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Abstract
Ancient trees are important habitats, confer vital ecological roles and function as cultural legacies. Old 
trees with large girth are keystone structures in various ecosystems. We aim to present which species 
amongst the greatest Hungarian trees (and some other phanerophyte plants) are damaged by polypores 
(the most important agents of wood decay), Agrobacterium tumefaciens (usually causing root tumour) or 
ivy (competing against the native vegetation and causing windthrow damage) and at what extent and 
frequency; and whether there is a relationship between these types of damage and the origin of the species 
(native or adventive) or its situation (solitary or surrounded by other trees). We measured 2,000 trees, 
belonging to 29 native and 43 non-native species. Polypore infection could be detected in 12.2% of the 
observed 531 settlements, 22.8% are damaged by Agrobacterium and 29.6% by ivy, while 51.2% by other 
types of pests and diseases. Altogether, one third of the observed 2000 ancient or veteran trees suffered 
from one or more types of damage. A total of 33.5% of the native species (519 specimens out of 1550) and 
28.7% of the adventives (129 trees out of 450) are damaged by any (or more than one) of the mentioned 
infections or ivy. Mostly, damage occurred to those old trees that stand in a park or forest, while the single 
(solitary) trees were usually healthy. The most infected regions are the western and south-western counties, 
while the Northern Hungarian Mountain Range is much less affected, despite its great sample size. Low 
damage was detected in the Great Hungarian Plain, but the number of sample areas and veteran trees was 
also low here. The damage to old trees remains without any management or healing in Hungary, since the 
only effective solution would be prevention.
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Introduction

Ancient trees have large girth and astonishing ecological value. The age when a tree can 
be considered ancient is species specific (Hartel and Plieninger 2014). They contain 
varied microhabitats, such as hollows or hollowing trunks or branches, cavities, wood 
mould, decaying wood in the crown, flaking bark which support exceptional numbers 
of specialised species including fungi, lichens, birds, small mammals and endangered 
species of wood-living insects (Ranius and Jansson 2000; Read 2000; Sverdrup-Thyge-
son et al. 2010; Bergman et al. 2012). This is why ancient tree-based systems are con-
sidered as global hotspots of biodiversity (Buse et al. 2010) and the old trees are key-
stone structures in natural, agricultural and urban ecosystems (Gibbons et al. 2008). 
Their great size and age provide ecological niches of value to specialised flora and fauna 
that cannot be provided by younger, smaller trees (Lindenmayer et al. 2014) and func-
tion as cultural-emotional legacies as well, linking the past to the present (Manning et 
al. 2006; Lonsdale 2013; Eriksson 2018). The preservation of landscapes, where there 
is still a high density of ancient trees, should be a priority for all European countries 
(Zapponi et al. 2017).

One of the reasons why we are so concerned about the ancient trees in Hungary is 
that we believe that they are of great importance when considering nature values and 
qualities in forests, agricultural landscapes, as well as cultural heritage and landscape 
features. This is why it is inevitable that we review their general data (girth, perimeter, 
height etc.), ethnographical and historical relations, health status and endangering 
factors to plan their active conservation. In Hungary, the first calls for the protection 
of ancient, giant trees date back to the early 20th century (e.g. Rapaics 1929). The 
respect towards them has led to the protection of several ancient trees, most of them 
within settlements (Tardy 1996). Their main data are registered in online databases 
(Pósfai Gy 2019, Monumental Trees 2019, Hungarian Monumental Trees 2019). The great-
est Hungarian database (Pósfai Gy 2019) started as a private website, but as a good ex-
ample of citizen science, everyone can send new data; however, these will be uploaded 
only after validation (visited and measured on the spot) by the founder. Overviews 
on the cult of the oak genus and presentation of some remarkable Hungarian oak 
trees were provided by Szakonyi (2018), while in the case of lime species and sweet 
chestnut, see our previous articles (Takács and Malatinszky 2012; Takács et al. 2015). 
Iváncsics and Filepné (2019) provide explanations to visual tree assessment.

There are thousands of ancient trees in Hungary and they need special care and 
protection. However, most of them are situated in hidden areas, far from parks and 
gardens, thus, without any special attention being given to their health state, mainte-
nance or care. Our aim is to present which specimens and species amongst the greatest 
Hungarian trees (and other phanerophyte plants, such as black elder and hawthorn 
species) are damaged by well-known pests and diseases, such as polypores, Agrobacte-
rium or ivy and to what extent and frequency. As far as we know, there has been no 
similar research so far. Our study covers every Hungarian region, about 2,000 very old, 
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sizeable trees, some of them being champions with the largest species-specific girth or 
height in the country.

Polypores are a group of basidiomycetes fungi that form fruiting bodies with pores 
or tubes on the underside. They inhabit tree trunks or branches consuming the wood 
and, thus, they are the most important agents of wood decay. Even though saproxylic 
fungi act as keystone species in forest ecosystems (Moose et al. 2019), sustaining, for 
example, beetle communities (Andrési and Tuba 2018), several polypore species are 
serious pathogens of plantation trees and are major causes of timber spoilage. The most 
common polypore in Hungary is the tinder fungus (Fomes fomentarius), a stem decay 
fungal plant pathogen of beech and other deciduous trees, such as birch, poplar, willow 
and oak species (Igmándy 1991). Its mycelium penetrates the wood of trees through 
damaged bark or broken branches, causing white rot in the host. It continues to live 
on trees long after they have died, changing from a parasite to a decomposer (Baum et 
al. 2003). In Hungary, other polypores of significance are Fuscoporia torulosa, Inonotus 
cuticularis, Daedaleopsis confragosa, D. c. var. tricolor, Phellinus igniarius, Ph. tremulae 
and Ganoderma applanatum (Vasas and Locsmándi 2010; Gerhardt 2017).

Bacteria and viruses usually do not play a significant role in the diseases of old trees. 
However, injuries to the infected tissues are variable (Bartosiewicz and Siewniak 1979). 
Agrobacterium is a genus of Gram-negative bacteria that causes tumours in plants. A. 
tumefaciens causes crown-gall disease in plants, which is a tumour-like growth or gall 
on the infected plant, often at the junction between the root and the shoot. A. rhizo-
genes induces root tumours in apple and its relatives. Old trees are infected by A. tume-
faciens, usually causing root tumour, but even shoots might be stressed in case of pop-
lars, oaks, limes, sycamores and willows (Glits and Folk 2000). It may attack any tree 
species in Hungary, but the visible tumours on the shoot system are most remarkable 
on poplars (Szabó 2003). This pathogen penetrates the wood of trees through damaged 
bark. The bacterial tumour-inducing (Ti) plasmid penetrates into the genome of the 
host (Atherly 2004).

Ivies (Hedera spp.) create a dense, shade-tolerant evergreen cover that can spread 
through underground rhizomes and above-ground runners quickly and outcompete 
the native vegetation. In Europe, the harm caused by common ivy (Hedera helix) 
is generally minor, although trees climbed by ivy (as high as 25 metres) can suffer 
windthrow damage (Gencsi and Vancsura 1997). Oaks with their crown almost com-
pletely wrapped by ivy are quite common. Trees may show clear symptoms of decline, 
such as shoot withering and progressive crown reduction (Garfi and Ficarrotta 2003). 
Tree characteristics and spatial patterns of species significantly influence ivy distribu-
tion. Preferred hosts are large, isolated trees (Castagneri et al. 2013). Protection against 
ivy is cost and labour-intensive and usually remains without a real result (English Her-
itage 2010).

We aimed to select those types of damage that can easily be recognised, in order to 
use them in citizen science activities in the future for the large trees that now remain 
unattended. This is why we focused on polypores, Agrobacterium and ivy infections.
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Methods

Inventory of general data of ancient trees

There is only one thorough online database that lists the greatest trees in Hungary, pro-
viding species, settlement, GPS coordinates, girth and year of its measurement (Pósfai 
Gy 2019). Our original aim was to observe every specimen listed in this database. Their 
total number was 700 in 2008, when we started our study. Meanwhile, this number 
now exceeds 3500 for 2020 and is still growing. This is why we present actual data 
of altogether 2000 trees that were listed in this database during our measurements 
between 2008 and 2017. For each specimen, we measured girth (at 1.3 m height), 
smallest trunk diameter (at 1.3 m height), smallest crown diameter and height, using a 
measuring tape, Waldmeister forestry caliper and Haglöf clinometer. Due to the high 
number of observed specimens, there were no repetitions.

We described the health status on a 5-points scale (1 = dead, 2 = bad condition, 
3 = fair condition, 4 = good condition, 5 = excellent condition), based on the status of 
the crown, diseases, breaks, hollows and maintenance. For example, if only a decayed 
trunk has remained without branches and bark, then this value is 1. If there are pests 
or other organisms that cause damage or there is a hollow instead of the crown, but 
the tree is still able to grow new shoots (ie. is still vital), then this value is 3. While in 
case of no pests or other organisms that would cause damage and healthy bark and 
crown without broken branches, this value is 5. Accessibility was expressed by consid-
ering the quality (usability) of roads leading to each specimen, presence or absence of 
informative signs, distance from settlements or roads etc. (1 = very difficult, 2 = poor, 
3 = medium, 4 = good, 5 = excellent). We did not aim to measure the age of the trees 
(due to technical difficulties, risk of damage etc.).

The rates of polypores, Agrobacterium and ivy damage are also described on a 
5-point scale (Table 1). The majority of observed specimens are not damaged at all, 
thus, these trees are not presented here.

Measuring health status

To measure the health status of each tree, we used a Fakopp Arborsonic 3D Acoustic 
Tomograph that estimates the velocity at which sound is conducted through the tree. 
Acoustic tomography has been used for in situ inspection of trees since 1986 (Arcinie-
gas et al. 2014). The tomograph distributes and receives sound waves across 10 sen-
sors placed evenly around the circumference of a tree. The sensors are connected to a 
laptop. Each sensor is tapped a minimum of three times, an action which propagates 
sound across the tree. The Fakopp Arborsonic software records the length of time taken 
for the sound to be received by each sensor and this depends on the density of the sub-
strate (Thompson et al. 2016). Then the software renders three-dimensional computer 
models of the internal tree density (Figs 21–23). The position of the sensors is impor-
tant, but it does not markedly affect the result. It is no use measuring on the ground or 
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at the first branches, because it may be misleading. The device is suitable for measuring 
trees up to 500 cm girth (the cables are too short). However, most of the tree species 
are greater when they are old. This is why we basically chose old wild pears, since it is a 
highly valuable species and its girth does not exceed this size even at higher age.

Studied tree specimens

We studied 2000 tree specimens in 531 Hungarian settlements (Fig. 1). Although 
there are significantly less observed trees on the eastern and south-eastern parts of the 
country (i.e. the Great Hungarian Plain), we consider this study to be representative, 
since the mentioned area belongs to the steppe climate zone, with a significantly lower 
rate of forested areas. Observed species and the minimum girth (at 1.3 m height) re-
quired for the study of each specimen are shown in Table 2. We included whether they 
are native or not, their number in the only thorough database (Pósfai Gy 2019) and the 
number of measured trees and the presence of pests and other organisms that cause 
damage (in case of more than one, they are shown in a separate column).

Results

Almost all (98%) of those old trees that are infected only by polypores (i.e. without 
other damage) are surrounded by other trees in a park or a forest (Table 2). This high 
ratio is understandable when we consider the fact that most of the affected trees are 
beech, since we found only a couple of solitary trees of this species. A total of 70 out 
of 400 measured beech trees (i.e. 17.5%) were infected by polypores (including the 

Table 1. Determination of each damage category.

Polypores infection categories
1 = not infected No conks on trunk, branches, visible roots
2 = sparsely infected One active or few dead conks
3 = slightly infected Less than 5 conks
4 = moderately infected 5 to 10, small conks
5 = acutely infected More than 10 healthy conks

Agrobacterium infection categories
1 = not infected No tumour on trunk, branches, visible roots
2 = sparsely infected One tumour, with less than 20 cm diameter
3 = slightly infected One tumour, with 20 to 40 cm diameter
4 = moderately infected Several small tumours (galls)
5 = acutely infected Totally spread on the tree

Ivy damage categories
1 = not damaged No shoots on trunk, branches, visible roots
2 = sparsely damaged Few young shoots, up to 2 m height on the tree
3 = slightly damaged Few young shoots, up to 4 m height on the tree
4 = moderately damaged Young or thin shoots appear even on branches and totally cover 

the trunk
5 = acutely damaged Total cover
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Figure 1. The situation of the observed settlements on the map of Hungary. A small dot indicates one 
settlement, a medium dot two or three settlements, while large dots refer to at least five settlements situ-
ated close to each other.

Table 2. List of the observed species and their main data. N = native, A = adventive [those taxa whose 
native nature is still under dispute in Hungary (Abies alba, Castanea sativa, Juglans regia, Quercus frainetto) 
and those that are native only in a limited percentage of the country, but occur in a much greater area 
(Pinus sylvestris, Sorbus domestica, Taxus baccata and Tilia tomentosa) are also here (based on Bartha 2000)]; 
Agrob. = Agrobacterium infection, S = single tree, F = surrounded by other trees in a park or forest, Comb. 
= combined infection/damage.

Species N/A Min. girth 
(cm)

Number in 
the database 

of Pósfai

Number of 
measured 
trees S/F

Polypore Agrobact. Ivy Comb. Measured/ 
damaged 

(%)
S F S F S F S F

Abies alba A 300 6 1 4 1 3 80
Abies cephalonica A 300 1 1 1 100
Abies numidica A 300 3 1 1 100
Acer campestre N 300 68 7 34 1 1 16 1 46.3
Acer negundo A 300 19 2 7 1 1 2 44.4
Acer platanoides N 300 37 2 18 7 1 40
Acer pseudoplatanus N 300 35 2 15 2 3 29.4
Acer saccharinum A 300 43 5 22 2 1 1 1 18.5
Aesculus flava A 400 1 1 0
Aesculus hippocastanum A 400 23 1 13 2 1 21.4
Ailanthus altissima A 300 11 4 4 1 12.5
Alnus glutinosa N 300 71 17 2 4 1 41.2
Betula pendula N 200 25 7 2 28.6
Calocedrus decurrens A 300 9 7 2 28.6
Carpinus betulus N 300 171 2 74 6 2 9 3 26.3
Castanea sativa A 500 96 17 36 3 4 3 18.9
Catalpa bignonioides A 200 7 1 3 2 50
Cedrus deodora A 500 1 1 0
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Species N/A Min. girth 
(cm)

Number in 
the database 

of Pósfai

Number of 
measured 
trees S/F

Polypore Agrobact. Ivy Comb. Measured/ 
damaged 

(%)
S F S F S F S F

Cedrus libani A 400 1 1 0
Celtis occidentalis A 300 55 7 24 1 7 25.8
Corylus colurna A 300 9 4 4 1 12.5
Crataegus monogyna N 100 9 1 1 0
Fagus sylvatica N 400 529 3 397 66 8 26 4 26
Fraxinus angustifolia 
ssp. pannonica

N 400 42 1 12 4 1 38.5

Fraxinus excelsior N 400 62 6 31 1 1 7 1 27
Ginkgo biloba A 400 10 2 8 1 1 5 70
Gleditsia triacanthos A 300 6 2 0
Gymnoclaudus dioicus A 300 7 1 1 100
Hedera helix N 50 3 2 1 0
Juglans nigra A 300 11 1 6 1 14.3
Juglans regia A 300 4 1 0
Larix decidua A 300 8 5 1 20
Liriodendron tulipifera A 400 11 1 6 2 28.6
Maclura pomifera A 300 2 2 1 1 100
Magnolia acuminata A 200 4 3 3 100
Morus alba A 400 20 9 3 1 8.3
Paulownia tomentosa A 300 16 1 3 1 1 50
Picea abies A 300 46 2 20 1 1 9.1
Pinus nigra A 300 17 3 12 6 40
Pinus sylvestris A 300 20 1 5 2 33.3
Pinus strobus A 300 6 1 0
Platanus × acerifolia A 600 69 11 47 3 4 10 1 1 32.8
Populus alba N 600 42 4 11 3 2 33.3
Populus × canescens N 600 33 3 9 5 41.7
Populus nigra N 600 395 25 174 1 1 8 91 4 5 13 61.8
Prunus avium N 300 32 4 10 2 2 1 35.7
Pseudotsuga menziesii A 300 60 1 4 1 20
Pterocaria stenoptera A 600 2 1 0
Pyrus pyraster N 300 34 6 16 2 9.1
Quercus cerris N 500 56 6 23 1 4 1 1 24.1
Quercus frainetto A 400 2 1 1 100
Quercus petraea N 500 26 2 9 1 4 45.5
Quercus pubescens N 400 4 3 1 0
Quercus robur N 500 573 95 284 1 12 3 22 12 67 2 13 34.8
Quercus rubra A 400 9 3 1 1 66.7
Robinia pseudoacacia A 300 58 5 14 0
Salix alba N 600 179 8 70 2 1 6 2 14.1
Salix caprea N 200 2 1 0
Sambucus nigra N 100 5 1 1 0
Sequoiadendron 
giganteum

A 500 21 2 12 1 3 1 35.7

Sophora japonica A 400 28 7 14 2 10 57.1
Sorbus domestica A 200 14 4 1 1 20
Sorbus torminalis N 200 13 7 1 1 28.6
Taxodium distichum A 300 41 1 23 9 37.5
Taxus baccata A 200 36 4 9 2 15.4
Thuja plicata A 300 7 3 0
Tilia cordata N 400 73 19 40 1 5 1 9 27.1
Tilia platyphyllos N 400 78 10 45 1 6 7 2 29.1
Tilia tomentosa A 400 18 8 6 1 4 35.7
Ulmus glabra N 400 4 2 1 50
Ulmus laevis N 400 41 1 25 2 6 30.8
Ulmus minor N 400 7 1 1 1 50
Total – – 3487 320 1680 2 99 16 170 33 275 8 45 32.4



Márton Takács et al.  /  Nature Conservation 40: 1–38 (2020)8

combined infections as well). Only seven specimens of non-native trees were infected 
by polypores, two of them being silver maple (Acer saccharinum).

A total of 170 (91.4%) of those old trees that are infected only by Agrobacterium 
stand in a (relatively) closed forest or park (Table 2). Only 16 solitary trees were dam-
aged by this infection, half of them being black poplar (Populus nigra). Including the 
combined infections as well, Agrobacterium was documented on 115 out of 226 meas-
ured black poplars (i.e. 51%). Seventeen non-native trees were infected by Agrobacte-
rium, most of them (seven) being sycamores.

We found ivy on 33 solitary trees, meaning 10.7%, compared to 275 specimens 
within stands. Mostly oaks were damaged (101, meaning 28.5%) and ivy appeared on 
23.6% of the measured oaks. The highest rate, however, was seen in case of the maple 
genus, being 31 out of 114 measured maple trees (27.2%) (combined case included 
for both genera). A total of 101 non-native trees were affected, mostly (in 12 cases) the 
Japanese pagoda tree (Sophora japonica).

Two or three types of damage were documented on 53 old trees. They belong to 
the worst health category, most of them having almost died. A total of 84.9% (i.e. 45 
trees) stand in a group or forest, while only 8 solitary trees are affected by combined 
infections (Table 2).

In the following text, we present one example per damage category from our database.

Polypores infection

Not infected

•	 species: common oak (Quercus robur)
•	 locality: Battonya-Tompapuszta (Békés County, SE Hungary)
•	 habitat: grassland, abandoned farmyard
•	 girth: 574 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 30 m
•	 height: 18 m

Branches properly cut in the past; however, irregular fractures are seen lately. The 
area has been abandoned and unattended for several years. No visible rot, fungi, moss, 
Agrobacterium or ivy (Fig. 2).

Sparsely infected

•	 species: beech (Fagus sylvatica)
•	 locality: Gadány (Somogy County, SW Hungary)
•	 habitat: woody area, along a stream
•	 girth: 552 cm
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Figure 2. Not infected Quercus robur.
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•	 trunk diameter: 2.5 m
•	 crown diameter: 50 m
•	 height: 30 m

Not managed woody area. Sparse polypore infection: one conk of tinder fungus 
(Fomes fomentarius). The conk is healthy, fresh. The tree is in a fair health state besides 
the polypore, its foliage is lush and healthy and the branches are not dry (Fig. 3).

Slightly infected

•	 species: Norway maple (Acer platanoides)
•	 locality: Hencse (Somogy County, SW Hungary)
•	 habitat: previously Palace Park, currently Golf Club
•	 girth: 497 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 30 m
•	 height: 17 m

Its locality can be visited with permission. Old yews (Taxus baccata) surround-
ing. Ivy on its trunk, wasps in the hollow of the former branch. More than two fresh, 
healthy polypore conks on the lower part of the trunk. Although the park is well man-
aged, no attention is paid to this infection (Fig. 4).

Moderately infected

•	 species: silver fir (Abies alba)
•	 locality: Fehérvárcsurgó (Fejér County, Central Hungary)
•	 habitat: Palace Park
•	 girth: 429 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 20 m
•	 height: 22 m

Several huge veteran trees in the Palace Park. This specimen is probably the oldest sil-
ver fir in Hungary (next to the pebble road leading through the park). Slight ivy infection. 
More than five tiny polypore conks, some of them several years old with dry conk (Fig. 5).

Acutely infected

•	 species: beech (Fagus sylvatica)
•	 locality: Becsehely (Zala County, W Hungary)
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Figure 3. Sparsely infected Fagus sylvatica.

•	 habitat: young beech forest, with some old beech trees
•	 girth: 487 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 30 m
•	 height: 27 m
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Figure 4. Slightly infected Acer platanoides
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Figure 5. Moderately infected Abies alba.
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Extended beech forests in the territory, with several old beech and hornbeam speci-
mens on a plot of relatively-young trees. More than ten polypore conks on the trunk, 
moreover, the infection has appeared even on the branches. The area is not managed, 
with significant blackberry (Rubus fruticosus) coverage (Fig. 6).

Figure 6. Acutely infected Fagus sylvatica.
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Polypore infection could be detected in 65 out of the observed 531 settlements, 
123 per 2000 trees. This means 12.24% of the studied areas and 6.15% of the meas-
ured trees (Fig. 7). Polypores seem to be missing from veteran trees of the Great Hun-
garian Plain, but we have to add that the main host of the most frequent polypore, 
i.e. beech (Fagus sylvatica), is also missing from the area (although other polypores 
could occur). Veszprém, Zala, Baranya and Somogy Counties (i.e. South-Western and 
Central-Western) are moderately infected.

Agrobacterium infection

Not infected

•	 species: sweet chestnut (Castanea sativa)
•	 locality: Bak (Zala County, W Hungary)
•	 habitat: between wine cellars, private area
•	 girth: 606 cm
•	 trunk diameter: 2 m
•	 crown diameter: 20 m
•	 height: 20 m

Figure 7. Settlements that host large trees infected by polypores (Hungary). A small dot indicates one 
settlement, a medium dot two or three settlements, while large dots refer to at least five settlements situ-
ated close to each other.
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Walnut and chestnut trees were commonly planted around wine yards and cellars 
during the past centuries. According to its information board, this tree is 400 years old, 
under nature protection. No Agrobacterium and slight ivy infection. Branches cut back, 
without any rot (Fig. 8).

Figure 8. Not infected Castanea sativa.
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Sparsely infected

•	 species: common oak (Quercus robur)
•	 locality: Káld (Vas County, W Hungary)
•	 habitat: young Scots Pine forest, clearing
•	 girth: 539 cm
•	 trunk diameter: 2 m
•	 crown diameter: 40 m
•	 height: 22 m

Enormous oak tree in a young Scots Pine stand. A tumour-like gall with 25 cm 
diameter makes its unique feature, with no other tumours. High coverage of mosses 
and ants on the tree, dense blackberry around (Fig. 9).

Slightly infected

•	 species: London plane (Platanus × acerifolia)
•	 locality: Pölöske (Zala County, W Hungary)
•	 habitat: backyard of a family house
•	 girth: 758 cm
•	 trunk diameter: 3 m
•	 crown diameter: 40 m
•	 height: 28 m

Private area at the end of Dózsa György Street in Pölöske village, officially nature 
protected, can be visited with permission. Two huge London planes, one is slightly 
infected with ivy and a tumour-like gall with 40 cm diameter at the junction between 
the root and the shoot (Fig. 10).

Moderately infected

•	 species: common oak (Quercus robur)
•	 locality: Nagyrécse (Zala County, W Hungary)
•	 habitat: young oak forest
•	 girth: 500 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 35 m
•	 height: 23 m
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Figure 9. Sparsely infected Quercus robur.
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Figure 10. Slightly infected Platanus × acerifolia.

Numerous old oaks in a young stand. No tumours on the trunk, but more than ten 
galls in the crown, none of them exceeding 10 cm in diameter. Several galls had fallen 
on the ground (Fig. 11).
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Figure 11. Moderately infected Quercus robur.

Acutely infected

•	 species: black poplar (Populus nigra)
•	 locality: Tiszacsege (Hajdú-Bihar County, E Hungary)
•	 habitat: ferry station, holiday houses
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•	 girth: 826 cm
•	 trunk diameter: 3 m
•	 crown diameter: 10 m
•	 height: 11 m

Huge, but highly infected poplar. Its original bark is missing, the whole trunk is cov-
ered by tumours, branches are cut back every year due to the galls since its crown is not 
safe from the infection. Its notable trunk diameter is a consequence of its disease (Fig. 12).

Agrobacterium infection could be detected in 121 places out of the observed 531 
settlements, this means 22.79%. Amongst the studied veteran trees, 217 are infected 
by Agrobacterium, meaning 10.85% (Fig. 13). Considering the age and vulnerability 
of the trees and the fact that this disease cannot be managed easily, this rate is high. 
The most infected territories are Zala and Vas Counties (i.e. Western Hungary) and 
the South-Western region (Somogy and Baranya Counties). A notable result is that 
Borsod-Abaúj-Zemplén (Northern-Hungary) is almost free from this kind of infec-
tion, despite the high number of studied trees.

Ivy damage

Not damaged

•	 species: black locust (Robinia pseudoacacia)
•	 locality: Bábolna (Komárom-Esztergom County, NW Hungary)
•	 habitat: Bábolna National Stud area
•	 girth: 649 cm
•	 trunk diameter: 2.5 m
•	 crown diameter: 25 m
•	 height: 19 m

Hungary’s oldest black locust specimen, planted in 1710. Unfavourable health 
state, but not damaged by ivy or other damage. Branches fixed to the trunk with a belt, 
trunk filled artificially (Fig. 14).

Sparsely damaged

•	 species: Hungarian oak (Quercus frainetto)
•	 locality: Deszk (Csongrád County, SE Hungary)
•	 habitat: hospital park
•	 girth: 561 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 30 m
•	 height: 18 m
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Figure 12. Acutely infected Populus nigra.
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Figure 13. Settlements that host large trees infected by Agrobacterium (Hungary). A small dot indicates 
one settlement, while larger dots refer to more settlements situated close to each other.

Thin ivy sprouts (runners), up to 1.5 m height, with tiny leaves. They are currently 
not causing any serious injury, but now is the time for protection, as later interventions 
may not be effective (Fig. 15).

Slightly damaged

•	 species: large-leaved linden (Tilia platyphyllos)
•	 locality: Pápa (Veszprém County, W Hungary)
•	 habitat: Castle Park
•	 girth: 420 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 30 m
•	 height: 23 m

The central part of the Castle Park is characterised by an old linden tree. Its trunk 
is densely covered by ivy up to 3 m height. Ivy leaves are still small and fresh and do 
not overgrow the foliage; thus, its elimination is still possible (Fig. 16).
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Figure 14. Not damaged Robinia pseudoacacia.

Moderately damaged

•	 species: common oak (Quercus robur)
•	 locality: Zsennye (Vas County, W Hungary)
•	 habitat: Palace Park
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Figure 15. Sparsely damaged Quercus frainetto.
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Figure 16. Slightly damaged Tilia platyphyllos.
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•	 girth: 535 cm
•	 trunk diameter: 2 m
•	 crown diameter: 30 m
•	 height: 25 m

Numerous notable oaks rule the (not properly managed) park of the Bezerédj Pal-
ace in Zsennye, all of them damaged by ivy, even in their foliage. Leaves are great and 
sprouts form constant foliage, although not reaching the tips. Protection would be very 
complicated at this stage (Fig. 17).

Acutely damaged

•	 species: common oak (Quercus robur)
•	 locality: Szőcsénypuszta (Somogy County, SW Hungary)
•	 habitat: lumberyard
•	 girth: 573 cm
•	 trunk diameter: 2 m
•	 crown diameter: 30 m
•	 height: 18 m

Hard to see and measure due to enormous ivy mass and the tree has grown on to 
the fence. The trunk is totally hidden by ivy sprouts and leaves, which reach the tips. 
Protection is impossible at this stage (Fig. 18).

A total of 157 of the observed 531 settlements and 353 of the measured 2000 trees 
showed ivy damage, meaning 29.57% and 17.65%, respectively (Fig. 19). The highest 
rate was detected in Somogy, Zala, Baranya, Veszprém and Vas Counties (i.e. Western 
and South-Western Hungary). The Northern Hungarian Mountain Range is almost 
free from ivy damage, despite the high number of samples. North-Western, Eastern 
and Southern Hungary are also almost free of ivy.

Other damage

Besides those mentioned above, we also noticed some other types of damage. Most of 
them are general, such as mistletoe species (Loranthus sp., Viscum sp.), mosses and li-
chens. Some other, less well-known pests and diseases that we detected on ancient trees 
are old man’s beard (Clematis vitalba), wild grapes (e.g. Parthenocissus inserta), hedge 
bindweed (Calystegia sepium), dewberries (Rubus spp.), epiphyte lichens and mosses, 
honey fungus (Armillaria mellea), pear-shaped puffball (Lycoperdon pyriforme), gall wasps 
(Cynipidae), mite that forms the lime nail gall (Eriophyes tiliae), chestnut gall wasp (Dry-
ocosmus kuriphilus), beech gall midge (Mikiola fagi), firebug (Pyrrhocoris apterus), horse-
chestnut leaf miner (Cameraria ohridella), ants (Formicidae), European hornet (Vespa 
crabro), woodpeckers (Picinae) and several species of games (Cervus elaphus, Sus scrofa).



Márton Takács et al.  /  Nature Conservation 40: 1–38 (2020)28

Figure 17. Moderately damaged Quercus robur.
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Figure 18. Acutely damaged Quercus robur.

A total of 51.22% of the observed 272 settlements host ancient trees that are 
damaged by one or some of the above listed damage-causing organisms. A total of 
31.70% of the measured trees (i.e. 634 trees) are damaged by one or combined organ-
isms (Fig. 20). Veteran trees in the Great Hungarian Plain are almost free of damage, 
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Figure 19. Settlements that host large trees damaged by ivy (Hungary). A small dot indicates one settle-
ment, while larger dots refer to more settlements situated close to each other.

Figure 20. Settlements that host large trees suffered by other types of damage (Hungary). A small dot 
indicates one settlement, while larger dots refer to more settlements situated close to each other.

probably due to the low sample size. The most damaged regions are Somogy, Baranya 
and Veszprém Counties (i.e. Western, South-Western Hungary), each with a large 
sample size.
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Health status

We measured the health status of 7 trees with a Fakopp Arborsonic 3D Acoustic To-
mograph in 2012, at different layers and heights (Table 3). Different shapes (roller 
trunk or fork shape) and measurability (sprout, shrub) justified different measurement 
methods.

We present one example per decay status category from our database.

Slight decay status

•	 species: black walnut (Juglans nigra)
•	 locality: Martonvásár (Fejer County, C Hungary)
•	 habitat: little island in the middle of the castle park
•	 girth: 444 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 25 m
•	 height: 25 m

Sensors were placed at 30 and 130 cm height (i.e. two layers). Measured decay: 
17 and 2%, respectively. The average decay level of this black walnut is 9.5%, i.e. very 
low (Fig. 21).

Medium decay status

•	 species: wild pear (Pyrus pyraster)
•	 locality: Gödöllő (Pest County, C Hungary)
•	 habitat: Botanical Garden
•	 girth: 317 cm
•	 trunk diameter: 1 m
•	 crown diameter: 15 m
•	 height: 12 m

Sensors were placed at 5 heights: 30, 70, 110, 150 and 190 cm. Measured decay at 
the different layers: 57, 41, 25, 26 and 42%. The average decay level of this wild pear 
is 38.2%, i.e. medium level (Fig. 22).

Strong decay status

•	 species: Turkish hazel (Corylus colurna)
•	 locality: Gyöngyös (Heves County, N Hungary)
•	 habitat: Castle Park
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Figure 21. Three-dimensional computer model of internal tree density of the black walnut in Marton-
vásár, Hungary (at two different heights).

Figure 22. Three-dimensional computer model of internal tree density of the old wild pear in Gödöllő, 
Hungary (left: layer at 30 cm height; right: 3D-image at 5 different heights).

Table 3. Decay status of trees measured with a tomograph.

Locality Species Girth (CM) Number of layers Decay status per layers Status/ Average (%)
Csokonyavisonta (%) 400 2 1: 2; 2: 30 16 (slight)
Csokonyavisonta Pyrus pyraster 322 2 1: 41; 2: 39 40 (medium)
Gödöllő Pyrus pyraster 317 5 1: 57; 2: 41; 3: 25; 4: 26; 5: 42 38.2 (medium)
Gyöngyös Corylus colurna 426 2 1: 69; 2: 70 69.5 (strong)
Kaposvár-Kaposfüred Pyrus pyraster 321 2 1: 54; 2: 53 53.5 (strong)
Martonvásár Juglans nigra 444 2 1:17; 2: 2 9.5 (slight)
Túristvándi Pyrus pyraster 329 2 1: 72; 2: 76 74 (strong)
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Figure 23. Three-dimensional computer model of internal tree density of the Turkish hazel in Gyöngyös, 
Hungary (at two different heights).

•	 girth: 426 cm
•	 trunk diameter: 1.5 m
•	 crown diameter: 20 m
•	 height: 13 m

Sensors were placed at 35 and 70 cm height (i.e. two layers). Measured decay: 69 
and 70%, respectively. The average decay level of this Turkish hazel is 69.5%, i.e. con-
siderably high (Fig. 23).

Conclusions

The number of veteran trees in the online database of Pósfai (Pósfai Gy 2019) is con-
stantly growing (from 700 in 2008 onto 3,500 in 2020) and this reflects the popularity 
of the large trees, emerging citizen science activities and is a consequence of our digital 
word as well. From this perspective, we should mention the European Tree of the Year 
competition as well. This programme started in 2002 and Hungarian trees have been 
involved since 2010. The emotional value, i.e., the role of the tree in the everyday life 
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of the local community plays an essential role in this competition. Most of the Hun-
garian winners are sizable trees and thus, we have measured them as well.

Based on our results, we state that one third of the observed ancient trees (648 out 
of 2,000) suffer from polypores, Agrobacterium or ivy.

Polypores were detected on altogether 16 species. The well-known Agrobacterium 
that usually infects poplars was found on 23 different species. Ivy was documented 
from 56 tree species.

Amongst the observed 72 tree species, beech was the most infected by polypores. 
Seventy out of 400 (17.5%) measured beech trees were damaged by polypores and 
56.7% of all documented damage affected the beech species. Our map suggests that 
the damage caused by polypores is not more remarkable than other pests and diseases. 
However, when we add the other fungal species (honey fungus, pear-shaped puffball 
etc.), then this taxonomic group (i.e. fungi tribes) significantly affect the state of the 
Hungarian ancient trees. Protection against polypores is not successful in Hungary (as 
in other countries). Literature sources on the description of polypores in Hungary (Ger-
hardt 2017, Szabó 2003, Vasas and Locsmándi 2010) mention almost every tree genus 
that we found to be infected by polypores, except for the Celtis, the Pseudotsuga and the 
Sequoiadendron genera, on which we found these infections as well. However, as these 
sources usually write generally about exotic trees in parks and gardens, the infections 
found on the mentioned three genera cannot be evaluated as new scientific results.

Altogether, 217 trees were infected by Agrobacterium species. Not surprisingly, 
mostly poplars suffered from these bacteria, 51% of the observed specimens (115 out 
of 226); while 53% of all the documented injuries belong to this pest. Hungarian 
literature (Szabó 2003) mentions basically the poplars in case of old trees, but still we 
found the bacteria on altogether 23 species. There are no efforts in order to protect 
the ancient trees against Agrobacterium, only in case of young trees in tree nurseries 
(Dreistadt 2001). Its only benefit (besides its use in gene techniques) is for the timber 
industry, that the cutting of a processed tumour-like growth or gall from a poplar is 
beautiful in an ornamental sense (Thomas and Schumann 1993).

Ivy was found on 353 trees, 101 of them are oaks (28.5%). Thirty one of the 114 
observed maples were damaged by ivy (27.2%). From a nature conservation aspect, it 
is harder to evaluate ivy as absolutely negative (such as in case of polypores or Agrobac-
terium). Although it harms the tree with shading, it might host nesting birds and car-
ries aesthetic value as well, especially in parks and palace gardens. Protection against ivy 
usually means cutting its shoots to dry out, but the dead biomass remains on the tree.

The measured diseases and damage-causing organisms usually attack those trees that 
are surrounded by other trees, ensuring a good chance for pest reproduction. Almost no 
solitary trees were damaged amongst the ornamental non-native species, since their old 
specimens usually appear in parks and arboretums, surrounded by other trees. However, 
it is obvious, even in case of the oaks, maples and wild pear (i.e. those species that usu-
ally stand as solitary), that the presented damage mostly appears in denser stands.

We measured 29 native and 43 non-native tree species. A total of 1550 out of 2000 
measured specimens are native. All the three damage types were mostly documented 
on native trees, but the thorough rate of damaged trees is about the same in case of na-
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tive and adventive species. A total of 33.5% of the native specimens (519 out of 1550) 
and 28.7% of the adventives (129 trees out of 450) are damaged by any (or more than 
one) of the mentioned infections or ivy. However, we have to add that, in case of ivy 
(and without combined infection), 101 out of 308 trees are non-native. This phenom-
enon can be explained by the fact that ivy appears mostly in arboretums, castle and 
mansion parks and town parks, where the highest rate of non-native, ornamental trees 
are planted. Preventive measures are well-known in the case of polypores and ivy. To 
protect old trees against polypores, we should avoid scars on the bark. When a forested 
plot is harvested, a few monumental trees are usually left (e.g. in order to renew the 
forest with their acorns). These specimens face a lot more pests and altered environ-
mental conditions (e.g. stagnating water in the scars and hollows serves the appearance 
of pests). Ivy damage can be avoided by eliminating its young sprouts and shoots from 
the trunk. Unfortunately, ivy is usually realised only in a later stage, when it starts to 
overgrow the foliage. Tree protection is almost impossible at this stage. In case of Agro-
bacterium, prevention means the use of healthy products from the nursery garden, but 
this is obviously not relevant for greater trees.

In order to measure the health status, we could use the Fakopp Arborsonic 3D 
Acoustic Tomograph only for a couple of trees due to its weight (10 kg including 
laptop) and time-consuming assemblage (e.g. placing its sensors on the tree). Its main 
defect is that it cannot be used for trees above 450–500 cm girth (cables are too short) 
and thus, we could not measure the decay status of the observed oaks, willows, poplars 
and sycamores. Thus, we state that the Fakopp 3D Tomograph is suitable for measur-
ing the health status of the old trees as well, but only in case of those species that do 
not exceed 500 cm girth, such as wild pear, maples and hornbeam.

It can be stated that the old trees are usually not covered by nature protection areas 
in Hungary, since most of them stand in isolated, hardly reachable places or in the 
middle of pastures and meadows, sometimes croplands. Lack of protection is mainly 
the result of economic factors, as their management, pest protection etc. is not eco-
nomically viable for the owners, foresters or park gardeners; other reasons may lie in 
the lack of adequate knowledge or missing responsibilities. There is no case that one 
tree specimen is protected at national level, although there is an alley that is protected 
via IUCN IV category (nature conservation area) on its own. However, some local mu-
nicipalities protect one or more concrete ancient trees in their own municipal decrees, 
based on the right given to them by the Hungarian Nature Conservation Act, referring 
to IUCN category III (natural monument). Some examples for local-level protection 
are the oaks in Kétújfalu, the Turkish hazel in Pécs, the giant lime tree in Szőkedencs, 
the ‘1000-year-old oak’ in Zsennye or the sweet chestnuts in Surd (Nature conservation 
areas under local protection in Hungary 2018). Some trees that we measured stand in castle 
(or mansion) parks that are protected at national (e.g. Alcsútdoboz and Gödöllő) or lo-
cal level (e.g. Lengyel and Sellye). That type of protection does not mean pest control, 
but it can help draw attention to preserving the condition of those trees.

We recommend preserving the state of the current trees, even if it is hard to im-
prove. One should improve their protection against the main pests with preventative 
measures and, if possible, during the first and second damage level. In case of more 
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severe damage, there is practically no solution. In case of Agrobacterium infecting the 
tree, we are already late even when realising the first infection level.

Protection against the presented pests and diseases is very complicated and, in 
practice, almost impossible. The Hungarian practice shows that these types of damage 
remain without any management or healing due to lack of time, financial background 
or energy, but mostly because the only effective solution would be prevention.

While the age of trees is generally not a precondition to being emotionally impor-
tant for the local community, many of the trees documented are in fact amongst the 
country’s oldest. We, therefore, concluded that old-growth assets have a considerable 
intrinsic worth that can and should be valued.

Only a very small proportion of the greatest Hungarian trees are covered by local 
nature protection and even some of the protected ones are close to death. The main 
causes of this negative phenomenon are the lack of caring or management, the present-
ed pests and diseases or environmental factors, such as storm, wind or frost damage.
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Introduction

The protection of biotopes, which aims to preserve a habitat and its complete bioceno-
sis, has become a core instrument of nature conservation in Europe since the 1970s 
(e.g. Erz 1971; Blab 1984; Kaule 1986; Blab et al. 1993, 1995; Riecken et al. 1994; 
Essl et al. 2002). Global standards of Red List categories and criteria for ecosystems 
have recently been proposed by the International Union for Conservation of Nature 
(IUCN) (Bland et al. 2017). In Europe, Red Lists of biotopes/habitats (on the varied 
use of the terms ‘biotope’, ‘habitat’ and ‘ecosystem‘ see chapter ‘Terms and basic con-
cepts’) have a noteworthy tradition in several countries (for a comprehensive overview 
see Rodwell et al. 2013; Savio and Gaudillat 2015; Finck et al. 2017; IUCN 2019). 
Several European countries have developed distinct national specific assessment sys-
tems (e.g. Riecken et al. 1994, 2006; Essl et al. 2002; Dimopoulos et al. 2005; Doniţã 
et al. 2005; Petrella et al. 2005; Raunio et al. 2008; Härtel et al. 2009; Essl and Egger 
2010; Biserkov et al. 2015; Finck et al. 2017).

Consequently, recently developed national approaches had to find a balance be-
tween national specific requirements and international comparability (e.g. Delarze et 
al. 2015, 2016; Finck et al. 2017; Kontula and Raunio 2019). Therefore, instead of 
exclusively assessing the long-term threat to habitats, the most recently published Red 
Lists assess different symptoms of the overall ‘ecosystem collapse risk’ (cf. Bland et al. 
2017, 2018). The evaluation of the ‘collapse risk’ requires the assessment of the condi-
tion of an ecosystem type over different time periods – from historical to future trend. 
Furthermore, the analysis has to consider both reduction in area and in ecosystem 
quality. The European Commission has funded a comprehensive project to develop 
a ‘European Red List of Habitats’ (Gubbay et al. 2016; Janssen et al. 2016) which 
is based on the IUCN approach. However, Gubbay et al. (2016) and Janssen et al. 
(2016) also had to allow for European-specific modifications in the application of the 
IUCN criteria. Therefore, for example, the criteria which assess functional symptoms 
(degradation of ecological processes: Criteria C/D) have been combined in this project 
because it has been impossible to separate biotic and abiotic degradation processes.

In 2017, a third updated edition of the ‘German Red List of threatened habitats’ 
was published (Finck et al. 2017). The evaluation system was revised in the course of 
the new edition. The following main considerations were taken into account: (1) the 
new criteria and categories should clearly relate to those used in previous editions and 
thereby allow for comparisons to earlier editions (Riecken et al. 1994, 2006); (2) as 
far as they are also relevant for habitats, existing updated national standards for Red 
List assessments of species (Ludwig et al. 2009) should be considered (e.g. assessment 
scheme, consideration of different time frames, and specific risk factors like rarity); 
(3) and, as many aspects as possible should be taken into consideration from both the 
IUCN concept (Keith et al. 2013; Bland et al. 2017) and the approaches currently 
used for the European Red List of Habitats (Gubbay et al. 2016; Janssen et al. 2016).

Red Lists of habitats are characterised by their direct spatial reference and are 
therefore explicitly focused on landscape planning and actors in the field of habitat 
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management and practical nature conservation. In Germany, the Red List also serves 
as a technical basis for legal biotope protection. Therefore, the Red List status by it-
self should indicate current needs for action and also success in nature conservation, 
thus functioning as a basis for political decisions which concern the prioritisation 
of nature conservation measures (Gigante et al. 2018; Alaniz et al. 2019). Taking 
into account the above cited considerations, the criteria system of the German Red 
List has been considerably revised to indicate the threat to habitat types in Germany 
under current national threat conditions. Accordingly, an evaluation scheme was 
developed in which the short-term trend also has a clear influence on the resulting 
Red List status.

The objective of this paper is to present the recently revised assessment procedure 
for habitat types in Germany and to contribute to further discussion of an appropriate 
method for Red List assessment for habitats (see also Janssen et al. 2016).

Terms and basic concepts

Blab et al. (1995) defined a ‘biotope type’ as an idealised type, derived from similar 
biotopes in the field, having specific ecological, unique, and more or less constant 
environmental conditions for animal and plant life. For practical use, the definition is 
restricted to a certain minimum size, which can still be mapped in the field. The IUCN 
uses the term ‘ecosystem’ as a classification unit. The definition of the country-specific 
terms ‘habitat’ or ‘biotope’ used in Europe includes both biotic and abiotic elements, 
as well as ecological and spatio-functional interactions (see Riecken et al. 1994, 2006) 
and is therefore comparable to the definition of an ‘ecosystem’ (e.g. Bland et al. 2017). 
Following the common usage in other European countries, we will hereafter use the 
term ‘habitat’ instead of ‘biotope’, which is actually the common expression in Ger-
many and functions as an applied mapping unit (cf. Rodwell et al. 2013).

The Red List assessment is based on a complete standard list of habitat types occur-
ring in Germany (Riecken et al. 2003). This list covers the entire range of the German 
landscape – pristine (cf. BfN 2010), technical (e.g. buildings and transport infrastruc-
ture) and cultural habitat types. All these types partly represent the biodiversity of 
the cultural European landscape (cf. Agnoletti and Rotherham 2015). Only minor 
modifications of the standard list have been introduced for inland habitats in the third 
edition to consider advanced knowledge. However, for the marine standard habitat list 
a complete revision was necessary following new international standards (HELCOM 
2013; Finck et al. 2017).

The German Red List of habitats is revised in an approximately ten-year-evaluation 
cycle. Experience has shown that sufficient monitoring data are available from the fed-
eral states within this period. In addition, improvements and deteriorations in the state 
of conservation can be observed within this period as a result of current risk factors. As 
proposed by the IUCN (Keith et al. 2015), our assessment system evaluates the overall 
‘risk of loss’ of ecosystems, which manifests itself in the collapse of ecosystems.
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In the third edition of the German Red List, we derive the ‘German Red List sta-
tus’ (RLG) by combining three different criteria. Since the publication of the first edi-
tion of the Red List in 1994, the criteria system for assessing the overall risk has been 
continuously enhanced. This development is justified in many ways, including by 
improved knowledge, a better data basis, and new international standards. In earlier 
editions, only the long-term trend with information on changes in area and quality 
was included in the overall assessment (Riecken et al. 1994, 2006). The current trend 
was introduced in 2006 as additional information; the rarity was first assigned as a 
Red list category (cf. Riecken et al. 2006). In the latest edition, the ‘Current Trend’ 
(T) and the ‘Rarity’ (R) were introduced as further criteria which can positively or 
negatively influence the degree of endangerment of a habitat based on the ‘National 
Long-term Threat’(nTH). By taking into account these two new criteria (which rep-
resent habitat conditions within time windows of the recent past, present and near 
future), current successes and negative developments are now directly represented by 
RLG (Fig. 1).

Categories are specified by verbal-descriptive definitions since evaluations for sev-
eral habitats are still based on expert judgement. There was a broad national con-
sensus that it is not possible to exclusively derive individual threat categories from 
quantitative values as proposed by Rodríguez et al. (2011, 2015). However, even for 
well-known habitat types the available knowledge is far from sufficient to compile all 
the required quantitative data. It remains to be seen whether these deficiencies in data 

Figure 1. Time frames of the three red listing criteria of the German Red List (Finck et al. 2017). For 
the long-term evaluation (nTH), mainly anthropogenic spatial (sub criterion AL) and qualitative (sub 
criterion QUL) changes over the last 50–150 years (sliding time frame) are assessed for the major regional 
landscape units. The estimation of the ‘Current Trend’ (T) is based on development over the last ten 
years and a forecast for the near future (maximum ten years). A higher risk of loss is basically assumed for 
habitat types which are ‘Extremely Rare’ at present (R). The latter includes both ‘natural’ rarity as well as 
rarity as a result of human impact.
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can be resolved in the future, and whether quantitative data can then also be used as a 
basis in the national Red List of threatened habitats. Verbal descriptive categories can 
be particularly useful for countries for which complete quantitative information on the 
occurrence of habitats is not available.

Methods of Red List-assessment for threatened habitats in Germany

Evaluation procedure

To counteract misleading signal-effects for management decisions, we established a 
mechanism in the assessment procedure to ensure that all significant criteria have an 
influence on the resulting RLG. Thus, RLG is determined by a step-by-step evaluation 
procedure (Fig. 2).

Regional assessment: Regional Long-term Threat

For the long-term risk assessment mainly anthropogenic spatial (sub criterion AL) 
and qualitative (sub criterion QUL) changes over the last 50–150 years (sliding time 
frame) are assessed for the major landscape regions (see Fig. 3). For this purpose, the 

Figure 2. Stepwise Red List assessment for habitat types in Germany. The ‘National Long-term Threat’ 
(nTH) is derived from the ‘Regional Long-term Threats’ (rTH) of eight major landscape regions (Step 
1, 2) (see Fig. 3). After that, the degree of endangerment is upgraded or devalued consecutively, first by 
applying criterion T (Step 3) and then criterion R (Step 4). RLG represents the overall ‘Risk of loss’ (Step 
5) (cf. BfN 2017).
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time period between 1850 and 1950 is set as the reference. In most cases, an earlier 
reference stage cannot be used due to insufficient data. Hence, the considered reference 
period does not represent the pristine stage of nature as still existed in the Middle Ages 
in greater parts of Europe. Specific to the habitat, the initial phase of industrialisation 
(~1850) or rather the situation before the massive intensification in agriculture after 
the Second World War started (~1950) was chosen.

A similar reference period for the assessment of the long-term threat in Germany 
is used by Ludwig et al. (2009) for species, and also in Red Lists of habitats from sev-
eral German federal states which were used as data sources (e.g. Buder and Uhlemann 
2010; Von Hengel and Westhus 2011; Zimmermann et al. 2011; Von Drachenfels 
2012). The IUCN uses an earlier reference period for the long-term trend; here the 
relative changes since 1750 are considered (Bland et al. 2017).

For each of the defined eight major landscape regions (see Fig. 3) a risk assessment 
is performed with regard to the two sub-criteria AL and QUL. Subsequently, consoli-
dation of these sub-criteria into the ‘Regional Long-term Threat’ (rTH) is carried out 
(see Fig. 2, step 1). Following the ‘precautionary principle’, the highest risk category 
obtained by any of the two sub-criteria is used as the overall rTH. The verbal-descrip-
tive definitions for the categories of the sub criteria AL and QUL, and the overall cat-
egories for rTH, are presented in Table 1 as they also correspond to criterion I (nTH), 
which only differs in spatial scale of assessment.

The sub-criterion AL represents the estimated long-term loss in area of occupan-
cy and the decline in number of sites of habitats (by demolition, building activities, 
changes in land use, etc.). AL has been described in detail by Blab et al. (1995) (here 
criterion I). Hereby, the historical ideal condition that belongs to a habitat concern-
ing total area and site density is used as a hypothetical reference to assess threats. In 
fact, this ideal situation currently rarely exists for any habitat type and can only be 
described in approximation. In some well-documented cases (e.g. bogs, heathland, 
ponds, hedges, and unmodified running waters) precise data for the net loss of area are 
available over a longer period. However, in most cases additional expert judgement is 
needed to assess this sub-criterion.

Apart from direct loss of total area and decrease in number of sites, habitats can be 
threatened in particular by qualitative changes and deterioration represented by sub-
criterion QUL. Typically, this has adverse effects on the abiotic conditions as well as 
on the structural appearance, the typical set of characteristic species, and on ecological 
interactions (see Blab et al. 1995). As the discrepancy from a habitat’s ideal or (semi)-
natural state increases, it becomes more endangered. An ‘ideal state’ in quality for each 
habitat type must be elaborated to serve as a reference with regard to all relevant pa-
rameters (essential for the value and possible colonisation of the habitat type by typical 
species). This reference has to consider, among other parameters, the historic condi-
tions, known abiotic requirements, and ecological requirements of typical animal or 
plant species or plant communities. However, this is linked to methodical problems. In 
a number of cases the ‘ideal’ or ‘historic’ state is not sufficiently known or can only be 
described in general terms. Therefore, expert judgement is additionally needed to assess 
QUL. Given that it is often difficult or impossible to separate biotic and abiotic deg-
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Figure 3. Map of the regions delimited for the regional threat classification of habitats (major landscape 
regions; red outlines). For ecological characterisation, Germany can be subdivided into natural units. The 
figure is based on the system of Meynen and Schmithüsen et al. (1953–1962). For the application in the 
habitats directive (Natura 2000) and the risk assessment of habitats Ssymank, A (1994) has restructured 
and generalised the system. The classification of major landscape units is based on physiographic units 
(black outlines; for a reference list see Annex V.6, Finck et al. [2017]) according to Ssymank et al. (1998) 
and Petersen et al. (2003).
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radation processes as proposed by Rodríguez et al. (2011), theses aspects are combined 
to QUL in the German Red List. This corresponds to a similar approach e.g. in the 
European Red List of Habitats (Janssen et al. 2016) and in the Red List of Ecosystems 
of Switzerland (Delarze et al. 2016).

Criterion I: National Long-term Threat

The assessment of nTH in the current edition corresponds to the overall Red List 
category of the second edition because in 2006 only nTH was considered to deter-

Table 1. Verbal descriptive definition of criterion I ‘National Long-term Threat’ (nTH). Following the 
‘precautionary principle’, the highest risk category obtained by any of the two sub-criteria AL and QUL is 
defined as the overall value of rTH and subsequently nTH.

Criterion I: Sub-criterion Ia: Sub-criterion Ib:
National long-term threat (nTH) Area loss (AL) Quality loss (QUL)

Scale of assessment:
Step 1: regional scale (rTH); Regional Regional
Step 2: upscaling to national scale (nTH)
Category Description Definition: verbal-descriptive Definition: verbal-descriptive
0 Collapsed Types of habitats which were previously 

present in the area considered but today can 
no longer be proven to exist.

Types of habitats with their quality 
affected so severely that typical or natural 

variants are completely destroyed.
1 Critically Endangered Types of habitats of which only a small part 

of the original area still exists. With the 
causes of threat continuing and without any 
activities for protection and management, 
complete destruction has to be expected in 

the near future.

Types of habitats with their quality being 
negatively affected in nearly their whole 
range, so that typical or natural variants 

are only left in one or very few sub regions 
and threatened by complete destruction in 

a short time.
2 Endangered Types of habitats with a heavy decline in 

area in nearly the whole region considered or 
already extinct in several (sub) regions.

Types of habitats with their quality being 
negatively affected in a way that

– a decline of typical variants can be stated 
in nearly the whole area of interest or

– typical variants already became extinct 
in several (sub)regions.

3 Vulnerable Types of habitats with negative development 
of area over a broad range of the considered 
region, or locally extinct at numerous sites.

Types of habitats with their quality being 
negatively affected in a way that

– a decline of typical variants in several 
sub regions can be stated or

– typical variants already became locally 
extinct at numerous sites.

V Near Threatened Types of habitats with negative development 
(also in the long term), thus being potentially 

threatened by loss of area if not already 
threatened according to categories 1–3.

Not defined in the German assessment

* Least Concern Presumably not endangered at present
? Data Deficient Classification not possible because of insufficient data
# Evaluation not reasonable These are types of habitats that – although they may show declining tendencies – are 

considered ‘undesirable’ from a nature conservation point of view. Examples would be 
forests of non-native tree species, arable fields on peat soil, or certain degeneration stages 

of fens and bogs.
– Not Evaluated No corresponding category in the national assessment; all types have been evaluated based 

on a complete reference list for Germany
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mine RLG (Riecken et al. 2006). The assessment is based on an upscaling from rTH 
to nTH, i.e. from the regional to the national scale (Fig. 2, step 2). Median values of 
all rTH values for every habitat type are calculated (of a maximum of seven terrestrial 
regions, i.e. all regions where the habitat type is present).

If regions differ extremely in rTH, the most representative region(s) for each habi-
tat turned the balance. The reference period corresponds to that of rTH. For nTH the 
categories and definitions remain largely unchanged compared to earlier editions of the 
Red List Germany (Table 1). However, in contrast to previous editions, intermediate 
values (1–2, 2–3) are no longer used in this context. The evaluation of nTH is the start-
ing value underlying the Red List assessment scheme (Table 3), whereas the following 
criteria T and R ‘only’ cause an upward or downward revaluation of the category.

Criterion II: Current Trend

The ‘Current Trend’ (T) in total area (and number of sites) is assigned at the national 
level. The estimation of T is based on development over the last ten years and a forecast 
for the near future (maximum ten years). This period corresponds to the updating cycle 
of the Red List Germany. A comparable criterion is used in Germany for the Red List 
assessment of species, but without the future assessment (short-term population trend, 
cf. Ludwig et al. 2009). The reporting format for the main results of the monitoring 
referred to in Article 11 of the European Union (EU) Habitats Directive for habitat 
types in Annex I also considers short-term trends over a similar time horizon (sliding 
window over 12 years, cf. DG Environment 2017.). A criterion with a similar idea 
was also integrated into the Finnish assessment (Kontula and Raunio 2009). They 
estimate the ‘projected quantitative and qualitative change in the near future (criterion 
A2/B2)’ in a time frame of 20–30 years. Bland et al. (2017) use a 50-year period for 
short-time assessments. T is included in the overall assessment of RLG in this new edi-
tion for the first time. Considering the availability of data sources, five categories are 
used (Table 2). For all endangered and near threatened types of habitats, which show 
a negative short-term trend, the threat category increases by half a value based on the 
assessment of nTH. For endangered/near threatened types of habitats which have a 
stable trend the threat category decreases (i.e. improves) by half a value because we in-
terpret stabilisation as success of nature conservation activities. For endangered habitat 
types with a currently positive short-term trend, the threat category improves by one 
value (Fig. 2, step 3).

Criterion III: Rarity

In the revised assessment scheme, a higher risk of loss is basically assumed for habitat 
types which are extremely rare. They are characterised through very few or very small 
occurrences and are therefore usually very sensitive to the loss of individual sites since 
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Table 2. Definition of criterion II ‘Current Trend’ (T) and implication for the risk assessment procedure.

Symbol Category Definition Change in threat 
category (based on nTH)

↓ Negative In the last ten years, a decrease in the total stock of the total area, or at least in large 
parts of the area, can be observed and is likely to continue in the coming years.

– 0.5

→ Stable The total area has been largely constant over the past ten years. However, 
local and regional differences in development are possible. No other trend is 

expected for the coming years.

+ 0.5

↑ Positive In the past ten years, the increase in the total area of these types of habitats as 
a whole, or at least in large parts of the area, is likely to continue in the next 

few years.

+ 1.0

? Data 
Deficient

Classification not possible no change in threat 
category

# Evaluation 
not reasonable

Types of habitats showing declining tendencies, but are ‘undesirable’ from the 
point of view of nature conservation.

no change in threat 
category

one single event or a critical hazard could destroy the whole inventory (cf. Williams 
et al. 2015). In the German procedure criterion R functions as a regulating upgrad-
ing factor. The main objective of this assessment is to emphasise the higher risk of 
loss of extremely rare habitats. A similar approach was introduced by Kontula and 
Raunio (2009), even though thresholds and the degree of differentiation differ due to 
the specificity of national data sources and natural conditions. The IUCN sets graded 
thresholds of ‘restricted geographic distribution’ which are only decisive if defined 
threat conditions are given (e.g. continuing decline, inferred threatening processes, 
low number of locations) (IUCN 2016).

Criterion R is not classified in a full system from widespread to extremely rare. 
All types of habitats are examined and classified as either ‘Extremely Rare’ or ‘Not 
Extremely Rare’. All types which had been assessed as category ‘R’ (extremely rare) for 
the Red List status in the second edition (Riecken et al. 2006) were transferred to the 
category ‘Extremely Rare’ of criterion R. Furthermore, extremely rare types of habitats 
were derived from the area sums of the related Natura 2000 habitat types from the 
national report of 2013 (Ellwanger et al. 2015) (reporting obligation under Article 17 
of the EU Habitats Directive). A maximum threshold for ‘Extremely Rare’ in terms of 
area size was set at a total area of 500 hectares in Germany. The corresponding assess-
ment tightens RLG by half a value (Fig. 2, step 4).

Summary of symptoms of risk – Risk of Loss

RLG describes the overall ‘Risk of Loss’ under current national threat conditions. 
Based on nTH, criteria T and R have a downgrading or an upgrading effect (Fig. 2, 
step 5). All possible evaluation constellations are defined in the assessment scheme 
(Table 3). In principle, only long-term endangered habitat types and types classified 
in the early warning stage are taken into account in the assessment scheme. For non-
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Table 3. Assessment scheme for determining the German Red List status (RLG). For the overall classifi-
cation, three criteria are applied stepwise from left to right (National Long-term Threat [nTH], Current 
Trend [T], Rarity [R]).

Criterion I Criterion II Change in 
category

Interim value Criterion III Change in 
category

RLG

National Long-
term Threat

0 → +/-0 0 n/s 0
1 Current 

Trend
↓ -0.5 1! Rarity x -0.5 1!

– 1!
→ +0.5 1–2 x -0.5 1

– 1–2
#, ? +/-0 1 x -0.5 1!

– 1
↑ +1 2 x -0.5 1–2

– 2
2 Current 

Trend
↓ -0.5 1–2 Rarity x -0.5 1

– 1–2
→ +0.5 2–3 x -0.5 2

– 2–3
#, ? +/-0 2 x -0.5 1–2

– 2
↑ +1 3 x -0.5 2–3

– 3
3 Current 

Trend
↓ -0.5 2–3 Rarity x -0.5 2

– 2–3
→ +0.5 3–V x -0.5 3

– V–3
#, ? +/-0 3 x -0.5 2–3

– 3
↑ +1 V x -0.5 V–3

– V
V Current 

Trend
↓ -0.5 3–V Rarity x -0.5 3

– V–3

→ +/-0 V x -0.5 V–3
– V

#, ? +/-0 V x -0.5 V–3
– V

↑ +1 * x -0.5 V
– *

* Categories are not changed by the evaluation scheme
?
#

endangered types, types with unknown threat-status, and types not relevant for nature 
conservation purposes, nTH corresponds to RLG. Due to the algorithm used, inter-
mediate values can also occur. The stepwise assessment results in a wider spread of Red 
List categories (Table 4). The (verbal-descriptive) definitions of the Red List categories 
are derived from the possible combinations of the individual criteria according to the 
evaluation scheme (see Tables 1, 2).

The categories ‘Imminently Threatened By Complete Destruction’ (1!) and ‘Immi-
nently Threatened’ (V–3) are newly introduced. These new categories represent both 
extremes of ‘collapse risk’ in the German approach.
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Table 4. Categories of the German Red List status (RLG). The (verbal-descriptive) definitions of the 
Red List categories are derived from the possible combinations of the individual criteria according to the 
evaluation scheme (see Table 1, 2). The categories ‘Imminently Threatened By Complete Destruction’ (1!) 
and ‘Imminently Threatened’ (V–3) are newly introduced. These new categories represent both extremes 
of ‘collapse risk’ in the German approach.

German Red List status 
(RLG) Category

Description

0 Collapsed (CO)
1! Imminently Threatened By Complete Destruction
1 Critically Endangered (CR)

1–2 Endangered (EN) to Critically Endangered (CR)
2 Endangered (EN)

2–3 Vulnerable (VU) to Endangered (EN)
3 Vulnerable (VU)

3–V Imminently Threatened
V Near Threatened (NT)
* Least Concern (LC)
# Evaluation not reasonable
? Data Deficient (DD)

Results of the first-time application of the Assessment scheme

German Red List of Habitats 2017

The revised assessment system has been tested and applied in the current edition of the 
‘German Red List of threatened habitats’ (Finck et al. 2017) (Table 5). The assessment 
covers a total of 863 marine, coastal, inland water, open terrestrial, shrubs/trees/forests, 
and alpine types of habitats in Germany (not considering so called ‘technical habitats’). 
While two-thirds (65.1%, n = 562) of the assessed habitat types were assigned with 
different degrees of ‘risk of loss’ (Red List categories ‘0’ to ‘3–V’), 24.7% (213) are cur-
rently of ‘Least Concern’. Thirteen marine types of habitats (1.5%), mainly character-
ised by the European oyster (Ostrea edulis) or Honeycomb worm reefs (Sabellaria sp.), 
had to be classified as ‘Collapsed’ (category 0). Comparing the main habitat groups 
in Germany, the proportion of threatened coastal habitats (RLG categories 0 to 3–V) 
is the highest (82.8%). Alpine (58.8%) and marine (52.5%) habitat types represent 
the least threatened habitat groups. Inland waters (76.4%), open terrestrial habitats 
(68.8%), and shrubs/trees/forests (69.5%) show proportions of threatened habitat 
types above the average (65.1%). Open terrestrial habitats represent a significant pro-
portion of habitat types classified in the highest threat category ‘1!’ (16.3%). Intensive 
land use still represents the main threat factor especially for open terrestrial habitats 
and (to a lesser extent) forest habitats. A detailed analysis of major threat factors for 
habitat types in Germany was published in 2019 (Heinze et al. 2019).

Effects of applying the new assessment scheme

The application of the assessment scheme results in a clear spread of the realised 
categories for the Red List-status. Only a total of 101 (17.1%) of the long-term 
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Table 5. Assessment results for RLG 2017 (Finck et al. 2017). Number and proportions of habitat types 
assessed in the categories of German Red List status are given by the main groups of habitat types. Cat = 
Red Listing Category; T = Number of Types.

Cat RLG Marine 
habitats

Coastal 
habitats

Inland 
waters

Open 
terrestrial 
habitats

Shrubs, 
trees & 
forests

Alpine 
habitats

All habitats 
(minus 
tech.)

Technical 
habitats†

All habitats

T % T % T % T % T % T % T % T % T %

0 13 4.7 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 13 1.5 0 0.0 13 1.4

1! 3 1.1 4 6.9 7 5.7 33 16.3 3 2.0 2 3.9 52 6.0 0 0.0 52 5.5

1 3 1.1 2 3.4 8 6.5 3 1.5 4 2.6 1 2.0 21 2.4 0 0.0 21 2.2

1–2 3 1.1 7 12.1 31 25.2 48 23.8 22 14.6 1 2.0 112 13.0 2 2.7 114 12.2

2 22 7.9 5 8.6 4 3.3 2 1.0 5 3.3 7 13.7 45 5.2 0 0.0 45 4.8

2–3 28 10.1 13 22.4 24 19.5 38 18.8 43 28.5 4 7.8 150 17.4 6 8.0 156 16.6

3 19 6.8 3 5.2 3 2.4 1 0.5 2 1.3 1 2.0 29 3.4 0 0.0 29 3.1

3–V 55 19.8 14 24.1 17 13.8 14 6.9 26 17.2 14 27.5 140 16.2 4 5.3 144 15.4

V 20 7.2 3 5.2 1 0.8 2 1.0 1 0.7 1 2.0 28 3.2 0 0.0 28 3.0

* 80 28.8 7 12.1 24 19.5 51 25.2 32 21.2 19 37.3 213 24.7 21 28.0 234 24.9

? 9 3.2 0 0.0 0 0.0 0 0.0 0 0.0 1 2.0 10 1.2 0 0.0 10 1.1

# 23 8.3 0 0.0 4 3.3 10 5.0 13 8.6 0 0.0 50 5.8 42 56.0 92 9.8

∑ (all) 278 100 58 100 123 100 202 100 151 100 51 100 863 100 75 100 938 100

Risk of Loss 146 52.5 48 82.8 94 76.4 139 68.8 105 69.5 30 58.8 562 65.1 12 16 574 61.2

(∑ cat. 0 to 3–V)

† Technical habitats: Group of anthropogenic habitats (e.g. buildings, roads, landfills) which have generally less significance for nature 
conservation. In special cases they can function as substitute habitats for species which are adapted to habitat conditions of settlement 
areas. Threats to this habitat group are mostly characterised by intensification of usage (e.g. sealing), restoration or demolition of old, 
historic buildings.

endangered habitat types (nTH = 0, 1, 2, 3, V) were classified in the same category 
for the overall RLG-status (Fig. 4). The newly introduced categories ‘1!’ and ‘3–V’ 
are frequently used: 16.2% of all assessed habitat types were classified in category 
‘3–V’. 6% had to be assessed in category ‘1!’ (Table 5). Two thirds of the habitat 
types, which are valued as ‘Critically Endangered’ (1) for nTH had to be upgraded 
to the category ‘1!’ for RLG (Fig. 4, second bar). In contrast, almost 60% of habitat 
types that were assessed as ‘Vulnerable’ (3) according to nTH could be downgraded 
to category ‘3–V’ or V, respectively, as they had a stable or positive short-term trend 
(Fig. 4, fourth bar).

Case study – raised bogs

The IUCN criteria catalogue (Keith et al. 2013) was applied to the national situation 
in Germany for raised bogs by Riecken et al. (2013). The overall status was assessed to 
be ‘Critically endangered’. This result corresponded exactly to the national assessment 
at that time (Riecken et al. 2006). The condition of bogs is even better represented by 
the new methodology. The degradation started at the beginning of industrialisation 
during the 18th century, especially in the North-western lowlands of Germany but also 
in other parts of Europe. Bogs were drained and the peat was cut, dried, and trans-
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Figure 4. Spread of RLG-values (y-axis) by applying the matrix algorithm (Table 3). The analysis is based 
on nTH (criterion I, x-axis) for habitat types in Germany. Full dark pigmented bar = no change in cat-
egory; full light-coloured bar = downgrading of threat category value; brindled bar = upgrading of threat 
category value; Labels: number of attributive habitat-types in the [resulting RLG-category].

ported so that only about 1–2% of the original area is preserved today (LLUR 2012; 
Ellwanger et al. 2015). The remaining sites are of relatively small size and isolated from 
other stocks. In the assessment period of the current edition of the German Red List, 
the long-term threat situation (rTH) of ‘raised bogs’ did not change significantly in 
most landscape regions (Table 6). Nevertheless, agricultural utilisation of former bogs 
continues and has increased in intensity during recent decades (Rath and Buchwald 
2010). Additionally, climate-induced changes in abiotic conditions are having an in-
creasingly negative impact (Essl and Rabitsch 2013). Therefore, T is still classified as 
negative. Applying the new assessment scheme, RLG had to be upgraded to the highest 
threat category (‘1!’). Compared to the European assessment (Janssen et al. 2016), the 
situation in Germany is much more critical (European assessment [EU 28] for the de-
cisive criterion A3/historical decline: EN). For the evaluation of the revised assessment 
of ‘raised bogs’, it must be considered that ‘raised bogs’ are characterised by very slow 
regeneration ability (‘RE’, Table 6, symbol ‘N’). The regeneration ability was estimated 
for each habitat type. The result is ‘additional information’ and does not influence the 
assessment of the degree of threat (Blab et al. 1995). For this reason, no major improve-
ments in the ‘Long-term threat’ can be expected in the near future. Only limited areas 
are available for bog restoration in Germany. With these preconditions, ‘raised bogs’ 
may always remain in a high long-term risk category in Germany. Criterion T was 
integrated into the evaluation process in order to be able to display current trends. The 
method-inherent increased Red List status in 2017 reveals an acute need for action to 
counteract specific causes of threat. Differences in the rTH show that the situation for 
characteristic habitat-subtypes in the North-western and North-eastern lowlands and 
the highland regions is even worse than for (subtypes of ) the alpine region. Especially 
in the Alps, impacts of climate change and anthropogenic use can be observed, but 
so far have not changed the threat situation of ‘raised bogs’. However, there may be a 
threshold for observable detriments, which has not yet been reached.
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Table 6. Red List assessment for ‘raised bogs’ and Beech (mixed) forest in 2017. Regional Red List cat-
egories are presented for all major landscape regions. Code – hierarchical coding for database applications; 
A – Areas Loss; QU – Quality Loss; rTH – Regional Long-term Threat; nTH – National Long-term 
Threat; T – Current Trend; RLG – German Red List status; RE – Regeneration Ability: B-K – regenera-
tion ‘conditionally possible’ to ‘hardly possible’; N – ‘not regenerable’; Major landscape region (see Blab 
et al. 1995): NW-Low – North-western lowlands; NE-Low – North-eastern lowlands; W-Upl. – Western 
highlands; E-Upl. – Eastern highlands; SW-Upl. – South-western highlands; Alp. Fh. – Alpine foothills; 
Alps – Alps * intermediate values are no longer used for nTH in 2017.
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1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 2 2 2 2 3 2 1 1 ↓ ↓ 1! N

43.07.04 Beech (mixed) 
forest on moist, 

base-deficient sites

2 2 2 3 3 3 2 3 2 3 3 3 2 3 2 2 3 2 3 3 3 2–3* 2 ↑ ↑ 3 B-K

Case study – beech forests

In the German habitat classification used for the Red List, pristine woods are not sepa-
rated but are assessed together with their utilized variants. There is no database available 
which describes different pristine Central European forest types in detail. The risk as-
sessment of forest habitat types therefore represents a weighted median of the existing 
stands (structure-rich old-forest, young age-class forest, etc.). The degree of naturalness 
(richness of structure, mixed forest, old wood, deadwood, stratification of different age 
classes) is weighted by the risk assessment through the quality criterion (QUL). In many 
cases, the specific ground layer is also well-developed in woodland areas which are used 
by forestry, so that a classification of the forest habitat type is possible. The Long-term 
Threat to ‘beech (mixed) forests on moist, base-deficient sites (Fagus sylvatica)’ has not 
changed since the last assessment period and is still classified as being ‘Endangered 
(EN/2)’. Thus, the continued positive short-term trend has not yet affected the long-
term threat assessment. However, this type is experiencing an improvement of a full 
threat category from EN (2) to VU (3) for RLG (Table 6) as the area of beech forests in 
Germany has been continuously increasing in recent decades. A general reorientation 
in forest management in recent decades has contributed to a significant increase in na-
tive broadleaved forests in Germany (BMEL 2016). Former main threats such as ‘refor-
estation with non-autochthonous trees’ have decreased, at least in protected areas. The 
current downgrading of the Red List status reflects these efforts. Nevertheless, the legal 
protection of beech forests within Natura 2000 sites may not be sufficient to reach biodi-
versity goals if intensive forestry continues in large parts of protected areas (Panek 2016). 
Therefore, programmes were initiated to increase non-intervention management areas 
(e.g. EU Biodiversity Strategy, National Strategy on Biological Diversity). To continue 
the positive development, additional focus must be set on the habitat quality as well.



Stefanie Heinze et al.  /  Nature Conservation 40: 39–64 (2020)54

Discussion, conclusions and perspectives

The following discussion focuses on terrestrial and limnic habitats, as more detailed 
knowledge about most marine habitats has only recently become available.

Dealing with data availability

In contrast to the Red Lists of species, the underlying data for habitat threat are not 
collected by volunteer scientists but exclusively in the context of monitoring obliga-
tions (e.g. EU Habitats Directive) or in the course of habitat mapping by the federal 
states. Thus, the national Red List assessment in Germany mostly relies on regional 
data sources collected by federal state administrations. Marine habitats are an excep-
tion, because here the German Federal Agency for Nature Conservation is the directly 
responsible nature conservation authority. Data collection in the ‘Exclusive Economic 
Zone’ is therefore carried out by the Federal Government and in coastal areas by the 
Federal States. Even though data from current habitat mappings were not available 
for all federal states in the current Red List, the existing baselines provides a good 
overview of all major landscape regions (see Fig. 3). However, there are still consider-
able differences in the actuality, evaluation and mapping methodology (Kaiser et al. 
2013). In addition, classification systems of habitat types of the sixteen federal states 
are not completely comparable. For this reason, data originating from federal states 
often cannot be transferred directly. Thus, a supplementary, case-by-case expert as-
sessment was often necessary up to now. However, there are approaches to minimise 
problems with data availability and transferability. On the one hand, there are efforts 
on the part of the federal states to standardise mapping (e.g. in a benchmark paper; 
Beck et al. 2013). On the other hand, a universally applicable standard list of habitat 
types is being developed in a current research project which aims to establish a na-
tionwide, uniform random sample of habitat mapping (BfN 2018). This will make it 
easier to match the data originating from the federal states in the future. In addition, 
the planned nationwide random samples would represent a kind of calibration. The 
establishment of frequent, standardised ecosystem monitoring could function as a 
solid regular database for the assessment of changes in the actual threat situation of 
many habitat types. Great efforts have also been made in recent years in the classifica-
tion and monitoring of marine habitat types (Finck et al. 2017; BfN 2019). There is 
still a lack of national standardised monitoring data for a wide range of habitat types 
occurring in Germany and Europe. However, through the monitoring obligations of 
the EU Habitats Directive, a standardised tool is available at least for habitats which 
correspond to types in Annex I of the Directive. Nevertheless, it is not always possible 
to assign the types defined in the Habitats Directive directly to the German standard 
list of habitats due to different definitions or development goals. A crucial question 
remains: to what extent the habitat data, which were collected under the Habitats 
Directive, can be used to draw conclusions about the current frequency, distribution, 
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and quality of habitat types within the framework of the national Red List. At least 
we tried to keep the European types as distinct as possible in order to guarantee a 
transferability of the data into the German standard list. Nonetheless, summarising 
the given data into a nationwide Red list is usually a standardisation step for which 
expert assessment remains necessary.

Comparisons with the previous edition of the Red List (Riecken et al. 2006) are 
only possible to a limited extent for the individual criteria due to the changed evalu-
ation methodology. Unfortunately, changes in methodology are always at the expense 
of comparability; at least the determination of the individual criteria nTH and T was 
kept unchanged.

Relevance of a historic reference value

As a first step in our assessment procedure the long-term threat situation in area and 
quality is always assessed – if detailed databases are lacking –, based on expert esti-
mation. In today’s intensively cultivated landscape, we can assume that the historical 
conditions of many habitat types with significance for biodiversity were more favour-
able. Therefore, a comparison with the ‘historical more ideal condition’ of habitat types 
is the starting point of our Red List assessment. This rationale can be confirmed by 
the application of IUCN criteria for the ‘European Red List of Habitats’ (Janssen et 
al. 2016). In some European countries, only limited data for long-term trends were 
available, so that criterion A3 (reduction in geographic distribution since 1750) was 
assessed as being ‘data deficient’ (cf. Janssen et al. 2016; Biró et al. 2017). Follow-
ing the ‘precautionary principle’, the resulting Red List category is therefore based 
on one or two criteria which often only reflect short-term threat situations and can 
therefore be misleading to an overrated positive or negative evaluation compared to 
the ‘historical condition’ of the habitat. For some habitat types the reference period 
already reveals a depleted situation. In a study from Hungary, Biró et al. (2017) have 
shown that the number of highly endangered habitat types increase dramatically if the 
long-term trend is taken into account. To deal with the possibility of ‘earlier decline’, 
Kontula and Raunio (2009) proposed tightening the assessment in a sub-step of their 
stepwise procedure (here criterion A3, B3). Since ‘early decline’ represents a temporal 
shift in the historical ‘ideal state’ for particular habitat types, this factor is taken into 
account in the long-term assessment of the German procedure by setting a sliding time 
frame. Thus, the selection of an adequate historical reference period for Red List as-
sessments is also a question of the specific history of landscape development, as well as 
national nature conservation objectives. In Germany, for example, the preservation of 
extensively used semi-natural habitat types is a legal objective regulated in the Federal 
Nature Conservation Act. This is one of the reasons why we chose a later and dynamic 
long-term reference period than the IUCN. Since habitats are dynamic systems, which 
typically do not disappear but rather replace each other, vulnerability must be assessed 
individually for each type. For this reason, we state that reference periods (particularly 
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long-term evaluations) can also differ for habitat groups. Overrated positive evalua-
tions through the IUCN method may particularly apply to European forest habitats, 
which have experienced severe historical losses but are currently increasing or stable 
(see case study beech forests).

Signal effect of the short-time control value

By extending the criteria system, RLG is particularly intended to reveal successes in 
nature conservation and the need for action. In this context, we agree with the ar-
gumentation of Delarze et al. (2016), that the objective of national Red Lists is to 
demonstrate current trends and to indicate needs for action. This effect becomes clear 
in various ways by analysing the results of the current German Red List. For example, 
in an alarming way, many of the open terrestrial habitats were assigned to the highest 
threat category ‘1!’ (16.3%, Table 5). There is still an ongoing negative trend, especially 
for many terrestrial open landscape habitat types, mainly caused by the intensification 
of agriculture accompanied by grassland loss and levelling of site conditions, which 
results in a severe loss of extensively used rural habitats (Heinze et al. 2019). The loss of 
biodiversity in the cultural landscape is also a topical issue in European politics. Here 
the result of the Red List fits into the general picture. The Common Agricultural Policy 
severely impacts biodiversity and ecosystem services (Simoncini et al. 2019). The “Red 
List tool” must therefore also be able to reveal short-term changes in intensively used 
landscapes, which can change very quickly due to initial agricultural policy conditions.

The urgent need for an accentuation of “critically endangered” as well as currently 
declining habitat types is clearly illustrated by case study of raised bog ecosystems. On 
the other hand, widespread beech forest habitat types are experiencing an improve-
ment of a full threat category from EN (2) to VU (3) for RLD, as the area of beech 
forests is continuously increasing (see case study) in recent decades. To show actual 
tendencies by means of the Red List category, short-term trends function to illustrate 
modification in the threat situation. Generally, habitats which are characterised by 
very slow regeneration ability, which have been severely destroyed or deteriorated in 
historical times (e.g. forest types, raised bogs cf. case studies), can only achieve minor 
improvements in their ‘National Long-term Threat’ (nTH) status. Once severely de-
graded, the period of time required for re-establishing defining features may exceed the 
reference period of Red List assessments. By using a consecutive assessment scheme, a 
change in the Red List status is possible even if the long-term threat remains the same. 
Applying the assessment procedure of previous German Red Lists, a change in the Red 
List status of a habitat type was only possible if a significant change in the threat situ-
ation was achieved with the historical optimum state as a reference.

Overall, the approach of assessing stable trends as (first) successes in nature con-
servation and therefore with a reduction of the overall threat has proven successful. 
Otherwise, the current extinction risk for extremely rare but currently stable habitat 
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types that are endangered in the long term would be overestimated when applying 
the assessment scheme. In nature conservation, the short-term focus should be on 
the many habitat types that are currently in decline. In the intensively used European 
cultural landscape, maintaining the same conditions of conservation is also a (small) 
success. This approach is also laid down in the EU Habitats Directive, whereby a ban 
on deterioration of the conservation status of habitat types is taken as the minimum 
objective (Council of the European Communities 1992). However, a long-term goal 
must also be the improvement of conservation status or rather a “Least Concern” 
condition. In general, since continuous short-term trends have a long-term effect only 
after several decades, criterion T functions as a short-time control value. However, the 
preceding interpretations should be seen with the limitation that the actual impact of 
the signal effect of RLG through the integration of short-term changes for the neces-
sity of nature conservation action can only be evaluated when regular assessments of 
the endangerment of Germany’s habitat types are available. By comparing Red List 
versions, it will be possible in future to map actual developments and thus initiate 
direct nature conservation measures towards habitats with negative developments. In 
order to exactly reflect the development in the update cycle of ten years, introduction 
of two sub criteria of T should be considered, looking ten years into the past on the 
one hand and ten years into the future on the other (corresponding to the parameter 
‘future prospects’ in Habitat Directive assessments of conservation status). As a result, 
if repeated assessments are available (as in Germany), short time tendencies become 
particularly relevant for management decisions.

Influence of rarity

Extremely rare habitat types are naturally exposed to a higher risk of severe impair-
ment by individual events (Finck et al. 2017). In the German Red List, the assessment 
scheme only includes threatened (and near threatened) habitats, so that corresponding 
conditions were examined before criterion R could have any effect on RLG. Thus, our 
approach prevents misleading evaluations of naturally extremely rare habitats which 
are actually not decreasing or degrading (c.f. Gigante et al. 2016). Because rarity has a 
further aggravating effect in our assessment, extremely rare but currently stable types 
do not easily lose the focus of nature conservation.

Bland et al. (2017) have the reverse approach, so that thresholds of ‘restricted geo-
graphic distribution’ are only decisive if special threat conditions are given (e.g. con-
tinuing decline, inferred threatening processes, low number of locations). The criterion 
of rarity in our approach is so far a yes/no criterion. On the basis of the available data, 
it should be analysed in more detail as to whether further differentiation of this crite-
rion makes sense in future. A differentiation among various types of habitats would be 
more appropriate. For example, 500 hectares of Alpine rivers cannot be compared to 
500 hectares of beech forests, merely from the surface area point of view.
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Future prospects

The assessment system applied to the third edition of the German Red List relies on 
a full assessment of all criteria and a use of all individual values to determine RLG. 
In contrast, in the IUCN procedure the highest risk category obtained by any of the 
assessed criteria represents the overall risk status. Nevertheless, all three criteria of the 
German methodology indicate spatial changes as symptoms of ‘ecosystem collapse’ 
(c.f. Bland et al. 2017; Rowland et al. 2018). The change in quality is also assessed in 
the case of criterion nTH. However, the effect of individual criteria can deviate greatly 
from each other (Finck et al. 2017). Therefore, in our opinion, the overall ‘risk of loss’ 
can only be assessed by taking all criteria into consideration.

Some recently published European Red List assessments (e.g. Härtel et al. 2009 
[CZ]; Essl and Egger 2010 [AT]; Biserkov et al. 2015 [BU]; Finck et al. 2017 [DE]) 
do not strictly follow the IUCN approach, which has been significantly developed 
since 2009 (Keith et al. 2009). However, in most of these lists the early draft of the 
IUCN approach was considered. At least the basic concept of ‘ecosystem collapse’ has 
also been applied in the German method. The assessment procedure presented here 
allows for a clearly defined differentiated assessment of the overall ‘risk of loss’ (Keith 
et al. 2009) for individual habitat types under current threat conditions. In principle 
it has been shown that IUCN criteria for Red List assessment of habitats are applica-
ble within small countries or regions (Bland et al. 2019). Some countries use already 
an assessment procedure very close to the methodology proposed by the IUCN (e.g. 
Lindgaard and Henriksen 2011; Delarze et al. 2015, 2016; Gubbay et al. 2016; Jans-
sen et al. 2016; Kontula and Raunio 2019; Chytrý et al. 2019). However, they also had 
to allow for national or European specifications of the IUCN protocol (e.g. workshop 
documentation; Finnish Environment Institute 2019). In addition, it is often the case 
that only some of the IUCN criteria could be evaluated, which can lead to incomplete 
and sometimes inconclusive risk assessments (see case studies). A detailed comparison 
of the assessments of these lists is not the subject of this paper. However, in this context 
the objective of habitat red-listing must be discussed, considering the background of 
nature conservation goals (see also Delarze et al. 2016; Gigante et al. 2018; Bland et al. 
2019; Rowland et al. 2019).

Ultimately, a ‘standard criteria system’ should offer sufficient flexibility to adapt to 
national and regional requirements. In this regard, we may need to discuss different 
thresholds and reference time frames for different habitat groups depending on spe-
cific spatial pattern and distribution history. For example, Delarze et al. (2016) have 
lowered the thresholds for IUCN criteria B1 and B2 in view of the relatively small size 
of the country. A future prospect will be to integrate useful national approaches to 
international standards. Since the distribution of ecosystems may extend over different 
countries (evaluation units), threats to specific ecosystems or habitat types should be 
determined in a broader spatial scale with the precondition that evaluation systems are 
comparable. However, this proposal is limited by the actual availability of significant 
data for the assessed area, which determines the applicability of criteria. Analogous 
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to the improvement of data sources the catalogue of criteria and categories should be 
adapted and improved. Modifications to apply the IUCN criteria for Red List assess-
ment are a realistic response to the amount of available data for a landscape that is 
highly diverse, fine-grained and dynamic, as well as strongly affected by cultural influ-
ences (cf. Janssen et al. 2016).
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Abstract
Our review of the CITES trade database confirmed that the ball python is the most exported species by 
Togo; with 1,657,814 live individuals – comprising 60% of all live reptiles – reported by importing coun-
tries since 1978 (almost 55,000 annually since 1992). In total, 99% of the ball pythons legally exported 
from Togo under CITES were intended for commercial use, presumably as exotic pets. Since the turn 
of the century, wild-sourced snakes exported from Togo have been largely replaced with ranched snakes, 
to the extent that in the last 10 years 95% of these live exports were recorded using CITES source code 
“R” with the majority destined for the USA. We found discrepancies in the CITES trade database that 
suggest ball python exports were consistently underestimated by Togo and that both ranched and wild-
sourced ball python annual quotas have been exceeded on multiple occasions including as recently as 
2017. Furthermore, our field visits to seven of these “python farms” revealed that they are also involved in 
the commercial trade in at least 46 other reptile species, including eight that are already involved in formal 
CITES trade reviews due to concerns regarding their sustainability and legality. Ranching operations in 
West Africa were once thought to provide a degree of protection for the ball python; however, in light of 
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recent research, there is growing concern that ranching may not confer any significant net conservation 
benefits. Further scrutiny and research are required to ensure the long-term survival of wild ball python 
and other reptile species populations in Togo.

Keywords
CITES, conservation, Python regius, ranching, wildlife trade

Introduction

The exotic pet trade is an enormous global enterprise (Bush et al. 2014) involving in-
ternational trade in millions of individuals of thousands of species, only some of which 
are regulated [under the Convention on International Trade in Endangered Species of 
Wild Fauna and Flora (CITES)] (Can et al. 2019). For some species, captive breed-
ing in destination countries (e.g., the USA and some European countries) also takes 
place, however others are obtained directly from source countries, commonly from the 
subtropical and tropical region (e.g., Bush et al. 2014; Harrington 2015; Jensen et al. 
2018), which, in some cases, can provide an important income source for local com-
munities (e.g., D’Cruze et al. 2020a).

To assess the long-term sustainability of such trades, an understanding of trade 
patterns is crucial. With this remit, trade in ball pythons (Python regius) (a popular 
pet in many countries, particularly the USA), exported by Togo (one of the species’ 
Range States, and one of the main source countries involved in international export), 
is an informative case study – in part because it illustrates an almost complete shift 
from wild-captured individuals to the use of ranching. Ranching (defined below) is a 
production system, intended as a potential solution to the unsustainable harvest of wild 
animals, dependent on “farms” that do not function as farms in the traditional agricul-
tural sense, rather they are continually dependent on a wild source that is by definition 
“surplus” to the wild population [i.e. that portion of the population that would likely 
suffer naturally high mortality rates in the wild (CITES glossary 2019, https://www.
cites.org/eng/resources/terms/glossary.php)]. This paper explores changing trade pat-
terns (numbers, source, and markets) in ball pythons from Togo, carried out as part of a 
broader study of the relationships between in-situ and ex-situ harvesting with respect to 
sustainable wildlife use. Here we focus on the farms involved in ball python trade (the 
extent and changing nature of their trade, including the markets that they supply, and 
other reptiles collected for export), elsewhere we address ball python supply (D’Cruze et 
al. 2020a) and trade links with neighbouring Range States (Harrington et al. in prep.).

Togo is a relatively small West African country (56,790 km2) bordered by Ghana 
to the west, Benin to the east, Burkina Faso to the north and the Gulf of Guinea to 
the south. It comprises a long strip of land located between a latitude of 6°–11°N 
and a longitude of 0°–2°E, stretches over 660 km from north to south and has a 
coastline of 50 km, east-west (Segniagbeto and Van Waerebeek 2010). Its maximal 
width is 120 km between 7 and 8°N. The wet season is pronounced in the south with 
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two rainfall periods, between April and July, and September and November; the dry 
season is introduced by the Hamattan desert winds between November and March 
(Segniagbeto et al. 2011). The landscape is largely a gently undulating plain, with 
the exception of the Atakora range (“chaîne de l’Atakora”), which crosses the coun-
try in a northeast-southwest direction (Segniagbeto and Van Waerebeek 2010). As a 
consequence of its location, the Togolese landscape consists, from south to north, of 
a succession of various ecosystems ranging from coastal grasslands to equatorial and 
wet tropical forests, and ending in Sudan savannahs in the North that is tradition-
ally divided into five distinct ecological zones (Ern 1979; Novinyo et al. 2015). The 
diversity in these ecosystems is considered as being highly favourable to herpetofaunal 
diversity, especially snake species of which the majority are confined to specific bio-
topes (Segniagbeto et al. 2011).

Research focused on reptile diversity in Togo date back to the time of German colo-
nisation and herpetologists such as Sternfeld who published the first inventory of Togo-
lese snakes that included a total of 75 species (Sternfeld 1908). Further research followed 
in subsequent decades [e.g., Loveridge 1939, 1944, 1958; Hulselmans et al. 1970; Ro-
man 1984; and Anonymous 2002 (a monograph of the national survey of the biological 
diversity in Togo)]. In 2011, Segniagbeto et al. produced an annotated list of 91 snake 
species currently recorded from Togo. Although these authors recognised that some 
taxonomic uncertainties require further scrutiny this remains the most recent review of 
snake diversity in Togo carried out to date. With regards to their conservation status, 
30 (33%) of these snake species, representing 12 different families, have been assessed 
according to the IUCN Red List of Threatened Species (IUCN 2019). This resulted in 
29 species being classified as Least Concern and one species, the lined centipede-eater 
(Aparallactus lineatus) being classified as Near Threatened (IUCN 2019). With regards 
to their population status, seven of these 30 species have populations considered to be 
stable and the remaining 23 species have populations of unknown status (IUCN 2019).

Togo is recognised to be one of the main reptile exporters of sub-Saharan western 
Africa with several species currently harvested at significant levels for the international 
“exotic” pet trade (Affre et al. 2005; Jensen et al. 2018). In particular the ball python 
(Python regius), a species endemic to parts of Central and West Africa, is being exported 
in relatively large numbers, in fact it is the single most traded CITES listed live ani-
mal legally exported from Africa (Auliya et al. 2020; D’Cruze et al. 2020a). To date, 
the ball python has been subject to some biological and ecological studies focused on 
specimens in the wild [e.g., dietary preferences (Luiselli and Angelici 1998), and ec-
toparasite comparisons (Luiselli 2006) between sexes]. However, these studies notwith-
standing, currently there remains a near complete lack of information on ball python 
home range sizes and activity patterns (in terms of both sex, age class, and season) 
throughout its range. This lack of information impedes the effective management of 
commercial trade and the assessment of its (and other anthropogenic-induced) impacts 
on wild ball python populations (cf. Auliya et al. 2020).

Much of the international ball python trade can be traced back to a number of 
registered reptile “farms” that are in operation across West Africa, most notably Benin, 
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Ghana and Togo (Robinson et al. 2015). Although some of these farms initially became 
involved with the international commercial trade of ball pythons in the 1960s (de Buf-
frénil 1995; Ineich 2006), since 1997, these farms have also officially been engaged in 
“ranching” (UNEP 2019) which refers to rearing, in a controlled environment, snakes 
taken as eggs or juveniles from the wild that would “otherwise have had a low probabil-
ity of surviving to adulthood” (CITES glossary 2019), and releasing a proportion back 
into the wild (Ineich 2006). Additionally, wild gravid females are also collected, and 
after laying their eggs in captivity are released back into the wild (Ineich 2006; Luiselli 
et al. 2007). However, local hunters also collect wild ball python specimens (source 
code “W”) including adult males that are not released (D’Cruze et al. 2020a). In addi-
tion to commercially lucrative ball python, several other CITES and non-CITES listed 
reptile species are also collected for direct export (Ineich 2006). A number of missions 
have been carried out to assess ball python production methods at these farms (e.g., de 
Buffrénil 1995; Jenkins 1998; Affo 2001; Harwood 2003) including the most recent 
by Ineich (2006), who concluded that the practice of ranching being carried out by 
seven different farms in Togo was being done in “relatively healthy conditions”.

In terms of international trade regulation, the family Boidae (including all spe-
cies taxonomically assigned to the Pythonidae) has been listed on the Appendices 
of CITES since 1977 (except Boa constrictor that was listed in 1975). Togo joined 
CITES in 1978, and entered into force in 1979 (CITES 2019), and since that time 
ball python exports have operated under a CITES Appendix II listing. Between 1992 
and 2006 there were a number of CITES interventions to ball python trade in Togo. 
In 1992, the first two commercial reptile farms were reported for Togo (de Buffrénil 
1995), and a CITES review of significant trade took place when Togo failed to provide 
relevant information as previously requested by the CITES Secretariat (Ineich 2006). 
Subsequently, the CITES Standing Committee recommended a temporary suspension 
of imports from this country (see Ineich 2006). Between 1993 and 1995 a suspension 
request was submitted, confirmed and ultimately cancelled while Togo implemented 
the recommendations from the CITES Animals Committee to better control exports 
(see Resolution Conf. 2.12). The management authority of Togo accepted the imple-
mentations in 1995 on the grounds that specimens should be described as “ranched”, 
not “captive-bred”, following an extensive review of practices on reptile farms in the 
country. CITES quotas were first introduced for wild-taken and ranched ball python 
specimens exported from Togo in 1990 (Affo 2001), with annual quotas set at 1,500 
individuals for wild-sourced snakes, and ranging between 40,000 and 62,500 individ-
uals for ranched snakes since then until 2019 (UNEP 2019). In 1997, the European 
Union (EU) listed the ball python on Annex B of Council Regulation No 338/97 
(EU no 2017/160) which generally equates to CITES Appendix II. In 2015, the EU 
provided a positive opinion for importing ball pythons exported by Togo that were 
sourced from the wild, ranched or born in captivity (codes W, R and F respectively) 
(SRG 73 Soc).

Despite the relatively long-standing history of ball python ranching in Togo and 
recent / on-going endorsement from major importers such as the EU, the last detailed 
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examination of ball python production systems in West Africa was carried out almost 
15 years ago (Ineich 2006). To help provide a more recent update, herein, we present 
detailed data on the ranching activities of farms currently involved in the ranching and 
export of ball pythons in Togo. The aim of our study was to:

(1) Assess the extent and characteristics (source, purpose and destination) of ball 
python trade originating from Togo.

(2) Quantify changes over time in the Togolese ball python trade, specifically with 
respect to the role of ranching and conformity with national annual trade quotas.

(3) Provide a preliminary assessment of the wider activities of reptile farms in Togo 
with respect to the other species involved.

The overall objective of this study was to gain insights into potential impacts that 
this type of wildlife trade activity has on ball pythons and other reptiles in Togo. Ul-
timately, we hope our findings, and other recently published research focused on the 
reptile trade in Togo, will inform future interventions to aid conservation initiatives for 
this important site of herpetological biodiversity.

Methods

Desktop data collection

To determine the number of ball pythons exported from Togo, trade data were ob-
tained from the CITES database. Countries exporting or importing species recognised 
by CITES are responsible for recording each trade transaction; a central database of all 
trade is publicly available at https://trade.cites.org/. To obtain numbers of ball pythons 
traded from Togo, all trade records pertaining to ball pythons exported from Togo, 
for all purposes, all source codes (outlined in Notification 2002/022) and all trade 
terms, were downloaded as a comparative tabulation from the CITES trade database. 
Further analysis of the trade data was limited to records of exports reported as “live” 
and for “Commercial” (T), “Breeding” (B), “Zoological” (Z) or “Personal” (P) use. All 
importing countries were included in the search criteria. Trade between the years 1978 
(the year that Togo joined CITES) and 2018 were considered, and both exporter- and 
importer-reported quantities were used, and compared. Each “live animal” reported 
was presumed to represent an individual animal. The same data were obtained from 
the CITES trade database for all reptiles exported from Togo to enable assessment of 
the relative importance of ball pythons in the Togolese reptile trade.

Information detailing the annual trade quotas implemented by Togo (1997–2017) 
was obtained from the Species+ website (UNEP 2019). Quotas for both ranched and 
wild specimens were included. The quota data enabled a comparison with trade data 
obtained from the CITES database, to calculate to what extent Togo complies with 
trade restrictions for ball pythons.

For the USA specifically, the number of ball pythons imported from Togo between 
the years 2000 and 2017, was obtained from the U.S. Fish and Wildlife Service Law 
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Enforcement Management Information System (LEMIS) via a Freedom of Informa-
tion Act (FOIA) request submitted to the Fish and Wildlife Service, Office of Law En-
forcement which was received on 08.05.18 (control number FWS-2018-00788). This 
provided an independent source of trade data for one of the main importing countries 
for ball pythons, as well as additional information on individual Togolese exporters.

Field data collection

Research teams (composed of five different individuals) visited and collected data from 
eight different reptile farms across Togo during three field trips in 2018 (February, 
June and October) and two field trips in 2019 (February and April) lasting on aver-
age between 10 and 21 days. All official visits were organised under the guidance and 
permission of the CITES Scientific and Management Authorities in Togo. Photos of 
reptile species observed were taken with the consent of the farm owners; however, our 
aim was not to carry out a full inventory of the farm owner’s stock. Rather, the im-
ages were taken to aid subsequent taxonomic identification. For all species, binomial 
nomenclature and information regarding their conservation, population status, and 
distribution was gathered from the IUCN Red List of Threatened species (hereafter 
the IUCN Red List, IUCN 2019). Conservation status was recorded in accordance 
with the 2001 IUCN Red List categories and criteria system (version 3.1) as Critically 
Endangered (CR), Endangered (EN), Vulnerable (VU), Near Threatened (NT), Least 
Concern (LC) or Data Deficient (DD). Species Not Evaluated by the IUCN Red List 
(NE) were excluded from the analyses (please see Appendix I). Population status was 
recorded as Decreasing (D), Increasing (I). Stable (S), Not Evaluated (NE), and Un-
known (U). Distribution was recorded for each species as Native (NA), RE (Regional), 
or W (Widespread) (please see Appendix I). To test whether the proportions of conser-
vation or population status categories for these additional reptile species differed from 
expectation (relative to all reptile species recorded from Togo, i.e. whether farms were 
selecting particular categories of wild species), comparable data were collated for all 
reptile species in Togo from the IUCN Red List (IUCN 2019).

Statistical analysis

To test for trends over time in ball python exports from Togo, as recorded in CITES 
trade records, we summarised the records by year and used the tslm function in the 
“forecast” package (Hyndman 2017) in R to fit linear models to the resulting annual 
time series data, and to quantify and test the significance of trends. This analysis was 
carried out for all data (total exports) and regional-level data (where regional importers 
included Asia, Europe and North America [USA and Canada]). We used chi-squared 
tests to test for changes in the proportion of ranched and wild-sourced ball pythons 
among time periods and Pearson’s correlation coefficient and t-tests to compare ex-
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porter- and importer-reported numbers. For USA imports of ball pythons, we used 
t-tests to compare numbers imported as reported by CITES and LEMIS. Finally, we 
used chi-squared tests to compare proportions of conservation and population status 
categories among reptiles observed on farms with those present in the wild; note that 
this provides only a partial test for farm selection because many Togolese reptile species 
are not yet listed on the IUCN Red List and thus have no formally assigned conserva-
tion or population status. For chi-square tests, we obtained simulated p values (based 
on 2000 replicates) for tests with low expected values. Statistical analyses were carried 
out in R (version 3.5.1, R Core Team 2018).

Results

Ball Python and other reptile trade originating from Togo

The CITES trade database (https://trade.cites.org) contained 4,863 records of (live 
and dead) reptile exports from Togo between 1978 and 2017 (i.e. exports under all 
trade terms, including live animals, bodies and body parts), involving at least 51 spe-
cies of 28 genera. 15% (n = 723) of all reptile trade records involved ball pythons, and 
98% (n = 710) of those involved live snakes. Overall, 94% [n = 4,564] of all reptile 
trade records involved live animals. In total, ball python trade records, document-
ing exports from Togo between 1978 and 2017, represented the export of between 
963,344 and 1,657,814 live individuals (according to exporter- and importer-reported 
quantities, respectively) – these figures comprised 53% of all live reptiles reported by 
Togo as exports during this period (Fig. 1; or 60% of all live reptiles reported as exports 
from Togo by importing countries). Other notable species (those involving a total of 
100,000 or more individuals reported by Togo as exports over the same time period) 
were the Nile monitor lizard (Varanus niloticus), the savannah monitor lizard (V. exan-
thematicus), and the Senegal chameleon (Chamaeleo senegalensis).

According to both exporter- and importer-reported quantities, live ball python 
exports from Togo increased from < 14,000 per year in the late 1970s/early 1980s [fol-
lowing which there was a statistically significant increase of one to two thousand per 
year (1978 – 1987: exporter-reported trend = 1,974 per year, F1, 8 = 35.8, P < 0.001, 
R2 = 0.82; importer-reported trend = 1,490 per year, F1, 8 = 50.6, P < 0.001, R2 = 0.86)] 
to approximately 60,000 in 1991 (a four-fold increase over the 4 years between 1988 
and 1991), reaching a peak of 74,751 (as reported by importing countries) in 1994 
(Fig. 2A). Since the early 1990s, numbers reported by Togo (as exporter) suggest an 
overall increase (1992 – 2016: exporter-reported trend = 1,597 per year, F1, 23 = 11.20, 
P = 0.003, R2 = 0.33) but this was due to zero exports declared in 1997 and 2000, 
which importer-reported quantities suggest were incorrect (see Fig. 2A). Importer-re-
ported quantities suggest that numbers of ball pythons exported from Togo since 1992 
have actually remained relatively stable (at an annual average of 54,754), albeit with 
considerable fluctuation among years (SD = 17,105; importer-reported trend = 8.8, 



Neil D’Cruze et al.  /  Nature Conservation 40: 65–91 (2020)72

F1,24< 0.001, P = 0.985, Fig. 2A). The highest annual export was of 88,959 individuals 
(reported by importing countries) in 2002 (the lowest reported by importing coun-
tries, since 1992, was 21,136 in 1995).

Discrepancies between annual exporter- and importer-reported quantities (Fig. 
2B) suggest that, although exporter- and importer-reported annual totals were cor-
related (r = 0.54, P < 0.001), exports were consistently (in 31 of 39 years), and signifi-
cantly, underestimated by Togo (paired t-test: t = 4.44, df = 38, P < 0.001). The maxi-
mum discrepancy (underestimate) recorded was 72,747. There were 8 years in which 
Togo over-estimated numbers exported (as compared to importer-reported quantities), 
notably, including the most recent four years of the study – in this case, the maximum 
discrepancy (overestimate) was 31,621. The mean absolute difference between annual 
exporter- and importer-reported quantities was 20,389.

In total, and according to both exporter- and importer-reported quantities, 99% 
(n = 950,829 and 1,647,639 respectively) of individual live ball pythons exported 
from Togo were intended for commercial use (presumably as exotic pets). Since the 
years 1999/2000 wild-sourced snakes exported from Togo were largely replaced with 
ranched snakes (Fig. 3). Over the most recent 10–15 years of trade records analysed, at 
least 95% of total importer-reported exports (83% of exporter-reported exports) were 
ranched, and although high numbers (ca. 40,000) of wild-sourced animals were re-
portedly exported in 2001 and 2002 (by importers), wild-sourced animals since 2003 
comprised < 5% of total exports reported by importing countries [Fig. 3; although 
slightly higher figures (< 6% and up to 17 and 20% on two occasions) were reported 
by Togo]. The change in proportion of animals ranched versus of wild origin over time 
(time period combined as three decades – 1990s, 2000s, and 2010s) was statistically 
significant (animal source - time association: χ2 = 663760, df = 2, P < 0.001).

Figure 1. The proportion of all reptile species reported as live exports by Togo (1978–2017) in each 
taxonomic order and family. Source: CITES trade database, https://trade.cites.org



Ball python trade from Togo 73

Figure 2. A Number of individual live ball pythons exported from Togo as reported by CITES, 1978- 
2017, showing exporter- (red) and importer-reported (blue) quantities against timeline of events associ-
ated with the regulation of ball python trade. Note that exporter-reported quantities were not available 
for 2017 at the time of analysis. B Annual discrepancies between exporter- (Togo) and importer-reported 
quantities. Source: CITES trade database, https://trade.cites.org
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CITES trade records reported exports of ball pythons from Togo to 58 differ-
ent countries between 1978 and 2017, in total quantities for the period that varied 
between 1 and over 1 million ball pythons per country; note, however, that minima 
and maxima represent extreme cases, and that, for most (71.4%) countries, reported 
exports ranged between 100 and 9,000 ball pythons. Both exporter- and importer-
reported quantities showed the USA to be the largest importer, responsible for between 
60 and 77% of exports (for exporter- and importer-reported quantities respective-
ly). Six other countries reported importing >1% of the total over this period: France 
(7.5%), Germany (4.3%), Italy (2.7%), Spain (1.3%), Belgium (1.2%), and Japan 
(1.1%). Exporter-reported quantities suggested that three additional countries – the 
Netherlands, Hong Kong and Ghana – also imported >1% of the total (1.6, 1.3 and 
1.7, respectively). At a regional level, Europe was second to North America (USA 
and Canada; there were no exports reported to Mexico) as importer of Togolese ball 
pythons, responsible for between 30 and 20% of exports (for exporter- and importer-
reported quantities respectively) (Fig. 4A, B).

Since the 1990s (following an increase in ball python exports from Togo in the lat-
ter half of the 1980s; see Fig. 2), North American imports of ball pythons from Togo 
have fluctuated considerably through the years. The highest annual imports into North 
America were of 72,000 ball pythons in both 1994 and 2002 – annual imports since 
2002 were at least 13,000 lower than these figures suggesting some level of a decline in 

Figure 3. Reported source of ball pythons exported from Togo, based on importer-reported quanti-
ties obtained from CITES trade records. Note that the CITES trade database does not contain source 
information for most records prior to 1991 (unless the specimen was specifically declared as captive-
bred, CITES 2013). O=pre-convention specimens, C=captive-bred, F=born in captivity, I=confiscated or 
seized, R=ranched, U=unknown, W=wild. Source: CITES trade database, https://trade.cites.org
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North American imports (cf. Luiselli et al. 2012), but longer-term trends (1992–2017) 
were not statistically significant (annual average imports into North America, 1992 – 
2017 = 42,507, SD = 15,911, trend = -611, F1, 24 = 2.26, P = 0.146, Fig. 4A). More 
recently, over the last ten years, a decrease in the numbers imported by Europe (from 
22,377 in 2008 to 8,026 in 2017, trend = -1499 per year, F1, 8 = 39.04, P < 0.001), 
which was not mirrored by numbers imported into North America (trend = 1645 per 
year, F1, 8 = 1.27, P = 0.292; i.e. there was no evidence that the apparent decline in 

Figure 4. The annual number (A) and proportion (B) of ball pythons from Togo imported by three 
main world regions (Asia, Europe and North America), 1978–2017. Proportion shown as % total ball 
python imports from Togo. Data derived from Togo export records on CITES trade database, and based 
on importer-reported quantities. Source: CITES trade database, https://trade.cites.org
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North American imports had continued, Fig. 4A) means that the proportion of ball 
python exports from Togo being imported into North America has increased (from 
59% of total imports in 2008 to 79% of total imports in 2017; Fig. 4B). Numbers im-
ported into Asia have also increased over the last ten years (from 226 in 2008 to 2,980 
in 2017, trend = 313 per year, F1, 8 = 5.44, P = 0.048) but the low numbers involved 
mean that in 2017 (the most recent year in the dataset) Asia was responsible for < 5% 
of all imports (Fig. 4B).

In the 21 years between 1997 and 2017, importer-reported quantities suggest that 
ranched ball python annual quotas have been exceeded on six different occasions (by 
an average of 10,421, maximum 19,787), most recently in 2013 (by 12,626 ball py-
thons, Fig. 5A). However, according to export records provided by Togo, the ranched 
ball python quota has only been exceeded on three occasions (once, in 2014, by a total 
of 10,712 ball pythons, and twice more, in 2004 and 2013, by 174 and 23, respec-
tively, Fig. 5A). With regards to ball pythons reported as wild sourced, according to 
importing countries the CITES quota has been exceeded on ten different occasions 
(by an average of 13,730; maximum 39,644 in 2001) most recently in 2017 (by 1,450 
ball pythons, Fig. 5B), whilst exporter-reported quantities suggest that the quota was 
exceeded on six occasions (by between 250 and 4,000), most recently in 2014 (by 290 
ball pythons, Fig. 5B).

The LEMIS trade database documents the import of a total of 764,527 live ball 
pythons from Togo into the USA since the year 2000. Ball pythons came from 11 in-
dependent Togolese exporters, two of which (Togamin and Pajar Sarl) were responsible 
for 88% of all ball pythons imported over this period (55%; n = 422,867 and 33%; 
n = 251,969, respectively, Fig. 6), five others were responsible for 1–5% imports (Fig. 
6). Annual imports documented by LEMIS did not differ significantly from importer-
reported quantities in the CITES trade database (t = -0.01, df = 17, P = 0.988, mean 
= 42,474 vs. 42,495, respectively; Fig. 6).

Current trade: species observed at reptile farms

In total, (including only those identified to species level, plus those of ambiguous taxo-
nomic status indicated by “cf.”) 46 reptile species were observed during visits to the 
eight different farms in Togo (including seven python farms and one venom farm) be-
tween February 2018 and April 2019, including 1 Crocodylia (2%), 10 Sauria (21%;), 
24 Serpentes (52%;), and 11 Testudines (24%) (please see Appendix I). Observed spe-
cies diversity at the farms ranged between three and 23.

With regards to conservation and population status of the 46 species observed, 
over half (59%, n = 27) had not yet been evaluated on the IUCN Red List. Of the 19 
observed species that were included on the IUCN Red List most (68%, n = 13) were 
categorised as Least Concern but for most of these (n = 12, 63% of all Red List species) 
conservation status was unknown (please see Appendix I, and Appendix II). Four spe-
cies observed on farms [the African spurred tortoise (Centrochelys sulcata), Senegal flap-
shell turtle (Cyclanorbis senegalensis), Home’s hinge-back tortoise (Kinixys homeana), 
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Figure 5. The number of ranched (A) and wild (B) specimens of ball pythons exported annually since 
1997, according to export data (from Togo) and import data (from all importing countries) recorded 
on CITES trade database, in comparison with the annual quota set for ball python exports from Togo. 
Source: CITES trade database, https://trade.cites.org

and African softshell turtle (Trionyx triunguis)] were categorised on the IUCN Red List 
as Vulnerable, and two [the West African black turtle (Pelusios niger) and Geyr’s spiny-
tailed lizard (Uromastyx geyri)] as Near Threatened - wild populations of all but one of 
these species were reported to be decreasing. There was no evidence that the propor-
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tion of threatened or declining species observed at farms differed from expectations as 
compared to all Togolese reptiles listed on the IUCN Red List (conservation status: 
χ2 = 3.52, df = 5, P = 0.707; population status: χ2= 0.427, df = 2, P = 0.808).

With regards to the geographic distribution of these 46 species, a total of 10 spe-
cies (22%) are considered as regionally endemic to West Africa, and 32 species (70%) 
are considered as widespread (extending to regions outside western Africa) according 
to information provided by the IUCN Red List (IUCN 2019), (please see Appendix 
I, and Appendix II). A total of 36 (78%) of these species (including three taxa in spe-
cies complexes) are native to Togo. A total of nine species are considered endemic to 
other countries and / or regions in Africa than Togo [i.e. Centrochelys sulcata, Bell’s 
hinge-back tortoise (Kinixys belliana), leopard tortoise (Stigmochelys pardalis), Peter’s 
banded skink (Scincopus fasciatus), Uromastyx geyri, Gaboon viper (Bitis gabonica), 
green mamba (Dendroaspis angusticeps; this species is confined to central-eastern and 
southern Africa), black mamba (D. polylepis; a published distribution record of this 
species for Togo is pending) and the Northeast African carpet viper (Echis pyramidum) 
that is a regional endemic outside of West Africa]. A total of five taxa (11%) have un-
known distributions as they were not identified to species level and 26 species (57%) 
are definitely or likely also supplied by another country or range state, and exported by 
Togo (please see Appendix I, and Appendix II). A total of 19 observed species (41%) 
are listed on CITES Appendix II, except the West African crocodile (Crocodylus suchus) 

Figure 6. The number of ball pythons exported by the different reptile farms in Togo into the USA an-
nually since 2000, as recorded on LEMIS trade database, shown against CITES-reported USA imports 
(Source: CITES trade database, https://trade.cites.org).
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that is listed on CITES Appendix I [Note: the West African populations of the Nile 
crocodile are still listed as Crocodylus niloticus, UNEP 2019].

Discussion

Togo remains a substantial source of live reptiles, both native and non-native, with 
at least 19 CITES-listed species currently held at reptile farms. In terms of the num-
ber of animals traded, the most notable species exported by Togo since 1978 under 
CITES is the ball python; with 1,657,814 live individuals - comprising 60% of all live 
reptiles – reported by importing countries. In total, 99% of the ball pythons legally 
exported from Togo under CITES have been intended for commercial use as exotic 
pets. Since the turn of the century, wild-sourced snakes exported from Togo have been 
largely replaced with specimens declared as “ranched (R)”, to the extent that in the 
last 10 years 95% of all live exports were recorded using CITES source code “R”. Ball 
pythons have been exported from Togo to 58 different countries since 1978. With 
regards to the global trade trend, CITES importer-reported quantities suggest that 
numbers of ball pythons exported from Togo since 1992 until 2019 (following a rapid 
increase in reported trade levels in the late 1980s/early 1990s) have overall remained 
relatively stable (at an annual average of 54,754 live animals), albeit with considerable 
fluctuation among years (Fig. 3). Importer-reported quantities by CITES showed the 
USA to be the largest importing country, responsible for 77% of exports since 1978 
(also see Luiselli et al. 2012). At a regional level, over the last ten years, a decrease in 
the numbers imported by Europe, which was not mirrored by numbers imported into 
North America (USA and Canada), has meant that the proportion of ball python ex-
ports from Togo being imported into North America has effectively increased during 
this period.

Ball python ranching: boom or bust?

The provision of captive breeding and ranching operations as a replacement for the 
potentially unsustainable sourcing of wildlife from their natural habitats, as observed 
for ball python CITES exports reported from Togo, is not new (e.g., Rosen and Smith 
2010; Harfoot et al. 2018). Indeed, such initiatives have been in operation for several 
decades, and in certain circumstances (e.g., crocodilians) deemed a successful con-
servation tactic overall (Nogueira and Nogueira-Filho 2011), albeit not one without 
associated animal welfare challenges (Dutton et al. 2013). However, in recent years 
researchers have also drawn attention to the fact that the actual numbers of species that 
receive overall net conservation benefits from this type of production system may be 
relatively few and far between (Tensen 2016). Specifically, in many cases data are lack-
ing as to whether farm produced “products” represent a true substitute for wild sourced 
counterparts (e.g., bear bile; Dutton et al. 2011), whether farmed wild animals are cost 
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efficient enough to combat poaching and black market prices (e.g., sea turtle meat; 
D’Cruze et al. 2015), and whether they are being effectively managed well enough 
to demonstrably disallow laundering [e.g., Tokay geckos (Gekko gecko); Nijman and 
Shepherd 2015; green tree pythons (Morelia viridis); Lyons and Natusch 2011].

In the context of ball pythons, recent scientific studies have raised conservation 
concerns regarding current production methods being implemented in West Africa to 
supply the international exotic pet trade. In Benin, Toudonou (2015) described a link 
between the legal hunting / ranching of ball pythons and the illegal trade of ball py-
thons as bush meat. Toudonou (2015) also stated “farmers and ball python collectors 
unanimously reported that this species is under severe threat in Benin” via reduced ball 
python hunting success rates, increased hunting localities, hunting effort and associ-
ated costs compared to 20 years previous. Similarly, recent research in Togo has identi-
fied a link between the legal hunting / ranching of ball pythons and the illegal trade 
of ball pythons as traditional medicine (D’Cruze et al. 2020b) and has also revealed 
that local hunters report a reduction in the availability of wild ball pythons between 
2014 and 2018 (D’Cruze et al. 2020a). Furthermore, a recent genetic analysis of wild 
ball pythons has indicated that the largely unregulated wild release component of the 
python production process in Togo is resulting in “genetic pollution” that may be hav-
ing a long-term negative impact on the conservation of wild populations (Auliya et al. 
2020) and welfare of individual snakes (D’Cruze et al. 2020a). Our study now also 
draws attention to the fact that the number of ball pythons exported by Togo is likely 
to be consistently higher than officially reported to CITES by Togo (predominantly 
for ranched individuals, although some improvement has been seen in the last three to 
four years in terms of under-reporting) and that ball python quotas (ranched and wild-
sourced) are still frequently exceeded. Indeed, in 2017, exporter-reporter quantities 
suggest that the wild-source quota was exceeded by over 1,000 individuals.

Conservation and animal welfare implications

The ball python has a relatively large distribution, fast reproductive rate, and occurs in 
a wide range of habitats including some areas with formal protected status and some 
areas inhabited by local communities who consider the species to be sacred (Toudonou 
2015). Consequently, with regards to its conservation status, this species is currently 
classified as “Least Concern” with a population trend considered as “Unknown” ac-
cording to the IUCN Red List of Threatened Species (Auliya and Schmitz 2010). 
However, this last conservation assessment was made almost ten years ago and is in 
need of updating. Given the conservation concerns (listed above) associated with cur-
rent production systems there are questions regarding whether a higher conservation 
status may be more appropriate (Toudonou 2015), especially given that this species is 
also traded legally in relatively large volumes that specifically target the most vulnerable 
life stages (i.e., gravid females) (Toudonou 2015; D’Cruze et al. 2020a), it currently 
faces a variety of other threats to its survival in the wild [e.g., expanding agricultural 
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mechanisation, pesticide use (Toudonou, 2015) and local subsistence use (Auliya and 
Schmitz 2010)], and detailed studies on population status and distribution are cur-
rently lacking (Auliya and Schmitz 2010). In addition, the causes of regional declines 
in several snake species distributed across the world still remain unknown (Reading et 
al. 2010).

Animal welfare impacts are associated with every step of a wildlife trade chain 
including capture, restraint, transport and subsequent captivity irrespective of a spe-
cies’ legal status, but they rarely feature in the relevant published scientific literature 
(Baker et al. 2013). In the context of ball python production systems in West Africa, 
D’Cruze et al. (2020a) have already drawn attention to the animal welfare concerns as-
sociated with removal of ball pythons from their burrows, transport and sub-standard 
care provided at “holding facilities” prior to their arrival at python farms. However, 
observations made during our visits to python farms also raise additional animal wel-
fare concerns that have not been referred to by previous assessments of these types of 
facility in Togo (e.g., de Buffrénil 1995; Jenkins 1998; Ineich 2006). In particular, 
cases of high stocking density (including overt and crypto-over-crowding, Warwick et 
al. 2013), a lack of space and shelter, poor food, water, hygiene and substrate availabil-
ity were some of the issues observed at the facilities visited during our fieldwork (Fig. 
7). Detailed physical examinations and behavioural observations were not made dur-
ing this study and data on duration, morbidity and mortality rates were not gathered. 
However, physical injuries and stress associated with sub-optimal captive conditions at 
python farms are likely resulting in some deaths and disease.

Other reptile species

Our study provides the most complete account of species diversity present at snake 
breeding farms in Togo that has been published to date. Many of these species, like 
ball pythons, are not currently considered threatened according to the IUCN Red List 
assessment, but although there was no evidence that farms were specifically selecting 
threatened species, they were not avoiding them either. And, for species that have been 
categorised as non-threatened, trade is being carried out in a manner that means that a 
non-threatened status is not necessarily still the case or will be in future. This is reflected 
by the fact that a number of species observed during our visits to ball python breed-
ing farms are already currently involved in the CITES Review of Significant Trade, a 
procedure [defined in Res. Conf. 12.8 (Rev. CoP18)] designed to identify species that 
may be subject to unsustainable levels of international trade, and to identify problems 
and solutions concerning effective implementation of the Convention (CITES 2019). 
Specifically, the graceful chameleon (Chamaeleo gracilis) and Kinixys homeana from Togo 
have been included in this process since 2010, as have the ornate Nile monitor (Varanus 
ornatus) since 2013, and Uromastyx geyri since 2017, respectively due to international 
concerns relating to sourcing, high volumes and sharp increases in trade (AC30 Doc. 
12.2; https://cites.org/sites/default/files/eng/com/ac/30/E-AC30-12-02.pdf).
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Similarly, a number of species observed during our visits to ball python farms 
are already currently involved in the CITES Review of Trade in Animal Specimens 
Reported as Produced in Captivity, a procedure (defined in Resolution Conf. 17.7 
and Decision 17.105) designed to help prevent the inadvertent misuse of CITES 
source codes, and deliberate fraudulent claims that wild-caught specimens were 
captive bred. Specifically, Varanus exanthematicus and Centrochelys sulcata from 
Togo have been included in this process due to recent high volumes of trade, shifts, 
and international concerns that these species are not being “ranched” in conform-
ity with CITES requirements [as stated in Res. Conf.11.16 (Rev. CoP15)]. In the 
case of C. sulcata there are also specific concerns regarding the questionable use of 

Figure 7. Images of species encountered during visits to the eight snake farms: A juvenile Python regius 
B example housing conditions C juvenile Varanus ornatus; and D juvenile Varanus exanthematicus. Im-
ages show typical barren enclosures with overt overcrowding, no shelter and species exhibiting interactions 
with transparent boundaries. Photos: A, B (Neil D’Cruze) C, D (M. Auliya).



Ball python trade from Togo 83

source code “F” (born in captivity) and “R” (ranched) given that this species is not 
native to Togo.

Our field visits now draw attention to a longer list of species for potential con-
sideration in future CITES review procedures. Togo has a well-established infra-
structure for intercontinental shipments and has been identified as one of the major 
hubs for the export of live African reptiles (Jensen et al. 2018), thus species not 
native to Togo (please see Appendix I) are additionally very likely all sourced from 
range States, and in both cases shipped abroad via Togo’s capital, Lomé. In particu-
lar, the trade of species that are also not native to Togo and not listed on the CITES 
Appendices, i.e. Echis pyramidum and Scincopus fasciatus, those already considered 
as Threatened, native to Togo and listed on CITES i.e. Cyclanorbis senegalensis and 
Trionyx triunguis, are arguably of most immediate interest in this regard. Those that 
have triggered a constant international demand e.g., mud turtles (Pelomedusidae 
spp.), hinge back tortoises (Kinxys spp.; CITES Appendix II), the Fat-tail gecko 
(Hemitheconyx caudicinctus), rough-scaled plated lizard (Broadleysaurus [Gerrhosau-
rus] major), fire skink (Mochlus [Lepidophyris] fernandi, Mueller’s sand boa (Eryx 
muelleri; CITES Appendix II) also likely warrant increased attention from an inter-
national trade policy perspective.

Limitations

CITES trade records are known to be incomplete and error-prone (e.g., Phelps et 
al. 2010) and by definition only reflect legal trade. We have not attempted here to 
quantify any illegal export of ball pythons out of Togo. However, as regards legal trade, 
whilst most studies based on CITES trade records tend to use either importer- or 
exporter-reported quantities we analysed both quantities separately, which provided a 
more detailed and nuanced insight into trade patterns and trends. The two quantities 
may differ for a number of reasons including, for example, the use of different codes 
by exporter and importer and/or exports being recorded as imports the year after they 
were exported (CITES 2013). There is, therefore, a significant risk that restricting 
analyses to one quantity under- or over-estimates trade and to misses pertinent details 
(such as an undeclared destination country) – the limitation associated with compara-
tive analyses of both quantities is that it is not possible from the CITES trade database 
to verify which is more accurate.

Our time at the eight snake facilities in Togo was limited and intermittent. It is 
therefore very likely that species lists compiled are incomplete and thus should be 
treated as an initial conservative list only. The assumption, that these species lists are 
incomplete, is also supported by species groups such as the Egyptian cobra (Naja haje) 
(Trape et al. 2009) and the forest cobra (Naja melanoleuca) (Wüster et al. 2018) that 
have recently been shown to include additional new species. There are also taxonomic 
uncertainties brought about by superficial “look-alike” species and or those that may 
have been introduced through trade activities (e.g., Pelomedusidae spp.) (Vargas-
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Ramírez et al. 2010; Wong et al. 2010). However, as these are the species that were 
presented by owners when asked and aware of our visit in advance – it likely shows 
a good representation and is ultimately the only existing data available. Ideally, we 
would have compared the species observed on farms with those that occur in western 
Africa (particularly with respect to their conservation and their national legislative 
status) in order to better understand which species are selected by python breeding 
farms. But this analysis was limited because the majority of Togolese, and indeed West 
African reptiles, has not yet been assessed for inclusion on the IUCN Red List. Should 
a national red list assessment be initiated for Togo, we would recommend that the 
following species should be made a priority given the commercial trade activity ob-
served during this study: chameleons (Chamaeleo spp.), monitor lizards (Varanus spp.), 
Calabar ground boa (Calabaria reinhardtii), Eryx muelleri, Northern African rock py-
thon (Python sebae), Kinxys spp. and non-CITES listed species, e.g., Mochlus fernandi, 
Hemitheconyx caudicinctus, Broadleysaurus major, Jameson’s green mamba (Dendroaspis 
jamesoni), bush vipers (Atheris spp.), rhinoceros viper (Bitis nasicornis) and the West 
African gaboon viper (B. rhinoceros) (cf. Segniagbeto et al. 2011, 2015).

Recommendations

In light of recent concerns regarding the hunting and release practices that underpin 
python farms in West Africa (Toudonou, 2015; Auliya et al. 2020; D’Cruze et al. 
2020a,b), and concerns regarding the sustainability and compliance of trade in other 
reptile species produced via these farms (AC30 Doc. 12.2; AC30 Doc. 13.1), it is rec-
ommended that ball pythons, and other reptile species, exported using source code “R” 
(ranched) and “W” (wild) in Togo (but also Benin and Ghana) should be reconsidered 
for inclusion in future CITES procedures (within the CITES e.g., Reviews of Signifi-
cant Trade procedures or Trade in Animal Specimens Reported as Produced in Cap-
tivity; see https://cites.org/eng/imp/sigtradereview, https://cites.org/sites/default/files/
document/E-Res-17-07.pdf ). However, given that such a process can be lengthy and 
time consuming, in the short term we recommend that the Togo export quotas for ball 
pythons (currently set at 62,500 ranched snakes) be urgently revised (cf. Auliya et al. 
2020; D’Cruze at al. 2020a). In addition, given that recent conservation assessments 
(and biological field data required to underpin them) are currently lacking for reptile 
species in Togo, it is recommended that Togo should consider composing a National 
Red List for its reptiles. Such information would be vital to help inform and define 
any future common legal tools in a tripartite agreement between the three main ball 
python range states in West Africa that are predominantly involved in their commer-
cial export (Benin, Ghana and Togo). Furthermore, we recommend studies focused 
on morbidity and mortality rates of species during collection and transport from the 
point of harvest (within Togo and other range States) to the exporter’s premises, prior 
to export. This information is lacking and vital to understand and potentially revise 
current trade practices in this regard.
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Conclusions

The aim of this paper was to provide information specific to the ball python trade in 
Togo to inform current management practice. Additional information is needed – 
notably, on the understanding, attitudes and behaviour of consumers, as well as on 
the population dynamics and status of ball pythons. More broadly, this system is of 
interest to those concerned with sustainable use, substitutability, and the links between 
the various forms of “captive” and wild populations, and as such has parallels with a 
number of other traded wildlife species including ranched crocodilians (Jenkins et al. 
2004), and captive bred lions (Coals et al. 2019). We envisage that the wider relevance 
of this large-scale reptile ranching system will be addressed fully elsewhere.

Legal and sustainably managed commercial wildlife trade has been proposed as a 
vital conservation tool, that in some cases is necessary to ensure the long-term survival 
of wild populations (Dutton et al. 2013). Conversely, when not properly managed, 
and / or required baseline information is lacking, wildlife trade (both legal and illegal) 
can impede conservation efforts (Bush et al. 2014). The severe threat of direct exploita-
tion of organisms, such as harvesting animals for trade, was clearly indicated by Max-
well et al. (2016), and was calculated as the 2nd largest driver of change to nature in the 
UN global assessment report on biodiversity and ecosystem services, closely following 
changes in land and sea use (IPBES 2019).

The ball python is the most commercially traded live wild animal under CITES 
from Africa over the past five years which have ostensibly involved ranching opera-
tions (Auliya et al. 2020; D’Cruze et al. 2020a). The shift away from wild-sourced 
ball pythons in West Africa was once considered to provide a degree of protection for 
the ball python; however, in light of recent research, there is growing concern that the 
trade in this species is improperly managed and may not confer any significant net 
conservation benefits. In conclusion, we note that Togo’s ranching operation per se is 
inappropriately managed and lacks overall monitoring (cf. Auliya et al. 2020; D’Cruze 
et al. 2020a), that impedes a legal, sustainable and traceable trade of the ball python. 
We recommend further scrutiny and research is required in this regard to ensure the 
long-term survival of wild ball python populations.
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Appendix I

Reptile species observed across seven reptile farms in Togo (2018–2019), with associated IUCN Red List 
and CITES Appendices classifications. “Distribution” refers to the geographical distribution of the species 
and allocated to: “RE” = Restricted to western Africa i.e. Benin, Burkina Faso, Cape Verde, The Gambia, 
Ghana, Guinea, Guinea-Bissau, Ivory Coast, Liberia, Mali, Mauritania, the Niger, Nigeria, Senegal, Sierra 
Leone and Togo); “W” = widespread species also occurring in Africa outside of this region; when “RE” or 
either “W” are attached with a “1” means that the species is native to Togo; when “RE” is attached with 
a “2” implies that western African species extend beyond this region, and when “W” or either “RE” is 
attached with a “3” that the species is definitely, or likely also supplied by another country or range State; 
exotic species not distributed on the African continent were classified with “Other”; *): resurrected from 
Crocodylus niloticus (Schmitz et al. 2003); **): refer to species complexes (see text); NA = Not Applicable.

Family Species IUCN Conservation 
Status

Date Assessed 
(IUCN)

Population 
Status (IUCN)

CITES 
Status

Distribution 
Status

Crocodylidae Crocodylus suchus* NE NA I RE2,3

Agamidae Agama agama NE NE NL W1

Agamidae Agama sp. NA NA NA NA
Agamidae Uromastyx geyri NT July 2012 Decreasing II RE3

Agamidae Uromastyx sp. NA NA NA NA
Chamaeleonidae Chamaeleo senegalensis VU July 2012 Unknown II RE1

Eublepharidae Hemitheconyx 
caudicinctus

LC July 2012 Unknown NL RE2,3

Gerrhosauridae Broadleysaurus major NE NE NL W1, 3

Scincidae Mochlus fernandi NE NE NL W1,3

Scincidae Scincopus fasciatus DD June 2009 Unknown NL W3

Varanidae Varanus 
exanthematicus

LC June 2009 Unknown II W1,3

Varanidae Varanus niloticus NE NE II W1

Varanidae Varanus ornatus NE NE II RE2,3

Boidae Calabaria reinhardtii NE NE II W1,3

Boidae Eryx muelleri NE NE II W1,3

Colubridae Dasypeltis cf. gansi NE NE NL W1

Colubridae Dasypeltis sp. NA NA NA NA
Colubridae Dasypeltis confusa NE NE NL W1

Colubridae Dispholidus typus NE NE NL W1

Colubridae Philothamnus cf. 
irregularis

LC June 2009 Unknown NL W1

Elapidae Dendroaspis angusticeps NE NE NL W
Elapidae Dendroaspis jamesoni NE NE NL W1,3

Elapidae Dendroaspis polylepis LC June 2009 Stable NL W3

Elapidae Dendroaspis viridis LC July 2012 Stable NL W1, 3

Elapidae Naja melanoleuca** NE NE NL W1

Elapidae Naja nigricollis NE NE NL W1

Elapidae Naja sp. NA NA NA NA
Lamprophiidae Mehelya poensis NE NE NL W1

Psammophiidae Psammophis cf. sibilans NE NE NL W1

Psammophiidae Rhamphiophis 
oxyrhynchus

NE NE NL W1

Pythonidae Morelia viridis LC June 2017 Stable II other
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Appendix II

Family Species IUCN Conservation 
Status

Date Assessed 
(IUCN)

Population 
Status (IUCN)

CITES 
Status

Distribution 
Status

Pythonidae Python regius LC June 2009 Unknown II W1,3

Pythonidae Python sebae NE NE II W1

Viperidae Atheris chloroechis LC July 2012 Unknown NL RE1

Viperidae Bitis arietans NE NE NL W1

Viperidae Bitis gabonica NE NE NL W3

Viperidae Bitis nasicornis NE Unknown NL W1, 3

Viperidae Echis ocellatus NE NE NL W1

Viperidae Echis pyramidum LC June 2009 Unknown NL RE3

Viperidae Echis sp. NA NA NA NA
Pelomedusidae Pelomedusa subrufa** NE NE NL W1,3

Pelomedusidae Pelusios c. castaneus NE NE NL RE1,3

Pelomedusidae Pelusios niger NT May 2018 Decreasing NL RE1,3

Testudinidae Centrochelys sulcata VU Aug 96 Unspecified II W3

Testudinidae Kinixys belliana NE Aug 96 NE II W3

Testudinidae Kinixys erosa DD Aug 96 Unspecified II W1,3

Testudinidae Kinixys homeana VU January 2006 Decreasing II RE1,3

Testudinidae Kinixys nogueyi NE NE II RE1,3

Testudinidae Stigmochelys pardalis LC Aug 14 Unknown II W3

Trionychidae Cyclanorbis senegalensis VU May 2016 Decreasing II W1

Trionychidae Trionyx triunguis VU June 2016 Decreasing II W1

Conservation (A) and distribution (B) status of reptile species (n = 46 and n = 43, respectively) observed on 
Togolese farms. Conservation status as categorised by the IUCN Red List (IUCN 2019). Distribution status 
omitted for three taxa included in species complexes, thus taxonomic status here is considered uncertain.
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Abstract
Evaluation of the ecosystem service functions of haze absorption by green space is important for control-
ling haze. In this study, the ecosystem service functions of haze absorption by green space in China in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018 are analyzed based on green space quality and sensitiv-
ity using a geographic information system (GIS) and Moderate Resolution Imaging Spectroradiometer 
(MODIS) imagery. The results showed that the benchmark ecosystem service functions of haze absorption 
by green space when considering only the area of green space showed a trend that increases first and then 
decreases in 2001–2018, with 9000458.55 million Kg, 9145110.75 million Kg and 7734526.75 million 
Kg in 2001, 2013 and 2018, respectively. However, the corrected functions based on green space quality 
were 7724215.34 million Kg, 8320301.79 million Kg and 6510132.55 million Kg in the corresponding 
years. This indicated large differences between ecosystem service functions of haze absorption based on the 
quality and area of green space; only considering the area of green space to evaluate ecosystem service func-
tions will result in overestimation. In terms of the spatial distribution of the ecosystem service functions of 
haze absorption by green space, there were greater differences in the benchmark and corrected functions, 
and the spatial distributions of the maximum, intermediate and minimum ecosystem service functions 
were notably different. However, the benchmark and corrected functions all showed a consistent trend 
in the rank of their contribution rates and ecosystem service functions as well as consistent distribution 
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trends: the spatial distribution of ecosystem service functions of haze absorption by green space was very 
different in the same year, but there was little difference among different years. The change coefficients for 
the ecosystem service functions of haze absorption by arable land and grass land remained stable, whereas 
the coefficient of sensitivity for forest cover was elastic. Patch density (PD) and the ecosystem service func-
tions of SO2 absorption, NOx absorption, dust retention and total ecosystem services showed a significant 
negative correlation, with correlation coefficients of -0.407, -0.511, -.330 and -0.332, respectively. In 
contrast, the area-weighted mean shape index (SAPE_AM) and ecosystem service functions exhibited sig-
nificant positive relationships with correlation coefficients of 0.650, 0.634, 0.568 and 0.570, respectively. 
The results provide an improved method for evaluating the ecosystem service functions of haze absorption 
by green space as well as a reference for the prevention and control of haze and the coordinated develop-
ment of regional societies, the economy and the environment.

Keywords
ecosystem service functions, haze absorption, quality of green space, sensitivity analysis

Introduction

In recent years, the frequent occurrence of haze in China has seriously threatened hu-
man health and environmental safety, becoming a major livelihood and environmental 
problem that cannot be ignored and needs to be solved. Exploring haze absorption 
from the perspective of ecosystem services is of great practical significance for scientific 
formulation of effective haze control policies (Hong et al. 2013; Song et al. 2019).

Haze, a kind of disastrous weather occurring in the near-ground atmospheric lay-
er, is the result of interaction between specific climatic conditions and human activi-
ties (Chuai et al. 2019). Haze is composed of dust, sulfuric acid (H2SO4), nitric acid 
(HNO3), organic hydrocarbons and other particles in the air, and of these materials, 
SO2, NOX and respirable particulate matter are the main components; the first two are 
gaseous pollutants, while particulate matter is the main hazardous component (Yu et 
al. 2018). Sulfur dioxide and NOX are the main gaseous components of haze. Atmos-
pheric SO2 is mainly derived from the combustion of sulfur-containing fuel, which is 
harmful to the human respiratory tract, and high levels of SO2 can damage leaf tissue. 
Furthermore, SO2 is involved in the formation of H2SO4 fumes and acid rain, which 
is very harmful to human health. Nitrogen oxides are mainly derived from emissions 
from automotive exhaust and stationary combustion sources, and they can weaken the 
ability of blood to transport oxygen, seriously endanger human health, and contribute 
to atmospheric photochemical pollution (Sun et al. 2018). Areas with high densities of 
economic and social activities will inevitably discharge a large amount of fine particles 
(PM2.5), and once the discharge exceeds the atmospheric circulation capacity and bear-
ing capacity, fine particulates will accumulate, contributing to a wide range of haze 
events (Green and Xu 2007; Waters et al. 1998). There are two main aspects of haze 
production. The first includes human factors such as automobile exhaust, coal waste 
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gas, industrial emissions, construction and road traffic dust, climate change, waste 
incineration, and even volcanic eruptions (Hansen et al. 2019). The role of different 
sources of pollution varies in different haze regions. In addition, haze is affected by 
meteorological factors such as weather that is not conducive to the spread of pollut-
ants, and when pollutants accumulate under static weather conditions, haze is readily 
formed. Secondly, meteorological factors, the static wind in the horizontal direction 
and the inverse temperature in the vertical direction cause pollutants to gather and lead 
to the formation of haze weather (Li et al. 2019; Wu et al. 2016).

The hazards of haze include the following aspects: on the one hand, haze reduces 
visibility, increases the frequency of traffic accidents, and has an important impact on 
highways, railways, aviation, shipping, and power supply systems (Xue et al. 2018). On 
the other hand, haze also causes a decline in air quality, threatens human health, and 
increases the incidence and mortality of diseases in the respiratory tract, cardiovascular 
and reproductive systems (Ramakreshnan et al. 2018). Furthermore, haze can result in a 
weakening of near-surface ultraviolet light, resulting in an increase in the infectious bac-
teria in the air. Due to the reduced sunshine during haze weather, the ultraviolet radia-
tion received by children is insufficient and not conducive to growth. Additionally, haze 
weather will reduce crop yields and quality but can also impact the atmospheric radiation 
budget, thereby impacting the climate system of the earth (Thach et al. 2010). In 2017, 
China implemented new air quality standards and monitored 338 cities, of which only 
99 meet the annual average air quality standards and 239 exceed them. The frequent 
occurrence of haze weather affects the physical and mental health of the public and the 
sustainable development of the ecological environment (Zhang et al. 2016).

Haze is affected by pollution sources (Wang et al. 2015), meteorological condi-
tions (Bei et al. 2016) and vegetation coverage (Ye et al. 2016; Zhang 2019). Reducing 
pollutant emissions is accomplished by actions such as reducing vehicle pollution and 
dust, controlling industrial pollution and the emission of NH3 in agricultural areas, 
reducing the unorganized combustion of biomass and concentration of air pollutants, 
and coping with haze pollution (An et al. 2019; Yang et al. 2016). Some researchers 
have also explored the response mechanism of haze weather to meteorological condi-
tions; rainfall through wet sedimentation and wind speed can accelerate the diffu-
sion of pollutants to alleviate haze (Gao et al. 2015; Zhang et al. 2015a). However, 
meteorological conditions are external causes and are uncontrollable, while pollution 
sources are internal causes and are closely related to human activities, although pollu-
tion source treatment methods are not yet complete and immature. Previous studies 
have shown that vegetation leaf area (Gómez-Moreno et al. 2019; Setälä et al. 2013), 
vegetation coverage (De Carvalho and Szlafsztein 2019; Zhang 2019) and plant com-
munity structure (Pandey et al. 2014; Selmi et al. 2016) can absorb and block air 
pollutants, and vegetation coverage is relatively stable, which can effectively alleviate 
haze pollution. Therefore, there is still important significance for research on haze ab-
sorption by green space. Green space can effectively reduce haze, and it not only has a 
very important dust retention function but can absorb and convert toxic substances, 
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be used to reduce the concentration of atmospheric particulate matter, and keep the air 
fresh through photosynthesis (Freer-Smith et al. 2004; Liu and Shen 2014).

Green space is an important part of social, economic and natural systems (Rysgaard 
et al. 1999). These spaces are completely undeveloped or basically undeveloped natural 
areas where the natural landscape is restored or where the land is reserved to offset urban 
construction. They primarily include arable land, forest cover and grass land and pro-
vide important ecological service functions such as air purification, water source conser-
vation, climate regulation and biodiversity maintenance (Green et al. 2016). With rapid 
urbanization to meet the needs of the expanding population on limited land, vegetation 
is gradually being replaced by buildings (Cuffney et al. 2010). Therefore, green space 
is constantly being reduced and destroyed, and ecosystem service functioning is being 
severely diminished or is disappearing, thus weakening the maintenance and regulation 
of the urban environment. Thus, increasing the footprint of the urban environment 
results in more serious air pollution and increased haze in cities, and many countries are 
seeking sustainable social, economic and environmental development to maintain the 
various types of natural resources and simultaneously achieve both economic and eco-
logical benefits. Urban green space (UGS) can, to a certain extent, alleviate the adverse 
effects of urbanization, produce urban cooling effects and increase moisture availability, 
and ease urban heat island effects as well as reduce surface runoff and maintain high 
evaporation rates and surface permeability. A reasonable amount of green space can 
control the unlimited expansion of a city and improve the urban environment. There-
fore, green space is the core of the healthy development of urban ecosystems (Margaritis 
and Kang 2016; Park et al. 2017). Green vegetation plays a key role in UGS ecosystems 
and air purification. First, green vegetation has the unique physiological function of 
performing photosynthesis, relying on leaf pores to convert gas pollutants, such as sul-
fur dioxide (SO2) and nitrogen oxides (NOX), into non-toxic substances through redox 
processes; these products are then accumulated in plant organs or excreted by the root 
system. Second, foliage secretes bactericides and mucus that can absorb particles and 
retain dust. Third, vegetation can reduce wind speeds, reducing sedimentation. Finally, 
vegetation blocks and inhibits dust, thereby reducing particulate levels. Haze is mainly 
composed of SO2, NOX, and respirable particulate matter, and green space can purify 
the air of these materials (Han and Zhou 2015).

Previous studies on green space have focused on the impacts of heat island mitigation 
(Alavipanah et al. 2015; Heusinkveld et al. 2014), climate regulation (Maimaitiyim-
ing et al. 2014), and ecosystem services monitoring and evaluation (Kopperoinen et al. 
2014). Kuttler and Strassburger (Kuttler and Strassburger 1999) investigated the influ-
ence of traffic-induced pollutants (e.g., carbon monoxide (CO), nitrogen oxide (NO), 
nitrogen dioxide (NO2) and ozone (O3)) on the air quality of urban green areas in the 
city of Essen, North Rhine-Westphalia (NRW), Germany. Zoulia et al. (Zoulia et al. 
2009) monitored the effect of urban green areas on the heat island in Athens, Greece. 
Hamada and Ohta (Hamada and Ohta 2010) measured air temperatures in an urban 
green area that includes forest and grass land as well as the surrounding urban area for a 
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full year in Nagoya, central Japan to elucidate seasonal variations in the differences in air 
temperature between urban and green areas. Mahmoud and El-Sayed (Mahmoud and 
El-Sayed 2011) studied sustainable urban green areas in Egypt, and the results revealed 
that greenways could play a more significant role in bringing nature into the city. Sa-
phores and Li (Saphores and Li 2012) used a hedonic pricing analysis of the single-family 
housing market to estimate the functions of urban green areas in Los Angeles, California, 
USA. Larondelle and Haase (Larondelle and Haase 2013) evaluated the climate regula-
tion, cooling and entertainment features of urban ecosystems in Europe, and the results 
showed that the core of the city does not necessarily provide fewer ecosystem services. 
Chen et al. (Chen et al. 2015) investigated the impact of reclaimed water irrigation on 
soil health in urban green areas. Ozimec et al. (Ozimec et al. 2016) monitored air pol-
lution by using lichens in the green space of the university campus in Osijek, Croatia, 
and the results showed that the air is moderately polluted. Selmi et al. (Selmi et al. 2016) 
employed the i-Tree Eco model to estimate air pollution removal by urban trees in Stras-
bourg, France, and the model showed that public trees managed by the city removed ap-
proximately 88 t of pollutants during a one-year period (from July 2012 to June 2013).

The dust retention and atmospheric pollutant absorption effects of green space 
have mostly explored the functional effects of different plant species based on indi-
vidual differences in the levels of green space and have been limited to small scales 
(Devuyst et al. 2001). Beckett et al. demonstrated that trees can act as biological filters, 
removing large amounts of airborne particles, thus improving the air quality in pol-
luted environments due to their large leaf areas relative to the ground on which they 
stand and the physical properties of their surfaces (Beckett et al. 1998). Davies and 
Unam monitored and analyzed the relationship between smoke-haze from the 1997 
Indonesian forest fires and three tree species (Davies and Unam 1999). McDonald et 
al. estimated the potential of urban tree planting to mitigate urban PM10 using an at-
mospheric transport model to simulate particulate transport and deposition across two 
UK conurbations, and the results indicated that increasing the total tree cover in West 
Midlands from 3.7% to 16.5% removed 110 t of primary PM10 from the atmosphere 
per year (McDonald et al. 2007). However, few studies have been carried out on the 
national scale, and the ecosystem service functions of haze absorption by green space 
based on its quality have not been explored. On this basis, the correlation between ab-
sorbing haze and the landscape pattern of green space and its sensitivity to the change 
of ecosystem service functions have been analyzed.

The objectives of this study were: 1) comparison and analysis of the spatial and 
temporal patterns of the benchmark and corrected values of ecosystem service func-
tions of haze absorption based on the quality of green space; 2) sensitivity analysis of 
changes in ecosystem service functions; 3) determination of the relationship between 
the landscape pattern and the ecosystem service functions of haze absorption by green 
space, providing a scientific basis for the quantitative evaluation of air pollution regula-
tion using service functions, green space planning and urban ecological construction 
of green space in China.
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Materials and methods

Ecosystem service functions of haze absorption by green space per unit area

The main components of haze are SO2, NOX and particulate matter. The uptake of 
haze material by types of green space per unit area (Jin et al. 2005; Ye et al. 1998) 
(Table 1) and green space area were used to calculate the ecosystem service functions of 
haze absorption by green space (Han and Zhou 2015; Kuttler and Strassburger 1999).

Calculation of the ecosystem service functions of haze absorption by green space

The ecosystem service functions of haze absorption by green space include the absorp-
tion of SO2, NOX and respirable particulate matter. According to the various types of 
green space and the ecosystem service functions of haze absorption by each type of 
green space per unit area, the total ecosystem service functions of haze absorption by 
green space in China can be calculated from formula (1) (Han and Zhou 2015; Kuttler 
and Strassburger 1999).

3 3

1 1
i ij

i j
ESF A F

= =

=∑∑ 	 (1)

where ESF is the total ecosystem service functions of haze absorption by green space; 
Ai is the area of green space type i; Fij is the ecosystem service of absorbing haze com-
ponent j by green space i per unit area; i is the green space type including forest cover, 
grass land and arable land; and j is the haze component including SO2, NOX and 
particulate matter.

Ecosystem service functions correction based on green space quality

Both the ecosystem itself and its spatial heterogeneity affect ecosystem service func-
tions. Considering the ecological system, the quality of green space plays an impor-
tant role in its function, and the vegetation coverage (normalized difference vegetation 

Table 1. The uptake of haze components by green space per unit area (kg·ha-1·yr-1).

Ecosystem service Green space types
Arable land Forest cover Grass land Total

Absorption of sulfur dioxide 45.00 152.13 279.03 476.16
Absorption of nitrogen oxides 33.50 6.00 6.00 45.50
Dust retention 0.95 21655.00 1.20 21657.15
Total 79.45 21813.13 286.23 22178.81

Note: “yr” refers to annum.
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index (NDVI)) and net primary productivity (NPP) affect the corresponding service 
functions. The above ecosystem service functions calculation is only based on the land 
use area, without considering the impact of green space quality, so the results cannot 
reflect the true ecosystem service functions of haze absorption by green space. Using 
NDVI and NPP as evaluation indicators of green space quality and the correction 
coefficient to adjust the ecosystem service functions, the formula for the calculation is 
as follows (Gao et al. 2012):

min

max min
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NDV NDVIf
NDVI NDVI

−
=

− 	 (2)

mean mean

/ 2i i
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NPP fQ
NPP f

 
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iESF ESF Q′ = × 	 (4)

where fi and NPPi are the NDVI and NPP of grid I, respectively; NPPmean and fmean are 
the mean NPP and NDVI values of various ecosystems in the study region, respec-
tively; NDVImax and NDVImin are the maximum and minimum NDVI values for the 
entire growing season; Qi is the green space quality coefficient; ESF is the ecosystem 
service functions before the green space quality correction; and ESF` is the ecosystem 
service functions after the green space quality correction.

Sensitivity analysis

To reflect the dependence of ecosystem service functions on the ecological functions 
index over time, the economic elasticity coefficient is selected to calculate the coeffi-
cient of sensitivity (formula (6)) (Kreuter et al. 2001).

/
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where ESF is the total ecosystem service functions; F is the functions coefficient; i and j 
are the initial and adjusted functions coefficients, respectively; k is the green space type; 
and CS is the coefficient of sensitivity. If CS > 1, the ESF for F is flexible, indicating 
that the total ecosystem service functions increase faster than the functions coefficient 
and that the proportion of the total ecosystem service functions and the functions coef-
ficient are increasing. However, if CS < 1, the ESF for F is inelastic. CS = 1 represents 
complete elasticity; CS = 0 represents complete inelasticity. A higher ratio indicates 
that the elasticity of the ecosystem service functions index is more important.



Ping Zhang et al.  /  Nature Conservation 40: 93–141 (2020)100

Landscape pattern indices

Landscape pattern indices are used to describe the spatial organization of a landscape and 
provide a quantitative measure of the composition and spatial configuration of landscape 
structure. The interaction between landscape patterns and ecological processes as well 
as green space impacts haze absorption to different degrees. Based on previous research 
(Fang et al. 2014), we selected the landscape-level indices of patch density (PD), the in-
terspersion and juxtaposition index (IJI), the area-weighted mean shape index (SHAPE_
AM), and Shannon’s diversity index (SHDI) to study the relationship between landscape 
patterns and the ecosystem service functions of haze absorption by green space in China. 
Among these indices, SHAPE_AM was calculated by the formula from reference (Fang 
et al. 2014), and PD, IJI and SHDI were calculated by the following formulas.

1

1 n

i
i

PD N
A =

= ∑ 	 (6)

where PD is patch density; A is the total area of the landscape; Ni is the number of 
patches in landscape i; i is the landscape element; and n is the total number of patches 
in the landscape.
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where m is the total number of landscape types; i and k are the numbers of patches of 
types i and k, respectively; eik is the total boundary length of the patch types between 
patch types i and k; E is the total boundary length of the landscape, including the 
background; and pi is the perimeter of patch type i.

Correlation analysis

The ecosystem service functions of haze absorption by green space, including measures 
of the absorption of SO2 and NOX, dust retention and the total ecosystem service 
functions, were calculated for different provinces in China using a geographic infor-
mation system (GIS). The calculations of landscape pattern indexes including PD, IJI, 
SHAPE_AM, and SHDI for provinces of China were performed in FRAGSTATS. 
Correlations between landscape patterns and the absorption of SO2 and NOX, dust 
retention and total ecosystem service functions were calculated as Pearson correlation 
coefficients as follows:
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x y
X Y
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where cov (X, Y) represents the covariance between two variables, and σX and σY refer to 
the variance of the two variables. The Pearson correlation coefficient is used to measure 
the correlation between two variables. The value of this coefficient falls between 1 and 
-1: 1 represents a full positive correlation of the variables; 0 indicates that the variables 
are independent; and -1 indicates a completely negative correlation.

Research data

A MODIS land cover classification product (mod12q1) was used for the land use data 
for China in 2001, 2004, 2007, 2010, 2013, 2016 and 2018. The spatial resolution of 
this product is 500 m, and land use is divided into arable land, forest cover, grass land, 
construction land, unused land and water bodies. Because the ecosystem service func-
tions of haze absorption by water bodies are relatively small (Han and Zhou 2015), 
and few studies have been conducted on haze absorption by water bodies, it is difficult 
to obtain ecosystem service functions for the absorption of SO2 and NOX and dust 
retention by this land use type per unit area (Liu and Yu 2016), so the functions were 
not included as green space in this study. Therefore, green space in this study includes 
arable land, forest cover and grass land (Han and Zhou 2015; Kuttler and Strassburger 
1999). Both NDVI and NPP are MODIS data products for China in 2001, 2004, 
2007, 2010, 2013, 2016 and 2018 with a spatial resolution of 500 m, and in addition, 
the NPP data of NTSG (Numerical Terra-dynamic Simulation Group) was used as a 
supplement; the resolution of the data was 1 km × 1 km, and the annual NPP of the 
terrestrial ecosystem was obtained by using the NPP estimation model established by 
Biome-BGC and light energy utilization model. A dataset of the boundaries of the 
provinces in China was also included in this study.

Results and analysis

Analysis of the ecosystem service functions of haze absorption by green space in China

As shown in Table 2, the total ecosystem service functions (benchmark values) of haze 
absorption by green space in China were 9000458.55 million Kg in 2001, 8784710.32 
million Kg in 2004, 8900539.79 million Kg in 2007, 9179977.89 million Kg in 2010, 
9145110.75 million Kg in 2013, 7761608.74 million Kg in 2016 and 7734526.75 mil-
lion Kg in 2018. The ecosystem service functions of haze absorption by green space in 
China showed a trend of first increasing and then decreasing in 2001–2018, exhibiting 
an upward trend from 2001–2013 and increasing by 144652.20 million Kg (1.61%), 
primarily because the Chinese government invested 179 billion Yuan in a series of 
ecological restoration programs (Wang et al. 2007), including the Three North Shel-
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terbelt Development Program, the Conversion from Cropland to Forest Program and 
the Natural Forest Protection Program, to restore degraded ecological environments 
and to foster stable and sustainable development. The area of forest cover increased by 
6886085.77 ha (1.69%) between 2001 and 2013, but the ecosystem service functions 
fell by 1410584.00 million Kg from 2013–2018, a decrease of 15.42%, primarily be-
cause of adjustment of ecological land structure, the reduction of forest cover with high 
haze absorption ecological service function, the increase of grass land with low haze 
absorption function, and the reduction of arable land caused by the expansion of con-
struction land. The ecosystem service functions decreased by 215748.23 million Kg 
from 2001–2004, a decrease of 2.40%, and the main reasons are a reduction in the area 
of forest cover and grass land. In contrast, the ecosystem service functions increased 
by 115,829.48 million Kg from 2004–2007, an increase of 1.32%, mainly due to the 
increase in forest cover and grass land and the decrease in arable land that is largely 
attributed to the Program for Conversion from Cropland to Forest and Grass Land in 
China. Additionally, the ecosystem service functions increased by 279438.10 million 
Kg from 2007–2010, an increase of 3.14%, primarily due to an increase in forest cover 
and a reduction in arable land and grass land. From 2010–2013, the ecosystem service 
functions decreased by 34,867.15 million Kg, a reduction of 0.38%, mainly due to the 
decrease in forest cover and grass land and the increase in arable land. In comparison, 
the ecosystem service functions fell by 1,383,502.01 million Kg from 2013–2016, a 
decrease of 15.13%, primarily because of the increase in grass land and decrease in 
arable land and forest cover. The ecosystem service functions decreased by 27081.99 
million Kg from 2016–2018, a decrease of 0.35%, mainly attributable to a reduction 
in the area of forest cover and arable land.

The contributions to haze absorption by green spaces indicated that the types 
are very different (Table 2). The overall contribution of forest cover was the largest, 
and these proportions were 98.68%, 98.67%, 98.68%, 98.75%, 98.77%, 98.17% 
and 98.16% in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. Grass 
land had the next largest contribution, accounting for 1.15%, 1.13%, 1.14%, 1.08%, 
1.05%, 1.67% and 1.67% in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respec-
tively. The total contribution of arable land was less than 1% from 2001–2018, mainly 
due to the large area of forest cover combined with the higher per-unit functions of 
respirable particulate matter and SO2 in the haze, both of which resulted in a higher 
contribution to ecosystem service functions from the other types. In contrast, the rela-
tively lower contributions from grass land and arable land were primarily due to the 
smaller per-unit functions of haze absorption.

The primary haze absorption ecological function by green space was primarily dust 
retention (Table 2), the functions of which accounted for 97.98%, 97.97%, 97.97%, 
98.04%, 98.06%, 97.47% and 97.46% of the total functions in 2001, 2004, 2007, 
2010, 2013, 2016 and 2018, respectively. Sulfur dioxide followed, accounting for 
1.90%, 1.89%, 1.90%, 1.83%, 1.82%, 2.40% and 2.41% of the total functions in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. The functions of NOX 
absorption from 2001–2018 were less than 1% of the total, primarily due to the lower 
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per-unit area function of the absorption of SO2 and NOX by various types of green 
space. However, the effect of dust retention was clear: the function of respirable par-
ticulate matter absorption by forest cover was especially high, indicating that green 
space plays an important role in dust removal and retention. Respirable particulate 
matter is the most important component of haze, so planning a reasonable amount of 
green space is conducive to reducing haze.

The ecosystem service functions (corrected value) of haze absorption by green space in 
China increased by 596086.46 million Kg (7.72%) from 2001–2013 (Table 3), while de-
creasing by 1810169.25 million Kg (21.76%) from 2013–2018: 7724215.34 million Kg 

Table 2. Ecosystem service functions (benchmark values) of haze absorption by green space in China in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018 (106 Kg).

Green space 
types

Ecosystem 
service

2001 2004 2007 2010 2013 2016 2018

Arable land Absorption of 
sulfur dioxide

8591.57 9622.49 9006.41 8835.75 9329.70 6805.30 6864.45

Absorption 
of nitrogen 

oxides

6395.95 7163.41 6704.77 6577.72 6945.45 5066.17 5110.20

Dust retention 181.38 203.14 190.14 186.53 196.96 143.67 144.92
Total 15168.90 16989.04 15901.31 15600.00 16472.11 12015.14 12119.58

Percentage (%) 0.17 0.19 0.18 0.17 0.18 0.15 0.16
Forest cover Absorption of 

sulfur dioxide
61945.79 60457.74 61255.74 63225.21 62993.37 53141.91 52954.45

Absorption 
of nitrogen 

oxides

2443.14 2384.45 2415.92 2493.60 2484.46 2095.91 2088.52

Dust retention 8817696.60 8605879.12 8719471.22 8999815.52 8966814.78 7564504.47 7537820.05
Total 8882085.53 8668721.31 8783142.89 9065534.33 9032292.61 7619742.29 7592863.02

Percentage (%) 98.68 98.67 98.68 98.75 98.77 98.17 98.16
Grass land Absorption of 

sulfur dioxide
100608.06 96509.66 98942.51 96357.20 93922.48 126584.95 126285.53

Absorption 
of nitrogen 

oxides

2163.38 2075.25 2127.57 2071.97 2019.62 2721.96 2715.53

Dust retention 432.68 415.05 425.51 414.39 403.92 544.39 543.11
Total 103204.12 98999.97 101495.59 98843.57 96346.03 129851.31 129544.16

Percentage (%) 1.15 1.13 1.14 1.08 1.05 1.67 1.67
Total Absorption of 

sulfur dioxide
171145.43 166589.89 169204.66 168418.15 166245.56 186532.16 186104.43

Absorption 
of nitrogen 

oxides

11002.47 11623.11 11248.26 11143.30 11449.52 9884.05 9914.25

Dust retention 8818310.65 8606497.31 8720086.87 9000416.45 8967415.67 7565192.53 7538508.07
Total 9000458.55 8784710.32 8900539.79 9179977.89 9145110.75 7761608.74 7734526.75

Percentage (%) 100.00 100.00 100.00 100.00 100.00 100.00 100
Percentage 
(%)

Absorption of 
sulfur dioxide

1.90 1.89 1.90 1.83 1.82 2.40 2.41

Absorption 
of nitrogen 

oxides

0.12 0.13 0.13 0.12 0.13 0.13 0.13

Dust retention 97.98 97.97 97.97 98.04 98.06 97.47 97.46
Total 100.00 100.00 100.00 100.00 100.00 100.00 100

Percentage (%) 100.00 100.00 100.00 100.00 100.00 100.00 100
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in 2001, 7558663.89 million Kg in 2004, 7794138.04 million Kg in 2007, 8150709.06 
million Kg in 2010, 8320301.79 million Kg in 2013, 6515690.35 million Kg in 2016 
and 6510132.55 million Kg in 2018. In addition to the decrease of 165551.45 million 
Kg (2.14%) in 2001–2004, decrease of 1804611.45 million Kg (21.69%) in 2013–
2016 and decrease of 5557.80 million Kg (0.09%) in 2016–2018, the functions from 
2004–2007, 2007–2010 and 2010–2013 increased by 235474.15 million Kg (3.12%), 
356571.02 million Kg (4.57%) and 169592.74 million Kg (2.08%), respectively.

The contribution rate of the various types of green space to haze absorption varied 
greatly. The contribution rate of forest cover was the largest, accounting for 98.80%, 
98.86%, 98.89%, 98.97%, 99.03%, 98.29% and 98.22% of the total in 2001, 2004, 
2007, 2010, 2013, 2016 and 2018, respectively. The second was grass land, which ac-
counted for 0.96%, 0.86%, 0.84%, 0.79%, 0.72%, 1.58% and 1.65% of the total in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. Arable land made the 

Table 3. Ecosystem service functions (corrected values) of haze absorption by green space in China in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018 (106 Kg).

Green space 
types

Ecosystem service 2001 2004 2007 2010 2013 2016 2018

Arable land Absorption of sulfur 
dioxide

10623.08 12214.32 11709.68 11281.32 11648.15 3912.29 3921.82

Absorption of 
nitrogen oxides

7908.29 9092.88 8717.21 8398.32 8671.40 2699.42 2691.12

Dust retention 224.27 257.86 247.20 238.16 245.91 1672.12 1884.59
Total 18755.64 21565.06 20674.09 19917.80 20565.45 8283.83 8497.53

Percentage (%) 0.24 0.29 0.27 0.24 0.25 0.13 0.13
Forest cover Absorption of sulfur 

dioxide
53221.67 52114.40 53757.20 56257.75 57464.17 45259.90 45242.86

Absorption of 
nitrogen oxides

2099.06 2055.39 2120.18 2218.80 2266.38 1776.64 1775.52

Dust retention 7575858.33 7418243.69 7652088.58 8008029.84 8179758.25 6357175.05 6347113.37
Total 7631179.06 7472413.48 7707965.96 8066506.39 8239488.80 6404211.47 6394131.50

Percentage (%) 98.80 98.86 98.89 98.97 99.03 98.29 98.22
Grass land Absorption of sulfur 

dioxide
72412.13 63058.21 63850.41 62667.81 58732.04 56177.81 56741.54

Absorption of 
nitrogen oxides

1557.08 1355.94 1372.98 1347.55 1262.92 1246.38 1260.91

Dust retention 311.42 271.19 274.60 269.51 252.58 45770.85 49501.07
Total 74280.63 64685.34 65497.99 64284.87 60247.54 103195.05 107503.52

Percentage (%) 0.96 0.86 0.84 0.79 0.72 1.58 1.65
Total Absorption of sulfur 

dioxide
136256.89 127386.94 129317.30 130206.88 127844.36 105350.00 105906.22

Absorption of 
nitrogen oxides

11564.44 12504.22 12210.37 11964.67 12200.70 5722.45 5727.55

Dust retention 7576394.02 7418772.74 7652610.38 8008537.51 8180256.73 6404618.02 6398499.03
Total 7724215.34 7558663.89 7794138.04 8150709.06 8320301.79 6515690.35 6510132.55

Percentage (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Percentage 

(%)
Absorption of sulfur 

dioxide
1.76 1.69 1.66 1.60 1.54 1.62 1.63

Absorption of 
nitrogen oxides

0.15 0.17 0.16 0.15 0.15 0.09 0.09

Dust retention 98.09 98.15 98.18 98.26 98.32 98.30 98.29
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Percentage (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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smallest contribution, accounting for 0.24%, 0.29%, 0.27%, 0.24%, 0.25%, 0.13% 
and 0.13% of the total in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively.

The haze absorption by green space was dominated by dust retention, the func-
tions of which accounted for 98.09%, 98.15%, 98.18%, 98.26%, 98.32%, 98.30% 
and 98.29% of the total in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respec-
tively. The function of SO2 absorption accounted for 1.76%, 1.69%, 1.66%, 1.60%, 
1.54%, 1.62% and 1.63% of the total, and the function of NOX absorption accounted 
for 0.15%, 0.17%, 0.16%, 0.15%, 0.15%, 0.09% and 0.09% in 2001, 2004, 2007, 
2010, 2013, 2016 and 2018, respectively.

As can be seen from Figure 1, the correction based on green space quality reduced 
the functions by 1276243.21 million Kg (14.18%), 1226046.43 million Kg (13.96%), 
1106401.75 million Kg (12.43%), 1029268.84 million Kg (11.21%), 824808.96 
million Kg (9.02%), 1245918.40 million Kg (16.05%) and 1224394.20 million Kg 
(15.83%) in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively, compared 
with the benchmark values of the ecosystem service of haze absorption by green space. 
However, in terms of general trends, the benchmark and corrected values of ecosystem 
services of haze absorption by green space in China increased by 144652.20 million Kg 

Figure 1. Comparison of benchmark and corrected ecosystem service functions of haze absorption by 
green space in China in 2001, 2004, 2007, 2010, 2013, 2016 and 2018 based on the quality of green 
space (106 Kg).
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(1.61%) and 596086.46 million Kg (7.72%), respectively, from 2001–2013, while de-
creasing by 1410584.00 million Kg (15.42%) and 1810169.25 million Kg (21.76%), 
respectively, from 2013–2018, indicating that the ecosystem service functions based 
on green space quality differ greatly from the functions considering only the area green 
space. If only the green space area, and not the quality, is considered when evaluating 
the ecosystem service functions, the evaluation results will be too high. Nonetheless, 
the overall trends in the benchmark and corrected ecosystem service functions of haze 
absorption by green space in China are consistent during 2001–2013 and 2013–2018, 
showing first an increase and then a decreasing trend, indicating that the ecological 
restoration and conservation projects of the Chinese government have enhanced the 
ecosystem service functions of haze absorption by green space in 2001–2013, but the 
adjustment of ecological land structure and the expansion of construction land have 
led to a reduction in the ecosystem service functions of haze absorption in 2013–2018. 
The government should strengthen the restoration of forest vegetation with high haze 
absorption capacity and regulate the speed of urban expansion to improve the ability 
of haze absorption by ecological land.

Compared with the benchmark values, the contribution rates of the corrected value 
of haze absorption by forest cover increased by 0.11%, 0.19%, 0.21%, 0.21%, 0.26%, 
0.12% and 0.06% in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively, while 
the contribution rates of the corrected value of haze absorption by grass land decreased 
by 0.18%, 0.27%, 0.30%, 0.29%, 0.33%, 0.09% and 0.02%, whereas those of arable 
land increased by 0.07%, 0.09%, 0.09%, 0.07% and 0.07% in 2001, 2004, 2007, 2010 
and 2013 but decreased by 0.03% and 0.03% in 2016 and 2018, respectively.

The analysis of the ecosystem services functions of haze absorption by green space 
revealed that the corrected value of dust retention increased by 0.11%, 0.18%, 0.21%, 
0.21%, 0.26%, 0.83% and 0.83% compared with the benchmark value in 2001, 
2004, 2007, 2010, 2013, 2016 and 2018, respectively. The corrected value of SO2 
absorption decreased by 0.14%, 0.20%, 0.24%, 0.24%, 0.28%, 0.79% and 0.78% in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. The corrected value of 
NOX absorption in 2001, 2004, 2007, 2010 and 2013 increased by 0.03%, 0.03%, 
0.03%, 0.03% and 0.02%, respectively, although the value decreased by 0.04% and 
0.04% in 2016 and 2018, respectively. These results indicated that the benchmark 
and corrected values of the contribution rates of haze absorption by different types of 
green space and thus the ecosystem service functions are different, but all the functions 
exhibited a consistent trend. The contribution rates were ranked as forest cover, grass 
land and arable land, and the order of ecosystem service function was dust retention, 
SO2 absorption, and NOX absorption.

Spatial distribution of the ecosystem service functions of haze absorption by green 
space in China

Figures 2–8 (benchmark values) show that the ecosystem service functions of haze ab-
sorption by green space had different spatial distributions in China from 2001–2018. 
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In general, different ecosystem service functions had very different spatial distributions 
within the same year, while the spatial distribution of ecosystem service functions ex-
hibited little difference between different years.

The maximum ecosystem service functions for the absorption of SO2 (Fig. 2a), 
dust retention (Fig. 2c) and the total ecosystem services (Fig. 2d) for green space 
were 80459.35–100608.06 million Kg, 440884.21–8817697.00 million Kg and 
69663.42–8882085.53 million Kg, respectively, in 2001. These services were primar-
ily distributed in the northwestern, central-southern and northeastern regions, which 
is consistent with the spatial distributions of the different ecosystem service functions 
presented in Figures 3–8 (a, c, d) for 2004, 2007, 2010, 2013, 2016 and 2018, re-
spectively. In contrast, the minimum ecosystem service functions for the absorption of 
NOX (Fig. 2b) by green space were 0–964.80 million Kg in 2001, and high values for 
this service occurred mainly in the eastern and northeastern zones, which is inconsist-
ent with the spatial distribution of NOX absorption in Figures 3–8b for 2004, 2007, 
2010, 2013, 2016 and 2018, respectively.

However, compared with the maximum and minimum values, intermediate ecosys-
tem service functions for the absorption of SO2 (Fig. 2a) by green space were 7719.35–
27868.06 million Kg and 27868.06–80459.35 million Kg in 2001, and these functions 
were mainly distributed in the northwestern, southwestern, central, northeastern and 
eastern regions, which is consistent with the spatial distribution of the absorption of 

Figure 2. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2001 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 3. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2004 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 4. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2007 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 5. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2010 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 6. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2013 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 7. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2016 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 8. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2018 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).



Evaluation and sensitivity analysis of the ecosystem service functions... 111

SO2 in Figures 3–8a for 2004, 2007, 2010, 2013, 2016 and 2018, respectively. In ad-
dition, intermediate values for NOX absorption (Fig. 2b) were 964.80–2266.90 million 
Kg and 2266.90–4024.24 million Kg in 2001, and these functions were mainly in the 
western, central-northern, central-southern, southern and southeastern regions, which 
is in accordance with the spatial distribution of the absorption of NOX in Figures 3–8b 
for 2004, 2007, 2010, 2013, 2016 and 2018, respectively.

Intermediate ecosystem service functions for dust retention (Fig. 2c) by green space 
were 900.52–63259.00 million Kg and 63259.00–440884.21 million Kg in 2001, and 
these functions were mainly distributed in the northwestern, southwestern, central-
northern and northeastern regions, which is consistent with the spatial distribution 
of dust retention in Figures 3–8 (c) for 2004, 2007, 2010, 2013, 2016 and 2018, re-
spectively. Furthermore, intermediate values for total ecosystem services (Fig. 2d) were 
8329.85–35420.81 million Kg and 35420.81–69663.42 million Kg in 2001, and these 
values were mainly in the northwestern, southwestern, southern, eastern and north-
eastern regions, which is in accordance with the spatial distribution of total ecosystem 
services in Figures 5–7d for 2010, 2013 and 2016, respectively, but is inconsistent 
with Figures 3–4 and 8d for 2004, 2007 and 2018, during which these functions were 
mainly distributed in the northwestern, southwestern, and central regions.

As shown in Figures 9–15 (corrected values), the maximum ecosystem service 
functions of SO2 absorption (Fig. 9a), dust retention (Fig. 9c) and total ecosystem 
services (Fig. 9d) by green space were 53386.20–72412.13 million Kg, 5681893.88–
7575858.50 million Kg and 5723384.25–7631179.00 million Kg in 2001, respec-
tively, and were mainly in the southeastern, central-southern and southwestern areas, 
which is in accordance with the spatial distributions of the different ecosystem service 
functions presented in Figures 10–15 (a, c, d) for 2004, 2007, 2010, 2013, 2016 and 
2018, respectively.

In contrast, the intermediate ecosystem service functions of SO2 absorption (Fig. 
9a) by green space were 0–10506.86 million Kg and 10506.86–53386.20 million 
Kg in 2001 and were mainly distributed in the southwestern, central-northern and 
northeastern regions, which is consistent with the spatial distribution of SO2 absorp-
tion in Figures 10–15a for 2004, 2007, 2010, 2013, 2016 and 2018, respectively. 
Moreover, the intermediate ecosystem service functions of dust retention (Fig. 9c) by 
green space were 1893964.63–3787929.25 million Kg and 5681893.88–7575858.50 
million Kg in 2001 and occurred mainly in the northeastern, central and southeastern 
areas, which is in accordance with the spatial distribution of dust retention in Fig-
ures 9–15c for 2004, 2007, 2010, 2013, 2016 and 2018, respectively. Furthermore, 
the minimum values of the total ecosystem service functions (Fig. 9d) by green space 
were 0–1907794.75 million Kg in 2001 and occurred mainly in the western, central-
northern and southwestern zones, respectively, which is in accordance with the spatial 
distribution of the total ecosystem service functions (Figures 10–15d) in 2004, 2007, 
2010, 2013, 2016 and 2018.

The results show that there was a great difference in the spatial distributions 
of the benchmark and corrected values of haze absorption by green space, and 
the spatial distributions of the maximum, intermediate and minimum ecosystem 
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Figure 9. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2001 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 10. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2004 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 11. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2007 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 12. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2010 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 13. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2013 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

Figure 14. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2016 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).
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Figure 15. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
China in 2018 (106 Kg) (a, b, c and d are the absorption of sulfur dioxide and nitrogen oxides, dust reten-
tion, and the total ecosystem service functions, respectively).

service function values were obviously different. However, the spatial distributions 
of the benchmark and corrected values also exhibited the same trend. In the same 
year, the spatial distribution of the ecosystem service functions of haze absorption 
by green space was very different, but in different years, the difference in the spatial 
distribution of the ecosystem service functions of haze absorption by green space 
exhibited little difference.

Comparison of the ecosystem service functions of haze absorption by green space 
in different zones

Figures 16–22 (benchmark values) show that the spatial distribution of ecosystem 
service functions and the proportion of haze absorption by green space differed in 
different provinces in China. Overall, different ecosystem service functions exhibited 
different spatial distributions in the same year or between different years. Some spatial 
distributions were quite different; others were more similar.

The ecosystem service functions of the absorption of SO2 (Fig. 16a) and NOX 
(Fig.  16b) by green space were 2.74–30586.00 million Kg and 0.16–1207.44 mil-
lion Kg in 2001, respectively. The maximum and minimum values were primarily 
distributed in Xinjiang and in Shanghai, accounting for 17.88%, 0.02%, 10.98% and 
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Figure 16. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2001 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).

0.14% of the total regional functions, respectively, The spatial distribution of these 
functions in 2001 was consistent with the absorption of SO2 and NOX in Fig. 17a 
and 17b but different from those shown in Figures 18–22a and 18–22b, which rep-
resent values for 2007, 2010, 2013, 2016 and 2018, respectively. Additionally, the 
functions of dust retention and total ecosystem services (Fig. 16c, d) for green space 
were 226.47–2729875.75 million Kg and 229.37–2761669.25 million Kg in 2001, 
respectively, and the maximum and minimum values for these services were primarily 
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in Xinjiang and Shanghai, accounting for 30.97%, 0.01%, 30.70% and 0.01% of the 
regional totals, which is consistent with the spatial distribution of dust retention and 
total ecosystem services in Figures 17–22c and Figures 17–22d in 2004, 2007, 2010, 
2013, 2016 and 2018, respectively. Most of the ecosystem service functions of haze 
absorption by green space were primarily from dust retention, which accounted for ap-
proximately 96% of the total. The functions for SO2 absorption were the next highest, 
accounting for approximately 3% of the total, while NOX accounted for approximately 

Figure 17. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2004 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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1% (Fig. 16e) in 2001, which is consistent with the percentages of the ecosystem 
service functions of haze absorption by green space in Figures 17–22e in 2004, 2007, 
2010, 2013, 2016 and 2018, respectively.

The ecosystem service functions of the absorption of SO2 (Fig. 18a) by green space 
were 1.39–30872.46 million Kg in 2007, and the maximum and minimum values 
were mainly distributed in Xinjiang and Shanghai, accounting for 18.25% and 0.02% 
of the regional totals, respectively. This distribution is in accordance with the spatial 

Figure 18. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2007 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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distribution of the absorption of SO2 in Figures 19–20a in 2010 and 2013, respective-
ly. The ecosystem service functions of the absorption of NOX (Fig. 18b) by green space 
was 0.10–1222.60 million Kg in 2007, and the maximum and minimum values were 
mainly in Xinjiang and Shanghai, accounting for 10.87% and 0.13% of the regional 
totals, respectively. This distribution is consistent with the spatial distribution of the 
absorption of NOX in Figures 16b, 19b and Figures 21–22b in 2001, 2010, 2016 and 
2018, respectively.

Figure 19. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2010 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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As shown in Figures 23–29 (corrected values), the ecosystem service functions of 
the absorption of SO2 (Fig. 23a) by green space were 0.73–11,739.97 million Kg in 
2001. The maximum and minimum values were primarily distributed in Yunnan and 
Shanghai, accounting for 8.62% and 0.03% of the total regional values, respectively. 
The spatial distribution of this value in 2001 was inconsistent with the absorption of 
SO2 in Figures 24–29a, which represent values for 2004, 2007, 2010, 2013, 2016 
and 2018, respectively. The ecosystem service functions of the absorption of NOX 

Figure 20. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2013 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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(Fig. 23b) by green space were 0.04–1206.36 million Kg in 2001, and the maximum 
and minimum values were mainly distributed in Heilongjiang and Ningxia, accounting 
for 10.43% and 0.11% of the regional totals, respectively, which is consistent with the 
spatial distribution of absorption of NOX in Figures 24–27b in 2004, 2007, 2010 and 
2013, respectively, but inconsistent with Figures 28–29b in 2016 and 2018, respec-
tively. The ecosystem service functions of the absorption of dust retention (Fig. 23c) 
and total ecosystem services (Fig. 23d) by green space were 58.62–930,837.56 million 

Figure 21. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2016 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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Kg and 59.39–943211.69 million Kg in 2001. The maximum and minimum values 
were primarily distributed in Yunnan and Shanghai, accounting for 12.29%, 0.01%, 
12.21% and 0.01% of the total regional functions, respectively. The spatial distribu-
tion of this function in 2001 was consistent with the absorption of dust retention and 
total ecosystem services in Figures 24–27c and 24–27d, which represent functions for 
2004, 2007, 2010 and 2013, respectively, but inconsistent with the Figures 28–29c 
and 28–29d in 2016 and 2018, respectively.

Figure 22. Spatial distribution of the ecosystem service functions of haze absorption by green space in 
different regions of China in 2018 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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The results show that there was a great difference in the spatial distributions of the 
benchmark and corrected values of haze absorption by green space in different prov-
inces in China, and the maximum and minimum of ecosystem service functions were 
obviously different. However, the spatial distributions of the benchmark and corrected 
values also exhibited the same trend. In the same year, the spatial distribution of the 
ecosystem service functions of haze absorption by green space was very different in dif-
ferent province, but in different years, the difference in the spatial distribution of the 

Figure 23. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2001 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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ecosystem service functions of haze absorption by green space exhibited little difference 
in different provinces.

Sensitivity analysis of the ecosystem service function coefficients for haze absorp-
tion by green space

The coefficient of sensitivity of the ecosystem service functions for different green space 
types was generally quite different from 2001–2018 (Table 4). The sensitivity coef-

Figure 24. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2004 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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ficients for forest cover were elastic, while those of arable land and grass land were 
inelastic. The coefficients of sensitivity for forest cover were highest due to the large 
area of this cover type and the high ecosystem service functions coefficient for haze 
absorption by green space. The coefficients of sensitivity were 0.9868 in 2001, 2004 
and 2007, 0.9875 in 2010, 0.9877 in 2013, 0.9817 in 2016 and 2018, respectively, 
and the change rates were ± 49.3424%, ± 49.3398%, ± 49.3405%, ± 49.3767%, ± 
49.3832%, ± 49.0861% and ± 49.0842%, respectively. The coefficients of sensitivity 
for grass land were relatively small, with values of 0.0115 in 2001, 0.0113 in 2004, 
0.0114 in 2007, 0.0108 in 2010, 0.0105 in 2013, 0.0167 in 2016 and 2018, and the 

Figure 25. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2007 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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Figure 26. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2010 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).

change rates for grass land were ± 0.5733%, ± 0.5635%, ± 0.5702%, ± 0.5384%, ± 
0.5268, ± 0.8365 and ± 0.8374%, respectively. The coefficients of sensitivity for ar-
able land were the smallest due to the low ecosystem service functions coefficient of 
haze absorption by green space. The values of this coefficient were 0.0017 in 2001, 
0.0019 in 2004, 0.0018 in 2007, 0.0017 in 2010, 0.0018 in 2013, 0.0015 in 2016, 
and 0.0016 in 2018, and the change rates were ± 0.0843%, ± 0.0967%, ± 0.0893%, 
± 0.0850%, ± 0.0901%, ± 0.0774% and ± 0.0783%, respectively.
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Relationship between landscape patterns and the ecosystem service functions of 
haze absorption by green space

To quantitatively understand the relationship between land use patterns and ecosystem 
service functions, a correlation analysis was conducted (Table 5). There were significant 
correlations between many landscape pattern metrics and ecosystem service functions, 
which indicated that landscape patterns significantly affected ecosystem service func-

Figure 27. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2013 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).
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Figure 28. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2016 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).

tions. The correlation coefficients between PD and the ecosystem service functions of 
SO2 absorption, NOx absorption, dust retention and total ecosystem services exhibited 
significant negative relationships with correlation coefficients of -0.407, -0.511, -0.330 
and -0.332, respectively. In contrast, the correlation coefficients between SHAPE_AM 
and the ecosystem service functions of SO2 absorption, NOx absorption, dust reten-
tion and total ecosystem services exhibited significant positive relationships with corre-
lation coefficients of 0.650, 0.634, 0.568 and 0.570, respectively. These results indicate 
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Figure 29. Spatial distributions of the ecosystem service functions of haze absorption by green space 
in different regions of China in 2018 (106 Kg) (a, b, c, d and e are the absorption of sulfur dioxide and 
nitrogen oxides, dust retention, the total ecosystem service functions and the percent contribution of dif-
ferent ecosystem service functions to haze absorption in different zones, respectively).

that PD and SHAPE_AM have important effects on different ecosystem service func-
tions. In general, the larger the PD, the smaller the ecosystem service functions; the 
larger the value of SHAPE_AM, the greater the ecosystem service functions.

The correlation coefficients between IJI and the ecosystem service functions of 
SO2 absorption, NOx absorption, dust retention and total ecosystem services exhibited 
significant negative relationships with correlation coefficients of -0.606, -0.507, -0.449 
and -0.452, respectively. The correlation coefficients between SHDI and the ecosystem 
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service functions of SO2 absorption, NOx absorption, dust retention and total eco-
system services also exhibited significant negative relationships with correlation coef-
ficients of -0.242, -0.316, -0.202 and -0.203, respectively. These results indicate that 
IJI and SHDI have important effects on different ecosystem service values. In general, 
the smaller the IJI and SHDI, the larger the ecosystem service functions.

Discussion

In this paper, the quality of green space is used to modify the ecosystem service func-
tions of haze absorption, making the quantitative assessment results of haze absorption 

Table 4. Sensitivity analysis of the ecosystem service functions of haze absorption by green space in China 
from 2001–2018.

Coefficient of 
sensitivity

Green space types
Arable land Forest cover Grass land

FC+50% FC-50% FC+50% FC-50% FC+50% FC-50%
2001 % 0.0843 -0.0843 49.3424 -49.3424 0.5733 -0.5733

CS 0.0017 – 0.9868 – 0.0115 –
2004 % 0.0967 -0.0967 49.3398 -49.3398 0.5635 -0.5635

CS 0.0019 – 0.9868 – 0.0113 –
2007 % 0.0893 -0.0893 49.3405 -49.3405 0.5702 -0.5702

CS 0.0018 – 0.9868 – 0.0114 –
2010 % 0.0850 -0.0850 49.3767 -49.3767 0.5384 -0.5384

CS 0.0017 – 0.9875 – 0.0108 –
2013 % 0.0901 -0.0901 49.3832 -49.3832 0.5268 -0.5268

CS 0.0018 – 0.9877 – 0.0105 –
2016 % 0.0774 -0.0774 49.0861 -49.0861 0.8365 -0.8365

CS 0.0015 – 0.9817 – 0.0167 –
2018 % 0.0783 -0.0783 49.0842 -49.0842 0.8374 -0.8374

CS 0.0016 – 0.9817 – 0.0167 –

Note: The coefficients of the ecosystem service functions of different land use types were adjusted up and down by 50% to analyze the 
coefficients of sensitivity for the three land use types and evaluate the changes in the ecosystem service functions caused by changes in 
the coefficients [1]. CS refers to the coefficients of sensitivity, and FC refers to functional coefficients.

Table 5. Correlation coefficients between landscape pattern metrics and different ecosystem service func-
tions of haze absorption by green space in China.

SO2 NOx DUST ALL PD SHAPE_AM IJI SHDI
SO2 1.000 0.772** 0.887** 0.891** -0.407** 0.650** -0.606** -0.242**
NOX 0.772** 1.000 0.750** 0.752** -0.511** 0.634** -0.507** -0.316**
DUST 0.887** 0.750** 1.000 0.999** -0.330** 0.568** -0.449** -0.202**
ALL 0.891** 0.752** 1.000** 1.000 -0.332** 0.570** -0.452** -0.203**
PD -0.407** -0.511** -0.330** -0.332** 1.000 -0.342** 0.564** 0.642**
SHAPE_
AM

0.650** 0.634** 0.568** 0.570** -0.342** 1.000 -0.783** -0.149

IJI -0.606** -0.507** -0.449** -0.452** 0.564** -0.783** 1.000 0.227**
SHDI -0.242** -0.316** -0.202** -0.203** 0.642** -0.149 0.227** 1.000

** Significance at the 0.01 probability level. * Significance at the 0.05 probability level
Note: SO2, NOX, DUST, and ALL refer to ecosystem service functions of SO2, the absorption of NOX, dust retention, and total eco-
system service functions, respectively. PD, SHAPE_AM, IJI and SHDI refer to patch density, the area-weighted mean shape index, the 
interspersion and juxtaposition index, and Shannon’s diversity index.
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by green space more scientific and reasonable. However, the results revealed that the 
ecosystem service function of haze absorption by green space in China from 2001 to 
2018 shows a trend of first increasing and then decreasing, suggesting that the for-
est area with high haze absorbing capacity should be increased when adjusting the 
structure of ecological land use, and the occupation of cultivated land due to the rapid 
expansion of construction land should be regulated to improve the ability of green 
space to alleviate haze.

Previous literatures explored the responses of ecosystem service functions to land 
use change, mainly through analyses of water yield (Li et al. 2018), soil conservation 
(Zhu et al. 2018), habitat quality (Dai et al. 2019), biodiversity protection (Reiss and 
Chifflard 2018), and climate regulation (Yang and Wang 2019). However, there are 
few studies on the haze absorption by green space. Moreover, previous studies con-
ducted assessments of ecological quality. Munné et al. (Munné et al. 2003) evaluated 
riparian habitat quality using an index combining total riparian vegetation cover, cover 
structure, cover quality and channel alterations that is easy to calculate and can be 
used with any other index of water quality to assess the ecological status of streams and 
rivers. The macroalgal species richness and composition of intertidal rocky seashores 
has been used by researchers in the assessment of ecological quality under the Euro-
pean Water Framework Directive (Wells et al. 2007). Using GIS and remote-sensing 
and factor-analysis techniques, some scholars analyzed UGS landscape patterns in the 
compact city of Hong Kong to determine the landscape-ecological quality of different 
land uses and districts (Tian et al. 2014). Some experts have analyzed the scale, quality 
and diversity of green infrastructure through remote-sensing techniques and NDVI 
combined with fieldwork verification at two scales, the local and regional (Calderón-
Contreras and Quiroz-Rosas 2017), and others have conducted research combining 
ecological quality with ecosystem services. Paetzold et al. (Paetzold et al. 2010) as-
sessed the relationship between ecosystem quality and ecosystem quality, and Yan et 
al. (Yan et al. 2016) established the assessment framework including V (vigor: NPP), 
O (organization: proportion of natural ecosystem area, SHDI, and the contagion in-
dex [CONTAG]), and R (resilience: ecological elasticity) to analyze the ecosystem 
services of soil and water conservation based on ecosystem quality. Finally, Sauvage et 
al. simulated the role of riverbed compartments in the regulation of water quality as 
an ecological service (Sauvage et al. 2018). Nevertheless, there have been few studies 
on the quality of green space, so there has been little research on the ecosystem service 
functions of haze absorption by green space based on its quality. Therefore, this paper 
analyzed the ecosystem service functions of haze absorption by green space based on its 
quality, improving the assessment method of previous studies that only considered the 
area of green space and providing an improved method for evaluating this ecosystem 
services, and also providing a reference for the prevention and control of haze and the 
coordinated development of regional societies, the economy and the environment.

There is a correlation between landscape patterns and ecosystem service functions 
(Garcia et al. 2014; Gong et al. 2019). This paper considers China as the research area 
and analyzes the relationship between landscape patterns and the ecosystem service 
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functions of haze absorption by green space, landscape diversity (SHDI), fragmenta-
tion (PD and SHAPE_AM) and connectivity (IJI) at the national scale, and the cor-
relation coefficients between SHDI, PD, and the ecosystem service functions of the 
absorption of SO2 and NOX, dust retention and total ecosystem services exhibited 
significant negative relationships. These results are essentially identical to those of Lu 
et al. (Lu et al. 2018) and Wu et al. (Wu et al. 2015) but differ from those of Zou et 
al. (Zou et al. 2016).

Uncertainty in ecosystem service assessments has been demonstrated and ana-
lyzed by previous studies (Bei et al. 2017; Hou et al. 2013), and haze is affected 
by industrial pollution sources, meteorological conditions and plant coverage, and 
these factors affect each other. Therefore, only considering the influencing factor 
of green space will lead to uncertainty in the study of haze absorption (Snell et 
al. 2018). Furthermore, the accuracy of input data, model structure, and param-
eter settings all lead to uncertainty in ecosystem service research (Baustert et al. 
2018; Stritih et al. 2019). This study demonstrated uncertainty in the estimation 
of ecosystem service functions, mainly because ecosystem service functions of haze 
absorption were estimated by multiplying the area of each land use type by the cor-
responding functions coefficients.

This paper also has some limitations. First of all, there are many factors affect-
ing haze, including natural factors such as vegetation coverage (Zhang 2019), social 
and economic factors are comprised of population density, industrial structure and 
industrial emissions (Li et al. 2016), and meteorological factors consisting of wind 
speed and rainfall (Bei et al. 2016). This paper only considered the haze absorption by 
green space, which has some shortcomings. In the future, it should be combined with 
meteorological conditions, pollution sources and socio-economic factors. Secondly, we 
must combine field observation data to obtain per-unit functions for the absorption 
of SO2 and NOX and dust retention of different green space types, thus making the re-
sults more accurate, and future research should also collect more detailed data on green 
space and select appropriate parameters to improve the accuracy of the calculations. 
This paper utilizes the functions coefficient method to evaluate the ecosystem service 
functions of haze absorption by green space and preliminarily explored the ecosystem 
service functions of SO2 and NOX absorption and dust retention by green space for 
2001–2018 in China. A mechanistic model that includes haze diffusion, haze absorp-
tion by green space, an assessment of ecosystem service function modules, and the 
ecosystem service functions of haze absorption by green space should be established to 
produce more accurate and objective results, and to explore more reasonable methods 
for future studies (Wang et al. 2016). The application of a national-scale analysis of the 
ecosystem service functions of haze absorption by green space would ameliorate the 
shortcomings of the small-scale analyses in previous studies and would enrich research 
into the effect of scale on the ecosystem service functions of haze absorption by green 
space. The acquisition of large-scale and high-precision remote-sensing data is still an 
important direction for future research.
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Conclusions

This paper analyzes the temporal and spatial distributions and sensitivities of the eco-
system service functions of haze absorption by green space based on its quality in 2001, 
2004, 2007, 2010, 2013, 2016 and 2018 in China. The main conclusions of this work 
are as follows:

(1)	 In general, the ecosystem service functions of haze absorption by green space exhib-
ited first an increasing and then decreasing trend from 2001–2018 in China, in-
creasing by 144652.20 million Kg (1.61%) in 2001–2013 primarily due to the im-
plementation of the Three North Shelterbelt Development Program, the Conver-
sion from Cropland to Forest Program and the Natural Forest Protection Program 
by the Chinese government. However, the ecosystem service functions decreased by 
1410584.00 million Kg from 2013–2018, a decrease of 15.42%, primarily because 
of adjustment of ecological land structure and the reduction of arable land caused 
by the expansion of construction land. The contributions of forest cover to the 
ecosystem service values of haze absorption by green space were the largest, with 
values of 98.68%, 98.67%, 98.68%, 98.75%, 98.77%, 98.17% and 98.16% in 
2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively. The primary ecologi-
cal function of haze absorption by green space was mainly dust retention, which 
accounted for 98.09%, 98.15%, 98.18%, 98.26%, 98.32%, 98.30% and 98.29% 
of the total in 2001, 2004, 2007, 2010, 2013, 2016 and 2018, respectively.

(2)	 Different ecosystem service functions exhibited great differences in spatial distri-
bution within the same year but small differences between years. In conclusion, 
the results show that the ecosystem service functions and spatial distribution of 
haze absorption by green space based on its quality differ greatly from the value 
considering only the area. Furthermore, the benchmark and corrected values of 
the contribution rates of haze absorption by different types of green space and 
ecosystem service functions are different, but the values show a consistent trend. 
The contribution rates are ranked from largest to smallest as forest cover, grass 
land and arable land, and the order of ecosystem service function is dust reten-
tion, absorption of SO2, and absorption of NOX. Moreover, the spatial distribu-
tions of the benchmark and corrected values also exhibit the same distribution 
trend. In the same year, the spatial distribution of the ecosystem service values 
of haze absorption by green space is very different, but there is little difference 
among the different years.

(3)	 The coefficients of sensitivity for the ecosystem service functions for forest cover 
are elastic with values of 0.9868 in 2001, 2004 and 2007, 0.9875 in 2010, 0.9877 
in 2013, 0.9817 in 2016 and 2018, respectively, and the change rates were ± 
49.3424%, ± 49.3398%, ± 49.3405%, ± 49.3767%, ± 49.3832%, ± 49.0861% 
and ± 49.0842%, respectively. The coefficients of sensitivity for arable land and 
grass land were inelastic. There was a significant negative relationship between 
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PD and the ecosystem service functions of SO2 absorption, NOx absorption, dust 
retention and total ecosystem services, with the correlation coefficients of -0.407, 
-0.511, -0.330 and -0.332, respectively. Nevertheless, the correlation coefficients 
between SHAPE_AM and the ecosystem service functions of SO2 absorption, 
NOx absorption, dust retention and total ecosystem services exhibited significant 
positive relationships with correlation coefficients of 0.650, 0.634, 0.568 and 
0.570, respectively. The green space landscape pattern, which exhibited a uniform 
patch distribution, has an important effect on the absorption of polluted gases, 
dust retention and air purification. A higher density of green space patches is ac-
companied by lower levels of fragmentation and higher levels of air purification.

(4)	 This paper analyzes and evaluates ecosystem service functions and the spatial 
distributions thereof, based on the quality of green space, providing a basis for 
further improving the method for calculating haze absorption by green space and 
revealing the relationship between ecosystem service functions and landscape pat-
terns. This work is important for the rational planning and improvement of green 
space ecosystems and for improving the city environment.

(5)	 This paper analyzes the ecosystem service functions of haze absorption by green 
space in China, and further research should focus on two approaches. The first 
is the development of a mechanistic model of the ecosystem service functions of 
haze absorption by green space that should consist of three modules including 
a haze diffusion module, a module for haze absorption by green space, and a 
module that evaluates ecosystem service functions. By including rainfall, wind 
speed, pollution sources, land use and vegetation types, the function coefficients 
for haze absorption and other data can be collected in a database. After the model 
is calibrated and validated, the ecosystem service functions dynamics of haze ab-
sorption by green space can be analyzed under different green space and climate 
change scenarios to predict future changes. The second approach includes a first-
tier classification of green space to evaluate the ecosystem service functions of 
haze absorption in this paper, but second-tier classifications can reflect the differ-
ences between different green space types, thus providing more objective and rea-
sonable results. Compared to a first-tier classification of forest cover, second-tier 
classifications, such as trees and shrubs, have different impacts on the ecosystem 
service functions of haze absorption. Therefore, further research should provide 
in-depth explorations of second-tier classifications of green space.
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