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A B S T R A C T   

The Araucaria-Nothofagus forests are a unique ecosystem in temperate rainforests of Chile and Argentina. They 
include red-listed species and have a high cultural importance for the ancestral population and thus require 
continuous monitoring to support conservation. Monitoring of phenology by satellite observations is a key tool to 
quantify the impact of climate variability on terrestrial vegetation. Here we aim to provide a first quantification 
and ecological understanding of the land surface phenology of protected Araucaria-Nothofagus forests in the 
Conguillío National Park in southern Chile. We exploit time series of enhanced vegetation index from Landsat 8 
and Sentinel-2 satellite imagery from 2016 to 2020 to derive start and end-of-season (SOS and EOS) information 
at 10 × 10 m spatial resolution. Results show that, on average, SOS varies between 11th October and 5th 
November (quantiles 25% and 75% of all pixels). SOS occurs later at higher elevation, in sparsely vegetated 
stands, or in stands dominated by Nothofagus antarctica. EOS occurs on average between 24th March and 14th 
April. EOS shows a high variability between neighboring pixels that cannot be easily associated with forest stands 
or topography. Comparisons with regional-aggregated temperature and precipitation time series show that SOS is 
delayed with colder winter and spring temperatures and EOS shows stronger (but contrasting) correlations with 
summer and fall precipitation. By using a machine learning approach, we find that elevation is the main control 
on the spatial-temporal variability of SOS and EOS, followed by aspect, slope and total tree cover. These results 
suggest that meteorological conditions control the inter-annual variability of the phenology of Araucaria- 
Nothofagus forests but the effect is modified by small-scale topography, climate and stand characteristics.   

1. Introduction 

The monkey puzzle tree, Araucaria araucana [Mol.] K. Koch, is an 
endemic gymnosperm from the temperate rainforests of south-central 
Chile and south-western Argentina (Mundo et al., 2013). This partic-
ular species grows in association with other evergreen and deciduous 
southern hemisphere beech species, such as Nothofagus pumilio (Poepp. 
et Endl.) Krasser, Nothofagus dombeyi (Mirb.) Bl., Nothofagus obliqua 
(Mirb.) Bl., Nothofagus antarctica (Forst.) Oerst., among others (Kutch-
artt et al., 2021; Schmidt, 1977), creating an internationally unique 
forest composition. The importance of A. araucana lies in its conserva-
tion status and cultural importance. According to Drake et al. (2005), the 
Araucaria forest type covers around 400,000 ha between Chile and 
Argentina; the largest part of the area is located in Chile with 254,000 ha 
(Donoso et al., 2014; Molina et al., 2015). The historic coverage of 

A. araucana forest type is estimated at between 500,000 and 722,300 ha 
(Luebert & Pliscoff, 2018). The area has decreased because of natural 
disturbances and anthropogenic drivers (Burns, 1993; González et al., 
2005) such as forest fires, alteration of volcanism, landslides, logging, 
intense livestock grazing and the overexploitation of seeds (Donoso 
et al., 2014; Zamorano-Elgueta et al., 2012). A. araucana is protected by 
Chilean law which prohibits its felling (Ojeda et al., 2011). At the in-
ternational level, it is included in the International Union for Conser-
vation of Nature’s (IUCN) Red List of Threatened Species and is included 
in the Convention on International Trade in Endangered Species (CITES) 
(Premoli et al., 2013; Rafii & Dodd, 1998). In addition, it is considered a 
sacred tree by the Pewenche people (Herrmann, 2006). 

Given this endemic and unique value of the Araucaria forests, 
monitoring this ecosystem is crucial to support its conservation status. In 
many ecosystems, monitoring phenological changes provides 
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information on the effect of climate change on structural and physio-
logical changes of plants (Richardson et al., 2013). The scientific 
exploration of phenology has only begun to gain importance during the 
last few decades when its value for monitoring and evaluation of global 
climate change was discovered (Richardson et al., 2013). To our 
knowledge, there is no information of the phenology of Araucaria- 
Nothofagus forests and its response to climate variability based on 
remote sensing applications. 

As in other temperate and boreal ecosystems, changes in climate 
variability might affect the seasonality of Araucaria-Nothofagus forests 
and hence productivity and growth (Buermann et al., 2018). In addition 
to large-scale weather conditions and climate variability, the hypothesis 
is that the complex topography in the Andes significantly impacts the 
phenology of Araucaria forests. Improving the knowledge of the spatial 
patterns and environmental drivers of the phenology of these protected 
forests is key in order to understand how future climate change and 
increasing anthropogenic pressure might affect these ecosystems. 

The observation of phenology on a large and global scale, commonly 
referred to as land surface phenology (LSP), has become feasible with 
the emergence of satellite images in the last four decades (Helman, 
2018; Liang et al., 2011). The detection of LSP itself relies on the 
observed variations of vegetation indices (VIs) through time, which 
make use of the specific reflectance characteristics of plants in various 
spectral bands. Consistent VI records can be used to identify the timing, 
length and intensity of single greening events and entire seasons. This 
integrative large-scale view offers many possibilities for research in a 
wide range of scientific fields. LSP products are important components 
for regional and global biosphere models and a crucial resource for 
monitoring and understanding climate change (Helman, 2018; Liang 
et al., 2011). 

Generally, the estimation of phenological events relies on the 
detection of short time periods during which a vegetation spectral 
pattern changes significantly. This is only accurately possible if a time 
series is available that consists of a great number of data points. If large 
surfaces are to be analyzed and high spatial resolution is also required, 
only a few options remain when it comes to the choice of satellite data. 
Instead of limiting oneself to only one data source, combining data from 
different sensors is an effective method to meet these requirements, for 
example by the usage of harmonized Sentinel-2 (MSI) and Landsat 8 
(OLI) data (e.g. Kowalski et al., 2020). 

Processing data from both satellite missions increases the number of 
observations and possible data points, which is a novelty for the Earth 
observation community at this scale (Bolton et al., 2020). The three 
satellites, Landsat 8, Sentinel-2A and − 2B have a global median average 
revisit interval of approximately three days, which creates more op-
portunities for cloud-free observations, and much denser time series (Li 
& Roy, 2017). When VIs are used as an indicator for phenology, in-
consistencies between the wavelengths of spectral bands need to be 
considered – specifically the near-infrared band in this case, which dif-
fers by 29 nm between the Sentinel-2 satellites and the Landsat 8 sat-
ellite. Variations in VIs typically depend on vegetation density per pixel 
and the index itself. These can be minimized in preprocessing, e.g., 
through applying spectral harmonization algorithms (Scheffler et al., 
2020). 

The aim of this study is to increase the understanding of the spatial 
patterns and underlying environmental drivers on the phenology of 
protected Araucaria-Nothofagus forests. Specifically, the objectives are 
(1) to map the spatial and temporal variations of start of season and end 
of season from dense satellite time series of Landsat 8 and Sentinel-2 
between 2016 and 2020 and (2) to quantify the effects of topography, 
temperature, and precipitation on the spatial and temporal variability of 
the phenometrics. 

2. Materials and methods 

2.1. Study area and forest inventory data 

The Conguillío National Park is located in the Araucanía region of 
Chile in the Andes Mountain Range (Fig. 1). The park reaches altitudes 
of between 700 m and 3,125 m a.s.l. (peak of the Llaima volcano) (Ojeda 
et al., 2011). Most of the forest occurs in the valley between the Llaima 
volcano and Sierra Nevada volcano around Lake Conguillío (1,120 m a.s. 
l.). The treeline is slightly above 1,500 m a.s.l. (Veblen, 1982). The 
forests are a mix of A. araucana and at least one Nothofagus spp., most 
commonly N. pumilio, N. dombeyi, N. antarctica and N. alpina. Other 
species are Chusquea spp. and other undergrowth plants (Ojeda et al., 
2011; Veblen, 1982). The diversity of Araucaria forest compositions in 
Conguillío National Park is substantial compared to other sites, as the 
high abundance of N. dombeyi is almost unique. 

We used forest inventory data about species distribution and tree 
height of each stand, which were surveyed by CONAF in 2013 as part of 
the Native Forest Cadastre (Fig. 1). Additionally, we used the satellite- 
derived map of fractional tree cover from Hansen et al. (2013). 

2.2. Sentinel-2 and Landsat 8 satellite data and preprocessing 

Sentinel-2 (ESA, 2015) and Landsat 8 (USGS, 2019) top-of- 
atmosphere (TOA) radiance (Level-1) multi-spectral imagery with less 
than 70% cloud cover were downloaded over a time-range between 1st 
January 2016 and 31st December 2020. Preprocessing steps (radio-
metric, topographic and atmospheric correction and the adjustment of 
the Bidirectional Reflectance Distribution Function) were performed 
using the Framework for Operational Radiometric Correction for Envi-
ronmental Monitoring (FORCE) (Frantz, 2019) to obtain bottom-of- 
atmosphere reflectance. Cloud and cloud shadow masks were also pro-
duced from the Quality Assurance Information layer provided by FORCE 
using the Cloud Detection Index. Sentinel-2 data was co-registered using 
monthly Landsat near-infrared images. Since both Sentinel-2 and 
Landsat 8 imagery are supposed to be analyzed together, all bands were 
resampled to the 10 m resolution bands of Sentinel-2, including the 
narrow near infrared band of Sentinel-2 (Band 8A) which is later also 
used in the analysis as its wavelength characteristics fit the central 
wavelength of the Landsat 8 near infrared band (Band 5) well. Bands 2 
and 4 were used as blue and red bands from both satellite products 
respectively. In total, we used 378 satellite scenes, resulting in an 
average interval of approximately five days. 

2.3. Derivation of phenological metrics 

Several phenometrics and methods are available to quantify land 
surface phenology (de Beurs & Henebry, 2010; Forkel et al., 2015). 
Here, we extracted SOS and EOS with a multi-step process (Filippa et al., 
2016). 

First, we used the Enhanced Vegetation Index (EVI) as the most 
appropriate index from existing literature (Kowalski et al., 2020; Liang 
et al., 2011): 

EVI = G*
(NIR − R)

(NIR + C1*R − C2*B + L)

with B, R and NIR respectively blue, red and near-infrared bands, G =
2.5 being the gain factor, L = 1 the canopy background adjustment 
factor, and C1 = 6 and C2 = 7.5 being the two aerosol resistance weights 
(Huete et al., 2002; Liu & Huete, 1995). 

Second, EVI time series are smoothed with a rolling median window 
(width of 5 observations) to Freduce short-term variability; values below 
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Fig. 1. Location of Conguillío National Park within Chile (pink: Araucanía Region) and illustration of (a) elevation profile (in m), (b) tree cover percentage (in %), (c) 
dominant species distribution, (d) tree height distribution (in m) within the park and (e) exemplary photograph of an Araucaria-Nothofagus forest in the national 
park. The data region in subfigures c) and d) are constrained to the stands in which A. araucana is present. In subfigure b) this area is outlined. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and above 1st and 99th percentiles were removed as considered outliers 
– results are shown in the gray line in Fig. 2. 

Third, we interpolate time series by fitting the double logistic func-
tion by Beck et al. (2006):  

where t is day-of-year (DOY), EVIw is the winter EVI, EVIm is the 
maximum EVI value of the year, S and A are the spring and fall inflection 
points (in DOY) when the curve rises and drops, and mS and mA are 
respectively the rates of increase and decrease in spring and fall. The 
estimation of the six parameters was done using the implementation in 
the greenbrown package (Forkel et al., 2015). 

Lastly, DOYs corresponding to SOS and EOS for each year and each 
pixel are extracted from the fitted curve when it crosses the 50% 
threshold of its annual maximum value in upward and downward di-
rection (White et al., 1997). A limitation of threshold methods is that 
they might fail to accurately detect SOS and EOS when the EVI signal 
does not follow one clear seasonal cycle (de Beurs & Henebry, 2010); 
this is, however, not an issue in our study region. 

2.4. Assessing environmental controls on phenology 

A digital elevation model (DEM) and a meteorological dataset were 
used to assess environmental drivers of SOS and EOS. As DEM, we used 
the Shuttle Radar Topography Mission (SRTM) data with one arc-second 
(≈ 30 m) resolution (USGS, 2015), resampled to 10 m resolution. Slope 
and aspect were calculated from the elevation data using the Horn al-
gorithm (Horn, 1981) as implemented in R raster version 3.4.10. 

Gridded precipitation and minimum and maximum temperature data 
were taken from the meteorological reanalysis from the Chilean Center 
for Climate and Resilience Research (CR2MET), provided at a resolution 
of 0.05◦ (~5 km) (Boisier et al., 2018). We used monthly CR2MET data 
from 2016 to 2019. We aggregated the monthly precipitation and tem-
perature time series to seasonal means in order to assess Pearson 

correlations with annual SOS and EOS. The seasons were defined ac-
cording to the austral winter (June, July, August), spring (September, 
October, November), summer (December, January, February), and fall 
(March, April, May). 

We then used various environmental predictors in a Random Forests 
(RF) regression model to derive variable importance and partial re-
lationships between each predictor and SOS or EOS. The predictors were 
elevation, slope, aspect, tree cover, dominant tree species, precipitation 
in the four seasons, and minimum, maximum and average temperature 
in the four seasons. The meteorological variables were taken as anom-
alies with respect to the multi-year mean values in order to rule out 
possible correlations with elevation. All datasets were resampled to 100 
m resolution using bilinear interpolation as a compromise between the 
high spatial resolution of the phenology metrics and the low spatial 
resolution of the meteorological dataset. We used RF (Breiman, 2001) 
from the R package randomForest version 4.6.14 with default settings, i. 
e. 500 decision trees. To train the RF model, a random representative 
sample of 5000 pixels per year was taken as input. From the fitted RF 
model, the variable importance was assessed using the mean decrease 
accuracy measure and the partial relationships between SOS or EOS and 
each predictor were derived and displayed in terms of partial depen-
dence plots (PDPs). The model results were confirmed by running a 
repeated 5-fold cross-validation and comparing the performance 
metrics. 

3. Results 

3.1. Spatial patterns of start-of-season 

The multi-year SOS varies between DOYs 285 (11th October, 25%- 
ile) and 310 (5th November, 75%-ile) (Fig. 3), with high spatial varia-
tion. For example, SOS occurs at later dates in specific areas (darker 
green areas in Fig. 3 b-d). The stands with a later SOS than adjacent 
stands in the central and western regions co-occur with sparse vegeta-
tion cover, specific species and tree height. The forest stands south of 
Lake Conguillío are less dense and mixed with A. araucana together with 
N. antarctica (Fig. 1b and c). Other forests west and north of Lake Con-
guillío are a mix of A. araucana with N. dombeyi and N. pumilio. The same 
characteristics are visible in the western region where a dominance of N. 
antarctica experiences later SOS than surrounding forest stands in which 
various other species can be found. This observation also corresponds to 
differences in tree heights between forest stands (Fig. 1d). 

While stands with later SOS in the eastern and western regions 
correspond to higher elevations, pixels in lower and flatter areas expe-
rience earlier SOS. The eastern region also contains a range of hills 
spanning to the east where differences in altitude and its effect on SOS 
are especially noticeable (Fig. 3d). These results indicate that topog-
raphy (mainly elevation and slope) and species distribution show 
distinct SOS patterns. 

3.2. Spatial patterns of end-of-season 

The multi-year EOS varies between DOYs 84 (24th March, 25%-ile) 
and 105 (14th April, 75%-ile) (Fig. 4). The eastern region exhibits a 
notably later onset of senescence than most other areas. In contrast to 
the SOS, the EOS does not vary strongly between forest stands but shows 
higher variability at small scales between pixels. Both early and late EOS 
values occur within a relatively small area in several locations. This is 

EVI(t) = EVIw +(EVIm − EVIw)*
(

1
1 + exp( − mS*(t − S) )

+
1

1 + exp(mA*(t − A) )
− 1

)

.

Fig. 2. Illustration of phenometrics extraction in a test pixel (38.627301◦S, 
71.624256◦W) for 2018. Gray dots: original EVI values, gray curve: smoothed 
and interpolated time series, red curve: fit of double logistic model by Beck 
et al. (2006), blue and green: detected day of year of SOS and EOS values using 
the 50% threshold value of the curve fit. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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especially apparent in the more mountainous regions east and north of 
Lake Conguillío and at the slopes of Llaima in the western region. In the 
eastern region, EOS is consistently later especially along the range of 
hills in the center. The small-scale variability of EOS cannot be visually 
related to species distribution, forest height or topography as it was for 
SOS. 

3.3. Distribution of SOS and EOS with species composition and tree height 

The spatial variability of SOS and EOS are associated with species 
distribution and tree height (Fig. 5). In forest stands dominated by the 
small shrub-like N. antarctica, SOS occurs almost 15 days later on 
average than in stands where the tall N. dombeyi dominate (Fig. 5a). This 
is confirmed by comparison against tree height: trees up to 8 m expe-
rience the average SOS around DOY 302 (28th October), the tallest 
stands have SOS around DOY 291 (17th October). Both above- 
mentioned species are not only responsible for the average tree height 
in their respective stands but are also associated with different forest 
densities. While N. dombeyi usually forms dense stands, N. antarctica 
mainly grows in sparsely vegetated areas. The fact that N. antarctica is a 
deciduous tree while N. dombeyi is an evergreen tree could also point to a 

relationship of SOS with leaf abscission, which is confirmed by the re-
sults for dominant A. araucana (evergreen) and N. pumilio (deciduous) 
configurations. The deciduous N. alpina shows differing SOS where it 
dominates, although the total forest area for this species is relatively 
low. 

In contrast to the patterns observed for SOS, EOS does not vary much 
between differing forest compositions and tree heights (Fig. 5c and 5d). 
N. dombeyi and N. antarctica, which showed substantial differences in 
SOS, have EOS at almost the same time. Only N. pumilio has a later 
average EOS in stands where it dominates. The range of EOS values 
across all dominant species configurations only spans around six days. 
However, as N. pumilio is the predominant species at higher altitudes, 
elevation might be an influence factor here. EOS occurs earlier in stands 
with higher trees, although the differences are marginal, with only a 
three-day difference. 

3.4. Inter-annual relations with temperature and precipitation 

The temporal variability of regionally averaged SOS, EOS, and sea-
sonal values of temperature and precipitation are shown in Fig. 6. For 
the comparison with SOS, seasonal temperature averages and 

Fig. 3. Mean SOS (2016–2020) in DOY for Araucaria forests in (a) the Conguillío National Park and in the (b) central region around Lake Conguillío, (c) western 
region at Llaima volcano, and (d) eastern region, east of Sierra Nevada volcano. 

E. Kosczor et al.                                                                                                                                                                                                                                 



International Journal of Applied Earth Observation and Geoinformation 112 (2022) 102862

6

precipitation sums are shown for winter and spring as they are expected 
to have a stronger influence on SOS than values from summer and fall. 
Likewise for the comparison with EOS, the average temperature and 
precipitation sums for summer and fall are shown. 

The earliest SOS can be observed in 2016 (15th October) while the 
latest occurs in 2018 (27th October). The earliest and latest SOS in 2016 
and 2018 correspond to the highest and lowest winter and spring tem-
perature, respectively. Therefore, the inter-annual variability of SOS 
shows a negative correlation with winter (r = − 0.51, p = 0.49) and 
spring (r = − 0.48, p = 0.52) temperature. The latest SOS in 2018 also 
coincides with the highest spring precipitation which causes a positive 
correlation between SOS spring precipitation (r = 0.47, p = 0.53). The 
general course of all variables suggests that higher winter/spring 
average temperatures and lower spring precipitation lead to an 
advanced start of the growing season. 

For EOS, the year 2017 stands out with a much earlier EOS (28th 
March) than the other years. The latest EOS occurred in 2019 (7th 
April). EOS shows a negative correlation with summer precipitation (r =
− 0.75, p = 0.25) but a positive correlation with fall precipitation (r =
0.44, p = 0.56). Interestingly, summer and fall precipitation are not 
correlated (r = 0.02, p = 0.98). Correlations of EOS with temperature 

are lower (e.g. with spring temperature: r = 0.13, p = 0.87). 
SOS and EOS are positively correlated (r = 0.71, p = 0.18), sug-

gesting that the length of the growing season is not necessarily depen-
dent on whether the onset of greening occurs earlier or later than usual. 
When comparing the SOS and EOS graphs, the only growing season that 
stands out as longer than usual is the one starting in 2017 and ending in 
2018. All in all, the results suggest that temperature and precipitation 
are important drivers of spring phenology in Araucaria-Nothofagus 
forests. 

3.5. Importance and partial relationships of phenological drivers 

The RF model was able to explain 58.1% of SOS variation (RMSE =
11 days) for the out-of-bag testing samples. Generally, the model pre-
dicts SOS well with some exceptions especially for earlier DOYs which 
are estimated to occur later. For EOS, RF was able to explain 49.6% of 
EOS variation (RMSE = 9.9 days). These results indicate that the broad 
spatial-temporal patterns can be predicted but both RF models under-
estimate the very small-scale variability. 

The importance of each predictor for both SOS and EOS are shown in 
Fig. 7. The most relevant factor in estimating SOS and EOS is elevation. 

Fig. 4. Mean EOS (2016–2020) in DOY for Araucaria forests in (a) the Conguillío National Park and in the (b) central region around Lake Conguillío, (c) western 
region at Llaima volcano, and (d) eastern region, east of Sierra Nevada volcano. 
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In both models, aspect, slope and tree cover show a high importance. For 
SOS, also the dominant species in a stand shows high importance. Tree 
height and all seasonal meteorological variables show lower impor-
tance. The results indicate that at a spatial scale of 100 × 100 m the 
meteorological predictors are not influential factors for SOS and EOS. 
The low importance for tree height suggests that the clear association 
with tree height as shown in Fig. 5 is rather caused by the dominant 
species. 

The importance of elevation for the phenology of Araucaria- 
Nothofagus forests has been clearly demonstrated. Therefore, we now 
further investigate this partial relationship in terms of partial depen-
dence plots (PDP) (Fig. 8). The PDP of SOS on elevation reveals no 
particular relation at lower altitudes followed by a sharp delay of SOS 
above 1,400 m a.s.l. Over the course of only around 250 m, the average 
SOS changes from DOY 294 (20th October) to DOY 306 (1st November). 
Similar patterns occur for the partial relation between elevation and 
EOS. Forest stands at higher altitudes experience a delayed EOS 
compared to lower areas. Here, the difference is 8 days (from 1st April to 

9th April). Up until 1,300 m a.s.l., elevation has little to no effect on 
phenology, but becomes the main driver above these altitudes. From 
these results, it can be also seen that differences in elevation do not 
affect the overall length of the growing season. 

The respective PDPs for other predictors are shown in the supporting 
information (Figures S1 and S2). SOS is delayed on average by 3 days at 
sun-shaded southern-facing slopes than at sunnier north slopes and at 
hillslopes > 35◦, which again demonstrates the strong effect of topog-
raphy on phenology. SOS advances with increasing tree cover, which is a 
relation that is likely confounded by topography because denser forests 
occur more in the valleys than at higher altitudes. Additionally, the PDPs 
reflect the previously described relations with species distribution and 
tree height. EOS shows relations with slope and aspect occurring earlier 
with increasing slope inclination. A notable difference between east- and 
west-facing slopes can be also observed for EOS. Overall, these results 
demonstrate that the large-scale variability of SOS and EOS in the region 
are driven by changes in meteorological conditions, but local topog-
raphy is modifying those relationships. 

Fig. 5. Statistical distribution of start and end of season (in DOY) per forest characteristics: (a) SOS versus dominant species, (b) SOS versus tree height, (c) EOS 
versus dominant species and (d) EOS versus tree height. The bars represent mean values, the beans are smoothed density curves showing data distribution. The 
evaluated species are the five most prevalent tree species in Conguillío National Park (AA = A. araucana, NA = N. alpina, ND = N. dombeyi, NP = N. pumilio, NT =
N. antarctica). 
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4. Discussion and conclusions 

Mainly the start of the season reveals clear spatial variability within 
the study area that can be related to species distribution and topography. 
While regions with a delayed SOS include sparse stands of N. antarctica, 
regions with an advanced SOS include mostly stands of A. araucana with 
N. dombeyi as dominant species. However, we also found that this as-
sociation to species distribution is also confounded by tree height, 
whereby smaller trees (e.g. N. antarctica stands) show delayed SOS. The 

influence of climate on phenology is mainly visible in years with more 
extreme conditions and less in years with average conditions. Random 
Forests analysis in this study suggested that species composition is the 
more important predictor for phenology than tree height. Some recent 
studies also highlight the value of land surface phenology information to 
map species distribution (Aragones et al., 2019; Kollert et al., 2021), 
which indeed suggests that species composition is the prominent factor 
driving land surface phenology. 

Although we found a delayed EOS with increasing elevation, EOS did 

Fig. 6. Comparison of (a) mean SOS with mean average winter (JJA) and spring (SON) temperature and winter (JJA) and spring (SON) precipitation and (b) mean 
EOS with mean average summer (DJF) and fall (MAM) temperature and summer (DJF) and fall (MAM) precipitation in the study area (2015–2020) (n = 5). Summer 
data always includes December of the previous year (n = 4). Correlation of climate with phenology data is indicated to the left of the curves. 

Fig. 7. Variable importance for predicting (a) SOS and (b) EOS given in percentage of MSE increase if the variable would be randomly permuted (dom.spec =
dominant species, prec = precipitation, tavg = average temperature, tmax = maximum temperature, tmin = minimum temperature, anom = anomaly, sp = spring, 
su = summer, fa = fall, wi = winter). 
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not show clear spatial patterns or associations with topographic patterns 
or species distribution (besides with N. pumilio). The correlation results 
with climatic variables indicate that the availability of rainfall in sum-
mer and fall might influence EOS but the relation is complex and seems 
to be affected by the high temporal variability in precipitation. Gener-
ally, fall phenology is less studied and understood than spring phenology 
(Chen et al., 2020). Studies from other temperate and boreal ecosystems 
show that fall phenology is related to various factors such as light lim-
itation (Zhang et al., 2020), the vegetation development during the 
growing season (Wang et al., 2019), or to lagged drought effects and 
rooting patterns (Peng et al., 2019). Drought effects on trees are also 
strongly affected by local variations in soil texture and soil moisture, 
which have not been investigated within this analysis. 

We found a clear year-to-year variability in SOS and EOS over the 
2016–2020 period, which is correlated with seasonal temperature and 
precipitation conditions. The short time series of five years does not 
allow any statements about trends related to climate change in the long- 
term. A comparable analysis with coarse-resolution data over a longer 
period could help in identifying important trends. 

For both SOS and EOS, elevation was identified by the RF models as 
the main driver for phenology. Our results partly confirm the generic 
bioclimatic law by Hopkins of 4 days delay in SOS every 120 m altitude 
increase or 1◦ latitude increase (Hopkins, 1919). An abrupt increase in 
the dependency of phenology on elevation was detected at around 
1,300 m to 1,400 m a.s.l., with SOS and EOS getting steadily delayed 
with altitude above this point and being only marginally affected below. 
Such clear phenology differences with elevation were already described 
for individual species such as N. pumilio but not yet at landscape-scale 
(Mondino et al., 2019; Premoli et al., 2007; Rusch, 1993). 

The results from PDPs suggest more complex interactions, as well as 
an effect of mixed-pixels as noted by Richardson et al. (2019). The 
similarity of the partial relations of SOS and EOS indicate that the length 
of the growing season remains unaffected throughout different eleva-
tions. Fall phenology is controlled by light availability in other 
temperate and mountain ecosystems (Migliavacca et al., 2008; Zhang 
et al., 2020). We hypothesize that the delayed EOS could be a result of 
more sun exposure of upper elevations in fall while valleys receive less 
radiation because of fog, low clouds or mountain shadows. We also as-
sume that elevation is only an indirect driver of phenology, integrating 
various elevation-related effects such as local changes in insolation, 
temperature, snow cover, soil texture and soil depths. The longer 

presence of snow in higher altitudes could delay the seasonal green-up. 
In addition, soil quality has shown to be usually poorer at sites with 
N. antarctica (González & Veblen, 2006) and hence might control the 
phenology. Other processes in the study area could affect the phenology 
like the occurrence of fires, volcanic eruptions and droughts, which lead 
to different regeneration stages between stands and explicitly shape the 
forest structure (Dickson et al., 2021; Veblen, 1982). Droughts and fires 
are in turn often related to extreme climatic conditions and can be a 
consequence of climate change, presenting future challenges for 
Araucaria-Nothofagus forests (Arco Molina et al., 2016; Dickson et al., 
2021). Although it is not certain that changes in growth patterns have an 
impact on phenology, studies in other areas could already prove the 
impact of climate variations, leading to prolonged growing seasons and 
an earlier onset of greening (Helman, 2018; IPCC, 2007; Richardson 
et al., 2013; Wang et al., 2019). The latter could be confirmed in this 
analysis as the year 2016 with higher than normal temperatures also 
featured an advanced SOS. The lower importance of seasonal climate 
variations in the RF models is most likely a result of the low resolution of 
the meteorological dataset and can therefore contain errors, since the 
diverse terrain of the study area likely features significant differences in 
precipitation and temperature. This also needs to be considered when 
evaluating the inter-annual correlations with climatic variables. 

Finally, the influence of human activity is an important factor that is 
highly complex and therefore hard to determine accurately. Human 
pressure can affect the above-mentioned factors like fire frequency or 
introduce new challenges for the ecosystem through timber harvesting, 
plantation creation and overgrazing (Molina et al., 2015; Premoli et al., 
2013). In this study, we studied protected Araucaria-Nothofagus forests 
in order to reveal the natural characteristics of this forest type. It would 
be desirable to have comparable phenology results available for areas 
subject to disturbance in order to assess possible differences. This poses a 
great opportunity for a continuation of this study. 

The study has implications for the conservation of this endemic 
forest type with the endangered species of A. araucana. Novel forest 
management strategies should focus on the Araucaria-Nothofagus 
network as a whole and consider the observed altitudinal differences. 
The establishment of new conservation areas and cooperation with local 
companies is desirable to limit the exploitation of vulnerable stands on 
privately owned land. However, more data and ecological understand-
ing is needed to accurately portray the different properties of 
A. araucana forests subject to various degrees of human alteration. This 

Fig. 8. Partial dependences of (a) SOS and (b) EOS (in DOY) on elevation as the variable of highest importance. Inner tick marks represent deciles of data 
distribution. 
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study contributes to the research and conservation of Araucaria- 
Nothofagus forests in South America under ongoing climate change 
and human pressure. 
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