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Introduction ______________________________________________________
 Of all the resources that must be supplied to nursery crops, water is required in the greatest amount. Seedlings “consume” 
400 to 700 g (14 to 25 oz) of water through transpiration in order to “capture” a single gram of biomass through photosyn-
thesis. At the same time, that same plant may absorb less than 20 mg of nitrogen, the next most important constituent. 
To say water is important almost trivializes the critical role in both meeting and maintaining the target seedling. Water 
transports nutrients from the soil (or soilless growing medium), through the roots, to the leaves; provides positive pressure 
for cell enlargement; cools leaf surfaces through transpiration; and is a reactant in the photosynthetic process.
 Colombo and others (2001) categorized the morphological, physiological, and chemical attributes of seedlings needed for 
successful reforestation. Every attribute, including the genetic components of seedling quality, are regulated or affected 
by water availability. Water, or lack thereof, can result in genes being expressed or repressed. Thus, water is important to 
defining the target seedling at the most fundamental and basic level.
 Water management is also an important responsibility of the nursery manager. Overwatering increases pumping costs 
of unnecessary water, fertilizer costs as nutrients are leached through the soil/medium profile, pest management costs to 
combat moss, Botrytis, and insect outbreaks (for example, fungus gnats). Furthermore, overwatering increases the risk of 
environmental problems from runoff either to groundwater or surface waters. Supplying insufficient water during the growth 
phase can result in failure of seedlings to reach target size specifications, and that could decrease production and create 
employment risks. Consequently, most nursery managers tend to overwater and confront the cost issues brought about by 
overwatering (Carles and others 2005). The objective of this paper is to review the role of water in achieving and maintaining 
the target seedling and to discuss technologies currently in use or available to the nursery manager.
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Survey Results _________________
 A brief survey conducted at this Target Seedling Sympo-
sium was completed by 16% of the participants; 58% use 
English units, while 42% prefer metric units. This likely 
represents the split between US and Canadian participants 
completing the survey. Most nursery managers were con-
tainer growers (64%), while 21% grew both container and 
bareroot seedlings, and only 14% operated bareroot nurser-
ies exclusively. Most (75%) of the container nurseries had 
travelling boom irrigations systems for at least part of the 
nursery, while 25% had only fixed irrigation systems.
 Over 90% of respondents used the block weight method 
to schedule container irrigation during the growth phase 
(Figure 1a). This is higher than earlier surveys reported 
 (McDonald 1978; Landis and others 1989), and likely in-
dicative of improved grower expertise. Grower experience 
was the second most important resource for scheduling 
irrigation. During the hardening phase, medium moisture 
monitoring was the most important tool, followed by block 
weight (Figure 1b). For both growth and hardening, seed-
ling moisture status was the least important characteristic 
to monitor. Bareroot seedling monitoring techniques were 
less clear cut because of the small sample size. Neverthe-
less, bareroot seedling moisture status appeared to be the 
most important criteria for both growth and hardening, 
followed by soil moisture monitoring. While it appears that 
container and bareroot growers use different criteria to 
schedule irrigation, those growers that grew both seedling 
types tended to prefer seedling water status over other 
criteria; again, this is an improvement over past practices 
(Johnson 1986).

Definitions ____________________
 The status of water in a system is defined by its water 
potential. Water potential (y) is the chemical free energy 
of water, or, basically, the ability of water to do work. The 
units of water potential are the units of force per unit area, 
or Pascal. Thus, pure free water would have a water poten-
tial of 0 Pascals. For reference, the traditional term of field 
capacity can be represented in the following units: -30 kPa, 
-0.03 MPa, or -0.3 bars; while permanent wilting point can 
be expressed as -1500 kPa, -1.5 MPa, or -15 bars (note that 
bars are often used to denote plant moisture stress [PMS], in 
which case they are expressed in positive units; -1.0 MPa = 
10 bars). Lowering or reducing the water potential makes 
the water potential more negative while increasing water 
potential makes the number more positive, or closer to zero. 
In the case of reforestation seedling production, almost 
anything (for example, adding fertilizer) done to water will 
lower the water potential (see Supplement I).
 Water moves in response to a gradient in water potential, 
that is, from high water potential to lower water potential in 
order to equalize the system. Water moves from the soil 
solution at relatively high water potentials into the roots, 
through the plants, and ultimately through the stomata into 
the atmosphere as water vapor. Water in the soil is not quite 
at 0 MPa (or 100% RH) because of dissolved salts (osmotic 
or solute potential, ys) and adsorption to the surface of soil 
particles (matric potential, ym) (Table 1). As soil dries, the 
salts concentrate, thereby decreasing ys. Furthermore, ym 
also increases as the remaining water is more tightly bound 
to the soil particles. Finally, as the soil dries, the larger pores 
drain and the path water travels through the soil becomes more 
tortuous, increasing the resistance to movement to the root.

Figure 1. Container seedling survey results, Respondents were asked to rank the importance of varying 
factors (with 1 being least important and 5 being most important) for scheduling irrigation during 
a) growth or b) hardening.
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 By the time soil dries to the permanent wilting point, the 
relative humidity of the soil is still 99% (Kohnke 1968). At 
93% RH, y is below -9.8 MPa, and at an atmosphere RH of 
50%, the y is below -980 MPa. Not only does the gradient 
drive water movement to and through the plant, but also 
the steepness of the gradient speeds the movement. Thus, 
the demand for water is greater at 20% RH (-3160 MPa) 
than when the atmosphere is relatively humid (50%). Con-
sequently, nursery managers need to be cognizant of both 
available soil moisture and drivers of evapotranspiration, 
for example, humidity.
 Evapotranspiration (ET) is the combination of soil evapora-
tion (E) and plant transpiration (T). ET varies as a function 
of soil moisture, stage of plant development, and climate. 

Potential evapotranspiration (PET) is the ET of a crop un-
der non-stressed conditions. However, since the crop is not 
specified, the term PET is being supplanted by reference 
evapotranspiration (ETo or ETr). ETo is the evapotranspi-
ration of a reference crop (usually a perennial grass) under 
non-stressed conditions. ETo is estimated from climatic 
variables using the Penman-Monteith equation (Allen and 
others 1998). The predominant variables regulating ETo are 
vapor pressure deficit (VPD), net radiation, and temperature. 
The variables are highly correlated, especially VPD and 
radiation, with ETo. The relationship for greenhouse crops 
is similar, albeit with simpler calculations (Seginer 2002). 
Thus, ETo varies with latitude, elevation, and proximity to 
coastal influences. For example, the annual ETo for coastal 
San Diego, CA, is 118 cm/yr (46 in/yr) while that of Calexico 
in the interior of southern CA is 182 cm/yr (72 in/yr) (CIMIS 
2010). In contrast, the annual ETo for coastal Brookings, OR, 
near the California border is 91 cm/yr (36 in/yr), whereas 
the ETo of Lakeview, OR, is 134 cm/yr (53 in/yr) (US DOI 
2010). The ETo of southern Oregon is about 75% of southern 
California, and the ETo of the interior stations is about 50% 
greater than the coastal stations. Consequently, the water 
required to produce the same seedling would be greater 
where the ETo is greater.
 In order to schedule irrigation using the Penman-Monteith 
equation, typically a conversion factor (crop coefficient = kc) 
is needed to convert ETo to the ET of the crop in question 
(ETc). Unfortunately, kc varies by species and growth 
stage. Consequently, many growers are reluctant to adopt 
this seemingly complicated tool. Nevertheless, ETo can be 
used not only for field grown crops, but also for greenhouse 
grown crops. The variables of temperature, vapor pressure 
deficit, and incoming radiation (filtered through the green-
house covering) individually account for nearly 80% of the 
variation in evapotranspiration of greenhouse-grown (ETg) 
garden cucumbers (Cucumis sativa) (Shibuya and others 
2010). Thus, an instrument or service that estimates ETo 
is a potentially useful tool in irrigation scheduling.
 Maximum or management allowable depletion (MAD) is 
the portion of plant available water in the soil profile allowed 
for plant use prior to the next irrigation (Welsh and Zajicek 
1993). It is based on plant and management considerations, 

Table 1. Comparison between relative humidity (%) and equivalent 
water potential (MPa), and the maximum soil pore size 
filled by water at that water potential, where ~FC  is near 
field capacity and PWP is permanent wilting point (after 
Kohnke 1968).

   Maximum 
 Relative humidity Water potential water-filled pore
 (%) (MPa) (mm) (μ)

 100.00 0 2 2,000
 99.999 -0.001 0.2 200
 99.99 -0.01    (~FC) 0.03 30
 99.93 -0.10 0.003 3
 99.00 -1.50    (PWP) 0.0002 0.2
 98.00 -3.09 — —
 93.00 -9.8 0.00003 0.03
 50.00 -980.0 na na
 10.00 -3,160.0 na na
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and typically reported as a percentage of available water (for 
example, 50% MAD). It is an especially important manage-
ment tool in flood-irrigated agriculture. Where irrigation 
water is applied through sprinkler or drip systems, irriga-
tion can be applied to meet the daily ET needs, thereby 
minimizing soil depletion and maintaining the crop under 
non-stressed conditions. However, if water is not applied 
daily to meet ET demands, MAD is crucial to avoiding the 
threshold seedling water potential, where photosynthesis 
and subsequent growth is reduced. For example, Dumroese 
(2009) found ponderosa pine (Pinus ponderosa) seedlings 
could tolerate a MAD = 40% with only a small reduction 
in growth. Furthermore, there was no difference in growth 
between 10% and 25% MAD in this study.
 Water use efficiency (WUE) or biomass to water ratio (BWR) 
is the amount of water required to produce a unit of biomass, 
typically expressed as grams of water/gram of biomass (for 
example, 400 g/g). Generally, WUE can be increased through 
deficit irrigation. Plants under mild stress tend to be more 
efficient at fixing carbon. Until data and technologies are 
developed to demonstrate the benefits of deficit irrigation, 
however, a nursery manager should grow seedlings under 
non-stressed conditions to reach the target seedling. Growth 
(cell enlargement, biomass) is impacted much more severely 
and at a much higher yleaf than photosynthesis. yleaf must 
approach -1.5 MPa before photosynthesis is reduced 50%. 
Growth, however, can be reduced 50% by yleaf as high as 
-0.25 MPa (Morison and others 2008). Finally, the economics 
of water conservation are dwarfed by the economic benefits 
of achieving target specifications for a high percentage of 
the crop.

Measuring Water Status _________
 Jones (2004) discussed the advantages and disadvantages 
of the numerous instruments used to assess plant or soil 
moisture relations. Many are currently inappropriate for 
use beyond research, either because of expense or complex-
ity of use. There are several, however, that have application 
to the nursery industry (Table 2). Currently, the pressure 
chamber is the only instrument in operational use that 
directly measures plant water potential, either yxylem or 
yleaf. Typically, seedling yxylem is measured pre-dawn after 
the seedlings have fully recovered but before stomata open 
in the morning. Alternatively, seedlings can be wrapped in 
aluminum foil during the day and allowed to equilibrate for 
1 to 2 hours with soil moisture before measuring (McCutchan 
and Shackel 1992). Pressure chamber measurements are 
precise, but time consuming and do not lend themselves 
to automation. A nursery can spend over 10 hours/week 
measuring seedling yxylem (Khadduri 2010). As a conse-
quence, some nurseries have abandoned this technique as 
a management tool.
 Pressure chambers are used to monitor seedling water 
status, and irrigation is applied when a critical threshold 
yxylem is reached (Figure 2). In these examples of bareroot 
1+1 and 2+0 Douglas-fir (Pseudotsuga menziesii) seedlings, 
yxylem is seemingly decoupled from ETo. That is, when ETo is 
high, yxylem is also high, when the opposite would be expected. 
The reason for this is seedlings were irrigated when yxylem 
reached about -0.7 MPa (actual irrigation records unavail-
able). As soil moisture was depleted, yxylem could easily change 

Table 2. Characteristics of irrigation scheduling tools (after Jones 2004). Note this list does not include numerous plant monitoring 
techniques (for example, porometer, psychrometer, sap flow) that provide valuable research information, but limited 
operational application.

 Instrument Advantages Disadvantages

Pressure chamber Direct measure of seedling yxylem Time consuming; training; expense; point-in-time
  measurement (predawn); unsuitable for automation

Block weights Measures growing medium Point-in-time measurement 
 available moisture; inexpensive

Medium moisture Inexpensive; ease of use;  Soil contact is critical; soil heterogeneity requires
sensor (tensiometer) electronic recording numerous sensors (expensive)

Medium moisture Continuous readouts; precise Expense; new terminology (m3/m3); soil
sensor (TDR) electronic recording heterogeneity requires numerous sensors

Pan evaporation Continuous readouts;  Overestimates ETo by ~33%
 electronic recording available

Atmometer
(for example,ETGage™) Continuous readouts; electronic  Must be calibrated with climate data
 recording; small size

Infrared Thermometry  Continuous readouts; precise Expense; line of sight communication; 
(for example, SmartCrop™) electronic recording; wireless requires time and temperature thresholds 

Climate data-historic Estimates crop ETo Approximates current ETo; not as accurate as real
  time measurements; requires kc

Climate data-current Real time measure of ETo Steep learning curve; requires kc
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0.1 MPa/day. Thus, careful monitoring is required if yxylem 
is allowed to exceed the critical threshold affecting growth, 
which could be as high as -0.5 MPa for Douglas-fir seedlings 
(Blake and Ferrell 1977; Bond and Kavanagh 1999).
 The most common container monitoring technique is 
the block weight method. A block or tray of seedlings are 
watered to saturation and weighed periodically until a 
predetermined weight is reached (often to 50% to 60% of 
original weight) (Dumroese 2009). The containers are then 
re-watered to runoff, which leaches salts from the growing 
medium. Khadduri (2007) monitored Douglas-fir seedling 
yxylem during repeated dry down cycles to 50% (moderate) or 
approaching 40% (severe) of total moisture (Figure 3). Only 

after soil moisture dropped below 50% did yxylem decrease 
below -0.6 MPa. Over this period, the moderate treatment 
had four cycles, while the severe had three cycles. Dry down 
to 50% required 3 to 6 days in each cycle, while the severe 
dry down usually required an additional day. Dumroese 
(2009) found container ponderosa pine in Idaho required 
2 days for medium moisture to drop to 90% (MAD = 10%), 
4.6 days to 75%, and 7.8 days to 60%. Furthermore, there was 
little impact to seedling quality under any irrigation regime, 
although the driest irrigation regime reduced seedling size 
(height, diameter, and biomass) by about 10%. There were 
no differences between 90% and 75% in seedling quality.

Figure 2. Comparison of pre-dawn water potential of Douglas-fir (Pseudotsuga menziesii) 1+1 and 2+0 seedlings 
to ETo for nearby Puyallup, WA in 2007, where 12.7 and 19.3 are rainfall events (mm) and ↑= scheduled irrigation 
(estimated) (Khadduri 2007).

Figure 3. Container block weight (n) vs xylem water potential (¯) during sequential moderate (50%) and severe 
(<50%) dry down cycles of container Douglas-fir (Pseudotsuga menziesii) (Khadduri 2007).

Mexal and Khadduri The Role of Plant Water Relations in Achieving and Maintaining the Target Seedling



USDA Forest Service Proceedings RMRS-P-65. 2011 103 

 In the work by Khadduri, yxylem was only weakly correlated 
with moisture block measurements of container seedlings 
(Figure 4). In fact, there was essentially no correlation as 
long as block weights were above 50%. This should not be 
surprising. Moisture contents above 50% have a ym above 
field capacity (-0.03 MPa), and often above -0.01 MPa (Pinto 
and others 2009); whereas yxylem often is below -0.2 MPa. 
Thus, the transpiration gradient is still strong even at rela-
tively low block weights. This can be disconcerting to growers 
since seedlings may appear relatively insensitive to block 
weights. It should be viewed as a management opportunity 
to save water and labor without sacrificing seedling quality. 
This is where judicious use of MAD is important. Caution 
is nevertheless required, especially as moisture content ap-
proaches 50%.
 Alternatives to block weights are instruments that directly 
measure soil moisture content, such as tensiometers or time 
domain reflectometry (TDR) tools (Murray and others 2000; 
Arguedas and others 2007; Van Iersel and others 2010). These 
instruments are finding increasing utility in agriculture (for 
example, Kallestad and others 2006), in part because the 
data can easily be downloaded to a computer and viewed 

graphically. Lamhamedi and others (2005) monitored irriga-
tion uniformity with TDR units in an open-grown container 
nursery with a fixed sprinkler system (growing white spruce 
[Picea glauca]) (Figure 5). Unfortunately, application uni-
formity changed throughout the growing season, and crop 
height was only weakly correlated with soil moisture. The 
authors estimated the grower would need about 20 units 
to adequately characterize crop uniformity in the 240 m2 
(2580 ft2) nursery, at a cost of nearly US$ 2000. Alternatively, 
the authors suggested tracking the growth of 4 seedlings 
would accomplish the same. It would appear additional 
development is warranted before widespread adoption by 
container nurseries is warranted.
 Tools that directly measure soil moisture content are 
likely better suited for bareroot nurseries (Davies and Etter 
2009). It is not that bareroot soil, or fixed sprinkler systems 
used in bareroot nurseries, are more uniform. Rather, in a 
container system, the sensor is measuring moisture content 
of a seedling completely isolated from other seedlings by the 
block or cell. The particular cell holding the sensor may not 
be representative of surrounding seedlings, as indicated 
by Lamhamedi and others (2005). The sensor in a bareroot 

Figure 4. Container weight vs xylem 
water potential under moderate (50%) 
and severe (<50%) drydown cycles of 
container Douglas-fir (Pseudotsuga 
menziesii) (Khadduri 2007).

Figure 5. Utility of soil moisture sensors 
as a predictor of white spruce (Picea 
glauca) seedling height (Lamhamedi 
and others 2005).
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nursery simulates the block weight technique in that the 
sensor measures moisture content available to more than 
just one seedling. The main drawback is the equipment may 
have to be removed for field operations, which may damage 
sensors.
 The above-mentioned tools measure the seedling after a 
night of recovery or the balance of plant-available moisture 
remaining in the soil. While these instruments measure 
actual seedling water status or medium moisture, they are 
point in time and place measurements. They require inte-
gration or estimation over the entire crop through multiple 
sampling, both in place and time. Furthermore, these require 
labor during the growing season that the manager might 
be unwilling or unable to allocate to moisture monitoring, 
regardless of the benefit (Thompson and others 2002). Thus, 
often grower experience, that is, “seat-of-the-pants,” becomes 
the default irrigation method.
 Unfortunately, none of the tools described above estimate 
the environmental parameters that actually drive ET, includ-
ing radiation, VPD, and temperature that would provide some 
integration. Fortunately, these environmental variables can 
be easily estimated and used to schedule irrigation for the 
entire crop while avoiding issues of variability as discussed 
above. Tools such as a pan evaporimeters and atmometers 
integrate the impacts of radiation, VPD, and temperature on 
water evaporation that, in turn, can be used to approximate 
ETo. Pan evaporation (ETp) tends to overestimate ETo by 
about one-third (Snyder and others 2005), possibly explain-
ing the lack of adoption of ETp data. Recent advances in 
atmometer design allow these instruments to more closely 
approximate ETo. Bauder (1999) found close agreement 
between ETgage™ and the Penman ET equation.

 One tool that is rapidly gaining popularity for schedul-
ing irrigation is the use of climate data, historic or current, 
available from regional or state climatologists. The reason 
for the increased popularity is climatologists are finally de-
veloping tools or display images that are more user friendly 
to managers. Growers can access real time ETo calculations 
for the current year, past ETo data for a specific year, or 
long-term average for nearby meteorological stations (Figure 
6). Given the myriad of duties during the growing season and 
the wide fluctuations in daily ETo, it may be impractical to 
check climate data and adjust irrigation schedules on a daily 
or even weekly basis. The irrigation schedule, however, can 
easily be adjusted on a bimonthly or monthly basis using 
either current ETo or historic ETo data. Scagel (2010) used 
real time climatological data to provide nursery managers 
with PET (ETo) data on a weekly basis. The success of the 
program, however, was limited. A possible reason was the 
wealth of data that was provided at a time when the manager 
may have simply wanted to know if the seedlings should 
be irrigated. This is a common refrain among producers 
that has limited the adoption of irrigation scheduling tools 
(Thompson and others 2002). When determining irrigation 
schedules, time or labor is a greater concern than the equip-
ment expense.

Growing to Target ______________
 How can ETo data (historic in this example) be used to 
schedule irrigation of conifer nurseries? Using mature pe-
can trees (Carya illinoiensis) grown in New Mexico as our 
example, two points are obvious (Figure 7). First, there is 
reasonable similarity in ETc among 6 years and 2 orchards. 

Figure 6. Comparison of real time ETo data for 2009 to long-term average for Forest Grove, OR 
meteorological station (http://www.usbr.gov/pn/agrimet/agrimetmap/agrimap.html).
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Second, it is obvious ETc bears little relationship to ETo. 
Monthly ETo ranges from about 2.5 mm/day in January and 
December, peaks at 9.0 mm/day in June as temperatures 
rise, and declines as temperature declines and RH increases 
during the monsoon season. In contrast, pecan ETc is near 1 
mm/day prior to budbreak in the Spring (Stage 1), increases 
linearly in Stage 2 as leaves and shoots expand, closely fol-
lows ETo (Stage 3) once canopy coverage is complete, and 
declines as leaves senesce and drop (Stage 4).
 While pecan ETc may seem to have little relationship 
to ETo, the behavior of a mature pecan orchard does have 
many similarities to nursery seedling production, whether 
in a bareroot nursery or container greenhouse.

Stage 1
 During the seedling emergence phase, ET consists entirely 
of evaporation (E). E is higher when readily evaporable water 
is at or near the soil surface, but much reduced as water 
moves slowly from soil depths to the surface (Allen and others 
1998). Mulched nursery beds or container medium covered 
with grit have reduced evaporation. Thus, E is typically low, 
that is, less than 1 mm/day in bareroot nurseries and less 
than 0.5 mm/day in container nurseries. Evaporation occurs 
only from the exposed medium surface of containers, and 
that may constitute less than 50% of the exposed surface 
area; the container or block constitutes the balance of the 
exposed surface. Thus, E in containers would be less than 
expected.
 A recent study by Pinto and others (2009) examined the 
irrigation frequency during emergence of lodgepole pine 
(Pinus contorta). Given the container type and irrigation 
frequency, ET ranged from 0.24 mm/day for the low ir-
rigation frequency to 0.90 mm/day for the high treatment 
during the emergence phase. In all treatments, medium ym 
remained above field capacity (-0.033 MPa). Nevertheless, 

germination was positively correlated, albeit weakly, with 
moisture availability. While it is important to maintain a 
high medium ym, there can be potentially negative impacts. 
In the study by Pinto and others (2009), misting three times 
daily reduced seedbed temperature by as much as 3 °C (5 °F), 
potentially below the optimum temperature for both emer-
gence and growth. Irrigating to meet the E demands will 
save water without impacting emergence. While irrigating 
in the morning can reduce temperatures below optimum, 
irrigating in the afternoon can reduce temperatures down 
into the optimum range. Better management may actually 
improve emergence as well as water use.

Stage 2
 ETc is a function of expanding leaf area (Asakura 1998). 
This is the most difficult stage to characterize or model. 
Nevertheless, there are common elements even in this stage. 
As a general rule, once crop canopy coverage reaches 65% 
to 70%, Etc = ETo (Wang and others 2007). Thus, Stage 
2 encompasses the time from complete emergence to 65% 
canopy coverage. Stage 2 ETc can be estimated by estimat-
ing canopy coverage using digital photographs and software, 
such as Photoshop® (see Supplement II for examples of this 
technique). During this phase, irrigation should be incre-
mentally increased as canopy coverage increases.

Stage 3
 ETo = ETc when the percentage of canopy cover exceeds 
65% under non-stressed conditions. Additionally, during this 
phase, E can be as little as 10% of ET and can be effectively 
ignored (Beeson 2010). This appears to be a general rule, 
regardless of crop species (Allen and others 1998). Work with 
pecan orchards (Sammis and others 2004), honey mesquite 

Figure 7. Daily pecan ET compared to ETo in the Mesilla Valley, NM (Sammis and others 
2004; Samani and others 2009).
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(Prosopis glandulosa) in landscapes (Levitt and others 1995), 
and creosote bush (Larrea tridentata) in containers (Saucedo 
and others 2006) has shown that all have similar water use 
under non-stressed conditions as the reference crop. That 
is, the crop coefficient (kc) = 1.0. This should be verified 
for conifers; if the hypothesis holds, this may greatly ease 
management of irrigation during growth phases.

Stage 4
 Senescence applies only to deciduous 
trees entering dormancy. As leaves begin to 
senesce, transpiration declines as the plant 
remobilizes nutrients to the roots in antici-
pation of impending shortened photoperiods 
and cooler temperatures. Once leaf drop is 
complete, only E operates. Currently, there 
is little information about water use of dor-
mant conifers. However, roots do not undergo 
a physiological dormancy (endodormancy) 
typical of meristematic tissues (buds), and 
must be protected from desiccation.
 The stages described above apply directly 
to bareroot or open-grown nursery crops. 
For greenhouse-grown crops, however, 
managers must determine a correction fac-
tor. Generally, the protective covering of a 
greenhouse reduces incoming radiation up to 
60% (Seginer 2002; Möller and others 2004; 
Mpusia 2006), but 10% to 20% is more typi-
cal. Wind is also decreased, but the effect of 
air movement is minor and can be ignored. 
Nevertheless, ETg is reduced below ETo, but 
the exact amount will depend on covering type 
and age. Conversions can be accomplished 
using atmometers, such as ETgage®, or pan 
evaporation. Using this approach to irriga-
tion scheduling should result in a crop grown 
under non-stressed conditions without excess 
water usage.
 Using historic climate data rather than 
real time data introduces uncertainty about 
whether the crop is receiving sufficient water. 
Kallestad and others (2008) found long-term 
historic data accounted for about 90% of the 
variability in climate over a growing season, 
so the risks should be minor. As an example, a 
hypothetical open-grown nursery near Forest 
Grove, OR, meteorological station that was 

sown in March would have low ETc demands (only E) until 
the crop completely emerged (Table 3). The ETc demands 
would increase until canopy coverage reached 65% to 70% in 
July, after which time ETc would equal ETo. While irriga-
tion scheduling to exactly meet ETc requirements would not 
allow additional water for leaching salts from the medium, 
avoiding deficit irrigation may reduce the need for regular 
leaching of salts (Chartzoulakis and Drosos 1995). Periodic 

Table 3. Example of irrigation requirements for a conceptual outdoor nursery at Forest Grove, 
OR (see Figure 6).

 Date Activity ETo (mm/day) ETc (mm/day) ETg/ETo

Late March  Sow 2.70 0.8 (E only) 0.30
May 15 Emergence complete 4.25 1.25 0.30
June 15 40% canopy coverage 5.37 2.10 0.39
July 15 50% canopy coverage 6.57 3.30 0.50
August 15 75% canopy coverage 5.56 5.56 1.00
September 15 100% canopy coverage 3.86 3.86 1.00
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irrigations that supply 110% of ETc could be scheduled to 
leach excess salts that might harm seedling growth.

Maintaining Target ______________
 Once seedlings have achieved the target size, managers 
may reduce irrigation frequency to maintain size, induce bud 
dormancy, or increase cold hardiness. Subjecting seedlings 
to moisture stress can have positive benefits from reduc-
ing growth and biomass accumulation, transpiration, and 
increasing carbohydrate accumulation (Table 4). Carbohy-
drates tend to accumulate because growth is more severely 
impacted by mild moisture stress before photosynthesis 

(Morison and others 2008). Not all the changes in seedling 
physiology, however, are beneficial. Factors such as osmotic 
adjustment, root-to-shoot ratio, cold hardiness, and dormancy 
might not be improved by subjecting seedlings to moisture 
stress. Consequently, subsequent root growth potential and 
subsequent survival can actually decline after conditioning 
(Table 4).
 One possible explanation for these disparate results could 
be the difficulty of maintaining medium ym in the range 
where growth is reduced, but the physiological components 
of the target seedling are not diminished. This can be chal-
lenging. Dinger and Rose (2009) presented an elegant study 
on the relationship between soil moisture (ym) and seedling 
water potential (yxylem) following outplanting (Figure 8). 

Table 4. Brief survey of the physiological effects of moisture stress conditioning on seedlings.

Parameter Effect Reference
Photosynthesis/Biomass accumulation ↓ Cleary 1971; Havranek and Benecke 1978; Cregg 

1994; McMillan and Wagner 1995; Nzokou and 
Cregg 2010 

Transpiration ↓ Havranek and Benecke 1978; Seiler and Johnson 
1985, 1988; Villar-Salvador and others 1999 

Carbohydrate accumulation ↑ Villar-Salvador and others 1999 

Osmotic adjustment ↑
↔

Seiler and Johnson 1985, 1988; Seiler and Cazell 
1990; Villar-Salvador and others 1999 

Root-to-shoot ratio ↔
↓

Seiler and Johnson 1988; McMillan and Wagner 
1995 

Cold hardiness/Dormancy ↑
↑↔

Timmis and Tanaka 1976; Blake and others 1979; 
Zaerr and others 1981; Almeida and others 1994

Root Growth Potential ↓ Vallas Cuesta and others 1999; Villar-Salvador and 
others 1999 

Survival ↓
↔

van den Driessche 1991; Vallas Cuesta and others 
1999

Figure 8. Low soil moisture determines seedling: (A) predawn (ψpd) and (B) midday (ψmd) 
xylem water potential for treatments receiving complete weed control (treated) and no 
weed control (control) (after Dinger and Rose 2009).
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Neither predawn nor midday yxylem were highly correlated 
with soil moisture above 0.3 m3/m3. Once soil moisture fell 
below 0.25 m3/m3, however, both predawn and midday yxylem 
decreased precipitously, and both were highly correlated 
with soil moisture. This likely could explain differences in 
seedling response to moisture stress in various seedling 
quality studies (Table 4). If moisture stress is not carefully 
monitored and maintained above the critical threshold, 
damage could result in decreased seedling performance. 
Work by Burr (1982, as cited in Landis and others 1989) 
found seedling yxylem could decrease from -0.05 MPa to -0.10 
MPa by transpiring only 2.7 mm from Ray Leach containers 
(163 cm3 [10 in3]). This would take less than one-half day 
in August at our hypothetical Forest Grove nursery. Work 
by Khadduri indicated similar rapid responses (Figure 3). 
Thus, a manager that successfully grows to meet target 
specifications can actually lose components of that target 
(for example, root growth potential) during the conditioning 
phase if moisture stress is severe.

Conclusion ____________________
 There have been many changes and challenges since the 
first Target Seedling Symposium 20 years ago. Nursery 
managers are still dedicated to providing a quality seedling 
at reasonable cost, and irrigation management is a critical 
component of management strategies. Growing under non-
stressed conditions allows the crop to reach target size in the 
shortest amount of time at the least expense. Maintaining 
target specifications (morphological, physiological, chemical) 
during the conditioning phase also requires careful water 
management. Fortunately, the nursery manager has an 
expanding suite of tools (climate data, moisture sensors) 
that can facilitate both growing to target specifications and 
maintaining the target seedling.

References ____________________
Allen RG, Pereira LS, Raes D, Smith M. 1998. Crop evapotranspira-

tion—guidelines for computing crop water requirements. Rome 
(Italy): Food and Agriculture Organization of the United Nations. 
FAO Irrigation and Drainage Paper 56. URL: http://www.fao.org/
docrep/X0490E/x0490e00.htm#Contents (accessed 11 Jun 2010).

Almeida MH, Chaves MM, Silva JC. 1994. Cold acclimation in 
eucalypt hybrids. Tree Physiology 14: 921-932.

Arguedas FR, Lea-Cox JD, Ristvey AG. 2007. Revisiting the mea-
surement of plant available water in soilless substrates. Southern 
Nursery Association Research Conference 52:111-114.

Asakura T. 1998. Changes in evapotranspiration of summer and 
winter crops of netted melon grown under glass in relation to 
meteorological and plant-related factors. Journal of the Japanese 
Society for Horticulture Science 67:843-848.

Bauder T. 1999. Atmometers. A flexible tool for irrigation schedul-
ing. Fort Collins (CO): Colorado State University Cooperative 
Extension Service. Agronomy News 19(6):7-9.

Beeson Jr RC. 2010. Modeling actual evapotranspiration of Viburnum 
odoratissimum during production from rooted cuttings to market 
size plants in 11.4-L containers. HortScience 45(8):1260-1264.

Blake J, Ferrell WK. 1977. The association between soil and 
 xylem water potential, leaf resistance, and abscisic acid content 
in droughted seedlings of Douglas-fir (Pseudotsuga menziesii). 
Physiologia Plantarum 39(2):106-109.

Blake J, Zaerr J, Hee S. 1979. Controlled moisture stress to improve 
cold hardiness and morphology of Douglas-fir seedlings. Forest 
Science 25:576-582.

Bond BJ, Kavanagh KL. 1999. Stomatal behavior of four woody 
species in relation to leaf-specific hydraulic conductance and 
threshold water potential. Tree Physiology 19(8):503-510.

[CIMIS] California Irrigation Management Information System. 
2010. Department of Water Resources. URL: http://wwwcimis.
water.ca.gov/cimis/welcome.jsp (accessed 16 Sep 2010).

Carles SA, Stowe D, Lamhamedi MS, Fecteau B, Margolis HA, 
Bernier PY, Veilleux L, Renaud M. 2005. Turning off the tap: 
controlling nutrient leaching, growth and hardening of contain-
erized white spruce seedlings through irrigation management. 
In: Colombo SJ, editor. The thin green line: a symposium on the 
state-of-the-art in reforestation, proceedings; 26-28 July 2005; 
Thunder Bay, Ontario. Sault Ste Marie (Ontario): Ontario Min-
istry of Natural Resources. Forest Research Information Paper 
160. p 77-83.

Chartzoulakis K, Drosos N. 1995. Water use and yield of green-
house grown eggplant under drip irrigation. Agriculture Water 
Management Journal 28:113-120.

Cleary BD. 1971. The effect of plant moisture stress on the physi-
ology and establishment of planted Douglas-fir and ponderosa 
pine seedlings [doctoral thesis]. Corvallis (OR): Oregon State 
University. 85 p.

Colombo SJ, Menzies MI, O’Reilly C. 2001. Influence of nursery 
cultural practices on cold hardiness of coniferous forest tree 
seedlings. In: Bigras FJ, Colombo SJ, editors. Conifer cold hardi-
ness. Dordrecht (The Netherlands): Kluwer Academic Publishers. 
p 223-252.

Cregg BM. 1994. Carbon allocation, gas exchange, and needle mor-
phology of Pinus ponderosa genotypes known to differ in growth 
and survival under imposed drought. Tree Physiology 14:883-898.

Davies MA, Etter TR. 2009. Is it time to water? Wireless soil 
moisture monitors provide the answer. Missoula (MT): USDA 
Forest Service, Missoula Technology and Development Center. 
Reforestation Tech Tip 0924–2316–MTDC. 8 p.

Dinger EJ, Rose R. 2009. Integration of soil moisture, xylem water 
potential, and fall–spring herbicide treatments to achieve the 
maximum growth response in newly planted Douglas-fir seedlings. 
Canadian Journal of Forest Research 39(7):1401-1414. 

Dumroese RK. 2009. Comparing growth of ponderosa pine in two 
growing media. In: Dumroese RK, Riley LE, technical coordina-
tors. National proceedings—2008 forest and conservation nursery 
associations. Fort Collins (CO): USDA Rocky Mountain Research 
Station. Proceedings RMRS-P-58. p 32-36.

Havranek WM, Benecke U. 1978. The influence of soil moisture 
on water potential, transpiration and photosynthesis of conifer 
seedlings. Plant and Soil 49:91-103.

Johnson JD. 1986. Irrigation and its implications for seedling growth 
and development. In: Proceedings of the Southern Forest Nursery 
Conference; 22-24 July 1986; Pensacola, FL. Atlanta (GA): USDA 
Forest Service, Southern Region. p 60-68.

Jones HG. 2004. Irrigation scheduling: advantages and pitfalls 
of plant-based methods. Journal of Experimental Botany 
55:2427-2436.

Kallestad JC, Sammis TW, Mexal JG, White J. 2006. Monitoring 
and management of pecan orchard irrigation: a case study. Hort-
Technology 16(4):667-673.

Kallestad JC, Mexal JG, Sammis TW, Heerema R. 2008. Develop-
ment of a simple irrigation scheduling calendar for Mesilla Valley 
pecan growers. HortTechnology 18(4):714-725.

Khadduri N. 2007. Unpublished data. Located at: Olympia (WA): 
Washington Department of Natural Resources Webster Nursery.

Khadduri N. 2010. Personal communication. Olympia (WA): 
Washington Department of Natural Resources Webster Nursery, 
Nursery Scientist.

Kohnke H. 1968. Soil physics. New York (NY): McGraw-Hill In-
corporated. 224 p.

Lamhamedi MS, Labbe L, Margolis HA, Stowe DC, Blais L, 
 Renaud M. 2006. Spatial variability of substrate water content 
and growth of white spruce seedlings. Soil Science Society of 
America Journal 70:108-120.

Landis TD, Tinus RW, McDonald SE, Barnett JP. 1989. Seedling 
nutrition and irrigation. Volume 4, the container tree nursery 
manual. Washington (DC): USDA Forest Service. Agriculture 
Handbook 674. 119 p.

Mexal and Khadduri The Role of Plant Water Relations in Achieving and Maintaining the Target Seedling



USDA Forest Service Proceedings RMRS-P-65. 2011 109 

Levitt DG, Simpson JR, Tipton JL. 1995. Water use of two landscape 
tree species in Tucson, Arizona. Journal of the American Society 
for Horticulture Science 120(3):409-416.

McCutchan H, Shackel KA. 1992. Stem-water potential as a sensi-
tive indicator of water stress in prune trees (Prunus domestica 
L. cv. French). Journal of the American Society for Horticulture 
Science 117:607-611.

McDonald S. 1978. Irrigation monitoring in western forest nurser-
ies. In: Proceedings Western Forest Nursery Council and Inter-
mountain Nurseryman’s Association Combined Nurseryman’s 
Conference and Seed Processing Workshop; 7-11August 1978; 
Eureka, CA. San Francisco (CA): USDA Forest Service, State 
and Private Forestry. p B-16 to B-49.

McMillin JD, Wagner MR. 1995. Effects of water stress on biomass 
partitioning of Pinus ponderosa seedlings during primary of root 
and shoot growth periods. Forest Science 41:594-610.

Möller M, Tanny J, Li Y, Cohen S. 2004. Measuring and predicting 
evapotranspiration in an insect-proof screenhouse. Agriculture 
and Forest Meteorology 127:35-51.

Morison JIL, Baker NR, Mullineaux PM, Davies WJ. 2008. Improv-
ing water use in crop production. Philosophical Transactions of 
the Royal Society B 363(1491):639-658.

Mpusia PTO. 2006. Comparison of water consumption between 
greenhouse and outdoor cultivation [MS thesis]. Enschede (The 
Netherlands): University of Twente, International Institute for 
Geo-Information Science and Earth Observation. 75 p.

Murray JD, Lea-Cox JD, Ross D. 2000. Generating water release 
curves with simultaneous time domain reflectometry calibra-
tion in soilless container media. Southern Nursery Association 
Research Conference 45:542-545.

Nzokou P, Cregg BM. 2010. Growth, biomass, and nitrogen use 
efficiency of containerized fraser fir (Abies fraseri) as related to 
irrigation and nitrogen fertilization. HortScience 45(6):946-951.

Pinto JR, Dumroese RK, Cobos DR. 2009. Effects of irrigation fre-
quency and grit color on the germination of lodgepole pine seeds. 
In: Dumroese RK, Riley LE, technical coordinators. National 
proceedings—2008 forest and conservation nursery associations. 
Fort Collins (CO): USDA Rocky Mountain Research Station. 
Proceedings RMRS-P-58. p 52-57.

Samani Z, Bawazir AS Bleiweiss M, Skaggs R, Longworth J, Tran 
VD, Pinon A. 2009. Using remote sensing to evaluate the spatial 
variability of evapotranspiration and crop coefficient in the lower 
Rio Grande Valley, New Mexico. Irrigation Science 28:93-100.

Sammis TW, Mexal JG, Miller D. 2004. Evapotranspiration of flood-
irrigated pecans. Agriculture Water Management 69:179-190.

Saucedo D, Sammis TW, Picchioni GA, Mexal JG. 2006. Wastewater 
application and water use of Larrea tridentata. Agriculture Water 
Management 82:343-353.

Scagel R. 2010. Personal communication. Surrey (British Columbia): 
Pacific Phytometric Consultants, Forest Microclimate Specialist.

Seginer I. 2002. The Penman–Monteith evapotranspiration equa-
tion as an element in greenhouse ventilation design. BioSystems 
Engineering 82:423-439.

Seiler JR, Cazell BH. 1990. Influence of water stress on the physiol-
ogy and growth of red spruce seedlings. Tree Physiology 6:69-77.

Seiler JR, Johnson JD. 1985. Photosynthesis and transpiration of 
loblolly pine seedlings as influenced by moisture-stress condition-
ing. Forest Science 31:742-749.

Seiler JR, Johnson JD. 1988. Physiological and morphological re-
sponses of three half-sib families of loblolly pine to water-stress 
conditioning. Forest Science 34:487-495.

Shibuya T, Sugimoto A, Kitaya Y, Kiyota M, Nagasaka Y, Kawagu-
chi S. 2010. Measurement of leaf vapor conductance of cucumber 
transplants in the greenhouse with minimal invasion. HortScience 
45(3):460-462.

Snyder RL, Morteza O, Matyac S, Grismer ME. 2005. Simplified 
estimation of reference evapotranspiration from pan evaporation 
data in California. Journal of Irrigation Drainage and Engineer-
ing 131:249-253.

Thompson AL, Henggeler JC, Bockhold DL, Sudduth KA. 2002. 
Comparison of eight irrigation scheduling tools on soybean and 
cotton. International Water Irrigation 22(3):24-30.

 Timmis R, Tanaka Y. 1976. Effects of container density and 
plant water stress on growth and cold hardiness of Douglas-fir 
seedlings. Forest Science 22:167-172.

[USDOI] US Department of Interior. 2010. AgriMet. The Pacific 
Northwest Cooperative Agriculture Weather Network. URL: 
http://www.usbr.gov/pn/agrimet (accessed 16 Sep 2010).

Vallas Cuesta J, Villar Salvador P, Peñuelas Rubira JL, Herrero 
Sierra N, Domínguez Lerena S, Nicolás Peragón JL. 1999. Efecto 
del aviveramiento prolongado sin riego en la calidad funcional 
de los brinzales de Pinus halepensis y su desarrollo en campo. 
Montes 58:51-58.

van den Driessche R. 1991. Influence of container nursery regimes 
on drought of seedling following planting. I. Survival and growth. 
Canadian Journal of Forest Research 21:555-565.

Van Iersel MW, Dove S, Kang J-G, Burnett SE. 2010. Growth and 
water use of petunia as affected by substrate water content and 
daily light integral. HortScience 45(2):277-282.

Villar-Salvador P, Ocaña L, Peñuelas J, Carrasco I. 1999. Effect 
of water stress conditioning on the water relations, root growth 
capacity, and the nitrogen and non-structural carbohydrate 
concentration of Pinus halepensis Mill. (Aleppo pine) seedlings. 
Annals of Forest Science 56:459-465.

Wang J, Sammis TW, Andales AA, Simmons LJ, Gutschick, VP, 
Miller DR. 2007. Crop coefficients of open-canopy pecan orchards. 
Agriculture Water Management 88:253-262.

Welsh DF, Zajicek JM. 1993. A model for irrigation scheduling in 
container-grown nursery crops utilizing management allowed defi-
cit (MAD). Journal of Environmental Horticulture 11(3):115-118.

Zaerr, JB, Cleary BD, Jenkinson JL. 1981. Scheduling irrigation 
to induce seedling dormancy. In: Proceedings of Intermountain 
Nurserymen’s Association and Western Forest Nursery Asso-
ciation combined meeting. Ogden (UT): USDA Forest Service, 
Intermountain Forest and Range Experiment Station. General 
Technical Report INT-109. p 74-79.

The content of this paper reflects the views of the authors, who are responsible for the facts and accuracy of the information presented herein.

The Role of Plant Water Relations in Achieving and Maintaining the Target Seedling Mexal and Khadduri




