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Abstract: Interest in urban food production is growing; recent research has highlighted its potential to
increase food security and reduce the environmental impact of food production. However, resource
demands of urban horticulture are poorly understood. Here, we use allotment gardens in the United
Kingdom to investigate resource demands of urban horticultural production across the country. We
conducted a nationwide citizen science project using year-long allotment ‘diaries” with allotment
gardeners (n = 163). We analysed a variety of resources: transportation; time; water use; inputs of
compost, manure and topsoil; and inputs of fertilisers, pest control and weed control. We found that,
overall, an allotment demands 87 annual visits, travelling 139 km to and from the plot; 7 fertiliser
additions; 4 pest control additions; and 2 weed control additions. On average, each kilogram of
food produced used 0.4 hours’ labour, 16.9 L of water, 0.2 L of topsoil, 2.2 L of manure, and 1.9 L
of compost. As interest in urban horticultural production grows, and policy makers build urban
horticultural spaces into future sustainable cities, it is of key importance that this is carried out in
a way that minimises resource requirements, and we demonstrate here that avenues exist for the
diversion of municipal compostable waste and household-level city food waste for this purpose.

Keywords: United Kingdom; allotments; urban agriculture; energy; sustainability; cities

1. Introduction

The urban population of the world is rising, and is predicted to continue to do so over
the next few decades [1]. Increasing urban populations highlight the need to understand
and plan for the issues underpinning the sustainability of urban systems. Food is one of
these. Cities are dependent on international food supply chains, which are vulnerable to
shocks in the global system such as the 2020 coronavirus pandemic and the 2008-2009 food
price crisis [2]. In many cities across the world, there is developing interest in the potential of
urban horticulture (UH) to build resilience to such shocks. UH is the production of fruit and
vegetables taking place in urban areas. It could also improve the environmental footprint
of urban food consumption [3] and create opportunities for other social and environmental
benefits associated with UH [4]. Research into mechanisms and opportunities for upscaling
the amount of food production taking place within city limits has recently found promising
results regarding potential food provisioning [5,6]. Some cities already produce a large
proportion of their fruit and vegetable needs within the city limits; for example, Shanghai
produces 60% of the vegetables consumed by its residents [7]. Many other cities now
include some reference to UH within their sustainability planning, and networks of cities
interested in scaling up urban food production are increasingly popular. The Milan Urban
Food Policy Pact has 210 city signatories [8], and the UK’s Sustainable Food Cities network
has 52 [9]. There is also a large body of research demonstrating that UH can provide
co-benefits alongside food production, such as improved health and wellbeing, educational
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and nutritional literacy, respect for and awareness of the natural world, and the delivery of
ecosystem services [10-15].

An underlying assumption of the above research, and general increase in interest in
UH in cities in the global North, is that UH offers a form of fruit and vegetable production
that has many benefits not found in conventional horticulture; it may, at the same time also
be more sustainable. The nature of much UH activity, which takes place informally, at small
scales, and in different settings (unlike conventional horticulture taking place commercially
at larger scales), means that the energy and resource flows associated with it have not
commonly been integrated into citywide systems thinking [16]. There are many forms of
UH with correspondingly varied resource demands [17]. What we do know about resource
demand is limited to very few analyses, such as Life Cycle Analysis (LCA) on integrated
urban farms, soil-less systems or rooftops [16,18,19]. However, most UH is small-scale,
soil-based, activity, and has received little attention from this point of view; a single garden
was used as a case study for an LCA in Italy [20], but representative, more geographically
ranging multiple case studies have not been undertaken. Two studies which addressed
this issue from a systems approach have both identified the need for careful consideration
of technologies and policies promoting urban food production, to ensure they do not lead
to increased resource demands in the urban system [21,22].

In this paper, we investigate the year-round resource demands of allotment gardening
in the UK. Allotments are the most significant form of UH in the UK [23,24], and also
form a large proportion of UH land across the European continent [13]. Allotment “plots’,
typically 250 m? land parcels, are rented by individuals or families from local councils or
private landowners, and plots are grouped together on larger sites comprising anything
from fewer than ten to over one hundred plots. There are approximately 330,000 allotments
plots in the UK [25], and allotment sites as a whole use 82% of their land for plots, with the
remaining used for associated infrastructure such as vehicle access [26]. Recent research
has demonstrated that allotment gardening has the potential to be a highly important form
of UH. One case study analysis found that it could provide fruit and vegetables for 3% of a
city’s population despite allotments covering less than 1.5% of the city’s area [26]. Demand
for allotments is rising [27], with an average of 52 people on waiting lists for every 100 plots
in the UK [25], and evidence suggests that the COVID-19 pandemic is further increasing
demand for growing space [28]. It is therefore timely to develop our understanding of
what the associated resource costs of allotment gardening are. We need to assess the
sustainability of this form of UH, and identify opportunities for “urban symbiosis” (the
potential to use resources otherwise wasted in the urban system, such as rainwater or
organic waste) [17], so future developments of UH land can be integrated into cities in a
way that enhances the sustainability of resource use.

There are a number of ways in which integration of UH might contribute to enhanced
urban sustainability. For example, increasing kitchen waste compost for use in UH and
redirecting excess rainfall for growing purposes could not only lead to a reduction in
greenhouse gas emissions but also a reduction in costs associated with landfill management,
water demand and flood mitigation [29,30]. According to the United States Environmental
Protection Agency [31], 28% of household waste sent to landfill is potentially compostable.
On average, over 16 kg of vegetables are wasted per year per capita across the world [32].
Producing food locally, and composting waste, has the potential to reduce overall food
waste as well as lower the emissions associated with food spoilage occurring during
transportation [19,29,32]. The built infrastructure of urban environments also provides
considerable potential for rainwater harvesting; it is estimated that Munich could save
26% of its current freshwater supply by harvesting rainwater [33]. If this were integrated
into UH, better management of rainwater run-off and a reduction in demand on the water
supply could benefit both UH and the overall fabric of an urban area. There is widespread
agreement that development and protection of urban green infrastructure, including UH,
can contribute to sustainability of urban systems, for example through the mitigation of the
urban heat island effect [30,34]. There is also some evidence that greenhouse gas emissions
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reductions from expanding UH are greater than the sequestration potential of other urban
greenspaces, based on LCA results [18].

We know from previous research that allotment gardeners tend to use management
practices conducive to the maintenance of highly productive soils: in one study [35], 75%
of respondents added manure, 95% composted on their plot, and commercial composts
and organic fertilisers were also used. However, the challenge remains to quantify these
resources and investigate their origins. There has been no research to date quantifying
other resource demands of allotment gardening, such as transportation, time commitments
and water use. In light of this, it is clearly important to compile an evidence base of the
resource demands of UH.

Here, we use a year-long citizen science project, with allotment gardener participants
from England and Wales, to establish the resource use requirements of UH annually. Citizen
science is a unique way to collect data in collaboration with members of the public through
their active participation in the research process. Here, the volunteer citizen scientists
participated by recording their activities on their allotments for every visit over the course
of a calendar year. This is an ideal method to answer questions such as those regarding
resource use on allotments. Allotments are heterogeneous, small-scale land parcels, and
allotment gardening practices are highly dependent on the time, interests, knowledge and
proclivities of the individual allotment holders. The wider coverage, and large sample
size possible with a citizen science approach lends itself well to establishing the range
and variation of such practice. Approaches such as LCA (above) would require much
more detailed investigation, and hence a far smaller sample size. The wider citizen science
approach here is an important precursor to such, more detailed, approaches. The citizen
science approach allowed us to go beyond a small number of case studies (e.g., [18]), and to
gather data from across the country, providing good representation of allotment practices
overall, as well as demonstrating the variations that exist among gardeners’ practices. This
has enabled a first understanding of the resource costs associated with allotment gardening,
in addition to current levels of resource recycling.

We have also identified the opportunities to further increase the sustainability of
allotment gardening through increasing the amount of waste and renewable resources used
in this form of UH. This illustrates the potential for integration of UH into whole-system
flows of food, energy and water to contribute to the sustainability of urban areas as a
whole.

2. Materials and Methods

Citizen science participants, all of whom were allotment gardeners, were recruited
through online advertising: Facebook, the MYHarvest website (https://www.myharvest.
org.uk, accessed on 1 March 2021), and the National Allotment Society. Recruitment
was also carried out in print in the Royal Horticultural Society magazine, and through
posters attached to allotment site gates, which were posted to any volunteer who expressed
an interest in recruiting other members of their allotment site. In total, 437 participants
were recruited with a geographical spread across England, Wales, Scotland and Northern
Ireland.

The UK has an average annual minimum and maximum temperature of 5.3 and
12.4 °C, respectively. Average monthly rainfall in the UK is 96 mm, and average monthly
sunshine is 114 h [36]. The growing season is, on average, 270 days long [37]. It is worth
noting, however, that conditions in urban allotment gardens may vary from the average
due to factors such as the urban heat island effect [30,34].

Volunteers were sent an allotment “diary”, with a separate page to fill out for each
allotment visit (Figure 1). They were asked to fill their diary out each time they visited their
allotment, for a full year, with participant recruitment and therefore start date spanning
December 2017 to March 2018. Participants were also asked a number of general ques-
tions about their allotment, including length of tenancy, whether they grew organically,
use of peat free compost, number of people working on the plot, and yearly rent prices
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(Supplementary Materials). A pilot study was first conducted with volunteer gardeners on
an existing citizen science project to refine the diary pages.

Date:

I |

Weather:

sy -.’.
T a & & % e

Hours spent on plot: olessthan 1

ol-2

o2-4

o4-6

o more than 6

o other
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o water butt
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Inputs: Water from O mains using minutes

watering cans
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sacks

Pest/weed control

Fertiliser

Any power tools used: o battery operated:
o petrol operated:

Planting and harvesting

Other activities (e.g., weeding)

Wildlife observed

Notes

Figure 1. Recording sheet for participants in the allotment diary project. Copies of the same sheet
were filled out every time gardeners visited their allotment over the course of a year.

On each allotment visit, participants recorded the activities they undertook. This
included the date; the weather; the method of transport used to get to the allotment;
how long they spent on their plot; quantification of water use from the mains or from
water butts (rain water containers) in number of watering cans, or minutes of hosepipe
time; compost, manure and topsoil additions (in number of wheelbarrows or sacks used);
any use of fertilisers, pesticides or weedkillers; planting, harvesting and other activities;
wildlife observation; and any other notes they felt they wanted to share. For the purposes
of this paper, we focus on the resource inputs recorded by participants. This includes
transportation, number of hours spent on the plot, water, compost, topsoil, manure, and
other additions.

At the end of the year, participants were sent a stamped addressed envelope to return
their diary pages. The returned diary pages were then scanned (so that originals could be
returned to those who had requested this) and data were extracted. The mid-point of each
option for the number of hours spent on the plot was taken to analyse total and average
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time spent working on the allotment. Google Maps was used to work out the distance from
a participant’s house to their plot. Specific parts of data had to be discounted from some
participants, for example two of the participants who did not record any water use for an
entire year.

One hundred and sixty-three participants (37%) returned their diaries, detailing a
total of 14,992 individual allotment visits. Most returns were from England, despite a
wider geographical spread of initial participants, which reflects the proportional spread
of the initial recruitment (Figure 2). All diaries returned covered a full twelve-month
period, apart from one which spanned February to October only, for health reasons, and
this was excluded from estimates of year-round inputs but included when analysing on a
month-by-month basis. A further two returned diaries were immediately excluded from
our analyses due to incompleteness.

4

Figure 2. Distribution of allotment diary participants who returned their diary across Great Britain
(black dots) and population density (shading) [38].
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As is typically the case with citizen science initiatives, we had to compromise between
the detail of information people were asked to supply, and the willingness of participants
to record information on every visit for an entire year. We therefore adopted a system of
quantifying many aspects of resource use in simple, and easily recorded, forms, accepting
some sacrifice of precision in individual estimates. We surveyed volunteers from the
MYHarvest citizen science project (https://www.myharvest.org.uk, accessed on 1 March
2021) to estimate typical sizes of watering cans. From 207 respondents who told us the
size of their watering can, the median (9 L) was used. Average sizes of wheelbarrows and
compost sacks (where participants had not quantified this themselves) were estimated
by sampling popular items on garden centre websites. Probable hosepipe flow, in litres
per minute, was estimated using information from Swanhose [39]. Pesticide, fertiliser
and weedkiller use was unquantified beyond whether it had been used on a visit or not.
Participants were asked to name the type or brand of each of these inputs when they
used them.

We calculated our estimates for the average yearly resource requirements of allotment
gardening by using the typical allotment plot size of 250 m?. Not all of an allotment is
cultivated for food production, with a proportion being impermeable surface such as paths
and sheds, and a proportion being permeable uncultivated surfaces such as grass areas.
The intensity with which each area is managed varies and the food production areas can
be assumed to use the majority of resources, but time is also taken to manage the overall
allotment and spend time in relaxation. It is unlikely that a gardener would have only food
growing area and no other type of land use on their allotment; therefore, we have chosen
to treat the plot as a whole rather than divided into individual land use types.

Statistical analysis was conducted in R version 4.0.0 [40]. As data in many cases did
not conform to the assumptions of parametric tests, all analyses were carried out using
non-parametric techniques: Kendall’s tau for bivariate correlations, and Kruskal-Wallis
tests to compare groups.

3. Results
3.1. General Characteristics of Allotment Gardeners

Participants’ homes were between 0 (an allotment backing on to a residential property)
and 9.2 km away from their allotment plots; however, the distribution of distances was
skewed and the median distance that people lived from their plot was 1.6 km. Participants
had worked their plot a median of 6 years, with a range from zero years (one person who
was a new tenant on their plot) to 47 years. Of participants who answered the question
of whether they cultivated organically (n = 159), 88 (55%) did, 45 (28%) grew mostly
organically, and 26 (16%) did not. Most participants worked their allotment alone, with
97 (61%) being the sole worker on their plot, 61 (38%) sharing the work with one other
person, and one respondent having two additional co-workers. The median yearly rent
for an allotment was £37, with rent ranging from £0 (two participants) to £280 (a site in
London). Overall, only 7% of respondents paid over £100 a year.

3.2. Time Commitment

We included 161 diaries in our analysis of time commitment. The median number of
hours spent on the allotment over the course of a year was 150 (with a range from 22 to
647.5 h), with a median of 87 visits. The total number of visits across the year ranged from
30 to 204. The median visit length was 1.5 h. In winter (December, January and February),
30% of time spent on the plot and 26% of visits to the plot took place. In spring (March,
April and May), 39% of time and 42% of visits took place. In summer (June, July and
August), 21% of time and 21% of visits took place. In autumn (September, October and
November), 10% of time and 12% of visits took place. The time spent visiting was greatest
in May and June, but the largest number of visits was in July. There was no statistically
significant correlation between the total number of visits made over the course of a year
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A

and the distance people lived from their allotment (Kendall’s tau, tau = —0.01, Z = —0.20,
p = 0.84).

3.3. Transportation

Transportation to the allotment was split between bicycle, car, foot, public transport,
and “other” (which included one motorcycle journey, and the rest of unknown type).
158 diaries were included in this analysis. In total, 56% of journeys were made by car,
36% by foot, 8% by bicycle, 0.4% by public transport, and 0.05% by “other”. The typical
distance travelled differed with statistical significance between different forms of transport
(Kruskal-Wallis test, H = 32.8, df = 4, p < 0.0001). The median car journey length was
1.6 km, and the distribution of car journey lengths was strongly skewed due to people
who lived unusually far from their allotment plots (See Section 3.1). The median walking
journey distance was 1 km, and the median bicycle journey distance was 1.3 km. Ninety-
five percent of walking journeys were under 2.1 km (according to Google Maps, this is
approximately half an hour of walking time). Walking and cycling was most popular if
people lived less than 5 km from their allotment (1 = 141). Over 5 km, most people were
dependent on car travel (n = 17), with the maximum walking journey length being 8.0 km
and the maximum cycling journey length 4.2 km, but the maximum car journey length

9.2 km (Figure 3).
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Figure 3. Graphs showing variation in use of different transport models and distances travelled from home to plot by

allotment gardeners (n = 158). (A) Distribution of journey lengths for each transportation type (bicycle, car, foot and public

transport); (B) distribution of transportation type for each km travelled; (C) distribution of distance travelled by participants,
not split by transportation type.

3.4. Water Use

Water use was highly variable amongst the 149 participants included in this analysis
and ranged from 288 L over the course of the year to 120,013 L. The median annual water
use on an allotment was 7595 L, and the data were heavily skewed towards people who
used a substantially greater amount of water on their plot. The median annual amount
of water used from water butts (which also included other non-mains sources of water,
such as river water) was 486 L, and the median amount of water used from the mains was
5993 L (Figure 4).
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Figure 4. Water use by allotment gardeners (n = 149) over the course of a year. (A) Total water use, water from water
butts, and water from mains supply. Dashed lines indicate the median water use, for (i) 7595 L; (ii) 486 L; and (iii) 5993 L.
(B) Monthly median (points) and interquartile ranges (lines) of litres of water used on allotments from water butts, mains

water, and all sources.

The types and total amounts of water used varied by month (Figure 4). Overall, 13.2%
of water use occurred in spring, 80.8% in summer, 5.7% in autumn and 0.1% in winter. In
spring, 11.8% of mains and 26.6% of collected water was used. In summer, 82.4% of mains
and 65.5% of collected water was used. In autumn, 5.7% of mains and 7.0% of collected
water was used. In winter, 0% of mains and 0.4% of collected water was used. There
was a peak in the use of water butt water in May followed by a decline in June and none
used in July, and a corresponding increase in the amount of mains water used in June
and especially in July as a result. Water butts provide a limited storage for water, and dry
conditions meant that they were used up before the peak of the summer (see Discussion
below for a discussion of the weather conditions of 2018). The small increase in water butt
water usage in the autumn can be interpreted as people going back to using collected water
once rain had replenished supplies.

3.5. Compost, Manure and Topsoil

One hundred and thirty-three (86%) participants added compost to their plot; 110
(71%) added manure, and 26 (17%) added topsoil. The median total annual amount of
compost, manure and topsoil added to an allotment plot was 1575 L. The median amount
of compost per year added by people who used compost was 850 L, the median use of
manure by manure users was 992 L; and the median use of topsoil by topsoil users was
85 L (Figure 5). However, when considering all participants (1 = 155 for this analysis)
rather than just those using each of these inputs, the median amount of compost was 688 L;
manure was 275 L and topsoil was 0 L. We asked participants to disclose the origins of the
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compost they used: council waste comprised 5.3% of the total volume of compost applied
by all our participants, home food waste 23.8%, plot waste 54.6%, and purchased compost
16.1%. Therefore, 83.9% of compost used by volume was recycled material, whether from
the home, garden or local council. Many respondents used a mixture of sources for their
compost, and overall 76 (49%) participants brought home waste to their plot to compost,
92 (59%) purchased compost, and 94 (61%) composted plot waste. Of participants who
answered the general question regarding whether they used peat free compost (n = 156),
92 (59%) only used peat-free, 12 (8%) used mostly peat-free and 52 (33%) did not use peat-
free compost. Levels of compost, manure and topsoil all varied throughout the year, as
demonstrated in Figure 5 showing monthly variation for people using each of these inputs.
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Figure 5. Use of compost, manure and topsoil by allotment gardeners (n = 155). (A) Distribution of yearly use (litres)
of compost, manure and topsoil with dashed lines indicating the median use of each resource. (B) Monthly total use of
compost split by source (plot, home, shop or council). (C) Monthly median (points) and interquartile ranges (lines) of
compost, manure and topsoil additions.

3.6. Fertilisers, Pesticide and Weed Control

Participants recorded a wide variety of fertiliser use (from organic and non-organic
sources) as well as pest and weed control inputs. Frequency of inputs varied across the year
and peaked in late spring and early summer (Figure 6). Fertiliser was the most commonly
added of these inputs, with 131 participants using fertiliser at some point during the year,
varying from once to 48 times. The median number of days on which participants applied
fertiliser was 7, with the distribution skewed to a small number of participants applying
particularly larger than average amounts. Pest control was applied by 120 participants,
ranging from once to 31 times. Weed control was used by 66 people, ranging from once
to 20 times (this count did not include hand weeding of plots). The median number of
days on which pest control was applied was four days in the year, and the median number
of days for application of weed control was twice. Similarly to fertiliser use, both pest
and weed control were skewed towards a few participants whose gardening techniques
involved much greater than average use (Figure 6). Table 1 shows the counts for the total
number of days on which general categories of each of these applications was used; see
Supplementary Materials for a full list of all the methods by which people fertilised their
plots, and used pest and weed control.
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of number of days on which fertilisers, pest control measures and weed control measures were applied (B) Distribution of

number of days in the year on which fertiliser, pest control and weed control were applied. Dashed lines indicate median

number of uses.

Table 1. General categories and number of days on which types of fertiliser, pest control and weed control were used on

allotments from a total of 14,992 plot visits by 163 gardeners. Some types which were used once or twice did not fit into

these categories and are excluded from the table; see Supplementary Materials for a full list and count of all types.

Fertiliser Pest Control Weed Control
General Type Number General Type Number General Type Number
. . . Chemical weedkiller, e.g.,
Branded, e.g., Tomorite 358 Pellets (primarily slug) 530 Roundup 129
Seaweed, comfrey and 300 Insecticide and poison 91 Bark, cardboa.rd and 74
nettles woodchip
Chicken manure pellets 270 Homemafie, &8 washing 46 Fabric, mesh and carpet 21
up liquid spray
Fish, blood and bone 190 Netting, fleece, and wire 42 Plastic 15
General (un- 184 Traps, e.g., beer traps o7
branded /undisclosed brand) for slugs
Lime 38 Nematodes 9

3.7. Overall Resource Requirements

The above results allow us to estimate the average yearly resource use on allotment
gardens per metre squared at the whole plot scale (i.e., including both cultivated areas and
other infrastructure, such as paths—see earlier discussion in Section 2).

Overall, the average (median) allotment user would visit their plot 87 times, each
visit involving travel of 1.6 km in each direction. This gave a total of 139 km travelled per
year (with those journeys most likely to be made by car, or on foot, slightly less likely by
bike, and rarely by public transport). They would pay £37 for the rent on their plot. Per
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87 visits (139 km travel) 4
7 fertiliser additions “~~__~
4 pest control additions

2 weed control additions

9% from rain / river

30.4 | water ———>

91% from mains

3.9 | manure —>

P 3.4/I\compost—/

16% shop bought

square metre of their allotment, they would use 0.6 h of labour and 30.4 L of water over
the year. If they used compost, manure or topsoil, their use per square metre would be
3.4 L of compost, 0.3 L of topsoil, and 3.9 L of manure. If they used additional fertilisers,
pest control methods and weed control methods on top of hoeing and hand weeding, they
would do this seven, four and two times, respectively, over the course of the year (Figure 7).

\

250m? allotment plot

1m?2 of an allotment

0.6 hours '—\

0.3 | topsoil ——> 1.8kg food

waste composted

24% from food waste
55% from plot waste
5% from local council

Figure 7. Yearly resource use on allotment plots, and specific requirements to produce 1 kg of fruit and vegetables on an
allotment, demonstrating what proportion of recycled or collected and non-recycled resources are used in each input. Data

use the median for each resource (1 = 163).

Using some of the above results, we can also calculate the levels of some resources
needed to produce one kilogram of fruit or vegetables. On average it is estimated that
allotment gardeners produced an average yield of 1.8 kg m~2 over the entire area of an
allotment [5]. Therefore, resource requirements per kilo of produce are 16.9 L of water, and,
if the following are used, 1.9 L of compost, 0.2 L of topsoil, and 2.2 L of manure.

4. Discussion

UH, in the form of allotment gardening, uses resources in a variety of forms. These
resources are a necessary component of food production taking place in allotment gardens,
which provide fresh produce for those involved, alongside other associated benefits and
important ecosystem services [11-15]. Global agricultural land currently under-produces
fruit and vegetables relative to global needs based on nutritional guidelines [41], and
British vegetable production in tonnes has fallen for the past four years in a row [42].
UH presents an opportunity to increase the global supply of fruit and vegetables at a
local level for urban residents. Here we present the first year-round investigation into
resource requirements for allotment gardening, a key initial step in the assessment of the
sustainability of this potentially important form of soil-based food production. Using
a citizen science approach, we have derived a country-wide picture of the activities of
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allotment gardeners, including the seasonal variability in resource use and requirements.
Combined with the work of [5], we were then able to determine the resource requirements
to produce one kilogram of produce on an allotment. Resources varied in their roles and
wider implications for allotment sustainability.

4.1. Fertilisers, Weedkillers, Pesticides and Compost

Previous research has found that allotment gardening maintains high levels of soil
quality and its associated ecosystem services [35].0ur results, showing relatively low
incidences of chemical applications, and high levels of use of manure and compost, are
consistent with this, demonstrating that allotment gardeners participate in management
practices conducive to the maintenance of soil health. One element of these inputs is food
and allotment waste. Whilst we are only just starting to quantify the capacity of UH to
absorb urban waste [43], our research demonstrates that allotment gardeners are primarily
sourcing their compost from plot or home food waste, diverting compostable waste from
landfill or incineration to recycling on the allotment. Use of shop-bought compost was
relatively low, and 67% of participants recorded that they used only, or mostly, peat-free
compost, removing the greenhouse gas and habitat destruction costs associated with peat,
which are orders of magnitude higher than for peat free alternatives [44]. Further to this,
83% of participants grew wholly or mostly organically (as self-reported), a proven method
for the maintenance of soil health [45].

Our results detail a wide range of organic and non-organic fertilisers, pest control and
weed control used by allotment gardeners, which present a challenge when attempting to
understand the consequences of allotment management practices on an overall, national
scale. Whilst many of the applications used by our participants were organic (such as
seaweed), weedkillers such as glyphosate, and pest control methods such as slug pellets
were also used. These may have negative consequences for some wildlife [46,47]. Over-
application of non-organic fertilisers also has negative consequences for long-term soil
health, water, and potentially human health [48]. However, the median level of applications
of all fertilisers, weedkillers and pest control was low. On a national or city-wide scale,
problems could present if a particular allotment site had a high density of gardeners using
greater-than-average biocides. Other management techniques such as the high levels of
compost and manure addition detailed above suggest that allotment gardeners generally
maintain good levels of soil health and wildlife-friendly gardening practices. Use of
compost and manure mean soil nutrients are restored without an over-reliance on synthetic
fertilisers, which helps maintain good soil quality [49]. In comparison to commercial arable
farming in the UK, where pesticides and herbicides are applied an average of 34 times per
year [50], and 99% of potato crops and 75% of brassica crops (for example) receive synthetic
fertiliser applications [51], overall application levels of fertiliser, weedkillers and pesticides
were very low on allotments.

4.2. Water Use

High soil quality also means that water use requirements of UH are likely to be lower
than in commercial horticulture. In the UK, 34% of commercial horticultural crops are
irrigated, and water use has been identified as a target for increasing sustainability and
improving environmental impact [52]. Our results found that the average water use per
square metre of an allotment was 30.4 L. Per square metre of commercial horticulture, this
figure rises to 49 L [52]. This suggests that allotment gardens are more conservative, and,
with very low occurrences of the use of irrigation, more sustainable, in their water use that
conventional horticultural farms.

However, our results may overestimate the typical water use on allotments over a
longer period of time. For the UK, the summer of 2018 was the joint hottest on record [53].
A heatwave from May to August brought drought conditions to much of the country,
and in some places broke records for the longest number of consecutive days without
rainfall. Diary participants were fully aware of this, with many comments and observations
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regarding the summer weather (for example, diary entries from one participant: 24 June,
‘No-one can remember when it last rained’; 18 July, ‘No rain for at least two months’; 23
July, ‘Plants are dying’). In July 2018, the UK experienced 54.3 mm of rainfall. This is much
lower than the average of 88.5 mm experienced over the period 2014-2020 when excluding
2018 from the calculation [54]. The IPCC predicts that the UK will have more frequent hot,
dry summers in the future due to climate change; models found that the 2018 heatwave was
thirty times more likely to have occurred than if climate change had not been a factor [53].
The Met Office also predict that 50% of summers could mirror the 2018 heatwave in the
future [55]. Our data on water use requirements are therefore both historically unusual,
as more watering was required than in a year of typical rainfall, but also important in
the context of future climate change and the resultant changing water use requirements
of UH. Our results have clearly demonstrated that with dry conditions beginning in late
spring and early summer, winter stocks of rainwater harvested by individual gardeners
are insufficient in the majority of cases to meet the water demands of an allotment into the
summer months.

4.3. Resource Capture and Recycling

These results suggest opportunities for a wider integration of UH into urban energy
and materials flows in order to take advantage of potential opportunities for resource
recycling in the urban system. There are a number of forms that this could take, including
greywater recycling, demolition and construction waste material recycling for use in
infrastructure, and diversion of compostable waste from other sources. Two which arise
from this study are increasing the harvesting of rainwater and the capture of compostable
waste. Considering the limitations to allotment gardeners’ capacity to collect and store
water, which was insufficient to meet the demands of the 2018 heatwave, it is important to
understand whether this is a limitation of collecting potential, storage, or both. Allotments,
by virtue of being collections of plots on sites with few buildings or other hard surfaces,
provide limited scope for rainwater harvesting; small sheds or greenhouses are typically
the only collecting surfaces available. It may be that this limits the potential for water
collecting. However, it is also important to investigate opportunities for greater storage of
winter rainfall, potentially at a site-wide or even community level, and the potential for
water collected elsewhere (e.g., on buildings) to be diverted for UH use. British winters are
becoming wetter (the most recent decade was 12% wetter in winter than 1961-1990 [55]);
February 2020 broke rainfall records across the country for the wettest February ever, as
part of the wettest ever winter [56]. An opportunity for co-benefits therefore exists here.
Expansion of water storage facilities across a city to help mitigate the flood risk from heavy
rainfall winters could then be a source of water for UH during drier months. If UH is
to be upscaled with its current reliance on mains water, the pressure on the urban water
supply would be exacerbated. Therefore, it is key for policy makers to consider water
reuse and harvesting when planning future UH sites. Further integration of UH into the
sustainability fabric of a city could also utilise wastewater, if safely treated; this is another
avenue that warrants further investigation [57,58]. However, the costs associated with
collecting and treating water from such alternative sources may limit the viability of any
such schemes [57,58].

The capture of compostable waste on a citywide level is the second key opportunity,
highlighted by this research, to increase the sustainability of UH and integrate urban
resources. Whilst we found that the majority of an allotment gardener’s compost comes
from home and plot waste, some integration of wider urban compostable waste can also
be seen in the 5.3% of compost used that was from local authority green waste sources.
Both this municipal green waste, and a wider integration of home food waste from non-
gardeners to centralised compost sources that could be used in UH, would further reduce
the need for gardeners to purchase compost, and prevent the disposal to landfill or by
incineration of compostable material by non-gardeners. This idea is in its infancy in
practice but has the potential to reduce the pressure on landfill, save on costs of central
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waste management in cities, and recycle nutrients currently lost through waste [59]. Overall,
with 83.9% of allotment gardeners’ compost already coming from recycled sources, the
inclination to use sustainable compost sources is high amongst gardeners and suggests they
would be favourable to the introduction of other reused sources in the future. Just under
half of our participants brought their home waste to compost on the plot, and just over
half composted the waste from their plot itself (a lower number than that found by [35],
who reported 95% of allotment gardeners composting plot waste on-site and 75% adding
household waste). This suggests a great deal of potential to expand the use of compost
from personal and potentially municipal waste in the future. However, we do not know
how many participants used their compostable home waste for their home gardens. High
levels of home composting for gardens would reduce the potential amount available for
UH. This also applies to participants who potentially brought 100% of their compostable
waste to use on the plot and still needed to make purchases of commercial compost to have
the amount they needed. Manure would probably continue to be sourced from animal
agriculture in rural areas; however, city farms could also provide a source for this.

4.4. Human Resources: Time, Money, and Travel

One resource unquantified by our study is the amount of money that gardeners
spend on their allotments beyond the price of their rent. An investigation into this could
provide an important insight into whether there are financial barriers that may prevent
those from lower incomes from participating in UH, especially in light of recent research
demonstrating that low-income areas have disproportionately suffered from allotment site
closures over the past half century [27]. Our results demonstrate a huge variation in rent
costs across the country, with the highest rates standing at £280 per year, compared to a
lowest cost of £0. Gardening has been shown to be an important opportunity for more
deprived communities to actively participate in creating their own food security nets as
well as creating thriving neighbourhoods through the associated wellbeing and physical
health benefits of participating in UH [60-62]. Therefore, an important policy consideration
is the need to distribute food growing areas across a city in a way that ensures equitability
of local access to these areas. Given the evident time commitments required for allotment
gardening, it is understandable that using a car for transportation to the plot may be a
preferred form of transport for people who are time-poor. With 95% of walking trips under
2 km in length, our results suggest that if somebody lived further than this from their
allotment, walking became too time consuming to be an effective mode of transportation.
However, there was no significant relationship between the distance from their plot that
somebody lived and the number of times they visited their plot. This therefore appears to
necessitate access to a vehicle to successfully participate in UH if the cultivation space is
more than 2 km from a person’s residence. Ensuring that sites of urban food production are
within walking distance for participants would enable non-car owners to participate in UH,
as well as limiting the use of cars and their associated emissions and congestion impacts.

5. Conclusions

Understanding the resources required for food production, as seen in Figure 7, fur-
thers our scientific understanding of the sustainability and resource costs of UH. It also
has the potential to be used as an educational and informational tool for prospective ur-
ban gardeners. They can use this information to estimate their resource demands over
a year depending on the size of their growing space; assess whether they possess the
requisite spare time to participate in UH; and help in planning for the resources they need
throughout the year. We can assume that gardening management practices (bar travel)
are broadly similar to other soil-based UH types, such as home gardening or community
garden [17], meaning that our results are valuable for participants in a number of forms of
UH beyond allotments.

Understanding the lifecycle demands of UH is of particular importance as interest
in upscaling the amount of food production in cities grows. In order to understand the
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lifecycle demands of UH in this form, in the future, researchers should use the data
presented here to ensure their chosen allotment gardens for study are representative of
the national average resource use levels. Understanding can then be drawn down to the
crop level, looking at variation in resource use across the most common crops grown by
allotment gardeners [5], and research can answer the arising questions on whether selection
of particular crops to grow would increase resource use efficiency and sustainability at
the plot level. This would also enable more direct comparisons with resource use in
conventional agricultural systems, on a crop-by-crop basis. However, recent research has
noted the tendency of LCA analysis to under-represent the sustainability and resilience
benefits, as well as ecosystem service provision potential, of conventional agriculture [63],
so investigations of this nature must be conducted with a methodology that takes such
benefits into account.

Further investigation into the resource requirements of different forms of UH could
be combined with approaches such as that of combining citizen science, field mapping
and GIS [26] or coupling own-grown yields with areal surveys [64], investigating the
potential for upscaling a multiplicity of UH types across a city. Allotment gardening
and equivalent soil-based UH in home gardens is the dominant form of UH in the UK.
However, as interest in UH grows, especially as a commercial venture, it will become
necessary to compile similar data regarding the resource demands of the full multiplicity
of UH types, including hydroponic systems, rooftop gardens and so on. Most current UH
in the UK is non-commercial, which has the benefit of making it less reliant on producing
consistent levels of food year-round. As a result, the associated negative environmental
impacts of food production (such as heating of greenhouses) may be reduced, giving more
weight to positive environmental impacts [43]. A suite of data available to practitioners
and policy makers that takes into account the resource needs of different forms of UH,
including commercial ventures that may need more costly environmental inputs, would
be an invaluable tool to help site the most appropriate UH type in each available food
growing space within a city. Previous research has demonstrated that allotment gardeners
often share surplus produce with friends and family [65]; future research analysing the end
location of harvests could bring an assessment of food miles into the picture of resource
use sustainability.

UH has hitherto been an under-researched component of urban sustainability, and
its place within the material flows of cities is poorly understood. As interest in upscaling
UH to contribute to sustainable food production in cities grows, it is equally important
to understand its resource demands. Our results suggest that there is the potential for
high levels of sustainability: recycling rainwater, low pesticide use, recycling of household
food waste and garden green waste, active travel, and the known health and wellbeing
benefits of UH. Typical allotment management practices are conducive to the maintenance
of soil health and ecosystem services, with an emphasis on the use of compost and manure.
However, it is also clear that this potential is not always realised as fully as it could be.
Opportunities exist to further integrate UH into citywide resource use, for example by
increasing the harvesting of rainwater to reduce the demands of UH on mains water
supplies, or by spatial planning of UH sites to minimise car travel. These results help
to develop a more holistic picture of UH, and provide guidance for policy makers and
practitioners seeking to integrate UH into the development of more sustainable cities.
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050/13/5/2628/s1, Figure S1: General questions asked about allotments; Table S1: Fertilisers, pest
control and weed control methods used by allotment gardeners, with frequency of applications
(count of all days applied for all participants).
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