
Heliyon 10 (2024) e25312

Available online 26 January 2024
2405-8440/Â© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Mapping drivers of change for biodiversity risk assessment to 
target conservation actions: Human frequentation in 
protected areas 

Magda Pla a,b,*, Albert Burgas c, Gerard Carrion d, Virgilio Hermoso e, Ponç Feliu d, 
Sergi Romero c, Pilar Casanovas f, Pau Sainz de la Maza f, Pedro Arnau g, Joan Pino a,i, 
Lluís Brotons a,b,h 

a CREAF, E08193 Bellaterra (Cerdanyola del Vallès), Catalonia, Spain 
b Forest Sciences and Technology Centre of Catalonia (CTFC), 25280 Solsona, Catalonia, Spain 
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A B S T R A C T   

Mapping the drivers of change that pose negative pressures or threats to biodiversity can help to 
identify where biodiversity is most threatened and can be used to determine priority sites to 
target conservation actions. Overlapping drivers of change maps with distribution maps of sen
sitive species provides valuable information to identify where and when it would be better to 
target actions to minimize the risk. The overall aim of this study was to develop a methodology 
for the integration of risk mapping associated with high human frequentation to guide conser
vation actions in two case study: the Kentish plover (Charadrius alexandrinus) and Posidonia 
meadows (Posidonia oceanica), both sensitive to human frequentation. To achieve this, we used 
two types of geolocated mobile phone information from the STRAVA platform: mapped paths and 
roads number of visitors at hourly precisions and a sporting activities heatmap representative of a 
wider period, together with species ecological information and complementary human frequen
tation data. The final, monthly risk maps identified the areas for Kentish plover with null, low, 
moderate, high, very high risk attributed to different aspects of the breeding biology of the 
species, nests, nestlings, and adults. The risk thresholds for nests are lower than for nestlings and 
adults, thought nestlings were generally less sensitive to human frequentation than adults. Visi
tors number ranges between 250 and 700 approximately suppose a moderate risk for the three 
assessed periods, and more than 1200 visitors appeared to prevent the nesting of the species 
completely. The final risk maps for Posidonia meadows determine the areas with low, moderate, 
hight and very high risk for human marine activities. Human frequentation values in this case 
study are scaled between 0 and 1, the results shows that values above 0.1 imply a high risk for the 
species. Both types of information can be used to target concrete, spatially explicit actions to 
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minimize the risk caused by human frequentation. Furthermore, the first case study would allow 
to adapt the target actions to the species breeding phenology. The proposed risk assessment 
workflow is flexible and may be adjusted to match the available information and eventually could 
be adapted to other conservation objectives arising from different threats. In addition, data 
gathered from mobile mobility applications show great potential to accurately identify human 
frequentation, both spatially and temporally.   

1. Introduction 

Biodiversity has been declining rapidly the last decades, with the decline been accelerated further the recent years. The IPBES 
global report [1] describes that approximately 25 % of animal and plant species are seriously threatened with extinction, some in the 
next few decades. Similarly, the European Union report on the State of Nature shows that between 2013 and 2018 only half of the birds 
have good conservation status, and 70 % of species and 75 % of habitats listed in the Habitats Directive have poor or very poor 
conservation status [2,3]. These reports agree that the main drivers causing this decline are changes in use accelerated by human 
activity such as human intensification, overexploitation, leisure activities, unsustainable forestry, and agricultural practices, as well as 
invasive species and climate change. This drivers, strongly linked to human activities, cause biodiversity decrease in a variety of forms 
by altering or destroying the habitats in which biodiversity persists, by disturbing or causing direct mortality of species [4] or 
metropolitan areas in Europe [5–7]. 

Direct human disturbance of species linked to human frequentation is becoming increasingly intense. Specifically, human recre
ation threats near to a thousand species according to IUCN Red List of Threatened species [7] and is of particular concern in protected 
areas close to the most populated areas [8,9]. Humans particularly value these protected areas positively because they conserve 
landscapes of high natural value and provide physical and emotional well-being on one hand, and the possibility of observing species 
and habitats that can no longer be observed elsewhere [10]. It is, therefore, becoming increasingly urgent to plan and act including 
measures to reconcile biodiversity conservation and human activities within these protected areas. Due to their dynamism and sin
gularity, and unlike other factors of environmental change that affect biodiversity, visitor impacts in protected areas may be antici
pated, and effectively managed or planned with the aim to reduce their impact on biodiversity. 

Mapping the drivers of change posing negative pressures or threats to biodiversity can help identify where biodiversity is most 
threatened and can be used to determine priority sites for conservation actions [11–14], especially when we can identify risk areas 

Fig. 1. The study area is situated on the west Mediterranean shore (red rectangle in the right-bottom figure). General figure: Aiguamolls de l’Empordà 
Natural Park in yellow and Cap de Creus Natural Park in blue. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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through overlapping pressures and threats maps with distribution maps of sensitive species and habitats [15]. 
A first step to address the impacts of human frequentation on biodiversity in protected areas is to better understand human 

frequentation patterns and its geographical and temporal dynamics, to measure its real impacts on species and habitats. Human 
frequentation in natural areas can be described by direct visitors counting through traditional field sampling [4,16] or through py
roelectric sensors that detect the heat radiation emitted by human bodies [17]. However, both approaches are costly, and the in
formation obtained is constrained to the sampling sites while the information needs to be estimated for larger areas. Therefore, human 
frequentation must often be inferred from proxies such as the degree of urbanisation of the landscape or accessibility from the main 
urban population centres [18]. Thus, obtaining explanatory information on human frequentation is still a challenge. 

Recently, the availability of mobile phones and dedicated mobility applications capturing geographic locations allows to obtain 
detailed spatiotemporal human mobility data over large areas [19,20]. These are widely used for economical purposes to better 
understand consumer shopping patterns [21]. But due to the commercial purpose of collecting this data, this type of information is not 
freely available, and consequently it is not currently being used to analyse human distribution in wilderness areas. However, several 
citizen platforms that collect in a very precise way human leisure and sports activities throughout the territory have been recently 
launched. The increasingly extensive and intensive use of these platforms has led to their use as a source of information for estimating 
human visitation of natural areas [22,23]. 

The general objective of this study is to develop a methodology to integrate the drivers of change maps into decision-making flows 
for risk assessment to guide conservation actions. To achieve this, we focused on human frequentation and its temporal dynamics to 
identify where and when the sensitive species and habitats are at risk. Considering two case studies: Kentish plover (Charadrius al
exandrines) and Posidonia meadows (Posidonia oceanica) within two protected areas in Catalonia, adapting the risk assessment 
methodology to both species’ ecological characteristics and the available biodiversity data. 

2. Material and methods 

2.1. Case study region and species 

This study focusses on two coastal protected areas in Catalonia, in the north-east of the Iberian Peninsula in the western Medi
terranean Sea (Fig. 1): Aiguamolls de l’Empordà Natural Park (42.2◦N, 3.1◦E), characterized for being one of the most important 
wetlands in Catalonia; and Cap de Creus Natural Park (42.3◦N, 3.2◦E), with terrestrial and marine protected areas. 

In Aiguamolls de l’Empordà Natural Park inhabits the Kentish Plover (Charadrius alexandrinus), a shorebird that breeds on sandy, 
pebble or silty banks of sea, estuaries, and river deltas with no or scarce low vegetation in immediate proximity to the water [24] has 
been assessed. Kentish plover is a sensible specie to human frequentation, especially during the breeding months [25] and despite 
being of Least Concern according to the Red List [26] its population is decreasing in the whole Europe. The intensive development of 
coastal habitats and increasing recreational and economic activity are the main factors for the decline in many areas, as well the 
presence and trampling of dogs in breeding areas may reduce breeding success [24]. Geolocated points of presence of adults, nestlings, 
and nests during the breeding months (from April to July) have been used for the years 2018–2021. The data come from the periodic 
field survey on the species carried out by the biologists of the natural park. 

In Cap de Creus Natural Park, the Posidonia meadows (Posidonia oceanica) has been assessed. Posidonia meadows is a priority 
habitat listed in Annex I of the Habitats Directive, and listed as Least Concern [27]. Posidonia meadows perform a wide range of 
ecological functions and services: they protect the coastal zone, fix sediments, constitute refuge and breeding areas, host great 
biodiversity, are nutrient exporters, etc. Posidonia is mainly sensitive to fishing, anchoring, diving, and bathing, followed by the 
potential effects of climate change, acidification, and temperature [28]. The bionomic maps of the marine areas of the Parc Natural del 
Cap de Creus [29,30] was used to determine its distribution. 

Both protected areas register at the park offices a mean value of 250,000 and 500,000 visitors respectively every year. These 
statistics do not include visitors who come to both parks without being registered at the park offices, nor do they include users of the 
beaches and coastline. Thus, the actual annual visitor count of the park may be much higher. 

2.2. Human frequentation data 

We used human frequentation data from the Strava platform [31]. This is a widely used platform to track outdoor activities, such as 
running and cycling that has been extended to other types of sports and leisure activities (hiking, motorcycling, swimming, sailing, 
kitesurfing, etc.). Strava offers free access to mapped paths or roads containing the number of visitors with hourly precision to support 
cycling and running planning to governmental administrations through the Strava Metro platform [32]. The Strava user’s public 
outdoor activities are also shown by means of the global Strava heatmap (Strava, 2018a; Strava press 2018). Both types of information 
have been recently used for ecological studies and validated with [22,23], and high correlations with ground truth data have been 
reported [22,23,33]. Both types of information were used in the present work, and data processing was adapted to the ecological 
characteristics of each species, as explained below. 

2.3. Case study 1: risk mapping for Kentish plover 

In the Kentish plover case study in the Aiguamolls de l’Empordà Natural Park, it was used the Strava Metro data, which links in
dividual activity events to nearby linear features (paths, roads etc.) in OSM [34]. Strava Metro data provides information on the 
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number of people passing in each section. If a person passes twice or more, it is counted as 2 or more people. Monthly data were 
downloaded from April to July, corresponding to the of Kentish plover breeding months, for the available years: 2018 to 2021. Human 
activities corresponding to running, walking, hiking (defined as pedestrian) and riding, considering commute and leisure trips. The 
mean average for each month during the period was calculated. It should be noted that information for the year 2020 was excluded due 
to COVID-19 lockdowns in the study area as the data was significantly different from the rest of the years. It is important to note that in 
the absence of OSM linear features close to an activity event (or parts of it), that event (or parts of it) is not included in the aggregated 
version of the dataset. Further, to comply with privacy legislations, linear features with less than three unique users are removed and 
the number of activity events is rounded up to the nearest multiple of five [23]. As the OSM data do not consider routes on sandy 
beaches, where the Kentish Plover inhabits, it was extrapolated the original human frequentation data using a 500 × 500 m moving 
window mean filter (Fig. 2). The OSM routes near the beach are the main access routes to beaches, in consequence, we assumed that 
this extrapolation represents the real human frequency on the beaches. Human frequentation map was then combined with the species 
habitat, excluding the areas not inhabited by the species inside the park’s boundaries. The habitats described as inhabited by the 
species were selected from the Habitat Map of Catalonia [35]. 

The next step was to classify each human frequentation driver of change map into risk levels for the Kentish plover. In this case, it 
was used the monthly Kentish plover presence data sampled between April and July for adults, nestlings, and nests. This information 
allowed accounting for the Kentish plover sensitivity to human frequentation and to define sensitivity thresholds to this driver of 
change. The human frequentation driver of change maps was combined with the corresponding Natural Park Kentish plover presence 
data separately for each month (from April to July) and each phenological moment (adults, nestlings, and nests) to know the human 
frequentation for each species presence. Distribution histogram of human frequentation (number of visitors) for each phenological 
moment, was produced and used to define the thresholds for classify the driver of changes maps in 6 risk levels for the specie: null, low, 
moderate, high, very high risk and unsuitable. There are different methods for defining the cut-off points, in the present work it has 
been used an objective method applied in the selection of marine IBAs (Important Bird Areas) in Spain [36,37], the Catalan Winter Bird 
Atlas [38] and also to define the risk attack areas for brown bear in Catalonia [39]. This method combines two simple and effective 
approaches with strong ecological components. First, from the habitat suitability models it was defined the species presence areas 
excluding areas with low suitability scores that could be caused by casual or occasional presences. Since the input information were the 
model habitat suitability scores for each actual species observation, the first threshold was calculated after ordering the suitability 
scores of each presence, cutting at the 10th percentile value. It was considered that the 10th percentile excluded the casual or oc
casional presences. Secondly, to define different levels of importance base on the average of suitability values within the area of 
presence. Applied to the present work case study, instead of the model habitat suitability values it was considered the human 

Fig. 2. Number of visitor (pedestrians and riders) on an area of Aiguamolls de l’Empordà Natural Park in June 2021, coloured from yellow to dark 
brown indicating 0 to 3000 visitors respectively. On the left, the image shows the Strava Metro data corresponding to the total visitors received in 
each Open Street Map (OSM) route fragment during June 2021. On the right, the image shows the extrapolation of the Strava Metro data to the rest 
of the protected area, using the same colour legend and clipped by the habitat occupied by the species. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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frequentation scores, equating areas of presence with the actual presence of the human frequentation risk. Although, after different 
tests and expert criteria, the 25th percentile was used instead of the 10th percentile to better represent most situations where the 
species coincides with visitors without significant disturbance to its survival, indicating that there is no risk to the species. Secondly, 
within the risk areas four human frequentation thresholds were defined to get five risk levels: the average mean of the human 
frequentation scores within the risk areas defined the low threshold risk, the average mean of the scores above the previous threshold 
defined the moderate threshold risk, and so on up to the third and fourth threshold to define the very high risk areas and the unsuitable 
areas where the threat do not allow for the species to be present. 

2.4. Case study 2: risk mapping for Posidonia meadows 

In the Posidonia meadows case study, we used the Strava Global Heatmap [40], which shows the last two years of STRAVA data 
[31], updating them monthly. Roads and trails with very little activity will not show “heat” until several different athletes upload 
activities in that area. The Strava Global Heatmap displays a colour gradient of outdoor activity tracks (rides, runs, water, and winter 
activities) recorded by users, where brighter tones represent an intense use [22]. The heatmap displays outdoor activity tracks as a 
‘pixel path’ connecting consecutive GPS locations [22]. To this purpose, the recorded vector tracks were rasterized. The rasterized raw 
data was normalized between 0 to 1values using the CDF technique (cumulative distribution function) reaching a perfectly uniform 
distribution over the colour map. This causes the heatmap to convey information about relative heat values but makes it not absolutely 
quantitative, the same colour only locally represents the same level of heat data [40]. Focusing on water activities, Strava heatmap 
data contains specially movement from swimming, snorkelling, sport boats, or other activities. 

The human frequentation driver of change map was produced by taking screenshots of the Strava heatmap web [22] to achieve in a 
GIS environment. Before taking screenshots, we set the Heatmap Colour to “blue”, the desired Activity Type to “Marine”, the Heat 
Opacity to 100 %, and we removed all background layers. The raster image in a GIS environment was georeferenced using seven 
control points. The WGS 84/Pseudo-Mercator Coordinate system (EPSG: 3857) was used, as it was the projected coordinate system 
used to build the Global Heatmap [22]. The terrestrial area from local geographic layers was masked (Fig. 3-A). Single pixels as a 
256-element colour spectrum array were displayed, which perfectly matches the blue colour spectrum of an RGB colour model (0, 
255). The values were rescaled between 0 and 1. But, according to expert knowledge, the mooring of recreational boats in coastal 
coves, which is the most important impact activity for Posidonia meadows, is being underestimated. Consequently, marine sampling 
data on the number of boats moored within the boundaries of the protected area captured by the Cap de Creus Natural Park rangers 
were used as complementary information to weight the human frequentation data from STRAVA. The Natural Park information on 
human frequentation was not geo-referenced, only the names of the main coves were informed. The coves were geolocated, corre
sponding surfaces were mapped and the number of boats that moor in each cove were digitised. Finally, it was rasterized at the same 

Fig. 3. The upper figures show the human driver of change map for marine activities in Cap de Creus Natural Park extracted from Global Strava 
Heatmap, scaled from 0 to 1 representing from null to high pressure (A); moored boats mapping in Natural Park coves from Natural Park infor
mation scaled from 0 to 10 representing from zero to the high number of moored boats (B); human driver of change map in Cap de Creus weighted 
with information on boats moored in the Natural Park, scaled from 0 to 1 representing from null to high pressure (C). The corresponding bottom 
figures are a zoom from a little Natural Park surface, represented by a red rectangle. The terrestrial area is grey, and the marine protected area is 
represented with a black line. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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resolution as STRAVA data (10 m resolution) and scaled from 1 to 10 (Fig. 3-B). Both maps were multiplied to obtain a weighted human 
frequentation driver of change map and rescaled between 0 and 1 (Fig. 3-C). This final human frequentation driver of change map 
contained information from boat moorings in the coves and the routes of the boats between these coves. The combination of both 
sources of information improved the human frequentation heatmap from Strava (Fig. 3-C). 

The final human marine frequentation map (Fig. 3-C) in the Cap de Creus Natural Park was combined with the Posidionia presence 
map and classified in different risk levels. In this case, the Posidonia meadows ecology did not allowed to directly relate the presence of 
the specie with the human frequentation data to infer sensitivity. Consequently, statistics criteria based on the mean and the standard 
deviation of marine human frequentation values was used to classify the risk levels. The values between 0 to mean minus the standard 
deviation were classified as low risk. Moderate risk corresponded to values between mean minus the standard deviation to mean 
values. High risk corresponded to values between mean to mean plus standard deviation. Very high values corresponded to values 
between mean plus standard deviation to 1. In this case study, due to the ecological characteristics of the Posidonia meadows, the 
category "Unsuitable" was not calculated because we focused on quantifying the risk of human frequentation in the areas where the 
species was already present, making this category meaningless. 

3. Results 

3.1. Risk maps for Kentish plover 

The histograms resulting from the combination of presence data for Kentish plover nests, nestlings, and adults with the human 
frequentation driver of change maps, shows a decreasing species frequency with an increasing number of visitors (Fig. 4). Nests were 
only presents in beaches with visitor numbers below 250, the adults seem to tolerate higher human pressures up to visitor numbers 
slightly above 500. 

The 25th quartile threshold for nests, nestlings and adults corresponds to 18, 11 and 10 visitors respectively. So, these values 
determine the null risk threshold for each phenological moment (Table 1). When the number of visitors is higher than this value, there 
may be a low to very high risk or become unsuitable for the species. Table 1 shows the human frequentation risk thresholds derived 
from the statistical analysis of the number of visitors combined with species presence in each phenological moment based on the mean 
human frequentation values supported by the species described above. The human frequentation driver of change map for each month 
and phenological moment has been reclassified into these 6 risk levels using these thresholds to obtain a monthly risk map (April to 
July) for nests, nestlings, and adults. As Table 1 shows the risk thresholds for nests are lower than for nestlings and adults, thought 
nestlings seem to support slightly higher levels of frequentation than adults. 

The final classified risk maps for nest, nestlings, and adults (Fig. 5), indicate the areas where there is a higher risk of disturbance due 
to human frequentation. This final risks maps show respectively which areas of the park are unsuitable areas for the specie in each 
period due to the high human frequentation. The level of risk at each phenological stage is quite similar in all three cases, but the level 
of risk varies over time. 

3.2. Risk maps for posidonia meadows 

The human frequentation values in Posidonia meadows, which were scaled from 0 to 1, had a mean value of 0.0619 with a standard 
deviation of 0.0418. These values were used to identify the different thresholds to classify the human frequentation in four categories 
(Table 2). The final risk map shows (Fig. 6) where the Posidonia meadows are from low to very high risk. The most part of the 
Posidonia meadows in marine coves are in high and very high risk. Very few surfaces are in moderate risk. In this case, as the human 

Fig. 4. Distribution histogram of human frequentation (number of visitors) for adults, nestlings, and nests during the whole study period. The most 
part of presences correspond to less than 250 visitors, nest and nestlings are more sensitive to human frequentation than adults. 
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frequentation data in marine areas from the Strava Heatmap corresponds to the aggregation of a long period, it is not possible to 
generate different drivers of change maps and, in consequence it is not possible to elaborate temporal risk maps. 

4. Discussion 

The mapping of drivers of environmental change, such as human frequentation, together with additional information on species 
sensitives to these specific changes provide a valuable starting point to elaborate specific risk maps. Recent works underpin the 
importance of including driver of change maps, also referred to as pressures or threats maps, in the decision-making flows to determine 
where species are at risk [14,15]. Traditionally, the human frequentation information has been used to define carrying capacity of 
protected areas, specifically, by using indirect estimates of human visitation such as the number of visitors to the park, the population 
of surrounding towns, distances to human infrastructure, etc. [41]. Recent works use geolocated human frequentation data such as 
STRAVA to better understand biodiversity distribution [22,23] as an adaptation response to human activity. In the present work, also 
based on geolocated human visitation data, we go further by creating risk maps to define where and how much two specific species are 
at risk and providing concrete information to guide actions such as restricting the number of visitors in the most sensitive areas. The 
present work, in addition to the detection of location where the species are at risk, in the Kentish plover case study, proposes a 
methodology for determining risk over different time periods when information is available. Such different periods risk maps provide 
valuable information to target concrete actions. In the case of the Kentish plover, the risk maps could help to relocate paths or increase 
the distance from the beach entrances and car parks for the most visited beaches, which has been shown to have a major influence on 
visitor numbers along the coastline and with positive effects on Kentish plover conservation [25]. Adapting both management pro
posals related to the species phenology. Biodiversity conservation in highly frequented areas can often conflict with leisure and 
sporting activities that are also part of the uses of these areas, so being able to focus conservation actions on the most critical periods for 
the species is key to reconciling both uses. In the case of Posidonia meadows, the risk maps could aim to provide guidance on where to 
prohibit anchoring by vessel recreational boating, which has been shown to have major negative impacts on influences on Posidonia 
meadows [42]. 

This study also defines a flowchart that could be applied to other drivers of change types, ecological species characteristics, and 
different regions (Fig. 7). First, the freely available human frequentation data can be broken down into different time periods, 
generating human frequentation driver of change maps for each defined period. These drivers of change maps can then be combined 
with available biological information (i.e., species distribution maps, species presence data for different phenological moments) as well 
as additional human frequentation information to weigh the initial frequentation data (i.e., field surveys or direct visitors counts from 
field monitoring). This combination finally produced the specific risk maps for each period. 

In this sense, our approach could be automatized and easily incorporated into the park managers’ decision-making flows, providing 
an easy method to update risk maps with different data types and at different moments of the year. Its automatization could also help to 
compare the results before and after the application of measures targeting the threat at stake. Our methodology can also be scalable 
and make use of different information on human frequentation, as well as more detailed or updated biological information on the 
target species. When available, new human frequentation data or species-specific sensitivity data can be incorporated to define new 
thresholds. 

It is also important to point out the limitations of the human frequentation data used, especially potential biases towards certain 
types of sporting activities. In the case study of the Kentish plover in the Aiguamolls de l’Empordà Natural Park, the human frequen
tation sensibility histograms (Fig. 4) show similar results to those of other works on similar plover species [25]. Nevertheless, ac
cording to the expert knowledge of the area, the Strava Metro data could be underestimating leisure or birdwatching walks, people 
walking the dog, or campers from neighbouring campsites taking walks and baths on the nearby beaches where the Kentish plover 
inhabits. In consequence, it would be important to deepen in new human frequentation data less biased. In the case study of the Cap de 
Creus Natural Park, according to the available experts’ knowledge, there is a clear underestimation of the number of visitors to the 
coves, so the Park’s information on frequentation during the summer months was incorporated. This suggests that the limitations of 
STRAVA data may be dependent to each study region, for example in forest areas it would be underestimating the activity of the 
mushroom hunters, very frequent in the forests of Catalonia during the mushroom season. Since human frequentation is nowadays one 
of the main drivers of change that negatively impacts biodiversity [7] it is key to be able to have the most accurate information possible 
on this driver. The spatial and temporal precision STRAVA information, from mobile phones, has been shown as an important source of 
information, but with a bias to sport activities. In this sense, it would be interesting to be able to use information from mobile phones, 

Table 1 
Human frequentation risk thresholds for nests, nestlings and adults defined from the combination of the number of visitors 
and species presence.  

Risk Nests Nestlings Adults 

Null 0–18 0–11 0–10 
Low 18–254 11–332 10–252 
Moderate 254–698 332–855 252–674 
High 698–905 855–1122 674–884 
Very high 905–1201 1122–1286 884–1127 
Unsuitable >1201 >1286 >1127  

M. Pla et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e25312

8

Fig. 5. Risk maps for Kentish plover to human frequentation inside Aiguamolls de l’Empordà boundaries from April to July for nests, nestlings, and 
adults. Coloured from green to pink indicating the null risk (dark green), low risk (light green) moderate and high risk (soft green and soft pink 
respectively), very high risk (light pink) and unsuitable (dark pink). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Table 2 
Human frequentation thresholds based in statistic criteria using mean and Standard deviation to classify into risk categories.  

Human frequentation statistic thresholds Values (Mean=0.0619 
Standard deviation=0.0418) 

Risk 

< Mean – Standard deviation <0.0201 Low 
Mean – Standard deviation to mean 0.0201 to 0.0619 Moderate 
Mean to Mean þ Standard deviation 0.0619 to 0.1037 High 
> Mean þ Standard deviation >0.1037 Very high  

Fig. 6. Posidonia meadow risk to human frequentation in Cap de Creus Natural Park. The earth surface is grey, and the Cap de Creus Natural Park 
marine boundaries (black line). The dark green, light green, light pink and dark pink colours indicate the low, moderate, high, and very high risk, 
respectively, indicating the Posidonia meadows risk level to human frequentation. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 7. Flowchart to elaborate specific risk maps: from left to right, the human frequentation data, disaggregated by time periods, is the base to map 
a driver of change map for each period. The combination of this drivers of change maps with species ecological distribution (i.e., distribution maps, 
sensitivity information) as well other complementary human frequentation data produces the final specific risk maps for each period. 
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as is already done to guide marketing decisions [43] adapting the technology and information flows to the management needs of 
protected areas. 

5. Conclusions 

The mapping of drivers of environmental change aimed at describing human frequentation impacts on a protected area provides a 
valuable starting point for risk assessment taking into account the coupled spatial and temporal dynamics of species and its threats. Our 
study highlights the effectiveness of incorporating complementary ecological information into the proposed information flow, which 
helps to direct specific conservation actions at different phenological moments of the species. Furthermore, in this particular case 
based on the assessment of human frequentation impacts, data from mobility applications used from mobile phones show great po
tential to accurately describe human activities, both spatially and temporally. More specifically, STRAVA proves to be a very powerful 
source of information despite its bias towards sporting activities. 
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