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Abstract

Postharvest losses amongst small-scale farmers in developing countries are high due to
inadequate resources and infrastructure. Among the various affected crops, tomatoes
are particularly vulnerable; however, studies on postharvest losses of most fruits and
vegetables are limited. Therefore, this study aimed to assess postharvest tomato losses
under different production systems within the small-scale supply chain using the indirect
assessment (questionnaires and interviews) and direct quantification of losses. Farmers
reported tomato losses due to insects (82.35%), cracks, bruises, and deformities (70.58%),
and diseases (64.71%). Chemical sprays were the main form of pest and disease control
reported by all farmers. The direct quantification sampling data revealed that 73.07% of
the tomatoes were substandard at the farm level, with 47.92% and 25.15% categorized as
medium-quality and poor-quality, respectively. The primary contributors to the losses were
decay (39.92%), mechanical damage (31.32%), and blotchiness (27.99%). Postharvest losses
were significantly higher under open-field production systems compared to closed tunnels.
The fungi associated with decay were mainly Geotrichum, Fusarium spp., and Alternaria
spp. These findings demonstrate the main drivers behind postharvest losses, which in turn
highlight the critical need for intervention through training and support, including the use
of postharvest loss reduction technologies to enhance food security.

Keywords: food systems; food security; shelf-life; decay; mechanical damage; quantifica-
tion of losses; postharvest losses

1. Introduction
Global production and consumption of fresh produce have increased by more than 60%

in the last two decades, as consumers are now conscious of the health benefits of fruits and
vegetables when consumed raw [1]. The consumption of tomatoes (Solanum lycopersicum
L.), specifically, has been associated with reduced susceptibility to life-threatening diseases,
such as cancer, diabetes, and heart disease, among others [2]. In addition to the health
benefits, tomatoes were the most produced vegetable in the world, at 186 million tonnes
in 2022, representing an increase from 110 million tonnes in the last two decades. Despite
these benefits, the production and consumption of tomatoes are affected by various factors
at the pre- and postharvest stages, which leads to fruit losses, thus limiting food availability
for consumers [3]. Food availability is further limited by the increase in tomato prices due
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to a combination of supply, demand, and external factors, making them inaccessible to
food-insecure populations [4].

In Sub-Saharan Africa, with more than 61% moderate-to-severe food-insecure people,
the impact of supply chain losses is devastating [1]. Substantial tomato losses are experi-
enced during production and storage due to poor infrastructure, packaging, management,
and financial limitations [5]. The compounded effect of several causes, namely, physical
damage, physiological disorders, and biological damage, results in severe pre- and posthar-
vest losses [6], leading to decay and mechanical damage. These challenges, compounded
with other factors, affect the production and income of small-scale farmers [7].

The postharvest losses of tomatoes in the African context have previously been as-
sessed [8–10], showing that these losses pose a serious threat to food security and small-
holder farmer livelihoods. In household farms in Ethiopia and Rwanda, poor handling,
inappropriate storage containers, rough transportation, and a lack of temperature manage-
ment resulted in mechanical damage to harvested tomatoes [11]. According to Fernandez-
Zamudio et al. [12], reliable information on food waste and losses in the agricultural supply
chain is limited, especially when obtained through direct measurement methods. The lack
of primary data obtained through direct measurements is a limiting factor in the estimation
of the magnitude of food waste and its mitigation [3,12]. In South Africa, farm-level losses
of tomatoes have been previously assessed using only a questionnaire-mediated study [13].
The direct quantification of tomato produce lost at a farm level and postharvest is not
available for small-scale farmers, such as in the South African setting.

Therefore, this study aimed to assess and quantify postharvest tomato losses under
four different small-scale production systems, to identify critical farm practices associated
with postharvest losses. This information will be useful for developing “fit-for-purpose”
loss mitigation strategies. Objective one focused on the assessment of farmer knowledge
and practices, while objective two focused on quantifying the causes of tomato losses
postharvest. To the best of our knowledge, this is the first study to quantify the postharvest
losses of tomatoes experienced by small-scale farmers under different production systems.

2. Materials and Methods
2.1. Site and Participant Selection

This study was conducted in all three agricultural regions (Tshwane, Germiston, and
West Rand) of the Gauteng Province of South Africa in the 2022–2023 tomato production
season. Small-scale farmers who started planting in 2022 or 2023 were excluded due to
a lack of historical loss data. The questionnaires and consent forms were administered
through extension officers via in-person visits and emails to all 34 small-scale farmers
registered with the Gauteng Department of Agriculture and Rural Development (GDARD)
before visiting the farms [14]. Only 17 of the 34 farmers volunteered for this questionnaire
study. Of these 17 farmers, 8 were randomly selected for the assessment of postharvest
losses in storage. The selected farmers produced tomatoes in different production systems
(open, netted, semi-closed, and closed tunnels) and produced and harvested tomatoes
between August 2022 and March 2023.

2.2. Questionnaire Design and Administration

The final questionnaire was constructed to comprise four quantitative and qualitative
semi-structured sections, with a total of 40 questions. English was used as the primary
language of communication. Section A consisted of demographic information, such as the
location of the farm and the produce planted by the farmer. Proportionally, there were more
small-scale farmers from the West Rand (58.82%) than Tshwane (35.29%) and Germiston
(5.88%) who participated in this study. The farmers operated on farms with a total size
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ranging from 0.5 to 20 hectares. The majority (52.94%) of the small-scale farmers cultivated
their tomatoes under a covered system that included shade nets and plastic tunnels, 17.65%
planted tomatoes in open fields, and 29.41% cultivated tomatoes in combination systems.

Section B focused on farm facilities to establish the impact of infrastructural and
managerial challenges that can contribute to losses, section C evaluated the farmer’s
preharvest practices and losses, and section D evaluated the postharvest practices and
losses. Sections C and D were designed to provide insight into the potential practices that
can lead to pre- and postharvest losses within the small-scale sector.

On the day of the interview, the consent form and the purpose of this study were
explained to the farmers, project managers, and extension officers. The farmers were
informed of the research objectives and the confidentiality of data (detailed in the ethical
consideration section). The interviews were conducted with the farmer or operational
manager about the day-to-day farm activities. Interview times ranged from 30 minutes to
one hour, depending on the farmer’s willingness to share information on the history of the
farm, practices, and losses. For the purpose of this study, questions that assessed factors
contributing to losses were analysed and reported.

2.3. Sample Collection and Direct Assessment of Fruit Quality

In order to assess the causes of tomato losses, a direct assessment of tomato quality
was conducted. A total of 3115 fruits from small-scale farmers were analysed in the current
study. Six-kilogram boxes (commonly used packaging by small-scale farmers) of tomatoes
were collected in triplicate from farms and subjected to consumer-simulated storage at
room temperature [15]. The number of sampling repeats for the collection of tomatoes per
farm ranged from two to four, based on the length of the harvesting season. Farm T1 was
visited on four occasions, T2 was visited twice, and T3 was visited three times. Likewise,
W1 was visited four times, W2 and W4 were each visited twice, and W3 and G1 were each
visited three times.

Tomatoes were analysed at harvest (day 1) and postharvest (day 7 and day 14). Each
fruit was individually counted and visually assessed for defects, such as blotchiness, decay,
insect damage, mechanical injuries, water stress (cracked/shrivelled skin), size irregulari-
ties (undersized or oversized), and ripeness issues (green or overripe) [9]. Tomatoes were
analysed for total losses by categorizing the fruits into good and substandard (medium or
poor) quality. Good-quality tomatoes were free from defects, medium-quality tomatoes
exhibited blotchiness and damage that mainly affected their appearance and consumer
acceptance, and poor-quality tomatoes included decayed and insect-damaged fruits that
rendered them inedible [8]. The poor-quality fruits were recorded and discarded. Total
losses were calculated as an expression of the number of poor-quality fruits in a box. The
percentage of losses per physical defect was calculated as an expression of the number of
fruits with non-satisfactory quality (medium- and poor-quality).

To assess physiological quality parameters, fruit mass (g) (Mettler-Toledo AG, CH-
8606 Greifensee—Zürich, Switzerland), firmness (N) (Digital fruit penetrometer, Haryana,
India), pH (PH211 pH Meter, Woonsocket, RI, USA), and total soluble solids (TSSs) (%)
(PR-32, Atago, TSSs 0–32%, Palette, Tokyo, Japan) were measured for five tomatoes, ran-
domly selected from each box on days 1, 7, and 14. After these measurements, symp-
tomatic fruits were assessed for fungal and bacterial pathogens using morphological
and molecular techniques. Surface-sterilized tomato fruit tissues were plated onto malt
extract agar (MEA) (Merck, Johannesburg, South Africa) supplemented with chloram-
phenicol and incubated at 25 ◦C for seven days. Subsequently, these microorganisms
were identified by Sanger sequencing and BLASTn (https://blast.ncbi.nlm.nih.gov) anal-
ysis of the fungal internal transcribed spacer ITS1 and ITS4 loci amplified using the for-
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ward primer ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and the reverse primer ITS4 (5′-
TCCTCCGCTTATTGATATGC-3′) [16].

2.4. Ethical Consideration

This study received approval from the University of Pretoria’s Faculty of Na-
tional and Agricultural Sciences Research Ethics Committees (ethical clearance number:
NAS234/2022). For confidentiality, farm names were concealed in unique codes for each
questionnaire. Farms from the Tshwane region were designated as T1 to T3, Germiston
as G1, and the West Rand as W1 to W4. Production systems were categorized as closed
production at T1, G1, and W4, semi-closed production at W1, W2, and W3, the netted
tunnel at T3, and an open field at T2.

2.5. Data Analysis

For the questionnaire data, SPSS Statistics version 27 [8] was used, and for descriptive
statistics, R package version 4.2.3 was used to assess statistical differences in loss by analysis
of variance (ANOVA) across the farms, production systems, storage durations, and physical
defect types [17]. Pair-wise comparison was conducted by Least Significant Difference
post hoc analysis. To analyse the trends and correlations among the different causes of
tomato losses, principal component analysis (PCA) was performed. In the ordination, the
various causes of losses are represented by vectors. Longer vectors indicate a stronger
influence. Where vectors point in the same direction and appear close together, the causes
are considered to be related.

3. Results
3.1. Preharvest Practices

Tomato production of four different cultivars (Moneymaker, Renka, Rodade, and
Hybrids) is performed throughout the year. The small-scale farmers interviewed reported
using different cultivars depending on a high profit margin (33%) and long shelf-life
potential (53%). Crops are planted from seeds and/or seedlings sourced from agricultural
shops and nurseries. To achieve the expected yield, more than 50% of the farmers chose
their cultivar based on the plant’s vigour and long shelf-life potential of yield, while 40%
indicated that resistance to disease and pests was their main reason for choosing specific
cultivars for production (Table 1). The results also show that 88.24% of farmers used
borehole water that was either stored in closed plastic tanks (62.00%), open dams (12.5%),
or both (25%). This water was often used for irrigation without prior treatment (Table A1).

Table 1. A survey of preharvest activities in the production of tomatoes by small-scale farmers in
Gauteng Province. N = the number of individuals.

Questions
Responses

N %

Why do you prefer the variety you grow over others? (n = 15)
Determined by the market 2 13.33
Affordability and high profit 5 33.33
Plant vigour and long shelf-life 8 53.33
Availability of the seeds 1 6.67
Resistance to disease and pests 6 40.00

Do you apply pesticides, if yes how often? (n = 17)
Before planting 6 35.30
When needed 3 17.65
According to schedule 8 47.06
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Table 1. Cont.

Questions
Responses

N %

At different growth stages 1 5.88
More than twice 4 23.53
No not apply during growth season 1 5.88
Apply after the growing season 3 17.65

What contributes to fruit losses in your field? (n = 17)
Disease 15 88.24
Cracks 13 76.47
Bruises 9 52.94
Scars 10 58.52
Deformities 12 70.58
Insects 17 100.00

Do you have expertise in disease diagnosis? (n = 15)
Yes 4 26.67
No 11 73.33

Please list some of the extension groups that you work with. (n = 16)
ARC 1 6.25
Chemical companies 1 6.25
GDARD 7 43.75
ARC and GDARD 2 12.50
GDARD and chemical companies 3 18.75
GDARD and other farmers 2 12.50

Although farmers used resistant cultivars, the control of pests and diseases was still
mainly performed through pesticides and fungicides. For better results, about 47.10% of
the farmers, guided by the extension officers, followed a spray program to avoid over- or
under-spraying. Meanwhile, 17.60% sprayed only when there were symptomatic plants
(Table 1). Notwithstanding the spraying program, farmers still reported losses of tomatoes
due to diseases (88.24%) and insects (100%). These could be attributed to inadequate disease
diagnosis expertise, as was the case for more than 70% of the farmers.

In the pursuit to resolve this matter, farmers are assisted by extension officers (87.50%),
chemical companies, and the Agricultural Research Council (18.75%) (25.00%) for the
identification of diseases and insects (Table 1). However, these services are not readily
available on-site in time to consider and apply preventative measures. Moreover, the
majority of the farmers (76.47%) indicated that cracks due to excessive watering or irregular
irrigation are one of the additional causes of losses in the field, followed by bruises (52.94%),
scars (58.82%), and deformities (70.60%) (Table 1). The farmers (W1 and T1) who indicated
having expertise obtained the information, either through training courses or from previous
work experience at the Department of Agriculture, reported lower postharvest losses
compared to other farmers.

3.2. Postharvest Practices and Related Losses

Tomatoes were harvested for three to four months after planting seedlings in the
ground. Harvesting was mainly performed by hand, collected in crates and buckets, and
later sorted into boxes, bags, and crates for sale. More than 60% of the farmers harvested
tomatoes in the cool morning weather to reduce the field heat. The main reason for
harvesting in the morning and last afternoon was that “the weather is cooler, so the fruits
do not lose water”. Other farmers indicated that the harvesting time was decided based on
the trading hours of the markets and the availability of direct customers (Figure 1).
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Figure 1. Different types of harvest and postharvest practices among small-scale tomato farmers
represented in percentages, including harvesting time, harvesting tools, postharvest treatment,
packing materials, vehicles used for transportation, and market access. The percentages indicated in
each pie chart refer to farmers following the specific set of harvest and postharvest practices.

Moreover, 65% of the farms had no packhouse facility. Of the 35% (n = 6) that reported
having a packhouse, only one had a cold room, water bath, and pack area facility, and
the remaining farmers used any empty room, garage, or shed that was designated for the
packing of fruits, often with inappropriate hygiene levels. These results indicate a lack of
resources with small-scale farmers to practice suitable tomato handling postharvest. All
farmers indicated that they sorted their tomatoes based on size and colour. Subsequently,
fruit washing was performed to remove soil on the fruit surface—if fruits appeared clean,
farmers did not enforce cleaning before sending the produce to the market. During the
period of this survey, only the fruit in open-field tomato production required wiping, as
it had rained the day before harvesting. Tomatoes that were cleaned before sending to
the market were wiped with a wet cloth (35.29%), dry cloth (11.76%), washed with water
(35.29%), and wiped with water containing fungicides (3.88%), depending on the level of
dirtiness. Approximately 12% of all interviewed farmers sold tomatoes without washing
or wiping.

After harvest, the tomatoes were sold into a wide range of markets, including formal
and informal retailers, wholesalers, processing companies, the national fresh produce
markets, and direct customers. While only 11% of the farmers use refrigerated trucks, most
use open and closed pick-up trucks (called “bakkies”) and cargo trucks to transport the
produce to the point of sale (Figure 1).

Results demonstrate that the annual tomato production in small-scale farms ranged
from 2 tonnes per hector to 256 tonnes per hector. On the negative side, approximately 18%
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of the farmers lost more than half of their crop within a season, and about 35% indicated
that they lost approximately one-third of the fruits. Losses were due to insects (82.35%),
followed by cracks, bruises, and deformities (70.58%) and diseases (64.71%) (Figure 2).
The results further revealed that 47% of the farmers ate or discarded low-quality fruits,
followed by 30% being sold to street vendors. Less than 20% of the farmers donated or sold
the fruit to processing companies.

 

Figure 2. Postharvest losses of tomatoes under small-scale farming conditions, highlighting (A) per-
centage losses reported by small-scale farmers, (B) what farmers do with unmarketable fruits, and
(C) different causes of postharvest losses.
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3.3. Direct Assessment of Tomato Losses and Quality
3.3.1. Quality Attributes

Fruit weight significantly reduced from day one to day seven (p < 0.0001); however, no
significant differences were observed between day seven and day fourteen. A significant
(p < 0.0001) decline was also observed in fruit firmness from day one (1.77 ± 0.04 kg) to
day fourteen (0.88 ± 0.03 kg). The pH increased significantly (p < 0.0001) from the day of
harvest (4.25 ± 0.01) to 14 days after storage (4.51 ± 0.01). The results also show that fruit
pH and firmness significantly differed between farms (p < 0.0001). In contrast, the increase
in total soluble solutes (TSSs) in storage was not significant, where it was noted as 4.07,
4.16, and 4.21 Brix for days one, seven, and fourteen, respectively (Figure A1).

3.3.2. On-Farm Losses

A total of 63 boxes (378 kg) of fruits were collected from the farms and analysed for
postharvest losses on day 1 and day 14 of storage. Postharvest losses differed significantly
between tomatoes sampled at the start and the end of the harvesting season (p < 0.0001).
Figure 3A shows that losses were lower at the beginning of the season, with an average of
60.95% and a range of 28.57–100% (p < 0.0001). Meanwhile, the losses at the end (Figure 3B)
of the season ranged from 46.15 to 100.00%, with an average of 90.43% (p = 0.0001). From
the collected samples, the five farms that recorded 100% losses at the farm level at the
beginning of the season had similar results at the end of the season. These farms had to
shorten the production (T2 and W2) seasons due to severe losses. Open-field and netted
tunnel losses were related to rain and hail that caused microtears on tunnels and damaged
fruit. Only three farms recorded losses of less than 100% at the end of the harvesting season:
two were closed tunnels, and one was semi-closed. The latter planted their tomatoes late
in the season and only underwent the first harvest in early January, as compared to the
November and December harvests of other farmers.

Overall, 73.07% of the tomatoes were substandard (Figure 4) at the farm level, with
47.92% medium-quality and 25.15% poor-quality tomatoes. Figure 3C,D show the tomato
losses segregated into medium-quality and poor-quality (fruits not fit for consumption). The
data further shows that farms under semi-closed production had no significant difference
in the fruit categorised as medium-quality. In contrast, T1 under closed production was
shown to have significantly higher numbers of medium-quality fruits than W4 (p = 0.004).
This means that, even though T1 had high losses, the fruit could still be sold, albeit at a
lower price, and used for human consumption. On the other hand, poor-quality (C) or
quantitative losses were significantly higher in T2 (open field) compared to the other farms.
Naturally, these are the two farms that showed an overall 100% qualitative losses at the
end of the season. Tomatoes from farm T1 (closed production) had significantly lower
poor-quality fruit losses than the other farms at the farm level. Intermediate levels of losses
were observed in the remaining six farms, regardless of production system (p < 0.05).

The losses observed at the farm level were caused by different factors, the most
common being decay, insects, mechanical damage, physiological defects, incorrect size,
and harvesting at the wrong stage. Decay was reported in all farms at harvest, with the
highest prevalence observed in open fields (abundance of 19%; Figure 5). Lower decay
damage was observed in six of the farms with a relative percentage lower than 10%. In
poor-quality fruits, the losses were attributed to insects, decay, and mechanical damage;
such damage often render the fruit unappealing and unsafe for consumption. Overall,
losses caused by insects and blotchiness were significantly greater than those resulting
from other types of losses. Insect damage were relatively higher in fruits harvested under
semi-closed tunnels and netted and open fields and lower in the closed tunnels. A similar
pattern was observed where the mechanical damage was relatively higher under closed
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and semi-closed production, with a loss of more than 15%, compared to the fruits harvested
from netted tunnels and open fields, with a loss of less than 5%. Blotchiness was the
main loss contributor to medium-quality tomatoes (43.95%). The other common causes of
medium losses were harvesting of green/overripe fruit (17.57%), shrivelling and cracks
(15.58%), over/undersized fruit (11.65%), and physiological damage (13.22%). There was
no significant difference in the incidence of these types of losses. For one farm (G1), the
losses (100%) at harvest resulted in uneven ripening, caused by chilling injury due to power
outages that disrupted the cold chain.

 

Figure 3. Substandard tomatoes from small-scale farmers at harvest. Overall, substandard fruits
monitored at the (A) beginning and (B) end of the season were categorised as (C) poor-quality and
(D) medium-quality. The different letters on the bars show significant differences based on Fisher’s
test (α = 0.05). The percentages in the figures indicate the number of fruits considered substandard
per farm.

3.3.3. Losses in Postharvest Storage

The average postharvest losses on day seven were 38.66%—these tomatoes were unfit
for consumption, mainly due to insect damage and diseases, or severe mechanical damage.
The lowest losses (from 4.95%) were observed in tomato fruits sourced from closed (T1)
and semi-closed tunnels (W1). On the other hand, the highest losses (up to 39.18%) were
from W2, which had the highest insect infestation, followed by open fields (T2) and netted
tunnels (T3).

On day 14, postharvest losses were presented as cumulative losses in storage. Overall,
losses in storage averaged 65.00% (Figure A2). The complete loss of produce at harvest was
mainly due to the decay of wounded fruits, rain, and insect and pathogen infestation. The
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closed-tunnel farm, T1, had the lowest average postharvest losses recorded in this study,
less than 30%, followed by W1 (45.61%). These are the only two farms that recorded less
than 50% postharvest losses in storage. The other semi-closed and closed farms experienced
postharvest losses between 52.60% and 62.79%, except W2. Farms T2 (open-field) and
W2 (semi-closed) had the highest accumulated postharvest losses of 92.10% and 81.44%,
respectively. The quality of the tomatoes collected from these farms was relatively higher
than other farms on day one, and by day seven, over 70% of the fruits were discarded.
Trailing behind T2 and W2 is T3, where the losses started lower on day one; however, by
day seven, the losses were already above 70%, reaching 81.77% on day 14 (Figure A2). In
contrast, tomatoes collected from T1 (closed) and W1 (semi-closed) had relatively higher
quality produce compared to the other six farms. More than 70% of the tomatoes from T1
were still in an acceptable condition by day 14.

 

Figure 4. Visual examples of losses of tomatoes observed at harvest and in storage caused by
(A) decay, (B) blossom-end rot, (C) chilling injury, (D) insect damage, (E) green, (F) over/undersized,
(G) deformities, (H) sunscald, (I) water stress cracks, (J) blotchiness, (K) leaking fruits, (L) mechanical
damage, and (M) physiological losses.
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Figure 5. The causes of postharvest losses of tomato from small-scale farmers under different
production systems, including the extent of the causes of losses, open fields, netted tunnels, semi-
closed tunnels, and closed tunnels. The statistical analysis of the different causes of losses per farm are
independent of analysis of another farm. The different letters on the bars show significant differences
based on Fisher’s test (α = 0.05) within a specific farm.

Overall, postharvest losses in storage were mainly caused by decay (39.92%), mechan-
ical damage (31.32%), and blotchiness (27.99%). Figure 4 shows a visual representation of
the different losses seen in this study—these types of losses are considered as defects by
South African tomato quality standards. The leading causes of losses in storage differed
from one farm to another. Decay was the main cause of tomato losses in 50% of the farms.
In undercover production, the leading causes of losses were mechanical damage, decay,
and blotchiness. In netted (Figure 6) and open fields (Figure 6), the common causes of
losses were decay and mechanical damage. Within these farms, postharvest storage losses
caused by decay were approximately 50%.

Higher losses caused by decay were also observed in W2, where more than 53% of
the fruits were lost by day seven. Even though the other farms reported relatively lower
incidences of decay compared to T2, T3, and W2, the losses still ranged between 24.10 and
45.85%. In addition to the physical analysis of the cause of losses, tomatoes lost due to
decay were analysed for the microbiological causes of the diseases. According to molecular
analysis, the dominant identified pathogenic fungal genera associated with diseased and
spoiled tomatoes include Fusarium (36.49%), Alternaria spp. (24.32%), and Geotrichum spp.
(14.86%) (Figure 4A,B). These three genera constituted more than 75% of the analysed
fungal isolates from diseased tomatoes.

3.4. Trends in Postharvest Losses of Tomatoes
3.4.1. On Farm

The principal component analysis (PCA) biplot (Figure 7) results show a close relation-
ship between losses caused by fruit size (oversized/undersized), physiological damage,
and water stress (in-field cracks). These losses are often linked to practices that affect plant
nutrition and in-field water availability. The biplot further revealed that size-related losses
were most common in farm T1; meanwhile, losses related to physiological damage and
water stress were prevalent in farm G1 (Figure 7), which also experienced high damage
due to chilling injury. Similar findings were observed for correlation analysis, where water
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stress strongly correlated with mechanical damage, physiological damage, and blotchiness
(Table A2). Additionally, a strong positive correlation was observed between tomatoes
with incorrect sizing and those affected by physiological damage and insect infestation.
Furthermore, a close relationship was observed between the losses caused by mechanical
damage and blotchiness on tomatoes from G1, consistent with their positive relationship
from correlation analysis (Table A2). Meanwhile, tomatoes from farms W1, W2, W4, and
T2 were more susceptible to decay and insects, with the strongest impact of insect losses
seen in W3 (Figure 7). A relationship was also identified between blotchiness and insect
damage (Figure 7), which was predominantly found in farms T2, G3, W1, W2, W3, and W4
(Figure 7). On the other hand, a cluster of tomatoes from various farms was not significantly
influenced by the factors represented by PC1 and PC2. These findings suggest that physical
and physiological losses are strong drivers of PC1 (37%) and the indicated farms and
biotic or decay-related drivers (PC2 = 26.8%), thus contributing to the observed variation.
Tomatoes from T2, G3, W1, W2, and W3, particularly those transported during specific
trips (mainly the first trip), experienced fewer losses and were therefore less affected by the
analysed factors.

 

Figure 6. The causes of postharvest losses of tomato in storage showing the extent of the causes of
losses, open fields, netted open fields, semi-closed tunnels, and closed tunnels. The statistical analysis
of the different causes of losses per farm is independent of the analysis of another farm. The different
letters on the bars show significant differences based on Fisher’s test (α = 0.05) within a specific farm.

3.4.2. In Storage

The pattern of tomato losses in storage differed from those observed at the farm level.
A. Fruits from farms G1, W1, and W3 were primarily impacted by a combination of decay
and mechanical damage (Figure 7). Meanwhile, decayed tomatoes from farms T2, W2, and
W4 were susceptible to both insect damage and decay. Tomatoes from farms W1, G1, and
W2 (closed and semi-closed production systems) were commonly affected by blotchiness
and physiological damage (Figure 7). Tomatoes collected on all trips to farm T1 were
significantly affected by losses due to green fruits, supporting the loss magnitude analysis;
these fruits did not ripen during storage, and they remained green or yellow. However,
these tomatoes were not significantly impacted by other loss factors (e.g., decay, mechanical
damage, and insects), indicating relatively better quality at T1 when compared to tomatoes
from other farms.
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Figure 7. Principal component analysis (PCA) showing the relationship between causes of losses and
tomatoes from different farms: (A) on-farm losses and (B) in-storage losses. The repeated farm ID
codes signify different trips—farms visited once appear once on the biplot (T3), and farm visited
repeatedly appear more in the figure (all other farms).

The correlation matrix revealed that decay and insect damage did not have a strong
relationship with all other factors. This suggests that losses caused by these two factors
may be influenced by variables not evaluated in this study, such as the production system.
Interestingly, insect damage was negatively correlated with all other defects except for
decay (Table A3). These two factors showed a weak but positive correlation, which may be
explained by insect-damaged fruits being more susceptible to decay. Similar to the farm-
level results, mechanical damage showed a strong positive relationship with blotchiness.
Additionally, water stress (shrivelling) showed a positive relation with blotchiness and
mechanical damage (Table A3).

4. Discussion
Small-scale farmers in the Gauteng region of South Africa plant both tomato seeds and

seedlings sourced from trusted nurseries and companies. These seeds and seedlings are
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mainly selected based on vigour and resistance to disease. Apart from resistant cultivars,
chemicals are still used for disease and pest management. Even with the use of resistant
cultivars and the application of chemicals, more than 80% of the farmers in our study still
experienced losses due to diseases and pests. This is a common challenge in Africa, where
farmers report that pests and diseases persist despite chemical use [18].

The impact of disease on the production of tomatoes by small-scale farmers could
be attributed to insufficient disease diagnosis and management. Farmers rely on external
sources for the diagnosis of pre- and postharvest diseases. In addition, according to
observations made during farm visits diseased plant materials were disposed of near
the production area. This poor agricultural practice can lead to a build-up of pathogen
inoculum and reintroduction of the pathogen in the next planting cycle. This is especially
true for annually rotated crops within the same host range, such as pepper. Further, studies
show that diseases can spread by wind and splashes from contaminated tools, soils, and
debris, leading to infection of healthy crops [19]. These practices indicate that small-scale
farmers have limited knowledge on good agricultural practices. This is supported by
Asrat et al. [20], who found that 81.6% of tomato farmers in Ethiopia demonstrated limited
awareness and knowledge, particularly in areas such as trellising and other critical aspects
of production and postharvest handling. Such a knowledge gap of key steps in production
can result in devastating losses both pre- and postharvest. Fernandez-Zamudio et al. [12]
emphasized that severe cases of food losses can be reduced or eliminated through farmer
support programmes and policy interventions aimed at raising awareness and promoting
effective loss mitigation strategies. A study by Abang et al. [21] recommends that the
integration of training on pests and diseases is necessary to enhance farmer knowledge
and improve management practices in the tropical conditions.

The observations in this study also indicate that additional poor agricultural practices
can contribute to a complete production losses. Our finding indicate that one farm (W2)
did not follow an appropriate schedule for spraying pesticides, leading to a complete
loss of production due to insect pests. The insect pest identified in this work, T. absoluta,
extended its damage up to the postharvest stage. This insect causes significant losses in
over 41 countries in Africa [18]. Tuta absoluta is a significant preharvest pest in Africa,
and causes extensive tomato damage by tunnelling into a fruit, creating entry points
for pathogens. Despite pesticide use, this pest remains a leading cause of losses [18,22].
Although farms W1 and W2 had identical conditions (same cultivar, tunnel type, location,
and water source), W2 experienced significantly fewer losses than W1, as spraying was
appropriately scheduled. This agrees with Picanço et al. [23], where a proper spraying
schedule led to higher yields for tomatoes (55 tonnes per hectare) as compared to the control
group (13 tonnes per hectare). W1 also harvested the produce for three months, while at
W2, harvesting season ceased within the first month. Collectively, this highlights the role of
good management practices in small-scale tomato farms.

Different studies have reported postharvest losses of fruits and vegetables throughout
the supply chain [24,25]. However, information related to the direct assessment of the
postharvest losses is still limited [26,27]. The direct assessment of tomato samples revealed
that harvest losses increased as the season progressed leading to the early termination
of harvest, likely due to cumulative environmental stress and pathogen exposure [25].
Furthermore, the overall quality of produce is significantly poorer in open fields and semi-
closed tunnels (p < 0.001). A large proportion of the losses can be attributed to management
practices. In this study, 25% of the tomatoes were discarded due to poor quality, which is
higher than what was previously reported by Pietrangeli and Cicatiello [27], who demon-
strated that 12.6% of carrots were discarded postharvest in a study conducted in Italy. A
study by Galinato and Miles [28] demonstrated that tomatoes grown in high tunnels had
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more returns than tomatoes in open fields, as the fruits are protected from environmental
factors that can potentially reduce the marketability of the fruits. In the present study,
tomatoes grown in the open field had rough, unappealing skin with physiological damage
(Figure 4M), which could have created micro-wounds. These wounds likely facilitated
pathogen entry, making open-field fruits more vulnerable to rot [29]. A study in Nige-
ria reported Alternaria and Fusarium as some of the major fungal pathogens of tomato
fruits. The direct assessment of on-farm loss causes suggests that decay by pathogens
such as Geotrichum candidum, Alternaria spp., and Fusarium spp. may be more prevalent in
open-field farms when compared to other farming systems, highlighting potential vulnera-
bilities in this approach. It was further demonstrated by Thomidis et al. [30] that tomatoes
cultivated under outdoor farming were susceptible to Alternaria and Fusarium preharvest.

The PCA and correlation analysis of tomatoes at harvest showed a strong relationship
between insect damage and decay of tomatoes; however, these losses were not related
to any of the factors analysed in this study. This may indicate that these losses were
influenced by external or environmental factors. A previous study reported by Johnson
et al. [25] illustrated that weather conditions and infestation caused significant losses and
dictated the halting of the harvesting season regardless of the availability of fruits in the
field. These losses, seen in open fields at both pre- and postharvest, can be aggravated
by heavy rains, which compromise both fruit integrity and disease resistance. This exact
challenge was observed during the investigation, when tomato production was halted due
to unfavourable weather conditions, mainly affecting farmers planting under the open and
netted production systems. In South Africa, the rainy seasons have left farmers with high
losses and poor supply to the market [31]. The heavy rains cause waterlogging, as seen in
T3 netted tunnels, and an increase in fungal diseases, as in T2 open field, leading to severe
losses. This is further supported by Thomidis et al. [30], who indicated the duration of
moisture was favourable for the germination of fungal spores and development of disease.
This in turn leads to delays in tomato supply, for up four months, based on observations
from the Tshwane fresh produce market [31].

At harvest, mechanical damage was predominantly reported on tomatoes from un-
dercover production compared to the nets and open fields. This may be due to excessive
handling or harvesting at an improper ripeness level in closed systems [32]. Similarly,
reduced cosmetic quality due to blotchiness was observed more in closed production than
in open fields. In the study by Emana et al. [8], mechanical damage and undesired colour
contributed to only 16% and 24% of the qualitative losses, respectively. In a postharvest
loss comparative study between Nigeria and Rwanda, mechanical damage was reported
to be higher than decay. The recurring mechanical losses in Africa emphasizes the need
for improved postharvest management to reduce losses [33]. Tomato losses due to decay
and mishandling not only reduce the farmer’s yield and profit but also lead to increased
prices, thereby limiting accessibility for the poorer segments of the community [32]. In
addition, the PCA and correlation matrix revealed that losses due to mechanical damage
have a strong relationship with water stress factors. These statistical analyses also revealed
that the losses caused by mechanical damage and blotchiness were predominantly found
in undercover production. Losses due to mechanical damage and blotchiness may stem
from agricultural practices that influence fruit nutrition, water availability, and light inten-
sity through the tunnel, thereby affecting fruit development during production [34]. For
instance, high soil moisture content can cause both water stress and blotchiness and make
the fruits susceptible to mechanical damage [34].

Like losses at harvest, postharvest losses in storage significantly differed from one
farm to another. Farms T2 and W2 reported the highest losses due to the reduced quality of
the produce at the farm level. These data concur with Arah et al. [35], where the quality
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of tomatoes at the postharvest stage can only be maintained and shelf-life extended but
not improved. These authors also reported that the postharvest quality of tomatoes in
part depends on the preharvest factors and practices. In the current study, the proportion
of tomatoes discarded during the storage stage ranged from 38.66% to 64.71% from day
seven to day fourteen, respectively. This was a similar pattern to that reported by Kitinoja
et al. [33], where losses caused by mechanical damage and decay increased at the wholesaler
and the retailer. The losses in the current study were, however, noticeably higher than 10 to
40% in Nigeria but comparable to the 50 to 60% in Rwanda reported by Kitinoja et al. [33].
Similar to observations made at harvest, tomato losses caused by mechanical damage and
blotchiness were common in undercover production. The losses due to decay after storage
were predominantly found in fruits sourced from open fields and netted tunnels, and were
mainly caused by secondary pathogens (Geotrichum candidum) or contaminants (Rhizopus
sp.). The exposure of these tomatoes to harsh weather conditions (rain and hail) in the field
could have made them more susceptible to postharvest diseases in storage. For instance,
tomato sampling in Tshwane was performed a day after a hailstorm. A study on grapes
showed that fruits that were sheltered from rain had significantly lower disease incidence
as compared to the control group [36]. On the other hand, some fruits that were harvested
when green from the tunnel did not ripen during storage. These fruits were harvested
before reaching sufficient maturity, translating to postharvest losses.

To better understand the losses observed, it is important to consider the physiological
changes that occurred during postharvest storage. The physiological parameters, such as
TSSs, pH, weight, and firmness, exhibited changes during postharvest storage. Tomato
firmness was reduced significantly in room-temperature storage. The study by Kathimba
et al. [37] corroborates our findings by reporting a significant decline in weight and firmness
with the increase in room-temperature storage duration. Changes in weight and firmness
at room temperature can be attributed to moisture loss and enzymatic changes in the
cell wall [38]. Al-Dairi et al. [39] reported that the pH of tomatoes stored for 12 days
increased significantly with storage time, with [40] reporting a pH range of 4.23–4.63, which
concurs with the range of 4.18–4.60 found in the current study. The increase in pH was
attributed to a decrease in titratable acidity in tomatoes at the postharvest [40]. When
combined with improper postharvest handling, these physiological changes contribute
distinctly to the overall loss of quality and value of tomatoes. In addition to the losses
negatively impacting the socioeconomic status of farmers, they have an impact on the
environment, which could result in the generation of greenhouse gases, therefore affecting
the climate. A study by Opara et al. [41] estimated that pomegranate losses in a packhouse
would generate an estimated level of 157,819 CO2 eq, necessitating the plantation of over
4 million trees to absorb the emitted CO2. In addition, tomatoes from small-scale farmers
were sold to different markets, pending quality linked to farm gate prices. Retail would
contractually only take Class 1 (stipulated in the agricultural product standards act, 1990,
ACT No 119 OF 1990) [42] fruits at a higher secured price, while the fresh produce market
agents would negotiate between Class I, II, and III fruits, and depending on the pending
volume on the floor and the demand for the day, they would negotiate the price [43].
Substandard fruits are mainly sold to street vendors at very low prices. This is due to the
implementation of regulated quality standards in the formal sector, while no specifications
apply in the informal sector. De facto, excluding fruit of poorer quality from entering the
more lucrative formal market lowers the volume of waste on the market floor. Similarly,
in Ethiopia, tomatoes were sold in different markets depending on quality, where poor-
quality tomatoes were sold to local retailers while good quality tomatoes were sold to
wholesalers [8]. The different quality standards are often related to visual quality, such as
uneven colour, shape, and size of the fruit, made to meet perceived consumer demands,
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based on physical and physiological quality [44]. However, these standards can have an
impact on tomato losses at production and point of sale, leading to discarded non-compliant
fruit due to aesthetic quality demands [45].

5. Conclusions
This study provides the first comprehensive dataset quantifying postharvest tomato

losses in small-scale farming systems across different production environments in South
Africa. Postharvest losses of tomato increased significantly after storage, with the highest
contributions of loss in storage from decay and mechanical damage. At the farm level,
losses were mainly associated with mechanical damage, insects, diseases, and uneven
ripening. These losses directly reduce farmer profits and can discourage continued tomato
production and compromise food security. These results highlight critical gaps in good
agricultural practices in small-scale tomato farming, particularly in pest control, harvesting
methods, and postharvest handling. The current study serves as a baseline report on the
direct analysis of tomato losses from small-scale farmers in different regions of Gauteng
Province. One of the limitations for this study was the availability and willingness of
farmers to take part in this study. We therefore recommend that future study on the
direct and indirect analyses of losses be conducted on a broader scale considering different
climatic conditions, soil types, rainfall patterns, and postharvest infrastructure, which may
affect the postharvest quality of fruits and vegetables. Nonetheless, the evidence presented
paves the way for future research on targeted mitigation strategies and technologies for loss
reduction for the vulnerable small-scale farming system. It is recommended that farmers be
educated on the different types of postharvest losses and mitigation with good agricultural
practices, including preharvest interventions. Moreover, this study underscores the need
for policy and training programs aligned with the sustainable development goals (SDG 2
(Zero Hunger) and SDG 12.3 (Food Loss Reduction)) by encouraging the development of
region-specific training programs, the adoption of non-chemical disease control methods,
and broader food security priorities.
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Appendix A

Table A1. Demographic information for small-scale farmers producing tomatoes under different
production systems. N = number of individuals.

Questions Responses
N %

Region (n = 17)
Germiston 1 5.88
Tshwane 6 35.29
West Rand 10 58.82

What is the total size of your farm in hectares? (n = 17)
0.5 to 1 ha 3 17.65
2 to 5 ha 5 29.41
6 to 10 ha 4 23.53
11 to 20 ha 4 23.53
More than 20 ha 1 5.88

What type of production system do you use? (n = 17)
Open field 3 17.65
covered or netted tunnels 9 52.94
Dual system 5 29.41

What is the water source? (n = 17)
Borehole 15 88.24
Municipality 1 5.88
Borehole and municipality 1 5.88

Do you store water? (n = 17)
Yes 15 88.24
No 2 11.76

If yes, do you store the water in an open or closed tank? (n = 16)
Open (dam) 2 12.50
Closed tank 10 62.50
Both 4 25.00

Do you treat your water before using for irrigation? (n = 17)
Yes 1 5.88
No 16 94.12

Do you have a packhouse? (n = 17)
Yes 6 35.29
No 11 64.71

Table A2. Pearson correlation coefficient matrix of the causes of losses in farm-level tomatoes.

Physical Defects Decay Insects Blotchiness Mechanical Physiological Size Water
Stress

Wrong
Stage

Decay 1
Insects 0.336 1
Blotchiness 0.041 0.550 ** 1
Mechanical −0.072 0.289 0.686 ** 1
Physiological 0.212 −0.056 0.361 0.075 1
Size −0.180 −0.450 * 0.222 −0.008 0.433 * 1
Water stress 0.038 −0.124 0.521 ** 0.612 ** 0.599 ** 0.357 1
Wrong stage 0.088 −0.130 −0.049 −0.053 0.158 0.383 * −0.119 1

* Significance at p < 0.05, ** significance at p < 0.01. Bold values denote significance correlation.

The positive values mean that the two compared parameters are positively correlated.
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Table A3. Pearson correlation coefficient matrix between the causes of losses in tomatoes in storage.

Physical Defects Decay Insects Blotchiness Mechanical Physiological Green Shrivel

Decay 1
Insects 0.039 1
Blotchiness 0.094 −0.269 1
Mechanical 0.051 −0.047 0.415 * 1
Physiological −0.114 −0.009 0.275 0.042 1
Green −0.157 −0.086 0.060 −0.214 0.232 1
Shrivel 0.173 −0.101 0.478 * 0.427 * −0.018 0.088 1

* Significance at p < 0.05. Bold values denote significance correlation.

The positive values mean that the two compared parameters are positively correlated.

 

Figure A1. Weight (A), firmness (B), pH (C), and total soluble solutes (D) of tomato fruits from
small-scale farmers stored for one, seven, and fourteen days. The different letters on the bars show
significant differences based on Fisher’s test (α = 0.05).

 

Figure A2. Cumulative tomato losses were recorded from day 1 to day 14 postharvest.
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