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ABSTRACT

Species-level monitoring in satellite remote sensing is crucial, providing detailed insights into biodiversity and ecological
interactions. Each species responds differently to environmental shifts, and their health directly impacts ecosystem
functioning. In this study, a comprehensive temporal analysis of vegetation dynamics was conducted in the Paphos forest
in Cyprus, a unique ecological region hosting a variety of endemic species. This study focuses on the three dominant species:
Pinus brutia, Quercus Alnifolia, and Cedrus Brevifolia. Monthly Landsat satellite images (Landsat 4,5, 7, 8, and 9) from
1987 to 2023 have been processed to assess the species vegetation dynamics with the Normalised Difference Vegetation
Index (NDVI1) compared with precipitation derived from the Climate Hazards Group InfraRed Precipitation with Station
data (CHIRPS). Image harmonisation was performed via the Google Earth Engine (GEE), applying a scaling factor within
the Landsat missions to ensure consistency and comparability across the different Landsat missions. The results revealed an
overall increase in NDVI values for all three species during the study period, possibly related to the reforestations conducted
in the last decades combined with the increased precipitation for the years of study. Contrary to the environmental stress
(e.g., climate change, deforestation, etc) that the Mediterranean forests have been facing in the last century, our results
indicate an enhancement in the health and productivity of these species over the past three decades. Understanding these
temporal changes is crucial for biodiversity conservation and forest management. The findings of this study contribute
significantly to our understanding of forest dynamics while delivering valuable information for future conservation
strategies in the Paphos forest.
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1. INTRODUCTION

In the last decades, satellite remote sensing science has become an invaluable tool to monitor vegetation dynamics at various
spatial and temporal scales, creating the opportunity to assess various ecosystems’ health® and biodiversity?. Monitoring
vegetation at the species level is particularly critical, as it provides detailed insights into the responses of individual species
to environmental changes affecting ecosystem functioning and resilience®*. Examining vegetation dynamics through
different remote sensing techniques at the species level offers a unique perspective of how species respond to environmental
shifts such as land use®”7, invasive species®'?, habitat fragmentation2, and pest infestation'>4. Understanding in depth
these responses is essential for effective biodiversity conservation and ecosystem management strategies. Advances in
satellite technology and image-processing techniques have ushered in a new era of continuous monitoring of forest
ecosystems, which has been enhanced by increased satellite revisit time and multiple multispectral bands*®.

Satellite sensors, such as the Landsat missions that have risen over the years, provide the potential for continuous vegetation
monitoring through time series analysis and various vegetation indicators, such as the widely known Normalised Difference
Vegetation Index (NDVI), which is used to quantify the vegetation’s health and density*®. Integrating measurements from
satellite imagery (e.g., NDVI) with environmental data like CHIRPS offers a more detailed analysis of vegetation growth
dynamics and its relationship with precipitation patterns>6. Such data combinations provide valuable insights into the long-
term trends and patterns of vegetation health'” or drought monitoring and early warning signs*®. Of course, NDVI is not the
only vegetation indicator (V1) that has been combined with precipitation data, but other VIs have also been utilised with
rainfall data like the Enhanced Vegetation Index (EV1)**?° and the Standard Vegetation Index (SVI)%.
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2. STUDY AREA

This study focuses on the Paphos forest in the Northwestern part of Cyprus, extending into the Troodos Mountains. Covering
an area of approximately 700 km?, this forested area has a Mediterranean climate, with hot, dry summers and mild wet
winters. Its altitudinal range is approximately 0 — 1550m above sea level (Figure 1). That area is a significant ecological
region since it hosts a diverse collection of plants and animals that have significantly contributed to conserving Cyprus’ rich
biodiversity 22. The area’s management falls under the Forest Department of the Ministry of Agriculture, Natural Resources,

and Environment. For this study, the three dominant species of the Paphos forest are examined: Pinus Brutia, Quercus

Alnifolia, and Cedrus Brevifolia, forming a triad of ecological significance.
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Figure 1. Cyprus island map indicating the Paphos forest boundaries with green colour (A). The elevation map of the Paphos forest
derived from the Shuttle Radar Topography Mission (SRTM) is divided into three elevation zones (B). Dominant species distribution in
the Paphos forest with the three elevation zones (C). Species shapefiles have been created through a random forest classification
algorithm from in-situ data provided by the Forest Department. These data are collected in the framework of LIFE IP Physis — Managing
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the Natura 2000 network in Cyprus and shaping a sustainable future?2,

2.1 Dominant species characteristics

These three dominant species play a decisive role in the smooth functioning of the Paphos forest, showing a remarkable
interest. Their unique characteristics and conservation status, as outlined by the International Union for Conservation of
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Nature (IUCN), highlight their ecological importance and the need for their protection?. The key characteristics and
information about the dominant species are summarised in Table 1.
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Table 1. Paphos forest dominant species characteristics.

. Altitudinal _ .
Species distribution (m) Description IUCN Red List Status
A medium-sized tree reaching 20- | Red List Category: LC — Least Concern
Pinus 35 m in height with a trunk | current Population Trend: Increasing
brutia 0-1225m diameter of up to 1 m. It thrives in ]
various soil types and is known Population Severely Fragmented: No
for its thin, red-orange bark® Continuing decline of mature individuals: No
An endemic species to Cyprus, it | Red List Category: LC — Least Concern
Quercus grows as a large shrub or small | Cyrrent Population Trend: Stable
Alnifolia 600-1525m tree up to 10m high. It prefers .
rocky ground, and it is known for | Population Severely Fragmented: No
its golden-coloured leaves™. Continuing decline of mature individuals: No
Found in the cedar valley in the | Red List Category: VU - Vulnerable
Cedrus Paphos forest, this slow evergreen | cyrrent Population Trend: Decreasing
Brevifolia 1075-1400m conifer tree can grow on a broader )
tall?e. Continuing decline of mature individuals: Yes
3. DATA AND METHODOLOGY
Rainfall data from CHIRPS were assessed from 1987 to 2023 from the cloud-based platform GEE

(https://code.earthengine.google.com), calculating monthly and yearly precipitation. CHIRPS is a 40+ year quasi-global
rainfall dataset from 1981 to the present incorporating approximately 5.5km spatial resolution satellite imagery with in-situ
station data to create gridded rainfall time series for trend analysis and drought monitoring. Moreover, CHIRPS provides a
long-term, high-resolution dataset showing a good correlation between CHIRPS and recorded precipitation in Cyprus?.
Moreover, Landsat 4,5, 7, 8, and 9 satellite images with 30m spatial resolution were utilised to create the NDVI (Equation
1) time series derived from GEE. The mean value of NDVI was computed for all pixels within the respective species’
shapefile (Figure 1C) for each month, providing a representative value of the vegetation index for each species distribution.
Overall, 1046 images were pre-processed from 1987 to 2023, harmonised by applying a scaling factor to ensure consistency
and comparability across the different Landsat missions. After the image pre-processing, the confidence interval was
performed where images with less than 95% overlapping pixels over the study area were excluded to make the outcomes
more reliable. After filtering out the images, the confidence interval revealed missing values in the time series, where the
Kalman interpolation algorithm? was chosen to fill these values in the time series. Following the interpolation of missing
values, the trend in the time series was analysed using Sen’s Slope estimator. This non-parametric method is robust against
outliers, estimating the slope representing the rate of change in the time series data over time. Generally, it can give
information about the statistical significance of the observed trend?. After Sen’s slope estimator, a matrix correlation plot
was created to compare the NDVI and precipitation data.

NIR -R
NDVI: ——— @
NIR+R

Where NIR = Near-Infrared band (0.7 to 1.1 uym) and R = Red band (0.6 to 0.7 um).
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4. RESULTS

The analysis of the monthly NDVI showed a positive trend for all the studied species, as indicated in Figure 2. More
specifically, the NDVI dropped rapidly between 1991 and 1993, but there was a sharp increase in vegetation after this
period. The overall percentage change for all the months for Pinus brutia was +28.68%, +26.12% for Cedrus Brevifolia,
and +25.26% increase for Quercus alnifolia, indicating significant vegetation growth. On the other hand, despite the trend
line not appearing to increase at first glance, the measurements showed a +10.13% positive change for all the months.
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Figure 2. Monthly mean NDVI values for Pinus brutia (A), Quercus alnifolia (B), Cedrus brevifolia (C), and precipitation (D).

Similar to monthly NDVI, all three species exhibited nearly identical significant positive increases in mean annual NDVI
with 28.69%, 26.13 and 25.27 for Pinus brutia, Cedrus brevifolia and Quercus alnifolia, respectively.
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Figure 3. Yearly NDVI values for Pinus brutia (A), Quercus alnifolia (B), Cedrus brevifolia (C), and precipitation (D).

Analysing the yearly time series data further with Sen’s slope revealed crucial information about the trends, summarising
them below in Table 2.

Table 2. Summary of Sen’s slope analysis results.

Variable Sen’s slope z-value p-value
Pinus brutia 0.0040 6.474 9.541e-11
Quercus alnifolia 0.0043 6.160 7.267e-10
Cedrus brevifolia 0.0039 6.317 2.665e-10

Precipitation 0.2407 0.039 0.9687

The mean annual NDVI for Pinus brutia, Quercus alnifolia, and Cedrus brevifolia indicated a statistically significant trend
since Sen’s slope values approached zero, indicating minimal deviation from the trend line over time; high z-values
suggesting strong statistical significance, and p-values below 0.05, indicating a high level of confidence in the observed
trends. However, in contrast, the precipitation data displayed no significant trend where the calculated Sen’s slope was 0.24;
the z-value approached zero, and the p-value exceeded 0.05, signifying insufficient evidence to reject the null hypothesis of
no trend. Moreover, the wide confidence interval of precipitation Sen’s slope (-4.221 — 5.912) suggests high uncertainty in
this trend, as indicated in Figure 4.
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Figure 4. Sen’s slope of the NDVI yearly values for the species and precipitation data.

Delving further into the data analysis, the Pearson correlation matrix plot revealed a strong positive relationship between
the NDVI values of Pinus brutia and Cedrus brevifolia, with a 0.89 correlation revealing similar growth rates. The next
highest correlation was between Cedrus brevifolia and Quercus alnifolia, with a 0.69 and 0.57 correlation between Quercus
alnifolia and Pinus brutia. Concerning the correlations between precipitation and the species, the results revealed low to
very low correlations, whereas the precipitation versus Quercus alnifolia nearly reached zero correlations, implying that
rainfall did not have a significant impact on the NDVI; therefore, other factors may affect (Figure 5).
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Figure 5. Pearson correlation matrix plot between NDVI of Pinus brutia, Quercus alnifolia, Cedrus brevifolia, and precipitation.

5. DISCUSSION AND CONCLUSION

The outcomes of this research provide a comprehensive analysis of precipitation and vegetation dynamics in the Paphos
forest in Cyprus, focusing on three dominant species: Pinus brutia, Quercus alnifolia, and Cedrus brevifolia. The rapid drop
in NDVI between 1991 and 1993 could be due to several factors, including natural disturbances such as pest outbreaks,
drought, or low levels of rainfall during that period. Importantly, our investigation did not find evidence of wildfire in the
Paphos forest during this time, excluding fire as a potential cause for the observed decline in vegetation health. In general,
the NDVI values significantly increased over the past 37 years. This positive trend indicates an enhancement in the health
and productivity of these species, and these findings are similar to other studies that have utilised NDVI to assess vegetation
health and density®*-32. The Sen’s slope estimator results further justified these results, revealing statistically significant
trends for all three species. Although the precipitation data showed a positive increase of 10.1%, it displayed no significant
trend, suggesting that the increase in vegetation may be due to other environmental factors or anthropogenic actions such
as reforestation or the forest was young and still was growing. Indeed, the Department of Forests conducted a large number
of reforestations in the Paphos forest following the massive wildfire that occurred during the Turkish invasion of Cyprus in
1974%, This wildfire resulted in extended destruction, with an estimated burned area of 136.36 square kilometers, as detected
from a Landsat-1 image from 11 July 1975. As shown below in Figure 6A, an RGB Landsat-1 image created by the band
combination of band 5 (Visible red — R), band 4 (Visible green — G) and band 6 (Near — Infrared — B), to show in bright
green the extent of the forest fire. Moreover, Figure 6B presents in red the mapped polygon of the burned area generated by
subtracting an NDVI image before and after the wildfire. It is evident that the wildfire did not manage to burn areas above
1000m hence, we assume that the distribution of Cedrus brevifolia was not affected that much which is a positive sign if
someone considers the red list status from IUCN.
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These significant findings justify completely the increase in vegetation over the past 37 years with the hypothesis that
reforestation efforts played a pivotal role in enhancing the forest’s health and productivity. The strong positive correlations
observed between the NDVI values of Pinus brutia and Cedrus brevifolia suggest quite similar ecological preferences, which
is not surprising given their coexistence within the same forest ecosystem. On the other hand, the moderate correlation
between Quercus alnifolia and Cedrus brevifolia indicates some degree of ecological divergence. The low correlation
between precipitation and species showed that rainfall alone may not be the primary driver of vegetation dynamics in the
Paphos forest. However, other environmental factors may also impact vegetation, such as temperature, soil moisture, soil
properties, and human intervention, such as reforestation, as in our case.
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the wildfire which broke out due to the Turkish invasion of Cyprus in 1974 (B).

The results of this study can be used to evaluate biodiversity conservation and forest management in the Paphos forest and
similar forest ecosystems. Understanding the various factors influencing forest dynamics at the species level is critical for
developing effective conservation practices and enhancing ecosystem resilience and sustainability. Despite the upward trend
in the NDVI values indicating the positive impact of reforestation efforts, these ecosystems need continuous monitoring to
ensure their long-term viability due to ongoing environmental shifts and human disturbances.
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