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Abstract Agriculture has a large impact on the environment and retailers
increasingly stimulate their suppliers to reduce the environmental impact of
agricultural production. The environmental impact resulting from producing a
commodity can be measured with a life cycle analysis (LCA) but performing an
LCA is costly and time-consuming. In the first paper of this series a practical and
general method to identify hotspot areas in crop production on a global scale was
developed. The method was implemented for potatoes. The objective of the work
reported here was to evaluate the tool and to identify improvement opportunities
for each of seven indicators: yield, erosion risk, nitrogen surplus, depletion of water
reserves, biocide use, carbon footprint, and impact on biodiversity. The tool produces
realistic outputs that can be used to target improve-ment efforts and thus improves
the use efficiency of limited resources. The tool can be expanded to produce similar
results for other crops; methods to improve the resolution of the tool are discussed.
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Introduction

Agriculture has a large impact on the environment. Farmers, businesses, the scientific
community, and policy makers are engaged in efforts to decrease this impact without



compromising food security. Of the above actors, the retailers at the end of the supply
chain are in the most direct contact with consumers and are very sensitive to public
opinion. Increasingly, retailers stimulate their suppliers to reduce the environmental
impact of agricultural production. One example is the work initiated by Unilever (Pretty
et al. 2008a, 2008b), another example is the Sustainable Agriculture Initiative (SAI,
http://www.saiplatform.org). Recently, The Sustainability Consortium (TSC; http://
www.sustainabilityconsortium.org) was formed.

The first step in the process of reducing the environmental impact of a commodity is
assessing its impact. The environmental impact of producing a commodity is typically
determined by performing a life cycle assessment (LCA). LCA gives a detailed
description of the environmental impact resulting from delivering a good or a service.
LCA is widely accepted as the best available method of assessing environmental
impact. However, performing an LCA is costly and time-consuming.

The Sustainability Consortium (TSC) is a consortium of retailers and their suppliers
that develops and promotes science-based and integrated tools to improve informed
decision making for product sustainability throughout the entire product life cycle
across all relevant consumer goods sectors, including agricultural commodities.
Recognizing that it is not practical to develop LCAs for all products, TSC has adopted
a quick-scan approach where data and expert opinion are used to identify hotspots in
supply chains, where hotspot is defined as “a unit process or phase of a product life
cycle that has a potentially significant environmental or social impact” (note that this is
the definition of “hotspot” which is used in the LCA literature; in this paper, we will use
“hotspot area” for the concept in its original geographic meaning). Examples of
hotspots in agriculture are energy use (off-farm for production of inputs such as
fertilizers and biocides, and on-farm for traction, pumping of irrigation water, cooling
of storage sheds), nutrient losses, and water use (for irrigation and processing). But it is
clear that while for many agricultural commodities LCA is too detailed, the hotspot
approach is likely not detailed enough. The reason is that the environmental impact of
an agricultural production system is a function of its environment. The impact of
producing a certain amount of a certain agricultural commodity in one environment
may be very different from producing the same amount of the commodity in an
environment with different biophysical, economic, or social characteristics. This can
be demonstrated by considering two hotspots for potato production, namely leaching of
nitrates and high demand for irrigation water. In potato production in the Columbia
basin of the northwestern USA, both are critical. But in potato production in the
Netherlands, demand for irrigation water is not critical (due to the temperate maritime
climate) and nitrate leaching is a hotspot only on sandy soils.

The above points to a need to differentiate hotspots by environment and thus identify
hotspot areas. In fact, TSC has started work in this direction. Social hotspots are already
differentiated by geographic location. Also, TSC’s Commodity Supply Chain Mapping
Project aims to identify the likely source locations of agricultural commodities used
within any given nation. The project has created a model that uses UN Food and
Agriculture Organization (FAO) data to identify global trade networks, tracing imports
of major agricultural commodities back to the most likely production sites by geo-
graphic area (C. M. Slay, University of Arkansas, personal communication).

In the first paper of this series, a practical method to identify biophysical hotspot
areas on a global scale was developed and implemented for potatoes (Haverkort et al.
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2014). No effort was made to define indicator thresholds to identify areas where
improvement opportunities exist that can be targeted by bodies such as TSC. Thus,
the objective of the current paper is to discuss indicators and threshold values in order
to identify geo-referenced improvement opportunities in potato production on a global
scale. In addition to the indicators of Haverkort et al. (2014), we calculate carbon
footprint and impact on biodiversity in order to provide a more complete analysis of
environmental impacts.

Materials and Methods
Indicators

We used the indicators mapped in the first paper of this series, viz. potato yield,
occurrence of steep slopes and precipitation deficit and high growing season temper-
atures (Haverkort et al. 2014). Additionally, nitrogen surplus, emission of greenhouse
gases (GHG, expressed as CO,-eq) per ton of fresh potato yield, and late blight risk
were considered and the potential impact of potato cultivation on biodiversity was
recognized.

GHG emission per ton of fresh potato yield was calculated by summing four terms:
(1) emissions due to seed production, biocides, and diesel use for operations on the
farm (an average of 20 kg CO,-eq per ton for table and starch potato (Haverkort and
Hillier 2011)), (2) emissions from N fertilizer production and use (9.6 kg CO,-eq per kg
N; based on ca. 10% nitrate-N in N fertilizer according to Jenssen and Kongshaug
(2003) and on (in)direct soil emission according to IPCC tier one (IPCC 2006)), (3)
emissions related to diesel use for irrigation (1.5 kg CO,-eq per mm; based on an
average of different values published by Haverkort and Hillier (2011)), and (4)
(in)direct soil emissions from N in potato residues which are left in the field (both
amount of residues and emission factors according to IPCC tier one, 2006).

National data on (chemical) N fertilizer use are taken from the database of Fertistat
(2012). Many countries have unrealistically low fertilizer N application rates (Fig. 1a)
when compared to national average potato yield (Monfreda et al. 2008). Based on
observations in the Netherlands, potato requires an average N input of 5.3 kg N per ton
fresh tuber yield (PPO 2012). Elsewhere this may be lower (e.g., Giletto and Echeverria
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Fig. 1 Left a Relationship between chemical fertilizer N use per hectare per country for potato production,
mostly based on expert judgement (IFA 2002 data). Right b All data points below a fertilizer N input of
5.3 kg N per ton of fresh tuber yield were moved up to this value
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2013), but we accepted the Netherlands number of 5.3 kg N per ton fresh tuber yield and
therefore all data points below this level were moved up to this level to estimate each
country’s fertilizer N input (Fig. 1b). N surplus has been calculated by taking the difference
between corrected fertilizer N input and the N off-take which was estimated by assuming a
fixed N content of 0.22% in fresh tuber yield (e.g., Giletto and Echeverria 2013).

The amount of irrigation has been estimated by taking the precipitation deficit per
grid cell (negative values in Haverkort et al. (2014), Fig. 4) if this grid cell contains
irrigation equipment according to a global map of irrigation areas (Siebert et al. 2005,
2007). No irrigation is assumed in case of a precipitation surplus or if no irrigation
equipment is available in a grid cell.

The risk of incurring yield losses due to infestation with late blight was assessed
based on the work of Sparks (Sparks 2009; Sparks et al. 2011). In this work a detailed
process-based ecological model was used to derive a metamodel which uses low-
resolution input data of temperature and relative humidity and can therefore be applied
worldwide.

Biodiversity is the degree of variation of life forms on Earth. Biodiversity provides
economic and environmental benefits to humans, yet it has greatly decreased coinci-
dently with the growth of the human population (e.g., Pimentel et al. 1997).
Agricultural land use has a large impact on biodiversity. However, that impact is
mediated through diverse mechanisms. Clearly, growing crops may reduce biodiversity
by competing with natural vegetation and reducing the habitat for certain species. It
may also increase biodiversity through diversification of habitat types. Biocides used to
protect crops may reduce biodiversity by harming organisms and use of scarce water
resources for irrigation may lead to a reduction in the area of wetlands and
associated biodiversity (e.g., Turpie et al. 2003). Here we adopt the approach of
specifying for each grid cell in which potato production takes place, whether that cell
lies within a biodiversity hotspot. A biodiversity hotspot is defined as a region
that meets two criteria: it must contain at least 0.5% or 1,500 species of
vascular plants as endemics, and it has to have lost at least 70% of its primary
vegetation (Myers 1988, 1990). For this we used the latest version of the map prepared
by Conservation International (2011).

Indicative thresholds

The source data described and the data derived via calculations allowed us to derive
seven indicator values (Table 1) for each cell of the global 5'x5" grid. While the maps
that can be drawn from these data are informative, we have additionally sought to
define indicative threshold values for each indicator. The intention of the indicative
thresholds is to classify indicator values as either “likely not a sustainability issue” or
“sustainability might be an issue here”. The intention is to provide information so that
when limited resources are available for further data collection or for carrying out
improvement actions, these may be directed to those areas where action is most
required or where the return of investment will likely be high.

For land use efficiency (i.e., potato productivity), we considered that any area with
productivity lower than the global average likely has some issues which could be
improved. Thus, we took the simple approach of setting the threshold for yield at the
global average yield of 15 t ha .



Table 1 Potential hotspots in potato cultivation

Hotspot Indicator Threshold for Global Global
attention area affected tonnage
(%) affected (%)
Low land use efficiency Fresh tuber yield <l5tha 59 38
per harvest
Soil erosion by run off ~ Ratio (area of crop >1 62 59

land)/(area with
slope <2%)
Fertilizer use, Nitrogen surplus >60 kg N ha! year71 40 54
nutrient leaching,
and nutrient run-off

Depletion Precipitation deficit >250 mm per cycle 20 21
of water reserves

Biocide use Average daily >25°C or >4.1 11 13
maximum temperature blight units
(late blight risk+high
temperatures)

Carbon footprint GHG emission 80th percentile 21 12
from cultivation (140 kg CO2-eq t ™)

Biodiversity On map of Conservation On map of Conservation 17 15
International International

When potatoes are grown on slopes, there is a risk of water erosion. Slope is only
one of the factors contributing to erosion risk, other factors being slope length, soil
type, precipitation regime, and soil management. A globally applicable slope value
beyond which erosion risk becomes significant can therefore not be defined objectively.
Subjectively, we used a cut-off value of 2% slope, first because there is some evidence
that erosion at lesser slopes is not significant (Smith et al. 2007), and second because it
is the boundary between two slope classes in the data we used (Fischer et al. 2008). The
slope data apply to the whole grid cell and it is not known whether the cropland in a cell
is located on the sloping land or on the flat land. We assumed that crops (and potatoes
in particular) will preferentially be grown on non-sloping land. The indicator for
erosion risk is therefore the ratio of cropland area (all crops) and the area of land with
slopes less than 2%. A value of 1 is chosen as the threshold value because at this value
all cropland could in principle be located on the area with <2% slope, whereas at values
>1 at least part of the cropland must be located on sloping land.

The N surplus of a crop is the amount of N added to the soil in the form of fertilizers
and manure, minus the amount of N removed from the field in the form of crop
products. N surplus is a good indicator for the amount of N that is potentially lost to the
environment. For N surplus, we adopted a threshold value that is based on the World
Health Organization (WHO) and European Union (EU) standard for drinking water of
11.3 g nitrate-N per liter of drinking water, and on a relationship between N surplus and
nitrate concentration in ground water. This relationship is affected by soil type,
groundwater table, and precipitation surplus (ADAS 2007; Schroder et al. 2007). In
the Netherlands, lowest allowable N surplus for achieving the 11.3 g NO5-N liter ' is
48 kg N ha ' (Schroder et al. 2007). This value is even lower in areas with a lower
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precipitation surplus such as the eastern UK (ADAS 2007). In this paper, the threshold
for N surplus is set at a value of 60 kg N ha ', which is 125% of this lower value.

Depletion of water reserves is not likely when the precipitation deficit is small,
because in that case the crop is likely grown on stored soil moisture plus rainfall during
the growing season. Depletion of water reserves is considered a possible issue when
precipitation deficit is larger than the amount of water that can be stored in the upper
soil layers. Water storage in the upper soil layers can easily be 100200 mm, thus we
consider that the crop is dependent on irrigation and there is a risk of depletion of
natural water reserves when the precipitation deficit is >250 mm.

The threshold for blight risk was adopted from (Sparks 2009; Sparks et al. 2011): a
value of 4.1 or higher is considered high risk. For temperature as indicator for the risk
of occurrence of pests, no authoritative source could be identified. We used expert
knowledge to put the threshold for average daily maximum temperature during the
growing season at 25 °C.

It is not possible to base a threshold for carbon footprint on acceptable
environmental impact. The only touchstone here is the global variation in this
indicator. Thus we use the 80th percentile of the carbon footprint of all potato-
producing grid cells as threshold. This is similar to the approach used by
Franke et al. (2011) to define a threshold for water use efficiency in potato production
in the ecologically sensitive Sandveld region of South Africa. The main difference is that
we use a global population of grid cells, whereas Franke et al. (2011) used a local
population of growers.

The threshold for biodiversity that we adopt is whether or not the grid cell under
consideration is marked on the biodiversity hotspot areas map of Conservation
International (2011).

Results

The potential hotspot “Low yield” can be read directly from Haverkort et al. (2014),
Fig. 1. Yields between 7.5 and 15 t ha™ ' are mainly found in Eastern Europe, India, and
China. Even lower yields are found in some tropical highlands. On 59% of the global
potato acreage yield is lower than 15 t ha '; together, these areas produce 38% of the
global tonnage.

The potential hotspot “Soil erosion” is shown in Fig. 2. In the mountainous regions
of the Andes, southern Europe, the foothills of the Himalayas and central and southern
China, it is likely that potatoes are grown in regions with significant (>2%) slope. Grid
cells where the area of cropland exceeds the available flat (<2% slope) area contribute
62% of global potato growing area and 59% of global potato production.

The potential hotspot “Depletion of water reserves” is shown in Haverkort et al.
(2014), Fig. 4 where negative values indicate precipitation deficit. Most of the potato
growing regions have some precipitation deficit such as the northern European plains,
central China, and the eastern part of North America. Regions with moderate (up to
250 mm) precipitation deficit are where the crop is grown during a dry winter such as in
the Indo-Gangetic plains but also inland summer cropping systems in Turkey, Eastern
Europe, and Northeastern China (Ningxia). Higher deficits (up to 500 mm) are found in
most of India, southern Russia, and some parts of North America. Severe deficits of
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Fig. 2 Total cropland area in a grid cell divided by area of land with slope <2%, for grid cells where potatoes
are grown. At values <1, all cropland could in principle be located on land with <2% slope. At values >1, at
least part of the cropland must be located on land with slope >2%

more than 500 mm are found in desert conditions such as in the western parts of North
America and in the Central Andes. Globally, 20% of the potato growing area has a
precipitation deficit >250 mm and the same proportion of global potato production is
from areas where precipitation deficit is higher than this threshold.

The average national N surplus in potato cultivation is mapped in Fig. 3. High N
surplus countries are situated in North America, Northwest Europe, South Africa, and
Australia. Globally, 40% of potato growing area has a N surplus above the threshold of
60 kg N ha ' and 54% of global potato production is from these areas.

The average daily maximum temperature during the growing season is shown in
Haverkort et al. (2014), Fig. 5. High values occur in the lowlands in South America, in
East and South Africa, and in India. The late blight pressure map of the world is shown
in Fig. 4. Late blight pressure occurs mainly in the highlands of Mexico (home of the
disease), the humid Andes in Ecuador and Colombia, maritime Northwestern Europe,
the tropical highlands in Africa, the highlands in Asia, and the lowlands of Korea and
Japan, especially Hokkaido.

The carbon footprint of potato production exceeds our threshold in the Andes, in
southern Russia, in India, and in most of China (Fig. 5).

W-30
30-60

[l60-120

W= 120

Fig. 3 Average nitrogen surplus (N fertilization minus N harvested) of potato cultivation (kg N ha ' cycle ).
Note that the data are given on a per-country basis (see Fig. 1), unlike the data in the rest of the paper which are
given per grid cell
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Sparks (2009). Reproduced with permission

Potato production in areas that are marked as biodiversity hotspots can be found
mainly in the tropical Andes, in the Valdivian temperate rainforests in Chile, in the
Mediterranean Basin, and in the Himalayas (Fig. 6).

Discussion

The results obtained with our tool are in line with expert knowledge. The yield data in
Haverkort et al. (2014), Fig. 1, can be explained in terms of underlying geographic,
economic, and social conditions. The low yields in some tropical highlands can be
explained by limited use of resources such as good quality seed, fertilizers, and crop
protectants. Medium yields of 10-20 t are mainly found in central and Eastern Europe,
India, and China. In some of these regions, yields are limited by a short growing season
such as in the northern part of North America, central and Eastern Europe, and North
China, Korea, and Japan (Hokkaido). In the sub-tropics, potatoes are grown during the
winter to escape excessive heat and yields are low, both because the growth period is
not more than 100 days and because of limited insolation during this period due to short
days and low solar elevation. Examples are the Indo-Gangetic plains, southern China,

No data
B <84 (0-20%)
~ [ 84-96 (20-40%)
96 - 111 (40-60%)

0 111-140 (60-80%)

W =140 (80-100%)

Fig. 5 GHG emission per ton fresh potato yield (kg CO,-eq t '). See text for explanation
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Fig. 6 Grid cells where harvested potato area >0 and with (red) or without (green) a biodiversity hotspot
according to Conservation International (http://www.conservation.org)

Japan, and Egypt. Finally, the highest yields (2050 t per hectare) are situated in North
America and Northwest Europe. These high yields are made possible by high input
levels in rain-fed and irrigated cropping systems combined with long frost-free periods
with long days and high solar input. A cropping season in these regions may exceed
150 growing days from planting to harvest.

Where low yields are combined with steep slopes, potato cultivation has a very high
environmental impact because large(r) areas are under risk of soil loss by erosion.
These problems have been documented (e.g., Griffin and Honeycutt 2009; Kagabo
et al. 2013; Tiessen et al. 2010). Similarly, it has been documented that irrigated
cultivation in the desert such as in the western parts of North America and the
Central Andes leads to depletion of water reserves and large losses of N. For each of
the areas that our method defines as to be at risk for N losses, ample documentation can
be found: North America (Davenport et al. 2005; Weinert et al. 2002), Northwest
Europe (e.g., Boumans and Fraters 2011; Schroder et al. 2007), South Africa (e.g.,
Franke et al. 2011), and Australia (e.g., Lisson and Cotching 2011).

A limitation of the current data is that use of N fertilizer is available only on a per-
country basis. For large countries, especially if they have two or more distinct potato-
growing areas, this can lead to large errors. For example, in the USA, yields of irrigated
potato cultivation in the western deserts are at least 70 t ha ', while yields in short-
season cultivation in the North Atlantic states are no more than 35 t ha ' (USDA-ERS
2008). It is unlikely that N input is the same in these different systems. One possible
way to address this problem is to re-allocate N fertilizer use within a country according
to the yield level of each potato-producing grid cell while keeping the total fertilizer N
use of a country at the same level.

Wet and cool regions of the world are most prone to late blight. Dry land potatoes
grown under irrigation suffer less from the disease such as the western parts of North
America, southern Europe, and much of continental Asia. The important potato
production region in central and Eastern Europe have an intermediate position regard-
ing late blight pressure because rainfall is less excessive than in the other continental
short summer crops such as in northern China that experience cold dry winters and
rainy warm summers.

Little information is available on the carbon footprint of global potato production. A
recent source is Haverkort and Hillier (2011), who give 71 to 115 kg CO5-eq t ' for starch
and seed production systems in the Netherlands. The numbers fall mostly in the same
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range as calculated in our study. However, our calculation of the carbon footprint is prone
to errors, perhaps more than some other indicators. For one, N fertilizer use is an important
determinant, but this input is only available on a per-country basis. This means that carbon
footprint in our method may show within-country artefacts. Another point is that carbon
footprint is obtained by dividing by yield, causing relatively small inaccuracies in yield to
have a relatively large effect on the carbon footprint. This is illustrated by comparing
western India (approximately Gujarat) and north-central India (approximately
Maharashtra and Madhya Pradesh): yield (Haverkort et al. (2014), Fig. 1) and carbon
footprint (Fig. 5) show much similarity, even though N surplus is the same (Fig. 3).

The use of a threshold for each indicator makes it possible to quickly focus on grid cells
where there is a hotspot, i.e., areas where the values for that indicator are unfavorable.
However, there are several caveats that need to be considered when using these thresholds.

It is in principle not possible to define a threshold that indicates a sustainable
agricultural production system. The reason is that agriculture is only a part of the
economy. Taking the case of climate change, it is estimated that in order to avoid
irreversible and catastrophic effects, atmospheric CO, concentration must be reduced
to below 350 ppm (Hansen et al. 2008). In order to reach this goal, global CO, emission
must be reduced relative to the present value. But this statement says nothing about how
this reduction can or should be distributed over the sectors of the economy and over
countries. This is the reason that in this paper we consider quantiles for the indicator
GHG emissions: regardless of the global situation with respect to climate change, those
areas where GHG emission per ton is above the 80th percentile surely deserve attention.

While emission of GHG has a global impact, the impact of emission of nitrate is
local. In many places legislation is in place which seeks to limit the impact of nitrate
emissions, for example by regulating the amount of fertilizers and manures that can be
used and the manner of their use, or by imposing a limit on groundwater nitrate
concentration. These local definitions of what is considered acceptable environmental
impact are the result of a political process and may not indicate sustainability but they
do indicate the limits within agriculture has to operate. Thus, in this paper the threshold
for N surplus is based on an environmental impact that is considered acceptable as
expressed through legislation.

Biodiversity is important to humans, but there is as yet no way to define even
approximately how much biodiversity we need. For biodiversity we consider those grid
cells worthy of attention that coincide with a biodiversity hotspot. Other maps can be
taken as a basis: for example, potato cultivation that takes place in a national park
would also merit close inspection.

The three different ways of deriving threshold values—(1) based on the range of
performances observed (yield, carbon footprint, erosion risk, precipitation deficit, and
biocide use); (2) acceptable environmental impact as expressed through legislation (N
surplus); and (3) environmental impact based on arguments expressed in public debate
(biodiversity)—imply that the meaning of exceeding a threshold may be different. Any
discussion about indicator values for a particular cell should be held with the above
considerations in mind.

Indicators can be expressed in several ways: per hectare, per ton of product, or per
cell. In any of these cases, the indicator may be expressed relative to a target or
potential value. The potential yield of a crop is ultimately limited by temperature, solar
radiation, and the genetic potential of the crop. Rather than expressing yield on a per

10



hectare basis, it could be expressed as a percentage of the potential yield (Kropff et al.
2001), which can be calculated for each grid cell based on local weather characteristics.
This was beyond the scope of the present study, but can be taken into account in further
development of the tool.

The impact of a given value of an indicator may depend on the area in which it takes
place, and possibly also on the values of other indicators. For example, in the
accompanying paper precipitation deficit is used as a proxy for the need to use water
for irrigation. The impact of using water in a region where there is an abundant source
of water will be less than the impact of using the same amount of water in a water-
scarce region. As another example, a certain value of N surplus may be acceptable if
only a small fraction of the land is used for cultivation, while the same N surplus may
lead to a large N emission in that area and thus be unacceptable when a large fraction of
the land is used for cultivation.

The indicators used in this paper were calculated using coarse input data and with
coarse process descriptions. Consequently, an indicator value may not be representative
for the whole cell or indeed any part of it. This means one must be careful with interpreting
the indicator values given in this paper—they are meant to illustrate a possible approach.
Conclusions can only be drawn after our indicator values have been confirmed locally.

In order to work on improving the sustainability of an agricultural production system,
one does not need to know what thresholds to aim for. For example, it is certainly not the
case that a potato producer with GHG emissions of less than 140 kg CO»-eq t ' (the 80th
percentile) should feel free to neglect opportunities to reduce his or her carbon footprint.

The tool has been implemented for potato but can be expanded to include other
crops in a straightforward way. In order to include a new crop, one would have to
describe the hotspots, define methods to calculate them, collect the data, and draw the
maps. The procedure for calculating the hotspot N surplus would be virtually identical
for all crops. The procedure for the hotspot precipitation deficit requires a definition of
the growing period of the crop. For potato we defined growth period using the approach
of Verhagen et al. (2000). For other crops similar procedures would have to be adopted.
The hotspot water erosion is of particular importance to potato. However, erosion
(water and wind) is clearly also an issue in many other crops. It is likely that new crops
will have a large overlap with potato in terms of hotspots, calculations, and data.

Currently, the tool considers single crops. However, a crop is almost always grown in a
crop rotation, and sometimes in combination with livestock. Consequently, it is not always
clear to which crop in the rotation an impact (e.g., loss of N, or loss of soil, or tillage to
achieve a desired condition of the soil) must be ascribed. It could be argued that a full
assessment of the environmental impact of growing a particular crop can only be made by
considering the entire production system. Considering the production system instead of
single crops would increase the data requirements and the complexity of the tool.

The tool described aims to locate likely hotspot areas so that efforts to increase
sustainability can be efficiently targeted. Sustainability is likely to remain a concern for
the foreseeable future and a new assessment will have to be made whenever input data
have changed significantly. The usefulness of the tool is thus in part determined by the
frequency with which the system will have to be updated and what effort will be
required.

The tool described is low resolution, both in terms of spatial scale (cells of maximum
8,000 ha) and in terms of process description. This is a better resolution than the hotspot
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approach of TSC, but might still be considered too coarse in areas where differences
within a cell are large. The tool can easily be refined in both respects. Where
information at sub-cell level is available, the calculations can be done at sub-cell level
down to the level of individual fields. Similarly, processes can be described in more
detail. For example, a calculation could be added to calculate the fraction of N surplus
that is lost in the form of nitrate leaching.

There is a plethora of methods to assess sustainability, including LCA, indicator-based
methods (Bockstaller et al. 1997, 2009), multi-criteria analysis (MCA), and total factor
productivity (TFP) (Barnett et al. 1995; Fare et al. 2012; Glendining et al. 2009). Any of
these methods can in principle be used to assess the sustainability of production in each
grid cell. The most important limitation is that in many cases not all information that is
needed will be available. It is out of the question that enough information will be available
in our tool to perform even a simple LCA. On the other hand, nitrogen surplus is one of the
hotspots in our tool and it is also one of the indicators proposed by Bockstaller et al.
(1997). Methods such as MCA and TFP aim to assess sustainability by considering both
good outputs (e.g., yield and landscape value) and so-called bad outputs (e.g., loss of N
and emission of GHG). The scores of a particular grid cell could be summarized by any of
these methods to provide an overall assessment of the sustainability of the cell. Such an
assessment would not have to be limited to one crop, but could instead include all outputs
(good and bad) from all crops grown in a grid cell. While it would be an interesting
exercise to compute an overall index of sustainability for each grid cell, we feel that the
current goal of identifying hotspot areas in potato production is best served by focusing on
individual hotspots rather than on some form of aggregation.

Conclusions

We present a tool to identify sustainability hotspots for potato production that uses
readily available data with global coverage and easily understood calculations. The tool
produces realistic results which can be used to target improvement efforts and thus
make efficient use of limited resources. The tool can be expanded to produce similar
results for other crops and can easily be adjusted by using other spatial resolutions and
more detailed process descriptions.
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