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Waterlogging, an abiotic stress, severely restricts crop yield in various parts of the
world. Thus, we conducted a meta-analysis of 2,419 comparisons from 115 studies
to comprehensively evaluate the overall change in crop yield induced by waterlogging
in the global region. The results suggested that waterlogging obviously decreased crop
yield by 32.9% on average, compared with no waterlogging, which was a result of
a reduced 1,000-grain weight (13.67%), biomass (28.89%), plant height (10.68%), net
photosynthetic rate (P, 39.04%), and leaf area index (LAl, 22.89%). The overall effect of
a waterlogging regime on crop yield is related to the crop type; the crop yield reduction
varied between wheat (25.53%) and cotton (59.95%), with an overall average value
of 36.81% under field conditions. In addition, we also found that compared with no
waterlogging, waterlogging in the reproductive growth stage (41.90%) caused a greater
yield reduction than in the vegetative growth stage (34.75%). Furthermore, decreases in
crop vyield were observed with an extension in the waterlogging duration; the greatest
decreases in crop yield occurred at 15 < D < 28 (53.19 and 55.96%) under field and
potted conditions, respectively. Overall, the results of this meta-analysis showed that
waterlogging can decrease crop yield and was mainly affected by crop type, growth
stage, and experimental duration.

Keywords: crop type, growth stage, waterlogging duration, grain yield, meta-analysis

INTRODUCTION

Waterlogging is an identifiable phenomenon where free water overlays the soil surface of cropland
(Striker, 2012). It is estimated that 12% of the world’s arable land could be waterlogged frequently,
leading to approximately 20% crop yield reduction (Setter and Waters, 2003). In the near future,
soil waterlogging is predicted to increase in frequency and magnitude due to global climate change,
especially in irrigated regions and under more intense and unpredictable rainfall, such as in the
Yangtze Watershed, the plains of Huang-Huai-Hai, Sanjiang, and Songnen in China (Shi and Zhou,
2006; He, 2014), as well as irrigated areas of the United States, India, Pakistan, Argentina, and
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Europe (Pang et al, 2004; Feyen et al., 2012; Ploschuk et al,
2018). At the same time, soil containing a large amount of
clay or soil that is highly compacted due to repeated use of
agricultural machinery can have poor drainage, which can also
lead to an increased occurrence of waterlogging events (Najeeb
et al,, 2015; Ploschuk et al., 2018). Therefore, waterlogging is an
increasingly important adverse stress that results in the obvious
yield reduction of various crops.

Waterlogging seriously hinders the gas exchange between
plant roots and the atmosphere (Striker, 2012). The oxygen
in waterlogged soil is rapidly exhausted, resulting in the roots
changing from aerobic respiration to anaerobic fermentation,
while CO; and ethylene concentrations accumulate. This causes
a severe decrease in the ATP synthesis of root cells and impacts
multiple metabolic processes of plants (Sairam et al., 2009;
Pampana et al, 2016; Kaur et al, 2020). For example, the
consequence of damaged root function under waterlogging is
stomatal closure, which restricts water and nutrient uptake;
this will hinder the influx of carbon dioxide into the leaf as
well as transpiration, causing leaf wilting and senescence, in
addition to the inhibition of photosynthesis, leading to lower
biomass accumulation, thereby reducing kernel weight and grain
yield (Ashraf, 2012; Shao et al., 2013; Voesenek et al.,, 2013;
Arguello et al., 2016).

Globally, the responses of crop yield to soil waterlogging
have been well documented. For example, several studies
have reported that waterlogging events at seedling, jointing,
and tillering stages cause different levels of yield reduction
in different crop varieties, including cotton (yield decrease
range = 23.66-34.79%), wheat (7.75-16.30%), and rice (7.48-
57.42%) (Zhang et al., 2012; Zhou et al., 2014; Ding et al., 2020).
Moreover, there were also large differences in the change in crop
yield in the growth stage under waterlogging (Brisson et al,
2002; De San Celedonio et al., 2014). Wu et al. (2015) concluded
that compared with later growth stages, waterlogging treatment
at the seedling stage had a greater negative influence on the
winter wheat yield. By contrast, Araki et al. (2012) found that
waterlogging tolerance was the highest after the anthesis stage,
followed by the jointing stage. However, Pampana et al. (2016)
demonstrated that no obvious differences in durum wheat yield
were observed when waterlogging was applied at the three- and
four-leaf stages. In addition to the two abovementioned factors,
the experimental duration of waterlogging events also resulted
in crop yield reduction; generally, the longer the waterlogging
duration, the greater the decrease in crop yield (Ghobadi and
Ghobadi, 2010; Zhang et al., 2016; Tian et al., 2020). Clearly,
the effect of waterlogging on crop yield differs, which can be
attributed to three aspects: crop type, timing, and experimental
duration (De San Celedonio et al, 2014; Arduini et al,
2016). However, to our knowledge, there is no comprehensive
synthesis on the response of crop yield to the three factors
during waterlogging in global regions according to the meta-
analysis technique. Therefore, there is an urgent requirement for
quantitative and systematic reviews of a global-scale assessment
in order to more accurately measure the vital phenological stages
and experimental duration when waterlogging events led to the
threshold of crop yield reduction. Meta-analysis, a useful tool

for quantitative and scientific synthesis, has been used widely
to summarize the results from similar studies on a common
subject to obtain general conclusions (Werf, 1992; Hedges et al.,
1999). Furthermore, it can reveal the specific reasons for the
difference between treated and controlled samples (Stanley,
2001; Santachiara et al., 2019). Thus, we used meta-analysis to
synthesize the overall effects of waterlogging on crop yield in
comparison to well-watered conditions. Likewise, we also provide
a profound understanding of the response mechanism of crop
yield to waterlogging under different phenological stages, crop
types, and durations in the global region. Our specific objectives
were to (1) assess the overall change caused by the waterlogging
regime on grain yield among different crop types; (2) identify
which growth stages have the greatest impact on crop yield
during waterlogging; and (3) determine how much waterlogging
duration affects crop yield.

MATERIALS AND METHODS

Data Collection

To investigate the effects of waterlogging in comparison
with no waterlogging on the agronomic traits, photosynthetic
characteristics, and crop yield, we collected data from peer-
reviewed literature and dissertations from 1980 to 2020 based on
the Web of Science academic citation database' and the China
National Knowledge Infrastructure (CNKI, ?). The database
for this meta-analysis was built based on keywords such as
“waterlogging” OR “flooding stress” AND “plant height” OR
“biomass” OR “dry weight” OR “net photosynthetic rate (P,)”
OR “leaf area index (LAI);” OR “yield.” Only publications that
met the following predefined selection criteria were added to
the database: (i) studies that involved plants that experienced
waterlogging or flooding under field conditions and pot studies;
greenhouse experiments were not included; (ii) the experimental
research included a waterlogging treatment and a well-watered
condition, without other treatments (e.g., growth regulator or
the addition of fertilizers); and (iii) the reported plants were
field crops; vegetables and horticultural crops were excluded.
Based on the above selection criteria, a total of 115 peer-
reviewed publications (46 in English and 69 in Chinese) for
inclusion with 920 data sets for crop yield, 329 for biomass,
737 for the thousand-grain weight, 242 for plant height, 125
for P,, and 66 for LAI were collected in the global meta-
analysis database (Appendix B). These articles originated from
16 different countries (Figure 1 and Supplementary Table A1).
The data of crop yield, agronomic traits, and photosynthetic
index were derived from tables or were extracted from figures
using WebPlotDigitizer (Rohatgi, 2012). Other interrelated
information, including location (longitude and latitude), mean
annual precipitation (MAP), and basic soil fertility, was also
recorded. To clarify the effects of other co-varying factors on
crop yield, agronomic traits, and the photosynthetic index under
waterlogging regimes, several main categorical variables were

Uhttps://apps.webofknowledge.com
Zhttps://www.cnki.net/

Frontiers in Plant Science | www.frontiersin.org

February 2021 | Volume 12 | Article 634898


https://apps.webofknowledge.com
https://www.cnki.net/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Tian et al.

Waterlogging Decrease Significantly Crop Yield

FIGURE 1 | Global distribution of waterlogging experiments used in the meta-analysis.

TABLE 1 | Categories used in describing the environmental and management conditions.

Factors Categories

Experimental condition Field Pot

Crop type Rice Wheat Maize Cotton Others
Stage Vegetative stage (VS) Reproductive stage (RS)

Duration (D) 0<D<3 3<D<6 6<D<9 9<D<15 15 <D<28
Water depth (cm) 0<WD=<3 3<WD<5 5<WD<10 10 <WD < 20

D, duration of waterlogging, WD, depth of water layer to be kept during the experiment.

categorized into the following groups to facilitate the analysis
except the limitation of data availability (Table 1). According to
the growth environment of crops, the experimental conditions
were categorized as field and pot experiments. Crop types were
grouped into five categories: rice, wheat, maize, cotton, and
others. Due to the few research articles on other crops under
waterlogging stress, mung bean, peanut, soybean, barley, and
rape were merged into others. The growth stage of crops was
divided into two classes, vegetative stage (VS) and reproductive
stage (RS). Waterlogging duration (D, day) was classified into
five categories (Amri et al., 2014; Tian et al., 2020): 0 < D < 3,
3<D<6,6<D=<99<D<15and 15 <D < 28. We
categorized water depth (WD, centimeter) into four ranges (Ren
et al,, 2016; Zhang et al., 2016): 0 < WD < 3,3 < WD <5,
5 <WD <10, and 10 < WD < 20.

For crop yield, agronomic traits, and photosynthetic index,
the mean (M), standard deviations (SD), and sample sizes (1)
of both waterlogging treatments and the well-watered control
were extracted. If only the standard errors (SE) were given, SD
was calculated by the following equation: SD = SE x /n. When
SD and SE were missing, the average coefficient of variation was
calculated according to the known mean and standard deviation
in all data sets, and then, the missing standard deviation in data
sets was calculated (Zhao et al., 2016).

Data Analysis

To characterize the response of crop yield, agronomic traits, and
photosynthetic index to waterlogging, a random-effects meta-
analysis was used. We used the natural log of the response ratio
(In R) as a measure of effect size (ES):

InR =In(X{/Xc) = In(Xy) — In (Xo)

where X; and X, are the measured values of the response variable
under the waterlogging treatment and well-watered condition,
respectively (Hedges et al., 1999). We used the OpenMEE
software (Wallace et al., 2017) to calculate the overall weighted
response ratio (In RR) and to generate bias-corrected 95%
confidence intervals (Cls) for the whole data sets and grouped
data sets. If the 95% bootstrap CI values did not overlap zero, a
significant waterlogging response was considered. To simplify the
interpretation, the ES, % was expressed as the percentage change,
which was estimated as follows:

Percentage (%) = [exp (InRR) — 1] x 100%
Pearson correlation and regression analyses were conducted

using Statistical Product and Service Solutions (SPSS v19.0,
IBM Corporation, United States) to examine the relationships
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of the responses of yield versus the various factors. The chi-
square test was applied to determine significant differences
between groups at P < 0.05. To clarify the publication bias,
the fail-safe numbers were presented (Supplementary Table
A2). A fail-safe number N > 5n + 10 (n is the number of
datasets used) indicated the result had no publication bias
(Xiang et al., 2017).

RESULTS

Overall Response of Agronomic Traits
and Photosynthetic Characteristics to
Waterlogging

As shown in Figure 2, the waterlogging regime significantly
reduced the 1,000-grain weight, plant height, biomass, leaf
area index, and net photosynthetic rate (P,). The negative
effects of the waterlogging regime on the agronomic traits and
photosynthetic characteristics were in the order of P,, biomass,
leaf area index, 1,000-grain weight, and plant height. Categorical
meta-analysis showed that the waterlogging regime obviously
decreased P,, biomass, leaf area index, 1,000-grain weight,
and plant height by 39.04, 28.89, 22.89, 13.67, and 10.68%,
respectively, compared with no waterlogging.

Overall Response of Yield Changes
Among Different Crop Types Under
Waterlogging

The effect of the waterlogging regime on grain yield was
significantly affected by the different crop types in the field and
pot trials (P < 0.05; Figure 3). The results for rice, wheat, maize,
cotton, and others did not overlap zero, indicating significant
impacts of the waterlogging regime on their yield. Overall,
a significantly greater decrease in grain yield was observed
in waterlogged pots (39.41%) than under waterlogged field
conditions (36.81%) in comparison to no waterlogging. The
greatest decrease in cotton yield of 59.95% was observed under
waterlogging in comparison to treatments without waterlogging,
and wheat had the smallest decrease in grain yield of 25.32%
in a field experiment (P < 0.05; Figure 3A). The significant
decline in grain yield of each crop category under waterlogging
followed the order of others (28.04%), wheat (31.61%), cotton
(42.07%), rice (42.19%), and maize (51.95%) in the pot
experiment (Figure 3B).

Overall Response of Yield Changes
Between Different Growth Stages Under
Waterlogging

The grain yield showed clear differences in response to
the various phenophase stages (Figure 4). The results
show a significant reduction of grain yield in VS and RS
under waterlogging conditions (P < 0.05). Waterlogging
in the VS caused a smaller decline in grain yield than in
the RS compared with no waterlogging under field culture
(Supplementary Figure la). Meanwhile, the yield reduction

Plant height— HeH (242)
1000-grain weight—| &4 (737)
LAI e (66)
Biomass—| —e—i(329)
Pn— —eo—i(125)
T T T T
-50 -40 -30 -20 -10 0

Effect size (%)

FIGURE 2 | Percentage changes in agronomic traits and photosynthetic
characteristics under waterlogging compared to no waterlogging. LA, leaf
area index; Pn, photosynthetic rate. The number of observations is displayed
in parentheses. The horizontal bar indicates the 95% confidence interval (Cl).
An error bar that does not overlap O indicates a significant increase at

P < 0.05.

in the RS under waterlogging was 12.19% higher than that
in the vegetative growth stage (Supplementary Figure 1b).
Overall, compared with no waterlogging, the reduction in grain
yield when waterlogging occurred during the RS (41.90%) was
significantly higher than that during the vegetative growth stage
(34.75%) (Figure 4).

Overall Response of Yield Changes With
Increasing Experimental Duration Under
Waterlogging

The response of crop yield in all experimental duration subgroups
was obviously negative (Figure 5). Furthermore, the crop yield
decreased with the extension of the experimental duration. The
results of the subgroup meta-analysis indicated that waterlogging
duration led to a significant reduction in crop yield ranked as
follows: 0-3 days (including day 3), 3-6 days (including day 6),
6-9 days (including day 9), 9-15 days (including day 15), and
15-28 days (including day 28) compared with no waterlogging
under field conditions (Figure 5A). The crop yield reduction
under the potted waterlogging condition was consistent with
that of field waterlogging (Figure 5B). We also found that not
only did the extension of waterlogging duration caused a greater
reduction of crop yield in the pot trial than in the field trial
but also, compared with no waterlogging, the decrease in yield
reduction in the RS was greater than that in the VS under
waterlogging in pots (Figure 5B, Supplementary Figure 2). The
Pearson correlation coeflicients showed a significantly positive
relationship between the yield reduction and experimental
duration (P < 0.001; Figure 6).

The effect of waterlogging duration on maize, rice, and wheat
is shown in Figure 7. Irrespective of field or pot conditions,
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Effect size (%)
FIGURE 3 | Grain yield response to waterlogging compared with no waterlogging in different crop types: (A) field trials; (B) pot trials. The number of observations is
displayed in parentheses. The horizontal bar indicates the 95% confidence interval (Cl). An error bar that does not overlap O indicates a significant increase at
P < 0.05.
no waterlogging. For maize, field waterlogging led to yield
decreases of 22.43, 39.77, 52.72, and 76.33 in experiments with
durations of 0-3, 3-6, 6-9, and 9-15 days, respectively, in
comparison to no waterlogging (Figure 7A). For rice, the yield
e o 2y reduction caused by waterlogging duration was usually similar
to that for maize.
DISCUSSION
vs —o—i(484)
Waterlogging Reduced Crop Yield
This meta-analysis provided a synthetic, quantitative, and
systematic analysis of the effects of waterlogging on the 1,000-
grain weight, biomass, plant height, LAI, P,, and especially
RS- ——0—1(430) crop yield in the global region based on peer review research.
Waterlogging was the main focus of our attention because
waterlogging, an abiotic stress, severely limits crop yield in humid
‘ : areas where continuous rain and poor water infiltration are
-50 -40 -30 20 frequent extreme climate events with global climate change (Yang
Effect size (%) et al., 2017; Kaur et al., 2020).
In this study, approximately 2.9% of the database samples
FIGURE 4 | Grain yield response to waterlogging compared with no showed that waterlogging increased crop yield by 7.20% on
waterlogging in different growth stages. The number of observations is average in comparison to no waterlogging. This phenomenon
displayed in parentheses. VS, vegetative stage; RS, reproductive stage. The C . .

) o . ; may be due to crop varieties that can tolerate longer periods
horizontal bar indicates the 95% confidence interval (Cl). An error bar that . . S K
does not overlap 0 indicates a significant increase at P < 0.05. of waterlogging duration or the texture of the experimental soil

was relatively loose and the water infiltration was fast (Araki

waterlogging always significantly reduced the yield of maize,
rice, and wheat, and the longer the waterlogging duration, the
lower the crop yield (P < 0.05). The meta-analysis results
showed that the impact of waterlogging duration on wheat
yield was smaller than that on maize and rice compared with

et al, 2012; Wu et al, 2015). However, about 97.1% of the
database samples indicated that the yield reduction was less
than zero, and its maximum value reached 97.8%. Overall,
waterlogging over the global region decreased the crop yield
by 32.9% compared with no waterlogging, which is consistent
with the previous results reported in other literature (Ploschuk
et al., 2018; Ding et al., 2020). This meta-analysis showed that
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FIGURE 5 | Grain yield response to waterlogging compared with no waterlogging for different experimental durations. The number of observations is displayed in
parentheses. The horizontal bar indicates the 95% confidence interval (Cl). An error bar that does not overlap 0O indicates a significant increase at P < 0.05. (A) Field
trials; (B) pot trials.
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FIGURE 6 | Pearson correlation coefficients between observed yield reduction
and experimental duration.

waterlogging caused a decrease in crop yield, and the 1,000-grain
weight, biomass, plant height, LAIL, and P, were also reduced.
Our Pearson results also indicated that the 1,000-grain weight
has a significantly positive correlation with the yield reduction
(Supplementary Table A3), which is consistent with previous
results (Araki et al., 2012). This can be attributed to the oxygen
deficiency induced by waterlogging, which can reduce water
absorption by roots, causing a reduction in leaf turgor, LAI,
and the net photosynthetic rate, thereby decreasing biomass
accumulation and kernel weight and ultimately decreasing crop
yield (Wu et al., 2015; Masoni et al., 2016).

Response of Crop Yield to Waterlogging
Varied With the Growth Stage

Numerous studies have confirmed that waterlogging at different
phenological stages can decrease crop yield; the magnitude of
the decrease in crop yield depends not only on the severity of
waterlogging but also on the growth stages. Many studies have
explored the vital stage associated with the effect of waterlogging
on crop yield and showed that the vegetative growth stage was
more tolerant to waterlogging than the RS (Li et al, 2001;
Asgari et al,, 2012). However, several studies have indicated
that the VSs (i.e., seedling stage, stem elongation, and tillering
stage) were more susceptible to waterlogging than the RSs (i.e.,
anthesis and filling stage) (Ren et al., 2017; Wang et al., 2020).
In this meta-analysis, we confirmed that waterlogging hazards
at different growth stages significantly reduced crop yield, and
waterlogging during the RS (41.90%) resulted in a significantly
greater yield reduction than that in the vegetative growth stage
(34.75%, Figure 4). The reason for this phenomenon may be that
waterlogging earlier in the growth stage of the life cycle allows
plants to recover through different physiological mechanisms
(Setter and Waters, 2003; De San Celedonio et al., 2014). These
overall results are in disagreement with our previous conclusion,
i.e,, the greatest yield reduction in response to waterlogging
occurred at the seedling stage, followed by the jointing stage and
tasseling stage (Tian et al., 2019).

Response of Crop Yield to Waterlogging
Varied With Crop Type and Experimental
Duration

This meta-analysis showed that crop yield after waterlogging was
highly dependent on the crop type and experimental duration.
The explanation of the effects of waterlogging on crop yield

Frontiers in Plant Science | www.frontiersin.org 6

February 2021 | Volume 12 | Article 634898


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Tian et al.

Waterlogging Decrease Significantly Crop Yield

A - -
Maize Rice Wheat
Overall - FO-H(178) = —0—i (34) - —0— (87)
0<D <3 + 4(56) | a1 —e—i = (10) e
3<D<6 - e (67) F —e— (9 - o (9)
6<D<9 —+ —eo—i(44) = ——e—i(10) o o (13)
9<D <15 ——e——i(11) F ——e— @ = —eo—i (34)
15<D <28 ~ = = —e—i (21)
L L L L 1 . . . L . L
B
Overall —o—(21) F HO1(292) F HOH (116)
0<D <3 - - o+ (158) = (10) e
3<D<6 — —e—i(7) = e (73) - —e—i(11)
6<D<9 —H —e— (7) I —o—i(57) - —o—(14)
9<D <15 - —e— (5 F—e—— (4) = —e— (75)
15<D<28 - —e—i(2) - o +—eo—i (6)
-100  -80 -60  -40  -20 0-100 -80  -60 -40  -20 0-80 -60 -40 -20 0
Effect size (%)
FIGURE 7 | Maize, rice, and wheat yield responses to waterlogging compared with no waterlogging in experiments with different durations: (A) field trials; (B) pot
trials. The number of observations is displayed in parentheses. The horizontal bar indicates the 95% confidence interval (Cl). An error bar that does not overlap O
indicates a significant increase at P < 0.05.

reduction must be prudent and should not ignore the various
effects of waterlogging with different durations on different crops.
Therefore, an appropriate assessment must be made in terms of
the impacts of waterlogging on yield reduction.

In this study, we, for the first time, systematically and
comprehensively confirmed that waterlogging significantly
reduced the grain yield of rice, maize, wheat, cotton, and
other crops. The lowest magnitude of reduction in crop yield
was recorded for wheat under field waterlogged conditions.
Waterlogging had a smaller impact on wheat under pot
conditions. Our results also demonstrated that waterlogging led
to the highest reduction in cotton and maize in field and pot
trials (Figure 3). Furthermore, we investigated the overall effects
of waterlogging duration on crop yield: the meta-analysis results
showed that with an increase in the duration of waterlogging,
the yields of crops such as maize, rice, and wheat decreased
gradually, irrespective of field or pot culture (Figure 7). This is
in good agreement with previous studies, e.g., Ren et al. (2016)
reported that waterlogging for 6 days caused a greater decline
in summer maize yield compared with waterlogging for 3 days,
indicating that crop yield is sensitive to the temporal dynamics
of experimental duration. We also found that the magnitude of
the decrease in wheat yield caused by waterlogging was smaller
than that of crops such as maize and rice with an increase
in the experimental duration (Figure 7). We speculated that
waterlogging induces the formation of more adventitious roots

in wheat, which can endure abiotic stress for a longer duration
(Deng et al., 2009). Pearson correlation analysis between the
water depth under waterlogging and crop yield reduction based
on our meta-analysis demonstrated that there was a significant
relationship between these variables (P < 0.001, Supplementary
Figure 3). Similarly, Garssen et al. (2015) also reported that a
greater flooding depth negatively affected plant yield.

CONCLUSION

The responses of crop yield to waterlogging in a global
region were identified based on a meta-analysis. The results
indicated that crop yield decreased by an average of 32.9%
under waterlogging compared to no waterlogging. The yield
loss attributed to waterlogging was influenced significantly by
the decrease in the 1,000-grain weight, biomass, plant height,
P,, and LAI. Moreover, waterlogging reduced crop yields
most significantly in response to crop type, growth stage,
and experimental duration. We found a lower sensitivity of
wheat yield in response to waterlogging compared to other
crops, such as maize, rice, and cotton, irrespective of field or
potted conditions. More interestingly, our results also indicated
that the reduction in crop yield was impacted by the growth
stage subjected to waterlogging. The RS exhibited a greater
yield reduction than the vegetative growth stage. Furthermore,
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the magnitude of the yield reduction caused by waterlogging
increased with the experimental duration. In view of the
importance of ensuring global crop yields, more attention should
be paid to the overall effects of waterlogging on crop yields
according to the factors identified in this meta-analysis.

AUTHOR CONTRIBUTIONS

B-LF and JL designed the experiment. F-FZ and P-LC contributed
to collecting data. FY and YD performed the data analysis
and prepared the manuscript. L-XT and Y-CZ wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

We are grateful for grants received from the National Key R&D
Program of China (Nos. 2019YFD1000700, 2019YFD1000702,
and 2017YFD0300400), National Natural Science Foundation

REFERENCES

Amri, M., Ouni, M. H. E,, and Salem, M. B. (2014). Waterlogging affect the
development, yield and components, chlorophyll content and chlorophyll
fluorescence of six bread wheat genotypes (TriTicum aesTivum L). Bulg. J. Agric.
Sci. 20, 647-657.

Araki, H., Hamada, A., Hossain, M. A., and Takahashi, T. (2012). Waterlogging at
jointing and/or after anthesis in wheat induces early leaf senescence and impairs
grain filling. Field Crop Res. 137, 27-36. doi: 10.1016/j.fcr.2012.09.006

Arduini, I, Orlandi, C., Pampana, S., and Masoni, A. (2016). Waterlogging at
tillering affects spike and spikelet formation in wheat. Crop Pasture Sci. 67,
703-711. doi: 10.1071/cp15417

Arguello, M. N., Mason, R. E., Roberts, T. L., Subramanian, N., Acu, A. A., Addison,
C. K, et al. (2016). Performance of soft red winter wheat subjected to field soil
waterlogging: grain yield and yield components. Field Crop Res. 194, 57-64.
doi: 10.1016/j.fcr.2016.04.040

Asgari, H., Cornelisb, W., and Damme, P. (2012). Wheat (Triticum aestivum L.)
growth and yield as influenced by flooding and salinity stresses in northern Iran.
Desert 17, 99-104.

Ashraf, M. A. (2012). Waterlogging stress in plants: a review. Afr. J. Agric. Res. 7,
1976-1981. doi: 10.5897/AJARX11.084

Brisson, N., Rebiére, B., Zimmer, D., and Renault, P. (2002). Response of the
root system of a winter wheat crop to waterlogging. Plant Soil 243, 43-55.
doi: 10.2307/24121087

De San Celedonio, R. P., Abeledo, G. L., and Miralles, D. J. (2014). Identifying
the critical period for waterlogging on yield and its components in wheat and
barley. Plant Soil 378, 265-277. doi: 10.1007/s11104-014-2028-6

Deng, X., Li, J., Yang, C., Jiang, Z., Xiao, S., and Xhou, Z. (2009). A preliminary
study on PCD aspects and roles of reactive oxygen species during aerenchyma
formation in wheat roots under waterlogging. J. Triticeae Crops 29, 832-838.

Ding, J., Liang, P., Wu, P, Zhu, M,, Li, C,, Zhu, X,, et al. (2020). Effects of
waterlogging on grain yield and associated traits of historic wheat cultivars
in the middle and lower reaches of the Yangtze River, China. Field Crop Res.
246:107695. doi: 10.1016/j.fcr.2019.107695

Feyen, L., Dankers, R., Bodis, K., Salamon, P., and Barredo, J. I. (2012). Fluvial
flood risk in Europe in present and future climates. Clim. Change 112, 47-62.
doi: 10.1007/s10584-011-0339-7

Garssen, A. G., Baattrup Pedersen, A., Voesenek, L. A. C.]., Verhoeven, J. T. A., and
Soons, M. B. (2015). Riparian plant community responses to increased flooding:
a meta-analysis. Glob. Chang. Biol. 21, 2881-2890. doi: 10.1111/gcb.12921

Ghobadi, M. E., and Ghobadi, M. (2010). Effect of anoxia on root growth and grain
yield of wheat cultivars. World Acad. Sci. Eng. Technol. 70, 85-88.

of China (31371529), National Millet and Sorghum Industrial
Technology System (CARS-06-13.5-A26), and National Science
and Technology Supporting Plan (2014BAD07B03). The grant
numbers of 2019YFD100700 and 2019YFD100702 are authorized
by B-LF.

ACKNOWLEDGMENTS

The authors are thankful to Dr. Guangxin Zhang for his valuable
assistance and advice in the preparation of this manuscript.
The authors also grateful to the reviewers for their constructive
suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
634898/full#supplementary-material

He, Q. (2014). Investigation and analysis on Heilongjiang province waterlogging.
Heilongjiang Sci. Technol. Water Conservancy 42, 8-10.

Hedges, L. V., Gurevitch, J., and Curtis, P. S. (1999). The meta-analysis of
response ratios in experimental ecology. Ecology 80, 1150-1156. doi: 10.2307/
177062

Kaur, G., Singh, G., Motavalli, P. P., Nelson, K. A., Orlowski, J. M., Golden,
B. R, et al. (2020). Impacts and management strategies for crop production in
waterlogged or flooded soils: a review. Agron. J. 112, 1475-1501. doi: 10.1002/
agj2.20093

Li, J., Dong, Q., and Yu, S. (2001). Effect of waterlogging at different growth stages
on photosynthesis and yield of different wheat cultivars. Acta Agron. Sin. 27,
434-441. doi: 10.1136/bm;.2.6096.1220

Masoni, A., Pampana, S., and Arduini, I. (2016). Barley response to waterlogging
duration at tillering. Crop Sci. 56, 2722-2730. doi: 10.2135/cropsci2016.02.0106

Najeeb, U., Bange, M., Tan, D., and Atwell, B. (2015). Consequences of
waterlogging in cotton and opportunities for mitigation of yield losses. AoB
Plants 7:plv080. doi: 10.1093/aobpla/plv080

Pampana, S., Masoni, A., and Arduini, I. (2016). Grain yield of durum wheat
as affected by waterlogging at tillering. Cereal Res. Commun. 44, 1-11. doi:
10.1556/0806.44.2016.026

Pang, J., Zhou, M., Mendham, N., and Shabala, S. (2004). Growth and physiological
responses of six barley genotypes to waterlogging and subsequent recovery.
Aust. J. Agric. Res. 55, 895-906. doi: 10.1071/AR03097

Ploschuk, R. A., Miralles, D. J., Colmer, T. D., Ploschuk, E. L., and Striker, G. G.
(2018). Waterlogging of winter crops at early and late stages: impacts on leaf
physiology, growth and yield. Front. Plant Sci. 9:1863. doi: 10.3389/fpls.2018.
01863

Ren, B., Dong, S., Zhao, B., Peng, L., and Zhang, J. (2017). Responses of nitrogen
metabolism, uptake and translocation of maize to waterlogging at different
growth stages. Front. Plant Sci. 8:1216. doi: 10.3389/fpls.2017.01216

Ren, B., Zhu, Y., Zhang, J., Dong, S., Liu, P., and Zhao, B. (2016). Effects of
spraying exogenous hormone 6-benzyladenine (6-BA) after waterlogging on
grain yield and growth of summer maize. Field Crop Res. 188, 96-104. doi:
10.1016/j.fcr.2015.10.016

Rohatgi, A. (2012). WebPlotDigitalizer: HTML5 Based Online Tool to
Extract Numerical Data From Plot Images. Version 3. Available online at:
https://automeris.io/ WebPlotDigitizer/index.html (accessed November 28,
2020).

Sairam, R. K., Dharmar, K., Chinnusamy, V., and Meena, R. C. (2009).
Waterlogging-induced increase in sugar mobilization, fermentation, and
related gene expression in the roots of mung bean (Vigna radiata). ]. Plant
Physiol. 166, 602-616. doi: 10.1016/j.jplph.2008.09.005

Frontiers in Plant Science | www.frontiersin.org

February 2021 | Volume 12 | Article 634898


https://www.frontiersin.org/articles/10.3389/fpls.2021.634898/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.634898/full#supplementary-material
https://doi.org/10.1016/j.fcr.2012.09.006
https://doi.org/10.1071/cp15417
https://doi.org/10.1016/j.fcr.2016.04.040
https://doi.org/10.5897/AJARX11.084
https://doi.org/10.2307/24121087
https://doi.org/10.1007/s11104-014-2028-6
https://doi.org/10.1016/j.fcr.2019.107695
https://doi.org/10.1007/s10584-011-0339-7
https://doi.org/10.1111/gcb.12921
https://doi.org/10.2307/177062
https://doi.org/10.2307/177062
https://doi.org/10.1002/agj2.20093
https://doi.org/10.1002/agj2.20093
https://doi.org/10.1136/bmj.2.6096.1220
https://doi.org/10.2135/cropsci2016.02.0106
https://doi.org/10.1093/aobpla/plv080
https://doi.org/10.1556/0806.44.2016.026
https://doi.org/10.1556/0806.44.2016.026
https://doi.org/10.1071/AR03097
https://doi.org/10.3389/fpls.2018.01863
https://doi.org/10.3389/fpls.2018.01863
https://doi.org/10.3389/fpls.2017.01216
https://doi.org/10.1016/j.fcr.2015.10.016
https://doi.org/10.1016/j.fcr.2015.10.016
https://automeris.io/WebPlotDigitizer/index.html
https://doi.org/10.1016/j.jplph.2008.09.005
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Tian et al.

Waterlogging Decrease Significantly Crop Yield

Santachiara, G., Salvagiotti, F., and Rotundo, J. L. (2019). Nutritional and
environmental effects on biological nitrogen fixation in soybean: a meta-
analysis. Field Crop Res. 240, 106-115. doi: 10.1016/j.fcr.2019.05.006

Setter, T. L., and Waters, I. (2003). Review of prospects for germplasm
improvement for waterlogging tolerance in wheat, barley and oats. Plant Soil
253, 1-34. doi: 10.1023/A:1024573305997

Shao, G. C, Lan, J. J,, Yu, S. E,, Liu, N,, Guo, R. Q., and She, D. L. (2013).
Photosynthesis and growth of winter wheat in response to waterlogging at
different growth stages. Photosynthetica 51, 429-437. doi: 10.1007/s11099-013-
0039-9

Shi, M. Z., and Zhou, B. S. (2006). Research advance in physiological damage of
flooding and waterlogging resistance. J. Anhui Agri. Sci. 34, 209-210.

Stanley, T. D. (2001). Wheat from chaff: meta-analysis as quantitative literature
review. J. Econ. Perspect. 15, 131-150. doi: 10.1257/jep.15.3.131

Striker, G. G. (2012). Flooding Stress on Plants: Anatomical, Morphological and
Physiological Responses. London: InTech.

Tian, L., Bi, W., Ren, X,, Li, W., Sun, L., and Li, J. (2020). Flooding has more
adverse effects on the stem structure and yield of spring maize (Zea mays L.)
than waterlogging in Northeast China. Eur. J. Agron. 117:126054. doi: 10.1016/
j.€a.2020.126054

Tian, L., Li, J., Bi, W., Zuo, S., Li, L., Li, W, et al. (2019). Effects of waterlogging
stress at different growth stages on the photosynthetic characteristics and grain
yield of spring maize (Zea mays L.) under field conditions. Agric. Water Manage.
218, 250-258. doi: 10.1016/j.agwat.2019.03.054

Voesenek, L. A. C. ], Sasidharan, R., and Weber, A. (2013). Ethylene- and oxygen
signalling-drive plant survival during flooding. Plant Biol. 15, 426-435. doi:
10.1111/plb.12014

Wallace, B. C., Lajeunesse, M. J., Dietz, G., Dahabreh, I. J., and Gurevitch, J. (2017).
OpenMEE: intuitive, open-source software for meta-analysis in ecology and
evolutionary biology. Methods Ecol. Evol. 8, 941-947. doi: 10.1111/2041-210X.
12708

Wang, X., Liu, D., Wei, M., and Man, J. (2020). Spraying 6-BA could alleviate the
harmful impacts of waterlogging on dry matter accumulation and grain yield of
wheat. Peer] 8:e8193. doi: 10.7717/peerj.8193

Werf, E. V. (1992). Lack’s clutch size hypothesis: an examination of the evidence
using meta-analysis. Ecology 73, 1699-1705. doi: 10.2307/1940021

Wu, X, Tang, Y., Li, C., Wu, C,, and Huang, G. (2015). Chlorophyll fluorescence
and yield responses of winter wheat to waterlogging at different growth stages.
Plant Prod. Sci. 18, 284-294. doi: 10.1626/pps.18.284

Xiang, Y., Deng, Q., Duan, H., and Guo, Y. (2017). Effects of biochar application
on root traits: a meta-analysis. Glob. Change Biol. Bioenergy 9, 1563-1572.
doi: 10.1111/gcbb.12449

Yang, H., Zhai, S., Li, Y., Zhou, J., He, R,, Liu, J,, et al. (2017). Waterlogging
reduction and wheat yield increase through long-term ditch-buried straw
return in a rice-wheat rotation system. Field Crop Res. 209, 189-197. doi: 10.
1016/j.fcr.2017.05.012

Zhang, F., Wang, Y. Y., Zhang, J. L., Yang, C. T., Yang, X. K,, Gu, X. H,, et al.
(2012). Effects of water-logging at different growing periods on physiological
characteristics, pod yield and kernel quality of peanut. J. Peanut Sci. 41, 1-7.

Zhang, Y., Chen, Y., Lu, H, Kong, X. Dai, J., Li, Z, et al. (2016).
Growth, lint yield and changes in physiological attributes of cotton under
temporal waterlogging. Field Crop Res. 194, 83-93. doi: 10.1016/j.fcr.2016.
05.006

Zhao, X,, Liu, S. L., Pu, C,, Zhang, X. Q., Xue, J. F., Zhang, R,, et al. (2016). Methane
and nitrous oxide emissions under no-till farming in China: a meta-analysis.
Glob. Change Biol. 22, 1372-1384. doi: 10.1111/gcb.13185

Zhou, X. B., Zhang, L., Hong, X., Jiang, P., Zhu, Y., Yi, G. X,, et al. (2014). Effects
of submergence stress on growth characteristics and yield formation of mid-
season hybrid rice combinations. China Rice 20, 23-29. doi: 10.3969/j.issn.1006-
8082.2014.03.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tian, Zhang, Chen, Zhang, Li, Yan, Dong and Feng. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

February 2021 | Volume 12 | Article 634898


https://doi.org/10.1016/j.fcr.2019.05.006
https://doi.org/10.1023/A:1024573305997
https://doi.org/10.1007/s11099-013-0039-9
https://doi.org/10.1007/s11099-013-0039-9
https://doi.org/10.1257/jep.15.3.131
https://doi.org/10.1016/j.eja.2020.126054
https://doi.org/10.1016/j.eja.2020.126054
https://doi.org/10.1016/j.agwat.2019.03.054
https://doi.org/10.1111/plb.12014
https://doi.org/10.1111/plb.12014
https://doi.org/10.1111/2041-210X.12708
https://doi.org/10.1111/2041-210X.12708
https://doi.org/10.7717/peerj.8193
https://doi.org/10.2307/1940021
https://doi.org/10.1626/pps.18.284
https://doi.org/10.1111/gcbb.12449
https://doi.org/10.1016/j.fcr.2017.05.012
https://doi.org/10.1016/j.fcr.2017.05.012
https://doi.org/10.1016/j.fcr.2016.05.006
https://doi.org/10.1016/j.fcr.2016.05.006
https://doi.org/10.1111/gcb.13185
https://doi.org/10.3969/j.issn.1006-8082.2014.03.005
https://doi.org/10.3969/j.issn.1006-8082.2014.03.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	How Does the Waterlogging Regime Affect Crop Yield? A Global Meta-Analysis
	Introduction
	Materials and Methods
	Data Collection
	Data Analysis

	Results
	Overall Response of Agronomic Traits and Photosynthetic Characteristics to Waterlogging
	Overall Response of Yield Changes Among Different Crop Types Under Waterlogging
	Overall Response of Yield Changes Between Different Growth Stages Under Waterlogging
	Overall Response of Yield Changes With Increasing Experimental Duration Under Waterlogging

	Discussion
	Waterlogging Reduced Crop Yield
	Response of Crop Yield to Waterlogging Varied With the Growth Stage
	Response of Crop Yield to Waterlogging Varied With Crop Type and Experimental Duration

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


