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Abstract
Insect pollinators provide vital ecosystem services through its maintenance of plant biological diversity 
and its role in food production. Indeed, adequate pollination services can increase the production and 
quality of fruit and vegetable crops. This service is currently challenged by land use intensification and 
expanding human population growth. Hence, this study aims: (1) to assess the pollination services in 
different land uses with different levels of disturbance through GIS mapping technique using insect pol-
linators abundance and richness as indicators, and (2) estimate the economic value of pollination by 
insects in agricultural crops. Our study takes place in a small oceanic Island, Terceira (Azores, Portugal). 
Our results showed, remarkably, that not only the pristine vegetation areas, but also the orchards and 
agricultural areas have relatively high values of pollination services, even though both land uses have op-
posite disturbance levels. For the economic valuation, we analyzed 24 crops in the island and found that 
18 depend on pollinators with one-third of these crops having 65% or 95% dependence on pollinators. 
The economic contribution of pollinators totals 36.2% of the total mean annual agricultural income of 
the dependent crops, highlighting the importance of insect pollinators in agricultural production and 
consequent economic gain productions.
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Introduction

Research at the interface of ecology and economics to characterize, value, and man-
age ecosystem services (henceforth ES) has supported a paradigm shift in how society 
thinks about biodiversity, ecosystems and human relationships to them (MEA 2005; 
TEEB 2010; Garbach et al. 2014). This awareness of the ES started with classical pa-
pers of Daily (1997) and Constanza et al. (1997); and in 2005, the Millennium Eco-
system Assessment (MEA) promoted and defined the concept of ES as “the benefits 
that humans recognize as obtained from ecosystems that support, directly or indirectly, 
their survival and quality of life”. MEA suggests to group ES into four categories: 
(1) provisioning services, such as food, water, timber, and fiber; (2) regulating services 
that affect climate, floods, disease, wastes, and water quality; (3) cultural services that 
provide recreational, aesthetic, and spiritual benefits; and (4) supporting services such 
as soil formation, photosynthesis, and nutrient cycling (MEA 2005).

The valuation and mapping of ES constitutes a continuous and very complex work 
for several national governments and organizations, and this process is only currently 
available for few countries (e.g. Portugal, Pereira et al. 2009; UK, Maresca et al. 2011; 
France, Watson et al. 2011). ES assessment aims usually to estimate of the marginal 
values of these services to inform decisions and to evaluate how trade-offs in ES provi-
sion will affect human well-being. Therefore, researchers are interested in developing 
methods for quantifying the provision and value of ES so this information can be 
incorporated into mapping, planning and decision-making at different scales and in 
different public and private sectors (see e.g., Losey and Vaughan 2006; Allsopp et al. 
2008; Gallai et al. 2009; Nelson et al. 2009; Tallis and Pollaski 2009; Villa et al. 2009; 
Maes et al. 2012; Nemec and Raudsepp-Hearne 2013; Nahuelhual et al. 2013; 2015).

Pollination together with seed dispersal is considered as one of the key ES, classi-
fied by the Common International Classification of Ecosystem Services (CICES) cod-
ing system (Haines-Young and Potschin 2013) as a “Regulation & Maintenance ES” 
with the code 2.3.1.1. Among other studies, Klein et al. (2007), Aizen et al. (2009), 
Gallai et al. (2009), Calderone (2012) and Giannini et al. (2015) show that pollination 
services contribute significantly to the agricultural production and subsequently as-
sures 75% of food production worldwide (Klein et al. 2007) (as well as to other flower-
ing plants) by ensuring plant reproduction, fruit set development and dispersion (e.g. 
Ollerton et al. 2011; Altieri et al., 2015). Notably, the pollination of some vegetable 
crops (e.g. cabbage and other brassicas, carrots, turnips, lettuce, chicory and onions) 
increases the quality of the seed production (Gallai and Vassière 2009). In addition, 
insect pollinators enhance fruit and seed quality (Garibaldi et al 2013; Bartomeus et 
al 2014; Garratt et al. 2014; Marini et al. 2015; Saeed et al. 2016) and reinforces pest 
management (Cross et al. 2015) which constitutes an indirect and difficult benefit to 
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measure, but extremely important for the agricultural market. Also, a recent study on 
pollination by wild insect pollinators has showed their capacity to increase the seed 
production in 41 agricultural systems globally, regardless of the abundance of honey 
bees (Garibaldi et al. 2013). Additionally, it was also documented that wild insect 
pollinators can buffer the impact of climate change on crop production (Rader et al. 
2013), most likely due to their high biological diversity that can in turn stabilize ES 
against habitat disturbances (Cardinale et al. 2012).

Besides these findings, there is also a general consensus that native pollinators abun-
dance and richness are declining throughout the world (Ghazoul 2005; Biesmeijer et al. 
2006; Winfree et al. 2009). This global decline has sparked the formation of a global 
policy framework for pollinators, primarily through the International Pollinator Initiative 
within the Convention of Biological Diversity (CBD) and several other programs (e.g. 
Food and Agricultural Organization (FAO) Global Action on Pollination Services for Sus-
tainable Agriculture; Bee Life European Beekeeping Coordination). All of these initiatives 
emphasize the need to assess and monitor the pollinators in different regions in order to 
better plan their conservation, restoration and to preserve the ES they supply for humans.

The Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) 
from United Nations Environment Programme (UNEP; Zisenis 2015; Schmeller and 
Bridgewater 2016) was recently created as a Knowledge-Policy interface (Díaz et al. 
2015; Schmeller and Bridgewater 2016). In the fourth plenary of IPBES (IPBES-4) 
the agenda’s item 5 (work programme of the Platform) included the development 
of works towards the approval of the thematic assessment on pollinators, pollination 
and food production (“Deliverable 3a” - see http://www.ipbes.net/workprogramme/
pollination). This “Deliverable 3a” highlighted substantial knowledge gaps in different 
regions on the status and trend of pollinators and pollination, making the global as-
sessment of insect pollinators (henceforth IP) not possible due to lack of data, although 
regional and national assessments indicated that more than 40 % of insect pollinators 
are threatened locally (Schmeller and Bridgewater 2016).

These knowledge gaps unveil how the interactions between plants and insects are 
numerous and complex. So, the understanding of how plant-insect species’ interactions 
affect ecological functions and are affected by land management (Kremen et al. 2007) is 
central to maintain and enhance associated ES. As a vital and increasingly threatened ES, 
pollination (Klein et al. 2007; Potts et al. 2010) has become an often-cited example of 
how the ES are economically valuable (Hanley et al., 2015). Two additional recent ex-
amples of studies about ES pollination in Europe (EU) that complement each other are 
from Leonhardt et al. (2013) and Schulp et al. (2014), both showing results that provide 
an overview of ES importance, variation and influence throughout European regions.

In this work, we assess the ES provision and values provided by insect pollinators 
in the Azores archipelagic region (Portugal) where few studies on ES assessment (e.g. 
Cruz et al. 2011; Mendonça et al. 2013; Vergílio et al 2016) or related to pollina-
tion and seed dispersal services have been undertaken (e.g. Pereira 2008; Heleno et 
al. 2009; Olesen et al. 2002, 2012). We use a database on the spatial distribution of 
insect pollination in Terceira Island (Azores) recently collected (Picanço et al. 2017) 
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to provide the first insight of the bees and other IP contribution to the pollination 
services and for assessing pollination-related ES in a small oceanic island. With this 
purpose, we applied two types of methodological approaches: (1) mapping pollina-
tion services with geographic information systems (GIS; e.g. Nemec and Raudsepp 
2013) using bees and other IP abundance and richness numerical values as indicators; 
and (2) economic valuation - through the production function approach - by using 
crops production estimates and crops dependence ratio (Klein et al. 2007; Gallai and 
Vassière 2009; Hanley et al. 2015). Our goals were to determine: (I) the spatial varia-
tions of the pollination services; (II) whether the variations of the pollination services 
were influenced by the different land-uses and/or level of disturbance; (III) the number 
of crops for which production has a certain level of dependence on IP (or vulnerability 
ratio); and (IV) estimation of the island’s IP economic value.

Methods

Study area and sampling sites

Terceira Island, with an area of approximately 402 km2 (length=29 km and width 
=17 km) is a small island of the central group of the Azores archipelago (Portugal), lo-
cated in the North Atlantic Ocean (38°37'N, 38°48'N, 27°02'W, 27°23'W). Like the 
other islands of the archipelago, Terceira is of volcanic origin and the third oldest island 
after Santa Maria and São Miguel, with an age of about 3,52 million years (Forjaz et 
al. 2004). The island is formed by four main volcanic complexes namely Cinco Picos, 
Guilherme Moniz, Pico Alto and Serra de Santa Bárbara, the latter corresponding the 
highest point of the island (1023 meters).

Terceira climate is temperate oceanic, characterized by both high levels of relative 
atmospheric humidity and low temperature fluctuations throughout the year. Particu-
larly, winter and autumn are marked by heavy and regular precipitations often associated 
with strong winds. The average annual precipitation exceed 3400 mm in “Serra de Santa 
Bárbara” summit, and reaches almost 1000 mm per year in all the island. The average 
annual temperature varies between 9°C in “Serra de Santa Bárbara”, to 17°C on the 
coast. Minimum temperature in the winter varies between 4°and 12°C while maximum 
temperature in the summer varies between 14°and 26°C (Azevedo et al 2004).

The insects (Suppl. material 1: Table S1) were observed from five relevant habitat 
types, corresponding to an increasing gradient of disturbance, namely natural forests 
(NatFor) mainly characterized by Juniperus-Ilex montane forests and Juniperus wood-
lands, naturalized vegetation areas (NatVeg) composed by Pittosporum spp. and Rubus 
spp., exotic forests (ExoFor) with Criptomeria japonica and Eucalyptus sp., semi-natu-
ral pastures (SemiPast) with Lotus sp., Holcus sp., Rumex sp. and intensively managed 
pastures (IntPast) with Lolium sp. and Trifolium spp.. These habitat types were previ-
ously selected according to landscape disturbance index from Cardoso et al. (2013; 
see supporting information), with the aim to assess the impact of land-use change on 
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flower-visiting insect species community structure in Terceira Island (for further de-
tails see Picanço et al. 2017). In each habitat type, 10 sites were selected. In each site, 
10 meters’ linear transects with 1 meter width were set up (Pollard and Yates 1993), 
making a total of 50 transects located across the entire island (Fig. 1) (for further 
details on the sampling protocol see Picanço et al. 2017).Ecosystem service mapping

Digital Elevation Models (DEM) are a numerical representation of topography, 
made up of squared equal-sized grid cells (pixels) with an elevation value associated to 
each pixel. DEM constitute the most widely used data structure to store and analyze 
topographic information in GIS (Rishikeshan et al. 2014). The pollination service 
mapping was performed with the ArcGIS10© software, by applying the “Topo to 
Raster” interpolation technique, which was designed for the creation of hydrologically 
correct DEMs. This method uses an iterative finite difference interpolation technique. 
It is optimized to have the computational efficiency of local interpolation methods, 
such as inverse distance weighted (IDW) interpolation, without losing the surface con-
tinuity of global interpolation methods, such as Kriging and Spline. It is essentially a 
discretized thin plate spline technique for which the roughness penalty has been modi-
fied to allow the fitted DEM to follow abrupt changes in terrain. Furthermore, the 
quantity of input data can be up to an order of magnitude less than that normally re-
quired to adequately describe a surface with digitized contours, further minimizing the 
expense of obtaining reliable DEMs (Wahba, 1990, Hutchinson 1988, 1993, 2011; 
ESRI 2016).In this work, DEM were generated using respectively as elevation data the 
bees and insect pollinators’ abundance and richness quantitative information collected 
from field surveys, of the 10 transects of each habitat type (or land use). We’ve chosen 
to separate the bees and total insect pollinators data, because many studies about pol-
lination services are more related to bees than to the insect pollinators in general, and 
also, to analyze if there would be differences between the DEM of the possible pollina-
tion services contribution from these two groups of data. This latter also applies relat-
ing to the abundance (i.e. number of individuals) and richness (i.e. number of species) 
information on both groups (Suppl. material 1: Table S1). In this way, by applying all 
the fieldwork data, we intend to be more accurate as possible while developing DEM 
that deliver information on pollination services.

To complement this spatial analysis, we applied the formerly mentioned index of 
landscape disturbance metric based on the attributes of the landscape matrix (Cardoso 
et al. 2013). This index, ranging from 0 to 100, corresponds to a local index of distur-
bance by taking into account the level of disturbance in the surrounding areas. Values 
of the disturbance index (D) was obtained by ranking the different land uses attribut-
ing a value of “local disturbance” (L) on a land use map of 100 × 100 m resolution 
built from aerial photography and fieldwork, and for each 100 × 100 m cell the D was 
calculated (see Cardoso et al. 2013 and Suppl. material 1: Fig. S1).

For each analysis, we overlaid the respective pollination services’ interpolation maps 
delivered by the fieldwork data on bees and other insect pollinators from Picanço et al. 
(2017) with the land use and the disturbance index D. We’ve created thresholds to ana-
lyze disturbance index D influence on the amount and diversity of bees and other insect 
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pollinators and mapped these categories in eight classes for bees’ abundance (N) and 
richness (S); and in 12 classes for insect pollinators’ abundance (N) and richness (S). The 
created thresholds values for the different classes are specified in Table 1. The numbers 
of classes established follow the minimum and maximum abundance and richness values 
(Suppl. material 1: Table S1) obtained by Picanço et al. (2017) for the different habitat 
types - natural forest, naturalized vegetation areas, exotic forest, semi-natural pasture and 
intensively managed pasture. The exceptions are urban, agriculture and orchard areas 
due to unavailable technical resources. Bees (Hymenoptera) a very important functional 
group, are constituted by the following most abundant species Apis mellifera, Bombus 
ruderatus and Lasioglossum spp., while the other wild insect pollinators groups are consti-
tuted by Coleoptera, Diptera and Lepidoptera, being the most abundant species Anaspis 
proteus, Meligethes aeneus, Stomorhina lunata, Rhinia apicalis, Episyrphus balteatus, Erista-
lis tenax, Hipparchia azorina azorina and Pieris brassicae (for further information related 
to the species list see Suppl. material 1: Table S1 in supporting information).

The disturbance level was organized in four classes, including a first one with very 
low disturbance level typical of high altitude native forests (D<20), two intermedi-
ate classes and finally a class with high levels of disturbance (D>40). The number of 
individuals of bees was divided in two classes in a logarithm scale (less than ten and 
more than ten individuals). The number of species of bees was divided in two classes 
with one species and two or more species. For insect pollinator abundance and rich-
ness three classes were prepared: for abundance, we created one for the rarest species, 
one for intermediate and one for the most abundant; for species richness we divided 
the classes arbitrarily in less than 10 species, 10 to 15 and more than 15 (see Table 1). 
These created classes were evaluated through a quantitative analysis of the area covered 
by each class in Terceira Island.Economic valuation

Terceira Island’s main economic activity is agriculture, with the production of dairy 
products and raising livestock. Many small farmers practice subsistence agriculture or 
produce in small quantities to cooperatives. The island consumer is relatively similar 
to the southern Europe consumers, when comparing the GDP per capita of Azores 
region and Portugal to other countries of Europe (Suppl. material 1: Tables S2, S3), 
with Azorean economy comprising a conventional interval of prices elasticities -1.2 
and -0.8, as in Gallai and Vassière (2009).

FRUTER/Frutercoop is the “Association of Producers of Fruit, Vegetables and 
Flowers’ in Terceira Island”. Using their data from 2011 to 2015, we calculated the 
mean annual productions of 24 common fruits and vegetables in this island. Five-year 
means were used instead of the latest yearly production figures, in order to smooth out 
annual variations in crop output.

We estimated the value of pollination gain in agricultural crops and its respective 
vulnerability by using the crop production amount (Kasina et al. 2009), market and 
producer prices for each crop. This method was adapted to a regional rating scale, 
according to the methodology of FAO (Gallai and Vaissière 2009) previously developed 
by Gallai et al. (2009). The data on crops were derived from multiple sources: Klein 
et al. (2007; only for crops grown in Terceira Island), FAO (Gallai and Vaissière, 2009), 
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Table 1. Distribution of disturbance index (D) for bees’ and insect pollinators’ abundance (N) and 
richness (S) per classes.

Bees class D N S IP class D N S
1 D<20 >10 >2 1 D<20 >73 >15
2 D<20 <10 <2 2 D<20 25<S<73 10<S<15
3 20<D<30 >10 >2 3 D<20 <25 <10
4 20<D<30 <10 <2 4 20<D<30 >73 >15
5 30<D<40 >10 >2 5 20<D<30 25<S<73 10<S<15
6 30<D<40 <10 <2 6 20<D<30 <25 <10
7 >40 >10 >2 7 30<D<40 >73 >15
8 >40 <10 <2 8 30<D<40 25<S<73 10<S<15

9 30<D<40 <25 <10
10 >40 >73 >15
11 >40 25<S<73 10<S<15
12 >40 <25 <10

FRUTER/Frutercoop (2016), and Serviço de Desenvolvimento Agrário da Terceira 
(2016). We included all plants of economic importance in our dataset, such as those 
harvested for food, livestock, or for other uses.

The IP dependency for each crop was categorized according to Klein et al. (2007), 
and posteriorly adapted by Gallai and Vaissière (2009), into the following classes: 
essential, great, modest, little, increase seed production, increase breeding and no in-
crease. We also corresponded the dependence ratio (DR) to these classes according to 
Gallai et al. (2009): essential, DR = 0.95 (meaning that the value of pollination-driven 
yield lies between 90 and 100%); great, DR = 0.65 (40–90% of yield is dependent 
on pollination); modest, DR = 0.25 (10–40% of yield is dependent on pollination) 
and little, DR = 0.05 (0–10% of yield is dependent on pollination). We multiplied 
this ratio by the economic value of the mean annual crop production to obtain the 
pollination services’ economic value (Gallai and Vaissière 2009). The production value 
was obtained through the market prices and producer prices provided by the regional 
authority – “Serviços de Desenvolvimento Agrário da Terceira” (2016). For the cur-
rent assessment we did not consider currency values, regional or seasonal variations in 
the crop labour costs and food prices.

Results

Ecosystem service mapping

By analyzing together both the land use map of Terceira Island (Fig. 1) and the four 
pollination services’ interpolation maps (Fig. 2) we can observe that: (i) bees abundance 
(N) comprised by some abundant species like Bombus ruderatus and Lasioglossum morio 
(Suppl. material 1: Table S1) presented higher density values around the northwest, 
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Figure 1. Land use distribution map of Terceira Island with the selected sampling sites as black dots: 
NatFor (natural forests), SemiPast (semi-natural pastures), NatVeg (naturalized vegetation areas), ExoFor 
(exotic forests), IntPast (intensively managed pastures), urban areas and agriculture areas. Land use carto-
graphic sources: DROTRH (2008) and Gaspar (2007).

Figure 2. Pollination services’ interpolation maps: (upper left) bees abundance (N); (upper right) bees 
richness (S); (lower left) insect pollinators abundance (N); (lower right) insect pollinators richness (S).
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east, south-eastern coast and also at north, near the centre of Terceira island, matching 
especially with the current areas occupied by orchards and agriculture; (ii) bees rich-
ness (S) high density values also correspond mostly to orchards and agricultural areas, 
namely in the north, along the west to the southern coast and in-between the centre 
and the eastern side of Terceira island; (iii) insect pollinators (IP) abundance (N) with 
the most abundant species being Anaspis proteus, Stomorhina lunata, Eupeodes corollae, 
Sepsis neocynipsea and Pieris brassicae azorensis (Suppl. material 1: Table S1) presented 
higher density values around the north-western coast till near the center, and also in 
the eastern and central parts of the island, corresponding these higher density spots 
to the main Terceira island’s biodiversity hotspots (pristine vegetation forests): “Serra 
de Santa Bárbara” and “Pico Alto” (that are both classified as protected areas). In the 
south-eastern coast of the island some orchards and agricultural areas also presented 
high IP abundance; finally, (iv) insect pollinators (IP) richness (S) comprised by many 
hoverfly species (Diptera, Syrphidae) when compared to the other insect pollinators 
groups Coleoptera and Lepidoptera (Suppl. material 1: Table S1) followed a very simi-
lar spatial pattern to that of IP abundance. Nevertheless, orchards and agricultural 
areas in the north-western coast also presented high density values of IP richness.

In order to strengthen the previous analysis, we assessed the influence of the dis-
turbance index (D), as calculated by Cardoso et al. (2013), in the pollination services 
and also assessed the area covered by bees and IP classes within the island (Tables 2–5).

As a result of overlaying each previous pollination service output with the match-
ing disturbance index D spatial data (see full description of classes in Table 1), we 
observed that “Class 1” spatial distribution (areas with disturbance index D lower than 
20 and high values for both abundance (N) and richness (S) of bees and IP) corre-
sponded in every output to the small areas of pristine vegetation (biodiversity hotspots) 
at high altitudes and consequent most difficult human access, namely “Serra de Santa 
Bárbara” and “Pico Alto” protected areas (Fig. 3), which corresponds to the smallest % 
of island area (between 0.06 – 0.56%) occupied (Tables 2–5).

According to the same Fig. 3 and to Table 1, classes 4 and 6 for bees’ abundance 
(N) and richness (S) (Table 2 and 3), as well as classes 5 and 8 for IP’s abundance (N) 
and richness (S) (Table 4 and 5), respectively, are the predominant spatial patterns 
around class 1’s areas.

Moreover, both bees-related maps (abundance - N and richness - S) in Fig. 3, Ta-
bles 2 and 3 show that the whole island is predominantly covered by highly disturbed 
areas (disturbance index D higher than 40) that seriously affect these pollination ser-
vices, resulting in low abundance (N) and richness (S) for bees (classes 7 and 8). In 
fact, for the bees’ abundance (N), class 8 covers the north to north-eastern coast, pass-
ing through the centre until the western coast. Class 7 is predominant from east to the 
southwestern coast. Regarding the bees richness (S), the class 8 occupies the centre and 
the area from north to the south-eastern coast, as class 7 covers the areas from north-
west to south and the territory between the centre and the eastern coast of the island. 
Both classes 7 and 8 mostly occur in orchards/agricultural areas, and in IntPast land 
use, respectively (see Fig.1 and Fig. 3).
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Table 3. Spatial assessment of bees’ richness classes in Terceira Island.

Class Total area (ha) % of Terceira Island area
1 24 0.06
2 276 0.69
3 142 0.35
4 2071 5.15
5 1192 2.96
6 3674 9.13
7 13880 34.51
8 15787 39.25

TOTAL 37046 92.11

Table 2. Spatial assessment of bees’ abundance classes in Terceira Island.

Class Total area (ha) % of Terceira Island area
1 225 0.56
2 1325 3.29
3 103 0.26
4 2367 5.89
5 1006 2.50
6 3342 8.31
7 14342 35.66
8 17376 43.20

TOTAL 40086 99,67

Table 4. Spatial assessment of insect pollinators’ abundance classes in Terceira Island area.

Class Total area (ha) % of Terceira Island area
1 154 0.38
2 753 1.87
3 255 0.63
4 100 0.25
5 1504 3.74
6 390 0.97
7 136 0.34
8 2510 6.24
9 977 2.43

10 1997 4.97
11 15776 39.22
12 12782 31.78

TOTAL 37334 92.82
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Table 5. Spatial assessment of insect pollinators’ richness classes in Terceira Island.

Class Total area (ha) % of Terceira Island area
1 117 0.29
2 202 0.50
3 24 0.06
4 181 0.45
5 1055 2.62
6 320 0.80
7 101 0.25
8 1864 4.63
9 1065 2.65

10 2612 6.49
11 7922 19.70
12 8705 21.64

TOTAL 24168 60.09

Figure 3. Classification maps of pollination services according to the influence of disturbance index (D): 
(upper left) bees abundance (N); (upper right) bees richness (S); (lower left) insect pollinators abundance (N); 
(lower right) insect pollinators richness (S).
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In the case of IP-related maps (Fig.3, Tables 4 and 5), the spatial pattern of dis-
turbance versus pollination services is quite similar to that of bees’ pollination services. 
Highly disturbed Class 11’s areas (see Table 1) are predominant in the whole island for 
both IP’s abundance (N) and richness (S), occupying around 39% and 20% respec-
tively (Tables 4 and 5). In the case of IP abundance (N), this class covers relevant areas 
in the north-western, eastern, south-eastern and southern territories of Terceira Island. 
For IP richness (S), class 11 covers large areas in the west, south and east of Terceira 
Island (Fig. 3). Most disturbed areas with lower IP-related services (abundance and 
richness) performance mostly occur in orchards, agricultural areas and other land uses 
strongly affected by human activity (Fig. 1).

Economic valuation

According to the data provided by Frutercoop for the period between 2011 and 2015, 
the total value of production for the 24 referred crops in Table 6 represented an amount 
of €874,925.51, from which only 29% of the production is from crops with known 
pollinator dependence ratio (see Tables 6 and 8).

In terms of welfare, an assessment of the social cost to Terceira Island consum-
ers resulting from pollinator decline estimated that the consumer surplus (economic 
measure of consumers benefit) loss was from €156K to €231K, which reflects the 
impact on the price of the crop on the market, based upon average price elasticities of 
−1.2 to −0.8, respectively (Table 7). When considering these values, we must also take 
into account that the production from Frutercoop represent approximately 54% of the 
entire island’s production.

Among the 18 crops relatively dependent to IP, the greatest economic value gener-
ated by the IP was originated by the class “little” or DR = 0.05, with 46.9% (€119,833), 
as well as the one originated by the class “great” or DR = 0.065, with 29.5% (€75,465) 
(Tables 6 and 8). In each class “little” and “great”, the most representative crop pro-
ductions were respectively “tomatoes” and “apples” (Table 6).

On average, in recent years (2011-2015), IP contributed to pollination service in 
crop production with about €91,957 (total economic value of IP, EVIP), representing 
10.5% crops ratio of vulnerability (VR) (Table 7), according to Frutercoop dataset. 
Extrapolating the IP contribution estimation from Frutercoop production data to the 
entire island, we can consider the IP value to be of approximately €170,291. This value 
represents about 36.2% of VR from the mean annual agricultural income (€469,867) 
resulting from the dependent crops.

Discussion and conclusions

Under the same thematic as “Deliverable 3a” from IPBES (Schmeller and Bridgewater 
2016) – i.e., assessment of the contribution of insect pollinators to the pollination and 
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Table 8. Mean annual production values of crops with different pollinator dependency categories, for the 
period from 2011 to 2015.

Crop Pollinator 
dependency class

Pollinators 
DR

Mean annual 
production (kg)

Beans, green; chillies and peppers, green; citrus fruit; 
lemons and limes; oranges; tomatoes Little 0.05 50,116.87

Chestnuts, figs; strawberries Modest 0.25 10,267.06
Apples; pears; peaches and nectarines; plums and sloes; 

cucumbers and gherkins Great 0.65 51,976.36

Pumpkins; squash and gourds; watermelons and other 
melons Essential 0.95 18,169.14

Bananas; cabbages and other brassicas; carrots and turnips; 
lettuce and chicory; onions (inc. shallots); sweet potatoes Unknown - 496,759.65

Total 627,289.08

Table 7. Economic impact of insect pollination of the agricultural production used directly for human 
food and listed by the main categories.

Crop category 
following 
FAOSTAT

Average value 
per metric kg

Total value of 
crop (TVC)

Economic value of 
insect pollinators 

(EVIP)

Ratio of 
vulnerability 

(RV)

Consumer surplus loss (CSL) 
with elasticity equal to

    Price * 
Production TVC*DR EVIP/TVC -0.8 -1.2

€ / metric kg € € € €
Fruits 1.14 544,436.34 53,625.63 9.8% 91,116.13 75,187.45

Roots and 
Tubers 1.49 1,609.05 0.00 0.0% 0.00 0.00

Treenuts 1.00 6,104.60 1,526.15 25.0% 1,807.69 1,706.62
Vegetables 2.26 322,775.52 36,805.31 11.4% 138,100.85 79,154.07
TOTAL   874,925.51 91,957.09 10.5% 231,024.67 156,048.13

food production - our findings highlight the great importance of insect pollinators 
on a small oceanic island economy. Our results are relevant since they are based both 
in field and economic data with the aim of providing quantitative information as in 
Leonhardt et al. (2013) and Schulp et al. (2014), but by using a completely different 
approach to evaluate insect pollinators distribution in comparison to Londorsf et al. 
(2009) and Polce et al. (2013), which have used other biological indicators and mod-
eling techniques. Concerning the field‐based mapping of pollination-related ES, simi-
lar spatial patterns were revealed for both bees and overall insect pollinators (IP): (i) 
high values of abundance (N) and/or species richness (S) are directly associated to the 
pristine native forest areas with lower disturbance (D), on one side with low percentage 
of island area covered (Tables 2–5); and (ii) on the other side these same high values of 
pollination services are also observed in orchards and agricultural areas with high level 
of disturbance (D) covering large island areas (Tables 2–5). These results show that 
Azorean native pollinators (e.g. Pieris brassicae azorensis, Anaspis proteus, Lasioglossum 
spp., Eupeodes corollae, Stomorhina lunata - see Suppl. material 1: Table S1) are provid-
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ing key pollination services not only in native habitats for which they are originally 
adapted, but also in low altitude agro-ecosystems in which they expended their range. 
This finding call for the need of a whole island integrated management strategy for pol-
linators in Terceira in order to decrease the 32.6% VR of crops production. However, 
intensive managed pastures, the most dominant land use in the island with highest 
disturbance index D (see classes 8 and 12 in Tables 2–5), showed low abundance (N) 
and/or richness (S) classes for both bees and IP (Fig. 3), evidencing therefore a low 
performance of pollination services, as observed in previous studies (e.g. Batary 2010; 
Sjödin 2007). Indeed, this land-use, subject to frequent and intense grazing events 
does not foster the occurrence of abundant pollinator populations.

Based on the results obtained for low altitude agricultural areas, the disturbance 
index D variable, in contrast to other studies (e.g. Boieiro et al. 2013; Cardoso et al. 
2013, 2014; Florencio et al., 2013), do not fully and adequately explain the spatial 
abundance of native pollinators in this island. Unmeasured variables associated to cur-
rent and past land uses that reflect specific agro-ecosystems management regimes in 
Terceira Island may have driven the current spatial heterogeneity of the pollinators’ 
abundance and diversity. The numerous resources available for pollinators at low alti-
tude (e.g. private gardens, abandoned orchards) together to a low input of pesticides 
in abandoned orchards are possibly fostering an ideal situation for the spread of native 
pollinators across the landscape (see also Picanço et al. 2017).

This study also highlights the fact that about one-third of Terceira Island crops 
have an essential or great dependence on pollinators, therefore complementing the 
above information on high values of insect pollinator abundance and richness in low 
altitude agro-ecosystems. The economic contribution of pollinators totalizes 36.2% 
(€170K) of the mean total annual agricultural income of the dependent crops (€469K). 
This EVIP percentage represents also the VR of agricultural production. Moreover, the 
consumer surplus loss was estimated between €156K and €231K based upon average 
price elasticities of −1.2 to −0.8 respectively. This interval of prices on the consumer 
surplus loss represents the difference between what island consumer are willing or able 
to pay for the ES relatively to its market price, in case of pollination services loss. These 
values referred to Frutercoop production only represents 54% of the island’s total crop 
productions (Tables 6 and 7). However, the presented estimates are underestimated 
values, since not all agricultural production is officially declared (family production, 
production in backyards, urban gardens, etc.).

Our study also indicates the high socioeconomic relevance of pollination-related 
ES in a small oceanic islands’ context. Nevertheless, bio-economics based valuation 
studies have been inherently and generally unable to provide thorough and consistent 
results, due to frequent changes in currency values, labor costs and food prices. This 
type of approach has also failed to consider and propose realistic and cost-effective 
mitigation efforts that might reduce the impact of a pollination crisis. In general, the 
costs are still being strongly dependent on the local agro-ecological setting, namely the 
crops phenology, the local insect populations, and the existing ecological relationships 
between farmland and surrounding natural or semi-natural areas.
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Some crops, despite their modest or little dependence, showed very high values of 
mean annual production and, therefore, even in these cases, the contribution of pol-
linators is significant (Gallai and Vassière 2009; Tables 6 and 7). Moreover, there is no 
available information on pollinator dependence for some relevant crops, showing the 
urgent need to address this issue through basic research on reproductive biology and 
pollination ecology.

As a result, these pollinator-dependent crops are crucial for maintaining the ag-
ricultural food balance of the increasing population-growth of Terceira Island’s con-
sumers. Meanwhile, at the world scale, IP are becoming increasingly more vulnerable 
to (i) land-use intensification (Power et al. 2012); (ii) use of pesticides (Kevan 1999; 
Suchail et al. 2001; Dos Santos et al. 2016; Geslin et al. 2016); (iii) use of insecticides 
(Sánchez-Bayo et al. 2016; Straub et al. 2016); (iv) use of fertilizers (McLaughlin and 
Mineau 1995; Andersson et al. 2014); (v) cultivation of some genetically modified 
crops (Warwick et al. 2009); (vi) occurrence of biological invasions (Campbell et al. 
2015); (vii) climate change (Gill et al. 2016; Ferreira et al 2016); and (viii) the interac-
tions of these ecological stressors (Potts et al. 2010; Vanbergen 2013). Nevertheless, 
it seems that intensive pastures aside, IP populations in Terceira Island are abundant 
and diverse in several agro-ecosystems (Fig. 3), and performing adequate pollination 
services to crops.

With the expected need for an increased production of vegetables and fruit in 
Terceira Island in the coming years, integrated mitigation measures (e.g. biological 
pest control, wild flowering plants production areas, promotion of organic farming), 
as well as (cost-) effective, innovative and attractive (for farmers) agri-environmental 
schemes are required in order to adequately promote pollination services and to com-
pensate for some eventual crops’ failing production (e.g. Wilson and Hart 2001; 
Power et al 2012; Andersson et al. 2014). It appears to be increasingly consensual that 
organic farming regimes benefit biodiversity, zoophilous wildflowers and IP abun-
dance on a local scale (Gabriel and Tscharntke 2007). As such, if strategically and 
effectively promoted and applied, this management practice may have the potential 
to benefit crop pollination and to increase IP abundance across the whole island. This 
needs to be taken into account for the sustainable long-term management and con-
servation of pollinator communities and insect-pollinated plants in Terceira Island 
(e.g. Power et al. 2012).

Agri-environmental schemes aiming to foster and to pay/compensate farmers for 
a more sustainable management of low-intensity pasture systems and to implement 
integrated farm management and organic agriculture practices should be especially 
encouraged in the north-western, eastern and south-eastern agro-ecosystem areas of 
Terceira Island.

Finally, this broad, straightforward and cost-effective methodological approach 
may be able to be applied in further small oceanic islands with the aim of improving 
the capacity of effectively assessing and monitoring pollination-related ecosystem ser-
vices, in order to improve the existing decision support systems for land use planning/
management policies, especially those related to agriculture and nature conservation.
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