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Abstract: Cotton vyields in Uzbekistan are significantly lower than those in similar agro-climatic regions, requiring the
estimation of crop potential and baseline yield to track progress of production enhancement efforts. The current study
estimated potential cotton development and baseline yield (maximum given no production constraints) using total heat units
(THU) and potential cotton yield (PCY), respectively. Calculations were based on heat units (HU) for a 30-year (1984-2013)
period. Long-term average THU and PCY, as well as PCY at three different exceedance probabilities (p=0.99, p=0.80, and
p=0.75), were calculated for 21 selected weather stations across cotton-growing areas of Uzbekistan. ~After confirmation that
the current planting date (April 15) is optimal, a comparison of THU with the accepted cotton production cutoff threshold
(1444<C) suggested that areas with lower elevations and latitudes are more appropriate for cotton production. Yield gap
analysis (relative difference between long-term average PCY and actual yields) confirmed that Uzbekistan cotton production is
below potential, while the spatial distribution of yield gaps outlined where efforts should be targeted. Areas near the stations
of Nukus, Kungrad, Chimbay, and Syrdarya should be further investigated as benefit/cost ratio is highest in these areas. A
comparison between state-set yield targets and PCY values, taking into account climatic variability, suggested that all areas
except Jaslyk, Nurata, and Samarkand have safe, appropriate targets. These results present a starting-point to aid in strategic
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1 Introduction

Cotton is the major industrial, irrigated crop grown under state
control in Uzbekistan, contributing significantly to the country’s
GDP, exports, and rural employment™?. The country’s dry
continental climate and low annual precipitation result in a heavy
reliance on irrigation, with 40% of irrigated lands used for cotton
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production , supported primarily by the Amu Darya and Syr Darya
rivers?4l,

Cotton production in Uzbekistan has declined in recent years,
due to both political and environmental factors™®.  Water
management and availability are considered the main constraints to
cotton production in the country™, with reduced physical
availability, inter-country water disputes, lack of coordination,
insufficient infrastructure, and increased demand by other users
amongst the main reasons™*®.  These problems, as well as
inefficient use and overexploitation of irrigation water, have
resulted in excessive water applications leading to waterlogging
and salinity problems, further exacerbating declines in yield and
incurring severe environmental, social, and economic consequences.
While efforts are being made to address these issues, determination
of those areas least suited to cotton production, as well as baseline
yield (e.g. potential cotton yield), should be determined to aid the
Government of Uzbekistan in its continued actions to convert
cotton fields to other crops'®” and to track progress of efforts.

Rates of cotton development are related to growing season air
temperature®®® which can be expressed as accumulated (total)
heat units or growing degree days. A heat unit (HU) is a measure
of the amount of heat energy a plant encounters each day during the
growing season. Crop growth and development of cotton are
directly related to accumulated heat units (or total heat units, THU)
when other environmental factors are not Iimiting[lo], and thus can
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be used as a method for determining the most suitable areas for
crop production.

Potential cotton yield (PCY) is defined as the yield that can be
achieved based on available thermal heat units assuming no other
production constraints, such as salinity and waterlogging,
unavailability of water and nutrients, and disease and pests®Y.
Previous studies have calculated PCY using a variety of methods,
at various spatial scales and locations. Simulation models have
been used to estimate large-scale®?*®! and smaller-scale PCY™l.
Percentile-based methods have also been used from global to local
scales, using yields at a given percentile under given conditions to
determine potential yield®>'®).  Another common method has
been the use of yields attained on fields where cotton is grown
under optimal conditions™®.  Other methods have also been found
in the literature™®*® No studies were found that estimated
PCY at the Uzbekistan national scale, using a heat units-based
method.

PCY can be compared with actual yield to determine yield
gaps, which are useful when determining areas with obstacles to
production®?.  Yield gap is defined as the difference between
potential yield, under non-limiting conditions, and average actual
yield for a specific area and time period*®!®l, Locations with
larger yield gaps are more likely to experience inadequate
management practices or other non-climatic constraints to
productiont®®.  These areas have higher potential for yield
improvement as compared to areas with lower yield gaps. In
addition, comparing PCY with vyield targets established by the
Uzbekistan Government (target gap analysis) allows an evaluation
of state-set targets.

The main objectives of this study were to (1) verify which
areas in Uzbekistan are more suitable for cotton production,
through the analysis of THU; (2) estimate PCY in various areas
using a temperature-based heat units method; and (3) compare
PCYs with actual and state target cotton yields to determine regions
where production or targets can be improved.

2 Materials and methods

2.1 Study area

Approximately 60% of the country is in semi-desert conditions,
characterized by hot summers and cold winters similar to the Texas
High Plains in the United States, and an annual average rainfall
gradient between 100-300 mm from west to east®. This places
high importance on irrigation for Uzbekistan’s agricultural sector.
Cotton production comprises approximately 40% of Uzbekistan’s
irrigated lands, covering approximately 1.17 million hm? in
2018-2019%7.  The crop is under state control, with the
Government of Uzbekistan dictating the amount of surface area
dedicated to cotton production, and setting production targets and
national market prices™2.
2.2 Database development

Maximum and minimum daily air temperatures from 21
weather stations (Figure 1) located across Uzbekistan, and
belonging to the Uzbekistan Meteorological Department, were used
to calculate THU and PCY. These stations were selected based on
the availability and continuity of daily observations for a 30-year
period (1984-2013), as well as their extensive spatial coverage of
cotton-producing areas across the country. In the case of missing
values, data from the nearest neighboring weather station was used.
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Figure 1 Selected weather station locations, topography, and location of the Amu Darya (lower) and Syr Darya (upper) rivers,
within Uzbekistan
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2.3 Seasonal boundary conditions

Properly selecting planting date can have a significant effect on
cotton yield and quality®??. The effect of planting date on
potential cotton yield was analyzed to determine whether planting
later to avoid low soil temperatures®? resulted in negligible
differences, and to determine optimal planting date. In
Uzbekistan, planting dates range between mid- to late April®®, and
served as the basis for this study. Four different planting dates
were considered: April 15, May 1, May 15 and June 1. A
harvesting date of October 15 was used with all four planting dates,
despite the fact that cotton is harvested more than once during a
growing season. However, in Uzbekistan, producers usually
harvest by the second week of October, thus validating choice of
harvest date for this study.

2.4 Heat units and potential cotton yield

Heat units (HU) are calculated from daily maximum and
minimum air temperature values as:

HU = (Tyax + Tmin)/2 — Ty when HU>0.0 1)
where, Tmax iS daily maximum air temperature, <C; T, is daily
minimum air temperature, <C; and T, is threshold temperature, <C.

This concept of heat units resulted from observations that
plants do not grow below a threshold temperature (T;), with T, for
cotton equal to 15.6CH.  Accumulated heat units, or total heat
units (THU), refer to the sum of daily heat units (calculated using
Equation (1)) between planting and harvest dates, and is the basis
for calculations of PCY. Cotton requires approximately 1444<C
THU from planting to maturity for proper development!?”.
Therefore, areas unsuitable for cotton production can be identified
by comparing long-term average THU with a cutoff threshold of
1444<C.

For each station in this study, annual available THU between
cotton planting and harvesting dates were calculated by summing
daily HU values obtained using Equation (1), assuming no cotton
cultivar response to base temperature. Daily temperatures were
capped at a maximum of 35<C when calculating THU, due to the
fact that ambient temperatures exceeding 35<C negatively affect
cotton growth and yield®>?).  Potential cotton yield without seeds
(kg/hm?) was calculated as™™:

PCY =0

[THU—SOO}

when THU <800°C 2)

PCY = x112.5 when 800°C < THU < 1000<C (3)

x112.5 when THU >1000C  (4)

PCY = [5+ THU —1000}

where, THU is the total heat units accumulated (<C) during the
growing season in a given year.

The proposed equations are based on three assumptions: (1)
PCY is equal to zero when THU is less than 800<C; (2) with
1000<C heat units accumulated, the cotton plant will have one open
boll with 4 more bolls at 85 percent maturity level and produces
approximately 560 kg/hm? of cotton lint under irrigated conditions;
and (3) with every additional 41.7<C heat unit accumulation, cotton
produces one more harvestable boll. Equations (2), (3) and (4)
were used to estimate PCY without seeds for stations with THU
less than 800<C, in the range of 800<C-999<C, and above 999 T,
respectively.

Climatic variability from year-to-year affects total plant
available heat energy during the growing season, and thus cotton
yield. It should be taken into account when setting realistic yield
targets and planning appropriate management practices. Therefore,
the PCYs for each station were ranked in decreasing order and the

exceedance probability (P) was calculated as:
N
B (n+1)
where, N is the rank of the annual estimated value and n is the total
number of years*Yl.  In this study, n is equal to 30.

The exceedance probability of an event is defined as the
probability that an event of equal or greater magnitude will occur in
any given year. The return period (RP) is the inverse of P. For
example, an event with p= 0.25 has 25% likelihood to occur in any
given year or should occur at least once in 4 years. Intuitively,
producers would want to know the lowest possible PCY that can be
expected in their region in any given year (p=0.99). The next
thing producers would want to know is the probability of achieving
higher yields with some risk involved. Some scenarios that may
be of interest to producers would be a PCY at p=0.85 (4 out of 5
years) or p=0.75 (3 out of 4 years) at which producers can expect a
PCY higher than the minimum. The PCY for p= 0.99 is the
probability that a PCY of equal or greater magnitude can be
expected every year (or with 99% chance of occurring in a single
year), while p= 0.75 and p= 0.80 signify potential yields that can
be expected every 3 out of 4 years (or with a 75% chance of
occurring in a single year) and 4 out of 5 years (or 80% likelihood
of occurring in any given year), respectively. A set of tables and
maps were generated to illustrate the spatial distribution of THU
and PCY over the study area. They included long-term average
total heat unit and potential cotton yield maps, and PCY maps
with exceedance probabilities of 0.99 (every year), 0.80 (4 out of 5
years) and 0.75 (3 out 4 of years), for each of 21 selected weather
stations.

The current study analyzed the effect of planting date and
feasibility to grow cotton at the 21 study locations. To determine
if later planting dates would result in negligible yield increases,
long-term average PCY for each planting date scenario was
compared for each weather station, using an analysis of variance at
p<0.05".  To determine suitability to grow cotton for the various
weather stations, long-term average THU for each location was
compared with a cutoff threshold THU of 1444<C.  Subsequently,
yield gap analysis suggested those areas where non-climatic
constraints to production greatly affect yield, and thus where
investments would most likely result in greater yield improvements.
For this, long-term average PCY was compared with regional
long-term average actual yield (1984-2012) for each location, using
a single-tailed t-test assuming two samples of unequal variance
(p<0.05). Target gap analysis compared regional-level
state-mandated production targets®?®! with potential cotton yield at
different exceedance probabilities, in order to take into account
climatic variability. Secure yield targets are those which can be
expected to be attained or surpassed every year (i.e. exceedance
probability p=0.99). However, this assumes that actual yields are
comparable to PCYs at p=0.99, which may not always be the case.
For the purposes of this study, comparisons of state-set yield
targets were compared with potential cotton yields, so as to
comment on the possibility of attaining such targets given no
constraints to production. State-set targets were obtained from
literatures’®® for Namangan, at regional levels by dividing total
seed-lint cotton output targets by planting area. For yield and
target gap analyses, actual yield and yield targets included seed
mass; thus potential PCY required a conversion (divided by 35%)
for comparison[3]. It should be noted that PCY data, calculated for
each weather station in this study, is assumed to represent a larger

®)
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area when compared to regional-scale data, and is a limitation to
the current analysis.

3 Results and discussion

Long-term (1984-2013) daily maximum and minimum air
temperature data from 21 weather stations were used to calculate
THU and PCY for each year, during growing seasons. Four
different planting dates (April 15, May 1, May 15 and June 1) and a
harvesting date of 15 October were used for calculations. The
elevation above sea level of selected weather stations varied from
64 m (Kungrad) to 678 m (Samarkand). Weather stations with
higher elevations such as Tashkent, Fergana, and Samarkand were
generally located in the eastern part of Uzbekistan, while stations
with lower elevations were generally found in the western part
(Figure 1).

3.1 Optimal planting date
An ANOVA analysis?”, p<0.05, analyzed the effect of

planting date on long-term average PCY for each of 21 selected
weather station locations (Table 1).  Significant differences
between normal and late planting dates were apparent, with normal
planting dates occurring from mid- to late April in Uzbekistan®!.
PCY decreased substantially with later planting dates, indicating
that earlier planting dates are necessary to maintain higher yield
levels, with highest potential yields for all weather stations
occurring with 15 April planting date, validating the current
planting period. For example, a 15 d and 30 d delay from April
15 reduced long-term average PCY by 8% and 22%, respectively.
For 6 weather stations, PCY was similar between April 15 and May
1 planting dates; however, even in such cases the maximum
potential yields occurred with mid-April planting date. April 15
was chosen as the planting date for all subsequent analyses in this
study as it proved to be the overall optimal planting date,
confirming current practices in Uzbekistan®®!.

Table 1 Comparisons of long-term average potential cotton yield (1984-2013) between normal and late planting date scenarios for
each study location

15-Apr 01-May 15-May 01-Jun
Station name”
Long-term average SS Long-term average SS Long-term average SS Long-term average SS
PCY/(kghm?™  (p<0.05)""  PCY/(kghm?)~  (p<0.05)""  PCY/(kghm?~  (p<0.05)""  PCY/(kghm?~  (p<0.05)""

Ak-Baital 1895 a 1783 a 1608 b 1274 c
Andizhan 1678 a 1542 b 1362 c 1044 d
Bukhara 2045 a 1873 b 1651 o 1279 d
Buzaubay 2529 a 2383 b 2166 c 1779 d
Chimbay 1418 a 1315 a 1151 b 836 c
Dzhizak 1637 a 1509 b 1339 o 1020 d
Fergana 1689 a 1560 b 1388 c 1084 d
Jaslyk 1231 a 1164 ab 1045 b 770 c
Karshi 2370 a 2179 b 1936 c 1534 d
Khiva 1865 a 1726 b 1521 c 1160 d
Kungrad 1459 a 1356 a 1192 b 873 c
Namangan 2005 a 1848 b 1648 c 1303 d
Navoi 1837 a 1680 b 1480 o 1141 d
Nukus 1677 a 1564 b 1385 o 1049 d
Nurata 1432 a 1324 b 1171 c 883 d
Samarkand 1317 a 1212 ab 1072 b 810 c
Syrdarya 1453 a 1327 b 1148 c 829 d
Tashkent 1593 a 1473 b 1314 c 1028 d
Tamdy 2459 a 2305 b 2078 o 1682 d
Termez 2885 a 2616 ab 2308 bc 1837 c
Urgench 1590 a 1470 b 1284 c 948 d

Note: “Planting dates with different letters are significantly different (p<0.05). Letters are to be compared for specific locations only; not between locations. “PCY =

ok

Potential cotton yield. SS = Statistical significance (p<0.05)

3.2 Total heat unit-based feasibility assessment

Long-term average THU, assuming a growing season from
April 15 to October 15, ranged from 1248<C (Jaslyk) to 1861<C
(Termez), with an average THU of 1463<C (Figure 2). Of the 21
weather stations, 9 surpassed the cutoff threshold of 1444<C,
located mostly in the center and southern regions of the country.
According to this study, these locations are considered appropriate
for cotton-growing, while those with long-term average THU
values below 1444 <C are not.

For any given longitude within the study area, the THUs were
generally higher for weather stations located in the southern part of
Uzbekistan as they receive more solar energy. Weather stations in
the east that experienced lower than threshold THU values could be

explained by higher elevations, resulting in lower soil and air
temperatures. These weather stations are at elevations at or above
the median elevation for all study locations.

The Uzbekistan  Government has been  targeting
cotton-growing areas with lower yields for conversion to other
crops, such as vegetables and fruits!”. During 2018-2019, cotton
planted area was reduced by 35000 hm? resulting in
approximately 1.17 million hm? nationally. Areas at higher
elevations have been amongst those targeted, which agree with the
results of this study. These results are useful in further guiding
the government’s actions in converting those areas less suitable for
cotton production, based strictly on climate.
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Figure 2 Long-term average total heat units (°C) (THU) for each weather station location (planting date April 15)

3.3 Potential cotton yield

Figure 3 presents long-term average PCY as well as PCYs at
three different exceedance probability levels (p=0.75, 3 out of 4
years; p=0.80, 4 out of 5 years; p=0.99, every year), with April 15
planting date. PCY maps follow a similar spatial distribution as
long-term average THU (Figure 2). With a planting date of 15
April, long-term average PCYs in Figure 3 varied from

a. Long term average

1231 kg/hm? in Jaslyk to 2885 kg/hm? in Termez. This trend
continued at three different p levels, at different magnitudes.
Minimum values of PCY at different exceedance probabilities were
found at Jaslyk, 1037 kg/hm? (p=0.75), 964 kg/hm? (p=0.80), and
418 kg/hm? (p=0.99); and maximum values were recorded in
Termez, 2499 kg/hm? (p=0.75), 2386 kg/hm? (p=0.80), and
2177 kg/hm? (p=0.99).

b. p=0.75

d. p=0.99

Figure 3 Long-term average potential cotton yield (kg/hm?) (PCY), as well as PCY at various exceedance probabilities,
for each weather station location (April 15 planting date)
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With regards to exceedance probabilities, the higher the p
value, the lower the yield risk, and vice-versa (Figure 3). PCYs
for Uzbekistan increased as p values decreased, and were less than
the long-term average PCY. With 15 April planting date, producers
can expect to achieve an average PCY of at least 1124 kg/hm?
every year (p=0.99). However, there is 75% chance of achieving
a PCY of at least 1631 kg/hm? (i.e. 3 out of 4 years), or 80%
chance of achieving at least 1549 kg/hm? per year (i.e. 4 out of 5
years) (averages of all locations). This is about 45% and 37%
more, respectively, than the PCY that can be expected every year,
indicating that producers may have a better chance to increase their
profit with yield goals that can be attained in 3 out of 4 or 4 out of
5 years. However these require higher risk and the current situation
in Uzbekistan does not encourage farmers to improve production
beyond what is required by state-set quotast). A detailed
assessment of agricultural input costs with different yield goals is
needed for this evaluation and is beyond the scope of this study.

3.4 Yield gap analysis

Long-term average PCY (1984-2013) with April 15 planting
date was compared with long-term average actual yield
(1984-2012), as shown in Figure 4. PCY values required a
conversion to simulate seed-lint mass. ~ Lint mass in Uzbekistan is
approximately 35% of seed-lint mass®!, thus PCY values were
divided by 35%. All study locations had potential yields
significantly higher than actual yields (Figure 4), confirmed with a
single-tailed t-test assuming two samples of unequal variance
(p<0.05), signifying a gap between potentially attainable maximum
yields and currently attained yields. The highest yield gap among
study locations was found at Karshi, with a 190% difference
between actual and potential yields, while the lowest yield gap was
found at Nurata weather station, with 53% difference. Current
cotton yields in Uzbekistan are significantly lower than those in
similar agro-climatic regions!*?, as confirmed by this study.

The reasons for the spatial distribution of yield gaps seen in
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Figure 4 are beyond the scope of this study, as they are caused by a
complex, interrelated relationship of social-economic-political-
natural factors. Soil salinity and waterlogging are two major
problems reducing yield in Uzbekistan and cover approximately
60% of irrigated lands in the country, resulting in 30% crop yield
reductions™®.  Poor water management, lack of water availability,
and inadequate infrastructure are contributing factors to the
problem®33Y There are also many socio-political reasons that
are responsible for the decline of cotton production, such as
post-independence  management of farm land, resource
management, and outdated infrastructure*?.

Despite the many potential reasons for yield gaps, those areas
with a relatively larger yield gap (Figure 4) signify areas where
management actions are most likely to have the greatest effect in
bridging the gap between potential and actual yields (e.g. Karshi).
By contrast, those areas with a relatively smaller gap (e.g. Nurata)
demonstrate that actual yields are relatively close to potential yields,
and thus there is little room for improvement. It is in the former
(larger yield gaps) that investments are most likely to have the
greatest benefit/cost ratio and thus should be targeted to address
non-climatic yield constraints, such as management actions.
Investments in land rehabilitation is particularly promising, as the
benefit/cost ratio can be as high as 4:1 over a 30-year period.
According to reference [4], the regions of Karakalpakstan, Buhoro,
and Syrdaryo would have the highest benefit/cost ratio. The
weather stations found in these regions are Nukus, Chimbay,
Kungrad, Jaslyk, Bukhara, and Syrdarya. According to Figure 4,
Nukus, Kungrad, Chimbay, and Syrdarya in particular have
relatively high percent differences between potential and actual
yields, and should be further investigated. While this is a
preliminary analysis into the areas that should be targeted, a more
detailed study into the specific reasons for lower actual yields in
each region must be conducted to effectively apply funds, which is
beyond the scope of this study.
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Figure 4 Comparison of long-term average potential cotton yield (PCY) and long-term average actual yield at each location
(yield gap analysis)

3.5 Target gap analysis

Three study locations, Jaslyk, Nurata, and Samarkand, reported
state-set yield targets that have at least an 80% chance of occurring
in any given year, but are not guaranteed to occur every year, as
their state-set targets exceed the p=0.99 PCY value (Figure 5).

Therefore, it is advised that the government reduces the yield
targets for these three locations or establishes that current targets be
achieved in 4 out of 5 years. All other weather stations were
within regions reporting yield targets that fell below yearly
expected cotton yields (p=0.99) and should thus be easily attainable.
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When comparing long-term average actual yields with yield targets,
it can be seen that state-set targets are reasonable for all locations,
as the values match closely. However, such long-term average
values (actual yields) do not take into account climatic variability,
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which is important when setting realistic targets. Thus, taking
into consideration exceedance probabilities and climatic
variability/risk, as was done in this study, would be more prudent
in setting targets.
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Note: Government of Uzbekistan production targets were obtained from [6], except values for Namangan'®!.  Target yields were calculated by dividing regional

production targets (kg) by regional planting area (hm?).

Long-term average actual yields were included for reference.

Figure 5 Potential cotton yields for various exceedance probabilities (p= 0.75, p= 0.80, p= 0.99) at April 15 planting date (1984-2013),
corrected to simulate seed-lint mass.

4 Conclusions

This study confirmed that April 15 is the optimal planting date
in Uzbekistan, and showed that cotton growing areas located
principally at lower elevations and latitudes are most suitable,
demonstrated by comparing long-term average total heat units with
a cutoff threshold of THU 1444<C.  Areas considered less suitable
for the production of cotton should be the focus of crop conversion
efforts by the Uzbekistan Government. Potential cotton yield
distributions (for long-term average and exceedance probability
levels p=0.99, p=0.80, and p=0.75) were similar to that of THU.
Comparing long-term average PCYs with actual yields confirmed
that all study locations were performing well-below potential yields.
While determining the reasons for the distribution of yield gaps is
beyond the scope of this study, those areas with larger yield gaps
present greater opportunity for improving yields and should be
targeted for future actions. Areas such as Nukus, Kungrad,
Chimbay, and Syrdarya are particularly interesting for further
investigation, as benefit/cost ratio would be highest.  With regards
to state-set yield targets, most areas had yield targets lower than
potential cotton yields expected every year (p=0.99), suggesting
safe targets. Three selected weather stations (Jaslyk, Nurata, and
Samarkand) reported targets above the p=0.99 level but below the
p=0.80 level, suggesting some risk in attaining the target and
requiring revision.

The analyses in this study have limitations as data derived
from weather stations were compared to regional data (e.g. actual
yield and yield targets) or used to make statements about larger
areas. The findings reported in this study offer a preliminary
assessment of different aspects of cotton production in Uzbekistan,
and should be seen as the starting point for further in-depth studies
and revisions to current practices. Future research into reasons for
relatively larger yield gaps is needed as this would help target
funds to obtain greatest returns for investments.
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