Irrigation scheduling effects on components of water balance and performance of dry
season fadama-grown pepper in an inland-valley ecosystem in a humid tropical

environment

Running title: Responses of pepper evapoltranspiration to irrigation and capillary rise

Abstract

This study examined the contribution of water tabi@ capillary rise and irrigation, to soil
moisture storage and water use of pep@apéicum annuurwar.Tatase), grown in an inland
valley swamp (flood plain) in the dry season inwamiid zone of Nigeria. The contribution of
water table (capillary rise/upflows: Cg) to rootneomoisture was quantified based on the soil
water balance. Capillary rise was taken as theemdiffce between estimated crop
evapotranspiration (ETa) and measured soil wateletden (SWD). Irrigation regimes consisted
of water application at weekly (7-day) and fortrigh4-day) interval using gravity-drip system.
In the respective 7-day and 14-day irrigation wds, shoot biomass were 153 and 141 g plant
while fruit yields were 8.6 and 7.9 t havhich constituted about 8.2 % yield reductions ever
obtained under 14-day compared with 7-day irrigati@apillary rise ranged from 2.3 to 5.2 mm
which amount to 81 and 124 % of pepper evapotréaispi (ETa) across the sampling periods.
The results showed that the weekly and fortnigingation intervals produced seasonal ET were
109 and 83 mm, soil moisture contents of 201 &wrhm within crop root zone and water use
efficiencies of 0.14 and 0.19 t/ha/mm. Soil maist storage and its depletion, Cg, crop
evapotranspiration (ETa) and relative water usea(E®) differed in the growth stages of pepper,
were influenced by irrigation regimes, groundwataole depth, and the prevailing weather
conditions (vapour pressure deficit, temperatunerral time) during pepper growth. Seasonal

trends of the relative water use indicates theiiialof soil moisture storage to satisfy pepper



water requirements (ETa). Weekly irrigation offetad best compromise in the circumstance of
declining water table depths and high climatic dedhaf the dry season in the site of study.
Results show that irrigation regimes imposed opédithe contribution of groundwater to soil

moisture storage and water use of pepper.
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I ntroduction

Inland valley swamps (flood plains), are charazssiby seasonal flooding at the peak of the
rainy season, and shallow ground water table depthish enhance residual soil moisture
regimes in the dry season via capillary rise (updp The floodplains are characterized by
shallow but variable water table depths (Ogwu aatdbola, 2002, IWMI, 2002), the declining
soil moisture storagmay callfor the use of irrigation (supplementary) for dgason farming in
inland flood plains. In sub-Saharan Africa, inlandtlands (fadama schemes) constitutes about
135 million ha of land (IWMI, 2002), a veritablewsoe of water for dry season crop production
(mostly vegetables), is a common feature of thmiiag system of the tropics. However, the vast
soil, water and agricultural potentials of inlaridodplains have not be fully exploited (Ogwu

and Babalola, 2002).

In soils underlain by shallow groundwater table, pnesence of water table impacts land surface
processes (soil, vegetation and climate) may beaategl either by capillary rise or direct root
water uptake (Yorket al, 2002; Yeh and Eltahir, 2005; Niet al, 2007; Sunet al, 2010;

McFadyen and Grieve, 2012). Under field conditiansagroecologies (soil and weather



conditions), different results had been reporteduébhe effects of groundwater depth on crop
water use and satisfaction index and the ratio ofuad (ETa) to potential (ETp)
evapotranspiration (Liangt al, 2003; Chen and Hu, 2004; Fatal, 2007; Maxwell et al.,
2007).

Unlike deep water table conditions, shallow watdyé maintains elevated soil moistures in crop
root zone through capillary rise driven by soil n@apotential gradients (Chen and Hu, 2004;
McFadyen and Grieve, 2012). Capillary rise to r@one moisture and crop water use
(evapotranspiration) are affected by many factahsas rainfall, irrigation, root water uptake,
and soil evaporation (Yeh and Eltahir, 2005; E&ial, 2007; Suret al, 2010; McFadyen and
Grieve, 2012). The contribution of water table topcwater requirement is assessed based on a
number of approaches such as the computation dfazgpupward flux from Darcy's Law using
changes in water potential gradients (Van Baetelal, 1968; Ragab and Amer, 1986). In
approaches based on soil water balance, capillamard flux is taken as the difference between
estimated evapotranspiration and soil water depief{Stuff and Dale, 1978; Wallendet al,
1979; Ragab and Amer, 1986).

Despite the realization that water table contriiutio crop water requirement, knowledge on
how best to incorporate capillary rise in irrigatischeduling is inadequate (Huedtal 2004;
Sunet al, 2010; McFadyen and Grieve, 2012). Moreover, therscanty information on the
irrigation requirements of crops grown on inlandofiplains characterized by shallow and
variable water table depths. This study was desigo investigate the effects of water fluxes
from shallow water table and irrigation regimessoil water storage and pepper water use in an

inland valley swampland (fadama) in a humid zonBligkria. Irrigation water was applied once



weekly (7-day) and fortnightly (14-day) using dsgstem in order to optimize contribution of
water tables via capillary rise (upflow) for enhadsoil water storage and uptake by pepper.
Materials and Methods

The effects of gravity-drip irrigation system are tcontribution of water table to soil moisture
storage, water use and fruit yield of pepper gramithe dry season in an inland flood plain
(wetland) was examined in the dry season (JanwaMay) of 2009 and 2010. The trials were
conducted at the Teaching and Research Farm dfdtieral University of Technology, Akure,
in the humid rainforest zone of Nigeria. Table &gants the results of the laboratory analyses of
some physical properties of soil at site of expenin

Irrigation strategies

Four-weeks old seedlings of pepp€gpsicum annuunar. Shombo, raised in the nursery were
transplanted into 20 by 10m field plot at 90 by@0 spacing in January, 2009. The field was
drip-irrigated once per week and fortnight fromnsplanting to fruit harvest. Irrigation water
was applied using the gravity-drip irrigation systevhich delivered water to plants via point
source emitters of 2I/h discharge rate. The ensitteere installed on laterals per row of crop and
were spaced 90 cm apart. Irrigation buckets wespesuded on 1.5 m stakes to provide the

required hydraulic heads.

Tensiometers were placed in the soil at depthsOcar®d 60 cm to measure hydraulic gradient
from the irrigated plots. Prior to use, the tenséters were saturated by pre-pressurizing with
distilled water at high pressure, and were caldgtain the positive pressure range while the
calibration curve in the negative pressures wasapatated. All the calibration tests were

performed under controlled laboratory conditions@istant pressure and temperature of 29 °C.



The tensiometers were installed in the field bdmgdushing a PVC tube into in auger-drilled
holes equipped with metallic leading edge, in thié s

Soil moisture storage and its depletion

Soil moisture depletion (SWD) was obtained from thH#erences in soil moisture contents
measured between two measurement period. Soil mneisbntents were determined weekly at
incremental depths of 20 cm taken with augers amd samplers and measured by gravimetric
method (oven-dried moist soil samples at 305or 24 hours). Ten samples were collected from
each soil layer.

Data on the changes in ground water table depthileosite of study were obtained from the
Benin-Owena River Basin Development Authority (BB, Akure, Nigeria. BORBDA takes
records of water table depths from observationsaeefid Piezometers and via the use of the FAO
method which calculates potential capillary risenirground water table below the root zone
according to the graphical relationships (Doorenéog Pruitt, 1975; Sepaskhah al, 2003).
Observation wells were made with a porous casioggitucted with a 10 cm diameter PVC
pipe, buried vertically in the ground which pernthe groundwater level to rise and fall inside it
as the water level in the adjacent soils. The olagien wells were installed with a simple float
indicator which provides rapid evaluation of shallevater table depths. The float indicator
assembly was lowered into the well. The float iathic moves with the water table thus allowing
above ground indication of the water level.

Pepper growth and fruit yield

Data were collected on pattern of soil moisture@agje and depletion, and agronomic parameters
of root and shoot biomass, leaf area and fruitdyatlaracters of pepper. The dry weights of root

and shoot biomass were obtained from their respeétesh weights oven-dried at 80 for 48



h. The effective root zone depth was estimated xmawating the root system (Ageét al,
2002). Plant leaf area was measured at 50% flogetate using a leaf area meter (Delta T,
UK). Pepper fruits were harvested weekly from tdanfs sampled per plot starting from
physiological maturity. Harvested fruits per plamére counted and summed over all fruit
harvests in order to arrive t the total fruit yigler plant

Water table contribution to soil moisture storage and crop water use (evapotranspiration)

In estimating ground water table contribution wasineated via capillary rise (upflow) to soil
moisture storage, direct estimates can be madedaguming soil water potential and interpreting
an effective unsaturated conductivity between theasarement points using the steady state
analysis of Gardner (1958) and Talsma (1963). Eém of upflows are also derivable as the
error term of the soil water balance after othenponents (total evaporation, rainfall, irrigation,
soil storage change, and drainage) are measurestiorated.

Quantifying capillary upward flux from soil water balance

Capillary rise (upflow) from water table to the lssurface can be estimated using the Darcy's

Law:

Q:k(dfJ 1} .............................. 1

dz
where Q is the capillary rise (cm/day), k is tlyelfaulic conductivity (mm/day)d U is the soil

matric suction (cm), and z is the distance fronh swiface to the bottom of the root zone.

Solving equation 1 for z:



K
Jaz= QM 2

Water table contribution to root zone soil moistca® also be estimated based on the soil water
balance in which capillary rise is taken as thé&ed#nce between crop evapotranspiration (ET)
and soil water depletion (SWD). Thus, using théewbhalance equation, the individual
components which govern the net soil water cha(@®} in the crop root zone can therefore be
obtained:

P=AS-ET +L—Rs+ W—-Dp ...................3

where P is precipitation, ET actual evapotransipinat_ lateral inflow, Rs lateral outflow, W is
capillary rise from the water table, and Dp deelation andAS is changes in soil moisture
storage.

For soils under the influence of shallow water¢abkequation 3 can be rewritten in the form:
ET=P+4+1+4+Cg — Dp-Rs — AS...............A

where ET crop evapotranspiration, P is precipitatlos irrigation water applied, Dp is deep
percolation, Rs is surface runoff, Cg is watetdalontribution andAS is changes in soil water
storage.

During pepper growth in the dry season, P, Dp,Redomponents of the water balance
equation in Equation 4 were assumed zero excepeioods when irrigation occurred. This
means that there are periods when P, Dp and Resvdetween irrigation. During the rainless

dry months and for soils under the influence oflsiaawater tables, equations 3 and 4 were

simplified to account for crop evapotranspiratiarthe form:

Solving equation 5 for Cg:



Cg=ET+AS .....ccciiiiiiiiiiiiieeeeen. .6

Actual evapotranspiration (ETa) was calculated l®mans of a water balance equation as:
SW1+P+Ir=Rs+Dp—ETa+SW2....7

where Sw and Sw are initial and final moisture contents of soibfile, P is precipitation
received, Ir is irrigation water applied, ETa isusd evapotranspiration, Rs is surface runoff and
Dp, was assumed capillary rise from water tablerap root zone. Both P and Rs are assumed
negligible. Equations 6 and 7 were therefore eggalan the calculation of capillary rise from
water table to crop root zone. Actual evapotraiasipn (ETa) was obtained by direct
measurement as the error term in the water balegeation ( Equations 3 and 4). Estimate the
groundwater contributions to ET was obtained fittvn calculated actual ET using the real Kc

based on the canopy size and soil moisture comngitio

Potential evapotranpiration (ETp) was estimatedg the FAO method (Doorenbos and
Pruitt, 1975; Alleret al, 1998) in the form:

ETp = KcETo.........................8

where ETo is reference evapotranspiration and kieescrop coefficient (Doorenbos and Pruitt,
1975; Allenet al, 1998).Potential ET for the crop was calculated using the reference ET
(ETo) multiplied by crop coefficient, Kc corrected with the soil moisture conditions. Crop
coefficient (Kc) for pepper in the tropics: initigd.3), rapid development phase (0.6), mid
season/peak vegetative growth (1.15), maturity) (@&¥e obtained from Allept al (1998). The
reference evapotranspiration ( ETo ) values fertionths of December - April were computed.
Data for computing reference evapotranspirationo)f¥as computed by the Penman-Monteith
combination equation (Doorenbos and Pruitt, 197nfet al,, 1998) using data obtained from

the agrometeorological station of the University.



The second year experiment which followed the ptaces and treatments as in 2009
experiment, were sown on January 2010. The redattghe two years experiments were
separately analyzed, and were not significantlfedght from one year to the other. Therefore,
data collected o for the two-years of study wereraged and means of the two year (2009 and

2010) field experiments are presented in TablesFgures in the text.

Results

Weather condition of the study site

The trends in weather conditions at site of stidgresented in Fig.1. November marks the unsédteof t
dry season which span December of a year to Aprdnother. The period of experiment (January to
early May) falls within the dry season, low amoahtrainfall (79 mm) was received from transplagti

to fruit filling (1 - 10 weeks after transplantiVgAT), average minimum and maximum temperatures
during period of experiment were 21 and’29with high air vapour pressure deficits.

Pepper growth and yield.

Irrigation regimes produced differences in growtll gield characters of pepper (Table 2a). For

weekly irrigation, values of roots and shoot drygids and leaf areas were higher and the onset

of flowering was delayed and this appeared to hiareslated to fruiting advantages under this
treatment. Higher efficiency of water use for frpibduction was obtained for pepper plants that

were irrigated weekly in addition to higher. Thewth and yield characters of irrigated and un-
irrigated pepper are presented in Table 2b. Trecedf irrigation was pronounced on root and

shoot biomass, leaf area, growth duration, frietdjiharvest index and the efficiency of water



use of pepper. Consistently, values of these pasmwere significantly lower for un-irrigated
pepper over the irrigated crop.

Components of soil water balance and crop water deficits.

The time course in water table depths at varionspfiag points at the site of study (an inland
swamp/flood plain) is shown in Fig.1. Capillargeiwas high between January to mid February
which coincides with establishment and developnstages of pepper (when cop root zone
depth was under the influence of the upper threshblwater table depth). The pattern of soil
water suction sampled at 20 and 60 cm soil deptimglypepper growth are presented in Fig.2a
and b. Soil moisture tension ranged from -2 toaf@ -9 to -2 bars -5 to -3 and -11 to —7 bars at
transplanting to establishment/mid season (15 &B@Y: 1 to 6 WAT) and -3 to -13 and -17
to -9 bars at mid season (45 DOY: 6 WAT). In gahesoil water suction ranged between -7 to
-13 and -3 to -9 bar at the surface (0 — 20 cm)saihdoil depths (20 — 60 cm) respectively.
Capillary rise from water table (Cg) was taken & tdifference between the crop
evapotranspiration (ETa) and soil water depleti®VD) (Equation 5 and 6). Using these
equations, the estimated capillary rise (Cg) fromw8eks after transplanting (WAT) to
termination of experiment (16 WAT) for each irriget interval (weekly and fortnight intervals),
were summed up to determine Cg for each samplinggéTable 2). The estimated capillary
upflow from a water table, as a percentage of wtdker use by (Cg/ETa) values differed for the
different growth stages of pepper as a functiosaf moisture contents and atmospheric factors
(Tables 3 and 4). The results show that Cg/ETaffscted by the water table depth and
atmospheric conditions and the irrigation regimé&sr the irrigation treatments, the estimated
water table contribution via capillary rise to crepapotarnspiration (ETa) varied during pepper

growth according to the soil water balance whicloant to 43 to 88 % of pepper ET (Table 3).

10



Although, trends in irrigation regimes were similas frequency of irrigation increased from
fortnightly to weekly irrigation intervals, valuedf Cg varied from 0.66 and 1.24 to 0.63 and
1.23 and respectively which translated to 65 B24l % of crop evapotranspiration. About 8.2
% vyield reductions were obtained under fortnightmpared with weekly irrigation this
translated to 24 % water savings (reduced watel). uBke results showed that actual
evapotranspiration was higher in the various grastélges of pepper (Fig. 3), which amounted to
seasonal ETa of 109 and 83 mm and soil moisturageoof 201 and 164 mm within crop root
zone for the respective weekly and fortnightlygations (Table 3).

The ratio of seasonal actual to potential evapspmation (ETa/ETp) and the relative water use
(ETa/Eo) which varied during pepper growth, wereduss indices crop water deficits. The
values of ETa/ETp ranged from 0.7 to 1.1 during peepestablishment/mid season and at
reproductive growth phases and maximum values wkwehe 0.61 to 1.8 for weekly and
fortnight irrigation treatments (Table 2). Theatele water use is defined as the ratio of actual
evapotranspiration (ETa) to open water evaporatiw), this parameter is dependent on soil
moisture status. The range of values of the redatiater use were similar between establishment
(4.3 &5.2) and at reproductive growth phases (44.8) for the respective weekly and fortnight
irrigation intervals. Seasonal ratios of ETa/Eo efthianged from 0.77 to 0.80 were reported for
rainfed tomato in south western Nigeria (Agelelet2902; Agele et al., 2011).

The temporal pattern of water fluxes from the gbwrater table via capillary rise (upflow: Cg),
soil moisture storage and its depletion, peppeapetranspiration (ETa) and relative water use
(ETa/Eo) were related with the prevailing weathemditions (evaporative demand, thermal time
accumulation,) under the weekly and fortnight imtign regime (Fig. 4). The ETa/ETp ratio,

soil moisture depletion (SWD) and relative watee udosely associated with thermal time
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requirement (TYCd) and R values obtained ranged from 0.5 to 0.9 (Fig. 4).particular,
maximum temperatures were more closely associatibdrelative water use @R 0.9) (Fig. 4).
The high temperatures and evaporative demand dpepger growth in the dry season affected
its water use (evapotranspiration). However, thetrdoution from the ground water table via
upflows was not adequate in meeting pepper watgrimement of the growing environmental
conditions of the dry season and hence the magnibfidelative water use obtained. The time
dynamics of capillary upflow (Cg), Cg/ETa and relatwater use as affected by irrigation
frequency is presented in Fig. 5a and b. Weeklgation offered the best compromise in the
circumstance of the declining contribution from treund water table depths and high climatic

demand of the dry season at the site of study.

Discussion

The root zone moisture and pepper and use (evagpiration) were affected by the irrigation
regimes imposed and possibly the contribution dewtable via capillary rise (upflow).

presence of variable ground water table depthsrelvere interactions among capillary fluxes
of water from the water table, irrigation, soil rstoire storage and pepper water use with the
prevailing weather conditions (vpd, temperaturesriial time/heat accumulation) of the dry
season during pepper growth.

Capillary upflow (Cg) contributed about 60% to peppvater use (ETa) and the contribution
decreased as water table depth declined (lessfYam at planting (January) to a little over
1.5m at crop maturity (April/May). However, capifarise was not able to fully satisfy pepper
evapotranspiration possibly due to inadequate deasities to enhance access to water from the

per fringe of the water table. The estimated tapyilupflow from the ground water table as a

12



percentage of total water use (Cg/ETa) differednduthe growth stages of pepper and were
affected by water table depth, irrigation regim&s| moisture contents and prevailing weather
conditions. As frequency of irrigation increasednfr fortnightly to weekly irrigation intervals,
Cg values ranged from 0.66 - 1.24 to 0.63 - 1.2&whveragely amounts to 65 and 124 % of
crop evapotranspiration. Increasing the frequerfagrigation from fortnight to weekly intervals
improves root zone soil water storage, but thecesfef this on capillary contribution to crop ET
was not profound. As the water table deepens arérwantent in the upper layers declines, so
water table contribution to the crop evapotransimna(Cg/ETa) declines. The decline in Cg may
possibly be due to deepening of the depth to watade in addition to increases in soil water
evaporation, temperatures and climatic/ evaporademmand. Kruset al (1993) reported that
the proportions of daily Cg to daily ET were di#et for different periods within the year and
were affected by fluctuations in water table deptl@hanges in Cg/ETa ratios with declining
ground water table depths means declining contobuif water table to crop evapotranspiration
(ETa).

As the water table depth deepens and the uppexcsudf the soil dries out so its contribution to
crop root zone moisture and crop water use decli@en results were consistent with those of
Ragab and Amer (1986) and Ayaes al (2006). Yanget al (2007) among other studies
confirmed the variations of contribution of capijlarise to soil water storage as function of
ground water table depths. High capillary risebsatable when water table depth is within the
upper threshold of capillary rise during which c@gpotranspiration may be sourced entirely
from water table (Beverlet al, 1999). Conversely, during mid season to fruitangd fruit
harvest (Mid February to April) of pepper, capiaise from the water table becomes negligible

(the lower threshold of water table depth): (Beyed al.,1999). In this situation, large fraction
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of crop evapotranspiration would come from wateraje in the unsaturated zone (Bevaty
al., 1999). Inverse relationships had been found batveapillary rise and depth-to-groundwater
table (Kollet and Maxwell, 2008). Crop evapotranaton is strongly influenced by changes in
water table depth. Yangt al (2007) observed water movement upward and dowahivam the
water table using trends of water potential ingbi profile.

The magnitude of relative water use indicates thability of soil moisture storage
(replenishment trends by irrigation and capillapflow from the ground water table) to satisfy
pepper water requirements (ETa). Sepaskéiahl (2003) attributed time-course changes in
ETa/ETo ratio to the influence of water table argyation. Although, capillary flux enhanced
soil moisture storage in the unsaturated layerm(comt zone) above the ground water table, the
magnitude of crop evapotranspiration (ETa), Cg/Eateo and relative water use indicate that
upflows from water tables was not adequate tofgghspper evapotranspiration and that pepper
appeared not to be adequately adapted to a drgihgrsfile even in the presence of unsaturated
fringe within 1m GWT depth. Thorburn et al. (1998)served that root growth (biomass and
root length densities) increased with decliningilkagy upward flux above ground water table.
The authors concluded from their conductance simmamodels of root, soil and water, that
water should have been readily available from #er saturated conditions above the water table
given the magnitudes of root length densities. Bepras a well adapted dicotyledonus root
system with small axial resistance, this attribwtauld have enhanced soil moisture extraction
within crop rootzone depths (from the near satdratenditions above the water table). An
exclusive reliance on upflows from water tabled wiibject pepper crop to soil moisture deficit
stress. Since upflows from water table was not aaeqto meet pepper water requirement,

irrigation is required in addition in order to reche soil moisture in crop rootzone. This
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observation is interpreted to mean that despitgtasence of a shallow water table in the profile
(unsaturated fringe within crop root zone), watesvextracted preferentially from soil storage
presumably from the irrigation enhanced soil moistreplenishment within crop root zone)
and not necessarily the supplies from the grountgmiable via upflows. Numerous studies have
demonstrated the importance of incorporating capillflux from ground water tables into
irrigation scheduling strategies in soils affectag variable but shallow ground water table
depths such as inland valley swamps of the hurofuids.

The temporal pattern of water fluxes from the gbwater table via capillary rise (upflow: Cg),
soil moisture storage and its depletion, peppeemwase (ETa) and relative water use closely
associated with thermal time requirement {Cd) with medium to high regression coefficients
(R%) and maximum temperatures and were closely associvith ETa/Eo (R 0.9) in particular
(Fig. 4). The high temperatures and evaporativeasehduring pepper growth in the dry season
affected its water use (evapotranspiration). Thegee strong influences of irrigation frequency
on the time dynamics of capillary upflow (Cg), Cgée(crop evapotranspiration) and crop water
stress index. The equations generated from thressign analysis of Cg/ETa, ETa/ETp and soil
moisture storage and ground water contribution (&g) possible indicators of stress tolerance
and ability of the tested crop to effectively usd moisture as fed by ground water contribution
and irrigation.

Conclusion

The changes in root zone soil moisture storagecamy evapotranspiration for pepper grown in
the dry season in an inland swamp (fadama) affdeyedrigation scheduling in the presence of
ground water table were examined in a humid trdpicae of Nigeria. Irrigation regimes and

capillary upflow affected soil moisture storage goebper water use (ETa). Capillary flux
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contributed to replenishment of root zone soil mwos following depletion by soil evaporation
and pepper water use (ETa) from the unsaturatedzimee layer above the ground water table.
Water table contribution (capillary flux) was takeas the difference between estimated
evapotranspiration (ET) and measured soil watetetiep. Capillary upflow (Cg) ranged from
0.03 to 0.50 which is 60 % on the average, of pepm@ger use (ETa) over the sampling period
decreased as water table depth declined. Thereiateractions among capillary fluxes of water

from the water table, irrigation, soil moisturersige and pepper water use with the prevailing

weather conditions (vpd, temperature, thermal tiraaf accumulation).Capillary flux from

ground water tables should be incorporated intgdtion scheduling strategies for soils under
the influence of water table such as inland valexamps. It is concluded that in the presence of
shallow water tables, irrigation management shdagdmodified to optimize the contribution

from water table to rootzone moisture storage aogd evapotranspiration.

References

Agele, S.0., Olufayo, A & Iremiren, G.O. (2002) fé&its of season of sowing on water use
and yield of tomato in the humid south of NigeAdrican Crop Science JournalO (3), 231-
237.

Agele, S.O., Iremiren, G.O. & Ojeniyi, S.0. 201MaRotranspiration, water use efficiency and
yield of rainfed and irrigated tomato in the dgaesn in a humid rainforest zone of Nigeria.
International Journal of Biology & Agricultural Sencesl3, 469-476.

Ahmad M.D., Bastiaanssen, W.G.M & Feddes, R. 2@istainable use of ground water for
irrigation: a numerical analysis of the subsoil evafluxes.ICID Journal of Irrigation and
Drainage51(43) 227-241.

Allen, R.G., Pereira, L.S., Raes, D & Smith, M. 89@rop evapotranspiration - Guidelines for
computing crop water requirements - FAO Irrigateord drainage paper 56 Food and
Agriculture Organization of the United Nations RqQri898

Ayars, J.E.,Christen, E.W. Soppe, R.W.O & MeyerSM2006. Resource potential of shallow
groundwater for crop water use-A revidwigation Science24: 147 -160.

16



Beverly, C.R. Nathan, R.J., Malafant, K.W.J. & &loam, D.P. 1999. Development of a
simplified unsaturated module for providing recleaegtimates to saturated groundwater models.
Hydrological Processe$3:653—-675.

Brolsma, R. J. & Bierkens, M. F. P. 2007 Groundwatal water-vegetation dynamics
in a temperate forest ecosystem along a sMfater Resources ReseatB, W01414,

Chen, X. & Hu, Q. 2004 Groundwater influences oihrsoisture and surface evaporation.
Journal of Hydrology297, 285-300.

Chow, F. K. Weigel, A. P. Street, R. L. Rotach,\M. & Xue, M. 2006. High resolution large-
eddy simulations of flow in a steep Alpine vall®art I: methodology, verification, and
sensitivity studiesJournal of Applied Meteorology and Climatologhp, 63—86.

Doorenbos, J. & Pruitt, W. O. 1975. Crop water regqaents. Irrigation and Drainage Paper
No. 24. FAO, Rome, ltaly. 149 p.

Fan, Y. Miguez-Macho, G. Weaver, C. P. Walko, RR&bock, A.2007 Incorporating water
table dynamics in climate modeling: 1. Water tadideervations and equilibrium water table 30
simulationsJournal of Geophysical Researdi2, D10125.

Gardner, W. R. 1958. Some steady state solutiotiseaiinsaturated moisture flow equation with
application to evaporation from a water taleil Sciencé5, 244-249.

Hurst, C.A. Thorburn, P.J. Lockington, D. & Bristpif.L. 2004 Sugarcane water use from
shallow water tables: implications for improvinggation water use efficiencygricultural
Water Managemer@i5,1-19.

International Water management Institute (IWMI)@2D Annual Reports, IWMI Thailand.
135pp.

Kollet, S. J. & Maxwell, R. M. 2008. Capturing thigluence of groundwater dynamics on land
surface processes using an integrated, distribméeershed modeWater Resources Research
44, W02402.

Kruse, E.G. Young, D.A. & Champion, D.F. 1993. Effef saline water table on corn irrigation
In: Development and management aspects of irrigatiehdrainage systemeyes, C.G.
Ward, T.J. eds.). ASCE Specialty Conference. NevkY®p 444 — 453.

Liang, X., Xie, Z., & Huang, M. 2003. A new parametation for surface and groundwater

interactions and its impact on water budgets Withvariable infiltration capacity (VIC) land
surface modellournal of Geophysical Researct08(D16), 8613.

17



Maxwell, R. M., Chow, F. K., & Kollet, S. J. 200The groundwater-land-surface-atmosphere
connection: Soil moisture effects on the atmosgheoundary layer in fully-coupled
simulations. Advances in Water Resourc89, 2447-2466.

McFadyen, L & Grieve, A.M. 201ZEffects of irrigation management and watertabletldep
growth and yield of field-grown Sultana grapevimesouth eastern Australia. Agric Water
Manage.11, Pages 20-26

Niu, G.-Y., Yang, Z.-L., Dickinson, R. E., Gulddn,E. & Su, H. 2007. Development of a
simple groundwater model for use in climate modeid evaluation with Gravity Recovery and
Climate Experiment data. J. Geophys. Res., 112108,7d0i:10.1029/2006JD00752207

Ogwu, L. & Babalola, A. (2002). Effects of seedligde and mulching on the performance of
early season yam grown in inland valley bottomaduatk western Nigeria. Agricultural Water
Management 54, 25-34

Ragab, R.A. & Amer, F. 1986. Estimating Water BaBbntribution to the Water Supply of
Maize. Agricultural Water Managemeritl (1986) 221-230 221

Sepaskhah , A.R., Kanooni, A. & Ghasemi, M.M. 20B8timating water table contributions to
corn and sorghum water ugggricultural Water Managemen$8(1), 67-79.

Sezen, A.M., Yazar, A & Eker, S. 2006. Effect aigation regimes on yield and quality of field
grown bell pepperAgricultural Water Managemen81(1-2)115-131.

Sun, H., Shen, Y., Yu, Q., Flerchinger, G.N., Zhang Liu, C. & Zhang, X. 2010. Effect of
precipitation change on water balance and WUE e@fitimter wheat—summer maize rotation in
the North China PlairAgricultural Water Managemen®7(8), 117-1125

Stuff, R.G. & Dale, R.F. 1978. A soil moisture baetignodel accounting for water table
influence.Soil Science Society of America Jourrél, 292-495.

Talsma. T. 1963. The control of saline groundwagded Landouwhogeschool,
Wageningen 63(10):1-68

Thorburn, P.J. Walker, G.R. & Jolly, 1.D. 1995ptdke of saline groundwater by plants: an
analytical model for semi-arid and arid areRlant Soil175:1-11

Van Bavel, C.H.M., Stark, B.G. & Brust, K.J. 1968/draulic properties of a clay loam soil and
the field measurements of water uptake by the rdotmterpretation of water content and
pressure profileSoil Science Society of America Proceediig310-317.

Yang, S. Wei, D. & Guangxin, Z. 2007. Water fluadsa fluctuating water table and

groundwater contributions to wheat water use indker Yellow River flood plain, China.
Hydrological Processe®l, 717-724

18



Yeh, P. J.-F. & Eltahir, E. A. B. 2005. Represéntaof water table dynamics in a land surface
scheme, part I: Model developmeournal of Climatologyl8, 1861-1880.

York, J. P., Person, M., Gutowski, W. J. & Wintér,C. 2002. Putting aquifers into atmospheric
simulation models: an example from Mill Creek Wakezd, Northeastern Kansaglvances in
Water Resource®5, 221-238.

Table 1. Physical and chemical properties of siodite of experiment

Soil properties

Sand (%) 40.9
Silt (%) gg:g
Clay (%)
Textural class Sandy clay loam
Bulk density (g.cr) 1.24
Porosity (%) 51
Infiltration rate (mm.8) 3.18
Saturation (%) 401
Field capacity moisture (%) 21.9
1500 KPa moisture (%) 17.2
Water holding capacity (%) 21
4.23

Organic matter content ((mg'y

Table 2a. Effects of irrigation regimes on thevgitoand yield characters of pepper*.

Tap Irrigation

root Rootdry Shoogd Leaf 50% Fruit  Irrigation Water use Harvest
Irrigation length weight weight area flowering vyield applied efficiency index
regimes (cm)  (g.pldnt (g plant) (nF) (days) (tha) (mm) (t/manh)
Weekly 17.8 67.5 153.2 0.64 72 8.6 59.88 0.14 0.54
Fortnightly 19.3 73.4 140.7 0.60 68 7.9 39.92 0.19 0.50
LSD (0.05) 3.4 4.0 5.1 0.23 4.1 18 --- 0.03 0.03

*Data presented in the Table are means of the tear-yJanuary to May of 2009 and 2010) field expernits.

Table 2b. Growth and yield parameters of peppesrtadn irrigated and non-irrigated plots*.

Tap Irrigation

root Rootdry Shdoy Leaf 50% Fruit wateeus Harvest

length weight weight area flowering  yield efficmn index
Treatments (cm)  (9) (9) (nf) (days) (tha)  (t/ha/mm)
Irrigated 18.8 70.3 150.10.62 67 8.2 0.16 0.52
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Non-Irrigated 21.2 82.7 128.40.54 61 6.3 - - 0.48

LSD (0.05) 4.6 2.7 9.70.04 2.3 1.9 -- 0.13

*Data presented in the Table are means of the tear-yJanuary to May of 2009 and 2010) field expernits.

Table 3. Effects of irrigation regimes on watasle contribution (Cg: estimated from
the soil water balance), crop evapotranspinadindrelative water use

DOY | Irrigation | ETp | ETa Relative SWD Cg Cg/ETa
regimes (mm) | (mm) water use | (mm) (mm)
(ETa/Eo)
05 Weekly 43 |4.3 1.91 1.05 229 |0.83
Fortnightly 3.3 1.91 0.98 2.36 |0.89
015 | Weekly 4.7 | 3.7 1.90 0.94 295 |0.88
Fortnightly 5.2 1.92 0.90 2.58 |0.83
030 | Weekly 49 | 4.7 1.90 0.90 292 |0.84
Fortnightly 3.9 1.92 0.82 2.73 | 0.87
045 | Weekly 5.1 5.5 1.86 0.84 2.89 |0.85
Fortnightly 3.1 1.88 0.73 2.80 | 0.88
060 | Weekly 5.0 5.1 1.83 0.78 473 |0.84
Fortnightly 4.6 1.86 0.87 443 |0.85
075 | Weekly 5.3 6.5 1.80 0.72 5.16 |0.79
Fortnightly 4.7 1.83 0.62 5.13 | 0.85
090 | Weekly 55 7.9 1.73 0.67 493 |0.74
Fortnightly 6.5 1.80 0.58 477 |0.78
105 | Weekly 5.2 9.1 1.70 0.63 5.03 0.69
Fortnightly 7.8 1.77 0.53 495 |0.73
120 | Weekly 54 9 1.68 0.58 4.04 |0.67
Fortnightly 8.2 1.73 0.48 3.95 |0.72
135 | Weekly 5.3 9.3 1.63 0.55 3.96 |0.69
Fortnightly 7.7 1.70 0.39 3.72 |0.75
150 | Weekly 5.0 8.4 1.60 0.50 3.32 | 0.67
Fortnightly 7.3 1.65 0.34 3.15 |0.77
165 | Weekly 5.3 8.3 1.56 0.48 3.69 0.70
Fortnightly 6.4 1.61 0.30 3.33 |0.79
180 | Weekly 5.2 9.5 1.52 0.43 3.55 0.66
Fortnightly 5.8 1.57 0.28 3.27 |0.82

ETo is calculated from Penman-Monteith combinagguoation while ETa was obtained as
As error term in the water balance equation. SWhk water depletion.
*Data presented in the Table are means of the tear-yJanuary to May of 2009 and 2010 field experitae

Table 4. Seasonal sums of the components oivsddr balance (swb): soil moisture storage,
capillary rise (Cg) and actual esagnspiration and relative water use

Growth phases Irrigation ETp (mm) | ETa Cg Soil Relative
regimes (Allenetal., | (mm) | (mm) moisture | water use
1998) (ETa/Eo)
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(swb) | (swb) storage
(mm)

Establishment | Weekly 16.3 27.23 | 154 85.3 4.30

Fortnight 19.6 26.0 17.7 82.8 5.20
Mid season Weekly 20.8 36.6 12.4 108.6 2.90
(Onset of Fortnight 39.0 32.6 17.1 103.5 3.10
flowering)
Reproductive Weekly 29.3 39.2 28.2 107.5 4.10
(Fruiting and Fortnight 58.9 27.6 54.7 77.6 4.80
fruit harvest)
Cumulative Weekly 66.9 108.9 | 56.0 201.4 11.24
Total Fortnight 106.8 82.8 89.2 163.7 12.17

Growth stages from planting to maturity: establigmn(2-7weeks ); mid season/flowering (7-12 wegks )
fruiting/harvest (12-18 weeks )
*Data presented in the Table are means of the tear-yJanuary to May of 2009 and 2010 field experits.

Caption to Figures

Fig. 1. Yearly trends in ground water table deptamfall and open water evaporation at the site
of study

Fig.2a. Trends in soil water potential for irrigat@nd non-irrigated conditions @ DOY 15
Fig.2b. Trends in soil water potential for irrigdtend non-irrigated conditions @ DOY 45

Fig. 3. Crop evapotranspiration calculated front waiter balance as affected by irrigation
regimes during pepper growth.

Fig. 4. Relations of thermal time with Cg/ETa, BEH&b6 and ETa/Eo (relative water use) during
pepper growth

Fig. 5a. Time trends in capillary upflux (Cg), Edla and relative water use (ETa/Eo) for weekly
irrigation

Fig. 5b. Time trends in capillary upflux (Cg), €gd/a and relative water use (ETa/Eo) for fortnight

irrigation
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Fig. 2a. Trends in soil water potential for irigated and
non irrigated soil conditions @ DOY 15
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Fig. 2b. Trends in soil water potential for irigated and
non irrigated soil conditions @ DOY 45
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Crop evapotranspiration (mm)
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Fig. 3. Crop evapotranspiration (ETa) calculated from soil water
balance as affected by irigation regimes during pepper growth
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Fig. 4. Relations of thermal time with Cg/ETa and ETa/Eo
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Fig. 5a. Trends in cappilary upflux (Cg) , Cg/ETc and ETa/Eo
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