) sensors to characterize the
composition of vegetation layers at each point [49]. However, the use of these type of data
is still constrained by data availability and by technical capacity, which require advanced
technical skills for data processing and interpretation [49,50].

Furthermore, while some metrics are potentially more informative than others, it is
important to take all metrics into consideration when investigating vegetation changes [44],
as they represent different aspects of the same response to a driver, or drivers, of change. For
instance, an increase in the value of the large integral of perennial vegetation, as observed
for shrubs (Tables 3 and 4), that is not accompanied by an increase of the small integral,
may indicate an accumulation of biomass from one year to the next, instead of an increase
in seasonal productivity. Similarly, a decline in the small integral that is associated with a
spurious increase of the base value, as observed for trees (Tables 4 and 5), should also be
interpreted with caution.

In summary, there is always the risk in stratified environments of signal interference
by the understory layers, especially when the top layers are characterized by a sparse cover
or are in a deciduous stage. Metrics that depend on other metrics are more vulnerable to
this effect; that is the case of metrics dependent on the base value, such as amplitude and
the small integral. On the other hand, metrics such as the maximum NDVI seem to be of
less concern, especially if the areas selected for the study are characterized by a relatively
homogenous cover of the dominant vegetation type. In our study, the selection of the pixels
that would represent each vegetation type followed rules to ensure a homogenous cover
at the pixel level, at least at the time of their maximum productivity. We found seasonal
timing, or phenology metrics, to be less prone to signal contamination from vegetation
types other than dominant type.

Finally, the overall set of metrics indicating changes in vegetation phenology and
productivity is more diverse than the particular set of metrics responding to grazing. In
this study, several metrics reflected the changes associated with the ongoing trajectory of
vegetation succession and driven by natural climatic variability (Tables 3 and 4), being,
therefore, relevant for baseline monitoring purposes. Moreover, while this study delivers
promising results on the potential of using NDVI time-series to monitor grazing on the
landscape scale, future research should consider and evaluate the performance of multiple
vegetation indexes (e.g., EVI, GNDVI) and of spectral band combinations to monitor the dif-
ferent vegetation types and in different landscape configurations, because the performance
will depend on the context of application [51].

5. Conclusions

In this study, the challenges posed by the fine-grained structure (horizontal heterogene-
ity) of the landscape mosaic were mitigated by the intersection of the Sentinel-2 grid with
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an updated high-resolution landcover map of the study area and by using a conservative
approach to select pixels that were representative of the different landcover types. The
methods tested here demonstrate the potential of using satellite data to monitor vegeta-
tion changes in fine-grained landscape mosaics and, in particular, to monitor the effect of
grazing, which is critical for ensuring sustainable grazing regimes or monitoring the use
of livestock grazing in ecosystem restoration. On the other hand, the challenges posed by
vertical stratification call for further research into complementary methods and data types
(e.g., LIDAR data) that may help to overcome these challenges, especially when working
on structurally complex areas composed of several vegetation layers. Nevertheless, a good
knowledge of the phenological baseline dynamics of each vegetation type is essential to de-
couple the relative contribution of their signals from the overall reflectance of the vegetation
and be able to critically interpret the extracted phenology and productivity metrics.

This study was successful in describing the seasonal dynamics of the main vegetation
types in a deciduous oak forest mosaic with a fined-grained vegetation structure. Moreover,
it captured the effects of grazing in vegetation seasonal metrics. In particular, the imple-
mentation of extensive (low-intensity) livestock grazing so far appears to be promoting
an increase in the productivity of herbaceous vegetation and an anticipation of the peak
season. Other effects that can be inferred from the data, although with less certainty, are a
restraining effect on shrub productivity in peak season and a similar, but unintended, effect
on tree productivity.

Finally, our findings suggest that the indicator value of seasonal metrics depends
on the type of vegetation being monitored, an aspect that should be considered when
designing monitoring protocols. In our case, we found that at an early stage of the grazing
intervention (circa three years since the start) productivity metrics were more responsive
than phenology metrics in the case of woody vegetation, while both types of metrics were
responsive in the case of herbaceous vegetation.
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Appendix A
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Figure A1. Some of the seasonality parameters generated in TIMESAT [24]: (a) beginning of season,
(b) end of season, (c) length of season, (d) base value, (e) time of middle of season, (f) maximum
value, (g) amplitude, and (h) small integrated value, (h + i) large integrated value. Raw time-series
values are represented by the blue curve and the fitted time-series by the red curve. This figure is
licensed under a Creative Commons Attribution-Non-Commercial-NoDerivs 2.5 Sweden License.
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Figure A2. Accumulated monthly precipitation (a) and monthly temperatures (b) for the re-
gion of Covilha, Castelo Branco, Portugal from January 2016 to June 2021 (Source: https://www.
worldweatheronline.com/covilha-weather-averages/castelo-branco/pt.aspx, accessed on 14 Septem-
ber 2021). Vertical gridlines indicate the first day of each year.
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Figure A3. Changes in phenological metrics during the study period. Median values are shown for
(a) the start of the growing season, (b) maximum productivity and (c) season end for each type of
vegetation in both sectors. The error bars depict the median absolute deviations.
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Figure A4. Changes in productivity metrics during the study period. Boxplots show the distribution
of the values of the pixels averaged for the two seasons in each time interval (seasons 1-2 vs.

seasons 3—-4) for the metrics: (a) base value, (b) maximum value, (¢) amplitude, (d) small integral,
and (e) large integral.
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