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Abstract

Changes in crop yield and production over time are driven by a combination of genetics,
agronomics, and climate. Disentangling the role of these various influences helps us under-
stand the capacity of agriculture to adapt to change. Here we explore the impact of climate
variability on rice yield and production in the Philippines from 1987-2016 in both irrigated
and rainfed production systems at various scales. Over this period, rice production is
affected by variations in soil moisture, which are largely driven by the El Nifilo—Southern
Oscillation (ENSO). We found that the climate impacts on rice production are strongly sea-
sonally modulated and differ considerably by region. As expected, rainfed upland rice pro-
duction systems are more sensitive to soil moisture variability than irrigated paddy rice.
About 10% of the variance in rice production anomalies on the national level co-varies with
soil moisture changes, which in turn are strongly negatively correlated with an index captur-
ing ENSO variability. Our results show that while temperature variability is of limited impor-
tance in the Philippines today, future climate projections suggest that by the end of the
century, temperatures might regularly exceed known limits to rice production if warming con-
tinues unabated. Therefore, skillful seasonal prediction will likely become increasingly cru-
cial to provide the necessary information to guide agriculture management to mitigate the
compounding impacts of soil moisture variability and temperature stress. Detailed case
studies like this complement global yield studies and provide important local perspectives
that can help in food policy decisions.

Introduction

Rice-which provides nearly half the calories for half the world’s population [1;2]-is a key crop
for the Philippines: it is a staple food (with >110 kg/person/year consumption, [3], http://irri.
org/rice-today/nourishing-a-nation), the sixth highest per capita consumption in the world),
as well as a major source of income (rice production valued at ~6 billion U.S. dollars in 2015;
[4]). The Philippines produces approximately 3% of the world’s rice in both “lowland” flooded
transplanted paddies and “upland” rainfed direct seeded areas [5]. As such, understanding
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what drives changes in rice production in the Philippines is essential for meeting current and
future food security [6;7]. Variations in crop yields can be explained by either endogenous
drivers, such as genetics (including breeding methods—pure line, synthetic, hybrid) and agron-
omy (including technology-use of fertilizer, irrigation, machinery) [6;8;9], and exogenous
forcing such as climate variability, which has been reported to decrease the influence of genet-
ics [10]. The role of climate is becoming increasingly important due to anthropogenic climate
change, which could drastically change local environments, damage yields [11;12], and influ-
ence the yield stability of staple crops [13;14]. Here we assess how current and future climate
variability influences the various modes of rice production in the Philippines.

Continuing to feed a growing world population expected to reach ~9 billion by 2050 [15]
while faced with a changing climate is a tremendous challenge. To date, global food production
has steadily increased through innovations in agricultural technology (improved practices and
genetics). The Philippines has mirrored global trends, with population increasing from ~26
million in 1960 to ~101 million in 2015, and rice production increasing from ~3.9 million
tonnes in 1961 to ~19.0 million tonnes in 2014. This large improvement has been due to
increased yields (production per unit area) and increased acreage being placed into production
[16]. However, it is unclear whether it will be possible to sustain increasing production into
the future [17], and if the changing land use patterns for agriculture are sustainable [18].

The Philippines is a large and spatially heterogeneous country, consisting of 7107 islands
divided into 18 political regions and 81 provinces. There are four major climate regimes: 1)
distinct wet monsoon and dry season, 2) no distinct dry season but a strong wet monsoon sea-
son, 3) intermediate between type 1 and 2, where there is a short wet monsoon and short dry
season, and 4) an even distribution of rainfall throughout the year [19]. Planting dates vary
between regions based largely on differences in climate (S1 Table). While rice in the Philip-
pines is grown throughout the year (S1 Table), the largest production share is grown during
the wet season. Due to this diversity of planting and harvesting, the government of the Philip-
pines takes annual, semester, and quarterly statistics on rice production and harvested areas.
Farms in the Philippines are generally small (less than two hectares on average; [20]), which
may limit the implementation of advanced farming technologies. Currently, irrigated paddy
rice accounts for 60% of total production [21], with the remainder grown as upland directly
seeded rice.

In the Philippines, the dominant climate influence on inter-annual timescales is from the El
Nifio-Southern Oscillation (ENSO). ENSO has pronounced effects on global rainfall and tem-
perature variability, particularly in the Indo-Pacific region [22;23;24]. It has been shown that
this inter-annual climate variability can drastically impact crop yields and production globally
[14;25;26]. In the tropical western Pacific region, El Niflo events (the warm phase of ENSO)
generally have a negative effect on farming. Specifically, El Niflo induced droughts in the west-
ern Pacific have detrimentally affected Indonesian rice production [27], with worsening effects
projected in response to greenhouse gas forcing [28]. Previous work on ENSO in the Philip-
pines has shown that dry-season rice production is negatively impacted by El Nifio on Luzon
Island [25]. Additionally, tropical cyclones are a source of weather variability that is strongly
seasonally modulated and exhibits localized impacts, suggesting that climate-yield and cli-
mate-production relationships need to be evaluated regionally and on sub-annual timescales.

An important limiting factor to increased food production in response to population
growth and dietary shifts in the next century is the ability of crops to respond to climate vari-
ability, for instance soil moisture, surface temperatures, and the frequency of severe storms
[29;30]. Studies of climate impacts on crops typically either use process-based crop models, or
evaluate the statistical relationship between crop production and climate variability in the past.
Here we use this latter method to evaluate the impact of climate variability on rice production
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in the Philippines in different spatial and temporal contexts, and compare the range of past cli-
mate variability to projected future climate change to assess whether these relationships can be
expected to hold in the future. We find that using a finer temporal and spatial resolution pro-
vides a more detailed understanding of climatic drivers of rice production, especially for
upland (rainfed) rice, which is significantly impacted by ENSO through modifications in soil
moisture. By the end of the century, temperatures will likely exceed present-day ranges, and
will thus become an additional limiting factor to rice yield and production.

Materials and methods
Data acquisition

Rice production data from 1987-2016 were obtained from the Philippine government statistic
authority (http://countrystat.psa.gov.ph/) for each political region and nationwide. Area har-
vested (hectares) and production (metric tonnes) data were collected from each political
region and for the whole country for each quarter and year, for both irrigated and rainfed rice
production. Missing data (where survey data was not complete) were linearly interpolated for
each region (harvested area and production for rainfed systems) on the quarterly data (less
than 1% of the data were missing). No values were missing for irrigated systems. Yield (tonnes
per hectare) was calculated by dividing production by area for each quarter from 1987-2016.

To explore the ecological tolerance of rice we obtained the locality information of acces-
sions stored in gene banks worldwide from https://www.genesys-pgr.org for tropical localities
(from 23.5°S-23.5°N). From geo-referenced coordinates, we obtained surface temperature
data for tropical rice from the WorldClim database at 30 arc seconds resolution [31], which
were used to explore the climatic space inhabited by tropical rice.

Yield normalization

We created continuous time series of production and yield (rainfed and irrigated) for each
aggregated political region. To remove the effect of yield increases due to breeding methods,
we removed a ~7 year (27 quarters) running mean from each continuous time series and after-
wards removed the residual total mean to construct an anomalous time series with zero mean.
The results were qualitatively stable to the choice of the running mean window size (a 5 year
window was also tested, data not shown). These normalization timescales are commonly used
in the literature [11;32] and correspond to a normal life cycle of a rice genotype used in farm-
ing [33].

Climate data

To calculate climate anomalies, we removed both the annual cycle (1987-2016 climatology)
and the linear trend from each of the climate variables used. ENSO variability was character-
ized using the Nino3.4 (N3.4) index, which is calculated as the area averaged sea surface tem-
perature anomalies from HadISST1 [34] in the region 170°W-120°W and 5°S-5°N. Soil
moisture data were obtained from CPC (version 2) at 0.5° horizontal resolution [35]. Surface
air temperature (2m) was obtained from the ERA-Interim reanalysis [36] on a 0.125° horizon-
tal grid. For the global warming projections (see below), the present-day reference tempera-
tures were obtained from the CRU TS version 3.23 dataset, which presents monthly data from
the period 1901-2014 on a 0.5° horizontal grid [37]. To evaluate crop-climate relationships at
the different spatial scales, climate data were either spatially averaged for the entire Philippines
(here defined by the geographical region 117°E-128°E, 4°N-22°N) or the respective regions
(see S1 Table).

PLOS ONE | https://doi.org/10.1371/journal.pone.0201426  August 9, 2018 3/17


http://countrystat.psa.gov.ph/
https://www.genesys-pgr.org/
https://doi.org/10.1371/journal.pone.0201426

iggl’L‘)S;|ONE

Climate variability impacts on rice production in the Philippines

Climate projections

Future climate projection data were obtained from the CMIP5 database [38] for the business-
as-usual scenario RCP 8.5. Monthly output was obtained from eighteen climate models and
interpolated using bilinear interpolation to a 0.5° resolution common grid. For the 2°C and
4°C warming targets, we first constructed the canonical global warming temperature pattern
[39] for each of the eighteen models by taking the difference in monthly climatology between
the 2080-2099 and 1980-1999 time periods, normalized by the global, annual mean tempera-
ture change. The future climate projections are then calculated by adding the change in each
(2°C or 4°C warmer) model climatology to the observed (1911-2010) climate history, thus pre-
serving the present-day interannual temperature variability [40].

Correlation analysis

We utilize standard correlation analysis to investigate the relationships between the respective
climate variables and rice production and yield. For these relationships, we consider seasonal
anomalies to be independent from anomalies in the same season of the previous and following
years, which leads to an effective sample size of 30 (number of years). For all spatial maps that
show temporal correlation coefficients in shading for the different geographical regions, an
absolute value of the correlation coefficient of ~0.31 is statistically significant at the 90% confi-
dence level using a two-tailed t-test (df = 28). Thus, we are not showing any correlations below
an absolute value of 0.3 (white shading) in these maps.

Results
National-level data

Irrigated rice production in the Philippines has almost tripled over the past thirty years, while
rainfed rice production has seen a much smaller growth (Fig 1A). Over this period, yields for
both production systems have increased steadily (S1A Fig). Besides this long-term trend,
annual rice yields at the national level have been fairly stable over this period, with irrigated
paddy rice production having only six yield anomalies exceeding one standard deviation
(absolute anomaly of 0.09 [t ha™'], which corresponds to ~2.5% of the annual long-term mean
in irrigated), while rainfed upland rice crops exhibited eight yield anomalies exceeding one
standard deviation (absolute value of 0.07 [t ha™'], which corresponds to ~2.9% of the annual
long-term mean in rainfed; S1B Fig). Relative anomalies in total rice production (Fig 1B) are
larger than those in yield, implying that the effects of climate variability are compounded
through both yield and harvested area changes. As a result of the frequent occurrence of natu-
ral disasters in the Philippines, production losses are often manageable and built into farm
management [41]. Notable exceptions are 1998 —with two typhoons-and 2010 -with four
typhoons, an earthquake and a flood-which both saw large negative production anomalies
[42].

Aggregating the yield and production data on an annual time scale potentially masks sea-
sonal modulations of both the large-scale climate variability [24] and crop-climate relation-
ships [25]. As a result, quarterly production and yield anomalies [Fig 1D and 1E] show more
variability than the annual data. Rainfed and irrigated rice production anomalies are substan-
tially less correlated with production in the quarterly data (R = 0.65, significant at the 99% con-
fidence level with df = 28) than in the annual time series (R = 0.86, significant at the 99%
confidence level with df = 28). About 10% of variance in anomalous rice production on the
national level is related to soil moisture variability, which is strongly negatively correlated with
the Nifi03.4 index (Fig 1D). This reduction of rice production during El Nifio events is
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Fig 1. National-level rice production in the Philippines from 1987-2016: Irrigated (blue) and rainfed (red)
farming techniques. A) Annual rice production in the Philippines; B) Annual rice production anomalies (with regard
to a 7 yr moving average); C) Quarterly rice production; D) Normalized quarterly rice production anomalies (the
annual cycle is removed and the anomalies are with regard to a 7 yr moving average); E) Normalized quarterly rice
yield anomalies. Additionally, d) and e) show the quarterly normalized soil moisture anomalies averaged from 117°E-
128°E and 4°N-22°N (black line) and the normalized Nifo3.4 index (yellow line). In all panels, R indicates
instantaneous correlation except for the correlation coefficients in D) and E) between rice production/yield and soil
moisture, which are given for a 3 months lead time of soil moisture, between Nifo3.4 and soil moisture for a 4 months
Nifi03.4 lead time, and between Nifo3.4 and rice production/yield for a 7 months Nifio3.4 lead time.

https://doi.org/10.1371/journal.pone.0201426.9001

qualitatively similar to the results of global analyses [26]. While the correlation coefficients
between soil moisture anomalies and rice production anomalies are approximately the same
for irrigated (R = 0.33, significant at the 90% confidence level with df = 28) and rainfed

(R = 0.34, significant at the 90% confidence level with df = 28) rice production, when looking
at yield anomalies the correlation is higher for rainfed than for irrigated systems (Fig 1E). This
shows that, as expected, irrigation can counter much of the plant physiological response to soil
moisture changes (as measured by rice yield), but decisions on planting area (as included in
rice production) remain sensitive to water availability [25].
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Fig 2. Correlation coefficient R between soil moisture anomalies and Niii03.4 index, using a 4 months lag (e.g.,
December 1986-February 1987 N3.4 with April 1987-June 1987 soil moisture).

https://doi.org/10.1371/journal.pone.0201426.9002

ENSO impacts on soil moisture

On a regional scale as well as on the national level, the correlation between the Nifi03.4 index
and soil moisture anomalies in the Philippines is negative (Fig 2), i.e., El Niflo events lead to
dry conditions in all parts of the country. Interestingly, the correlation between ENSO and soil
moisture decreases in the third and fourth quarters (Fig 2). One factor might be that in the
summer season rainfall variability is dominated by tropical cyclone activity [43]. While tropical
cyclone activity can be modulated by large-scale climate variability such as ENSO, it can be
considered a mostly stochastic process on climate timescales. This wet season (Quarters 3 and
4) is also the season when most rice is planted (Fig 1C), indicating that wet-season rice produc-
tion may be largely decoupled from ENSO variability [25].

Regional crop-climate relationships

Rice in the Philippines is in the field for 90-110 days, so that planting decisions are made
about three months before harvest [25]. Looking at the lagged correlation between rice pro-
duction and soil moisture (soil moisture leading by one quarter, Fig 3), in most seasons, soil
moisture anomalies in the previous quarter are significantly correlated with production vari-
ability, with higher soil moisture usually associated with increased rice production. Locally,
seasonal correlations can be much higher than the national-level data (Fig 1D). A notable
exception to this is Quarter 4, when correlations between these two variables are small, or even
negative (Fig 3). Production in this quarter is the highest of the year (Fig 1C) and represents
the wet-season crop. Mean soil moisture conditions during the preceding quarters are high, so
that variability in soil moisture does not affect rice planting or yield that much, while the
typhoons that often impact the summer season (Q2-Q3) can lead to detrimental flooding in
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Fig 3. Correlation coefficient R between quarterly rice production and soil moisture anomalies in the previous
quarter. The annual cycle is removed and production anomalies are with regard to a 7 yr moving average. The soil
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https://doi.org/10.1371/journal.pone.0201426.g003

these quarters [43]. This is in accordance with an analysis of Luzon Island in the Northern

Philippines (eight of eighteen regions; [25]), an area where both mean production (S2 Fig) and

mean yields (S3 Fig) are high.
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Fig 4. Correlation coefficient R between quarterly rice yield and soil moisture anomalies in the previous quarter.
The annual cycle is removed and yield anomalies are with regard to a 7 yr moving average. The soil moisture data are
area averaged for each political region corresponding to the rice yield data.
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https://doi.org/10.1371/journal.pone.0201426.g004

Total rice production in any given region is a function of the crop area harvested, the crop
yield per unit area, and the number of crops harvested per year. Climate variability influences
all of these variables. In Quarter 3, when correlations between soil moisture and total rice pro-
duction are strongly positive in most regions (Fig 3), there were few locations with significant
correlations between previous-quarter soil moisture and rice yield (Fig 4). This means that in
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this season, soil moisture anomalies might mostly drive planting decisions (i.e., which areas
are brought into production), without strongly affecting plant development. During the dry
season (Quarters 1 and 2) on the other hand, there are also significant regional correlations
between soil moisture and rice yields, implying that climate variability in this season affects
both plants and planting decisions. Mean climatological soil moisture conditions thus strongly
affect the rice production response to climatic forcing. In contrast to soil moisture, in most
regions temperature variability has a much lower correlation with rice yields. In some regions
however, ENSO-induced temperature and precipitation changes have an effect in the same
direction: El Nifio events usually result in dry and hot conditions in the Philippines, which
both are associated with a decrease in yield (S4 Fig). As we have seen, ENSO is driving a signif-
icant part of soil moisture variability in the Philippines which is correlated with rice produc-
tion variability. Therefore, the predictive skill for ENSO that is seen in operational seasonal
forecast models [44] up to several seasons ahead translates into important information for
agriculture management in the Philippines and the possibility to mitigate some of the ENSO-
induced effects on rice yields.

The correlation between rice production anomalies in upland rainfed and lowland irrigated
systems is stronger in annual data (Fig 1B) than in the quarterly data (Fig 1D). On a regional
level, there is a differential response to climate forcing between these two different manage-
ment systems. For rice yield in particular, the response to soil moisture changes is, not unex-
pectedly, stronger for rainfed than for irrigated crops (Fig 4). Previous work found that on a
global scale as well, yield losses during El Nifio events are greater in rainfed areas compared to
irrigated regions [26]. This shows that irrigation can provide a potentially useful management
tool to mitigate climate impacts on rice production in the Philippines. At the same time soil
moisture conditions are a direct proxy for local water availability—a major limiting factor for
crop yield and production [45]-which could explain the correlations seen between irrigated
rice yields and soil moisture anomalies in Quarter 2 (Fig 4F).

When looking at specific regions of high rice production (S2 Fig) on Luzon Island (large
island in the northern Philippines that includes the regions Cagayan and Central Luzon) and
Mimaropa (Southwestern islands within the Philippines), production and yield responses to
soil moisture anomalies are not always consistent between these areas (Figs 3 & 4). Mimaropa
exhibits one of the most consistently positive correlations between soil moisture anomalies
and crop output in the Philippines, both in terms of total production and crop yield, and in
rainfed and irrigated systems alike. In Central Luzon on the other hand, the response is more
variable, and correlations are generally low for rice yields. Negative correlations between soil
moisture and yield or production in some quarters and regions may reflect the damaging
impact of flooding on rice, which happens fairly frequently [42]. Due to this nonlinear impact
of rainfall on rice yield (i.e., an increase of rainfall can lead to either positive or negative rice
yield depending on thresholds in the system), the actual yield variance explained by climate
might be larger than suggested by linear correlation analysis, which should be explored further
in future studies.

Sensitivity to climate in the future

As we have shown here, climate-induced rice production variability in the Philippines over the
past three decades has mostly been related to soil moisture changes, which in turn were associ-
ated with large-scale inter-annual rainfall variability caused by the El Nifio—Southern Oscilla-
tion. This is in line with previous studies that show that although rice is grown over a large
environmental range in both temperate and tropical areas [46], more variance in yield in tropi-
cal areas is usually due to precipitation (and thus also soil moisture) rather than temperature.
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Fig 5. Histograms of quarterly temperatures averaged over the Philippines (black) observed from 1911-2010, (blue)
projected with 2°C global warming, and (red) projected with 4°C global warming. The variance in future temperatures
represents inter-model spread and present-day interannual variability. Occurrence points of rice in the tropics (23.5°S-
23.5°N) using quarterly data are plotted in grey, with frequencies rescaled by a factor of 4. Rice location data were
downloaded from Genesys PGR [78].

https://doi.org/10.1371/journal.pone.0201426.9005

Generally, tropical environments have relatively small variability in temperature, so other fac-
tors such as solar radiation, precipitation, or soil nutrient availability have a larger impact on
crop production [47]. However, this particular expression of crop sensitivity to large-scale cli-
mate may fundamentally change in a warming climate [48].

In the Philippines, temperatures year-round are currently within the range of favorable
growing conditions for rice (Fig 5). Despite the fact that we see a significant proportion of vari-
ance explained by ENSO-mediated soil moisture variability, in the future the effect of tempera-
ture is likely to become increasingly important: If greenhouse gas emissions continue
unabated, by the end of the century summers in the Philippines will be warmer than during
the historical record [12]. Fig 5 shows the year-to-year variability in present-day quarterly tem-
peratures, and how this is projected to change with 2 and 4°C of global warming. Over the past
century, quarterly temperatures averaged over the Philippines never exceeded 27°C. With 2°C
of global warming, median quarterly temperatures would be outside of the present-day range.
With 4°C of global warming, year-to-year temperature variability will be entirely above the
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range of present-day variability. The effects of this will be particularly impactful during the dry
season in Quarter 2, when temperatures are already high and there is low capacity for mitiga-
tion through soil moisture.

Under business-as-usual emissions (RCP8.5), the global mean temperature is projected to
increase by 2°C as early as 2042, with a median prediction of 2055, and by 4°C between 2075
and 2132. Even in an emissions scenario aiming to stabilize greenhouse gas concentrations by
mid-21st century (RCP 4.5), global mean temperature could rise by 2°C as early as 2052 [40].
Based on the temperature projections for these global warming targets, the Philippines is thus
likely to see a fundamental shift in the climate-rice relationship over the course of the next few
decades. This analysis focuses only on seasonal-mean temperature projections. However, the
average precipitation, inter-annual climate variability, and the frequency of extremes may
change as well, but projections for these are much more uncertain.

Discussion

Regional and quarterly data of climate variability and rice production in the Philippines show
that ENSO-induced changes in soil moisture are a major source of climate-driven production
variability, especially during the dry season. Wet-season soil moisture changes seem to be
more stochastically driven, and therefore more independent from large-scale climate forcing
such as ENSO. During this main growing season background soil moisture conditions are
high, so factors other than climate drive planting decisions and crop yields. The sensitivity to
climate variability is higher in upland rainfed systems than in lowland irrigated systems, and
varies strongly by region.

Regional differences in crop-climate relationships could be partly explained by differences
in soil type, which determine water-holding capacity and thus soil moisture content and crop-
ping patterns. Other factors that contribute to regional differences include different rice variety
choices, different management practices (fertilization, mechanization, planting date, post-har-
vest storage), as well as different market demands. Cropping calendars also differ across politi-
cal regions, which creates a differential ability to respond to climate events (e.g., ENSO),
accentuating seasonal differences and changing vulnerability. Predictions of ENSO conditions
are skillful in the current generation of seasonal forecast models [44], which translates into
information that can be utilized for agriculture management in the Philippines and provides a
possibility to mitigate some of the effects of ENSO on rice yields and production. Importantly,
extreme ENSO events (such as the 1997/98 El Nifo) that lead to large disruptions of the tropi-
cal hydroclimate, are projected to occur more frequently by the end of the century in response
to greenhouse gas forcing [49]. Thus, the dual calamity of projected changes of both the cli-
mate mean state and ENSO-induced hydroclimate variability will likely constitute significant
challenges to future rice production in the Philippines.

Implications for food security in the Philippines

In any given year national production may be adequate, but there might be severe regional
shortfalls that impact both food price and security. In the Philippines, regional shortfalls are
evident in years when severe natural disasters occurred [42]. Regions of high mean production
(S2 Fig) and yield (S3 Fig) naturally dominate the signal seen in national production and yield
data (Fig 1 & S1 Fig). However, individual regions and provinces may experience food insecu-
rity that differ from those seen at the national level and can potentially be more severe. The
regional relationships between climate variability and production/yield in combination with
both the regional long-term mean production/yield and seasonal climate forecasts might help
to mitigate future impacts.
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Food in the Philippines is relatively mobile, but food prices are more volatile in years with
natural disasters [50] and yield shortfalls may disproportionately impact small holders [51].
These negative effects might be mitigated by changing land use patterns, production tech-
niques, or germplasm (breeding material, crop types stored in gene banks, heirloom types, or
wild relatives). In the past, land policies in the Philippines have favored expansion of produc-
tion [52], focusing on increased planting of annual staples [53]. This has led to a steady
increase in area under cultivation, including areas that were historically used for other crops.
Further, domestic Philippine rice production has been incentivized [53]. As a result, rice yields
increased ~1% a year during the second half of the 20" century due to both management and
genetics [54], while the area of rice production increased by 50% [16].

Nonetheless, the Philippines are a large importer of rice (~10% of marketed rice per year).
This is due geography [55], international policy pressure [56], and colonial history [56], with
imports increasing during times of stress (e.g., during the 1997/98 El Nifio when rice imports
tripled due to fewer harvestable hectares [16]). This has led to calls for self-sufficiency in rice
production which, while possible, would be difficult to achieve with current agricultural policy
in the Philippines [56] that can leave rice markets susceptible to price increases [20]. It is
hypothesized that if there is renewed investment in agriculture, coupled with improved tech-
nology and skillful seasonal forecasting, imports could be reduced, helping to increase domes-
tic food security. However, it is unclear if increased investments will provide the necessary
buffer to the system to maintain production increases, especially in a changing climate. Addi-
tionally, there have been substantial efforts to breed drought resistant rice, with mixed results,
due to the trait complexity [57], though new varieties show promise [58].

The north-central area of the Philippines is one of the longest continuously-cultivated areas
of rice production in the world. Over time, the objectives of breeding and agronomic endeavors
have changed, from local heirloom grown on terraces to mega-varieties grown in an industrial
setting across millions of hectares [59]. At the moment, there is increasing interest in heirloom
varieties with specific growth environments as a source of both food and export potential [60].
In subsistence settings, rice farming is supplemented by local trade economies that can increase
local food security [61]. Moreover, there is a complex agricultural landscape established in the
northern Philippines, specifically in Ifugao (rice terraces), where historic intensification has
been accompanied by extensification [62]. These examples support the idea that the agro-cul-
tural context can help mitigate the impacts of environmental pressure on food security.

The role of temperature variability

Our results indicate that temperature variability at present is not a big driver of rice production
variability (S4 Fig). Under continued greenhouse gas emissions however, the range of temper-
ature variability in the Philippines is projected to be outside the present-day envelope by the
end of the century (Fig 5). Increasing temperatures will have major implications for rice pro-
duction in the Philippines. Recent work estimated that for every degree Celsius global temper-
ature increase, global mean rice yields will decline by 3.2 + 3.7% [63]. These reductions were
projected without consideration of potential CO, fertilization, adaptation in agronomic prac-
tices, or genetic adaptation [63]. While a recent meta-analysis identified an increase in yields
under increased CO,, this may not be an even increase across crops or regions [64]. Addition-
ally, a comparison between historic and modern cultivars suggests that during modern breed-
ing there has not been a selection for increased response to increased CO, concentrations [65],
limiting the potential future CO,-fertilization effect.

The temperature sensitivity of crops is dependent on growth stage [66], time of day, and
time of year, but generally a temperature increase of one degree can decrease yields by up to
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10% once a temperature threshold is reached in rice [67;68;69;70]. Due to this nonlinear
threshold behavior, the relative importance of temperature variability to yield variability (S4
Fig) may increase in a warmer climate. The combined effects of high temperatures and mois-
ture deficits could critically alter the seasonality and locality of the impact of ENSO on rice
production. Furthermore, by the end of the century, inter-annual climate variability will regu-
larly push climate in the Philippines outside the climatic range of current tropical gene acces-
sions (Fig 5). Most tropical rice accessions currently grow at quarterly temperatures below
28°C. In a 4°C warmer world, median quarterly temperatures will exceed this threshold year-
round. In the second quarter in particular, temperatures will already regularly exceed 28°C
with just 2°C of global warming. The performance of tropical rice crops in these climatic con-
ditions has not been tested and is thus potentially a large threat to future food security.

Implications for plant breeding

The ability to increase yields under rising temperatures is a major target for plant breeders
[71]. However, modern crop plants have undergone two significant population bottlenecks-
the first during domestication and the second during improvement processes—that have
resulted in a significant decrease of the crop’s genetic diversity relative to their wild progeni-
tors [72]. For instance, modern Asian rice retains ~80% of the genetic diversity of its wild pro-
genitor [73]. Generally, plant breeding involves crossing ’good by good’, a strategy that results
in a continuing loss of genetic diversity. Breeding targets focused on yield and quality have
often left behind traits from landraces (heirloom lines that have not undergone modern breed-
ing) and crop wild relatives [74]. Among these are many traits associated with tolerance to abi-
otic stress associated with climate change [75]. There have been increasing efforts to collect
data surrounding landrace and wild material in germplasm collections (phenotypes, geno-
types, biophysical, environmental) [74], which has led to the creation of a platform to under-
stand the fastest and most practical way to bring in traits from landrace and wild crop material
[76]. Breeding is a long-term endeavor, with a long research and development time [77]. This
lag time requires a forward-looking approach in order to have plant material ready to be used
in the field in time for projected changes in climate. By estimating the current and future tem-
perature envelope of rice production in the Philippines, and comparing this to bioclimatic
data of collection locations of rice accessions (Fig 5), we have reduced the number of potential
parents that could be used to breed for climate change, thus implementing the first stage of uti-
lizing collections for breeding for climate change.

Conclusions

There is an increasing need to understand how climate variability will impact rice yields and
production, particularly as human population continues to increase and climate changes.
Comparing multiple spatial scales allows for a more complete understanding of what types of
policy recommendations should be made, as it allows for a direct partitioning into the political
units that are most likely to be effective at driving landscape change. This study identified
ENSO as driving a significant part of soil moisture variability in the Philippines, which in turn
is correlated with rice production and yield variability. Therefore, skillful seasonal predictions
can provide useful information for agriculture management to mitigate climate-induced
effects on rice production and yield. Future tropical climates is likely to be outside the range of
optimal temperatures for rice production. This is true in the Philippines, and will likely require
a modification of both genetics and agronomic practices. Detailed case studies like this will
complement global yield impact studies and provide important local perspectives.
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Supporting information

S1 Fig. National-level rice yields in the Philippines from 1987-2016: Irrigated (blue) and
rainfed (red) farming techniques. The linear correlation coefficient R denotes the simulta-
neous correlation. a) Annual rice yield in the Philippines; b) annual rice yield anomalies (with
regard to a 7 yr moving average); c) quarterly rice yield.

(TIF)

S2 Fig. Long-term quarterly mean (1987-2016) rice production for both rainfed and irri-
gated systems. Note that grid point values indicate the mean production value of the whole
associated province.

(TIF)

S3 Fig. Long-term quarterly mean (1987-2016) rice yield for both rainfed and irrigated
systems.
(TIF)

S4 Fig. Correlation coefficient R between and quarterly rice yield and surface temperature
anomalies in the previous quarter. The annual cycle is removed and yield anomalies are with
regard to a 7 yr moving average. The temperature data are area averaged for each political
region corresponding to the rice yield data.

(TIF)

S1 Table. The table shows if rice is planted or harvested in the administrative regions of
the Philippines according the PhilRice planting calendar.
(DOCX)
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