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A B S T R A C T

Impacts of agroforestry comprising wheat and rice crops in combination with Eucalyptus tereticornis trees
having high transpiration rate were assessed for remediation of waterlogged saline soils. To find out
optimum spacing of trees in strip plantation for higher water table draw down, wood production and
crop yield, a study was carried on waterlogged fields by planting E. tereticornis (clone C-7) in paired rows
on ridges (0.5-m height) made along the field boundaries in north-south direction at 1 m � 1 m,1 m � 2 m
and 1 m � 3 m spacing resulting in population of 300, 150 and 100 trees ha�1. The results were also
compared with the control (field without tree plantation) and block plantation. During sixth year of
growth, Eucalyptus attained the maximum growth in 1 m � 3 m spacing followed by 1m � 2m, 1m � 1m;
and minimum in block plantation. Due to higher number of trees per unit area, timber dry wood
production was 33.5 Mg ha�1 in spacing of 1 m � 1 m; 19.1 Mg ha �1 in 1 m � 2 m and 13.5 Mg ha�1 in
1m � 3 m and sequestered 15.2, 8.9 and 6.4 Mg C ha�1, respectively. Block plantations of Eucalyptus
generated 141.7 Mg ha�1 timber wood biomass and sequestered 66.5 Mg C ha�1. The transpiration rate of
Eucalyptus in block plantation on an average was 40.0 L day�1 tree�1 compared to 68.0, 71.5 and
73.8 L day�1 tree�1 in 1 m � 1 m, 1m � 2 m and 1m � 3 m tree spacing, respectively in strip plantation. The
corresponding total amount of water transpired per annum was 1825 mm in block plantation and 745,
391, 269 mm in 1 m � 1 m, 1 m � 2 m and 1m � 3 m tree spacing. Due to high transpiration rate of
Eucalyptus, water table was lowered by 43.0 cm in 1 m � 1m; 38.5 cm in 1 m � 2 m and 31.5 cm in
1 m � 3 m spacing during the fourth year of plantation than in adjacent fields without plantation. Near
the tree lines, grain yields of both wheat and rice were comparatively low. But lowering of water table
resulted in improvement in soil properties which produced 1.7 and 1.3 folds higher grain yield of wheat
and rice respectively compared to control. The results suggested that in a rotation of six years, 1 m � 1 m
spacing for strip plantation of Eucalyptus in paired rows on farm acre line was the optimum for achieving
higher water table draw down, wood biomass production, carbon sequestration and crop productivity on
waterlogged fields.
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1. Introduction

Canal irrigation introduced for increasing crop production in
arid and semi-arid regions caused rise in the groundwater table
leading to the problem of waterlogging and secondary salinization
(Chhabra and Thakur, 1998; Singh, 2005). These problems are the
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result of a multitude of factors, including seepage from unlined
canals, inadequate provision of surface and sub-surface drainage,
over irrigation and use of poor-quality groundwater for irrigation.
Waterlogged saline soils apart from environmental degradation
result in poor crop yields reducing yields as high as 80% (Shabala,
2011) and finally in abandoning the land from cultivation. World
over one-third of the irrigated area faces the threat of waterlogging
and 11% of it is already salinized (FAO, 2012). In India, more than
5.6 M ha is waterlogged (NAAS, 2010). In North-West India where
lies the study area, about 200 km long axis of arable land is
underlain by saline ground water and forms an inland basin with
no natural drainage. Efforts to remediate saline waterlogged land
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by installing sub-surface drainage had limited success particularly
in land locked areas because of problems associated with disposal
of drainage effluent (Ohlendorf and Santolo, 1994). Under these
conditions, biodrainage from plantation of trees like Eucalyptus,
which have high transpiration rate and go straight thus low
shading effects, can be a viable alternative for management of
waterlogged saline soils (Jeet-Ram et al., 2007; Kapoor, 2014;
Minhas et al., 2015). In waterlogged areas, trees can be successfully
grown by ridge or mound planting which in turn improve survival
and growth of trees (Arya et al., 2006; Jeet-Ram et al., 2011).
Reliance on capability of vegetation to reduce water table has been
found promising both in India (Chhabra and Thakur, 1998; Jeet-
Ram et al., 2011) and abroad (Bhutta and Choudhary, 2000;
Heuperman et al., 2002). Moreover, compared to sub-surface
drainage technology, biodrainage is more economical because it
requires investment only on initial establishment; thereafter the
Fig. 1. Location of Rese
system provides economic returns by means of fodder, wood or
fibre. Restoring degraded ecosystems has an additional advantage
of C sequestration (Lal, 2004). Afforestation is definitely expected
to sequester C in aboveground, but the impacts of afforestation on
soil organic carbon are very diverse ranging from no effect to
enrichment or depletion (Fialho and Zinn, 2014; Jeet-Ram et al.,
2011; Lima et al., 2006; Madeira et al., 2002; Yu and Jia, 2015).
Small changes in the soil organic carbon stock could significantly
affect atmospheric carbon dioxide (CO2) concentrations, therefore;
need to be investigated along with carbon locked in biomass
(Conant and Paustian, 2002; Parras-Alcántara et al., 2015).

Compared to strip plantation, block plantation effectively
lowers down water table and sequester high amount of carbon
because of more number of trees per hectare. In developing
countries farmers have small land holdings and usually show
restraints to spare their lands for sole forestry plantation which
arch Plot at Puthi.
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give returns after a gap of six years or more. Agroforestry
comprising crops in combination with high transpiring trees
would not only lower down water table but may also provide
returns at regular interval therefore, may be preferred over sole
forestry. Crop yields are reduced near the tree line therefore
planting of trees on the common field boundary is a point of
conflict. Planting of trees in paired rows, each row owned by a
farmer on either side will solve such problems and also increase
the plantation density and consequently higher biodrainage
potential. The favourable effects of strip plantations of Eucalyptus
tereticornis in paired rows with a spacing of 1 m � 1 m on
reclamation of waterlogged areas were observed in our previous
study (Jeet-Ram et al., 2011). Raising higher number of trees per
unit area in agroforestry is expected to enhance biodrainage
potential but may reduce girth and overall tree growth and yield of
the associated crop because of increased competition for space,
radiation and nutrients. It emphasizes to find the optimum spacing
of trees for strip plantation to harness the maximum benefits.
Therefore, impacts of comprising paired rows of clonal E.
tereticornis raised on field boundary in north south direction at
1 m � 1 m, 1 m � 2 m and 1m � 3 m spacing in an agroforestry
model for remediation of saline waterlogged soils were assessed
for biomass production, crop yields, spatial and temporal variation
in water tables and carbon sequestration.

2. Material and methods

2.1. Study site

The present study was carried out on canal-irrigated, water-
logged fields in village Puthi, Hisar District, Haryana, India (Fig. 1).
The Puthi research plot (long. 76�140E and lat. 29�040N) is land-
locked as it is surrounded by two parallel canals (Mitathal and Jui)
in the east (1 km), Sunder canal branch in the north (3 km) and
west (2 km), and Bass–Puthi road (0 km) in the south enclosing
around 1000 ha area. The terrain is plain and faces sub-surface
waterlogging (groundwater table within 1.0–3.0 m) throughout the
year and surface waterlogging during monsoon (July–September).
The climate of the area is semi-arid with average annual rainfall
and mean open pan evaporation during the study period (2007–
2013) at nearby observatory at Hisar were 595 �140 and
1748 � 164 mm, respectively with the mean daily maximum and
minimum temperatures of 31.30 � 0.65 and 16.35 �1.05 �C, re-
spectively. The annual rainfall ranged from 459 mm (during 2009)
to 735 mm (during 2013).
North Control s ide 
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Fig. 2. Layout of obs
2.2. Soil analysis

Physical and chemical properties of soil were determined by
collecting samples from different depths in the beginning and at
the end of the experiment. To overcome the spatial variability, soil
samples from 0 to 15, 15–30 and 30–60 cm soil layers from four
places were collected from each treatment acre plot and mixed
thoroughly by quartering technique. Dry soil samples were
processed and passed through a 2 mm sieve and analysed for
pHs (pH of saturation paste), electrical conductivity (ECe) of
saturated extract, different cations and anions following standard
methods (Richards, 1954). Soil bulk density was determined by
using core sampler. Soil organic carbon was determined by using
the dichromate oxidation method (Walkley and Black, 1934).

The soils of the site are Inceptisols. These are alluvial sandy-
loam having 10–12% clay, with sub-surface calcareous concretions.
In the surface 0–15 cm layer, initial pH of the soil saturation paste
(pHs) ranged from 8.1 to 9.0 with an average of 8.5, whereas
electrical conductivity of the saturation extract (ECe) ranged from
2.3 to 10.1 with an average of 8.0 dS m�1. In general, pHs was higher
whereas the ECe values were lower in the sub-surface layers (15–
120 cm) compared to the surface layer. The soils were also poor in
organic carbon (OC). It was 0.3% in the upper 15 cm soil layer and
decreased with depth. The steady state infiltration rate (of six
locations) varied from 5.2 to 11.8 mm h�1, with an average of
7.3 mm h�1.

2.3. Plantations

Plantations of genetically superior clonal E.tereticornis (C-7)
were raised in paired rows on ridges prepared along the farm acre
boundaries (60 m � 66 m) in May 2007 in north–south direction at
1 m � 1 m, 1 m � 2 m and 1 m � 3 m spacing resulting in tree
population of 300, 150 and 100 trees ha�1. Two parallel ridges
were constructed in north-south direction along the bunds of
agricultural waterlogged fields. Ridge to ridge distance was about
60 m and each ridge was 2.5 m in basal width and 2.0 m in top
width and 0.5 m in height. The plantations raised on ridges were
named as bund plantations containing two rows of E. tereticornis.
For each spacing three replications were planted. The area covered
under bund plantations was only 4% and the rest was planted with
arable crops (rice in summer and wheat in winter) thus making it
an agroforestry model. To compare the effects on water table
drawdown, wood biomass and carbon sequestration, block
plantations of Eucalyptus were also raised. Block plantation
240m South
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consisted of 23 ridges with ridge to ridge distance of 4 m and tree
distance of 2 m resulting 1250 trees per hectare.

2.4. Measurements of growth parameters of trees

Girth of the trees was measured at breast height with the help
of measuring tape whereas the height was measured using
altimeter. The wood volume was determined by calculating the
bole volume (V) of individual tree using the equation:
V = 0.00352 + 0.0341G2H (Chaturvedi, 2000); where V is volume
(m3); G is the girth (m) at breast height (1.37m); and H is height (m)
of the tree. To find the biomass and carbon sequestration, 5 trees
belonging to different girth class of different tree spacing (viz.
1 m � 1 m, 1 m � 2 m and 1 m � 3 m, respectively) were felled.
Above ground fresh biomasses (shoot) were partitioned into
timber, fuel wood and twig/leaves and weighed. For dry biomass
the representative samples were kept in oven at 60 �C till weight
became constant. Roots of 5 trees in each category were also
excavated, washed and a representative sample was oven-dried
and weighed.

2.5. Monitoring of ground water table

To measure the groundwater table, draw down, 40 observation
wells were installed at a spacing of 60 m in four transects parallel to
each other and perpendicular to the strip plantations. The set of
observation wells numbering from 11 to 20 and 21–30 were under
the plantation while the set of observation wells numbering from 1
to 10 and 31–40 out of plantation (control) (Fig. 2). The levels of
groundwater table in the observation wells were measured twice
in a month and averaged. A row of observation wells was also
installed in block plantation for comparison. Each observation well
was consisted of a GI pipe of 8.2 m in length and 6.4 cm in inner
diameter. The lower end of the GI pipe was closed by fixing a cap.
Perforations of 1 cm diameter were made in the lower 2.1 m length
of the GI pipe. The perforated portion of the GI pipe was first
wrapped with two layers of polyester cloth and then with one layer
of synthetic mess to avoid passage of even fine soil particles into
the GI pipe.

2.6. Carbon sequestration

For calculating carbon sequestration, oven dry timber, twigs
and leaves, and roots samples were weighed and their carbon
contents determined by CHNS analyser (Model Elementar Vario
EL). Weight of carbon sequestered per hectare was determined by
summing the products of dry weight of every component with its
carbon content.

2.7. Transpiration

From each spacing, four trees of E. tereticornis were selected and
measured their transpiration rates in May (pre-monsoon), July
(monsoon), October (post-monsoon), January (winter) every year
to cover all the seasons prevailing throughout the year using
Dynamax Sensors (Flow 32) system. Since the whole tree
transpiration rate and sap flow rate (Fs) are in close approximation,
the transpiration was assumed to be equal to the sap flow rate. Sap
flow rate (Fs) was calculated from the sap flow index (k) using the
equation (Granier, 1987): K = (dTM/dT)/dT, where dT is difference
in temperature between upper and lower needle and its value was
monitored from differential voltage between these needles. The
dTM was the value of dT when there was no sap flow, i.e. dT = 0.
Average flow velocity (V in cm s�1) and sap flow rate (Fs in cm3h�1)
were determined from sap flow index by using equation (Granier,
1987): V = 0.0119 � k1.231 and Fs = As � V � 3600; where As is cross
sectional area (cm2) of sap conducting wood.

2.8. Crop yield

Crop yields of rice and wheat were recorded by harvesting the
above ground biomass in 1m � 1 m quadrant both in research plots
and four adjacent untreated fields (without Eucalyptus plantation).
After threshing, grains were separated and weighed.

3. Results and discussion

3.1. Tree growth and biomass parameters

The growth (both height and girth) and biomass of E. tereticornis
per tree increased with advancement in age both in strip and block
plantation. When grown on bunds as strip plantation tree growth
was higher in wider spacing (1 m � 3 m and 1m � 2m) compared to
narrower spacing (1m � 1m) however; it was better than in the
block plantation. In the initial two years of growth, spacing had no
effect on tree height and girth but the effects were conspicuous
after third year of age (Fig. 3).

The growth rates (height and girth) of Eucalyptus followed log
pattern, the rate increasing initially with age thereafter decreasing
during 4th and 6th year as also reported in irrigated Eucalyptus
plantations by Minhas et al. (2015). The annual increase in volume
per ha was the maximum during 4th year in all categories,
particularly in block plantations and the rate gradually decreased
in 5th and 6th year. It was obvious because volume is governed by
the height and girth of trees. Though there was a significant
increase in the volume of individual tree with the increase in tree
spacing but the increment was not sufficient enough to compen-
sate the increase in number of tree per hectare with the decrease in
the tree spacing. Therefore, the tree volume and biomass on the
hectare basis was higher in narrow spaced plantation. Increase in
height and girth of Eucalyptus with increase in tree spacing was
also observed in Hawaii by Walters (1980). Total biomass
production per ha was obviously the highest in block plantations
because of more number of trees. The timber volume of Eucalyptus
at the age of six years was 65.4, 43.6 and 31.5 m3ha�1 in 1 m � 1 m,
1 m � 2 m, and 1 m � 3 m tree spacing in strip plantation,
respectively whereas in block plantation it was 204.0 m3ha�1

(Table 1). Similar pattern was recorded in case of dry biomass of
timber, twigs and leaves and root. The total dry biomass (including
root biomass) on respective spacing was 49.5, 28.7 and 20.0
Mg ha�1, respectively and 192.9 Mg ha�1 in case of block plantation
indicating a mean annual increment of 8.3, 4.8, 3.3 and 32.1
Mg ha�1. Similar annual wood production rates (2.9 Mg ha�1 y�1) in
case of 100 trees of E. globules per hectare planted on field
boundaries at the age of twelve years were also recorded in
Ethiopia by Kidanu et al. (2005). Forrester et al. (2010) obtained 56
Mg ha�1 aboveground biomass from five years old 1000 Eucalyptus
trees in Victoria, Australia. Under similar conditions on water-
logged saline soils of Rajasthan, Soni et al. (2012) recorded 77.6
Mg ha�1 above ground biomass of Eucalyptus with a stocking
density of 1100 trees ha�1. Zohar et al. (2008) found about 50
Mg ha�1 biomass accumulations of the five-year-old Eucalyptus
trees felled with a stocking density of 1280 trees ha�1 in
waterlogged areas of Israel with a mean annual increment of
12.2 Mg ha�1. Pereira et al. (1989) estimated an individual tree
above ground biomass of 84.3 kg in a six-year old stand in Portugal.
Similar to the present study, root and aboveground biomass as high
as 44.1 and 157.4 Mg ha�1 were obtained from six years old 1100
trees of E. globules, respectively in the fertilized and irrigated
conditions (Soares and Tome, 2012). Comparisons among planta-
tions in different parts of the world are difficult due to the
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Fig. 3. Impact of spacing and block plantation on yearly height, girth and increase in
volume of Eucalyptus.
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differences in climate, soil properties, species, genetic improve-
ment or management conditions. In the present study enhanced
wood production per tree from Eucalyptus planted on boundaries
can be attributed to genetically superior planting material (clone
C-7), low competition for growth resources, space and light and
access to nutrients applied to associated rice and wheat crops, as
their fine roots extended laterally into adjacent cropped area
(Kidanu et al., 2005). Planting of Eucalyptus along field boundaries
Table 1
Growth performance of six years old Eucalyptus.

Tree
geometry

Height
(m)

Girth (cm) Total dry biomass
(kg tree�1)

Timber volume
(m3ha�1)

Timber
(Mg ha

1 m � 1 ma 18.8 � 2.1 57.8 � 7.6 164 � 23 65.4 � 8.4 33.5 � 

1 m � 2m 20.7 � 2.3 63.8 � 9.1 191 � 28 43.6 � 6.2 19.1 � 2
1 m � 3m 21.6 � 1.7 65.1 � 7.9 200 � 25 31.5 � 2.7 13.5 � 1
Mean 20.4 62.2 185 46.8 22.0 

Block 16.6 � 1.9 53.1 � 10.5 154 � 18 204.0 � 24.3 141.7 �
LSD
p � 0.05

4.1 NS NS 28.0 16.7 

NS-not significant.
a 1 m � 1 m, 1 m � 2 m and 1 m � 3 m indicate tree spacing in strip plantations.
will also assist in meeting the major demands for timber and wood
products without inducing a major shift in ongoing land use.

The tree performance depends upon the coordination of growth
between the aboveground components (stem, branches and
leaves) and the belowground component. In bund plantation,
most of the roots remained in bunds but were well distributed up
to 1 m depth. The sinker roots travelled down up to 3.5 m along
with water table. Root depth and the volume of the root system
indicate how much of the soil and which of its components are
explored for nutrients and water. Depending upon soil properties
tree roots penetrate deep into soil in search of water but in
waterlogged situations these were shallow and confined above the
water table. Different workers found roots spread of Eucalyptus
changes with the tree species, plantation age and prevailing soil
conditions and goes as deep as 4.40 m (Dabralet al., 1987; Jeet-Ram
et al., 2007; Karejahet al.,1994; Prasad et al.,1984). Root biomass of
E. tereticornis was 13.4 Mg ha�1 in 1 m � 1 m; 8.0 Mg ha�1 in
1 m � 2 m and 5.4 Mg ha�1 in 1 m � 3 m tree spacing as strip
plantations, respectively, whereas in block plantations it was 41.4
Mg ha�1 (Table 1). In a nine years old Eucalyptus block plantation in
Spain the root biomass was 13.2 Mg ha�1 yr�1 for aboveground
biomass productivity of 63.3 Mg ha�1 yr�1 thus 21% of the above
ground biomass (Herrero et al., 2014). In the present study also the
contribution of roots to the total wood biomass was about 28% in
strip plantation and 22% in block plantation.

3.2. Transpiration rates

The trend in daily and annual transpiration rates by clonal
Eucalyptus when grown in different spacing is shown in Figs. 4 and
5. The transpiration values during the sixth year of growth ranged
from 42.1 to 45.6 L day�1 tree�1 from November to January (winter
season) and were lower in comparison to other months because of
 dry biomass
�1)

Twigs and leaves dry
biomass (Mg ha�1)

Root biomass
(Mg ha�1)

Total dry biomass
(Mg ha�1)

3.2 2.6 � 0.4 13.4 � 1.4 49.5 � 5.1
.1 1.6 � 0.2 8.0 � 1.3 28.7 � 3.5
.3 1.1 � 0.2 5.4 � 0.7 20.0 � 2.1

1.8 8.9 32.7
 16.2 9.8 � 1.2 41.4 � 5.8 192.9 � 22.1

1.3 5.7 23.2
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lower radiation, temperature and vapour pressure gradient and
aerodynamic factor prevailing during winter season. With
increased radiation, temperature and vapour pressure gradient
during dry months (May–July), transpiration rates further in-
creased up to 84.5 L day�1 tree�1. The rate of transpiration per tree
also increased both with plantation spacing and tree age. Averaged
over the different seasons, transpiration rate per tree was found to
be 38.3, 41.6, 44.7 and 25.1 L tree�1 day�1 in 1 m � 1 m, 1 m � 2 m,
and 1 m � 3 m spacing and block plantation during second year,
whereas the respective values in sixth year were 68.0, 71.5, 73.8
and 40.0 L tree�1 day�1. The total amount of water transpired
annually by Eucalyptus plantations per hectare was higher in
closed spacing mainly because of higher number of trees per
hectare which indicates that improved growth of widely spaced
individual trees could not compensate water use of increased tree
numbers in closer spacing. During the second year of growth, it was
419, 228 and 163 mm per hectare per annum in 1 m � 1 m,
1 m � 2 m, and 1 m � 3 m spacing, respectively in strip plantation
on bunds. In block plantations (2 m � 4 m tree spacing, 1250
trees ha�1) it was 1145 mm (Fig. 5). It gradually increased with age
of trees and was 745, 391 and 269 mm in respective space of strip
tree plantations and 1825 mm in block plantation at the age of 6
years. Minhas et al. (2015) in a long-term study in E. tereticornis
found that transpiration rate stabilises at the age of 7 years and
varies only when there is change in climate. Eucalyptus has been
used the most for biodrainage purpose because of its luxurious and
higher water consumption than native species of trees (Zahid et al.,
2010). In arid and semi-arid regions receiving about 400 mm of
rainfall, 745 and 1825 mm of water transpired by the six years old
trees of clonal E. Tereticornis planted at 1 m � 1 m spacing as strip
and 4 m � 2 m as block plantation, respectively will definitely
contribute significantly in lowering of water table on waterlogged
soils. In a study conducted in Southern India, Calder et al. (1997)
also observed that water use of Eucalyptus exceeded rainfall
received in that area.

In the similar work carried earlier, Jeet-Ram et al. (2011) found
that the discharge of groundwater by the 3 year strip plantation of
clonal E. tereticornis was 1.3 times more than the recharge by
rainfall resulting in reclamation of waterlogged areas. At Karnal,
India, total amount of water transpired in sewage irrigated block
plantation of E. tereticornis ranged between 418 and 473,
1373–1417, and 1567–1628 mm during 7–10 years of planting
having under 163, 517 and 1993 stems per ha, respectively (Minhas
et al., 2015). In Israel, annual transpiration of three-year-old trees E.
camaldulensis was found to be 1360 mm (Zohar et al., 2008).
Greenwood et al. (1985) reported 1200–2300 mm year�1 of
transpiration by tree plantation underlain by relatively shallow
water tables. Forrester et al. (2010) found transpiration rate of
1.6–1.9 mm day�1 by a stand 1000 Eucalyptus trees aging between
5 and 7 years.

3.3. Effects of tree spacing on ground water table underneath
plantation

Monthly groundwater table recorded during the initial three
years showed wide temporal variations and ranged from 0.8 to
3.4 m (Fig. 6). The water table in general was the lowest during
summer months (May–July) and highest in the months of October
after the end of monsoon. The effects of Eucalyptus plantation on
water table draw down started from the first year itself as indicated
by the lower groundwater table observed in the fields with
plantation than agricultural fields without plantation (Fig. 7).
Observations could not be recorded in August and September being
rainy months and in October it was within 0.7–0.8 m in agricultural
fields and 0.85–0.95 m below trees. The net water table was
lowered down by 41.0, 36.0 and 31.0 cm in September 2009 and
43.0, 38.5 and 31.5 cm in December 2010 in Eucalyptus strips
plantation spacing of 1m � 1m, 1 m � 2 m, and 1 m � 3 m, respec-
tively compared to fields without Eucalyptus plantation. During
consecutive years also the trend was same except that excessive
rain months deviated during August to October when rise in water
table was more. Plantation spacing did not have much effects on
water table draw down up to January 2009, thereafter the
groundwater table in the fields having strip plantation of 1m � 3 m
in general was higher comparative to 1 m � 1 m, 1 m � 2 m
plantations. Over the period, difference in water table draw down
recorded under 1 m � 1 m and 1 m � 2 m was from �3.5 to 8.5 cm
with a mean value of 1.5 cm indicating that both plantation spacing
had similar effects on water table draw down. In block plantations
the water table was lower than the strip plantations throughout
the study period showing the better efficiency of block plantations
in lowering down the water table. Averaged over plantation
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spacing, net water table was lowered by 9.3, 15.6 and 17.2 cm in the
fields with strip plantation of Eucalyptus at the age of two, three
and four years, respectively compared to the field without tree
plantation. The corresponding values of water table draw down in
case of block plantation were 16.1, 37.0 and 51.1 cm. The higher
water table draw down values in block plantation than the strip
plantation could mainly be due to higher amount of water
transpired and no irrigation water added in block plantation.

Deep root systems of trees intercept saturated zone or
unsaturated capillary fringe above water table and restrict upward
movement of water under shallow water table conditions. Under
ideal conditions, a tree canopy may lower water tables by 1–2 m
over a time period of 3–5 years (Heuperman et al., 2002; Kapoor,
2001). In waterlogged areas of Indian desert, Eucalyptus rudis
raised on raised bunds lowered the groundwater table from 25 cm
to 145 cm (Bala et al., 2014). On abandoned waterlogged degraded
land in Haryana, India Tokyet al. (2011) also recorded an overall
20 cm decline in water table during the 5th year growth compared
to control (without plantation) and classified Eucalyptus as a fast
bio-drainer tree. Jeet-Ram et al. (2011) reported that the strip
plantations (1 m � 1 m) as a whole could lower down 0.84 m water
table at the age of 3 years and the lowering-down influence was up
to 33 m in agricultural fields. The observations could not be taken
beyond four years as some of the observation wells were disturbed
and trees were removed by some of the farmers. However, it was
clear from these studies that clonal Eucalyptus could efficiently
lower down the water table when planted on ridges as strip
plantations. Roy-Chowdhury et al. (2011) also reported lowering
down of water table by E. Camaldulensis and Casuarina equisetifolia
plantations on bunds of agricultural fields. Block plantation of 18
years old E. tereticornis (2.6 ha with 300 trees) lowered the ground
water table up to a distance of 730 m in agricultural fields from the
edge of the plantations (Jeet-Ram et al., 2007).

3.4. Carbon sequestration

Carbon content in various tree components of Eucalyptus
ranged from 45.7 to 47.4% in stem (bole); 43.8–45.5% in twigs and
branches and 45.3–48.5% in roots. Six years old clonal (C-7) E.
tereticornis sequestered 22.8, 13.5 and 9.5Mg ha�1 carbon (both
above and below ground) in strip plantations planted in 1 m � 1 m,
1 m � 2 m, and 1 m � 3 m, respectively while 90.6 Mg ha�1 when
planted in block of 2 m � 4 m space along canal (Fig. 8). Amongst
various tree parts, tree bole contributed 66.6–73.5% of the total C
absorbed (including below ground) by Eucalyptus; whereas
contribution of below ground biomass varied from 22.0 to 28.9%
of the total C stock. Small branches, leaves and twigs contributed
only about 5% towards total C removal by Eucalyptus plantations.
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Fig. 8. Carbon sequestration (Mg ha�1) by different tree components of six year old
Eucalyptus.
In villages and small towns of developing countries like India,
bole of Eucalyptus is not brunt for fuel or charcoal making but
usually used as shuttering for construction purposes, therefore
locks carbon for longer duration. Wood products can also play a
potential role in the mitigation of greenhouse gas emissions by
substituting more energy-intensive construction materials (e.g.
concrete, steel) and fossil fuels (Burschelet al., 1993; Schlama-
dinger and Marland, 1996). Total C removed per hectare by 6 years
old Eucalyptus planted at 1 m � 1 m spacing was 1.7 and 2.4 times
more than recorded in 1 m � 2 m and 1 m � 3 m spacing which was
less than the respective times increase in number of trees per
hectare. In general, there was better growth of trees when planted
in wider spacing due to reduced competition for radiation, root
spread and essential plant nutrients thus higher C absorption per
tree. Studies carried by other researchers also found lower carbon
storage rates associated with higher plantation densities (Hubbard
et al., 2010; Pérez-Cruzado and Rodríguez-Soalleiro, 2011).
However, number of trees per hectare had a larger effect on
carbon storage because the mean annual increment in growth vis a
vis C removal in wider spaced plantation was not in proportion to
increase in number of stem ha�1 in case of narrow spacing. While
increasing tree density increases carbon storage, raising densities
too high may reduce net absorption due to suppressed tree growth
(Naidu et al., 1998). Earlier, Jeet-Ram et al. (2011) also observed
15.5 Mg ha�1 carbon in strip plantation of 5 years and 4 months old
plantations. Minhas et al. (2015) reported carbon sequestration of
34.6, 114.0, 151.9, and 144.3 Mg C ha�1 in ten years old E. tereticornis
planted at a density of 163, 517, 1993 and 6530 stems ha�1,
respectively. This shows that besides lowering of water table
Eucalyptus has quite high potential of carbon sequestration.

3.5. Crop productivity of paddy and wheat in association with
plantations

Wheat and paddy grains yield declined significantly near the
tree line. With increase in the distance from tree line crop yields
also increased (Table 2). In four to six year-old stands the reduction
in wheat and rice yields associated with distance from the tree row
was significant within the first 10 m in 1 m � 1 m and 1 m � 2 m
spacing and within 5 m in 1 m � 3 m spacing (Table 2). During rabi
(winter), grain yield of wheat declined by 6–25% within first 5 m
and up to 13% in 5–10 m and beyond 10 m no reduction in yield was
recorded. During kharif (rainy) season, the rice grain yield also
declined by 17–21% within 5 m from the bunds of tree line; 7–9% in
5–10 m and beyond 10 m the decline in yield was not significant as
compared to rest of the field (20–33 m) (Table 2). Average grain and
straw yields during last three years were 3.3 and 4.2 Mg ha�1 in
wheat and 4.2 and 5.5 Mg ha�1 in rice, respectively. Overall, wheat
and rice grain yield obtained in fields having strip plantation at
different spacing were similar indicating no impact of plantation
spacing on crop yields. Accounting even the adverse effects of tree
shade on crop yields near the tree lines, wheat grain yields in fields
with plantations were 1.7 times higher due to lowering of water
table than those without plantations. With plantations rice yields
over the years got improved by 27%, which could mainly be due to
reduced salt content in surface soil with lowering of water table as
rice grows well in saturated conditions but is less tolerant to
salinity than wheat. Increase in soil organic carbon with plantation
could have also contributed towards achieving higher crop yields
(Musinguzi et al., 2015).

The decline in crop yields near the tree lines could be due to the
shade and strong root system of Eucalyptus both horizontally and
vertically competing aggressively with the crops for moisture and
nutrients particularly in early crop establishment stages (Toky and
Bisht, 1992). In agroforestry system, near the tree line a significant
amount of photosynthetically active light is intercepted and



Table 2
Impacts of strip plantation of Eucalyptus raised on bunds with different spacing on average wheat and rice grain yield (Mg ha�1).

Distance from tree line (m) Wheat Rice

1 m � 1 ma 1 m � 2 m 1 m � 3 m Control (without tree
plantation)

1 m � 1 m 1 m � 2 m 1 m � 3 m Control (without tree plantation)

0–5 2.7 2.8 3.0 2.3 3.3 3.6 3.7 3.6
5–10 3.1 3.3 3.3 2.0 3.9 4.0 4.2 3.1
10–15 3.7 3.5 3.4 1.8 4.4 4.4 4.4 3.4
15–20 3.8 3.6 3.4 1.8 4.4 4.6 4.6 3.3
20–33 3.6 3.6 3.3 2.0 4.2 4.4 4.5 3.2
Overall 3.4 3.4 3.2 2.0 4.1 4.2 4.3 3.3
LSD (p � 0.05) Distance (D) = 0.4; Spacing (S) = NS; D � S = NS Distance = 0.4; Spacing = NS; D � S = NS

a 1 m � 1 m, 1 m � 2 m and 1 m � 3 m indicate tree spacing in strip plantations. NS- not significant.
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transmitted by tree canopy before it reaches the under storey crop,
thereby the diffused radiation is the main source of radiation for
under storey crop (Ong et al., 1996). Dhillon et al. (1982) also
studied the effect of Eucalyptus trees grown along the field
boundaries on grain yield of wheat, barley, paddy and potato crops
and recorded higher yield reduction near the tree line. Significant
depression of tef (Eagrostistef) and wheat yields up to 12 m from
the tree line of Eucalyptus planted on field boundary, equivalent to
yield losses of 4.4–26% and 4.5–10% per hectare, respectively was
also observed in Ethiopia by Kidanu et al. (2005). Ahmed (1989)
observed that E. tereticornis grown on all sides of field bunds at a
spacing of 1.8 m (222 tree ha�1) had negligible negative effect on
associated agricultural crops during the first two years (due to
smaller height and girth of trees) followed by 8.2% loss during 3rd
and 4th years and 13.6% loss during 5th and 6th years. In the
present study, the losses in wheat grain yield due to E. tereticornis
were higher which might be due to combined effects of tree shade
and shallow water table.

3.6. Soil characteristics

At the end of the study, soil pHs and ECe varied with depth and
ranged from 8.1 to 8.8 and 2.3 to 5.8 d Sm�1 indicating that the soil
is moderately saline to alkali in nature (Table 3). The soil organic
carbon content varied from 0.21 to 0.45% with depth and spacing of
tree plantations compared to 0.32–0.58% in block plantation
indicating beneficial effects of sole forestry over agroforestry.
Similarly, soil bulk density was reduced under forestry plantations
due to added organic matter. Compared to its initial values and
Table 3
Soil properties as affected by spacing of Eucalyptusin strip plantation raised on bunds.

Tree spacing Soil depth (cm) pHs 

Initial 0–15 8.5 

15–30 9.0 

30–60 8.6 

Control 0–15 8.4 

15–30 8.8 

30–60 8.5 

1 m � 1 m* 0–15 8.2 

15–30 8.7 

30–60 8.5 

1 m � 2 m 0–15 8.3 

15–30 8.8 

30–60 8.5 

1 m � 3 m 0–15 8.5 

015–30 8.7 

30–60 8.6 

Block 0–15 8.2 

15–30 8.1 

30–60 8.4 

LSD (p � 0.05) 0.4 

* 1 m � 1 m, 1 m � 2 m and 1 m � 3 m indicate tree spacing in strip plantation.
control (fields without plantation) there was a decrease in soil pH,
electric conductivity and bulk density and increase in organic
carbon with plantation but not affected by tree spacing.

Addition of organic matter by plantation through leaf fall, root
biomass in the soil and acid released by trees were mainly
responsible for increase in organic matter and reduction in soil pH
and bulk density, whereas electrical conductivity values were
reduced due to lowering of water tables by tree plantation.
Reforestation has a great potential to sequester C belowground and
the forest soils were found to have more soil organic carbon than
the cultivated soils (Holeplass et al., 2004; Saha et al., 2014; Silver
et al., 2000; Wei et al., 2010). Eucalyptus plantation established on
degraded pastures in Brazil also resulted in significant increase in
soil organic carbon (Lima et al., 2006). Land use is an important
factor controlling soil organic carbon storage in soils because it
affects the amount and quality of litter input, the litter
decomposition rate and processes of organic matter stabilization
in soils (Sahaet al., 2014; Schwendenmann and Pendall, 2006).
Köchy et al. (2015) also predicted that agroforestry producing
sufficient C input or wetland cropping (paddy) may be ways to
conserve soil organic carbon and extract food at the same time.
However, other workers observed that changing native vegetation
and natural forest trees with fast growing Eucalyptus plantations in
average had no net effect on soil organic carbon stocks and
exhausted soil nutrients (Araújo et al., 2010; Fialho and Zinn, 2014;
Zhang et al., 2015). But in the present study Eucalyptus plantations
were made extra on farm boundaries in combination with crops
rather than replacing existing native forest trees, therefore,
improved organic carbon in soil.
ECe (dSm�1) OC (%) Bulk density (g cm�3)

8.0 0.30 1.49
7.1 0.20 1.55
5.3 0.15 1.61
6.4 0.38 1.49
5.5 0.25 1.54
4.8 0.23 1.58
4.8 0.45 1.41
3.5 0.38 1.44
2.3 0.23 1.49
5.5 0.42 1.38
4.1 0.37 1.46
2.3 0.21 1.49
5.8 0.39 1.39
5.0 0.32 1.44
3.8 0.22 1.48
4.5 0.58 1.32
4.0 0.46 1.35
2.9 0.32 1.38
1.4 0.1 0.20
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4. Conclusions

Two parallel strip-plantation (spaced at 60 m and each having
two rows of trees) of clonal E. tereticornis grown at spacing of
1 m � 1 m, 1 m � 2 m and 1 m � 3 m raised on bunds for six years in
agroforestry lowered the groundwater table in canal-irrigated
waterlogged fields in a semi-arid region by 31.5–43.0 cm during
their four years of growth compared to control (fields without strip
plantation). Impacts of strip plantation on water table draw down
were more conspicuous in narrower tree spacing because of higher
amounts of water transpired per hectare. There was concomitant
generation of invaluable biomass that has both environmental
benefits (C-sequestration) and economic returns as timber and fuel
wood obtained from the harvest of six years old Eucalyptus trees.
Lowering of water table and associated soil improvement by
Eucalyptus plantations increased grain yield of wheat and rice by
1.7 and 1.3 times, respectively. Among different densities, 1 m � 1
m proved better over 1 m � 2 m and 1 m � 3 m resulting in higher
wood biomass, carbon sequestration and water table draw down
but crop yields were not affected by tree spacing in strip plantation.
The study also indicated that block plantation lowered down water
table more effectively and produced substantial biomass and
sequestered carbon both in wood and roots but provides economic
returns only after a gap of 6 years, therefore may not be preferred
by poor farmers.

Acknowledgements

Authors are thankful to Ministry of Water Resources, Govern-
ment of India for financial support in the form of a Project. We are
also thankful to Director, Central Soil Salinity Research Institute,
Karnal for facilities and encouragement; and to field-staff of Forest
Department Haryana for their consistent help in taking field
observations.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.agee.2016.08.025.

References

Ahmed, P., 1989. Eucalyptus in agroforestry: its effects on agricultural production
and economics. Agrofor. Syst. 8, 31–38.

Araújo, A.S.F., Silva, E.F.L., Nunes, L.A.P.L., Carneiro, R.F.V., 2010. The effect of
converting tropical native savanna to Eucalyptus grandis forest on soil microbial
biomass. Land Degrad. Dev. 21, 540–545.

Arya, R., Choudhary, K.R., Lohara, R.R., 2006. Studies on mound practices for
establishment and growth of various plant species on saline and waterlogged
soil in hot arid zone of India. Indian For. 132, 556–564.

Bala, N., Singh, G., Bohra, N.K., Limba, N.K., Baloch, S.R., 2014. Biodrainage for
restoration of canal command waterlogged area in Indian desert. Indian For.
140, 462–467.

Bhutta, M.N., Choudhary, M.R., 2000. Biological control of waterlogging.
Proceedings of 8th ICID International Workshop, New Delhi, India, pp. 33–44.

Burschel, P., Kürsten, E., Larson, B.C., Weber, M., 1993. Present role of German forests
and forestry in the national carbon budget and options to its increase. Water Air
Soil Pollut. 70, 325–340.

Calder, I.A., Rosie, P.T.W., Prasanna, K.T., Parameswarappa, S., 1997. Eucalyptus water
use greater than rainfall input—a possible explanation from Southern India.
Hydrol. Earth Syst. Sci. 1, 249–256.

Chaturvedi, A.N., 2000. Commerce Farming of Eucalyptus. Khanna Bandhu,
Dehradun, India, pp. 51.

Chhabra, R., Thakur, N.P., 1998. Lysimeter study on the use of biodrainage to control
waterlogging and secondary salinization in (canal) irrigated arid/semi-arid
environment. Irrig. Drain. Syst. 12, 265–288.

Conant, R.T., Paustian, K., 2002. Spatial variability of soil organic carbon in
grasslands: implications for detecting change at different scales. Environ. Pollut.
116, S127–S135.

Dabral, B.G., Pant, S.P., Pharasi, S.C., 1987. Root habits of Eucalyptus: some
observations. Indian For. 113, 11–32.
Dhillon, G.S., Singh, S., Dhillon, M.S., Atwal, A.S., 1982. Developing agrisilvicultural
practices: studies on the shading effect of Eucalyptus on the yield of adjoining
crops. Indian J. Ecol. 9, 228–236.

FAO, 2012. FAO Statistical Year Book World Food and Agriculture. Food and
Agriculture Organization of the United Nations, Rome, pp. 366.

Fialho, R.C., Zinn, Y.L., 2014. Changes in soil organic carbon under Eucalyptus
plantations in Brazil: a comparative analysis. Land Degrad. Develop. 25, 428–
437.

Forrester, D.I., Collopy, J.J., Morris, J.D., 2010. Transpiration along an age series of
Eucalyptus globulus plantations in south-eastern Australia. For. Ecol. Manag.
259, 1754–1760.

Granier, A., 1987. Sap flow measurement in Douglas fir stems using a new thermal
method. Ann. For. Sci. 44, 1–14.

Greenwood, E.A.N., Klein, L., Beresford, J.D., Watson, G.D., 1985. Differences between
grazed pasture and Eucalyptus species in plantations on a saline farm
catchment. J. Hydrol. 78, 261–278.

Herrero, C., Juez, L., Tejedor, C., Pando, V., Bravo, F., 2014. Importance of root system
in total biomass for Eucalyptus globulus in northern Spain. Biomass Bioenergy
67, 212–222.

Heuperman, A.F., Kapoor, A.S., Denecke, H.W., 2002. Biodrainage principles,
experiences and applications. Knowledge Synthesis Report No. 6. International
Programme for Technology and Research in Irrigation and Drainage. IPTRID
Secretariat, Food and Agriculture Organization of the United Nations, Rome, pp.
79.

Holeplass, H., Singh, B.R., Lal, R., 2004. Carbon sequestration in soil aggregates under
different crop rotation and nitrogen fertilization in an Inceptisol in southeastern
Norway. Nutr. Cycl. Agroecosyst. 70, 167–177.

Hubbard, R.M., Stape, J., Ryan, M.G., Almieida, A.C., Rojas, J., 2010. Effects of irrigation
on water use and water use efficiency in two fast growing Eucalyptus
plantations. For. Ecol. Manag. 259, 1714–1721.

Jeet-Ram, Garg, V.K., Toky, O.P., Minhas, P.S., Tomar, O.S., Dagar, J.C., Kamra, S.K.,
2007. Biodrainage potential of Eucalyptus tereticornis for reclamation of shallow
water table areas in north-west India. Agrofor. Syst. 69, 147–165.

Jeet-Ram, Dagar, J.C., Lal, K., Singh, G., Toky, O.P., Tanwar, V.S., Dar, S.R., Chauhan, M.
K., 2011. Biodrainage to combat waterlogging, increase farm productivity and
sequester carbon in central command areas of northwest India. Curr. Sci. 100,
1673–1680.

Köchy, M., Don, A., van der Molen, M.K., Freibauer, A., 2015. Global distribution of
soil organic carbon—Part 2: certainty of changes related to land use and climate.
Soil 1, 367–380.

Kapoor, A.S., 2001. Biodrainage—A Biological Option for Controlling Waterlogging
and Salinity. Tata McGraw-Hill Publishing Company Limited, New Delhi, pp. 315.

Kapoor, A.S., 2014. Managing Groundwater for Irrigated Agriculture—The Relevance
of Biodrainage Model. Rawat publications, Jaipur, pp. 341.

Karejah, F.F., Tanji, K.K., King, I.P., 1994. Agroforestry drainage management model. I:
Theory and validation. J. Irrig. Drain. Eng. 120, 363–381.

Kidanu, S., Mamo, T., Stroosnijder, L., 2005. Biomass production of Eucalyptus
boundary plantations and their effect on crop productivity on Ethiopian
highland Vertisols. Agrofor. Syst. 63, 281–290.

Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food
security. Science 304, 1623–1626.

Lima, A.M.N., Silva, I.R., Neves, J.C.L., Novais, R.F., Barros, N.F., Mendonca, E.S., Smyth,
T.J., Moreira, M.S., Leite, F.P., 2006. Soil organic carbon dynamics following
afforestation of degraded pastures with Eucalyptus in south-eastern Brazil. For.
Ecol. Manag. 235, 219–231.

Madeira, M.V., Fabiao, A.J., Pereira, S., Arau’jo, M.C., Ribeiro, C., 2002. Changes in
carbon stocks in Eucalyptus globules Labill: plantations induced by different
water and nutrient availability. For. Ecol. Manag. 171, 75–85.

Minhas, P.S., Yadav, R.K., Lal, K., Chaturvedi, R.K., 2015. Effect of long-term irrigation
with wastewater on growth: biomass production and water use by Eucalyptus
(Eucalyptus tereticornis Sm.) planted at variable stocking density. Agric. Water
Manag. 152, 151–160.

Musinguzi, P., Ebanyat, P., Tenywa1, J.S., Basamba, T.A., Tenywa1, M.M., Mubiru, D.,
2015. Precision of farmer-based fertility ratings and soil organic carbon for crop
production on a ferralsol. Solid Earth 6, 1063–1073.

NAAS National Academy of Agricultural Sciences, 2010. Degraded and Wastelands of
India—Status and Spatial Distribution. National Academy of Agricultural
Sciences, New Delhi.

Naidu, S.L., DeLucia, E.H., Thomas, R.B., 1998. Contrasting patterns of biomass
allocation in dominant and suppressed loblolly pine. Can. J. For. Res. 28, 1116–
1124.

Ohlendorf, H.M., Santolo, G.M., 1994. Kesterson reservoir-past, present, and future:
an ecological risk assessment. In: Frankenberger, W.T., Benson, S. (Eds.),
Selenium in the Environment. Marcel Dekker Inc, New York, pp. 69–117.

Ong, C.K., Black, C.R., Marshall, F.M., Corlett, J.E., 1996. Principles of resource capture
and utilization of light and water. In: Ong, C.K., Huxley, P. (Eds.), Tree-crop
Interactions. A Physiological Approach. CAB International, Wallingford U.K, pp.
73–158.

Pérez-Cruzado, C., Rodríguez-Soalleiro, R., 2011. Improvement in accuracy of
aboveground biomass estimation in Eucalyptus nitens plantations: effect of bole
sampling intensity and explanatory variables. For. Ecol. Manag. 261, 2016–2028.

Parras-Alcántara, L., Lozano-García, B., Galán-Espejo, A., 2015. Soil organic carbon
along an altitudinal gradient in the Despeñaperros Natural Park, southern
Spain. Solid Earth 6, 125–134.

Pereira, J.S., Linder, S., Arau’ jo, M.C., Pereira, H., Ericsson, T., Borralho, N., 1989.
Optimization of biomass production in Eucalyptus globulus plantation. A case

http://dx.doi.org/10.1016/j.agee.2016.08.025
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0005
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0005
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0010
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0010
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0010
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0015
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0015
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0015
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0020
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0020
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0020
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0025
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0025
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0030
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0030
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0030
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0035
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0035
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0035
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0040
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0040
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0045
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0045
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0045
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0050
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0050
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0050
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0055
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0055
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0060
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0060
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0060
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0065
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0065
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0070
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0070
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0070
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0075
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0075
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0075
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0080
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0080
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0085
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0085
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0085
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0090
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0090
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0090
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0095
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0095
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0095
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0095
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0095
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0100
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0100
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0100
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0105
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0105
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0105
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0110
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0110
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0110
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0115
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0115
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0115
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0115
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0120
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0120
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0120
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0125
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0125
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0130
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0130
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0135
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0135
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0140
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0140
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0140
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0145
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0145
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0150
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0150
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0150
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0150
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0155
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0155
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0155
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0160
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0160
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0160
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0160
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0165
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0165
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0165
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0170
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0170
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0170
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0175
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0175
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0175
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0180
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0180
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0180
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0185
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0185
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0185
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0185
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0190
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0190
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0190
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0195
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0195
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0195
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0200
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0200


42 J.C. Dagar et al. / Agriculture, Ecosystems and Environment 233 (2016) 33–42
study. In: Pereira, J.S., Landsberg, J.J. (Eds.), Biomass Production by Fast-Growing
Trees. Kluwer, The Netherlands, pp. 101–121.

Prasad, R., Shah, A., Bhandari, A., Choubey, O., 1984. Dry matter production by
Eucalyptus camaldulensis Dehn plantation in Jabalpur. Indian Forester 110, 868–
878.

Richards, L.A., 1954. Diagnosis and improvement of saline and alkali soils. US
Salinity Laboratory Staff, Agricultural Handbook No. 60, United State
Department of Agriculture..

Roy-Chowdhury, S., Kumar, A., Brahmanand, P.S., Ghosh, S., Mohanty, R.K., Jena, S.K.,
Sahoo, N., Panda, G.C., 2011. Application of bio-drainage for reclamation of
waterlogged situations in Deltaic Orissa. Research Bulletin 53. Directorate of
Water Management (ICAR), Bhubaneswar, India, pp. 32.

Saha, D., Kukal, S.S., Bawa, S.S., 2014. Soil organic carbon stock and fractions in
relation to land use and soil depth in the degraded Shiwaliks hills of lower
Himalayas. Land Degrad. Develop. 25, 407–416.

Schlamadinger, B., Marland, G., 1996. The role of forest and bioenergy strategies in
the global carbon cycle. Biomass Bioenergy 10, 275–300.

Schwendenmann, L., Pendall, E., 2006. Effects of forest conversion into on soil
aggregate structure and carbon storage in Panama: evidence from soil carbon
fractionation and stable isotopes. Plant Soil 288, 217–232.

Shabala, S., 2011. Physiological and cellular aspects of phyto-toxicity tolerance in
plants: the role of membrane transporters and implications for crop breeding
for waterlogging tolerance. New Phytol. 190, 289–298.

Silver, W.L., Ostertag, R., Lugo, A.E., 2000. The potential for carbon sequestration
through reforestation of abandoned tropical agricultural and pasture lands.
Restor. Ecol. 8, 394–407.

Singh, N.T., 2005. Irrigation and Soil Salinity in the Indian Subcontinent: Past and
Present. Lehigh University Press, Bethlehem, pp. 404 (ISBN: 0-934223-78-5).

Soares, P., Tome, M., 2012. Biomass expansion factors for Eucalyptus globules stands
in Portugal. For. Syst. 21, 141–152.
Soni, M.L., Beniwal, R.K., Garg, B.K., Tanwar, S.P.S., Burman, U., Yadav, P., Yadava, N.D.,
2012. Above ground biomass production and carbon storage during restoration
of water logged saline soils of IGNP area. Crop Improvement 555–556 (Special
Issue).

Toky, O.P., Bisht, R.P., 1992. Observations on the rooting patterns of some
agroforestry trees in an arid region of north-western India. Agrofor. Syst. 17,
245–263.

Toky, O.P., Angrish, R., Datta, K.S., Arora, V., Rani, C., Vasudevan, P., Harris, P.J.C., 2011.
Biodrainage for preventing waterlogging and concomitant wood yields in arid
agro-ecosystems in north-western India. J. Sci. Ind. Res. 70, 639–644.

Walkley, A., Black, I.A., 1934. An examination of the Degtjareff method for
determining soil organic matter and proposed modification of the chromic acid
titration method. J. Soil Sci. 37, 29–38.

Walters, G.A., 1980. Saligna Eucalyptus growth in a 15-year old spacing study in
Hawaii. Research Paper PSW-151. Pacific Southwest Forest and Range Exp. Stn
Forest Serv., U.S. Dep. Agric. Berkeley, California, USA (6 p).

Wei, X., Shao, M., Fu, X., Horton, R., 2010. Changes in soil organic carbon and total
nitrogen after 28years’ grassland afforestation: effects of tree species, slope
position, and soil order. Plant Soil 331, 165–179.

Yu, Y., Jia, Z.Q., 2015. Changes in soil organic carbon and nitrogen capacities of Salix
cheilophila Schneid. along a revegetation chronosequence in semi-arid
degraded sandy land of the Gonghe Basin, Tibetan Plateau. Solid Earth 5, 1045–
1054.

Zahid, D.M., Shah, F.R., Majeed, A., 2010. Planting Eucalyptus camaldulensis in arid
environment—is it useful species under water deficit system? Pak. J. Bot. 42,
1733–1744.

Zhang, K., Zheng, H., Chen, F.L., Ouyang, Z.Y., Wang, Y., Wu, Y.F., Lan, J., Fu, M., Xiang,
X.W., 2015. Changes in soil quality after converting Pinus to Eucalyptus
plantations in southern China. Solid Earth 6, 115–123.

Zohar, Y., Gafni, A., Morris, J., Shalhevet, S., 2008. Eucalyptus plantations in Israel: an
assessment of economic and environmental viability. New For. 36, 135–157.

http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0200
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0200
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0205
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0205
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0205
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0210
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0210
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0210
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0215
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0215
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0215
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0215
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0220
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0220
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0220
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0225
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0225
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0230
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0230
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0230
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0235
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0235
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0235
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0240
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0240
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0240
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0245
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0245
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0250
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0250
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0255
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0255
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0255
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0255
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0260
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0260
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0260
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0265
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0265
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0265
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0270
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0270
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0270
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0275
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0275
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0275
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0280
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0280
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0280
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0285
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0285
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0285
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0285
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0290
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0290
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0290
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0295
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0295
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0295
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0300
http://refhub.elsevier.com/S0167-8809(16)30428-5/sbref0300

	Eucalyptus geometry in agroforestry on waterlogged saline soils influences plant and soil traits in North-West India
	1 Introduction
	2 Material and methods
	2.1 Study site
	2.2 Soil analysis
	2.3 Plantations
	2.4 Measurements of growth parameters of trees
	2.5 Monitoring of ground water table
	2.6 Carbon sequestration
	2.7 Transpiration
	2.8 Crop yield

	3 Results and discussion
	3.1 Tree growth and biomass parameters
	3.2 Transpiration rates
	3.3 Effects of tree spacing on ground water table underneath plantation
	3.4 Carbon sequestration
	3.5 Crop productivity of paddy and wheat in association with plantations
	3.6 Soil characteristics

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


