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SYSTEMATIC MAP
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Abstract 

Background:  Agriculture is facing an unprecedented challenge in having to reduce its environmental footprint 
whilst ensuring food security to an ever-growing global population. Towards this end, several strategies have been 
investigated and implemented to help maintain or improve crop yield under reduced water and/or nutrient provision 
for key commercial commodities such as tomatoes. Despite the high commercial, nutritional, and food-cultural value, 
there is no synthesis of evidence regarding yield maintenance of tomato (as a model crop) under resource-deficit. This 
systematic map therefore provides an overview of the evidence that exists on the effectiveness of techniques and 
management approaches aimed at improving the productivity of field-grown tomatoes under conditions of water-, 
nitrogen- (N) and/or phosphorus (P)-deficit.

Methods:  Following the published map protocol, systematic searches of peer reviewed- and grey-literature were 
conducted using research publication databases, and specialist websites. A total of 14,377 unique articles were identi-
fied as potentially relevant to our research question, of which 927 were screened at the full-text level. Of that subset, 
291 articles met all the pre-defined eligibility criteria. Basic information and meta-data on the interventions reported 
were recorded for these articles and a systematic map was compiled with the extracted data.

Results:  The articles included in the systematic map database were used to identify several significant points includ-
ing: (1) from the year 2000, the number of articles investigating strategies to improve field-grown tomato yield under 
conditions of water and/or nutrient deficit follows an upward trend; (2) large evidence bases (> 50%) originated from 
the United States, India, and Italy; (3) most studies addressed water alone as a resource (49%), with only 18% of studies 
focussing on N and 4% on P alone. Only 4% of records assessed all three resources simultaneously; (4) most evidence 
(77%) aims to improve resource use-efficiency via either irrigation, fertilisation, or crop and soil management strate-
gies; and (5) different geographical regions appear to focus on different groups of interventions.

Conclusions:  This systematic map identifies a range of interventions that have been successfully implemented 
in fields to improve the yield of commercial tomatoes under conditions of water, N and/or P deficit. However, only 
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Background
One of the greatest challenges of the twenty-first cen-
tury lies in the need for the farming sector to adopt new 
measures to help address the consequence of intensive 
agriculture. The impacts of intensive cropped systems 
are categorised as major contributors to greenhouse gas 
(GHG) emissions, soil quality degradation, and biodi-
versity loss. This scenario emerges at a time when food 
demand is increasing due to population growth that 
is expected to peak at ca. 9.8 billion by 2050 [1, 2]; and 
must be satisfied during a period when the effects of cli-
mate change are manifesting as stochastic weather effects 
that threaten crop yields. More efficient use of water and 
key nutrients such as synthetic fertiliser nitrogen (N) 
and phosphorous (P) is coming under special focus as 
improved crop types and agronomic management prac-
tices are sought.

Large quantities of water (from rain or irrigation sys-
tems) are lost in-field by percolation, run-off, and evap-
oration before they can be acquired by crop plants [3]. 
In addition, due to global climate change, average rain-
fall is predicted to decrease, and temperatures expected 
to rise. This leads to an increase in plant evapotran-
spiration rates, and consequently a loss of water for 
biomass accumulation and yield [4]. Water is already 
a scarce resource in many parts of the world, and the 
water shortages are expected to intensify in the coming 
years. When these factors are allied to increased water 
demand, this resource will become increasingly sought, 
or even fought after and expensive [5]. Irrigation is also 
the source of several environmental concerns, such 
as the excessive depletion of water from subterranean 
aquifers, irrigation-driven erosion, and increased soil 
salinity. The demand for N and P fertilisers is also pro-
jected to increase steadily worldwide, despite fertiliser 
production being energetically costly, and resources 
being limited and unevenly distributed. On average, 
only 30–50% of applied N fertiliser and ca. 45% of P fer-
tiliser is taken up by crops [6–8]. In European agricul-
ture, soil leaching of N and P can reach 60% of applied 
amounts and activates microbial and algal growth in 
water reservoirs with negative impacts on water quality 
and biodiversity. Consequently, EU legislation has been 
adopted to strictly control the management and quality 

of agricultural water (Directive 2000/60/EC) [9] and the 
application of nitrate fertilisers (Directive 1991/676/
CEE) [10]. Despite efforts by farmers to comply with 
these regulations, there is still a significant proportion 
of applied-water and -nutrients being lost. In general, 
the potential loss of irrigation water and fertilisers is 
greater in open field production than in protected culti-
vation as the latter allow for a better control of environ-
mental factors. In a cropped system comparison study 
carried out in Spain, the irrigation water per ton of 
tomatoes was almost doubled in the open field system 
compared to that from protected cultivation [11]. Thus, 
there is an urgent need to identify alternative strategies 
to secure sustainable food production through resilient 
cropped systems that can maintain yields under condi-
tions of low usage and/or multiple deficit-stresses.

Tomato is considered one of the most important 
vegetable crops worldwide due to its large cultivation 
area and economic value [12, 13]. It is grown in differ-
ent cropping systems adapted to the different pedo-
climatic conditions encountered in the EU. The tomato 
plant has many agronomically important traits such as 
fleshy fruit, a sympodial shoot, and compound leaves, 
which other model plants (e.g., rice and Arabidopsis) 
do not have [14]. In addition, the tomato belongs to 
the extremely large family, Solanaceae, and is closely 
related to many commercially important plants such 
as potato, eggplant, peppers, tobacco, and petunias. 
Hence, knowledge obtained from studies conducted 
on tomato can be easily applied to these plants [14]. 
Tomato serves as a genetic-model organism for the 
family Solanaceae and consequently, interventions 
applicable to tomato, such as the use of crop breeding, 
living manures, biostimulants, grafting, and variable 
rate technologies, may be easily transferred to other 
crops.

This systematic map focusses on field-grown tomato 
as a model field crop with management interventions 
focussing on water (due to resource scarcity), N (need 
for restricted use) and P (availability decline). In open 
field production, numerous strategies have already 
been adopted by farmers to improve the use-effi-
ciency of these resources, such as drip-irrigation and 
the use of mulching [12, 15]. Others, however, remain 

half of the relevant literature reported evidence on more than one intervention, which highlights the need for more 
integrated approaches to assess multiple interventions to adapt to deficits of key-resources simultaneously. In addi-
tion, the use of ‘techno-chemical’, ‘breeding and genetic’ and ‘computational’ interventions are only reported in a small 
number of records (< 8% of the gathered evidence). Hence, these interventions may also be considered as subjects to 
prioritise in future funding strategies.
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under-studied and have rarely been put into practice on 
commercial farms either due to the difficulty in imple-
mentation and/or to economic uncertainties [16–19].

To the best of our knowledge, no efforts have been 
made to assemble and collate the large body of evidence 
describing approaches that enhance tomato production 
in the field with reduced use of fertiliser N or P and/or 
water. In this context, systematic maps offer a robust 
methodological approach to better understand the evi-
dence that exists on the strategies tested, discriminating 
those which are used commonly, or neglected. The ques-
tion addressed by our systematic map is already a main 
focus of the international scientific community as well as 
commercial entities and non-governmental organisations 
as exemplified by the EU funded projects (Rootopower, 
TRADITOM, TomGEM, and TOMRES), which use dif-
ferent approaches to improve the response of tomato 
plant as model crop to abiotic stressors resulting from 
climate change.

This systematic map provides a clear description of 
the available evidence on techniques and management 
approaches aimed at improving the productivity of field-
grown tomatoes under conditions of water-, nitrogen- 
and/or phosphorus-deficit. It also identifies the topics 
that have drawn the most attention of researchers, high-
lighting not only knowledge-clusters, but also knowl-
edge-gaps that should help inform future research efforts.

Stakeholder engagement
The focus of this systematic map was assisted through a 
specialist workshop held in Mallorca (Spain) in October 
2018. Participants consisted of EU H2020 TOMRES pro-
ject partners and stakeholders, which included experts 
in tomatoes from academia, research institutes and 
small and medium-sized enterprises (SMEs) from across 
Europe. This workshop helped to identify preliminary 
questions to initiate the synthesis of evidence. It also pro-
vided an opportunity to gauge the interest of the research 
question amongst potential users and research special-
ists. The discussion and feedback from this workshop 
helped to refine the aim and scope of the systematic map. 
Further details on this workshop are given in the system-
atic map protocol [20].

Objective of the review
The purpose of this systematic map is to provide a 
description of available evidence on techniques and 
management approaches addressing the effects of key 
resource limitations (water, N and P) on the yield of 
field-grown tomatoes. The question was characterised by 
specific criteria defined according to four key elements, 
known as the PICO elements, as follows.

•	 Population: all/any tomato types (commercial 
crop),

•	 Intervention: strategies addressing water-, nitrogen- 
and phosphorus- use-efficiency in open field condi-
tions,

•	 Comparator: current or standard practices or no 
water-, nitrogen- nor phosphorus- deficit stress,

•	 Outcome: productivity effects in terms of yields and 
expressed either as fruit number or fruit weight.

Methods
This systematic map followed detailed methods described 
in the a priori systematic map protocol of Quesada et al. 
[20]. The selected mapping method conformed to ROSES 
reporting standards (Additional file 1).

Deviation from the protocol
Some changes to our original screening strategy were 
necessary. In particular, the title and abstract screening, 
and meta-data extraction and coding was performed 
by at least one reviewer instead of two due to resource 
limitation and time constraints. Instead, one assessor 
from the review team reviewed 10% of the studies being 
assessed by the other reviewers at each screening stage 
and meta-data extraction to ensure further criteria con-
sistency and the quality of the meta-data extraction 
process.

In addition, although it was anticipated that secondary 
studies would be accepted, these were excluded and used 
as a source of additional eligible articles. This change was 
necessary to reflect the nature of secondary studies which 
summarise findings of primary studies, that may already 
be included in the map. Hence to avoid double-counting 
these were excluded (see Section “Bibliographies from 
relevant reviews section” below).

Search for articles
Search strategy
The search strategy was developed to maximise the cov-
erage of the search and to ensure that the evidence cap-
tured was sufficient, comprehensive, and relevant to meet 
the guidelines provided by the Collaboration for Environ-
mental Evidence [21] and address the research question 
objectively. The search strategy followed two processes:

1.	 Determining the most appropriate search terms to 
use for online literature searches; and,

2.	 Choosing key sources of literature for both published 
and unpublished studies.
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Search terms and search strings
Key literature was obtained from experts in the field of 
tomatoes. A word frequency analysis within the key lit-
erature was carried out manually and using the Centre 
for Research in Evidence-Based Practice (CREBP). The 
search terms identified were then tested against a ‘test-
list’ library comprising a set of 47 published articles and 
other literature known to be relevant to our research 
question. The following search string was used in bib-
liographic databases. The five elements of our questions 
were combined using the Boolean operators AND (terms 
must be found) and OR (at least one term must appear).

((TS = (tomato* OR lycoper*) AND TS = ((field* OR 
ground* OR land* OR soil$) AND (water OR drought$ 
OR nitr* OR "N" OR phosph* OR "P" OR nutrient$ OR 
"abiotic" OR “climate chang*”) AND (use$ OR uptake$ 
OR effici* OR optim* OR stress* OR defici* OR resistan* 
OR toleran* OR "arid" OR adapt* OR availab* OR "con-
tent" OR "amount")) AND TS = (yield* OR "production" 
OR productiv* OR weight$ OR "kg" OR "t" OR "bio-
mass"))) AND LANGUAGE: (English) [shown as format-
ted for Web of Science Core Collection].

This search string was adapted to consider the specific 
requirements of each databases, grey literature and spe-
cialist websites used. All searches were recorded so the 
searches can be easily repeated in the future. Full details 
of the exact search terms and search strings including the 
string structure, date of the searches and the word fre-
quency analysis (CREBP) are given in Additional file 2.

The search used title, abstract and keyword levels and 
was restricted to those articles available in the English 
language due to constraints of the review team. When 
the databases did not allow searches at title, abstract or 
keywords levels, searches were performed at full-text 
level. No time or document type restriction was applied.

Bibliographical databases and search platforms
This systematic map was based on literature searches 
conducted using five publication databases and search 
platforms: (1) CAB Abstracts (via Web of Science); (2) 
Web of Science Core Collection (consisting of the follow-
ing indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, 
CPCI-SSH and ESCI. See Additional file 2 for the com-
plete list of citation indexes); (3) Zetoc (British Library); 
(4) PubAg (USDA—National Agricultural Library); and 
(5) AGRIS (Agricultural Science and Technology Infor-
mation Systems).

Search engines
Additional searches were undertaken using common 
internet search engines Google and Google scholar. For 
these searches, the software Harzing’s ‘Publish or Per-
ish’ was used to retrieve and analyse literature [22]. For 

both search engines, the first 100 results were organised 
by relevance, selected, and assessed during the screen-
ing process. This was chosen as the cut-off point as it was 
considered likely to capture the most relevant article to 
our research question. The dates at which the searches 
were conducted for all databases and grey literature are 
given in Additional file 2.

Specialist searches including grey literature
Several specialist databases have been searched to iden-
tify non-peer-reviewed- or grey-literature, namely Open 
Grey, Worldwide Science, and Bielefeld Academic Search 
Engine. In addition, 14 specialist websites including 
those of relevant organisations were searched. A smaller 
selection of key terms and search stings were used and 
simplified as these sources were limited by their search 
functions (Additional file 2).

Bibliographies from relevant reviews and books
After having collected the literature from the differ-
ent sources described above, we identified 37 rel-
evant reviews (Additional file  3). We searched their 
bibliographic references manually, resulting in the iden-
tification of 30 articles of potential relevance to answer 
our research questions. We retrieved the pdf file of the 
selected titles and then screened their full-texts.

Testing comprehensiveness
Thirty published articles, provided by stakeholders, of 
potential relevance to our research question (i.e., they 
address abiotic stress and tomato crops) were screened 
against scoping search results to assess whether searches 
were able to identify these records (Additional file  2). 
Comprehensiveness was checked by how many articles 
were identified from the test library (26 out of 30; four 
missing articles were not available in the databases/
search platform used).

Assembling a library of search results
After all searches were completed and the list of identified 
references collated, the results were transferred to the 
reference management software Endnote [23] and dupli-
cates removed. The remaining articles were imported 
into the CADIMA software [24] as one database.

Article screening and study eligibility criteria
Consistency checks
On importing the references to the platform, a common 
consistency check was performed by the four reviewers 
using a random subset of articles at both the title and 
abstract levels to avoid bias and ensure criteria consist-
ency between the reviewers. This subset of 100 arti-
cles were independently screened by all reviewers and 
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results compared to determine whether the reviewers 
accepted, rejected or were unsure about the same titles/
abstracts. At the end of the process, a kappa value of 
0.85 was achieved [25] indicating an acceptable level of 
consistency among the reviewers. When disagreement 
arose, uncertainties were clarified and resolved, and the 
articles reassessed. This process was repeated at the full-
text screening stage, with a random subset of 50 articles 
independently screened by the four reviewers to ensure 
continued objectivity when extracting meta-data from 
relevant articles. During this process, issues regarding 
the lack of clarity in which the coding categories should 
be applied and whether an article should be included 
or excluded were identified. Any disagreements were 
discussed, and additional, more detailed guidance was 
added to the extraction codebook to improve clarity. The 
reviewers did not author any of the articles screened or 
assessed for this systematic map.

Screening process
Subsequent assessment of the entire set of records 
(14,377) was undertaken independently by one of the 
four reviewers at the title stage, followed by an abstract 
screening of those considered ‘relevant’ or ‘unclear’. In 
addition, one assessor from the review team reviewed 
10% of the articles being assessed by the other review-
ers to ensure further criteria consistency. Articles which 
did not have an abstract were rejected. This process led 
to 1,618 articles being accepted for the full-text evalua-
tion. Reasons for exclusion of articles at the various lev-
els of screening are described in Fig. 1. The full-texts of 
each included article were then sourced and underwent 
full-text screening individually. The irretrievable full-
text records, that may still be relevant in addressing the 
research question, are listed in Additional file 4. Articles 
found by means other than database or search engine 
searches (i.e., searches of reviews) were entered at the 
full-text stage of the screening process. Assessment of the 
potentially relevant records (n = 927) led to 291 deemed 
suitable to address the research question of this system-
atic map (Fig. 1). The reasons for excluding any articles at 
this stage were recorded (Additional file 5).

Full-text screening and meta-data extraction were 
performed independently by one reviewer. In addition, 
one assessor from the review team reviewed 10% of the 
articles being assessed by the other reviewers to assure 
consistency of eligibility decisions and the meta-data 
extraction process. Any disagreements were discussed, 
and to improve clarity more-detailed guidance was added 
to the extraction codebook. The finalised extraction 
form and codebook, that collate the variables and define 
the coding structure of the meta-data extraction, for the 
map, is shown in Additional file 6.

Eligibility criteria
To ensure consistent assessment and provide a repro-
ducible methodology, inclusion and exclusion criteria 
were defined. Different eligibility criteria were applied 
at title, abstract, and full-text stages as detailed in 
Table 1.

Eligible population  The systematic map focusses on 
commercial tomato production worldwide i.e., with-
out any geographically restriction. All non-commercial 
tomato production and other vegetables or crops were 
excluded.

Eligible intervention  All studies providing evidence of 
the effects of a technique, treatment, or management 
strategy on use-efficiency of either water, N, P, or combi-
nations of these in open field production were included. 
These can be strategies that influence tomato produc-
tion under conditions of water- or/and N- and/or P-def-
icit or use-efficiency of these resources. Studies in which 
the measure of exposure or occurrence was not directly 
related to water, N or P use, were excluded (e.g., salinity 
tolerance or waterlogging, where resource deficiency is 
brought about by other stressors). Studies that reported 
any water or nutrient use-efficiency strategies under 
controlled or protected conditions, such as in green-
houses or polytunnels, hydroponics or other forms of 
controlled-environment conditions were also excluded.

Eligible comparator  Usual or current practices before 
the introduction of the intervention were considered 
valid comparators. These include old, conventional, or 
standard practices that differ from the intervention of 
study in that they do not aim to improve tomato pro-
ductivity under water- or/and N- or/and P-deficit stress 
or by enhancing the use-efficiency of these resources. 
Absence of the intervention studied was also considered 
a relevant comparator.

Eligible outcome  Only outcomes on productivity i.e., 
yield were included. These were expressed either by fruit 
number or weight. Studies reporting only on the effects 
on other crop outcomes, such as quality or nutritional 
properties were excluded.

Eligible type of  study design  Primary experimen-
tal, quasi-experimental or observational studies were 
considered relevant. Studies that described a specific 
research method or reported on new empirical or 
observational evidence of an intervention effect were 
included. Secondary studies, that collate evidence/data, 
such as reviews and books, were excluded.
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Fig. 1  An overview of the systematic mapping process. The design and content of this figure follows ROSES guidance [26]
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Eligible language  Only articles in English are included 
although we acknowledge that the decision to restrict the 
searches to texts written in English may introduce a bias 
by missing relevant articles that have been published in a 
different language, such as Chinese or Spanish (see Tower 
of Babel bias in the Limitations of the systematic map sec-
tion).

Eligible date  The map includes articles from 1973 to 
2019, although no time restrictions were applied.

Study validity assessment
No critical appraisals of the study validity were per-
formed beyond coding the study design and data sources.

Data coding strategy
The meta-data were extracted by populating options 
(variables) within a specifically designed form and are 
included in the final database (Additional file  7). They 
describe the nature of the literature, variables related 
to the studied interventions that could influence their 
outcomes (e.g., temperature or precipitation) as well as 
variables that were reported systematically (e.g., geo-
graphical statistics). Data coding is divided into four 
categories: (1) general information i.e., literature data-
base source, search string used, assessment date, and 
reviewer for each record; (2) bibliographic information 
i.e., publication type, authorship, year, journal, country of 

authorship; (3) basic information of the study i.e., region 
or country of assessment, geographic coordinates, farm 
type, study design, soil type, temperature and precipita-
tion during the vegetation period, duration of the assess-
ment; and (4) properties of the interventions assessed 
i.e., group and type of intervention, methodology of 
the study, stressor(s) assessed, impact on the resources 
assessed and outcome. Meta-data extraction was per-
formed by four reviewers. During this process, it was not 
considered necessary to contact authors since all eligible 
articles reported all the required information regarding 
the interventions used.

Data mapping method
A systematic map database was compiled that describes 
the existing literature base on the techniques and man-
agement approaches used to improve the productiv-
ity of field-grown tomatoes under conditions of water-, 
N- and/or P-deficit (Additional file  7). The searchable 
and accessible database was created in Microsoft Excel 
and provides key characteristics of the research, includ-
ing bibliographic information as well as all data coded as 
part of the meta-data extraction process (such as trials 
design, geographic location, intervention characteristic). 
The data extracted were analysed in Excel. The frequency 
of general characteristics of the articles (e.g., geographical 
location and year of publication), resource studied (e.g., 
water, N and /or P), and groups/types of interventions 

Table 1  Eligibility criteria for each PICO elements applied at the title/abstract and/or full-text

PICO element Eligible criteria Exclusion criteria

Title/abstract stage
 Population Presence of the crop name tomato Non-commercial crop OR

Other vegetables or crops

 Intervention Reference to a technique, treatment, or management strategy 
on use-efficiency of either water, N, P, or combinations of 
these

Stress/tolerance other than or in addition to water, N and/or P 
(i.e., biotic, salinity, temperature, minerals, pesticides) OR

Controlled or protected conditions, such as in greenhouses or 
polytunnels, hydroponics

 Outcome Presence of the word productivity or yield Other outcomes, such as quality or nutritional properties

Full-text stage
 Population Presence of the crop name tomato Similar to criteria for the title screening

 Intervention Outcome obtained from field data Similar to criteria for the title screening OR
No impact reported on water, N and/or P use OR
No intervention aiming for water, N and/or P use-efficiency and 

for tomato productivity OR
Water, N and/or P reduced use only by direct effect of reuse/

recycle sources OR
Laboratory experiment only, Soilless or pot experiment OR
Cell signalling study OR
Tomato breeding study not applied to the field

 Comparator Usual or current practices before the introduction of the 
intervention

No comparator

 Outcome Productivity i.e., yield expressed either by fruit number or 
weight

Similar to criteria for the title screening OR
No yield measurements OR
Economic measurements only OR
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were evaluated in table forms using conditional format-
ting and heat maps to identify knowledge clusters and 
gaps. The systematic map results are visualised in a series 
of figures. For example, to show the geographic distribu-
tion of studies, a colour-coded world map is presented. A 
three-component Venn type figure was selected to show 
the number of articles focussing on water, and/or N and/
or P as well as any combined stress studied. The inter-
ventions identified have been categorised in eight differ-
ent groups (e.g. irrigation, fertilisation and crop and soil 
management) and represented in a pie chart figure. Each 
intervention has been further classified into sub-groups 
within each of the main eight groups. For example, inter-
ventions in the irrigation group have been further divided 
in 11 further sub-groups (i.e., types) such as drip irriga-
tion, deficit irrigation or irrigation rate. These are shown 
in pie and bar chart figures as well as tables. The map-
ping of the results was performed to present the results 
obtained in a clear and simple manner and to facilitate 
the identification of knowledge clusters or gaps which 
directly relate to the primary research question.

Results
Descriptive statistics
Figure 1 details the step-by-step results of the system-
atic mapping process according to ROSES guidance 
[26]. Overall, following removal of any duplicates, a 
total of 14,377 potentially relevant articles were iden-
tified through searches of specialist databases that 
curated peer-reviewed and grey literature. The results 
of all searches, including search strings, exact date 
of the searches performed between April and Octo-
ber 2019, subscription information is reported in 

Additional file  2. At the title screening stage, 9483 
articles were excluded. A further 3276 articles were 
excluded following abstract screening, leaving 1618 
for full-text screening, 691 of which were irretrievable 
(see Additional file 4 for the full list of irretrievable arti-
cles). At the full-text screening stage, 636 records were 
excluded for not meeting the eligibility criteria. A full 
list of these, with their reasons for exclusion are avail-
able in Additional file  5. A total of 291 studies were 
included in the systematic map database for descriptive 
narrative (Fig. 1). A list of all the studies extracted and 
the associated meta-data extracted (i.e., general, and 
bibliographic information) is included in the systematic 
map database (Additional file 7).

Studies per decade
Study publication dates ranged from 1973 and 2019, 
with the majority (72%) published after year 2007 
(Fig.  2). From around the year 1993, relevant records 
began to appear consistently. From the year 2000, 
there is a clear upwards trend in the number of articles 
published investigating strategies to improve tomato 
productivity under conditions of water-, N- and/or 
P-deficit.

Literature type
The vast majority (96%) of the studies in this systematic 
map were articles published in scientific peer-reviewed 
journals. There was a small number (< 4% each) from 
other types of publications such as book chapters, con-
ference papers, university theses or technical reports.

Fig. 2  Periods of publication (decadal) for all relevant studies
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Mapping the quantity of studies relevant to the question
Geographical location
The number of relevant studies from each country glob-
ally is highlighted in Fig.  3, and a large proportion of 
the relevant studies (> 71%, n = 208) were undertaken 
by only eight countries. The United States and India 
accounted for the highest proportion of studies (28 and 
24%, respectively). Among the countries of Europe, Italy 
produced the highest number of articles (13%, n = 30). 
Several countries (i.e., Egypt, China, Nigeria, Turkey, and 
Saudi Arabia) each contributed between 5 and 6%. There 
were 16 countries for which there was only one relevant 
record. Overall, there were studies from 41 different 
countries across the world covering tropical, temperate, 
and arid biogeographical, or pedoclimatic, zones.

Study designs
Several pieces of information were recorded to capture 
the basic details of each study. Examples are listed below.

•	 The duration of studies was mostly short. Thirty-five 
percent of studies only lasted for one season, while 
49% of studies were either two or three seasons in 
length. There was only 5% of studies that lasted 4–5 
seasons and just one study was more than five sea-
sons long. Ten percent of the studies did not specify 
the length of the trial.

•	 The experimental design of the relevant studies was 
mainly randomised block design (60%), followed by 
split plot design (19%) and factorial design (4%).

•	 The main planting method was transplantation of 
plantlets, which was performed in 79% of studies, 
and only 3% of studies used direct seeding.

•	 The soil texture information gathered showed that 
16% of studies were performed on clay dominated 
soils, 42% on sandy soils, and 7% on soils with a sig-
nificant silt composition. In 23% of the studies the 
texture was either not listed or described in an alter-
native manner. The pH was given as pH < 6 for 6% of 
studies, between pH 6 and 7 for 13% of studies and 
pH > 7 for 29% of studies, but for more than half of 
the studies the soil pH was not specified. Due to vari-
ations in the details provided, such as differences in 
units and soil classification systems, it was not pos-
sible to summarise or compare soil attributes easily.

Mapping the resource studied and impact on the resource
The research question of the systematic map focussed 
on the deficit of three resources: water, N and P 
(Fig. 4a). There was a small number of studies (n = 12), 
where all three resources were addressed. These mainly 
involved a combination of two interventions (n = 7, 
58%) predominantly focussed on the use of irrigation 

Fig. 3  World map indicating the geographical distribution of evidence. The relative ‘number’ of records across countries are represented using a 
(blue) ‘colour density’ scale (0–60). Values are identified according to country of manuscript source, as determined by the correspondence address 
provided for the first- or lead-author. It should be noted that the country of authorship and the country where the studies were conducted were 
the same in 287 out of the 291 articles included in this systematic map
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and fertilisation type of interventions (42%). Other 
combinations reported included the implementation 
of irrigation strategies in conjunction with the use 
of biostimulants and biofertilisers (n = 1), mulching 
(n = 1) and soil amendment (n = 1). Only one study 
tested the use of three strategies (irrigation, fertilisa-
tion and crop and soil management). Overall, the great-
est number of studies tested water use alone (49%, 
n = 144). In comparison, there were 52 studies on N 
use alone and 13 studies on P use alone. The number 
of records that included both N- and P-use was 18% 
(n = 54). Few studies reported on use-efficiency inter-
relationship of water and nutrients (5%, n = 15). These 
mainly focussed on the use of irrigation and fertilisa-
tion type of interventions (n = 8, 53%). Twenty-seven 
percent of these studies used a single intervention, 50% 
of which focussed on soil amendments in the form of 
biochar and manure.

The interventions studied mostly assessed resource 
use-efficiency (50%, n = 147), followed by resource 
uptake efficiency (30%, n = 88), and resource availabil-
ity (19%, n = 56) (Fig. 4b).

Mapping the interventions studied
Categorisation of relevant studies was undertaken by 
assigning each into one of eight intervention groups 
(Fig.  5). The largest intervention group was irrigation 
(~ 49% of all studies), followed by fertilisation (22%), 
and crop and soil management (16%). The five other 
minor intervention groups, each accounting for less 
than 10% of the evidence collected, included: (i) soil 

amendments; (ii) biostimulants and biofertilisers; (iii) 
techno-chemical; (iv) breeding and genetic and (v) 
computational approaches.

More than 50% of the studies assessed only a single 
intervention. Two interventions were reported in 41% 
(mainly N and P based studies), and in only 8% of studies 
were there three interventions reported (Table 2).

Mapping the irrigation interventions
In total irrigation was used as an intervention to study 
resource deficit 181 times (Fig.  5). Each of these inter-
ventions were divided in 11 different types (Fig. 6). Drip 
irrigation was the predominant type of irrigation inter-
vention (n = 52), followed by deficit irrigation (n = 36), 

Fig. 4  a Number of relevant studies addressing field-grown tomato yield in response to conditions of water, nitrogen (N), and/or phosphorus (P) 
deficit. b. Number of interventions reporting an impact on either resource- ‘Availability’,-‘Uptake’, and/or -‘Use-Efficiency’

Fig. 5  Number of relevant studies reported for each of the eight 
distinct intervention groups that aim to improve the productivity of 
field-grown tomatoes under conditions of resource deficit
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which together account for 50% of the relevant irriga-
tion interventions. In contrast, limited evidence exists on 
the use of partial root-zone drying, alternative irrigation 
source/type, furrow irrigation, and sprinkler systems. 
Other types of irrigation interventions (n = 8) included 
studies on drain pitch depth, irrigation location, schedul-
ing and lay-out.

More than half of the studies (53%) were conducted in 
four of the main tomato producers that are the United 
States, India, and Italy, and Saudi Arabia. Most of the 
studies (93%) were conducted over one or 2–3 seasons.

Mapping the fertilisation interventions
Fertilisation interventions were the second most fre-
quent group after irrigation, with 101 relevant studies 
identified. Five different types of fertilisation interven-
tions were reported (Table 3). Fertiliser rate was the most 
common (n = 44) followed by the type of fertiliser (inor-
ganic/ organic) used (n = 27). Ten studies reported on the 

application location (e.g., soil or foliar) as an intervention, 
while 11 articles studied the mode of fertiliser applica-
tion. Other types of interventions (n = 4) refer to alter-
native fertilisation/fertigation systems and schedule of 
fertiliser application.

Fifty-three percent of these studies were conducted 
in India and the USA, with another 20% carried out 
in Egypt, Italy, and Nigeria. The duration of the studies 
lasted mostly one season (36%) or 2–3 seasons (44%) and 
48% of the experimental designs were randomised block 
design.

Mapping the crop and soil management, soil amendments 
and biostimulants and biofertilisers interventions
The use of crop and soil management (n = 72), soil 
amendments (n = 42) and biostimulants and biofertilisers 
interventions (n = 28) have been reported in 31% of the 
relevant studies identified. These are presented together 
for simplicity (Fig. 7).

Table 2  Number of studies and their relative proportion of 
relevant records that reported on the use of either 1, 2 or 
3 interventions to improve the productivity of field-grown 
tomatoes under conditions of water-, nitrogen- and/or 
phosphorus-deficit

Number of intervention 
report

Number of articles Percentage 
of total

1 Intervention 147 50

2 Interventions 120 41

3 Interventions 24 8

Fig. 6  Number of studies for each of the 11 different types of irrigation intervention identified

Table 3  Number of studies for each of the five different types of 
fertilisation intervention identified

Type of fertilisation 
intervention

Number of studies Percentage 
of total

Rate of fertilisation 44 44

Type of fertiliser 27 27

Application location 10 10

Mode of application 13 13

Others 5 5

Total 101 100%
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•	 Five different types of crop and soil management 
interventions were reported (n = 72). Cover crops 
and mulching were the two most frequent crop and 
soil management studies (n = 48 in total) reported. 
Limited evidence exists on manipulating planting 
density (n = 9) and the use of no-till/reduced tillage 
intervention (n = 4). Other crop and soil manage-
ment interventions (n = 11) were reported, which 
included integrated nutrient management, different 
cultivation sites, transplanting date, and shading. 
The United States (n = 16), Italy (n = 13) and India 
(n = 11) accounted for more than 55% of these stud-
ies.

•	 Soil amendment interventions were reported in 42 
studies. These include the use of compost (n = 16), 
manure (n = 13), vermiculite/perlite (n = 2), biochar 
(n = 6), peat amendment (n = 1) and clay amend-
ment (n = 3). Fifty percent of the evidence were pub-
lished over the past 10 years and 79% were conducted 
in Asia or Africa (especially India and Nigeria) on 
mainly sand or a sandy loam type of soil. Only a few 
numbers of papers studied a soil amendment inter-
vention over 4–5 seasons (8%), with most reporting 
their data after one season (36%).

•	 There were three different types of biostimulants 
and biofertilisers interventions reported (n = 28): (i) 
plant-growth promoting rhizobacteria (PGPR); (ii) 
arbuscular mycorrhizal fungi (AMF); and (iii) acid. 

These were mainly studied in Europe and Asia (70%) 
over 1–3 seasons (76% of the studies).

Mapping the techno‑chemical, breeding and genetic 
and computational interventions
Due to the limited number of records collected, which 
reported on the techno-chemical (n = 9), breeding and 
genetic (n = 22), and computational interventions (n = 6), 
these are presented together for simplicity (Fig. 8). Most 
of these interventions (80%) are still relatively new as evi-
dence only started to be regularly published over the past 
10 years.

•	 The techno-chemical groups of interventions 
included the use of anti-transpirants (n = 4), con-
trolled/slow nutrient release (n = 2), pan evaporation 
and tensiometer readings (n = 2) and grafting tech-
niques (n = 1). All these interventions used a ran-
domised block design and the duration of the studies 
lasted between 2 and 3 seasons (67% of all studies). 
Seventy-eight percent of these studies were con-
ducted in either the USA or Egypt.

•	 Twenty-two studies were reported in the breeding 
and genetic group of intervention, which included 20 
breeding studies and two genetic modification stud-
ies. The duration of the studies was between one and 

Fig. 7  Number of studies for each of the five types of crop and soil management, four type of soil amendments and three types of biostimulants 
and biofertilisers intervention identified
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three seasons (72%), whilst 11% of the experiments 
were carried out over a longer period of 4–5 seasons.

•	 Only a small number of computational or precision 
agriculture studies were reported (n = 6). These are 
concentrated in regions where high tomato produc-
tions is recorded, that are the USA, India, Italy, and 
Saudi Arabia.

Mapping the impact of all interventions on fruit quality traits
The impact of interventions on fruit quality traits was 
reported in 87 studies which represents approximately 
30% of the total (291). Eight different fruit quality traits 
(pH, total soluble solids, sugar, vitamin C, lycopene, fruit 
length, fruit diameter, acidity, pericarp thickness) were 
reported in these studies (Fig.  9). The fruit quality trait 
reported most frequently was total soluble solids (n = 73). 
A smaller, yet appreciable, number of studies reported on 
pH (n = 28), acidity (n = 43) and vitamin C (n = 22). In 
comparison, few studies reported on quality traits, such 
as sugar, lycopene, fruit length, fruit diameter and peri-
carp thickness.

Limitations of the map
Limitations of the map due to the search strategy
Firstly, the searches were limited to the English language. 
This may introduce the ‘Tower of Babel’ bias wherein 
authors generally choose to publish significant results 
in English [27]. However, a substantial volume of litera-
ture exists in other languages, such as Chinese, Spanish, 
and Portuguese. Therefore, more work to include other 
languages could be done in future syntheses. For exam-
ple, a total of 99 non-English articles were identified by 

our search strategy (i.e., had English abstracts) but were 
excluded. Although, it is unclear how many of these arti-
cles would have met all the inclusion criteria; the ability 
to include these untranslated articles would add strength 
to the accuracy of the map.

Secondly, articles were limited to those available 
open-access or through authors’ institutional paid jour-
nal subscriptions. As a result, many potentially relevant 
studies were irretrievable (43%, n = 691 of which 76 
do not appear to be in English), and we acknowledge 
that access to this body of evidence would add further 
strength to the accuracy of the map and could identify 
additional relevant intervention. More specifically, for 
53% of these irretrievable articles, full-text links could 

Fig. 8  Number of studies for each of the three type of techno-chemical, two types breeding and genetic and one type of computational 
interventions identified

Fig. 9  Range of tomato fruit quality traits assessed by the relevant 
studies (in addition to their impact on field-grown tomato yield)
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not be found on google scholar. In addition, 47% were 
not accessible without paid subscriptions or purchase of 
books of conference proceedings. We therefore antici-
pate that our systematic map could be upgraded in the 
future to include these potentially relevant articles. To 
alleviate such a limitation, we would recommend that the 
team involved benefit from different types of institutional 
accesses and that it commits resources to making per-
sonal contact with the authors or request full-text prints 
through e.g., ResearchGate. This should also include the 
articles that were rejected at the abstract screening stage, 
due to the lack of abstracts.

Limitations in coding and synthesis
Data extraction aimed to capture general characteristics 
of the interventions. The need to categorise each inter-
vention into groups and, subsequently, types, means that 
potentially significant nuances may have been lost due to 
the subjectivity in assigning studies to groups or types of 
intervention. To avoid this potential bias, it may be that 
interventions are recorded as free text in the codebook 
rather than by selecting pre-defined lists of groups and 
types. Details and nuances of each intervention would 
then be recorded and could be used to identify additional 
knowledge gaps and knowledge clusters.

Conclusions
This systematic map provides a description of the evi-
dence available on the effectiveness of the techniques and 
management approaches used to improve the productiv-
ity of field-grown tomatoes under conditions of water-, 
nitrogen- and/or phosphorus-deficit. Tomato has been 
chosen as a genetic model, and hence the findings pre-
sented here have potential relevance to other crops which 
require improvement in the multiple stress or deficit 
tolerances. We identified 291 relevant articles describ-
ing a total of 461 interventions. This map reveals several 
knowledge gaps in the current evidence base, including 
the lack of integrated approaches that assess multiple 
interventions and resource deficit simultaneously. Addi-
tionally, it highlights the lack of evidence reporting upon 
relatively novel strategies such as the use of techno-chem-
ical interventions and breeding cultivar, which started to 
be published on a regular basis about 10 years ago. There 
are also clear concentrations of research efforts by geo-
graphical location and evidence from different countries/
regions focuses on different approaches. Hence, this 
systematic map can serve to direct future research and 
development efforts for more sustainable production 
of field-grown tomato. As such, these insights may also 
help direct the foci of policy makers wishing to establish 
an improved evidence-base for more informed decision-
making regarding interventions, which may enhance 

tomato resource use-efficiency, with respect to water, 
nitrogen, and phosphorus. In addition, this systematic 
map could form the basis of a full systematic review to 
allow a critical assessment, appraisal, and synthesis of the 
available evidence presented here. For instance, several 
intervention groups highlighted here could be built upon 
in separate systematic reviews such as for the irrigation 
interventions, which are well-represented and hence 
amenable to full synthesis and meta-analysis by a system-
atic review with the prospect of determining the effec-
tiveness of the interventions described in this systematic 
map regardless of crops species concerned. This critical 
assessment could enable decision makers, including poli-
cymakers, to make definitive recommendations applica-
ble to cropped systems more-generally.

Implication for policy/management
This systematic map can be used by policymakers, 
who want to gauge the extent of available evidence on 
the effectiveness of the techniques and management 
approaches used to improve the productivity under con-
ditions of water-, nitrogen- and/or phosphorus-deficit 
for any field-grown crops. It is likely that knowledge 
gaps shown here for a popular and frequently studied 
crop such as tomato would exist to a greater extent for 
other less commercially important crops. In addition, 
inefficient irrigation practices cause excessive water 
usage, and excessive application of (N and P) fertilis-
ers can limit yield in the longer term, while also causing 
environmental damage. In these contexts, the type and 
quality of evidence mapped therein highlights possible 
specific approaches that could improve water, N and P 
use without compromising yield. To confirm this, criti-
cal appraisal and meta-analysis should be conducted in 
the form of one or several systematic reviews, in order 
to assess the strength and extent of the evidence. This 
agroecological potential is of particular significance 
given current pressures to meet the challenges of climate 
change and food security, whilst avoiding eutrophication 
and loss of soil function caused by suboptimal agronomy 
and/or variety choice. More stringent governance may 
therefore be implemented to improve crop resource 
use-efficiency and help reduce the overall impact of agri-
culture on the environment without compromising pro-
ductivity. More specifically, this map could help improve 
current legislation already adopted within the European 
Union, such as the Nitrates Directive (91/676/EEC) [9] 
and the Water Framework Directive (2000/60/EC) [10], 
which strictly control the application of nitrate fertilis-
ers and the management and quality of agricultural water 
respectively. The map could also help inform policies in 
European Union member states or elsewhere who seek to 
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shift towards more sustainable food production system 
without compromising on productivity.

To better guide policy making, further work should be 
conducted to include economic indicators such as: (i) the 
financial value of tomato production; and (ii) the number 
of jobs/ businesses active in tomato production. Addi-
tionally, further studies are needed on the ‘water foot-
print’ concept to explore the impact of tomatoes on water 
consumption. Life cycle assessment could also facilitate a 
comparative analysis of different strategies.

Implication for research
This systematic map is a powerful “springboard” for the 
development of future research and development pro-
grammes on field-grown tomatoes, and other field-grown 
crops more generally, all of which face the same require-
ment for multiple stress (or deficit) tolerances.

Knowledge gaps
This map identifies several understudied interventions 
that may be highlighted as ‘knowledge gaps’, and hence 
could benefit from more intense research effort. These 
gaps are listed below in no specific order.

1.	 There is a lack of evidence studying more than 
one resource at a time (28%) and only 9% of those 
addressed water and nutrient deficit at the same 
time. This highlights the need for more integrated 
approaches that assess multiple interventions and 
resource deficits simultaneously to determine the 
interactions or the relationships between these criti-
cal resources for tomato crops. Future research direc-
tion should therefore focus on studies investigating 
multiple resource deficits.

2.	 Further research into specific interventions could 
increase our knowledge in resource use-efficiency 
in tomato production. For instance, there have been 
significant improvements achieved in the field of 
breeding and N use-efficiency in other crops, such 
as barley [28]. Consequently, there is a great need 
for an increase in studies which employ breeding 
or genetics to address current concerns regarding 
resource use-efficiency in tomato production. Like-
wise, despite the well-known issues with the strong 
reliance of crop production on inorganic fertilisers to 
fulfil nutrient supply requirements and the evidence 
that alternatives exist, only 28 articles studied the 
use of biostimulants or biofertilisers. Hence, future 
research should give greater focus to alternative 
strategies when attempting to address issues related 
to resource deficit/ use.

3.	 There are also a limited number of reports studying 
a techno-chemical intervention (n = 9) or a compu-

tational one (n = 6). Such a small number of studies 
that utilised what are described as emerging or new 
technologies is important to acknowledge. The lack 
of evidence on the use of precision agriculture is par-
ticularly surprising as the development of new tech-
nologies for agriculture offers significant opportunity 
for improved crop management, especially in the 
case of irrigated crops requiring applications of fer-
tilisers, such as field-grown tomatoes. There is there-
fore plenty of scope for research on precision agricul-
ture to be undertaken as the site-specific supply of 
inputs can increase efficiency, improve sustainability 
and act to tackle food security [29].

4.	 There are clear concentrations of research efforts 
from specific geographical (or socio-economic) 
locations such as the United States, India, and Italy. 
Whilst this is expected since these countries are 
among the top 10 tomato producers in the world, it 
raises the question as to how well this effort address 
the productivity challenges in other (less developed) 
countries. This map was not restricted to a single 
specific region or climatic zone. Therefore, future 
research also needs to focus on those continents and 
countries where there were either few or no relevant 
studies reported despite high tomato production 
being recorded there (e.g., Spain, Iran, Brazil, and 
Mexico). An increased number of relevant studies 
within a specific region would enable evidence to be 
gathered and synthesised for the impact of resource 
deficit on tomato yields in each pedoclimatic zone 
(e.g., Mediterranean).

5.	 In addition, it is interesting to note that different 
geographical regions focussed on different group 
of interventions. For instance, the techno-chemical 
group of intervention has been studied mainly in 
Egypt and the USA (78%), whilst the use of biostimu-
lants and biofertilisers was predominantly reported 
in Europe and Asia (70%). Similarly, soil amendment 
strategies have largely been implemented in Asia and 
Africa (79% of cases). Future research could there-
fore focus on ensuring a greater diversity of interven-
tions being used in any given geographical region to 
improve the productivity of field-grown tomatoes 
under conditions of resource deficit.

6.	 The duration of the studies, when reported was rela-
tively short (1 or 2–3 seasons, 84%), whilst the ben-
efits of some interventions may take longer to fully 
reap the rewards of the strategy applied e.g., soil 
amendment group of interventions and in particular 
the use of cover crops, manure, and biochar. Future 
research funding should therefore allow for studies to 
be conducted over longer periods.
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This map highlights the need for a more systematic 
approach to reporting the details of experimental sites, 
with special respect to soil chemical and functional 
attributes such as: nutritional status, especially with 
respect to carbon content, N and P, though also impor-
tant micronutrients (minerals); bulk density; structure 
and type; and soil pH. A standard set of parameters for 
all field trials of resource use-efficiency would enable the 
impact from any test intervention(s) to be placed into 
more informative functional, applied, and comparative 
contexts.

Knowledge clusters
This map suggests several interventions that may war-
rant future evidence synthesis and meta-analysis. For 
instance, irrigation accounts for over 39% of all the inter-
ventions studied. Similarly, it may be beneficial to con-
duct a full systematic review of the ‘fertilisation group’ of 
interventions geared to improve resource use-efficiency. 
A critical assessment, appraisal, and synthesis of the 
available evidence could determine the effectiveness of 
the techniques and management approaches described 
in this systematic map to improve the productivity of 
field-grown tomatoes, and other field-grown crops more 
generally, under conditions of water-, nitrogen- and/or 
phosphorus-deficit. These details could provide impor-
tant agronomic advice for farmers, and ex-farmgate 
stakeholders with an interest in more resilient and mul-
tiple stress tolerant (tomato) production, whilst reducing 
their environmental impact.
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