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ARTICLE INFO ABSTRACT
Keywords: Harvesting of wild plants is a traditional practice that is sustainable if the plant populations
Harvesting reproduce and persist. The génépi, Artemisia umbelliformis, occurs on crests and summits in the

Integrative approach
Social-ecological system
Génépi

Wild alpine plant

High Mountain ecosystems

Alps, and is harvested mainly by amateurs. However, little is known about the ecology of this
species and the practice of harvesting has received little scientific attention. Here we assess the
sustainability of génépi harvesting through an integrative approach combining: (1) the quanti-
fication of spatial ecological variation across the distribution of A. umbelliformis in the southern
Alps and (2) the examination of the social-ecological parameters that modulate the intensity of
harvesting practices. We showed that topographic roughness is important for the presence of the
species at a 25-m resolution, while its cover at a 1-m resolution is mainly influenced by space
availability (with a fine-grained stony substrate and limited vegetal cover). Our results show how
the amateur activity of harvesting depends on resource availability, sitehiking attractiveness, and
to a lesser extent the accessibility of the harvesting site. More precisely, harvesting intensity is
more closely correlated with resource availability at the landscape scale than at the harvesting
site scale, with a stronger importance of plant density in a large zone (500 m and 1 km buffers)
than local density in a given site. Finally, we map both the potential ecological sensitivity of
A. umbelliformis and its exposure to harvesting to produce an integrated ecological risk assessment
for the conservation of this species. This study illustrates how the concept of the niche can be
more precisely recognised by integrating both human and ecological dimensions, particularly
when dealing with the sustainability of wild plant harvesting.

1. Introduction

In conservation planning and resource management, “ecological risk assessment” provides a framework to evaluate the ecological
effects that result from the combination of human activities and environmental parameters (Mattson and Angermeier, 2007; Suter
et al., 2003), and the potential vulnerability of species, habitats and ecosystems to a diversity of ecological and social pressures
(Gallagher et al., 2012; Noss, 2000). It thus provides a means to assess priorities for conservation management (Kerns and Ager, 2007),
e.g. the spatial delimitation of vulnerable areas (Abbitt et al., 2000). The notion of vulnerability can be decomposed into different
components that concern the exposure to risk factors, their intensity and impact, and the sensitivity of species, habitats and ecosystems
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to different risk factors (Stelzenmiiller et al., 2010; Wilson et al., 2005).

As a result of their sedentary nature, wild plant populations cannot avoid repetitive impacts. When harvested repeatedly without
taking their sensitivity into account, wild plant populations are at risk, even if the effects of harvesting on populations may vary in
relation to harvester practices (e.g. intensity, the part of the plant that is collected, tools that are used), the life form and demographic
traits of the plant (Ghimire et al., 2005; Van der Voort and McGraw, 2006), and the ecological conditions where the plant grows
(Svenning and Macia, 2002), i.e. its ecological niche. To assess the sustainability of wild plant harvesting, an integrative approach is
thus necessary, combining both ecological variables and sociological features associated with the practice of harvesting (Schmidt and
Ticktin, 2012; Teixidor-Toneu et al., 2022; Ticktin et al., 2023). The variation of these factors should be analysed at different spatial
scales.

High mountain areas are particularly interesting for the study of plant vulnerability to harvesting and the development of a spatial
interdisciplinary approach. First, in these areas, crests and summits are particularly harsh environments (Korner, 2011, 2003) where
ecological conditions may change on small spatial scales in relation to micro-topography and sharp gradients in abiotic variables such
as substrate granulometry (rocks, stones, bare soil) or micro-climatic conditions (Scherrer and Korner, 2011; Tovar et al., 1995).
Second, harvesting is dependent on resource distribution and availability (Hawkes and O’Connell, 1981; Soldati and de Albuquerque,
2012); hence its practice may be spatially structured in relation to the heterogeneity of mountain environmental conditions. Two
important elements here are the relative inaccessibility and hazardousness of reaching certain areas in mountain environments
(Bourdeau, 2005). The danger and difficulties associated with mountain harvesting make this activity possible only for certain people.
It is particularly true for génépis, a group of plants growing in high-altitude rocky habitats which stems are harvested for personal use
during recreational activities as génépis carry a strong alpine imaginary (Delahaye, 2008).

The objective of this paper is to jointly integrate sociological and ecological parameters into a study of the potential risk of har-
vesting for plant populations. Our study involves a spatial identification of the main potential risk factors, including both ecological
conditions and harvesting pressure for a wild plant species growing in a high mountain environment. To do so we construct an
integrative approach in which we (1) describe the ecological niche of the study species at different spatial scales, (2) explore the
parameters influencing the spatial distribution and intensity of harvesting practices and (3) based on these two lines of information,
identify how sensitivity and exposure of plants to harvesting, combined in an ecological risk assessment framework, could improve
conservation strategies.

2. Material & methods
2.1. Study species

Four génépi species (Artemisia eriantha, A. genipi, A. glacialis and A. umbelliformis - Asteraceae) occur in the southern Alps. Their
stems are harvested mainly for the preparation of liqueurs (e.g. Delahaye, 2008; Riviere-Sestier, 2000), obtained by macerating the
floral stems in alcohol for around 40 days, and then adding sugar. Although professional harvesting of génépi species has declined due
to cultivation (Rey and Slacanin, 1997), recreational harvesting is still very common (field observations and newspapers, e.g.
Dauphiné Libéré, 2021). In addition to being primarily a non-commercial product, génépi stems are non-essential resource, they do not
enter the daily diet of harvesters and the liqueur is associated to festive moments. Génépi harvesting is thus a recreational activity from
the harvest to the transformation and consumption. Recreational harvesting can nevertheless affect plant populations, and the mul-
tiplicity of harvester profiles made the control of the harvesting amount and sites even more difficult.

All four species primarily grow above 2000 m.a.s.l. in alpine rocky habitats (Tison and Foucault, 2014), but little is known about
their precise ecology nor the impacts of human harvesting on their distribution. In the southern Alps, where this study was undertaken,
Artemisia umbelliformis is the most frequent of the four species, more fragrant than A. glacialis and generally preferred by recreational
harvesters. Our study thus focused on A. umbelliformis.

Occurrence data for A. umbelliformis were extracted from the SILENE database of the “Conservatoire Botanique National
Méditerranéen de Porquerolles” (http://www.silene.eu/index.php?cont=accueil, last accessed on 10 March 2022), from the Bio-
div’AURA database of the Pole d’Information Flore-Habitats-Fonge (https://www.biodiversite-auvergne-rhone-alpes.fr/, last accessed
on 17 March 2022), from the Ecrins National Park database (https://geonature.ecrins-parcnational.fr/dataexport/Observations_
Biodiversite_Synthese PNE _SIG.gpkg, last accessed on 10 March 2022), and from our own field records. Only locations posterior to
1980 were considered, to avoid occurrences collected with too much uncertainty on the localisation, and we excluded observations <
5 m apart to avoid potential redundancies. Our database contained 4042 occurrences of A. umbelliformis in the French Alps.

A. umbelliformis is subject to regulatory control of harvesting. In the core-zone of the Vanoise National Park (NP) harvesting is
completely forbidden, while in the core zone of the Mercantour NP, harvesting is permitted in the month of August, for 80 flowering
stems per person in sites 200 m away from a road. Outside of the core zone of the Vanoise and Mercantour NP in the southern Alps
(including the Ecrins NP), harvesters are allowed to cut 100 flowering stems per person per day.

2.2. Study areas

The niche and spatial distribution of A. umbelliformis were studied in the French Alps and more detailed observations were made at
a plot scale (local conditions — 1 m?, harvesting measures — around 400 m?) in the Mercantour NP. The Mercantour NP is the
southernmost distribution of A. umbelliformis in the Alps, and is characterised by a complex geology and diverse alpine and Medi-
terranean climatic influences. Altitude in the core zone ranges from 490 to 3143 m.a.s.l.,, where 1448 occurrences of A. umbelliformis
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occur (36% of French Alp occurrences) from 1243 to 3073 m.a.s.l.

The analysis of A. umbelliformis distribution was restricted to open habitats above 2000 m.a.s.l., in order to focus on favourable
ecological conditions where the species is the most abundant in high mountain habitats. This habitat filter concerns only 5.7% of the
French Alps observations and less than 0.2% of those in the Mercantour NP. The plot scale measures were used to describe the local
ecological conditions where A. umbelliformis plants occur and the way harvesting practices varies among sites.

2.3. Characteristics of the ecological niche

Topographic parameters were derived from a digital elevation model (BD Alti® version 2.0 IGN -https://geoservices.ign.fr/
documentation/diffusion/telechargement-donnees-libres.html - accessed on 5 September 2020). Data at 25 m resolution was used,
and altitude, aspect, slope, and a standardised topographic position index (TPI) were calculated in a raster format for the whole French
Alps, using the “terrain” function in the R package Raster (Hijmans et al., 2020). Eastness and northness were calculated as sin (aspect)
and cos (aspect), respectively. To provide an index of topographic roughness, we calculated the slope angle variability around each
25 m unit, using a window of 100 m width. Eastness and northness at 100 m resolution were also calculated to describe hillside effect.

Climatic parameters were extracted from the CHELSA database (Karger et al., 2021). The resolution of this data is around 1 km,
providing a broad indication of climatic variability across the French Alps. We considered that climate at lower resolution is mainly a
modulation of regional climate at 1 km because of topography, so that a combination of climatic and topographic data describes fairly
accurately the topo-climatic niche of A. umbelliformis at the scale of the French Alps. We used the 19 bioclimatic variables derived from
CHELSA database, together with five climate-related variables built from products of CHELSA initiative (Brun et al., 2022): frost
change frequency (fcf), growing degree days and number of growing days at 0°C (gdd0 and ngd0), snow cover days (scd) and
near-surface wind speed (sfcwind).

To refine this topo-climatic niche characterisation at a 25-m resolution, we selected 26 sites of A. umbelliformis covering the
different geological units of the Mercantour NP, for a fine-scaled study of the ecological niche. In each site, three 1-m? quadrats were
selected in high-density patches of the study species. Following previous studies of this kind (Fontaine et al., 2022; Gazaix et al., 2021;
Papuga et al., 2018), topographic and edaphic characteristics were measured in each quadrat, together with substrate analysis, plant
community descriptions and an estimation of A. umbelliformis density (Appendix D).

Open habitats > 2000 m Occurrence Climatic (CHELSA) and Potentially available resource Accessibility and attractivity Stem count and
in the French Alps data topographic (DEM) data on and around harvesting sites metrics harvesting rate estimation
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Random sampling of pseudo-absences
(in open habitats > 2000 m)

RandomForest model
Presence / absence ™ topography + climate
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in the French Alps (in open habitats > 2000 m)
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based on the favorability of topo-climatic . .
- N ) based on socio-ecological parameters
conditions for A. umbelliformis

Potential risk for A. umbelliformis populations,
and assessment of harvesting sustainability

Fig. 1. Workflow of the main steps of modelling to characterise the ecological niche of Artemisia umbelliformis and associated potential
harvesting, to assess the potential risks. The “x 10” indicates that the step was repeated 10 times.
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2.4. Spatialisation of exposure and intensity of harvesting

2.4.1. Estimation of harvesting intensity

Harvesting of génépi is done by cutting floral stems generally just above the leaves of the rosette. It is thus possible to count the
number of cut stems for each rosette and the number of remaining, entire stems or stem bases that are visible at the end of the har-
vesting season (in September): the harvesting rate (cut stems/total number of stems) is used to estimate the harvesting intensity. In 21
of the 26 sites characterised for their ecological niche at a 1-m resolution, we quantified stem production and harvesting rate for all
flowering plants in each quadrat. We also included around 30 additional flowering rosettes situated close to the three quadrats in each
site, in order to provide a more complete estimation of rates of stem harvesting for each site. Twenty-four additional sites of harvesting
estimation were studied in order to cover a wider range of conditions, mainly in terms of accessibility. We thus had a total of 45
harvesting sites, and counts were done in 2020, 2021 and 2022 with some sites visited once and other visited the three years.

2.4.2. Variation in harvesting intensity

We hypothesised that harvesters optimise their search by avoiding sites with a long or difficult access or with low levels of re-
sources, and by combining a pleasant hike with génépi harvesting. This fits with optimal foraging theory and the fact that our study
primarily involves recreational harvesting. We estimated the abundance of génépi, accessibility to the site (travelling time from a point
of motorised access), accessibility within the site (difficulty and danger of navigating and approaching plants within the site), and
finally the interest of the site in terms of the objective of the hike. These parameters were calculated at a 100 m resolution, which we
consider consistent with the scale at which harvesters prospect génépi.

Resource availability was estimated in the site, using plant and stem counts (density of A. umbelliformis rosettes, flowering rosettes
and stems), and around the site, using the potential presence of A. umbelliformis predicted from topo-climatic conditions (Fig. 1 -
modelling procedure presented in 2.5.) to avoid the spatial disequilibrium in actual observation data. We used three buffer sizes:
200 m, 500 m or 1 km radius around the site, and counted the number of 25 m pixels with predicted presence of A. umbelliformis within
these radii.

To assess accessibility to the site we used the least-cost-path method in which we first computed a friction surface (i.e. human
displacement speed in each raster unit, depending on path presence and slope angle), then cumulated the costs of moving from one
raster unit to another to obtain the minimal cost, quantified as the minimal access time (Appendix A). To assess accessibility within the
site, corresponding to the danger (risk of falling) of moving in and around the site, we used the slope at the site as a proxy of haz-
ardousness, as slope increases instability and the risk of falling. We also considered that roughness is important, because a chaotic
topography makes harvesting harder and requires increased attention.

To assess the interest of a site, we considered that the presence of a summit close to the site could be an added value to the hike. We
thus calculated the minimal distance between the site and a summit. We used the “orographic detail” list in the BD Topo® (version 3.0
IGN - https://geoservices.ign.fr/bdtopo) and selected peaks and summits with more than an intercommunal importance. Lakes and
refuges could also be attractors as they give an objective to the hike and the latter can be a step in trekking. We used the same indices as
for summits, with lake localisation obtained from “plan d’eau” shapefile from BD Topo®, and refuge localisation from CampToCamp
database (https://www.camptocamp.org).

Another parameter obtained from harvester interviews is the discreet and secretive aspect of the practice: harvesters prefer places
where they cannot be seen. We traduced this through a discretion variable, calculated by the distance as the crow flies from known
paths (extracted from BD Topo®).

2.5. Models and multivariate analyses

For the potential distribution of A. umbelliformis in the French Alps, we used occurrences and topo-climatic data at a 25 m reso-
lution, to build a spatial distribution model using Random Forest (RF, R package randomforest, Liaw and Wiener, 2002) (Appendix B).
This is a powerful method to detect data patterns even with noisy or sparse data, as is often the case with opportunistic occurrences.
Moreover, RF are not based on assumptions about the type of relation between response variable and predictors, and are less sensitive
to pseudo-absence selection (Barbet-Massin et al., 2012).

Ten random samplings of pseudo-absences allowed us to evaluate the variability of models depending on input data. We used the
same ratio pseudo-absences/presences as proposed by Barbet-Massin et al. (2012), and evaluated the 10 models (corresponding to the
10 random samplings of pseudo-absences) through calibration-validation procedure with 70/30% of the data (10 times for each
pseudo-absence sampling) using several quality and predictive capacity metrics (McFadden, Nagelkerke, Tjur R% and AUC, Kappa, TSS
respectively (Allison, 2013; Thuiller et al., 2009)).

The importance of each variable in the 10 complete RF model was calculated as 1 - cor(Predyqy, i , Predrandomised i ), @ metric which is
implemented in the R package BIOMOD (Thuiller et al., 2009), using the correlation between predictions based on the raw data
(Predrqy ;) and predictions based on raw data with the variable i being randomised (Predrqndomised i)- A strong correlation between the
two predictions means that the variable i gives the same information as its randomised version, and is thus of low importance.

Using all the data concerning harvesting intensity at the site scale (accessibility, attractiveness, resource availability), we built GLM
to detect which and how the variables affect the harvesting rate (selecting less correlated variables, and searching for better
explanatory variables in both directions in the stepwise search - R package stats (R Development Core Team, 2010)). We removed
correlated variables within each group of variables: distance to a lake was strongly correlated with distance to a refuge (Pearson
correlation coefficient cor=0.76, p<0.001), as was the density of plants with the density of flowering plants (cor=0.93, p<0.001) and
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the potential presence of A. umbelliformis in buffers of either 200 m or 500 m radius (cor=0.87, p<0.001). Although correlations were
important between density of stems and density of plants (cor=0.73, p<0.001), and between potential presence of A. umbelliformis in
buffer zones of 1 km and 500 m radius (cor=0.77, p<0.001), we chose to keep both variables in each case in order to examine their
relative importance. We acknowledge the limitations associated with the correlations between these two variables in the interpretation
of results. For the GLM we used a binomial function with a logistic link, as harvesting rate is a repetition of Bernoulli’s experiment for
each stem (cut or entire).

In the risk assessment procedure, plant distribution is a proxy for sensitivity and harvesting intensity for exposure (Fig. 1). We used
the models obtained for the ecological niche and harvesting rates to predict the potential distribution of the species and its harvesting
rates in the French Alps, in open habitats above 2000 m.a.s.l. For harvesting rate, extrapolation was restricted to 20% of the range of
calibration, to avoid the potential threshold effects or truncated response curves. These predictions were mapped in the geographic
space and plotted in the topo-climatic space (Principal Component Analysis with all combinations of topo-climatic conditions that exist
in open habitats above 2000 m.a.s.l. in the French Alps, using the function dudi.pca - R package ade4 (Dray et al., 2018)).

We also used data collected in the study of 1-m? quadrats to test for variation in ecological variables on a fine scale resolution and
their contribution to the abundance of A. umbelliformis and harvesting rate (Appendix D).

3. Results
We focused first on the ecological niche to assess the potential sensitivity, and secondly on the spatial distribution of harvesting

intensity to assess the exposure of A. umbelliformis to this risk factor. Finally, we combined sensitivity and exposure to assess ecological
risks.

3.1. Ecological niche characteristics

Using RF modelling, we were able to detect which topo-climatic variables are important in explaining the spatial distribution of
A. umbelliformis. The mean AUC for the 100 repetitions of the model is 0.89, and the five main variables, out of thirty-five ordered by
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Fig. 2. Predictions of A. umbelliformis presence in open habitats above 2000 m.a.s.l., (A) in the French Alps and (B) in the Mercantour
National Park. The figure summarises ten RandomForest model predictions using topo-climatic variables as predictors and ten different random
samplings of pseudo-absences. Light grey pixels correspond to the background of the model, i.e. open habitats above 2000 m.a.s.l., and coloured
pixels are areas where A. umbelliformis is predicted to be present, the darker being the higher proportion of models (on ten predictions) predicting
presence. Grey lines and numbers correspond to the French department (74 Haute-Savoie, 73 Savoie, 38 Isere, 05 Hautes-Alpes, 04 Alpes-de-Haute-
Provence, 06 Alpes-Maritimes); orange lines in (B) are the Mercantour National Park perimeter (core and membership area). The three main
identified areas are east of the Savoie department (1), west of the Ecrins National Park (2) and nearly everywhere in the Mercantour National
Park (3).
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decreasing relative importance (using the mean importance value of 100 repetitions of the model), are slope variability (sdslope -
20.5%), temperature annual range (bio7 - 13.6%), topographic position index (TPI - 9.1%), temperature seasonality (bio4 - 7.6%) and
altitude (6.6%) (Appendix C).

While these topo-climatic parameters are important for the presence/absence of the species, they do not significantly affect
A. umbelliformis cover within sites. At a fine resolution, substrate and biotic components measured in the 1-m?* quadrats are more
important than topographic and edaphic variables for the variability of the species’ cover (Appendix D).

Predictions from the RF model were plotted in geographic and topo-climatic spaces, in open habitats above 2000 m.a.s.l. In the
French Alps, the model shows three main zones of favourable environmental conditions for A. umbelliformis (Fig. 2): (1) east of the
Savoie department, (2) west of the Ecrins NP and (3) across the Mercantour NP. It is less probable to observe this species in the Mont
Blanc Massif, in the east and centre of the Hautes-Alpes department (05 - Fig. 2), even though open habitats above 2000 m.a.s.l. are
common in these areas. In the topo-climatic space, the density of modelled presence appears to be divided among several topo-climatic
groups, as witnessed by the dark pink areas (Fig. 3A). Both limits of the main axis in this space are of low suitability for A. umbelliformis,
this axis being positively correlated with snow cover duration (scd) and negatively with temperature variables (bio6-5-11-10-1).

3.2. Variability of harvesting intensity

Following the selection of uncorrelated variables, GLM was run and the stepwise selection of variables, based on AIC, led to the
removal of the quadratic term of stem density, while all other variables had a significant effect on both quadratic and linear terms.
Compared to the null model (based on the randomisation of the explanatory variables), the mean AIC gain is 34%, the likelihood ratio
test is significant (p<0.001), Nagelkerke and Cox-Snell pseudo-R? (quality statistics based on deviance of the null model (Allison,
2013)) are 0.98. As scores of the harvesting model based on variables measured in quadrats are clearly lower (Appendix D), we focused
on harvesting models based on variables at the site resolution.

The models explained 65% of the deviance on average. They showed a significant effect of the year, with a harvesting rate in 2020

(A) — Potential sensitivity (B) — Potential exposure
A.umbelliformis 116,6% Predicted 116,6%
Probability : harvesting rate in
density the topoclimatic
1 niche

1

0.8
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(harvesting intensity)
High Low
High
Sensitivity of the  (unfavourable [6)) @)
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Fig. 3. Potential ecological sensitivity of A. umbelliformis (A) and exposure to harvesting (B) in the ecological space, with corresponding
ecological risk assessment (C). Ecological space is represented through a PCA of the topo-climatic conditions in open habitats above 2000 m.a.s.l.
in the French Alps: the first axis is driven by temperature variables (ngd0: number of growing days above 0°C, bio6: minimal temperature of the
coldest month), the second axis is driven by precipitations (bio19: precipitation of coldest quarter). (A) Topo-climatic space with predictions of
A. umbelliformis presence. In each combination of conditions, the colour scale represents the number of predicted presences (best model) relative to
the availability of these conditions in the study area. Small squares correspond to the combination of topo-climatic conditions sampled for har-
vesting evaluation. (B) Median of the predicted harvesting rate of A. umbelliformis in each combination of topo-climatic conditions. The colour scale
represents the median of predicted harvesting rate in each combination of topo-climatic conditions, these conditions being associated with
accessibility, attractiveness and resource abundance, used as predictors in the GLM for harvesting rate. The four zones identified by numbers in (A)
and (B) correspond to typical cases in (C). In (A) and (B) grey background represents the existing topo-climatic conditions that are not favourable to
A. umbelliformis (model predictions).
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significantly higher than that in 2022, and a significantly lower rate of harvesting in 2021 than in the two other years. However, this
variable is of relatively low importance in the overall model (<5% - Table 1).

Resource availability had a highly significant effect on harvesting rate (41.0% of cumulative importance), with a stronger
importance of plant density in a large zone (500 m and 1 km buffers) compared to local density in a given site (approximately within a
25 m radius - Table 1).

Attractiveness and the interest of the hike made an important contribution to the model (28.4% of cumulative importance), mainly
because of refuges. However, refuges are not attractors as harvesting rate increases with distance to refuges that are generally situated
at lower altitudes, further away from the crests where A. umbelliformis is more abundant.

Accessibility to and within the site had a cumulative importance of 26.0% together with distance to a path (also considered as a
parameter for discretion). Sites closer to paths were less harvested than sites further away, but if access time (the calculation of this
parameter includes paths) is too high, harvesting rate decreased. Concerning accessibility, the danger associated with moving in and
around the site described by sd(slope) had a negative effect on harvesting rate (Table 1).

3.3. Combining ecological niche characteristics and harvesting intensity to assess ecological risk

We used variables that vary at the site scale (accessibility, discretion, attractiveness, resource availability - Table 1) to predict
harvesting rates in the French Alps where A. umbelliformis could occur (based on RF predictions). In the absence of data on density of
stems and plants in the entire French Alps, we used measured median values of these densities, considering that their importance is low
(Table 1) and thus that they are not primary determinants of harvesting rate. Harvesting rate was variable across the topo-climatic
niche space of A. umbelliformis, and was predicted to be higher in the outer part of the niche (e.g. in zones (1) and (3) - Fig. 3B),
and lower in the centre of the topo-climatic space (e.g. in (2)). It was also highly variable in geographic space (Appendices E and F).

Considering the topo-climatic space for both potential presence and harvesting intensity, it appears that zone (3) of the topo-
climatic space (Fig. 3) has both a high ecological favourability (probability density close to 1) and a high predicted harvesting rate
(low sensitivity but high exposure to harvesting risk). On the contrary, zone (1) is less ecologically favourable (probability density
close to 0) and harvesting rate is predicted to be high, meaning that both sensitivity and exposure to harvesting risk are high. Risk is the
lowest in zone (2) with high ecological favourability and low exposure, while it is intermediate in zone (4) with low exposure but also
less favourable ecological conditions (Fig. 3C).

The four typical cases in Fig. 3 can be represented in geographic space (Appendix F). Using the median of predicted values as a
threshold for potential sensitivity and exposure indices, it appears that across the French Alps, the risk is high for 29.1% of spatial units
that represent a potential presence of A. umbelliformis (at least one model predicting presence), with relatively unfavourable topo-
climatic conditions and high predicted harvesting rate (e.g. zone (1) in Fig. 3), and the risk is low for 29.2%, with favourable con-
ditions and low harvesting rate (zone (2)). Zones (3) and (4) correspond to 20.9% and 20.8% of spatial units respectively.

To further examine the role of regulatory control on harvesting, we quantified and compared predicted mean harvesting rate in the

Table 1
Variables affecting harvesting rate, selected in a stepwise manner in a GLM with quadratic link between variables and harvesting rate. The symbol
corresponds to the shape of the response of harvesting rate to the variable (shown only if there is at least one model where the relative importance of
the variable is higher than 10%), with the number of models where the relative importance of the variable is higher than 10%. The importance of the
variable is calculated in the same way as RF models (see 2.5.), comparing the predictions of the model with the real variable and its randomised
version.

Context variables Effect of the variables on the harvesting rate (number of cut stems relatively to
total stem number - GLM with a logistic regression)

Shape of response and number of models Relative importance (%)
with a relative importance > 10%

Accessibility Minimal access time to the site from a motorised access \ 2 7.7%
Slope of the site - 1.5%
Roughness of relief on the site (danger - sd(slope)) \ 2 5.5%
Discretion Distance to a path (as the crow flies) / 6 11.2%
Attractiveness  Distance to a summit - 2.0%
Distance to a refuge /- 10 26.4%
Resource Density of A. umbelliformis in a 500 m buffer _\ 5 14.8%
Density of A. umbelliformis in a 1 km buffer \ 5 23.3%
Density of stems on the harvesting site - 0.7%
Density of plants on the harvesting site - 2.2%
Date Year of the study 20 >22>21 - 4.6%
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three national parks (NP) in the French Alps (Table 2). In the Vanoise NP A. umbelliformis is not a limited resource, whereas topo-
climatic conditions in the two other national parks are less favourable for the species. It is also in the Vanoise NP that harvesting
rate is predicted to be the lowest (Table 2). However, predictions are limited by the range of conditions used for calibration: in the
Ecrins NP sites with génépi are less accessible (time to reach sites and slope are both higher than in the Mercantour NP (Appendix A)),
and resource density is also different (Fig. 2).

4. Discussion and conclusion

Our ecological risk assessment approach reveals the ecological parameters of the niche that affect the sensitivity of A. umbelliformis
and the degree of exposure in terms of variation in harvesting intensity. With our results, we are not able to determine if the study
species is “in danger™: to do so data on population dynamics for several years are needed as it is a perennial species. What our results
underline is the importance of conjointly taking into account sociological and ecological parameters to describe the conditions where
plant populations are likely to persist, and thus inform conservation strategies related to harvesting.

4.1. Potential sensitivity of A. umbelliformis to risk factors

Topographic parameters are important predictors of A. umbelliformis distribution in open habitats above 2000 m.a.s.l. While slope
variability and topographic position on a 25 m resolution are closely related to the presence of A. umbelliformis, mean slope values and
exposure at this resolution are of low importance. Hence, A. umbelliformis can be found on a range of slopes and aspects, as long as
“roughness” creates favourable local conditions, in terms of micro-climatic variability.

The importance of temperature variables (diurnal and annual range, seasonality) for the model of A. umbelliformis presence is
consistent with the fact that temperature is a major constraint on plant species in mountain environments with an extended period of
freezing risk and a short growing season (Korner, 2003). The importance of temperature parameters in defining the potential niche of
A. umbelliformis suggests that climate change and associated temperature evolution will probably have a strong effect on its distri-
bution. However it is hard to project with certainty temperature changes in topographically complex high mountain environments
where this species occurs (Rahbek et al., 2019). In addition, temperature changes have cascading effects on snow cover, glacier
persistence, permafrost and hydrological dynamics (Gobiet et al., 2014; Pepin et al., 2022) that may affect A. umbelliformis presence by
changing the availability of new open spaces free from ice, as observed for Artemisia genipi (Erschbamer, 2007). Although these
complex interactions make it difficult to predict the climatic sensitivity of A. umbelliformis to future changes, it is well known that
climate warming may significantly affect high mountain plants due to the vulnerability of cold-adapted species in alpine areas
(Hoegh-Guldberg et al., 2018; White et al., 2023).

For climatic variables and their effects on A. umbelliformis distribution at the European scale, using Maxent modelling, de Medeiros
et al. (2018) found that precipitation during the driest quarter of the year and mean temperature of the wettest quarter contribute most
to a model of A. umbelliformis distribution. In our study, temperature variables are more important than precipitation variables,
particularly temperature variability (diurnal and annual range, seasonality). The difference between our study and the approach of de
Medeiros et al. (2018) reveals the importance of spatial scale and resolution for the study of species distributions and their niches, and
the hierarchical effect of environmental variables.

While known occurrences of A. umbelliformis represent only 0.3% of 25 m grid units of open habitats above 2000 m.a.s.l., topo-
climatically favourable units represent on average 18.5% of the studied area. This difference is probably due, at least in part, to a
lack of prospection (in agreement with field observations), historical and dispersal factors and local soil and biotic interactions
(Boulangeat et al., 2012; Zhu et al., 2013), as observed for space availability (on and above the soil — Appendix D). The hierarchical
effect of environmental variables acting as successive filters can be seen in our study of topography. This variable plays a major role for

Table 2

Comparison of three national parks in the French Alps in terms of potential availability and predicted harvesting rate of A. umbelliformis.
The availability of A. umbelliformis (i.e. favourable area) is derived from predicted presences based on topo-climatic RandomForest models (mean
value of 10 models based on different pseudo-absences random sampling - data were aggregated from 100 m to 25 m resolution). Mean and standard
deviation (sd) for predicted harvesting rate are also calculated from the 10 models based on different pseudo-absences random sampling. Only a
subpart of this favourable area is used for predictions as the sites used to calibrate the harvesting model do not cover the whole gradient of conditions
encountered in the French Alps, and extrapolation out of the range of calibration is considered to be inaccurate.

Surface Surface favourable to A. ... where extrapolation is Predicted harvesting rate where
(km?) umbelliformis... (km? and % of considered reasonable (km? and extrapolation is considered
total area) % of favourable area) reasonable (mean + sd)
Vanoise Core zone 533 310 (58.1%) 123 (39.6%) 0.355 + 0.127
Membership 208 27 (12.8%) 9 (32.9%) 0.341 + 0.088
area
Ecrins Core zone 930 187 (20.1%) 6 (3.3%) 0.427 + 0.180
Membership 1597 129 (8.1%) 7 (5.7%) 0.648 + 0.141
area
Mercantour  Core zone 679 211 (31.1%) 102 (48.5%) 0.362 + 0.074
Membership 1122 32 (2.8%) 1 (3.5%) 0.665 + 0.212

area
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the presence of the species in open habitats above 2000 m.a.s.l., but a less important role for local cover. Guisan and Thuiller (2005)
also concluded that species distribution and bioclimatic range are primarily related to climatic factors and topography, while variation
in abundance is driven by local resource factors.

4.2. A complex of important variables influences exposure of A. umbelliformis to harvesting intensity

In the Mercantour NP, the variability of harvesting intensity is closely associated with resource availability and attractiveness of the
site (Table 1), while accessibility is of relatively less importance. A. umbelliformis harvesting thus differs from optimal foraging theory
which predicts that foragers optimise time and energy spent to get a maximum amount of resources (Soldati and de Albuquerque,
2012). This discrepancy is not surprising: génépi gathering is a pleasant activity in which amateur harvesters combine enjoyable hikes
with non-profit harvesting. They are not searching to optimise effort and time but to share enjoyable moments with friends and family
or to observe wild animals.

The negative link between A. umbelliformis density around sites of harvesting and harvesting intensity in a given site suggests that
harvesters do not adapt their harvesting modes to the amount of resource around a site. The stronger effect of large densities in the
surrounding zone compared to the effect of site density alone implies that the harvesting practice is not targeted on a single specific site
but rather on a large area with several patches of the plant resource. This is probably related to the relative rarity of the resource at the
site level.

The time needed to reach a site and the danger associated with moving within a site are the most important accessibility variables in
our models: harvesters avoid both risky and physically demanding sites. Our discussions with harvesters and people enthusiastic of
high mountain environments indeed revealed a mental association between génépi and accidents (or even deaths), as reported by Coll
(2011) and various newspaper articles (Dauphiné Libéré, 2022, 2011a, 2011b). Because of the importance of danger, we only studied
A. umbelliformis sites that are accessible without the use of specialised climbing equipment, hence the gradient of conditions is only a
subset of the accessibility range. That said, extremely dangerous sites can only be visited by expert rock climbers and alpinists. It would
thus be interesting to compare génépi harvesting rates in our study with observations along equipped climbing routes. It is well known
that climbing can reduce plant species’ richness and abundance on vertical cliff faces (Boggess et al., 2021), however studies focused
on species for which human impact is related to harvesting and not just a consequence of climbing, are rare.

Finally, in terms of site choice, harvesters show a preference to return to the same favourite sites (our interviews), as observed for
mushroom collecting (Larrere and de La Soudiere, 2009). This behaviour may represent a form of appropriation of a specific area and
the knowledge of best resource places (Coujard, 1982), and also the importance of particular relational values with plants growing
there, i.e. a form of human-plant reciprocity (Locqueville et al., submitted manuscript). This “place attachment” (Sebastien, 2020)
could affect site choice in relation to memories or past experiences. Difficult to include in our models, this kind of variables underlines
the importance of an ethnological approach for our understanding of patterns of harvesting that cannot be measured in a quantitative
manner.

4.3. Integrating ecological and sociological parameters to assess potential risks for a wild harvested plant

4.3.1. Harvesting and ecological processes

A. umbelliformis harvesting in the French Alps is predicted to be variable among different parts of its ecological niche, notably with
more than 80% of harvested stems in topo-climatic conditions that are less favourable for the species (e.g. zone (1) in Fig. 3). Although
only stems are harvested and the sustainable harvesting rate could be higher (Ticktin, 2004), this practice limits seed production and
dispersal and may thus affect the demographic rates of A. umbelliformis’ populations. Moreover, the plant is rarely strongly rooted in
the rocky substrate and harvesting can destabilise or completely uproot a plant if it is not done carefully with scissors or secateurs.
Indeed, uprooting was observed for 1% of plants with at least one cut stem in 2021 (unpublished data). The ecological niche of
A. umbelliformis is also locally restricted by substrate or biotic interactions, adding further constraints on plant population dynamics
and persistence.

The specific spatial distribution of harvesting suggests that if dispersal between sites is possible, populations in favourable topo-
climatic conditions may act as a source, e.g. zone (2) in Fig. 3, and others as sinks, in less favourable conditions, e.g. zone (1).
Such source-sink dynamics have been observed in relation to hunting (Novaro et al., 2005) and livestock herbivory (Berry et al., 2008).
This inter-population relationship could also be relevant for the distribution of A. umbelliformis in relation to harvesting. At the same
time, dispersal could also be boosted by humans because harvesters can obtain seeds or plants from the wild and transplant them to
their gardens (Appendix D) and harvesters may also play a direct role in génépi dissemination (Auffret et al., 2014).

However, in this study we were not able to predict precise harvesting rates in areas where resource conditions, accessibility and
attractiveness are distant from the conditions of sites in the Mercantour NP where harvesting was measured for model calibration.
Beyond the calibration range, if response curves show threshold effects or truncated bell shape curves, predicted harvesting rates could
be far from reality. Moreover, it is possible that the reasons and practices of harvesters differ among mountain regions, a further
limitation to the extrapolation of our model beyond its calibration range.

4.3.2. The benefits of an integrative approach

Our study has revealed strong interactions between ecological processes and harvesting practices, and the need for an integrative
approach to analyse conditions for sustainable harvesting. An integrative approach is often based on the concept of social-ecological
systems (Berkes et al., 2000) and biodiversity conservation is common in research on the dynamics of socio-ecosystems (de Vos et al.,
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2019), primarily because the fate of conservation actions depends on both ecological and social processes (Mascia et al., 2003). In a
similar perspective, the description and analysis of the social-ecological system in which harvesting occurs is of much interest for the
conservation of the plant resource. Here it is necessary to identify the ecological and sociological dimensions that determine the
conditions required for harvested plants to persist, that could define the “social-ecological niche” of the harvested plant species.

In our study, if only topo-climatic niche dimensions on a coarse resolution are considered, A. umbelliformis would be largely
distributed in the French Alps above 2000 m.a.s.l., especially in the Mercantour NP (Fig. 2, Table 2). In this respect this species does not
appear to be threatened at the scale of its geographic range (Rabinowitz, 1981). Although this broad-scaled niche characterisation
revealed a lack of data, the diagnostic could also change because of variation in social-ecological parameters that affect species
population dynamics more locally. Hence, integrating the risk of harvesting could improve the assessment of the conservation status of
plant species. Ignoring the sociological information on harvesting could in fact lead to a positive diagnosis for the conservation status
of A. umbelliformis in some ecological conditions, e.g. zones (2) and (3), where the social conditions are potentially very different — the
harvesting rate is predicted to be higher in zone (3) compared to (2). This would lead to a poorly informed and mistaken positive
diagnosis for zone (3). It should also be kept in mind that a presence probability close to 1 does not mean that harvesting is less
threatening because A. umbelliformis is more abundant: abundance and occurrence probability are not necessarily correlated (Lee-Yaw
et al., 2022; Sporbert et al., 2020).

This social-ecological approach is beneficial for conservation structures. Discussions with national park managers have revealed
that génépi harvesting is not a serious issue in the Vanoise NP, whereas in the Mercantour NP rangers have observed that harvesting is
potentially detrimental to génépi persistence in some areas. Hence, either the plant resource is abundant and sensitivity is low, or
exposure and intensity of harvesting are low in the Vanoise NP. This territory is more topo-climatically favourable to A. umbelliformis
than the Mercantour NP with respectively 58.1% vs 31.1% of topo-climatically favourable conditions in their core zones (Table 2),
although we predicted equivalent harvesting rates (ca. 36%). Hence, the first assumption appears to be the most realistic.

One of the main national park missions in France is to promote sustainable uses that contribute to natural and cultural heritage
preservation (http://www.parcsnationaux.fr/fr). When the objective is to maintain both A. umbelliformis populations and the social
practice of harvesting, communication of rules for best practices should insist on low resource levels in parts of the ecological niche
with poor ecological conditions, and on high harvesting rates in other parts, depending on the component of risk that is identified.
National park regulations can also be adapted to identify areas where génépi harvesting should be forbidden, for example in poor
ecological conditions for the species, and other sites with a low amount of stems that can be harvested, where harvesting rates are high.
Thus, mapping the risk and its components provides key information on what and where to harvest, for managers to define sensitivity
and exposure thresholds depending on the specific context of the natural area they manage (Appendix F).

Developing a joint social-ecological approach is however challenging. First, it requires integration of processes on different spatial
scales; ecological conditions and harvesting vary from the regional scale to the local plot scale (3.1., Appendix D). A hierarchical
framework is thus necessary for the joint study of social-ecological parameters (hierarchical modelling framework - Guisan and
Thuiller, 2005). Another challenge is that it is difficult to incorporate human behaviour into social-ecological models because of the
multifactorial and socially induced decisions and choices. We are thus undertaking comprehensive interviews with harvesters to better
understand their practices, and thus improve the description of the social-ecological system around a wild species that is a resource for
human populations and their social activity in natural areas.
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