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Abstract
Global biodiversity priorities are primarily addressed through the establishment or expansion of conserva-
tion areas (CAs). Spatial prioritization of these CAs can help minimize biodiversity loss by accounting 
for the uneven distribution of biodiversity and conservation considerations (e.g., accessibility, cost, and 
biodiversity threats). Furthermore, optimized spatial priorities can help facilitate the judicious use of 
limited conservation resources by identifying cost effective CA designs. Here, we demonstrate how key 
species and ecosystems can be incorporated into systematic conservation planning to propose the expan-
sion and addition of new CAs in the biodiversity-unique and data-poor region of Qinghai Plateau, China. 
We combined species distribution models with a systematic conservation planning tool, MARXAN to 
identify CAs for biodiversity on Qinghai Plateau. A set of 57 optimal CAs (273,872 km2, 39.3 % of this 
Province) were required to achieve the defined conservation targets in Qinghai Province. We also identi-
fied 29 new CAs (139,216 km2, 20% of Qinghai Province) outside the existing nature reserve (NRs) that 
are necessary to fully achieve the proposed conservation targets. The conservation importance of these 29 
new CAs was also indicated, with 10 labeled as high priority, 11 as medium priority, and 8 as low priority. 
High priority areas were more abundant in the eastern and southeastern parts of this region. Our results 
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suggest that many species remain inadequately protected within the Qinghai Plateau, with conservation 
gaps in eastern and northwestern regions. The proposed more representative and effective CAs can provide 
useful information for adjusting the existing NRs and developing the first National Park in China.

Keywords
Conservation planning, conservation area, Qinghai Plateau, spatial prioritization, species distribution 
model

Introduction

The massive growth in the human population and rapid land-cover change has led 
to unsustainable exploitation and use of biodiversity resources, exacerbated by cli-
mate change, biological invasion and other environmental influences (Rands et al. 
2010; Alroy 2015; Luo et al. 2015; Chen et al. 2017). Human-induced environmental 
changes has caused the sixth extinction of 5–20% species in many biological groups, 
and scientists estimate that we are now losing species at 100–1,000 times greater than 
pre-human rates (Pimm et al. 1995; Chapin et al. 2000; Lawton et al. 2005). In order 
to effectively address human and other environmental impacts on biodiversity, conser-
vation areas (CAs) are widely considered essential for managing species habitats and 
enhancing ecosystem services (Liu et al. 2003; Carranza et al. 2014; Gray et al. 2016; 
Zhang et al. 2017). Recognition of this imperative has resulted in the protection of 
around 15% of Earth’s land and 3% of the oceans (Andrew et al. 2012; Gray et al. 
2016). However, there is no consensus on the effectiveness of CAs as a conservation 
tool, and substantial conservation gaps still exist, leaving much the world’s remaining 
biodiversity unprotected (Laurance et al. 2010; Gray et al. 2016).

Most of conservation policies worldwide focus overwhelmingly on expanding the 
coverage of CA networks to achieve conservation targets. In 2010, 193 parties of the 
Convention of Biological Diversity (CBD) recommended a new strategic plan to com-
bat global biodiversity decline. A key element of this plan is Aichi target 11, which 
includes a commitment to expand the global coverage of CAs to at least 17% of ter-
restrial land and 10% of marine areas by 2020 (Aichi Target 11, CBD 2011; Sanderson 
et al. 2015). CBD targets, if adhered to, have the potential to spur rapid worldwide 
expansion of the CA networks (Watson et al. 2014). However, the CA’s size does not 
guarantee desirable conservation outcomes; its effectiveness also depends on where it 
is located. Thus, there has been a critical need for the strategic expansion of CA net-
works (Venter et al. 2014). It is important to acknowledge that the planning of CAs is 
typically understaffed, underfunded, and beleaguered in the face of external threats, so 
conservation efforts should also be complemented with the appropriate management 
and planning of existing CAs (Sanderson et al. 2015). Previous calls for enhancing 
CA management have focused on improving operational effectiveness of each CA. 
However, little guidance has been offered on how to increase the collective effectiveness 
for meeting biodiversity conservation goals and improving the performance of CAs 
(Sanderson et al. 2015).
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Species distribution models (SDMs), also commonly referred to as ecological niche 
models (ENMs), have become a fundamental tool used to spatially predict habitat 
suitability in ecology, biogeography, and conservation biology (Franklin 2013; Guisan 
et al. 2013). These SDMs, which rely on ecological theory of processes that mediate 
species distributions and abundance – especially niche theory (Guillera-Arroita et al. 
2015), are currently the main approach for converting individual point-locality data, 
such as museum collection records (Loiselle et al. 2003; Peterson et al. 2011) into the 
potential distributional range of a species or predicted ranges following global climate 
change (Li et al. 2015). Thus, SDMs have the potential to play a critical role in sup-
porting spatial conservation decision making, especially when conservation biologists 
are often pressed to make recommendations about conserving biodiversity based on 
limited species-distribution data and biodiversity resources (Addison et al. 2013).

Conservationists may aspire to protect as much of the Earth’s remaining biodiver-
sity as possible, but limited conservation resources beget the need for spatial prioritiza-
tion or the placement of CAs in areas that maximize the greatest return on investment 
(Carwardine et al. 2009). Systematic conservation-planning approaches help support 
the judicious use of conservation resources by identifying potential areas that efficiently 
meet specified conservation targets for the least cost (Margules and Pressey 2000; Car-
wardine et al. 2008; Linke et al. 2012). In general, systematic conservation approaches 
also aim to identify priority areas or refugees for ensuring the representation and long-
term persistence of biodiversity (Margules et al. 2002; Leslie et al. 2003; Wu et al. 2011; 
Hermoso and Kennard 2012), and usually include multistep procedures, (1) choosing a 
set of conservation features (species, ecosystems, or ecosystem services) as surrogates of 
biodiversity in a region, (2) defining the targets for each of these conservation features, 
and identifying the conservation gap, (3) assigning a conservation cost to each planning 
unit in a region, and (4) using conservation planning software to identify priority areas 
for biodiversity based on meeting the defined conservation goals, increasing landscape 
connection, and minimizing conservation cost (Fajardo et al. 2014).

Qinghai Province is located in the Qinghai-Tibet Plateau, a globally unique bioge-
ographic area. It has one of the highest concentrations of biodiversity among the high 
altitude regions in the world, and has also been classified as area of high conservation 
importance by the Chinese government. To date, the Qinghai Province has established 
11 NRs, with a total area of 218,000 km2, covering 30.2% of the province’s land area. 
Importantly, however, these NRs are reputed to be biased to less economically viable 
areas (i.e., minimal foregone resource opportunities). Since representation of biodi-
versity did not drive the selection of these NRs, many species and habitats remain 
inadequately protected and vulnerable to threatening processes. Due to the lack of 
biodiversity information, the effectiveness and representation of species conservation 
in this region has not been systematically explored. Moreover, China is planning the 
world’s biggest National Park in the Qinghai-Tibet Plateau, which is the first National 
Park in China and will cover some 120,000 square kilometers. The identification of 
the National Park’s boundary represents a substantial challenge to its development. 
The goals of this study are to: (1) evaluate the ability of existing NRs to contribute to 
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the overall goal of protecting key species and ecosystems; (2) identify a set of CAs that 
meet our defined conservation targets, and (3) prioritize these additional CAs outside 
of the existing NRs in Qinghai Province to provide important information for the 
creation of National Park.

Materials and methods

Study area

Qinghai Province is situated in the northeast of the Qinghai-Tibet plateau, which is 
the “water tower” of China and Asia (Huang 2013). Its total area is 7.2 × 104 km2, 
one thirteenth of China’s total area. It comprises the headwaters of several major Asian 
rivers, including the Yellow, Yangtze, Mekong, Salween and Yarlung Tsangpo (Brah-
maputra) rivers, and thus contributes significantly to the livelihood and wellbeing of 
nearly 40 percent of the world’s population. Therefore, it is important to conserve this 
region for the livelihoods of all those people. The elevation in the province ranges from 
1664 m to 6619 m (Fig. 1). From extensive alpine grasslands and wetlands to forests 
and deserts, Qinghai is home to a wide variety of globally significant, but fragile eco-
systems. As a traditionally sparsely inhabited region with a variety of different climatic 
zones and natural habitats, Qinghai Province provides important habitats for many en-
dangered species including the Tibetan antelope, wild yak, argali, snow leopard, black 
necked crane, saker falcon and many other key endangered wild animals.

Conservation features

Efficient expansion of CAs requires simultaneous planning for species and ecosystems 
(Polak et al. 2015). Qinghai Forestry Department put forward a list of 79 rare and 
endangered species in 2013 as indicator species of biodiversity conservation in Qing-
hai Province. We thus used 11 endemic ecosystem types (Table 1) and 72 of the 79 
endangered species (Table 2) as the surrogate of biodiversity in this region. In this 
study, we integrated conservation features from three sources to achieve maximum 
representation of biodiversity and compensate for limitations in data availability: (1) 
China key rare and endangered species database collected by The Nature Conservancy’s 
China biodiversity blueprint project. This database has been successfully used to pre-
dict climate change induced range shifts of Galliformes in China (Li et al. 2010). It was 
once employed to identify conservation priority areas in “China national biodiversity 
conservation strategy and action plan (2011–2030)” (Ministry of Environmental Pro-
tection 2010); (2) Chinese Endangered Species Information System (CESIS) (Xie et 
al. 1997). This system collected the latest endangered species information including 
mammals, birds, reptiles, amphibians, fish species or subspecies in China. Both the 
theoretical and practical simulations show that when the number of species presence 
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Figure 1. The location of Qinghai Province in China and the elevation range.

points is greater than 14, the species distribution model can produce a better simula-
tion result of species habitat (Proosdij et al. 2015). Therefore, we excluded these species 
with less than 15 presence points from the two databases, and obtained species pres-
ence data for 59 key rare and endangered species (Table 2). We checked the independ-
ence of the records and used them to input species distribution models to simulate 
their geographic ranges; (3) We identified the other 13 species’ suitability range using 
expert range maps from the online IUCN website (Table 2).

Species distribution modelling

We applied a maximum entropy modelling technique with the MAXENT software 
(Phillips et al. 2006) to predict the graphic distributions of the 59 endangered species. 
This approach has been extensively adopted to project species range shifts and change 
in species diversity patterns and to inform conservation planning (Hernandez et al. 
2008; Costa et al. 2010; Ponce-Reyes et al. 2012; McPherson 2014). A set of 19 biocli-
matic variables at 30s resolution were collected from the WorldClim dataset for current 
conditions (average for 1951–2000) (Hijmans et al. 2005). We performed a principal 
components analysis of 19 bioclimatic variables to select the first three principal com-
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Table 1. Conservation targets for regional endemic or endemic ecosystems to China in Qinghai Province.

Vegetation name Endemism Conservation target (%)
Carex moorcroftii Steppe Regional endemic 15
Kobresia humilis Alpine meadow Regional endemic 15
Alpine kobresia Meadow Regional endemic 15
Kobresia capillifolia Alpine meadow Regional endemic 15
Populus euphratica Forest Regional endemic 10
Picea balfouriana Forest Endemic to China 10
Picea purpurea Mast Forest Endemic to China 10
Picea asperata var. ponderosa Forest Endemic to China 10
Abies fabri (Mast.) Craib Endemic to China 10
S. convallium Forest Endemic to China 10
Qinghai spruce Forest Endemic to China 10

Table 2. Summary of species data source, the proposed conservation goal of each species according to 
their current conservation status, spatial distribution size and endemic status, and species representation 
(percentage protected) in the current nature reserve network of Qinghai Province based on the conserva-
tion goals defined in this study.

Scientific name Record points Target (%) Percentage protected (%)
Pseudois nayaur 183 5 40 
Gypaetus barbatus 52 5 36 
Ithaginis cruentus 85 5 35 
Tetraogallus tibetanus 55 15 41 
Aquila heliaca 34 20 44 
Otocolobus manul 144 5 29 
Moschus chrysogaster 116 15 33 
Mustela altaica 171 10 26 
Crossoptilon auritum 72 10 25 
Lynx lynx 269 7 22 
Martes foina 140 5 19 
Tetraogallus himalayensis 43 6 19 
Gervus albirostris 195 20 32 
Grus nigricollis 111 20 32 
Marmota himalayana 95 5 17 
Buteo hemilasius 179 13 21 
Haliaeetus leucoryphus 75 15 23 
Bos mutus 104 25 32 
Equus kiang 79 25 32 
Pantholops hodgsonii 133 25 32 
Ailurus fulgens 319 34 37 
Falco cherrug 48 29 32 
Pandion haliaetus 77 24 26 
Procapra picticaudata 123 33 33 
Ovis ammon 130 17 17 
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Scientific name Record points Target (%) Percentage protected (%)
Aegypius monachus 225 16 15 
Canis lupus 506 23 22 
Panthera uncia 161 30 28 
Bonasa sewerzowi 31 27 25 
Gyps himalayensis 96 19 17 
Antropoides virgo 105 11 8 
Cygnus olor 41 13 10 
Capricornis rubidus 504 28 24 
Ursus thibetanus 225 29 24 
Grus grus 110 14 9 
Cervus unicolor 318 31 25 
Accipiter nisus 297 35 27 
Lophophorus lhuysii 47 39 30 
Aquila nipalensis 105 21 11 
Gazella subgutturosa 94 16 4 
Cygnus cygnus 128 18 6 
Falco peregrinus 77 23 9 
Cervus elaphus 246 39 25 
Lutra lutra 552 28 14 
Falco subbuteo 91 25 11 
Ciconia nigra 277 24 9 
Milvus lineatus 344 23 6 
Falco tinnunculus 248 25 8 
Otis tarda 122 24 5 
Cuon alpinus 207 31 11 
Chrysolophus pictus 503 28 8 
Pelecanus onocrotalus 16 23 3 
Mustela sibirica 573 25 4 
Vulpes vulpes 718 25 3 
Macaca mulatta 653 30 5 
Panthera pardus 425 49 21 
Neofelis nebulosa 292 35 0 
Andrias davidianus 185 54 1 
Strix uralensis Range map 25 100 
Circus cyaneus Range map 5 32 
Bubo bubo Range map 5 32 
Athene noctua Range map 5 32 
Ursus arctos Range map 5 31 
Accipiter nisus Range map 7 25 
Aquila chrysaetos Range map 12 29 
Procapra przewalskii Range map 60 68 
Moschus berezovskii Range map 29 33 
Haliaeetus albicilla Range map 18 13 
Asio otus Range map 23 14 
Felis bieti Range map 29 19 
Platalea leucorodia Range map 24 0 
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ponents as input climatic variables for our SDMs. We also included vegetation types 
and two human disturbance factors (population density and gross domestic product) 
into model input layers.

MAXENT was run in default settings with a maximum of 500 iterations. We 
used cross-validation procedures to model calibration, which randomly assigned 75% 
of species records while keeping the other 25% records for AUC computations. We 
assessed model performance with AUC, which provides a single measure of model 
performance and ranges from 0.5 (randomness) to 1 (perfect discrimination), where 
a score higher than 0.7 is considered a good model performance (Rebelo et al. 2010). 
Outputs from MAXENT models were reclassified to presence/absence predictions us-
ing the ‘‘Maximum Training Sensitivity Plus Specificity’’ threshold, which has proven 
to generally produce more accurate results than other thresholds (Fajardo et al. 2014; 
Liu et al. 2005).

The targets of conservation features

We defined conservation targets for each species according to the current conservation 
status, spatial distribution range and endemic status (Fajardo et al. 2014). The target 
for each species was calculated as the sum of the following three indices: conservation 
status index, distribution size index, and conservation endemic index.

Distribution size index: Species with smaller distribution area should have a 
higher conservation priority and target, whereas species with larger distribution area 
should have lower a conservation target (Rodrigues et al. 2004). We assigned a more 
demanding representation target to species with more restricted ranges, acknowledging 
the negative relationship between species distribution size and extinction risk (Gaston 
and Rodrigues 2003). The value given to each species was scaled between a minimum 
coverage of 5% for species with a distribution equal to or greater than 300,000 km2 in 
Qinghai Province, and a maximum of 25% for species with ranges equal to or less than 
1,000 km2 (Rodrigues et al. 2004). The 300,000 km2 upper threshold corresponds to 
the range size observed in one third of the studied species in Qinghai Province.

Conservation status index: Like in Fajardo et al. (2014), we assigned goals to 
species identified as threatened by the IUCN following a decreasing scale: Critically 
Endangered (CR), 25%; Endangered (EN), 17.5%; Vulnerable (VU), 10%; Near 
Threatened (NT), 5%; Least Concern (LC), Not Evaluated (NE), and Data Deficient 
(DD), 0%.

Conservation endemic index: An endemic species is one whose habitat is re-
stricted to a particular area, and can be easily under threat. As such, endemic species 
are of great conservation interest to conservation planning. We assigned goals of 10% 
for species endemic to Qinghai-Tibet Plateau, 5% for endemic species in China, and 
0 for other species.

In Qinghai Province, wetland, forest and endemic grassland ecosystems have 
high conservation importance. Existing NRs already protect 70% of the important 
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plateau wetland ecosystem (Liu and Li 2007). Therefore, we exclusively focused on 
endemic grassland and unique forest ecosystems. We used vegetation map of China 
(1:1 000 000) to represent ecosystem features of this region, and selected 11 endemic 
vegetation types as key conservation ecosystem types according to their endemism 
in this region or China (Qu 2011). We identified their conservation target as 10% 
for ecosystems endemic to the Qinghai-Tibet Plateau, 5% for endemic ecosystems in 
China, and 0 for other ecosystems. Although the conservation targets were determined 
arbitrarily, the results from our scenarios indicated that the changed conservation tar-
gets for each conservation feature did not radically affect the spatial distribution of the 
proposed CAs.

Species representation within the existing nature reserves

We performed a gap analysis that compared the defined conservation targets to species’ 
current representation within existing NRs. The species distributions and expert range 
maps were first intersected with the NRs, and then the percentage of its distribution 
within NRs was calculated and compared with its defined conservation targets. Spe-
cies are considered insufficiently protected by the current NRs when the percentage is 
below their conservation targets.

Proposed conservation priority areas

We used the systematic conservation planning software MARXAN 2.4.3 (Ball et al. 
2009) to identify the most efficient set of conservation priority areas to meet the above 
targets for both ecosystems and endangered species. It is a decision-support tool, which 
solves an optimization problem of representing a set of conservation features (species, 
ecosystems, ecoregions or ecosystem services) at a minimal cost, and has been widely 
used for identifying CAs in China (Wu et al. 2014; Zhang et al. 2014) and across 
the world (Powers et al. 2013; Hermoso et al. 2013; Tulloch et al. 2016; Powers et 
al. 2016). The Qinghai Province was partitioned into 4 km × 4 km grids or 44,475 
planning units (PUs). We unlocked Kekexili National NR and the Soka River Protec-
tion zone of Sanjiangyuan National NR, the two largest NRs of current network, and 
set PUs in them as “available”, because we assumed that the large extent of these two 
NRs may not be required to effectively meet conservation targets. PUs coinciding with 
other current NRs were prioritized in the MARXAN solutions. We set the cost of each 
PU as the value of the human footprint index (Sanderson et al. 2002). This index as-
sumed that PUs with less human disturbance have higher social acceptance (Powers et 
al. 2013) and a lower conservation cost, and is widely accepted as a universal conserva-
tion cost surrogate (Fajardo et al. 2014; Wu et al. 2014). We ran different scenarios 
using the Zonae Cogito Decision Support System to test the most suitable parameters 
for MARXAN whereby we varied the boundary length modifier (BLM) and the species 
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penalty factor (SPF). BLM and SPF were optimized to 100 and 1 respectfully since it 
offered an efficient tradeoff in our scenario analysis between cost, reserve compactness 
and achieving conservation targets. We ran MARXAN to identify 100 solutions us-
ing the simulated annealing algorithm and the default values for number of iterations 
(1,000,000) and temperature Decreases (10,000).

The best solution from the MARXAN output is the network most optimized with 
respect to achieving the conservation targets at the lowest cost. We thus proposed 
priority areas from MARXAN’s best solution. Given the financial challenges associ-
ated with the immediate implementation of these areas proposed in the best solution, 
we prioritized the areas outside of existing NRs according to three important deci-
sion making criteria: species richness, selection frequency, and vulnerability. Species 
richness was generated by calculating the number of studied species present in each 4 
km×4 km grid cell across the entire study region based on the binary distribution maps 
from species distribution models and the range maps. It has long been recognized as 
a key characteristic determining biodiversity patterns and conservation selection. The 
grid cells with higher richness were assumed to have higher conservation value and 
were preferentially prioritized. MARXAN produced 100 solutions and a summed so-
lution made up of the selection frequency across the 100 runs. This score of selection 
frequency represents the total section frequency of each grid. The vulnerability criteria 
is used to prioritize highly impacted areas that are in greater need of protection. We 
should give priority to protecting areas where human disturbance is more serious and 
ecologically more sensitive. To calculate the score, we used the human footprint index 
as a measure of the human influence on each PU.

The three criteria scores were normalized to values between 0 and 100, and summed 
to give each proposed CA an overall priority score. Priority areas were classified as high, 
medium, and low priority according to the overall priority score. The area of high, 
medium, and low priority was determined using natural break method (Fajardo et al. 
2014).

Results

Spatial patterns of species richness in Qinghai Province

The species distribution models were able to accurately predict the geographic distribu-
tions of the species. Specially, the models had AUC values between 0.843 and 0.999, 
which indicates that the generated geographic distributions can be used to estimate 
regional species richness patterns and conservation planning (Fig. 4a). Species richness 
was spatially heterogeneous and follows the well-known latitudinal pattern in Qinghai 
Province. Its spatial pattern shows a general reduction from the eastern to western ar-
eas. The maximum value of 57 species per km2 is located in the Haidong and Xining 
regions. Regions with a relatively low number of species are situated in the western 
high altitude areas, including Haixi and Yusu (Fig. 4a).
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Conservation effectiveness in the current NRs

The 11 NRs account for 30.2% of the total  Qinghai Province area. The percentage 
of area with 10–20 and 30–40 species/km2 protected by the current NRs was 37% 
and 35%. The two regions with the highest species richness encompassed an area of 
110000 km2 and 3000 km2 respectively, and had a low protection level of 19% and 
11% (Fig. 1). These two regions are mainly located in the farming-pastoral ecotone 
within the eastern and southern parts of Qinghai Province.

We found that 41 species, 53% of the total, are insufficiently protected in the cur-
rent reserve system according to our defined conservation target for each species. We 
also found that targets for those species most at risk species are not well met under cur-
rent NRs: 3 out of 4 critically endangered, on third of the endangered, and 8 out of 16 
vulnerable species did not achieve their defined conservation goals (Fig. 2). There were 
22 and 11 species whose protection under existing NRs exceeded conservation targets 
by 10% and 20% respectively (Fig. 2).

Proposed priority areas for biodiversity conservation

A set of priority areas based on the best solution were selected in Qinghai Province 
(Fig. 3). We identified 57 optimal CAs for biodiversity conservation in Qinghai Prov-
ince. The total area assigned as CAs in order to achieve the conservation targets for 
all conservation features is about 273,872 km2, about 39.3 % of the total land area 

Figure 2. Summary of the conservation gap for key rare and endangered species in Qinghai Province: 
(a) species number of conservation goals met and not met; (b) the area protected and unprotected in na-
ture reserves (CR – Critically Endangered, EN – Endangered, VU – Vulnerable, NT – Near Threatened, 
LC - Least Concern).



Renqiang Li et al.  /  Nature Conservation 24: 1–20 (2018)12

Figure 3. Spatial distribution of proposed priority areas (including high, medium and low priorities) 
inside and outside the existing nature reserves for Qinghai Province.

in Qinghai Province. Among these selected priority areas, 28 areas are located with-
in the existing NRs. The total area of selected CAs inside current reserves is about 
134,656km2, 19.3% of Qinghai Province. In order to better guide conservation invest-
ment and management, we judiciously reduced the coverage of the Sanjiangyuan Na-
tional NR (conservation zone A, B, C and D in Fig. 3). This very large protected area 
was not optimized; therefore, its conservation effectiveness (e.g., reduced conservation 
cost, greater transparency and objectiveness, and higher level of protection for more 
species) can be improved by systematic conservation planning.

To fully meet our criteria for our conservation features, 29 new or not previously 
conserved areas, approximately 139,216 km2 (20% of Qinghai Province), were added 
to the current NR system (Fig. 3). The majority of these new conservation priority 
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Figure 4. Spatial distribution maps for the three criteria used to evaluate the conservation priority of the 
proposed conservation areas in this study: a species richness and current nature reserves across Qinghai 
Province b vulnerability, derived from the Human Footprint index c selection frequency of the planning 
units, including additional solutions with varying conservation goals; and d overall priority score.

areas were located in the Qinghai Province’s east and, to a lesser degree, in parts of the 
central and southern regions. Some conservation priorities were selected to improve 
the connectivity among other conservation areas, which were located between Qing-
hai Qaidam Haloxylon ammodendron forest national NR and Qinghai Nuomuhong 
Provincial NR (13, 17, and 20 in Fig. 3), Protection Zones of Sanjiangyuan National 
NR (7 and14 in Fig. 3), and Protection Zones of Qilian Mountain National NR (12 
and 16 in Fig. 3).

The prioritization of additional conservation areas

The prioritization of new selected areas outside the existing NRs was determined ac-
cording to an overall priority score derived from three design criteria: species richness, 
selection frequency, and vulnerability. The vulnerability of the proposed priority areas, 
as measured by the vulnerability score, increases gradually from east to west. Of the 
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29 new areas, 10 were designated as high priority, 11 as medium priority, and 8 as low 
priority (Fig. 3). High priority areas are more abundant in the eastern and southeastern 
parts of this province. In general, five additional priority areas were larger than 1000 
km2, while 11 are larger than 5,000 km2 in size. For the top five largest priority areas, 
two are in the northeastern region, while three are in the south of Qinghai Province. 
The largest one (24 in Fig. 3) was the attached Haixi in the southwest of Qinghai 
(11135 km2). The second largest (11 in Fig. 3) was in the central part of Guoluo 
(106906 km2), the third (19 in Fig. 3) was in the east of Yusu (9989 km2), while the 
fourth (3 in Fig. 3) and the fifth (16 in Fig. 3) are located in between Haibei and Xin-
ing (9802 km2) and between Haibei and Haixi (9437 km2), respectively.

Discussion

To the best of our knowledge, the work described here, is the first time a systematic 
approach to biodiversity conservation planning has been devised for the Qinghai 
Province. Our approach focused on the conservation of both species and ecosystem-
level features, and builds upon the current NR network to highlight new areas for 
protection. Other similar studies have demonstrated that, when expanding existing 
NRs, fewer resources and less land are required to achieve conservation targets if 
species and ecosystem conservation features are addressed at the same time (Lom-
bard et al. 2003; Polak et al. 2015). By avoiding the selection of planning units that 
become redundant once a secondary goal is added, the simultaneous inclusion of 
multiple conservation feature types can lead to final CA solutions that are likely 
smaller and less costly. Complementarity is a key consideration when planning for 
conservation (Watson et al. 2008), and assessing this complementarity for Qinghai 
Province could potentially inform planning for expanding and improving the cur-
rent conservation system. Our results show the biodiversity conservation gap and 
spatial distribution of key conservation areas within the Qinghai Province, and can 
provide an important basis for the assessment and adjustment of regional conserva-
tion planning in the future.

The existing and extensive NR network in Qinghai Province plays an important 
role in maintaining unique endangered species and key ecosystems. However, our re-
sults suggest that additional protection is still required. First, the eastern and southeast-
ern parts of Qinghai Province are key areas for biodiversity conservation. These areas 
are rich in rare and endangered species distributions, but are currently under protected. 
Further, in many instances the largely unprotected areas surrounding high population 
densities may warrant additional conservation emphasis, despite greater risks for land-
use conflict and implementation challenges, as they typically contain greater diversity, 
species of concern and have the potential to constrain environmental impacts associ-
ated with human activities. New NRs are also recommended for the Qaidam basin 
of Haixi Mongolian Autonomous Prefecture, which contains no NRs and is home to 
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many species of high conservation value that are unique to these desert ecosystems. 
In addition, we recommend that the boundaries of some current NRs be adjusted ac-
cording to the distribution of conservation features. Considerable conservation gains 
can be achieved if the NR boundaries of Sanjiangyuan Tongtianhe protection division, 
Angsai protection division, and Mengda and the Xianmi NR are modified to improve 
the conservation efficiency.

Expanding the proportion of land protected will not guarantee the improvement 
of conservation effectiveness and representation, and could prove extremely costly. A 
systematic conservation approach, such as the one presented in this study, provides a 
useful framework that can help guide planners as to where (spatially) conservation ef-
forts should be targeted to efficiently achieve conservation objectives. Over the last two 
decades, the number and area of NRs have greatly increased in China. In 2014, there 
were 2,729 NRs, accounting for about 15% of China’s land territory, ann more than 
30.2% in Qinghai. Since NRs hold the majority of the country’s wildlife, they play 
a fundamental role in protecting regional biodiversity. Nonetheless, many threatened 
species are still not adequately protected. Key biodiversity areas, which are the most 
important sites for biodiversity conservation, are also poorly represented in existing 
NRs. The effectiveness of many NRs in China is compromised by lack of ongoing 
financial and technical support, systematic planning and an adequate conceptual base 
to optimize the conservation performance. The NR system faces serious challenges. We 
need to act quickly to shift the focus of the construction and management of NRs from 
quantitative growth to quality improvement, and incorporate systematic planning into 
conservation practices, because global change and other threats are quickly eroding 
biodiversity. Unless this is done, we risk many NRs becoming “paper parks”— existing 
in name only (Di and Toivonen 2015).

Designing and complementing conservation networks to safeguard biodiversity is 
a difficult task for governments and conservationists in a plateau due to the absence 
of information regarding species distributions, density or abundance. In this study, we 
adopted species distribution models (SDMs) to simulate the ranges of key rare and 
endangered species. These species are largely considered the best available proxy of bio-
diversity in Qinghai Province. SDMs are increasingly proposed to support conserva-
tion decision making, and have the potential to better bridge theory and practice, and 
contribute to improve both scientific knowledge and conservation outcomes when the 
ecological knowledge is incomplete, such as in Qinghai plateau. Although the set of 72 
key endangered species used in this study as indicator species is not exhaustive and not 
devoid of uncertainty, the high consistency of our overall results suggest that they are 
consistent with currently described biodiversity patterns in Qinghai Province. Looking 
forward, the funding and capacity for collecting more adequate species data and keep-
ing them up to date are critical to future conservation efforts and reducing biodiversity 
loss (Wu 2016). As a result, there is an immediate need to further increase funding for 
biodiversity data collection and capacity building, particularly in biodiversity-unique, 
data-poor Qinghai Province.
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Abstract
In conservation biology, there is a general consensus that protected areas (PAs) are one of the most ef-
fective tools for biodiversity protection. Worldwide, the area of PAs is continually increasing. But is the 
effectiveness of biodiversity protection improving with it? Since many PAs only exist as “paper parks” (i.e. 
they exist on maps and in legislation but offer little actual protection), the answer is uncertain. Moreover, 
it has long been known that, not only an increase in the extent of PAs, but also the efficiency of their man-
agement is fundamentally important for effective nature conservation. Therefore, there is a wide-ranging 
discussion about the actual effectiveness of PAs and factors that influence it.

In the course of the EU pre-accession phase, a comprehensive field mapping of natural habitats took 
place in the Czech Republic in years 2001−2004. The mapping results were used to designate Special 
Areas of Conservation (SACs) as part of the Natura 2000 network.

In this study, the aim was to evaluate the effectiveness of this newly created system of SACs for pro-
tection of biodiversity represented by the mapped natural habitats. The NCEI index (Nature Conserva-
tion Effectiveness Index) was applied, calculated as the total area of a particular habitat type in all SACs 
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in the Czech Republic divided by the total area of that same natural habitat in the entire Czech Republic. 
Habitat protection in the Czech Republic is focused primarily on the smallest types of rare habitats, many 
of which are classified as critically endangered. The Czech national system of SACs provides protection 
to a total of 4,491.68 km2 of natural habitats. Based on these results, it can be concluded that the overall 
effectiveness of the SAC system in the Czech Republic, which is specifically aimed at protecting natural 
habitats, is low (NCEI = 0.36). Nevertheless, the critically endangered habitats receive maximum protec-
tion (NCEI = 1).

Keywords
Conservation effectiveness, natural habitats, mapping, Nature Conservation Effectiveness Index, Special 
Areas of Conservation

Introduction

The World Database on Protected Areas (WDPA), managed since 1981 by the UN 
Environment World Conservation Monitoring Centre based in Cambridge, UK, also 
included World Heritage sites such as the historic centre of Prague (Plesnik 2012). A 
significant shift in the international concept of PAs was brought in by a new definition 
proposed by IUCN in 2008 (Dudley et al. 2010). As claimed by the new definition, a 
protected area is a clearly defined geographical space, recognised, dedicated and man-
aged, through legal or other effective means, to achieve the long term conservation of 
nature with associated ecosystem services and cultural values. According to Ervin et 
al. (2010), establishment of PAs and their community perception went through three 
distinct stages over the years: (1) A classic approach from the 19th century until the 
1970s was based on the notion that PAs can exist independently from the surrounding 
landscape and the benefits of the PAs for the local population were considered irrel-
evant. (2) A modern approach, promoted with different intensity in different parts of 
the world, is based on a greater recognition of the needs of local residents in PAs. The 
cornerstone of the modern approach is the recognition of the fact that it is not enough 
for nature conservation to keep establishing new PAs as isolated islands of nature in the 
midst of a man-altered landscape, but that the actual effectiveness of the PAs is essen-
tial for maintaining biodiversity. (3) The current approach considers PAs as a strategy 
for sustaining life-giving processes in nature that provide benefits to society, anthro-
pocentrically referred to as ecosystem services. Management of PAs is perceived as an 
interdisciplinary affair, beneficial to both nature and humans (Machar et al. 2016).

The extent of PAs worldwide is slowly but steadily increasing. More than 80% of 
today’s PAs have been established after 1962, when the 1st World Congress on National 
Parks was held in Seattle (Chape et al. 2005). Between 1993 and 2008, the number 
of PAs in the world has doubled and their total area increased by 60% (UNEP 2008).

In 2010, the 10th COP to the CBD in Nagoya resulted in ambitious targets: to 
increase the area of the world PAs to 17% on land and 10% in the sea (including 
coastlines) by 2020, while ensuring that the applied conservation management is ef-
fective and the system of PAs is representative, interconnected and integrated into the 
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surrounding unprotected landscape. In the context of ongoing climate changes, the 
importance of PAs for preserving biodiversity is further increasing and brings even 
more ambitious proposals. One of them suggests protecting a minimum of 25% of 
land and 15% of sea in order to maintain global priority areas for the conservation of 
global biodiversity and ecosystem services, particularly carbon sequestration (Conser-
vation International 2010, Jenkins and Joppa 2009).

In the strongly anthropogenically altered Europe, nearly all PAs (90%) are smaller 
than 10 km2 (Gaston et al. 2008), which makes it really difficult, for example, to ef-
fectively protect populations of large vertebrates (Kovarik et al. 2014).

Although the percentage limits for the total minimum extent of PAs on land and 
sea may be relatively good indicators of conservation effectiveness, it is obvious that 
these figures say nothing about whether the individual PAs are large enough, whether 
they are appropriately spatially arranged and whether they host key species and re-
sources (Power et al. 1996). In other words, they say nothing about whether or not the 
PAs effectively fulfil their purpose (Hockings et al. 2006).

Worldwide, the area of PAs is continually increasing. But is the effectiveness of 
biodiversity protection improving with it? Since many PAs only exist as “paper parks” 
(i.e. they exist on maps and in legislation but offer little actual protection), the answer 
is uncertain. Moreover, it has long been known that not only an increase in the extent 
of PAs, but also the efficiency of their management is fundamentally important for 
effective nature conservation. Therefore, there is a wide-ranging discussion about the 
actual effectiveness of PAs and factors that influence them (Joppa and Pfaff 2009; Lev-
erington et al. 2010; Simon et al. 2014).

In the post-World War II Czech Republic, the effectiveness of PAs has been ad-
dressed within the national framework of PAs with the aim of including all rare habitat 
types. This effort, however, had not been successful until the end of the 20th century 
(Bucek and Machar 2012). PAs, during the Communist era, were of a large extent but 
their conservation regime corresponded to that of “paper parks” (Lipsky 1995). These 
PAs received a real protection only after the change in the political regime in 1992 
under the new Nature Conservation Act. In the course of the EU pre-accession phase, 
a comprehensive field mapping of natural habitats took place in the Czech Republic in 
the years 2001−2004. The mapping results were used to designate the Special Areas of 
Conservation (SACs) as a part of the Natura 2000 network.

The aim of this paper is to evaluate the effectiveness of the Natura 2000 network 
(Miko 2012), using the Czech Republic as a case study. To date, the effectiveness of 
PAs in the Natura 2000 network in protecting biodiversity has been addressed by a 
number of studies that generally confirm the positive protective effect of this Euro-
pean conservation concept. For example, Donald et al. (2007) showed that through 
establishing Special Protection Areas (SPAs), the Birds Directive successfully provides 
protection to the most endangered European bird species and it has prevented further 
decline of many bird populations. According to Sanderson et al. (2015), the bird spe-
cies listed in Annex I of the Birds Directive show more positive trends both in short 
and long terms in comparison with species not listed in the Annex. The longer the 
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enforcement of the Birds Directive in each particular country, the more obvious is 
the trend. Although protection of migratory birds on their nesting sites only, for ex-
ample, is insufficient, it still has a demonstrable positive effect on these populations 
even in times of climate change. The SPAs also influence non-target species (Brodier 
et al. 2013). On the other hand, some SPAs in agricultural landscapes sustain target 
species and species adapted to fallow land but do not support other species (Santana 
et al. 2013). It is therefore necessary to also focus on non-target species and better link 
nature conservation and agricultural policy.

In this study, the effectiveness of the Natura 2000 network was analysed with a 
special focus on the SACs that are primarily designated to protect natural habitats. 
The aim of this paper was to evaluate the effectiveness of habitat conservation for 
all mapped natural habitats in the territory of the Czech Republic in the context of 
the Natura 2000 conservation objectives, i.e. preserving the existing character of the 
natural habitat types.

Materials and methods

To evaluate the effectiveness of SACs in the Czech Republic, data collected during 
a national habitat field survey conducted in the period 2001−2004 were used. The 
survey under the Habitats Directive, formally known as the Council Directive 92/43/
EEC on the conservation of natural habitats and of wild fauna and flora, was carried 
out over the entire territory of the Czech Republic on a scale of 1:10,000. The survey 
results were summarised in the Habitat Catalogue of the Czech Republic (hereinaf-
ter referred to as the “Catalogue”) (Chytry et al. 2010) listing a total of 156 natural 
habitats (Table 1). The field survey provided detailed data on the diversity of canopy, 
shrub and herb layers of specific mapped habitat segments and basic data on ecologi-
cal quality of individual habitats. All results have been completely digitised and used 
to designate Special Areas of Conservation as defined by Annex III of the Habitats 
Directive (Loncakova 2009).

Species rarity is usually evaluated based on three criteria: geographic distribution, 
habitat requirements and abundance. Species conservation efforts predominantly focus on 
habitat specialists with restricted distribution (e.g. endemic species or isolated relict popu-
lations of rare species) or species with a broad geographic range but strong ties to rare habi-
tats. A similar approach is being applied to habitat protection. Particular attention is paid 
to unique habitats tied to geographically or ecologically rare phenomena (e.g. serpentinites 
or glacial corries). With more widespread habitats, conservation efforts focus on those 
that can only be found on very small areas with specific natural conditions (springs, salt 
marshes etc.). Therefore, data on abundance and distribution may provide sufficient guid-
ance needed to assess the degree of vulnerability of individual habitat types. Following the 
publication of the Catalogue, the Red Book of Habitats of the Czech Republic (RBH) was 
produced in 2005 (Kučera 2012). Based on a detailed field survey, the Red Book of Habi-
tats provides a critical evaluation of data on occurrence and spread of individual habitats 
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Table 1. Conservation effectiveness of natural habitats in the Czech Republic.

Habitat type

Natura 
2000 

habitat 
code 

Habitat 
code 

(Chytrý 
et al. 
2010)

Total area 
of habitat 
in Czech 
Republic 

[km2]

Code of 
vulnerability 

(Kučera 
2012)

Number 
of habitat 
segments 
in SAC 

Total 
area of 

habitat in 
the SAC 

[km2]

NCEI

Wind-swept alpine grasslands 6150 A1.1 1.65 VU 107 1.65 1
Closed alpine grasslands 6150 A1.2 7.59 VU 355 7.59 1
Alpine heathlands 4060 A2.1 1.26 VU 121 1.26 1
Subalpine Vaccinium vegetation 4060 A2.2 4.8 VU 455 4.8 1
Snow beds 6150 A3 0.02 CR 12 0.02 1
Subalpine tall grasslands 6430 A4.1 7.28 NT 821 7.28 1
Cliff vegetation in the Sudeten 
cirques 8220 A5 0.03 CR 11 0.03 1

Acidophilous vegetation of alpine 
cliffs 8220 A6B 0.41 NT 116 0.41 1

Pinus mugo scrub 4070 A7 12.17 VU 376 12.17 1
Salix lapponum subalpine scrub 4080 A8.1 0.04 CR 5 0.04 1
Subalpine deciduous tall scrub 4080 A8.2 0.29 NT 39 0.29 1
Low xeric scrub, secondary 
vegetation with Prunus tenella 40A0 K4B 0.01 CR 6 0.01 1

Calcareous fens with Cladium 
mariscus 7210 M1.8 0.04 CR 7 0.04 1

Vegetation of annual halophilous 
grasses – M2.4 0.04 CR 1 0.04 1

River gravel banks with Myricaria 
germanica 3230 M4.2 0.13 CR 1 0.13 1

River gravel banks with 
Calamagrostis pseudophragmites 3220 M4.3 0.07 EN 47 0.07 1

Subalpine springs – R1.5 0.07 VU 113 0.07 1
Peat soils with Rhynchospora alba 7150 R2.4 0.14 EN 48 0.14 1
Tall-forb vegetation of fine-soil-
rich boulder screes – S1.4 0.06 VU 35 0.06 1

Subalpine Nardus grasslands 6230 T2.1 1.5 VU 296 1.5 1
Macrophyte vegetation of naturally 
eutrophic and mesotrophic still 
waters with Salvinia natans

3150 V1D 0.05 EN 6 0.05 1

Isoëtes vegetation 3130 V6 0.25 CR 2 0.25 1
Acidophilous vegetation of alpine 
boulder screes 8110 A6A 1.84 NT 417 1.83 0.99

Montane Nardus grasslands with 
alpine species 6230 T2.2 7.86 VU 1293 7.8 0.99

Subalpine tall-fern vegetation 6430 A4.3 0.54 NT 123 0.53 0.98
Bog hollows 7110 R3.3 0.84 EN 253 0.81 0.96
Basiphilous vegetation of vernal 
therophytes and succulents with 
dominance of Jovibarba globifera

6110 T6.2A 1.11 EN 36 1.07 0.96

Pinus rotundata bog forests 91D0 L10.4 10.01 EN 119 9.54 0.95
Open raised bogs 7110 R3.1 6.31 EN 732 5.98 0.95
Raised bogs with Pinus mugo 91D0 R3.2 17.04 EN 616 16.11 0.95
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Vegetation of exposed bottoms in 
warm areas 3130 M2.3 0.32 EN 8 0.29 0.91

Pannonian sand steppe grasslands 6260 T5.4 0.98 VU 62 0.89 0.91
Acidophilous thermophilous oak 
forests with Genista pilosa 91I0 L6.5A 2.17 VU 187 1.93 0.89

Narrow-leaved dry grasslands with 
significant occurrence of orchids 6210 T3.3C 0.35 VU 12 0.31 0.89

Broad-leaved dry grasslands with 
significant occurrence of orchids 
and without Juniperus communis

6210 T3.4C 9.74 VU 259 8.6 0.88

Peri-Alpidic serpentine pine forests – L8.3 0.45 EN 33 0.39 0.87
Pannonian thermophilous oak 
forests on loess 91I0 L6.2 16.54 VU 371 13.98 0.85

Degraded raised bogs 7120 R3.4 7.85 NT 377 6.65 0.85
Montane sycamore-beech forests 9140 L5.2 9.21 VU 686 7.73 0.84
Montane Calamagrostis spruce 
forests 9410 L9.1 438.81 VU 6485 366.79 0.84

Montane grey alder galleries 91E0. L2.1 5.56 VU 671 4.64 0.83
Calcareous fens 7230 R2.1 0.4 VU 77 0.33 0.83
Boreo-continental pine forests with 
lichens on sand 91T0 L8.1A 11.73 VU 718 9.53 0.81

Willow scrub of river gravel banks 3240 K2.2 0.76 VU 153 0.61 0.8
Sesleria grasslands 6190 T3.2 0.38 VU 144 0.3 0.79
Dry lowland and colline heaths 
with occurrence of Juniperus 
communis

5130 T8.1A 0.14 VU 26 0.11 0.79

Montane Athyrium spruce forests 9410 L9.3 9.44 EN 355 7.25 0.77
Peri-Alpidic basiphilous 
thermophilous oak forests 91H0 L6.1 9.11 VU 468 6.91 0.76

Sub-Pannonian steppic grasslands 6240 T3.3A 3.46 VU 293 2.62 0.76
Unvegetated river gravel banks – M4.1 1.82 VU 438 1.37 0.75
Pannonian loess steppic grasslands 6250 T3.3B 0.76 EN 46 0.57 0.75
Continental inundated meadows 6440 T1.7 11.56 EN 319 8.49 0.73
Bog spruce forests 91D0 L9.2A 60.02 EN 1935 43.05 0.72
Continental tall-forb vegetation 6430 T1.8 0.07 CR 6 0.05 0.71
Hardwood forests of lowland rivers 91F0 L2.3 241.38 EN/VU 6140 170.07 0.7
Transitional mires 7140 R2.3 29.81 EN 2971 20.97 0.7
Macrophyte vegetation of water 
streams with currently present 
aquatic macrophytes

3260 V4A 29.71 NT 738 20.73 0.7

Pannonian thermophilous oak 
forests on sand 91I0 L6.3 13.73 VU 384 9.54 0.69

Submontane and montane Nardus 
grasslands with scattered Juniperus 
communis vegetation

5130 T2.3A 3.32 VU 461 2.27 0.68

Ribes alpinum scrub on cliffs and 
boulder screes – S1.5 0.36 VU 193 0.24 0.67

Mobile screes of basic rocks 8160 S2A 0.24 VU 67 0.16 0.67
Subalpine tall-forb vegetation 6430 A4.2 0.41 NT 169 0.27 0.66
Broad-leaved dry grasslands with 
significant occurrence of orchids 
and with Juniperus communis

6210 T3.4A 0.6 EN 21 0.39 0.65



Effectiveness of Natura 2000 system for habitat types protection... 27

Pannonian-Carpathian oak-
hornbeam forests 91G0 L3.3A 42.59 --- 794 27.12 0.64

Limestone beech forests 9150 L5.3 9.6 VU 362 6.19 0.64
Annual vegetation on wet sand 3130 M2.2 0.11 VU 14 0.07 0.64
Acidic moss-rich fens 7140 R2.2 20.83 VU 1887 13.08 0.63
Macrophyte vegetation of naturally 
eutrophic and mesotrophic still 
waters with Hydrocharis morsusranae

3150 V1A 0.13 VU 59 0.08 0.62

Basiphilous vegetation of vernal 
therophytes and succulents without 
dominance of Jovibarba globifera

6110 T6.2B 0.41 VU 129 0.25 0.61

Waterlogged spruce forests 9410 L9.2B 298.13 VU 6799 178.49 0.6
Pannonian oak-hornbeam forests 91G0 L3.4 57.05 VU 1284 33.6 0.59
Secondary submontane and 
montane heaths with occurrence of 
Juniperus communis

5130 T8.2A 0.63 VU 60 0.37 0.59

Macrophyte vegetation of shallow 
still waters with dominant Hottonia 
palustris

– V2B 0.29 EN 128 0.17 0.59

Birch mire forests 91D0 L10.1 14.48 EN 469 8.23 0.57
Rock-outcrop vegetation with 
Festuca pallens 6190 T3.1 3.15 NT 603 1.77 0.56

Broad-leaved dry grasslands without 
significant occurrence of orchids 
and with Juniperus communis

5310 T3.4B 1.25 VU 56 0.69 0.55

Vaccinium vegetation of cliffs and 
boulder screes 4030 T8.3 3.12 VU 689 1.68 0.54

Forest springs with tufa formation 7220 R1.3 0.19 VU 264 0.1 0.53
Broad-leaved dry grasslands without 
significant occurrence of orchids 
and without Juniperus communis

6210 T3.4D 110.76 NT 3476 57.76 0.52

Low xeric scrub, primary 
vegetation on rock outcrops with 
Cotoneaster spp.

40A0 K4A 0.7 VU 220 0.36 0.51

Pine forests of continental mires 
with Eriophorum 91D0 L10.3 0.73 EN 20 0.37 0.51

Chasmophytic vegetation of 
calcareous cliffs and boulder screes 8210 S1.1 1.85 VU 533 0.95 0.51

Dry herbaceous fringes – T4.1 2.04 NT 381 1.03 0.5
Herb-rich beech forests 9130 L5.1 1229.3 LC 20798 607.61 0.49
Acidophilous beech forests 9110 L5.4 1473.99 LC 24203 726.52 0.49
Riverine reed vegetation – M1.4 12.88 VU 1665 6.17 0.48
Submontane and montane Nardus 
grasslands without Juniperus 
communis

6230 T2.3B 88.12 NT 5285 42.64 0.48

Narrow-leaved dry grasslands 
without significant occurrence of 
orchids

6210 T3.3D 16.13 VU 766 7.65 0.47

Macrophyte vegetation of 
oligotrophic lakes and pools 3160 V3 0.3 EN 88 0.14 0.47

Forest-steppe pine forests 91U0 L8.2 3.84 VU 110 1.76 0.46
Acidophilous dry grasslands with 
significant occurrence of orchids 6210 T3.5A 0.26 VU 12 0.12 0.46
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Secondary submontane and 
montane heaths without 
occurrence of Juniperus communis

4030 T8.2B 12.47 NT 749 5.69 0.46

Muddy river banks 3270 M6 0.66 NT 103 0.29 0.44
Montane Trisetum meadows 6520 T1.2 160.31 NT 4979 70.52 0.44
Acidophilous vegetation of vernal 
therophytes and succulents without 
dominance of Jovibarba globifera

8230 T6.1B 1.3 VU 266 0.57 0.44

Macrophyte vegetation of naturally 
eutrophic and mesotrophic still 
waters with Stratiotes aloides

3150 V1B 0.09 EN 10 0.04 0.44

Chasmophytic vegetation of 
siliceous cliffs and boulder screes 8220 S1.2 54.92 NT 7946 23.49 0.43

Mobile screes of acidic rocks 8150 S2B 0.83 VU 107 0.35 0.42
Macrophyte vegetation of water 
streams with potential occurrence 
of aquatic macrophytes or with 
natural or semi-natural bed

3260 V4B 66.56 LC 1719 27.94 0.42

Petasites fringes of montane brooks 6430 M5 3.67 VU 787 1.46 0.4
Willow-poplar forests of lowland 
rivers 91E0. L2.4 26.5 VU 1134 10.41 0.39

Central European basiphilous 
thermophilous oak forests 91I0 L6.4 39.18 NT 677 15.38 0.39

Low xeric scrub, other stands – K4C 0.21 VU 97 0.08 0.38
Vegetation of perennial 
amphibious herbs 3130 M3 0.32 NT 44 0.12 0.38

Acidophilous thermophilous oak 
forests without Genista pilosa 91I0 L6.5B 66.13 NT 1441 24.66 0.37

Alder carrs – L1 37.47 VU 1171 13.44 0.36
Intermittently wet Molinia 
meadows 6410 T1.9 84.15 VU 2500 30.15 0.36

Dry lowland and colline heaths 
without occurrence of Juniperus 
communis

4030 T8.1B 1.79 VU 246 0.64 0.36

Forest springs without tufa 
formation – R1.4 8.6 NT 4078 3.02 0.35

Pine mire forests with Vaccinium 91D0 L10.2 43.73 VU 419 15.04 0.34
West Carpathian oak-hornbeam 
forests 9170 L3.3B 394.98 --- 4913 134.5 0.34

Ravine forests 9180 L4 209.34 VU 5237 71.5 0.34
Herbaceous fringes of lowland 
rivers 6430 M7 1.46 NT 99 0.49 0.34

Meadow springs with tufa 
formation 7220 R1.1 0.12 VU 76 0.04 0.33

Caves not open to the public 8310 S3B 0.03 NT 106 0.01 0.33
Charophyceae vegetation 3140 V5 0.3 NT 60 0.1 0.33
Willow carrs – K1 59.64 VU 3849 18.8 0.32
Halophilous reed and sedge beds – M1.2 0.89 EN 31 0.27 0.3
Subcontinental pine-oak forests – L7.3 259.27 NT 3201 76.46 0.29
Tall-sedge beds – M1.7 76.81 VU 3788 22.55 0.29
Meadow springs without tufa 
formation – R1.2 0.89 VU 360 0.26 0.29
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Acidophilous vegetation of vernal 
therophytes and succulents with 
dominance of Jovibarba globifera

8230 T6.1A 0.07 VU 16 0.02 0.29

Mesotrophic vegetation of muddy 
substrata 7140 M1.6 0.64 EN 74 0.18 0.28

Alluvial Alopecurus meadows – T1.4 159.57 VU 1628 44.04 0.28
Open sand grasslands with 
Corynephorus canescens 2330 T5.2 1.56 EN 81 0.44 0.28

Tall mesic and xeric scrub – K3 351.9 LC 12146 92.46 0.26
Hercynian oak-hornbeam forests 9170 L3.1 1010.61 NT 11806 263.77 0.26
Tall grasslands on rock ledges – S1.3 1.1 VU 165 0.29 0.26
Acidophilous dry grasslands without 
significant occurrence of orchids 6210 T3.5B 17.43 NT 595 4.59 0.26

Macrophyte vegetation of naturally 
eutrophic and mesotrophic still 
waters without species specific to 
V1A–V1E

3150 V1F 70.05 VU 1316 18.54 0.26

Macrophyte vegetation of shallow 
still waters, other stands – V2C 1.6 NT 189 0.41 0.26

Reed beds of eutrophic still waters – M1.1 102.05 NT 3108 25.73 0.25
Wet Filipendula grasslands 6430 T1.6 129.65 LC 4736 32.4 0.25
Willow scrub of loamy and sandy 
river banks – K2.1 35.93 NT 1691 8.64 0.24

Mesic herbaceous fringes – T4.2 9.79 VU 916 2.37 0.24
Inland salt marshes 1340 T7 1.18 EN 34 0.28 0.24
Wet Cirsium meadows – T1.5 416.78 NT 11645 90.46 0.22
Macrophyte vegetation of naturally 
eutrophic and mesotrophic still 
waters without macrophyte species 
valuable for nature conservation

– V1G 203.02 VU 1577 44.44 0.22

Macrophyte vegetation of shallow 
still waters with dominant 
Batrachium spp.

– V2A 1.74 NT 49 0.39 0.22

Boreo-continental pine forests, 
other stands – L8.1B 135.64 NT 2173 28.45 0.21

Vegetation of exposed fishpond 
bottoms 3130 M2.1 7.79 VU 233 1.66 0.21

Mesic Arrhenatherum meadows 6510 T1.1 1907.16 LC 22692 407.23 0.21
Vegetation of wet disturbed soils – T1.10 6.68 NT 1044 1.38 0.21
Macrophyte vegetation of naturally 
eutrophic and mesotrophic still 
waters with Utricularia australis or 
U. vulgaris

3150 V1C 3.1 VU 133 0.65 0.21

Eutrophic vegetation of muddy 
substrata – M1.3 3.75 VU 473 0.74 0.2

Cynosurus pastures – T1.3 408.56 NT 3920 81.16 0.2
Ash-alder alluvial forests 91E0. L2.2 796.06 VU/LC 13814 149.47 0.19
Reed vegetation of brooks – M1.5 3.97 VU 505 0.7 0.18
Wet acidophilous oak forests 9190 L7.2 104.14 VU 842 18.15 0.17
Polonian oak-hornbeam forests 9170 L3.2 112.58 VU 864 17.69 0.16
Annual vegetation on sandy soils 2330 T5.1 0.55 EN 31 0.09 0.16
Dry acidophilous oak forests – L7.1 397.53 NT 2967 59.03 0.15
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Acidophilous grasslands on shallow 
soils – T5.5 15.57 NT 397 1.8 0.12

Festucas and grasslands 2330 T5.3 6.75 VU 151 0.67 0.1
Acidophilous oak forests on sand – L7.4 10.86 NT 21 0.52 0.05
Caves open to the public – S3A 0.01 NT 23 0 0
Macrophyte vegetation of naturally 
eutrophic and mesotrophic still 
waters with Aldrovanda vesiculosa

3150 V1E 0.03 CR 0 0 0

Total of natural habitats – --- 12445.49 255244 4491.68 0.36

Forest clearings – X10 318.01 --- 9976 150.9 0.47
Stands of early successional 
woody species valuable for nature 
conservation

– X12A 167.19 --- 6778 79.29 0.47

Forest plantations of allochtonous 
coniferous trees – X9A 4867.39 --- 47318 2022.37 0.42

Anthropogenic areas with sparse 
vegetation outside human 
settlements

– X6 52.85 --- 3198 20.52 0.39

Other stands of early successional 
woody species – X12B 103.83 --- 5996 39.54 0.38

Herbaceous ruderal vegetation 
outside human settlements, stands 
valuable for nature conservation

– X7A 81.02 --- 2338 30.29 0.37

Forest clearings – X11 244.3 --- 7476 86.79 0.36
Streams and water-bodies without 
vegetation valuable for nature 
conservation

– X14 125.3 --- 1452 43.25 0.35

Herbaceous ruderal vegetation 
outside human settlements, other 
stands

– X7B 115.38 --- 4718 39.36 0.34

Forest plantations of allochtonous 
deciduous trees – X9B 184.04 --- 4197 61.05 0.33

Urbanised areas – X1 537.07 --- 12675 173.41 0.32
Intensively managed meadows – X5 1212.39 --- 8924 361.09 0.3
Stands of early successional woody 
species – X12 203.76 --- 9585 59.69 0.29

Extensively managed fields – X3 104.72 --- 1947 30.09 0.29
Scrub with ruderal or alien species – X8 14.3 --- 774 4.2 0.29
Intensively managed fields – X2 738.66 --- 1336 208.85 0.28
Woody vegetation outside forest 
and human settlements – X13 124.66 --- 5405 32.84 0.26

Herbaceous ruderal vegetation 
outside human settlements – X7 159.3 --- 5592 39.78 0.25

Permanent agricultural crops – X4 19.19 --- 103 3.67 0.19
Total of non-natural habitats – – 9373.36 139788 3486.98 0.37

in the Czech Republic and defines the current status of habitats in terms of their threats, 
rarity and level of protection at the national scale. The categories of habitat vulnerability 
for specific habitats according to the RBH are listed in Table 1. The RBH is therefore being 
used as a professional basis for conservation of rare habitat types by means of PAs.

The NCEI index (Nature Conservation Effectiveness Index) was applied to meas-
ure the effectiveness of habitat conservation. The NCEI is calculated for specific habi-
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tat types as the total area of a particular habitat type in all SACs in the Czech Republic 
(TANHSAC) divided by the total area of that same natural habitat in the entire Czech 
Republic (TANHcz):

NCEI = TANHSAC / TANHcz

The NCEI index ranges from 0 (absence of protection) to 1 (totally effective protec-
tion). The calculated value of NCEI > 0.75 indicates a highly effective habitat protec-
tion (more than 75% of the total area of all identified natural habitats are protected by 
means of SACs), values between 0.74–0.50 indicate intermediate habitat protection 
(more than 50% of the total area of natural habitats are integrated in SACs) and values 
NCEI ≤ 0.49 indicate low habitat protection (SACs cover less than 50% of the total area 
of a particular natural habitat). To determine the NCEI index, two GIS datasets, admin-
istered by the Nature Conservation Agency of the Czech Republic, were used: 1) the 
habitat mapping layer and 2) the SAC border layer. All data (in vector format − Esri geo-
database and national coordinate system − epsg: 5514) were processed in ArcGIS 10.4. 
GIS technologies represent a very effective tool for deriving both primary and entirely 
new values that are applicable in the decision support process (Pechanec et al. 2015).

First, the total area of individual habitats in the entire Czech Republic was determined.
As the GIS layer of mapped habitats included habitat mosaics (i.e. areas for which 

one GIS feature is associated with several habitat types recorded in one data row), these 
mosaics had to be broken down into individual parts using a string of functions in Py-
thon language: a mosaic broken down into 2−6 items (i.e. separate attribute columns) 
was iteratively scanned using the Select by Attributes function in order to identify individ-
ual habitat codes. After identifying all habitat codes, the proportion of each habitat using 
the Field Calculator tool was determined. The unique values used for the identification 
were the habitat codes as listed in the Catalogue. To summarise the selected segments 
and calculate their areas, the Summarise and Calculate Geometry functions, respectively, 
were used. In the second phase, the habitat types in individual SACs were determined. 
The SAC border layer was then used to clip the national layer of habitats using the Clip 
function. The process of identifying, summarising and updating the selection was then 
repeated for the segments located within the SACs. Using the Field Calculator, the NCEI 
index was calculated and these figures were exported to the resulting table (Table 1).

Results

Natural habitats (156 types) cover 15.8% of the area of the Czech Republic (Table 1). 
The total of 255,244 mapped natural habitat segments occupies 12,445.49 km2.

There are 55 (mostly non-forest) habitat types in the Czech Republic with a total area 
smaller than 1 km2 (Table 1). Of these small-scale habitat types, 17 cover less than 0.10 
km2. The rarest habitats in the Czech Republic (based on their total area and a total number 
of mapped segments) are Snow beds (A3), Cliff vegetation in the Sudeten cirques (A5) and 
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Salix lapponum subalpine scrub (A8.1), all critically endangered due to climate-induced 
changes in vegetation zones in the Czech Republic (Machar et al. 2017a). Critically en-
dangered are also Low xeric scrubs with Prunus tenella (K4B) with six mapped segments, 
Calcareous fens with Cladium mariscus (M1.8) with seven segments and two habitat types 
found at a single locality in the Czech Republic – Vegetation of annual halophilous grasses 
(M2.4) and River gravel banks with Myricaria germanica (M4.2) of the Bečva River. Only 
two sites are known for the unique aquatic habitat of Oligotrophic standing waters with 
Isoëtes vegetation (V6) in the Sumava National Park. Both Continental tall-forb vegetation 
(T1.8) and Still waters with Salvinia natans (V1D) have been found in six mapped seg-
ments. Very rare habitats with only a few known localities in the Czech Republic are T6.1A, 
V1B and V1E (Tab. 1). A very small area of the Czech Republic is occupied by Subalpine 
springs (R1.5, 0.07 km2) and Tall-forb vegetation of fine-soil-rich boulder screes (S1.4, 
0.06 km2). The group of small-scale natural habitats also includes two unique habitat types 
with a very small total area: Caves open to the public (S3A), which receive sufficient protec-
tion through a strict visitor regime limiting both the number and frequency of visits (Hro-
mas 2009) and Caves not open to the public (S3B; 106 localities), for which only entrance 
cave portals, typically not larger than few square metres, were mapped as natural habitats.

Habitat protection in the Czech Republic is concentrated primarily on these smallest 
types of rare habitats. The maximum protection (NCEI = 1) in the form of PAs applies 
to 22 types of natural habitats (Fig. 1). The maximum protection is given, for example, 
to 1) almost all natural habitats of the alpine zone above the tree line, which represent a 
unique environment threatened by the climate-induced upward tree-line shift (Machar et 
al. 2017b; Šenfeldr and Maděra 2011) and 2) River gravel banks with Calamagrostis pseu-
dophragmites (M4.3), a rare habitat threatened by river regulations (Kilianova et al. 2017).

The highly effective habitat protection (NCEI = 0.99-0.75) is provided to 19 non-
forest habitat types (Fig. 1), including rare alpine habitats, various types of peat bogs 
and small-scale segments of thermophilous lawns from the Pannonian biogeographical 
region, which extends to the southern part of the Czech Republic and by 10 rare forest 
habitat types from all forest vegetation zones present in the Czech Republic, repre-
senting unique examples of potential natural vegetation of the temperate forest of the 
European temperate zone.

Thirty-two natural habitats are associated with the intermediate effectiveness of 
habitat protection (NCEI = 0.74-0.50) (Fig. 1). This group of natural habitats includes 
those from the EN and VU categories of the threat classification list (Tab. 1), with the 
exception of two azonal forest types with a larger total area − L2.3. Hardwood flood-
plain forests of lowland rivers (TANHcz = 241 km2, NCEI = 0.70) and L9.2B Wa-
terlogged spruce forests (TANHcz = 298 km2, NCEI = 0.60) are all of a small extent.

The majority (n = 73, Fig. 1) of natural habitat types in the Czech Republic is as-
sociated with low effectiveness of habitat protection (NCEI ≤ 0.49). Five habitat types 
from this group (four forest habitats L2.2, L3.1, L5.1, L5.4 and one non-forest habitat 
T1.1) have a total area of more than 500 km2. The low protection effectiveness of these 
natural habitats reflects their large total area within the Czech Republic and the fact that 
the maintenance of their character (as defined in the Catalogue) is directly affected by 
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Figure 1. Area of natural habitats in the Czech Republic.

specific anthropogenic activities for which the SAC protection regime is not required. 
For instance, in order to maintain the defined character of L2.2 Ash-alder alluvial forests 
(TANHcz = 796 km2, NCEI = 0.19), it is necessary to prevent eutrophication of the 
herb layer by nutrients supply from the surrounding (usually agricultural) land. For this 
particular habitat, changing the agricultural nitrogen management on the surrounding 
land is therefore of higher importance than declaring the SAC. Maintaining the defined 
character of L3.1 Hercynian oak-hornbeam forests (TANHcz = 1,010 km2, NCEI = 0.26) 
requires re-implementation of the now defunct forest management type – coppice and 
coppice-with-standards (Machar 2009; Maděra et al. 2017). Functioning of the natural 
dynamics of beech forest habitats (L5.1 Herb-rich beech forests, TANHcz = 1,229 km2, 
NCEI = 0.49 and L5.4 Acidophilous beech forests TANHcz = 1,473 km2, NCEI = 0.49) 
depends on the natural beech restoration which is, however, being prevented by the 
overpopulation of deer (Machar et al. 2017c) due to the absence of their natural preda-
tors (Kovarik et al. 2014). The T1.1 Mesic Arrhenatherum meadows (TANHcz = 1,907 
km2, NCEI = 0.21) habitat is existentially dependent on regular mowing.

The Czech national system of SACs protects a total of 4,491.68 km2 of natural 
habitats. Based on the NCEI value of 0.36, it can be concluded that the overall ef-
fectiveness of the SAC system in the Czech Republic (specifically aimed at protecting 
natural habitats) is low (Table 1). Nevertheless, the critically endangered habitats re-
ceive the maximum protection (NCEI = 1)

Discussion and conclusion

A large part of the territory of the Czech Republic, similarly to other Central European 
countries, is covered by human-altered land (Romportl et al. 2013), which does not meet 
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the definition of natural habitats as described in the Catalogue. The controversial topic 
on “what are the conservation priorities − conservation of species or natural processes?” is 
being widely discussed in the Central European cultural landscape (Oprsal et al. 2016). 
Protection of natural habitats by creating PAs with non-intervention management or ap-
propriate adaptive management may be one of the possible compromise solutions to this 
dilemma for nature conservation of Central European (Skokanova and Eremiasova 2013).

To maintain a stable habitat character as defined by the Catalogue, the majority 
of the habitat types in the Czech Republic require various levels of anthropogenic 
interventions or extensive farming, respecting the principles of ecosystem manage-
ment (Grumbine 1994). Generally, it is impossible to define what type of habitat 
most influenced this result and if it is really low or not. Thus the authors’ own expert 
range of NCEI (see above in section Methods) has been applied. In order to maintain 
the diversity of these natural habitats, conservation priorities will therefore need to be 
sought in methods of ecologically sound management rather than in further expansion 
of PAs. A study by Hoekstra et al. (2005) brought significant findings for defining 
global conservation priorities for the establishment of PAs. The study was based on an 
analysis of individual world biomes and their Conservation Risk Index (CRI; similar to 
the NCEI index used in this study). Contrary to the traditional belief about a need for 
priority conservation of the tropical rainforest, the study has shown that the grasslands 
and Mediterranean communities (biomes) are significantly more endangered. And the 
fact that the world’s most endangered biomes are protected even less than the tundra 
and taiga biomes, which are least affected by humans, can be described as a global fail-
ure of nature conservation. A more recent study by Coad et al. (2009) newly reports 
that for 11 out of 14 biomes, the goal of protecting 10% of their area has been reached. 
Nevertheless, the terrestrial PAs rarely adequately encompass inland water ecosystems 
which are often not even listed amongst biomes (Herbert et al. 2010).

The habitat threat classification list used in this paper (Table 1) is based on the 
Czech national Red Book of Habitats (Divisek et al. 2014). The red list categories 
usually stem from the IUCN databases. The used criteria, however, are formulated for 
species and their population characteristics with respect to the degree of their isolation 
from other populations and are therefore difficult to apply to habitats. While for spe-
cies which can be mapped e.g. local or endemic populations, a combined influence of 
a particular site and a vegetation type have to be taken into account for habitats. For 
this reason, the general criteria are applied in a process proposed by Gardenfors et al. 
(2001). According to this study, the global risk criteria can be only applied to habitats 
on a regional scale provided those are geographically isolated and without a continuous 
distribution across Europe.

The WDPA is currently a comprehensive global inventory of the world’s PAs 
that 1) comply with the above mentioned IUCN definition from 2008, 2) for which 
exact spatial data (and designated boundaries) are known, 3) that have an assigned 
protected area category based on relevant national legislation, 4) for which year of 
designation or establishment is known and 5) all the data sources are appropriately 
quoted. As not all PAs meet these requirements, it is clear that even this most reputa-
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ble database on PAs does not encompass all PAs worldwide (Rodrigues et al. 2004a). 
According to Visconti et al. (2013), only those areas which are listed in the WDPA, 
have a clearly defined management and therefore a clearly assigned IUCN category 
should be considered PAs. In this paper, the concept of SACs, corresponding with the 
IUCN categories 1−4, is followed.

It was not possible to focus on all of PAs categories in the Czech Republic (there 
are: national parks, protected landscape areas (PLAs), nature reserves, nature monu-
ments, see in detail Machar 2012). Many of these categories of PLAs in the Czech 
Republic are overlapping each other (e.g. many of small nature reserves and nature 
monuments are situated in the area of large protected landscape areas or national 
parks). This fact comes from the long-term history of the system of PAs in the territory 
of the Czech Republic, which has resulted in current complicated overlapping layers 
of different types/categories of PLAs. Thus it is not possible to assess NCEI precisely 
for current situation of PLAs.

It is generally evident that the data on the total number and extent of PAs do not 
adequately reflect the effectiveness of the global system of PAs in protecting biodiver-
sity (Rodrigues et al. 2004b). Nevertheless, a number of studies investigating the effec-
tiveness of PAs based on analyses of their extent have provided crucial information for 
defining conservation priorities. A pioneering study by Prendergast et al. (1993) has 
surprisingly shown that the territorial overlap of occurrence of various species is very 
small and therefore not directly applicable for designing protected area networks. A 
comprehensive analysis of bird distribution by Orme et al. (2005) has shown that ter-
ritorial overlaps of biodiversity hotspots and sites with endemic and endangered species 
are almost non-existent. According to Turner et al. (2007), the overlap of priority areas 
for biodiversity conservation and areas providing important ecosystem services varies 
greatly in different parts of the world (and is the largest in tropical rainforests due to 
high primary productivity). This is quite understandable, as PAs have been established 
for purposes other than the maintenance of ecosystem services. Not even exceptionally 
large PAs represent an optimum solution (Mittermeier et al. 2003; Olson and Diner-
stein 2002), even though they usually encompass wilderness little affected by humans 
and more resistant to disruptive anthropogenic influences than PAs of a small extent 
(Cantú-Salazar and Gaston 2010). Similarly, regional studies of the Natura 2000 net-
work show that territorial overlaps of sites with significant biodiversity (e.g. regional 
hotspots) and PAs are minor and the entire network may not be very effective (Dimi-
trakopoulos et al. 2004; Jantke et al. 2011; Wesolowski 2005).

Alongside the process of searching answers to the questions “how much and what 
kind of biodiversity is actually comprised in PAs?” or “are PAs managed to fulfil their role 
in protecting biodiversity and maintaining ecosystem services?” a new field has emerged, 
called conservation planning (Margules and Sarkar 2007). Despite a considerable devel-
opment of this field, however, there is yet no generally accepted approach to evaluation 
of the effectiveness of PAs management. Meanwhile, the conceptual procedure proposed 
by the IUCN (Alexander 2008) is being used most often. According to the IUCN ap-
proach, good conservation management is based on an understanding of the existing 
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values and threats of the protected area, followed by rational planning and fundrais-
ing. Moreover, it should foster ecosystem services that provide specific benefits to local 
people. This conceptual approach has been developed into several methodological tools, 
such as RAPPAM (Ervin 2003) or METT (Stoll-Kleemann 2010). Using this approach, 
IUCN has carried out the most extensive global assessment of the effectiveness of PAs. 
The assessment has revealed that only about 20% of evaluated sites provide an adequate 
level of nature protection and 14% of sites have serious deficiencies, with a lack of financ-
es identified as a major problem (McDonald and Boucher 2011). Further, the analysis 
confirmed that local residents receive a significant income based on the existence of those 
PAs in which administrators inform in a timely and objective manner about prepared 
management plans and involve the residents in the implementation process.

When trying to assess the effectiveness of PAs, some studies have focused on de-
termining the species richness of wild plants and animals living in the PAs. For this 
purpose, gap analyses have been used at different scales – for example Tantipisanuh et 
al. (2016). According to gap analyses by Ricketts et al. (2005), 764 endangered species 
of mammals, birds, amphibians and conifers occur only in a single protected site.

The study presented from the Czech Republic should be considered as a special 
type of gap analyses based on detailed habitat mapping. As was indicated, natural habi-
tat protection in the Czech Republic is focused primarily on the smallest types of rare 
habitats, many of which are classified as critically endangered. The Czech national sys-
tem of SACs provides protection to a total of 4,491.68 km2 of natural habitats. Based 
on the presented results, it can be concluded that the overall effectiveness of the SAC 
system (a part of Natura 2000 network) in the Czech Republic, which is specifically 
aimed at protecting natural habitats, is low (NCEI = 0.36). Nevertheless, the critically 
endangered habitats receive a maximum protection (NCEI = 1). Methods used in this 
study can be applied in other European countries which have similar datasets from 
habitat mapping under Natura 2000 network establishment. Comparison of Natura 
2000 network effectiveness both at national and European scale seems to be an impor-
tant future conservation research challenge.
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Abstract
Invasive alien species are the main agent of biodiversity loss in protected natural areas. Prevention is the 
most appropriate management tool for addressing this challenge, however, virtually all ongoing man-
agement efforts are focused on established populations. Although invasion processes include stochastic 
components, it is possible to compare the different vectors of introduction that operate in a particular 
area in terms of their potential to transport species of high risk of invasion efficiently and, once identi-
fied, to establish strategies of prevention, early detection and rapid action. This study proposes a system 
of prioritization of vectors of alien plant dispersal for optimizing the efforts for preventing invasion. The 
system was developed for the Ernesto Tornquist Provincial Park (province of Buenos Aires, Argentina), 
but it is directly applicable to other areas. Natural and anthropogenic vectors were evaluated and lists of 
the species potentially transported by each vector were elaborated according to the characteristics of their 
propagules. The system analyzes the relative importance of each vector according to: 1) the severity of the 
potential impact of transportable species, 2) the difficulty of controlling these species, and 3) the volume 
of transportable propagules. In the case under study, the maximum value of risk corresponds to cargo, 
followed by vehicles, streams, unintentional human transport, intentional human transport, wind and 
finally, animals. This analysis can lead to prevention strategies, mapping of dispersal routes and actions of 
early detection and rapid response.

Keywords
biological invasions, pathways, prevention, protected areas, vectors

Nature Conservation 24: 43–63 (2018)

doi: 10.3897/natureconservation.24.20607

http://natureconservation.pensoft.net

Copyright G.I.E. Brancatelli, S.M. Zalba. This is an open access article distributed under the terms of the Creative Commons Attribution License 
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

DATA PAPER

Launched to accelerate biodiversity conservation

A peer-reviewed open-access journal



Gabriela I. E. Brancatelli & Sergio M. Zalba  /  Nature Conservation 24: 43–63 (2018)44

Introduction

The impact of invasive alien species is a key component of global change and it is 
considered one of the main causes of biodiversity loss worldwide (Sala et al. 2000, 
Lövei and Lewinsohn 2012, Simberloff et al. 2013, Alexander et al. 2014). All pro-
tected natural areas contain alien species that are recognized as the main threat to their 
conservation objectives. Predictions indicate that their importance will increase in the 
future unless effective management measures are adopted (McKinney 2002, Pyšek et 
al. 2002). The effects of invasions can be manifested at different scales and in various 
ways, including reduction in the richness and abundance of species of the native biota, 
genetic changes in native populations through hybridization and interruptions in mu-
tualistic networks (Pyšek et al. 2012). In some cases, the effects of the presence of one 
or more invasive species are so profound that they disrupt the functioning of entire 
ecosystems and interfere with their resilience and ability to provide ecosystem services 
(Vilà et al. 2011, Simberloff et al. 2013).

Invasion processes involve the successful overcoming of several challenges: a poten-
tial invader must survive transport from its place of origin, become established in the 
new site, persist and reproduce until a sustainable population is formed that eventually 
expands (Theoharides and Dukes 2007, Blackburn et al. 2011, Jeschke et al. 2013). 
The ability to successfully overcome these stages depends not only on the species’ own 
characteristics, but also on the characteristics of the invaded habitat that determine 
its susceptibility to invasion, the number of propagules and introduction events, the 
establishment of effective relationships with local dispersal agents and other symbionts 
and the particular conditions at the time of the arrival of the propagules (Marco et al. 
2002, Colautti et al. 2006, Dechoum et al. 2015, Amodeo and Zalba 2017).

The management of invasive alien species includes four basic components: preven-
tion, early detection, eradication and control that coincide with each stage of the inva-
sion process (Wittenberg and Cock 2001, Lodge et al. 2006, Davies and Sheley 2007). 
The best cost-effective method for dealing with invasive alien species is in the area 
of   prevention, since the costs and impacts generated by an invasion process increase 
and sometimes the problems become irreversible (Leung et al. 2002, Ziller and Zalba 
2007, Anderson et al. 2014).

Vectors are the transfer mechanisms responsible for the introduction and spread of 
invasive species in a certain area, including a wide variety of physical means or agents, 
from ballast water to horticulture, biological control and aquaculture (Ruiz and Carlton 
2003). Vector interception or disruption has been identified as “the most vulnerable and 
directly manageable portion of the invasion sequence”, as they allow to simultaneously 
avoid the delivery of whole sets of transportable species (Carlton and Ruiz 2005).

Many risk analysis associated to the probabilities of introduction by certain vectors 
has been developed, mostly at national or state borders (Gordon et al. 2012, Grosholz 
et al. 2012, Conser 2013, Kelly et al. 2013). Most of them consider the capacity of the 
vectors to safely transport propagules, the volume that can be carried and the frequency 
of operation, as well as the impacts associated to the transportable taxa. This is not the 
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case for protected areas, where these kind of analysis are extremely infrequent. Despite 
the consensus on the disproportionate importance of prevention in the management 
of biological invasions, most management actions developed in nature reserves focus 
on the control or eradication of established populations (Schüttler and Karez 2008, 
Genovesi and Monaco 2013, Pauchard et al. 2015). This situation could be explained, 
at least in part, since the extent and seriousness of the problems attract the attention of 
those responsible for the management of the reserves disproportionately. Apart from 
the causes of this scenario, the consequences seem clear: the lack of effective preven-
tive actions compromises the sustainability of protected areas that face the threat of 
invasive alien species.

Moreover, the scarcity of tools for organizing actions that reduce the risk of in-
troduction and establishment of new species is daunting (Davies and Sheley 2007). 
Although invasion processes include stochastic components, like the co-occurrence of 
propagule arrival and appropriate environmental conditions for establishment (Rad-
ford 2013), it is likely to anticipate which species are most likely to arrive in an area, 
the severity of their potential impacts, the most likely means of arrival, and which sites 
are most likely to be colonized. In particular, it is possible to compare the different vec-
tors of introduction operating in a given area in terms of their potential to transport 
highly invasive species efficiently.

Vectors also travel through more or less predictable routes known as pathways 
(Mack et al. 2003). The combination of knowledge about vectors with higher chances 
of transporting high risk species and the routes that they travel to and within a particu-
lar area leads to the organization of preventive actions, early detection and rapid action 
(Lodge et al. 2006, Ziller and Zalba 2007). This alternative also has the advantage of 
simultaneously addressing the risk of introduction of complete sets of species sharing 
the same means of transport and / or pathways of introduction and dispersion.

The objective of this study is to create a system of risk analysis for the introduction 
of invasive or potentially invasive alien plants by identifying the vectors of the highest 
priority for control. We selected the Ernesto Tornquist Provincial Park, a nature reserve 
located in the southern part of the Pampas Biome, in the Argentine Republic, as a case 
of analysis for the elaboration and application of this system. The park is dominated 
by grass steppes and surrounded by an agricultural landscape. Vectors of plant disper-
sal in the area include physical means like wind and watercourses, dispersal by birds, 
mammals and invertebrates, and human mediated spread in association to footwear 
and clothing, vehicles and cargo (Zalba and Villamil 2002, Loydi and Zalba 2009, 
Amodeo and Zalba 2013).

The reserve undergoes intense invasions by alien species, including different species 
of trees and shrubs (Zalba and Villamil 2002, Zalba et al. 2009). Apart from this prob-
lem, there is a high number of introduced plant species in the region that have not yet 
become established in the reserve (Long and Grassini 1997), and preventing their entry 
should be a priority in the management of the area. The analysis of routes and vectors 
is an appropriate response to reduce the impact of invasive species by minimizing the 
risks of introduction, as well as lowering the very high costs associated with the control.
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Materials and methods

Study area

The Pampas biome is one of the most characteristic landscapes in southern South 
America, as well as being one of the most greatly transformed ecosystems by anthropo-
genic actions, with only a very small area that is protected effectively (Bertonatti et al. 
2000, Bilenca and Miñarro 2004). The grasslands of South America face a serious and 
increasing challenge associated with the progress of invasive alien species, particularly 
woody plants (Fonseca et al. 2013). The Ernesto Tornquist Provincial Park (ETPP) 
represents one of the few protected areas of Pampas grassland in Argentina (Bilenca 
and Miñarro 2004, De Villalobos and Zalba 2010). The reserve covers an area of ap-
proximately 6700 ha in the central area of Sierra de la Ventana, in the province of Bue-
nos Aires, Argentina (38°3.90'S, 61°58.33'W). The climate in the region is temperate 
and rainfall varies between 500 and 800 mm annually (Burgos 1968). The vegetation 
is dominated by grass steppes, including species of Stipa, Nassella, Piptochaetium, and 
Festuca, as well as herbs and shrubs of Asteraceae. The flora of the park includes some 
550 species of native plants and some 140 alien species (Long and Grassini 1997, Long 
et al. 2004).

Damiani (2007) cites a total of 324 alien plant species growing within the ETPP 
and in an area of about 20 km around it, including agricultural and livestock fields, 
paved roads, secondary roads, and parks and gardens in small villages. Twenty-three 
species that behave as invasive in the area, extensively growing over natural and semi 
natural environments, and 23 others that can be considered to be of high risk on ac-
count of their biological characteristics and previous invasive behavior, have not yet 
been detected in ETPP, or are restricted to intensive use zones (Damiani 2007, Long 
and Grassini 1997, María Andrea Long, Systematic Botany, Universidad Nacional del 
Sur, pers. comm.). All these species can therefore be considered as high priority in a 
prevention strategy (Appendix 1).

Methods

The characteristics of the propagules (presence of wings, pappus, hooks, sweet pulp, 
etc.) and dispersal strategies of the 46 species considered to be of high priority for pre-
vention were analyzed from the literature and the vectors that might intervene in their 
dispersion were identified.

In order to analyze the relative importance of each vector, the severity of the poten-
tial impact and the difficulty of controlling each transportable species were taken into 
account, as well as the volume of propagules that the vector could carry.

The potential impact of the vector index (PIV) was defined as the weighted sum 
of the number of species transportable by a vector for each category of potential 
impact:
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PIV = 100 * number of species with high PI + 10 * number of species with medium 
PI + number of species with low PI.

The values   of high, medium and low potential impact were taken from Damiani 
(2007), who established an impact index considering the risk of establishment of the 
species based on fourteen criteria: previous invasive behavior, niche width, density 
of growth, hybridization risk, allelopathy, toxicity for humans, toxicity for wildlife, 
flammability (capacity to increase fire frequency or intensity), palatability, capacity to 
host parasites and pathogens, life cycle, reproductive strategy, seed production and dis-
persal. Each criterion has different alternatives associated with corresponding numeric 
values that are combined in a final estimation of potential impact of the species.

The control difficulty index of the species transported by the vector (CDV) was 
defined as the weighted sum of the number of species transportable by the said vector 
corresponding to each category of control difficulty:

CDV = 100 * number of species with high CD + 10 * number of species with 
mean CD + number of species with low CD.

The values of high, medium and low control difficulty were also extracted from 
Damiani (2007), who calculated them considering six species features: presence of 
spines and stinging hairs, generation time, ability to regrow after cutting, response to 
grazing, response to fire, and persistence in the seed bank. Numerical indexes for each 
criterion were combined to assess the difficulty to control each species.

The severity of impact of each vector (SI) was calculated from the values of the 
potential impact and control difficulty indexes of the species transported by the vector, 
according to:

SI = (PIV + CDV) / SImax

Where SImax represents the maximum severity of impact obtained among the 
considered vectors.

The Transportable Volume (TV) was estimated by analyzing both the number of 
propagules available for transport (TP) and the carrying capacity of the vector (CC).

The number of available propagules (TP) for each vector was calculated by com-
bining the information related to the abundance of the species in the area with the 
production and temporal availability of transportable propagules by that vector.

The abundance of each species in the study area was estimated on a relative scale, 
assigning a value of 1 to the rare species (few populations of a few individuals), the 
value of 2 to the abundant species (few populations with many individuals or many 
populations with few individuals) and the value of 3 to very abundant species (many 
populations with many individuals). This information was obtained from literature 
(Long and Grassini 1997) and from consultations with specialists of the regional flora. 
The number of propagules produced by each species was classified as low (1), moderate 
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(2), high (3) or very high (4), considering the ability of an adult plant to produce seeds 
and / or vegetative reproduction structures (bulbs, rhizomes, stolons, tubers and plant 
cuttings). This data was extracted from the bibliography. The proportion of months in 
the year during which the propagules of each species are available for eventual trans-
port by each vector was also determined. Thus, for example, a plant producing fleshy 
fruits available for consumption and dispersal by vertebrates for two months each year 
would obtain a value of 2/12 = 0.17 for the animal vector; whereas we could expect an 
availability of 12/12 = 1 for vector loads, if their seeds remain viable in the soil.

These three variables were multiplied by each other to calculate the abundance of 
propagules for each species. The abundance values of propagules for all transportable 
species were added to obtain the total number of propagules available for transport by 
each vector (TP).

Two variables were considered for estimating the carrying capacity of each vector 
(CC): 1- the volume transported in each potential introduction event, defined in rela-
tive units: 1 small; 10 medium; 100 large; 1000 very large, and 2- the frequency of 
vector activity throughout the year in the study area, expressed in relative units: 1 low; 
10 medium; 100 high; 1000 very high.

These two variables were multiplied to calculate the carrying capacity (CC) of 
each vector.

The transportable volume (TV) per vector was calculated by adding the propaga-
tion availability and carrying capacity:

TV = (TP +CC) / TVmax

Where TVmax represents the volume of transportable propagules by the vector 
with the greatest transport capacity.

Finally, the values of impact severity (SI) and transportable volume (TV) were 
combined to calculate the risk associated with each vector (RV):

RV = (2 * SI+ TV) / 3

The impact severity value was multiplied by 2 to reflect its relative importance 
when analyzing the risk associated with each vector.

A diagram of this analysis is presented in Fig. 1.

Results

The analysis of the propagules and dispersal strategies of the species of high priority 
of prevention in the PPET allowed us to associate them with a total of three natural 
and three anthropogenic vectors. The natural vectors identified were streams, wildlife 
and wind. The anthropogenic vectors included transport by vehicles (in mud attached 
to the chassis and tyres), movement directly associated with people (unintentional: in 
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Figure 1. Vector analysis schema. Diagram of the analysis of the relative importance of vectors associated 
with the introduction and dispersal of invasive alien plants in Ernesto Tornquist Provincial Park (Buenos 
Aires, Argentina).

footwear and clothing, food, camping equipment, and intentional: ornamental plants 
and vegetables) and the movement associated with cargo (soil, sand, debris, and dry 
plant material).

Of the 46 species evaluated, 25 have propagules with structures that facilitate their 
dispersion by wind (e.g. small and light seeds, winged diasporas, feathery organs), 7 
show seeds with traits that promote their dispersal by water (light seeds or floating 
vegetative structures) and 13 fruits are potentially dispersed by animals (edible or with 
hooks, barbs or awns that adhere to fur). We also concluded that all the propagules of 
the analyzed species could be transported in loads of materials (earth, debris, sand), 
whereas 39 show traits that would facilitate their transport by cars, trucks and other 
vehicles (small seeds, adherent propagules). Twenty-eight species could be easily dis-
persed directly and unintentionally by people (on footwear and clothing, such as fruits 
of food plants or associated with camping equipment). Finally, 23 species could be in-
tentionally mobilized by the people for their ornamental value or cultivation for other 
human purposes (Appendix 1, Fig. 2A).

The analysis of the different vectors, combining the potential impact of the trans-
portable species (Damiani 2007), resulted in an index of the potential impact of the vec-
tor that varied between 240 and 1693. On the other hand, the index of the difficulty of 
control of species transported by the vector takes values   that go between 321 and 1891. 
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Figure 2. Vectors of introduction and spread of invasive and potentially invasive alien plants present in 
intensive use zones of the Ernesto Tornquist Provincial Park and it’s surroundings (Buenos Aires, Argen-
tina). A Number of species associated to each dispersion vector according to the characteristics of their 
fruits and seeds and their human use B Severity of impact of vectors depending on the potential impact 
of transportable species and the difficulty of their control C Relative capacity of vectors to transport 
propagules D Risk associated with vectors depending on the potential impact of transportable species, the 
difficulty of their control and the transport capacity of the vector.

In both cases, the maximum value corresponds to cargos and the smaller one to streams. 
Thus, the severity of impact of the vector index was maximized for cargo (1), followed 
by vehicles (0.87), unintentional human transport (0.56), intentional human transport 
(0.48), wind (0.47), wildlife (0.31) and streams (0.16) (Fig. 2B).

Regarding the transport capacity of the different vectors, the transportable prop-
agules index varied between 11 and 226, again reaching the maximum value for cargo 
and the minimum for streams.

Twenty species were evaluated as very abundant, 16 as abundant and 10 as rare. A 
high number of propagules were produced by 30.4% of the species under study, moderate 
production by 50% and a low number of propagules by eight species (17.4%). Only one 
species (Melia azedarach) was considered as having a very high production of propagules.

It was defined that propagules of all plants that can be transported in association 
with cargo or intentionally by humans are available for these vectors for 12 months 
per year. Vehicles and unintentional human transport might transport species with 
available propagules for periods of two to five months per year; whereas animals and 
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streams could transport species with available propagules between one and 12 months 
per year. The wind vector could disperse species with available propagules between one 
and three months per year.

The carrying capacity, for its part, was considered maximum for the cargo, stream 
and wind vectors, whereas the minimum value was for the vehicle and unintentional 
human transport vectors.

The volume transported at each potential introduction event was considered to 
be very large for cargo, streams, wind and intentional human transport; medium for 
vehicles and animals and small for unintentional human transport.

Only intentional human transport was considered to have a very low frequency 
of activity. For unintentional transport by humans and mediated by animals, the fre-
quency is considered high, whereas it is classified as medium for cargo, wind, vehicles 
and streams.

Thus, the transportable volume index resulted maximum for cargo (1), followed 
immediately by streams and wind (0.98), whereas the rest of the vectors received values 
of ten to one hundred times lower in terms of their relative transport capacity (Fig. 2C).

The combination of the information described allowed us to calculate the risk asso-
ciated with each vector, being maximum for cargo (1), followed by vehicles (0.58) and 
streams (0.43), unintentional human transport (0.38), intentional human transport 
(0.36), wind (0.35) and wildlife (0.24) (Fig. 2D, Table 1).

Discussion

In this study, we designed and applied a risk analysis system associated with vectors 
responsible for the introduction and dispersal of plant species, which constitutes a 

Table 1. Vectors characterization. Potential impact (PIV), control difficulty (CDV), severity of impact 
(SI), transportable propagules (TP), individual transport capacity, activity frequency, carrying capacity 
(CC), transportable volume (TV) and resulting risk (RV) for vectors capable of transporting invasive and 
potentially invasive alien plants present in intensive use zones of the Ernesto Tornquist Provincial Park and 
it’s surroundings (Buenos Aires, Argentina).

Cargo Vehicles Streams Unintencional 
by people

Intentional 
by people Wind Wildlife

PIV 1693 1461 240 1081 833 871 481
CDV 1891 1659 321 937 896 817 643
SI 1 087 0.16 0.56 0.48 0.47 0.31
TP 226 53.08 11 35.17 101.10 13 16.42
Indiv. Capacity 1000 10 1000 1 1000 1 10
Frequency 10 10 10 100 1 1000 100
CC 10000 100 10000 100 1000 1000 1000
TV 1 0.01 0.98 0.01 0.11 0.11 0.11
RV 1 0.58 0.43 0.38 0.36 0.35 0.24
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simple and novel alternative of high potential value for decreasing the risk associated 
to invasive species by reducing propagule pressure in a variety of ways: improving 
detection measures and border policies, limiting vector contamination, controlling in-
vasive populations in source regions, helping to raise public awareness of problems to 
find alternatives for invasive species (Pyšek and Richardson 2010). As we previously 
mentioned, there are many antecedents aimed at reducing unwanted introductions by 
assessing the risk associated with vectors and pathways, most of them applied at na-
tional or state borders (Gordon et al. 2012, Grosholz et al. 2012, Conser 2013, Kelly 
et al. 2013). The main differences of our approach include it local focus, primarily 
designed for individual reserves, what can result in an improvement of the precision of 
the analysis. It is also based on a context-specific perspective that drives the attention of 
the administrators to real threats posed by potentially invasive species that are present 
in the surroundings.

As discussed in detail below, the ranking obtained in this work is consistent with 
particular features of our case study, including heavy transit of vehicles associated to 
tourism and cargo, strong and frequent winds (particularly during plant dispersal sea-
sons), and a dense network of water courses. This situation will clearly change in other 
reserves, but the framework should still be useful to calculate a specific scoring of 
dispersal vectors.

The development of an index of the relative importance of vectors of introduction 
and dispersal presents some challenges, such as comparing vectors as different from 
each other as the wind and the sole of a shoe. Another weakness associated with this 
index is related to its need of information about the presence of invasive or potentially 
invasive species in the area surrounding the reserve that could be not available in some 
cases. On the other hand, data on previous invasive behavior of the species of interest 
is becoming easier to obtain with growing regional and national databases on invasive 
species. Something similar occurs with the characteristics of the species that permit 
to associate them to dispersal vectors, as most of the potentially invasive plants are 
regionally or even globally shared (Randall 2017). It is also important to recognize 
that the invasion process is dynamic and that some of the species that are classified as 
non-invasive at one time could become aggressive invaders if there are changes in the 
environmental conditions or the invasive population itself (Davis et al. 2000, Jiménez 
et al. 2011, Dechoum et al. 2014, Schrama and Bardgett 2016), possibly affecting the 
relative importance of the different vectors under analysis. It is therefore advisable to 
update the lists of species to be included in the analysis periodically.

Apart from the specific function of this analysis, the structure of the proposed 
indexes allows us to separate the different components associated with the potential 
impact of each vector and this could guide actions for reducing their potential impact 
on the area (Davies and Sheley 2007). Thus, management actions could be oriented, 
alternatively or complementarily, towards reducing the frequency or capacity of the 
individual transport of a vector, controlling its effects during periods of availability of 
transportable propagules and avoiding the transport of high risk species (e.g., through 
the elimination of the foci of invasion at the origin or in the path that a vector travels), 
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etc. The structure of this system would also enable to evaluate more specific dispersal 
vectors (for example bicycles vs. walking or horseback riding), opening up interesting 
opportunities for the zoning and management of protected areas against the challenge 
of invasive alien species.

The vectors analyzed in our case study are clearly separated into two groups: on the 
one hand the anthropogenic agents (cargo, vehicles and intentional and unintentional 
transport by people) and, on the other hand, the natural means of dispersal (water, wind 
and animals). Due to their intrinsic characteristics, these two sets of vectors are associated 
with different and complementary management strategies, while the former allow and 
justify control and preventive actions; the latter are more naturally associated with early 
detection, since it is difficult or directly not feasible to reduce their transport capacity.

The results of the analysis place the vectors of cargo and transport associated with 
vehicles among the highest risks of entry of potentially invasive plant species in the 
study area. A number of studies have shown that unintentional transport by vehicles, ei-
ther associated directly to the vehicle, or with cargo, is an important mechanism of seed 
dispersal (Clifford 1959, Lonsdale and Lane 1994, Von Der Lippe and Kowarik 2007, 
Ansong and Pickering 2013). The climatic conditions, the season of the year, the place 
where it is driven and the parts of the vehicle exposed to the environment affect this type 
of dispersal; as well as the weight and size of the seeds and the place where it is loaded 
(Zwaenepoel et al. 2006, Von der Lippe and Kowarik 2008, Veldman and Putz 2010, 
Taylor et al. 2012). While the relative importance of vehicles and transported freight 
is likely to vary between reserves, their particular relevance has an encouraging aspect, 
considering that the points of entry of freight vehicles and passenger cars are often few 
in number and are well defined, and that the same is true for the dispersal routes of these 
vectors within the reserves (internal roads and parking areas). The cleaning of vehicles 
before entering the area has proven to be an efficient measure for reducing the amount 
of propagules transported. The duration and type of washing will depend on the size 
and shape of the vehicle (Rew and Fleming 2011). Other preventive measures could 
include restricting vehicular traffic or creating invasive species free zones along road-
sides (Davies and Sheley 2007). The handling of cargo allows specific actions, including 
quarantine systems (temporary deposit of the material entered in safe places that allow 
the detection and elimination of species that could germinate and settle there). There is 
also the option of evaluating the sites of origin of the materials, avoiding those affected 
by invasions of species transportable by this vector, in addition to thoroughly cleaning 
the containers before loading. These preventive measures should be complemented with 
periodic surveys along the internal roads in search of plants that might have entered 
these pathways, and their immediate removal (Lee and Chown 2009).

The wind vector represents a particular challenge (Davies and Sheley 2007) and 
preventive actions could be aimed at eliminating nuclei of transportable species located 
on the windward side of the reserve. If this were not possible, areas of high risk of 
invasion could be defined depending on the location of these nuclei and the prevail-
ing winds during the months of seed production, which should be subject to regular 
monitoring and control tasks.
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Streams as vectors follow in the order of risk. In this case the preventive measures 
are more complex and the effort should be directed at monitoring of the banks in 
search of points of entry of species (Cabra-Rivas et al. 2014). In general terms, the 
search actions should focus on streams that correspond to watersheds originating out-
side the reserve, concentrating the training efforts of personnel dedicated to detection 
on the set of species transportable by this vector, which clearly increases the chances 
of an efficient identification. In addition, resources could be devoted to the detec-
tion of nuclei of these species in sectors of the watershed located outside the reserve, 
where eradication would act as an efficient preventive measure that would save efforts 
and resources for the detection and control of internal foci of invasion (Säumel and 
Kowarik 2010).

The management of intentional and unintentional anthropogenic transport vectors 
includes a significant component of education and awareness. In the case of the former, 
it is essentially a question of avoiding the use of potentially invasive plant species in the 
staff residences and in the recreation areas (parks, gardens, shade trees) and replacing 
high risk plants in these sites. The unintentional transportation in clothing, footwear, 
backpacks, or other personal items have been documented in numerous studies (e.g. 
Whinam et al. 2005, McNeill et al. 2008, Pickering and Mount 2010, Auffret and 
Cousins 2013). Some reserves regulate the number of visitors and the period of access 
to reduce the unwanted introduction of propagules. There are natural protected areas 
in U.S.A. and New Zealand that require footwear, clothing, vehicles and equipment to 
be cleaned prior to entry (Genovesi and Monaco 2013). Researchers and park rangers 
pose a particularly high risk as they go to areas that are not accessible to the public, 
including areas of special conservation value (Chown et al. 2012, Huiskes et al. 2014).

The control of dispersal by animals leaves an even smaller space for prevention 
tasks, but could motivate monitoring tasks at sites with greater frequency of use by 
agents of high dispersal efficiency (e.g., wire fences or trees used as perches by frugivo-
rous birds, Gosper et al. 2005, Buckley et al. 2006, Amodeo and Zalba 2013).

Making a list of high-risk species for each place and adapting the vectors that trans-
port them, the analysis developed in this paper can be applied to other protected areas, 
political units or as a basis for the allocation of prevention efforts, early detection and 
early control of invasive species, translating the prevention premises frequently seen in 
the literature on biological invasions into concrete actions.
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Abstract
Linking the conservation of cultural heritage and natural values provides a unique opportunity for pre-
serving traditional landscapes and receives an increased awareness from stakeholders and society. Ancient 
burial mounds are proper objects of such projects as they are iconic landscape elements of the Eurasian 
steppes and often act as refugia for grassland specialist species. The aim of this project was to reintroduce 
grassland plant species to burial mounds for representing them as cultural monuments with the associ-
ated biodiversity for the public. The effectiveness of seed sowing, transplanting greenhouse-grown plants 
and individuals from threatened populations on burial mounds in Hortobágy National Park, Hungary 
was tested. The following questions were answered: (1) which method is the most effective for species 
introduction? (2)  which species can establish most successfully? (3)  how does management affect the 
species establishment rates? It was found advisable to use a combination of seed sowing and transplant-
ing greenhouse-grown plants. Sowing was found as a cost-effective method for introducing large-seeded 
species, whilst introduction of greenhouse-grown transplants warranted higher establishment rates for a 
larger set of species. Transplanting adult individuals was more reliable regardless of management regimes, 
however this method is labour-intensive and expensive. Intensive management, like mowing with heavy 
machinery and intensive grazing, should be avoided in the first few years after introduction. The authors 
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highlighted the fact that introducing characteristic grassland species on cultural monuments offers a great 
opportunity to link issues of landscape and biodiversity conservation. This project demonstrated that, by 
the revitalisation of cultural monuments, cultural ecosystem services can also be restored.

Keywords
cultural ecosystem services; endangered species; grassland restoration; landscape conservation; landscape 
element; reintroduction

Introduction

Open landscapes often harbour surprisingly high biodiversity and they are also an es-
sential part of our cultural heritage (Dengler et al. 2014). The European Landscape 
Convention was initiated to protect and sustain European landscapes characteristic 
of certain countries and cultures (Jones 2007). Protection of the traditional landscape 
structure and land use types can considerably contribute to biodiversity conservation 
by ensuring the optimum landscape configuration and proper management for semi-
natural habitats (Babai and Molnár 2014, Plieninger et al. 2015, Szilassi et al. 2017). 
One of the major threats to European landscapes is the huge loss of habitats due to 
the intensive land use of past centuries (Lindborg et al. 2015, Hüse et al. 2016). In the 
near future, increasing demands for natural resources are expected to further accelerate 
the rate of habitat degradation and species extinctions (Guerrant et al. 2004). Since 
grasslands harbour an extraordinarily high diversity, their conservation and restoration 
are high-priority tasks (Valkó et al. 2016a).

Integrating cultural ecosystem services into landscape planning and protection 
can effectively support nature conservation projects which aim to conserve historical 
landscape elements with a potential of harbouring high biodiversity and providing 
ecosystem services (Jones et al. 2016, Ramos et al. 2016). Ancient burial mounds 
called ‘kurgans’ can serve as ideal objects for such projects. Kurgans are earthen burial 
mounds built by nomadic tribes from the Late Copper Age to the medieval period 
(Sudnik-Wójcikowska et al. 2011, Bede et al. 2015). They are iconic landscape ele-
ments of the Eurasian steppes and have a considerable role in the life of local people 
as historical and sacred places (Deák et al. 2016a, Sudnik-Wójcikowska et al. 2011). 
Their size ranges from a few hundred square metres to one hectare and their height is 
usually between 1 and 15 metres (Deák et al. 2016a). Their special shape makes them 
prominent landscape elements in plain areas. The estimated number of kurgans is 
400–600,000 in the steppe region (Deák et al. 2016a), thus they can be considered as 
typical elements of the steppe biome.

Besides their cultural and aesthetic value, burial mounds often act as biodiversity 
hotspots in agricultural landscapes. Their particular shape and steep slopes have often 
prevented ploughing; thus, grassland vegetation has been able to survive on burial 
mounds (Deák et al. 2016b, Dembicz et al. 2016). This is especially true for loess 
grasslands which are often restricted to burial mounds and road verges in many regions 
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(Sudnik-Wójcikowska et al. 2011, Deák et al. 2016a, b). Given the importance of 
burial mounds in landscape protection and biodiversity conservation, they can serve 
as representative spots for the demonstration of the results of conservation projects. 
Their importance is acknowledged by the European Landscape Convention and they 
are considered typical landscape elements of Hungary (Jones 2007, Jones et al. 2016). 
Despite their legal protection, urbanisation and ploughing considerably threaten the 
vegetation of the burial mounds, thus in many cases active restoration measures are 
needed for their revitalisation (Deák et al. 2016a). Due to the scattered distribution 
and relatively small area of the burial mounds, small-scale and volunteer NGO projects 
can contribute considerably to preserving or restoring their biodiversity.

Spontaneous recovery of target plant populations in degraded landscapes is often 
hampered by propagule-limitation, i.e. the lack of target species in the seed banks and 
seed rain, as many grassland plant species have transient seed banks and many are 
dispersal-limited (Baur 2014). Thus, active management strategies such as reintroduc-
tion of plant populations to appropriate habitats have become increasingly integrated 
into conservation practice (Maunder 1992, Rout et al. 2009). However, in spite of 
this huge number of species introduction projects and the urgent need for best prac-
tices from the practitioner’s side, there are only a few available studies in this topic 
(Bottin et al. 2007, Godefroid et al. 2011a). A search for scientific articles in the ISI 
Web of Knowledge using the keywords “plant species introduction” and “conservation” 
confined to the countries of the European Union, returned only 183 hits. These hits 
were screened by title and only 21 publications were found that concerned plant spe-
cies introduction projects. Information is especially lacking about negative results and 
failures, however these can be highly informative for practitioners in order to avoid 
future problems (Godefroid et al. 2011b). Latter cases are of high importance as most 
of the species introduction projects are not considered as comprehensively successful, 
thus information about potential problems would be especially helpful in planning 
such projects (Allen 1994).

The authors introduced historically widespread species of loess grasslands on burial 
mounds with species-poor and degraded vegetation in the Hortobágy National Park, 
Hungary. An approach which was found to be effective in restored grasslands was 
used, i.e. creating establishment hot-spots for grassland specialist plant species (see 
also Valkó et al. 2016b), from where they are able to colonise the whole habitat patch. 
The overall aim was to introduce typical grassland species to create representative sites 
demonstrating burial mounds as landscape elements with the associated biodiversity 
for the public. Three methods were used for species introduction: seed sowing, plant-
ing individuals grown in greenhouses and translocating adult plants from threatened 
natural populations, which otherwise would probably become extinct. As it was pri-
marily a conservation-focused and not a scientific project, species lists, sowing densities 
and the number of introduced individuals were determined according to the demands 
of the site manager. Due to the abovementioned reasons, it was not possible to run 
state-of-the-art statistical analyses which should be considered during the interpreta-
tion of the results. However publication of the authors’ experiences was considered 
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of a high importance, as Godefroid et al. (2011b) also pointed out, a major problem 
is that in many cases results of non-scientific plant reintroduction projects remain in 
unpublished internal reports. The following questions were asked: (1) which method 
is the most effective for species introduction? (2) which species can establish most suc-
cessfully? (3) how does management affect the establishment rate and flowering success 
of the target species?

Materials and methods

Study sites

The study sites are situated in the Great Hungarian Plain, in the Hortobágy National 
Park (N47.58°, E20.92°). The climate of the area is moderately continental with a 
mean annual temperature of 9.5 °C and mean annual precipitation of 550 mm (Lukács 
et al. 2015). The National Park is a UNESCO World Heritage site, due to the large 
areas of connected open landscapes and the associated traditional pastoral practices. 
Typically, burial mounds are covered by loess grassland vegetation (Festucion rupicolae; 
Deák et al. 2014). Due to their fertile chernozem soils, the majority of loess grasslands 
have been converted into arable fields in the region. They have mostly been preserved 
on sites unsuitable for arable farming, for example, on burial mounds.

Target species were reintroduced on to five burial mounds (see Table 1). All burial 
mounds harboured degraded and generally species-poor loess grasslands, characterised 
by grasses such as Festuca rupicola, Poa angustifolia and Bromus inermis. Several weedy 
species with good competitor abilities, which are unwanted from a nature conservation 
viewpoint, were present in the vegetation (Bromus sterilis, Carduus acanthoides, Cirsium 
arvense, Lycium barbarum and Elymus repens) and target forb species of loess grasslands 
were lacking. Two burial mounds with the steepest slopes (Filagória and Meggyes) were 
managed by the authors; they mowed the kurgans by a hand-held mowing machine three 
times a year (late April, mid-June and late August, every year from 2010 to 2015) and 
removed the hay by raking (Supplementary material 1). Two burial mounds with more 
gentle slopes (Nyíregyházi and Porosállás) were mown by heavy machinery, once a year 

Table 1. Site characteristics of the studied kurgans.

Filagória Meggyes Görbeszék Nyíregyházi Porosállás

Coordinates N47.573271°, 
E20.942839°

N47.585222°, 
E20.973992°

N47.589589°, 
E20.872901°

N47.570090°, 
E20.951617°

N47.550524°, 
E20.881466°

Total area (m2) 7500 4500 1600 10000 17000
Height (m) 7 2 8 5.5 2.5
Total vegetation cover (%) 78.0±10.4 84.0±6.6 77.0±5.8 78.0±5.7 87.0±5.7
Vegetation height (cm) 67.0±20.8 83.0±17.5 36.0±9.6 62.0±17.9 72.0±14.8

Management type mown (hand) mown (hand) grazed (sheep) mown 
(machinery)

mown 
(machinery)
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in mid-June and the hay was removed by machinery. One burial mound (Görbeszék) was 
managed by extensive grazing by sheep; the grazing intensity was approximately 0.8 ani-
mal unit/ha. The grazing season lasted from late April to mid-October. The area which 
was affected by species reintroduction was approximately 0.25 ha in the studied kurgans.

Plant introduction

The aim of the project was to reintroduce characteristic loess grassland species to the 
studied burial mounds. Experts of the Hortobágy National Park Directorate selected 
the list of introduced species and also recommended the set of species to be reintro-
duced to certain kurgans. They selected a total of 18 species typical of the loess grass-
lands of the region. Three measures were applied for plant reintroduction: seed sowing, 
planting of individuals grown in the greenhouse (transplantation) and planting adult 
plants from threatened natural populations (translocation).

Seed collection
At the first stage of plant introduction, seeds of 16 target species were collected in 
2013. Seeds originated from semi-natural loess grasslands of the region. The authors 
could not collect seeds of two endangered species (Amygdalus nana and Anchusa bar-
relieri), as from their few existing scattered populations, it was impossible to collect 
ripened viable seeds. For Rosa rubiginosa, seeds were collected before maturation (in 
late September) because, in that season, the amount of germination inhibitor com-
pounds is lower in the pericarp (Haouala et al. 2013). The collected seed material was 
the basis for seed sowing (15 species) and also for growing individuals in a greenhouse 
(11 species). Germination tests were performed for all species; the germination rates of 
three sorts of 100 seeds per each species (altogether 300 seeds) were monitored from 
October 2013 to June 2014 (altogether 36 weeks).

Seed sowing
The collected seeds of herbaceous species were sown, after soil disturbance by raking 
in October 2013 (see Table 2). Scarification or stratification was not applied on the 
seeds of herbaceous species. Three characteristic species of loess grasslands (Filipendula 
vulgaris, Salvia austriaca and S. nemorosa) were sown as matrix forb (amount of 500 g 
seeds per burial mound). Other species were sown in an amount of 20 g seeds per 
burial mound.

Transplantation
Using the collected seed material, individuals of 11 target species were grown in a 
greenhouse (see Table 2). The seeds were sown in pots in March 2014. The only excep-
tion was Rosa rubiginosa which was sown in November 2013 and was grown under 
outdoor conditions because cold stratification has proved to be an effective method for 
breaking the seed dormancy of rose species (Zhou and Bao 2011). Germinated plants 
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Table 2. List of species introduced on the five kurgans. (A) Sown species and the amount of sown seeds 
(g), (B) Species list and number of greenhouse-grown transplants and (C) Species list and number of 
individuals translocated from threatened natural populations. Matrix species are marked with an asterisk.

  Filagória Görbeszék Meggyes Nyíregyházi Porosállás
(A) Seed sowing
Carthamus lanatus 20 g 20 g
Centaurea pannonica 20 g 20 g 20 g 20 g
Centaurea sadleriana 20 g 20 g 20 g
Centaurea solstitialis 20 g 20 g
Dianthus pontederae 20 g 20 g 20 g 20 g
Filipendula vulgaris* 500 g 500 g 500 g 500 g
Galium verum 20 g
Hypericum perforatum 20 g
Knautia arvensis 20 g
Lotus corniculatus 20 g
Lycopsis arvensis 20 g
Phlomis tuberosa 20 g 20 g 20 g 20 g 20 g
Salvia austriaca* 500 g 500 g 500 g 500 g
Salvia nemorosa* 500 g 500 g 500 g 500 g
Silene vulgaris 20 g 20 g 20 g
(B) Transplantation
Carthamus lanatus 30
Centaurea pannonica 38 30
Centaurea sadleriana 50 45 50
Centaurea solstitialis
Dianthus pontederae 20 20 30 50
Filipendula vulgaris 20 20 30 50
Lotus corniculatus 34
Rosa rubiginosa 49
Salvia austriaca 10 20 50
Salvia nemorosa 30 10 20 50
Silene vulgaris 36   20    
(C) Translocation
Amygdalus nana 35 25
Anchusa barrelieri 32
Phlomis tuberosa 32 124 10 53 20

were transplanted to the kurgans in early September 2014. All transplants were marked 
with sticks and were watered for one week after transplanting to facilitate rooting and 
acclimatisation. The average temperature of the region was 17.3°C, and there was 54 
mm precipitation in that month (HCSO 2017). In November 2014, mulching (using 
an approximately 0.5 cm thick layer of hay) was applied at the basal parts of the stems 
in order to prevent freezing.



Cultural heritage and biodiversity conservation – plant introduction... 71

Translocation
In the case of three endangered species, adult plants were translocated to the kurgans from 
endangered natural populations in the region (Table 2). The individuals of Amygdalus nana 
and Phlomis tuberosa were translocated from populations situated in road verges which 
were threatened both by intensive mowing and herbicide application. The individuals of 
Anchusa barrelieri originated from the margin of an arable field and were threatened by 
ploughing and fertiliser run off. Individuals were translocated in September 2013. All 
translocated individuals were marked with sticks and were treated similarly (watering and 
mulching) to the greenhouse grown transplants (Supplementary material 1).

Sampling of introduction success
The survival rate of introduced species was tested in September 2015 by counting all 
individuals. To evaluate reproductive success, the species which flowered or set seeds in 
September 2015 were listed. For sown species, the establishment rates were calculated 
as follows. From germination rates in the greenhouse experiment, the predicted num-
bers of individuals were calculated on the burial mounds using the following equa-
tion: Np= SNs × (Ng/100), where Np is the predicted number of individuals per burial 
mound; SNs is the number of seeds sown on burial mounds and Ng is the number of 
germinated individuals in the greenhouse experiment. The observed number of indi-
viduals were compared with the predicted numbers of individuals. For transplanted 
and translocated species, the establishment rate was calculated as the ratio of planted 
individuals/surviving individuals.

Results

The results of the germination experiment showed that the majority of species had 
good germination rates under greenhouse conditions, regardless of their thousand-
seed weights (Supplementary material 1). The observed establishment rates of sown 
species on the burial mounds were lower than the predicted values (a mean of 0.55 % 
± 2.57 SD; Table 3). The establishment rate of sown species was the highest on the two 
burial mounds (Filagória and Meggyes) which were managed by hand mowing (Table 
3). Only two sown species (Carthamus lanatus and Lycopsis arvensis) had an establish-
ment rate higher than 10% on at least one burial mound. These two species were those 
with the highest thousand-seed weights (Supplementary material 1). There were six 
species (Centaurea pannonica, C. sadleriana, Dianthus pontederae, Filipendula vulgaris, 
Lotus corniculatus and Phlomis tuberosa) which failed to establish on any of the burial 
mounds after seed sowing (Table 3).

The establishment rate of transplanted plants was the highest on the two burial 
mounds (Filagória and Meggyes) which were managed by hand mowing (Table 3). 
The highest establishment rates were detected for Rosa rubiginosa, Salvia austriaca and 
S.  nemorosa. There were three species (Carthamus lanatus, Dianthus pontederae and 
Lotus corniculatus) which failed to establish on any of the burial mounds.
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Table 3. Establishment rates in September 2015 (%) of (A) sown species, (B) greenhouse-grown trans-
plants and (C) individuals translocated from threatened natural populations. Species which had flowering 
individuals are marked with an asterisk.

  Filagória Görbeszék Meggyes Nyíregyházi Porosállás
(A) Seed sowing
Carthamus lanatus 0.00 12.61*
Centaurea pannonica 0.00 0.00 0.00 0.00
Centaurea sadleriana 0.00 0.00 0.00
Centaurea solstitialis 0.11* 0.75*
Dianthus pontederae 0.00 0.00 0.00 0.00
Filipendula vulgaris 0.00 0.00 0.00 0.00
Galium verum 0.08*
Hypericum perforatum 0.02*
Knautia
 arvensis 0.24*

Lotus corniculatus 0.00
Lycopsis arvensis 10.68*
Phlomis tuberosa 0.00 0.00 0.00 0.00 0.00
Salvia austriaca 0.51* 0.03* 0.00 0.01
Salvia nemorosa 0.37* 0.33* 0.01 0.02
Silene vulgaris 0.03* 0.00 0.00
(B) Transplantation
Carthamus lanatus 0.00
Centaurea pannonica 10.50* 3.30*
Centaurea sadleriana 8.00 51.10* 0.00
Dianthus pontederae 0.00 0.00 0.00 0.00
Filipendula vulgaris 10.00 0.00 0.00 0.00
Lotus corniculatus 0.00
Rosa rubiginosa 75.50
Salvia austriaca 60.00* 5.00 6.00
Salvia nemorosa 100.00* 90.00* 10.00* 36.00*
Silene vulgaris 5.60*   0.00    
(C) Translocation
Amygdalus nana 37.10 0.00
Anchusa barrelieri 56.30*
Phlomis tuberosa   66.10*   75.50* 75.00*

Establishment rates of individuals translocated from threatened natural popula-
tions were higher than 50% on all sites for Anchusa barrelieri and Phlomis tuberosa 
(Table 3). The establishment rate of Amygdalus nana was 37.1 % on Filagória kur-
gan, managed by hand-mowing. The species failed to establish on Nyíregyházi kurgan, 
which was managed by mowing machinery.

Altogether, 12 species having individuals with flowering shoots were found. The 
highest proportion of flowering species was found on burial mounds managed by hand 
mowing (Filagória and Meggyes). Of the established species, Amygdalus nana, Filipen-
dula vulgaris and Rosa rubiginosa failed to flower on any of the kurgans.
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Discussion

The study demonstrated that all three methods (seed sowing, transplanting and translo-
cating) were feasible for plant introduction. Based on these results, several circumstances, 
such as site conditions, management type, species characteristics, available manpower 
and financial limitations should be considered when choosing the most feasible method.

Seed sowing
Sowing the seeds of target species is considered to be the least labour- and cost-in-
tensive method for species introductions (Guerrant and Kaye 2007). However, this 
study and several other papers reported that seed sowing has the lowest success rate 
amongst the widely applied plant introduction methods, because seed germination in 
the field is influenced by many factors and is often rather unpredictable (Menges 2008, 
Becker 2010). It was found that the success of seed sowing largely depended on specific 
germination features, management and local environmental conditions. Besides these 
factors, the introduction success also depends on the timespan of the monitoring. For 
instance, several seeds, especially those with a hard seed coat, germinate after several 
years of dormancy in natural conditions (Baskin and Baskin 1998). Thus, these seeds 
might be able to germinate in the future years.

The quality of the collected seed material was assessed by the germination success 
of all target plant species from which viable seeds could be collected. It was found that 
the seeds of all collected species germinated under greenhouse conditions, however, 
species with a hard seed coat (Lotus corniculatus, Lycopsis arvensis, Phlomis tuberosa 
and Salvia austriaca) and most species of the family Asteraceae (Carthamus lanatus, 
Centaurea pannonica and C. sadleriana) had moderate germination rates in the green-
house. On the one hand, as many of these species require some mechanism to break 
seed dormancy (Baskin and Baskin 1998), in future projects, testing scarification or 
stratification measures on such seeds is recommended in order to increase their estab-
lishment success. On the other hand, seed predator insects often consume the seeds 
of these species (Steffan-Dewenter et al. 2001) and, even though the seed material 
of infested seeds was carefully cleaned, some of them remained in the seed material.

It was found that species with high thousand-seed weights (especially Carthamus lana-
tus and Lycopsis arvensis) could establish most successfully on the burial mounds. It was also 
found in former studies that species with large seeds can better tolerate the shading effect of 
litter and can also germinate below thick litter layers (Miglécz et al. 2013). Litter accumula-
tion is typical in the loess grasslands of the region; Kelemen et al. (2013) reported amounts 
of litter ranging between 161–516 g/m2. This suggests that large-seeded species can have 
an establishment advantage compared to small-seeded ones under such conditions (see also 
Ambika et al. 2014). Therefore, sowing species with large seeds is advisable in such projects 
and, by the application of these species, the cost efficiency of the project can be increased.

In many cases, seeds failed to germinate due to the lack of proper establishment mi-
crosites (see also Deák et al. 2011). It was found that seed sowing was most effective on 
burial mounds which were managed by hand mowing. Hand mowing usually creates a 
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higher diversity of microsites favourable for plant germination compared to the homo-
geneous vegetation structure formed by mowing machinery (Humbert et al. 2009). In 
the study sites, hand mowing was performed three times a year, which supported higher 
vegetation openness compared to kurgans mown once a year by machinery. More fre-
quent hand mowing was likely to be more effective in weed control than less frequent 
mowing by machinery and, at the early mowing dates, weeds could be removed before 
their seeds ripened (Kelemen et al. 2014). By hand mowing, it was also possible to 
give an advantage to introduced species by avoiding cutting them before seed ripening. 
Grazing is usually associated with a higher trampling disturbance than hand mowing 
(Tälle et al. 2016, Tóth et al. 2016) resulting in the failure of germination of the sown 
species on the grazed Görbeszék kurgan. Based on these findings, for the effective in-
troduction of target species by seed sowing, either hand mowing or soil preparation by 
raking or smooth harrowing is necessary (Klaus et al. 2017, Valkó et al. 2016b). Higher 
flowering ratio of introduced species on hand mown sites compared to the sites mown 
by machinery also shows the advantages of hand mowing versus mowing by machinery.

Even though seed sowing is considerably less labour-intensive than the transplant-
ing of individuals, important drawbacks of the method were identified. The success 
of seed sowing largely depends on the germination rates of the available seed material 
(see also Godefroid et al. 2011a). In many cases, it is difficult to harvest viable seeds 
from certain species, especially from rare ones (such as Anchusa barrelieri and Amyg-
dalus nana in this study). This is due to the fact that they usually have small and scat-
tered populations and often one of the reasons for their vulnerability is the low seed 
production itself (Bottin et al. 2007). Thus, seed sowing cannot be an option for the 
reintroduction of species with low availability of ripened seeds or very low germination 
rates. Given the abovementioned drawbacks, seed sowing can be recommended only in 
certain cases. It can be a feasible option in the case of large-seeded species, which can 
tolerate litter accumulation, or on sites where the availability of establishment micro-
sites is high, but the intensity of trampling and biomass removal is moderate.

Transplanting and translocation
Both transplanting of juvenile and adult plants proved to be a more effective method 
than seed sowing, as individuals are introduced at a more developed ontogenetic stage 
which increases the probability of successful establishment (Guerrant and Kaye 2007, 
Wallin et al. 2009). However, it should be considered that, even though transplan-
tation and translocation were successful in the first year, dynamics might be differ-
ent in following years. Even though transplanting adult individuals is considerably 
more labour-intensive and expensive than seed sowing, this method was more reliable 
and less sensitive to site characteristics and management regimes. The most successful 
establishment was found in the case of species with well-developed root systems or 
belowground storage organs, such as Salvia austriaca, S. nemorosa, Phlomis tuberosa, 
Amygdalus nana and Anchusa barrelieri (Kutschera et al. 1992).

By translocation, individuals of the threatened donor populations could be saved. 
All three species which were translocated from threatened natural populations estab-
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lished successfully and two of them (Anchusa barrelieri and Phlomis tuberosa) had flow-
ering and fruiting individuals on the burial mounds and were thus able to establish a 
new population on the recipient site. This result indicates the importance of this kind 
of conservation action which aims to translocate individuals from threatened popula-
tions to suitable habitats.

Plants are in a sensitive period for a few months after transplantation and 
translocation; thus, in this early period, intense disturbance, such as trampling, 
mowing or grazing should be avoided (Bottin et al. 2007). Besides, transplantation 
and translocation themselves are often associated with small-scale soil disturbance 
and these disturbed soil surfaces can be starting points for weed encroachment 
(Török  et  al.  2012). As mowing and grazing are not feasible management options 
in the very close vicinity of recently planted individuals, weeds growing close to the 
planted plants were suppressed by cutting them with pruning shears.

Implications for nature conservation

Based on these results, in plant introduction projects, it is crucial to collect basic seed 
material from a local provenance and to test the germination ability of seeds. One 
part of the seeds can be used for seed sowing on the field and the other part should be 
germinated in a greenhouse. In the case of larger seeded species, greater success with 
seed sowing than in the case of smaller-seeded ones can be expected. With trans-
planting and translocating individuals, the establishment success can be increased, 
but it is crucial to ensure proper water availability and protect the transplants from 
severe disturbance.

Godefroid et al. (2011a, b) pointed out that there is a considerable publication bias 
in plant introduction studies: usually only the successful results are published. Experi-
ences of failures or problems generally remain unavailable to the public, even though 
they would be very useful for planning and implementing plant introduction projects. 
In this case, most of the difficulties were associated with improper management (use of 
mowing machinery) or too intense competition by neighbouring vegetation (see also 
Kelemen et al. 2015). These results suggest that post-introduction management is a 
crucial factor which has to be carefully planned and implemented in future projects. In 
the first year after introduction, mowing by machinery or grazing should be avoided, 
as these management types are associated with too intense non-selective trampling 
and biomass removal. Mowing by hand proved to be the best management option in 
the first few years, because in this way, the mowing of young transplanted individuals 
which are at a life stage highly sensitive to disturbance could be avoided. Later on, both 
grazing and mowing can be viable management options, depending on site character-
istics, grassland type and available resources (Tälle et al. 2016).

This study demonstrated that landscape and biodiversity conservation can be 
linked by species reintroduction projects in historical landscapes. For such projects, 
burial mounds are ideal objects because they can act as representative spots for society. 
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These results draw attention to the necessity of restoring the landscape and biodiversity 
values of kurgans which are important parts of the cultural heritage across Eurasia. 
The need to link conservation and introduction programmes on cultural monuments 
should be emphasised.

To support future plant reintroduction projects, the following findings should 
be considered:

Seed material should be collected from regional populations to ensure the use of 
locally adapted ecotypes. Before large-scale application, indoor germination 
tests are recommended.

The use of a combination of seed sowing and transplanting greenhouse-grown 
plants is advisable. Seed sowing is a cost-effective method for introducing 
large-seeded species, whilst introduction of greenhouse-grown transplants 
warrants higher establishment rates for a larger set of species.

To create proper microsites for germination and establishment, it is crucial to 
lightly disturb the soil surface by raking prior to seed sowing.

As post-introduction management, regular watering and mulching is necessary to 
prevent drought, freezing and weed invasion after transplanting.

Intensive management, such as mowing with heavy machinery and intensive graz-
ing, should be avoided in the first few years after introduction.

This project demonstrated that by the revitalisation of cultural ecosystem services, 
such as aesthetic values, public relations and educational values, can be restored at the 
same time (Plieninger et al. 2013). During the project, several layers of society could be 
involved. Several volunteers participated in the re-introduction and post-management 
actions. Due to the increased public awareness, the restored kurgans became part of 
the public demonstration route system in the Hortobágy National Park. By demon-
strating the natural and cultural values of these cultural monuments, a wider society 
will become familiar with the historical, natural and landscape values of these monu-
ments. Two of the restored kurgans became involved in the field courses of Hungarian 
and foreign institutes of higher education, representing the technical details of plant 
re-introduction and their nature conservation advances. In a few years, it will be pos-
sible to re-introduce moderate grazing, which is the traditional land use in the area and 
which is beneficial for local farmers, who can make use of the area.
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Abstract
To pursue a proper conservation of narrow endemic species, the knowledge of basic reproductive strategies 
is crucial to plan adequate conservation activities. One of the most evolutionarily relevant and threatened 
Italian endemic is the Webb’s hyacinth (Bellevalia webbiana Parl.). As the reproductive behaviour of this 
species and its connection with human impact are currently unknown, the aim of this study was to char-
acterise the reproductive traits of the Webb’s hyacinth in contrasting habitats. All the 5 known richest 
populations across the species range were investigated. Their reproductive strategies were inferred by meas-
uring inflorescence height, fruit set, seed set and P/O ratio. Reproductive features varied greatly amongst 
stands and also in relation to the degree of human disturbance. However, in all cases, seed sets showed low 
values. P/O values point towards full xenogamy and it is concluded that effective cross-pollination may be 
the main mode of sexual reproduction in Bellevalia webbiana. The reasons for the low reproductive perfor-
mances may reside in pollen limitation, Allee effect and/or intrinsic reduced fertility of the species. Given 
this scenario, conservation efforts for Webb’s hyacinth should focus on maintaining large and relatively 
dense populations, to guarantee some chance of in situ survival.
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Introduction

The Mediterranean basin is a well-known biodiversity hotspot (Myers et al. 2000) 
where, unfortunately, native plant diversity is highly threatened by environmental 
changes, notably human-induced changes in land use (Lee et al. 1995, McKinney 
2002, Rossi et al. 2013). Within this context, Italy hosts about one third of the ani-
mal and half of the European plant taxa (Rossi et al. 2013). Amongst these taxa, the 
endemics are of particular importance (Siljak-Yakovlev and Peruzzi 2012), represent-
ing in Italy about 19% of the total vascular flora (Peruzzi et al. 2014). To pursue a 
proper conservation of these species, especially the narrow endemics, the knowledge 
of basic reproductive strategies is crucial in planning adequate conservation activi-
ties (Rossi et al. 2016). Indeed, as witnessed by IUCN categories (IUCN 2017), 
persistence of plant populations is intimately connected to generation time, so that 
life history studies usually feature an integrated approach uniting demography, repro-
ductive biology and genetics in order to assess the persistence of plant populations 
in ecosystems (Ohara et al. 2006). Dealing with sexual species, reproductive success 
can tell a lot about plants’ survival and responses to stress factors. However, in many 
narrow endemics, the paucity of available material (e.g. low number of individuals 
and flowers, inaccessible sites etc.) does not allow proper insight into reproductive 
performances, which also require extensive field works in order to take into account 
all the possible environmental and biological factors. Due to this impediment, the 
knowledge of the breeding system of threatened species is at least the first step for un-
derstanding to which threats they can most be subjected (e.g. habitat fragmentation, 
pollen limitation, Allee effect etc.).

Amongst the numerous Italian narrow endemic plants, arguably one of the most 
evolutionarily relevant and threatened, is the Webb’s hyacinth (Bellevalia webbiana 
Parl., Asparagaceae, monocots; Chiarugi 1949, Borzatti von Loewenstern et al. 2013, 
Astuti et al. 2017). According to Gestri et al. (2010), the range of this bulbous peren-
nial herb is restricted to an area of pre-Apennines (100–700 m a.s.l.) in Tuscany and 
Emilia-Romagna (Central Italy), with two disjunct population groups. Typical habi-
tats for Webb’s hyacinth are open fields and meadows, wood margins, olive groves and 
vineyards; during the last century, Webb’s hyacinth disappeared from several historical 
localities due to human settlements (Gestri et al. 2010). For these reasons, this spe-
cies is currently listed in The IUCN Red List of Threatened Species as Endangered 
(EN A2c) (Peruzzi and Carta 2011). Despite these contributions providing important 
information on the species’ distribution, habitat and systematics, many ecological as-
pects, including the reproductive behaviour, are still unknown.

As a first attempt to fill this gap of knowledge, the aim of the present study is to 
characterise for the first time the reproductive traits of Webb’s hyacinth. These traits 
were evaluated in contrasting habitats marked by different degrees of direct human 
impact and representative of the species’ range. Particularly, the following questions 
were addressed: 1) which is the breeding system of the species? 2) Are reproductive 
performances different amongst populations?
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Methods

Sampling sites

All the known richest populations of Bellevalia webbiana (five, each with N > 50 in-
dividuals) were included in the study (Table 1). These five populations also show dif-
ferent degrees and kinds of direct human impact: the habitat in Pratolino is an open 
olive grove near a much-frequented parking area, whose herbaceous-layer community 
is periodically cut. Uccellatoio represents a wood margin along a path, whose herba-
ceous layer is sporadically cut, but heavily dug by rooting of ungulates (especially wild 
boars). Tavarnuzze is an open herbaceous community surrounded by trees and shrubs 
and currently not managed by man. Faenza represents a wood margin along a path, 
within a private property (Apicoltura Lombardi), actively conserved by the owners. 
Finally, the population of Casola Valsenio occurs at the margins of a cultivated field. 
Despite the latter locality falling within the borders of the protected area “Parco Re-
gionale della Vena del Gesso Romagnola”, it certainly represents, together with Pra-
tolino, one of the most humanly-impacted populations amongst those studied. The 
five study sites were visited three times during 2016: in February for a preliminary 
survey, in March for measuring and sampling inflorescences/flowers and in June for 
sampling fruits and seeds.

Plant traits

On 10–15 randomly selected individuals per population (those sampled in March dif-
fering from those sampled in June), data were collected on a number of reproductive 
traits. The following activities were carried out directly in the field in March 2016: 
(a) measurement of inflorescence height (cm) and (b) counting of flower number per 
inflorescence. Both these parameters are known to positively affect pollinator visits 
and pollen load (Pyke 1981, Andersson and Iwasa 1996, Donnelly et al. 1998), as well 
as herbivory impact (Sletvold and Grindeland 2008) and pre-dispersal seed predation 

Table 1. Studied populations of Bellevalia webbiana.

Population Municipality, Province, Region Coordinates Elevation (a.s.l.)

Pratolino Vaglia, Florence, Tuscany 43.859745°N, 
11.296976°E 464 m

Uccellatoio Vaglia, Florence, Tuscany 43.859192°N, 
11.293367°E 505 m

Tavarnuzze Impruneta, Florence, Tuscany 43.720970°N, 
11.226723°E 93 m

Faenza Faenza, Ravenna, Emilia-Romagna 44.276015°N, 
11.811606°E 147 m

Casola Valsenio Casola Valsenio, Ravenna, Emilia-Romagna 44.242883°N, 
11.671955°E 316 m
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(Brody et al. 1997). In addition, two flowers showing not-yet dehiscing anthers were 
collected per raceme and their anthers were conserved under ethanol:glycerol 3:1 (v/v) 
solution in 1 ml Eppendorf vials. In June 2016, the fruit number per inflorescence (c) 
was counted in the field. Then, for each raceme, two fruits were randomly collected 
and conserved in separate small paper bags.

Later, in the laboratory, the two sampled flowers per individual were used to deter-
mine: (d) the ovule number (O) per ovary and (e) the estimated pollen-grain number 
per flower (P). The two sampled fruits per individual were used to count the seed num-
ber (f ). In order to estimate the pollen-grain number per flower, the protocol reported 
by Galloni et al. (2007) was followed, with slight modifications (Astuti et al. 2017): all 
the six anthers of each sampled flower, still under ethanol:glycerol solution in 1 ml Ep-
pendorf vials, were sonicated for 1 min at 14 kHz by means of a Sonoplus Ultrasonic 
Homogeniser GM 2070. Just before the sonication, a few small grains of solid leucoba-
sic fuchsin were added to the solution, in order to allow the staining of the pollen-grain 
walls, for easier counting. During the sonication, the vials were maintained in ice to 
avoid excessive warming and also retained there for 20–30 seconds after the sonication. 
Then, 1µl of homogenised solution was collected with a micropipette and placed on a 
microscope slide for pollen-grain counting. Each microscope slide was fully counted 
three times and, based on these three replicates, a mean total number of pollen-grains 
per sample was obtained. The estimation of the total pollen-grains number per flower 
was obtained by multiplying this number by 1000.

Starting from the above cited parameters, the fruit set [(c)/mean (b) for each popu-
lation) and the seed set [(f )/(d)] were calculated for each individual. These two param-
eters are useful measures of reproductive performances, especially if related to pollina-
tion activity (Aguilar et al. 2006). In those cases where the fruit number of a certain 
individual was higher than the mean flower number for its population, the fruit set was 
adjusted to 1 by default. Finally, for each individual, the P/O ratio (Cruden 1977) was 
calculated. The variation of this ratio is correlated to the breeding strategy of a given 
angiosperm species: the lower the value, the more the plant is autogamous and vice-
versa (Cruden 1977). In this case, this indirect method was adopted for assessing the 
breeding system due to relevant problems in flowers handling and manipulation (e.g. 
bagging experiments) in the field, due to their small size and unsuitable architecture.

Statistics

All the obtained data were analysed using PAST 3.14 software (Hammer et al. 2001, 
Hammer 2016). As all the considered variables were not normally distributed (after 
Shapiro-Wilk test) and lacked homogeneity of variance (after the Levene test), then 
the non-parametric Kruskal-Wallis test, complemented by Mann-Whitney pairwise 
comparison with Bonferroni correction, was used for comparing inflorescence height, 
number of flowers and number of fruits amongst populations. For the fruit set and 
seed set, χ2 test was carried out. Only p values ≤ 0.01 have been considered significant.
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Results

All the measured values are summarised in Table 2. Generally, the Faenza population 
shows values of inflorescence height (Figure 1), flower number and fruit number (Figure 2) 
significantly higher (Mann-Whitney test with Bonferroni correction).

Some more complex relationships concerning statistical differences amongst 
populations were found for the estimated number of pollen-grains per flower (see also 
Figure 3) and, given that the ovule number remained almost constant, consequently 
also for P/O values (Table 2).

Due to heavy cutting of all the individuals of the Pratolino population before 
fructification time, the number of fruits and seeds produced there dropped to zero 
(Figures 3, 4). χ2 revealed significant differences amongst the remaining four populations 
concerning the fruit set, whereas no significant differences concerning seed number and 
seed set were found (Figure 4). χ2 test revealed significant differences in the fruit set 
for all the pairwise comparisons, except between Uccellatoio and Casola. The Faenza 
population showed the highest fruit set, whereas Tavarnuzze the lowest. In all the 
populations, the mean seed set value was below 0.5 (Table 2, Figure 4).

Discussion

It was possible to highlight that, in B. webbiana, the ovule number is almost constant, with 
2 ovules in a row for each of the three ovary locules. This confirms previous reports for the 
genus (Speta 1998). The P/O values of the studied populations, despite some differences 
(Table 2), all fall in a range of values reported by Cruden (1977) as typical of fully xen-
ogamous species. In Bellevalia, the vegetative propagation was never reported (Feinbrun 
1940, Speta 1998). However, in a plant coming from Casola Valsenio and cultivated in 
laboratory, the production of a small bulbil detaching from the main bulb was observed. 
Accordingly, B. webbiana can occasionally reproduce by means of vegetative propagation.

Table 2. Reproductive parameters measured in the five studied populations of Bellevalia webbiana. The 
measurements are reported as mean value ± standard deviation.

Pratolino Uccellatoio Tavarnuzze Faenza Casola
Inflorescence height (cm) 17.24 ± 4.11 24.85 ± 8.02 29.65 ± 5.05 51.84 ± 21.73 27.96 ± 7.79
Number of flowers 44.13 ± 10.06 32.57 ± 9.09 40.60 ± 12.47 62.15 ± 17.77 33.60 ± 6.58
Number of fruits 0 16.00 ± 9.79 13.93 ± 7.59 49 ± 19.27 16.53 ±11.07
Number of ovules 6 6 6 5.93 ± 0.26 6
Number of estimated 
pollen grains

28,261.90 ± 
12,720.79

33,928.57 ± 
11,090.57

21,130.95
± 7,445.44

28,965.52
± 7,533.87

23,000.71
± 11,279.55

Number of seeds 0 2.17 ± 1.32 2.20 ± 1.45 2.57 ± 1.41 2.33 ± 1.12
Fruit Set 0 0.50 ± 0.27 0.34 ± 0.19 0.74 ± 0.25 0.47 ± 0.26
Seed Set 0 0.36 ± 0.16 0.37 ± 0.17 0.43 ± 0.19 0.39 ± 0.13

P/O
4,710.42 ± 
2,120.05

5,654.76 ± 
1,848.35

3,521.82 ± 
1,240.96

4,827.58 ± 
1,255.59

3,833.32 ± 
1,880
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Figure 1. Boxplot of the inflorescence height (cm) in the studied Bellevalia webbiana populations. Dif-
ferent letters indicate statistically significant differences at 0.01 level.

The Faenza population, the only one actively conserved, shows several significant 
differences from other populations, concerning a higher reproductive effort (longer 
inflorescences with more flowers, more fruits and a higher fruit set; Figure 1, Table 2). 
This population is in close proximity to beehives and bees have been observed by the 
authors on Webb hyacinth’s flowers during this research. However, despite the higher 
number of fruits produced and fruit set (Table 2, Figure 2), the seed set showed no 
significant differences compared to other populations (Tavarnuzze, Uccellatoio, Casola 
Valsenio; Figure 4). Although the effective contribution of bees in alleviating the pos-
sible pollen limitation was not quantified, the not-significantly higher reproductive 
success in this population may point towards other general problems, such as inbreed-
ing depression or other intrinsic biological problems of the species.

On the other hand, there are the critical situations of Pratolino and Casola Vals-
enio. The reiterated periodical cutting in Pratolino population may easily explain the 
reduced size of inflorescences (Figure 1), due to lower nutrients stored in the bulb for 
the following year (Muller 1976, Werger and Huber 2006). Moreover, the cutting is, 
of course, the cause of the null reproductive outcome for this population. Bellevalia 
webbiana is perennial and long-living (a generation is estimated to be around 40 years 
by Gestri et al. 2010) and it is well known in literature that, in long-lived perennials, 
annual variation of reproductive success might be of minor importance (see, for in-
stance, the study by Hoernemann et al. 2012 on Muscari tenuiflorum Tausch, a species 
from a genus phylogenetically close to Bellevalia). However, despite this, the reiterated 
reduction or absence of sexual reproduction might represent a relevant problem for the 
long-term survival of a species (Rathcke and Jules 1993). A general weakening of the 
individuals in the Casola Valsenio population may explain the slightly lower number of 
pollen-grains produced per flower (Figure 3). Indeed, still in 2010, this population was 
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made up of around 300 individuals (Gestri et al. 2010), but a very recent, improper, 
change in soil use decimated the population to a few tens of individuals at the margins 
and in-between the clumps of what is currently a ploughed field.

On the other hand, all the studied populations showed low seed set values in the 
2016 flowering season (Figure 4). This result may point towards pollen limitation 
phenomena (Burd 1994). This appears likely, also considering the relatively early flow-
ering period for this species, which often causes an unpredictable pollinator service 

Figure 2. Box-chart of fruit set amongst the studied Bellevalia webbiana populations (confidence inter-
val, 95%). Different letters indicate statistically significant differences at 0.01 level.

Figure 3. Boxplot of the estimated pollen grain number per flower in the studied Bellevalia webbiana 
populations. Different letters indicate statistically significant differences at 0.01 level.
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Figure 4. Box-chart of seed set in the studied Bellevalia webbiana populations (confidence interval, 
95%). Different letters indicate statistically significant differences at 0.01 level.

(McCall and Primack 1992, Baker et al. 2000). Given that Webb’s hyacinth seems 
xenogamous, it may also suffer some density-dependent fitness reduction, i.e. Allee 
effect (Courchamp 1999, Ashman et al. 2004), as observed in many other herbaceous 
entomophilous species (e.g. Kunin 1997, Schleuning et al. 2009, Hornemann et al. 
2012). Another possible explanation for the low general reproductive performance 
is the occurrence of inbreeding depression due to isolation and fragmentation of the 
populations. Deleterious alleles, fixed by inbreeding depression, may easily cause abor-
tion of fruits and/or seeds, especially during the earlier developmental stages (Wiens 
1984, Rathcke and Jules 1993, Baker et al. 2000, Schleuning et al. 2007), or cause the 
production of low-quality pollen (Ashman et al. 2004). These phenomena could even 
more markedly affect the reproductive performance of smaller populations other than 
the five studied here, which are the richest currently known in terms of number of 
individuals. It is also noteworthy to state that the polyploid origin of this species is well 
documented (Chiarugi 1949, Borzatti von Loewenstern et al. 2013 and literature cited 
therein), so that intrinsic fertility problems for the Webb’s hyacinth, due to its peculiar 
genomic constitution cannot be excluded. It is indeed well known that polyploidy can 
significantly reduce fertility in sexual reproduction (Levin 2002). Despite this, Capin-
eri et al. (1979) documented for this species a regular meiosis with bivalents formation 
and this may lend support to different explanations for the low seed set (e.g. pollen 
limitation and/or Allee effect).

This study was conducted within a single year, providing thus a partial view of 
the reproductive behaviour of the species and its connection with human impact. 
However, these preliminary results already pointed towards urgent conservation 
issues, as habitat deterioration in several populations is progressing very rapidly. 
Given this scenario, conservation efforts for Webb’s hyacinth should be devoted to 
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maintain large and relatively dense populations, in order to guarantee some chance 
of in situ survival. The direct human impact on the sites (e.g. cutting etc.) should 
be allowed only after the seed dispersal, as this seems the prevalent reproductive 
method available to this species.

Further studies are necessary in order to check the reproductive performances in 
the medium-long period and to experimentally verify the hypotheses of possible (co-)
occurrence of pollen limitation, Allee effect and/or intrinsic fertility problems of the 
species. In addition, it will also be useful to investigate the vegetative traits of Webb’s 
hyacinth in relation to (especially human-induced) environmental changes. In the 
meantime, active ex situ conservation protocols have been established, by means of 
seeds stored in the Pisa Germplasm Bank (Italy) and in the Millennium Seed Bank, 
Kew Gardens (London, UK), complemented by propagation and cultivation in the 
Botanic Garden of the University of Pisa.
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In fire-adapted forest ecosystems around the world, there has been growing concern about adverse im-
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has found these owls preferentially select high-severity fire areas, characterised by high levels of snags and 
native shrubs, for foraging in forests that were not logged after fire, suggesting that removal of this forag-
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Introduction

In fire-adapted forests around the world, a growing body of research indicates reasons 
for conservation concerns about the impacts of post-fire logging on native biodiversity 
and ecological processes (Lindenmayer and Noss 2006, Lindenmayer and Ough 2006, 
DellaSala et al. 2015, Heneberg 2015). The conifer forests of western North America 
are no exception (Hutto 2006, Swanson et al. 2011, DellaSala et al. 2015).

For a rare owl subspecies, the California spotted owl (Strix occidentalis occiden-
talis) which lives in the low/middle-montane conifer forests of the Sierra Nevada 
mountains of California, U.S.A. and the mountains of southern California, the ef-
fects of post-fire logging have been little studied. Some research suggests reduced site 
occupancy which has been observed in at least one large recent fire, the King fire of 
2014 in the central Sierra Nevada, may occur due to predominantly high-severity fire 
effects (Jones et al. 2016). However, distinguishing the effects of fire alone from those 
of post-fire logging remains a challenge.

Populations of this subspecies are declining (Conner et al. 2013) and a petition for 
listing under the U.S. Endangered Species Act is pending (Bond and Hanson 2014). 
Thus, it is important to understand the extent to which forest management activities 
such as post-fire logging may be affecting spotted owl populations.

California spotted owls have been found to preferentially select unlogged high-
severity fire areas characterised by high snag basal area and shrub cover for foraging 
(Bond et al. 2009) or to forage in this forest type in proportion to its availability (Bond 
et al. 2016, Eyes et al. 2017). This is likely due to the small mammal prey base found in 
this “complex early seral forest” habitat (DellaSala and Hanson 2015). One study, con-
ducted in the San Bernardino mountains of southern California, found that removal 
of burned foraging habitat due to post-fire logging adversely impacted spotted owl site 
occupancy (Lee et al. 2013). However, this issue has not been addressed in the Sierra 
Nevada, where most California spotted owls live.

In this study, this issue was investigated by analysing the effect of post-fire logging 
on occupancy of California spotted owl sites, burned in large fires throughout the 
range of the subspecies, as well as the effect of high-severity fires.

Methods

First, to address how large fires affect California spotted owl site occupancy, fires with 
the following characteristics were analysed: (1) over 10,000 hectares in size, (2) occur-
ring primarily on U.S. Forest Service lands post-2000, (3) included multiple spotted 
owl sites burned in the fire and (4) occupancy data were gathered by or for the U.S. 
Forest Service on national forest lands within the fire’s perimeter. The sampling unit 
was the site (1500 m radius around the historical centre of the territory). Locations of 
historical site centres come from U.S. Forest Service survey data, as described below.
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All sites analysed in this study were located in mature mixed-conifer forest that had 
recently burned. This forest type is comprised of yellow pine (Pinus ponderosa or Pinus 
jeffreyi) mixed with sugar pine (Pinus lambertiana), white fir (Abies concolor), incense-
cedar (Calocedrus decurrens), Douglas-fir (Psuedotsuga menziesii) and California black 
oak (Quercus kelloggi).

High-severity fires were defined as forest with RdNBR (Relativised differenced Nor-
malised Burn Ratio) values >572 (Jones et al. 2016), equating to a median level of basal 
area mortality of trees of ~80% (Miller et al. 2009, Miller and Quayle 2015). RdNBR 
values are based on satellite imagery and pertain to the difference between pre-fire and 
post-fire reflectance of green foliage (Miller and Thode 2007). The Rapid Assessment 
of Vegetation Condition (RAVG) satellite imagery database employed by the U.S. For-
est Service was used to assess fire severity (https://www.fs.fed.us/postfirevegcondition/
whatis.shtml). The RAVG database did not include the four oldest fires, the McNally fire, 
the Old fire, the Butler2-Slide fire and the Moonlight-Antelope fire, so the Monitoring 
Trends in Burn Severity (MTBS) satellite imagery database (www.mtbs.gov) was used 
for these fires, adjusting the 572 threshold value in the RAVG system by multiplying it 
by 0.875 (i.e. yielding an RdNBR value of 500) to obtain the equivalent percentage of 
high-severity fire in the MTBS system as was used in RAVG (Miller and Quayle 2015).

The U.S. Forest Service’s Region 5 biologists conducted or oversaw surveys for 
California spotted owls at known sites using an established protocol (USFS 1995). 
Protocol for a given visit to a site involved trained observers playing calls to elicit re-
sponses from territorial spotted owls at night at multiple call points at fixed locations, 
with each call point surveyed for >10 minutes. At each site, to infer non-occupancy, 
the protocol required six visits with no detections during one breeding season (this was 
the case for all but one of the owl sites), or three visits with no detections in each of 
two consecutive breeding seasons (this was the case for site TUO027). Protocol further 
required that surveyors temporarily discontinue or reschedule surveys during inclem-
ent weather, such as high wind or rain. The authors excluded sites that otherwise met 
these study criteria but did not have a sufficient number of visits (possibly due to access 
issues) to meet protocol requirements.

Occupancy data from these surveys were obtained both before and after post-fire 
logging from the U.S. Forest Service for the following fires that met the above crite-
ria: the McNally fire of 2002 (Sequoia National Forest); the Old fire of 2003 (San 
Bernardino National Forest); the Moonlight-Antelope fire of 2007 (Plumas National 
Forest); the Butler2-Slide fire of 2007 (San Bernardino National Forest); the Chips fire 
of 2012 (Plumas National Forest), not including the western half of the fire area which 
re-burned the Storrie fire of 2000 and that had extensive post-fire logging more than a 
decade ago, a fact which could confound these results; the Rim fire of 2013 (Stanislaus 
National Forest); the King fire of 2014 (Eldorado National Forest); and the Lake fire 
of 2015 (San Bernardino National Forest) (Figure 1).

Sites that were occupied in the most recent spotted owl survey year prior to post-
fire logging were analysed. For example, the most recent surveys on the San Bernardino 
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Figure 1. Large fires, in occupied California spotted owl habitat that were studied in this analysis.

National Forest (prior to the Lake fire of 2015) occurred in 2011, whereas in the Rim 
fire of 2013, surveys were sporadic prior to the fire, but were extensive beginning in the 
spring of 2014, prior to post-fire logging on national forest lands. The dates of fires, 
pre-logging and post-logging surveys and logging are shown in Table 1.
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Table 1. Years in which the fires, pre-logging and post-logging surveys and logging occurred in each of 
the fires in this analysis.

Fire Name Fire Year Pre-/Post-Logging Surveys1 Logging
McNally 2002 2001/2004 Not applicable
Old 2003 2003/2005 Late 2003 through 2004
Moonlight-Antelope 2007 2006/2009 Late 2007 through 2008
Chips 2012 2012/2014 Late 2012 through early 2014
Rim 2013 2014/2016 Late 2014 through 2015
King 2014 2014/2015 Late 2014 through early 2015
Lake 2015 2011/2016 Not applicable
Butler2-Slide 2007 2007/2011 Late 2007 through 2010

1
 In the McNally and Lake fires, there was no post-fire logging in any of the spotted owl sites analysed in 

this study.

The authors considered a site to be occupied in a given year when at least one owl 
was detected (Lee et al. 2012, Lee and Bond 2015a, b, Jones et al. 2016). Detection in-
dicated an owl utilised the site for any component of its life history, including foraging, 
roosting, nesting or territorial defence (Jones et al. 2016). Given the concern indicated 
in Jones et al. (2016) regarding lost occupancy in sites with substantial high-severity 
fire effects, the authors analysed naïve occupancy (detections versus no detections as 
recorded by surveyors, without extrapolating to adjust for probability of detection) of 
California spotted owl sites with 20–49% and 50–80% high-severity fire (as defined 
below). Occupancy of such sites was analysed within a 1500 m radius around site 
centres (nest or core roost locations at the centre of the site; Lee et al. 2012) at two 
different levels of post-fire logging, <5% and ≥5%, pertaining to the percentage of the 
total area within the 1500 m radius around the site’s centre that was post-fire logged.

The radius distance of 1500 m around site centres was used as it has been found to 
be important to this subspecies for foraging (Bond et al. 2009). The authors chose 5% as 
the threshold for analysis of post-fire logging because this threshold, for logging in general, 
has previously been found to be associated with reduced California spotted owl occupancy 
(Seamans and Gutiérrez 2007). The effects of post-fire logging was not analysed for spot-
ted owl sites with <20% high-severity fire because post-fire logging often does not occur in 
such sites. Conversely, the effects of post-fire logging were not analysed for sites with >80% 
high-severity fire because nearly all of these sites have ≥5% post-fire logging and there was 
not a sufficient number of such sites with <5% post-fire logging for the analysis.

To determine post-fire-logged areas, the U.S. Forest Service’s FACTS database 
(http://www.fs.usda.gov/detail/r5/landmanagement/gis/?cid=STELPRDB5327833) 
was used which contains spatially explicit GIS data of post-fire logging activity in 
any given fire during any time period. The authors also used GIS data on fire severity 
(https://www.fs.fed.us/postfirevegcondition/whatis.shtml) and land ownership, where 
forested moderate- and high-severity fire areas on private lands are consistently post-
fire logged, with rare exceptions. Post-fire logging in California’s forests is a slightly 
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modified form of clear-cutting, wherein nearly all fire-killed/scorched trees are re-
moved (generally retaining ~10 snags/ha), except in low-severity fire areas which are 
typically not post-fire logged. Low-severity fire areas were excluded from post-fire log-
ging polygons, with low-severity defined as RdNBR values <316 (Miller and Thode 
2007). Google Earth was used, as well as physical inspections of the sites, to confirm 
post-fire logging. A remote private inholding in a large unroaded area in the Lake fire, 
which would otherwise have met the criteria described above and a private recreation 
inholding in the Rim fire were excluded, as no logging had occurred in either area. 
Similarly, some moderate/high-severity fire areas on larger private residential/recrea-
tional parcels had no post-fire logging in the Old fire and Butler2-Slide fire and such 
areas were not included in post-fire logging percentages.

In each of the two high-severity fire categories, the authors analysed whether post-
fire logging affected spotted owl site occupancy using Chi-square tests for change 
in binomial proportions (Rosner 2000). A Chi-square test for change in binomial 
proportions was also used to analyse whether high-severity fire, without the influence 
of post-fire logging, affects site occupancy, restricting the analysis to sites with <5% 
post-fire logging and comparing occupancy of such sites with 20–49% high-severity 
fire to those with 50–80% high-severity fire.

Results

In sites with 20–49% high-severity fire (in terms of the percentage of the total area 
within a 1500 m radius around site centres with high-severity fire) and which were 
all occupied prior to post-fire logging, with <5% post-fire logging of the total area 
within a 1500 m radius of site centres, 12 of 15 spotted owl sites were occupied 
(80% occupancy). With 20–49% high-severity fire and ≥5% post-fire logging, 2 of 
6 sites were occupied (33% occupancy) (Table 2). This difference was statistically 
significant (c2 = 4.23, P = 0.040, DF = 1, N = 21 sites). To verify that this effect on 
site occupancy did not result from differences in high-severity fire, an a posteriori 
t-test for two independent means was conducted. In terms of percent high-severity 
fire, there were no differences between the <5% post-fire logging category (mean = 
34.9%, SD = 7.7%, N = 15) and the ≥5% post-fire logging category (mean = 35.7%, 
SD = 11.0%, N = 6). This indicates that the difference in site occupancy was not due 
to different levels of high-severity fire (t = -0.175, P = 0.863). Amongst the sites with 
≥5% post-fire logging, the mean amount of such logging of the area within a 1500 
m radius of site centres was 17.5% (SD = 8.3%).

In sites with 50–80% high-severity fire and which were all occupied prior to post-
fire logging, with <5% post-fire logging of the total area within a 1500 m radius of site 
centres, 10 of 13 spotted owl sites were occupied (77% occupancy). With 50–80% 
high-severity fire and ≥5% post-fire logging, only 4 of 20 sites were occupied (20% 
occupancy) (Table 3). This difference was statistically significant (c2 = 10.40, P = 0.001, 
DF = 1, N = 33 sites). In terms of percent high-severity fire, there were no differences 
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Table 2. Occupancy of California spotted owl sites with 20-49% high-severity fire. Sites have varying 
levels of post-fire logging, within a 1500 m radius of territory centres, in large fires >10,000 ha in size since 
2001. Within each fire, all sites were occupied in a single survey year prior to post-fire logging.

Fire Site % Post-fire 
Logging Category

% Post-fire 
Logging

% High-
Severity Fire Occupied?

Old SB116 ≥5% 24 49 N
Moonlight-Antelope PL253 ≥5% 26 40 N
Chips Sta. 221/222 ≥5% 8 26 Y
Chips Sta. 223 <5% 0 27 Y
Chips Sta. 207 ≥5% 25 31 N
Rim TUO010 <5% 3 40 Y
Rim TUO011 <5% 4 39 Y
Rim TUO024 <5% 2 36 Y
Rim TUO026 <5% 4 25 Y
Rim TUO039 <5% 4 33 Y
Rim TUO040 <5% 2 44 Y
Rim TUO078 <5% 2 30 Y
Rim TUO085 <5% 3 45 Y
King ELD009 <5% 4 23 N
King PLA080 <5% 2 43 Y
King S. Fork <5% 4 24 N
King PLA016 ≥5% 10 22 Y
Lake SB123 <5% 0 38 Y
Butler2-Slide SB013 <5% 3 34 Y
Butler2-Slide SB003 ≥5% 12 46 N
Butler2-Slide SB074 <5% 4 43 N

Table 3. Occupancy of California spotted owl sites with 50-80% high-severity fire. Sites have varying 
levels of post-fire logging, within a 1500 m radius of territory centres, in large fires >10,000 ha in size since 
2001. Within each fire, all sites were occupied in a single survey year prior to post-fire logging.

Fire Site % Post-fire 
Logging Category

% Post-fire 
Logging

% High-
Severity Fire Occupied?

McNally TU045 <5% 0 57 Y
McNally TU047 <5% 0 59 Y
Old SB084 ≥5% 7 61 N
Old SB089 ≥5% 7 69 N
Old SB065 ≥5% 10 50 Y
Old SB026 ≥5% 27 79 N
Old SB053 ≥5% 12 66 N
Old SB066 ≥5% 18 53 N
Moonlight-Antelope PL122 ≥5% 15 53 N
Moonlight-Antelope PL006 ≥5% 17 65 N
Moonlight-Antelope PL229 ≥5% 11 66 N
Moonlight-Antelope PL284 ≥5% 23 71 N
Moonlight-Antelope PL107 <5% 0 51 Y
Moonlight-Antelope PL123 ≥5% 11 59 N
Moonlight-Antelope PL042 ≥5% 8 71 N
Moonlight-Antelope PL073 ≥5% 10 57 N



Chad T. Hanson et al.  /  Nature Conservation 24: 93–105 (2018)100

Fire Site % Post-fire 
Logging Category

% Post-fire 
Logging

% High-
Severity Fire Occupied?

Moonlight-Antelope PL125 ≥5% 17 72 N
Chips Mosquito <5% 4 60 Y
Rim TUO027 ≥5% 39 59 N
Rim TUO028 ≥5% 24 77 Y
Rim TUO177 ≥5% 25 64 Y
King ELD051 <5% 2 50 Y
King PLA039 <5% 0 60 Y
King ELD085 <5% 4 75 Y
King ELD058 <5% 0 67 N
King ELD057 <5% 1 63 N
King Rd. 12N46 ≥5% 30 52 N
Lake SB021 <5% 0 77 Y
Lake SB041 <5% 0 78 N
Lake SB138 <5% 0 65 Y
Butler2-Slide SB137 ≥5% 9 55 Y
Butler2-Slide SB060 <5% 2 57 Y
Butler2-Slide SB014 ≥5% 14 57 N

between the <5% post-fire logging category (mean = 63.0%, SD = 9.2%, N = 13) and 
the ≥5% post-fire logging category (mean = 62.8%, SD = 8.5%, N = 20), as deter-
mined a posteriori using a t-test for two independent means (t = 0.064, P = 0.949). This 
indicates that the difference in site occupancy did not result from different levels of 
high-severity fire. Amongst the sites with ≥5% post-fire logging, the mean amount of 
such logging of the area within a 1500 m radius of site centres was 16.7% (SD = 8.7%).

For sites with <5% post-fire logging within a 1500 m radius of site centres, there 
was no difference in occupancy between such sites with 20–49% high-severity fire and 
those with 50–80% high-severity fire (c2 = 0.034, P = 0.854, DF = 1, N = 28 sites).

Discussion

These results indicate that substantial declines in California spotted owl occupancy fol-
lowing large fires are primarily driven by post-fire logging of complex early seral forest—
a forest habitat type created by high-severity fire effects in mature conifer forests and 
which this subspecies has been found to select for foraging (Bond et al. 2009). Spotted 
owls likely forage in complex early seral forests because abundant dead trees for perch 
sites are available for this sit-and-wait predator (Carey and Peeler 1995) and the small 
mammal prey base can increase in such habitat, particularly deer mice (Peromyscus man-
iculatus; Zwolak 2009, Fontaine and Kennedy 2012, Borchert et al. 2014). Under this 
study design, all spotted owl sites were confirmed occupied prior to post-fire logging. 
While none of the categories analysed had 100% occupancy following post-fire logging, 
this is expected given that spotted owls often temporarily abandon sites occupied in the 
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previous year, even where no logging or fire has occurred (USDA 1995). Thus, a portion 
of sites occupied in one year will not be occupied in the next. Conversely, a portion of 
sites not occupied in a given year may be re-colonised and occupied in the next year.

Concern has recently been expressed regarding the effect of large forest fires in the 
central Sierra Nevada on occupancy of the California spotted owl, particularly in sites 
with predominantly high-severity fire effects (Jones et al. 2016). Jones et al. (2016), who 
analysed the northern half of the 39,311 ha King fire of 2014, dismissed post-fire logging 
as a factor in the reduced spotted owl occupancy that they reported one year after the fire.

These results differ from those of Jones et al. (2016) in the King fire. There are 
some likely reasons for this difference. First, Jones et al. (2016) reported that a median 
of only 2% of the area within 1100 m circles around the site centres experienced post-
fire logging based upon data obtained from privately owned forest management com-
panies (Sierra Pacific Industries and Mason, Bruce & Girard Inc.). A mean of 6% post-
fire logging within 1500 m circles was found (and a mean of 12% post-fire logging 
when sites with >80% high-severity fire are added), based on the methods described 
above, the FACTS database, Google Earth and physical inspection of the areas. This 
indicates a more pronounced role of post-fire logging when a larger portion of spotted 
owls’ biological home range (Bond et al. 2009) is analysed. Second, Jones et al. (2016) 
reported that 8 sites, out of a total of 13 (Jones et al. 2016: figure 2) with >50% high-
severity fire, experienced “site extinction” (i.e. were rendered unoccupied) due to the 
King fire. In fact these sites (PLA007, PLA065, PLA015, PLA109, PLA012, ELD060, 
PLA049 and PLA043) had not been occupied prior to the fire (based on spotted owl 
surveys conducted for the Forest Service, which were obtained from the agency). Many 
spotted owl sites have lost occupancy in recent years in this area likely due to extensive 
logging (Tempel et al. 2014). Thus, the conclusion by Jones et al. (2016), that the King 
fire caused the loss of occupancy in these sites, is not sound.

Jones et al. (2016) also reported that, for the foraging behaviour component of 
their study, spotted owls avoided high-severity fire areas, contrary to the findings of 
Bond et al. (2009). Jones et al. (2016) suggested that avoidance of high-severity fire 
areas may have explained reduced occupancy in sites with high levels of high-severity 
fire. However, Jones et al. (2016) did not account for distance from site centres for this 
central-place forager (Carey and Peeler 1995, Rosenberg and McKelvey 2009). They 
also included recent pre- and post-fire clearcut areas in their analysis of selection/avoid-
ance of high-severity fire areas for foraging, rather than analysing foraging of intact, 
unlogged high-severity fire areas, as in Bond et al. (2009). Thus, the foraging behaviour 
results of Bond et al. (2009) and Jones et al. (2016) can be reconciled, given the owls’ 
tendency to avoid clearcut areas (Call et al. 1992, Comfort et al. 2016), while selecting 
intact, unlogged high-severity fire areas dominated by an abundance of snags (standing 
dead trees) and shrubs (Bond et al. 2009).

Tempel et al. (2014) also reported an adverse effect of high-severity fires on Cali-
fornia spotted owl site occupancy, mostly due to four sites that generally became unoc-
cupied, or infrequently occupied, following the Star fire of 2001 on the Eldorado and 
Tahoe National Forests, amongst a sample size of 12 sites inside wildland fire areas. 
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However, these sites were heavily post-fire logged on both private timberlands and Na-
tional Forest lands (Bond and Hanson 2014: Appendix C), a fact that was not reported 
by Tempel et al. (2014).

A common assumption has been that the occurrence of high-severity fires is increas-
ing and is a major threat to the owl. This assumption is accompanied by recommen-
dations for increased logging—especially “mechanical thinning”—on National Forest 
lands, intended to create low-density forests and reduce the potential for high-severity 
fires (Jones et al. 2016, Stephens et al. 2016). Post-fire logging and tree plantation estab-
lishment have also been promoted by the U.S. Forest Service in high-severity fire areas 
in an attempt to recover and restore mature, green forest cover (Peterson et al. 2015). 
However, these results and other research (Lee et al. 2013), indicate that post-fire logging 
of complex early seral forests is not consistent with California spotted owl conservation 
and mechanical thinning has been associated with dramatic and rapid population de-
clines for this subspecies in the Sierra Nevada (Stephens et al. 2014). Further, multiple 
studies have indicated that there is no long-term increasing trend in high-severity fires 
in the Sierra Nevada (Hanson and Odion 2015, Keyser and Westerling 2017), or in the 
vast majority of the western U.S. (Keyser and Westerling 2017) since 1984.

The authors’ finding, that spotted owl sites with predominantly high-severity fire 
effects had 77% occupancy when <5% of the area within a 1500 m radius of terri-
tory centres was subjected to post-fire logging, is notable in the sense that it compares 
favourably with current California spotted owl occupancy levels in unburned, mature 
forest (Lee et al. 2012). More post-fire research is needed pertaining to spotted owls, 
including investigations of time-since-fire. This is especially true for spotted owl sites 
with higher levels of fire severity, such as those with >80% high-severity fire within a 
1500 m radius of site centres, which are uncommon compared to those with lower 
levels of high-severity fire. However, most of the relatively few owl sites with such 
high-severity fire levels in larger fires are subjected to substantial post-fire logging on 
both private and public lands, undermining potential for scientific understanding of 
the owl’s relationship with such fire events. This will need to change in the future if 
one is to have sufficient data to analyse the effects of fire, versus the effects of post-fire 
logging, in sites with such levels of high-severity fire.

Conclusions

Adverse impacts to California spotted owl occupancy in large fires appear to be strong-
ly influenced by post-fire logging, rather than fire alone. Increased logging of unburned 
forests has been proposed as a measure to curb fire behaviour (Jones et al. 2016), but 
such logging has been associated with a substantial and rapid loss of site occupancy 
(Stephens et al. 2014). Based on these results here and other research, it is suggest-
ed that such increased logging and the weakening of environmental protections that 
would be needed to facilitate it, are not a scientifically sound path forward towards 
recovery and conservation of declining California spotted owl populations.
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