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Abstract

‘This dataset provides crowd-sourced and georeferenced information useful for the assessment of cultural
ecosystem services in the Sierra Nevada Biosphere Reserve (southern Spain). Data were collected within
the European project ECOPOTENTIAL focused on Earth observations of ecosystem services. The data-
set comprises 778 records expressing the results of the content analysis of social media photos published
in Flickr. Our dataset is illustrated in this data paper with density maps for different types of information.
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Introduction

The modern human epoch is characterised by dynamic social-ecological changes, with
local communities and individuals showing an important role in ecosystem integrity
and health (Rands et al. 2010). In this context, nature conservation mechanisms in
protected areas have been increasingly re-shaped to accommodate social aspects of eco-
systems (Chan et al. 2006). The establishment of a global network of Biosphere Re-
serves (UNESCO) is an emblematic effort in this regard, being established to promote
strategies that reconcile biodiversity conservation with the sustainable use of ecosystem
services (Reed 2016).

Ecosystem services are generally known as the contributions that are obtained from
nature (MEA 2005). They include raw material from ecosystems, recognised as provi-
sioning services (e.g. timber and food) and the results from ecological functioning (e.g.
hazard mitigation and pollination), i.e. regulating ecosystem services (MEA 2005).
Ecosystems also offer non-material benefits, known as cultural ecosystem services, for
example, through recreational and inspirational activities (Fish et al. 2016). Despite
increasing focus on ecosystem services, assessment approaches have been particularly
challenging for cultural ecosystem services (Blicharska et al. 2017).

Evaluations of cultural ecosystem services have been struggling with the inability to
capture their subjectivity and utilitarian value (Fish et al. 2016). Conventional assessments
include, for instance, the use of public polls which are often expensive and show limited
spatio-temporal coverage, as well as biodiversity mapping that tends to merely capture the
potential supply of cultural services (Blicharska et al. 2017). In the “information age”, the
use of “big data” from social media has become a promising approach to monitor nature-
based experiences associated with cultural services (Hausmann et al. 2018).

A plethora of social media information has been produced and shared at unprec-
edented rates, revolutionising traditional methods to address human culture (i.e. cul-
turomics; Ladle et al. 2017), including in the light of conservation problems (see Ladle
etal. 2016 for a review). Closely related to culturomics is the content analysis of digital
photos posted and shared in social media platforms, such as Flickr (Richards and Friess
2015). These photos contain geographic and temporal information, allowing the map-
ping of cultural ecosystem services, at high spatial resolutions and for specific time
periods in a straightforward and fast way (Vaz et al. 2018).

Despite increasing evaluations of social media information, there is a general de-
ficiency of publicly available databases of photo content analysis. Analysing and map-
ping the cultural value of ecosystems allow the identification and location of places
where nature contributes most to cultural identity and heritage, human health, en-
vironmental education and opportunities for nature enjoyment (Soga and Gaston
2016). Under appropriate management strategies, those places can provide great op-
portunities to promote social support for nature conservation alongside the sustainable
use of Biosphere Reserves (Infield 2001).

Our expectation in describing and making available this dataset is to promote the
sharing of other similar datasets in order to locate, describe and quantify potential
cultural services in protected areas worldwide.
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Project details

The dataset was compiled within the context of the H2020 project “ECOPOTEN-
TIAL: improving future ecosystem benefits through earth observations” (http://www.
ecopotential-project.eu), which has received funding from the European Union’s Ho-
rizon 2020 research and innovation programme under grant agreement No 641762.
ECOPOTENTIAL is focused on internationally recognised Protected Areas, blend-
ing Earth Observations, data analysis and modelling of current and future ecosystem
conditions and services. ECOPOTENTIAL considers cross-scale geosphere-biosphere
interactions at regional to continental scales, addressing long-term and large-scale en-
vironmental and ecological challenges.

Spatial coverage

General spatial coverage

The dataset covers a 1,722 km? area corresponding to the UNESCO Biosphere Reserve
Sierra Nevada. Sierra Nevada is a mountainous region located in Andalusia (Granada
and Almeria provinces), in southern Spain. The altitude ranges from 860 m a.s.l to the
summits, where the highest peak reaches 3,479 m a.s.l. The climate is Mediterranean,
presenting cold winters and hot summers, with pronounced summer drought (July-
August). The annual average temperature decreases in altitude from 12-16°C below
1,500 m to 0°C above 3,000 m a.s.l. and the annual average precipitation is about
600 mm. Annual precipitation ranges from less than 250 mm in the lowest parts of
the mountain range to more than 700 mm in the summit areas, where, above 2,000
m altitude, winter precipitation is mainly in the form of snow. Topographically, it is a
heterogeneous area, with strong climatic contrasts between the sunny, dry south-facing
slopes and the shaded, wetter north-facing slopes.

Sierra Nevada hosts more than 80 endemic plant species (Blanca 2001) and more
than 2,300 taxa of vascular flora in total, representing the 33.2% of Spanish flora
(Lorite 2016), being amongst the most important biodiversity hotspots in the Medi-
terranean region (Blanca et al. 1998). Overall, Sierra Nevada comprises 27 habitats
types from the habitat directive, as well as 31 fauna species (20 birds, 5 mammals, 4
invertebrates, 2 amphibians and reptiles) and 20 plants species listed in Annex I and II
of Habitats and Birds Directives. Besides being included in a biosphere reserve, Sierra
Nevada has additional legal protections: Special Protection Area and Site of Commu-
nity Importance (Natura 2000 network); and National and Natural Park.

Regarding its general socioeconomic characteristics, there were 61 municipalities
with 90,048 inhabitants in 2017. The population average age is 48.3 years (ten years
greater than the population of large urban areas closer to the national park). The main
economic activity is services, mostly related to rural tourism (45% of people employed,
75% of registered businesses). Secondary economic activities are farming and con-
struction sector (25% of people employed in each). Finally, the percentage of people


http://www.ecopotential-project.eu
http://www.ecopotential-project.eu

4 Andrea Ros-Candeira et al. /| Nature Conservation 38: 1-12 (2020)

working in industrial sector stands around 5%. Registered unemployment in relation
to total population is lower than the urban areas (9.3% versus 10.1%), but the net
income per inhabitant is half that of urban areas (3,597€ versus 7,158€) (SIMA 2019).

Coordinates

36°55'04"N and 37°14'25"N Latitude; 3°36'26"W and 2°35'41"W Longitude

Temporal coverage

19722017

Methods

Sampling description

We focused on the screening of photos from a popular social media platform: Flickr
(hteps:/fwww.flickr.com). We used the application programming interface (API) in
Flickr (hteps://www.flickr.com/services/api/) to collect publicly available information
published by the users. To protect the users, the obtained information was kept an-
onymised through the study. Using this API, we collected geographically referenced
social media data indicating a time window (between the start of Flickr in 2004 and
2017) and a bounding box with a pair of coordinates around our test area. After trans-
forming the output JSON/XML files to .XLS format, we geoprocessed the data us-
ing a GIS in order to clip only those data points included within our case Biosphere
Reserve boundaries and to prepare them for the content analysis of random stratified
samples (see below). A total of 20,048 photos were downloaded and their information
was stored as an excel file with the following attributes: date, latitude, longitude and
picture Uniform Resource Locator (URL).

We stratified our sampling over four strata differing in their nature protection
regime (National versus Natural Park) and tourist dynamics (rural versus recreational
tourism). Specifically, we randomly selected a set of 210 photos across the limits of
the National Park (corresponding mostly to the area with the highest elevation of the
Biosphere) and another set of 210 photos within the remaining area, coincident with
the Natural Park. A third set of 210 photos was considered across ski resorts, corre-
sponding to areas with the highest movement of visitors in autumn and winter. The
remaining photos (n = 259) were selected considering the rural areas of the reserve,
which were expected to host more visitors during spring and summer. Our final dataset
comprised 778 photos from 708 different Flickr users.
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Method step description

We checked each individual photo (n = 889) to evaluate its suitability for the content
analysis: unidentifiable photos (e.g. due to poor quality) or photos capturing non-nat-
ural and indoor elements (e.g. inside parking places or private and business properties)
were not considered for the content analysis. Additionally, photos which were not avail-
able, for instance, since they were eliminated or protected by users’ rights, were also not
analysed. After applying the former exclusion criteria, we conducted a “directed con-
tent analysis” (following, for example, Hsich and Shannon 2005; Martinez-Pastur et al.
2016; Oteros-Rozas et al. 2018). For this purpose, we manually classified each photo (n
=778), based on predefined categories (see Table 1). The photo content analysis was first
conducted considering the main feature or topic dominating in each photo indicated in
the “Main content” variable, whose categories express key cultural elements from ecosys-
tems contributing to the use of cultural ecosystem services by people, in agreement with
the new Common International Classification of Ecosystem Services (Haines-Young
and Potschin 2018). These categories were associated with each photo, considering the
main photographic focus on: fauna and flora or nature and landscape features, as well
as on cultural, religious, rural, sports, gastronomy and recreation elements. In cases in
which more than one feature or element could be recognised in the photo, we used more
than one category to classify the photo. The order of the key elements which define the
topic of the photo was based on the album/roll of the user. Specifically, the first topic
considered was the element that was identified as the most frequently photographed by
the user. The remaining topic was indicated as a secondary category.

In order to provide more detailed information about the photo’s content, we fur-
ther classified each photo considering: (1) The main nature and human features rep-
resented in the photo (e.g. lake, natural forest, mountain peak etc.). Again, more than
one category per variable could be attributed in cases in which an individual photo
showed the dominance of different nature and human features. (2) The type of pre-
vailing sports activity (e.g. hiking, horse riding etc.), when one of the main topics of
the photo was “Sports”. (3) The represented faunal groups (e.g. ungulate, insect etc.),
in those cases in which the main content of the photo was focused on fauna (e.g. cat-
egories “Fauna/Flora” and “Birdwatching”). Therefore, these last two variables (Sports
activities and Faunal groups) depended on the classification attributed to the first vari-
able “Main content”.

Quality control description

The classification of photos into the above-mentioned categories was evaluated by two
independent users. Before analysing the content of the whole dataset, a test set of 100
randomly chosen records was first considered and classified. After analysing this test
set, the classification procedure was refined for a second round. For both classification
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Table |. Variables and categories considered for the classification of social media photo content, includ-
ing their description and classification criteria.

Variable ‘ Category ‘ Description
General information of the photo
Coordinates Latitude of the photo Coordinate reference system: EPSG 4326-WGS 84
Longitude of the photo Coordinate reference system: EPSG 4326-WGS 84
Date The date when the photo was Format: day/month/year
taken
Main content of the photo
Main content Birdwatching A bird or group of birds are the main content of photo
Fauna/Flora

Fauna and/or flora are the main content of the photo

Nature & Landscape/Seascape

The photo is mainly focused on nature or landscapes/seascapes in general
Cultural elements are the main content, including harvest of pine nuts or traditional
Cultural -
buildings
. Religious elements are the main content, including processions, pilgrimage, churches,
Religious . 0o
carriages or carts as part of pilgrimage
Rural Elements associated with rural tourism are the main content, including lodges, rural
activities, villages or other related infrastructures
Sports Sports elements are the main content, such as those associated with biking, hiking or
P running
Gastronomy is the main content of photo, including dining at restaurants or
Gastronomy L
traditional products
. ‘The main content of the photo is on recreational areas or similar public
Recreation . . .
infrastructures, including barbecues or playgrounds
The photo is dominated by other elements that are not related with the former
Other type .
categories
Detailed content of the photo
Sports activities Alpine skiing Alpine skiing is the topic of photo
Cross country skiing Cross country skiing the topic of photo
Climbing Climbing is the topic of photo
Road cycling Road cycling is the topic of photo
Mountain cycling Mountain cycling is the topic of photo
Downbhill cycling Downbhill cycling the topic of photo
Running Running is the topic of photo
Hiking Hiking is the topic of photo
Paragliding Paragliding is the topic of photo
Horse riding Horse riding is the topic of photo
Canoeing Canoeing is the topic of photo
Other type Other type of sports activity is the main topic of photo
Not applicable

The photo is not focused on any sports activity

Nature and human

High mountain
features

High mountain is the topic of photo

Mid-mountain

Mid-mountain is the topic of photo

Mountain peak

Mountain peak is the topic of photo

Horizon

Horizon is the topic of photo

Natural forest

Natural forest is the topic of photo

Anthropic forest

Anthropic forest is the topic of photo

Shrub Shrub is the topic of photo
Grassland Grassland is the topic of photo
Lake, pond Lake is the topic of photo
River River is the topic of photo
Sky Sky is the topic of photo
Urban/built environment

Urban/built environment is the topic of photo

Non-urban/built environment,
infrastructures

Non-urban/built environment, infrastructure, is the topic of photo (e.g. rural
infrastructure, refuges and recreation infrastructure)

Humans, selfies

People, including selfies, are the topic of photo

Other type Other type of feature is the main topic of photo
Not applicable ‘These categories are not applicable
Faunal groups Mammal Mammal is the topic of photo
Ungulate Wild ungulate is the topic of photo (e.g. Iberian ibex)
Waterbird Waterbird is the topic of photo
Wader Wader is the topic of photo
Raptor Rapror is the topic of photo
Passerine Passerine is the topic of photo
Reptile Reptile is the topic of photo
Fish Fish is the topic of photo
Insect Insect is the topic of photo
Other type Other type of fauna is the main topic of photo
Not applicable The photo is not focused on any type of fauna
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rounds, the consistency between the two users was analysed through general agreement
and kappa statistics. The statistics indicated an increase in classification consistency
from the first to the second test set. Specifically, a good consistency between users was
found, with agreement levels ranging between 65% (sports activities) and 88% (faunal
groups) and kappa values between 0.58 (nature and human features) and 0.60 (sports
activities).

Dataset overview

Figure 1 shows the spatial location of the photos considered in the dataset. The eastern
part of Sierra Nevada is by far represented by a higher volume of photos, as indicated
by warmer colours. This pattern seems to match the location of ski resorts and rural
villages (the “Alpujarras”), which are characterised by a high touristic demand in the
Biosphere Reserve. Several other photos are widely represented in westernmost regions
of Sierra Nevada. In this case, the location of pictures seems to coincide with the preva-
lence of walking trails in the Biosphere Reserve.

This spatial pattern is also evident for the different categories assigned to the
dataset (Figure 2). An exception is rather observed for the faunal groups variable, in
which a relative density of photos is also represented in western regions of the Bio-
sphere Reserve.

We are confident that our dataset (and derived maps) add detail on the potential
location of different cultural contributions to people. Specifically, the spatial projec-
tions derived from this study can provide useful information for management deci-
sions, for example, on prioritising land planning efforts and resources (Krishnaswa-
my et al. 2009). They can also be used to maximise synergies between biodiversity
conservation and cultural values (Turnhout et al. 2013), identify conflicting areas (or
disservices) emerging from recreational activities (such as skiing) tourism and strictly
protected zones (with protected habitats/species; Van Cuong et al. 2017), support the
monitoring of the natural and cultural capital through remote observations (i.e. “Digi-
tal conservation”; Arts et al. 2015) and assist on data collection and dissemination for
scientific research and evidence-based conservation (Sherren et al. 2017).

Despite the usefulness of our dataset, some considerations must be recognised
when using this and other similar datasets, in the cultural services” arena. For in-
stance, the spatial reference precision of social media photographs can bias the geolo-
cation of collected data (Figueroa-Alfaro and Tang 2017). Still, this issue was likely
insignificant in our study, due to the illustration of photographs through a Kernel
function (i.e. as a heat-map). We are also aware that distinct social media platforms
(such as Instagram, Panoramio) have different audiences, users and temporal/spatial
characteristics, which affect the way they can be used (Van Zanten et al. 2016). In our
study, we adopted the Flickr platform, due to its more nature-orientated users, ease
of data analyses and broad spatial and temporal coverage. Nevertheless, we encourage
the inclusion of different types and sources of social media information that can be
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0_5:1|0Km Location of photos: e Density of photos: Low [ 1] High
Figure I. Location of Flickr photos considered in the dataset (n = 778). The location of each photo is
represented by a dark circle. For visualisation purposes, the map also shows heatspots of photos (kernel

density), highlighting the areas with the highest and lowest photo densities in Sierra Nevada Biosphere

Reserve.
ocv
(a) Nature & landscape ‘
(b) Sport activities %/ (c) Faunal groups é

0 10 20 _ _ _

= Km Location of photos: e Density of photos: Lowl" WHigh
Figure 2. Illustration of Flickr photos showing: (a) nature & landscape as the main content, (b) sports
activities and (c) faunal groups. The location of each photo is represented by a dark circle. The density of
photos (kernel density) is also shown.
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complementary to the dataset we propose (Oteros-Rozas et al. 2018). Furthermore,
social media users make decisions on which photos they share in social networks,
without necessarily meaning that the photos, shared online, express the most pre-
ferred and valued elements of the landscape (Malik et al. 2016). Therefore, any effort
to further understand the cultural preferences of social media users, should examine
the motivations underlying their choices and perceptions in relation to other (social)
determinants (e.g. socio-demography, economy), for instance, through traditional
state-preference methods or even through social media natural language processing
of picture comments. However, attention should be warranted when interpreting
and communicating social patterns into more detail (Van Berkel et al. 2018). This
was the main reason why our dataset does not compile, nor analyse, data which were
protected by users' privacy.

Dataset description

Object name: Georeferenced features of cultural ecosystem services in Sierra Nevada:
a dataset based on social media photo content analysis.

Character encoding: UTF-8

Format name: CSV

Format version: v 2.0

Data published through: https://doi.org/10.6084/m9.figshare.8943509.v2
Publication date of data: 17-12-2019

Language: English

Licences of use: This dataset is licensed under the Creative Commons Attribution 4.0
International Licence (CC BY 4.0) https://creativecommons.org/licenses/by/4.0/
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Abstract

The ball python (Python regius) is the single most exported live CITES-listed species from Africa, with a
large proportion of snakes being sourced from Togo, West Africa, officially via a system reported nationally
as “ranching”. This study represents the first in-depth review of ball python hunting being carried out by
rural communities in Togo for neatly 15 years. Our approach, focused at the bottom of the trade chain,
permitted extensive detailed data to be collected from hunters, and provides a unique insight into the
practices, drivers and impacts associated with this type of large-scale commercial wildlife trade activity.
We show that ball python hunting remains an economically valuable endeavour for these rural hunters.
However, it also highlights a number of potential legal, conservation and animal welfare issues associated
with the current hunting practices being carried out in Togo (and neighbouring range States) to supply
the snake farms and ultimately the international exotic pet trade. Our findings suggest that the methods
applied on the ground do not accurately reflect those being reported to national authorities and interna-
tional regulatory mechanisms such as CITES. This irregular, if not illegal, trade may also be unsustainable,
as suggested by hunters reporting that there are fewer ball pythons in the wild than there were five years
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previously. We recommend that additional scientific investigation (focusing on the size and status of the
wild population), better management, and enforcement of regulations, are required to ensure that ball
python populations are managed in a sustainable, legal and traceable way.

Keywords
CITES, conservation, exotic pet, ranching, wildlife trade

Introduction

Snakes are hugely popular as exotic pets and consequently are traded alive globally in
large numbers (e.g., Hoover 1998; Auliya 2003; Bush et al. 2014). Many are sourced
from Africa and other tropical regions of the world (Bush et al. 2014; Jensen et al.
2018), where wildlife harvest and trade can play an important role in local livelihoods
(e.g., Roe 2008). Increasingly, snakes, and other reptiles, are captive-bred for the pet
trade both in source and destination countries (Brant 2001; Bush et al. 2014; Herrel
and Meijden 2014). In some source countries, reptiles may also be produced via a
process of “ranching”, one definition being the “rearing in a controlled environment of
animals taken as eggs or juveniles from the wild, where they would otherwise have had a
very low probability of surviving to adulthood” (Convention on International Trade in
Endangered Species of Wild Fauna and Flora [CITES] definition; Lyons et al. 2017).

In contrast to captive breeding or “wildlife farming”, a topic that has received con-
siderable attention in the scientific literature (see Tensen 2016 and references therein),
ranching (as defined by CITES) is dependent on collection (hunting) of wild indi-
viduals. However, unlike wildlife farming, there have been relatively fewer studies,
of which we are aware, of large-scale management operations that export live wild
animals and their derivatives using the CITES source code “R”, and their links with
(and impacts on) wild populations, with the exception of those addressing crocodilian
ranching (e.g., Jenkins et al. 2004). A species of particular interest in this regard is the
ball python (Python regius), which is the single most exported live CITES-listed spe-
cies from Africa (CITES Trade Database, https://trade.cites.org), the vast majority of
which are exported as “ranched” specimens (source code R) (CITES Trade Database,
https://trade.cites.org; see also Robinson et al. 2015).

In 2010, the ball python was evaluated as Least Concern on the IUCN Red List
of Threatened Species (https://www.iucnredlist.org), but with high offtake levels and
exploitation for the international pet trade (e.g., D’Cruze et al. 2020) cited as a main
potential threat (Auliya and Schmitz 2010). According to the CITES trade database
(https://trade.cites.org), over three million individual ball pythons have been exported
from West Africa since the first recorded exports in 1982, with total annual exports
from Range States averaging ¢.100,000 since 2007 (also see Robinson et al. 2015).
More than 98% of ball python exports from Range States originate from Togo, Benin
and Ghana, destined predominantly for consumers in the United States of America,
Europe and Asia (CITES Trade Database, https://trade.cites.org; Robinson et al. 2015;
Harrington et al., in prep.).
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The export of “ranched” specimens of ball pythons from West Africa can be traced
back to a number of registered reptile “farms” operating in Benin, Ghana and Togo
(de Buffrénil 1995). In Togo, most of these farms are based in, or less than, 10 km
from the capital of Lomé (Ineich 2006) although some of the wildlife trade facilities
have branches or “depots of animals” in villages elsewhere in the country. This type of
“reptile production” was first introduced in West Africa in the 1960s, and became es-
tablished in Togo in the early 1990s (de Buffrénil 1995). As of 2006, there were seven
farms known to be operating in Togo (Ineich 2006; UNEP-WCMC 2014), with an
agreed national annual export quota of 62,500 “ranched” specimens and 1,500 “wild”
specimens in place since 2007 (UNEP 2019).

The most recent examination of the different python production systems in Togo
was carried out by Ineich (2006), following concerns raised by the EU Scientific Re-
view Group in 2005 in relation to an exceeded quota of wild-sourced specimens from
Togo, between 1999-2003 (UNEP-WCMC 2005). Ineich (2006) described the UN-
ELAT (Union Nationale des Eleveurs et Exportateurs d’Animaux du Togo — National
Union of Animal Breeders and Exporters of Togo) exporting association which was
put in place in 2000, in part, to help provide liaison and circulation of local CITES
export-authority information. In Togo, all farms, of which four were affiliated with
UNELAT, relied on the annual involvement of numerous villagers who hunted snakes
and delivered them to these farms prior to export (Ineich 2006).

Ball python “ranching” in Togo (as outlined in UNEP-WCMC 2014) depends on
the collection of gravid females and egg clutches, that are found by following tracks in
farmland or forest, breaking open hollow palm trunks, and / or digging up abandoned
rodent burrows (Harris 2002). According to Ineich (2006), exporters also trained To-
golese “producer” villagers and provided them with the necessary equipment for tem-
porarily keeping gravid females and hatching eggs, before selling the resulting juveniles
to the farms. A key stage of this ranching system involved releasing the females after
they had laid their eggs and also a proportion of the juvenile ball pythons produced an-
nually (stated to be 20% at that time, Ineich 2006; UNEP-WCMC 2014). However,
Ineich (2006) also reported that hunters collected non-gravid and male ball python
specimens, together with non-CITES listed reptile species for direct export via the
farms (Ineich 2006).

Ineich (2006) concluded that the practice of ball python ranching in Togo was
being done in relatively healthy conditions. He suggested that (1) the technical knowl-
edge of the exporters had improved between 2004 and 2006, (2) capabilities of the
CITES authorities had likewise improved, and (3) the exporters / authorities exchang-
es were “excellent” and therefore constituted a solid basis for the future with export-
ers showing willingness to perfect the management and monitoring of the ball python
populations that they exploit (Ineich 2006). However, Ineich’s (20006) review, which was
broadly supportive of the different python production systems in Togo, was carried
out over a decade ago. In the fast-moving arena of wildlife trade, subject to increasing
consumer demand and often dependent on wild populations of unknown size and
status, we considered it timely to provide an update on this situation in Togo, focusing
specifically on the practices, and role of, local hunters.
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With that aim, we present here data on the hunting activities of 58 rural hunters
involved in the harvest of ball pythons in southern Togo. The specific objectives of our
study were:

(1) To describe how ball pythons are harvested and how this activity relates to trade
regulations.

(2) To gain insights into the potential impacts this activity might have on ball python
conservation.

(3) To gain insights into the extent to which this activity supports local livelihoods.

Methods

Study area

The Togolese Republic is a relatively small West African country located between Bur-
kina Faso (in the North), Ghana (in the West), Benin (in the East) and the Atlantic
Ocean (in the South). It covers a total land area of 56,600 km? (Dansi et al. 2013) with
a population estimated at about eight million (World Bank 2019). The country is par-
titioned from North to South into five administrative regions (Savannah region, Kara
region, the Central region, the Hills region and the Maritime region) inhabited by 21
principal ethnic groups (Adja, Akposso, Akébou, Ana, Anii, Atche, Bassar, Ewé, Gam-
Gam, Gourma, Ife, Kabye¢, Konkomba, Kotokoli, Lamba, Moba, Para, Tchokossi,
Tém, Temmari and Yaka) (Dansi et al. 2013). However, ethnic groups predominantly
in neighbouring countries, such as the Fon from Benin, are also present in adjacent
parts of Togo (Heath 2010).

Togo has two climatic regions, the Southern and the Central regions characterised
by a subequatorial climate with two rainy seasons and two dry seasons and the North-
ern region with Sudanian climate type, characterised by only two seasons (that is, a
rainy season and a dry season) (Afidegnon 1999). As a consequence of its location, the
Togolese landscape consists, from south to north, of a succession of ecosystems rang-
ing from coastal grasslands to equatorial and wet tropical forests and ending in Sudan
savannahs in the North (Segniagbeto et al. 2011). These diverse ecosystems harbour
a great number of animal species, as indicated by the presence of approximately 178
extant species of mammal (Amori et al. 2016), 43 species of lizard (Segniagbeto et al.
2015) and 91 species of snake (Segniagbeto et al. 2011).

Data collection

We used semi-structured interviews to gather information focused on ball python
capturing and egg collecting practices and included questions related specifically to
the numbers captured and released, where they were captured, income generated and
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hunters’ perceptions of their status in the wild (Suppl. material 1). We interviewed
hunters that self-identified as hunting ball pythons, and that were willing to participate
in the study, through a process of chain referral (Newing 2011), whereby participants
recommended other potential participants or persuaded others to take part. This snow-
ball sampling approach (Babbie 2004) is useful when researchers are interested in the
opinions of a particular sector of the population (Potgieter et al. 2017) and, in this
case, ensured that participants who could provide information pertinent to the study
were selected as representatives of the ball python hunting community. Our primary
goal was not to extrapolate to the wider community but to thoroughly understand the
activities of the hunters we interviewed on the basis of a comprehensively built ques-
tionnaire (Suppl. material 1).

Interviews were conducted by four local field staff asking a set of predetermined
questions that included open-ended, closed and multiple-choice questions (Suppl. ma-
terial 1). Participants were initially asked some non-ball python related questions (in-
cluding what domestic animals they kept and what type of meat they preferred to eat)
to ensure that they were as comfortable and as relaxed as they could be before being
asked more detailed questions about hunting ball pythons (Newing 2011). Between
27.08.18 and 24.08.19 interviews were conducted in 20 villages in Ewe and French
and later translated into English (Fig. 1).

In accordance with the British Sociological Association Statement of Ethical Prac-
tice (BSA 2017), informed consent was obtained verbally from every survey partici-
pant prior to the interview, the objectives of the study were explained to participants
and they were made aware of their rights to voluntarily participate or to decline, no
identifying participant or household data were collected, and the database collated was
entirely anonymous.

Data analysis

All statistical analyses were carried out in R (version 3.3.3; R Core Team 2017). All in-
terviews were included in the analysis even if they contained missing data. Spearman’s
rank correlation coeflicient was used to test for correlations among variables, and non-
parametric tests (Mann-Whitney and Kruskall-Wallis tests) to compare among groups.
Monetary values were reported in West African CFA Francs (CFA) and converted
to US dollars (USD) using 1 CFA = 0.0017 USD (conversion rate as of 26.04.19,
xe.com). We used descriptive statistics, and frequency histograms to describe, and to
illustrate, patterns and trends in the data. Estimated income from the ball python trade
per hunter (I) was estimated as follows:

I = [(number of snakes* x price per snake) + (number of eggs® x price per egg)] /
size of hunting party

*  'This is the total number of snakes captured and purchased/total number of eggs collected and laid.
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Figure I. Location of the survey site districts in Togo, West Africa.

Results

Interviews lasted approximately one hour (between 37 minutes and 2 hours 2 min-
utes). All but three, of a total of 60 interviewees, hunted live ball pythons and collected
their eggs (one individual did not hunt them personally but bought live snakes and
eggs from other hunters). Hereafter we refer to 60 interviewees as follows; 57 hunters
or 58 hunter / traders (noting that some hunters also “trade” by purchasing additional
snakes and eggs from other hunters; we discuss this further below).

Hunter demographics

All but one of the interviewees (a 45-year-old widowed female) were males, 76%
(n = 45) of which were in their 30s or 40s (age range = 1661, mean = 39), and 95%
(n = 56) of which were married. Most (77%; n = 46) owned between one and three
houses (maximum = 10; two did not own a house), with between one and eight people
in their household (mean = 6.9, maximum = 25), including between two and six chil-
dren (mean = 4.2, maximum = 14; three did not have children).

Most (73%; n = 44) interviewees were Watchi / Ewe, 17% (7 = 10) were Adja,
others included Moba (7 = 3), Fon, Kabye, and Lamba (7 = 1 respectively). In terms
of their religion, most (67%; »n = 40) were Christian, although 32% (7 = 19) were
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animist, and one was Muslim. Education levels of interviewees were variable; although
38% (n = 23) were educated to secondary level, almost half (48%; 7 = 29) were educat-
ed only to primary level, and 13% (7 = 8) reported that they had no formal education.
All but one interviewee (a “tailor/python reseller”) described themselves as hunters,
farmers or both (over half, 62%; 7 = 37, said that they were hunters and farmers). Re-
ported primary source of income was hunting (for 43% interviewees; 7 = 26) or farming
(for 30% interviewees; 7 = 18), other primary sources of income given were “frog hunt-
ing” (8%; 7 = 5), “driving” (5%; 7 = 3), “retail” (3%; n = 2), “breeding” (3%; » = 2),
“fishing” (2%; 7 = 1) and “ball python reselling” (2%; 7 = 1) (two interviewees stated
that they were “studying”). Reported annual wages were variable: 10 interviewees re-
portedly earned > one million West African Francs (CFA) per year (equivalent to 1,700
USD; maximum 12 million or just over 20,000 USD) but most earned between ap-
proximately 100,000 and 600,000 CFA (median = 400,000 CFA per year or 679 USD;
six interviewees earned < 100,000 CFA per year, minimum 40,000 CFA or 70 USD).

Ball python hunting
Ball pythons and their eggs were reportedly found by digging abandoned rodent bur-

rows, breaking termite mounds, or by turning over dead oil palm trunks and piles of
grass and leaves, and were most likely to be found in forest habitats (reported by 7 =
49 of 58 hunter/traders, 84.5%), farmland (70.1%; 7 = 41) or oil palm plantations
(31.0%; 7 = 18). Other habitats where pythons could reportedly be found included
fallow land (7 = 11), rice fields owned by the interviewees (7 = 5), teak plantations (7
= 2), and Casava plantations (7 = 1); note that hunters gave more than one answer.
Pythons were found predominantly between January and March, with eggs collected
most commonly in February and March (see Fig. 2). In total, 26% (7 = 15) of hunters
described locating ball pythons as being dependent on the presence of indirect signs
such as tracks (some suggested that tracks could be seen after vegetation fires); simi-
larly, 23% (n = 13) suggested that seeing a basking female ball python near a burrow
(or “hole”), or signs that a snake had been basking there previously, indicated the pres-
ence of eggs inside the burrow.

Some hunters suggested that they hunted ball pythons as early as November, with
peak hunting activity taking place in February and March, up until June (although one
hunter said that he hunted ball pythons in August and September) (Fig. 2). Eggs were
collected between January and May and as late as June (Fig. 2). All hunters reported
hunting live snakes but tended to target either all snakes (male and female, adults and
juveniles, 51%; 7 = 29) or females and juveniles (35%; 7 = 20); only seven hunters
(12%) said that they hunted only females; one (2%) said that both males and females
were hunted [i.e. over half of hunters (53%; 7 = 30) said that they hunted males, as
well as females and juveniles]. All hunters also reported that they collected eggs. In ad-
dition to describing how they found the eggs, five hunters (9%) said that to obtain eggs
they caught gravid females, and five (9%) explicitly referred to capturing and keeping
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gravid females until they laid their eggs; two hunters said that they collected the eggs and
left the females.

Hunters reported hunting parties averaging 5 hunters (range 1-10), that took part
in between two and 150 hunting trips in the last 12 months (excluding one hunter
who said he hunted on 300 separate days during this period) (mean = 58 hunting trips,
median = 50; see Fig. 3a). They also reported capturing between 12 and 3,000 pythons
(median = 120; Fig. 3b) and collecting between 12 and 5,000 eggs (median = 150;
Fig. 3¢) in total over the 12 months. Five hunters (9%) (all of whom said they captured
female, male and juvenile snakes) reported capturing 1,000 or more pythons in the last
year. However, most hunters (> 90% [91.2%]; 7 = 52) reported capturing a maximum
of 500 pythons, and 17 (30%) capturing 50 or less. Similarly, one hunter reported col-
lecting 5,000 eggs, whereas all others (98%; 7 = 53) reported that they did not collect
more than 1,000 eggs. In addition, 17 (31%) individuals reported collecting 100 or less.

Dividing the reported total number of pythons captured in the last 12 months, and
the total number of eggs collected, by the reported number of trips undertaken, for
each hunter, suggested that hunters were capturing an average of between 0.3 (i.e. one
every three or four trips) and 31 ball pythons (median = 2.5), and an average of between
0.3 (one every three or four trips) and 50 ball python eggs (median = 4.3) per trip. Ap-
proximately a fifth of hunters were capturing 10 or more ball pythons per trip (21%;
n = 12) or collecting 10 or more eggs (20%; 7 = 11); most (ca. 70%) captured a maxi-
mum of five ball pythons per trip (7 = 40), and fewer than six or seven eggs per trip (7 =
35 and 40, respectively) (most likely a single clutch of eggs). Most ball python clutches
comprise five to eight eggs (Aubret et al. 2003), and the eggs are strongly adherent so it
is not possible to separate them without damaging the shell (Aubret et al. 2005).

In addition to direct ball python hunting activities, eight interviewees (including
those who also captured snakes themselves, and one who only bought snakes and their
eggs from hunters) reported purchasing between 2,000 and 3,000 additional ball py-
thons (mean = 1,900, minimum = 400, maximum = 2,700; excluding one interviewee
who stated he bought 38,000) in the last 12 months. For the seven hunters, this addi-
tional purchasing increased their annual “collection” on average five-fold (range one to
nine) to an average of 2,500 snakes in total (range 500 — 3,000). The one interviewee
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that only purchased ball pythons reported buying 1,500 individuals. Ten interviewees
also reported that between 300 and 2,000 (mean = 1,320) eggs were laid by female ball
pythons in captivity during one season prior to onward sale.

All hunters said that they sourced ball pythons in Togo, 60% (7 = 35) stated that
they sourced ball pythons only in Togo. However, almost a quarter (23%; » = 13)
stated that they also hunted ball pythons in Ghana, 10% (7 = 6) stated that they also
hunted in Benin, and 7% (7 = 4) stated that they hunted ball pythons in both neigh-
bouring range states. All of the 58 hunter / traders that said they hunted ball pythons,
collected their eggs, or bought ball pythons, reported that there were no quotas for
either ball pythons or their eggs.

Most hunters / traders (86%; 7 = 50) stated that they released some ball pythons
(range 5 — 1,000; median = 100, in the last 12 months; Fig. 4a) back into the wild. The
numbers released were positively and significantly correlated with the numbers cap-
tured (r=0.54; p<0.001) but, on average, were fewer than the numbers captured (slope
of regression = 0.68, F], o= 24.91, p<0.001) and there was considerable variation (R
adjusted = 0.32) such that, at an extreme the numbers released, per hunter, ranged
between approximately one tenth and eight times their reported capture (median pro-
portion released = 0.8; Fig. 4b). Over half of hunters that released pythons (58%; 7 =
29) released fewer snakes than they reported collecting. Nine (18%) hunters obtained
ball pythons for release from the snake farms, 14 (28%) from the “middlemen”, and
27 (54%) did not say.

Most (64%; 7 = 32) of the 50 hunter / traders that released ball pythons back into
the wild stated that they released ball pythons to allow them 7o reproduce again; others
said, so that they could be captured again next year (12%; n = 6), or to avoid impact on
population size or make the hunting sustainable (6%; n = 3). One hunter said explicitly
that he released snakes in [his] hunting area in order to come back to capture them the
following season. Most hunter / traders (66%; 7 = 33 of 50) stated that they released
females, some also stated that they released females and juveniles (16%; 7 = 8), females
and males (8%; 7 = 4), all sexes and age classes [males, females and juveniles, (6%;
n = 3)], or just males (4%; 7 = 2).

With regards to release habitat, 18% (7 = 9) stated that they released snakes into
the forest. Others stated that they released snakes into farmland (6%; 7 = 3), fallow
land (2%; 7 = 1), or, in most cases (68%; 7 = 34), a combination of forest, farmland,
and / or fallow land; 6% (7 = 3) said that they released ball pythons into either farm-
land or oil palm plantations.

Drivers of ball python harvest

Only two of the 60 interviewees (3%) said that they had collected ball pythons for
personal consumption (both said that they liked to consume python meat occasion-
ally and that they had slaughtered one and seven ball pythons in the last 12 months,
respectively). The vast majority of interviewees (93%; 7 = 56), however, said that they
did not eat either ball pythons specifically (65%; 7 = 39), or snakes more generally
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Figure 4. Numbers of ball pythons released back into the wild, shown as the frequency distribution of

a reported numbers released, and b reported numbers released as a proportion of the reported numbers
captured, in the last 12 months, based on answers given by 50 python hunters that released pythons at

the end of the hunting season.

(28%; n = 17), primarily because ball pythons are considered as sacred (27%; 7 = 15
of 56 that stated that they did not eat ball pythons / snakes) and / or because it is not
allowed in their society and culture (45%; 7 = 25).

None of the 58 hunter / traders said that they kept ball pythons as pets them-
selves, and none reported either using or selling ball python body parts (skins, bones or
blood). Instead, all 58 hunters / traders said that they sold ball pythons and their eggs,
either via “middlemen” outside (43%; 7 = 25) or inside (19%; 7 = 11) their village, or
directly to snake farms (38%; 7 = 22) or both (2%; 7 = 1). Four hunter / traders (7%)
sold ball pythons to snake farms in Benin (7 = 3) or Ghana (7 = 1). None sold ball
python meat but five (9%) sold pythons and / or their eggs to Chinese restaurants in
Lomé, the capital city of Togo.

Reported prices obtained for live ball pythons and their eggs varied greatly, for ball
pythons between 1,200 and 10,000 CFA (median = 3,000, or between 2 and 17 USD,
median = 5 USD), and for their eggs between 200 and 2,500 CFA (median = 500,
< 0.5 to 4 USD, median = 0.9 USD). However, almost half of hunter / traders (44%;
n = 26) reportedly sold snakes for 2,000 CFA (3.4 USD) or less (< 10%, 7 = 5, sold
snakes for 10,000 CFA, or as much as 17 USD), and, the majority (93%; 7 = 52) sold
eggs for 1,000 CFA (1.7 USD), or less (see Fig. 5).

Per hunting party, estimated annual income from ball python hunting (based on
the reported number of snakes captured and the prices they were sold for, see Eqn. 1,
Methods) ranged between 24,000 and 24 million CFA (median = 300,000 CFA; or
between 41 and 41,000 USD, median = 510 USD), whilst that from egg collection
(based on the reported number of eggs collected and the prices they were sold for)
ranged between 6,000 and 7.5 million CFA (median = 90,000 CFA; between 10 and
12,750 USD; median = 153 USD), giving a total ball python harvest income of be-
tween 46,000 and 31.5 million CFA (median = 540,000 CFA; between 78 and 53,550
USD, median = 918 USD). The average estimated income of one hunter, ranged be-
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tween 12,250 and 5.25 million CFA (median =102,250 CFA; between 20.8 and 8,925
USD, median = 173.8 USD), amounted to between 3 and 169% of a hunter’s reported
annual wages (median = 40%).

The highest reported prices (10,000 CFA for snakes and 2,500 CFA for eggs; 17
and 4.3 USD, respectively) were for sales to Chinese restaurants. Prices also tended to
be higher when sold direct to farms or to middlemen outside the village than to mid-
dlemen inside the village (for ball pythons: median price obtained from sales to farms
and middlemen outside the village = 3,000 CFA or 5.1 USD, middlemen inside the
village = 2,000 CFA or 3.4 USD, Kruskal-Wallis y* = 9.72, df=2, p=0.008; for their
eggs: median price obtained from sales to farms = 1,000 CFA or 1.7 USD, middlemen
outside the village = 500 CFA or 0.9 USD, middlemen inside the village = 300 CFA
or 0.5 USD, Kruskal-Wallis y* = 19.03, df=2, p<0.001).

Hunter / traders (45%; 7 = 26) further reported that the price of live snakes depend-
ed on the stage of the hunting season and the age class of the snake (57%; 7 = 33, with
one hunter / trader reporting higher prices for gravid females), as well as “trends in the
market” (14%; 7 = 8) and the effects of supply and demand (16%; 7 = 9). One hunter re-
marked, if we have a lot of specimens and orders are scarce, the price per unit drops. But on the
contrary, if we don’t have python and the order is high (in terms of number), the price increases.

Attitudes towards ball pythons and perceived population trends

When asked how they felt about ball pythons (on a scale of 1 to 5, with 1 being szrongly
dislike and 5 strongly like), there was a strong bias towards liking ball pythons, with
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97% (n = 58) of all 60 interviewees stating that they either guite liked (42%; n = 25)
or strongly liked (55%; n = 33) ball pythons (two interviewees stated that they disliked
them). All 58 interviewees that said that they liked ball pythons suggested that the ben-
efits provided by ball pythons were related to money or income; nine (16%) of these
58 specifically referred to money to take care of their children, and four (7%) referred
to it as an important source of income (i.e. that without [it], things would be very hard
or difficuls). When asked why they felt this way (i.e. why they liked ball pythons), 45
(78%) of the 58 interviewees referred to ball pythons as not being dangerous or ven-
omous, and three (5%) said they could have fun with ir. The two interviewees who did
not hunt or trade ball pythons said that they had no benefit. One hunter also said that
ball pythons regulate the population size of rodents that destroy our crops.

Overall, most interviewees (75%; 7 = 45) stated that there were fewer ball pythons
than there were five years ago: 67% (7 = 40) stated that there were guite a few less, 8%
(n = 5) stated that there were a lot less, while 7% (n = 4) that there were more, and
17% (n = 10) that there were the same number; one did not answer the question. Of
the 45 interviewees that referred to an apparent decline in ball pythons in the last five
years, 17 further commented on the possible cause of a decline (note that they were
not asked this question directly). Eleven of 17 interviewees that commented on the
cause of a decline referred directly to hunting, or to increasing numbers of hunters
and farms (one stated that As we are capturing them with their eggs, they don’t have time
to reproduce anymore), four referred to tractors and cows (trampling), two to forest
destruction, two to uncontrolled vegetation fires (2 = 2), and one to climate change
(prolonged dry seasons).

Discussion

This study represents the first review of ball python hunters and their experiences being
carried out by local groups in Togo, West Africa for nearly 15 years (see Ineich 2006),
and provides an assessment of a large-scale contemporary production system to supply
live reptiles (exported as “ranched” using CITES source code “R”) to the international
pet trade. Our approach, focused at the bottom of the trade chain, permitted exten-
sive detailed data to be collected from hunters, and provides a unique insight into the
practices, drivers and impacts associated with this type of large-scale commercial wild-
life trade (Fig. 6). We found that the practice of ball python hunting is an important
source of income for those hunters involved. However, whilst our data do not include
precise numbers of gravid females and adult males collected, or of juvenile production,
there was little evidence of regulatory oversight at the hunter level with regard to (1)
the release of females after they have laid their eggs, (2) release of 20% of the juveniles
produced, or (3) collection of adult males within quotas for wild-caught specimens,
as required under national management plans and CITES. Further, widespread sug-
gestion among hunters that wild ball python populations have declined raises concern
regarding the sustainability of this practice. Overall, we found little evidence of effec-
tive management, as outlined by Ineich (20006).



26 Neil D’Cruze et al. / Nature Conservation 38: 13—36 (2020)

Figure 6. A hunter digging for a ball python (Python regius) B ball python uncovered from a rodent
burrow € ball python eggs intended for commercial sale D Hunter with his catch of live ball pythons
intended for commercial sale in Togo, West Africa. Images A-C Mark Auliya / World Animal Protection;
image D, Delphine Ronfot / World Animal Protection.

On average, ball python hunting parties are typically composed of around five
individuals that take part in around 50 hunts each year collecting 120 ball pythons
and 150 eggs each. However, the roles of these individuals can extend beyond hunting
(Fig. 7). We found that a proportion of hunters also act as middlemen [(14%; 7 = 8)
buying between 2,000 and 3,000 ball pythons from other hunters over the last year]
and (17%; » = 10) are also involved in the “ranching” of ball pythons (keeping gravid
females at home until they have laid their eggs which are then sold to farms, as sug-
gested by [Ineich 2006]).



Ball python hunting in Togo, West Africa 27

I International Airlines |

Ball Python l

Trade Chain

l Python Farms / Exporters |

Togo, West Africa ‘ ‘

| Bush Meat Vendors | I Ball Python Middlemen I I Ball Python Holding Facilities l

| Rural Ball Python Hunters |

| Wild Sourced Ball Python Eggs | [ Wild Sourced Ball Pythons Other Species |

. [ = Hunted Ball Pythons I
EI = Released Ball Pythons |

Figure 7. Ball python “chain of custody” demonstrating the various trade actors involved in commercial

Ghana + Togo + Benin

trade activity in Togo, West Africa. Ghana and Benin are included as source countries for wild caught ball
pythons as per described by 23 hunters during interviews.

Why are hunters targeting ball pythons in Togo?

Our study demonstrates that ball python hunting remains an economically valuable
endeavour for rural hunters in Togo, West Africa. Although ball python and egg hunt-
ing appear to be seasonal, taking place predominantly between the months of January
and April, we estimate that, on average, a hunter receives 102,000 CFA (174 USD)
from python and egg sales combined, representing approximately 40% of their an-
nual income. Despite a degree of variability, collection rates reported by some hunters
suggests that they can earn up to 5.3 million CFA (approximately 9,000 USD) from
python and egg sales combined representing approximately 169% (almost double)
their average annual income.

Overall, hunters described the sale of live ball pythons (maximum estimated an-
nual income per hunting party of 24 million CFA) as a more financially lucrative en-
deavour than the sale of python eggs (maximum estimated annual income per hunting
party of 7.5 million CFA). Although, on average, hunters collected approximately the

same number of eggs as they captured snakes, the latter were reportedly worth approxi-
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mately five times as much as a single egg. The lower value of eggs is presumably due to
factors such as higher mortality rates in eggs and neonates, while gravid females are of
presumably particularly high value because they will produce several offspring.

Is ball python hunting being conducted legally?

Our study reveals that some key aspects of python hunting taking place in Togo may
run afoul of domestic and international legal requirements. For example, Article 78 of
Law No. 2008-09 of the Carrying Forest Code strictly prohibits the hunting of gravid
females, newborns, juveniles, eggs and the associated destruction of ball python bur-
rows. Furthermore, Articles 79 and 80 of the Carrying Forest Code allow certain hunt-
ing activities, but the number of hunters that possess the required hunting permits is
currently unknown. Another unknown is whether hunters possess the professional
licence required under Article 81 of the Carrying Forest Code. In addition, Article
61 of the 005 Framework Law on the Environment participative manner to ensure its
sustainability, which for ball pythons is questionable (also see below).

With regards to international regulations, our findings suggest that both exporter
country and CITES source codes are in fact misrepresentative. Forty percent (7 = 23)
of the 58 hunter / traders interviewed during our study stated that they source ball
pythons outside of Togo and 7% stated they sold them back to snake farms in Benin
and Ghana meaning that reported exports from Togo, Benin and Ghana by CITES
are in reality composed to at least some degree of snakes also sourced from neighbour-
ing countries. In addition, 85% of the 58 hunters / traders stated that they hunt not
only female ball pythons but also males and juveniles, which were then also sold to
farms for export. This suggests that ball pythons exported from Togo are composed to
at least some degree of snakes also sourced from the wild rather than “ranched” — al-
though export of some wild-sourced specimens is permitted under CITES permit; the
agreed quota is currently 1,500 (UNEP 2019). The number of adult snakes collected
by hunters for direct export via farms is not known, but this “mixed” system creates
considerable opportunity for mis-reporting (cf. Toudonou 2015), and once the snakes
are in the farms it is difficult, if not impossible, to distinguish between wild-sourced
and “ranched” specimens — a system that lacks transparency. At a regional level, this
cross-border hunting activity, together with the misreporting of source codes, under-
mines domestic legal measures taken by neighbouring source countries: for example,
Benin reduced their own quota for wild-sourced specimens in 2019 to 200 individuals
(UNEP 2019) to regulate harvest in their country.

What are the impacts of hunting on ball pythons?

Although the global conservation status of the ball python has been assessed Least
Concern according to the IUCN Red List of Threatened Species, population esti-
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mates for ball pythons in West African ecosystems remain lacking (Auliya and Schmitz
2010). Despite their relatively wide distribution and adaptability to anthropogenically-
altered habitat, regional concerns have already been raised about the impact of live
python trade on the conservation of this species (e.g., Harris 2002; Toudonou 2015).
Currently, there is no formal population monitoring initiative in place and as such it is
not possible to assess whether or not this level of exploitation is sustainable. However,
additional large-scale domestic use as bush meat and traditional medicine throughout
its range (Harris 2002; Auliya and Schmitz 2010; Segniagbeto et al. 2013; D’Cruze et
al., in prep.) and hunter perceptions of ball python population declines raise questions
in this regard. We did not attempt to infer the cause of the perceived decline in ball
python numbers and there are a number of additional factors that could cause such a
decline, including habitat loss (i.e. expansion of agricultural areas into protected areas;
see e.g., Harris 2002) and climate change (i.e. increasing frequency and duration of
droughts; see e.g., Reading et al. 2010). However, these effects are not isolated, and
habitat loss, for example, can increase a populations” vulnerability to overutilization if
the population becomes smaller or less resilient as a result and harvest levels remain
the same (Regehr et al. 2017; see also Schai-Braun et al. 2019 for discussion of neces-
sary adjustments to harvest quotas in response to population fluctuations caused by
climatic events).

A key assumption of the current management process that underpins the export of
ball pythons reported as “ranched” from Togo is that wild release is carried out to bal-
ance this off take. However, our study highlights that in Togo this may not be carried
out effectively. Although 86% of hunters stated that they released ball pythons back
into the wild, the fact that more snakes were captured than were released suggests that
the release of all females, in addition to the release of a proportion of offspring pro-
duced on the farms, is not being carried out as agreed national management regulations
require. Furthermore, there are also questions regarding whether the re-release of ball
pythons is being managed to avoid the introduction of disease (Auliya et al., in prep.).

In addition to questions regarding sustainability, there are a number of animal wel-
fare issues associated with hunting practices currently being applied in Togo. Reptiles
are recognised in the limited relevant research as being capable of a range of intellectual
abilities and states including anxiety, distress, excitement, fear, frustration and pain
(Lambert et al. 2019) suggesting that ball pythons, like other reptiles, have the capac-
ity to experience suffering during capture, restraint, transport and subsequent captivity
(Baker et al. 2013). We were not able to collect data on ball python morbidity and
mortality rates during hunting and holding at farms. However, according to Harris
(2002), the directors of two farms reported an estimated mortality rate between 1-2%
at their facilities, and 1-5% during international transport; the latter information as
the author notes, needs to be interpreted with caution as “importers ... often falsify this
data to increase profit”. Further information on this matter would, in addition to quan-
tifying efficiency of the system, provide insight into the extent and severity of animal
welfare issues, but it is likely that snakes suffered stress during capture (in most cases
physical removal from rodent burrows) and transport (live, in sacks filled with other
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snakes) and possible that they sustained physical injuries — either or both may result
in death or increased susceptibility to disease and / or infection (Baker et al. 2013).
A proportion (17%) of hunters stated that they also kept gravid females themselves
at home until their eggs were laid (which were then sold directly to farms). Whilst
also not formally part of the study, post hoc visits to a number of hunters’ “holding
facilities” revealed sub-optimal captive conditions, and morbid animals with little to
no veterinary, hygiene or disease transmission protocols in place.

What are the limitations of our study?

Caution is required in interpreting data derived from hunter interviews (e.g., Newton
et al. 2008). For example, interviewees might have been reluctant to be honest about
the magnitude of ball python hunting activities and there is a risk that the data un-
derestimate overall hunting levels. Conversely, there is also a chance that some of the
hunters may have overestimated their hunting success, or the value of their catch. In
this study, it was puzzling that for some hunters the calculated proportion of their in-
come provided by ball python hunting was greater than their reported annual income
— this may in part be due to such overestimates (whether intentional or not) and / or
to the cumulative effect of potential minor over-estimates for all variables included
in the calculation. It is also possible that profits were not divided equally amongst
all members of the hunting party, thus overestimating the total income generated for
those receiving a smaller share. There are also further complicating factors such as the
costs involved in purchasing additional snakes and eggs, and for this reason we did not
include those hunters involved in further trading in our estimates of total income gen-
erated, but it is likely that this additional trading is potentially lucrative. Nevertheless,
regardless of the precise proportion of total income provided by python hunting, our
calculations suggest that it is currently substantial.

In addition, it was not possible to learn whether hunters only collected females
with clear evidence of them being gravid, and / or whether they collected all females
after the mating period, i.e. only assuming that they were gravid? Similarly, we do not
know how many adult males were collected, how many adult females were released
(post egg laying), or what proportion of juveniles produced in farms were in fact re-
released. Also, we do not know whether wild captured specimens are intended for the
purpose of consuming or supplying bush meat (markets) to other parts of the country
or even across the country’s border to Benin (Toudonou 2015), or even Nigeria (Eni-
ang et al. 20006).

Our aim was not to assess the extent of impact or the total number of people in-
volved, rather we sought to understand the practices undertaken by those who were
willing to discuss that they hunted pythons and their reasons for doing so, and to assess
whether there was cause for potential concern that might warrant further study. That
58 hunter / traders were willing to talk to us and that 40% (7 = 23) openly admitted to
an irregular if not illegal sourcing of ball pythons from neighbouring countries without
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required CITES permissions suggests that they were being truthful. That 45 hunter /
traders believed that ball python numbers were declining suggests further monitoring
is required. According to Gorzula et al. (1997), there was Sufficient hearsay evidence
to suggest strongly that ball pythons are being smuggled from Ghana to Togo and Benin”.
Furthermore, Ineich (2006) stated that juvenile ball pythons originating from Benin
are legally and illegally brought to Ghana. The overall similarity in the answers from
hunters across 20 different villages from eight different districts, that might be located
up to 100 km from each other, further suggests the validity of the data and the serious-
ness of our findings.

How can we protect ball pythons and people?

It is clear that hunting ball pythons to supplement the international exotic pet trade
is a valuable source of income for the hunters currently engaged in this commercial
trade. However, the long-term viability of this activity as a source of financial income
is jeopardised by an apparent increase in the number of captive-bred ball pythons in
key importing countries such as the USA (Barker and Barker 2006), and the increasing
role of the USA (and some European countries) as a global exporter of captive-bred
ball pythons (CITES Trade Database, https://trade.cites.org). A detailed analysis of
international market forces is beyond the scope of our study. However, it appears that
even if both demand for, and quotas for, ball pythons remained stable, the number of
hunters required to meet current demand remains relatively small.

Currently, the ball python quota from Togo is set at 62,500 ranched individuals
and 1,500 wild caught individuals (UNEP 2019). On average, the hunters interviewed
during our study indicated that they harvested 120 live ball pythons to supplement
the ranching process during a 12-month period. Assuming that each snake survived
to produce one clutch of eight eggs (Aubret et al. 2003), all of which provided vi-
able hatchlings, only approximately 61 hunters would be required to meet the 62,500
ranched individual quota currently put in place by Togo. Should consumer demand for
ball pythons in key foreign markets shift away from ranched and / or wild captured ball
pythons from West Africa, sustainable alternative livelihood initiatives (D’Cruze et al.
2010) may be useful in helping hunters to find new viable forms of income.

From a legal perspective, it is apparent that there are a number of complex and
potentially conflicting pieces of legislation that relate to ball python hunting and sub-
sequent commercial trade. As such, a streamlining exercise for the various existing
pieces of domestic legislation would greatly benefit efforts to protect remaining wild
ball python populations in Togo. The apparent intention of the Togolese authorities to
update its capacity relating to the implementation of CITES would present an excel-
lent opportunity to provide clarity and improved enforcement in this regard. Indeed,
it is not clear that the source code R is appropriate for the “ranching” system described
here, given the inclusion of the collection of gravid females, and other uncertainties
such as how long offspring are held at farms for “rearing” prior to export.
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In addition, clarification on the circumstantial requirements of ball python hunting
licences and the penalties associated with violating relevant legislation is urgently required.
Furthermore, the cross-border hunting activity reported during our study supports pre-
vious recommendations for increased control in the harvest and release of ball pythons
(e.g., de Buffrénil 1995) and highlights the current need to define common legal tools in
a tripartite agreement between the three main ball python range states in West Africa that
are predominantly involved in their commercial export (Benin, Ghana and Togo).

Ultimately, confidence in the long-term sustainability of current ball python hunt-
ing practices, in terms of a source of financial income and wild population survival, is
currently undermined by a lack of data on the status of wild ball python populations.
Such data are essential to assign appropriate quotas (cf. Schai-Braun et al. 2019) that
protect both people and ball pythons and are an urgent priority in this regard. How-
ever, such initiatives can be difficult to implement, time consuming and costly to fund
(D’Cruze etal. 2009). In the interim, in light of the unregulated and potentially unsus-
tainable nature of ball python hunting in Togo highlighted by this study, a revision of
the Togo export quota should be considered as part of a more precautionary approach.
Benin appears to have already taken such preventative action, recently reducing its
export quota from 45,000 specimens that were exported as ranched in 2017 to 22,000
in 2018 and 2019 (UNEP 2019). Given the recognised current financial value of the
international trade in Ball pythons to hunters in Togo, direct monetary compensation
[e.g., payments for ecosystem services (Clements et al. 2010)] may prove useful to help
minimize any unintended negative economic impacts on local communities.

Conclusion

Our study suggests that the ball python production methods applied on the ground in
Togo do not accurately reflect (1) offtake levels reported in CITES trade data, (2) the
methods being reported to national authorities or international regulatory mechanisms
such as CITES, in terms of source country, (3) the extent to which current production
methods are dependent on wild-sourced ball pythons, and (4) aspects of management
practice (such as re-release of females and a proportion of juveniles). This irregular, if
not illegal trade may also be unsustainable, for example as implied by hunters reporting
that there are fewer ball pythons in the wild than there were five years ago. Although
our study was focused only on Togolese hunters, it is clear that cross-border harvesting
is taking place in Benin and Ghana. As such it is likely that these issues are not only
restricted to Togo. In short, we highlight a number of uncertainties in the “ranching”
process of ball pythons in Togo, and neighbouring countries, upon which legal, sus-
tainable and humane trade depends, and that warrant further study. To create a trade
that is transparent in all respects, we support previous conclusions that a solution can-
not be sought at the national level but must also involve the neighbouring states Gha-
na and Benin (e.g., Jenkins 1998; Gorzula et al. 1997). A tri-state common strategy
would need to be developed to reorder the trade with ball pythons for all stakeholders

in terms of sustainability and traceability of animals (origin, source).
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Abstract

‘The ball python (Python regius) is the world’s most commonly traded python species for the “exotic” pet
industry. The majority of these live snakes are produced via a number of python farms in West Africa that
have been in operation since the 1960s and involved with “ranching” operations since the 1990s. Howev-
et, to date no thorough taxonomic review or genetic studies have been conducted within its range, despite
the fact that the evaluation of a species’ genetic variability is generally considered mandatory for effective
management. We used mtDNA sequence data and eight polymorphic microsatellite markers to assess the
underlying population genetic structure and to test the potential of the nuclear markers to assign farm
individuals to wild reference populations in southern Togo. Despite the relatively large distances between
sample locations, no significant genetic population structure was found, either in mtDNA sequence data
or in the microsatellite data. Instead, our data indicate considerable gene flow among the locations. The
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absence of a distinct population subdivision may have resulted from an anthropogenic driven admixture
of populations associated with commercial wildlife trade activity in recent decades. Given the ongoing
largely unregulated nature of the commercial ranching of ball pythons in West Africa, should a wild
release component continue, as a first measure we recommend that the Management Authorities should
develop an action plan with specific release protocols for python farms to minimise any potential negative
conservation impacts resulting from admixture (genetic pollution) between farmed and wild individuals.

Keywords
COI gene, microsatellites, population assignment, Python regius, West Africa, wildlife trade management

Introduction

The ball python (Python regius) is native to open woodlands and savannahs of western
Africa south of the Sahara extending east into north-western Uganda, and has been
recorded from at least 18 countries (Barker and Barker 2006; Uetz et al. 2019). In
2009, the species was last assessed as “Least Concern” in the International Union for
Conservation of Nature (IUCN) Red List of Threatened Species with an “Unknown”
population status (Auliya and Schmitz 2010). All Pythonidae species were included
on CITES Appendix II in 1977 (except Python molurus that has been included on
Appendix I since 1975) (UNEP 2019). The ball python is the world’s most common
species of python traded internationally for the commercial exotic pet trade (Barker
and Barker 2006; D’Cruze et al., in prep.).

Since 1997, several West African States within the range of ball python have estab-
lished quotas for export, the majority of which relate to live specimens intended for com-
mercial purposes (Fig. 1). In recent years the largest volumes were exported as “ranched”
specimens (CITES Source Code “R”). For example, between 1997 and 2018, 3,628,030
live specimens were reported from the main exporting countries combined (Togo, n =
1,252,500; Benin, n = 1,479,530; Ghana, n = 867,500) (CITES Trade Database, https://
trade.cites.org). In the same period the total export quota for wild sourced live specimens
was 206,101 (Togo, n = 33,501; Benin, n = 32,600; Ghana, n = 140,000) (UNEP 2019).
Between 2008 and 2018, Ghana established an annual export quota of 200 captive-bred
specimens, except 2013; export quotas for captive-bred specimens were not established
in Togo and Benin during the study period 1997-2018. Export quotas set by other West
African nations are relatively negligible in terms of volumes (UNEP 2019; Fig. 1).

In recent decades, there has been a shift away from sourcing wild caught ball py-
thons and towards sourcing them through “ranching” initiatives via python “farms” in
the three main exporting countries (Robinson et al. 2015), to the extent that in the last
10 years 95% of live exports from Togo were recorded using CITES source code “R”
with the majority destined for the USA (CITES Trade Database, https://trade.cites.
org; D’Cruze et al., in prep.). According to CITES, ranching is defined as the rearing
in a controlled environment of animals taken as eggs or juveniles from the wild, where they
would otherwise have had a very low probability of surviving to adulthood (https://cites.
org/eng/res/11/11-16R15.php). A common part of the ranching system is the release
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Figure 1. A Export quotas for ranched live ball python specimens from the three major exporting coun-
tries B export quotas for (1) wild live specimens from the three major exporting countries (for colours see
A), for (2) wild specimens (live and skins), and for (3) captive-bred live specimens. Sources: https://www.
cites.org/eng/resources/quotas/index.php, UNEP 2019.

of a percentage rate of neonates produced in captivity. In Togo for example, as recom-
mended by Ineich (2006) this amount has been suggested to comprise 20% of the live
snakes exported from Togo annually.

Between 1995 and 2016, numerous European Union (EU) and CITES-commis-
sioned assessments and scientific studies were conducted in West Africa, including Togo
(Segniagbeto et al. 2011). These initiatives aimed to evaluate management practices in
the live reptile trade and in many cases had a particular focus on ball pythons (e.g., de
Buffrénil 1995; Gorzula et al. 1997; Jenkins 1998; Affo 2001; Harris 2002; Harwood
2003; Ineich 2006; UNEP-WCMC 2010, 2014; Segniagbeto 2016). Although Ineich
(2006) reported that trade was broadly being carried out under “relatively healthy con-
ditions”, historically the results of these assessments have repeatedly reported a number
of specific inconsistencies of the ranching strategies for Benin and raised questions for
Togo that warrant additional scientific scrutiny (Ineich 2004, 2006; Toudonou 2003,
2004, 2007; Segniagbeto et al. 2011).

More recently, many of these inconsistencies have been confirmed as ongoing and
have been summarised by D’Cruze et al. (in prep.) following a questionnaire-based
study focused on ball python hunters in Togo. Specifically, this study found that: (1)
the majority of surveyed hunters were not aware of national quotas relating to this
CITES listed species; (2) that their harvest activity also involved illegal cross border
collection and trade activities in other nearby range states (i.e., Benin, Ghana and
Nigeria); and (3) that the release of gravid females collected in the wild and a propor-
tion (20%, see above) of the resulting neonates (as part of the ranching program) was
not monitored appropriately, with snakes being released without full care and con-
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sideration given to key aspects, such as source location and the habitat of release sites
(D’Cruze et al., in prep.).

Perceived and/or real inconsistencies relating to specific trade activities (as reported
for ball python ranching — see above) can be forensically investigated by applying
genetic methods that identify geographic origins and population structures of target
species (Ogden 2012) (i.e., how is ball python ranching operated per se?). In addition,
new information regarding the potential associated impacts of such trade activity on
wild populations can also be elucidated (i.e., ball python conservation). However, to
date no thorough taxonomic review or genetic studies have been conducted for the ball
python within its range, despite the fact that the evaluation of a species’ genetic vari-
ability is considered mandatory for a fully effective and comprehensive management
strategy (e.g., Sarre and Georges 2009; Frankham et al. 2014, and citations therein).

Here, we present the first molecular genetic analyses focused on the genetic struc-
ture and diversity of the natural population(s) of ball pythons in southern Togo [a
region where the “vast majority of exploitation (in regard to ball pythons)” has been
reported to take place (Harris 2002)] using eight polymorphic nuclear microsatellite
loci and a fragment of the mitochondrial (mt) cytochrome ¢ oxidase subunit 1 (COI)
gene. COI is the most utilised marker for barcoding species (McGraw et al. 2012)
and commonly used in phylogenetic studies on vertebrates (e.g., Saladin et al. 2019).
Microsatellite markers are codominant, highly polymorphic and have high mutation
rates and can therefore provide insight into small-scale genetic variation and ideally
allow for the identification of specimens and their populations of origin (Schwartz
et al. 2007; Palsboll et al. 2013). Although microsatellites cannot directly impact a
population negatively or positively, they have proven to be reliable indicators for the
genetic diversity and allow for the comparison of genetic characteristics between pop-
ulations, e.g. heterozygosity, allelic diversity, which has been noted to indicate levels of
inbreeding or adaptive potential (Jump et al. 2009; Fraser et al. 2018; Lawrence et al.
2019). We used the microsatellite loci to test their predictive power for determining
the origin of farmed (and traded) individuals and to assess the genetic differentiation
between populations.

The main goal of this work is: (1) explore whether the genetic structure and diver-
gence of wild ball python populations in Togo is consistent with their naturally expect-
ed low gene flow given their assumed low dispersal capacity (see below); (2) explore the
role that commercial trade activities may have played to gain information on whether,
and if so to what extent, ranching activities operating from facilities in python “farms”
in Togo are impacting on wild populations; and (3) provide recommendations that can
help inform existing and future initiatives focused on the conservation of this species.

Methods

Currently there are nine known farms that are registered to conduct commercial cap-
tive breeding and ranching of reptiles in Lomé. Seven of these farms were visited dur-
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ing this study. These seven farms are thought to be responsible for exporting the major-
ity (> 90%) of specimens globally (Segniagbeto 2016).

Sample collection

A non-invasive buccal swab method was applied to collect samples from 62 ball python
specimens in Togo, including 21 samples from five of the nine known python farms cur-
rently located in Lomé and 41 samples from 12 wild populations located outside Lomé
(Fig. 2). The number of samples differed between python farms and between locations
of wild populations (ranging from 1-11) (Fig. 3, Suppl. material 1: Tables S1, S3).

DNA Extraction

Total genomic DNA was extracted from swab samples using the Blood and Tissue kit
by Qiagen (Hilden, Germany) following the manufacturer’s protocol. DNA extracts are
available from the ZEMK Biobank, Bonn. The COI segment (674 bp) with primers
HCO2198-J] and LCO1490-]] (Astrin and Stiiben 2008) was amplified via the poly-
merase chain reaction (PCR) in reaction volumes of 20 pl, including 2.5 pl of undiluted
DNA template, and using the Multiplex PCR Master Mix (Qiagen). Thermal cycling
was performed on GeneAmp PCR System 2700 instruments (Life Technologies, Carls-
bad, USA) as follows: hot start Taq activation: 15 min at 95 °C; first cycle set, touch
down (15 repeats): 35 s denaturation at 94 °C, 90 s annealing at 55 °C (-1 °C/cycle) and
90 s extension at 72 °C. Second cycle set (25 repeats): 35 s denaturation at 94 °C, 90 s
annealing at 40 °C and 90 s extension at 72 °C; final elongation 10 min at 72 °C. Ampli-
cons were purified with the ExoSAP-IT Purification Kit (USB Corporation, Cleveland,
Ohio) and sequenced in both directions using the PCR primers at Macrogen Europe’s
commercial Sanger sequencing service (Amsterdam, NL). All newly found haplotypes
were deposited in GenBank (accession numbers: Suppl. material 1: Table S1).

Mitochondrial sequence data analysis

Molecular data were first phylogenetically analysed based on mtDNA to gain insights
into spatial pattern of genetic variation and the level of genetic divergence among
populations of the species in Togo.

The number of haplotypes was calculated using DnaSP 6 (Rozas et al. 2017). A
median-joining (Bandelt et al. 1999) and a median (Bandelt et al. 1995) haplotype
network was constructed in PopART v. 1.7 (Leigh and Bryant 2015) and SplitsTree v.
4.14.8 (Huson and Bryant 2006), respectively, to visualise relationships among haplo-
types of the 12 localities (hereafter referred to as “populations”). Haplotype frequency
distribution was mapped using ArcGIS 10.3.1 (ESRI, Redlands, CA, U.S.A.).
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Figure 2. Southern Togo with sampling locations for wild Python regius (green) and housed in farms
(red). Five specimens were sampled at each of three python farms, and at two farms each an additional
three specimens were sampled. Number of wild specimens sampled per location: Hangoume, n = 3;
Dagbeati, n = 2, Kpove, n = 3, Assahoun, n = 2; Tado, n = 3; Tsevi¢, n = 3; Agbave, n = 1; Nyidove, n = 1,
Amoussoukope, n = 4; Ountivou, n = 6; Towouganou (Zio), n = 11; Aveta, n = 2.

We also tested for significant differences in nucleotide and haplotype diversity be-
tween sample locations using permutation tests implemented in the R script genetic_
diversity_diffs v1.0.6 (Alexander et al. 2016; R Core Team 2019) with 10,000 itera-
tions. The script resamples from the combined haplotype frequencies over all popula-
tions, in order to test whether the observed differences in haplotype diversity between
specific populations, are greater than expected by chance. For this analysis, we grouped
all farms together due to their small geographic distances, as we did with the neigh-
bouring localities Agbave and Nyidove from which only one sample was available each.

Phylogenies were reconstructed by Maximum Likelihood (ML) and Bayesian
Inference (BI) methods, using RAXML v. 8.2.10 (Stamatakis 2014) as well as MrBayes
v. 3.2.7a (Ronquist et al. 2012). We used Xenopeltis unicolor (NCBI accession no.
LC075326) as outgroup and included additional COI-sequences of P regius available
from GenBank (AB177878; KX012740; KX012757; KX012789-KX012791;
NC007399). Optimal partitioning schemes and substitution models for each partition
were selected using the Bayesian Information Criterion in a greedy search algorithm
and linked branch lengths in PartitionFinder v. 1.1.1 (Lanfear et al. 2012, 2014). BI
analyses were then run using models and codon partitions as selected by PartitionFinder.


http://www.ncbi.nlm.nih.gov/nuccore/LC075326
http://www.ncbi.nlm.nih.gov/nuccore/AB177878
http://www.ncbi.nlm.nih.gov/nuccore/KX012740
http://www.ncbi.nlm.nih.gov/nuccore/KX012757
http://www.ncbi.nlm.nih.gov/nuccore/KX012789
http://www.ncbi.nlm.nih.gov/nuccore/KX012791
http://www.ncbi.nlm.nih.gov/nuccore/NC007399
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Figure 3. Map of the spatial distribution of haplotypes of Python regius in Togo. Circle sizes correspond
to haplotype frequency. Source of the map: https://www.esri.com.

ML tree construction was performed under the GTR-GAMMA model applying the
codon partition scheme preferred by PartitionFinder. Nodal support of the tree was
assessed by rapid bootstrapping algorithm with 1,000 bootstrap replicates.


https://www.esri.com
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Microsatellite amplification, genotyping and analysis

We initially tested the cross-amplification of microsatellite loci previously described
by Jordan et al. (2002) and Shaney et al. (2016). Out of these microsatellites, 11 loci
cross-amplified in our samples and were genotyped for each sample using fluorescently
labelled primers (for accession numbers see Table 1). Some of the primers were modi-
fied in their length to adjust the annealing temperature for a multiplex reaction. Be-
fore multiplexing, all primer pairs were tested in singleplex PCRs to check for correct
amplification of the desired fragments. PCRs were performed in a 12,5pl reaction mix
containing 5-40 ng DNA, 200 pM dNTP’s, 0,5 uM each primer pair (reverse primer
of each pair was labelled, see Table 1), 5x Q5 reaction buffer and 1 U Q5 High-Fidelity
polymerase (New England Biolabs). Amplification conditions were as follows: 98 °C
for 30 s followed by 33 cycles at 98 °C for 10 s, 64 °C annealing temperature for 30 s
and 72 °C for 30 s, with a final extension at 72 °C for 2 min. Amplification products
were separated on an ABI 3730 automatic sequencer. Raw data were analysed and

evaluated using GeneMapper ID v3.2.1 (Applied Biosystems).

Microsatellite analysis

All markers were checked for scoring errors, large allele dropout and the possible pres-
ence of null alleles using Micro-checker v2.2.3 (van Oosterhout et al. 2004). Depar-
ture from Hardy—Weinberg equilibrium (HWE) was tested for each locus by Fisher’s
exact tests (Guo and Thompson 1992) using a Markov chain Monte Carlo (MCMC)
approach with 10,000 steps and 1,000 iterations as implemented in GenePop v. 4.2
(Raymond and Rousset 1995). GenePop was also used to test linkage disequilibrium
(LD) for all pairs of loci. P-values of LD were corrected using the FDR-method (Ben-
jamini and Hochberg 1995). The number of alleles, polymorphic information content
(PIC) (Botstein et al. 1980), expected (He) and observed (Ho) heterozygosity were
calculated per locus using Cervus v. 3.0.7 (Marshall et al. 1998; Kalinowski et al.
2007). ESTAT (Goudet 1995) was used to estimate and test (with 10,000 permuta-
tions) F . values between wild populations as well as between wild populations and
farm individuals. GenAlEx (Peakall and Smouse 2006, 2012) was used to compute the
probability of identity (PI) with increasing locus combinations, i.e., the probability
that two randomly chosen individuals in a population have identical genotypes.
Isolation by distance (IBD) was examined for the “wild” populations with reduced
major axis (RMA) regression and Mantel test on matrices of genetic and geographic
distances using IBD v.1.52 (Bohonak 2002) and 10,000 randomisations. Pairwise ge-
ographic distances between localities were calculated with der Geographic Distance
Matrix Generator (Ersts 2019) and log-transformed. Genetic distance matrix (FST/[1-
ESTT; Rousset 1997) was obtained with GenePop, based on the eight polymorphic loci.
Individual assignment tests were performed to assign farm individuals to the popu-
lation they have the highest probability of belonging to using a Bayesian approach
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Table |. Microsatellite primers used for multiplex reaction.

Sequence name 5’ Modification Primer Sequence (5'-3") Genbank Accession No.
MS27-F 6-Fam TTACACAACAACCGCCATAG AF403219
MS27-R_mod* TCCTTCTTATCCTGTTTACTCTGT
KE959105.1-F 6-Fam CACTGTTTTGGGCCATCTCC KE959105
KE959105.1-R GGGTTTAGGATGTGTTCTGATTCC
KE955519.1-F_mod* 6-Fam ATTTTAGCTGCAGGCTGTGG KE955519
KE955519.1-R TCTGCTAGGGCAAAACTGGG
KE961431.1-F 6-Fam GAAGGGAGGCCCAAATATCC KE961431
KE961431.1-R GAGAGACCTGGTGCAAACCC
KE961083.1-F_mod* 6-Fam GTCCCAAACATCCAGAGGG KE961083
KE961083.1-R GGATCAAACCTGGACAAGCC
KE955203.1-F Joe TGCATTTTCTCTTCCACAGGG KE955203
KE955203.1-R ATCTTCTGGGGAACCAACCC
MS16-F Joe GAGTTCTGGTCTTGCTTTCG AF403208
MS16-R CAGGTACAACTTTCTCCAAC
KE966557.1-F Joe GCCTCCTACTCAAAGGGTGG KE966557
KE966557.1-R CATGGGAGGCAAGGTAAAGG
MS9-F Tamra CAGTGGGCTTGAGATTGAC AF403201
MS9-R_mod* CCATTCCTTAAAACACTCTCACTC
MS13-F Tamra AACAGAGAAGCACAATCACC AF403205
MS13-R_mod* TGGCTCTCACTTGATATATTAGAAG
MS5-F Tamra TAGGGTGTCAGTCATTGCTC AF403197
MS5-R TGGCATCCAGCAGTCATAG

* modified primer length

according to Rannala and Mountain (1997) implemented in the program GeneClass2
(Piry et al. 2004). This method has been shown to outperform other assignment tech-
niques, and has been specifically demonstrated to obtain high assignment accuracy
for smaller sample sizes (Cornuet et al. 1999). Moreover, this assignment method has
the advantage that it does not assume that the true population of origin is among the
sampled populations (Manel et al. 2002). We included the eight polymorphic loci
only, assumed a threshold of 0.05 and applied a Monte Carlo resampling of 100,000
simulated individuals (Paetkau et al. 2004). For broad comparison, we also performed
self-assignment tests for the individuals from wild populations using the same param-
eter setting. We considered individuals with an assignment score > 0.7 to be assigned
with confidence (Dellicour et al. 2011).

Results

MtDNA sequence information and phylogeny

The extraction of DNA from buccal swabs of 60 individual specimens from Togo
proved successful; for two samples DNA extraction failed. The aligned sequence data
set of these samples contained 674 bp with 13 variable characters of which 10 were
parsimony informative. Translation of the gene segment revealed no frameshift muta-


http://www.ncbi.nlm.nih.gov/nuccore/AF403219
http://www.ncbi.nlm.nih.gov/nuccore/KE959105
http://www.ncbi.nlm.nih.gov/nuccore/KE955519
http://www.ncbi.nlm.nih.gov/nuccore/KE961431
http://www.ncbi.nlm.nih.gov/nuccore/KE961083
http://www.ncbi.nlm.nih.gov/nuccore/KE955203
http://www.ncbi.nlm.nih.gov/nuccore/AF403208
http://www.ncbi.nlm.nih.gov/nuccore/KE966557
http://www.ncbi.nlm.nih.gov/nuccore/AF403201
http://www.ncbi.nlm.nih.gov/nuccore/AF403205
http://www.ncbi.nlm.nih.gov/nuccore/AF403197
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tions or premature stop codons. Both Bl and ML trees show that samples are split into
three major clades, which, however, show no geographic structure and are only weakly
differentiated (Suppl. material 1: Fig. S1). These clades are consistently recovered in
the median network (Suppl. material 1: Fig. S2). Sequence comparison revealed a to-
tal of nine haplotypes, including a haplotype found by Dong and Kumazawa (2005)
(AB177878); the nine haplotypes were deposited in GenBank (MN295674-82). One
haplotype (hapl) was shared by all localities except Nyidove (close to the Ghanaian
border); three haplotypes (hap7, hap8 and hap9) were unique to their geographic
population (Ountivou, near the Benin border; Towouganou [Zio district] and Aveta),
and not represented among the samples from any farm (Fig. 3). Remaining haplotypes
(which differed from the most common haplotype by only 1-4 mutations) were found
at moderate to low frequency (Figs 3, 4). Five among nine haplotypes (based on 21
individuals) were represented among farm animals.

Consistent with the phylogenetic trees, the haplotype network does not inform on
a specific geographic structure and pairwise comparison of genetic diversity between
the localities revealed no significant differences (Fig. 4, Suppl. material 1: Table S2).

Microsatellites — Genetic diversity, and individual assignment

Seven out of 60 individual DNA samples could not be amplified for any of the micro-
satellite loci and were excluded from subsequent analyses. At least eight microsatellites
were polymorphic and four of them showed higher polymorphism with PIC values
> 0.7 (Table 2). None of the loci showed indications for the presence of null alleles,
large allele dropout or stuttering. The sample set from the “Adaptation farm” showed
a higher number of homozygotes at locus 5-MS16. However, because these farm sam-
ples may originate from different populations, we considered this excess as uncriti-
cal for subsequent analyses. Tests for LD between all pairs of loci across populations
yielded no significant genotypic disequilibrium; none of the loci deviated significantly
from HWE. For polymorphic loci, the mean number of alleles was seven (2-25 alleles
per locus), the observed heterozygosity ranged from 0.02 to 0.91, and the expected
heterozygosity from 0.01 to 0.93. The probability of two random animals having iden-
tical genotypes was estimated at 2.0 x 10 (Table 2).

Information on population differentiation can ideally serve the management of
genetic populations or, in our case, monitor national management regimes. The level
of genetic differentiation (F,) between localities where wild individuals were sampled
and specimens sampled from farms varied from 0 to 0.09 (Suppl. material 1: Table S3);
none of the pairwise F ~values was significant, and there was no evidence of isolation
by distance across populations (Z = -11588.18, r = 0.24, p < 0.08). Notably, F, -values
among pairs that included a farm were remarkably low, indicating a potentially higher
level of individuals from different populations among the farm samples that minimise
the degree of genetic differentiation between farms and wild populations.


http://www.ncbi.nlm.nih.gov/nuccore/AB177878
http://www.ncbi.nlm.nih.gov/nuccore/MN295674
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Figure 4. Haplotype network based on 674 bp of COI gene from 60 specimens of Python regius from Togo.
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Table 2. Genetic variability at 11 microsatellites applied in Python regius. Ho = observed heterozygosity;

He = expected heterozygosity; PIC = polymorphism information content; PI = probability of identity for

increasing locus combinations.

Locus Repeat  Allelic No.of Meanno. Ho He Missingdata PIC PI
motif range alleles of alleles (%)

12-MS27 (TCTC)7 0 1 1 - - 0 - 1.0
3-KE959105 (AATC)8 0 1 1 - - 0 - 1.0
1-KE955519 (AC)90 14 8 3 0.72 0.72 0 0.68 1.2¢"
14-KE961431  (TC)10 0 1 1 - - 0 - 1.2¢"
2-KE961083 (TTCC)13 22 12 5 0.85 0.87 3.64 0.85 3.8¢?
7-KE955203 (TTC)35 35 2 1 0.02 0.02 0 0.02 3.6¢7
5-MS16 (AAAG)12 30 10 4 0.75 0.82 5.56 0.78 2.3¢*
6-KE966557 (AC)15 4 3 1 0.09 0.09 1.82 0.09 1.9¢
8-MS9 (AAAG)18 24 7 4 0.78 0.79 0 0.75 1.5¢°
17-MS13 (TTTC)16 16 5 3 0.76 0.74 0 0.68 1.9¢*
9-MS5 (TTTCO)17 94 25 5 0.91 0.93 0 0.92 2.0¢e*®
Mean 7 3 0.45 0.43
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Self-assignment of individuals from wild populations was successful and correct
in 94% of the samples, with assignment probabilities ranging between 0.66 and 0.96
(mean 0.86); only two of these correctly allocated samples were assigned with lower
confidence (0.66 - 0.70); (Suppl. material 1: Table S4). Sample MA26 (from Tsevié)
was assigned with a slightly higher confidence to a different population than to the
one where it was sampled from; sample MA50 (from Zio) couldn’t be assigned to any
of the wild population. In “real life” assignment, two of the farm individuals (MA15,
MA19) could be assigned with high confidence to one of the wild reference popula-
tions, while a further five samples (MA3, MA11, MA12, MA15, MA20) were assigned
with a probability > 0.6 (Suppl. material 1: Table S5).

Discussion

Severe inconsistencies in trade activities relating to this species have been previously
reported from the main exporting countries in West Africa (Benin, Togo and Ghana)
(see Ineich 2004, 2006; Toudonou 2003, 2004, 2007), yet despite the recognised im-
portance of such data for sustainable management strategies, genetic variation among
the species’ populations has never been assessed, and molecular forensic methods for
monitoring purposes have not been developed so far.

As such, our study is the first to report on the regional molecular phylogeny and
genetic population differentiation of ball pythons from West Africa and to test the
suitability of polymorphic microsatellites for tracking the origin of farmed individu-
als. Overall, these initial genetic findings from Togo indicate a relatively high mixing
rate of ball pythons at the sampled localities, both within farms and wild populations,
with no apparent bio-geographical trends, which may likely mirror the long-lasting
anthropogenic use, and commercial trade of this species in Togo and other neighbour-
ing range states in West Africa. However, further research to identify the degree of dif-
ferentiation in non-harvested regions, and potential genetic homogenization at a larger
spatial scale is required to verify this conclusively.

Ball python population genetics in Togo

There are no significant geographical or climatic barriers in the sample area and gene
flow between populations of ball pythons has likely occurred over the last 10,000 years.
However, unlike our study, genetic studies focussed on wild populations of other sa-
vannah inhabitant reptile species in West Africa have revealed phylogenetically distinct
clades [e.g., the African helmeted turtle (Pelomedusa subrufa) (Vargas-Ramirez et al.
2010; Wong et al. 2010), the Puff adder (Bitis arietans) (Barlow et al. 2013), and the
Egyptian cobra (Naja haje) (Trape et al. 2009)]. Likewise, phylogenetically distinct
clades have also been previously reported for ball python prey species [e.g., Misonne’s
soft-furred mouse (Praomys misonnei)] (Nicolas et al. 2011).
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Furthermore, stronger population subdivisions than those observed would be ex-
pected, at least across a wider geographic scale, given the low assumed dispersal capacity
of ball pythons. Although an important research priority, to date field research provides
some information on habitat use (Luiselli and Akani 1999), while studies on move-
ments and home range sizes of ball pythons in West Africa are almost lacking. Little
published information is currently available on daily and seasonal activities (Luiselli et
al. 2007), however based on field experience and discussions with collectors in Benin,
the species likely exhibits narrow home range (Toudonou, pers. comms.). Overall, it
is suggested that the ball python represents a rather sedentary species (Luiselli, pers.
comm.) that likely reflects other congeneric sedentary species, such as the Short-tail
python (Python brongersmai), of which specimens have been shown to cover a mean
distance of less than 200 metres in ca. 50 days (Erdelen et al. 1997, in: Auliya 2006).

There are other factors that can influence snake movement and dispersal, such as
the seasonal flooding of python habitat during the wet season (Auliya 20006). Activity
levels can also vary between savannah and forest populations (Luiselli and Angelici
1998), and males of congeners have reported higher activity levels when searching for
females during the breeding season (Slip and Shine 1988). Although such aspects may
have certainly influenced ball python population genetics in Togo, it is important to
note that this species is reported to select specific microhabitats that provide numerous
shelter opportunities and a constant prey source (Barker and Barker 2000).

Similarly, with regards to the ball python specimens sampled within python farms,
haplotype diversity indicates that python farm ranching activity has historically tar-
geted several populations but does not provide a clear spatial pattern or “trade chain”
in this regard. The extent to which this observed lack of well-defined haplogroups is the
result of regional trade activity or continuous historical gene flow/long-distance dis-
persal (or indeed vice versa) cannot be determined based on the mtDNA sequence data
alone. However, it does raise a number of important questions regarding the impact of
ongoing commercial trade activity on remaining wild populations.

In particular, it is currently unclear whether any of the haplotypes identified in
Togo during this study actually originated and / or have current core distributions
in neighbouring range States. This is a distinct possibility given that researchers have
reported illegal cross-border hunting of ball pythons (de Buffrénil 1995) and other
reptile species, such as the Miiller’s sand boa (Eryx muelleri) (Vignoli et al. 2015).

Potential impacts of commercial trade on ball python populations

Our initial genetic findings line up with results obtained from a recent questionnaire-
based study focused on python hunters in Togo, which reported that the collection and
subsequent release of ball python ranched specimens was carried out in a relatively ad
hoc and diffuse manner, without an effective monitoring process in place (D’Cruze et
al., in prep.). Specifically, this study raised concerns that ball pythons may be released
in insufficient numbers, in inappropriate habitats and geographic locations that may
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be at least partly responsible for reported decreases in local wild ball python popula-
tions over the last five years (D’Cruze et al., in prep.).

It is beyond the scope of this study to assess the full impact that trade and associat-
ed ranching activity has had on the conservation status of wild ball python populations
in Togo and other neighboring range states in West Africa. However, the challenges as-
sociated with implementing proper wild release protocols, and the multiple risks posed
to focal species, their associated communities and ecosystem functions in both source
and destination areas (including disease introduction and genetic pollution) are well
known and should be mitigated (IUCN/SSC 2013).

In particular, ball pythons are known to harbour a number of infectious diseases
(e.g., cryptosporidium, Yimming et al. 2016; nidoviruses, Uccellini et al. 2014) and
parasites [including ticks (e.g., Amblyomma latum, Corn et al. 2011)]. For a recent
review of the scientific literature (published between 2009 and 2019), which identified
a list of nearly 150 underlying pathogens associated with this species, please see Green
et al. (2020). The fact that ball pythons are being ranched under intensive commercial
captive conditions prior to their release in large numbers (as has been reported in the
CITES trade database), together with concerns regarding a lack of proper biosecurity
measures at these facilities (D’Cruze et al., in prep.), arguably makes a higher level of
monitoring and evaluation a key priority.

Moreover, the translocation of individuals of non-local origin may lead to intro-
gression that disrupts spatial genetic structure, alters local genetic diversity, and ulti-
mately threatens local adaptations (e.g., S6derquist et al. 2017 and references therein).
Hybridisation between translocated farmed and wild individuals might also be a driver
of biodiversity loss (Randi 2008; Sutherland et al. 2006; Séderquist et al. 2017).

Limitations of the genetic study

Our study provides only an initial insight into ball python genetic diversity in Togo.
Yet, regardless of the low sample size per population, more than 90% of the samples
from wild captures of ball python were correctly assigned to their population of origin,
while 10% of farm samples could be assigned with high probability to one of the wild
populations (and ca. 1/3 with a probability > 0.6). This could indicate that farms har-
vest populations, which have not been sampled in our study. However, the relatively
low percentage of individuals assigned is similar to those reported in other studies and
the limited assignment accuracy may result mainly from population pairs with a F_. <
0.05 (Manel et al. 2002).

We also acknowledge that identifying the full population status and or exact geo-
graphic region of origin of ranched ball pythons in the wild requires a much denser
sampling from a wider geographical area (including populations that have been subject
to harvest in Ghana and Benin, in addition to reference samples of non-harvested popu-
lations across the species’ range), and most importantly, a higher sample size per (sub-)
population (i.e., 25-30 samples; Kalinowski 2005; Hale et al. 2012). This would enable
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us to identify geographic regions where substantial genetic admixture of farmed geno-
types with wild populations may or may not have occurred. Moreover, when a larger sam-
ple size is applied, polymorphism may be revealed at the three additional loci (12-MS27,
3-KE959105, 14-KE961431) that were monomorphic in the samples used in this pre-
sent study, which consequently may contribute “decisively” to forensic assignment.

It is important to note that larger than expected dispersal rates for this species may
be partly responsible for the genetic admixtures reported in this study and more ecolog-
ical studies are needed in this regard. However, based on current knowledge (cf. above),
the ball python is likely a relatively sedentary species, assumed low dispersal capacity.

Recommendations

The long-term sustainability of the large-scale ranching and subsequent export of ball
pythons from the main exporters in West Africa, such as Togo, is undermined by a lack
of data on the status of wild ball python populations including their distribution, pop-
ulation trends and genetic structure. Such data is essential to effectively manage, moni-
tor and evaluate the impact that this type of commercial trade activity may have on the
conservation of this species and is an urgent priority in this regard. We recommend that
future studies looking to build on our findings should aim to reduce the geographic
sampling gaps to provide a denser coverage of samples over a larger area (including non-
harvested regions), include samples from neighbouring range states (especially Benin
and Ghana), include a higher number of samples per population/locality (25-30), and
an increased number of relevant nuclear polymorphic markers (e.g., SNPs, microsatel-
lites or SNP-STRs), to help better assign individual ball pythons to specific popula-
tions. Thus, systematic monitoring across a larger scale is needed to gain more insight
of the spatial genetic population structure and the processes that are potentially associ-
ated with the uncoordinated translocation of farmed and wild individuals.

However, such research initiatives can be difficult to implement, time consum-
ing and costly to fund (D’Cruze et al. 2009). In the interim, we recommend that
Management Authorities should urgently develop a national action plan and specific
release protocols for python farms to minimise any negative conservation impacts re-
sulting from genetic pollution (whilst also minimising any risk of disease introduc-
tion). Should such efforts prove unsuccessful or unviable, additional measures such as
a reduction in the number of ball pythons that are both captured and released may be
required as part of a more precautionary approach. This type of action is not unprec-
edented; a quota reduction has already been adopted by the neighbouring range state
and third largest exporter Benin, which recently reduced its ball python export quota
from 45,000 ranched specimens in 2017 to 22,000 in 2019 (UNEP 2019). Whatever
steps are taken, it is important to draw attention to the fact that given the cross-border
harvest activity that underpins the ball python trade in West Africa, any future initia-
tives should not be restricted to Togo only but also extend to Benin and Ghana too

(Gorzula et al. 1997; Jenkins 1998).
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Conclusions

This study represents the first molecular genetic characterisation of ball pythons in Togo,
one of the world’s most traded snake species. Despite relatively large distances between
sampled locations covering more than 12,773 km? (an estimate based on relevant district
area sizes) no significant genetic population structure was identified, potentially imply-
ing a long-lasting human influence through domestic and international trade activities,
or higher (long-distance) dispersal rates in ball pythons than the species’ natural history
would suggest. Although the ball python is not yet considered to be threatened by extinc-
tion, a modified genetic structure and a potentially associated loss of local adaptations
should be nevertheless of concern from a conservation perspective. Self-assignments were
correct for more than 90% of the samples from wild populations, and almost 1/3 of sam-
ples from farmed individuals could be allocated with higher probability to their potential
population of origin. Although preliminary in nature, this study is the first of its kind for
the ball python in West Africa. It has clearly demonstrated potential for the genetic as-
signment of ranched individuals that can assist management authorities with the ability
to better monitor aspects of the ranching system and to trace trading activities in future.
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Abstract

Conservation for both biodiversity and ecosystem services are an important issue worldwide. However, knowl-
edge of their relationship remains limited. As habitat structure is strongly related to regional biodiversity,
we studied cultural ecosystem services by using habitat structure as a proxy for biodiversity. Specifically, we
used human preference, assessed by using photos with location information (i.e. geo-tagged digital pictures)
as an index of a cultural ecosystem service. We conducted nature walks in semi-natural environments for
cognitively-impaired students from a local special school and studied the photos they took during the walks.
We analysed the habitat preferences inferred from the photo locations and the composition of the photos—
whether they were close-up, scenic or landscape views. The results showed that levels of human preference and
biodiversity, indicated by habitat structure, had a positive relationship. During spring to autumn, when levels
of biological activity are higher, people tended to show more preference in close-up views (i.e. the subject of
the photo was the species itself). In winter, they tended to be interested in scenic views that were not strongly
influenced by species diversity. Additionally, photos taken in areas with threatened species almost always in-
cluded close-up views, although not of the threatened species themselves. Areas with high species diversity
therefore appeared to be more appealing to the participants. These results suggest that habitat diversity could
not only contribute to biodiversity, but also provide cultural ecosystem services. Habitat conservation for semi-
natural environments could be synergised for both biodiversity conservation and general human well-being.
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Introduction

Ecosystem services which provide benefits to people from ecosystems are important to
human societies and to economies (Millennium Ecosystem Assessment 2005; Mace et
al. 2012). Fostering a broad range of ecosystem services has become a dominant envi-
ronmental paradigm that has opened up important conservation opportunities around
the world (de Groot et al. 2010; Plieninger et al. 2013; Castro et al. 2014). However,
as is the case with biodiversity, ecosystem services are declining worldwide, spurring
scientists and policy-makers to act together to identify effective policy solutions (Mace
et al. 2012; Balvanera et al. 2014; Boerema et al. 2017). Identifying the impacts of
biodiversity and detecting ecosystem services on human well-being and making ap-
propriate conservation efforts are crucial to addressing social requirements.
Motivations for the conservation of the natural environment differ (Mace et al.
2012; Mori 2017). For example, biologists and bird watchers may be primarily inter-
ested in biodiversity itself, whereas others may be more concerned with beautiful scen-
ery or clean air (i.e. non-biological components) (Cumming and Maciejewski 2017).
Realistically, setting conservation goals amongst such varied stakeholders is difficult
because of their diverse motivations and/or preferences (Martin-Lépez et al. 2012; Van
Berkel and Verburg 2014; Garrido et al. 2017). This difficulty acts as a barrier to pro-
moting biodiversity conservation activities by society as a whole, that is, activities that
internalise the social—ecological systems. Approaches that could integrate such diverse
motivations should be a central theme in practical conservation planning. In this con-
text, illustrating the key role of biodiversity as a provider of general human well-being
through ecosystem services is a good solution to mainstream the concept of biodiversity
conservation. Studies evaluating biodiversity, including functional diversity and ecosys-
tem services, have been extensively conducted and discussed in the past decade (Tilman
et al. 2006; Mace et al. 2012; Cadotte 2013; Doi et al. 2013; Balvanera et al. 2014;
Mori 2017; Schwarz et al. 2017; Thompson et al. 2018). However, an understanding
of the relationships between biodiversity and ecosystem services remains limited (Car-
dinale et al. 2012; Balvanera et al. 2014; Boerema et al. 2017; Schwarz et al. 2017).
Physical structures (i.e. habitat structures) are strongly related to regional biodiver-
sity and/or ecosystem functions and are relatively easy to observe; thus, they are often
used as a proxy to evaluate biodiversity (Osawa et al. 2010a, b; Marull et al. 2015). If
we could also detect ecosystem services derived from habitat structures that are likely to
produce high biodiversity and/or ecosystem functions, it would be useful in integrating
motivations for conservation. In this study, we tried to identify human well-being that
is derived from habitats and their diversity and that relate to regional biodiversity and/
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or ecosystem functions, focusing on cultural services, defined as non-material benefits
derived from human—ecosystem relationships (Chan et al. 2011, 2012a). Non-materi-
al services, including cultural services, do not exclude other functions or services; thus,
identifying a cultural service (i.e. an additional value) could contribute to options for
the future development of a target ecosystem (Chan et al. 2012b; Van Berkel and Ver-
burg 2014). However, these types of ecosystem services are difficult to evaluate because
their value is non-economic (Chan et al. 2012a; Boerema et al. 2017; Schwarz et al.
2017; Gomes et al. 2018). To identify these services, we used human-interest photos
tagged with location information (i.e. geo-tagged pictures), which have been previ-
ously suggested as potential indices of cultural services (Martinez Pastur et al. 2016;
Yoshimura and Hiura 2017). Generally, people take a photo for objects in which they
have a positive interest i.e. preferences. The Millennium Ecosystem Assessment (2005)
categorised cultural services as mainly seven: spiritual and religious, recreation and eco-
tourism, aesthetic, inspirational, sense of place, cultural heritage and educational (Millen-
nium Ecosystem Assessment 2005; Herndndez-Morcillo et al. 2013) that almost of all
categories would relate to human interests. Especially, recreation and ecotourism and
sense of place are likely to relate directly with human interests i.e. preferences. Actually,
previous studies indicated that revealed preference techniques have been useful in esti-
mating the ecosystem service that is difficult to evaluate directly (Sherrouse et al. 2011;
Casado-Arzuaga et al. 2014; Van Berkel and Verburg 2014).

In this study, we tried to assess the relationship between habitat structure and
human interests i.e. their preferences using geo-tagged photos, with a focus on detect-
ing ecosystem services derived from biodiversity-related components. A previous study
indicated that people preferences are useful for assessing the demand side of the eco-
system services (Casado-Arzuaga et al. 2014). People demand is important for assessing
a cultural service because cultural services are not solely a function or a one-way flow
from natural ecosystems to people, but they are co-generated through the interaction
of people and the environment (Casado-Arzuaga et al. 2014). We predicted that there
would be positive relationships between the variety of habitat structures (as an index
of biodiversity) and human interest i.e. preferences. Specifically, people do not prefer
areas with a very simple habitat structure (i.e. those with low species diversity) because
inherently human interests should be variety. Dallimer et al. (2012) indicated that the
natural environment has generally been treated as uniform, such as green space, when
testing non-material human well-being; thus, incorporating habitat structure could
provide a new insight for this field. We also predicted that phenology would influ-
ence human interest, that is, there might be differences between seasons with high
biological activity and those with low activity. Phenology also could cause habitat dif-
ferences with time which could influence human interests. Thus, we predicted habitat
diversity could contribute to both biodiversity and human well-being simultaneously
with different mechanisms. This idea could expand our understanding of relationships
between natural phenomena and non-material human well-being, so we tested these
hypotheses in a semi-natural area.
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Methods

Study area

The study was conducted in the Asabata Yusuichi retarding pond, Shizuoka Prefec-
ture, Japan (35.02N, 138.40E, 55 ha; Fig. 1). This area is about a 30-minute drive
from Shizuoka Station, a central station in the Prefecture. The terrain of this area is
flat; thus, it has a relatively high risk of flooding. In fact, the area experienced heavy
rains in 1974 known as “Tanabata gouu” and heavy flooding occurred. After this
disaster, the Asabata Yusuichi retarding pond was constructed to reduce the risk of
future flooding.

A nature restoration project managed by local governments has been continuing in
the area since 2008 because it contains not only the pond but also several other types
of habitats, such as wetland, grassland and secondary forest, containing several threat-
ened species (Shizuoka Prefecture, Shizuoka City Council on Asabata Yusuichi 2008).
After the project was established, resident groups were created to discuss the conserva-
tion, sustainable use and applicable management of natural resources, in collaboration
with a wide range of stakeholders (http://asabata.org/, in Japanese, accessed on 20 Jan
2020). One of the resident groups aims to collaborate with a special school to support
student studies and their independent living (http://asabata.org/shien/%E3%83%99
%E3%83%BC%E3%83%86%E3%83%AB%E9I%BA%BB%EG6%A9%9IF%EI%83
%A8%E4%BC%9A%E3%81%AE%ES5%8F%96%E3%82%8A%E7%B5%84%E3
%81%BEF/, in Japanese, accessed on 20 Jan 2020).

Data collection

We conducted nature walks in a semi-natural environment for participants and cog-
nitively-impaired students from a local special school. We used photos taken by the
participants during the walk events to evaluate human interest. Before conducting the
analysis, we obtained permission and agreements with teachers and legal guardians for
using these photos. We collected photos taken by the cognitively-impaired students
who were unlikely to have any bias for ecosystem services. Thus, we predicted that the
interests of non-impaired people would probably be influenced by lectures at nature
walk events. For example, if an event lecturer is familiar with birds, then participants
may tend to focus on birds. Alternatively, non-impaired participants might read bro-
chures or reports published by the nature restoration project before the event and may
focus on the threatened species in this area. Cognitively-impaired students would be
unlikely to be biased. The special school is located near Asabata Yusuichi (Fig. 1) and
collaborates with the nature restoration project, as described above, so the students
often visit the area. Students are from class grades ranging from primary to high
school (with ages about 7-18 years). We conducted a number of nature walks with
students from 2015 to 2017 and collected photos from seven of these walks. During
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Figure 1. Study area and some land marls in this study. We conducted the study in the part of Asabana

Yusuichi.

the walks, students took photos of areas or things that interested them using digital
cameras with geo-tagging capability (Ricoh WG-4). We did not use photos without
attached geo-tags for this analysis.
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Definition of picture composition

We defined three types of picture compositions: close-up, scenery and landscape. If the
subject in a photo was a single species or more than one species close enough to touch
another, it was classified as a close-up view. If the subject was scenery that could be
reached easily on foot, such as a grassland or a full view of a tree or stand, it was clas-
sified as a scenic view. If the subject was a landscape that could not be reached easily
on foot, such as a mountain, it was classified as a landscape view. Typical pictures from
each view are shown in Suppl. material 1: Fig. S1. Close-up views might be the most
influenced by biological activity because people can define the target species, colour
and shapes, while both scenic and landscape views would be less so, since wide-angle
compositions tend to include non-biological objects. Before categorising the photos,
we excluded some pictures that obviously overlapped with respect to objects and tem-
porally adjacent time stamps.

Land cover, habitat classification and field survey

We used an aerial photograph taken in December 2016 to map the current land cover
(Fig. 2a), which we classified as bare ground, forest, grassland, open water or paddy
field according to our interpretation of the aerial photographs and ground-truth field-
work. We used the land-cover types as an index of habitat and diversity. To create the
land-cover map, we used GIS polygon data based on the photographs and conducted
ground-truth fieldwork to evaluate the accuracy of the classifications. In this area, peo-
ple can access all land-cover types, even the forest, because impenetrable vegetation
is rarely present. We also developed GIS line data for the walking path. We divided
Asabata Yusuichi into 30-m-square cells and assigned each grid to a category according
to its dominant land cover class (Fig. 2b). We also categorised the cells according to
whether they did or did not contain a walking path (Fig. 2c). We used these cells as
analysis units to accommodate errors in the latitude/longitude coordinate values in the
photograph metadata. We overlaid the photo location information and the land-cover
map, assigned a dominant land-cover type to each photo location and noted whether
or not the grid contained a walking path.

We also conducted a field survey from 2015 to 2017 to find and identify threat-
ened plant species in the national Red List (http://www.env.go.jp/press/103881.html,
in Japanese, accessed on 20 Jan 2020) and the prefectural Red Data Book (http://www.
pref.shizuoka.jp/kankyou/ka-070/wild/red_replace.html, in Japanese, accessed on 20
Jan 2020). If we found a threatened species, we photographed it with the same camera
type as used by the study participants to obtain location information. We defined each
cell that contained one or more threatened species as an important habitat area (Fig.
2d). To avoid any potential intrusion by plant collectors, we do not show detailed loca-
tion information for the threatened plants.
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Species diversity

We conducted a field survey, a literature search and a public hearing to evaluate species
diversity in each land-cover type. We focused on plants, birds, butterflies and dragonflies,
which are generally well-known taxa in Japan. We collected data on fauna and flora and
their habitat requirements of each species from published sources (Takagawa et al. 2011;
Ozono etal. 2012) and web resources (http://www.insects.jp, in Japanese, accessed on 20
Jan 2020). If a species had two or more major habitats, we recorded them all. Therefore,
the total number of habitats and the total number of species are not equal in some cases.
All the species and their required habitats are shown in Suppl. material 3: Tables S1-S4.

Analysis

We tested each photographer’s preference for land-cover type (i.e. land cover) with
Fisher’s test in the following manner. The ratio of the number of photos of a particular
land cover to the total number of photos taken was calculated for each land cover. This
ratio was compared with the ratio of the total number of cells containing the land
cover to the total number of all cells. A land cover was deemed to be “preferred” if the
ratio of the number of photos was significantly larger than that of all cells; conversely,
it was considered “not preferred” if the ratio of the number of photos was significantly
smaller than that of all cells. We conducted this analysis for the entire area and for the
walking-path cells only to account for the accessibility in the cells. We also compared
differences in photo compositions from spring to autumn (March to October), which
has high levels of biological activity, with those from winter (November to February),
when biological activity is low. Additionally, we counted the preferred picture com-
position in cells that contained threatened plant species. All analyses were conducted
using R software v. 3.1.2 (https://www.r-project.org/, accessed on 20 Jan 2020).

Results

In total, 630 land cover cells were classified, of which 308 contained a walking path
(Table 1). The ratio of cells containing a walking path did not bias any land-cover type
(p > 0.05, Fisher’s test on the ratio of the land cover types between all cells and those
with a walking path), excluding open water (p < 0.001, Fisher’s test). This result was
expected because there were no bridges over the water. Thus, the walking-path effects
did not matter with respect to the land-cover type in each photo. Eighty cells (27 with
a walking path) contained at least one threatened plant species. We analysed 232 pho-
tos (153 grassland, 58 forest, 15 bare ground and 6 open water): 126 were close-ups,
100 were scenic views and 6 were landscapes (Table 1). In terms of land cover prefer-
ence, the student photographers tended not to prefer open water (p < 0.001), but there
were no land cover preference trends for the other land-cover types (Table 1).
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Table 1. Number of 30 m land cover (LC) cells for each LC type and number of photos and type of
composition. Numbers in parentheses indicate cells with a walking path or the number of photos taken
in a cell with a walking path.

Land cover  LC mesh number Picture number Close-up Scenery Landscape
Grassland 374(202) 153(125) 77(63) 72(59) 4(3)
Forest 138(77) 58(55) 32(31) 24(22) 2(2)
Bare ground 47(19) 15(15) 13(13) 2(2) 0(0)
Open water 68(9) 6***(0%) 4%(0) 2*%(0) 0(0)
Paddy area 3(1) 0(0) 0(0) 0(0) 0(0)
Total 630(308) 232(195) 126(107) 100(83) 6(5)
Threatened plants 80(27) 17(10) 11(6) 6(4) 0(0)

Fisher's test *: p<0.05, ** p<0.01, *** p<0.001.

Table 2. Number of species and their primary habitats. Numbers in bold indicate dominant habitat for
the species group. Bird habitat was divided into breeding and overwintering seasons.

Main habitat Plant  Bird (breeding)  Bird (overwinter) Butterfly Dragonfly
Grassland 344 51 74 15 1
Forest 25 80 61 10 24
Wetland (paddy field) 110 73 118 0 24
Pond, bog (open water) 24 52 102 0 38
Other 10 62 129 11 24
Total number of species 513 219 219 23 49

Species number were derived from field survey, literature search, and public hearing. Habitat information were derived
from published sources (Ozono et al. 2012; Takagawa et al. 2011) and web resources (http://www.insects.jp, in Japanese)

Table 3. Timing of the nature walks and number of total photos and each type of composition.

Year Month Season Total Close-up Scenery Landscape
2015 May Spring 66 49 16 1
June Summer 44 35 8 1
September Autumn 36 28 8 0
October Autumn 1 1 0 0
2016 December Winter 40 8 29 3
2017 January Winter 37 4 32 1
April Spring 8 1 7 0
Total 232 126 100 6

The numbers of plant, bird, butterfly and dragonfly species in each main habitat,
which were derived from a field survey, a literature search and a public hearing, are
shown in Table 2. The grassland was dominant for plants and butterflies. A pond/bog
(open water) was the main habitat for dragonflies. The forest was the primary habitat
for birds during the breeding season (spring—autumn), whereas a wetland (paddy field)
was their main winter habitat.

Most of the photos taken from spring to autumn were close-ups, whereas almost
every photo taken in winter was of scenery (Fig. 3, Table 3). Landscape views were
rarely taken in either period.
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Figure 3. Barplot of the ratio of photo composition between spring to autumn and winter seasons.

Table 4. Composition of photos taken in cells that contained identified threatened plant species. Num-
bers in parentheses indicate cells with a walking path.

Seasons Total number Close-up Scenery Landscape
Spring, Summer and Autumn 12 (7) 11 (6) 1(1) 0 (0)
Winter 5(3) 0 (0) 5(3) 0(0)

We found 14 threatened plants in the study area (Suppl. material 3: Table S5). The
composition of pictures taken in the cells containing threatened plants showed a clear
trend. In spring to autumn, 11 of 12 photos were close-ups, whereas in winter, all five
pictures were of scenery (Table 4). The subjects of the close-up photos were different
in each picture (plants: Pueraria lobata, Mallotus japonicus, Calystegia japonica, Solidago
altissima, Triadica sebifera and Dioscorea japonica; insects: Orthetrum albistylum and
Acrida cinere; amphibian: Rana rugosa). There were, however, no close-up photos of
threatened plants (Suppl. material 3: Table S6).

Discussion

We analysed the preferences of students who participated in taking photos of land-
cover types using geo-tagged photos as an index of a cultural ecosystem service. Results
showed that land cover (i.e. habitat) structure, which could contribute to biodiversity,



Cultural services from habitat and biodiversity 71

could also attract more people preferences i.e. indicator of cultural services. Addition-
ally, our results suggested that natural or semi-natural land-cover types could provide
cultural ecosystem services that cannot be provided by artificial land-cover types. These
results suggest that the conservation of habitat diversity could contribute not only to
regional biodiversity itself but also to human well-being as an additional value.

We classified five land cover types (grassland, forest, bare ground, open water and
paddy field) to use as indices of habitat type. Each habitat type, except for bare ground,
was used as the primary habitat for at least some of the flora and fauna surveyed in the
area. These results indicate that habitat diversity could directly contribute to regional
species diversity in the study area. In other words, if the number of habitat types de-
creased or the habitats degraded, species diversity could also decline. Our study area
contains several habitat types as well as a mosaic structure of semi-natural habitats. Al-
though we did not evaluate it in this study, this type of mosaic habitat structure could
contribute to biodiversity and ecosystem functions (Tscharntke et al. 2005; Yoshioka
et al. 2017). Thus, the land cover of Asabata Yusuichi has currently contributed to
regional biodiversity and ecosystem functions, at least from a biological perspective.

People’s preferences varied amongst the habitat types such that no single habitat,
excluding open water, was notably more preferred over another. This result suggests
that each habitat holds its own appeal. Thus, diverse habitat types, each having unique
species components, may fulfil people’s diverse subjective preferences. Our results sug-
gest that each habitat could contribute its own species groups, so human interests and
species diversity could be matched. Kasada et al. (2017) indicated that places with both
high human interest and high biodiversity are valuable in maintaining human—biodi-
versity relationships (Kasada et al. 2017). An area that has diverse habitats and easy
accessibility, such as Asabata Yusuichi, could contribute to both regional biodiversity
and maintaining human-biodiversity relationships. If the overall habitat composition
became simpler (i.e. the number of habitat types was reduced), the preferences in such
habitats would be restricted to only people with preferences for those types. Therefore,
we conclude that diverse habitats are an important resource for not only species diver-
sity but also cultural ecosystem services.

We found clear seasonal differences in picture composition. During spring to au-
tumn — a period with high biological activity — people tended to take close-up photos
(i.e. of a particular species). Conversely, in winter, they tended to be preferred in scenic
views, which were not strongly influenced by the species present. This trend was most
notable in photos taken in the cells containing threatened plants. Of course, scenic and
landscape views are also an important provider of cultural ecosystem service (Martinez
Pastur et al. 2016; Yoshimura and Hiura 2017). However, this type of service could, to
some degree, also be provided by an area with artificial components and non-biological
materials. Conversely, artificial components and non-biological materials may not have
the appeal of species diversity, as reflected by people’s preference in close-up views. Natu-
ral or semi-natural habitat diversity is compatible with close-up and scenic types of cul-
tural services. The most important point is phenology, which is an ecological phenom-
enon providing an additional ecosystem service. A previous study has also suggested that
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natural and semi-natural mosaic landscapes could provide more services than an artifi-
cial landscape (Felipe-lucia and Comin 2015). This study revealed the importance of not
only habitat diversity but also ecological phenomena in providing ecosystem services.
Biologists tend to concentrate on species diversity, with a particular emphasis on
threatened species as an index of habitat value (Balvanera et al. 2014). In this context,
habitats containing threatened species are considered to be of higher value than those
without (Camaclang et al. 2014). In contrast, Dallimer et al. (2012) pointed out that
the discrepancy between reality and perception of biodiversity was influenced by the
biodiversity-identification skills of people and could produce a gap between biodiversity
conservation and human well-being (Dallimer et al. 2012). In this study, we used photos
taken by cognitively-impaired students who were unlikely to have any biases, such as fo-
cusing on species that have been assigned as threatened. Interestingly, people in our study
took a higher proportion of close-up photos in areas containing threatened plants during
spring—autumn, but did not photograph the threatened species themselves. In addition,
objects were not biased towards highly visible species, such as those with large colourful
flowers (Suppl. material 2: Fig. S2). This may indicate that the concrete preferences of
biologists and/or society and those of our participants were different; however, the habi-
tats that contained the threatened species did seem to appeal to the study participants
even if their preferences were focused elsewhere. Although we were unable to identify any
specific reason for this behaviour, future studies should test whether and why people have
a greater preference for species in unique habitats, even if the species are not threatened.

Conclusions

The non-material value of ecosystems, including cultural services, should be evaluated
as part of the total ecosystem value for humans (Chan et al. 2012a; Doi et al. 2013;
Van Berkel and Verburg 2014). Thus, surveys that incorporate social and ecological
perspectives provide novel evidence of the relationships between ecosystems and hu-
man society (Chan et al. 2012a; Doi et al. 2013; Garrido et al. 2017). However, cultur-
al services do not represent purely ecological phenomena, but are rather the outcome
of complex and dynamic relationships between ecosystems and humans (Fagerholm
et al. 2012; Garrido et al. 2017). In this study, we used people preference as an index
of cultural ecosystem service and found that the habitat diversity of a semi-natural
environment with species diversity provides a cultural service that appears to fulfil
diverse subjective interests. Cultural ecosystem services are co-generated with humans
and the environment (Casado-Arzuaga et al. 2014); thus, interaction between people
preference and habitat type is according to that idea. Additionally, we found one link
between ecological phenomena and cultural services, namely, contact with the socio—
ecological system. This contact could contribute to maintaining human—biodiversity
relationships (Kasada et al. 2017). Based on these results, the habitat conservation of
semi-natural environments that can be utilised by humans, such as natural parks, could
synergise with both biodiversity conservation and general human well-being.
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Abstract

Monitoring climate changes and habitat degradation in threatened species without negative impact to the
populations can pose a considerable challenge. A rare chance to test the morphological response of wing
shape and size to environmental factors on the mountain Apollo (Parnassius apollo) collected from 1938
to 1968 at a single location — Stre¢no mountain pass, N Slovakia presented itself in a historical collection.
The canonical variate analysis showed a significant shift from a narrower to broader forewing, with more
extremes in either extra broad or narrow forewings in the post- 1960 population. Analysis of existing data
was conducted to determine the possible factors affecting this change. Generally, the comparative statistics
of temperature and precipitation to morphology of individuals and their fluctuating asymmetry showed no,
or weak, correlations. Two extreme weather events (ECEs), identified using the historical weather data, show
no correlation of wing morphology to these events. Although no strong correlations can be drawn in case of
the available weather data and morphology, the results of this study can be connected to strong anthropo-
genic effects of a large-scale road development project taking place in the vicinity of the collection site start-
ing in November 1959 causing changes in the available habitat and therefore a shift in the wing morphology.
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Introduction

Sudden or continual alterations to the environment caused by natural or anthropo-
genic processes have been of interest to the scientific community for some time (Stern
etal. 1992). Monitoring these environmental changes has become an essential compo-
nent of applied ecology, using suitable species (bioindicators) and their assemblages to
analyze environmental stress and disturbance (Dubovsky et al. 2010; Zvarikovd et al.
2016). There is a large body of work concerning the negative effects in populations of
arthropod fauna, including butterflies, to various environmental changes (Van Swaay
and Martin 1999; Descimon et al. 2005; Wenzel et al. 2006; Nakonieczny et al. 2007;
Van Dyck et al. 2009; da Rocha et al. 2010; Gibbs et al. 2011; Wallner et al. 2013).
Due to the more extreme nature of these changes in mountainous regions the native
populations face even higher risk of population reduction and potential extinction
(Nogués-Bravo et al. 2007). The same risks must be expected for their host and nectar
plants to which their life cycle is bound (Engler et al. 2011).

Among bioindicators, detectors may provide an important material to detect re-
sponse based on their body morphology (Blake et al. 1994; Findlay and Houlahan
1997; Clarke et al. 2000; Spellerberg 2005; Zvarikova et al. 2016). Generally, all
organisms exhibit a certain degree of morphological (phenotypic) plasticity (Anan-
thakrishnan and Whitman 2005; Hoffmann et al. 2005; Sukhodolskaya and Saveliev
2014), which describes the capacity of a genotype to display a range of phenotypes
in response to changes in the environment (Garland and Kelly 2006; Whitman and
Agrawal 2009) allowing organisms to maintain high fitness in the face of environmen-
tal heterogeneity (Pigliucci et al. 2006). The monitoring of these changes in morphol-
ogy is heavily focused on the symmetries and asymmetries of individuals in attempts
to describe the underlining factors of these changes (Ananthakrishnan and Whitman
2005; Zvarikova et al. 2016).

Asymmetry in individuals’ morphology is often used to illustrate isolation effects,
reduction in genetic diversity, and lower fitness of populations or environmental stress
(Valen 1962; Parsons 1990; Frankham 2005; Allendorf et al. 2013; Beasley et al. 2013;
Woods et al. 1999). Within previous research, population genetic diversity was neg-
atively correlated to the level of asymmetry on multiple occasions (Vrijenhoek and
Lerman 1982; Blanco et al. 1990; Hoelzel et al. 2002). Higher levels of morphologi-
cal asymmetry in birds corresponded with higher mortality during extreme climatic
events (Brown and Brown 1998). In contrast to these claims are examples of naturally
highly inbred populations where the benefits of outbreeding are not always main-
tained (Fountain et al. 2015). Fluctuating asymmetry (FA) of individuals’ morphology
is often used as an indicator for population fitness, although the complex nature of
the origin and expression of fluctuating asymmetry (FA) or lack thereof shows that a
unification of these results may be impossible, and the problem therefore requires a
case-by-case approach (Kaeppler 2012; Windig et al. 2000).

A reliable evaluation of insect morphology vs. environment interaction requires
a long-term monitoring of a suitable model species with sufficient information on its
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autecology as well as environmental disturbance details (Webster and Sheets 2010).
Using historical collections, we offer an analysis of the mountain Apollo, Parnassius
apollo (Linnaeus, 1758), a xeromontainous papilionid butterfly with diminishing dis-
tribution across Europe. The species has been in long-term decline since the 1900s due
to lack of land management and global climate change (Todisco et al. 2010). Current
populations are now usually present in small, often isolated patches, unable to colonize
new habitats (Fred et al. 2006). Although its physiological predispositions would allow
the Apollo butterfly to migrate longer distances, its successful reproduction remains
restricted to the distribution of its larval host plant (Sedum sp.) located on open rock
formations (Brommer and Fred 1999). The survival of these small populations was
hypothesized to be due to the ability to maintain a low long-term effective population,
which may result from a strong historic bottleneck or a founder event (Habel et al.
2009). Due to the continuous decline in population this species has been listed in the
IUCN Red List of Threatened Species, the appendix IT in CITES, as well as the annex
IV of Habitats Directive.

The isolation effect on the phenotype of Parnassius apollo was previously tested
on western European populations, showing similar levels of asymmetry throughout
the region (Habel et al. 2012), however higher levels of asymmetry were presented by
Adamski and Witkowski (2002) in a post-bottleneck population when compared to
the pre-bottleneck individuals. The populations of the Carpathian region (Eastern/
Central European) were determined as genetically homogeneous (Todisco et al. 2010),
although multiple subspecies based on morphology are considered (Hruby 1964; Cap-
deville 1978; Kizek 1997).

Although the pressures on selection in butterfly wing morphology remain largely
unknown, the strongest factors seem to be habitat, predators and sex-specific behavior
(Le Roy et al. 2019). Contrasting habitats (Jugovic et al. 2018), restoration attempts
(Sivakoff et al. 2016) or landscape structure (Merckx and Van Dyck 2006) show im-
pact on the resulting wing morphology in butterflies. The material of mounted Parnas-
sius apollo specimens by a single collector at a location in the vicinity of an important
north Slovakian trade and travel route presents an ideal dataset for the analysis of
ecological (temperature and precipitation) and environmental (stress and disturbance)
factors along a 30-year long period in the mid-20" century. A thorough analysis of the
correlation strength of weather and extreme climatic events to the resulting changes
in morphology was conducted. We hypothesize that the anthropic impact at the col-
lection sites could induce a change in the morphology of the 2 apollo wing observed
through the geometric morphometry.

Material and methods

All 506 Parnassius apollo specimens used for this analysis belong to the historical col-
lection (1938-1968) of the Slovak National Museum (Bratislava, Slovakia) and were
mounted by Jan Zelny. Since the whole collection has been the work of a single col-
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lector it presents an ideal study opportunity, reducing the variable of multiple collec-
tors or preparation techniques used. The material refers to a single location at Stre¢no
mountain pass, N Slovakia (49°10'07.6"N, 18°52'51.6"E) (Fig. 1), at the altitude of
450 ma.s. |

Digitization and morphometric analyses

Each individual was photographed from the dorsal side using a digital camera (Canon
60D, 50 mm lens) under standardized light conditions, with the added size standard
(5cm with Imm increments) fixed at the height of the wing. Geometric morphometric
analysis was based on 17 landmarks (10 landmarks on forewing and 7 on hindwing),
situated terminally or on vena intersection (Fig. 2) to assure the repeatability of the
landmarks on the highest numbers of individuals (Habel et al. 2012).

A database (.TPS file) of all digitized specimens was created using tpsUtil64
(version 1.70) software (htep://life.bio.sunysb.edu/morph/soft-utility.html, accessed
23.11.2018) and imported to tpsDIG2x32 (version 2.26) software (http://life.bio.su-
nysb.edu/morph/soft-dataacq.html, accessed 23.11.2018) where all landmarks were
set. TPS file containing the landmarks for each specimen was imported to Morpho]
software (version 1.06d) (Klingenberg 2008, 2011).

To address the potential influence of digitization or setting of the landmarks on
our results, individuals were tested for digitization and measurement error. To test for
digitization error, 50 specimens were randomly selected, photographed twice, meas-
ured and the results compared. The measurement error was addressed by measuring
the whole dataset twice by the same person and compared (Palmer and Strobeck 1986;
Klingenberg and McIntyre 1998).

The weather data was obtained from the archives of the Slovak Hydrometeorologi-
cal Institute (SHMI) for the locations closest to the collection site. The precipitation
data was recorded at location Vrutky, Slovakia (49°06'42.7"N, 18°55'26.2"E), 7 km
south from the collection site and Varin, Slovakia (49°12'05.4"N, 18°52'12.4"E) 3 km
north of the collection site. The closest site collecting temperature data was maintained
by the Slovak Army at the Zilina Airport, Slovakia (49°13'59.1"N, 18°36'47.4"E)
located 20 km west of the collection site. All data on temperature prior to 1944 was
probably lost, therefore comparative statistics between morphometric data and tem-
perature was conducted only for the dataset 1944—-1968. The data of monthly pre-
cipitation and temperature, and yearly precipitation and temperature, were correlated
to symmetric and asymmetric components, centroid size and Procrustes FA scores of
Procrustes coordinates exported from Morpho] and analyzed using “corrr” package in
R (RStudio Team 2015). The extreme climatic events (ECEs) were selected accord-
ing to the ability of the collected weather data to display these events. In the case of
extreme temperatures, the highest monthly and yearly temperature did not exceed the
averages for the location and we therefore did not consider high temperatures from
1944 — 1968 to display any ECEs. In the case of low temperatures, February 1956, ac-
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Figure I. Location of Stre¢no mountain pass in European context and a close-up of the collection site

on a historic map from 1955.

cording to the SHMI, saw the lowest monthly temperature ever recorded for the loca-
tion during the measured period 1944-2019. The heavy rainfall and flooding in 1958
can also be supported by the collected data. Based on this information we selected the
low monthly February 1956 temperatures and 1958 heavy rainfalls and flooding as the
two most important ECEs during our research period.

Data on the anthropic impact and road construction timeline was pieced together
from articles and archives by The News Agency of the Slovak Republic (TASR), using
mostly contemporary photographs with descriptions.

Statistics

Statistics were conducted separately for the fore and hindwing to rule out the possible
misalignment of wings during preparation (Bookstein 1997; Alibert and Auffray 2002).
Using the Morpho] software (Klingenberg 2008) a Procrustes superimposition was con-
ducted following 3 steps for fitting the landmarks: (1) scaling the landmarks to the same
centroid size (hereinafter “size”); (2) shifting the landmarks to the same position and (3)
rotating them to fit the orientation as closely as possible minimizing the sum of squared
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Figure 2. Left fore and hindwing of 2 apollo used for the morphometric analysis, including the mor-
phometric landmarks Forewing: 1 — R4 and R5 intersection, 2 — R4 terminally, 3 —R5 terminally, 4 -M2
terminally, 5 M3 terminally, 6 —Cul terminally, 7 ~Cu2 terminally, 8 —A2 terminally, 9 — Discal cell and
Cul intersection, 10 — Discal cell and Cu2 intersection. Hindwing: 11 —Rs terminally, 12 — M1 termi-
nally, 13 — M2 terminally, 14 — M3 terminally, 15 — Cul terminally, 16 — Discal cell and M1 intersection,
17 — Discal cell and Rs intersection.

distances of landmarks (Klingenberg 2015). Procrustes ANOVA in Morpho] was used
to determine the morphological variance found among individuals when comparing
the left and right wing. The same method was used to compare the left and right wing
within each individual to test if there is a significant deviation from bilateral symmetry
of our selected landmarks (Klingenberg and McIntyre 1998). The deviation to bilateral
symmetry across the temporal variable is further referenced as FA (fluctuating asymetry).
Procrustes residuals were used for canonical variate analysis (CVA) to test for differences
between years using Morpho] and PAST software (version 3.20) (Hammer et al. 2001).
A scatterplot produced within the Morpho] environment was created to display the
comparison of the morphological changes. Boxplots of the FA, CV1 and CV2 scores
were generated in the R software (version 3.4.4), using RStudio (version 1.1.456) (RStu-
dio Team 2015). To compare the variance of morphology between years and between
artificially created pre- and post- 1960 datasets a factorial analysis was conducted using
the “aov” function in R. Also, a breakpoint factorial analysis using “segmented” package
was conducted to test the observed change on the morphology (RStudio Team 2015).
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Results

All 506 Parnassius apollo specimens (Tab. 1), including 342 males and 164 females,
used for this analysis were checked for strength of measurement and digitization error,
with negligible results when compared to the morphological changes. In accordance
with no significant size, shape or fluctuating asymmetry differences of hind or fore-
wings between sexes (Tab. 2), the specimens were pooled together for further analyses.

Table 1. A survey of the collected specimens.

Collection year Collection period Female Male Total
1938 15.6.-20.7. 10 16 26
1939 15.6.-20.7. 0 18 18
1940 15.6.-20.7. 9 10 19
1941 15.6.-20.7. 8 17 25
1942 15.6.-20.7. 9 16 25
1943 22.6.-20.7. 7 21 28
1946 22.6.-20.7. 8 15 23
1948 22.6.-20.7. 8 11 19
1950 22.6.-20.7. 9 11 20
1951 22.6.-20.7. 7 10 17
1953 25.6.-24.7. 10 15 25
1954 25.6.-24.7. 0 15 15
1956 25.6.-24.7. 0 13 13
1957 25.6.-24.7. 5 16 21
1958 25.6.-24.7. 3 10 13
1960 25.6.-24.7. 5 14 19
1961 25.6.-24.7. 4 4 8
1963 25.6.-24.7. 7 6 13
1965 25.6.-24.7. 52 86 138
1966 25.6.-24.7. 1 9 10
1968 25.6.-24.7. 2 9 11
Total 164 342 506

Table 2. ANOVA of shape, centroid size and fluctuating asymetry scores between males and females.

Forewing

Df Sum sq Mean sq F value ?
Shape
1 0.000142379 0.000142379 1.238 0.2664
centroid size
1 0.00129255 0.00129255 0.6782 0.4106
fluctuating asymetry (FA)
1 0.0000686794 0.0000686794 1.446 0.2297
hindwing - - - -
Shape
1 0.000221659 0.000221659 2.233 0.1357
centroid size
1 0.0000453208 0.0000453208 1.439 0.2308

fluctuating asymetry

1 0.0000592967 0.0000592967 0.8129 0.3677
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Testing for digitization error by photographing 50 individuals under the same
light conditions and digitization setup, no significant difference in landmark place-
ment was detected (ANOVA, digitization error of forewing p = 0.76, hindwing p =
0.56). The same result of non-significant difference was recorded for the measurement
error, remeasuring all 506 individuals twice (ANOVA, measurement error of forewing

» =0.59, hindwing p = 0.45).

Fluctuating asymmetry (FA) throughout time

Rejecting the null hypothesis using Procrustes ANOVA (p < 0.0001) for the fore and
hindwing corresponds with statistically significant levels in wing asymmetry within
each year measured. As there was no significant variance in asymetry throughout the
years for the forewing (ANOVA, p = 0.417) as well as the hindwing (ANOVA, p =
0.0564), the asymmetry is statistically significant within each year, although with no
fluctuation when comparing the time series.

Wing shape change patterns

The Mann-Whitney’s pairwise comparison, to test the significance of the differences
in wing shape between each year of the time series (Appendix 1), and the Canonical
variate analysis (CVA) show a significant change in the wing morphology starting with
1960 for the forewing and 1961 for the hindwing, continuing until the end of our
dataset. Canonical variate 1 (CV1) and 2 (CV2) (Figs 3-6) describes 81% (for the
forewing) and 76% (for the hindwing) of the total variance in wing morphology.

The shift observed starting in 1960 was tested using 2 factor analysis of vari-
ance where we tested the artificial pre/post 1960 datasets and the natural variation

CVi1 o

Figures 3, 4. Mountain Apollo forewing shape changes displayed on the canonical variate 1 and 2. The
boxplots cover the upper and lower 25%, separated by a line showing median inside the box, whiskers cov-
er remaining upper and lower 25%, the white circles represent outliers and black stars are extreme values.
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Figures 5, 6. Mountain Apollo hindwing shape changes displayed on the canonical variate 1 and 2. The
boxplots cover the upper and lower 25%, separated by a line showing median inside the box, whiskers cov-
er remaining upper and lower 25%, the white circles represent outliers and black stars are extreme values.
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Figures 7, 8. Breakpoint regression analysis of the CV1 for the fore- and hind wing displaying the esti-
mated breakpoint of the forewing CV1 in 1960 (se = 0.0058, Pr(>F) = 6.42x10) and for the hindwing
in 1960 (se = 0.0051, Pr(>F) = 0.00511).

between years using CV1 (Tab. 3). To measure the shift in morphology observed in
Figs 3—6 a breakpoint regression analysis was tested on CV 1 of the fore- and hind-
wing (Figs 7, 8).

Wing shape dynamics pre/post 1960

Due to the results of the Mann-Whitney’s pairwise comparison (Appendix 1) and the
CVA, observing a significant change in the wing morphology after 1960 (1961) we
pooled the dataset into two groups (1938 — 1958 with 307 individuals and 1960 —
1968 with 199 individuals) to mitigate the possibility of a bias due to low numbers
of individuals collected in some of the years. The scatter plots (Figs 9, 10) display the
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Table 3. Canonical variate 1 (CV1) used in the analysis of variance for comparison of natural variance in
wing morphology between years and the shift observed around 1960.

Df Sum sq Mean sq F value Pr(>F)
CV1 forewing  pre vs post 1960 1 381.9 381.9 381.922 <2x10' o
Years 19 60.7 3.2 3.194 4.81x10° e
Residuals 989 989 1
CV1 hindwing  pre vs post 1960 1 117.6 117.6 117.601 <2x107'° o
Years 19 64.8 3.41 3.412 1.14x 10° ok
Residuals 993 993 1
4
forewing © 1938-1958
1960 - 1968

Canonical variate 2

Canonical variate 1

Figure 9. Scatter plot of the P apollo forewing shape change along the first two canonical variates as axes.
CV1 and CV2 cumulatively displaying 81.12% of the variability with 80% confidence ellipses.

hindwing . , ° 1938 - 1958
et 1960 - 1968

Canonical variate 2

4 2 0 2 4 5
Canonical variate 1

Figure 10. Scatter plot of the P apollo hindwing shape change along the first two canonical variates as
axes. CV1 and CV2 cumulatively displaying 76.39% of the variability with 80% confidence ellipses.

same pattern of statistically significant (<0.0001; P = 0.05) changes in morphology
after being pooled.

The scatter plots of CV1 and CV2 are displaying a shift from a narrower to broader
forewing, with more extremes in either extra broad or narrow forewings in individuals
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from the 1960 — 1968 group (Fig. 9). The apex of the forewing is getting narrower and
the landmarks M2 (4) and Cu2 (7) are moving closer along the time series.

For the hindwing (Fig. 10) the CV2 refers to a shift of the wing from broad to nar-
row along the Y axis. There is no general direction of hindwing landmark dynamics for
CV1 and the movement on the hindwing is strongest at the M3 (14) and Cul (15),
with an inwards landmark movement along the time series.

Weather and wing morphology correlation

Generally, the comparative statistics of temperature, precipitation and morphology
of individuals and their FA showed no distinct correlation (r* < 0. 04). The strongest
correlation r* = 0. 25 (forewing) and r* = 0.30 (hindwing) of standard deviation of the
centroid wing size to the average monthly temperature was observed during February.
The other positive correlation refers to January temperature vs. wing size (r* = 0.21 for
forewing, r* = 0.175 for hindwing) and March temperature vs. wing size (r* = 0.18 for
forewing, r* = 0.16 for hindwing).

Extreme climatic events

Using historical weather data (temperature and precipitation) and photographic docu-
mentation of ECEs, we identified two extreme weather events (ECE) and compared
them with the morphometric data (symmetric and asymmetric components, centroid
size and Procrustes FA scores). The first ECE (a deep drop in monthly temperature
during February 1956: -11.5 °C) corresponds with no deviation from the average wing
size despite the extremely cold weather, as the wing size parameter lies within the range
of the dataset (Figs 11, 12).

Similarly, the extreme weather event, in this case heavy rainfall in June 1958,
does not show any correlation to wing morphology (R* < 0.02), when comparing the
daily, monthly, or annual precipitation total sum, average, min or max values at the
study site. A weak positive correlation (R? = 0.12) was found for standard deviation
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Figures 11, 12. The correlation of the Centroid size standard deviation of the 2 apollo fore and hindwing
to the average temperature in February (the extreme weather event highlighted with a green circle).
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Figures 13, 14. The correlation of monthly sd of precipitation to Centroid size of the P apollo fore and
hindwing (the extreme weather event highlighted with a green circle).

A 4

Figure I15A-C. Extensive construction works at the collection site, November 1959 (Kocidn, 1959a, b, ¢).

of monthly precipitation to the wing size, when the wings grew larger with increasing
variation of monthly precipitation. (Figs 13, 14).

Environmental impact

Since the changes in wing morphology show only weak correlations to temperature
or precipitation, there is a strong suggestion of high anthropic effect. A large-scale
road development project in November 1959 with heavy modification or complete
destruction of some of the cliff faces was conducted in the immediate proximity of the
collection site when constructing a new concrete road at Stre¢no castle, the Domasin
meander and Zilina (Fig. 15A—C). The construction works were underway until at
least 1965 and in 1964 heavy traffic was reported for the location.

Discussion

The Mann-Whitney’s pairwise comparison and the Canonical variate analysis (CVA)
revealed a significant change in wing morphology starting between 1958 and 1960,
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continuing to the end of the dataset. This is supported by the analysis of variance
and the breakpoint regression analysis. The fluctuating asymmetry was statistically sig-
nificant in all tested years, however with no significant changes over the period of 30
years, proving previous results and the hypothesis that 2 apollo populations are able to
maintain low long-term effective populations despite the high but constant amounts
of asymmetry (Habel et al. 2009, 2012).

In principle, any external factor can produce plastic responses in organisms with
the most prominent factors being temperature, photoperiod and humidity, where a
single population can display annual or even seasonal variation (Blanckenhorn 2009).
However, the analysis of the interaction of temperature and precipitation with mor-
phology showed only weak or no distinct correlations. The first ECE (a deep drop in
monthly temperature during February 1956) corresponds with no deviation from the
average wing size despite the extremely cold weather, as the wing size parameter lies
within the range of the dataset. February may be of high importance in the ontogeny
of P apollo as the eggs usually hatch at the end of February and the beginning of March
(Zltkova and Havranova 2017). Lower temperatures generally show positive effects on
the overwintering eggs, although the overwintering larvae may be threatened by sud-
den temperature increases (Radchuk et al. 2013). Interestingly, Yu et al. (2012) found
higher winter temperatures, especially in February, to have the highest negative cor-
relation coefhicient for the numbers of collected mountain Apollo specimens. Although
our data does not show such a relationship, the wing size does correlate with the aver-
age monthly temperatures in February.

The second ECE with high short-term precipitation had little to no impact on the
mountain Apollo populations at the study site; however we hypothesize that the ab-
normal rainfall may have had a negative impact on adults, pupas as well as host plants
(McDermott Long et al. 2017). Although we do not reject the possibility of the ECEs’
impact on wing morphology, the available meteorological data suggest only weak or no
correlations to changes in pre/post 1960 datasets, therefore a different effect had to be
considered when evaluating impact on wing morphology.

A road development in a complicated terrain of an incised meander of the Stre¢no
mountain pass was carried out from 1959 to 1965. The populations of mountain
Apollo were present along the cliff faces and the surrounding meadows, creating ideal
conditions with all the essential properties present for this species. We hypothesize that
the removal of large parts of cliff faces which were used for the leveling of the road and
the use of the open meadows for storage of material or by movement of the construc-
tion machinery changed the habitat and reduced the number of habitable patches that
the population can occupy and limited the resources at the location (Blake et al. 1994;
Brommer and Fred 1999; Fred et al. 2006). If we consider that even positive attempts
to restore the habitats can change the morphology of butterflies by indirectly altering
the host plant presence or quality (Sivakoff et al. 2016), the road work must be con-
sidered a major factor. Direct and indirect alteration or complete destruction of the
habitats during the construction phase had most likely an impact on the morphology
of the mountain Apollo butterflies, although the complex and often subtle morpho-
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logical changes do not allow us to hypothesize further regarding the possible outcomes
to the foraging behavior or overall fitness of the affected populations.

A more subtle, but lasting effect of the newly built road was a reported increase
in the numbers of vehicles at the location. Since the morphological changes of the
wings were observable until the end of our dataset in 1968 we here hypothesize that
the newly built road could have continually affected the mountain Apollo and their
host and nectar plants (Bengtsson et al. 1989; Trombulak and Frissell 2000; Mufioz et
al. 2015), until the butterfly completely disappeared from this location in the 1990s.

Due to its conservation status and the vulnerability of current populations of
mountain Apollos, the historic collections often provide the only and possibly the last
opportunity to analyze large numbers of these individuals. The populations collected
by Jan Zelny at Stre¢no mountain pass were gathered in such numbers due to the at-
tempts of discovering a new subspecies based on the wing color patterns, where the
method of collection was to gather the largest number of individuals during each visit.
In most cases the selective nature of the amateur collectors could include a bias by
selecting the largest or subjectively most beautiful specimens. Due to the nonselective
nature of the collection method used by Zelny and the fact that he was the only person
collecting and mounting the specimens we concluded that even if he had a specific
preference in collection of butterflies the bias is the same in all collected populations.
The statistical analysis of environmental effects on the wing morphology of the 506
individuals of 2 apollo from a single location, collected periodically almost at the same
time in June and July, over 30 years creates a unique look into a historical population
of Parnassius apollo no longer present at the location.

Conclusion

The asymmetry of wings did not significantly change over time, nor could it be cor-
related to the analyzed environmental factors. Only weak or no statistical correlation
with the meteorological data within the analyzed timeseries was detected. There is a
strong suggestion of anthropogenic impact due to road construction on the changes in
wing morphology at the studied site.
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Abstract

Almost all forests in Sweden are managed and only a small fraction are considered natural. One exception
is low productive forests where, due to their limited economical value, natural dynamics still dominate.
One example is the Scots pine (Pinus sylvestris L.) forests occurring on rocky and nutrient-poor hilltops.
Although these forests represent a regionally common forest type with a high degree of naturalness, their
dynamics, structure and history are poorly known. We investigated the structure, human impact and fire
history in eight rocky pine forests in the High Coast Area in eastern Sweden, initially identified as good
representatives of this forest type. This was done by sampling and measuring tree sizes, -ages, fire-scarred
trees, as well as dead wood volumes and quality along three transects at each site. The structure was diverse
with a sparse layer of trees (basal area 9 m? and 640 trees larger than 10 cm ha™) in various sizes and ages;
13 trees ha' were more than 300 years old. Dead wood (DW), snags and logs in all stages of decay, was
present and although the actual DW (pine) volume (4.4 m® ha') and number of units (53 ha™) was low,
the DW share of total wood volume was 18% on average. Dead wood can be present for several centuries
after death; we found examples of both snags and logs that had been dead more than 300 years. Frequent
fires have occurred, with an average cycle of 40 years between fires. Most fires occurred between 1500-1900
and many of them (13) during the 1600s. However, fires were probably small since most fire years were only
represented at one site and often only in one or a few samples. The rocky pine forests in the High Coast
Area are representative of undisturbed forests with low human impact, exhibiting old-growth characteristics
and are valuable habitats for organisms connected to sun-exposed DW. Management of protected rocky
pine forests may well include small-scale restoration fires and the limited DW volumes should be protected.
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Introduction

Human influence on boreal forests has varied considerably over time and has dra-
matically transformed forests in Fennoscandia during the last centuries (Ostlund et
al. 1997). The multi-aged, structurally diverse and old-growth forests that once domi-
nated the Swedish forest landscape have today been replaced by young, even-sized
and single-aged managed forests (Ostlund et al. 1997; Axelsson and Ostlund 2001).
In forests with low levels of human impact, there are structures and processes, such as
various kinds of disturbances, (e.g. wind, fire, insects and browsing) that create a struc-
turally diverse and heterogeneous forest (Bradshaw et al. 2011; Brumelis et al. 2011).
However, studies of natural forest structure and dynamics are hampered by the limited
availability of unmanaged reference forests (Kuuluvainen et al. 2017).

In Sweden, nutrient poor forests with low productivity (< 1 m? ha! yr') have been
exempted from regular forestry by the Forest Act since the 1970s (Anonymous 2017).
Approximately 4.6 M ha of forest land are left out from management because of low
productivity (Fridman and Wulff 2018). Some of these forests occur on nutrient-poor,
rocky areas on hilltops, where Scots pine (Pinus sylvestris L.) is the major tree species.
Because of the nutrient-poor conditions, the distribution of trees is sparse and the for-
ests are characterized by openness and sun-exposed conditions. There is no exact esti-
mate on how much forest land consists of rocky pine forests; however, they constitute a
significant share of the 14% of the Swedish forest land that is covered by unproductive
forest (Forestry 2015).

Rocky pine forests can frequently be found in the High Coast Area in the eastern
parts of Northern Sweden (Fig. 1). This area is characterized by a steep terrain and rug-
ged topography and in combination with the highest isostatic up-lift in the world after
the latest glaciation resulted in recognition as a World Heritage Area. The current land
up-lift is 8 mm year' and total recovery is almost 300 m in altitude (Berglund 2012).
The area that formerly was below sea level has been exposed to wave action and coastal
erosion and, in particular, convex land surfaces often consist of bare bedrock and very
shallow soil.

The low productivity in rocky pine forests in the High Coast Area, together with
their inaccessibility, partly explains why many of these forests have escaped extensive
human use. These forests mostly have continuity in old-growth characteristics with
diverse canopy structure, old trees and dead wood. Hence, these types of forests could
function as small refuges for organisms dependent on old-growth conditions. For ex-
ample, many threatened insects are dependent on dead wood (Stokland et al. 2012),
including sun-exposed dead wood (Wikars 2015). An example is Chalcophora mariana
L., a beetle dependent on sun-exposed dead wood, and currently found at only two
sites in Sweden, of which the Skule National Park in the High Coast Area is one of
them (Ehnstrom and Bader 2013).

To date, very few studies about the structure and history of nutrient-poor, rocky
pine forests have been made. This is true not only for Northern Europe but also on a
more general, global scale. Some studies have been made on rocky black pine (Pinus
nigra Arn.) forests in Spain and even though these forests resemble Scots pine forests in
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northern rocky areas, they constitute a different forest type with a contrasting histori-
cal and landscape context (e.g. Fule et al. 2003; Rubiales et al. 2007; Hernandez et al.
2011; Camarero et al. 2013; Ehnstrém and Bader 2013).

Due to lack of knowledge of the special habitat that rocky, nutrient-poor pine
forests constitute and the importance of baseline information on forests with low hu-
man impact, we have examined the structure, history of human use and fire history
in rocky pine forests in the High Coast Region. We have used a combination of sev-
eral methods; investigation of the current forest structure, the use of historical records
and biological archives (dendrochronology), which allowed us to address the following
questions: 1) What characterizes the forest structure and dynamic in rocky pine for-
ests? 2) What is the fire history in the rocky pine forests? 3) To what extent has human
use in the past influenced the rocky pine forests?

Methods

Study area

The study was conducted within a 15 x 75 km area (approximately at 62.5°-63.1°N,
17.9°-18.7°E, DD) in the High Coast Region situated in Visternorrland County lo-
cated in the southern boreal zone of Sweden (Fig. 1). The High Coast Region on the
east coast of Sweden along the Baltic Sea is characterized by a rugged and steep terrain.
The area was covered with ice during the latest ice age and after the ice had melted the
area was under sea level for millennia; only the highest hill tops > 285 m.a.s.l. could be
seen as small islands (Lundkvist 1986). Most of the plots are situated on hilltops and
the altitude ranges from approximately 50 to 230 m, i.e. below the highest coastline.
Mean annual temperature in the region is around 3 ° C, mean annual precipitation
is 800 mm, the length of the growing season (number of days with temperature > 5°
C) is approximately 150 days. The average maximum snow depth is 70 cm and the
snow covers the ground 150—175 days every year (SMHI 2016). Norway spruce (Picea
abies (L.) Karst.) and Scots pine (Pinus sylvestris) are the two dominant tree species in
the study area with Scots pine dominating on dry and nutrient poor sites. A general
inventory of 26 sites with rocky pine forests was conducted in 2011 in the study area
by the County Administration in Visternorrland with the aim to map core areas with
high conservation values, e.g. presence of big and old trees, diverse forest structure and
abundant dead wood (Salomonsson and Bader 2015). Eight of these 26 study sites
with the highest ranking (high conservation values) were selected for this study.

Sampling for stand structure

In August 2014 we established three band transects at each site, resulting in total in 24
transects. We used band transects since they sample spatial heterogeneity better than
circular plots. The studied forests are highly heterogeneous and exposed bedrock oc-
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Figure . Study area. Location of the study area in the High Coast Area, Visternorrland County, in the

southern boreal zone of central Sweden. Forest structure was investigated at eight sites with rocky pine for-
est (shown by stars, GB Gropberget, PB Porsmyrberget, VB Vardkallberget, FA Fanon, GA Gardberget,
SU Southern Ulvén, SK Skuleskogen National Park, HU Hummelvik Nature Reserve)

curs mixed with parts of more closed forest. Transects were 10 x 100 m for living trees,
but for dead wood sampling we expanded plots to 20 x 100 m to ensure a sufficient
number of sampled dead wood units.

To avoid subjectivity in the placement of transects we randomized their placement
by using a numbered grid that was placed over a map of the core area at each site and
starting points as well as the direction (N, NE, E, SE, S, SW, W or NW) were ran-
domly assigned, but with a minimum distance of 100 m. Within each transect, we re-
corded x and Y coordinates, species and diameter at breast height (DBH) for all living
(stems > 1.3 m high) trees. To describe the spatial distribution pattern, we calculated
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the distance from each tree to the nearest tree in the x direction and then computed the
variance to mean ratio of these distance, i.e. a one-dimensional spatial analysis (Horne
and Schneider 1995). We then used a X*-test to test whether the distribution of trees
where random or significantly aggregated. We extracted two increment cores at 30 cm
height from each living tree (DBH > 10 cm) using a 6 mm increment borer (Haglofs,
Mora, Sweden). We measured the height of the tallest tree along the transect with a
Laser Height Meter (Nikon Forestry 550) at 0 m, 50 m and 100 m.

All snags and logs with a maximum diameter of > 10cm and with their base
inside a transect were included. We recorded both base- and top diameters, DBH,
length and decay class. We used a four class system for decaying wood: 1 Hard dead
wood — The volume of the stem consisting of > 90% hard wood, hard surface, very
little impact from wood-decaying organisms; 2 Partly decayed wood — 10-25% of
the stems’ volume consists of soft wood, a sheath knife goes through the surface but
not through the whole sapwood; 3 Decayed wood — 26-75% of the stems volume
consists of soft to very soft wood; 4 Substantially decayed wood — 75-100% of the
stems volume consists of soft-very soft wood, a sheath knife can penetrate the whole
stem, but a hard core can occur (Esseen et al. 2003). We collected samples for dead
wood for dating with a chainsaw, taking only small samples (cookies) rather than
whole cross-sections when possible. The dead wood samples were used for age de-
termination and calculating time since death. Naturally created high stumps were
recorded as snags. We used the conic-paraboloid formula (Fraver et al. 2007) to
calculate the volume of dead wood, a formula that has a greater precision and lower
bias than more commonly used formula. However, due to the shape of the trees
with many branches and bent, crooked stems, the volume calculations are rough
estimates rather than exact values. Cut stumps were not included in dead wood
volume calculations but we noted diameter and species and took samples for dating
to quantify past harvesting.

Sampling for fire history

In autumn (September-November) 2015 we carried out a comprehensive search of
each site for fire scars in stumps, living and dead trees. Two persons visited each site
one whole day, resulting in approximately 10 search hours at each site covering the
core area and the adjacent forest. Every tree with a fire scar was mapped and sam-
ples were later collected with a chainsaw. We only took partial sections whenever
possible to avoid unnecessary damage. A total of 52 fire-scarred wood samples were
collected and dated from eight sites. An additional six samples from dead wood
sampling in 2014 and 3 samples from Skuleskogen, sampled in 2010, also had fire
scars and were included, resulting in a total of 61 dated samples. More than half of
the samples (33) contained scars from repeated fires and the maximum number of
fires in one sample was four.
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Dendrochronology and cross-dating

We mounted cores from living trees and cross-sections from dead trees and sanded them
with increasingly fine grain size until a fine polish was achieved (down to grain size 400
for all samples and to 600 for some samples) using standard methods (Speer 2010). Ring
widths and number of rings (age) were measured using a scanner and the image analyz-
ing software WINDENDRO (version 2014). We used Applequist (1958) pith locator in
samples that had missing rings in the core. Age was determined by counting every year
ring to the pith. A few samples had a rotten core and we then used the mean growth
rate for each site and the DBH to estimate the age. As a measure of growth at each site,
we used the average ring width from each tree and its variability for all trees at each site.
Samples from living trees with high age and several samples from dead wood that were
visually dated with high accuracy were selected to create a master chronology. We used
the software program COFECHA (Holmes 1983; Grissino-Mayer 2001) to cross-date
our samples and suggested years were always visually double-checked to make sure that
distinct marker years (with typical late-wood features) were dated correctly. The program
ARSTAN was then used to create a standardized master chronology and tree ring se-
ries with questionable dating were eliminated before standardization (Cook and Krusic
2005). The master chronology from living and some dead wood samples resulted in 130
samples covering 818 years (1197-2014) with a mean sensitivity of 0.30 and a relatively
strong inter-correlation of 0.515. This master chronology was used to date samples from
dead wood and as dead wood samples were dated, they were added to the master chronol-
ogy. We were able to date 70% of all dead wood samples; 30% of the logs were too de-
composed to allow sampling or difficult to date. The dated samples belonged to all decay
classes but only a few samples in decay class four were possible to sample and date. The
master chronology was also used to date fire scars and because the growth is related to pre-
cipitation during the main fire season in June, we noted the average ring width for all the
fire years. The final chronology (see Appendix 1) with living as well as dead wood samples
with and without fire scars resulted in 248 samples covering 819 years (1197-2015) with
a mean sensitivity of 0.29 and an inter-correlation of 0.505 and with a minimum of ten
samples, beginning with the year 1431. We also calculated time since death for the dead
wood; however, we cannot rule out the possibility that we have overestimated this value
as in some cases the outermost parts might have eroded. The computer program FHAES
(Fire History Analysis and Exploration System, version 2.0) was used for structuring and
analyzing fire data. FHAES was also used to produce fire history graphs.

Results
Site history
Very little written information is available that is relevant for the specific historical

use of the rocky pine forests. The general history of the region is, however, relatively
well documented (e.g. Lundkvist 1986; Baudou 1995) . Based on findings of old
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building structures in stone and grave cairns, it is clear that some places in the area
have been populated by humans for at least 3,000 years (Baudou 1995). The few
early settlers based their livelihood mostly on fishing and hunting (e.g. seal along the
coastline) and fishing has been the main income in the region for a long time (Lun-
dkvist 1986). The possibility for mining was explored during the 1700’s at several
places along the High Coast Region, e.g. at southern Ulvén and Hemsén (sites SU
and PB), and, although it never became an industrial use, the attempts might have
impacted the nearby forests to some extent (Andersson 1975; Lindh 1991). When
the first large-scale wave of industrial usage of the forests started during the 1800°s, it
is unlikely that the nutrient-poor pine forests with rather small trees on the hill-tops
along the High Coast also were exploited. In a map of Vardkallberget from 1851 it is
possible to read (in Swedish) that the area close to the hill-top where the rocky pine
forests occur is named “Nis by skogsmark” and “Myre by skogsmark” (Renstrom
and Hedstrom 1985). This means that this area was classified as a common forest
resource, free to use for the village members, but to what extent it was actually used
is not known. Close to one (VB) of the eight sites, remnants of two old tar pits have
been found (Fig. 2). The pits are located just along the coastline and it is unclear
whether the wood for the tar was collected nearby or from the pine forest in the hill-
top (the hill-top is located approximately 500 m from the tar pit remnants). The area
around VB was not populated before 1780 but nearby settlers used the area mainly
for fishing even before the settlements (Renstrom and Hedstrom 1985; Lundkvist
1986) . We only found a few harvested stumps on our plots, at one plot at GA and
in two neighboring plots at the SU site, indicating very limited forestry activities. We
found nine stumps at GA and ten stumps at SU, most of them heavily eroded, and
we were only able to date six stumps. The outermost year ring from the stumps at SU
was dated to 1736, 1827 and 1886 and for GA 1752, 1813 and 1828, corresponding
to 200 years since harvest on average.

Stand structure

Scots pine was the dominating tree species in rocky pine forests and stands were very
scattered and open; they had very little mineral soil and the ground was interspersed
with bare rock and with a vegetation dominated by lichens and dwarf shrubs (Fig. 3).
A general pattern was that the forest became even less dense and increasingly rocky
higher up on the mountain. Trees had different sizes and they grow upright but also
strongly leaning, some even grow horizontally despite being healthy and alive.

The general stand structure at the eight sites was characterized by sparsely dis-
tributed trees with a mean basal area of approximately 9 m* ha' and a density of 640
trees ha'! on average (Table 1). Variance to mean ratio showed that trees both had an
aggregated and a random distribution pattern, depending on site (Table 1). The forests
mainly consisted of Scots pine, which constituted approximately 90% of all the trees.
The second most common tree species was Norway spruce, which constituted 7% on
average. Deciduous trees were usually present but in very low density (Table 1). Less
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Figure 2. Old map from one rocky pine site. Map of Virdkallberget (VB) from 1851, which shows the
classification of the nutrient poor rocky pine forests around the hill-top (marked with a triangle) as “gen-
eral forest land” and the nearby settlement (marked with a plus sign). Two remnants of tar pits are marked

with a star. The widest distance from east to west is approximately 2 km.

than 4% of the trees were deciduous with birch (Berula spp.) as the most common spe-
cies, while aspen (Populus tremula L.) and rowan (Sorbus aucuparia L.) occurred only
sporadically. The average maximum tree height for pine was 7.5 m and varied between
5.5 and 10.1 m at the different sites (Table 1). The average age for living pines varied
between 147 and 194 with a mean of 167.5 years and the maximum age was even more
varied with the oldest living trees ranging from 276 to 418 years (Table 1) at the eight
different sites. The average ring width of living pines varied from 0.52 to 0.68 mm yr
between sites (X = 0.55), indicating very low growth rate (Table 2). In addition, there
was a considerable within-site variability in tree-ring width, indicating a large variation
in growth at the stand level (Table 2).

The tree diameter distribution was positively skewed with small trees (DBH < 10
cm), dominating and with decreasing frequency of trees with increasing size (Fig. 4a).
However, even though the large trees were rare, they did exist and there were on aver-
age one pine ha'! larger than 40 cm in DBH and 15 pines larger than 30 cm ha' in
the studied forests. For trees larger than 10 cm in DBH, medium age classes (75-200
yr) were most common for both pine and spruce (Fig. 4b). Pines were on average 165

years (SD = 75, n = 624) and spruce 144 years (SD = 47, n = 52).
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Figure 3. General description of rocky forests in the High Coast Area. Photos from Fanén (FA), Gérd-
berget (GA) and S. Ulvén (SU), which show the topography, typical characteristics in rocky pine forests

with dispersed trees and dead wood in various sizes in rocky terrain, spruce interspersed at concave sur-
faces and a fire-scarred pine.

All ages are present for pine but really old spruces were lacking. The oldest spruces
were a maximum of 275 years old whereas pines were older; approximately 1 tree ha’
was above 400 years old and 13 trees ha'! were more than 300 years old. The correlation
between age and DBH was generally low (R* = 0.31 for pine and R? = 0.11 for spruce)
but due to the large sample size significant for both tree species (p < 0.001 and p < 0.05
respectively; Fig 5). The oldest pine (418 years) was also the largest (48 cm DBH), while
for spruce the oldest tree (259 years) was only 11 cm at breast height (Fig 5). The age span
was wide across all diameter classes; for example, the age span of trees with a DBH of 10
cm varied from 28 to 282 years and from 57 to 216 years for pine and spruce, respectively.
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Figure 4. Categories of tree size and tree age. Summary of the distributions of diameter at breast height

(DBH) (a) and age (b) (> 10 cm DBH) for living trees of pine and spruce at the eight sites combined
(with mean and SD, n = 8).
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Figure 5. Relationship between size and diameter at breast height (DBH) for pine (a, n = 624) and
spruce (b, n = 52). Only trees with a DBH larger than 10 cm are included.

Dead wood

The amount of dead pine wood was low (average of 4.5 m? ha™, range: 2-8, SD = 2.0,
n=8) and varied between sites, but both logs and snags were present at all sites (Table
1, Fig. 6a). On average, there were 53 pine DW units ha” (SD = 12.8, n=8). DW in
all decay stages were present and with decay stage 2 as the most common. However,
at three sites dead trees in decay stage 1 were more common (FA, GA, HU; Fig. 6b).
The average decay class for all dead wood was 2.45 and for dated dead wood samples
1.92. The difference stems from lack of datable samples from dead wood in decay class
four. The basal area of DW in relation to total basal area, including living trees, varied
between 10-26% at the different sites with an average of 18%. Most dead wood had
died fairly recently; almost half of the dated dead wood samples had died during the
last 50 years (Fig. 7).
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Figure 6. Number of logs and snags from pine in rocky pine forests at the eight different sites (SE, n = 3)

as well as the total mean (SD, n = 8). The abundance of DW is classified as standing (Snag) or horizontal
(Log) (a) and also classified in decay stages (b).

A majority of the DW, 88%, had died during the last 200 years, which corresponds
to a DW addition of approximately 2 trees per ha' and decade since the beginning
of the 1800s. However, there were clear signs that dead wood can remain for several
hundred years. The DW did not totally decay even in cases when the logs had been
dead more than 300 years and we even found DW that had been dead more than 500
years (Fig. 7). Snags constituted a higher proportion of newly dead wood whereas logs
were the most common DW type for units older than 350 years, but important to note
is that there were also really old snags present. For DW that had been dead between
100-300 years the two types are equally common (Fig. 7). The average time since
death for all dated dead wood units was 106 years (SD = 129, n=220), for snags 92
years (SD = 151, n=109) and for logs 120 years (SD = 129, n=111). The average age
for the dated DW was 192 (SD = 82, n=220).
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Figure 7. Time since death for dead wood for snags and logs.

Fire history

Most signs of fire were found in FA where 18 fire years were detected from 12 collected
fire-scarred samples (Fig. 8a). FA was also the only site with individual trees that had
experienced at least four fires. On average, 1.8 fires per sample from all sites was de-
tected but on FA where most fires occurred, we detected 2.4 fires per sample. We did
not find any fire-scarred trees at GB and only 3 fires could be detected at PB. On aver-
age, eight fire events per site were detected covering a time period from 1235 to 1923
but the number of detected fires varied between sites (Fig. 8a and Table 2). The period
with most fires was during the 1600s and the 1800s when 13 fires occurred across all
eight sites (Fig. 8b). We found signs of 47 fires between 1500 and 1900 and we detected
very few fires earlier than 1500 and later than 1900. The earliest detected fire occurred
in 1235 but as with most dated fires, this fire was only detected at one site (Fig. 8c).
However, one of the fire years, 1693, was found at five sites. The fire in 1693 was found
in PB, FA, SU, SK and HU but not in GA and VA which are located close to FA, SK
and HU (Table 2). GA and FA are situated very close together but the only fire year
that is common for the two sites is 1563. Approximately half of the fire-scarred trees
(45%) had only one fire scar and trees with most scars (repeated fires) had four scars and
was found at FA (see Appendix 2 for detailed information on samples with fire scars).
In addition, most of the dated fire years was only detected in one sample (64%). The
average fire interval varied between sites (shortest: FA 20.5 years and longest: VB: 65.5
years), but with an average fire interval of 42 years (excluding GB, where no signs of fire
were detected) (Appendix 3). We also noted that many fire years had smaller year rings
(indicating a dry fire season) than the average sizes in the master chronology. Twenty-
eight fires had significantly smaller year rings than average, 25 had average size while
only four had unusually large rings (Appendix 4).
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Figure 8. Fires in rocky pine forests. The total number of fires at the eight sites and the average from the
sites (a). All detected fires are included, regardless of the number of samples the fire was detected in. Total
number of fires are also separated into centuries (b) and individual fire years and their occurrence in the

number of areas, with fire years occurring at more than one site highlighted (c).

Discussion
Forest structure

The studied rocky pine forests are characterized by a very open structure. The low den-
sity of trees can partly be explained by the scarcity of water and nutrients, as low pro-
ductivity is generally connected with low basal area and openness (Liira et al. 2007).
The rocky pine forests also have an uneven distribution of tree species, size and age.
This creates a heterogenic and diverse environment and a wide age distribution typical
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for old pine forests (Kuuluvainen et al. 2002). Attributes that usually are associated
with old-growth forests are present, such as several canopy layers, high variation in tree
sizes and ages and high spatial heterogeneity of tree distribution (irregular distribution
of gaps) (Bauhus et al. 2009).

Although the diameter distribution pattern in our study is descending with size,
the pattern is not a typical reversed J-shaped curve, common in many undisturbed
forest stands (e.g. Parker and Peet 1984; Linder et al. 1997; Kuuluvainen et al. 2002;
Rouvinen and Kuuluvainen 2005). In a study by Lilja and Kuuluvainen (2005), three
different semi-natural (old-growth) pine stands had all a descending pattern, one that
showed a reversed J-shaped pattern and two stands that were more similar to our
findings. Rouvinen and Kuuluvainen (2005) found a bimodal pattern in a managed
pine stand but a descending pattern, but no sharp reversed J-curve, in a natural pine
stand. In a sub-xeric old-growth stand, dominated by pine, Uotila et al. (2001) found
a pattern with most trees in intermediate diameter classes and not a clear descend-
ing pattern. Since we have no data on regeneration (trees < 1.3 m), we have no clear
explanation to why we did not find a clear reversed J-shape on the diameter distribu-
tion in our study. It could be that the small trees are less frequent because there are
only a few places/spots where trees can establish or it could be influenced by moose
(Alces alces), which browses on small trees in winter. Neither did we find a bimodal
diameter distribution pattern, often seen in forests with repeated disturbances, such
as fires (e.g. Zenner 2005). This could indicate that the fires in this type of forests
have been low-intensity fires of small sizes, as discussed below. In addition, the lack
of bimodal diameter distribution pattern also could be an effect of lack of fires during
the last 150 years.

As well as being a sign of naturalness, the heterogeneity and patchiness of tree distri-
bution may also be influenced by an uneven water and nutrient availability for the trees.
A tree that grows where the ground consists of bare rock has a very different potential
for growth than trees in a concave patch covered with mineral soil, which probably can
explain why the trees grew spatially irregularly at four of the sites. The trees generally
have a low growth and high variability between trees at all of the sites, indicating also
heterogeneity in growth. The high variability in growth between trees clearly contrib-
utes to the limited correlation between age and DBH. Kuuluvainen et al. (2002) found
a stronger correlation between age and size; their R* was 0.58 for pine. However, they
had a wider range of stand types included in their study and not only nutrient poor
pine forest, which could explain the higher predictability. Nevertheless, they also found
a lower correlation for spruce (R?=0.36) than for pine, similar to our findings.

The average maximum tree height is generally low in rocky pine forests. The maxi-
mum tree height is related to height growth when the tree is young (Ryan and Yo-
der 1997), which in turn is influenced by genetic and environmental factors (Junttila
1986; Kaya et al. 1999; Pensa et al. 2005). Tree height seems to depend on a combina-
tion of temperature, precipitation and nutrient availability (Jansons et al. 2015) and
the environment in the rocky pine forests is characterized by low water and nutrient
availability and can probably partly explain the low mean maximum tree height. Other
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factors that might influence tree height in the rocky pine forests are wind-exposure and
openness (Tomczak et al. 2014).

The presence of old trees is one of the key features of natural forests (Ostlund et al.
1997; Andersson and Ostlund 2004). Old trees are relatively common in the studied
rocky pine forests and we found approximately 13 pine trees ha'! older than 300 years
and as many as 70 pines ha' older than 200 years. As a comparison, Edwards and
Mason (2006) found approximately 20 and 60 trees ha™ older than 200 years in two
different old-growth pine stands in Scotland. In another Scottish old (and open) forest,
only about 6 trees ha'! older than 250 years were found (Summers et al. 2008). This is
in line with the findings of Kuuluvainen et al. (2002); they found approximately 5-10
trees ha! older than 250 years in an old-growth pine forest. The oldest living pines in
our plots were 418 years but we know that living trees older than 600 years (data not
shown) existed in the studied area. In line with our findings, in old-growth forests in
Finland, ages of more than 500 years for pine and almost 300 years for spruce were
found (Kuuluvainen et al. 2002). In a study from a similar area, Hornslandet, approxi-
mately 200 km south from our study area, the authors actively searched for very old
pine trees and found the oldest recorded pine in Sweden with an age of more than 750
years (Andersson and Niklasson 2004).

There are not many deciduous trees in the rocky pine forests and although birches
(the most common deciduous species in the area) can tolerate rather dry conditions
(Sutinen et al. 2002), regular drought may well limit the abundance of deciduous
trees. In addition, it is likely that the density of deciduous trees is limited by the pres-
ence of moose (Alces alces L.), which can reduce the abundance of several deciduous
species (e.g. rowan and aspen) when present (Edenius et al. 2002). The abundance of
moose has since the 1970s massively increased in northern Sweden (Cederlund and
Bergstrdm 1996) and moose is today abundant throughout the whole of Sweden with
the highest densities in the world (Skogforsk 2016). Moose is highly abundant also in
the rocky pine forests in the High Coast Region and likely have a negative impact on
the abundance of deciduous trees.

Dead wood and human impact

The CWD volume is very low and corresponding to levels in managed forest (Jonsson
et al. 2016; Ylisirnio et al. 2012) and at a much lower level than what usually is com-
mon in natural forests with no or little human impact (e.g. Rouvinen and Kuuluvainen
2001; Karjalainen and Kuuluvainen 2002; Koster et al. 2005; Shorohova and Kapitsa
2015). Given the low tree density it is, however, more relevant to compare the propor-
tion of dead trees to living trees. In the rocky pine forest the CWD share of the total
basal area (living and all dead wood combined) is 18% on average, which is in line
with several other pine-dominated forests with old-growth characteristics (e.g. Sippola
et al. 1998; Siitonen et al. 2000; Rouvinen and Kuuluvainen 2001). By contrast, Kar-
jalainen and Kuuluvainen (2002) found a higher proportion (32%) of the volume of
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CWD in forest stands on dry soils. The variation in CWD:live wood volumes is greater
in pine dominated forests than in spruce forests (Shorohova and Kapitsa 2015). We
found a slightly lower proportion of dead wood in this study, but it should be noted
that the ratio between dead and living trees is driven primarily by tree life span (mor-
tality rate) and decay rates. Even though decay rates are slow in the studied rocky pine
forests, it is to be noted that tree life span is likewise very long.

Charcoal and tar production has been common in the area a long time and the
CWD quality in rocky pine forests is particularly suitable for tar production. Situated <
1 km from our sampling sites, two old remnants of tar pits have been found at one site,
but there were no reported signs of old tar pits at the other seven sites. Hence, we cannot
totally rule out the possibility that some CWD has been used for char and/or tar produc-
tion in the studied area because these activities tend not to leave any visible traces behind.

The most common decay stage in this study is stage 2, which is in line with other
pine forests with a high degree of naturalness (Karjalainen and Kuuluvainen 2002).
The late decay stages were not as common in the study area as the most decayed wood
(decay stage 4) constituted approximately only 12% of the total amount of CWD. In
other studies of pine forests with high degree of naturalness the distribution of CWD
in decay classes was more even (Rouvinen and Kuuluvainen 2001) or later decay classes
were also more common (Sippola et al. 1998). One explanation for the relatively low
presence of CWD in late decay stage found in this study could be reoccurring small
fires because fire consumes logs in later decay stages to a higher extent than logs in
earlier stages (Eriksson et al. 2013). It seems that CWD is accumulating slowly and
can remain for very long periods in dry conditions. This makes every CWD unit very
valuable and even a small outtake can have a large impact on the CWD-depending
organisms. The slow decay rate also explains why there is really old CWD; some has
been dead for 300-500 years, in the rocky pine forest. In addition, we were not able
to sample and date the most decayed dead wood, so the result is probably an underes-
timation of the amount of very old CWD.

Only two of the sites had signs of past cutting. A low frequency of manmade
stumps indicates a high degree of naturalness (Uotila et al. 2001; Rouvinen et al.
2005). The outermost year rings on the six dated stumps varied between 1736 and
1886. This suggests that harvesting took place a very long time ago, although not
necessarily giving the exact year of harvest since all stumps lacked bark and some ero-
sion of the outer parts cannot be excluded. Consequently, the years should be regarded
as the earliest possible cutting year but the actual cutting could have happened later.
Nevertheless, there is evidence that the limited cuttings that did occur happened dur-
ing the 1800s, or even earlier, and with no recent harvesting during the last 100 years.
It is unlikely that rocky pine forests were targeted by industrial forestry since trees with
large diameter are rare and the accessibility is very low. However, it is possible that set-
tlers used the pine forests at small-scale for certain construction details, e.g. window
frames, for which dense high quality wood was preferred. Such limited harvest/extrac-
tion is unlikely to leave any long-lasting visible traces.
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Fire history

Surprisingly, many fires were detected in the rocky pine forests. There is not much
fuel on the ground in the studied rocky pine forests, bare rock is common and trees
are scattered. On the other hand, the ground surface easily becomes very dry and veg-
etated areas are mainly composed of reindeer lichens and dry mosses, which together
with scattered dwarf shrubs potentially could carry a ground fire during dry years. Not
many fires were detected before 1500. This could partly be a sampling artefact due to
the limited number of fire scarred old trees and snags, but different climate and lower
human population size cannot be ruled out as explanations for lower fire frequency in
the beginning of our time series. Many fires happened during the 1600s, a pattern also
observed by others (Zackrisson 1977; Niklasson and Granstrom 2000; Wallenius et
al. 2004). The year 1693 stands out as a major fire year; a fire year that has also been
documented by others (Drobyshev et al. 2014).

There was a population increase after the Black Death plague during the 1600s
and several “slash and burn” immigrants from Finland also settled down in northern
Sweden during this period, which can be an explanation for more frequent fires.
However, most of the ”slash and burn” farmers did not settle down along the coast
area where fishing was the main livelihood but rather in the inland areas where the
land was more suitable for the ”slash and burn” cultivation technique (Lundkvist
1971). One fire happened in 1721 in Hummelvik nature reserve, a year when Rus-
sians made raids where they burned hundreds of farms along the coastline in the
studied area (Lundkvist 1971; Lindh 1991). A village just outside Hummelvik nature
reserve is mentioned as being burned (Lundkvist 1971), which could potentially ex-
plain the fire 1721 since the year ring has an average size. Unusually small year rings
have been shown to be closely related to low precipitation in June in the Rocky pine
forests in the High Coast Region and fire years are influenced by summer tempera-
ture and precipitation to a large extent in the northern region (Drobyshev et al. 2012;
Drobyshev et al. 2014).

Most fire years were detected only in a few samples, which indicates that the fires in
this area and forest type might have been small in size, but not necessarily rare events. A
plausible explanation is that there are plenty of small-scale dispersal barriers for fires in
this heterogenic landscape. Both bare rock and wet hollows often occur. Moist depres-
sions, swamps and Picea abies patches often do not burn even when nearby dry patches
do (Wallenius et al. 2004). The mean fire interval varied between 20.5 and 65.5 years
at the different sites (except of one site with no fires found at all). These intervals in-
cluded fire years that only were detected in one sample, and hence do not necessarily
indicate that the whole forest area (site) burned. It is more likely that the fires were
small in this heterogenic environment which creates a small-scale spatial variation in-
fluencing fire frequency and size (Wallenius et al. 2004). Many trees also survived the
fires and many age classes were present. Taken together, this suggests that the fires were
not stand-replacing, had low intensity but happened on a regular basis.
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Conclusions

The rocky pine forests in the High Coast Region show a high degree of naturalness and
possess many old-growth characteristics, e.g. presence of old trees, diverse structure
and although the volume of dead wood is low, it constitutes approximately 18% of
the total basal area. The dead wood is diverse with a variety of both snag and log sizes
and can be present for a long time due to the slow decay rate. The diverse presence of
dead wood, e.g. all decay stages represented, indicates that there is a constant supply
of dead wood and that these types of forests have natural features. The high degree of
naturalness is also supported by the lack of signs of human use; only a few man-made
stumps have been found. All sites but one have clear signs of fires and it seems that the
fires have happened quite frequently, but have been small in size. It is likely that these
type of forests host a specific biota, evolved and adapted to the specific conditions that
rocky pine forests constitute.
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Appendix |

Master chronology, marker years and ring widths

Abbreviations: ++ much bigger than normal; + bigger than normal; - Smaller than normal; -- much

smaller than normal. All other years with ring widths are of average size. Bold years means that they are

valuable marker years (unusually thin latewood = TH, unusually thick and dark latewood = DL, unusually
thick latewood = B).

Year Ring width Year Ring width Year Ring width Year Ring width Year Ring width
1204 + 1329 + 1464 - 1647 + 1874 -
1207 - 1331 + 1466 - 1648 + 1878 +
1209 - 1332 + 1468 + 1656 + 1881 -
1210 -- 1333 - 1473 -- 1659 - 1886 +
1212 + 1335 + 1476 + 1665 + 1888 -
1213 - 1339 - 1484 ++ 1666 - 1890 ++
1214 + 1347 - 1490 - 1667 - 1891 -
1216 + 1348 - 1491 + 1673 + 1896 +
1218 - 1351 - 1494 - 1686 + 1901 B
1219 - 1353 + 1498 + 1687 + 1902 -
1223 + 1357 + 1503 - 1693 - 1907 +
1228 + 1358 + 1505 + 1696 - 1911 -
1229 ++ 1362 - 1506 - 1698 - 1913 +B
1230 + 1363 - 1508 - 1713 - 1917 -
1233 - 1364 + 1509 - 1723 + 1918 -
1234 -- 1366 - 1511 - 1726 - 1922 +
1235 - 1368 + 1512 + 1736 - 1923 +
1239 - 1370 - 1513 + 1742 - 1924 ++
1243 + 1372 + 1514 - 1747 - 1925 +
1244 ++ 1373 + 1525 ++ 1749 - 1928 +
1247 + 1376 ++ 1528 + 1752 + 1929 + DL
1252 ++ 1381 + 1531 - 1771 - 1933 -
1256 - 1382 ++ 1533 - 1776 + 1934 -
1259 - 1384 - 1535 + 1777 ++ 1936 --
1261 + 1385 - 1538 - 1778 + 1939 B
1262 + 1386 - 1541 + 1781 - 1940 -
1263 - 1388 -- 1543 - 1786 - 1943 -
1265 - 1389 - 1547 + 1792 + 1945 +
1267 ++ 1391 - 1550 -- 1793 + 1946 +
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Year Ring width Year Ring width Year Ring width Year Ring width Year Ring width
1268 + 1394 + 1551 + 1794 B 1947 +
1269 - 1396 ++ 1554 - 1795 - 1953 +
1274 - 1398 - 1561 ++ 1805 ++ 1954 +
1275 - 1401 + 1562 + 1806 + 1955 -
1278 ++ 1403 + 1568 - 1810 - 1957 ++ DL
1279 + 1404 ++ 1572 - 1816 - 1959 -
1283 - 1406 44 1578 + 1821 B 1960 -
1285 ++ 1411 - 1583 + 1822 - 1961 -
1287 - 1418 - 1585 + 1827 + 1962 +
1291 - 1420 - 1588 - 1828 + 1969 -
1293 - 1422 - 1590 - 1831 - 1972 +
1296 + 1423 + 1594 + 1832 - 1974 +
1297 - 1425 + 1601 - 1835 - 1976 --TH
1298 + 1426 + 1603 - 1840 + 1984 +
1299 - 1427 + 1606 - 1844 + 1987 +
1302 - 1428 + 1611 + 1847 - 1991 +
1303 + 1430 - 1615 - 1850 + 1992 -
1304 - 1432 - 1623 + 1851 + 1997 -
1305 + 1434 + 1625 + 1853 - 2000 +
1307 + 1442 - 1626 + 1859 TH 2002 -
1309 + 1446 - 1628 + 1860 B 2004 +
1312 - 1451 + 1630 - 1861 - 2008 -
1319 + 1454 + 1631 - 1862 - 2009 -
1321 + 1455 - 1633 - 1866 + 2011 +B
1324 - 1459 - 1638 + 1868 + 2012 +
1325 - 1462 + 1642 - 1869 + 2014 +
10 or more samples from 1431
Total no. of samples 248
Age span 1197-2015
Total no. of years 819
Total no of rings 56329
Mean age 227
Sensitivity 0.29

Series intercorrelation

0.505
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Appendix 3

Fire years and interval

Fire years. The individual fire years at the different sites and the number of samples where fires were
detected and the average fire interval at each site (calculated as: number of fires/(last fire year minus first
fire year)). GB = Gropberget, PB = Porsmyrberget, VB = Virdkallberget, FA = Fanon, GA = Gardberget,
SU = Southern Ulvén, SK = Skuleskogen National Park, HU = Hummelvik Nature Reserve. Gropberget
(GR) did not have any signs of fire.

GB PB VB FA GA SU SK HU
No signs of Fireyear n Fireyear n Fireyear n Fireyear n Fireyear n Fireyear n Fireyear n
fires
1660 +2yr 1 1268 1 1500 1 1378 +2yr 1 1693 1 1235 1 1514 3
1693 1 1347 1 1527 1 1438 1 1729 1 1263 1 1569 3
1702 1 1601 2 1533 1 1516 2 1767 3 1351 2 1630 2
1804 2 1631 2 1563 1 1563 1 1794 2 1415 2 1668 1
1729 1 1582 1 1601 4 1864 1 1510 2 1683 1
1740 1 1590 1 1631 1 1892 1 1554 1 1693 1
1749 1 1640 2 1667 3 1631 3 1721 1
1804 3 1689 1 1713 4 1642 1 1872 2
1835 1 1693 6 1830 4 1652 1 1887 1
1923 1 1713 1 1672 1
1781 4 1693 1
1798 1 1781 1
1819 1 1840 3
1822 3
1827 1
1846 2
1857 1
Average fire 36 65.5 20.5 50 33 46.5 41.5
interval (yr)
Appendix 4

Fire years and ring widths

Abbreviations: ++, much bigger than normal; +, bigger than normal; aver, average size; -, smaller than
normal; --, much smaller than normal. GB = Gropberget, PB = Porsmyrberget, VB = Virdkallberget, FA
= Fanén, GA = Girdberget, SU = Southern Ulvén, SK = Skuleskogen National Park, HU = Hummelvik
Nature Reserve.

Fire years Site (and number of samples) Ring width in master

1235 SK (1) -
1263 SK (1) -
1268 VB (1) +
1347 VB (1) .
1351 SK (1+1) -

1378+- 2 yr GA (1) aver
1415 SK (2) aver
1438 GA (1) -
1500 FA (1) aver

1510 SK (2) .
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Fire years Site (and number of samples) Ring width in master
1514 HU (3) -
1516 GA (2) aver
1527 FA (1) aver
1533 FA (1) -
1554 SK (1) -
1563 FA (1), GA (1) aver
1569 HU (3) aver
1582 FA (1) aver
1590 FA (1) -
1601 VB (2), GA (4) -
1630 HU (2) -
1631 VB (2), GA (1), SK (3) -
1640 FA (2) -
1642 SK (1) -
1652 SK (1) -

1660 + 2 yr PB (1) aver (1659 --)
1667 GA (3) -

1668/1669 HU (1) aver
1672 SK (1) aver
1683 HU (1) aver
1689 FA (1) aver
1693 FA (6), SU (1), SK (2), HU (1), PB (1) -
1702 PB (1) aver
1713 GA (4), (FA (1) -
1721 HU (1) aver
1729 VB (1), SU (1) -
1740 VB (1) B
1749 VB (1) B
1767 SU (3) aver
1781 FA (4), SK (1) -
1794 SU (2) aver
1798 FA (1) -
1804 VB (3), PB (2) aver
1819 FA (1) aver
1822 FA (3) -

1827/1828 FA (1) N
1830 GA (4) -
1835 VB (1) -
1840 SK (3) +
1846 FA (2) aver
1857 FA (1) aver
1864 SU (1) aver
1872 HU (2) aver
1887 HU (1) aver
1892 SU (1) aver
1910 FA (1) aver

1923 VB (1) N
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