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The rapid expansion of Utility-Scale Solar Energy (USSE)
is expected to meet economic and environmental challenges
that society faces today and in the future. Yet there is a
paucity of comprehensive research on biodiversity responses
to USSE. Here we investigated the impact of USSE on species
movements via the correlations between landscape connectiv-
ity modeling and the similarity of butterfly communities
given their life-history traits. Our results suggest that mobile
butterflies cope with USSE while interpatch movement of
sedentary butterflies does not depend on landscape structure.
We provide land-managers and energy-developers with
an innovative tool to assess the ecological integration of
USSE. VC 2017 American Institute of Chemical Engineers Environ

Prog, 00: 000–000, 2017
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INTRODUCTION

With the expansion of global energy consumption and
concerns over climate change [1], there has been a strong
development of low-carbon energy technologies spurred by
international policy drivers [2], such as Utility-Scale Solar
Energy (USSE) (i.e., �1 MW capacity). Over the last decade,
the cumulative photovoltaic capacity has grown at a rate of
�49% per year worldwide [1].

Aside from the economic impacts of renewable energy
sprawl, there is a paucity of empirical research on the envi-
ronmental impacts of solar energy in peer-reviewed scientific
journals [3–ô5]. Information is mostly documented in “gray”
literature [3] and publications detail a set of potential impacts
of USSE that remains theoretical [6,7]. While several authors
concluded in the minimal to positive environmental impacts
of USSE [6,7], others such as [3,8] express concerns about
their adverse impacts on biodiversity (e.g., habitat loss and
fragmentation, alteration of habitat quality, species assem-
blage changes, microclimate disturbance, and species mortal-
ity) both from the installation and during operation phases.
Hence, USSE may disrupt the movement of species across

the landscape [3] due to reduced connectivity between
populations.

In this context, further insights regarding the impact of
USSE on biodiversity are needed as a basis for making appro-
priate siting decisions and mitigating potential environmental
impacts. To address these challenges, focusing on landscape
connectivity is of particular interest as connectivity may be a
key to maintain biodiversity in fragmented landscapes [9].
Landscape connectivity is “the degree to which landscape
facilitates or impedes movement of organisms among resource
patches” [10]. For the purpose of assessing landscape connec-
tivity, modeling the ecological cost of moving through the
landscape (e.g., least-cost modeling, circuit theory) has been
demonstrated to be more appropriate than Euclidean distances
[11–ô13]. Those techniques require resistance maps where a
value for the reluctance to move throughout a land-use type is
allocated to each pixel of a considered map. Therefore, circuit
theory [14] and in particular least-cost modeling [15] are popu-
lar resistance-based techniques to examine species’ response
to landscape heterogeneity [16].

At the landscape scale, when two strongly linked patches
exhibit similar communities in terms of composition, the spa-
tial structure of species communities is then considered as a
suitable proxy for estimating landscape connectivity [17]
which indirectly details species movement. Butterfly commu-
nities (Rhopalocera) are widely acknowledged in the litera-
ture to be sensitive to habitat fragmentation [18,19] making
them suitable models to study connectivity. Interestingly, as
reviewed by Ref. 20, species responses to habitat loss and
fragmentation are mediated by their life-history traits; hence,
specialists and sedentary butterfly species are predominantly
affected by habitat fragmentation compared to generalists
and mobile species [21,22]. Therefore, discerning sedentary
versus mobile species within butterfly communities may pro-
vide valuable information regarding the contrasting influence
of landscape structure on movement patterns.

To our knowledge, assessing landscape connectivity at
the level of species communities (see Refs. 17 and [23]) has
not yet been applied to addressing the environmental
impacts of USSE. Our aim was to address the role of USSE
on butterfly movements by investigating landscape connec-
tivity at the community-level and given butterfly life-history
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traits. While studies mainly focus on high-conservation-value
areas such as the deserts of the southwestern United States
(see Refs. 3,24, and 25) here, we consider USSE as one of
the landscape features among others within a human-
dominated landscape and qualify its role relatively to other
landscape features given a gradient of anthropogenic pres-
sures as proceeded by Ref. 26. Ultimately, we provide
energy-developers with a decision-support tool to mitigate
the environmental impacts of USSE. Our basis hypotheses
were that (i) two strongly linked habitats display similar but-
terfly communities, (ii) resistance-based algorithms would
predict butterfly movement better than Euclidean distances,
and (iii) there is a trait-mediated response to landscape struc-
ture, and in particular to USSE.

MATERIALS AND METHODS

Study Site
The study site is located in southeastern France (Puyloub-

ier; 43830’N, 5839’E; Figure 1) and represents a 3 3 3 km win-
dow centered on a USSE. The facility was constructed in 2010
on a historically disturbed area, a former clay quarry and was
thus not installed at the expense of a natural area. This ground
mounted photovoltaic system extends over 18 ha with a capac-
ity of 6.5 MW. The facility is embedded in a Mediterranean
agro-ecosystem landscape dominated by vineyards (47.4% of
the study site; average size of the vineyards: 2.3 6 3.4 ha), and
interspersed with seminatural grasslands arising from the
abandonment of agricultural land (14.4%; average size: 2.2 6

4.4 ha) and woody habitats colonized by Pinus halepensis
(22.6%). Built areas represent 12.6% of the study site.

Parameterization of Resistance Values
Modeling landscape connectivity with resistance-based

algorithms involves a Geographic Information System (GIS)
approach (ArcGIS Desktop 10.2 [27]). Resistance maps were
derived from the study site map (digitalization of aerial pho-
tographs supplemented with ground data that we collected
in July 2015). We defined nine land-use types to carefully
depict landscape heterogeneity (i.e., buildings, grassy field
margins, roads, road verges, seminatural grasslands, USSE,

vineyards, water, and woody habitats). We obtained a 1 m 3

1 m raster map that was converted into resistance maps. Set-
ting resistance values for each land-use type proceeded from
the existing scientific knowledge of the ecology and move-
ment patterns of semigrassland butterflies. Land-use types
promoting mobility were attributed lower resistance values
than those impeding it. Therefore, the resistance value of
seminatural grasslands, i.e., butterflies’ habitat, was set to 1
(the lowest resistance). Knowing that grassy linear elements
(road verges and grassy field margins) may be suitable for
butterflies and act as habitats and/or corridors [28–ô30], we
assigned to these elements the lowest resistance value as
well. Although most grassland butterflies typically avoid ara-
ble fields [31–ô33], here, we assumed that vineyards could
facilitate displacements given a particular management strat-
egy (i.e., delayed mowing) that enables the occurrence of
complementary flowering resources between the rows of
vineyards (see Ref. 29). Munguira and Thomas [28] empha-
size that common butterfly species may cope with roads
(here, resistance value set to 1 due to small and low traffic
roads). Conversely, impervious areas (buildings, water) and
in particular, woody habitats prevent the movements of
grassland butterfly species [32,34,35] and as such, received
higher resistance values (2–100 times more resistant than
seminatural grasslands). Finally, we attributed distinct resis-
tance values to USSE ranging from 1 to 100. On this basis,
we constructed eight resistance sets (Table 1 and Appendix
A). We iteratively tested various combinations of resistance
values to finely describe the relative contribution of each
land-use type to butterfly movements (e.g., vineyards with
varying resistance value 5 1/5/100).

Butterfly Sampling
We recorded the presence and abundance of butterfly

species in 15 transects scattered across the study site (Figure
1). More specifically, five were chosen within seminatural
grasslands, five within field margins, and five within road
verges, respectively. Those transects needed to meet three
criteria: they were placed (i) in homogeneous areas encom-
passing attractive flowering resources, (ii) at least 500 m
away from the boundaries of the 3 3 3 km window of the

Figure 1. Localization of the study site (SE France) (left) and presentation of the sampling design with utility-scale solar energy
(hatched in black) and the positioning of our 15 transects (white stars; right).
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study site, and (iii) at least 10 m away from a patch bound-
aries within seminatural grasslands [22]. Transects were
located in the immediate vicinity and further from the solar
power installation (from 30 to 830 m). None of them crossed
the USSE area because we were denied access to the facility.
Nevertheless, it would not significantly affect the quality of
our analysis as we addressed interpatch movements rather
than movements within patches. Operating short transect
(25 m long 3 5 m wide) matched the width of grassy linear
elements and ensured a sampling within homogeneous her-
baceous cover as underlined by Ref. 36. Transects were vis-
ited four times between 6 July and 28 August 2015 under
optimal weather conditions [37]. We walked along the trans-
ects at a uniform pace during 5 min to record all butterflies
seen within the transect.

Butterfly Community Similarity
We used the Morisita-Horn index [38] to describe butterfly

communities based on the similarity of species composition
between pairwise transects. This index, which uses relative
rather than the absolute abundance of species between two
communities, ranges from 0 (denoting no overlap between
sites) to 1 (denoting that species occur in the same propor-
tions in both sites). We selected this index because Magurran
and Wolda [38,39] evidenced its relative robustness to species
richness and sample sizes. To investigate landscape connec-
tivity while using a trait-based approach, we divided butterfly
communities in two levels of mobility: “sedentary” (low dis-
persal abilities) and “mobile” (higher dispersal abilities) fol-
lowing Ref. 22. We referred to the mean dispersal distances
of butterfly species predicted by Ref. 40. A species was
defined as “sedentary” if its mean dispersal distance was less
than 254 m, i.e., the median of dispersal distances for all
recorded species. Conversely, a species whose mean dis-
persal distance equaled or exceeded 254 m was “mobile.”
Species abundance was log(x 1 1)-transformed prior to cal-
culations and pairwise similarity was then computed for both
sedentary and mobile species using the “vegan” library in R
3.0.2. [41].

Calibration of Landscape Connectivity Modeling via the
Butterfly Community Similarity

Least-cost modeling depicts the line that minimizes the
cumulative cost of moving from a source to a destination
patch [15] across a resistance map. Each pixel of the resis-
tance map is assigned a value of the reluctance to move
throughout a given land-use type. Least-cost modeling
assumes that organisms have a complete knowledge of the
landscape which enables them to follow the cheapest route.
In the view of investigating conceptually distinct modeling

approaches of landscape connectivity, circuit theory [14] is
another common algorithm. Landscape is thus converted into
an electrical circuit, i.e., a network of regularly spaced elec-
trical nodes connected by resistors, whose values are defined
by the resistance map. Resistors oppose the flow of electrical
current (i.e., movement of organisms). Circuit theory would
give convincing results because it complements the single
least-cost path by multiple pathways presumably undertaken
by moving organisms preferring low-resistance habitats [42].
For both least-cost modeling and circuit theory, the effective
distance is then a measure of isolation or movement cost
between pairs of patches; but according to circuit theory, it
decreases as more pathways with low resistance connect
pairwise patches [42]. We computed least-cost modeling and
circuit theory on all 1 m 3 1 m resistance maps using algo-
rithms implemented in the Cost distance and Circuitscape
4.0 toolboxes in ArcGIS Desktop 10.2, respectively. Points
source and destination corresponded to the center of each
transect. After application of both resistance-based algo-
rithms, we obtained effective distances between pairwise
transects. Then, we examined the correlations between the
landscape connectivity models predicting intertransect effec-
tive or Euclidean distances and log(x 1 1)-transformed
Morisita-Horn index, using generalized linear models (GLMs)
(normal distribution, log-link function). We restricted the
analysis to pairwise transects which were distant up to
1100 m in a straight line (i.e., approximating the highest
mean dispersal distance for all recorded butterflies). To select
the best predictive model of the similarity for sedentary and
mobile communities, we used Akaike’s information criterion
corrected (AICc) for small sample size. Following the rule of
DAICc� 2, models were less supportive of our empirical
data if their relative difference of AICc to the best model
exceeded 2. The selection procedure was strengthened by
model probabilities (xi) and evidence ratios calculated using
“AICcmodavg” package in R [43]. We checked the signifi-
cance of each GLM based on 10,000 permutations, as pair-
wise similarities and effective/Euclidean distances were
statistically dependent. The statistical analyses were per-
formed in R 3.0.2.

RESULTS

We recorded 267 mobile individuals and 491 sedentary
individuals of 24 butterfly species (Appendix B). For mobile
species, the Morisita-Horn index between pairwise transects
was best predicted by effective distances calculated from RS8
implemented in circuit theory (model 16; Table 2). This resis-
tance set indicated that the USSE was as easy to traverse as
seminatural grasslands and grassy linear elements. The
model explained 25.7% of the deviance. Butterfly community

Table 1. Resistance sets implemented into landscape connectivity algorithms. For example, for RS2, USSE is 15 times more
resistant than open-habitats (value 5 1) and 6.7 times less resistant than woody habitats (value 5 100).

Land-use types RS1 RS2 RS3 RS4 RS5 RS6 RS7 RS8

Buildings 100 100 100 100 100 100 100 100
Grassy field margins* 1 1 1 1 1 1 1 1
Road verges* 1 1 1 1 1 1 1 1
Roads 1 1 1 1 1 1 1 1
Seminatural grasslands 1 1 1 1 1 1 1 1
USSE 100 15 40 100 100 1 1 1
Vineyards 1 1 1 1 100 1 1 5
Water 100 100 100 100 100 100 100 100
Woody habitats 100 100 100 2 100 100 20 100

*Grassy linear elements.
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similarity decreased with increasing effective distances (P
value <0.001). Although our model 16 was only �3 times
more plausible than the second (model 12; RS6) and third
ranked-models (model 14; RS7), both alternative models also
depict USSE as a facilitating land-use type and indicate vary-
ing effects for woody habitats (20 or 100 times more resistant
than USSE) and vineyards being as permeable as both USSE
and butterflies’ habitats (51). Least-cost modeling and
Euclidean distances were poor predictors of the Morisita-
Horn index.

For sedentary species, model 26 (RS4 in circuit theory)
detected that on average the similarity of butterfly communi-
ties had a tendency to decrease with increasing effective dis-
tances without being significant (P value 5 0.115). This
model indicated that USSE is 100 times more resistant than
open-habitats while woody habitats are 2 times more resis-
tant than open-habitats. It explained 4.93% of the deviance.
However, as stated, the first ranked-model was not signifi-
cantly more discriminatory than alternative models of land-
scape connectivity (low model probabilities: xi� 0.11 and
models displayed DAICc� 2.49; Table 2). Evidence ratios
were particularly weak (ranging from 1.17 to 3.47). In addi-
tion, the second model of landscape connectivity that best
explained the spatial structure of butterfly communities was
the null model.

DISCUSSION

We propose here a tool providing comprehensive infor-
mation on how species perceive USSE. We demonstrated that
mobile butterfly species cope with this man-made facility
while landscape structure does not modulate the spatial
structure of sedentary species communities.

Contribution of Landscape Connectivity: Unraveling

the Role of USSE for Butterfly Movements
Our results indicate that for mobile species, two strongly

linked transects tend to display similar butterfly communities
(as expected in our basis hypothesis) while none of our
models was statistically significant for sedentary species.
Despite a simple parameterization of resistance sets, circuit
theory outperformed other modeling approaches, i.e., least-
cost and Euclidean distance (corroborating hypothesis 2).
Multiple pathways between pairwise transects may improve
the predictive power of our landscape connectivity models
compared to the popular least-cost modeling (see Refs. 11
and [17] on other species groups), because it may bring
more ecologically realistic information on how landscape
structure shapes the movement of organisms than a single
least-cost path model, in particular for species with high dis-
persal abilities. Knowing that the similarity of mobile butter-
fly communities is a reasonable proxy for landscape

Table 2. Results of the GLMs analyses for mobile and sedentary species. RS: Resistance set; AICc: Akaike information criterion
corrected; xi: probability of the model i (Akaike weight).

Model RS
Modeling
approach AICc DAICc xi

Evidence
ratio

Mobiles species 1 1 Least-cost 219.37 12.1 0 423.1
2 1 Circuit theory 227.16 4.31 0.05 8.6
3 2 Least-cost 219.36 12.1 0 425.0
4 2 Circuit theory 227.82 3.64 0.08 6.2
5 3 Least-cost 219.36 12.1 0 425.0
6 3 Circuit theory 227.38 4.09 0.06 7.7
7 4 Least-cost 220.6 10.86 0 228.7
8 4 Circuit theory 222.56 8.91 0.01 86.2
9 5 Least-cost 220.55 10.92 0 234.6
10 5 Circuit theory 217.92 13.55 0 877.1
11 6 Least-cost 219.36 12.11 0 425.9
12 6 Circuit theory 229.42 2.05 0.17 2.8
13 7 Least-cost 221.54 9.93 0 143.4
14 7 Circuit theory 229.17 2.3 0.15 3.2
15 8 Least-cost 221.2 10.27 0 170.2
16 8 Circuit theory 231.47 0 0.47
17 Null model 218.58 12.89 0 629.7
18 Euclidean distance 220.47 10.99 0 244.0

Sedentary species 19 1 Least-cost 8.67 1.72 0.04 2.37
20 1 Circuit theory 7.51 0.57 0.08 1.33
21 2 Least-cost 8.66 1.72 0.04 2.36
22 2 Circuit theory 7.71 0.77 0.07 1.47
23 3 Least-cost 8.66 1.72 0.04 2.36
24 3 Circuit theory 7.58 0.64 0.08 1.38
25 4 Least-cost 8.73 1.79 0.04 2.45
26 4 Circuit theory 6.94 0 0.11
27 5 Least-cost 9.43 2.49 0.03 3.47
28 5 Circuit theory 8.21 1.27 0.06 1.88
29 6 Least-cost 8.63 1.68 0.05 2.32
30 6 Circuit theory 8.31 1.36 0.05 1.98
31 7 Least-cost 9.16 2.22 0.03 3.03
32 7 Circuit theory 7.81 0.86 0.07 1.54
33 8 Least-cost 8.56 1.61 0.05 2.24
34 8 Circuit theory 9.33 2.38 0.03 3.29
35 Null model 7.26 0.32 0.09 1.17
36 Euclidean distance 9.13 2.19 0.04 2.98
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connectivity, we emphasize that interpatch movements are
driven by landscape structure, consistent with Refs. 18 and
[44]. We have also contributed to improving the understand-
ing of the connectivity of grassland butterflies, and more spe-
cifically the impact of facilities such as USSE in human-
dominated landscapes.

The best resistance set (RS8) reports that USSE did not
impede the movement of mobile butterfly species. Those spe-
cies seemed to display a stronger propensity to move via semi-
natural grasslands, grassy linear elements, vineyards, and USSE
rather than woody habitats and impervious surfaces within a
human-dominated context. Grasslands and grassy linear ele-
ments indicate the lowest resistance because they provide both
habitats [45] and complementary resources [29]. The role of
grassy linear elements as corridor-structures for butterflies mov-
ing between distant grassland patches is widely acknowledged
in the literature [30,34,46]. Here traversing one pixel of USSE is
100 times less costly than one of woody habitats which have
previously been cited as dispersal barriers for open habitat but-
terflies [32,35]. The delayed mowing (up to August) both
between rows of vineyards and of solar panels enables the
occurrence of flowering resources even during the drought sea-
son, which may in turn limit the resistance values of both USSE
and vineyards (see RS6, RS7). Liz�ee et al. [26] emphasized that
vineyards located in peri-urban Mediterranean agro-ecosystems
were not harmful for butterfly movements. Conversely, no evi-
dence was found that landscape structure influences sedentary
species (yet their abundance was twice as high as that of mobile
species). This result is inconsistent with the literature that
emphasizes the detrimental effects of habitat fragmentation on
poorly mobile species [21,22] but it may reflect the sufficient
availability of resources within contemporary open habitats;
therefore, sedentary butterflies remain in place. Conversely, we
assume that a strong disturbance in these open habitats due to
land-use changes would have affected the spatial structuration
of sedentary butterfly communities. Furthermore, since seden-
tary butterflies move over limited distances, the similarity of
communities could mainly result from local factors such as par-
ticular habitat or resources (e.g., significance of local conditions
for sedentary species richness [47]) rather than isolation
between habitat patches. Alternative explanations relate to (i)
the spatial extent at which species respond to landscape struc-
ture that was too large to properly address ecological processes
[45] or (ii) the parameterization of resistance sets that inaccu-
rately reflects how sedentary species perceive the spatial
arrangement of land-use types.

In accordance with the studies of Refs. 17 and [23] con-
ducted on birds and plant communities, we highlight that
community similarity is a reasonable proxy for landscape
connectivity, and here, given species life-history traits. The
trait-mediated response to landscape structure (hypothesis 3)
has been widely reported in the literature (sedentary/mobile,
generalist/specialist [9,22,48] but we provide new evidences
regarding the impact of USSE on butterfly communities to
thus qualify its role on species movement. One of the inter-
ests of our study lies in the development of a cost-effective
modeling approach validated by empirical data that improves
our understanding of the ecological integration of USSE as
an alternative to labor-extensive fieldwork methods (e.g.,
mark-release-recapture, recording flight paths [32,33]).

Limitations and Perspectives
Although our methodology underlines to a certain extent

the influence of landscape structure on butterfly communi-
ties, we suggest to (i) increase the number of nearby trans-
ects (to statistically analyze processes at finer scales, which
would be more appropriate for sedentary species) and (ii)
improve the a priori assignment of resistance sets via quanti-
tative estimates inferred from biologically meaningful data

[49], which would however involve labor-intensive fieldwork.
(iii) The binary distinction of “sedentary” and “mobile” spe-
cies based on median dispersal distance may be questionable
for experts (e.g., Colias crocea being a migratory species
should appear as “mobile” rather than “sedentary”). Never-
theless, we believe that here, the wide range of dispersal dis-
tances guarantees a relatively consistent distinction of
butterfly species. (iv) Among the overriding factors that influ-
ence butterfly communities (diversity, abundance), it may be
appropriate to encompass local factors such as patch size
and habitat quality (nectar and/or larval host-plants resour-
ces, direct management practices [50–ô52]), especially for
sedentary species. (v) Moreover, Refs. 22 and [52] empha-
sized that grassland butterfly communities could benefit from
the complementary resources provided by forests and partic-
ularly forest edges (nectar, host plants, and shelter) which,
coupled with the trait-mediated edge effect on organisms’
behaviors [53], highlights the need to account for a varying
edge resistance to improve landscape connectivity modeling.
(vi) Finally, local and long-term experimental studies have to
be conducted to determine the effects of fences and manage-
ment strategies on biodiversity within USSE.

CONCLUSIONS AND POLICY IMPLICATIONS

Our study is part of an integrative approach confounding
the planning, socioeconomic and environmental aspects of
solar energy. Here, we fill the gap between biodiversity con-
servation and solar energy sprawl with an empirically vali-
dated modeling approach addressed to coworking energy-
developers and land-managers for a proactive thinking
which will (i) provide on-site mitigation measures and (ii)
guide siting decisions.

Given our findings and the ecology of grassland butter-
flies, we may emphasize a wide range of policy recommen-
dations to enhance the environmental quality of USSE: (i) to
revegetate areas between and under rows of solar panels
once installed; (ii) to adapt the frequency of mowing to plant
phenology; and (iii) to increase both the diversity of host
plant species and the cover of flowering resources. Further-
more, siting-decisions could greatly benefit from the pre-
sented tool as it complements multicriteria GIS analysis
conducted at regional scale to identify large potential areas
for the implementation of solar energy [24,25,54,55] with
consistent empirical data on how species mobility would be
locally affected by USSE. To a certain extent, installing USSE
on disturbed areas may limit the range and intensity of envi-
ronmental impacts. Hence, the implementation of the studied
USSE on a former clay quarry may explain why mobile but-
terflies perceive this facility as highly permeable. Inversely,
we suggest that its installation on locally rich habitats would
have been highly detrimental to butterfly communities, and
particularly to sedentary species. To provide a clearer insight
on this point, we must analyze the environmental impacts of
a gradient of USSE installed in various habitats, and over
time. In the upcoming years, industrials would be likely to
work hand in hand with scientists to conduct BACI experi-
ments (Before-After, Control-Impact) that would give qualita-
tive and quantitative information to understand how
biodiversity is affected by a new facility.

Here, we meet the need for a robust assessment of envi-
ronmental impacts that is likely to be required in environ-
mental compliance documents and ease the process of
planning permission. We developed a pro-active method
transferable to other renewable as well as conventional
energy facilities, thus providing insights regarding their envi-
ronmental impacts.
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