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ABSTRACT

Objective: To determine potential and water-limited yields in oil palm producing areas in the State of Tabasco,
Meéxico.

Design/Methodology/Approach: The ERIC III v. 3.2 database (IMTA, 2009) was used to select
climatological stations with daily precipitation and maximum and minimum temperature records, going back
to more than 20 years. The methodology proposed by the FAO and improved by Fischer et al. (2012) was used
to estimate the potential yield. The equation reported by Ruiz-Alvarez et al. (2012) was used to estimate the
annual water deficit from the climatic water balance.

Results: The average potential yield of oil palm with a high level of inputs varies from 35.8 to 40.6 t ha™" of
fresh fruit bunches. The average water-limited yield can vary from 15.6 to 23.5 t ha™ ! in plantations of at least
8 years of age, under rainfed conditions. The reduction in the maximum average attainable yield was the result
of 19.2-49.5% soil moisture deficits.

Study limitations/Implications: In order to determine their impact on potential and water-limited yields,
climate change horizons must be included in future studies; this would enable researchers to establish the future
theoretical economic profitability of the crop.

Findings/Conclusions: The analysis between the yields indicates that —if the gap between the current yields
and water-limited yields is closed— output and percentage would be 6.5-14.4 t ha™! and 72.8-129% higher
than the potential yield.

Key words: yield gap, annual water deficit, water balance, potential yield.
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INTRODUCTION

In the State of Tabasco, 26.718 ha of oil palm are grown in the Sierra and Rios
subregions. The average yield is 15.4 t ha™! (SIAP-SADER, 2021), almost 42% less than
Guatemala’s average yield. In tropical regions, such as Tabasco, precipitation is usually
the main cause that limits the growth and yield of fresh fruit bunches (Corley and Tinker,
2008).

Oil palm yields are exponentially reduced as the annual water deficit increases. This
has allowed other researchers to evaluate and forecast the annual production (Corley and
Tinker 2008; Sparnaaij, 1960; Spanaaij ¢t al., 1963; Ochs and Daniel, 1976). The French
Institut de Recherche pour les Huiles et Oleagineus (IRHO) establishes a maximum attainable
yield of 30 t ha™' for fresh fruit bunches. The maximum attainable yield can face an
approximately 10% reduction per 100 mm of annual water deficit (Corley and Tinker,
2008).

Water requirement becomes equal to the reference evapotranspiration value (ET);
when plants consume water quantities equal to ET, a maximum production of dry matter
is expected to take place (Dufrene et al., 1992).

Annual water deficit takes place up to two years after the oil palm culture has been
subject to water stress (Corley and Hong, 1981; Lubis et al., 1993). The main objective
of this study was to determine the potential and the water-limited yields in the oil palm
producing areas of the State of Tabasco. Additionally, we analyzed and compared the
existing gaps between yields.

MATERIALS AND METHODS

Study Area. The study was carried out in the two oil palm producing subregions of the
State of Tabasco. Seven climatological stations were selected: Teapa, Jalapa, Tacotalpa,
and Macuspana (Sierra) and Balancan, Tenosique, and Emiliano Zapata (Rios) (INEGI,
2015).

Climatological Data. Once the seven climatological stations were selected, the ERIC
IIIv. 3.2 (IMTA, 2009) data base was used to obtain their daily data, monthly precipitation,
and monthly maximum and minimum temperatures. The daily data records ranged from
20 to 50 years, depending on the selected locations. Only full years were selected for each
series. Most of the stations do not record the climate variables, which are necessary to
estimate potential and water-limited oil palm yields; instead, temperatures were used to
carry out this task.

The monthly average global solar radiation (Rg) data were estimated using the

Hargreaves-Samani equation proposed by the FAO when there is no data for this variable

(Allen ez al., 2006). Equation (1):

Rg=0.16*T__~T_ *R, (1)

Where Rg=global solar radiation (M] m™? d_l) and R,=extraterrestrial radiation (M]

m~? d_l). Ra was estimated using the latitude data of the climatological station and the

date (Allen et al., 2006).
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The reference evapotranspiration (ET ) values are essential to carry out a water balance
and to determine the annual water deficit. The Hargreaves-Samani (1985) equation was
used to carry out the estimate. Equation (2):

ET, =0.0023* [(Tmax ~ ) } *(17.8-7,,)* (2%) 2

Where ETp=reference evapotranspiration (mm d_l), Tneq=average daily temperature
(°Q), Tax=daily maximum temperature (°C), 7 =daily minimum temperature (°C)
and R,=extraterrestrial radiation (MJ m ™2 d ™).

Yield Type. Scientific literature mentions at least three types of yield: actual yield,
water-limited attainable yield, and potential yield. The average or actual yield is the
output that producers obtain, and it varies in time. It is limited by nutrients and water.
Weeds, pests, blights, and plantation management contribute to its reduction. The
attainable yield is only limited by water deficit in the soil and is equivalent to a water-
limited potential yield, in rainfed condition areas. Potential yield has no limitations,
except those imposed by the CO9 concentration in the air, global solar radiation,
temperature, and crop characteristics (physiology, phenology, canopy structure, etc.).
Van Ittersum and Rabbinge (1997), Fischer ez al. (2012), Fischer (2015), and Woittiez et
al. (2017) discussed these types of yields in detail.

Actual Yield (2019). The data provided by SIAP-SADER (2021) for the 2010-2019 oil
palm yields in the oil palm producing municipalities of the State of Tabasco are shown in
Table 1.

Calculation of the reduction of water-limited attainable yield. The reduction
of the water-limited attainable yield of oil palm is calculated on the basis of the relation
between the annual water deficit (DHA) and the oil palm yield. Several authors have
reported this relation: Spanaaij (1960), Sparnaajj et al. (1963), Ochs and Daniel (1976),

Table 1. 10-year Evolution of Yields in the Oil Palm Producing Municipalities of Tabasco (2010-2019).

Municipality Year Average
2010 | 2011 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019
Balancan 4.0 7.0 15.0 17.3 22.8 12.8 12.6 13.0 14.2 14.1 13.3
Centro 20.7 26.0 25.4 21.5 18.0 15.8 17.6 16.9 17.8 17.7 19.7
Emiliano Zapata 4.0 8.0 8.9 16.0 8.0 12.4 14.7 14.0 14.6 16.6 11.7
Jalapa 26.0 28.7 29.3 27.8 23.1 18.4 23.7 20.0 20.5 20.7 23.8
Macuspana 22.0 24.0 25.2 23.2 22.1 13.0 21.0 14.0 16.3 16.4 19.7
Tacotalpa 19.0 20.9 24.4 17.8 15.6 15.4 17.2 18.8 19.3 19.4 18.8
Teapa 25.5 34.0 24.5 31.7 12.3 16.2 18.0 18.5 18.5 18.8 21.8
Tenosique 5.5 7.0 8.9 6.5 9.6 10.5 10.0 9.4 10.1 10.4 8.8
State average 9.8 12.0 16.0 16.4 17.2 13.5 14.8 14.0 14.8 15.5 14.4
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Corley and Hong (1981), and Corley and Tinker (2008). This study takes into account the
relation reported by Corley and Tinker (2008), which relates DHA with relative yield. The
relation has an exponential behavior. Equation (3):

Y =100 * e(—0.00169*X) 3)

Where X=DHA value and Y=percentage decline regarding a 100% maximum potential
attainable yield. The relative yield values reported by Corley and Tinker (2008) were
obtained from the yield data of the world’s main oil palm producing countries. Subsequently,
that data —resulting from applying equation (3)— was expressed as a percentage reduction
of the maximum yield (100%). The aim was to visualize the percentage reduction of the
attainable yield with regard to a maximum yield established according to various DHA
values. The resulting equation was the following:

Y =0.1602* X —0.00009* X* (R*=0.999) 4)
Where Y=relative reduction of attainable yield (%) and X=annual water deficit (mm).

The IRHO reports that, for every 100 millimeters of DHA, an average 2.88 t ha™!
yield reduction takes place in palms that were at least 8 years old and under rainfed
conditions.

Potential Yield Calculation. To calculate potential oil palm yield we need to find
out the daily and monthly average values of global solar radiation, average temperature,
and diurnal temperature, as well as leaf area and crop harvest indexes. The average and
diurnal temperatures are obtained based on maximum and minimum temperatures.
Diurnal temperature is calculated using the equation (5) proposed by Aceves Navarro et al.
(2017). Oil palm leaf area and crop harvest indexes for a high supply level is 6.0 and 0.60,
respectively (Fischer et al., 2012). Equation (5):

sz’u = Tmax +0‘25*(Tmax _Tmin) <5>

Where 74, =diurnal temperature; 7;,,y=maximum temperature; and 7,;,=minimum

temperature.

The potential yield calculation procedure is based on the methodology proposed by the
FAO and improved by Fischer et al. (2012). Rivera-Herndndez et al. (2012) described the
said calculation in detail.

Annual Water Deficit (DHA) Estimate. Water deficit can be estimated for any
period based on a climatic water balance (Ruiz-Alvarez et al., 2012). A one-month period

was selected for this study. Equation (6):

BH, = SW, + PPt~ ET,, (6)
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Where BH;=climatic water balance of the i (current month) (mm); SW;=theoretically

useful soil moisture reserve, at the beginning of the ¢ period, at a one-meter depth (mm);

PPt;=total precipitation of i (current month) (mm); £7;, =reference evapotranspiration of
1

i (current month) (mm); and i=selected period (month).

Negative values for the monthly water balance (B/) result in a deficit. An annual water
deficit (DHA) consists of the yearly sum of the monthly BH negative values. We calculated
the water-limited yield and its relative reduction regarding the maximum attainable yield,
taking into account the annual water deficit of every recorded year and using equations (3)
and (4).

In the oil palm producing regions of the world, the useful moisture reserve at a one-
meter depth in the soil, varies from 83 mm to 167 mm (Corley and Tinker, 2008). To
guarantee a 100-mm minimum supply of useful moisture, this study was carried out at
a depth of one meter, following the findings of Lépez et al. (2007) for the soil textures
predominant in the Rios and Sierra subregions. The BH was carried out during November
in order to guarantee that the soil had reached its maximum water retention capacity, as a
result of the abundant precipitations of October.

Expected Return Periods. A probability distribution function was fitted to the data
resulting from the annual water deficit and the relative annual yield reduction at each
selected climatological station, and the exceedance probability and its matching return

periods were calculated.

RESULTS AND DISCUSSION
Return Periods

The results show that the annual water deficit and the relative yield reduction at the
Jalapa, Balancdn, Emiliano Zapata, and Tenosique climatological stations fitted a regular
probability distribution function. On the contrary, the Transformation of the Normal
(Fourth Root) was a better fit for the Macuspana, Tacotalpa, and Teapa climatological
stations. The exceedance probability and return period for the annual water deficit and the
relative reduction of the relative yield were calculated based on the probability distribution
functions, enabling the definition of annual water deficit values and reduction with a one-
year return period (i.e., values that will be recorded every year while a moisture deficit
remains). Table 2 shows these values for the chosen stations.

Table 2 shows that there will be yearly reductions in the average attainable yields, as
a result of the deficient rainwater supply during the yearly dry periods. This work proves

that every year there is a reduction of the water-limited yields with regard to the maxim
attainable yields (30 t ha 1) reported by the IRHO.

Actual Yield
From 2010 to 2019, the average yield in the State of Tabasco was 14.4 t ha™! (Table
1). The average yields in the Sierra subregion were higher than the yields reported for the

Rios subregion. There were time-dependent variable yields in both subregions. On the
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Table 2. Annual Water Deficit (AWD) and Reduction of the Attainable Yield
(RAY) Values with a One-Year Return Period.

Securities with a return period of one year
Municipality
AWD (mm) RAY (%)
Jalapa 364.6 46.0
Macuspana 221.5 31.2
Tacotalpa 172.4 25.3
Teapa 87.5 13.7
Balancén 273.5 37.0
Emiliano Zapata 324.5 42.2
Tenosique 229.4 32.1

one hand, this phenomenon was partly the result of the different plantation ages —since
not all of them have reached their maximum production yet and therefore they follow the
behavior described by Woittiez e al. (2017). On the other hand, this phenomenon is partly
the result of the annual rainfall volume variations —which define the annual water deficit
differences that have a differentiating impact on yields.

Reduction of the Maximum Attainable Yield

The climatic water balance showed that the average annual water deficit fluctuated
between 152.3 and 410.6 mm, in the oil palm producing municipalities of the State of
Tabasco (Table 3). Table 3 also shows the average actual attainable yield in tons and its
reduction percentage regarding their maximum attainable potential. The average water-
limited yield ranges from 15.2 to 23.5 tha ! Tt should be pointed out that average values
(50% probability) actually mean the recurrence of the said values with a 2-year return
period.

Based on the results shown in Table 3, if auxiliary irrigation was used to close the gap
between the maximum attainable yield and the actual water-limited yields, it could be
possible to achieve a 5.8-14.8 t ha~ ! increase of oil peryear —ora 1.5-3.7 ha~ ! increase for

Table 3. Annual Water Deficit (AWD) and Actual Average Water-Limited Yield per Ton
and Maximum Attainable Reduction Percentage.

Actual Average Water-Limited Yield
Municipality AWD (mm) =
(tha ") Decrease (%)
Jalapa 410.6 15.2 49.5
Macuspana 300.4 18.4 36.9
Tacotalpa 167.1 22.6 23.8
Teapa 152.3 23.5 19.2
Balancén 323.2 17.6 41.3
Emiliano Zapata 330.2 17.5 41.8
Tenosique 294.9 18.6 37.9

(*) AWD: average annual water deficit. (**) Reduction with regard to a 30 t ha™! yield
according to IRHO (Corley and Tinker, 2008).
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its equivalent. Table 3 also shows that there will always be an average 150-410 mm annual
water deficit, equivalent to 4.3-11.8 ha™! yield reductions.

The analysis of historical weather data from the two oil palm producing subregions of
the State of Tabasco proves that there is a moisture deficit every year; therefore, there will
always be reductions to the maximum attainable yield, proportional to the annual water
deficit value. According to the results of the area covered by the Teapa climatological
station, the actual water-limited oil palm yields under rainfed conditions fluctuated between
14.0 and 30 t ha™ ' (average value: 23.5 t ha™}).

Meanwhile, in the area covered by the Balancan municipality —which includes most of
the oil palm producing areas of the State of Tabasco—, an average yield of 13.1 t ha~! has
been reported (similar to the national average) (SIAP-SADER, 2021). Clearly, plantation
fertilization and weed, pest, and blight control must be improved in order to increase yields.
The maximum attainable yield could be achieved through the use of auxiliary irrigation;
this would reduce or eliminate water deficit in the oil palm producing areas; the yield
could even exceed 40 t ha™ !, in those areas which have been established as highly suitable
as a result of their soil and climate conditions (Aceves et al., 2008). The municipality of
Tacotalpa has the best weather conditions for the rainfed production of oil palms: 2 out of

10 years have no annual water deficit.

Potential Yields

The average potential yields for oil palms are very similar from one subregion to another
(Table 4): they have a non-significative 300 kg ha~! difference. The low variation is the
result of the high similarity of the space-time distribution of global radiation and diurnal
temperature. These average yields must be set as a goal for high-tech oil palm plantations
that have appropriate water supply.

Yield Gap Analysis

Table 5 shows the average yield for the various types of yield. The gap that exists between
the average actual and water-limited yields can be observed when they are compared with
the maximum attainable and potential yields (Table 5). Analyzing these gaps can help to

explore ways to improve plantation productivity (van Ittersum and Rabinge, 1997).

Table 4. Average Potential Yields in the Oil Palm Producing
Municipalities of the State of Tabasco.

Municipality Potential yield (t ha™")
Jalapa 40.6
Macuspana 37.3
Tacotalpa 36.4
Teapa 35.8
Balancdn 38.2
Emiliano Zapata 36.6
Tenosique 36.9
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Table 5. Yield Types and their Average Variation per Tons of Fresh
Fruit Bunches(¥).

Yield type Average yield (t ha™!)
Current average 9.8al7.2
Achievable maximum 30.0
Limited by current water 15.6223.5
Potential 35.8240.6

(*) Resulting values under historic environmental conditions.

Additionally, Table 5 shows that —given the prevailing weather, soil, and handling
conditions in the State of Tabasco— actual yields only represent 32.7-57.3% of the
maximum attainable yield. Consequently, if the gap is closed through auxiliary irrigation
and improved handling practices, a 12.8-20.2 t ha™! increase of actual yields can be
expected, just as Donough ez al. (2009); Cavalche (2013), and van Ittersum and Rabinge
(1997) reported. For example, according to De Taffin and Daniel (1976), auxiliary irrigation
increased yields from 12 to 31 t ha™! over a 3-year period. Meanwhile, Cavalche (2013)
reports that auxiliary irrigation increased oil palm yield in Ecuador by 21.3% during the
first year and that investing in irrigation had an over 2.7 cost-benefit ratio. For their part,
Van Kraalingen e al. (1989) reported that 6-12-year-old plantations can produce up to
34.1 t ha”! of fresh fruit bunches; meanwhile, Corley and Tinker (2008) report that the
maximum growth rates for mature palm oil plantations with 6-7 leaf area indexes in theory
can produce up to 50 t ha™ .

Nevertheless, measures taken to close the oil palm yield gaps require a long time, as a
consequence of the time gap between the moment in which the stressor takes place and
the moment when it impacts the yields. This time gap can last up to 40 months: the gap
between the flower’s initiation and the fruit’s ripening (Donough et al., 2009).

CONCLUSIONS

The maximum attainable yields will always be reduced —in proportion to the value of
the annual water deficit— in the two-oil palm producing subregions. The actual average
water-limited yield ranges from 15.2 to 23.5 t ha~'. The average potential yields for oil
palms per subregion are very similar (300 kg ha™! difference). Actual yields represent only
32.7-57.3% of the maximum attainable yield.
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