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Abstract
  Despite the importance of irrigated pecan (Carya illinoinensis) production in arid and semi-arid regions of 
the U.S. and Mexico and the reliance of successful production on adequate and optimal management of water, 
the detailed water balance for irrigated pecan production is poorly understood compared to other important 
horticultural and agronomic crops.  Our goal in this review is to summarize what is known about the water 
balance of irrigated pecans with an emphasis on flood irrigation (the most common irrigation method) and to 
identify research needs to improve our understanding of the water balance and how to better manage water 
for this very profitable and productive crop.  We consider the following components of the water balance:  1) 
evapotranspiration (ET), 2) evaporation from the soil surface (E), 3) water stored in the soil profile (S), and 4) 
deep percolation (DP).  ET represents the largest component of the water balance, comprising 60-90% of the 
water applied, depending on application methods and management.  DP beyond the root zone represents the 
largest non-plant use component and depending on its original source and fate, can contribute to net ground-
water recharge if from surface water, return flow if pumped originally from the groundwater, surface water 
return flow if moved horizontally and discharged to a stream or drain, or a net loss if moved horizontally and 
consumed by non-target plants.  E represents a consumptive loss that reduces water use efficiency with re-
spect to pecan production, though it can provide some cooling benefits in the orchard.  It is generally a small, 
but not insignificant, quantity of the applied water (5-10%).  There is considerable room for improving water 
use through alternative irrigation methods and/or improved water management.

The Water Balance for Irrigated Pecans in Arid and 
Semi-Arid Environments: A Review

Additional index words:  pecan production, water balance, flood irrigation, evapotranspiration

ern Mexico (MX), primarily for export.  In 
recent years, production has increased in the 
southwestern US, especially in Arizona (AZ), 
New Mexico (NM) and Far West Texas (TX).  
In such arid areas, irrigation is necessary, with 

1.  Introduction 
  Pecan (Carya illinoinensis) is an important 
nut crop produced primarily in the southern 
region of the United States (US) for both do-
mestic consumption and export, and in north-
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amounts for profitable pecan production of-
ten in the range of 1.5–2.0 m of water annu-
ally applied predominantly by flood irrigation, 
making pecan production the largest user of 
agricultural water in the region. 
  Despite the importance of adequate, good 
quality water and its management to success-
ful pecan production, the detailed water bal-
ance for irrigated pecan production in arid and 
semi-arid regions of the US and MX is not 
quantified as precisely as for horticultural and 
agronomic row crops, due to methodologi-
cal challenges.  Our goal in this review is to 
summarize what is known about the water bal-
ance of flood-irrigated pecans and to identify 
research needs to improve our understanding 
of how to better manage water for this very 
profitable and productive crop.  

  To provide a framework for this review, we 
present in Fig. 1 a conceptual model of the wa-
ter balance for irrigated pecans.  The overall 
water balance is described by the following 
equation:

P + I + S = Tt + Tnt + es + eL + ΔS + LF + DP

where the inputs of water are summarized on 
the left side and the water losses/uses are sum-
marized on the right side.  Each individual com-
ponent is also defined and illustrated in Fig. 1. 
In the following sections, we summarize what 
is known about the magnitude of these impor-
tant components of the water balance and their 
related processes. We rely on literature plus our 
own experience, and we identify additional re-
search needs in Section 8.

Fig. 1. Conceptual model of an irrigated pecan water balance, where:
P	 =	Precipitation
I 	 = Irrigation
Tt 	 = Transpiration by targeted plants, i.e. the crop
Tnt 	= Transpiration by non-targeted plants. i.e. weeds, cover crops, or other non-crop plants
es 	 = evaporation from soil surface
eL 	 = 	evaporation from tree leaf surfaces, i.e. water from precipitation or sprinkler irrigation on leaf surfaces
S 	 = Soil water storage; delta S represents the change in storage over a given time period
LF	=	Lateral flow
DP	=	Deep percolation 
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2. Evapotranspiration in Flood-Irrigated 
Pecans
  Evapotranspiration (ET, generally includ-
ing Tt, Tnt, es, and eL) is commonly the largest 
component of the water balance for irrigated 
pecans.  Transpiration (T) is of course the 
primary beneficial, but consumptive use for 
pecan production.  There are several com-
mon methods of measuring ET, either directly 
or indirectly, including: 1) measurement of 
soil moisture depletion over time (Miyamoto 
1983; Deb et al. 2013); 2) estimation from re-
mote sensing data (Samani et al. 2009, 2011); 
3) calculation from flux tower measurements 
(Bawazir and King 2004; Samani et el. 2009, 
2011); and 4) calculation using available 
weather plus other measured and/or relatively 
easy to estimate variables (Samani et al. 2011).  
Table 1 presents values of pecan ET measured 
and estimated by various investigators.  The 
maximum pecan ET shown in Table 1 is 1100-
1300 mm. The smaller values in Table 1 repre-
sent younger orchards with less canopy cover. 
Lower ET in pecan orchards also can be due 
to stress factors such as water and/or nutrient 
deficiency, salinity, diseases, and pests. 
  Most attempts at constructing water budgets 
for irrigated pecans depend on measurements 
or estimates of ET in which it is generally not 
possible to separate evaporation (E) from T. 
Thus, most of what is published about E in 
pecan orchards is tied to ET.  Nonetheless, E 
from the soil surface in pecan orchards can be 
estimated by a variety of ways, described by 
Allen et el. (1998), Torres et al. (2019), Samani 
et al. (2009, 2011), and Sammis et al. (2004).  

In these studies, E rates were generally in the 
range of 0.1-2.0 mm/day and total seasonal E 
was about 80-100 mm or about 5-10% of the 
total applied water.  The remainder of ET in 
these examples is presumed to be transpira-
tion, which constitutes the majority of ET, 
commonly about 90% (Samani et al. 2009).        
  How management and irrigation method 
impact ET is discussed in greater detail in 
Section 6.  A challenge for irrigated pecan 
production today and into the future is warm-
ing climate, which is impacting annual ET 
regardless of management. This is illustrated 
by recent results reported by Mokari et al. 
(2019) indicating that increasing temperatures 
have increased pecan water use (represented 
by total ET).  Higher temperatures have both 
increased the short-term water demand and 
lengthened the growing season to result in an 
overall larger seasonal ET for pecans.  Contin-
ued increases in temperature due to warming 
climate will put additional pressure on limited 
water resources in the region, while likely im-
pacting pecan yield. 

3. Evaporation from Soil in Flood-Irrigated 
Pecans: Consumptive Non-Beneficial Use
  Exact measurements of E or even estimates 
of E in irrigated pecans are difficult to make 
and are thus rare in the literature, but we can 
summarize a few principles learned from 
studying evaporation in row crops that inform 
our understanding of the water balance in 
pecan orchards (Murtziger et al. 2005; Katul 
and Parlange 1992; Parlange and Katul 1992; 
Wallace and Holwill 1997; Evett et al. 1994; 

Table 1. Comparison of growing season pecan ET (April-Oct) reported by various investigators.
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Table 1. Comparison of growing season pecan ET (April-Oct) reported by various investigators. 660 

Reference Growing season ET, mm 

Samani et al (2009), Remote Sensing 413-1095 mm (year 2008) 

Miyamoto (1983), soil moisture monitoring 368-1307 mm (years 1972, 1973, and 1981) 

Sammis et al. (2004), flux tower 1220-1267 mm (years 2001, 2002) 

Bawazir and King (2004), flux tower 1236-1293 mm (years 2002, 2003) 

 661 
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and Ritchie 1972).  E from a bare soil surface 
varies considerably, depending on shading by 
the crop canopy, with maximum rates when 
fully exposed to solar radiation and minimum 
rates under shaded conditions (Klocke et al. 
1996; Farrahani and Bausch 1995; and Ritchie 
1972).  Surface mulch results in much less to-
tal E compared to bare soil, with reductions 
of E rates by 10-80%, depending on rates of 
mulch and other conditions (Sauer, et al. 1996; 
Hares and Novak 1992; Brun et al. 1986; Las-
cano et al. 1994; Staggenborg et al. 1996; and 
Todd et al. 1991).  
  Pecan orchards have some unique charac-
teristics compared to row crops that impact 
the potential E losses from the soil surface.  
These include:
•	 Pecans trees are deciduous perennials.  

Thus, pecan orchards are not replanted 
every year like row crops, and pecan trees 
shed their leaves in winter making the or-
chard floor exposed to sunlight for some 
period.  Trees do not leaf out again until 
March or April, and it might be mid- to late-
May before leaf area is fully developed.

•	 Pecan trees are commonly planted in a grid 
on a 9 or 12 m spacing.  This leaves con-
siderable open space between trees.  Sel-
dom do the trees form a closed canopy in a 
well-managed orchard, and as much as 25-
50% of the orchard floor will be exposed to 
sunlight at some point during the daylight 
hours.  Younger orchards have even more 
exposure to sunlight.  During daylight 
hours, there are portions of the orchard floor 
that are always exposed to sunlight and por-

tions that are always shaded.  The relative 
amounts of shaded area and sunlit area are 
determined by the maturity of the trees, the 
time of year, and the time of day, but E is 
much less in shaded areas (Table 2).       

•	 Flood irrigation is the most common irri-
gation method in much of the southwest-
ern U.S.  production region, and results in 
wetting up the surface soil to field capacity 
every two to three weeks, resulting in ideal 
conditions to support maximum rates of 
evaporation while the surface soil is wet.    

•	 Pecans have a longer growing/irrigation 
season (usually 8 months, March – Octo-
ber) compared to row crops and a much 
larger irrigation requirement (1.5-2.0 m of 
irrigation water), expanding the timeframe 
in which significant E losses can occur.

•	 In pecan orchards, the space between the 
ground surface and foliage is about 2-3 m, 
which facilitates better airflow near the sur-
face and potentially more E.

  These characteristics point to the possibility 
of significant E losses in pecan orchards, espe-
cially under flood irrigation where E is mainly 
from the free water surface after flooding, the 
wet soil surface under the canopy, and the open 
space between trees.  The process of evapora-
tion from a wet soil surface occurs in three 
stages over a period of about 14 days (Ritchie, 
1972; Katul and Parlange, 1992; Parlange and 
Katul, 1992; Evett et al., 1994; and Wallace 
and Holwill, 1997).  The three stages include:  
Stage 1) relatively high evaporation rates for 
1-4 days, determined primarily by weather 
conditions while soil moisture is not limiting; 

Table 2. Pan evaporation outside and inside mature pecan orchard, July 25 – August 24, 2018 (from Torres 
et al., 2019)

* Means followed by the same letter are not significantly different at P=.05.
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Table 2. Pan evaporation outside and inside mature pecan orchard, July 25 – August 24, 2018 663 
(from Torres et al., 2019) 664 

 665 

 
Pan Position 

Mean Max 
Air T, 

Degrees Celsius 

Mean Max 
Pan Water T, 

Degrees Celsius 

% Sunlight 
on Surface 

(Range) 

Mean Daily 
Evaporation, 

mm 
Outside Orchard 34.9 37.4 a 100% 7.6 ± 1.7 a 
Inside Orchard, 
Between Rows 

NA 30.5 b 24.2% 
(20.6 – 28.7) 

4.0 ± 1.6 b 

Inside Orchard,  
In Rows 

NA 30.8 b 24.2 % 
20.6 – 28.7) 

4.1 ± 1.4 b 

*Means followed by the same letter are not significantly different at P=.05. 666 

  667 
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Stage 2) diminishing evaporation rates for a 
period of 2-7 days as the soil surface dries out 
and available moisture to support evaporation 
is limited at the soil surface by capillary action 
and vapor diffusion; and Stage 3) stabilized 
very low evaporation rates limited by lack of 
moisture to support evaporation.   When mea-
surements of evaporation from bare soil are 
normalized against potential evaporation esti-
mated from pan evaporation, values are near 
1.0 during Stage 1, 0.3-0.8 during Stage 2, and 
generally less than 0.3 during Stage 3 (Burt et 
al., 2002). In flood-irrigated orchards, the pat-
tern of E between flood irrigation events (usu-
ally 10-20 days) is illustrated by the results of 
Deb et al. (2013), who found that the range of 
daily E rates for bare soil ranged from a high 
of 23.4 mm/day immediately after irrigation 
to a low of 1.1 mm/day after the soil surface 
dried.  It is clear from the results of Deb et 
al. (2013) that Stage 1 evaporation generally 
lasted for about 2 days after irrigation, while 
Stage 2 continued for as long as 20 days.  
  Since the energy balance at the soil surface 
is highly variable over space and time in a pe-
can orchard (due to shading and sun position), 
the spatial distribution of soil E on the orchard 
floor is very dynamic on a 24-hr basis (Torres 
et al., 2019).  This makes measuring or esti-
mating E on a fine spatial and temporal scale 
a difficult task.
  A robust study of spatial and diurnal E un-
der a drip-irrigated vineyard canopy in Israel 
by Kool et al. (2014) quantified E both by di-
rect measurement using “micropans” and by 
simulation using HYDRUS 2D/3D.  In their 
study, E was highly variable both diurnally 
and with distance from the vine row, the mag-
nitude being determined mostly by soil water 
content and the diurnal patterns of canopy 
shading.  A similar study with attention to the 
dynamic patterns of shading and the spatially 
explicit process of evaporation is needed for 
pecan orchards.  

4.  Water Stored in the Soil Profile 
  The amount of water stored in the soil pro-
file (S) in pecan orchards in our region is in the 

range of 50-150 mm and depends on several 
important soil characteristics, including: a) 
soil texture, b) soil pore structure, c) charac-
teristics of the rhizosphere, and d) soil sodic-
ity.  An important factor that impacts several 
of these characteristics is soil organic matter 
(SOM) content.  SOM tends to improve soil 
physical properties and increase water hold-
ing capacity (Lepsch et al. 2019; Eden et al. 
2017).  Addition of carbonaceous materials to 
soil such as leaf litter and organic mulches that 
have water adsorbing properties can increase 
the water holding capacity of the soil profile, 
while decreasing deep percolation and nutri-
ent leaching (Vanden et al. 2014).  Addition-
ally, SOM can increase soil aggregate stability 
and soil water retention (Obalum et al. 2019; 
Egrinya et al. 2008; Johnson & Lyon 2019; 
Leelamanie and Manawardana 2019; Lepsch 
et al. 2019; Li et al. 2018; Tsegaye et al. 2003).  
  Specific to pecan orchards, organic waste 
materials could play an important role in in-
creasing SOM content and improving soil 
physical characteristics.  In NM, large amounts 
of biomass are produced as a by-product of pe-
can production, but not utilized (Creegan et al. 
2023; Tahboub and Lindemann 2007).  Pecan 
litter can have unique properties compared to 
other crop residues.  For example, shell-based 
activated carbon from pecans, analyzed by 
Kaveeshwar et al. (2018) had a high specific 
surface area (1500 m1 2/g) and pore volume 
(0.7cm3/g). The long-term integrity of pecan-
substrate amendments and associated soil 
property benefits might be enhanced due to the 
high lignin content of pecan biomass. 

5.  Deep Percolation:  Non-Consumptive, 
Non-Beneficial Use
  Deep percolation (DP) is the process by 
which water moves downward from the root 
zone and then either moves laterally off site 
or is stored in subsurface strata or the aquifer 
(Fig. 1).  While the amount of water consumed 
by ET is usually the largest component of the 
water balance for irrigated pecans, the amount 
lost by DP is commonly the second largest 
component (Beyene et al. 2018).  Despite DP 
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representing one of the most important com-
ponents of the water balance for pecans, it has 
been measured directly much less commonly 
compared to ET.  By difference, we can esti-
mate that DP in flood-irrigated pecans is com-
monly in the range of 25-35% of the applied 
water.  
  There are several methods to estimate DP, 
including: a) direct measurement of water 
content and movement in the soil profile us-
ing soil moisture sensors (Pereira da Silva and 
Ferreira 2014), where water that passes 1.5 m 
in depth is considered DP because the bulk of 
root systems and thus the majority of plant 
water use is in the top 1.5 m of soil (Wood-
roof 1934); b) water table fluctuation, provid-
ing a simple approach to quantify the rate of 
aquifer recharge; c) by difference using the 
water balance equation in which every com-
ponent except DP is measured or estimated, 
leaving the balance equivalent to DP (Shukla 
2014; Boyko et al. 2020; Upreti et al. 2015); 
d) modeling methods, for example the Root 
Zone Water Quality Model (RZWQM); and e) 
lysimeter methods combined with theoretical 
models (Bethune et al. 2008; Selle et al. 2011).   
  Though considered a non-beneficial use 
with respect to pecan production,DP can pro-
vide several hydrologic benefits. Ochoa et 
al. (2006) stated that DP, including some lat-
eral flow, can provide: 1) recharge to shallow 
groundwater or a deeper aquifer, 2) return flow 
to a stream, and/or 3) dilution of contaminants 
from outside sources. Several studies have 
demonstrated that DP from irrigation can be a 
major component of shallow groundwater re-
charge (Gutierrez-Jurado et al. 2017; Contor, 
2004).  In northern NM, Fernald et al. (2010) 
found an average of 56% (ranging from 37 to 
63%) of the total water applied by irrigation 
was DP.
  A practical aspect of DP is intentional 
leaching to minimize salinity in the soil 
(Cahn, 2015). The best time to leach salt in 
a pecan field is during the winter period be-
cause trees are not using water. The amount of 
water that is required to pass through the root 
zone to control salt at a specific level is called 

the leaching requirement (LR).  Management 
practices to mitigate high salinity are site-spe-
cific, but Miyamoto (2006) mentions three:  a) 
blending or dilution (mixing two sources of 
water); b) chemical additives (calcium com-
pounds and acidulants to lower sodicity); and 
c) desalination (removing salt by reverse os-
mosis). Currently, the latter is not economi-
cally feasible in pecan production.
  Another important aspect of DP is nitrate 
leaching, which can be significant since high 
rates of N fertilization are used in pecan pro-
duction (Wells 2013; Mokari et al. 2019). Mo-
kari et al. (2019) showed that about 29% of 
the applied N was lost to leaching of NO3-N.   
They concluded that N fertilizer rates were 
much higher than the plant demand, and im-
proved N and water management are needed 
to decrease N losses.
  It is important to note that in many unsatu-
rated zone studies, DP is equated to recharge, 
and where river water is the major source of 
irrigation DP in pecan production, this is not a 
bad assumption.  However, much of the water 
used for irrigation in pecans is groundwater.  
DP from this source does not represent re-
charge but return flow, since the source of the 
water was pumped originally from the aqui-
fer.  Where groundwater pumping exceeds 
net recharge, aquifers are being depleted.  For 
example, the elevation of deep aquifers in the 
Rio Grande basin has been dropping over the 
past 50 years or more (Mayer et al. 2021) and 
is projected to continue (Hargrove et al. 2023).  
This is not due entirely to pecan production 
as other major crops, major cities, and some 
industrial users in the region also use ground-
water, but certainly pecan production is a con-
tributor.   

6.  Impacts of Alternative Irrigation
Methods on the Water Balance 
  There are three basic irrigation methods 
used in pecan orchards: flood, sprinkler, and 
micro-irrigation. Basin flood irrigation cur-
rently is the most common method for pecan 
production in NM and Far West TX in the US, 
and Chihuahua in MX.  Sprinkler systems are 



8 Journal of the American Pomological Society

not commonly used in the region, but drip ir-
rigation is a method that is of growing interest.  
Various irrigation methods and their impact on 
the water balance are described briefly below.
  Basin flood irrigation is arguably the least 
expensive and simplest system to maintain but 
has drawbacks. In addition to higher E rates, 
the application of inputs such as nitrogen or 
pesticides are not as easily made as with other 
irrigation methods. Applied inputs (as well 
as salt and contaminants) are quickly flushed 
from the soil profile, particularly closer to the 
head of the field. This results in nonuniform 
distribution of nutrients and salt, which in turn 
can impact production negatively.  Basin ir-
rigation typically has an irrigation efficiency 
(when defined as the total ET as a fraction of 
water applied) of 55 to 65%. 
  Furrow irrigation applies water to wide fur-
rows, each encompassing either a row of trees 
or the space between two rows of trees and 
shares some similarities with flood irrigation. 
With such a design, installation costs are likely 
to be higher, as more valves may be required.  
A plus is that furrow irrigation allows for great-
er flexibility and efficiency in applying inputs 
such as fertilizers or soil amendments (Cox et 
al. 2018; Deb et al. 2013).  Furrow irrigation 
can result in irrigation efficiency of 65-75%.   
  Sprinkler irrigation is not common in pecan 
production in arid/semi-arid regions but can 
result in irrigation efficiency of 75-85%.  One 
source of inefficiency in sprinkler irrigation is 
evaporation of water aerially sprayed from the 
sprinkler nozzle to the plant and soil surface.  
  Surface drip irrigation is a type of micro-ir-
rigation system that distributes water through 
a network of valves, pipes, tubing, and emit-
ters placed on the soil surface. The goal is to 
place water directly on the soil surface and 
minimize evaporation.  With drip irrigation it 
is easier to maintain soil moisture in the root 
zone of plants closer to an ideal level during 
the growing season. Drip irrigation has been 
successfully used for several orchard crops, 
including almonds, peaches, pecans, and oth-
ers (Stetson and Mecham 2011; Worley 1982). 
Poor-quality water can be used more success-

fully with drip than with sprinkler or surface 
irrigation, since less total salt is added with 
drip irrigation.  In addition, a uniformly high 
soil moisture level is maintained in the root 
zone with drip irrigation, which makes more 
water available to trees and leaches the salts 
below the root zone.  However, in regions with 
at least moderate annual rainfall (> 500 mm), 
irrigation efficiencies can be much lower due 
to poor timing of rainfall relative to irrigation, 
with consequences of significant amounts of 
DP.  In such a case published by Darouich et 
al. (2022), DP amounted to 29-36% of the to-
tal water input of rain plus irrigation.    
  Sub-surface drip irrigation is like surface 
drip, except lines are placed below the soil 
surface. This offers some advantages in that 
evaporation levels can be less, and orchard 
maintenance is simpler with vital irrigation 
infrastructure buried below the soil surface. 
However, one recent study, comparing three 
subsurface irrigation designs and two micro-
sprinkler systems for irrigated pecans, re-
ported only minor differences in irrigation ef-
ficiency (Shalek-Briski et al. 2019).  
  Deficit irrigation/partial root drying is a 
strategy aimed at taking advantage of a plant’s 
physiological response to water deficits, pio-
neered by Chalmers et al. (1981) for peaches 
and Dry and Loveys (1998) for vineyards.  
Partial root drying exploits the plant’s re-
sponse to water deficits, while still replacing 
the daily ET demand to a portion of the plant.  
This is achieved using dual drip lines placed 
on opposite sides of a tree row and only deliv-
ering water through a single side at a time. In 
this way, the tree’s ET needs can be met while 
simultaneously provoking a drought response. 
One half of the tree’s roots are irrigated while 
the other half are in drying soil. Typically, the 
side delivering water is alternated every 2-3 
weeks.  One primary benefit of alternating 
which side of the tree row receives irrigation 
is that by re-wetting the drier side promotes 
growth of high-order roots, which are best 
suited to access limited soil water.  As with 
a standard drip-irrigation design, root growth 
will likely show bias towards the higher soil 
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water content, where water is most available.  
  Drip irrigation is receiving growing inter-
est as an alternative to flood or furrow irriga-
tion in our region.  It is commonly thought 
that drip irrigation will decrease E losses, but 
there is evidence that this might not always be 
true.  Burt et al. (2001) summarized research 
in California on E under surface and subsur-
face drip systems and showed that the amount 
of E from drip irrigation is heavily dependent 
on the fraction of the soil surface that is wet.  
Although drip irrigation wets a smaller area, 
that area is wet for much of the growing sea-
son, whereas with flood or furrow irrigation, 
all if not most of the surface soil is wetted, but 
dries in relatively short periods of time, reduc-
ing the total E.  This leads to the conclusion 
that some types of drip systems can result in at 
least as much and perhaps more E than flood 
or furrow irrigation, substantiated by several 
published studies (Evett et al. 1995; Dasberg 
1995; Bresler 1975; Meshkat et al. 2000; and 
Burt and Styles 1999).  Burt et al. (2001) sum-
marized results for drip and furrow irrigation 
for several crops produced in California and 
showed that total ET for crops produced by 
drip irrigation compared to furrow irrigation 
are often similar, but the distribution of E and 
T for the two systems are quite different.  Total 
ET averaged 940 mm/yr for both furrow and 
drip irrigation, but E was 63.5 mm/yr for fur-
row irrigation (6.75% of total ET) and 38 mm/
yr for drip irrigation (4% of total ET), making 
the drip irrigation system more efficient in re-
ducing non-beneficial consumption of water.      

7.  Summary
  Based on results presented here, we devel-
oped a generalized water balance for flood- 
irrigated pecans in an arid climate (Table 3).  
This generalized water balance is for a mature 
orchard with at least 70% groundcover by the 
tree canopy.  Values will change for more im-
mature orchards.     
  The largest single component of the water 
balance in mature pecan orchards is usually T, 
which represents beneficial consumptive use.  
Individual measurements of E and T are diffi-
cult and thus scarce in the literature.  Rates of 
ET or total ET are much more commonly re-
ported.  Daily rates of ET for mature orchards 
are as high as 7.5 mm/d during the middle of 
the season during high water demand.  Im-
mature orchards have lower daily rates due 
to the incomplete canopy (5-6 mm/d or less).  
Seasonal totals of ET for mature pecans with 
optimum management are often in the range 
of 1100-1300 mm. Younger orchards with 
incomplete canopy development have much 
lower values.  Orchards that experience stress 
factors such as moisture deficiency, salinity, 
nutrient deficiency, diseases, and/or pests, also 
have lower ET values.  Since the amount of 
water applied to pecans by flood irrigation is 
commonly about 1650-1800 mm/season, an 
ET of 1200 mm is about 67-73% of the total 
amount of irrigation water.  If you consider 
only T, calculated irrigation efficiency for 
trees is about 65%.  An irrigation efficiency of 
65% compares poorly with other methods of 
irrigation such as sprinkler or drip irrigation 
in row crops, which often have efficiencies of 
75-85% and can be as high as 90% for sub-
surface drip irrigation.    

Table 3.  Generalized water balance for flood irrigated pecans in arid environment.

1 Irrigation is generally 90% or more of this total.  Total includes water applied to leach salts.
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Water balance 
component 

(I + P)1 Total ET T E DP 

Reported range, mm  1500–1800 1095-1307 1020-1232 75-180 405-705 
Best estimate, mm  
(% of applied) 

1650 1200 (73) 1075 (65) 125 (8) 450 (27) 

Reference to this  
document 

Introduction Section 3 Section 4 & 5 Section 5 Section 6 

1 Irrigation is generally 90% or more of this total.  Total includes water applied to leach salts. 669 
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  E losses of various kinds and T by non-
target plants represent non-beneficial con-
sumptive use and are usually small but sig-
nificant (5-10% of applied water in mature 
orchards, more in younger orchards).  This 
can be equivalent to one irrigation application 
per season.  The largest source of E in flood-
irrigated pecans is from the free water surface 
at the time of flooding and lasting for 2-3 days 
(Stage 1 E), followed by E from the wet soil 
surface as it dries (Stage 2), lasting about an-
other 3-5 days.  In Stage 3 E, rates are very 
low but steady, limited by the dry soil surface 
and lasting until the next irrigation event.  E 
rates under a tree canopy are generally less 
than those outside, but this difference varies 
widely depending on several factors, most im-
portantly the age of the orchard and the extent 
of the plant canopy.  E rates under a canopy 
vary widely on a fine spatial scale due to the 
dynamic shading of the soil surface, which 
depends on the time of year and time of day.  
Shading impacts the temperature at the soil 
surface and thus the energy available to drive 
E.  Because pecan orchards almost never have 
a completely closed canopy, it is difficult to 
measure or estimate cumulative E accurately 
over space and time.  
  Applied water that is not T or lost through 
E is either stored in the soil profile (S) or per-
colates below the root zone of the trees (DP).  
The change in S in the profile represents a 
useable reservoir of soil water for future crop 
use, but could still be lost to E, T by non-tar-
get plants, or DP.  The amount of S is related 
to several soil properties, including soil tex-
ture, pore size distribution, and SOM content.  
SOM content can be modified through man-
agement and has been shown to have a posi-
tive impact on pecan production.  
  DP, either downward or laterally, represents 
recoverable flows that are considered non-
consumptive use, and might be added to one 
or more of several “sinks”, including drainage 
ditches, streams, ponds, and aquifers.  Re-
coverable flows can be further characterized 
as “recharge” if it is a net addition of water 
to a sink other than its original source, or “re-

turn flows” if it represents water returned to 
its original source.  For example, irrigation 
water from a stream source that percolates to 
the aquifer represents recharge, but irrigation 
water that is pumped from the aquifer and per-
colates back to the aquifer is return flow.  DP 
can be non-intentional from excessive irriga-
tion, or intentional if the purpose is to leach 
salt from the soil profile.
  Micro-irrigation, such as surface or subsur-
face drip irrigation, is a highly efficient way of 
applying water to a crop by delivering water 
more directly to plants.  With micro-irrigation, 
most of the water infiltrates to the plant root 
zone, while less water is lost to E.  The ap-
plication efficiency for a typical drip system is 
80- 90%.  Deficit irrigation is a way to reduce 
water inputs without significantly impacting 
yield.  Simple reductions in applied water can 
result in significant increases in water use ef-
ficiency (defined by the yield per unit of wa-
ter applied). Partial root drying is a method 
of deficit irrigation designed to affect plant 
responses to simulated drought while still try-
ing to supply the ET demand to at least part of 
the plant, which ultimately might increase the 
plant’s water use efficiency. This is achieved 
using dual drip lines placed on opposite 
sides of a tree row and only delivering water 
through a single side at a time. 

8.  Needed Research
The two largest components of the water bal-
ance that do not contribute directly to crop 
production and thus if reduced could improve 
water use efficiency, are E and DP.  Although 
E in row crop agriculture has been rigorously 
studied and successfully modeled over the 
past fifty years, E in orchard crops, especial-
ly flood irrigated pecans, have been studied 
much less, and presents unique challenges.  A 
major deficiency is our lack of understanding 
of the microclimate in pecan orchards and the 
dynamic nature, in space and time, of water 
and heat gradients and fluxes at relatively 
“fine” scales (i.e., hourly on one square meter 
grids).  As pecan trees are most often planted 
in a grid pattern on a 9 or 12 meter spacing, 
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the size of one grid is either 81 or 144 m2.  The 
details of water and heat gradients and fluxes 
are needed on a fine scale for each grid (i.e., 
hourly on a 1m2 basis).    
  Additionally, we need to improve our es-
timates of cumulative growing season E for 
different irrigation systems and for different 
ages and row spacing of orchards (that result 
in varying canopy cover).  More importantly 
we need to evaluate different management 
practices that can reduce non-beneficial con-
sumptive losses of water through E to make 
irrigation more efficient.  Those might include 
uses of mulch, improved irrigation methods 
and management, closer tree spacing, and 
others.  In this regard, a recent study by Kool 
et al. (2014) in grape vineyards represents a 
useful approach to measurement of E that is 
needed in pecan orchards.        
  More work is needed on optimum compost-
ing and use of pecan waste materials in pecan 
production.  Proper composting can amelio-
rate pecan pathogen survival in organic mate-
rials to be returned to pecan orchards (Tsegaye 
et al. 2003).  Effectively incorporating organic 
amendments into soil management for pecan 
production can be an important water conser-
vation practice that is needed to better manage 
water on a landscape scale.     
  Research is needed that will help us better 
define the costs and benefits of DP in specific 
situations with different water sources, water 
quality, water availability, and climate.  To ac-
complish this, it is necessary to quantify more 
precisely the water that passes the root zone 
vs. how much water is being used beneficially.  
More accurate estimations of DP could pro-
vide a basis for improving irrigation efficiency 
(Nassah et al. 2018) and provide better esti-
mates of recharge from flood-irrigated pecan 
production (Beyene et al. 2018).
   Preliminary testing of partial root drying as 
an irrigation technique showed that water in-
puts could be reduced significantly without re-
ducing yield.  It thus holds promise in making 
water use more efficient for irrigated pecan 
production.  But, more research, especially 
over multiple growing seasons and varying 

conditions, is needed for this innovative tech-
nique.  
  In conclusion, our understanding of the wa-
ter balance for irrigated pecans falls far short 
of our understanding of the water balance for 
annual row crops, which has progressed much 
in the past fifty years.  As water for agricul-
ture becomes more competitive, scarce, and 
expensive, it is imperative that we improve its 
management to maintain a viable pecan pro-
duction industry.
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