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A B S T R A C T   

A warmer climate will increase aridity and threaten forest persistence in xeric areas. This is the case of some Atlas 
cedar (Cedrus atlantica) forests showing recent growth decline, dieback and high mortality rates in North Africa. 
A lower resistance to drought, manifested as stronger growth loss, could increase the drought-related mortality 
risk in these forests as has been found for gymnosperms worldwide. It could be also expected that changes in 
dryness are linked to large-scale atmospheric circulation patterns such as the North Atlantic Oscillation (NAO). 
We tested these hypotheses by analyzing growth resilience indices (resilience, recovery, resistance) derived from 
tree-ring data. We sampled nine Atlas cedar plots located in north-western Algeria, where climate shifted towards 
drier conditions in the 1980s. In these forests, drier winters, associated to positive NAO phases, constrained tree 
growth and resistance, two outputs of the drought impact. During dry years, the resilience index decreased as 
elevation increased. The association between cedar growth resistance and drought severity is strengthening: the 
drier the climate conditions, the lower the growth resistance. Resistance also showed a significant higher tem-
poral variability in 8 out of 9 plots as drought intensified. These findings have allowed identifying the increase in 
the temporal variability of growth resistance as a new early-warning signal of drought stress.   

1. Introduction 

Climate warming is spatially heterogeneous with some regions 
showing greater increases in temperature and aridity and stronger 
intensification of the hydrological cycle than others (Padrón et al., 
2020). For instance, record droughts are projected for the Mediterra-
nean Basin in the mid-21st century under high-emission scenarios 
(Satoh et al., 2022). These projections are worrisome for northern Africa 
forest ecosystems, which have already been negatively affected by his-
torically unprecedented droughts since the 1980s (Touchan et al., 
2011). Indeed, several Mediterranean mountain forests have shown 
recent dieback and mortality episodes in response to those record dry 
spells and increasing aridification (Allen et al., 2015; Camarero et al., 
2015; Heydari et al., 2023). 

Atlas cedar (Cedrus atlantica [Endl.] Manetti ex Carrière) mountain 
forests have been negatively impacted by recent droughts showing high 
mortality rates in some areas of Morocco and Algeria, where they have 
been replaced by more drought-tolerant tree species (Bentouati, 2008; 

Sarmoum et al., 2018, 2019; Messaoudene et al., 2013). In addition, 
other researchers have found a long-term decline in radial growth in 
these cedar forests, an increasing growth synchrony among trees and a 
high responsiveness to precipitation (Kherchouche et al., 2012, 2013; 
Linares et al., 2011, 2013; Slimani et al., 2014). However, in a recent 
review it was found a gradual increase in inter-annual growth variability 
and a decrease in growth synchrony ca. 20 years before mortality of 
several conifer species (Cailleret et al., 2019). Nevertheless, that study 
did not include Atlas cedar which limits our understanding on 
post-drought growth resilience, i.e. the capacity to return to baseline 
growth levels, in these threatened tree populations. 

Severe water shortage reduces forest growth and productivity, but 
can also impair the capacity of growth recovery or resilience after 
drought leading to legacy effects (Anderegg et al., 2015; Gazol et al., 
2017; Camarero et al., 2018). In conifers, low post-drought growth 
resilience makes trees prone to die (DeSoto et al., 2020). Therefore, 
declining Algerian Atlas cedar forests provide a suitable setting to study 
the relationships between climate, drought and growth resilience. 
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However, forecasting the future of these forests require early warning 
signals for anticipating abrupt or imminent transitions between alter-
native states, for instance from healthy to declining or dying conditions 
(Scheffer et al., 2009; Dakos et al., 2008, 2015). Growth resilience 
indices could be used to develop early warning signals of impending 
forest dieback. Further, determining the resilience of trees to drought is 
an essential key for forest management and new planting or ecological 
restoration programs in the face of aridification trends (Wang et al., 
2023). For instance, managing Atlas cedar stands to make them more 
structurally diverse could reduce their vulnerability to drought (Nav-
arro-Cerrillo et al., 2013). 

In a previous study on western Algerian Atlas cedar forests, we found 
growth decline in most stands since the 1980–1990s when climate 
rapidly warmed and dried leading to dieback and high mortality rates in 
some sites, particularly on marl and sandstone substrates and at low 
elevation (Navarro-Cerrillo et al., 2019; Sarmoum et al., 2019). This 
work aims to fill the research gap related to the past changes in growth 
resilience of these forests and how they were driven by regional climate 
variability, explicitly considering large-scale atmospheric circulation 
patterns, and drought severity. Furthermore, it is still understudied if 
Atlas cedar growth resilience depends on circulation patterns such as 
those captured by the North Atlantic Oscillation (NAO), index which 
impact winter climate conditions and tree growth in the western Med-
iterranean Basin (Hurrell, 1995; Camarero, 2011). The NAO variability 
is related to shifts in the position of the Iceland low-pressure and the 
Azores high-pressure systems linked to changes in the direction and 
strength of westerly winds in southern Europe (Hurrell et al., 2003). 
High (low) NAO values in winter are linked to low (high) precipitation 
over the western Mediterranean Basin (Hurrell and Van Loon, 1997). 

Our specific aims are: (i) to analyze the changes in growth resilience 
of Atlas cedar in north-western Algeria, and (ii) to quantify how NAO, 
climate variability and drought severity drive Atlas cedar growth resil-
ience. We expect that wet-cool conditions, related to low NAO values in 
winter, enhance growth and its resilience components, particularly 
resistance, an output of the drought impact on growth, as compared with 
previous years, and also resilience, a measure of the capacity to recover 
pre-drought growth levels after a drought (cf. Lloret et al., 2011). 

2. Material and methods 

2.1. Study area 

This study was carried out in the Ouarsenis massif located in north- 
western Algeria. Two Atlas cedar sites and nine plots (Ain Antar − two 
plots− and Theniet El Had − seven plots) were sampled (Table 1, 
Fig. S1). This massif is subjected to Mediterranean climate conditions 
with cold and wet winters and dry and hot summers. The mean monthly 
maximum and minimum temperatures are 21.5 ± 0.6 ºC and 10.2 ± 0.5 
ºC, respectively. The warmest and coldest months are July (with a mean 
maximum temperature of 34.2 ºC) and January (with a mean minimum 
temperature of 2.6 ºC), respectively. The average annual rainfall ( ± SD) 
recorded in the study area during the period 1950–2020 is 500 ± 101 
mm with a wide year-to-year variability (e.g., a maximum of 733 mm 

was recorded in 1973, whereas a minimum of 308 mm was recorded in 
2000). In fact, the coefficient of variation of precipitation is 20.3%, 
whilst those of mean maximum and minimum temperatures are 2.6% 
and 5.3%, respectively. 

The dry period, when monthly precipitation is lower than two times 
the mean monthly temperature (Gaussen, 1956), lasts from June to 
September. According to this criterion, July and August are the driest 
months, whereas January and February are the wettest months. The 
lowest and highest monthly precipitations are recorded in July (6 mm) 
and February (82 mm), respectively. 

2.2. Material 

The Ain Antar forest covers an area of ca. 500 ha. Atlas cedar appears 
from an elevation of 1000 m mixed with Aleppo pine, and dominates at 
high elevations (> 1500 m). Soils are developed on limestone bedrocks 
leading to rocky, shallow soils. The bioclimate is sub-humid to humid 
(Sarmoum et al., 2018). This pure cedar forest is not strictly protected, 
but it is only used for grazing and sporadic timber harvesting. The 
Theniet El Had forest is a protected area managed as National Park since 
1983. It covers an area of approximately 1000 ha. The cedar occupies 
elevations ranging from 1300 to 1786 m a.s.l. and experiences 
sub-humid and humid bioclimates. Soils are basic and developed on 
carbonaceous sandstone bedrocks leading to deep soils. Cedar stands are 
pure or mixed with oak species such as Quercus ilex and Quercus faginea 
(Sarmoum et al., 2018, 2019). The diameter at 1.3 m (dbh, diameter at 
breast height) and height of dominant Atlas cedar trees range 37.5 −
60.0 cm and 11 − 14 m, respectively, with most dominant trees (66%) 
having ages between 100 and 160 years (Sarmoum et al., 2018). 

The Atlas cedar tolerates well short droughts, but it does not display 
positive values of net photosynthesis at low water potentials, whereas 
other Mediterranean species such as Q. ilex show net carbon uptake 
under such dry conditions, probably by accessing and using deep water 
sources (Aussenac and Finkelstein, 1983). The Atlas cedar shows an 
early stomatal closure and a xylem more vulnerable to embolism than 
other Mediterranean cedar species from drier regions (Ladjal et al., 
2005, 2007). It is a shade-intolerant, long-living species with old in-
dividuals reaching ages over 1000 years (Esper et al., 2007). It shows 
high to moderate growth rates, but young individuals form shallow root 
systems which cannot uptake deep water sources (Linares et al., 2013). 

2.3. Field sampling and tree-ring methods 

The sampling of cores was carried out in nine rectangular plots (50 m 
x 20 m), which were placed in representative areas of each stand. The 
diameter of cored cedar trees was measured at 1.3 m and we also 
recorded: elevation, exposure, forest composition and bedrock type. In 
each plot, between 10 and 15 dominant and co-dominant trees were 
cored at 1.3 m using a Pressler increment borer. Two cores were 
extracted from each tree perpendicular to the stem and to the maximum 
slope in opposite directions. 

The cores were air dried, mounted on wooden supports, sanded and 
visually cross-dated under the binocular using dendrochronological 

Table 1 
Main features of the Atlas cedar study plots.  

Site Plot Latitude N Longitude E Elevation (m a.s.l.) Aspect Slope (%) Bedrock type 

Ain Antar AIN1 35◦ 53′ 34′’ 1◦ 39′ 25′’ 1150 NW 20-30 Limestone 
Limestone AIN2 35◦ 53′ 30′’ 1◦ 38′ 48′’ 1450 N-NW 50-60 

Theniet El Had TOUR1 35◦ 51′ 44′’ 1◦ 59◦ 18′’ 1550 NE 50-60 Sandstone 
Sandstone TOUR2 35◦ 51′ 08′’ 1◦ 57′ 08′’ 1700 N 50-60 

OUAR 35◦ 51′ 50′’ 1◦ 57′ 27′’ 1530 SW 50-60 Sandstone 
PEP 35◦ 53′ 23′’ 2◦ 00′ 02′’ 1460 N-NE 20-30 Sandstone 
ROND 35◦ 52′ 35′’ 1◦ 56′ 00′’ 1425 NW 20-30 Sandstone 
DJOUA 35◦ 52′ 24′’ 1◦ 58′ 25′’ 1420 N-NW 30-40 Sandstone 
GUAR 35◦ 52′ 06′ 1◦ 58′ 01′’ 1325 NE 10-20 Sandstone  
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methods (Stokes and Smiley, 1968; Speer, 2010). Then, tree-ring widths 
were measured using a LINTAB-TSAP measuring device (TSAP, Hei-
delberg, Germany) with an accuracy of 0.01 mm. The visual cross-dating 
was verified by using the COFECHA software (Holmes, 1983), which 
calculates moving correlations between the individual series and the 
mean site series of ring-width indices. 

The tree-ring width data were normalized and detrended using the 
dplR program (Bunn, 2008, 2010; Bunn et al., 2023) in the R statistical 
software (R Core Team, 2023). Spline (30-year long) polynomials were 
fitted to tree-ring width data and then ring-width indices were obtained 
by dividing observed by fitted values (Fritts, 1976). The resulting indi-
vidual series of ring-width indices were averaged for each plot using 
bi-weight robust means. To characterize these standardized chronolo-
gies, several statistics were calculated (Fritts, 1976; Briffa and Jones, 
1990) on raw ring-width series (mean; SD, standard deviation; AR1, 
first-order autocorrelation) or on indexed series (MS, mean sensitivity; 
EPS, Expressed Population Signal; Wigley et al., 1984). A chronology 
was considered to be well replicated for the period with EPS > 0.85. 

The relationships among the nine plot series of ring-width indices 
were analyzed using Principal Component Analysis (PCA) calculated on 
the matrix of mean tree-ring width indices per plot with calendar years 
(January to December) as variables. The PCA was calculated using the 
vegan R package (Oksanen et al., 2023). 

2.4. Climate and SPEI data 

Due to the lack of long-term, homogeneous local climate databases 
we obtained monthly maximum and minimum temperature and sum-
med precipitation data (period 1950–2020) from the 0.5º gridded CRU 
TS v. 4.07 (Harris et al., 2020). The precipitation falling during the 
hydrological year was calculated by summing monthly precipitation 
data from the prior October up to the current September. This precipi-
tation shows a strong positive relationship with tree growth in many dry 
sites of the western Mediterranean Basin where previous winter pre-
cipitation plays a major role as driver of spring growth (Camarero, 2011; 
Camarero et al., 2022). We also obtained sea surface temperatures (SST) 
over the western Mediterranean Basin to explore the relationships be-
tween cedar growth indices, climate, SSTs and NAO indices. The SST 
data were obtained at 0.25º resolution from NOAA database (Reynolds 
et al., 2007). The NAO indices were obtained from the CRU webpage 
(https://crudata.uea.ac.uk/cru/data//nao/; Jones et al., 1997). 

For evaluating drought severity, we used the Standardized Precipi-
tation and Evaporation Index (SPEI, Vicente-Serrano et al., 2010). The 
SPEI is based on precipitation and temperature data, and it has the 
advantage of being multiscalar by considering different temporal reso-
lutions of cumulative water balance. Here, we considered 1 to 48-month 
long SPEI scales. Gridded (0.5º resolution) SPEI values for the period 
1950–2020 were obtained for each site from the global SPEI database 
available at https://spei.csic.es/database.html. To have a longer tem-
poral perspective on drought severity, we also used reconstructed data 
of the summer Palmer Drought Severity Index (PDSI) from 1800 to 2012. 
These data corresponded to the 0.5º grid encompassing the study sites 
and were obtained from the Old World Drought Atlas (Cook et al., 2015). 

2.5. Growth resilience indices 

The calculation of the resilience indices proposed by Lloret et al. 
(2011) was carried out for each site chronology and focusing on dry 
years (SPEI < − 1.25). We acknowledge the shortcoming of these indices 
which do not considering the timing of drought in relation to individual 
tree growth phenology and climatic conditions in the pre- and 
post-drought periods (cf. Schwarz et al., 2020). However, their simple 
and efficient quantification of growth responses to disturbances such as 
drought make them appropriate for this study. We calculated three 
resilience indices, namely: (i) Rt, resistance or the difference between 
the growth index in the drought year (Gd) and that in the preceding n 

years (GPr):  

Rt = Gd / GPr                                                                                  (1) 

(ii) Rc, recovery which measures the capacity of trees to recover 
growth (GPo) after drought.  

Rc = GPo / Gd                                                                                 (2) 

(iii) Rs, resilience which quantifies the capacity to recover pre- 
drought growth levels.  

Rs = GPo / GPr                                                                                (3) 

We considered intervals of n = 3 years for calculating these indices, 
because this interval encompasses most post-drought legacies (Anderegg 
et al., 2015). We also noted that there is a negative relationship between 
Rt and Rc according to their mathematical formulations (Gazol et al., 
2018, 2020). These calculations were done year by year to obtain series 
of the three resilience indices (Camarero et al., 2022). Analyses based on 
intervals of n = 2–4 years yielded similar conclusions (results not pre-
sented). The calculations of resilience indices were carried out by using 
the pointRes 2.0 R package (van der Maaten Theunissen et al., 2015, 
2021). Resilience values of the selected drought years and of all inves-
tigated years were compared among sites using Mann-Whitney tests. 
Trends in resilience indices were assessed using the Kendall τ statistic. 
Lastly, changes in the temporal variability were quantified by calcu-
lating the coefficient of variation (CV) of the three resilience indices 
along 20-year intervals shifted year by year. Trends of CV were assessed 
using the Kendall τ statistic. 

2.6. Climate-growth, NAO–growth and SPEI–growth relationships 

The climate-growth relationships were assessed by calculating 
Pearson correlations between climate variables (mean maximum and 
minimum temperatures, precipitation) or NAO indices and series of ring- 
width indices considering the common period 1950–2006. Correlations 
were calculated from prior October to current September and the 0.05 
and 0.01 significance levels were considered (Camarero et al., 2022). 
The Pearson correlations were calculated also between the monthly SPEI 
values, quantified at time scales from 1 to 48 months, and the sites 
chronologies of ring-width series. These calculations were done by using 
the TreeClim R package (Zang and Biondi, 2015). To assess the het-
erogeneity of relationships between the NAO or SPEI vs. resilience 
indices, moving correlations were calculated along 20-year intervals 
with correlations shifted every year. Finally, we also calculated spatial 
correlations between cedar growth indices, climate variables and SST 
using the Climate Explorer webpage (https://climexp.knmi.nl/). 

3. Results 

3.1. Growth variability 

The diameters of sampled trees ranged between 23 and 54 cm. Year- 
to-year growth variability was high with ring-width and mean sensi-
tivity values ranging from 0.93 to 1.42 mm and from 0.23 to 0.40, 
respectively (Table 2). The first-order autocorrelation varied from 0.61 
to 0.83 and increased as tree diameter did (r = 0.70, p = 0.03). EPS 
values were higher than 0.85 in all sites. The lowest mean sensitivity and 
EPS values were found in sites AIN1 and AIN2, which are located on 
limestone bedrock. The EPS increased as site elevation did (r = 0.78, p =
0.01). Both MS and EPS were lower in sites on limestone bedrock (e.g., 
AIN1) than in sites on carbonaceous sandstone (e.g., TOUR1) bedrock 
(Mann-Whitney U = − 1.93, p = 0.05). 

The PCA biplot identified dry years (SPEI < − 1.25) with very low 
growth indices (1983, 1993, 1994, 2000, and 2002) and wet years with 
high growth (1952, 1972, 1998, and 2006) (Fig. 1a). The PC1 scores 
were positively correlated with the precipitation of the hydrological 
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year (r = 0.73, p < 0.001), whereas the PC2 scores were positively 
correlated with the mean maximum temperatures of the previous 
December (r = 0.73, p = 0.005). All years with very negative growth 
indices were detected after 1980 in the regional mean series as climate 
became more arid (Fig. 1b). In a longer temporal context, the drought 
was more intense in the 2000s (Fig. S2). 

3.2. Climate-growth and NAO-growth relationships 

Most sites showed positive correlations of growth indices with pre-
cipitation of the previous October, current January, February, March, 
April, May, and September (Fig. 2a). February and spring precipitation 
were the main drivers of growth and showed spatial correlations over 
NW Algeria, as the 12-month SPEI, related to SSTs over the western 
Mediterranean Basin (Fig. S3). Maximum and minimum temperatures 
showed negative relationships with growth indices from prior October 
to November, from April to July and in September of the current year, 
whereas they were positive in December and January (Fig. 2a). Similar 
relationships were found between climate variables and the regional 
series of growth indices and also negative associations with January and 
March NAO indices (Fig. 2b and S4). The cedar growth was highly and 
positively related to the precipitation of the hydrological year (r = 0.73, 
p < 0.001; Fig. 2c). 

3.3. Temporal variability of resilience indices 

Resilience indices were similar among sites either considering the 
whole study period (1950–2006) or the dry years (1983, 1993, 1994, 
2000, and 2002). Sites AIN1 and AIN2 presented the highest resistance 
values during dry years (Table 3). Resilience indices remained stable 
through time (Fig. 3). Neither site nor regional resilience, recovery, and 
resistance indices showed significant trends (Table 4). In contrast, the 
temporal variability (CV trend) of the recovery and resistance indices 
has significantly increased in most sites, particularly after 1980 when 
drought severity increased (Table 4, Fig. 4). For instance, the CV of 
resistance showed significant increases in 8 out of 9 sites. However, the 
CV of resilience has significantly increased in 5 out of 9 sites, and the 
resilience variability of two sites (AIN2, TOUR2) strongly impacted on 
the mean series of resilience CV of the 9 plots. 

During dry years, the resilience index decreased as elevation 
increased (r = − 0.691, p = 0.039; Fig. S5). The regional mean series of 
resilience and resistance indices (r = 0.59, p < 0.001) and resilience and 
recovery indices were positively related (r = 0.47, p = 0.0004), whereas 
those of resistance and recovery indices were negatively associated 
(r = − 0.40, p = 0.003). 

3.4. Climate-resilience and NAO-resilience relationships 

Resilience and resistance indices were positively related to winter- 
spring (January to April), June and September precipitation, and also 
with precipitation of the hydrological year in several sites (Fig. 5). In 
contrast, correlations with temperatures were negative in spring and 
September, excepting with previous autumn-winter months. The re-
covery index showed less significant correlations with climate variables 
than the other two indices. In contrast, the recovery index was positively 
correlated with the January NAO index in several sites, but negatively in 
the case of the resistance index (Fig. S6). Similar correlations were found 
with the mean NAO index from January to March. 

3.5. Drought-growth and drought-resilience relationships 

The regional series of cedar growth indices showed strong positive 
correlations with the SPEI, peaking from May to September and for 6- to 
16-month long scales (Fig. 6a). Lower correlations were found for the 
regional resilience index (Fig. 6b), but they were higher in the case of the 
resistance index peaking from May to August for 6- to 8-month long 
scales (Fig. 6c). The correlation between the resistance index and the 8- 
month August SPEI sharply increased since the 1980s onwards (Fig. 7). 
This resistance-SPEI correlation showed a clear spatial signature across 
NW Algeria, which was stronger than with February precipitation 
(Fig. S7). Moreover, resistance and NAO indices from January to March 
were negatively related since the 1980s, whereas this was not the case 
for the recovery index (Fig. S8). 

4. Discussion 

As expected, wet-cool conditions enhanced Atlas cedar growth in the 
study NW Algerian forests. More importantly, we found a strengthening 
of the correlation between tree growth resistance and dryness which 
could be the result of acclimation of surviving trees to warmer and more 
arid conditions. 

It is remarkable that the precipitation of the hydrological year 
accounted for 53% of the variability in the regional series of cedar ring- 
width indices. High precipitation levels in January and February were 
very important for Atlas cedar growth (Fig. 2). Such wet conditions were 
linked to low NAO indices in those months and warm sea temperatures 
in spring near the Gibraltar strait. These findings confirm that cedar 
growth in NW Algeria is very constrained by dry winter conditions prior 
to tree-ring formation connected to positive NAO phases, as has been 
observed before in other Atlas cedar forests in the western Mediterra-
nean Basin (Linares et al., 2013; Navarro-Cerrillo et al., 2019; Camarero 
et al., 2022). 

However, most of the aforementioned studies did not explicitly 
consider growth resilience components as we did here. We found that 
drought stress not only constrained growth but also resilience (capacity 
to recover) and, as expected, particularly resistance (measure of the 
drought impact) which again depended on January-February precipi-
tation. Resistance was negatively related to the January NAO index 
indicating a northward shift of the storm track leading to below-average 
precipitation levels across the western Mediterranean Basin (Hurrell and 
Van Loon, 1997; Camarero, 2011). Such dry winter conditions, associ-
ated to positive NAO phases lead to relatively long droughts (6–16 
months), usually encompassing the hydrological years, which reduce 
Atlas cedar growth and resistance making these forests prone to growth 
decline if arid conditions persist. 

Table 2 
Tree size (dbh, diameter at breast height) and tree-ring width statistics. The 
statistics were calculated for the common period 1950–2006. Variables’ ab-
breviations: AR1, first-order autocorrelation of tree-ring width; MS, mean 
sensitivity (MS) of standard ring-width indices; EPS, Expressed Population 
Signal. Values are means ± SD.  

Site dbh 
(cm) 

No. 
Trees 
(No. 
cores) 

Timespan Tree-ring 
width 
(mm) 

AR1 MS EPS 

AIN1 31.5 
± 2.7 

14 (16) 1789–2010 1.08 ±
0.70  

0.74  0.23  0.86 

AIN2 27.0 
± 2.0 

10 (14) 1866–2008 1.14 ±
0.72  

0.73  0.25  0.90 

TOUR1 54.0 
± 5.5 

15 (24) 1850–2009 0.94 ±
0.65  

0.80  0.36  0.97 

TOUR2 44.0 
± 4.0 

10 (14) 1876–2008 1.08 ±
0.78  

0.83  0.35  0.96 

OUAR 22.8 
± 1.8 

12 (23) 1891–2006 0.93 ±
0.41  

0.64  0.34  0.98 

PEP 45.8 
± 3.5 

15 (29) 1857–2009 1.24 ±
0.78  

0.75  0.40  0.93 

ROND 36.4 
± 3.1 

15 (28) 1860–2011 1.20 ±
0.89  

0.76  0.29  0.94 

DJOUA 41.2 
± 3.6 

15 (25) 1870–2006 1.01 ±
0.65  

0.78  0.27  0.92 

GUAR 32.8 
± 2.0 

15 (28) 1910–2006 1.42 ±
0.82  

0.61  0.31  0.94  
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Moreover, the association between cedar growth resistance and the 
SPEI is strengthening. This pattern is potentially linked to the multi-
decadal NAO variability and could be considered an early-warning 
signal (cf. Dakos et al., 2008, 2015) and a consequence of forecasted 
aridification over NW Africa (Giorgi and Lionello, 2008). In the context 
of the past 500 years, the droughts from the 1980s until the 2000s can be 
considered very extreme (Esper et al., 2007; Touchan et al., 2011; Cook 
et al., 2015), but climate models project even warmer and drier winter 
conditions in NW Africa during the late 21st century (Barcikowska et al., 
2018). The higher dependence of growth resistance on drought severity 
could be anticipating an abrupt shift towards a stronger limitation of 
tree growth by water shortage passing from cooler and wetter conditions 
in the 1970s to warmer and drier conditions in the 1980s. Atlas cedar 

trees could acclimate or die off to warmer and drier conditions (Allen 
et al., 2015), but our results indicate their capacity to tolerate further 
droughts will be increasingly dependent on the severity of previous 
droughts. 

Our findings do not evidence a decline in growth resilience of the 
study forests, despite recent droughts. This contrasts with the increase in 
the first-order autocorrelation of tree-ring width which preceded the 
growth decline observed in some of the study stands (Navarro-Cerrillo 
et al., 2019). In NE Algerian cedar forests showing dieback and high 
mortality, there was a sharp increase in year-to-year growth variability 
and also in synchrony in the 1970s as climate progressively warmed and 
dried (Slimani et al., 2014). Therefore, resilience indices may be more 
useful to assess post-drought recovery capacity or drought impact rather 

Fig. 1. (a) Biplot showing the sites and pointer years’ (very wide –blue characters– or narrow rings –red characters) scores corresponding to the first (PC1) and 
second (PC2) principal components of a PCA. (b) Regional mean series of ring-width indices showing years of low (red symbols) and high growth (blue symbols). 
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Fig. 2. (a) Number of sites showing significant (p < 0.05) positive and negative correlations of site ring-width series with monthly climate variables (TMx, mean 
maximum temperature; TMn, mean minimum temperature; Prec, total precipitation). (b) Correlations between the regional ring-width series with monthly climate 
variables and NAO indices and with the precipitation of the hydrological year. Months abbreviated by lowercase and uppercase letters correspond to the previous and 
current years, respectively. (c) Series of the regional ring-width indices (black dots) and precipitation (blue triangles) of the hydrological year (r, Pearson correlation 
coefficient; p, probability level). 
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than as early-warning signals of impending dieback and tree death. 
Interestingly, the positive relationship between ring-width autocorre-
lation and tree diameter suggests that small trees are more sensitive to 
climate, but this hypothesis needs additional research at the individual 
level to be tested. 

There was variability in resilience among plots as showed by the 
lowest year-to-year variability in growth (MS) and tree-to-tree syn-
chrony (EPS) found in plots on limestone bedrock (AIN1, AIN2). Those 
plots also showed the highest resistance levels during dry years indi-
cating they are less negatively impacted by drought. Atlas cedar 

Table 3 
Values of the resilience, recovery, and resistance indices calculated for the period 1950–2006 or considering only recent dry years (1983, 1993, 1994, 2000 and 2002). 
Resilience indices were calculated using the sites’ standardized series of ring-width indices or the regional mean series (last line). Values are means ± SD. Different 
letters indicate significant (p < 0.05) differences among sites according to Mann-Whitney tests.  

Site Period 1950-2006 Dry years 

Resilience Recovery Resistance Resilience Recovery Resistance 

AIN1 1.04 ± 0.41 1.03 ± 0.28 1.01 ± 0.26 1.12 ± 0.49 1.40 ± 0.36a 0.77 ± 0.14b 
AIN2 0.99 ± 0.28 1.01 ± 0.26 1.00 ± 0.22 0.86 ± 0.27 1.26 ± 0.21a 0.76 ± 0.12b 
TOUR1 1.06 ± 0.34 1.06 ± 0.30 1.03 ± 0.29 0.99 ± 0.39 1.44 ± 0.22a 0.71 ± 0.22ab 
TOUR2 0.99 ± 0.28 1.01 ± 0.28 1.00 ± 0.24 0.86 ± 0.34 1.48 ± 0.48a 0.58 ± 0.08a 
OUAR 1.01 ± 0.20 1.02 ± 0.21 1.00 ± 0.19 0.88 ± 0.11 1.19 ± 0.22a 0.72 ± 0.10ab 
PEP 1.07 ± 0.45 1.13 ± 0.48 1.04 ± 0.41 0.88 ± 0.30 1.88 ± 0.26ab 0.46 ± 0.13a 
ROND 1.05 ± 0.41 1.07 ± 0.36 1.02 ± 0.33 1.02 ± 0.40 1.60 ± 0.27ab 0.64 ± 0.23ab 
DJOUA 1.05 ± 0.42 1.10 ± 0.43 1.03 ± 0.39 0.87 ± 0.22 1.83 ± 0.28ab 0.50 ± 0.16a 
GUAR 1.07 ± 0.46 1.12 ± 0.48 1.02 ± 0.38 0.96 ± 0.41 2.08 ± 0.47b 0.45 ± 0.16a 
Mean 1.02 ± 0.30 1.03 ± 0.27 1.01 ± 0.25 0.93 ± 0.30 1.50 ± 0.20ab 0.61 ± 0.12a  

Fig. 3. Site and mean regional series (thick line) of growth resilience indices: (a) resilience index, (b) recovery index, and (c) resistance index. The vertical dashed 
lines indicate the considered dry years (1983, 1993, 1994, 2000 and 2002). 

M. Sarmoum et al.                                                                                                                                                                                                                              



Forest Ecology and Management 556 (2024) 121730

8

tolerates summer drought but it is vulnerable to long-term, severe 
droughts and probably cannot update water from deep sources during 
these lasting dry periods (Aussenac and Finkelstein, 1983; Ladjal et al., 
2005, 2007). In the study region, the vulnerability to drought also 

increased as stand density did and at low elevations where evapo-
transpiration rates are higher (Sarmoum et al., 2019). However, growth 
synchrony among trees (EPS) increased as site elevation did whereas the 
resilience index decreased. This suggests a high responsiveness to water 

Table 4 
Trends and temporal variability (CV trend) of the resilience, recovery, and resistance indices calculated for the period 1950–2006. Trends were assessed using the 
Kendall τ statistic. Variability was calculated as the trend of the coefficient of variation for 20-year long intervals. Significance levels: * p < 0.05, * * p < 0.01, 
* ** p < 0.001.  

Site Trend CV trend 

Resilience Recovery Resistance Resilience Recovery Resistance 

AIN1 -0.01 -0.04 -0.02 0.50 *** 0.16 0.10 
AIN2 -0.17 -0.15 -0.03 0.81 *** 0.71 *** 0.81 *** 
TOUR1 0.01 0.04 -0.01 0.21 0.56 *** 0.55 *** 
TOUR2 -0.18 -0.14 -0.08 0.81 *** 0.82 *** 0.78 *** 
OUAR -0.06 -0.02 -0.08 0.35 ** 0.11 0.27 * 
PEP -0.03 0.07 -0.01 0.20 0.73 *** 0.69 *** 
ROND 0.02 0.04 -0.01 0.14 0.71 *** 0.71 *** 
DJOUA 0.06 0.09 0.01 0.22 0.70 *** 0.79 *** 
GUAR -0.02 0.02 -0.01 0.37 ** 0.76 *** 0.63 *** 
Mean -0.02 0.03 -0.01 0.62 *** 0.77 *** 0.81 ***  

Fig. 4. Site and mean regional series (thick line) of temporal variability of growth (a) resilience, (b) recovery and (c) resistance indices. Variability was calculated as 
the coefficient of variation (CV) of 20-year moving intervals. 
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shortage and a low ability to recover after drought in some 
high-elevation stands, which are prone to dieback and massive mortality 
as observed in other Algerian regions (Kherchouche et al., 2012, 2013). 
The decrease of growth resilience with elevation during dry years was 
unexpected since conditions are cooler and moister upwards. This 
pattern may be explained by non-climatic factors leading to water 
shortage in high-elevation sites such as higher tree-to-tree competition 
for soil water, steeper slopes or shallow and rocky and poor soils with 
deep and less accessible groundwater sources (Heydari et al., 2023). 

Overall, site environmental factors play relevant roles in modulating 
how Atlas cedar growth, resilience and vitality respond to drought. 
Nevertheless, further research should also consider extending these 

analyses at the individual level to determine if functional traits (e.g., 
height, wood density, specific leaf area) or genetic differences among 
stands, which can be legacies of glacial refugia and post-glacial migra-
tion (Cheddadi et al., 2017), contribute to acclimation or predispose 
cedars to growth decline after drought. For instance, growth and isotope 
data could be combined to assess vulnerability, water- and nutrient-use 
efficiency in stands or trees with different vigor on limestone and 
sandstone bedrocks. In addition, resilience metrics should be updated 
and improved given the limitations detected in widely used tree growth 
indices (Schwarz et al., 2020). 

The presented results echo other findings obtained in other regions of 
the world. For instance, in the northern Patagonia (Argentina), 

Fig. 5. Number of sites showing significant (p < 0.05) positive and negative Pearson correlations between monthly climate variables and site series of (a) resilience, 
(b) recovery and (c) resistance indices. Climate variables include mean maximum (TMx) and minimum (TMn) temperatures and total precipitation (Prec), which 
were calculated at monthly and annual (hydrological year) scales. Correlations were calculated from October of the prior year (months abbreviated by lowercase 
letters) to September of the current year (months abbreviated by uppercase letters). 
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Austrocedrus chilensis trees showing high resistance during droughts 
were located in wetter sites (Marcotti et al., 2021). Gazol et al., (2017, 
2018, 2020) also found higher resistance levels in wet sites at global and 
country (Spain) scales. Declining resilience was linked to higher tree 
mortality in xeric mountain forests from western USA (Cabon et al., 
2023). In gymnosperms, drought-related mortality risk is higher in trees 
with lower resistance, which may be related with lower carbon reserves 
or tighter stomatal regulation (DeSoto et al., 2020). However, the spatial 
and temporal dimensions of resistance may differ since we did not 
observe a long-term decline in resistance as has been reported for 
gymnosperms at a global scale (Li et al., 2020). Alternatively, resistance 
showed a higher temporal variability as climate shifted towards drier 
conditions in the 1980s. 

Resistance is just an aspect of tree growth but intra-annual plasticity 
should be also considered when analyzing the impacts of droughts on 
forests (Camarero et al., 2018; Zlobin, 2022). In the case of North Af-
rican Atlas cedar forests, the increase in anthropogenic pressures during 
the 20th century (cutting, overgrazing, wildfires, tourism…etc.) may 
have also predisposed to recent drought-triggered damage through soil 
degradation in some places (Sarmoum et al., 2018; Camarero et al., 
2020). Thus, adaptive silviculture techniques enhancing resistance and 
resilience of Atlas cedar forests should consider reducing competition 
for water, particularly in winter, and improving the access to soil water 
and nutrient pools. 

5. Conclusions 

Atlas cedar growth is tightly coupled with winter precipitation and 
constrained by long and severe droughts, linked to positive NAO phases, 
which trigger growth decline and tree death. Analogously, growth 

resistance is reduced by dry conditions from winter to spring. The 
resistance-drought relationship has strengthened after the shift towards 
drier conditions in the 1980s. Cedar stands showing high resistance 
levels are good candidates as seed sources for future planting programs. 
Stands showing severe drought damage and a loss in growth resilience 
should be managed to alleviate water shortage through mitigation 
measures such as thinning. 

Atlas cedar stands inhabiting xeric-warm sites on sandstones and 
showing low resistance indices may show stronger impacts of drought 
and be prone to show dieback and high mortality rates if more arid 
conditions occur, specifically low precipitation in winter accompanied 
by elevated atmospheric demand (high vapor pressure deficit) in spring 
and summer. Future cedar grove management plans and planting pro-
grams must take these results into consideration by reducing competi-
tion for soil water or planting in sites where atmospheric water demand 
is lower or may be buffered by other tree species or by favorable top-
oclimatic conditions. Our study was limited by focusing on site or 
population mean growth responses. Therefore, further research should 
consider analyzing the intra-specific variability in Atlas cedar growth 
resilience to drought by quantifying functional traits related to the leaf 
and wood ecological spectra. This would help selecting those traits or 
individuals showing higher tolerance to air and soil drought. 
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