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ABSTRACT

Water deficit caused by drought is common and extreme be-
cause of climate change. Pea (Pisum sativum L.) crops undergo
water deficits depending on the sowing season and location.
Some mechanisms of these plants in response to drought
include stomatal closure and a reduction in photosynthetic
capacity. However, as a consequence, such mechanisms disrupt
reproductive processes such as flowering and pod filling, which
diminishes the yield of plants. Although these mechanisms
have been studied, there is no systematic review of the effect
of water deficit on photosynthesis and yield in P. sativum. This
review aimed to combine, summarize, and interpret the current
knowledge on the impact of water deficiency on photosynthesis
and yield in P. sativum. We carried out a systematic review us-
ing the databases Scopus, Web of Science, and ScienceDirect.
Water deficit diminishes CO, assimilation by as much as 25%.
This reduction is apparently due to stomatal closure (reduced
by 28%) and, to a lesser degree, to variables such as the real
efficiency of photosystem II (reduced by 15%). Water deficit
reduces pea yield by 30% compared to control treatments
(watered plants). The yield components most affected are the
number of pods per plant, grains per plant,and pods per square
meter. Few studies have assessed the relationship among yield,
photosynthesis, and water status in P. sativum under water
deficit conditions. Furthermore, significant knowledge gaps
remain with respect to the combined effects of water deficit
and interacting environmental factors (such as light intensity,
temperature, and vapour pressure deficit) on the responses of
field pea photosynthesis and yield. Additionally, there is a need
to standardise methodologies for assessing water deficit status
in both plant tissue and soil.

Keywords: drought, water stress, legumes, water potential,
water use efficiency.

El déficit hidrico causado por sequias es comun y extremo
debido al cambio climatico. Los cultivos de arveja (Pisum
sativum L.) sufren déficit hidrico, dependiendo de la época de
siembra yla ubicaciéon. Algunos mecanismos de estas plantas en
respuesta a la sequia son el cierre de estomas y la reduccion de
la capacidad fotosintética. Sin embargo, como consecuencia, se
alteran procesos reproductivos como la floracion y el llenado de
vainas, lo que disminuye el rendimiento de las plantas. Aunque
estos mecanismos han sido estudiados, no existe una revision
sistematica del efecto del déficit hidrico en la fotosintesis y el
rendimiento en P. sativum. Esta revision tuvo como objetivo
combinar, resumir e interpretar el conocimiento actual sobre
los efectos del déficit hidrico en la fotosintesis y el rendimiento
en P. sativum. Se realizé una revision sistematica utilizando
las bases de datos Scopus, Web of Science y ScienceDirect. El
déficit hidrico disminuye la asimilacién de CO, en 25%. Esta
reduccion se debe aparentemente al cierre estomatico (reducido
en un 28%) y, en menor medida, a variables como la eficiencia
real del fotosistema II (reducida en un 15%). El déficit hidrico
reduce el rendimiento de arveja en un 30% en comparacién con
los tratamientos de control (plantas regadas). Los componentes
del rendimiento més afectados son numero de vainas por planta,
granos por planta y vainas por metro cuadrado. Pocos estudios
han evaluado la relacion entre el rendimiento, la fotosintesis y el
estado hidrico en P. sativum en condiciones de déficit hidrico.
Adicionalmente, prevalecen varios vacios del conocimiento
acerca de los efectos combinados del déficit hidrico con otros
factores ambientales (como intensidad luminica, temperatura
y déficit de presion de vapor) en la respuesta del rendimiento
y la fotosintesis de la arveja. También existe la necesidad de
estandarizar metodologias para evaluar el déficit hidrico tanto
en plantas como en el suelo.

Palabras clave: sequia, estrés hidrico, leguminosas, potencial
hidrico, uso eficiente del agua.
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Introduction

Because of their nutritional attributes and capacity for
nitrogen-fixing, legumes (such as Pisum sativum L.) have
great potential to deal with the challenge of sustainably
alimentation an increasing population (Sonta & Rekiel,
2020). The pea grain is rich in protein (200 g kg") (Foyer
et al., 2016) and has health benefits that include antihyper-
tensive, antioxidant, and anti-inflammatory properties.
For humans, peas reduce cholesterol levels and regulate
intestinal bacterial activity (Ge et al., 2020). Addition-
ally, pea crops have lower environmental impact because
of lower nitrogen-fertilizer dependency (Sonta & Rekiel,
2020), reducing the carbon footprint. Despite health and
environmental benefits, research on legumes such as peas
has been less than on cereals (Sonta & Rekiel, 2020).

As a result of the increase in climate variability, the yield
and quality of pea grains are affected by extreme climatic
conditions (drought, flooding, and heat waves). Climate
change in the tropics will affect agriculture more severely in
developing countries (Lee et al., 2023), particularly the yield
of legumes (Foyer et al., 2016; Soba et al., 2022). Extreme
conditions include water stress caused by drought, which
affects the physiology and yield of peas (Nadeem et al.,
2019). This stress reduces photosynthetic rate, chlorophyll
(chl) content, stomatal conductance, number of grains per
pod, number of pods, and yield by up to 50% (Nadeem et
al., 2019; Ney et al., 1994). These impacts are more severe
when plants undergo water stress in the reproductive stage
(Fougereux et al., 1997; Henriet et al., 2019).

Water stress effects on photosynthesis are well-studied in
plants. These stress effects mainly are affected by stomatal
closure that prevents CO, entry into the substomatal cavity
and, thus, the entrance of CO, into mesophyll cells (Flexas
et al., 2012). Depending on the intensity, water stress also
affects the activity and synthesis of photosynthetic enzymes
and chlorophyll (Analin et al., 2023; Chaves et al., 2009).
Couchoud et al. (2020) demonstrate that photosynthesis
in peas mainly decreases from stomatal closure, and the
decrease is less severe in the Afila cultivar.

Water stress diminishes yield not only because of its effects
on leaves but also because of its effects on the reproductive
organs. Water stress triggers flower fall, stigma dehydra-
tion, and pollen infertility (Soba et al., 2022; Suzuki et
al., 2014). Moreover, water stress decreases the number
of reproductive nodes of the pea plants, the average grain
weight, and the number of pods per plant, and increases
the number of aborted seeds (Henriet et al., 2019).
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Gas exchange variables such as CO, assimilation and
stomatal conductance could be used to predict yield
and, directly or indirectly, to evaluate the water status
of plants and crops (Furbank et al., 2019). Although the
relationship between yield and leaf photosynthesis is not
straightforward due to factors such as canopy, genotype,
transpiration, and environmental conditions, under spe-
cific circumstances, leaf photosynthesis has been used
to predict mass accumulation in crops (Wu et al., 2019).
Knowing the photosynthesis-yield relationship with a
water deficit would help select management alternatives,
detect deficits earlier, and predict pea yields.

This study aimed to summarize and interpret current
knowledge about water deficit effects on yield and photo-
synthesis in Pisum sativum. Specifically, we addressed the
following questions: Which factors have been evaluated
in water deficits? Which methodological approaches have
been used? Which yield component or photosynthesis-
related process is most affected by water deficits? And what
is the effect of water deficits on yield and photosynthesis
in pea plants? We hypothesize the following: Enough in-
formation exists addressing the impact of drought stress
on photosynthesis and yield. Furthermore, we expect that
canopy CO, assimilation is positively correlated with yield
but not with leaf CO, assimilation. Finally, yield compo-
nents such as grains per area or pods per area are positively
related to yield.

Materials and methods

Web of Science, Scopus, and ScienceDirect databases were
searched to identify original studies on drought, irriga-
tion, or water stress effects on yield and photosynthesis in
peas (Pisum sativum L.). The search terms were as follows:
drought, water stress, aridity, and irrigation. For yield and
photosynthesis, the terms were these: yield, productivity,
photosynthesis, and gas exchange (Tab. 1). The search was
broad in order to obtain a significant number of articles
related to the subject.

Literature such as reviews, abstracts, theses, or meta-anal-
yses was excluded. During screening, studies on drought,
irrigation, or water stress in P. sativum organs, plants, or
crops were selected. Studies whose experimental unit was
organelles or studies that were carried out on different
species were omitted. Finally, studies where drought, ir-
rigation, or water stress treatment were not clearly defined
were excluded (Fig. 1).
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TABLE 1. Databases, searching terms, search date, and number of publications.

Database

Search string Search terms

N° Search date

Scopus

Title-Abstract-Key words

(Pisum sativum OR pea OR P. sativum) AND (drought OR water stress OR aridity

OR water scarcity OR irrigation) AND (yield OR productivity OR photosynthesis OR
chlorophyll OR gas exchange OR stomata OR carbon dioxide fixation OR photosystem
OR photochemistry OR radiation use efficiency)

805

Web of Science

(Pisum sativum OR pea OR P. sativum) AND TS= (drought OR water stress OR aridity

Topic (TS) chlorophyll OR gas exchange OR stomata OR carbon dioxide fixation OR photosystem

OR water scarcity OR irrigation) AND TS= (yield OR productivity OR photosynthesis OR

880

09/01/2024

09/01/2024

OR photochemistry OR radiation use efficiency)

Title, Abstract, or

ScienceDirect Author-specified keywords

(Pisum sativum) AND (drought OR water stress OR irrigation) AND (yield OR
photosynthesis OR chlorophyll OR radiation use efficiency)

50 09/01/2024

Total 1735
Scopus Web of Science Science Direct
n =805 n = 880 n=>50
=
S | |
=T
=
& .
E Total articles = 1735
= =1374
Title and abstract
Approach: repeated documents, documents that are reviews, abstracts, book | 361 excluded
chapters, thesis, meta-analysis, or in a language different to English.

S n=1013
= Title, abstract and keywords
i Approach: documents about stresses different to drought, irrigation or water stress. —| 806 excluded
2 Studies on crops different to Pisum sativum or carry on organelles and cells.
E Ab k nd: 2%7f I |
= stract, keywords and full-text articles
g Approach: studies without clear drought, irrigation or water stress treatments, without ] 122 excluded
E photosynthesis, water status or yield outcomes or without full-text availability.
2
=] n=285
;, Included articles.

FIGURE 1. Flow diagram of the identification, screening, and selection of studies related to water stress on the yield and photosynthesis of Pisum

sativum L.

Variables related to yield, yield components, growth, water
status, and gas exchange were extracted from the selected
studies. From each selected article, both the response
variables and other treatment variables (e.g., genotype,
temperature, phenological stage, etc.) were entered into an
Excel file. The absolute values of each variable reported in
the literature were extracted. Finally, the relative increase
or decrease from water or irrigation deficit treatments
compared to the control treatments (in which the plants
were well irrigated) were calculated. When the authors
reported the results on bar or point plots, the plugin

figure calibration of ImageJ] was used (available at http://
www.astro.physik.uni-goettingen.de/~hessman/Image]J/
Figure_Calibration/) to obtain numeric data.

To summarize, the effect of water or irrigation deficit on
photosynthesis and yield, boxplots of each treatment com-
bination were plotted. The boxplots represented the rela-
tive change of the treatments in comparison to the control
treatment. In each boxplot, minimally the data from two
studies were plotted. Plots were made using the ggplot2 and
ComplexHeatmap packages in R software V. 4.0.5.
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Results and discussion

Common factors and variables

Most of the studies assessed the interaction between water
deficit and sowing date, followed by water deficit versus
genotype, water deficit versus duration, and water deficit
versus phenology (Fig. 2). The remaining factors were
evaluated by fewer than five studies. They were related to
environmental conditions (temperature, light, CO,), chemi-
cal substances, fertilizers (organic matter, phosphorus,
potassium, nitrogen, and sulfur), timing of the measure-
ments, nanoparticles, and osmolytes (such as proline and
glycine betaine).

Sowing date
Genotype

Drought duration
Phenology
Temperature
Population density
Microorganisms
Ultraviolet radiation

CO,

Tillage
Phosphorus rate
Nitrogen source
Molybdenum nanoparticles
Light intensity

NPK fertilization
Days after sowing
Day time

Boron nanoparticles

Variable

0 4 8 12 16 20 24 28
Number of studies

FIGURE 2. Frequency of evaluated factors (more than one study). Eva-
luated factors were evaluated along with water deficit in studies of wa-
ter or irrigation deficit on Pisum sativum.

The interaction of water deficit with other environmental
variables, represented by sowing dates and water-deficit
duration, is typical in the field and significantly impacts
pea crop yield. For instance, Bueckert et al. (2015) find that
the sowing date substantially affects the yield and duration
of the reproductive phase of pea plants. They also show a
positive correlation between yield and precipitation and a
negative correlation between the duration of the reproduc-
tive phase and the mean daily maximum temperature.

Breeding to obtain genotypes tolerant to water stress is
a common strategy, but it demands time and resources.
However, this strategy has remarkable benefits: Rodriguez-
Maribona et al. (1992) report that, for the ‘Desso’ cultivar
undergoing a water deficit, yield decreases around 40%,
while, for the ‘Fride’ cultivar, the decrease is only 10%.
‘Fride’ cultivar presents a mechanism of greater efficiency
in water use or its conservation in the face of drought
events. Another example is reported by Nemeskéri et al.
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(2015), who demonstrate that mild and early-ripening
cultivars are less susceptible to water deficit than late-
ripening cultivars.

The duration of water withholding determines the intensity
of water stress in plants. Still, without soil and plant mea-
surements, it is difficult to know the intensity of the water
stress. Some authors (Embiale et al., 2016) only report the
withholding duration but not the water potential of plants
or soils. However, others report the water potential of
both plants and soil, while some report it only for soil (Al-
Quraan et al., 2021; Frechilla et al., 2000; Leport et al., 1998).

Some factors are rarely measured yet are essential due to
their practicality or their interaction with water stress. For
example, fertilizers are practical and frequently used. Still,
only one study evaluates both phosphorus and potassium
fertilization on pea plants undergoing irrigation deficit
(Carter & Stoker, 1988), yielding no benefit. However, Jin et
al. (2015) find that fertilization with phosphorus increases
the WUE (water use efficiency) and growth of pea plants
under drought conditions, and Abd El-Mageed et al. (2017)
observe the same pattern with potassium fertilization in
soybeans.

Other factors such as temperature, light or UV radiation,
and water deficit might coincide and be more severe and
common under a climate change scenario (Lee et al., 2023;
Zandalinas et al., 2021). For instance, Zandalinas et al.
(2021) show that the response of Arabidopsis thaliana to
high light, heat stress, osmotic stress, and oxidative stress is
different when plants are subjected to each stress individu-
ally compared to when such stresses are combined. The
same authors find that the combination of stresses reduces
the survival and growth of plants than do each stress in-
dividually. This underscores the necessity of researching
the effect of stress combinations on the physiology and
yield of pea crops.

Having selected the most common variables related to yield,
photosynthesis, and water status, the majority of the studies
evaluated yield (41) and total dry mass (24) (Fig. 3). On the
other hand, 24 studies evaluated stomatal conductance, 21
looked at CO, assimilation and only 23 measured relative
water content (RWC) or leaf water potential (Fig. 3).

It is difficult to establish the relationship between yield,
water status, and photosynthesis in pea plants undergoing
drought because few studies have simultaneously assessed
these processes. Only five of the selected studies evaluated
yield and stomatal conductance simultaneously, and only
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FIGURE 3. UpSet plot of the most common variables related to yield, photosynthesis, and water status of pea plants undergoing water deficit.
Studies per variable indicate the number of articles in which the variables were measured. Each point indicates in which studies the variable was
measured; when two variables (two points) are linked by a line, both variables were measured in the same study. RWC — relative water content.

one assessed yield and CO, assimilation (Fig. 3). Addition-
ally, few studies evaluated both yield and water status (only
six measured leaf water potential or RWC and yield) (Fig.
3). Currently, the diagnosis of water stress is based on the
spectral response of plants and crops, which is related to
their photosynthetic response and water status (Beebe et
al., 2013; Furbank et al., 2019). The limited knowledge of
the relationship between yield, photosynthesis, and water
status makes it difficult to use technologies to recognize
water stress earlier.

Because photosynthesis is the primary source of dry mass
and yield of crops, determining the relationship between
yield and photosynthesis would benefit the prediction of
yields beforehand (Honda et al., 2021; Wu et al., 2019). The
relationship between leaf photosynthesis and crop yield is
not straightforward because other factors, such as canopy
architecture, nitrogen dynamics, phenology, and crop
management, also play a role (Wu et al., 2019). However,
considering these factors allows us to find the best match
between leaf photosynthesis and yield. For example, Honda
et al. (2021) reveal a strong relationship between the photo-
synthesis of the flag leaf and the yield of rice plants during
the heading stage.

Effect of water deficit on water status

All studies assessed irrigation or water deficit in pea plants.
Still, only 23 of the 85 studies measured a variable related
to water status in plants (Fig. 3). The most common vari-
ables were leaf RWC (13 studies) and leaf water potential

Leaf water potential %—‘;-ﬁb. oo f!-f.,—:‘;—.

® Water use ;ﬂ:ln
s i
S s
- Leaf relative °e

water content ®e !

Water content °

of leaves
-2 -1 0 1

Relative change

FIGURE 4. Relative changes from water deficit on water status variables
in P. sativum L. Each boxplot represents the relative change of 34 cases
(represented by each point) in 27 studies. Boxes represent 50% of the
observations (relative change of each treatment different from control),
and whiskers represent the minimum and maximum value or 1.5 times
the interquartile range.

(7 studies) (Fig. 3). Meanwhile, other water status variables
were measured in five articles each. In general, leaf water
potential was more affected (50%) by water deficit than
other variables (Fig. 4).

The main variables used as indicators of water stress were
leaf water potential and leaf RWC. Generally, leaf water
potential is more variable and sensitive to water deficit than
leaf RWC (Fig. 4). Both variables indicate the water status
of plants. Higher RWC in plants undergoing water deficit
is related to the osmotic adjustment mechanism, where
the accumulation of solutes maintains the water content.
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The fact that leaf water potential has been more sensitive
than leaf RWC probably indicates an osmotic adjustment
in pea plants (Turner et al., 2007; Turner, 2018). However,
only Nogués et al. (1998) measure both variables. They did
not discuss whether there was an osmotic adjustment, indi-
cating a gap in knowledge on osmotic adjustment in peas.

Water deficit effect on photosynthesis

Although stomatal limitation is a mechanism to conserve
water in plants, it is also the leading cause of a reduction
in CO, assimilation in plants undergoing drought or ir-
rigation deficit. Only three studies report simultaneously
the internal CO, concentration and stomatal limitation.
This stomatal limitation should have been reported by the
authors because devices used to measure CO, assimilation
and stomatal conductance (measured in 19 and 17 stud-
ies, respectively) also measure ambient and internal CO,
concentration.

In our study, chlorophyll showed contrasting behavior:
despite the minor changes in the total chlorophyll of plants
undergoing drought, chlorophyll a and b decreased by ap-
proximately 30% when plants suffered a water deficit (Fig.
5). CO, assimilation was reduced by 25% due to the water
deficit. Gas diffusion variables such as stomatal conduc-
tance, internal CO,, and transpiration were similarly af-
fected (~28%), while some photochemistry variables such as
Fv/Fm (Maximum quantum efficiency of PSII photochem-
istry), $PSII (PSII operating efficiency), P (Photochemical
quenching), and NPQ (Non-photochemical quenching)
were affected to a lesser extent (15%) (Fig. 5). Generally,
water deficits slightly increased the water use efficiency
(WUE) when measured at the leaf level (umol CO, mmol”
H,O) but not at the crop level (Fig. 5).

Gas exchange and chlorophyll content variables are more
frequently measured than variables related to photochem-
istry (e.g, ®PSIL, Jmax, OJIP analysis variables). Regarding
the variability of photosynthetic variables between stud-
ies, Fv/Fm was much less variable than CO, assimilation,
transpiration, and stomatal conductance (Fig. 5). The low
variability of Fv/Fm indicated that the plant uses biochemi-
cal mechanisms to protect the photosynthetic apparatus.
Depending on the intensity of the stress, if it is moderate,
dynamic photoinhibition occurs, and PSII recovery hap-
pens through the turnover of the D1 protein (Pandey et al.,
2023). However, if the stress is severe, there would be dam-
age at the PSII level, leading to a decrease in the maximum
potential photochemical efficiency of photosystem II and
consequently a decrease in the operational performance of
the photosystem (Pandey et al., 2023).
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FIGURE 5. Relative changes from water deficits in photosynthesis-
related variables in P. sativum L. Each boxplot represented the rela-
tive change of 173 cases (represented by each point) from 35 studies.
Boxes represent 50% of the observations (relative change of each treat-
ment different from the control), and whiskers represent the minimum
and maximum value or 1.5 times the interquartile range. Ci — internal
CO0, concentration, Ca — ambient CO, concentration, $pPSIl — actual
quantum efficiency of PSII, gP — photochemical quenching, Fv/Fm
— maximum quantum efficiency of PSIl, NPQ — non-photochemical
quenching, WUE — water use efficiency.

The photosynthetic response of pea plants follows a similar
pattern to other crops: Initially, there is stomatal limitation
caused by a considerable reduction in stomatal conduc-
tance, followed by a decrease in internal CO, concentration
and CO, assimilation, and finally a slight reduction in
PSIL, Fv/Fm and chlorophyll content (Fig. 5) (Flexas et al.,
2012; Sun et al., 2020). According to Flexas et al. (2012), the
first response of plants to water deficits is stomatal closure,
which occurs under mild and moderate water deficits. On
the other hand, under severe water stress, variables such as
chlorophyll content or integrity of photosynthetic enzymes
are disturbed (non-stomatal or biochemical limitation).
Most studies have assessed the effect of mild or moderate
stress on pea plants, but few have assessed severe stress.

Although the first response of plants to water stress is
closing their stomata, when the stress is severe or long-
lasting, biochemical damage occurs (Flexas et al., 2012;
Sun et al., 2020). During water stress, reactive oxygen
species are accumulated, leading to oxidative damage that
causes membrane damage and turnover of the D1 protein
(Wang et al., 2018). This protein is part of PSIL; thus, its
turnover decreases the activity of PSII (Wang et al., 2018).
Additionally, chlorophyll biosynthesis declines because of
the decrease of enzymes responsible for the synthesis of
chlorophyll intermediates such as protoporphyrinogen IX
oxidase, Mg-chelatase, and protochlorophyllide oxidore-
ductase (Dalal & Tripathy, 2012).
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Despite the reduction of the contents of chlorophyll a and
b, there was no such reduction for total chlorophyll content
(Fig. 5). The reason might be the scale used to measure
each parameter: the contents of chlorophyll a and b were
measured in the laboratory, in most cases per unit mass;
whereas, total chlorophyll content was calculated per unit
area and, in half of the cases, with a SPAD chlorophyll
meter. Although the chlorophyll meter is a non-destructive
method and is helpful in the field, it is less sensitive to
fluctuations in chlorophyll content than destructive mea-
surements (Parry et al., 2014).

Water deficit effect on yield

In general, yield was reduced by 30% under water deficit
compared to the control treatments. However, the yield
ranged from 20% to 80% less than the control treatment.
The yield components most affected by water deficit were
pods and grains per plant; meanwhile, variables such as
pod dry mass, harvest index, 1,000 seed weight, and the
average mass of one grain were slightly affected by water
deficit (Fig. 6).

Variables such as seed yield, grains per plant, pods per
plant, and grains per pod were frequently measured. In
contrast, others, such as aborted grains per pod, flowers per
plant, and grains per square meter, were rarely measured.
The variability of the more common variables, seed yield,
and grains per plant was higher among studies than grains
per pod, harvest index, and 1,000-seed mass (Fig. 6).

Grains per plant|  c*eeteforadBudots-yo—2
Seed yield | *~-aendiasheys-
Podsperplant| © ce—osiuhatves . °
Pod length | i oo
. Grains per pod | senbRilhe—
5 Flowering nodes per plant| ool ofp!
s Plants m?|
= 1000 seed mass | R e
Average mass of one grain R
Harvest index| o T—§oFhe
Pod dry mass| e—s—4F  «*dple
Shelling percentage | e off—o

-08 -06 -04-02 0 02 04 06 08 10
Relative change

FIGURE 6. Relative changes of yield-related variables in P. sativum L.
from water deficit. Each boxplot represents the relative change of 758
cases (represented by each point) from 82 studies. Boxes represent
50% of the observations (relative change of each treatment different
from control), and whiskers represent the minimum and maximum va-
lue or 1.5 times the interquartile range.

Yield, represented as the grain mass produced per unit
area or per plant, was reduced by water stress, with a re-
duction of 30% compared to control treatments (Fig. 6).
Grains per plant showed the most similar pattern to yield,

with comparable reductions and variability. Several stud-
ies report the relationship between water deficit and the
reduction of reproductive structures such as flowers and
pods, mainly when the water deficit occurs during flower-
ing or pod-filling stages (Fougereux et al., 1997; Martin &
Jamieson, 1996). This explanation aligns with the fact that
most studies measuring yield assessed plants undergoing
water deficit during their entire cycle or critical stages such
as flowering and pod filling.

Variables related to the number of grains per plant or area
were more affected by water deficits than variables related
to grain size. Variables related to grain size, such as the
mass of 1,000 seeds or the average mass of one grain, are
conservative compared to variables associated with the
number of grains, such as grains per pod or pods per plant
(Fougereux et al., 1997; Jeuffroy et al., 2010). Grain size is
usually affected if the water stress occurs only during the
pod-filling stage (Jeuffroy et al., 2010; Munier-Jolain, 2010).

Although they were rarely measured, variables such as
flowers per plant, reproductive nodes per plant, or number
of nodes with pods can indicate if the water deficit occurred
during flowering (Farooq et al., 2017). This is because the
number of flowers, pollen viability, and pistil function are
severely affected by terminal droughts, which reduce the
number of pods (Fang et al., 2010). If the drought event oc-
curred between flowering and the final stage of seed abor-
tion, the primary affected variable would be the number
of grains per pod. Therefore, if a study aims to elucidate
the timing of the stress and the process concerned, it is
essential to consider variables related to both reproductive
structures and yield, such as the number of grains (Farooq
et al., 2017; Lecoeur, 2010).

In some studies, seed yield was not measured, but biomass
yield was. Water deficit sharply decreased total and shoot
dry mass, while leaf area and root dry mass were less af-
fected. Even the relative growth rate (RGR) of roots was
higher in some plants that suffered a water deficit compared
to the control treatments (Fig. 7).

Growth is the first to be affected and one of the most
susceptible processes to water deficit (Fig. 7). The shoot
growth rate was more affected than root growth because
roots can grow at a lower water potential than leaves. Their
osmotic adjustment occurs faster than in leaves (Hsiao
& Xu, 2000). In both cases, the cell expansion process
involves the absorption of water and the weakening of the
cell wall, and both methods are reduced by water deficits
(Farooq et al., 2009). Additionally, the dry mass of a plant
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depends mainly on photosynthesis; thus, any decline in
the photosynthetic process diminishes CO, assimilation
and carbohydrate synthesis.

RGR of shoot
Shoot dry mass |
Total dry mass| o

Root dry mass

Variable

Leaf area

RGR of rooti

-1.0 -0.5 0.0 0.5 1.0
Relative chanae

FIGURE 7. Relative changes from water or irrigation deficit on growth-
related variables in P. sativum L. Each boxplot represents the relative
change of 94 cases (represented by each point) from 33 studies. Boxes
represent 50% of the observations (relative change of each treatment
different from control), and whiskers represent the minimum and maxi-
mum value or 1.5 times the interquartile range. RGR - relative growth
rate.

The reduction of growth points and sinks (such as young
shoots and pods as in Figures 6 and 7 diminishes the sink
strength of the plants. This decrease may induce feedback
inhibition, thereby reducing the photosynthetic rate. In
other grain crops, such as barley, for instance, the reduc-
tion of grain number through spike trimming results in
sugar accumulation in stems and leaves, which in turn
suppresses leaf photosynthesis (Serrago et al., 2013). These
findings highlight the importance of assessing source-sink
dynamics and photosynthetic performance under drought
stress conditions.

Limits and challenges

Some methodological problems prevent the standardiza-
tion or complete analysis of some variables. Several authors
did not report the stage or moisture content at which grains
were harvested; this could affect the estimation of water
deficit effects on yield. Many authors reported the days on
which the measurements were taken, but not the pheno-
logical stage of the plants, which hinders the relationship
between phenology and water deficit.

Variables used as indicators of drought or deficit irrigation
should be unified to facilitate comparisons between studies.
Some studies used only the days of withholding water as a
drought indicator. In contrast, other studies used the soil
and leaf water potential. Authors should at least indicate
water stress with a measure of soil moisture, but ideally with
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a measure of soil and plant water potential, as well as the
depth at which the soil potential or moisture was measured.

Because this study evaluated articles whose drought and
control treatments were well established, articles whose
objective was to assess sowing dates with different weather
conditions were not considered. Additionally, due to dif-
ferences in levels of water deficits and units, the difference
between water deficit levels was not established. Still, they
were categorized between extremes: with or without a
water deficit.

During the article screening, several studies examining
the salt effect on pea plants or crops were identified. These
studies were not considered in this review. Still, a future
review of this topic could expand knowledge on osmotic
stress in peas. Osmotic stress affects plants undergoing both
a water deficit and salinity because both stresses reduce
the water potential of the soil solution (Zhao et al., 2020).
Salinity reduces the water potential due to the accumula-
tion of salts. In contrast, water deficits decrease the water
available in the soil, thus lowering the water potential of
the soil solution. Additionally, both stresses share several
genetic and enzymatic responses (Forni et al., 2017).

There is a lack of information on the relationship between
yield, water status, and photosynthesis in pea plants. Al-
though the interaction between water deficits and other fac-
tors has been evaluated, other essential factors such as light,
fertilization, soil type, chemical primers, microorganisms,
and population density have rarely been assessed. Environ-
mental variables such as soil type, vapor pressure deficit,
or light commonly interact with water deficits under field
conditions. At the same time, fertilization, microorgan-
isms, and chemical primers might alleviate water deficits.

Conclusions

Water deficit significantly reduces CO, assimilation of pea
plants due to substantial stomatal closure and slight pho-
tochemical impairment. Contrarily, non-photochemical
quenching, and water use efficiency rise moderately as
strategies to quench energy excess and avoid water loss (Fig.
8). Pea yield appears to diminish because of reductions in
grains per square meter, resulting from a lower number of
pods per plant, grains per pod, or flowers per plant during
the reproductive stage. Similarly, most growth processes
decrease, except for the relative growth of the root.
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