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ABSTRACT ARTICLE HISTORY

Recently, Paulownia spec. has been introduced to Central Asia
in a number of small plantations. Paulownia yields timber of high
quality for applications such as furniture, house construction, boat
construction, and surf boards, or skis. Thus, Paulownia might offer
a much-needed raw material for this region and beyond. However,
Central Asia is largely occupied by drylands so that Paulownia needs
irrigation. Against the background of frequent water stress across KEYWORDS

the region, this study aimed at assessing the water consumption

and water productivity of that tree, using a 6-year-old plantation woody biomass,

as study site. Trees were planted in May 2017 and cut back to their renewable raw material,
stumps in 2018. Daily crop evapotranspiration was calculated after water consumption,

the Penman-Monteith approach, whereby the crop coefficients were evapotranspl:ration, irrigation,
inherited from actual evapotranspiration values which stemmed remote sensing

from the remote sensing approach S-SEBI. Water consumption per

tree was 1741 |, 4461 |, 4500 |, and 4407 | over the growing seasons

2020, 2021, 2022, and 2023, respectively. The water productivity for

the stem wood over the whole time-span from planting in 2017 until

2023 was 1.59 g I'' and 5.65 mL l''. Given the high quality of its timber

and its range of high-value applications, it can be concluded that

the water consumed by Paulownia enables higher value timber and

timber products than other trees that grow in comparable areas of

Central Asia.
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1. Introduction

Central Asia, including Kyrgyzstan, is a forest-poor region (Mitchel, 2015;
UNECE, 2019; FAO, 2020) which has to import most of its wood demand (FAOSTAT,
2023). Against this background, the countries of that region included plans to
promote fast-growing trees in plantations and in agroforestry into recent policy
programs, examples being the Green Economy Program in Kyrgyzstan, the recent
Strategy to Develop the Agriculture in the Republic of Uzbekistan 2020-2030, or
the Kazakhstan-2050 strategy as reviewed by UNECE (2019). Those programs aim at
reclaiming unused land for fast-growing tree plantations as well as inserting fast-
growing trees into existing agroforestry systems.

Recently, Paulownia spec. has been introduced to Central Asia in a number of
small plantations (Baier et al., 2021). Paulownia yields timber of high quality (Stimm
et al., 2013; Bork et al., 2015; Nelis & Mai, 2019; Jakubowski, 2022) for applications
such as furniture, house construction, boat construction, and surf boards, or skis.
Thus, Paulownia might offer a much-needed raw material for this region and beyond.
Due to the arid climate across the region, plantations of Paulownia require irrigation
akin to most of the cropland. At the same time, Central Asia already faces severe
water shortages that will be further aggravated in the course of climate change
(Reyer et al., 2017).

Against this background, it is critical that new tree species introduced into an
arid region - such as Paulownia spec. - are assessed as to whether or to what extent
they bear the risk of bringing a new significant water consumer to an already water-
stressed area. This study, therefore, addressed the following research questions:

» How much is the water consumption of Paulownia as plantation tree?

« What is the water productivity (expressed as wood biomass gained per
volume of water consumed) of Paulownia as plantation tree?

» How do the water consumption and water productivity of Paulownia compare
to other tree species of the region Central Asia? Does Paulownia consume significantly
more water than other tree species of that region?

These questions are addressed by investigating the water consumption of the
oldest Paulownia plantation of Central Asia, which is located at Issyk Kul Lake in
Kyrgyzstan. Previous studies had assessed the water consumption by measuring the
sap flow in 2019 (Baier et al., 2021) and 2020 (Thevs et al., 2021), whereas this
study covers the growing seasons 2018 to 2023 employing a combination of water
consumption computing through the Penman-Monteith approach by the FAO (Allen et
al., 1998) and remote sensing.
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The Penman-Monteith approach is a standard method, which calculates
crop and tree evapotranspiration (ET), whereby climate data and so-called crop
coefficients (K ) serve as input data. Crop coefficients are published for the major
global crops as well as fruit trees from a number of regions. For Paulownia, though,
there are no crop coefficients available.

Hence, K_ values were calculated based on actual evapotranspiration (ET)
derived through the remote sensing based Simplified Surface Energy Balance Index
(5-SEBI) after Roerink et al. (2000), Sobrino et al. (2005; 2007), as reviewed by
Gowda et al. (2007; 2008). Those K_ values fed into the calculation of crop water
consumption after Allen et al. (1998) for those time periods during which no satellite
images were available. Remote sensing based approaches, such as S-SEBI, were found
suitable to assess crop and tree water consumption (Bhattarai et al., 2016).

This study uses the term water consumption as a synonym of evapotranspiration,
which is defined as follows: Activities that divert water from its source or water that is
no longer available because it has evaporated, been transpired by plants, incorporated
into products or crops, consumed by people or livestock, or otherwise removed from
the immediate water environment. The term ET refers to evapotranspiration of
trees and grass vegetation ground cover together assessed through remote sensing,
while ET_refers to results from the calculations based on climate data and crop
coefficients. ET, __, finally, refers to the evapotranspiration viz. water consumption
of the trees alone.

2. Methods

2.1. Study site

This study refers to the oldest and one of the largest Paulownia plantations
of Central Asia, which is located on the northern coast of Issyk Kul Lake between the
Airport Tamchy and the village Orn’ok (42.60 °N, 76.83 °E) at an elevation of 1636
m a.s.l. (Figure 1). The climate is cold semi-arid according to the Koppen-Geiger
classification. Climate data for the study period 2017 to 2023 are shown in Table |
for the climate station Cholpon Ata, which is the closest climate station to the study
site. The soil is very dense and compacted with a silty to loamy texture, and stones
account for 20 % of the total soil volume. There is no humus present, as there was
no significant vegetation before this plantation had been established (Baier et al.,
2021).
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Table I. Climate data of the climate station Cholpon Ata from 2017 till 2023

(Weather in the world, 2024)

Year Temperature [°C] Wind speed [m/s] Annual
precipitation
[mm]
Average Min. Max. Average Max.
2017 9.1 -3 22.7 1 3.2 215
2018 8.7 -7.6 23.3 1.1 3.1 504
2019 9.2 -3.8 22.8 1.1 7.2 574
2020 8.3 -4.9 21.2 1 3.1 714
2021 8.4 -5.9 23.3 1 3.9 176
2022 9.6 -3.6 24.6 1 3 392
2023 9.4 -11.5 23.8 1.2 10.3 298

The plantation consists of four neighboring field plots, of which the first plot
was established in early 2017. In 2018, 2019, and 2021, the plantation was expanded
by the second, third, and fourth plot, respectively. This study focusses on the oldest
plot, for which the most accurate plantation management data were available. That
part, which was researched by this study, covers an area of 4.5 ha and comprises
3500 trees, all planted in May 2017. All trees were cut back to the trunk in April 2018
to induce the development of a stronger root system relative to the aboveground
biomass. The distance between rows is 4.0 m, the distance between trees within the
same row is 3.0 m. All trees belong to the hybrid Paulownia tomentosa x fortunei
(brand name: Shan Tong). North of this Paulownia plot there is a plot with fruit trees,
mainly of a local apple variety, which is about half the size of the adjacent Paulownia
plot.

The trees were irrigated through drip irrigation, whereby each tree row was
equipped with a dripline which had emitters every 60 cm. Therefore, a grassy ground
cover vegetation developed along the drip lines, which covered more and more area
and gained in density year by year until it covered 70% to 80% of the ground in 2022,
when the trees increasingly provided shade.
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Figure 1. Map of Issyk Kul Lake, including neighboring areas, and
locations of the Paulownia site (black circle), cold pixels (black
diamonds), and hot pixels (white triangles). The dotted lines and
inclined numbers refer to the Landsat tiles with their respective path
and row numbers.

2.2. Measuring stem volume and biomass production

Tree data - specifically, diameters at 0.05 m, 1.0 m, 1.3 m (diameter at breast
height, DBH), and 2.0 m above the ground as well as diameter at the tip of the
stem, stem height, and tree height - were recorded at the beginning and the end of
the growing seasons 2019 (Baier et al., 2021), 2020 (Thevs et al., 2021), and at the
beginning and after the end of the growing season 2023. The trees were pruned so
that one or two pairs of opposite branches diverge from the stem near its tip. Stem
volumes of the sampled trees were calculated from those data and converted into
stem biomass by multiplication with the wood’s basic density, which amounts to 0.28
g cm-3 for Paulownia (Baier et al., 2021). This study focused on stem volumes and
biomass, because that part of the tree yields the most valuable timber.

2.3. Calculate tree water consumption

To assess the water consumption of the Paulownia plot, first the daily reference
evapotranspiration (ET ) was calculated according to FAO (Allen et al., 1998) for the
growing seasons 2017 to 2023 from daily climate data, which were obtained from the
climate station Cholpon Ata from the online database Weather in the World, 2024.

These daily ET  values were calibrated for the Paulownia plantation and for
the ground cover vegetation inside the plantation (specifically the part that had been
planted in 2017). For this calibration two climate stations equipped with sensors
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for air temperature, air humidity, wind speed, and solar radiation (EM-50 logger
from Decagon Devices, US) were placed outside and inside the Paulownia plot. The
former represents the climate data of the ambient conditions, while the latter
represents the micro-climate within the Paulownia plot. These climate stations
recorded data during the growing season 2019, which was used to calculate that
season’s daily ET, for the Paulownia plantation and for the ground cover vegetation
inside the plantation (Baier et al., 2021). The relationships between the ET from
Cholpon Ata and the ET  at the Paulownia plantation as well as the ground cover
vegetation are shown in Figure 2. The relationship between ET at Cholpon Ata and
at the Paulownia plantation is very strong, as expressed by the high RZ, because the
Paulownia plantation is located only 20 km from Cholpon Ata and, therefore, in the
same geographical setting, specifically the plain adjacent to the northern coast of
Lake Issyk Kul. Therefore, the climate at the Paulownia plantation and in Cholpon
Ata are very similar.

— 7 ETo Plwnia 1.06 ETo ChAtae "’: . T; 7 ETo ground cover =0.846 ETo Ch Ata

© 6/R2=0.98 XS0 g 6| R2=0.98 o0

E 5 ° E 5 .‘gf'g.l
S ° o 2

= ‘3‘ . ;‘ © T e e

E o E I

| 2| e

=i o1 e ®

0 H 0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

ETo ¢y oy [mmd] ETo ¢, prp [mm d]

Figure 2. Relationship between ET from Cholpon Ata (x-axis) and ETo
at the Paulownia plantation (left panel) and ET for the ground cover
vegetation (right panel).

While ET, refers to a standard grass vegetation, the crop evapotranspiration
(ET)) of a given crop or tree is calculated by multiplying ET_with a crop coefficient

(K,):
ET=ETK. (1)

The calculation of ET_ is explained in full detail in Allen et al. (1998). In this
study, the terms crop coefficient and crop evapotranspiration are used although the
object of this study is a tree.

As K_values from the literature were not available, for each of the remote
sensing based ET data points K_was calculated by ET_/ ET . These K_values were
linearly interpolated between ET data points, which allowed to calculate an ET
based on the daily ET_(Thevs & Nowotny, 2023).
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ET, was assessed using the Simplified Surface Energy Balance Index (S-SEBI)
(Roerink et al., 2000; Sobrino et al., 2005; 2007), as explained also by Thevs &
Nowotny (2023). Landsat OLI data were used, because their resolution of 100 m x 100
m in the land surface temperature channel (LST) allowed to map the Paulownia plot,
whereas MODIS with its resolution of 1000 m x 1000 m would be too coarse for the
purpose of this study. Thereby, precision and terrain-corrected (L1TP) images were
downloaded from the Earth Explorer web site (U.S. Geological Survey, n.d.).The
Landsat data were converted into radiance and LST expressed in Kelvin according to
USGS (2019).

The S-SEBI model calculates the latent heat flux, i.e. water consumption, as:

LE=AR 2)

where LE, A, and R  refer to the daily latent heat flux sum [MJ d'], the
dimensionless daily evaporative fraction, and the daily net radiation sum [MJ d'],
respectively.

If the daily net radiation (R ) is converted into evapotranspiration, i.e.
potential evapotranspiration (ETpot), ET can be calculated as follows (Sobrina et al.,
2005; 2007):

ET=AET (3)

Thereby, the evaporative fraction (A) is the share of ETPOt which is actually
realized as ET . Hence, over well-watered vegetation, such as wetlands, A = 1 and
ET = ETpot. There, the land surface temperature (LST) is low, because the energy of
the incoming radiation is consumed by the ongoing evapotranspiration. In contrast,
A and ET_ are zero at places without any vegetation or other moisture. Here, LST is
high, because the energy of the incoming radiation goes into the sensible heat flux.
Between these two extremes, a linear relationship between LST and A is assumed
(Roerink et al., 2000). The calculation of A rests on so-called cold pixels, where A
= 1, and hot pixels, where A = 0, which must be selected from the given satellite
image.

The evaporative fraction A is calculated as follows:

= (TH - Tx) (4)
(Ty —T¢)
where T, and T, refer to the average LST of the hot pixels and cold pixels of a

given satellite image, respectively, while T refers to the LST of the pixel, for which
A is calculated. Cold pixels must show a low LST due to their high evapotranspiration

A
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and not due to simply being cold objects, e.g. deeper water bodies. Hot pixels must
not exhibit any evapotranspiration and are, therefore, selected in areas without
vegetation. However, non-vegetated areas may have a wide range of LST due to their
surface characteristics (such as surface color or structure) or geographical location.
From that range of non-vegetated areas, the pixels with the lowest LST must be
selected as hot pixels to avoid that A will be over-estimated (Waters et al., 2002;
Sena et al., 2007). The cold and hot pixels were selected manually for each Landsat
image, in order to avoid errors by cloud cover or land cover changes, for example by
grazing.

ETpot [mm d] is calculated using the following set of formulae (5-8):

Rnd (5)

El ot =
pot L

water pwater

where p __is the density of water (1005 g l''), while R , [MJ m* d] refers to
the daily net radiation (cf. equation 7).
L. ..., the latent heat of vaporization of water [MJ g"] is calculated using the

following equation:

L,..=10° (2500.8-2.36 (LST-273.15))  (6)
Thereby, LST is the land surface temperature in Kelvin.
Equation 7 calculates the daily net radiation Rnd [MJ m2 d']:

R =R (1-a)-110 tr (7)

where a refers to the albedo and tr to the transmissivity. The albedo was
calculated from each Landsat image according to Liang (2000).
R, is the daily solar radiation [MJ m?2 d'] and is calculated as follows:

R=trR, (8)

where tr is the transmissivity. Ra, the extraterrestrial radiation [MJ m?2 d'],
was calculated after the respective equations from the Penman-Monteith approach
that had been mentioned above to calculate ET_(Allen et al., 1998). The transmissivity
is the fraction of Ra that eventually penetrates the atmosphere down to the earth’s
surface. For each date of each Landsat image the transmissivity was taken from the
respective ET_ calculations.
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The water consumption was mapped from Landsat OLI (Landsat 8 and 9) images,
path/row 149/30, 149/31, and 150/30 during the growing seasons 2018 through 2023
(Supplement 1). On each satellite image, clouds were masked out manually. The so-
called cold pixels were placed manually into reed beds at the western and eastern
coast of lake Issyk Kul, while the so-called hot pixels were placed into areas without
vegetation adjacent to cropland. All handling of the satellite images, other geo-
data, and the calculations of water consumption (or evapotranspiration) were done
in Q-GIS (version 3.16.7).

The resulting ET_and ET_data included the water consumption of the trees and
the grassy ground cover vegetation summed together (ET_ plot). To calculate the water
consumption, ET, of the trees alone, ET_of the ground cover vegetation was assessed
and subtracted from ET_of the trees and the ground cover vegetation summed
together. For the growing seasons 2018, 2019, and 2020, the water consumption (ET)
of that ground cover vegetation was calculated after Allen et al. (1998) based on the
relationship shown in Figure 2 and observations of the coverage of that vegetation.
For 2021, 2022, and 2023, ET, _ was calculated as ET,____ = 0.79 ET_plot. The factor
0.79 was adopted from Allen & Pereira (2009) for Citrus plantations with a tree
crown coverage of 50-60%, because those Citrus plantations had similar K_values are
revealed in this study.

3. Results

3.1. Tree data and woody biomass

At the end of the growing season 2023, the stem biomass and stem volume
reached 25.3 kg per tree and 0.09 m3 per tree, respectively (Table Il). This corresponds
to a stem biomass of 21 t ha'. While the stem biomass increased by 3.8 t ha' (by 76%)
during the growing season of 2020, increased by 4.3 t ha', which corresponds to only
26%, during the growing season 2023.

Table Il. Tree data from 2019 (Baier et al., 2021) 2020 (Thevs et al., 2021),
June 2023, and December 2023

Tree 30 Apr 2019 | 21 Oct 2019 | 26 May 2020 | 19 Oct 2020 | 17 Jun 2023 | 25 Dec 2023
parameter

Tree height 2.73 4.43 4.24 5.39 8
[m]

DBH [cm] 5.0 7.9 7.7 10.4 15.3 17.5
Stem 0.006 0.016 0,022 0.039 0.072 0.09
volume per

tree [m3]

Stem 1.53 4.3 6.2 10.9 20 25.3
biomass per

tree [kg]
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Table II. Cont.

Q 35

Stem
volume per
area [m?3
ha"]

13.3

18.3

32.5

60

75.9

Stem
biomass per
area [kg

ha']

1274

3582

5165

9080

16667

21084

3.2. Water consumption

The daily ET, values as revealed by remote sensing show a clear seasonal
pattern with the annual maxima in June or July of each year. The maximum daily ET

values of the plot established in 2017 only exceed 3 mm d'in 2019, increase to 4.6

mm d'in 2021, and remain between 4 mm d' and 5 mm d' during the following years

(Figure 3). The maximum daily ET, values of the plot established in 2018 exceed 3

mm d-1 a year later, in 2020, but remain between 4 mm d' and 5 mm d"' from 2021

till 2023. The maximum daily ET_ values of the plot established in 2019 only exceed 4

mm d-1 during the growing season 2023. The daily ET, values of the plot established

in 2021 never exceed 2 mm d' during the study period of this study. The fruit trees

never exceed an ET_of 3.5 mm d’. Correspondingly, the K_values of the fruit trees
ranged between 0.4 and 0.5 during mid-stage.
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Figure 3. ET_of the four plots and the fruit tree plot (trees and grass ground

cover) from 2017 through 2023.
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Analogous to ET, the K_values of the plot that had been established in 2017
remained low (below 0.2) during the growing season 2018, jumped to a maximum of
0.65 the following growing season, and reached values between 0.8 and 1 during the
growing seasons 2021-2023 (Figure 4), though the K_values ranged between 0.6 and
0.8 for most of the time during the growing seasons 2021-2023. Within each growing
season, K_remained close to zero during May and only increased substantially during
June, while it dropped sharply at the end of the growing seasons, when irrigation
ceased.

1 ° *
® ° P )
0.8 o P -°
. 0 on ]
0.6 L WY ° :_“ .
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02 @ e ®
% ° °
0 = o>Boe - -’ e - e O O [ o

2017 2018 2019 2020 2021 2022 2023

Figure 4. K_values over the growing seasons 2017-2023 of the plot
established in 2017 (Paulownia and grassy understory vegetation pooled together)

While ET, from 2017 to 2023 remained in a range between 720 mm and 787
mm over the growing seasons, the ET_of trees and grass ground cover vegetation as
derived from remote sensing increased from 29 mm in 2018 to 470 mm in 2021 and
remained around 470 mm afterwards (Table Ill). ET_of the ground cover vegetation
increased from 69 mm in 2018 to 160 mm in 2020. Afterwards, as the trees developed
larger crowns, ET_of the ground cover vegetation remained between 98 mm and 100
mm over the growing seasons 2021 to 2023. In 2018, the calculated ET_of the ground
cover vegetation exceeds ET of trees and ground cover so that no further tree water
consumption was calculated for this year (Table Ill).

The water consumption expressed for single trees of the plot established in
2017 reached values of 4407 | to 4500 | over the whole growing seasons 2021, 2022,
and 2023 (Table Il). The growing season 2019 was only covered by satellite images
from beginning of August so that the tree water consumption of 425 | reflects only
the three months August, September, and October.
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Table Ill. ET, total ET of the Paulownia plantation plot planted
2017, ET of the Paulownia trees, total water consumption per tree,
average daily water consumption per tree, and maximum daily water
consumption per tree over the growing seasons 2017-2023. Note: In
2019, total ET of the Paulownia plantation plot planted 2017, ET_of
ground cover grass vegetation, ET of the Paulownia trees, total water
consumption per tree, average daily water consumption per tree, and
maximum daily water consumption per tree were only recorded for
August, September, and October, as highlighted by the asterix.

Year ET [mm] | ET of ET_of ET of ET per Daily ET Daily ET
trees and | ground Paulownia | tree [1] per tree per tree
ground cover trees over total |[ld"], [Ld],
cover [mm] [mm] season average maximum
[mm] over over
growing growing
season season
2017 760
2018 768 29 69
2019 781 96* 61* 35* 425* 4.6* 25.9*
2020 720 304 160 145 1741 9.5 31.6
2021 774 470 99 372 4461 24.4 47.6
2022 787 474 100 375 4500 24.6 45.7
2023 801 465 98 367 4407 24.1 49.7

The increase in tree water consumption along with the tree development
becomes more pronounced when adding water consumption data from 2017 and
2018, as shown in Table IV. The average water consumption per tree (and sapling in
2017) was estimated at 1 | d', which amounts to 184 | over the growing season from
1st of May to 31st of October for 2017 and 2018 each, when Paulownia emerged from
the ground, as it was planted in 2017 and regrew from the stump in 2018. Baier et
al. (2021) had measured tree water consumption through sap flow measurements and
reported an average tree water consumption of 452 | over the whole growing season.
From 2019 (sap flow measurement) to 2020, the tree water consumption (derived by
remote sensing) jumped to 1741 | per tree over the growing season. The sum of the
water consumption per tree from planting to the end of the growing season 2023 is
15929 L.

3.3. Water productivity

The water productivity calculated for the end of the growing season 2023 was
1.59 g I and 5.65 ml . Note that this water productivity refers to the stem wood
and excludes branches. If calculated for the end of the growing seasons 2020 and
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2019, the water productivities would have been 4.26 g | and 3.38 g |, respectively.
The former corresponds to 15.2 ml . The latter is calculated with the data from
Baier et al. (2021). This decrease of water productivity over time, from 2020 to 2023,
is also reflected in Figure 5, which shows that the accumulated water consumption
increased faster after 2020 compared to the stem biomass increment.

Table IV. Water consumption of Paulownia trees from 2017 till 2023 from
literature values and remote sensing data.

Year Water consumption per | Water consumption per | Assumption based on
tree [1] (sap flow) from | tree [l] remote sensing | data from (Andivia et
Baier et al. (2021) al., 2013)
2017 184
2018 184
2019 452
2020 1741
2021 4461
2022 4500
2023 4407
25 A e 16000
- \
< -
220 . L 12000 —
—_— A ]
g 15 - =
g . - 8000 =
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175]
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Accumulated ET of trees [1']

>

Figure 5. Stem biomass [t ha'] and tree water consumption [l per tree]
accumulated over the growing seasons 2017-2023.

4, Discussion

On average, 10-year-old Paulownia trees reach a DBH of 35 to 40 cm and
a volume of 0.3 to 0.5 m3? (Stimm et al., 2013), which would be equivalent to an
average annual DBH increment of 3.5 to 4.0 cm and an average annual volume
increment of 30 to 50 . Willwock (2019) studied growth rates of Paulownia trees in
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Bishkek, Kyrgyzstan, and measured an annual DBH and volume increment of 4.9 to
6.6 cm and 30 to 40 |, respectively. Garcia-Morote et al. (2014) attained a biomass
of 2.14 t ha to 4.5 t ha' after a one-year planting experiment, which also exceeds
the biomass found in this study after the first year. That experiment was irrigated
with 380 mm over the growing season, which is closer to the water consumption
(ET)) of 2020 (the third year after cutting back the trees) than 2018 (the first year
after cutting back the trees). All those readings are well above the DBH, volume, or
biomass increment observed in this study on Paulownia trees. This can be explained
by a relatively short growing season and cool summer temperatures compared to e.g.
Bishkek (Jakubowski, 2022). A plantation in Bulgaria yielded a biomass of 3.5 t ha’
after two years (Jakubowski, 2022), which is very close to the 3582 kg ha' (Table II)
measured on the plot in Kyrgyzstan at the end of the growing season 2019, i.e. its
second year after being cut back.

The K_ values of the plantation established in 2017 are in the same range as
K. values for Citrus fruit tree plantations with ground cover vegetation as listed in
Allen et al. (1998) and Allen & Pereira (2009). They are, however, lower than those
of fruit tree species with ground cover vegetation, such as apricots or apples - which
attain K_values of up to 1.15 and 1.2, respectively, during mid-season (Allen et al.,
1998) - or those of walnuts with a crown coverage of 50%, which attain K_values of up
to 1.10 during mid-season (Allen & Pereira, 2009). Looking at timber-bearing trees,
Allen et al. (1998) list conifers with K_values of 1.0 throughout the growing season,
while Thevs et al. (2017) found a K_ value of 1.43 for mid-season for poplar trees
in an irrigated agroforestry system in Kazakhstan. Guidi et al. (2008) measured K_
values of 1.71-4.28 and 1.97-5.30 for two-year-old poplar and willow short rotation
plantations, respectively, near Pisa in Italy. In a Populus euphratica forest in Ejina,
Inner Mongolia, China, a K_value of 0.62 was measured during the second half of June,
which is in the same range as the K_values which this study found for Paulownia.
However, P. euphratica does not yield timber of good quality (Hou et al., 2010).

Wullschleger et al. (1998) compiled a list of tree species with their maximum
daily water consumption, which ranged from 24 kg d' to 94 kg d' for those trees
with a diameter between 15 cm and 20 cm. This diameter range corresponds to
the average diameter of the Paulownia trees planted in 2017 during the growing
season of 2023 and the daily maximum water consumption of the Paulownia trees
was 49.7 |, which is in the range mentioned above. Cecropia longipes (diameter 20
cm), which is a tree with large leaves similar to Paulownia had a maximum daily
water consumption of 47 kg d'. The highest maximum daily water consumption of 94
kg d' was reported for Eucalyptus grandis.

On the plot that had been established in 2017, Baier et al. (2021) had measured
the water consumption of Paulownia trees through sapflow measurements during the
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whole growing season 2019, which resulted in an average tree water consumption of
452 | per tree over the whole growing season. In this study, the water consumption
of Paulownia summed up to 425 | per tree over the three months August, September,
and October. If satellite images had been available throughout the whole growing
season 2019, this study would have revealed a higher tree water consumption than
Baier et al. (2021), though less than two-fold of Baier et al.’s (2021), because the
water consumption of the trees is very low during May and only increases during June,
while it drops sharply during late September and October. The difference between
the two studies can be partly explained by an underestimation of water consumption
by the sap flow method (Steppe et al., 2010; Fuchs et al., 2017; Flo et al., 2019).

From the growing season 2019 to 2020 and further to 2021, the tree water
consumption increased sharply (cf. Table 1V), which can be explained by a huge
increase in tree diameters. Wullschleger et al. (1998) showed that the daily water
consumption per eucalyptus tree (Eucalyptus grandis x urophylla) increased from less
than 5 kg d' to about 30 kg d' along with an increase in stem diameter from 10 cm
to 20 cm. A further increase of stem diameter resulted in a tree water consumption
of nearly 150 kg d'. A similar relationship between stem diameter of eucalyptus and
water consumption was found by Forrester (2015). As a comparison, young eucalyptus
(1.5 to 7 years old) in South Africa showed daily water consumptions per tree from
15 L d' up to 64 | d' (Albaugh et al., 2013), which is well above the tree water
consumptions found in this study. In this study, the water consumption per tree was
4407 | over the growing season 2023, which corresponds to 24.1 L d' (Table Il and IV).
A review on the water consumption of willows (Salix spec.) by Frédette et al. (2019)
revealed an average of 4.6 mm d-1, which is above the highest ET_ of this study (Table
[ll). In contrast to the growing seasons previous to 2021, the water consumption
per tree remained in the same range from 2021 through 2023 (Table Il and Ill). This
change in water consumption is in line with the change in relative growth exhibited
by the Paulownia trees: For instance, the trees’ average DBH more than doubled
from the end of the growing season 2019 to the end of the following growing season
2020. In contrast, it only increased by 68% during the following three growing seasons
until the end of 2023 (Table Il). In addition, the canopy area remained similar during
the growing seasons 2021 to 2023, whereas it had increased substantially before
(own field observations). These two findings may explain the steep increase in water
consumption until 2021 compared to the plateau observed since then.

Water productivities were measured by Thomas et al. (2006) for a number of
phreatophytic plant species, which cover their water demand from the groundwater
in arid lands, in the Qira River plain at the margin of the Taklmakan Desert, Xinjiang,
China. The tree species Populus euphratica showed water productivities of 2.12 g
to 2.78 g l''. The herbaceous species Alhagi sparsifolia showed water productivities
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of 2.99 g I”" to 5.18 g l''. Those water productivities are in the range of Paulownia’s
water productivity as found in this study.

Russian Olive (Elaeagnus angustifolia) on a site in Khorezm, Uzbekistan,
was reported to consume 16 to 23 | d' per tree (Khamzina et al., 2009), which is
a bit lower than the tree water consumption of Paulownia during its fifth, sixth,
and seventh year after tree planting. The timber quality of E. angustifolia and P.
euphratica wood, however, is clearly inferior to Paulownia wood in terms of quality.
Thus, P. euphratica wood is mostly used as firewood, while Paulownia offers high-
quality timber (Nelis & Mai, 2019; Bork et al., 2015; Stimm et al., 2013). Other water
productivities for trees beyond the sapling stage from the literature were 1.5-3 gC
kg water for Pine plantations and native forests in N-Argentina (Cristiano et al.,
2020) and 1.72-2.45 g | for Populus deltoides in N-Carolina (Maier et al., 2019),
which both are slightly above the water productivity of Paulownia in this study when
considering the biomass accumulation over the seven years from 2017 to 2023. Water
productivities for two-year-old poplars in Mississippi, USA, ranged from 2.9 to 6.6
g biomass ' (Renninger et al., 2021), which also is slightly higher than the water
productivity of Paulownia during its early growth. The higher water productivities
of these latter three studies can be partly explained by a longer growing season
compared to the Issyk Kul region, considering that Jakubowski (2022) reviewed that
the length of the growing season impacts growth rates of Paulownia.

Along with its widespread adoption as an ornamental or timber tree, concerns
were voiced that Paulownia species might be an invasive tree species, e.g. as
described by Snow (2015) for the U.S. In Austria, Paulownia tomentosa has been
listed as an invasive species (Essl, 2007), while the Czech Republic gave it a status of
an alien species that needs constant monitoring (Pergl et al., 2016). A country-wide
mapping across Austria (Essl, 2007) revealed that Paulownia tomentosa behaved as a
pioneer species that mainly colonized disturbed urban habitats, because its seeds are
very light-demanding to germinate, while it rarely colonized near-natural habitats,
such as forest clearings and riparian shrublands. Invasiveness of P. tomentosa was
found under humid climate conditions, which provide sufficient soil moisture for the
germination, sapling survival, and tree establishment. In Central Asia, such humid
climate conditions are confined to few areas on higher elevations and along rivers,
whereas natural forests or shrubland will outcompete Paulownia saplings. Those
areas are also used as pastures. Given that Paulownia saplings are very susceptible to
herbivory, livestock will most likely feed on any Paulownia specimen that reach the
sapling stage (Longbrake, 2001). Therefore, Paulownia is not considered an invasive
species in the context of this study.

In this study, the S-SEBI approach was employed to supplement the Penman-
Monteith approach instead of assessing daily ET_ by synthetic daily LST images that
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could have been created through a fusion of Landsat and MODIS LST layers, as done
by Weng et al. (2014), Hazaymeh et al. (2015), Zhao et al. (2020), or Salehi et al.
(2021). The study area at Issyk Kul Lake faces partial cloud cover during many days
of the growing season. Hence, the Landsat images which cover the study site and
met the conditions of no cloud cover over the study site represented clear sky and
sunny conditions, which resulted in higher ET_and ET_than under cloudy conditions.
Therefore, synthetic LST layers, which eventually are based on those cloud-free
Landsat pixels, may include a bias towards sunny conditions. The calculation of the
Landsat ET, depends on the so-called cold and hot pixels, which have to be selected
manually because cloud cover, changing water levels, or grazing may render such
pixels wrong so that they have to excluded from further processing. Daily synthetic
layers possibly overlook such errors.

During the growing season 2018, ET_of the ground cover vegetation was higher
than ET_ of trees and ground cover vegetation. This is in line with findings that the
remote sensing approach employed in this study cannot accurately assess low rates
of water consumption (Stannard, 1993), as are typical for sparse vegetation, which
has been reviewed by (Li et al., 2021). This inaccuracy may add to the explanation
presented above as to why the sapflow data by Baier et al. (2021) and the remote
sensing data of this study on the water consumption of Paulownia during the season
2019 differ. To appropriately assess such conditions of sparse vegetation or early
stages of vegetation development, further calibration of this remote sensing approach
is needed.

5. Conclusion

The water consumption and water productivity of Paulownia over a time span
of seven years, starting with planting, are comparable to other tree species that
grow under dryland conditions in neighboring regions of Central Asia - despite the
fact that Paulownia is a fast-growing tree. This study, however, did not include the
branches, instead focusing on the stem volume and biomass, which delivers the high-
quality wood for which Paulownia is often planted. If we consider the biomass of
the branches and their potential use for biorefinery or as a source of bioenergy,
the water productivity reported by this study is a conservative number. Given the
superior quality of its timber compared to poplar, elm, or Russian Olive, which are
widely distributed across Central Asia, and its range of high-value applications, it can
be concluded that the water consumed by Paulownia enables higher-value timber
and timber products than other regionally used trees at a comparable level of water
consumption.

If Paulownia was planted on large newly reclaimed areas, it would strain
the available water resources, just as any other crop that would be expanded onto



CENTRAL ASIAN JOURNAL OF WATER RESEARCH (2025) 11(1): 27-46 43

previously uncultivated land. However, if Paulownia was planted instead of other
trees, it would not put more pressure onto existing water resources than those trees.
The Issyk Kul region has a long tradition of producing fruit, in particular apples,
but also apricots. As can be seen from the K_ values discussed above, the water
consumption of such fruit orchards is similar to the water consumption of Paulownia.
A detailed economic analysis of the profits from a Paulownia plantation versus fruit
orchards is still lacking, because Paulownia plantation examined in this study has
not been harvested and therefore has not yielded any revenue yet. Once this one
and newer plantations are harvested, such an economic analysis needs to be done
urgently. Notably though, Kyrgyzstan has been a net exporter of e.g. apricots for
the past 20 years, while it needs to import nearly all its timber (FAOSTAT, 2023).
Therefore, the introduction of fast-growing trees, such as Paulownia, in plantations
or agroforestry systems can address the domestic demand for timber and reduce
import dependencies.
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