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ABSTRACT. This study spatially analyzes plant phenology and its variations over time in mainland Spain and 
the Balearic Islands. To conduct the analysis, a nearly 40-year span time series (1983-2020) was generated by 
merging NDVI vegetation index values from satellite images sourced from NOAA-AVHRR and MODIS sensors. 
The phenological variables were calculated using TIMESAT 3.3, which extracted 13 phenometrics whose trends 
were evaluated using the Theil-Sen model, and their significance was assessed with the Mann-Kendall test. The 
results reveal regional differences between Eurosiberian Spain and the Mediterranean region regarding the start 
and end phases of the season. On average, the Eurosiberian zones have experienced delays in their season start and 
end dates, by approximately 0.35 and 0.22 days per year over the study period, respectively, while the 
Mediterranean region has seen an advancement in leaf-out and senescence dates by about 0.07 and 0.05 days per 
year. A greening trend across the entire study area and significant contrasts among land covers have also been 
observed, opening avenues for future studies to delve deeper into these behavioral differences and their interactions 
with changes in climate and land management. 

Evaluación espacialmente continua de la dinámica de la fenología vegetal en España entre 
1983 y 2020 a partir de imágenes de satélite 
RESUMEN. En este estudio se analiza espacialmente la fenología vegetal y sus variaciones a lo largo del tiempo 
en la España peninsular e Islas Baleares. Para realizar el análisis se ha generado una serie temporal de casi 40 años 
(1983-2020) a partir de la fusión de valores del índice de vegetación NDVI de imágenes de satélite procedentes de 
los sensores NOAA-AVHRR y MODIS. El cálculo de las variables fenológicas se ha realizado con TIMESAT 
3.3. que ha extraído 13 fenométricas cuya tendencia se ha evaluado a partir del modelo Theil-Sen y la significación 
de esta con el test de Mann Kendal. Los resultados muestran diferencias regionales entre la España eurosiberiana 
y la mediterránea respecto a las fenofases de inicio y final de temporada. Las zonas eurosiberianas de media han 
visto retrasadas sus fechas de inicio y final de temporada, en torno a 0,35 y 0,22 días cada año a lo largo del periodo 
de estudio respectivamente, mientras que la región mediterránea ha adelantado las fechas de salida de las hojas y 
la senescencia de media alrededor de 0,07 y 0,05 días al año. También se ha observado una tendencia al 
reverdecimiento de toda el área de estudio e importantes contrastes entre las cubiertas del suelo que abren la puerta 
a futuros estudios que profundicen en estas diferencias de comportamiento y en sus interacciones con los cambios 
en el clima y en la gestión del territorio. 
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1. Introduction 

Vegetation dynamics are a primary indicator of global change, encapsulating alterations in both 
the climate system and land use and cover management (Cleland et al., 2007; Menzel, 2002). In this 
context, various metrics obtained through field observations (e.g., radial growth in trees) (Prislan et al., 
2019; Rossi et al., 2011; Rubio-Cuadrado et al., 2021) and remote sensing (several vegetation activity 
or greenness indices) (Motohka et al., 2010; Reed et al., 2009) have been employed to examine 
vegetation changes due to climate change (Badeck et al., 2004; White et al., 2009). Among these 
methods to measure vegetation dynamics, one of the most robust relates to plant phenology (Bertin, 
2008; Cleland et al., 2007), referring to the periodic growth and development cycles of vegetation, 
typically on an annual scale (Lieth, 1974). From these cycles, several metrics such as the start of growth 
or the onset of senescence can be derived (Helman, 2018; Reed et al., 2009; Schwartz, 2013), which are 
recurrent biological processes encompassing various biotic and abiotic causes. Biotic factors influencing 
vegetation phenology are primarily linked to plant physiology, and the different stages of the 
phenological cycle are commonly called phenophases. These phenophases are determined by factors 
such as plant species and development stage, as well as environmental factors like temperature, 
photoperiod, and availability of water and nutrients, along with their interactions. These factors 
significantly affect the period during which vegetation is active, easily detectable as this stage usually 
coincides with the presence of leaves (Lim et al., 2007). Several studies have demonstrated the impact 
of climate variability and changes on plant phenology (Menzel et al., 2006; Richardson et al., 2013), 
where the trend towards increasing temperatures has been associated with shifts in key phenological 
stages, such as the start of the season (leaf unfolding) and the end of the season (color change), leading 
to an earlier spring, an extension of the vegetative activity period, and a delay in the phenological autumn 
(Gill et al., 2015; Jeong et al., 2011; Piao et al., 2019). 

Plant phenology has multiple ecological implications, as changes therein can alter seasonal 
interactions among different species (Rathcke and Lacey, 1985; Yang and Rudolf, 2010), with notable 
consequences for ecosystem biodiversity and productivity (Kharouba et al., 2018). For example, these 
changes can affect plant-pollinator relationships (Kudo and Ida, 2013), increase vegetative activity, and 
enhance carbon absorption (Piao et al., 2006; Piao et al., 2019), which in turn have impacts on the 
ecosystem as a whole. For these reasons, the study of phenology has gained importance, evolving from 
mere notation of different key moments for vegetation (e.g., the start or end of the season or flowering) 
to becoming an integral field of experimentation and model generation with broad ecological and 
climatic significance (Piao et al., 2019; Richardson et al., 2013). In recent decades, there has been a 
rapid increase in the number of studies focused on plant phenology (Piao et al., 2019), particularly those 
related to the effects of climate change on vegetation (Menzel et al., 2006; Piao et al., 2019). For 
instance, both in situ (terrestrial) and satellite measurements have observed a trend of changing 
phenological patterns in Europe, North America, and East Asia, with an earlier season start over recent PA
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decades (Ge et al., 2015; Fu et al., 2014; Wolfe et al., 2005). To a lesser extent, it has also been noted 
that in Europe, the end of the vegetative period seems to be delayed (Gill et al., 2015). 

National and international phenological networks have recorded various parameters of 
vegetation phenology (Piao et al., 2019). Although there are occasionally very long temporal records 
(e.g., several centuries for cherry blossom in Japan), the spatial coverage of the records is usually limited 
(Rodriguez-Galiano et al., 2015) and primarily focused on temperate and subalpine forest areas. 
Moreover, records are often obtained by different observers and with different methods, without a 
uniform protocol, making it difficult to integrate and exchange this type of information between different 
regions (Piao et al., 2019). In Spain, although there is a national phenological observation network 
maintained by the Spanish Meteorological Agency (AEMET) (MITECO, n.d.), the records are very 
short and scarce, except in a few locations (García-Mozo et al., 2010; Oteros et al., 2015). For these 
reasons, in recent decades, numerous research efforts have been made to analyze plant phenology and 
its changes using data provided by Earth observation satellites. This approach offers an advantageous 
way to study these terrestrial vegetation cycles due to the existence of continuous and systematic global 
information. 

For these types of studies, images from the AVHRR (Advanced Very High Resolution 
Radiometer) sensors aboard NOAA (National Oceanic and Atmospheric Administration) satellites, with 
information since 1981 (Caparros-Santiago and Rodríguez-Galiano 2020; Piao et al., 2019), as well as 
from MODIS (Moderate Resolution Imaging Spectroradiometer) images from Terra and Aqua satellites 
(Novillo et al., 2019; Zhang et al., 2003), and even high-resolution studies from the Landsat and Sentinel 
image series satellites (Fisher et al., 2006; Vrieling et al., 2018), have been particularly used. 
Phenological parameters are usually extracted using different vegetation activity indicators derived from 
radiometric information. Among the most used indicators are the NDVI (Normalized Difference 
Vegetation Index), EVI (Enhanced Vegetation Index), or LAI (Leaf Area Index), among others 
(Karkauskaite et al., 2017; Verger et al., 2016; Zhang et al., 2003). From these indices, phenological 
variables corresponding to the start of the season, the end, or the duration of the same can be extracted, 
provided the observations have been taken with an adequate temporal frequency. These variables are 
also called phenometrics. There are different methodologies and algorithms for phenological analysis 
(Jönsson and Eklundh, 2002; Sakamoto et al., 2005; White et al., 2014), but all of them obtain the 
phenometric variables from time series of vegetation indices through three stages: i) improving the 
quality of the input indices, ii) fitting functions to the vegetation cycles, and iii) identifying the start and 
end dates of the growing season by establishing thresholds or inflection points (Liu et al., 2016), from 
which to derive other phenological variables. 

In Spain, studies have analyzed vegetation dynamics in recent decades, mainly through long 
series of observations in some specific locations (García-Mozo et al., 2010; Gordo and Sanz, 2009; 
Peñuelas et al., 2002). The results of these studies suggest phenological changes due to the current 
warming process (Caparros-Santiago and Rodríguez-Galiano 2020; Gordo and Sanz, 2009). Although 
there have been some approaches to characterize Spain's phenology from satellite images (Alcaraz 
Segura, 2006; Amorós-López, et al., 2013; Caparros-Santiago and Rodríguez-Galiano 2020; Gutiérrez-
Hernández, 2020; Martínez and Gilabert, 2009; Novillo et al., 2019), the studies have covered short 
periods. For this reason, this study addresses the study of plant phenology in Spain over the last four 
decades using satellite image series at a medium spatial resolution (1.1 km2), which is considered 
sufficient to determine possible patterns of change based on a good number of vegetation phenology 
parameters. 

The objectives are to spatially characterize the phenology of vegetation in Spain in the long term 
and determine, from a set of phenological variables, both its average conditions and variations over time 
and space, as well as the changes recorded since the beginning of the 1980s in mainland Spain including 
the Balearic Islands. 
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2. Data and methods 

2.1.  Study Area 

The study area encompasses mainland Spain, including the Balearic Islands. From an ecological 
perspective, Spain can be divided into two macro-biogeographic regions: Mediterranean and 
Eurosiberian. The Eurosiberian zone covers the northern and northwestern territories, as well as 
mountainous areas, while the remainder of the country falls within the Mediterranean region. Spain is 
also one of Europe's most diverse territories, not only in terms of its natural environment but also in its 
land use, which is highly varied (Fig. 1). In the Mediterranean region, vegetation comprises many 
functional plant types whose phenological responses vary according to environmental signals, with 
temperature being the key factor for most species (Peñuelas et al., 2002). However, it is the summer 
drought in the peninsula that controls the vegetative activity in the Mediterranean area, with the growth 
phase occurring during the cooler, wetter part of the year (Matesanz et al., 2009; Prieto et al., 2008); 
unlike the Eurosiberian region, which exhibits growth during warmer temperatures. 
 

 
  Figure 1. Map of crops and uses, 1980. Source: MAPA  

 

2.2. Generation of a 40-Year NDVI Time Series 

The foundational data for this study were two databases of the Normalized Difference Vegetation 
Index (NDVI). The first database was generated from NOAA-AVHRR satellite images from 1981 to 2015, 
developed through georeferencing, calibration, and radiometric correction of over 10,000 satellite images. 
This database offers a spatial resolution of 1.1 km² and a semi-monthly temporal frequency, with two 
images each month made from the composites of the daily images available. This database does not exhibit 
information gaps. Complete information on this database can be consulted in Vicente-Serrano et al. (2020). 
The second database comes from MODIS (Moderate Resolution Imaging Spectroradiometer) satellites for 
the period 2001-2021. NDVI data are from the MOD13A2 product and are available at a spatial resolution 
of 1 km and a temporal frequency of 16 days. Complete information on the database can be found at 
https://lpdaac.usgs.gov/products/mod13a2v006/. To analyze long-term phenology (between 1981 and 
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2021), it was necessary to combine both sources of information. This involved transforming the spatial 
resolution of the MODIS images (1 km) to match the 1.1 km of the NOAA-AVHRR images, considering 
the same envelope and spatial extension through bilinear convolution. Subsequently, it was necessary to 
transform the temporal frequency of the MODIS images from their temporal location every 16 days to the 
fixed frequency of the NOAA-AVHRR images (one image corresponding to days 1-15 and another from 
16 to the end of the month). A linear interpolation process of the image values was applied on a daily basis, 
and the average NDVI within the same temporal intervals as the database from the NOAA-AVHRR 
images. Due to the significant difference, both in the total magnitude of NDVI and in its annual range of 
variation, between both databases (Fig. S1), a fusion of the data was performed to adapt the NDVI data 
from the NOAA-AVHRR images to those of the MODIS images. 

To carry out the fusion of both databases, the NDVI series were transformed into standardized 
values, using the common period 2001-2021. Different probability distributions (exponential, Gamma, 
log-normal, Weibull, Pearson-III, normal, general Pareto, general normal, general extreme values, and 
general logistic) were tested for the adjustment of each of the semi-monthly series for each of the pixels 
in the database. The equations for these distributions can be consulted in Vicente-Serrano et al. (2012). 
The selection of the most suitable distribution for each pixel and semi-monthly series was made using 
the highest value of the Shapiro-Wilks test with the aim of obtaining standardized values, which 
perfectly follow a standard normal distribution according to Stagge et al. (2015). 

Finally, the anomaly series from the NOAA-AVHRR images were transformed into NDVI values 
based on the parameters obtained from the MODIS series of the common period. This procedure allowed 
obtaining AVHRR series perfectly comparable in terms of magnitude and variability range of the MODIS 
NDVI series, with a high degree of adjustment during the common period (Fig. S2). In the common period, 
the MODIS image series from the year 2001 were preserved, so the NOAA-AVHRR images contained in 
the final database correspond to the period 1981-2001. Figure S3 shows, using the D index (Willmott, 
1981), the analysis of the goodness of the reconstruction in a spatial and summarized manner for different 
periods of the year and land uses. The maps of the index in different weeks show a predominance of values 
above 0.6 throughout Spain, meaning that the reconstructions are generally acceptable, and quite good in 
broad regions showing values close to 1. In fact, the reconstruction presents less uncertainty on the scale 
of specific weeks, and particularly during the summer, when the reconstructed NDVI values from the 
AVHRR images show a high degree of adjustment with the NDVI data from MODIS. The differences 
between semi-monthly periods are scarce, although the reconstruction is better for the summer months, 
and no significant bias is observed in the goodness of the reconstructions among different land uses. 
Although there are some uncertainties in the reconstruction at the local level, it can be considered that the 
procedure used provides very acceptable results and allows the use of the series for the estimation of 
phenological parameters over the last four decades. 

 

2.3. Calculation of Phenological Variables 

For the analysis of vegetation phenology, 960 semi-monthly periods from 1983 to 2021 were 
worked with. Applying time series analysis algorithms of vegetation indices implemented in TIMESAT 
(https://web.nateko.lu.se/timesat/timesat.asp), a series of 13 plant phenology parameters were extracted: 
date of the start of the season, date of the end of the season, mid-season date, duration of the season, the 
maximum index value in the season, the index value at the start date, the index value at the end date, 
base value (average of the start and end of season values), amplitude (difference between the maximum 
and base value), left derivative, right derivative, large integral (area under the curve for the entire 
season), and small integral (area under the curve for the entire season relative to the base value) (Eklundh 
and Jönsson, 2017; Jönsson and Eklundh, 2002). 

For the fitting of functions to the NDVI series, a Savitzky-Golay filter (Kim et al., 2014) with a 
moving window size of 2 was used, which is conservative in relation to the maintenance of the original 
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NDVI data. This filter was chosen because it is more accurate and advantageous in periodic time series 
and particularly in processed NDVI series, as these are relatively unaffected by atypical observations 
(Eklundh and Jönsson, 2017). Likewise, by using this filter, more complex behaviors can be 
distinguished as it closely follows seasonal changes, by iteratively adjusting the window that captures 
the increase and decrease of the data (Eklundh and Jönsson, 2015). Additionally, this procedure is 
effective in characterizing certain soil covers, such as semi-arid grasslands that change their activity in 
short periods of time (Jönsson and Eklundh, 2004). 

A key aspect in determining phenological cycles is establishing the start and end of the 
vegetative season. For this, a test was conducted based on different soil covers considering the amplitude 
of the vegetative season, defined between the base level and the maximum value of the data distribution 
for each season. The start occurs when a specified fraction from the left of the adjusted curve relative to 
the base level is reached, set at 0.3 units since this value shows a good fit for different soil covers at the 
national level. Conversely, the end of the season was defined at a value of 0.2, which showed more 
consistent results in different soil covers such as deciduous forests, grasslands, rainfed crops, etc. The 
preliminary analysis of the data allowed verifying that, given the characteristics of some of the covers 
and certain phenological cycles, the model obtained incoherent results in some areas, with very variable 
vegetative activity seasons, like certain irrigated crop areas. In order to eliminate the data where the 
confidence in the phenology estimation was very low, the areas where the interannual deviation 
corresponding to the start date data was greater than 75 days (5.3% of the study area) were removed, as 
the uncertainty of the phenological estimates in these areas was very high. Also, the first and last year 
of the time series of all phenological variables were removed to avoid artifacts in the estimation of 
incomplete phenological periods, so the temporal analysis was finally limited to the period 1983-2020. 

 

2.4. Analysis of Vegetation Phenology 

The analysis of the different phenological variables was based on the spatial characterization of 
the phenological variables through averages and coefficient of variation. To evaluate changes in the 
different variables, two non-parametric statistics were used: the Theil-Sen regression to estimate the 
trend, a consistent method for asymmetric distributions and with high tolerance to error deviations 
(Fernandes and Leblanc, 2005; Peng et al., 2008), and the Mann-Kendall test (Mann, 1945; Kendall, 
1948), which allows determining the statistical significance of the observed changes in the trends of the 
variables. A significance threshold α = 0.05 was used. The results were obtained for each of the 1.1 km 
pixels, but a grouping of the results for the main soil covers of Spain was also carried out. For this, the 
crop and land use map between 1980 and 1990 at a scale of 1:50,000 generated by the Ministry of 
Agriculture, Fisheries and Food (MAPA, https://www.mapa.gob.es/es/cartografia-y-
sig/publicaciones/agricultura/mac_1980_1990.aspx) was used. 

 

3. Results 

The average start of the vegetative activity season exhibits clear spatial differences between the 
Eurosiberian region, some mountain areas of inland Spain, and certain irrigated zones, which begin their 
season at the end of the first quarter of the year, and the rest of Spain's vegetation, the Mediterranean, 
which starts its season between September and November (Fig. 2). During the study period, a strong 
interannual variation in the season's start is observed in the Duero basin and the Southern Plateau, 
corresponding to rainfed areas, and the irrigated zones of the Guadalquivir and Ebro, as well as most of 
Galicia. The magnitude of change shows negative values across most of Spain, suggesting an advancement 
in the start of vegetative periods, between 1 and 2 days per year and exceeding 2 days in some areas of the 
northern and southern plateaus and in the Guadalquivir valley. Conversely, a delay in the start of vegetative 
activity of between 1 and 2 days per year is observed in Galicia. The changes in these areas are statistically 
significant. 
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Figure 2. Maps of the statistics for the start of the season 

 

The analysis by different land covers shows high variability in the average start dates of the season 
for some cover types (Fig. 3 a)), suggesting broad subregional differences. Irrigated lands, vineyards, 
rainfed areas, scrublands, conifers, eucalyptus, and deciduous forests, among others, have a very 
asymmetric distribution of the average. The lowest variability in the average start date of vegetative 
activity is presented by natural meadows, grasslands, some rainfed crops, and mixed forests of eucalyptus 
with conifers. The highest interannual variability in the start of vegetative activity (Fig. 3 b)) is recorded 
in mixed forests of eucalyptus with conifers and in natural meadows, and the lowest variability is recorded 
in rainfed crops. In general, the trend for all land covers has been towards an advancement in the start date 
of the vegetative season, especially in areas of poplars and willows and irrigated surfaces. 

 

 
Figure 3. Season start statistics throughout the series according to different types of land cover.  
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The percentage of surface area showing statistically significant changes in each of the land covers 
indicates that nearly 50% of Spain's eucalyptus surface area has delayed the start of the season. The same 
occurs in 40% of the extension of mixed forests of eucalyptus with conifers and in 20% of natural meadows 
(Fig. 4). On the other hand, it is notable that around 20% of the areas of rainfed and irrigated crops and 
natural riverbanks show a significant advancement in the start dates of vegetative activity. 

 

 
Figure 4. Changes in season start by land use.   

 
The end of the season also presents notable spatial differences (Fig. 5). In general, the 

interannual variability of the end date of the season is low and very homogeneously spatially across the 
country. However, the magnitude of change indicates negative variations in the floodplains of the large 
rivers, where the end of the season advances between 1 and 2 days per year; with even greater 
advancements in areas located along the riverbanks. Conversely, in areas of Galicia and Extremadura, a 
delay of between 1 and 2 days per year is observed during the study period. 

The analysis performed based on the different land covers shows a great difference in the 
average end date of the season (Fig. 6 a), suggesting subregional differences. The variability of the end 
of the vegetative period is low in all covers, being the most variable the irrigated zones and conifers 
with eucalyptus (Fig. 6 b). The trend is practically null in all covers. However, mixed forests of conifers 
with eucalyptus present a clear tendency to delay the same (Fig. 6 c). 

It is important to highlight a delay in the end of the season in 35% of the surface of mixed forests 
of eucalyptus with conifers and 20% of the surface of eucalyptus (Fig. 7). Around 10% of all surfaces 
have delayed their senescence. Whereas in the areas of irrigated land, rainfed farming, and natural 
riverbanks, this date has been advanced in 30% of the surface. 

The average date of mid-season follows a very marked spatial pattern: the northern area has its 
mid-season in summer, while in the rest of Spain, it occurs during winter and early spring (Fig. 8). The 
analysis of the magnitude of change shows an advancement of the mid-season date in irrigated areas 
around the riverbanks. This advancement is 2 days per year since the beginning of the 1980s, while in 
the rainfed areas of the Duero and Guadalquivir valleys, the advancement is usually about 1 day. 
Conversely, in Galicia and the Ebro valley, a delay of around 1 day per year is observed. 

The analysis by different covers shows high variability in the mid-season date in all of them, 
with greater subregional differences in vineyard areas, scrublands, conifers, and deciduous forests (Fig. 
S4). Most covers have their mid-season between January and March (month 1 and month 3), except 
natural meadows, conifers, deciduous forests, and mixed forests of conifers with eucalyptus and other 
deciduous trees, which tend to register the mid-season date around July. The trend in all covers is the 
advancement of this date. Similarly, a higher percentage of surface area advancing the mid-season date 
has been identified in most land uses (Fig. S5). 
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Figure 5. Maps of the statistics for the end of the season. 

 

Figure 6. End-of-season statistics throughout the series according to different types of land cover. 

 

Figure 7. Changes in the end of season by land use.  
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Figure 8. Maps of the statistics for the mid-season date. 

 

The average duration of the vegetative activity season in Spain is between 7 and 9 months, 
except in the interior areas of the large basins, where the season lasts about 6 months (Fig. 9). The 
interannual variability in the duration of the season series marks a southeast-northwest line starting in 
the region of Murcia and ending in Galicia, dividing the study area into two parts, with the area north of 
the line characterized by greater variation over time. The magnitude of change shows, in general, an 
increase of 1 day in the duration of the season per year, except in the north and in some of the interior 
Mediterranean mountain ranges where the duration has decreased by 1 day or more, especially in 
Galicia. The changes in these areas tend to be statistically significant, especially in areas of the 
Guadalquivir valley. 

In the analysis conducted for the different covers, it is noteworthy that the average duration of 
the vegetative season is very homogeneous, between 6 and 8 months (Fig. S6), and presents few 
subregional differences. Notable interannual variability is detected in all covers, being the most variable 
annually the irrigated crops and poplar and willow groves. Most covers show a dominance of negative 
values in the magnitude of change of the vegetative period, especially in natural meadows and poplars 
and willows, while the duration of the vegetative season increases in rainfed farming, olive groves, 
vineyards, and grasslands. 

Between 5% and 10% of the surface area of all soil types has experienced a significant decrease 
in the duration of the vegetative season (Fig. S7). Notably, natural riverbank areas and eucalyptus forests 
have done so in more than 15% of their surface area. On the other hand, irrigated areas are those with 
the most surface area (10%) showing an increase in the activity period, along with rainfed surfaces and 
grasslands. 
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 Figure 9. Maps of the statistics for the duration of the vegetative season. 

 

The average base value of NDVI presents very notable spatial differences (Fig. 10). On one hand, 
Galicia, the Atlantic coast, and the Pyrenees show very high base values, while the rest of Spain has a 
much lower value. The Cantabrian Mountains, Pyrenees, and Sierra Nevada stand out in their base value 
with a base value of 0. Its variability is very high in the northern area, the Iberian System, and some 
irrigated areas. It presents positive variations in most of Spain, increasing more than one-hundredth per 
year, except in the Southern Plateau and the Duero Basin where the value remains the same or decreases 
slightly. The changes in almost all of Spain are positive and statistically significant, so it can be stated that 
the NDVI values at the start and end of the season are generally increasing. 

The highest average base values are observed in eucalyptus with conifers and natural meadows, 
while the lowest occur in rainfed crops (Fig. S8). The interannual variation in the base value tends to be 
low, and the general trend of all covers is towards an increase in this metric. 

There is a statistically significant increase in base value in 50% or more of the surface area of 
all covers (Fig. S9). Irrigated areas, vineyards, and eucalyptus stand out from the rest of the covers where 
the change in their surface is smaller, and especially coniferous forests and other deciduous forests, in 
which 80% of their surface area has seen this value increase. 

The average maximum NDVI value presents clear spatial differences between the northern and 
western part of the country, where values are higher (0.7-0.8), and the eastern zone where they are much 
lower (0.2-0.5), highlighting the Ebro basin, as well as the regions of Almería, Murcia, and La Mancha 
(Fig. 11). The interannual variability of the season's maximum is low, with greater variation observed 
in the basins of the Ebro, Duero, Guadalquivir, and in the Southern Plateau. The magnitude of change 
of the maximum value shows an increase of more than one-hundredth of NDVI each year, except in the 
Guadalquivir valley and small areas in the center of the country where the value decreases more than 
one-hundredth. The changes in almost all of Spain are statistically significant. 
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Figure 10. Maps of the statistics for the base value of the season.  

 
 Figure 11. Maps of the statistics for the maximum value of the season. 
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The highest average maximum NDVI values in the different land covers are recorded in natural 
meadows, deciduous forests, and eucalyptus with conifers, and the lowest in rainfed crops (Fig. S10). 
The interannual variations are low, with rainfed farming being the most variable cover and natural 
meadows and conifers with eucalyptus being the least variable. The trend in all soil covers is towards 
an increase in the maximum NDVI value. The maximum NDVI value has increased in at least 45% of 
the surface area of all categories (Fig. S11), with conifers and natural meadows being the categories 
where the surface area affected by significant changes is higher (80%). 

The average amplitude of NDVI values shows homogeneity across Spain, with values between 
0.2 and 0.3 in most of Spain (Fig. 12), except in the Cantabrian and Pyrenean ranges, with amplitudes 
higher than 0.6, and areas in the west of the country, with amplitudes around 0.5. The interannual 
variability of this variable is low in areas where the amplitude is higher, while it is higher in the east of 
the country and in the northern area of Galicia. The magnitude of change shows a decrease of one-
hundredth in the amplitude each year in the north, in the Central System, and in part of the Guadalquivir 
depression, while in the rest of Spain, it increases by one-hundredth. In wide areas of the interior of 
Spain, there is a statistically significant increase in the annual amplitude of NDVI values throughout the 
study period, as well as significant decreases of NDVI in the northern part of the country. 

 

 

Figure 12. Maps of the statistics for the amplitude of the season. 

 

The average amplitude among the different covers is very similar (Fig. S12). Similarly, the 
interannual variability of the NDVI amplitude is similar in the different soil classes, although it tends to 
be higher in mixed areas of conifers and eucalyptus, in dry vineyards, and in grasslands. The trends of 
this variable are similar in all covers, positive, except for natural meadows and forests of eucalyptus 
with conifers showing dominant negative trends. All covers have experienced an increase in amplitude 
in at least 5% of their surface area (Fig. S13), while also suffering a decrease in almost 10% of their 
surface area. Vineyards with fruit trees stand out where 50% of their surface area has experienced 
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increases in amplitude and olive groves and dry fruit trees have done so in 30% of the surface area. On 
the contrary, natural meadows, mixed forests of conifers with eucalyptus, and poplars and willows are 
the covers that have seen a reduction in amplitude on a larger surface area, of 30%. 

The evolution of other secondary phenological variables also shows some relevant results. For 
example, the rate of decline at the end of the season (right derivative) (Fig. S14) and the rate of growth 
at the start of the same (left derivative) (Fig. S15), show very notable spatial differences, with higher 
average values in the Pyrenees and Cantabrian Mountains, as well as in the most western regions of 
Spain. Conversely, the average values are lower in the eastern zone. The data present high interannual 
variability for both derivatives, observing very high variation coefficients of the right derivative in the 
northern area of Spain and of the left derivative almost in the entirety of the country. The magnitude of 
change of the two derivatives shows a decrease in the rate of one-hundredth in Galicia and interior 
Mediterranean mountain areas and an increase of one-hundredth in the west of Spain. All changes tend 
to be statistically significant. The analysis by different soil covers (Fig. S16 and S17) shows very similar 
averages, being the grasslands the ones presenting the highest average rates, and natural meadows and 
conifers with eucalyptus the ones that have varied the most. These two covers are the ones presenting a 
negative trend, both their start and end rate of the season have decreased, as have also done the areas of 
riparian forests, while in the rest the rates have remained or increased. The percentage of surface area 
showing statistically significant changes in each of the covers is similar in both derivatives (Fig. S18 
and S19), although there is more surface area affected by an increase in the start rate. 

The analyses of the large integral (Fig. S20) present the same spatial differences as the maximum 
NDVI value, distinguishing the northern and western areas, which show the highest values, and on the 
other hand the river basins and the east of the country, which present the lowest values. There is a 
dominance towards the increase of the area of the integral, being the changes predominantly significant. 
The large integral presents a similar variation and a positive trend in all soil covers (Fig. S21). The 
percentage of surface area showing statistically significant changes for each of the soil covers shows an 
increase in the integral in 20% of the surface area of all covers, finding the maximum surface area 
affected in dryland and grassland areas in 40% of their surface area (Fig. S22). On the other hand, the 
small integral (Fig. S23) shows higher values in the Cantabrian Mountains and the Pyrenees, as well as 
in the western part of the country. The variability is high throughout the country, except in the southwest. 
The magnitude of change and its significance show a decrease in the north of the country and an increase 
of the variable in the rest. All surfaces present the same pattern in the small integral (Fig. S24) and 
without a very contrasting behavior between soil covers on the surface characterized by significant 
changes (Fig. S25). 

The initial average value of the season (Fig. S26) is practically the same as the average base 
value and very similar to the average end value of the season (Fig. S27). Although it is true that the 
coefficient of variation is very low in initial and final values compared to the base value, the magnitude 
of change and the significance is the same or greater, that is, in all three there is a notable increase in 
NDVI throughout the country except in part of the Guadalquivir basin and the Southern Plateau. The 
analyses by different soil covers in the initial and final values (Fig. S28 and S29) are practically the 
same among them and compared to the analysis of the base value. Similarly, the figures for percentages 
of soil affected by significant changes (Fig. S30 and S31) mostly present more than 50% of the surface 
area of all covers with a significant increase in the variables and practically no effect by the decrease of 
this. 

Generally speaking, the percentage of surface area with statistically significant changes in each 
of the variables does not demonstrate a clear dominance towards temporal changes in the start and end 
of the vegetative period (Fig. 13). However, there has been a dominant significant increase in NDVI 
values (base, maximum, start, and end of the season) that has affected between 60% and 70% of Spain's 
surface area. Likewise, the mid-season date advances almost in 20% of Spain and the NDVI amplitude PA
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throughout the season has had similar significant positive and negative changes, although the amplitude 
increases in 10% more surface area than it decreases. 

 

 
Figure 13. Percentages of changes in the total surface area of Spain for the 13 phenological variables 

extracted from TIMESAT. 

 

4. Discussion and conclusion 

This study analyzed plant phenology in Spain from the early 1980s to the early 2020s, using 
low and medium-resolution satellite imagery based on a database developed for this purpose that merges 
NDVI values obtained from NOAA-AVHRR and MODIS images. The interest in such studies is 
significant from an environmental perspective, as various continental and global studies since the 1980s 
suggest phenological changes in response to climate change (Bertín, 2008). 

Previous studies on phenology in Spain have focused on specific locations within the country, 
particularly in the Mediterranean region (García-Mozo et al., 2010; Gordo and Sanz, 2009; Peñuelas et 
al., 2002). Although there are recent studies covering the entire peninsula (Alcaraz-Segura et al., 2009; 
Caparros-Santiago and Rodríguez-Galiano, 2020; Novillo et al., 2019), they have been conducted over 
shorter time periods. For this reason, a robust database was developed to allow for phenological analysis 
in Spain based on biweekly NDVI data from 1981 to 2021, enabling a study with a broad temporal 
perspective. This study does not delve into detail but analyzes general patterns of different phenological 
variables at the national level that may allow for future detailed analysis of the identified changes (e.g., 
using higher spatial resolution sensors) and to determine the role of observed climate changes on plant 
phenology, as suggested by various previous studies (Lunetta et al., 2006; Zhang et al., 2017; Fu et al., 
2014; Jeong et al., 2017; Piao et al., 2019). 

The methodology of this study was based on the TIMESAT tool (Eklundh and Jönsson, 2017), 
which allowed for the processing of approximately one million pixels to study phenology in satellite 
image series with extensive temporal coverage. Phenology was characterized from NDVI series as 
objectively as possible. This is not straightforward, as thresholds for defining the start and end of the 
vegetative season can vary. For example, changes in coniferous forests are slow, but in semi-arid 
grasslands, they are very rapid, creating problems in capturing seasonal changes in various types of 
cover. This means there are no universal thresholds for defining the start and end of the season (Eklundh 
and Jönsson, 2015). Thus, for this work we had to establish thresholds that allowed the objective 
evaluation of the phenological variables of interest. One limitation observed in the applied methodology 
was the difficulty in analyzing spaces with high interannual variability; variability that could be due to 
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land use changes caused by urban expansion and tourist infrastructures, especially on the Valencian 
coast (Marraccini et al., 2015; Palazón et al., 2016), an increase in irrigated area, changes in sowing 
decisions (Oteros et al., 2015; Stellmes et al., 2013), the succession of forest fires (Díaz-Delgado et al., 
2002), or the difficult detection of changes in evergreen coniferous forests (Eklundh & Jönsson, 2015). 

The main results of the phenological analysis of Spain highlight that the start of the season has 
advanced in wide areas by between 1 and 2 days per year. These are considerable figures that suggest 
significant phenological changes are occurring in Spain. The most affected covers by this early start are 
natural riverbanks and rainfed and irrigated crops. These results are consistent with those observed in 
previous studies like those of Caparros-Santiago and Rodríguez-Galiano (2020) and Oteros et al. (2015), 
which also detected this dominant advancement through both remote sensing and field data. These 
studies suggest that such advancement could be related to the increase in air temperature (Oteros et al., 
2015). Additionally, this trend coincides with various studies conducted in Europe (Ahas et al., 2002; 
Stöckli and Vidal, 2004), North America (Reed, 2006), Asia (Piao et al., 2006), and across the Northern 
Hemisphere (De Beurs and Henebry, 2005; Eastman, et al., 2013; Jeong, et al., 2011; Zhou et al., 2001), 
all emphasizing an early advancement since 1960 in the start of the season, both in satellite observations 
and ground observations, but whose magnitude differs according to the study region, scale, period, and 
species (Piao et al., 2019). 

Notable subregional differences were found in this work. For example, in areas of eucalyptus, 
conifers, natural meadows, and deciduous forests, there is a certain delay in the start dates of vegetative 
activity, results that also align with the regional outcomes of Caparros-Santiago and Rodríguez-Galiano 
(2020) and Jato et al. (2002), which could be due to changes in air temperature (Lieth, 1974; Cleland et 
al., 2012). 

The results reveal a certain concordance between changes in the start and end of the season. In 
places and covers where the start of the season advances between 1 and 2 days per year, so does the end 
of it in a similar interval, except for river forest areas where the advancement is more than 2 days per 
year. Meanwhile, delays between 1 and 2 days are observed in areas of Galicia and Extremadura, 
especially in surfaces of eucalyptus and broadleaf and mixed forests of both with conifers. In general, 
trends towards a certain delay and advancement in the end of the vegetative season have been evidenced, 
although in a weaker magnitude than the change in the start of the season. In this sense, and although 
there are fewer local, regional, and global studies focused on this, it is important to note that most of 
them agree in showing a dominant delay in wide regions of temperate climates (Miao, et al., 2017; Piao 
et al., 2019), which aligns with the delay seen in this study in the Spanish Eurosiberian region. On the 
other hand, the advancement of the end of the season could be associated with the previously described 
advancement of the start. Similar patterns are observed in the mid-season date, with advancements 
between 1 and 2 days across Spain except in Galicia, corresponding with the shortening of the vegetative 
growth season detected by Oteros et al. (2015). 

Some regional results and differential behaviors by land covers present notable interest. For 
example, the high variability between the end and start dates of the season in farming areas could be due 
to various anthropogenic factors such as crop change or rotation, land use changes, or even decisions on 
changing sowing and harvesting dates (Oteros et al., 2015; Van Oort et al., 2012). These phenological 
changes in cultivated areas can have notable economic impacts, as the advancement of phenophases 
could increase crops' exposure to extreme weather events (such as late frosts), modify production, and 
even favor the relocation of crops due to changes in areas traditionally suitable for cultivation 
(Chmielewski et al., 2004; Oteros et al., 2015). 

In addition to the highlighted phenological changes, one of the most important results of this 
study is the increase in NDVI (the initial and final values of the season, the maximum value, and the 
base value) throughout the entire time series in practically all of Spain and in all covers. The increasing 
photosynthetic activity aligns with other studies that have used time series of satellite images on a global 
scale and have documented a generalized greening in recent decades in response to climate changes 
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(Nemani et al., 2003; Zhu et al., 2013). At the national level, during the period 1982-1999, Alcaraz-
Segura et al. (2010) also recorded positive NDVI trends, while Gutiérrez Hernández (2022) between 
2000 and 2020 and Novillo et al. (2019) between 2001 and 2016 observed a positive trend across the 
peninsula except in the Atlantic region, where the trend was negative (Vicente-Serrano et al., 2020). In 
the present work, an increase in the maximum NDVI value was observed in 70% of Spain, with 
decreases in the index value being practically irrelevant. The factors behind this change can be diverse, 
among which would be the generalized increase in temperature (favoring photosynthesis and plant 
activity (Lieth, 1974)) and changes in land management characterized by the intensification of some 
areas (e.g., through the creation of irrigated areas) (Stellmes et al., 2013) and the extensification of 
others (e.g., due to the abandonment of traditional economic activities such as mountain agriculture and 
grazing) (Batllori and Gutiérrez, 2008). While this is true, small areas in the south of Spain and the 
center have shown a decrease in NDVI values. Many of them correspond with rainfed areas, where 
water availability has a greater impact on NDVI than temperature. This is corroborated by different 
studies showing that despite the notable increase in temperature on the Iberian Peninsula (del Río et al., 
2012; del Río et al., 2011; Khorchani et al., 2018), droughts have also increased, mostly associated with 
the decrease in precipitation and the increase in evaporative demand of the air (Vicente-Serrano et al., 
2017). 

Finally, the results obtained in the study have shown two different behaviors between the 
phenophases of the Mediterranean biogeographic region, which begins the season during the rainy 
season (autumn) and ends it in the warmer season; and the Eurosiberian and the interior Mediterranean 
mountain regions, which present similar behavior as they start their season at the end of winter and end 
it at the end of autumn. While the variability in some phenometrics seems to have a biogeographic 
distribution, there is internal variability derived from the behavior of different covers, for example, there 
may exist in the same region covers with both advancement and delay of the start and end dates of the 
season. This has been seen in different studies developed both at the national (Caparros-Santiago and 
Rodríguez-Galiano, 2020; Novillo et al., 2019) and European level (Menzel et al., 2006). 

This work, focused on the description of phenological characteristics and changes observed in 
recent decades, constitutes a first stage that opens up new and interesting lines of future research. The 
results shown here can be the start of other studies that seek to explain both the variability and the 
observed phenological changes based on the relationship of the phenometrics with changes in land 
management and climate observed in Spain, both at the national and regional levels. 
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Supplementary material 
 

 

Figure S1. Evolution of the NDVI time series for a specific pixel corresponding to the series from NOAA-
AVHRR satellites (red) and MODIS (blue). 

 

 
Figure S2. NDVI series from MODIS (blue) and NDVI series from NOAA-AVHRR satellites (red) merged with 

the MODIS series. 1982-2021. 
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b) 

 
Figure S3. a) Distribution of the D index calculated for all fortnightly periods, the first in January and the 
first in July, b) Distribution of D index values for all weeks of the year and also by land use. 1982-2021. 

 

 

 

 

 Figure S4. Mid-season date statistics throughout the series according to different types of land cover. 
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 Figure S5. Changes in mid-season date by land use. 

 

 
 Figure S6. Season duration statistics throughout the series according to different types of land cover. 

 

 

Figure S7. Changes in season duration by land use. 
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Figure S8. Base value statistics of the season throughout the series according to different types of land cover. 

 

  

Figure S9. Changes in the base value of NDVI for the vegetative season by land use. 

 

 

Figure S10. Maximum value statistics of the season throughout the series according to different types of land 
cover 

 

PA
PE

R
 A

C
C

EP
TE

D
. P

R
EP

R
IN

T 
VE

R
SI

O
N



Analysis of plant phenology dynamics in Spain from 1983 to 2020 using satellite imagery 

 
Figure S11. Changes in the maximum value of the season by land use. 

 

 
Figure S12. Season amplitude statistics throughout the series according to different types of land cover. 

 

  
Figure S13. Changes in amplitude by land use. 
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Figure S14. Maps of the statistics for the right derivative of the season. 

 

 

Figure S15. Maps of the statistics for the left derivative of the season PA
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Figure S16. Right derivative statistics of the season throughout the series according to different types of land 

cover. 

 

 
Figure S17. Left derivative statistics of the season throughout the series according to different types of land 

cover. 

 

 

Figure S18. Changes in the right derivative by land use. 
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Figure S19. Changes in the left derivative by land use. 

 

 
Figure S20. Maps of the statistics for the large integral of the season. 
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Figure S21. Large integral statistics of the season throughout the series according to different types of land cover. 

 

 

Figure S22. Changes in the large integral by land use. 

 

 
Figure S23. Maps of the statistics for the small integral of the season. 
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Figure S24. Small integral statistics of the season throughout the series according to different types of land cover. 

 

 
Figure S25. Changes in the small integral by land use. 

 

 

Figure S26. Maps of the statistics for the initial value of the season. 
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Figure S27. Maps of the statistics for the final value of the season. 

 

 
Figure S28. Start value statistics of the season throughout the series according to different types of land cover. 

 

 
Figure S29. End value statistics of the season throughout the series according to different types of land cover. 
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Figure S30. Changes in the start value of the season by land use. 

 

 
Figure S31. Changes in the end value of the season by land use. 
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