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Abstract: In arid to semi-arid regions, vulnerability to climate change combined with the overex-
ploitation of water resources is jeopardizing food security. In the Souss-Massa region in central
Morocco, the rural population relies on growing olives for a living. The management of these
orchards is mostly traditional under rainfed irrigation, which induces a high level of dependence
on climate variability. In the present study, we investigate the long-term trends of the relationship
between the observed olive yields and global climate patterns during the period 1973–2014. We apply
lagged Spearman’s correlations and cross-wavelet analysis to detect the potential influence of El
Niño-southern oscillation (ENSO), the Indian Ocean Dipole (IOD), North Atlantic oscillation (NAO)
and Pacific decadal oscillation (PDO) on the yield variability of olive orchards. The results of a Mann-
Kendall test show a statistically significant decreasing trend in olive yields during the studied period.
Statistically significant negative correlations were observed for (lag = −1) with spring and summer
NINO 3.4 and with summer and autumn PDO. No statistically significant correlations between olive
yields and NAO and IOD were observed. The results of wavelet coherence between annual olive
yields and PDO and ENSO revealed that the highest values of power spectrum coherence occurred
during the (lag = 0) spring PDO and (lag = −1) spring ENSO, both with an antiphase relationship.
During the studied period, the extreme events of El Niña and El Niño years corresponded to below
average yields.

Keywords: climate oscillation; olive yields; semi-arid; agriculture; wavelet coherence

1. Introduction

Projections indicate that by 2050, the climate in Northwest Africa is likely to get
warmer and dryer with a decrease in precipitation of about −10.6% and an increase in
temperature of +1.2% ◦C [1]. Future projections for the same time horizon reveal that
climate change will account for 22% of future water shortages in North Africa, while 78%
of increased future water shortages could be attributed to socioeconomic factors [2,3].
Due to water resource scarcity and sensitivity to climate variability, in addition to a high
population growth rate, the region is expected to face significant challenges to satisfy food
demands. Furthermore, gross domestic product and employment in these countries are
highly dependent on agriculture. Therefore, design and adaptation strategies should take
into account long-term climate information.

The strong link between climate variability and crop yields has been reported in many
global and local studies seeking to understand direct and combined seasonal influences of
large-scale climate oscillations on annual crop production. In their work, Heino et al. [4]
reported that from 1961–2010, crop productivity was significantly influenced by at least
one large-scale climate oscillation in two-thirds of global cropland area. It was found that
the regions in which El Niño-Southern oscillation (ENSO), the Indian Ocean Dipole (IOD)
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and North Atlantic oscillation (NAO) most influenced crop productivity were Northern
and Southern Africa, as well as the Middle East [4]. El Niño-Southern oscillation (ENSO) is
a significant driver for northern hemisphere interannual variability, especially during the
winter months [5], and for rainfall in Africa [6]. Pacific decadal oscillation (PDO), i.e., a
pattern of midlatitude climate variability on decadal to interdecadal time scales over the
North Pacific, contributes to decadal variations in climate both locally and globally [7].
Also, in North Africa, the influence of the NAO, for example on winter wheat production
variance, accounts for 64%, where a positive NAO phase results in decreased precipitation
and soil moisture [8]. North Atlantic Oscillation is also found to be related to yields during
the early stage of wheat growth in December [9]. A metadatabase of future yield change
was built by compiling the results from 16 published works and assessing the negative
impact on crop yield of an increase of temperature which would reduce the crop cycle
duration and increase evapotranspiration demand in West Africa [10].

Over recent decades, agricultural systems in the semi-arid region of Souss-Massa have
had to cope with many transformations driven by climate variability, such as changes in so-
cial and environmental contexts, as well as public policies. To ensure sustained agricultural
production, the system has evolved from resource-based to demand-based agriculture.
The subsistence of rural farmers, who are mainly dependent on agriculture outcomes, is
weakened by the degradation of agricultural areas and scarcities of water resources, leading
to the transition of farmers from small farm owners to agricultural workers [11]. On the
other hand, the adoption of intensive practices and the expansion of urban areas have led
to a decline in the quantity and quality of water and soil resources [12–14]. The situation of
overexploitation and degradation of water resources has been exacerbated by successive
drought events and climate change [15,16]. However, the high frequency of extreme events
over the last few decades is the leading direct climate risk affecting rainfed crops.

Previous studies have shown that the phenology of the olive, especially at the flower-
ing stage, is strongly affected by temperature and might represent a biological indicator of
climate change in the Mediterranean [17,18]. It should be emphasized that the region of
Souss-Massa is not considered one of the major production areas of olive, in comparison
with other regions in Morocco [19]. For the last four decades, due to climate deregulation
and the low productivity of some crops (e.g., olive, almonds and other crops cultivated in
the area), agriculture has been shifting intensive practices.

In this work, we aim to evaluate the annual and decadal variabilities of olive yields
and linkages with global climate oscillations in the semi-arid Souss-Massa basin in North-
western Africa during the period from 1973–2014. The impact of global climate oscillations
on olive orchards has been studied in Turkey [20] and Spain [21], while no works were
found on this relationship in Northwestern Africa.

2. Materials and Methods
2.1. Study Area

Major geographic structures border the region of Souss-Massa, located in South
Morocco: the Atlantic Ocean to the west, the Atlas Mountains to the north, the Anti-Atlas
Mountains to the southeast and the Sahara to the south (Figure 1). Despite the presence
of the Atlantic coast and the Atlas Mountains, the prevailing climate in the region is
arid [14,22,23].

The traditional agrosystems in the region of Souss-Massa rely on crop mixing, where
winter crops are cultivated underneath fruit trees. Texts from the 12th and 17th cen-
turies [24] show a predominance of the date palm, the vine, almond and pomegranate in
the Souss region, in addition to Argan trees, which were exported to other regions. Sugar
cane was well developed and exported in North Africa and Europe, where the decay of
these cultivars and the rise of olive oil prices led to increasing demand, encouraging the
expansion of olive trees in the region in the 16th Century [24].

In the Souss Massa region, traditional management and dependency on both climatic
conditions and the alternation phenomenon distinguish the olive production under rainfed
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conditions [25]. It should be noted that in this region, the Moroccan Picholine dominates
its varietal profile [19].
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Figure 1. Location of study area (in black box). Distribution of the Picholine marocaine cultivar (in black), local forms (in
white) and minor cultivars (in grey) according to the 14 areas. The number in bold type indicate number of studied areas;
after [19].

2.2. Methods

Climatic patterns are nonstationary processes with time-varying properties (variance,
frequency and duration) [26–28]. We applied Mann-Kendall [29,30] and Sen’s [31] tests to
olive yields. We also applied Spearman rank correlation since it is capable of assessing both
linear and nonlinear correlations between variables [32]. Furthermore, we performed a
multitaper spectral analysis following the procedure outlined in [33]. We also analyzed con-
tinuous wavelet transformation (cwt) to assess the temporal variability of long-term olive
yields [27,28]. The Morlet wavelet was selected for feature extraction purposes [26,34,35].
The cross wavelet transform (xwt) was applied to evaluate the covariance of olive and
climate pattern signals, while wavelet coherence (wtc) was applied to analyze the coherence
of the power spectrum [36].

2.3. Data
2.3.1. Crop Data

The archives under the authority of the agricultural department “Office de Mise en
Valeur Agricole de Souss-Massa” (ORMVASM), reporting, since its establishment, the
annual production in tons (T) and harvest areas in hectares (ha), were explored to calculate
olive yields. To avoid technical improvements of influence over time, we applied linear
trend removal. We distinguished the phenological stages of olive trees as described in [37].
The main phonological stages cultivated in the Mediterranean region were identified
as follows: flowering period (April to late May), fruit growth (May to November), pit
hardening (late June to August), fruit ripening (September to early December) and oil
accumulation (August to late November).

2.3.2. Climate Oscillation Data

The Niño 3.4 index is the most commonly used index to represent El Niño-Southern
oscillation [38]. The Niño 3.4 (5 N-5 S, 170 W-120 W) anomalies capture the average
equatorial sea surface temperatures (SST) across the Pacific from about the dateline to the
South American coast. The Niño 3.4 index typically uses a five-month running mean; El
Niño or La Niña events are defined when the Niño 3.4 SSTs exceed +/− 0.4 ◦C for a period
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of six months or more [39–41]. The intensities of El Niño and El Niño years are defined
from the Oceanic Niño Index (ONI).

North Atlantic oscillation (NAO) is considered one of the most important modes of
variability in the atmosphere of the northern hemisphere [42]. It has been recognized that
its impact on the climate of the northern hemisphere is more intense in winter [43]. The
NAO index is defined as the difference between the normalized sea level pressure over
Gibraltar and that over Southwest Iceland [44].

Pacific decadal oscillation (PDO) is defined by the leading pattern (EOF) of SST
anomalies in the North Pacific basin (typically, polewards of 20◦ N) [45,46]. During the
positive phase, the PDO pattern consists of negative SST anomalies in the central and
western North Pacific, and positive SST anomalies in the eastern North Pacific (opposite
signs obtained for the negative phase) [47].

The Indian Ocean dipole (IOD) is a coupled ocean-atmosphere phenomenon in the
Indian Ocean. Its intensity is represented by the anomalous SST gradient between the
western equatorial Indian Ocean (50 E-70 E and 10 S-10 N) and the southeastern equatorial
Indian Ocean (90 E-110 E and 10 S-0 N) [48]. The Dipole Mode Index (DMI) represents the
activity of the IOD.

The time series used in this work were obtained as three-month averages to represent
meteorological seasons. The data used for the analyzed indexes are listed below:

PDO http://psl.noaa.gov/data/climateindices/list/

NAO
https:

//www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/NAO/

NINO 3.4
https:

//www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/

IOD
https:

//www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/DMI/
ONI https://ggweather.com/enso/oni.htm

3. Results
3.1. Interannual Variability of Olive Yields in Souss-Massa Region

In Figure 2, we represent olive harvested areas in hectares and production in tons
during the period from 1973–2014. Globally, we noted that despite the increasing harvested
area, the annual production was decreasing. We observed that the lowest yield occurred
during the years 1980, 1983, 1992 and 2003. Meanwhile, the highest yields were obtained
in 1985, 1978 and 1982. We noted that while high fluctuations were observed from the
late 1970s to late 1980s, the period 1990–2003 recorded the lowest values of olive yields.
Results of the Mann- Kendall test showed a statistically significant decreasing trend in
Souss-Massa olive yields during the studied period. A Sens’s test indicated that during the
period from 1973–2014, yields decreased by (−0.32 T/Ha/year) with α = 0.05. We observed
that the average production decreased from about 21,000 tons in the period of 1973–1990 to
13,000 tons from 1990–2014.

Continuous wavelet transformation of olive yields displayed short-term variability of
2 to 7 years (Figure 3a), with statistically significant high-energy bands between the 1980s
and 1993 (red to orange color with black line contour). We also applied spectral analysis of
olive yields for the period of 1973–2014; a peak in the two to six year bands characterizes
the result (Figure 3b).

http://psl.noaa.gov/data/climateindices/list/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/NAO/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/NAO/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/DMI/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/DMI/
https://ggweather.com/enso/oni.htm
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3.2. Relationship between Climate Oscillations and Olive Yield

The Spearman’s coefficient of correlations for (lag = −1) showed statistically significant
negative correlations between olive yields and Nino 3.4 calculated for MAM (spring) and
JJA (summer) months. Statistically significant correlations with PDO were also calculated
for JJA and SON (autumn). Concerning the (lag = 0), olive yield was significantly correlated
with PDO during DJF (winter) and MAM months (Table 1). No statistically significant
correlations were calculated for NAO and IOD indexes.

Table 1. Spearman rank correlation between Olive yields and lagged climate indices. Values with an
asterisk (*) indicate 95% statistical significance.

DJF MAM JJA SON

Lag = −1
Nino 3.4 −0.217 −0.401 * −0.34 * −0.222

PDO −0.026 −0.137 −0.341 * −0.346 *
NAO 0.006 −0.272 0.031 0.097
IOD 0.039 −0.020 −0.232 −0.252

Lag = 0
Nino 3.4 −0.255 −0.192 −0.05 0.081

PDO −0.313 * −0.446 * −0.273 −0.173
NAO −0.143 −0.038 0.028 0.099
IOD 0.100 0.047 0.021 0.142

We computed cross wavelet transform (xwt) and wavelet coherence (wtc) considering
only statistically significant Spearman’s correlation results with olive yields. The results
are shown in Figure 4 for (lag = −1), while in Figure 5, we represent the results for (lag = 0).
Figure 4 displays statistically significant common high power between olive yields and
NINO 3.4 during MAM and JJA at both high and low frequencies of, respectively, 2 to 4
years and 4 to 6 years from the late 1970s to the late 1990s. The results for XWT applied
to olive yields, and PDO covariance during JJA and SON, showed the same high and low
frequencies calculated for the NINO 3.4 index. However, the JJA PDO high frequency was
extended from a one- to a four-year period. We noted that the cross-wavelet transform
results for the PDO index showed a weaker signal compared to the NIÑO 3.4 index.

We applied a wavelet coherence analysis to assess the association between long-term
olive yields and climate patterns. We found that the highest values of coherence were
observed for the Niño 3.4 during spring and summer months in comparison with the PDO
index calculated for summer and autumn months. Additionally, the results displayed a
dominant antiphase asserting Spearman’s correlations. It can be noted that the arrows
between Olive yields and Nino 3.4 during spring are pointing up along the period (1 to
4 years) showing that Nino leads Olive yields by 90◦.

Concerning xwt of the lagged climate indexes for harvest year (lag = 0), the results
presented in Figure 5 show a standard higher power of a two- to four-year period, and
around a six-year period between PDO during winter months and olive yields. Meanwhile,
the results for PDO during spring months highlight a common high power of one- to
six-year period. The highest values of coherence for (lag = 0) were observed for PDO
during the spring months with a dominance of antiphase arrows for the period (one- to
six-years).



Sustainability 2021, 13, 1340 7 of 12Sustainability 2020, 12, x FOR PEER REVIEW 7 of 13 

 

 

Figure 4. Cross-wavelet transform (left) and wavelet coherence (right) for (lag = −1) between olive 
yields and climate patterns during the period of 1973–2014. The thick black contours highlight the 
95% confidence level. 

Figure 4. Cross-wavelet transform (left) and wavelet coherence (right) for (lag = −1) between olive
yields and climate patterns during the period of 1973–2014. The thick black contours highlight the
95% confidence level.



Sustainability 2021, 13, 1340 8 of 12

Sustainability 2020, 12, x FOR PEER REVIEW 8 of 13 

 

We applied a wavelet coherence analysis to assess the association between long-term olive yields 
and climate patterns. We found that the highest values of coherence were observed for the Niño 3.4 
during spring and summer months in comparison with the PDO index calculated for summer and 
autumn months. Additionally, the results displayed a dominant antiphase asserting Spearman’s 
correlations. It can be noted that the arrows between Olive yields and Nino 3.4 during spring are 
pointing up along the period (1 to 4 years) showing that Nino leads Olive yields by 90°.  

Concerning xwt of the lagged climate indexes for harvest year (lag = 0), the results presented in 
Figure 5 show a standard higher power of a two- to four-year period, and around a six-year period 
between PDO during winter months and olive yields. Meanwhile, the results for PDO during spring 
months highlight a common high power of one- to six-year period. The highest values of coherence 
for (lag = 0) were observed for PDO during the spring months with a dominance of antiphase arrows 
for the period (one- to six-years). 

 

Figure 5. Cross-wavelet transform (left) and wavelet coherence (right) for (lag = 0) between olive 
yields and climate patterns during the period of 1973–2014. The thick black contours highlight the 
95% confidence level. 

3.3. Impacts of El Niño and El Niña Events on Olive Yields 

The results presented in the previous section demonstrate the influence of Enso activity on olive 
yields principally during the spring months. In this section, we investigate the response of olive yields 
to El Niño and El Niña events. The Oceanic Niño Index (ONI) is used to define El Niño and El Niña 
years and their intensities. We focus our analysis on running three-month mean Oni values calculated 
during MAM (spring) months. The obtained result was then applied to lagged olive yields during 
the period of 1973–2014; see Figure 6. The years 1983, 1992 and 2003 corresponded, respectively, to 
very strong, strong and moderate El Niño episodes, and a drop within the years with the lowest olive 
yields. 

Figure 5. Cross-wavelet transform (left) and wavelet coherence (right) for (lag = 0) between olive
yields and climate patterns during the period of 1973–2014. The thick black contours highlight the
95% confidence level.

3.3. Impacts of El Niño and El Niña Events on Olive Yields

The results presented in the previous section demonstrate the influence of Enso activity
on olive yields principally during the spring months. In this section, we investigate the
response of olive yields to El Niño and El Niña events. The Oceanic Niño Index (ONI)
is used to define El Niño and El Niña years and their intensities. We focus our analysis
on running three-month mean Oni values calculated during MAM (spring) months. The
obtained result was then applied to lagged olive yields during the period of 1973–2014; see
Figure 6. The years 1983, 1992 and 2003 corresponded, respectively, to very strong, strong
and moderate El Niño episodes, and a drop within the years with the lowest olive yields.
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In most cases, the response of olive yields to abnormal conditions of the Enso revealed
a decrease of yield values during El Niño years, while an increase was noted during El
Niña years. Nevertheless, a strong El Niña led to below average values. The lowest values
corresponded to very strong and strong El Niño years.

4. Discussion

The main climate variables, relevant at the seasonal timescale in the physiological de-
velopment of the Olive fruits, are principally rainfall and temperature. In particular, Olive
flowering dates depend strongly on spring temperatures [18]. Meanwhile, the opening of
flowers is determined principally by the cultivar’s endogenous characteristics [49].

To better appreciate the influence of the variability of the climate oscillations on annual
Olive yields, we focus on the correspondence of the results with regard to the phenological
stages of the Olive trees. The results of wavelet coherence between annual crop yields
and lagged climate indexes reveals that during the spring, the PDO with (lag = 0) and the
ENSO with (lag = −1) are displaying high values of power spectrum coherence with an
anti-phase relationship. During the period 1973–2014, corresponding periods are (1 to 6
years) and (2 to 4 and 4 to 6 years) respectively. The results obtained here are in accordance
with previous works treating the influence of the ENSO and the NAO on Olive yields in
Turkey [20] and in Spain [21], where no statistically significant correlations were found
between olive yields and the NAO, while statistically significant negative correlations were
observed with the ENSO. It worth noting that while ENSO is associated with inter-annual
variability, the PDO is associated with inter-decadal variability [42].

The analysis of Enso events reveals that the lowest Olive yields are recorded during the
strongest El Niño evens, that could be explained by the decline of spring months’ rainfall
in Morocco during El Niño conditions [50]. It is worth noting that the extreme El Niño
episode of 1997–1998 marked abnormal conditions, principally in the Northwestern parts of
Morocco [50]. Thus, the investigation of annual reports from the “Office de Mise en Valeur
Agricole de Souss-Massa” (ORMVASM) show that, during the years 1997–1998, the Olive
tree suffered from unfavorable conditions in addition to damages due to Bactrocera oleae.

Still, several physical parameters are likely to intervene in the rainfed of Olive growth.
In their work Xue et al. [51–53] suggest a new mechanism that may contribute to ex-
treme events where land surface temperature variability in high elevation influences
hydro-climate conditions in downstream areas. The analysis of soil moisture of the top
vegetation/soil layer and its anomalies are to take into consideration as parameters of the
underlying process, the obtained results from [54,55] indicate a negative linear relationship
between soil moisture availability index and land surface temperature during periods of
dry land surface anomalies. During events of heatwaves, the surface temperature and
soil moisture are strongly influencing the atmosphere temperature and the yields conse-
quently [56]. In the other hand, the works [57] point to a significant contribution to the
effect of the vegetation dynamics, on the local to the regional water cycle, and temperature
anomalies during heatwaves.

The diminution of the Olive production while the harvested areas are increasing
despite the expansion of crops with higher economic value, points probably to the reduction
of available water resources in addition to the decrease of annual precipitations since the
1970s [22].

The significant climate change impacts on Olive orchards in Northwestern Africa and
Southern Iberia were some of the finding highlights of this work, as well as some parts of
Italy where the negative impacts are assessed [58]. Furthermore, the sustainability of the
Olive Sector is a tributary of adequate climate information. While several studies rely on
simulated yield data, the work results are based on data obtained through observed yields,
which emphasizes its importance. [59].
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5. Conclusions

The influences of the ENSO, PDO, NAO and IOD on annual olive yield variability
in Northwestern Africa have been investigated. We applied lagged Spearman’s correla-
tions and wavelet analysis; both methods were chosen for their adequacy for nonlinear
relationship detection.

As a result of this investigation, no statistically significant correlations were obtained
between olive yields and with NAO and IOD. In contrast, statistically significant negative
correlations were obtained for (lag = −1) with spring and summer NINO 3.4 and with sum-
mer and autumn PDO. Also, statistically significant negative correlations were observed
during (lag = 0) winter and spring PDO.

The results of wavelet coherence between annual crop yields and PDO and ENSO
revealed that the highest values of power spectrum coherence were observed during the
(lag = 0) spring PDO and the (lag = −1) spring ENSO, both with an antiphase relationship.
These findings highlight the vulnerability of olive cultivars to decadal variability of PDO
and interannual variability of Enso activities in arid regions such as Souss-Massa.

The response of olive yields to abnormal conditions of the Enso revealed a decrease of
yield values during El Niño years, while an increase was noted during El Niña years in
most cases. However, strong El Niño and El Niña events manifest in low olive yields.
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