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pests. The results show that this methodology is effec-
tive in detecting possible unfavourable land uses with 
a barrier effect, such as woodland and artificial land 
uses, and favourable land uses with a corridor effect 
such as olive groves. Whether other land uses, such 
as scrubland or riverbanks, act as a barrier or corridor 
depends on the pest and its life cycle stage. The effect 
that different land uses have in maintaining low levels 
of pest populations and ensuring the long-term sus-
tainability of these agricultural systems are discussed. 
The implications of landscape permeability for the 
physical structure of the landscape and the dispersal 
of organisms, and the potential of that landscape to 
impact the continuous flow of natural processes are 
also addressed.

Keywords Bactrocera oleae · Cost distance 
tool · Landscape permeability · Prays oleae · Pest 
movement · Smart farming

Introduction

One of the major concerns of the agricultural sector 
is the increase in productivity beyond the increase 
in production (yield) through more intensive use of 
inputs. Productivity is related to changes in technol-
ogy, efficiency, management capacity and organisa-
tion of production (EU,  2018). In recent decades, 
attempts to achieve higher productivity of agricultural 
systems, through the expansion of monocultures and 
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landscape permeability in relation to the movement 
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simplification of agricultural systems is linked to an 
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the olive fruit fly, Bactrocera oleae (Rossi) (Diptera: 
Tephritidae) and the olive moth, Prays oleae (Ber-
nard) (Lepidopetera: Praydidae). We applied lin-
ear mixed effects models to analyse the relationship 
between pest abundance and cost-distance, using dif-
ferent hypotheses to evaluate those land uses that are 
favourable or unfavourable for the movement of these 
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intensification of management, have led to a spatial 
simplification in agricultural landscapes where crop 
yields and productivity have increased (Bianchi et al., 
2006; Foley et  al., 2005; Tscharntke et  al., 2005). 
This has led to an increase in provisioning ecosystem 
services to the detriment of other ecosystem services, 
as well as a significant loss of biodiversity (Cardinale 
et  al., 2012; Zhang et  al., 2007). One of the direct 
consequences of these spatial and ecological changes 
has been the increased ease of arrival and spread of 
pests, which has led to significant economic losses in 
the agricultural sector (Rusch et  al., 2016). To miti-
gate this damage, producers often resort to the use 
of phytosanitary products, which is associated with 
soil and aquifer contamination or pollinator decline, 
among other problems (Meehan et  al., 2011; Potts 
et al., 2010; Vanbergen & Initiative, 2013). Therefore, 
management practices that are considered more envi-
ronmentally friendly, such as conservation biological 
control, have been gaining acceptance as more sus-
tainable and efficient tools in the long term (Bianchi 
et al., 2006; Jonsson et al., 2015; Paredes et al., 2013).

As already mentioned, the increase in agricultural 
productivity is linked to technological changes that 
improve farm management. Undoubtedly, the digiti-
sation of agriculture (i.e. smart farming transition) 
that has occurred in recent years is aimed at increas-
ing yields, and therefore profitability, by reducing or 
controlling the cost of inputs (Bacco et  al., 2019). 
Specifically, the aim is to improve the energy effi-
ciency of crops through the optimisation of two 
essential aspects for production—irrigation and pest 
control methods, the deficiency of which causes the 
greatest economic losses for farmers. In this sense, 
the use of computer tools can greatly support effi-
cient agricultural management. Thus far, most stud-
ies related to conservation biological control in agri-
cultural systems at the landscape scale have focused 
on the potential presence of natural pest predators 
in the surrounding areas. However, studies focusing 
on pests, both their biology and their relationship 
to the landscape, are much less common (Mazzi & 
Dorn, 2012; Sivakoff et  al., 2012). One approach to 
this problem has been the exploratory studies of land-
scape composition, in which relationships have been 
established between the areas of each type of land 
use and the population density of taxa (Prasifka et al., 
2004; Rusch et al., 2016; Schmidt et al., 2008). How-
ever, there is a lack of tools that indicate the physical 

infection capacity of pests, i.e. their spatial range. 
This parameter depends on their abilities to disperse 
through the different spatial patterns surrounding 
olive groves.

In the last few years, monitoring and predictive  
models in the field of geographic information and 
remote sensing have been improved using Geograph-
ical Information Systems (GIS) (Conolly & Lake, 
2006; Van Leusen, 2002). This is the case for the 
study of agricultural landscapes, where these sys-
tems are acquiring greater relevance for understand-
ing complex metrics such as interaction networks,  
spatial connectivity and pest migration routes. An 
example of this is the tool developed by the geospa-
tial geoprocessing software ArcMap called “Cost-
Distance”. This tool employs an algorithm based on  
the node/link cell representation, used in graph the-
ory, to assign different cost values to the cumulative 
displacement of an organism from a given origin to 
any destination point (ArcGis Desktop, 2020). In 
agricultural landscapes, the Cost-Distance tool has 
been used in numerous research related to connec-
tivity and landscape architecture (Adriaensen et  al., 
2003; Richard & Armstrong, 2010). Initially, one of 
the most common uses was as an index to establish 
and delimit links between patches of natural vegeta-
tion useful for wildlife (wildlife linkages), as well as  
to study gene flow between spatially separated popu-
lations of the same species (Beier et al., 2008, 2009; 
Coulon et  al., 2004). A more recent application is 
exemplified in a study carried out by Perović et  al 
(2010). These authors studied how populations of 
different natural enemies of cotton pests fluctuated 
in Australia based on the influence exerted by the 
landscape. Specifically, they identified the land uses 
that were more or less favourable to natural enemies, 
as well as the scale at which they were most effec-
tive for biological control of cotton pests. Other  
studies have applied this same tool to determine the 
effect that the environment, understood as the dif-
ferent land uses, can have on the dispersal capacity, 
distribution and population density of a given taxon. 
In this case, technically, the cost map generated rep-
resents the effort/difficulty involved for that taxon to 
reach each cell of the grid, or raster, in which the ter-
ritory has been defined (Driezen et  al., 2007). This 
new holistic view, where the landscape is considered 
as a whole, allows us to analyse in an objective and 
functional way the influence exerted by each of the 
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elements that compose it (land uses), in combination 
with each other, on the behaviour and phenology of 
the taxon under study.

In the present study, the landscape considered 
is very typical of Mediterranean environments and 
comprises large areas of olive monoculture. In 
recent decades, these agricultural landscapes have 
seen an increase in damage caused by its two most 
important pests, Bactrocera oleae and Prays oleae 
(MAPAMA, 2014). Numerous studies have been 
carried out to better understand their effects on 
olive cultivation, and their phenology and interac-
tion with the environment (Boccaccio & Petacchi, 
2009; Ortega & Pascual, 2014; Ortega et al., 2016; 
Paredes et al., 2019; Plata et al., 2019; Villa et al., 
2020). However, the role the different land uses in 
the area play in the spread of these pests and their 
degree of influence expressed as risk of spread are 
unknown. The objective of this work is to analyse 
the influence of different types of land use on the 
movement of the pests Bactroecera oleae and Prays 
oleae. This analysis will be based on hypotheses 
of different costs in each land use that can be con-
trasted with real data on the abundance of these 
pests in olive-growing areas in southern Spain. In 
this way, it would be possible to identify those land 
uses that are more or less favourable to the spread 
of pests to curb their expansion in these agrosys-
tems. In our study, the aim is to quantify the per-
meability of the landscape, understood as a meas-
ure of landscape structure with some land uses as 
barriers and other as corridors. This serves as an 
indicator of the quality of a landscape to provide 
passage for different types of organisms (Anderson 
& Clark, 2012; Singleton et  al., 2002). A total of 
18 hypotheses were developed, each with a differ-
ent resistance value assigned to the identified land 
uses. In addition, an analysis was carried out at dif-
ferent spatial scales to determine the risk of species 
spread throughout the territory. Specifically, the 
aim was to: (i) identify the barrier or corridor effect 
of each of the different land uses in the dispersion 
of pests in the olive landscape, using the different 
hypotheses where land uses change from favour-
able to unfavourable values; (ii) establish the spa-
tial scale at which barrier or corridor effects of land 
uses on pests can best be detected, therefore indicat-
ing the appropriate scale for landscape composition  
planning.

Materials and methods

Study area

The study area, covering approximately 120,000  ha, 
was in the province of Jaén (Fig. 1), host to the largest 
cultivated area of olive groves in Spain (590,000 ha) 
(ESYRCE-MAPAMA, 2020). According to the Alert 
and Phytosanitary Information Network (RAIF) of 
Andalusia classification, the studied area includes 
part of four agroclimatic zones: Loma Alta, Loma 
Baja, Mágina Norte and Sierra de Cazorla. The soil 
is mainly classified as loam or clay loam and the cli-
mate is Mediterranean, with an average annual tem-
perature of 17.3 °C and precipitation of 624 mm. The 
average altitude in the study area is 663 m a.s.l., vary-
ing between 345 and 1038 m a.s.l. (Fig. 2).

Data collection B. oleae and P. oleae

Data on the populations of B. oleae and P. oleae were 
provided by the RAIF (https:// www. junta deand alucia. 
es/ agric ultur apesc aydes arrol lorur al/ raif). This net-
work gathers data on population densities of differ-
ent phytophagous insects and their levels of damage, 
as well as information on diseases affecting crops in 
Andalusia. These data came from 39 sampling points 
(SP), randomly selected and separated by at least 
4 km (Fig. 1), which correspond to Biological Con-
trol Stations (BCS) where RAIF carried out weekly 
abundance data collection of P. oleae and B. oleae, 
according to the indications of the “Guía de Gestión 
Integral de Plagas del Olivar” (MAPAMA, 2014). B. 
oleae were present in 37 SP and P. oleae in 30. Aver-
age size of olive orchards was 16.06 ± 8,27 ha. In the 
case of B. oleae, three traps per BCS of yellow adhe-
sive chromotropic type baited with sex pheromones 
were used. Their distribution in the BCS was random, 
respecting a minimum separation of 40  m between 
them. For P. oleae, two funnel traps were set, also 
containing sex pheromones as an attractant and again 
with a random distribution but respecting a minimum 
distance of 50 m between them.

Sampling of both P. oleae and B. oleae was car-
ried out weekly during 2009, 2010 and 2011, in all 
cases throughout their flight period, i.e. during their 
last stage of development. These years were cho-
sen because of their higher presence of both pests. 
These samplings were adapted to the phenology of 

https://www.juntadeandalucia.es/agriculturapescaydesarrollorural/raif
https://www.juntadeandalucia.es/agriculturapescaydesarrollorural/raif
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each pest. B. oleae has two generations, whose flight 
curves occur from June to the end of July and from 
the end of August to the end of October, respec-
tively. Therefore, samples were taken from July to  
the end of the first half of November, analysing data 
from a total of 54 dates per SP in the 3 years. In the 
case of P. oleae, three generations were analysed. 
Their flight periods occur from mid-April to the 
end of May, from the beginning of June to mid-July 
and from the end of September to the beginning of 
November respectively. Collections were made on a 

total of 35 dates per SP per year. For P. oleae, only 
data from 2009 were used because in 2010 and 2011, 
the pest did not occur in these olive groves. For both 
species, the variable analysed was (Capture) “Aver-
age number of adults captured per trap and per day”.

A) B)

ii

i

iv

iii

Fig. 1  A Geographical location of the study area and detailed 
view of the spatial distribution of the 39 sampling points 
located in the province of Jaén, Andalusia, Spain. B Example 
of circular areas with their lands uses and the results of the 
application of Cost-Distance tool for hypothesis 16 at sampling 
points representing a complex landscape surrounding the sam-

pled point (i) and representing a simple landscape with only 
olive groves and artificial infrastructures (iii), obtaining cost 
layers (ii) and (iv) respectively. Darker shades (4.699, maxi-
mum) denote higher resistance. Acronyms indicated by artifi-
cial (A), dehesas (DH), olive grove (O), grassland (P), river-
bank (RB), sparse vegetation (SV) and scrublands (M)

Fig. 2  Altitude map of the study area and photographs of two 
representative landscape types. Number 12 is an example of 
a simple landscape dominated by olive groves and number 26 
is an example of a complex landscape with different land uses 
around the olive groves

◂
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Spatial analysis of the landscape

The spatial scale selected for each species was based on  
the dispersive capacity of each pest as reported by com-
panies that sell traps for these pests, since no scientific  
studies were found to measure it in detail. Two circular  
areas (CA) were plotted for each pest using each SP as a  
centre, with radii of 500 m and 1000 m in the case of P. 
oleae and 1000 m and 1500 m for B. oleae. Spatial land  
use coverage data were taken from the Spanish Land 
Occupation Information System (SIOSE) to determine  
the composition and configuration of the landscape sur-
rounding each SP. For this study, the minimum digitised  
size for a polygon was 0.5 ha. The original SIOSE land  
use classification was summarised and reclassified into 
eleven types, assigning a single land use to each patch 
determined by the land use that covered at least 50%  
of its area: artificial (A), deciduous broadleaved (BD), 
evergreen broadleaved (BE), coniferous (F), crops (C), 
dehesas (DH), olive grove (O), grassland (P), riverbank  
(RB), sparse vegetation (SV) and scrubland (M). The 
verification and updating of land uses were performed 
by comparing the SIOSE information with aerial pho-
tographs taken in 2011 provided by the National Aerial  
Orthophotography Plan (PNOA) and the information 
provided by the Geographic Information System of 
Agricultural Plots (SIGPAC).

ArcGis 10.2.1 software was used for the analy-
sis of the mapped information. Specifically, for the 
Cost-Distance landscape index, two layers were used: 
(i) one in which the displacement resistance values 
assigned to each land use are collected, representing 
the cost or difficulty for a species to move through 
the different types of habitats and (ii) the source layer 
from which the accumulated resistance cost begins 
and its destination, which was the SP. A total of 18 
hypotheses were formulated in which a resistance 
value was given to the different land uses (Table 1). 
These cost values ranged from 1 to 100 and consid-
ered the trends observed in the analysis of simple 
correlations between the percentages of use and the 
abundance of pests at each time of their phenologi-
cal cycles (Annex 1), as well as previous scientific 
knowledge. The first hypotheses are simple, giv-
ing a minimum cost to one land use and to the rest 
the same maximum cost value. The hypotheses H1, 
H2, H5 and H8 were designed to determine the pos-
sible benefit of a given land use on the pest, where 
the lowest cost was assigned to that land use (1) and 
the highest cost was assigned to the rest of the land 
uses (100). The inverses of these hypotheses (H3, H6 
and H9) were established to determine the opposite 
effect, i.e. a barrier effect of a given land use. Three 
hypotheses (H4, H7 and H10) gave a value of 1 to the 

Table 1  Resistance 
values assigned to the 
different land uses in 
each of the 18 scenarios 
tested. These values ranged 
from 1 to 100, according 
to their influence on the 
displacement of the pest 
in the olive landscape. 
Acronyms indicated by 
artificial (A), deciduous 
broadleaved (BD), 
evergreen broadleaved 
(BE), coniferous (F), crops 
(C), dehesas (DH), olive 
grove (O), grassland (P), 
riverbank (RB), sparse 
vegetation (SV) and 
scrubland (M)

Hypothesis A BE/BD C DH F M O P RB SV

H1 100 100 100 100 100 100 1 100 100 100
H2 100 100 100 100 100 1 100 100 100 100
H3 1 1 1 1 1 100 1 1 1 1
H4 100 100 100 100 100 1 1 100 100 100
H5 100 100 1 100 100 100 100 100 100 100
H6 1 1 100 1 1 1 1 1 1 1
H7 100 100 1 100 100 100 1 100 100 100
H8 100 100 100 100 100 100 100 100 1 100
H9 1 1 1 1 1 1 1 1 100 1
H10 100 100 100 100 100 100 1 100 1 100
H11 100 1 100 1 1 1 1 1 100 1
H12 100 1 100 1 1 1 100 100 100 100
H13 100 100 100 1 100 100 100 1 100 100
H14 100 50 10 50 50 10 1 10 10 10
H15 100 10 10 10 50 10 1 10 10 10
H16 100 10 50 50 1 50 50 50 10 50
H17 100 10 50 50 10 50 50 50 1 50
H18 100 20 100 10 20 50 10 50 1 100
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three most extensive uses in our study area along with 
olive groves, and H11 gave a value of 1 to the least 
extensive uses, namely sparse vegetation, woodlands 
(deciduous brodleaved, evergreen broadleaved and 
coniferous), dehesas and grasslands. Two hypotheses 
were used to study the effect of natural land uses on 
pests, H12 (woodland uses) and H13 (dehesas and 
grasslands). Finally, five hypotheses (H14, H15, H16, 
H17 and H18) combined different values in the most 
similar uses based on ecological characteristics and 
the results obtained from the previous hypotheses.

Statistical analysis

Linear mixed effects models (GLMM) were applied 
for each scale and generation, using the Capture data 
as the dependent variable, previously transformed 
by log (x + 1) to normalise the data. Sampling points 
were considered as random effects and repeated 
measures per week as fixed effects. The cost-distance 
of the 18 hypotheses and the altitude of the different 
sampling points were considered as covariates. Alti-
tude was included due to its relationship with B. oleae 
populations (Kounatidis et al., 2008); however, in P. 
oleae, the effect was unknown.

Models were fitted using a restricted maximum 
likelihood estimation method. The best covariance 
structure for the repeated measures factor was Diago-
nal, which was selected according to the lowest value  
of the Akaike and Schwarz Bayesian information 
criteria fit statistics (Littell et  al., 1998; Wang &  
Goonewardene, 2004). IBM SPSS Statistic 22.0 soft-
ware was used to compute the statistical analyses.

Results

Relationship between landscape structure and pest 
abundance

Olive groves were the main land use in the study area, 
occupying an average percentage of 85.71% of the 
land area at the 500-m radius spatial scales, 78.18%  
at 1000  m and 71.53% at 1500  m. For the 1000  m 
radius CAs, the remaining land uses of scrubland, 
pasture and crops had a similar mean percentage 
occupancy of 4.21, 3.10 and 5.72%, respectively.  
The remaining land uses occupied less than 2% of  

the area (deciduous hardwoods 0.03%, sparse veg-
etation 1.68%, conifers 0.12%, dehesas 2.76%, artifi-
cial 1.79%, evergreen hardwoods 1.23% and riparian 
forests 1.17%). Percentages of occupancy at spatial 
scales from 500 to 1500 m radius followed a similar 
pattern (Fig. 3).

Significant correlations were found between the 
different types of land uses and pest abundances in 
some generations of their phenological cycle (Annex 
1 and Annex 2). Negative correlations were found in 
the land uses RB, C and M up to the 1500  m scale 
for B. oleae and positive correlations with use C up to 
1000 m in the case of P. oleae.

Pest dispersal across the landscape

GLMMs indicating the relationship between pest 
abundance and the cost-distance variable in each of 
the hypotheses indicate the barrier or corridor effect of 
the different land uses at the scales analysed (Tables 2 
and 3). Significant negative relationships indicate that 
the hypotheses are true and positive relationships indi-
cate that they are false. Similar results were obtained 
with the two pairs of spatial scales used for the analy-
sis of each species, indicating that all of them are suit-
able for the study of the movements of these pests. 
The effects that were found to be significant for each 
type of use are described below (Table 4).

Olive groves showed a corridor effect in the first 
generation of both pests (H1). In addition, they 
showed the same effect in combination with other 
less extensive land uses, such as crops and riverbanks 
in the same generations (H7 and H10). Shrublands 
showed a barrier effect in the first generation of both 
pests (H3), but in combination with olive groves, they 
showed a corridor effect in the two generations of B. 
oleae and in the third generation of P. oleae (H4). H2 
was not significant for B. oleae, but was significant for 
P. oleae in its third generation, which showed a corri-
dor effect. Crops showed a corridor effect only in the 
third generation of P. oleae (H5) and a barrier effect 
in the second generation of B. oleae (H6). Riverbanks 
showed a barrier effect in the last generation of both 
pests (H9) and a corridor effect in the first generation 
(H10). Woodlands land uses showed barrier effects 
in all generations of both pests, both grouping broad-
leaves with conifers (H14) and conifers alone (H15). 
Dehesas and grassland also showed barrier effects for 
both pests in the first generation (H13).



 Environ Monit Assess         (2022) 194:411 

1 3

  411  Page 8 of 20

Vol:. (1234567890)

In hypothesis H11, minimum values were assigned 
to woodland, dehesas and grasslands and maximum val-
ues to crops and riverbanks. The GLMMs were weakly 
significant with a negative relationship in the first gen-
eration of P. oleae and last generation of B.oleae and a 
positive relationship in the last generation of P. oleae. 
Hypotheses H16 and H17 present conifers and river-
banks as favourable pest habitats (cost 1), better than 
olive groves (cost 50) and other land uses. None was 
significant for either pest. Hypothesis H18 presents only 
riverbanks as pest corridors (cost 1), better than olive 
groves (cost 10) and other uses with higher costs. The 
models indicated that for the first generations of both 
pests, riverbanks may serve as summer corridors.

Discussion

Effectiveness of the methodology for the detection of 
pest dispersal capacity in agricultural landscapes

Spatial analysis, based on the cost that land uses have 
for pest movement in an agricultural landscape, has 

been effective in detecting the barrier or corridor 
effects of surrounding land uses. This study demon-
strates that the cost-distance tool can aid researchers 
in the study of pest control and can support decision-
makers and farmers in their transition to digitised 
agriculture. The application of simplified hypotheses 
to detect the spatial effects of land use connectiv-
ity was also employed by Perović et  al. (2010) for 
detecting the effectiveness of biological pest control 
of cotton pests. However, this approach had not been 
used for pest displacement. In our case, the direc-
tion of displacement is from the edge of the circular 
area analysed to the centre, which is our sampling 
point. Therefore, a negative relationship between  
the recorded pest abundance and the hypothetical 
cost of traversing a land use indicates support for the 
hypothesis. On the contrary, a positive relationship 
indicates the hypothesis may be false.

In addition, permeability for the pest species stud-
ied through the cost-distance tool provides a func-
tional input that allows the inference of spatial con-
nectivity as well as functionality. In general, the 

Fig. 3  Percentage of surface area occupied by different land uses in the study area. This was quantified at three scale levels: 500, 
1000 and 1500 m radius for each plot
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Table 2  Results of the linear mixed effects models (GLMM) 
for 18 cost-distance hypotheses (H). The influence of the 
covariate altitude (Alt.) of the sampling points and the mean 
value of Cost-Distance of each hypothesis are shown. The 

dependent variable was the capture data for each pest. Results 
are shown for the two generations of Bactrocera oleae for the 
years 2009, 2010 and 2011 at two spatial scales: 1000 m and 
1500 m around the sampling points

*p<0.10; **p<0.05

Scale Parameters Summer generation Autumn generation

Altitude Hypothesis Altitude Hypothesis

t Significance t Significance t Significance t Significance

1000 Alt. + H1 8.06 0.000**  − 2.62 0.014** 4.77 0.000** - -
1500 Alt. + H1 6.35 0.000** - - 3.91 0.001** - -
1000 Alt. + H2 7.30 0.000** - - 4.53 0.000** - -
1500 Alt. + H2 6.92 0.000** 2.30 0.029** 4.09 0.000** - -
1000 Alt. + H3 7.43 0.000**  − 2.13 0.041** 4.40 0.000** - -
1500 Alt. + H3 6.75 0.000**  − 2.36 0.026** 3.98 0.001** - -
1000 Alt. + H4 7.73 0.000**  − 1.84 0.073* 5.16 0.000**  − 2.23 0.033**
1500 Alt. + H4 7.96 0.000**  − 3.12 0.004** 4.89 0.000**  − 2.28 0.031**
1000 Alt. + H5 7.33 0.000** - - 5.55 0.000** 3.09 0.004**
1500 Alt. + H5 6.41 0.000** - - 5.16 0.000** 3.08 0.005**
1000 Alt. + H6 6.99 0.000** - - 4.46 0.000**  − 2.99 0.005**
1500 Alt. + H6 6.15 0.000** - - 4.19 0.000**  − 4.11 0.000**
1000 Alt. + H7 8.04 0.000**  − 2.43 0.021** 4.55 0.000** - -
1500 Alt. + H7 8.02 0.000**  − 3.20 0.004** 4.40 0.000** - -
1000 Alt. + H8 7.35 0.000** - - 3.75 0.001** - -
1500 Alt. + H8 5.80 0.000** - - 2.29 0.030** 1.80 0.083*
1000 Alt. + H9 6.40 0.000** - - 3.29 0.003** - -
1500 Alt. + H9 5.80 0.000** - - 3.05 0.005**  − 2.43 0.021**
1000 Alt. + H10 8.59 0.000**  − 2.75 0.010** 4.77 0.000** - -
1500 Alt. + H10 8.19 0.000**  − 3.37 0.002** 4.46 0.000** - -
1000 Alt. + H11 7.00 0.000** - - 4.48 0.000**  − 3.08 0.004**
1500 Alt. + H11 6.11 0.000** - - 4.09 0.000**  − 4.27 0.000**
1000 Alt. + H12 8.00 0.000** 2.40 0.023** 4.85 0.000** 1.18 0.079*
1500 Alt. + H12 6.98 0.000** 1.89 0.069* 4.24 0.000** - -
1000 Alt. + H13 8.53 0.000** 3.01 0.005** 4.37 0.000** - -
1500 Alt. + H13 8.81 0.000** 4.07 0.000** 3.92 0.001** - -
1000 Alt. + H14 8.80 0.000**  − 2.14 0.039** 5.88 0.000**  − 2.03 0.050**
1500 Alt. + H14 6.19 0.000**  − 1.73 0.095* 4.29 0.000**  − 1.86 0.075*
1000 Alt. + H15 9.15 0.000**  − 2.89 0.007** 5.60 0.000**  − 1.79 0.082*
1500 Alt. + H15 6.76 0.000**  − 2.77 0.010** 4.03 0.001** - -
1000 Alt. + H16 8.12 0.000** - - 4.43 0.000** - -
1500 Alt. + H16 6.06 0.000** - - 3.17 0.004** - -
1000 Alt. + H17 8.06 0.000** - - 4.06 0.000** - -
1500 Alt. + H17 6.07 0.000** - - 2.92 0.007** - -
1000 Alt. + H18 8.86 0.000**  − 2.15 0.039** 5.11 0.000** - -
1500 Alt. + H18 6,79 0,000**  − 2.65 0.014** 3.66 0.001** - -



 Environ Monit Assess         (2022) 194:411 

1 3

  411  Page 10 of 20

Vol:. (1234567890)

Table 3  Results of the linear mixed effects models (GLMM) 
for the 18 hypotheses (H), where the influence of the covari-
ate altitude (Alt.) of the sampling points and the mean value 
of Cost-Distance of each hypothesis by plot are shown. The 

dependent variable was the capture data for each pest. Results 
are shown for the three generations of Prays oleae for the year 
2009 at two spatial scales: 500 m and 1000 m around the sam-
pling point

*p<0.10; **p<0.05

First generation Second generation Third generation

Altitude Hypothesis Altitude Hypoth-
esis

Altitude Hypothesis

Scale Parameters t Sig t Sig t Sig t Sig t Sig t Sig
500
1000

Alt. + H1 - -  − 2.69 0.081* - - - - - - - -
Alt. + H1  − 2.69 0,013**  − 2.59 0.017** - - - - - - - -

500
1000

Alt. + H2 - - - - - - - - - - - -
Alt. + H2  − 2.86 0.008** - - - - - - - - - -

500
1000

Alt. + H3 - -  − 2.23 0.049** - - - - - - - -
Alt. + H3 - -  − 3.15 0.004** - - - - - - - -

500
1000

Alt. + H4 - - - - - - - - - -  − 2.14 0.036**
Alt. + H4  − 2.09 0.047** - - - - - - - - - -

500
1000

Alt. + H5 - - - - - - - - - -  − 3.19 0.003**
Alt. + H5  − 2.52 0.018** - - - - - - - -  − 2.46 0.025**

500
1000

Alt. + H6 - - - - - - - - - - 3.07 0.004**
Alt. + H6  − 2.50 0.019** - - - - - - - - - -

500
1000

Alt. + H7 - -  − 1.86 0.093* - - - - - - - -
Alt. + H7  − 2.79 0.010**  − 2.43 0.023** - - - - - - - -

500
1000

Alt. + H8 - - - - - - - - - - - -
Alt. + H8  − 2.37 0.025** - - - - - - - - 1.76 0.093*

500
1000

Alt. + H9 - - - - - - - - - - - -
Alt. + H9  − 2.51 0.019** - - - - - - - -  − 1.75 0.091*

500
1000

Alt. + H10 - -  − 1.93 0.083* - - - - - - - -
Alt. + H10  − 2.56 0.017**  − 0.58 0.017** - - - - - - - -

500
1000

Alt. + H11  − 1.90 0.081*  − 2.19 0.052* - - - - - - - -
Alt. + H11  − 2.74 0.011** - - - - - - - - 2.01 0.062*

500
1000

Alt. + H12 - - - - - - - - - - 1.79 0.078**
Alt. + H12  − 2.61 0.015** - - - - - - - - - -

500
1000

Alt. + H13 - - - - - - - - - - - -
Alt. + H13  − 2.88 0.008** 2.81 0.010** - - - - - - - -

500
1000

Alt. + H14 - -  − 3.45 0.002** 2.27 0.027** - - 3.26 0.003**  − 2.27 0.029**
Alt. + H14 - -  − 2.46 0.021** 2.23 0.030** - - 3.43 0.002**  − 2.48 0.018**

500
1000

Alt. + H15  − 1.85 0.077*  − 4.45 0.000** 2.15 0.036** - - 2.88 0.007** - -
Alt. + H15 - -  − 3.91 0.001** - - - - 2.87 0.007**  − 1.92 0.063*

500
1000

Alt. + H16 - - - - 2.01 0.040** - - 2.58 0.015** - -
Alt. + H16 - - - - - - - - - - - -

500
1000

Alt. + H17 - - - - 1.96 0.055* - - 2.50 0.018** - -
Alt. + H17 - - - - - - - - - - - -

500
1000

Alt. + H18 - -  − 3.49 0.002** 2.23 0.030** - - 2.83 0.008** - -
Alt. + H18 - -  − 3.29 0.003** 2.23 0.030** - - 2.85 0.008** - -
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analysis of landscape connectivity is usually focused 
on wildlife conservation detecting links between spe-
cific natural land uses and land covers with respect to 
a particular species (Beier et  al., 2011). The results 
of our study focusing on permeability show, in addi-
tion to its implications for the physical structure of 
the landscape and the dispersal of organisms, the 
potential of that landscape in supporting the continu-
ous flow of natural processes, that is, ecological flows 
(Anderson & Clark, 2012).

Influence of different land uses on the movement of B. 
oleae and P. oleae

The dispersal ability of a taxon across the landscape 
is marked both by its physiology and by the influence 
exerted by different land uses and the geographic par-
ticularity of the terrain (Henle et al., 2004; Reynolds 
et al., 2018; Tscharntke et al., 2012). Thus, the same 
landscape element can trigger different responses in 
the dispersive capacity of different taxa. A particular 
land use may simultaneously act as a corridor, food 
source or ecological barrier (Chakraborty et al., 2017; 
Gontijo, 2019).

Olive groves account for most of the land use in 
the study area. Hypotheses were developed assign-
ing the minimum resistance for pest movement to 
this land use, either alone (H1) or in combination 
with one other land use (H4, H7 and H10 with scrub-
land, crops and riverbank, respectively). Generally 
speaking (see Table  4), the results show that both 
pests use the olive grove as a habitat spending more 
of each phenological cycle there (refuge), such that 

pest abundance increases as the degree of connec- 
tion and extent of olive groves increases (Ortega et al.,  
2018). Some recent studies support the greater effi-
cacy of biological control in more complex landscape 
contexts (Dainese et  al., 2017; Pérez-Álvarez et  al., 
2019). However, there remains some inconsistency 
in the direct benefits of the diversity of surrounding 
non-agricultural land uses on this ecosystem service 
(Holland et al., 2017; Karp et al., 2018). Some experi-
mental work supports the “intermediate landscape 
complexity hypothesis”. This hypothesis predicts that 
local conservation management for biological control 
will be most effective in moderately simple agricul-
tural landscapes, and less effective in very simple or 
very complex landscapes. In the first case, this is due 
to a lack of responsiveness and in the second case, to  
the fact that the response potential could be saturated  
(Jonsson et al., 2015) or because there may be intra-
gremial predation or behavioural interference among 
natural enemies (Finke & Denno, 2005). In this frame-
work of controversy, our results provide an interest-
ing perspective as they allow management considera-
tions that are directly linked to the biology of the pests  
themselves. In the specific case of these hypotheses, it 
is evident that the tendency to homogenise olive land-
scapes would lead to the increase in B. oleae and P. 
oleae pests by facilitating their dispersal. According 
to Paredes et  al., (2013), the best option to improve 
the effectiveness of biological control in this type of 
simplified and homogeneous landscape could be the 
implementation of grass strips or scrubs and hedges.

For the scrubland vegetation cover, H2 and H3 were  
designed, based on previous studies (Boccaccio & 

Table 4  Interpretation of 
the effect of each land use 
on B. oleae and P. oleae 
detected in the hypotheses 
that proved true in the 
GLMMs. 1G, 2G and 3G 
identify the pest generation 
on which the effect was 
detected. N.k. indicates not 
known. Hnumber identifies 
hypothesis

Land use Hypothesis B. oleae P. oleae

Olive grove H1
H7 (olive and crops)
H10 (olive and riverbank)

Corridor 1G
Corridor 1G
Corridor 1G

Corridor 1G
Corridor 1G
Corridor 1G

Scrubland H2
H3
H4 (olive and scrubland)

n.k
Barrier 1G
Corridor 1G and 2G

Corridor 3G
Barrier 1G
Corridor 3G

Crop H5
H6

n.k
Barrier 2G

Corridor 3G
n.k

Riverbank H9
H10
H18

Barrier 2G
Corridor 1G
Corridor 1G

Barrier 3G
Corridor 1G
Corridor 1G

Woodland uses H14
H15 (only conifer)

Barrier 1G and 2G
Barrier 1G and 2G

Barrier 1G and 3G
Barrier 1G and 3G

Dehesas and grasslands H13 Barrier 1G Barrier 1G
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Petacchi, 2009; Ortega et al., 2018; Villa et al., 2020) 
that indicated the negative relationship of scrublands 
and the densities of both pests. This type of natural or  
semi-natural vegetation is favourable for the 3rd genera- 
tion of P. oleae and acts as a barrier for the first genera-
tion of both pests, perhaps due to the presence of natu-
ral predators (see Table 4). Some of these pests belong  
to the orders Heteroptera (Pentatomidae), Demaptera 
(Forficulidae), Coleoptera (Carabidae) and Hymenop-
tera (Formicidae). This was demonstrated by Rejili 
et al. (2016) who found sequences of cytochrome oxi-
dase subunit I (COI) gene of B. oleae and P. oleae in the 
digestive tract of some of these arthropods. Therefore,  
in the two pests considered, scrubs seem to exert a bar-
rier effect in their displacement in the first generation  
and a corridor effect in the third generation of P. oleae,  
when the predators may be undergoing a population 
decline. The barrier effect is likely due to the biologi-
cal control exerted by the presence of natural enemies 
that would reduce the populations of these pests or to 
the absence of attractive food in these natural patches. 
However, the corridor effect in the third generation of P.  
oleae may be due to the presence of food plant species 
(Villa et al., 2020).

The possible relevance of the presence of natural 
or semi-natural vegetation covers near olive groves or 
other woody crops to improve conservation biological 
control and other ecosystem services has been studied 
by several authors (Alves et al., 2021; Paredes et al., 
2019; Villa et  al., 2020; Wu et  al., 2019). In olive 
groves, Paredes et al., (2019) suggest that the mainte-
nance of surrounding natural and semi-natural habitats 
may be a promising practice to promote the presence 
of natural enemies to control P. oleae infestations. 
Particularly, the importance of scrublands as provid-
ers of ecosystem services has been shown in different 
case studies. For example, B. oleae predation in olive 
groves was associated with the area of scrubland in 
autumn (Ortega et al., 2018). However, it is important 
to also consider flowering plants with potential ben-
efits to pests. In this regard, Wu et al. (2019) showed 
that the availability of local floral resources and nearby 
natural scrublands seemed especially important for 
enhancing wild bee abundance and their potential ser-
vices in apple crops.

H5, H6 and H7 were designed to analyse the iso-
lated effect exerted by crops, understood as areas sur-
rounding the olive grove where farms cultivating cere-
als and small irrigated areas prevail. The predominant 

barrier effect on B. oleae was corroborated and could 
be due to the physical–chemical alterations derived 
from agricultural activities, specifically the use of 
phytosanitary products and the tilling of these culti-
vation areas in the summer-fall season, which physi-
cally removes the plant cover (Thorbek & Bilde, 2004; 
Tscharntke et  al., 2016). However, only for the third 
generation of P. oleae was a synergistic effect observed 
between the olive grove and crop patches, where these 
patches favour the spread of the pest. Despite having a 
strong agricultural tillage character, some research has 
found that in late summer, this pest could find in these 
patches certain plant species—the so-called weeds—
that could serve as a complementary food source  
(Nave et al., 2021). Furthermore, as observed by Paredes  
et  al. (2013), these land uses are characterised by 
the presence of bare soils for long periods of time as 
well as the absence of surrounding natural vegetation, 
which significantly decreases the biological control 
exerted by the natural enemies of these pests.

For the riverbank, with H9, the barrier effect was 
observed in the last generation of both pests. How-
ever, with H10, a corridor effect was observed in the 
first generations of both pests that were corroborated 
by H18. This means that riverbanks associated with 
watercourses exert a summer corridor effect and a 
barrier effect at the end of the biological cycle prob-
ably due to the influence of temperature. In olive 
groves in Morocco, Mansour et al. (2017) found that 
coastal areas with mild temperatures and significant 
humidity had high densities of adult populations of P. 
oleae, whereas in inland areas with a warmer and less 
humid climate, emergences are late, and densities are 
lower. Thus far, wetlands or areas with nearby water 
availability have not been shown to be refuges for nat-
ural enemies of agricultural pests.

Hypotheses H14 and H15 confirm that wood-
lands show a barrier effect on the two generations 
of B. oleae and the first and third generations of P. 
oleae. Natural enemies of P.oleae, for example the 
Anthocoridae Anthocoris nemoralis (Fabricius) that 
consume eggs of the second generation of P. oleae, 
were favoured by the occurrence of large woody 
patches surrounding the olive groves (Paredes et al., 
2013). Similar results were obtained by Boccaccio 
and Petacci (2009), who showed that the parasitism 
rate of the olive fly was favoured by the occurrence 
of woodlands (forest and scrub). Natural vegetation 
patches in large agricultural areas seem to be one of 



Environ Monit Assess         (2022) 194:411  

1 3

Page 13 of 20   411 

Vol.: (0123456789)

the major reservoirs and main habitats for natural 
predators of pests (Galloway et  al., 2021; Paredes 
et al., 2019).

H13 focused on the role of grasslands and dehesas 
as corridors, the former occupying a larger area in our 
study area. Both share ecological characteristics with 
each other and with the olive grove (López-Fernández,  
2011). The herbaceous tapestry is common in organic 
olive orchards, as are scattered trees in holm oak pas-
tures with a density and tree size similar to the olive 
groves. The models with this hypothesis were false or 
non-significant. Thus, these land uses could be con-
sidered barriers in the first generation, with unknown 
implications on the displacement of these pests in 
later generations. Recently, Álvarez et al. (2021) high-
lighted the effect of ground cover in organic olive 
orchards increasing interactions with natural enemies 
against P. oleae, promoting effective egg predation. 
Hence, the role of these land uses as ecological barri-
ers seems to be well-established.

Effect of spatial scale

According to some trap companies, the imago dis-
persal capacity of P. oleae, in each of the three gen-
erations, does not exceed 1000  m from the point of 
imago development. Therefore, we used 500 and 
1000 m radii as the action ranges for P. oleae, since 
we found no studies that demonstrated other disper-
sion capacity distances. However, the results obtained 
in the GLMMs are not conclusive and only a few  
patterns can be found that vary based on the genera-
tion studied. In the first generation, it seems that the 
landscape has a more direct influence at the 1000 m 
radius scale, which agrees with previous research 
showing stronger landscape effects at larger scales 
(750 and 1000  m), compared to smaller scales (500 
and 600 m) (Costa et al., 2020; Villa et al., 2020). In 
the second and third generations, few significant pat-
terns are found.

In the case of B. oleae, the literature indicates a dis-
persive ability, where the movement of some individu-
als has been monitored from 150 m (Rempoulakis1 & 
Nestel, 2011) up to 400 m (Fletcher & Economopoulos,  
1976). However, Ortega and Pascual (2014) found 
an important spatial influence of the landscape  
on population density between 1000 and 1500  m 
radius. Therefore, we selected a range of action 
between 1000 and 1500 m radius. We found for both 

generations a greater effect of the landscape, and thus 
a greater number of interactions with a higher signifi-
cance value, at the 1000 m radius.

Effect of altitude on the dispersal behaviour of these 
pests

Altitude has a direct relationship on the distribu-
tion of B. oleae, with higher fly population densities 
as altitude increases (Kounatidis et  al., 2008). This 
behaviour is likely driven by the need for adults to 
find refuge from the high temperatures that occur in 
Mediterranean environments during the summer and 
early autumn months at higher altitudes. However, in 
the summer generation, higher values of significance 
were found (Table 2). This is related to the fact that 
during this period, peaks of up to 40 °C are reached 
with a low relative humidity that can reach values of 
up to 34% in contrast to the autumn months where 
the average temperature is 13.42  °C with a relative 
humidity of 63.75% according to the State Meteoro-
logical Agency (AEMET). Wang et  al. (2009) indi-
cated that high summer temperatures affect the sur-
vival and reproduction of olive fruit flies.

In the case of P. oleae, the effect is heterogene-
ous, since it has been observed that the influence of 
altitude depends on the generation studied. In the 
case of the first generation, this lepidopteran prefers 
lower altitudes where temperatures are higher dur-
ing the spring months. On the contrary, in the second 
and third generations, the sign of the relationship is 
inverted.

Usefulness of the cost-distance tool in the context of 
smart agriculture

Agriculture is moving towards the use of digital 
tools driven by technological innovation. New con-
cepts of traceability, quality and control are gain-
ing ground, linked to society’s greater sensitivity to 
environmental problems and awareness of the need 
for better management of available resources. The 
agricultural sector is currently in the early stages 
of what is known as agriculture 4.0. This refers to 
agricultural interventions that leverage accurate and 
timely analyses of data and information collected 
and transmitted through advanced tools and technol-
ogies. This type of smart farming is based on tools 
and strategies that allow a synergistic use of a range 
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of digital technologies for the automatic collection, 
integration and analysis of data from the field, from 
sensors or from third parties (Bacco et  al., 2019). 
From these technologies, farmers obtain increas-
ingly accurate support in their decision-making 
process, both in terms of their own activities and 
their relationship to other parts of the supply chain. 
Ultimately, the goal of agricultural digitisation is to 
increase profitability and economic, environmental 
and social sustainability of agricultural processes. 
In the specific case of the olive groves studied  
here, the most relevant result provided by the cost-
distance model applied at different scales for the 
two pests indicates the effectiveness of maintain-
ing or promoting natural or semi-natural land uses  
(i.e. heterogenising the landscape) to improve the 
control of both pests. The simplicity, precision and 
speed of the software required for the tool favour 
its application and would imply little investment by 
farmers as the information would come from man-
agers, in this case the Integrated Treatment Groups 
in Agriculture (ATRIAS). In the same line, this tool 
is useful in land-use planning that maximises spatial 
resilience to pests and its results are corroborated 
by the positive relationship between olive land-
scape heterogeneity and spatial resilience (Rescia & 
Ortega, 2018).

Indeed, the use of Information and Communica-
tion Technology (ICT) in the field of agriculture is 
a first step in the intense digital transformation that 
is demanded by current global challenges, such as 
a growing world population accompanied by an 
increasing demand for food and climate change  
(Vermeulen et  al., 2012). However, recurrent con-
straints are that the results obtained in experimen-
tal studies on technological benefits in agriculture  
reach the farmers through the managers, and that 
farmers are willing to follow the recommendations 
derived from these results. A challenge in the short 
term is to facilitate the mechanisms of transmission 
of experimental results to managers and from man-
agers to farmers. Other authors, such as Rescia et al. 
(2017), proposed an environmental payment mecha-
nism for olive farmers and discussed in their study  
the importance of applying this mechanism by facili-
tating transmission channels between managers,  
decision-makers and farmers.

Conclusions

The study of landscape connectivity using the Cost-
Distance tool allows us to determine the ecological 
role of each land use in the olive landscape, in rela-
tion to the two main olive pests. While some natural 
land uses such as woodlands impair the movement 
of these pests, others such as riverbanks or scrub-
lands act as a corridor or barrier, depending on the 
phenological cycle of each pest. This could indicate 
a greater dispersive capacity of these pests during 
the spring months, which has already been observed 
in the case of P. oleae (Villa et al., 2020), and in B. 
oleae (Ortega et al., 2021). This seems obvious as in  
spring and early summer there are no olives in the 
trees. For this reason, promoting those land uses that 
are most harmful to pests (that exert a barrier effect) 
such as woodlands, dehesas, grasslands and scrub-
lands will reduce the dispersion ability and the pop-
ulation densities of these pests by means of natural 
enemies living in these environments, hence mitigat-
ing the ecological impact of these pests on the olive-
growing ecosystem. Nonetheless, the influence of 
other environmental variables such as altitude or the 
spatial scale at which these land uses exert greater 
pressure, as well as the true dispersive ability of both 
pests, should be studied in depth. The conclusions of 
this work have been obtained by means of indirect 
effects. However, its applicability in spatial planning 
and digitisation of agriculture seems certain due to 
the consistence of the results obtained. Nevertheless, 
more detailed studies on population densities of these 
pests and their natural enemies in other landscapes 
are needed to determine the direct effects.
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Annex 1

Pearson correlation analysis between abundance 
of Prays oleae (with a logarithm transformation)  
and percentage of different land uses. N is number 
of sampling points. Acronyms indicated by artifi-
cial (A), deciduous broadleaved (BD), evergreen  
broadleaved (BE), coniferous (F), crops (C), dehe-
sas (DH), olive grove (O), grassland (P), riverbank  
(RB), sparse vegetation (SV) and scrub (M).

Year Scale Pearson correlation

Generation %O %M %C %P %DH %RB %A %SV %BE %BD %F % 
(DH_P)

Forest

2009 500 1er r - - - - - - - - - - - - -
Signifi-

cance
N

- - - - - - - - - - - - -

2009 500 2nd r - - - - - - - - - - - - -
Signifi-

cance
- - - - - - - - - - - - -

2009 500 3rd r - - 0.472 - - - - - - - - - -
Signifi-

cance
N

- - 0.088 
(14)

- - - - - - - - - -

2009 1000 1er r - - - - - - - - - - - - -
Signifi-

cance
N

- - - - - - - - - - - - -

2009 1000 2nd r - - - - - - - - - - - - -
Signifi-

cance
N

- - - - - - - - - - - - -

2009 1000 3rd r - - 0.508 - - - - -  − 0.533* - - - -
Signifi-

cance
N

- - 0.064 
(14)

- - - - - 0.050 
(14)

- - - -

*p<0.10; **p<0.05

Annex 2
Pearson correlation analysis between abundance of 
Bactrocera oleae (with a logarithm transformation) 
and percentage of different land uses. N is number 
of sampling points. Acronyms indicated by artifi-
cial (A), deciduous broadleaved (BD), evergreen  
broadleaved (BE), coniferous (F), crops (C), dehe-
sas (DH), olive grove (O), grassland (P), riverbank  
(RB), sparse vegetation (SV) and scrub (M).
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Year Scale Pearson correlation

Generation %O %M %C %P %DH %RB %A %SV %BE %BD %DH_P Forest

2009 1000 Summer r - - - - -  − 0.430* - - - - - -
Signifi-

cance
N

- - - - - 0.011 (34) - - - - - -

2009 1000 Autumn r - -  − 0.392* - - - - - - - - -
Signifi-

cance
N

- - 0.022 (34) - - - - - - - - -

2009 1500 Summer r -  − 0.326 - - -  − 0.482** - - - - - -
Signifi-

cance
N

- 0.079 
(30)

- - - 0.007 (30) - - - - - -

2009 1500 Autumn r - -  − 0.491** - -  − 0.472** - - - - - -
Signifi-

cance
N

- - 0.006 (30) - - 0.009 (30) - - - - - -

2010 1000 Summer r - - - - -  − 0.310 - - - - - -
Signifi-

cance
N

- - - - - 0.096 (30) - - - - - -

2010 1000 Autumn r - - - - - - - - - - - -
Signifi-

cance
N

- - - - - - - - - - - -

2010 1500 Summer r -  − 0.373 - - - - - - - - - -
Signifi-

cance
N

- 0.061 
(26)

- - - - - - - - - -

2010 1500 Autumn r - - - - - - - - - - - -
Signifi-

cance
N

- - - - - - - - - - - -

2011 1000 Summer r - - - - -  − 0.426* - - - - - -
Signifi-

cance
N

- - - - - 0.030 (26) - - - - - -

2011 1000 Autumn r - -  − 0.461* - - - - - - - - -
Signifi-

cance
N

- - 0.018 (26) - - - - - - - - -

2011 1500 Summer r - - - - -  − 0.488* - - - - - -
Signifi-

cance
N

- - - - - 0.021 (22) - - - - - -

2011 1500 Autumn r - -  − 0.509* - -  − 0.477* - - - - - -
Signifi-

cance
N

- - 0.016 (22) - - 0.025 (22) - - - - - -

*p<0.10; **p<0.05
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