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Abstract Agroforestry can improve predator
recruitment by increasing the diversity of microhab-
itats and modifying the microclimate. Four treatment
plots were defined with three tree-shading levels in a
20 years old agroforestry system combining organic
vegetable crops with hybrid walnut trees. Temperature
and canopy openness were recorded in each treatment
in July and September 2015 and arthropods were
sampled using pitfall traps at two dates (2 weeks in
July and 2 weeks in September). The daily activity
pattern of the main taxa was then estimated using dry
pitfall traps for 7 days in July and 8 days in Septem-
ber. Agroforestry significantly limited the daily tem-
perature extremes in the day and night (&= 1.5 °C). We
observed a significant effect of treatment on species
distribution. In July, the main xerophilic species,
Pseudoophonus rufipes (Coleoptera, Carabidae), was
less abundant in the two most shaded plots (— 25%).
Pardosa hortensis (Arachnida, Lycosidae) showed
significant differences in activity-density and diurnal
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activity between treatments. This spider was more
active between 10:00 and 14:00 in the two most
shaded treatments especially in tomatoes (more than
20% of the daily activity) compared to the control
(13%). The activity-density of this species was also
higher in the two shaded treatments than in the control
(> 20%). Our results highlight that agroforestry, by
buffering climate extremes, is likely to modify preda-
tory arthropod activity and possibly the associated
services such as biocontrol.

Keywords Arachnids - Biodiversity - Ground
beetles - Microclimate - Sylvo-arable system

Introduction

Agroforestry systems are defined as agroecosystems
associating trees with agricultural crops and/or pasture
(Batish et al. 2007). In the last 20 years, they have
been spreading throughout Europe and have real
potential in the production of sustainable food (Eich-
horn et al. 2006; Quinkenstein et al. 2009). These
systems have economic and environmental benefits for
farmers and society because they take advantage of
complementary ecosystem and plant services (Moreno
et al. 2017).

The most common agroforestry set-up is a combi-
nation of tree rows and crop alleys with adequate
spacing to allow easy access for agricultural
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machinery (Eichhorn et al. 2006). In these systems, the
tree rows are usually not cultivated and left as grassy
and/or wildflower strips (Batish et al. 2007). This extra
vegetation stratum increases the diversity of available
niches (Collins et al. 2002; Ranjha and Irmler 2014;
Saska et al. 2007), and potentially increases the
associated taxonomic biodiversity (Malézieux et al.
2009; Tscharntke et al. 2011). The specificity of
agroforestry systems makes them of particular interest
for conservation biocontrol (CBC; Pumarifio et al.
2015). CBC is defined as a strategy aimed at main-
taining or increasing the local abundance of benefi-
cials, especially using the conservation of shelter
habitats (natural or not) around crops and suitable prac-
tices (Bianchi et al. 2006; Griffiths et al. 2008; Simon
et al. 2010). However, a study on a temperate
agroforestry apple orchard found that the increased
vegetal diversity had only marginal effects on arthro-
pod communities and CBC (Kranz et al. 2018),
possibly due to a lack of specific tri trophic relation-
ships. CBC strategies are considered key to sustain-
able production (Zehnder et al. 2007). This is mostly
the case in organic production systems where pests
cannot be regulated using synthesized chemical prod-
ucts. Instead these systems rely on natural pesticides
and the development of new plant protection strategies
based on mechanical control and local biodiversity to
maximize natural CBC, as reviewed in Zehnder et al.
(2007).

Several studies highlighted the impacts of recent
climate change on ecosystems and agro-ecosystems
(Fuhrer et al. 2014; Greenwood et al. 2016; Walther
et al. 2002). In the Mediterranean area, the climate
tends to be drier and hotter during summer and has
higher rainfall during autumn and winter (Diffenbaugh
et al. 2007; Giorgi and Lionello 2008). Arthropods are
ectothermic and will thus be directly affected by these
changes (Guo et al. 2009; Musolin 2007). In response,
the diversity, structure and ecological traits of com-
munities could be affected (Lindberg et al. 2002;
Rainio and Niemelad 2003; Walther et al. 2002). Berthe
et al. (2015) also recently showed impacts of soil
warming experiments on ground beetle community in
corn fields. They found reduced diversity in carabids
exposed to a 2 °C heat increase.

In addition to creating new habitats, trees modify
microclimate conditions as they have an impact on air
circulation and provide shade, which results in differ-
ences in ground and air temperature as well as
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hygrometry, depending on the seasons (Chen et al.
1999; Lasco et al. 2014; Lin 2007; Pezzopane et al.
2011). Shady microclimates can modify vegetation
composition (De Frenne et al. 2013) and associated
wildlife (Greenwood et al. 2016). In agroforestry
systems, management of tree crowns is a way to
modulate microclimate to promote plant growth
(Jones et al. 1998) and is likely to affect pest and
prey arthropods (Guenat et al. 2017; Karungi et al.
2015; Marifio et al. 2016). Temperature and humidity
are important factors driving the local density and/or
activity (“activity-density”) of ground predators
(Buchholz et al. 2013; Honek 2013; Saska et al. 2013).

Several factors play a role in establishing the diel
activity patterns of different species and the changes in
these rhythms, which are probably an expression of
both physiological and ecological demands (Park
1941). Edgar (1969) focused on hunting behavior
and suggested that spiders are more active in the
morning because it is easier to capture prey (flies)
during this period. Competition avoidance mecha-
nisms could be involved in structuring spider diel
activity (Krumpalova and Tuf 2013). Frampton et al.
(2001) showed that collembola are sensitive to daily
changes in temperature and habitat moisture, which
could lead to changes in prey availability for upper
trophic levels on a short time scale (within hours).
Results of the multiple possible interactions between
biotic and abiotic factors can thus affect arthropod diel
activity (Dondale et al. 1972) and determine the
potential chances of prey and predator individuals
encountering one another (Pfannenstiel and Yeargan
2002; Vucic-Pestic et al. 2011; Weber et al. 2008).

It is already known that the daily and seasonal
patterns of ground predator activity vary between open
and closed habitat types, such as forest and grasslands
(Krumpalova and Tuf 2013; Thiele 1977; Tuf et al.
2012). Tuf et al. (2012) characterized changes in
circadian rhythm for several carabids in open versus
forest habitats and concluded that epigeic carabid
activity in the forest is higher mostly between 21:00
and midnight while peak activity in clear-cut areas was
in the afternoon. Atienza et al. (1996) showed that in
central Spain a diurnal Carabidae (Angoleum nitidus)
drastically reduced its activity at midday when the soil
surface temperature reached 47.5 °C on sunny days,
but not on cloudy days with lower temperatures
(37.5 °C). Edgar (1969) made a similar observation of
the spider Pardosa amentata, which ceased diurnal
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activity during the hottest period of the warm days in
the Netherlands.

Currently, there is no information on the possible
effects of agroforestry systems on epigeal fauna diel
activity. Since mature trees in an agroforestry system
can modify the microclimate and buffer climatic
extremes, it was hypothesized that agroforestry could
thus have effects on their daily and seasonal activity.
The aim of this study was to assess the impact of
microclimate conditions created by trees on the main
generalist predators (spiders and Carabidae) in veg-
etable crops. Our first hypothesis was that agroforestry
pruning management strategies would affect air tem-
perature. Secondly, we examined whether ground
predator circadian rhythms are modified in these
different microclimatic conditions. Thirdly, the inten-
sity of these modifications throughout the seasons was
investigated.

Materials and methods
Site description

The experimental site was an agroforestry system
locatedin an 11 ha commercial organic vegetable farm
in southern France at Vézénobres (44° 03’ 11”North,
4° 08’ 10”East, elevation 151 m). This agroforestry
site was originally set-up by the French Institute of
Agronomic Research (in 1996) and cropped with
cereals associated with poplars. Since 2010, the site is
owned by farmers practicing organic production and is
a participative research site involving the farmers,
AGROQOF society and the Avignon INRA center.

The climate is Mediterranean and locally influ-
enced by the Cevennes Mountains, resulting in a
generally warm climate, drought in the summer and
heavy rainfall episodes in September and October.
There are 2616 h of total sun per year and an average
yearly rainfall of 740 mm (Météo France). 2015 was
characterized by a warm and dry summer without
precipitation before heavy rainfalls in October. The
soil is a sandy (56%) loam (36%) with a very uniform
profile throughout the treatments and no rocks. The pH
is 8 at 0-20 cm and 8.5 from 40 to 80 cm. Total
organic matter between 0 and 20 cm is around 2.5% in
both treatments, and between 2 and 1.5% from 20 to
60 cm.

Within the site, hybrid walnut trees (Juglans nigra
L. x Juglans regia L.) were grown with veg-
etable crops. The trees were planted in 1996. They
are spaced 10 m from each other and were on average
17 m high. Conventional diversified non-organic
crops (cereals, vegetables in the north and south,
riparian forest in the west and forest in the east (pines,
green oak) surrounded the site. In February 2015, four
treatment plots were defined with three tree-shading
agroforestry treatments corresponding to three levels
of pruning: pollarding (AF—), strong-pruning (AF+)
and light-pruning (AF++4). A control plot without
trees was also present for comparison (Fig. 1). The
branch volume (m?®) removed from the trees in each
treatment was: 0.015 (AF++), 0.084 (AF+) and 0.3
(AF—), and the chipped wood volumes (branches
under 7 cm in diameter) per tree per treatment were
and 0.48, 0.275 and 0.055, for AF—, AF+ and
AF++ respectively. The aim of the pruning was to
provide three shading levels, creating three different
microclimatic conditions. An illustration of the result
is shown in the “Appendix”. The other agronomical
practices were the same (crops, pesticides, irrigation
and ground cover management). Light pruning is
traditionally applied in most agroforestry systems
every year to shape the trees, only lower branches are
removed to preserve the trunk for timber, and the
higher branches are left to follow their natural
development. In the strong pruning treatment the
lower branches and branches covering alley crops
were removed, at about 2 m from the trunk. This
treatment results in a hedgerow shape and was carried
out with cutter bar equipment. Pollarding was carried
out to cut off all the branches of the crown leaving only
the bases of the major branches. The resulting wood
was used as rameal wood chips to cover crops, in equal
proportions.

Each of the four treatments corresponded to a
square of 30*40 m, or 1200 m* and included crop
alleys and grass-strips in the tree rows. In each
treatment, lettuce, carrots and tomatoes were organ-
ically grown separately, between two tree rows. Each
crop resulted in five shallow beds measuring 25 m
long and 1 m wide, separated by six walking spaces of
0.8 m. Each crop in the same treatment (9 m wide
including shallow beds and walking spaces) was
separated from the others by a grass strip, at the base of
tree rows, measuring 25 m long by 1 m wide.
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Fig. 1 Site organization. The control plot was the most northern block. Surrounding crops are not represented

Tomatoes were planted in May at a density of 3
plants m~2. Lettuce was planted in June at a density of
16 plants m~>. Weeds were manually removed
throughout all experiments and the soil was covered
with a 3 cm layer of wood chips to limit weed growth.
Water was supplied using drip irrigation, adjusted for
each treatment. The crops were fertilized with castor
cake (200 gm™?). A wheat strip separated each
treatment plot and the surrounding area was composed
of similar crops.

Due to the large size of each plot needed to obtain
realist conditions regarding microclimate, the treat-
ments could not be replicated. Interpretation of results
thus relied on the gradient of shading associated with
the pruning treatments, to detect relevant effects on
Carabidae and spiders (we did not only consider the
significant differences between treatments but also
ranked the means according to the gradient).
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Characterization of the microclimate

The average air temperature was monitored using four
data logger sensors per treatment (Ibutton DS1923) at
a timescale of 15 min. Sensors were placed in April
2015 and left until the end of September. In each
treatment, four sensors were placed above the soil in
the crops (at 2 m and 1 m) to measure the overall air
temperature. Sensors were placed under a wooden
shelter to avoid direct sun.

The percentage of canopy openness was calculated
using hemispherical photographs in three seasons:
before leaves appeared in April, after leaves developed
in July and in the late vegetative season in September.
The images were analyzed with Gap Light Analyzer
software (Cary Institute of Ecosystem Studies 1999).
For each treatment, the mean canopy openness was
calculated based on 12 images taken in 12 different
locations prior to each sampling period in each AF
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treatment. Leaves were present on the trees at the two
arthropod sampling dates. The photos were taken at a
fixed height (1.75 m) to avoid crop shade. Leaves
appeared in mid-April, after the first canopy openness
assessment, so the calculated percentage of canopy
openness at this period represented the shading due to
branches only.

Sampling of arachnid and ground beetle species
at the seasonal scale

Two sampling sessions were carried out in July and
August, and two in September and October. Pitfall
traps (8 cm diameter, 11 cm height) were filled with
conservation liquid (100 g NaCl per liter of water) and
left for one complete week on the third of July, 8th of
August, 10th of September and the 1st October 2015.
In each treatment, five pitfalls traps separated by 5 m
were placed in crops (tomato and lettuce) (Leather
2005). In total 40 traps were monitored at each
sampling session.

The spiders and carabid beetles caught were
conserved in alcohol (70%) and then identified to the
species level using a binocular microscope and
identification keys for carabids (Jeannel 1941, 1942;
Coulon et al. 2011, 2012), and arachnids. The
reference genitalias for French species were found at
http://arachno.piwigo.com/index.php (Oger 2015).
Juveniles were identified using the site https://araneae.
unibe.ch/ (Nentwig et al. 2015). The species identified
for each season were considered as reference species
for daily activity experiments during which the main
taxa were then identified with a low magnification lens
or the naked eye without preservation.

Sampling design for daily spider and carabid
activity patterns

Daily activity was studied in July and September with
the expectation of more pronounced microclimatic
effects during the warmest period, due to tree shading.
In each treatment, two lines of five pitfall traps were
placed in lettuce and tomato crops. All pitfall traps
were spaced 5 m apart from each other in a row.
Sampling design (wet and dry sampling methods) is
shown in Fig. 1. In total, 80 traps (20 per treatment, 10
in lettuce and 10 in tomato) were monitored every day
during the different sampling periods:

e For summer community activity, sampling started
on the 13th of July for 7 days and the hours of
assessment were from sunrise to sunset: 6, 10, 12,
18 and 22 h. The individuals monitored at 6 h were
assigned to the night activity period.

e For early autumnal community activity, sampling
started on the 17th of September for 8 days and the
hours of assessment were from sunrise to sunset: 7,
10, 12, 18 and 21 h. The individuals monitored at
7 h were assigned to the night period of activity.

This sampling pattern separated day and night activity
and also days into different periods. Individuals caught
during an interval were assigned to the corresponding
periods: from 6 to 10 h was AM, 10-14 h was midday,
14-18 h was PM, 18-22 h was dusk and 22—-6 h was
night.

Immediately after visual identification, individuals
were released 1 m away from the trap in the same
habitat. Immediate identification to the species level
was made when specific criteria could be observed
with the naked eye or low magnification lens, on the
basis of the species list established during the previous
wet sampling sessions. When determinant criteria
could not be observed, individuals were assigned to an
upper taxonomic class.

e For carabids, individuals from the genera Poecilus,
Pterostichus, Pseudoophonus, Dolichus, and
Cylindera were identified at the species levels.

e For arachnids, distinction was made between
Lycosidae, Gnaphosidae and other spider families.
Distinction between Pardosa and Trochosa genera
was made using general habitus, size and leg
stripes.

Statistical analysis

Statistical analyses were performed using R software
(v 3.1.2). Computed standard errors are provided by
the symbol “£” in the text.

Microclimate data

Differences in canopy openness at each date were
assessed with one-way ANOVA. Mean values were
computed using each photograph as an individual,
after validation of homoscedasticity and normality of
the residuals.
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At each date, temperature differences between
treatment periods were assessed using mixed models
with repeated-measures, considering sensors as ran-
dom effects, and followed by HSD Tukey tests.
Differences in global (overall treatment daily means)
temperatures between July and September were
assessed using a Kruskal-Wallis rank sum test.

Activity-density patterns

Only the most abundant and easily recognizable
species were assessed.

Activity-density for each trap was first averaged for
each sampling period (July and September), resulting
in a single value per trap in July and September.

The difference in average activity-density between
treatments within crops measured with pitfall traps
was then computed using an ANOVA, with activity-
density for each pitfall trap as the explanation variable
and treatments and habitats as fixed effects.

Daily activity patterns

To determine the daily pattern, counts for each period
(AM, midday, PM, dusk and night) and pitfall trap,
were divided by the total catches for this species that
day in that trap. The aim of this transformation was to
compare the percentage of activity by period to
minimize the influence of differences in density
between traps. Values were thus comprised between
0 and 1, and the sum of values for each pitfall trap in a
day was O or 1. Pitfall traps that remained devoid of
one species during the entire day were removed from
the activity analysis for this species.

To assess the effect of canopy treatments on daily
activity patterns, we used mixed models (“ImerTest”
R library, Kuznetsova et al. 2016) with the proportion
of activity per period set as the dependent variable, the
treatment in interaction with crops as the fixed variable
and the pitfall traps as a random effect. Models were
made for each period and day was included as a fixed
effect. The significance was assessed using the L ratio
(Zuur 2009). Normality of the residuals was visually
checked and data square root or log transformed if
necessary. Seasonal intra treatment differences were
assessed using mixed models in the same conditions
but adding a new explanatory variable “season”. An
HSD Tukey test was then used to compute intra
treatment comparisons. Global activity (average
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activity over all treatments) was also computed to
compare seasonal global activity. The homogeneity of
residuals was visually assessed at each time point
(Zuur 2009).

Results
Microclimate

The pruning treatments had a significant positive
effect on the percentage of canopy openness for each
date and reflected the intensity of tree pruning or
pollarding (P < 0.001; F = 147.8; Df = 6; Fig. 2).
Smaller differences occurred in April before leaves
appeared than in July and September. In July, differ-
ences in canopy openness between treatments were
correlated with the pruning intensity gradient
(AF++ 21.9%, AF+ 37.9%, AF— 60.1%, control
92%). From July to September, canopy openness
increased by 2% in AF4++ and AF4- and decreased by
7% in AF—. Canopy openness was above 90% in the
control plot in all three seasons.

Pruning treatments affected temperature at the
hourly scale in both seasons (Fig. 3). The biggest
diurnal difference between treatments occurred
between 10 AM and 14 PM in July, and between 14
and 18 PM in September (with mean values of 27.4 °C
and 15.89 °C in July and September respectively).
Significantly warmer temperatures were observed
under trees (AF++, AF+ , AF—) at night in both
months (Table 1). Although the differences in tem-
peratures in AF+ and AF— were not significant, the
trend in average values correlated with increasing
canopy openness and an average difference of approx-
imately 1 °C between the control and AF++ in both
seasons was observed. The overall temperatures in
July and September were significantly different
(Kruskal-Wallis test, df = 1, P < 0.01) with an aver-
age difference of 10.5 °C.

Carabid and arachnid species: assessment
of the dominant species in July

In total, 477 carabids and 2342 arachnids were caught
over 1 week in July using wet pitfall traps. Pseu-
doophonus rufipes (De Geer 1774) was the dominant
ground beetle species, with 72.7% of the total catch of
347 individuals. Poecilus cupreus (Linne 1758),
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Fig. 3 Average temperature (first row) and deviation from
control treatment (second row) in July (left column) and
September (right column) for the different treatments (AF++ =

light pruning, AF+ = strong pruning, AF— = pollarding).

Error bars represent standard errors
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Table 1 Average temperatures for each treatment and period for the two sampling sessions
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September

July

P

F (Df = 3)

CONTROL

AF+ AF—

AF++

P

F (Df = 3)

CONTROL

AF—

AF+

AF++

< 0.001
< 0.001
< 0.001

39.82
52.48

23.57

11.89
21.32¢

24¢

11.62*
20.26°
22.73°
18.14

11.97°

11.74%
19.4

12.13°
19.44*
22.63°

0.008
< 0.001
< 0.001

3.93
47.64
18.05

23.02°
32.94¢
34.43°
27.43%
19.61%

22.21%

22.45°
31.96°

33.6"

22.46°
31.49°
33.41°%
28.33¢

20.88°

AM 6-10 h

32.84°
34.33°
27.78°

20.5°

Mid 10-14 h

22.21*

PM 14-18 h

0.45
< 0.001

0.86
31.27

18.2

18.36
11.92°

18.55

12.38¢

0.01
< 0.001

342

11.71

27.78°
20.42°

Dusk 18-22 h

10.82%

Night 22-6 h

Different letters indicate significant differences (Tukey HSD, P < 0.05). Comparisons were made between treatments for each season and period separately

Asaphidion curtum (Heyden 1870), Cylindera ger-
manica (Linne 1758), and Poecilus kugelanni (Panzer
1797) individuals represented 18.4% of the total
catches. Other species represented less than 10% of
the total catch (Table 2). Lycosid species Pardosa
hortensis (Thorell 1872) dominated the arachnid
community, with 58% of total arachnid catches.
Pardosa sp., Phalangium sp., Trochosa sp., Pardosa
proxima (C. L. Koch 1847) and Erigone dentipalpis
(Wider 1834) represented 33.1% of the catches.
Pardosa sp. individuals were juvenile stages.

Carabids and arachnids: assessment
of the dominant species in September

Three hundred and seventeen carabids and 1140
arachnids were caught during the sampling period.
P. rufipes was the dominant carabid species, account-
ing for 63.5% of the total catch with 141 individuals
caught (Table 3). Pterostichus madidus (Fabricius
1775), Calathus fuscipes (Goeze 1777), Pterostichus
melanarius (llliger 1798) and Carabus violaceus
(Fabricius 1787) represented 24.7% of the total
catches. Other species represented only 10% of the
total catch.

Pardosa juveniles (44.3% of total catches), Pha-
langium sp., Zelotes sp. and Trochosa juveniles
dominated the arachnid community.

Weekly activity-density of the main taxa in July
using dry pitfall traps

Two thousand and fourteen arachnids (1575 Pardosa
sp.) and 598 carabids (497 P. rufipes) were caught
during the summer daily activity sampling period
using dry pitfall traps.

The interaction between crops and pruning treat-
ment had a marginally significant effect on Pardosa
sp. activity-density (ind. day ' trap™') (F = 2.57,
Df =3, P =0.06). For lettuce, activity-density was
significantly lower in the control and AF— compared
to AF+ (respectively 0.52 £ 0.04, 0.65 £ 0.05 vs
0.96 + 0.07) and intermediate in AF++ (0.72 £+
0.06). For tomato, activity-density was significantly
lower in the control compared to AF++ (0.35 £ 0.34
vs 0.58 £ 0.05), and intermediate in AF— and
AF+ (0.49 £ 0.05 and 0.47 £ 0.04 respectively)
(Fig. 4a). The main species of ground beetle P. rufipes
(497 catches) was also significantly affected by an
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Table 2 Main ground beetle and arachnid species caught in July with wet pitfall traps (40 traps) ranked by density-activity and

relative proportion of species in community

Species AF++ AF+ AF— Control Total catches %

Carabids
Pseudoophonus rufipes (De Geer 1774) 74 79 101 93 347 72.74
Poecilus cupreus (Linnaeus 1758) 1 3 8 32 44 9.22
Asaphidion curtum (Heyden 1870) 2 12 2 0 16 3.35
Cylindera germanica (Linnaeus 1758) 0 6 1 8 15 3.14
Poecilus kugelanni (Panzer 1797) 2 3 6 2 13 2.72
Harpalus tardus (Panzer 1797) 1 1 1 1 4 0.83
Carus violaceus (Linnaeus 1758) 3 0 0 0 3 0.62
Dolichus halensis (Schaller1783) 1 2 0 0 3 0.62
Harpalus distinguendus (Duftschmid 1812) 0 1 1 1 3 0.62
Pterostichus madidus (Fricius 1775) 1 1 0 1 3 0.62

Arachnids
Pardosa hortensis (Thorell 1872) 370 397 317 276 1360 58.0
Pardosa sp. (juveniles) 85 102 90 73 350 14.94
Phalangium sp. 46 67 63 54 230 9.82
Trochosa sp. (juveniles) 24 31 20 29 104 4.44
Pardosa proxima (C.L. Koch 1847) 12 4 20 20 56 2.39
Erigone dentipalpis (Wider 1834) 16 8 11 2 37 1.57
Agyneta rurestris (C.L. Koch 1847) 11 6 8 5 30 1.28
Trochosa ruricola (De Geer 1778) 6 6 9 29 1.23
Zelotes sp. (juveniles) 1 6 6 13 0.55
Dysdera erythrina (Walckenae 1802) 5 100 2 11 0.46

interaction between crops and treatments (F = 3.21,
Df = 3, P < 0.03). Significantly higher activity-den-
sity was found in the two most open treatments in
lettuce compared to AF+ and AF++ (0.27 £ 0.04 in
control and 0.32 £ 0.05 in AF— vs 0.010 & 0.02 and
0.13 £ 0.03 in AF+ and AF++4 respectively), while
in tomato, activity in AF++ (0.08 £ 0.02) was

significantly lower compared to the control
(0.22 + 0.03) with intermediary activity in
AF+ (0.19 £ 0.04) and AF-—  (0.19 £ 0.03)

(Fig. 4c¢).

Weekly activity-density of the dominant taxa
in September using dry pitfall traps

No difference in activity between treatments was
found for juvenile Pardosa sp. (F =0.38, Df = 3,
P =0.76) in this season (366 individuals), (AF++:
0.11 £ 0.01, AF+: 0.12 £ 0.01, Control:

0.10 £ 0.01, AF—: 0.10 £ 0.01) (Fig. 4b). We found
significantly more individuals in lettuce than in tomato
plots (F = 9.88, Df = 3, P = 0.002).

P. rufipes (335 individuals) had a significantly
(F =10.18, Df = 3, P < 0.001) higher daily activity-
density (ind. day™' trap™") in AF+ (0.20 + 0.02)
than in the control (0.10 & 0.01) and AF-—
(0.11 £ 0.01), and there was no difference between
AF— and the control (Fig. 4d). Activity was lower in
AF++ than in all other treatments. No interaction was
found between crops and treatment (F = 1.65, df = 3,
P =0.18).

Daily activity patterns
Pardosa sp.

In July, Pardosa sp. had a mainly diurnal activity
pattern in all the treatments, with more than 62% of its
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Table 3 Main ground beetle and arachnid species caught in September with wet pitfall traps (40 traps) and relative proportion of

species in community

Species AF++ AF+ AF— Control Total catches %

Carabids
Pseudoophonus rufipes (De Geer 1774) 12 54 44 31 141 63.51
Pterostichus madidus (Fricius 1775) 15 0 4 7 26 11.71
Calathus fuscipes (Goeze 1777) 2 2 1 6 11 4.95
Pterostichus melanarius (Illiger 1798) 1 0 3 6 10 4.50
Carus violaceus (Fricius 1787) 3 2 2 0 7 3.15
Dolichus halensis (Schaller 1783) 0 1 4 0 5 2.25
Asaphidion curtum (Heyden 1870) 3 1 0 0 4 1.80
Poecilus kugelanni (Panzer 1797) 0 1 2 1 4 1.80
Trechus quadristriatus (Schrank 1781) 2 0 1 1 4 1.80
Zabrus tenebrionides (Goeze 1777) 0 2 0 1 3 1.35

Arachnids
Pardosa sp. (juveniles) 86 92 117 120 415 44.34
Phalangium sp. 48 66 45 54 213 22.76
Trochosa sp. (juveniles) 9 18 20 15 62 6.62
Zelotes sp. (juveniles) 5 7 22°¢ 22°¢ 56 5.98
Zodarion italicum (Canestrini 1868) 11 13 4 1 29 3.10
Odiellus sp. 5 4 7 13 29 3.10
Zelotes gallicus (Simon 1974) 1 10 6 7 24 2.56
Pardosa hortensis (Thorell 1872) 0 2 1 10 13 1.39
Zodarion sp. (juveniles) 3 4 3 2 12 1.28
Haplodrassus sp. 1 2 2 3 8 0.85

activity from AM to late PM (6-18 h) (Fig. 5a). The
interaction between crops and treatments had a
significant effect on Pardosa sp. daily activity
(F=2.09, Df =12, P < 0.0001). In lettuce, in the
early morning, activity was higher in the control
compared to AF++ (26% £ 4 vs 11% + 2). At
midday, activity was higher in AF++ and AF+ com-
pared to AF— (25% =+ 4, 18% =+ 3 vs 6% = 2) and
intermediary in the control (17% =+ 4), while during
late PM, activity was significantly higher in
AF+ compared to AF++ and control (39% =+ 4 vs
26% =+ 4 and 18% =+ 4). In tomato plots, significant
differences occurred at midday, with significantly
more activity in AF++ and AF+ compared to AF—
and control (31% =+ 5 and 25% =+ 5 vs 6% = 2 and
10% =+ 4 in this order). At dusk, activity was signif-
icantly higher in AF— compared to AF++ (21% + 4
vs 7% = 3).

@ Springer

In September, significant differences were no
longer observed between treatments at any period
except in the morning (F=3.14, df=12,
P < 0.0001), when there was higher activity in the
control (19.6%) than in AF— (2.8%) and AF+ (4.7%).
No interaction was found between crop and treatment
(F = 1.01, df = 12, P = 0.43) (Fig. 5b). Compared to
July, spiders showed significantly (F = 3.22, df = 12,
P < 0.001) increased activity at midday in all treat-
ments (AF+: + 28%; AF—: + 37.3%; control:
+ 19.7%, P < 0.05), except in AF4++ (+ 6%). Over-
all activity between 6 AM and 6 PM was approxi-
mately 83.2%.

Pseudoophonus rufipes

In July, P. rufipes was mainly active (averaged activity
for overall treatments) at dusk (25.1% =+ 2.5) and
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Fig. 4 Mean (+SE) abundance-activity of the two main ground
predators per day and per trap in the four treatments
(AF++ = light pruning, AF+ = strong pruning, AF— = pol-
larding) in July (a, b) and September (c, d). Letters indicate a

during the night (73.5% = 2.5), with a significantly
(F =5.99,df = 12, P < 0.001) higher activity at night
in the control (83.1% =+ 4.7) than in AF++ (63% +
5.8) and AF— (64.4% =+ 5.0) (P < 0.05) (Fig. 5c¢).
The interaction between crop and treatment was not
significant (F = 1.01, Df = 12, P = 0.44).

In September, P. rufipes was more active during the
day (AM: 2.54%, Midday: 15.0%, PM: 20.6%), with
less activity at dusk (18.54%) and high activity during
the night (43.29%). However, no difference between
treatments was found for any period and no interaction
between crops and treatment was found (F = 1.22,
Df = 12, P = 0.26) (Fig. 5d). Overall daily activity

significant difference (P < 0.05, Tukey HSD contrasts method).
Error bars represent standard error of the mean

increased by 36.4% from July to September (AM, mid
and PM periods). Night activity significantly
decreased (F = 3.1, df = 12, P < 0.001) in all treat-
ments (— 46% in control, — 24% in AF—, — 27% in
AF+ and — 23% in AF++; P < 0.05).

Discussion
Microclimate treatment effect

In this study, we clearly showed that agroforestry,
under a warm and dry Mediterranean climate, modifies
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air temperature during summer and at the beginning of
autumn. The magnitude of these changes was clearly
associated with pruning practices, and thus canopy
openness.

The effect of tree pruning on the dominant ground
beetle species Pseudoophonus rufipes

The two main predatory arthropods had very distinct
reactions when faced with climate extremes. In July,
the ground beetle P. rufipes behaved differently
between treatments, with a significantly lower overall
activity-density in the AF+4- and AF+- plots than in
the AF— and control plot. These differences changed
in September but did not follow the canopy openness
gradient, perhaps due to the less important effect of
temperature.
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significant differences between values (P < 0.05, Tukey HSD
contrasts method). Values were compared between the two
seasons. Error bars represent standard error of the mean

Pruning management had a slight effect on the
circadian rhythm of this mostly nocturnal species. A
recent report from Berthe et al. (2015) showed that P.
rufipes activity-density increased in warmer condi-
tions (4 2 °C). In our study, P. rufipes showed
preference for conditions with the coldest tempera-
tures during its activity period (night) and warmest
temperatures during its resting period (day). Higher
activity-density at night in the more open treatments
could suggest a potential preference for the optimal
temperature when faced with climate extremes in July,
as these differences disappeared in September.

The absence of a clear pattern between treatments
suggests that the activity-density of this species was
affected by non-monitored parameters, which could
explain differences between treatments in the two
seasons. Numerous factors other than temperature are
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also affected by the presence of trees, such as weed
composition (Batish et al. 2007) and then food
resources. This omnivorous species was previously
shown to prefer particular seeds (Petit et al. 2014).

This species can be found in most countries in
Europe, southern Russia, northern China, Afghani-
stan, Iran and Morocco (Ghahari et al. 2010) as well as
in several different European agricultural landscapes
(Allegro and Sciaky 2003; Kromp 1999). This
suggests that it has a great ability to adapt to varied
environmental conditions and especially to contend
with soil perturbation such as tillage (Mifiarro and
Dapena 2003).

Effect of pruning treatment on the dominant
arachnid Pardosa sp.

In contrast to the ground beetle P. rufipes, in July the
diurnal wolf spider (mostly P. hortensis) was more
abundant in the agroforestry plots compared to the
control. Moreover, strong differences in circadian
rhythms appeared between the treatments, with
reduced activity around midday in the control and
strongly pruned treatment (especially in tomatoes) and
more activity in the control than in the three
agroforestry plots in the AM period in July. Closely
related species, such as P. amentata, were reported to
be more active during the morning than afternoon on
warm sunny days to avoid “very warm” temperatures,
associated with reduced activity (Edgar 1969).
Krumpalova and Tuf (2013) showed that for three
Pardosa species (P. lugubris, P. amentata and P.
prativaga), peak activity happened earlier in an open
field compared to a forest (3 h earlier). The higher
midday activity in AF+4+ and AF+4 could be
explained by tree morphology: in these treatments,
tree crowns overlapped, shading the soil homoge-
neously, while the stronger pruning in AF— allowed
direct heating of some parts of the ground at midday.
Ground temperatures in this period might have been
too warm and prevented arachnid activity. In our
study, activity was high between 14:00 and 18:00 in all
treatments despite warm air temperatures (above
33.9 °C). Additional sampling points during this
period could have helped to see if activity is homo-
geneous during this sampling time, or condensed in
late PM, especially in the most open treatment and
control. It is likely that crop type also influenced
conditions under the trees, such as microclimate, and

could explain the variability observed for this species
in July. The measured effect of the interaction between
crops and trees on daily activity shows that the impact
of agroforestry on epigeal arthropods can also depend
on crop type and management. Indirect effects of prey
availability could also be involved in circadian rhythm
differences.

Perspectives

It is often claimed that agroforestry is a way to buffer
climate extremes (Lasco et al. 2014; Lin 2007). An
interesting aspect of the “buffer” effect of agro-
forestry is that during warm climatic episodes, higher
temperatures can be found during the night under trees
compared to open fields. Depending on species life
traits and strategies, this microclimate effects are
likely to enhance or reduce species activity-density
and activity. This experiment shows how agroforestry
is likely to modulate activity-density of ground
dwelling arthropods which could possibly affect
CBC such as demonstrated in a tropical context
(Guenat et al. 2017; Poeydebat et al. 2017; Pumarifio
et al. 2015).

Limitations

It is technically difficult to set up multiple similar
agroforestry sites especially because of the low
number of commercial agroforestry systems with
aged trees in Europe, and this limits the possibility
of carrying out a more general analysis. In particular,
to study microclimate large enough blocks are
required, as a single tree could not constitute a large
enough sample unit.

In contrast, replicated block experiments can lead
to more accurate control over explanatory variables
but would not have allowed similar and good
commercial conditions (the farmer could not care for
larger areas). Generating a gradient of canopy open-
ness within a split plot design was the best compro-
mise between farmer practices and research needs.

Throughout the sampling, individuals may have
been recaptured. However, it was assumed that this
effect was minimal as the recapture rate is generally
low even with longer sampling experiments. For
example, in an agricultural context sampling a
medium sized ground beetle species, the recapture
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rate was between 7 and 16% for 3385 individuals
caught in 46 days (Joyce et al. 1999).

Conclusions

This study clearly demonstrated the effect of trees on
air temperature in temperate agroforestry crops. Our
findings also showed how canopy management min-
imizes the intensity of these effects. Temperatures
under the canopies were cooler during the day and
warmer at night. This was highlighted by the daily
activity assessment, which found contrasting trends in
July for the two more abundant carabids and the
arachnids P. rufipes and P. hortensis. P. rufipes was
more abundant in the control and AF— treatments
whereas P. hortensis showed the opposite distribution.
Secondly, the activity of these species within a day
could differ depending on the percentage of canopy
openness, especially in July. A combination of differ-
ent abundance levels with optimum microclimates for
maximum activity, could result in differences in terms
of pest regulation. Consumption of pests by ground
predators is not the only factor acting in CBC, but our
results showed continuous activity during the day for
the wolf spider P. hortensis, whereas it decreased in
adverse climatic conditions. The changes to the
microclimate due to mature trees in agroforestry
systems appear to influence beneficial arthropods
through various drivers, and further studies should
focus on potential predation and pest CBC in
agroforestry systems.
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Appendix

See Fig. 6.
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Fig. 6 Illustration of canopy openness in the agroforestry
treatments and the control. Hemispherical photographs were
taken in July 2015. a Light pruning. b Strong pruning.
¢ Pollarding. d Control
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