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Abstract

Plant ecologists have recognized the importanceotdr radiation for decades but
have difficulty measuring it on plots. Proxies neted on the ground or geographical
information system (GIS) indices processed with gitali elevation model (DEM) have
generally been used. Here we compare the efficiericglifferent methods of estimating
spatially distributed topographic solar radiatidlgm the simplest ones (proxies based on
slope, and sine or cosine transformed values cécispo more elaborate ones using a GIS
program suited to calculations of monthly clear skyl overcast solar radiation. We used a
50-metre DEM to estimate solar radiation with thedéerent methods for the whole of
France (550 000 km?2). Radiation indices were coeybavith ground measurements from
meteorological stations and used to model theildigton of silver fir Abies alba, sycamore
(Acer_pseudoplatanyisand downy oak Quercus pubesce)jsforest species known to be
sensitive to light. Results show that sine andrmsif aspect, combined or not with slope, are
inefficient at simulating solar radiation over largreas. Solar radiation, calculated for clear
sky and especially including cloud cover, is makevant, leading respectively to an R2 of
0.46 and 0.78 between measured and predicted aradiation. Calculation with cloud cover
appears to be the most efficient index for improwingribution models for the three species
studied. Slope and aspect transformations areeffisgent than the GIS calculations, but the
difference between these proxies decreased on & $wale. Using both with GIS solar
radiation, cosine of aspect, with or without int#i@n with slope, slightly improves
distribution models on a local scale, but this effattenuates with increase in area studied.
We conclude that the effect of proxies studiedcaesdependent, but GIS-based calculation
including cloudiness variability is more appropeighan topographic proxies or clear sky
models in estimating solar radiation and improwimg efficiency of plant distribution models.

Keywords: solar radiation, topographic proxies, geographicdébrmation system
(GIS), digital elevation model (DEM), plant distriimn models, vegetation modelling.



2.1. Introduction

Vegetation studies require accurate data over sxtemreas in order to model species
distribution on the scale of their distribution ar@uisan and Thuiller, 2005). This is made
possible by the development of large databasesg®rét al., 1995; Gégout et al., 2005),
improvements in sampling methods (Elith et al., @0@nd computing capacity. Solar
radiation plays an important role in the distribati composition, and productivity of
ecosystems through photosynthetic activity (Sattefland Means, 1978; Gates, 1980) and
contributes to several parameters of the waternbalgincluding air and soil heating,
evapotranspiration, wind, snow and ice melt.) (Lelgeois and Piedallu, 2005; Pierce et al.,
2005). Many authors have sought to link solar raaha and the distribution or the
productivity of plant species or communities (Framki1998; Tappeineret al, 1998;
Zimmermann and Kienast, 1999; Meentemesteal, 2001; Dirnboclet al, 2003).

Modelling plant distribution commonly requires infieation on both the presence and
absence of species, recorded on the ground, andsvaf ecological factors in the same plots.
These explanatory factors can be recorded in &#id &r obtained by combination with GIS
data layers. Measuring long-term solar radiatioreally on plots is unrealistic over large
areas, due to the number of plots necessary tblisstaelevant distribution models (Coudun
and Gegout, 2006a). Few ground meteorologicalostatrecord these data, which are among
the climatological values least frequently measiiRadrce et al., 2005; Yang et al., 2006).

Researchers have therefore used other methodditeats radiation on plots. The
simplest is to use proxies based on slope or aspbath are based on local differences in
radiation. These variables are often used becdusg dre easy to measure or calculate
(Carroll et al., 1999; Clark et al., 1999). Aspketng a circular variable, ecologists use a sine
or cosine transformation to obtain a continuousligrat, stressing the north-south or east-west
gradient (northness or eastness). The sine oretiinsformed aspect values can be recorded
on the ground or determined by GIS indices proacksgi¢h a DEM (Austin et al., 1990;
Pierce et al., 2005). Development of GIS technolsgye the early 1990s has enabled
researchers to elaborate more sophisticated madedslar radiation (Wilson and Gallant,
2000; Kanget al, 2002). These provide geographical informationdoy point of the study
site, using different more or less simplified metb@f calculation. They are recognised to be
in general cost-efficient and well suited to topag@rically complex areas (Riat al, 1995b;
Hofierka and Suri, 2002), and are commonly useédcimogical studies (Guisan et al., 1998;
Zimmermann and Kienast, 1999).

The efficiency of these methods of radiation estiomahas received little attention,
although they have been used in many ecologicaliestudnd important differences have
already been noted between different data souAdssr @nd Freuder, 2000). Slope and aspect



transformations represent an indirect gradienttedlao distribution of vegetation, and their
effect is principally presumed to be linked to sakdiation (Austin, 2002). These proxies do
not include effect of latitude and cloud on sunshduration, and the same radiation value
could arise from different combinations of slope asgect when large areas are considered.
However, they are considered interesting becausg déne generated without much loss of
precision compared with biophysical indices (Guisamd Zimmermann, 2000). Solar
radiation calculated with GIS models representsatligradients having physiological effects
on plants and is preferable to indirect gradietits, source of correlation with vegetation
having been identified (Austin, 2002). Howeverffadient programs are used for solar
radiation calculations, with variable success (Kagtgal., 2002), making comparisons
difficult. Many of them do not consider large-scatedulators like variations in cloud cover,
and the effect of this simplification for prediativmodelling has been little studied. The
predictive ability of these different indices in dadling plant distribution is incompletely
defined and previous studies have encounteredulifies in establishing the best explanatory
variable to predict vegetation patterns, from slopaspect transformed indices or potential
solar radiation (Franklin et al., 2000; Miller aRcanklin, 2002). Some authors also argue that
solar radiation is not enough to describe vegeat&ivironment correlations and that
microclimate represented by aspect and slope mustrmsdered (Austin, 2005).

The aim of this study was to compare different mndthof solar radiation estimation,
to evaluate their contribution to measurements toadr efficiency in plant distribution
models. Five methods of calculation were usedjnig¢ sransformation of aspect, ii) cosine
transformation of aspect, iii) interaction betwesdope and cosine of aspect, iv) cloud-free
solar radiation model, v) solar calculation modwliesing cloud cover values. We used the
Helios program (Piedallu and Gégout, 2007) to madér radiation. We chose this program
because it takes into account both local topogragblislope, aspect, shadowing) and global
parameters (latitude, cloud cover), and requireg fEasy-to-obtain input parameters: only
DEM and cloud cover values from meteorological gbstations are needed. We compared
these different methods in order to estimate goifar radiation calculated with GIS models
performs better than slope-aspect transformationgr the GIS models, if the method of
calculation or the period considered have an infteeon the results, iii) if the predictive
ability of the different proxies is scale-dependent) if the use of slope-aspect
transformations enhances the species distributiodefs that include GIS processed solar
radiation.

The five different solar radiation indices were Iempented for France (550000 km2)
at the finest available resolution covering the lghoountry (50*50 m grid resolution). To
assess their quality, modelled radiation data werepared with a dataset of measured values
collected from meteorological stations. Their dbilio predict species distribution was then
evaluated by modelling on different scales theridhistion of three plant species known to be
sensitive to light: silver fir Abies albg, sycamore Acer pseudoplataniisand downy oak
(Quercus pubescens




2.2. Methods

2.2.1. Estimation of solar radiation

Slope and aspect were derived from the French hNatiGeographic Institute (IGN)
Digital Elevation Model at 50 m resolution with AtS 9.0 software. Aspect was converted
to linear measures of eastness and northness byasih cosine transformation. Cosine of
aspect was then multiplied by slope to includeiation variability in the proxy.

Helios, a GIS program (Piedallu and Gégout, 200/@s used to estimate clear sky
(Helios) and overcast solar radiation (Helios-chisTprogram computes hourly shortwave
radiation by adding direct, diffuse, and terraifleeted components (Duguay, 1993; Dubayah
and Rich, 1995). The calculation is determinedHrge groups of factors: geometric relations
between the sun and the earth’s surface, topogrdphtors, and atmospheric attenuation
(Gates, 1980). Geometric relations between theasdrthe earth’s surface are calculated with
astronomic formulae, involving variations of solaadiation with time and location.
Topographic factors are calculated using a DEM haracterise the angle of incidence of
insolation. Sky obstruction by surrounding topodmaps simulated by determining the
projection of a luminous ray on the DEM, limitingett radiation in mountainous terrain by
shadowing. Atmospheric attenuation due to gasessalidl or liquid particles depends on the
thickness of the atmosphere, and is calculated dicgpto altitude, which can be determined
with a good level of precision (Hetriek al, 1993b; Wilson and Gallant, 2000).

Many programs used in plant ecology calculate s@aldiation for clear sky, although
clouds greatly attenuate the values (Dubayah amdhel, 1997; Hofierka and Suri, 2002). In
Helios, attenuation by clouds is considered sepbradllowing the use of different sources of
data. The overcast conditions are calculated usingirical equations based on extrapolation
of average monthly cloud cover measured at groumdeonological stations, the cloud
attenuation factor being defined by Kasten and @&efi1980).

2.2.2. Evaluation of the five solar radiation indices

The five radiation indices (sine and cosine of aspsombination between slope and
cosine of aspect, clear sky and overcast solaatiad) were calculated for the whole of
France (540 000 km?2) at the 50 * 50 m resolutionolder to reduce computer time, solar
radiation was calculated for each month of the ywainterpolating monthly values from the
median day for each of the 12 months. A cell by @ealysis on the 50 meter square grid was



used to calculate coefficient of determination (BRé&ween the different estimations for the
whole of France.

The five calculation methods were compared withaisaladiation measured in
meteorological stations of the Météo France netwdke selected 88 weather stations
distributed throughout France, not including thased for the cloud cover calculations, and
located with an accuracy of 100 metres. They rdraya O to 2780 m in altitude, from O to 38
degrees in slope, and cover all aspects. The degatlees were collected over the period
1971-2002 and were aggregated to calculate moatldyages in order to be compared with
radiation indices. The selected stations have anmim of 5 years of recording for each
decade studied. The quality of the five estimatiovess evaluated by the determination
coefficient (R2) between measured and calculatéukbga

2.2.3. Effect of different solar radiation estimations in plant
distribution models

To estimate if the different methods of solar rédra estimation could improve
vegetation models, we modelled plant distributiathvgtepwise logistic regression for three
forest species known to be sensitive to light: silfie (Abies albd, sycamore Acer
pseudoplatanys and downy oakQuercus pubescensSilver fir is a 35-45 m coniferous tree,
common in the mountain ranges of France and Euapsycamore is a 20-30 m deciduous
tree, principally distributed in continental Euroged eastern France. These two species are
known to be reliant on atmospheric moisture (Ranetal., 1993). Downy oak is a 10-25 m
sub-Mediterranean heliophilous and thermophiloas,tpresent in the southern two thirds of
France.

The presence/absence of these tree species wastedtfrom the EcoPlant (Gégout et
al.,, 2005) and Sophy (Brisse et al., 1995) databhasgich store plots with floristic
inventories from all over France, located with 5L&90 m precision (Figure 3.7). We used a
sample of 6184 plots stratified according to lalgu3 strata: 41-45°, 45-47.5°, 47.5, 51°),
slope and aspect (3 strata: slope less than 5% than 5° in north slope ranging between
270° and 90°, more than 5° in south slopes rangetgeen 90° and 270°). This stratification
meant that there was approximately the same numibetots on each slope, aspect, and
latitude ranges. Plots too close to each other wkngnated in order to ensure a minimum
distance of 1000 m between plots and thus avoidi@gmbin distribution modelling linked to
spatial autocorrelation (Diniz-Filho et al., 200Bhr France, prevalence of sycamore is 13%,
downy oak 14.5%, and silver fir 19% in the dataset.



In order to detect an effect of scale, differentls of analysis were defined, covering
the range of scales classically observed for mlattibution modelling studies. The first one
is the whole of France (550000 km?), which is daddnto four parts of similar area to give
level 2, (about 130000 km?2) (Figure 3.7). Levek3btained by splitting one part of level 2
into four (about 32000 km? per site), and for le#¢he same operation is achieved with one
part of level 3 (about 8000 km2 per site). We tlodatained 13 study sites organised on 4
levels of decreasing size area. From the 6184 @utslable at level 1, the number of
remaining plots range from 717 to 2357 for levelr@mn 375 to 764 for level 3, and from 146
to 229 for level 4, depending on the area constiere

Coordinates of the plots were intersected with Gd$ers to obtain a dataset
containing binary values showing presence or alesehthe three studied species, and values
of ecological factors including the five indicesrafliation. The ecological response of silver
fir, sycamore, and downy oak was derived from logigegression, one case of a generalised
linear model (GLM) family, and one of the technigurost frequently used to model species
distribution (McCullagh and Nelder, 1997; Guisan aithmermann, 2000; Austiet al,
2006). This method characterises the probabilityagiurrence of the species according to one
or more environmental predictors. The goodnes# ofds evaluated by calculating AUC, the
area under the receiver operating characteristigecu(Fielding and Bell, 1997). We first
defined the ecological response of the studiedispeaaccording to the five different solar
radiation indices for each geographical scale. @atad terms of the predictors were
systematically used to consider curvilinear respendodels were generated only when the
number of occurrences exceeded 20. For clear skyagrtast Helios calculations, temporal
variability was considered by examination of moythhd annual value effects.
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Figure 3.7: Location of the four levels of analysged to evaluate predictive ability of
the five solar radiation indices. Each level isided successively into four parts in order to
study species distribution across geographical essaBlack dots represent the location of the
6184 plots used to model plant distribution.



In order to analyse if solar radiation adds a camantary effect to other
environmental variables, we modelled plant respoaseording to each of the radiation
indices added to four important ecological variab{Eranklin, 1995; Thuilleet al, 2003;
Moser et al, 2005): mean annual temperature (MaT), mean anpredipitation (MaP),
altitude, and soil pH. These variables were ex#éhd¢tom four GIS data layers: AURELHY
model at 1 km? resolution for MaT and MaP (Beniclaod Le Breton, 1987), DEM from the
French Geographic Institute (IGN) at 50 m resohutior altitude, and pH from unpublished
maps drawn up with plant indicator values and umsxtessfully to predichcer campestre
andVaccinium myrtillusdistribution (Gégougt al, 2003; Couduret al, 2006a; Coudun and
Gegout, 2007). A forward stepwise procedure wasl igeselect the most relevant of these
studied variables. For each one, the variable ustlyuadratic form was tested. The simple
form of the variable (monotonic form) was then stdd when the quadratic form was not
significant (p < 0.001). The procedure was contthuatil adding a new variable did not
produce a significant increase in the explained ateg. Finally GIS solar radiation indices
were added to other environmental variables simattasly with each of the topographic
variables (i.e. eastness, northness, and interabitween northness and slope) in order to
evaluate if both the proxies enhance plant distidioutnodels.

2.3. Results

2.3.1. Calculation and mapping of the solar radiation indices

Eastness, northness, interaction between northaedsslope, monthly and annual
values of solar radiation with and without cloudven were calculated for France and
mapped. An extract of maps showing the westerngfatie Alps highlights the importance
of topographic conditions in mountainous areasyfd.8). On the scale of France, maps of
solar radiation, with and without cloud cover, shawatitudinal gradient with a radiation
increase from north to south (Figure 3.9). Annwaliation calculated without cloud cover
(Helios) ranged from 1400 to 8000 MJ/mz2, with a mgalue of 5200 MJ/m2. Annual values
calculated with cloud cover (Helios-c) are logigdtwer, ranging from 1200 to 7200 MJ/m?2,
with a mean value of 4500 MJ/m2. The effect of d@over accentuates latitudinal effect and
longitudinal variations. For example, regional @dt@ such as high insolation in the Provence
area is highlighted (noted A in the Helios-c mag3, compared with the relatively low
insolation of the Basque region at the same latifndéed B) (Figure 3.9).
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Figure 3.8: Sections of the national maps centredtioe western Alps, showing
different indices of solar radiation in rugged tain. The calculations of eastness, northness,
interaction between northness and slope, clear a&kg overcast calculation with Helios
(respectively Helios and Helios-c) are mapped.

Correlations between sine of aspect and the otwiation indices are very low for
France (R? less than 0.02). They are higher betveegmal solar radiation simulated with
Helios using cloud cover and cosine of aspect (R236), or interaction between cosine of
aspect and slope (R?2 = 0.62). The clear sky Hetoslel is more linked to topographical
proxies than the overcast one : R2 is 0.83 withrattion between cosine of aspect and slope
(it was 0.62 with the overcast model). Interactimiween cosine of aspect and slope is the
best measure that can be recorded on the grourelated with modelled solar radiation on a
nationwide level. The maximal correlation is reathmtween annual values calculated by
Helios, with and without cloud cover (R? 0.89). ®focal scale, correlations between the GIS
model and topographical proxies increase: for exani? is 0.93 between Helios-c and
interaction between cosine of aspect and slop8360 km? areas (level 4) compared to 0.62
on a national scale.
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Figure 3.9: Annual solar radiation in France, calation for clear sky (Helios) and
overcast sky (Helios-c) (MJ/m2). A: Provence witjhhirradiation, B: Basque region at same
latitude with lower irradiation showed by Helios-c.

2.3.2. Relation between measurement and the different
indices of solar radiation

Correlations between indices and measurementslaf aiation made on a national
scale differ greatly depending on the method uS&te of aspect, cosine of aspect, with and
without interaction with slope, show a very weakkliwith Météo France measurements
(maximum R2 = 0.02, Table 3.5). The solar radiataiculated without cloud cover shows
higher correlation, but a lower one than the ow&raalculation, for monthly and annual
values (R2 0.78, against 0.46 for clear sky radigti The correlation between the Helios
models and the measured values shows importanability depending on the period
considered, the estimation being better in wint@ntin the other seasons. For the clear sky
model, R? values ranged from 0 in June to 0.7600ecember, while overcast model, R?
ranged from 0.60 in May to 0.88 in December.



Helios radiation

Jan. Feb. March Aprii May June July August Sept. October Nov. Dec. Annual
Eastness 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.00
Northness 0.01 001 001 0.00 0.00 0.01 o0.01 0.00 0.01 0.01 0.01 0.01 0.01
North * slope [ 0.01 0.01 0.01 0.00 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Helios 0.72 062 053 029 0.01 0.00 0.12 0.25 0.46 0.58 0.68 0.76 0.46
Helios-c 088 084 081 0.60 0.60 0.62 0.68 0.65 0.72 0.78 0.84 0.88 0.78

Table 3.5: Coefficient of determination (R?) betweseasured solar radiation for
France (88 Météo France ground stations) and figdiation indices: eastness, northness,
interaction between northness and slope, solar atoin estimated without cloud cover
(Helios) and including cloud cover (Helios-c)

The clear sky model presents a mean absolute @&ritt8.8 MJ/m2 and a mean annual
bias of 750.9 MJ/m?2, representing an overestimatibrthe ground measurement of 14%
(Figure 3.10). Taking cloud into account, bias drops0.9 MJ/m? (less than 1%) and the
mean absolute error to 194.5 MJ/m2. When clouekc@/not taken into account, radiation at
only 7 ground stations is underestimated. Radiadiotine others is largely overestimated, 73
of them exceeding 500 MJ/mz2 for annual values.uliclg cloud cover in the calculation,
only 7% of stations present an annual variatioreeding 10% around the measured mean
annual value. 10 Météo France stations located hie Mediterranean basin are
underestimated, probably due to cloudiness ovenasittn or an albedo effect.
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Figure 3.10: Relationship between annual solar edidin measured for 88 Météo
France stations scattered throughout France andidselalues ignoring cloud (A) and
including cloud (B) (MJ/m2)



We analysed the five radiation indices with a stilo$eleven ground stations with a
slope of more than 5°. Correlation remained vewry for slope-aspect transformations, not
exceeding an Rz of 0.02 with annual values of nmeakuwadiation. We found a marked
decrease in correlation for annual values withéma cover, with an R2 of 0.13 which can be
compared with 0.46 for the set of all ground staticand a smaller decrease for the cloud-
cover model with an R? of 0.50 reduced from 0.78.

2.3.3. Effect of solar radiation indices on plant distribution
modelling

075- O Sycamore @ Silver fir W Downy oak

0,70+

0,65+

AUC

0,60

- o= cill

Eastness Northness  North * slope Helios Helios-c

Figure 3.11: AUC for the univariate distribution chels for sycamore, silver fir, and
downy oak (n = 6184) derived on a national scale Fvance. Eastness, northness,
interaction between northness and slope, solaratioin for clear sky (Helios) and including
cloud (Helios-c) for the entire year are succedsievaluated.

Univariate models between irradiation proxies dmthree species distribution show
that slope and aspect transformations were po@lgvant on a nationwide scale (Figure
3.11). These indices have consistently lower AU&nhtthe annual values obtained with the
GIS-based models. The highest ability to predicasyore and downy oak distribution was
observed with annual Helios-c (AUC values respetyi0.63 and 0.71). For silver fir, the
best prediction was obtained using the Helios anolear sky values (AUC = 0.62). The
response of sycamore and silver fir to solar ramhiats decreasing, whereas the response of
downy oak is increasing, according to the ecolddicawledge of this species (Rameau et
al., 1989; Rameau et al., 1993). The better pedioga of GIS calculated solar radiation
compared with slope-aspect transformations wasrebddor each geographical scale studied
(Figure 3.12), except for downy oak at the mosticed area (level 4, 8000 km?). Except for
the eastness variable, which was always inefficlhatever the scale, the differences
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between the estimations dropped with the decreadbe area studied, both between the
Helios model and slope-aspect transformations batdeen the clear sky and the cloud cover
GIS models. The better performance of the clear wsiodel compared with the model
including cloud, observed on a national scale fiwes fir, was not confirmed when
considering more reduced areas. Northness anchati@n between northness and slope were
the best of the slope-aspect indices and theirigireel ability seems to be relatively similar.
Their effectiveness is close to that of solar radinemodels when studying 8000 km? areas.

Eastness —#— Northness —&— North * slope Helios  —l— Helios-c
Sycamore ] 0,75 | Silver fir 0,75 Downy oak
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Figure 3.12 : Mean AUC for the univariate modelgiadtribution for sycamore, silver
fir, and downy oak calculated on 4 different scellesvel 1 = France, 550000 km?, level 2
~130000 kmz, level 3= 32000 km?, level & 8000 km?2 ). Eastness, northness, interaction
between northness and slope, are successively ¢gd|uand compared with annual solar
radiation for clear sky (Helios) and including clo(idelios-c).

The response of sycamore, silver fir and downy fdakoetter with monthly values of
radiation during winter and summer months than watinual values (Figure 3.13). It
corresponds to the winter and summer solstice ger(@1st December and 21st June), i.e. the
periods when the sun is at its lowest and highesttipns. When the effect of cloud cover is
removed, the summer effect disappears for sycarmaore downy oak, for which AUC
decreases from 0.72 to 0.55 for June. For silveirficontrast to the other species, the clear
sky model performs better than the cloud cover rfmtenost of the year, though not for the
winter period.

The studied indices of solar radiation were usedoimbination with climate and soil
variables in order to predict plant distribution annational scale. We chose, for solar
radiation, to select the synthetic annual values] anonthly calculations for June and
December, these periods being identified as impbntathe preceding analysis. On a national
scale, correlations were poor between solar ragiaproxies and other environmental
variables used to model species distributiorfstaRged from 5.1 between MaP or pH and
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sine of aspect to 0.066 between pH and Helios-ddioke. Solar radiation estimated with the
Helios-c model was not linked to environmental preds: R2 was 0.03 with MaT, 0.02 with
altitude, and 0.003 with MaP. These low correladi@nsure the absence of multicolinearity
problems during the distribution modelling phaskee Tour variables are taken into account in
monotonic or quadratic form in the downy oak arldesifir models, while altitude has no
significant effect in the sycamore model.
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Figure 3.13: AUC of the distribution models of syxae, silver fir and downy oak (n
= 6219) obtained on the scale of France with sokdiation estimated by the clear sky model
(Helios) and cloud cover model (Helios-c). Horizartnes represent annual values of AUC
for the two models.

On a national scale, the environmental models diotp altitude, MaT, MaP, and pH
were better predictors for downy oak and silverdistribution (respectively AUC = 0.893
and AUC = 0.879) than for sycamore (AUC = 0.795neTadding of slope-aspect
transformations revealed only small effects, exdeptdowny oak and silver fir where
northness and interaction between northness ank "bghtly increase the AUC (Figure
3.14). For the three species studied, the Heliodemavith or without cloud cover, gave
better results than slope-aspect transformatiorabis. The cloud cover model (Helios—c)
always outperformed the clear sky one, includingsftwer fir for which predictive ability was
worse than those of the clear sky model in the presunivariate analysis, probably due to
correlations with the other environmental variablBsstribution models including annual
values of solar radiation are less efficient thaose including June or December values.
Inclusion of a monthly value of overcast solar atidin (June or December) in the initial
environmental model led to a statistically sigrafit increase in AUC (p < 0.001) from 0.795
to 0.825 for sycamore, 0.879 to 0.887 for silver dnd 0.893 to 0.897 for downy oak. The
choice of month (June or December) led to littlargde in the results, December giving better
results for sycamore and June for silver fir andilp oak.



The slope aspect transformations added on a lacdé $8000 km2 area) to Helios
radiation and other environmental variables reduitea slight improvement in distribution
models for downy oak with northness, increasing Aw/.006 (p < 0.05), and for sycamore
with interaction of northness and slope which iaseethe model AUC by 0.007 (p < 0.05).
When the scale increases, this effect became veakwn a regional level (considered areas
130000 km?), and the AUC improvement was less €h@@1, although the effect of cosine of
aspect with or without interaction with slope rensl statistically significant for the three
species (p < 0.05).
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Figure 3.14 : Increase in AUC (p < 0.001) for syaam silver fir and downy oak
distribution models derived for France includingffdrent proxies of solar radiation, as
compared with the same models without solar radmaproxies. Each of the solar radiation
indices was added to initial models including alié, mean annual temperature,
precipitation and soil pH.



2.4. Discussion
Ecologists have used many different methods tonesé solar radiation for studying
plant species distribution, generally dependinglata availability. The quality of biophysical
maps is considered essential for improving plantetiod) (Guisan and Zimmermann, 2000),
and this study shows that large differences canraocefficiency between the solar radiation
proxies.

Comparison of solar radiation estimations showd #ae or cosine of aspect and
interaction between slope and cosine of aspect havery low correlation with measured
solar radiation, unlike radiation values computathwhe Helios model, which are strongly
linked with those measured on the ground. Howetlse, method of calculation greatly
influences the results, and it appears essentiak®extent of cloud cover into account in the
elaboration of the radiation model: correlationshmground measurement are higher for the
cloud cover model than for the clear sky one. Thpadrtance of cloud cover justifies the use
of this variable on a large scale. This differebeéwveen models is more important in spring
and summer, the clear sky model losing correlawdh Météo France measurements in May
and June. The low variability of solar radiationsammer (May, June and July) between
aspects in mid-latitudes and the high variabilityclafud cover for the same period probably
explains why ground measurements are linked tocagércalculations (R? = 0.60 for June)
and not to clear sky ones (R2 = 0 for June). Tklayd cover plays a fundamental role in
differentiating regional patterns of solar radiaticend spring and summer GIS-based
calculations of clear sky radiation are not repnéstéve of ground measurements over an
extensive area like France. The use of these gio dmmd homogeneous values of spring and
summer radiations, estimated without cloudiness, lead to an overestimation of PET in
water balance models, and a smoothing of regidimates.

The ability to predict plant distribution for thesbudied proxies is directly related to
their efficiency in estimating measured values olfas radiation, the best correlated with
Météo France ground measurements being also thé effagent in predicting vegetation
patterns. On a national scale, the cloud cover imedben the most effective, whereas slope
and aspect transformations improve only slightla not significant when they are included
in the distribution models for the three speciesstdered. The difference in predictive ability
between the Helios-c model and the clear sky modslope-aspect transformation is greater
for large areas than on local scale. On a natiscale, amplitude in latitude is large, and the
same radiation value can be found in different cibmas of slope and aspect. For example, a
radiation value on the northern slopes of soutlr@amce could also be found on the southern
slopes located further north, making the effecttagographical proxies very weak. This
compensation of south-north effect on radiatioralshange in latitude was observed for tree
production in north America (Chen et al., 2002)liling temperature and precipitation,
correlated with radiation when considering largeaar in the species distribution models
partly removes this latitudinal effect and allowxamination of the efficiency of
topographical proxies. However, even in this c#ise,impact of these proxies remains low.
On a local scale, correlation between slope-aspreetsformations and solar radiation



increases, because the length of gradients liktudat or cloud cover is low, and these
modulators play a reduced role. We show that forasea of 8000 km?, GIS calculations

overall perform slightly better than slope-aspeansformations. This explains how many
studies carried out on smaller areas detect preeiability in northness or eastness indices
(Horsch, 2003; Kennedy and Spiesa, 2004; Lassetealr, 2006; Fontainet al, 2007; Gong

et al, 2008). These results justify the choice of theudlcover model for plant modelling for

all the studied scales.

The evaluation of slope-aspect transformations @oatbwith Helios-c values shows
that plant distribution models can be slightly iioyed by slope-aspect variables on a local
scale, even if the solar radiation effect is alyei@dken into account. Other variables, like local
climate, soil moisture, soil temperature, soil rartt content, snow and wind vary with aspect
and slope and can explain the cumulated effect ¢% @Gdiation and slope-aspect
transformations on a local scale, already obsebyedustin (2005). On a wider scale this
effect disappears probably because the link betwepagraphy and other environmental
variables decreases. Furthermore, the smallearba®, the more limited the range of other
ecological factors that determine the variabilifyspecies presence/absence, the main drivers
of plant distribution on the local scale being kakto topographical effects. Then, slope-
aspect transformations can be combined with saldiation for plant modelling on a local
scale.

Our study also shows an effect of the period whanguGIS modelled solar radiation.
Winter and summer solar radiation values are melevant than annual values in predicting
sycamore, silver fir and downy oak distribution. $nen values are linked to importance of
drought for vegetation. The strong correlationswafiter, and especially December, with
species distribution has already been observedKknaet al., 2000), and may be linked to
frost, metabolic activity or photosynthetic actyibr evergreen species like silver fir (Garfi,
2000; Lebourgeois et al., 2005). They may alsodiated to the lower position of the sun
over the horizon for this period, which increades differentiation between north- and south-
facing slopes (Franklin et al., 2000), involvingredations with other ecological variables
influenced by changes of aspect, like soil moisturdocal temperature. Finally, the better
correlation of winter radiation with measured valss compared with radiation estimations
of the rest of the year can also explain their ingoce. The efficiency of monthly values
compared with annual ones, and their impact ontgdagsiology, justifies their use in plant
distribution modelling.

With the development of modelling of plant or commty distributions, there is an
increasing need for readily available environmedt&dcriptors over increasingly large areas.
For the same ecological factor, the method of eston must be carefully chosen and
validated, to improve model predictions and toidvoisinterpretation. This assessment must



consider scale dependence: for solar radiatiorarginig the size of the studied area reduces
the correlation of slope and aspect transformatiauith plant species distribution and
increases the value of GIS solar radiation includilogid cover. The use of a relevant method
for solar radiation estimation, including both nelmiy and topographic features, should
enhance the modelling of ecological factors at higéolution across geographical scales.
Combined with other digital maps, they can be usedalculate derived variables, like
spatially distributed actual evapotranspiratiomater balance, which are key drivers of plant
species growth and distribution, particularly in tdoatext of the current climate change.
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