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Abstract: Peri-urban vegetable cropping areas, such as horticultural farms, provide several ecosys-
tem services, such as the provision of fresh food. However, food supply must be estimated on the
basis of the current and potential demand of future populations, taking into account the landscape
carrying capacity towards sustainable agricultural planning. From this perspective, the study aimed
at estimating the resilience of the “Agri-food Region of Central Cérdoba” (ARCC) and its role in
supporting the provisioning of ecosystem services, such as proximal services, provided by the di-
versified agricultural landscape in the peri-urban area of Cérdoba (Argentina). A direct field survey
has been carried out to collect data on the main species and types of crops, the annual productivity,
and the area covered by each species and type of horticultural crops. The data have been statistically
elaborated to test the spatial and temporal variability of productivity as well as the spatial autocor-
relation. In relation to crop diversification, a total of 30 vegetable species have been recorded in the
diversified farms under study, with 15 species identified as the most frequent crops as on the basis
of the area dedicated to each vegetable species sampled in the farms (in %). The productivity of 30
species has been integrated into a single value of “vegetable crop productivity mean” (kg/m?), pro-
posed and measured in this study, which has been 3.46 kg/m?. It can be a useful monitoring indica-
tor in diversified production contexts. The estimated food supply (ton/year) of vegetable crops for
the 170 farmlands has been 72,881 ton/year. An accurate measurement of the biomass harvested on
a given surface area can be useful to assign productivity data to the pixel of each land use/cover
class, providing accurate input data for remotely sensed-based models supporting decision-making
on food provision in peri-urban systems. In this sense, the paper proposes a methodological frame-
work that can be useful worldwide when up-to-date official productivity data are not available, but
they are a necessary basis for planning, decision-making, and the implementation of public policies.
Thus, diversity in farming systems can combine high ecological and socio-economic benefits, in
terms of ecosystem service provision and sustainable food production.

Keywords: peri-urban horticulture planning; ecosystem services; mean horticultural productivity;
horticultural crop species; resilience
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1. Introduction

Peri-urban landscapes and their benefits are at risk of the urban sprawl and extensive
agricultural development, along with the lack of policies to protect them [1-4]. These pro-
ductive landscapes provide several ecosystem services particularly related to the supply
of fresh food in proximity to the population [5]. Hence, it is essential to promote the
maintenance of diversified peri-urban agricultural areas as they can guarantee the sus-
tainable supply of ecosystem services (ES), useful for ensuring human well-being [6]. In
particular, peri-urban provisioning services contribute to the protection of citizens’ health
and to their quality of life [7] through a diversified food provision, which plays a crucial
role in the sustainability of communities, promoting both social and economic benefits [3].
Therefore, the multiple roles played by urban and peri-urban agriculture, such as the pro-
vision of ecosystem services [8], food security [9], and socio-political functions [10-12] can
support the sustainability towards the Sustainable Development Goals (SDGs) [13,14]. In
this sense, urban agriculture contributes to the achievement of the 11th SDG, that is, to
“make cities and human settlements inclusive, safe, resilient and sustainable”, and at the
same time, to promote the efficient use of resources and improve adaptation to climate
change (SDG objective 11b). In this perspective, widespread agricultural practices have
been focused on the development of sustainable agricultural systems in the peri-urban
areas of metropolises to respond to a growing demand for food through the eco-efficient
management of agricultural land and suitable policies for their planning [15-18].

Horticultural farms in peri-urban areas are landscapes that provide ecosystem ser-
vices to the urban population [19] and, given the small scale, they can be seen as green
infrastructures useful for the sustainable development of urban areas [20] where food pro-
vision is a material contribution co-produced by nature and people [5]. However, IPBES
(2019) [20] warned that this contribution should not be prioritized over others, as it would
lead to negative ecological changes and ecosystem services trade-offs. Likewise, knowing
the typology and the amount of food produced in a geographic area can be useful to assess
the level of food supply provided by that specific area and thus make inferences regarding
food security and biodiversity conservation and restoration in terms of crop diversity and
adaptation to climate change [21]. Thus, food supply must be estimated on the basis of the
current and potential demand of the future population, taking into account the landscape
carrying capacity when planning agriculture for sustainability.

Furthermore, the development of an effective and sustainable peri-urban agriculture
could be a strategy capable of addressing not only the issue of food security but also the
provision of cultural services in an urban context [22]. Peri-urban landscapes are areas of
connection between the real urban environment and the rural suburbs [23]. When tradi-
tional agricultural practices are maintained, they can represent a cultural landscape capa-
ble of conditioning the quality of life in the city [24-26]. However, the request for food, in
particular in recent decades, has increased with effects on the traditional practices in ag-
ricultural production that have been replaced by extensive agricultural fields [27].

In this perspective, the study aims at characterizing the potential of diversified farm-
lands in peri-urban horticulture towards the resilience of the “Agri-food Region of Central
Coérdoba” (ARCC) and their role in supporting the provision of proximal ecosystem ser-
vices in terms of food supply and production based on crop diversity. This first assess-
ment, when official data are not available, can support the proposal of suitable policies for
the sustainable development of peri-urban horticulture in metropolitan areas and can be
an example for other similar cases worldwide.
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2. Materials and Methods
2.1. Study Area

The study area is represented by the ARCC, defined as the vegetable crop production
area proximal to the metropolitan city of Cérdoba, Argentina (Figure 1).
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Figure 1. Map showing the study area characterized by the diversified horticultural farms in the
ARCC.

The mean annual temperature in the study area is 17 °C, with a thermal amplitude
of 14 °C and a frost-free period of up to 270 days, between September and May. Precipi-
tations range between 750 mm to the west and 800 mm to the east, with a seasonal mon-
soonal distribution and a hydric deficit of 180 mm to the east and 240 mm to the west of
Cordoba city [28]. The NE winds prevail, with a mean speed of 7 km/h [29]. In 2019, when
the study was carried out, mean monthly precipitation and temperature resulted within
the normal values, evaluated within a historical series of 20 years (satellite data from
CHIRPS and GPM-IMERG provided by CONAE, and data obtained from the meteorolog-
ical station of the Ingeniero Aerondutico Ambrosio Taravella International Airport, Cor-
doba).

The population of the capital department of Cordoba is 1,329,604 (from the last Na-
tional Population Census 2010), and a population density of 2,319.5 inhabitants/km?. The
General Directorate of Statistics and Censuses calculates for the period 2010 to 2018, an
urban growth of 11% and densification of 4% [30]. The diversified or multi-species horti-
cultural production of the ARCC is concentrated in the northern peripheral area of Cor-
doba city (Figure 1). It is characterized by family farms, smaller than 20 hectares of
croplands, included in the same irrigation system, and whose distance to the urban edge
does not exceed 30 km. The southern area is dominated by commercial farms, with little
diversified production and intensive use of mechanized labor, with >20 ha plots devoted
to potato crops associated with carrot and sweet corn [31].
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From 1988 to 2019, the family farmlands have been progressively reduced by approx-
imately 12,000 ha, which represents a reduction of 75% of the total area devoted to the
production of fresh food in proximity to the urban edges [32]. This has been the result of
the lack of public policies for its conservation [32-36]. In 2019, after 37 years, the first hor-
ticultural survey has been carried out to acquire crucial data for the sustainable planning

of this productive sector [37].

Figure 2 shows the dynamics of the horticultural class in 1988 (Figure 2a), in 2004
(Figure 2b), and in 2019 (Figure 2c), while the overall horticultural class change is shown
in Figure 2d, where it is evident that the horticultural farmlands sampled in this research
are completely immersed in a changed landscape matrix, pressed, from one side, by urban
sprawl, and, on the other side, by the spread of some industrial crops (i.e., soybean pro-

duction).

647180 642120 64°6'0 64°00

540120

64960

5400

31012

6.

iy fie
36 gt ¢
# ESTACION JUAREZ CELMAN{
2 iy

MENDIOLAZA - 4

31°18%5

3124'

CORDOBA

31°30°5

4 B : i [} Horucglwre class 1988

3112

31°18'S

31245

31°30'S

MENDIOLAZA
>

&
—

- ESTACION JUAREZ BELMAN,

CORDOBA

| BT

'. » 'A‘,. ( )‘

i mx EMCOIONIATIROLESA

f S, <t
. 3 gty
3

b

64180 640120 64960 64900

6471650

6400

°125

: ¢
ESTACION JUAREZ CELMAN:

7 x i
MENDIOLAZA - 7

310185

31245

31°30'S

[ B Horticulture lass 2019

T . =
k sk (c)
-8 : “ *E{E)LONIA TIROLESA
: .

12

310208

310308

%

% ESTACION JUAREZ CELMANS

MENDIOLAZA il

CORDOBA

64°18°0 64120 660 64°00

Figure 2. Maps showing the horticultural class in 1988 (a), 2004 (b), and 2019 (c). Map of horticultural

class change from 1988 to 2019 (d).
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At present, there are no scientific or official reference data on the fresh food produc-
tion provided by the ARCC, and there is still a lack of accurate productivity data to assess
the contribution of horticulture peri-urban landscape in terms of food provision to the
population of Cérdoba. Even if there are some local estimates, they are outdated [29,38],
whereas global databases, such as the statistics of the Food and Agriculture Organization
of the United Nations (FAOSTAT) [39], are scarcely accurate and not suitable for decision-
making at the local level. Therefore, new methodological approaches suitable to obtain
accurate data considering the technological-social context of productivity are necessary to
estimate the food contribution of the ARCC. In turn, these databases should be dynamic
in time and space (e.g., assisted by Geographic Information Systems, GIS), and should not
rely on official databases that are often non-existent or outdated in developing countries
such as Argentina.

2.2. Farm Selection and Data Collection

In this research, the unit of analysis has been the “multispecies or diversified horti-
cultural farm”, i.e., the production unit or agricultural holding whose main activity is the
horticultural production of multiple species [37]. This type of holding has a single admin-
istration, a natural and/or legal person that makes productive and commercial decisions.
These productive units can be composed of a single plot or two or more plots, regardless
of land tenure conditions; therefore, the continuous spatial observation unit with defined
borders is represented by the plot.

A total of 170 diversified vegetable farms are present in the ARCC (blue in Figure 1),
with a mean area of 8.4 ha, and a mean area devoted to vegetable cropping of 6.05 ha.
Among these farms, 48% of the farmers have access to land through lease contracts, while
only 26.5% manage more than one farm [37]. Farms with sheltered crop production (shade
cloth, anti-hail net, greenhouses) in part of the farm area account for 29%. Each farm pro-
duces on average 13 horticultural species, showing a strong multi-species connotation.
Most of the farms’ products (67.7%) have a single trade destination as they are commer-
cialized through the “Mercado de Abasto de Cérdoba” (wholesale market). Regarding
irrigation, 70% of the farms obtain water only through the irrigation canal system, only
7% of the farms obtain water from boreholes, and 23% have access to water from both
channels and boreholes.

The methodology for sampling and data collection is synthesized in Figure 3.
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Figure 3. Flow chart of the methodology used to estimate fresh food supply in the ARCC, Argentina.
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A non-supervised clustering method has been used to find homogeneous groups
among the 170 farms. Clustering has been based on technological-productive variables
proposed by Giobellina and colleagues (2021), which are: total area, horticultural area,
sheltered area, types of crop shelter (anti-hail net, greenhouse, shade cloth), land tenure
type, management type, cultivated species grown (number and type), sales destination,
machinery, facilities (pens, dams, storehouses, others), and irrigation system: source and
type, among others. Thus, four homogeneous clusters have been identified, including a
different number of farms: 34 farms, 40 farms, 50 farms, and 46 farms. This has allowed
the selection of multi-species vegetable farms, characterized by accessibility and farmers’
willingness to participate; at least 10% of the farms from each cluster have been selected,
totaling 20 sampled farms (red in Figure 1). The area of the sampled farms represents 18%
of the peri-urban horticultural production in the study area.

Samplings have been performed and georeferenced monthly during the period from
29 September 2018 to 21 December 2019 to gather data and take photographs. From each
georeferenced and dated point, the following factors have been recorded: species, the area
occupied by crops, planting density, “condition” (soil cover, overall sanitation, degree of
weed cover), and productivity (biomass per unit area, kg/m?).

In this way, updated and local data on vegetable production in the ARCC have been
obtained in terms of (a) the main species and types of vegetable crops produced on diver-
sified farms, (b) mean productivity per species and type, (c) annual and spatial variability
of productivity per type, and (d) surface area allocated to each species and type in the
farms, using a direct field survey on diversified farms of peri-urban areas.

2.2.1. Species and Characterization of Types of Crops

The species present in the farms have been recorded monthly during the sampling
period in terms of frequency. Later, the sampled species have been grouped into the 5
horticultural typologies as proposed by FAO (2011) [40] and based on their edible parts:
roots and tubers (e.g.,: carrot, potato, sweet potato, turnip, beet, radish), leafy vegetables
(e.g., celery, parsley, chard, spinach, lettuce, and green onion), stems and bulbs (e.g., on-
ion, garlic, and asparagus), inflorescences and brassicas (e.g., cauliflower, broccoli, cab-
bage, artichoke, and brussels sprout), and fruit vegetables (e.g., tomato, cucumber, pump-
kin, broad bean, pea, chili, bell pepper, eggplant, french bean, melon, watermelon, and
sweetcorn).

2.2.2. Area Suitable for Each Species and Type of Horticultural Crops Annually

The research has allowed the valuation of the area to be suitable annually for each
species by considering the area used for vegetable cropping in each farm. A4;; (“mean
area annually allocated to each species in the farms”) has been calculated based on the
area of each sample relative to the vegetable crop area and the annual frequency of that
species in each farm, using the following relation:

A.
n J .
Li (Ahij) * (1)
n

where A; represents the sampling area of the species j, Ah;; is the horticultural area of the
i farm, and F; is the frequency, i.e., the number of times a given species j is cultivated in
the farm i over a year. For the report of each type, data of AA;; have been aggregated ac-
cording to the morphological typification of the vegetable crops.

AA’-] =
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2.2.3. Mean Productivity Per Species and Characterization of Type of Horticultural Crop

The productivity of each sampled crop has been estimated from the harvest of a sam-
pling unit of 1 m2. The harvested crop has been weighed in the field with a Roman scale,
and the yield per square meter of each species has been recorded. Moreover, during these
samplings, a survey has been carried out to systematize the data provided by the pro-
ducer, the observations, and the photographic records.

The arithmetic mean of productivity per species (hereafter “mean productivity”) has
been calculated, while the “productivity per cycle” for some species harvested more than
once (i.e., beet, summer squash var. “zapallito”, eggplant, French bean, autumn squash,
zucchini, small radish, broad bean, carrot, cucumber, bell pepper, or chili pepper) has
been estimated multiplying the productivity value (kg/m?) by the number of harvests
within the cycle.

2.3. Statistical Analysis

The spatial and temporal variability of productivity has been considered. More spe-
cifically, to investigate the possible existence of a potential spatial autocorrelation charac-
terizing the productivity in the sampled farms, Global Moran’s Index and Geary’s coeffi-
cient in software R for each vegetable crop type have been estimated to analyze their ef-
fects. Those tests were parameterized, defining a neighborhood with a minimum distance
of 0.05 km and a maximum distance of 20 km. Furthermore, other tests were performed
to study the spatial variability of productivity between the North and South zones. A lin-
ear mixed-effect model was fitted with a random effect for the type of horticultural crop,
using the library stats in R. That model allows for correlations and/or unequal variations
of the errors within the group (North or South zone).

The annual productivity (kg/m?) distribution for each vegetable crop type has been
analyzed by fitting a linear mixed-effect model of the productivity as a function of the
month considering a random effect of horticultural crop type. Finally, productivity values
have been compared with local databases [38] and regional ones [39] and analyzed
through a ForestPlot in R [41], by calculating the ratio of means. For that graph, the total
number of samples per species (n species), and the means and standard deviation for each
species have been used. For the local references, the reported means have been used, the
SDs have been calculated from the coefficients of variations, and the total number per
species has been obtained from the experimental data. From the FAOSTAT database [39],
records from countries from the Southern Cone region (Argentina, Bolivia, Brazil, Chile,
Ecuador, Paraguay, Peru, and Uruguay) have been used, and the number per species,
mean, and SD have been constructed from the reinterpretation of the categories “Vegeta-
bles”, “Tomatoes”, “Sweet potatoes”, “String beans”, “Spinach”, “Pumpkins, squash and
gourds”, “Potatoes”, “Peas, green”, “Onions, shallots, green”, “Maize, green”, “Lettuce

V77

and chicory”, “Leeks, other alliaceous vegetables”, “Garlic”, “Eggplants”, “Cucumbers
and gherkins”, “chilies and peppers, green”, “Cauliflowers and broccoli”, “Carrots and
turnips”, “Cabbages and other brassicas”, “Broad beans, horse beans, dry”, “Beans,

”oou 7y

green”, “Asparagus”, “Artichokes”, and “Anise, badian, fennel, coriander”.

3. Results
3.1. Dominant Species and Types of Vegetable Crops in the ARCC

During the study period, a total of 30 vegetable species were recorded in the sampled
farms, and the 15 most frequent crops resulted: lettuce, chard, beet, cabbage, arugula, leek,
chicory, spinach, summer squash var. zapallito, zucchini, green onion, broccoli, eggplant,
parsley, and french bean (Figure 4a and Supplementary Materials Tables S1 and S2). The
most common vegetable crop types, according to the FAO classification, have been leafy
and fruit types (Figure 4b).
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(a) lettuce
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Figure 4. Sampling frequency of vegetable crops in diversified farms from the ARCC: (a) The rec-
orded species during the sampling. (b) Frequency per type of vegetable crops, according to the mor-
phological FAO classification [40].

3.2. Mean Productivity per Species

Mean productivity values (kg/m?) have been obtained for each species, considering
all the sampling sites and dates (Table 1). The data included all the varieties for each spe-
cies sampled (e.g., lettuce: crisphead lettuce, butterhead lettuce, romaine lettuce, red leaf
lettuce, and green leaf lettuce). In crops such as chard, chicory, and parsley, first- and
second-harvest sampling has been included. Cabbage has included two planting densi-
ties: 4 plants/m? and 6 plants/m? while eggplant has included measurements under an
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anti-hail net and with no netting (“not sheltered”). The latter species has been measured
during the harvest months; however, according to the farmers, the production usually
decreases by 40% two months after the start of harvest.

The calculations of productivity in horticultural crops for “fruit”, “root”, and “tuber”
(i.e., beet, summer squashed var. zapallito, eggplant, French bean, autumn squash, zuc-
chini, small radish, broad bean, carrot, cucumber, bell pepper, and chili) require a differ-
ent treatment. In these crops, harvesting is performed gradually or staggered. For this
reason, in this work, a model has been fitted considering the harvesting frequency as de-
clared by farmers, and a final productivity value has been assigned per cycle (Table 1).

Table 1. Mean productivity per cycle (kg/m?) of vegetable species in diversified farms of the ARCC
during the period from September 2018 to December 2019.

Mean Productivity per Cycle (kg/m?)

Species n Mean S.D. Min Max
lettuce 75 3.64 1.57 0.62 10.42
chard 61 6.25 2.24 2 12.08
beet * 45 12.5 5.76 3.35 28.84
cabbage 40 9.15 6 1.28 23.22
spinach 37 2.65 1.25 0.65 5.38
arugula 34 1.77 1.11 0.3 4.42
chicory 31 2.26 1.12 0.5 4.42
leek 29 3.16 1.78 0.29 7.5
summer squash var. zapallito * 26 27.13 13.43 6.4 59.1
eggplant * 24 15.55 6.09 7.76 35.75
green onion 23 3.2 1.4 1.54 8.21
broccoli 20 3.33 1.26 1.44 5.82
parsley 12 2.08 1.71 0.2 4.4
french bean * 11 12.26 5.86 2.52 21.93
autumn squash * 9 16.1 9.79 4.84 34.56
zucchini * 9 42.68 16.5 228 81.65
small radish * 8 2.09 1.68 0.22 4.41
broad bean * 7 11.95 4.58 6.74 17.61
carrot * 7 14.65 8.76 5.35 30
sweet corn 6 3.06 0.92 1.74 441
sweet potato 4 49 0.73 4 5.79
turnip 4 6.03 1.2 4.38 7.19
cucumber * 4 40.47 15.47 20 574
cauliflower 3 5.14 1.13 4.38 6.43
artichoke 2 3.41 1.37 2.44 4.38
celery 2 1.64 0 1.64 1.64
bell pepper * 2 12.25 0 12.25 12.25
chili * 1 7.65 0 7.65 7.65
garlic 1 0.31 0 0.31 0.31
basil 1 0.89 0 0.89 0.89
Global production 9.34

* Species with more than one harvest per crop cycle. The reported arithmetic mean corresponds to
the model of harvest per cycle for each species.

A “mean vegetable productivity” value (mean productivity of all species) has been
estimated at 3.46 kg/m? in the present study (Table 1). When the model fitted per cycle has
been applied to species with more than one harvest per crop cycle, the “mean vegetable
productivity” increased from 3.46 kg/m? to 9.34 kg/m?.
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(a)

The report of commercial varieties of 16 species is presented in the Supplementary
Materials (Table S2). In some cases, it has been not possible to record the variety because
the producer did not know or remember it, or it has not been possible to visually differ-
entiate the morphological characters (e.g.,: arugula, green onion, parsley, zucchini, small
radish, broad bean, carrot, turnip, cucumber, cauliflower, celery, chili, and basil).

The comparison of the mean productivity of species (Table 1) with local sources
orally declared by producers as reported by Lanfranconi et al. (1987) [38] and by Tartara
etal. (1998) [29], and with regional and international references of the FAOSTAT platform
for 2019 through Forest Plot, have shown that sample productivity has resulted statisti-
cally different and higher than the local and regional references (Figure 5a,b).

Experimental_2019  FAOSTAT_2019 Weight

Species Total Mean SD Total Mean SD Ratio of Means ROM 95%-Cl (random)
chicory 31 22511242 4 097 0.3321 - 231 [1.59, 3.37) 6.7%
artichoke 2 34113776 3 1.84 10534 1.86 [0.79; 4.38] 3.2%
celery 2 164 0.0000 8 144 08419 ' 1.14 0.0%
sweet potato 4 490 0.7308 8 1.06 0.5514 rie- 461 [3.13; 6.79] 6.6%
broccoli 20 3.32 1.2564 4 112 04655 - 297 [1.91, 461] 6.1%
autumn scuash 9 402 24488 7 1.32 09052 —— 3.04 [160; 579] 45%
green onion 23 3.19 1.3966 2 092 0.1161 346 [269; 444] 7.9%
french bean 11 1.23 0.5864 8 0.49 0.5298 252 [1.13; 563] 3.5%
sweet corn 6 3.06 09193 4 0.85 04851 —— 361 [1.96; 6.65] 47%
cauliflower 3 514 11254 4 112 04655 i 459 [2.85; 7.39] 58%
broad bean 7 299 1.1447 7 021 0.3025 —— 14.06 [4.72;41.91] 23%
lettuce 75 364 15696 4 097 0.3321 - 3.74 [264; 530] 7.0%
turnip 4 6.03 1.1960 7 227 1.3768 —.- 266 [1.63; 4.34) 57%
cucumber 4 40515473 4 15107724 — 268 [1.43; 5.01] 46%
parsley 12 207 1.7105 8 144 08419 T 1.44 [0.78; 2.68] 4.7%
bell peper 2 1.23 0.0000 7 298 3.1480 ! 0.41 0.0%
small radish 8 209 16763 8 144 08419 145 [0.73; 2.89] 42%
beet 45 6.25 28799 8 144 08419 b L 435 [2.83; 6.66) 6.3%
cabbage 40 9.15 6.0009 5 1.24 0.7536 —-— 7.37 [4.17;13.03] 5.0%
arugula 34 176 1.1122 4 097 0.3321 = 181 [1.22; 269] 6.6%
carot 7 73243781 7 227 1.3768 - 323 [1.72; 6.07] 46%
Random effects model =
Heterogeneity: I = 63%, 1 = 0.1041, p < 0.01 S 3.14 [2.60; 3.81] 100.0%

| N e —
01 051 2 10
Productivity
(b) Experimental_2019 Lanfranconi_1982 Weight
Species Total Mean SD Total Mean SD Ratio of Means ROM 95%-Cl (random)
chard 61 62522437 61 476 17079 1.31 [1.16; 1.49] 52%
chicory 31 22511242 31 197 0.9803 o 1.15 [0.89;1.47] 5.0%
artichoke 2 34113776 2 1.15 04640 ——— 297 [1.34,;6.55] 31%
celery 2 1.64 0.0000 2 3.45 0.0000 ' 0.47 0.0%
sweet potato 4 490 0.7308 4 15102253 = 324 [264;399] 51%
eggplant 24 389 15233 24 190 0.7450 - 204 [1.64;255) 51%
broccoli 20 332 12564 20 262 0.9903 [ 1.27 [1.00; 1.60] 5.0%
autumn scuash 9 402 24488 9 530 32272 —_— 0.76 [0.43;1.33] 3.9%
green onion 23 31913966 23 1.81 0.7898 s 1.77 [1.37;2.28] 5.0%
french bean 11 12305864 11 1.79 0.8549 —— 0.69 [0.46;1.02] 45%
sweet corn 6 3.06 09193 6 062 0.1858 —+— 495 [3.52,6.95) 47%
cauliflower 3 514 11254 3 360 0.7881 T 1.43 [1.01;2.03] 47%
spinach 37 264 12542 37 235 1.1125 T 1.13 [0.91; 1.40] 5.1%
broad bean 7 299 1.1447 7 22308524 1.34 [0.90;2.01] 45%
lettuce 75 364 15696 75 1.80 0.7750 = 203 [1.76;2.32] 52%
turnip 4 6.03 1.1960 4 150 0.2974 —— 402 [3.05;5.29] 4.9%
cucumber 4 405 15473 4 118 04495 ——— 344 [203;585) 4.0%
parsley 12 207 1.7105 12 262 2.1611 —_— 0.79 [0.41;1.53] 35%
bell peper 2 1.23 0.0000 2 1.50 0.0000 J 0.82 0.0%
leek 29 316 17788 29 206 1.1603 — 1.53 [1.15;2.05] 4.9%
small radish 8 209 16763 8 0.60 04780 —+—— 351 [1.60;7.69] 3.1%
beet 45 62528799 45 167 0.7696 E 3.74 [3.09;453] 51%
cabbage 40 9156.0009 40 4.80 3.1501 - 191 [1.43;254) 49%
carot 7 7.32 43781 7 184 1.1025 ——— 397 [212,743] 3.6%
Random eﬂ‘ec}b model2 - SRR TR0
Heterogeneity: I° = 92%, t° = 0.2183, p < 0.01 —r— -88 [1.52;2.32] .0%
02 05 1 2 5
Productivity

Figure 5. ForestPlot of the ratio of means: (a) between sampled data and regional reference (source
of regional data FAO, 2019 [39]); (b) between sampled data and local reference of 1982 (source of
local data Lanfranconi et al., 1987 [38])
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Exceptions have been recorded for autumn squash, French beans, bell pepper, pars-
ley, and celery compared with data reported by Lanfranconi et al. (1987) [38], probably
because they had scarce experimental data and were poorly weighted in calculating the
global effect. Regarding the reported global effect, the experimental data are 3.14 times
higher than the regional ones [39] and 1.88 times higher than the local values reported for
1982 [38] (Supplementary Materials Table S3).

Productivity values did not show spatial autocorrelation (p-value>0.05). In this sense,
no significant differences in the productivity means have been observed between the
northern and southern zones of the ARCC (p-value = 0.14), which have resulted in a dis-
tance of 50 km. The same behavior has been observed for all the horticultural groups un-
der study.

Slight seasonal variations in the monthly productivity means of fruits and leaves
have been observed throughout the year (Figure 6).
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Figure 6. Mean productivity (Kg/m?) per cycle in a year for each type of vegetable crops in diversi-
fied farms of the ARCC for the 2018-2019 period. The trend line corresponds to a linear regression
of productivity.

The groups, inflorescences and brassicas, tubers and roots, and stems and bulbs, have
presented a higher dispersion of the data with an evident impact of seasonality where we
observed that the inclusion of a quadratic term in the linear regression of productivity as
a function of time resulted in a statistically significant (p < 0.05) and improved goodness
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Area dedicated to each species in the farm (%)
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of fit. The inclusion of this quadratic term indicates that productivity has a maximum in
the month of June (month 6).

Regarding the area cultivated with each species in the farms, among the 15 most fre-
quent species (Figure 4a), the highest values have been recorded for chard, lettuce, and
arugula, with means of 12.43%, 10.08%, and 9.13% of the area occupied in the farm, re-
spectively (Figure 7).

a0

E ; 7] -
—
2% % g %% g
o= -
ER-] £ e & 2 3.
o= o 8 =« & _
o ") - —_— -
P = £ _g
[ E
] E
ES b & 3
E S
2 ®
—pecies

Figure 7. Area (%) dedicated to each vegetable species sampled in the farms of the ARCC. The red
box groups the 15 most frequent species.

Likewise, these species have had the highest SD, with maximum values of 63%,
42.9%, and 28.8%, respectively, indicating that some farms have resulted almost exclu-
sively in the production of these leafy species. Beet and summer squash var. zapallito have
ranked second in the means of covered area, SD, and maximum allocated area. In general,
most of the species detected in this work have had an allocated area smaller than 5% per
farm.

The highest percentage of the productive area of the farm has been allocated to leafy
horticultural crops (8.55 %), followed by roots and tubers (6.76 %) (Table 2), while fruit
vegetables and roots and tubers have been the crop groups with the highest mean produc-
tivity per cycle (kg/m?/cycle) (Table 2).

Table 2. Farm area (%) and monthly productivity means (kg/m?) for each type of vegetable crops.
The highest values are highlighted in grey.

Covered Farm Mean Monthly Productiv-

Type Area (%) ity (kg/m?)
Leaves 25 8.55 3.62
Roots and Tubers * 68 6.76 10.91
Inflorescences and Brassicas 65 4.47 7.00
Stems and Bulbs 55 3.87 3.07
Fruit vegetables * 99 3.20 20.59

* Types of vegetable crops with species with more than one harvest per crop cycle.

The estimations of “vegetable crop productivity mean” per crop cycle (kg/m?) as well
as the identification of areas suitable for each type of horticultural crop yearly allow to
estimate the annual potential food supply. For the 170 farmlands surveyed until 2019, the
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food supply is 72,881 ton/year. Furthermore, the frequency of each crop type in each farm-
land and the horticultural area in the peri-urban territory (GIS data) allow to estimate the
spatially explicit food supply and design the first territorial cartographic characterization
of this ecosystem service, as is shown in Figure 8.
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Figure 8. Estimated food supply (ton/year) of vegetable crops in each diversified farm of the ARCC
for the 2018-2019 period: in (a) the northern part of the study area, while in (b) the southern part of
the study area. For the 170 farmlands, the estimated total food supply is 72,881 ton/year.

4. Discussion

Rural areas adjacent to cities are under severe pressure, resulting in environmental
degradation, biodiversity loss, and decreased ecosystem service (ES) provision for city
dwellers [42,43]. Peri-urban areas represent the supply zone of multiple ESs [44—46]; in
such peripheral areas, food production [47] remains a dominant ES [16,48,49]. The food
supply indicator shows the capacity of agricultural peri-urban landscapes to provide eco-
system services to crops [50].

Urban governing bodies appear to be oriented toward converting their peri-urban
areas into areas capable of providing food locally [51,52]. This need is linked, on the one
hand, to the desire to provide food to cities in a sustainable way and, on the other, to the
sense of uncertainty that pervades the current model of food supply. This insecurity is
justified by the increasingly unstable geopolitical situations, the continuous and increas-
ingly ruinous natural disasters due to climate change, etc. [53], hence the need to reorient
the food production of cities, and especially of metropolises, with a more sustainable and
resilient approach that tends to mitigate the impact of such events on the food system
[9,54]. In this perspective, implementing the diversification of crops with a high economic
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value, for example, such as vegetables, fruits, and so on, could secure agriculture-based
incomes, hastening growth and cutting rural impoverishment [55,56].

Food supply must be estimated on the basis of the current and potential demand of
future populations taking into account the landscape carrying capacity for sustainable
land-use planning. Therefore, an accurate measurement of the biomass harvested on a
given surface area is needed (i.e., kilograms per square meter) to assign pixel (minimum
unit of remote observation)-level productivity to each land use land cover class. In the few
databases of vegetable production in the ARCC, data have been not expressed in surface
area units, but in “bulk”, “box”, “bunch”, “rows”, or “plots”, based on empirical estima-
tions or producers’ oral reports [29,38]. Consequently, more accurate input data for re-
mote-sensing-based models are needed to obtain reference data for decision-making re-
garding food provision in peri-urban systems.

In consumer research from Barbero (2012)[57], the most widely consumed species in
the area in decreasing order of importance were potato, tomato, chard, onion, carrot, and
lettuce. Hence, lettuce and chard have resulted as the two most widely consumed species,
in agreement with the highest production frequency in the ARCC (Figure 5a). Among
food cultures, the price of vegetables is one of the main factors determining consumers’
behavior [57,58], and it is also a food policy focal point to allow equal access to food sup-
ply. Regarding the promotion of diversified consumption, there are only the strategies of
producer-consumer fairs and the generation of a network for trading large sacks with di-
verse seasonal horticultural crops (Supplementary Materials Table 54). However, these
isolated actions do not reach most of the population, unlike other public policy strategies
assessed in other countries (Supplementary Materials Table S4), such as the food provided
at schools or complimentary food bags (given to retired people and low-income sectors),
or purchases for soup kitchens of public institutions (hospitals, schools, universities, etc.).

The FAO [58] indicates that diversified production systems of fruits and vegetables
are usually more profitable than monocultures for a given land area. Therefore, the pro-
duction of leafy and fruit vegetable crops rather than of other types (Figure 5b) may be
related to the economic decisions of farmers, such as the sales price, production costs,
input costs, and the need for rapid economic return. In this sense, leafy vegetables have
shorter cycles, whereas fruit species have higher prices and productivity. In particular,
integrating the productivity of all species into a single value of “vegetable crop produc-
tivity mean” (kg/m?) can be a reference criterion in diversified production contexts (Table
1). This is especially important in highly diversified systems such as agroecological zones,
which typically use practices such as multiple cropping systems, intercropping, and the
supply of hosts for natural enemies [59], where more than one species per unit is observed.
This parameter may be particularly useful considering the current trend toward the di-
versification of production systems [60]. Considering crops with more than one harvest
(i.e., fruit vegetables), the mean of “vegetable crop productivity” increased from 3.46
kg/m? to 9.34 kg/m?, closer to that reported for diversified horticulture [59,61].

The surveys carried out in the diversified farms have grouped the species according
to FAO horticultural crop types [40] with the advantage of generalizing or, rather, includ-
ing other less frequent or unsampled crops (e.g., coriander, pak choi, tomato) for making
estimations. The multiplication of the average area occupied by a type of vegetable crop
by the number of species of that type has allowed the estimation of the area occupied by
a specific group of crops at a given moment on a farm. For instance, if, as we observed,
the leafy species occupy on average 8.55% of the farm area (Table 2), and a producer grows
three leafy species, the area occupied with leafy crops will be 25.65% of the farm, with an
average productivity of 10.86 kg/m? (Table 2). Then, the percentage of occupation of a farm
can be obtained with the number of species per type. Although this is a coarse estimation
of composition, it may be a very useful value to characterize regions of proximal vegetable
food.

Regarding the spatial variability of productivity, at the scale of analysis used in this
work, the results have indicated that productivity is not conditioned by the site where the
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farm is located. This conclusion is supported by the fact that in vegetable crop production,
plant requirements are met through the management of water, nutrients, tillage, and pest
management rather than a local spatial variation of edaphoclimatic factors.

The analysis of the past trajectory of horticulture land use has highlighted its serious
risk to collapse due to the strong land use change (-75% from 1988 to 2019) caused by
urban sprawl and extensive monocultures. Thus, agricultural policies towards the resili-
ence of this fragile land use are needed to guarantee not only the maintenance of food
supply but also the conservation of its cultural role.

5. Conclusions

The provision of ESs in agroecosystems is strongly correlated with the integration of
different policy domains, including land use planning, agricultural and environmental
policies, etc. [62]. In addition, the governance framework should guarantee space and en-
act aid for an exchange of interests between stakeholders. In this sense, this paper pro-
poses a methodological framework that can be useful worldwide when up-to-date official
productivity data are not available and are a necessary basis for planning, decision-mak-
ing, and for the implementation of public policies. Diversified farming can include a wide
range of agricultural management practices, promoting ecosystem functioning and re-
lated ecosystem services such as soil fertility and productivity conservation, as well as
crop diversity. Furthermore, the diversity and amount of food provided in a specific area
allows inferences regarding food security, the conservation and restoration of biodiver-
sity, and resilience to climate change. In relation to diversification, a total of 30 vegetable
species were recorded in diversified farms of the studied area, with 15 species identified
as the most frequent crops, as reported in Figure 7, based on the area dedicated to each
vegetable species sampled in the farms (in %). In particular, a reference value of “average
vegetable productivity” (kg/m?) was obtained, which is very important in highly diversi-
fied systems, where multiple cropping systems, intercropping, and the provision of hosts
for natural enemies are commonly used practices. It was also found that productivity is
not site-dependent, but may be more related to anthropogenic factors, such as production
decisions, financial and technological aspects, as well as demand and consumption habits,
policies promoting diversification, and land access policies. In this sense, it is necessary to
support the supply of fresh local horticultural food with public policies that promote the
consumption of more diversified foods, as well as territorial planning and the diversifica-
tion of production.

Diversified peri-urban horticultural farms, therefore, represent a good example of
sustainable agriculture in the face of the challenge of maintaining the provision of ecosys-
tem services while ensuring secure access to food in proximity to megacities. Furthermore,
they can represent suitable nature-based solutions in industrial agricultural areas, where
crop diversity can mitigate the impact of extensive monoculture. In this perspective, spa-
tial planning policies should consider how to make these agroecosystems resilient, basing
development strategies on a good knowledge of the specific agricultural context to be
planned, not only in terms of economic productivity but also in ecological and socio-cul-
tural terms.

The approach of this research will allow regular follow-up about the food supply
through a periodic classification of land cover and land use in the peri-urban landscape.
The results of this research will be the basis for new sustainable agricultural policies fo-
cused not only on food security, i.e., agricultural productivity, but also on traditional
farmland practices, as well as on fostering cultural and social capital.
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