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Manure amendment can reduce rice yield loss
under extreme temperatures
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Extreme temperatures are predicted to become increasingly common due to climate change,
threatening the sustainability and proﬁtability of global rice production. Manure amendment
is a common agricultural practice to improve soil fertility and increase crop yields, but
whether this practice modulates the effect of extreme temperatures on crop yield is unclear.
Here we show through a series of experiments and meta-analysis that long-term manure
amendment reduces losses of rice yield due to extreme temperatures. We propose that by
increasing soil fertility, manure amendment increased net photosynthetic rate and plant
physiological resistance to extreme temperatures. Without considering the impact of
other global change factors, we estimate that manure amendment could potentially
reduce global losses of rice yield due to extreme temperatures from 33.6 to 25.1%. Thus, our
ﬁndings indicate that manure amendment may play a key role in improving food security in a
changing climate.
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ice is the most important staple food in the world, with
~50% of the world’s population depending on it as their
main source of caloric intake1. To meet a growing global
food demand, rice yields need to increase by ~28% in the next
three decades2. However, the frequency and intensity of temperature extremes are predicted to increase due to global climate
change, threatening the sustainability of crop production in many
countries, including China, India, the United States, Thailand,
and others3–5. Indeed, ﬁeld experiments, statistical analyses of
yield records, and crop models suggest that rice yields are already
being negatively affected by recent increases in temperature
extremes6–9. Moreover, rice yields have stagnated in 35% of the
rice-growing regions worldwide, mostly due to a decline in soil
quality (e.g., decrease in SOC contents and nutrient availability,
and soil acidiﬁcation due to high N fertilizer rates10–12).
Increasing rice yields in a changing climate is therefore a key
challenge of the 21st century.
Fertilizer application is a key management practice to improve
soil fertility and increase crop yields12,13. Inorganic fertilizers are
intensively applied to cropland in many areas around the world to
reach high crop yields13,14. Yet, excessive inorganic fertilizer use
is associated with a broad range of environmental impacts such as
soil acidiﬁcation, surface water eutrophication, and groundwater
contamination15,16. To reduce inorganic fertilizer use and create
more sustainable cropping systems, recycling manures to cropland is widely recommended17,18. Long-term experiments have
found that substituting 30–70% of inorganic fertilizers with
manure maintained or even increased rice yields in subtropical
China19. A recent meta-analysis further indicates that manure
amendment increases rice yield, SOC concentration, soil availability of nitrogen (N), phosphorus (P), and potassium (K)20.
Nutrient availability affects the responses of plants to abiotic
stress, especially under extreme temperature stress21–23. Together,
these results suggest that manure amendment may modulate the
effect of extreme temperatures on crop yield.
To the best of our knowledge, no experiments have yet
quantiﬁed the effect of the interaction between climate change
and manure amendment on crop yield. We thus conducted a
comprehensive study to investigate whether manure application
affected the impact of extreme temperatures on rice yield. First,
we assessed the effect of manure amendment on yield losses due
to extreme temperatures in a long-term ﬁeld experiment. We then
conducted a pot experiment to determine the effect of manure
amendment on the mechanisms underlying temperature stress
resistance. Finally, we tested the generality of our ﬁndings
through a meta-analysis of long-term ﬁeld experiments.
Results and discussion
Reduced rice yield losses under extreme temperatures with
manure amendment. We compared rice yields with inorganic
fertilizer (NPK) to yields with 30% of the fertilizer substituted by
manure (NPKM) in a 35-year old ﬁeld experiment established in
a double rice-cropping system (see “Methods”). NPKM increased
the mean yield in both early seasons (+5.0%) and late seasons
(+7.2%) compared to NPK alone (Supplementary Table 1). Rice
yields were not correlated with average daily minimum, mean, or
maximum temperatures during the growing season (Supplementary Table 2) but decreased signiﬁcantly with the averaged
intensity of the temperature extremes over the growing period
(see “Methods”) (Supplementary Fig. 1 and Supplementary
Table 1). However, NPKM reduced rice yield losses due to
extreme temperatures by 19.3% in the early season and by 16.2%
in the late season relative to NPK (Fig. 1a).
We also conducted a pot experiment with controlled
temperature treatments using soils from the ﬁeld experiment.
2

This experimental design allowed us to study the effect of extreme
temperatures in isolation, because all other environmental
conditions were the same between treatments (see Methods).
We planted rice under open ﬁeld conditions and then exposed the
plants to optimum and extreme temperatures in growth
chambers for 10 days after ﬂowering. The average daily
temperatures in three growth chambers were: 25 °C in the
treatment with optimum temperature, 19 °C in the treatment with
extreme low temperature, and 31 °C in the treatment with
extreme high temperature. Extreme low and high temperatures
signiﬁcantly reduced rice yield, but these reductions were smaller
with NPKM than NPK (Fig. 1b and Supplementary Fig. 2a); high
temperatures decreased yield by 33.2% in NPK and by 24.1% in
NPKM, whereas low temperatures decreased yield by 19.4% in
NPK and by 7.7% in NPKM.
We tested the generality of our ﬁndings by conducting a metaanalysis to quantify the effect of manure amendment on rice
yield, using 45 paired long-term (>10 years) studies with 1177
site-year observations (Supplementary Data 1). Manure amendment increased rice yields by an average of 7.0% across the studies
in our dataset (Fig. 2a). Rice yields decreased with the intensity of
temperature extremes in all studies (Supplementary Data 2), but
long-term manure amendment reduced rice yield losses due
to extreme temperatures (Fig. 2a, b). The impact of manure
amendment on yield loss was not affected by cropping system,
soil texture, concentration of soil organic carbon (SOC), the ratio
of manure N to total N input, and whether or not manure
replaced inorganic fertilizers (Supplementary Table 3). However,
animal manure and high manure N input reduced rice yield
losses under extreme temperatures more strongly than did green
manure and low manure N inputs. Our ﬁeld experiment, pot
experiment, and meta-analysis thus consistently indicated that
manure amendment alleviated the negative effects of extreme
temperatures on rice yield.
Mechanisms underlying manure effects on rice yield losses.
Extreme temperatures affect plant growth and development at
the leaf level, tissue and cell level and even at a sub-cellular
level. First, extreme temperatures may suppress the activity of
metabolic enzymes, thereby decreasing the rate of biochemical
processes (e.g., photosynthesis) of plants24,25. Second, extreme
temperature stresses can induce the accumulation of reactive
oxygen that causes damage to proteins and cell membranes
and endangers the chloroplasts, which ultimately weakens
photosynthetic capacity26. Third, high temperatures can directly
lead to thylakoid grana disintegration, thereby reducing chlorophyll content and photosynthetic rates27. Finally, extreme
temperatures can increase spikelet sterility, thereby reducing
rice yield7,19. However, extreme temperature stress also activates genes involved in stress resistance28–30. Examples include
OsHSFA2d, CBF, and OsAPXa, which encode proteins such as
transcription factors and antioxidative enzymes to increase
stress tolerance in rice plants. Also, temperature stress may
stimulate the synthesis of osmotic substances (e.g., proline) to
maintain osmotic potential31.
Our results show that extreme high and low temperatures
signiﬁcantly reduced net foliar photosynthetic rates, but these
reductions were smaller with NPKM than NPK (Fig. 3a and
Supplementary Fig. 2b). Extreme high and low temperatures,
however, signiﬁcantly increased foliar proline concentrations, and
these increases were larger with NPKM than NPK (Fig. 3b and
Supplementary Fig. 2c). These results can be explained by the key
role of plant nutrition in alleviating extreme temperature stress.
First, plant nutrition regulates the expression of genes involving
stress resistance. For instance, increased N availability promotes
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Fig. 1 Rice yield losses due to extreme temperatures as affected by manure amendment. a Yield losses due to extreme temperatures in a long-term ﬁeld
experiment in a double rice cropping system. Results are shown for both early and late rice (n = 3). b Effect of temperature stress on rice yield as affected
by manure amendment in a pot experiment (n = 5). NPK, inorganic fertilizer; NPKM, a combination of manure and inorganic fertilizer. Error bars represent
standard errors.

Fig. 2 Results from a meta-analysis investigating the effect of long-term manure amendment on rice yield. a Effect of long-term manure amendment
on rice yield (n = 45) and rice yield losses with extreme temperatures (n = 45). b Relationship between the intensity of temperature extremes and rice
yield for inorganic fertilizer (NPK) and a combination of manure and inorganic fertilizer (NPKM). Error bars and shaded areas represent 95%
conﬁdence intervals.

nitric oxide content in plant material, which acts as a signal to
activate the expression of heat stress-responsive genes such as
ROS scavenging enzymes genes and heat shock proteins
genes31–33. Second, adequate nutrition is essential for key
physiological processes. For example, N is an important
component of chlorophyll and primary enzymes of the Calvin
cycle involving in photosynthesis34,35, phosphorus is a structural
part of nucleic acids36, and K helps to stimulate various
enzymatic reactions and increase the translocation and accumulation of photosynthates37,38. Indeed, several studies indicate that
increased N availability alleviates the negative effects of stress
caused by extreme temperatures on photosynthesis and rice
yield39,40, whereas increased P availability can increase the
proline concentrations of rice foliar41. High N and P availability
often enhance the photosynthetic and antioxidant capacity, which

are beneﬁcial for plants to circumvent the negative effects of
temperature stress21–23.
Our ﬁeld experiment and meta-analysis both indicate that
manure amendments strongly enhance soil nutrient availability.
Manure amendment increased SOC concentration by 23.6%,
total N concentration by 24.0%, total P concentration by 50.0%,
available N concentration by 26.1%, and available P concentration by 52.1% in our ﬁeld experiment (Table 1). Similarly,
manure amendment also signiﬁcantly increased SOC concentration (+13.8%), available N concentration (+16.0%), P
concentration (+36.6%), and K concentration (+5.9%) across
the studies in our data set (Fig. 4). Our meta-analysis further
showed that high manure N input and animal manure lead to
the strongest reductions in yield losses (Supplementary Table 3).
These manure treatments result in relatively strong increases
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Fig. 3 Effect of temperature stress with and without manure amendment on net foliar photosynthetic rate and foliar proline concentration in a pot
experiment. a Effect of temperature stress net foliar photosynthetic rate (n = 4). b Effect of temperature stress on foliar proline concentration (n = 4).
NPK, inorganic fertilizer; NPKM, a combination of manure and inorganic fertilizer. Error bars represent standard errors (SE).

Table 1 Effect of manure amendment on soil properties in a long-term ﬁeld experiment.
SOC
(g kg−1)
NPK
24.6 ± 0.6*
NPKM 30.4 ± 0.6

Total N
(g kg−1)

Total P
(g kg−1)

Total K
(g kg−1)

Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

Bulk density
(g cm−3)

2.5 ± 0.1*
3.1 ± 0.1

0.6 ± 0.0*
0.9 ± 0.0

10.0 ± 0.3
9.6 ± 0.2

225.9 ± 5.8*
284.9 ± 7.2

51.8 ± 3.4*
78.8 ± 2.3

44.1 ± 3.0
43.2 ± 1.1

1.2 ± 0.0
1.1 ± 0.0*

SOC soil organic carbon concentration. Means ± standard errors (n = 3). *P < 0.05.

in nutrient availability20,42, supporting our interpretation that
manure amendment reduces yield losses by improving soil
fertility. Our supplementary experiment indicated that relative
to the NPK treatment, additional N fertilizer also reduced yield
losses with extreme temperatures (Supplementary Fig. 3).
However, higher rates of inorganic fertilizer are rates are not
desirable, as this would increase nutrient losses to the
environment, and its production requires burning of fossil
fuel13. Taken together, these results provide strong evidence
that manure amendment reduces rice yield losses due to
extreme temperature, and that this effect can be explained by its
effect on nutrient availability.
Manure amendment also improves aspects of soil fertility other
than nutrient availability, which may reduce yield losses under
extreme temperatures. For instance, long-term manure amendment increased SOC stocks and improved soil structure, indicated
by the lower bulk density in NPKM in our ﬁeld experiment
(Table 1) and many others20. Low bulk density can stimulate root
growth and increase the uptake of nutrients and water by roots43,
which may ultimately reduce losses in rice yield. Soils with high
SOC concentrations often contain more rhizospheric microbiota
that promotes stress tolerance in plants44, and manure amendment often suppresses nematodes45, suggesting that long-term
manure amendment may improve the tolerance of rice to stress
by altering the composition of the soil microbial community.
Finally, manure often includes humic substances46, which can
increase crop yield and proline concentrations under extreme
temperatures46,47.
Extrapolation and wider implications. Our results have important implications for efforts to protect rice cropping systems from
4

the effects of a warming climate. Models included in the Coupled
Model Intercomparison Project Phase 6 (CMIP6) predict that the
intensities of temperature extremes in rice-growing regions will
increase from the current decade (2021–2030) to the end of this
century (Supplementary Fig. 4). Global rice yield under these circumstances may be greatly reduced, but this reduction could be
alleviated by manure amendment. Assuming that the impacts
of extreme temperatures on rice yield followed the same formula
in Fig. 2b and without considering other effects (see “Methods”),
We estimate that extreme temperatures will reduce global rice
yields by 10.6% in the current decade and by 33.6% in the last
decade of this century (Fig. 5a, c). If manure is applied in all rice
paddies, extreme temperature will reduce global rice yields by 7.9%
in the current decade and by 25.1% in the last decade of this
century (Fig. 5b, d). Predicted yield losses will be highest where the
intensity of extreme temperatures are the highest, i.e., in northern
rice growing regions such as northern India and the Yangtze River
Basin (Fig. 5).
Several caveats must be noted regarding our estimate that
manure amendment could potentially reduce global rice yield
losses due to extreme temperatures from 33.6 to 25.1%. First,
this estimate does not consider the effects from other
environmental factors; future climatic changes are not restricted
to increased instances of temperature extremes, but also include
changes in atmospheric CO2, humidity etc. Global change
factors are known to interact in their effects on plants48, and
may also affect the effect of manure additions. Second, the
nature and production procedures of manures are highly
diverse, which may affect the effectiveness of manure amendment. For instance, our meta-analysis found stronger effects for
animal manure than plant manure, and also found stronger
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effects for manures with high N content. This variation needs to
be accounted for in future projections of yield losses due to
climate change. Finally, the relative importance of the various
speciﬁc effects of each nutrient, root development and
physiological activity, and microbes to enhance plant tolerance
to temperature stress are still unclear. These knowledge gaps

Fig. 4 Results from a meta-analysis investigating the effect of long-term
manure amendment on soil fertility. SOC soil organic carbon
concentration (n = 39); AN available N concentration (n = 30), AP
available P concentration (n = 37); AK available K concentration (n = 31).
Error bars represent 95% conﬁdence intervals.
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need to be addressed to better understand the effect of manure
on rice yields under future climatic conditions.
Both our experiments and meta-analysis indicated that longterm manure amendment increased average rice yield by 6–8% by
improving soil fertility, supporting numerous ﬁeld studies19,49.
However, recent meta-analyses have suggested that manure
amendment reduced rice yield by 2.8%20 and that partial
substitution of inorganic fertilizers with manure increased rice
yields in China only by 3.3%50. This apparent contradiction is
likely due to the inclusion in previous analyses of short-term
studies and studies where inorganic fertilizers were completely
substituted by manure20,50. Indeed, complete substitution often
reduced crop yield because manure could not ensure an adequate
supply of nutrients for rice growth20. Numerous long-term
experiments have similarly indicated that the positive effects
of manure amendment on soil fertility and crop yield increased
over time19,49.
Our study focused solely on the effects of manure amendment
on rice yield. Long-term manure amendment, however, also
improves the yields of maize, wheat, and soybean and soil fertility
of upland cropping systems20,51, suggesting that it may increase
the resistance of maize and wheat yields to extreme temperatures.
Amendment with other types of organic matter such as straw and
sludge also gradually increase rice yield and soil fertility52,53,
suggesting that these amendments may also increase the
resistance of rice to extreme temperatures. Finally, improving
soil fertility may also increase the resilience of agronomic systems
to other impacts of climate change. For instance, global warming
is expected to increases the frequency of heavy cloud cover and
rainfall in much of East Asia54, thereby reducing photosynthetically active radiation (PAR) and potentially reducing rice
productivity55. However, long-term straw incorporation increases
rice yield most strongly at low PAR levels53.
Recent estimates suggest substantial potential to expand
manure application in cropland, including rice paddies. Croplands worldwide receive ~42.2 Tg N yr−1 of fertilizer N and
7.4–24 Tg N yr−1 of manure N56,57. In comparison, global
livestock produces 80–140 Tg N yr−1 in manure, and this number
continues to increase58,59. Nonetheless, manure is applied in only
42% of the rice paddies in southern Asia, and the use of manure is
decreasing over time60. In China, the country with the largest rice
production, only 4.6% of the N input for rice is derived from

Fig. 5 Projected global losses of rice yield due to extreme temperatures. a Global losses of rice yield due to extreme temperatures under NPK in
2021–2030, b global losses of rice yield due to extreme temperatures under NPKM in 2021–2030, c global losses of rice yield due to extreme temperatures
under NPK in 2091–2100, d global losses of rice yield due to extreme temperatures under NPKM in 2091–2100.
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manure61. Much of the N in livestock excretion is currently
lost to the environment through ammonia volatilization and
nitrate leaching, causing various environmental issues62. Thus,
applying a larger fraction of manure N to cropland may not only
increase yields, but also reduce environmental pollution. The
increased use of manure may also reduce the dependence on
inorganic fertilizers, which could increase the income of
farmers13,14 and reduce ancillary CO2 emissions associated with
fertilizer production63.
However, several hurdles have to be overcome for manure
application to be expanded more widely. Firstly, most manure is
produced at livestock farms far away from crop farms. As a
result, manure amendment is currently concentrated in areas
with intensive cropping systems and high livestock densities64.
Second, low quality manure may cause weed, pests, and disease
infestations and increase heavy metals and antibiotic resistance
genes in soils18,65, which may dissuade farmers from using
manure. Finally, lack of labor force, high labor costs, and a lack
of manure application machines present socio-economic
barriers18. Addressing these issues requires coordinated planning to recouple livestock and cropping systems at the regional
level66,67. Through policy incentives and outreach, governments
may stimulate the creation of infrastructure needed to collect,
store, treat, distribute and recycle manure. Access to accurate
information regarding the price and composition of manure
products, manure subsidies, middle men to transfer manure
from livestock farms to crop farms, and contractors with
manure application equipment may further promote manure
use by farmers18. In summary, our study indicates that longterm manure amendment could improve global food security
and agriculture sustainability, and highlights the need for
incorporating manure amendment into management practices
as our climate continues to change.
Methods

Field experiment. The ﬁeld experiment was established in a double rice-cropping
system in Nanchang (28°06′N, 115°09′E), China, in 1984. The experimental site has
a subtropical monsoonal humid climate, with a mean annual temperature of
17.5 °C and a mean annual precipitation of 1600 mm. The soil is a ferralic Cambisol, or red paddy soil of the Chinese system of soil classiﬁcation. The early rice
crop was transplanted in early April and harvested in mid-July, and the late crop
was transplanted in late July and harvested in mid-October. Astragalus sinicus L., a
species of milkvetch, was planted in late October and harvested in mid-March of
the following year. Plots in the experiment received either chemical fertilizers
(NPK) or chemical fertilizers plus manure (NPKM). The experiment had a completely randomized block design with three replicates for each treatment. The plots
(10 m long and 3.33 m wide) were separated by concrete walls. In the NPK
treatment, N as urea, P as superphosphate, and K as potassium chloride were
applied at rates of 150 kg N ha−1, 60 kg P2O5 ha−1, and 150 kg K2O ha−1 in the
early season and 180 kg N ha−1, 60 kg ha−1 P2O5, and 150 kg ha−1 K2O in the late
season, respectively. The P fertilizer was applied at transplanting. Half of the N
fertilizer was applied at transplanting, 25% of N fertilizer and 50% of K fertilizer
were applied at the tillering stage, and the remaining N and K fertilizers were
applied at the young panicle differentiation stage. In the NPKM treatment, 30% of
the inorganic fertilizers were replaced by A. sinicus in the early season and by
fermented swine manure in the late season at transplanting. All other management
practices followed local recommendations. Detailed information of the long-term
experiment is provided by Chen et al. (2017)68. We measured rice yield from 1984
to 2018.
Pot experiment. We further tested whether long-term manure amendment
affected the resistance of rice to extreme temperatures by conducting a pot
experiment at the Jiangxi Academy of Agricultural Science, Nanchang. Soil was
collected from the long-term ﬁeld experiment described above in late July 2020
after the early rice crop was harvested. We collected the soil using a shovel to a
depth of 15 cm from each of the six plots. We combined and mixed the soils per
treatment. Plastic pots (diameter, 22 cm; height, 20 cm) were ﬁlled with 4.5 kg of
air-dried soil. The diameter and height of the pots allowed us to approximate the
common transplant density (25 × 15 cm per plant) and depth of the plow layer
(0–15 cm) in paddy ﬁelds. The application rates of the inorganic fertilizer and
swine manure were the same as in the ﬁeld experiment. We transplanted two
healthy rice seedlings (Oryza sativa L. cv. Gan 929) into each pot when the late rice
6

was transplanted at our experimental site. The pots were placed on a rice paddy
ﬁeld up to the heading stage.
At the heading stage, we set minimum and maximum temperatures at 15 and
25 °C in the ﬁrst chamber (extreme low temperature), at 21 and 31 °C in the second
chamber (optimum temperature), and 27 and 37 °C in the third chamber (extreme
high temperature)69. We placed pots with healthy plants into the chambers at the
heading stage for 10 d., during which the daily average temperature was 25.3 °C in
the optimum-temperature treatment, 19.2 °C in the extreme low-temperature
treatment, and 31.5 °C in the extreme high-temperature treatment. Details for the
daily temperature dynamics, light, relative humidity, and CO2 concentrations have
been described in ref. 69. The pots were again placed on a rice paddy ﬁeld after
10 days. Five pots for each treatment were used to measure grain yield, and the
other four pots were used to measure net foliar photosynthetic rate and foliar
proline concentration, indicating plant resistance25,33. We measured the
photosynthetic rate of ﬂag leaves using an LI-6400 Portable Photosynthesis System
(LI-COR Inc., Lincoln, USA) at day 10 during the temperature treatments. We also
collected the ﬂag leaves to measure the proline concentrations using ninhydrin
colorimetry70. Grain yield was measured at maturity. Soil organic C was
determined by the oxidation method using vitriol acid potassium dichromate
oxidation71. Soil total N, P, and K were measured following ref. 72, ref. 73, and
ref. 74, respectively. Soil available N, P, and K were determined in accordance with
ref. 72, ref. 75, and ref. 71, respectively. Soil bulk density was measured by a metal
corer method.
Statistical analysis. For the Nanchang site, we collected data for daily air–surface
temperature from the nearest meteorological station. To calculate the intensity of
temperature extremes at the Nanchang site and other sites, we used the daily
temperature records and conducted the following steps.
(1) We ﬁrst detrended the temperature data by applying linear ﬁtting to remove
the long-term trend in the temperature record.
(2) For each day, the mean value and one standard deviation (mean ± SD) of
multi-year observations were used as the baseline, i.e., we used [mean-SD,
mean+SD] as a reasonable range of temperature variations. We used a
threshold of one SD by assuming that the variations in temperature under
normal conditions were generally within the range of one SD either side of
the multi-year mean76.
(3) For each day in a growing season, if the observed daily temperature
exceeded the reasonable range, the absolute difference between the
temperature and this range was termed the intensity of the temperature
extreme (Supplementary Fig. 5). If the observed daily temperature was
within the reasonable range, the intensity was deﬁned as 0.
(4) Finally, we calculated the average extreme temperature intensity (ETI)
throughout the growing season. Thus, our approach yields one data point
per growing season; a value of 0 indicates that a growing season had no
extreme temperatures.
We correlated air temperature with the intensity of a temperature extreme and rice
yield in the ﬁeld experiment. Rice yield loss due to extreme temperatures (t ha−1 °C−1)
was calculated as the absolute value of the slope of linear regression between rice yield
and intensity of temperature extremes. A three-way ANOVA was used to analyze mean
rice yields and rice yield losses to extreme temperatures, with manure and season as
ﬁxed factors and block as a random factor. Paired-sample t-tests were used to analyze
the effect of manure on soil fertility in the ﬁeld experiment. We used two-way ANOVAs
(manure and temperature) to analyze the data for grain yield, net foliar photosynthetic
rate, and foliar proline concentration in the pot experiment. We performed all analyses
using the software of SPSS Statistics 19.0 (SPSS, Chicago, USA). Differences between
treatments were considered signiﬁcant at P < 0.05.
Meta-analysis. We conducted a meta-analysis to assess the effects of long-term
manure amendment on rice yield. We used the Web of Science and the China
National Knowledge Infrastructure to search journal articles published before June
2020 using search terms “long term” and “rice OR paddy”, and “yield”. The studies
had to meet the following criteria to be included in our data set: (i) the experiment
was conducted under ﬁeld conditions with replicates, (ii) experimental duration
was at least 10 years, (iii) control treatments only received inorganic fertilizer, and
the manure treatment received both manure and inorganic fertilizer, and (iv) all
management practices needed to be the same between the manure treatment
(NPKM) and the control treatment. We included studies where both the control
and manure plots received the same amount of inorganic fertilizer and studies
where manure partly replaced the inorganic fertilizer. We collected a total of
45 studies and 1177 site-year observations (Supplementary Data 1 and Supplementary Fig. 6). We collected transplanting and harvesting dates for each study in
our data set. If this information was not provided, we collected it from other studies
conducted near to the experimental site. We extracted daily air-surface temperatures at the experimental site based on the ERA-5 data set using Google Earth
Engine. For each study, we calculated mean rice yield and rice yield losses under
extreme temperatures using linear regression between the yield and intensity of the
temperature extreme (Supplementary Data 2). We also collected data for soil fertility (i.e., concentrations of SOC, available N, available P, and available K) (Supplementary Data 3).

COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:147 | https://doi.org/10.1038/s43247-022-00481-y | www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00481-y

We quantiﬁed the effects of manure amendment on rice yield, rice yield losses
under extreme temperatures, and soil fertility by calculating the natural logarithm
of the response ratio (R),

4.

ð1Þ

5.

where XNPKM and XNPK are the rice yield, rice yield losses under extreme
temperatures, and soil fertility for NPKM and NPK, respectively77. Most of the
studies did not report standard deviation of rice yield or related information (i.e.,
standard errors or conﬁdence intervals), so we conducted a meta-analysis using
unweighted data78. We tested whether environmental factors affected the impact of
long-term manure addition on rice yield losses under extreme temperatures by
categorizing each study based on cropping system (upland rice and double
cropping), manure type (animal and green manure), soil texture (light vs heavy),
SOC concentration (<10 g kg−1 and ≥10 g kg−1), rate of manure N input
(<70 kg ha−1 vs ≥70 kg ha−1), ratio of manure N to total N input (<0.5 and ≥0.5),
and whether inorganic fertilizers were replaced by manures (no vs yes). We used
MetaWin 2.1 to calculate the average effects and 95% bootstrapped conﬁdence
intervals. To ease interpretation, we back-transformed the lnR results and reported
them as percent change [(R−1) × 100] with manure amendment.

6.

LnR ¼ LnðX NPKM =X NPK Þ

7.
8.
9.
10.
11.
12.
13.

Extrapolation. We estimated the effects of manure amendment on future rice
yields by ﬁrst calculating the intensities of temperature extremes during the current
decade (2021–2030) and the last decade of this century (2091–2100). Future airsurface temperatures were simulated as multi-mean temperatures based on four
CMIP6 models (CanESM5, CNRM-CM6-1, INM-CM5-0, and HadGEM3-GC31LL). CMIP6 datasets were obtained from https://esgf-node.llnl.gov/projects/cmip6/.
The spatial resolutions of these four models were 128 × 64, 256 × 128, 180 × 120,
and 192 × 144, respectively. The global rice growing areas were extracted from the
widely-used global cropland maps with a high-spatial resolution (5 min by
5 min)79. The transplanting and harvesting dates for each pixel were extracted from
a global data set of rice calendars80 by selecting the nearest estimate from the center
of the pixel. The intensities of temperature extremes for each pixel were calculated
following the same procedure described in the previous section. Using the predicted intensities of temperature extremes and the two ﬁtted equations shown in
Fig. 2b, we calculated for each pixel the potential loss of rice yield due to extreme
temperatures under NPK and NPKM treatments during 2015–2024 and
2091–2100:
8 NPK
>
< X 0 ¼ 2:45*0 þ 5:42
ð2Þ
X NPK
¼ 2:45*ETI t þ 5:42
t
>
:
NPK
NPK
LossNPK
¼
½ðX
=X
Þ

1
´
100%
t
t
0
8 NPKM
¼ 1:90*0 þ 5:64
>
< X0
X NPKM
¼ 1:90*ETI t þ 5:64
t
>
:
LossNPKM
¼ ½ðX NPKM
=X NPKM
Þ  1 ´ 100%
t
t
0

14.
15.
16.
17.

18.

19.

20.
21.

22.
ð3Þ

where X0NPKM and X0NPK represent rice yield with ETI = 0 for NPK and NPKM,
respectively; XtNPKM and XtNPK represent the predicted rice yield for NPK and
NPKM; LosstNPKM and LosstNPK represent the potential loss of rice yield (%) due to
extreme temperatures for NPK and NPKM; ETIt represents the intensity of a
temperature extreme, and t denotes the time period (2015–2024 and 2091–2100).
Global average rice yield losses were then estimated as the average across all pixels
representing rice growing regions.

23.

24.

25.

26.

Data availability

27.

The datasets generated during the current study are available at https://doi.org/10.5281/
zenodo.6644987. Coupled Model Intercomparison Project Phase 6 datasets were available
at https://esgf-node.llnl.gov/projects/cmip6/.
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