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Abstract. Plains cottonwood trees (Populus deltoides subsp. monilifera (Aiton) Eckenw.) occur in riparian and urban areas in semi-arid 
regions of western United States. The amount of water necessary to maintain healthy trees while reducing water use are management 
objectives along the High Line Canal in Denver, Colorado, U.S. Canal-flow days, soil moisture, precipitation, cottonwood predawn leaf 
water potentials (ψpd) and crown dieback were measured annually from 1997–2008. Five key findings were: 1) percent soil moisture 
did not correlate with ψpd, 2) trees became moderately water-stressed (ψpd < -0.3 MPa) and severely water-stressed (< -0.5 MPa) 45 
and 51 days after canal flow ended, respectively, 3) ψpd of water-stressed trees increased 24–48 hours after water was added, 4) only 
22% of rain events of 25 mm relieved stressed conditions for seven days, and 5) yearly average autumn and growing season ψpd cor-
related with autumn crown dieback at low soil moisture sites (few canal-flow days), but not at moderate or high sites (more canal-
flow days). Trees with ψpd > -0.30 MPa generally had low crown dieback, whereas trees with ψpd < -0.50 MPa exhibited moderate 
or severe crown dieback. Plains cottonwoods are relatively resilient to single-year drought, and moderately stressed trees may recover 
and can withstand 25%–40% crown dieback if water is available the following year for >14 days. Irrigation timing and the frequency 
needed to minimize cottonwood future crown dieback can be obtained from autumn and growing season predawn leaf water potentials.
 Key Words. Colorado; Cottonwood; Crown Dieback; Mortality; Populus deltoides; Semi-Arid; Water Potential; Water Stress. 

In semi-arid regions of the western United States, 
plains cottonwood trees (Populus deltoides subsp. 
monilifera (Aiton) Eckenw.) occur naturally in ri-
parian areas, floodplains, along irrigation water-
courses in rural areas, and are planted in urban 
landscapes. Although cottonwood trees are com-
mon shade trees in moderately dry environments 
and can tolerate short-term periods of drought, 
they need periodic sources of water to avoid mor-
tality (Rood and Mahoney 1995; Scott et al. 1999; 
Amlin and Rood 2003; Rood et al. 2003; Fichot 
et al. 2015). Landowners residing in urban areas 
with limited rainfall have a desire to preserve the 
health of these trees for their aesthetic and eco-
logical values, but the amount of water necessary 
to maintain tree health is not always known. De-
fining this relationship can help sustain limited 
resources. A unique opportunity to study the re-
lationships between cottonwood crown health and 
soil moisture in an urban environment occurred as 
part of a long-term study of cottonwoods along an 
agricultural irrigation canal passing through the 

metropolitan area of Denver, Colorado, U.S. The 
canal was managed by Denver Water, the provider 
of water to residents, businesses, and communi-
ties of the Denver metropolitan area. Completed 
in 1883, the 109 km High Line Canal (HLC) was 
designed to deliver water to the dry plains north-
east of Denver (Skari 2003). Changing land-use 
practices from agriculture to urban development 
reduced the need for many irrigation canals along 
the urban Front Range of Colorado, including the 
HLC. Many large diameter (80–100 cm) cotton-
wood trees were common along the banks of the 
canal, and urban park agencies and municipalities 
responsible for adjacent land management wanted  
to maintain these large shade trees as compo-
nents of the urban forest. Following decreases in 
canal use for water transport, this study was ini-
tiated in 1997 to determine the minimum water 
needs of the cottonwood trees growing along the 
HLC to minimize branch dieback and mortality.

Previous research on the water requirements 
of various species of cottonwood (Populus spp.) 
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and their tolerance to water stress over long peri-
ods is well summarized by Rood et al. (2003) 
and Fichot et al. (2015). Cottonwood tree roots 
are found in the water table or in the saturated 
zone above the surface of the water table; trees 
growing on shallow groundwater sites exhibit 
shallow, laterally spreading root structures in 
close association with the saturated zone (Hor-
ton et al. 2001; Cooper et al. 2003; Horton et al. 
2003). Under conditions of prolonged, below-
normal precipitation (i.e., drought), shallow- 
rooted plains cottonwood trees exhibit greater 
water stress (more negative leaf water potentials) 
than more deeply rooted trees (Scott et al.1999). 
Cottonwood trees growing on alluvial sites of 
coarse-textured sand with shallow groundwa-
ter are vulnerable to water-table declines due, in 
part, to limited soil volume for tree roots above 
the water table. Cottonwood trees subjected to 
rapid water-table decline are often unable to 
adjust to the water stress induced by the sudden 
reduced availability of water (Scott et al.1999; 
Cooper et al. 2003; Williams and Cooper 2005). 

In most trees, water stress begins to develop 
when predawn leaf water potentials (ψpd) are 
in the range of -0.20 to -0.30 MPa (Kramer and 
Kozlowski 1979). Cottonwoods may respond to 
water stress with both physiological (decreased 
stomatal conductance and reduced shoot/leaf 
water potential) and morphological (changes in 
leaf attributes, reduced growth, or leaf mortality) 
alterations (Schulte et al. 1987; Cooper et al. 2003; 
Rood et al. 2003). Severe water stress can induce 
embolism or cavitation in xylem vessels, leading 
to leaf, branch, or tree mortality. Eastern cotton-
woods (Populus deltoides subsp. deltoides W. Bar-
tram ex Marshall) are one of the most vulnerable 
tree species to drought-induced xylem dysfunc-
tion due to cavitation (Tyree et al. 1994; Scott 
et al. 1999; Fichot et al. 2015). In one-year-old 
detached stem segments of eastern cottonwoods, 
20% cavitation began when xylem water potential 
reached approximately -0.3 MPa; 50% cavitation 
at -0.7 MPa, and complete cavitation occurred 
at approximately -2.0 to -2.5 MPa (Tyree et al. 
1994). Branch death from cavitation is assumed 
to occur from the stressful midday (maximum) 
xylem water potentials (ψmd) that occur over 
several days or weeks and induce hydraulic fail-

ure (Cooper et al. 2003; Fichot et al. 2015). In the 
field, however, plains cottonwoods live through 
periods of hot and dry weather with midday 
water potentials (ψmd) lower than that reported 
to cause 80% cavitation in laboratory studies of 
eastern cottonwoods (Tyree et al. 1994), and 
nightly recovery when transpiration ceases can be 
observed by measuring ψpd (Cooper et al. 2003).

While ψpd measurements do not represent 
the most stressful time of the day for trees, pre-
dawn water potentials are easier than midday 
water potential (ψmd) measurements to con-
sistently obtain and relate to tree dieback. Pre-
dawn water potentials (ψpd) are also preferred 
over ψmd since they are not as subject to fluc-
tuations in environmental conditions, such as 
irradiance and air temperature, especially when 
trees are extremely stressed (Jones 1990; Cooper 
et al. 2003; Williams and Cooper 2005; Fichot et 
al. 2015). Relationships between predawn and 
midday leaf ψ can vary; daily decreases in ψpd 
have been correlated with increases in ψmd due 
to stomatal closures and branch dieback (Cooper  
et al. 2003), but predawn, mid-day leaf, and 
midday stem ψ can also be highly correlated 
with one another (Williams and Araujo 2002). 

There are limited published relationships 
between ψpd of plains cottonwood trees and 
the associated amount of crown dieback and 
mortality of mature trees in the field. During 
an experimental water-table drawdown along a 
Colorado river, the ψpd of plains cottonwood 
trees eventually reached -0.4 to -0.8 MPa, result-
ing in leaf and twig death (Cooper et al. 2003). 
This rapid leaf death indicates the sensitivity of 
cottonwoods to a rapid reduction in ground-
water availability, but also that some recov-
ery can occur following the addition of water 
(Cooper et al. 2003). Where surface irrigation 
was experimentally applied after water-table 
drawdown, trees recovered from water stress as 
measured by predawn xylem ψ (Cooper et al. 
2003). Because of the desire to preserve plains 
cottonwood trees along the High Line Canal 
while limiting water use in the canal and the 
few field studies on the vulnerability of plains 
cottonwoods to crown dieback in the arid west, 
researchers initiated the current long-term study 
along the High Line Canal in Denver, Colorado.
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OBJECTIVES
This study was initiated to quantify the amount 
of water (i.e., canal-flow days or amount of pre-
cipitation) necessary to maintain plains cotton-
wood tree health (minimal crown dieback) when 
canal water flow days were reduced in the HLC 
in Denver, Colorado. The study attempted to pro-
vide answers to the following five questions: 

1. Can percent soil moisture predict tree pre-
dawn leaf water potential?

2. How long does it take for trees to become 
water-stressed when water is withheld?

3. How rapidly do moderately to severely 
water-stressed trees recover after water is 
provided?

4. Do summer precipitation events reduce tree 
water stress?

5. Can predawn tree water potentials predict 
future crown dieback?

MATERIALS AND METHODS
Fifteen study sites were established along the 
HLC in the Denver, Colorado, metro area in 
1997, with eight more sites added in 1999 (Table 
1; Figure 1). The study area without irrigation 
was a typical semi-desert grassland and shru-
bland, with an average elevation of 1,610 m and 
where cottonwood trees only occurred along  
waterways. The soils in the Sand Creek, Toll Gate 
Creek, and Cherry Creek canal sections were 
classified as loamy sand, silt loam, and loamy 
sand, respectively (Figure 1). The soil moisture 
depends on both winter and summer precipi-
tation, where winter precipitation (October–
April) averaged 229 mm and average summer 
precipitation (May–September) averaged 173 
mm for a yearly average of 402 mm (based on 
30-year averages from the National Oceanic and 
Atmospheric Administration, Denver Stapleton, 
Meteorological Station, #0522220). Thirty-year 
average winter temperature is 4.2°C, and av-
erage summer temperature is 19.5°C, with an  
average summer maximum of 27.0°C. Sites were 
selected in 1997, and were located 71 to 103 km 
downstream from the beginning of the canal 
(Table 1; Figure 1). At each site, three to seven 
plains cottonwood trees, growing within 0.5 to 

3.0 m of the canal edge and within 30.0 m of 
each other, were tagged for repeated observa-
tions and data collection. Each tree had branches  
within 3 to 4 m of the ground, so leaves could 
easily be collected for water potential readings. 
Tree diameter at breast height (DBH, 1.4 m 
from the ground level) was measured in centi-
meters with a diameter tape; height was mea-
sured in meters with an inclinometer or laser. 
Mean tree DBH was 63.6 cm (SE = 2.08), and the 
mean height was 15.5 m (SE = 0.83) (Table 1). 
Soil moisture, ψpd, and percent crown dieback 
were collected yearly at some sites, while spo-
radically at others, from 1997 to 2008 (Table 1). 
Percent crown dieback was defined as the per-
cent of the tree crown with recent branch death 
indicated by failure to leaf out or premature 
defoliation. Percent crown dieback was evalu-
ated by the same researcher in the spring (May–
June) and in autumn (September) of each year.

Figure 1. Map of plains cottonwood study sites, site num-
bers, and canal sections along High Line Canal, Denver, 
Colorado, U.S. (1997–2008).
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Soil Moisture and Root Distribution 
Soil moisture was monitored to compare to ψpd as 
a measure of tree water status. Soil moisture was 
monitored at four sites (2W, 6, 17, 20) in August 
1999, and July through September 2000–2003, and 
at five more sites (2E, 16, 19, 23, 25) from 2001–
2003 with a neutron probe (Troxler 4300, Troxler 
Electronic Laboratories, Inc., Research Triangle 
Park, North Carolina, U.S.). At each of the soil 
moisture monitoring sites, three aluminum soil 
access tubes were placed in the canal bank in two 
sets, 5 m apart, at 1.0, 7.6, and 15.2 m perpendicu-
lar and away from the edge of the canal. Ground-
water observation wells were also placed 1.0, 7.6, 
and 15.2 m perpendicular to the edge of the canal  
at sites 2, 6, 17, and 20. Percent soil moisture was 
monitored every two weeks at depths of 0.3, 0.9, 
1.5, 2.1, and 2.7 m. Depth to groundwater was 
measured the same date when soil moisture data 
were collected at groundwater wells at sites 2, 6, 
17, and 20. The canal bottom and normal high-
water depth was surveyed at each site with a transit 
to determine and record their relationship to the 
depths percent soil moisture. These depth data 
were then used to determine what soil moisture 

readings would be expected to be influenced by 
canal flow. Canal flow is presented as the num-
ber of days of flow based on in-canal staff gages.

Root distribution was measured in 2001 on 
one large cottonwood (78 cm DBH) growing on 
the canal bank one meter from the canal edge 
along the Sand Creek canal section where there 
was no surrounding urban development. A 2 
m wide × 2 m deep trench, located two meters 
from the tree and perpendicular to the canal, 
was excavated from the center of the canal to 
five meters away from the edge of the canal. 
All roots were counted on the trench surface in 
0.6 m wide × 1.8 m deep sections and placed 
into diameter classes of small (0.001–0.3 cm), 
medium (0.31–2.5cm), and large (>2.5 cm). 

Leaf Water Potential Measurements 
Predawn (10 pm–2 am) leaf water potentials 
(ψpd) were obtained from two leaves, each from a 
different branch using a pressure chamber (PMS 
Instrument Company, Corvallis, Oregon, U.S.). 
Water potentials were obtained every two weeks, 
until mid- to late-summer when ψpd dropped 
below -0.3 MPa, and then ψpd were obtained 

Table 1. Distance from beginning of canal, mean cottonwood tree size attributes, sample size (n = number of trees), and 
data collection years for each study site (within canal section) along the High Line Canal, Denver, Colorado, U.S. (1997–
2008). Hyphen (-) = data not collected.

Canal section Site # Distance  from canal  Tree DBH Tree height Trees Years of data collection  
  beginning (km) (cm) (m) (n) Predawn leaf water  Soil  Depth to
      potential (ψpd) moisture water table
Cherry Creek 8 84.3 68.8 14.7 5 1997–1999, 2004–2008 - -
 9 81.3 34.5 13.2 5 1997–1999, 2004–2008 - -
 10 78.4 77.1 22.2 5 1997–1999, 2004–2008 - -
 11 75.5 48.0 15.4 5 1997–1999, 2004–2008 - -
 12 75.2 89.5 18.6 5 1997–1999, 2004–2008 - -
 13 74.4 29.2 12.5 5 1997–1999, 2004–2008 - -
 14 74.0 77.3 16.8 5 1997–1999, 2004–2008 - -
 15 72.0 40.4 12.9 5 1997–1999 - -

Toll Gate Creek 6 95.2 83.9 20.6 5 1997–2008 1999–2003 2001–2003
 7 89.0 24.7 9.8 5 1997–2001, 2004–2008 - -
 18 96.0 116.7 17.0 3 1999–2006 - -
 19 94.4 86.1 19.0 3 1999–2008 2002–2003 
 20 92.8 28.6 11.9 3 1999–2008 1999–2003 2001–2003
 21 89.8 23.2 10.0 3 1999–2001 - -

Sand Creek 1 102.4 113.9 16.9 5 1997–1999 - -
 2E 102.0 103.1 20.7 7 1997–2003, 2006–2008 2001–2003 
 2W 102.0 103.1 20.7 7  1999–2003 
 3 102.1 35.0 14.3 5 1997–2003 - -
 4 98.6 85.4 21.8 5 1997–2002 - -
 5 98.2 135.1 17.4 5 1997–2001 - -
 16 102.1 22.0 8.8 3 1999–2003 2001–2003 -
 17 99.2 39.0 14.7 3 1999–2003 1999–2003 2001–2003
 23 102.1 23.6 9.2 3 2001–2003, 2007–2008 2001–2003 -
 25 102.1 38.5 14.4 3 2001–2003, 2007–2008 2001–2003 -
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weekly. Yearly ψpd were first obtained within 
a few weeks of leaf expansion in the spring (20 
May – 10 June), and ended in late-summer before  
leaf abscission zone formation (03–15 Septem-
ber). During simulated canal runs, additional 
ψpd data were collected. Researchers developed 
three ψpd ranges to represent none to mild wa-
ter stress (-0.10 to -0.29 MPa), moderate water 
stress (-0.30 to -0.50 MPa), and severely stressed 
(<-0.5 MPa). Ranges were based on published ψ 
of cavitation events (Tyree et al. 1994; Cooper et 
al. 2003), and personal knowledge from collect-
ing ψpd and crown dieback measurements for 
ten consecutive years. Midday leaf water poten-
tials (ψmd) were collected three times during the 
summer of 1999 within 12 hours of the ψpd for 
comparison, but due to high variability between 
measurements within a tree and across days, 
all analyses were conducted using only ψpd. 

Water Stress Recovery
Simulated canal runs were conducted 29 July to 
02 August 2002 at site 2, 13–14 August at site 
19, and 04–15 August 2003 at sites 2, 6, and 
17, to determine how fast water-stressed trees 
would recover (measured by ψpd). Canal-run 
tests also determined how long reduced-water 
stress in cottonwoods would be maintained fol-
lowing the canal run. Basins were created at the 
sites by putting temporary dams in the canal. 
Water was trucked in or obtained from nearby 
fire hydrants on six different days to provide 
0.3 m of water in the canal each time water was 
added. At site 2, the basin was 87.2 m × 3 m × 
0.3 m deep; at site 6, the basin was 90 m × 3 m 
× 0.3 m; at site 17, the basin was 50.5 m × 3 m 
× 0.3 m; and at site 19, the basin was 62 m × 3 
m × 0.3 m. Trees were monitored daily during  
basin tests to determine how rapidly they  
responded in their ψpd (an increase of >0.10 
MPa) to the addition of water, and how rapidly 
they became water stressed again (<-0.30 MPa.). 

Data Analyses 
All statistical analyses were performed using 
SAS© 9.4 software (SAS Institute, Cary, North 
Carolina, U.S.). Relationships between per-
cent soil moisture and ψpd were assessed using 
Pearson’s correlation coefficients, with P < 0.05 

considered significant. Researchers compared 
percent soil moisture at all depths, at the tubes 
closest to the canal, and ψpd taken within 24 
hours of the soil moisture reading at that site. The 
length of time to initial stress was the number  
of days between the last run of the canal in the 
spring and the monitoring date when average 
ψpd for a site fell to -0.30 MPa or less. If there 
was no spring canal run, then the starting date 
was 15 May. The effect of rainfall events on ψpd 
were visually analyzed by plotting the occur-
rence of every rain event and the following ψpd 
for 2001 through 2008 for sites 8–14. If there 
was an increase (>-0.1 MPa) in ψpd after a rain 
event, it was assumed the rain event affected the 
water potential. A rain event amount was de-
fined as the cumulative rainfall during one to 
three consecutive days of rain. The duration of 
the rain effect on the tree ψpd was based on the 
number of weekly readings that were significant-
ly higher (i.e., less stressed) after a rain event. 
Researchers tested the relationship between ψpd 
and percent crown dieback in autumn of each 
year, using initial spring (20 May – 10 June), 
growing season (average of all readings), and 
autumn (last reading between 15 August – 15 
September) ψpd with Pearson’s correlation coef-
ficients. Water potential data and percent crown 
dieback values were both skewed and there-
fore square root transformed prior to analyses.  
Regression modeling did not produce a model 
that was strong enough to predict crown dieback. 

RESULTS

Canal Water Flow 
Water flow in the canal varied yearly and was regu-
lated by Denver Water (Table 2). Factors affecting 
water flow in the canal included amounts of moun-
tain snowpack and precipitation during the cur-
rent year (Don Kennedy, Denver Water, personal 
communication). Water flowed for over 100 days 
in some years, but during years of drought, such as 
in 2002, no water was allocated (Table 2). Water- 
flow rate influenced the distance that the water 
traveled in the canal. Water releases with low flow 
rates did not move water far down the canal, leav-
ing some downstream study sites without water. 
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Question #1: Can percent soil moisture pre-
dict leaf ψpd?
Soil moisture readings in the tubes closest to the 
canal (one meter from canal) were generally higher 
(2%–3%) than from tubes placed 7.6 and 15.2 m from 
the canal, so these values were used to represent soil 
moisture along the canal. Soil moisture at depths 
influenced by canal flow along the Toll Gate Creek 
section of the canal averaged 21% over all sites with 
a range of 18%–32%, while soil moisture at sites on 
the Sand Creek section, the last section downstream 
that rarely received canal water, averaged 9.8%, 
with a range of 7%–12% (Figure 1, data not shown). 

Significant correlations between percent soil 
moisture and ψpd were rare; only 31% of the 
pairing at depths where canal water was expected 
to influence soil moisture were significant (Table 
3). Significant correlation coefficients ranged 
from poor (r = 0.28) to moderate (r = 0.83). Of 
the significant correlations, the average correla-

tions were r = 0.46, 0.53, 0.40, and 0.39 at depths 
of 0.9, 1.5, 2.1, and 2.7 m, respectively (Table 
3). Groundwater was deep at the four observa-
tion wells. At sites 6 and 17, average groundwa-
ter depth was 7.1 and 6.6 m, respectively, and at 
sites 20 and 2, groundwater depths were always 
greater than the depth of the observation well 
(>9.1 m). During the drought of the summer 
of 2002, when there was no canal flow or pre-
cipitation, groundwater depths at sites 6 and 17 
were more than one meter greater than other 
years (8.5 and 7.9 m deep) (data not shown).

Root distribution of one large cottonwood tree 
growing on the canal bank was primarily in the 
canal bank next to the canal, not extending under 
the canal or very far from the side of the canal (Fig-
ure 2). Mostly small diameter roots were found 
under the middle of the canal and at the edge of 
the canal; only a few medium diameter roots were 
found, along with many small diameter roots. All 

Table 2. Number of days from spring canal runs to moderate (<-0.30 MPa) and severe (<-0.50 MPa) water stress based on 
predawn leaf water potentials (ψpd) of plains cottonwoods within each canal section along the High Line Canal, Denver, 
Colorado, U.S. (1998–2008). Yearly days and mean over all years are presented. SE = standard error; hyphen (-) = data 
not collected.

Canal section Year Sites (n) Days of  Days to moderate SE Sites with severe Days to SE
   canal water stress  stress (n) severe stress  
Cherry Creek 1998 7 79 46 1.3 0 0 
 1999 7 146 60 2.9 4 74 0.8
 2000–2003 - - - - - - -
 2004 7 14 22 2.9 3 26 5.1
 2005 7 50 25 1.3 5 48 6.5
 2006 - - - - - - -
 2007 7 21 14 1.5 7 43 3.5
 2008 7 21 - - 7 23 4.6
Mean (all years)    33.4 8.2  42.8 8.7

Toll Gate Creek 1998 2 79 54. 10.6 1 60 -
 1999 5 56 28 4.5 2 92 7.1
 2000 6 24 74 1.6 0 no -
 2001 3 64 46 9.1 1 81 -
 2002 2 0 0 0 2 14 13.6
 2003 4 14 50 5.4 3 66 5.5
 2004 4 0 16 1.5 0 no -
 2005 4 50 38 1.8 2 38 5.1
 2006 - - - - - - -
 2007 4 14 18 2.0 3 60 7.8
 2008 4 14 - - 2 35 8.0
Mean (all years)    40.4 7.4  56.0 8.8

Sand Creek 1998 4 79 56 4.5 2 62 2.5
 1999 4 56 58 8.4 2 92 3.7
 2000 6 24 72 3.3 4 78 3.3
 2001 6 30 46 2.4 3 47 6.1
 2002 6 0 0 0 6 20 5.1
 2003 4 7 36 5.8 3 76 29.4
 2004–2006 3 - - - - - -
 2007 3 0 4 2.9 2 18 3.5
 2008 3 0 0 0 1 15 -
Mean (all years)    45.0 8.9  50.9 11.1
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large structural roots (>2.5 cm) were within the ditch 
bank within 2.4 m of the ditch edge, while medium 
(0.3–2.5 cm) and small diameter roots (<0.3 cm) 
extended away from the canal for 4.2 m (Figure 2).

Question #2: How long does it take for trees 
to become water stressed when water is 
withheld?
Cottonwood trees became moderately water 
stressed (ψpd < -0.3 MPa) on average in 45 days (SE 
= 8.9, range = 14–74 days) and severely stressed (<-
0.5 MPa) on average in 51 days (SE = 11.1, range 
= 23–92 days) following a two-week long spring 
canal run and no further water additions to the 
canal (Table 2). During years in which there was 
a spring canal run, trees usually became moder-
ately water stressed in early July to early August. 
Trees were already moderately stressed at Toll Gate 
Creek and Sand Creek sites at the first water poten-
tial (ψpd) measurements in the spring (01 June) 
when there was no spring canal run and winter 
conditions were dry, as in 2002 (Table 2; Figure 3). 

Figure 2. Horizontal root distribution of large (>2.5 cm diam-
eter), medium (0.3–2.5 cm diameter) and small (0.001–0.3 cm 
diameter) roots of one plains cottonwood tree (78 cm DBH) 
growing in the bank (1 m from edge of canal) along the Sand 
Creek canal section of the High Line Canal, Denver, Colo-
rado, U.S., where there was no surrounding urban devel-
opment. Root counts were recorded on the vertical face of 
an excavated trench dug perpendicular to the canal. Small 
absorption roots were concentrated in the ditch bank within 
2 m of the canal. The canal bottom was 1.2 m deep from the 
top of the canal bank. Vertical line represents canal bank.

Table 3. Pearson correlation coefficients of percent soil moisture within one meter of canal edge and corresponding  
cottonwood leaf predawn water potentials (ψpd) taken within 24 hours of soil moisture readings in 2001–2003 along the 
High Line Canal, Denver, Colorado, U.S. Hyphen (-) = data not collected; bold = depth where canal flow was assumed to 
influence soil moisture (see Methods section for details); asterisk (*) = significant at P < 0.05.

Canal section Year Site Depth     
   0.3 m 0.9 m 1.5 m 2.1 m 2.7 m
Sand Creek 2001   2 0.13 0.51* 0.63* 0.39* 0.23
  16 0.15 0.19 0.09 0.08 0.06
  23 0.41* 0.48* 0.58* 0.46* 0.42*
  25 0.54* 0.63* 0.83* 0.18 0.16
  17 0.22 0.41* 0.52* 0.19 0.21

Toll Gate Creek 2001   6 0.09 0.39* 0.29 0.18 0.16
  19 - - - - -
  20 0.22 0.24 0.39* 0.32 0.20

Sand Creek 2002   2 0.09 0.17 0.07 0.08 0.19
  16 0.37* 0.16 0.04 0.06 0.03
  23 0.47* 0.08 0.09 0.09 0.11
  25 0.43* 0.03 0.24 0.10 0.01
  17 0.05 0.10 0.25 0.08 0.11

Toll Gate Creek 2002   6 0.34* 0.34* 0.10 0.19 0.28*
  19 0.01 0.01 0.03 0.04 0.08
  20 0.59* 0.16 0.32* 0.36* 0.45*

Sand Creek 2003   2 0.01 0.07 0.01 0.06 0.15
  16 0.04 0.06 0.01 0.02 0.06
  23 0.12 0.09 0.11 0.03 0.02
  25 0.06 0.37 0.55* 0.46* 0.06
  17 0.26 0.19 0.14 0.41 0.07

Toll Gate Creek 2003   6 0.15 0.21 0.16 0.03 0.17
  19 0.29 0.31* 0.45* 0.34* 0.40*
  20 0.11 0.16 0.23 0.10 0.04
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Question #3: How rapidly do moderately to 
severely stressed trees recover after water 
is provided?
After the addition of water to the canal, water-
stressed cottonwood trees responded by in-
creasing ψpd by at least 0.10 MPa within two 
days, on average, over two years of measure-
ments (range = 1–3 days) (Table 4). The number 
of days after water was added until the highest 
ψpd (least negative number) was reached aver-
aged 5.8 days (range = 3–9 days) (Table 4). The 
time it took for trees to become moderately water  
stressed (<-0.30 MPa) again after the water  
was provided and then withheld was 20.6 days 
on average (range = 8–36 days) (Table 4). 

Question #4: Do summer precipitation 
events reduce water stress?
Significant rain events of at least 25 mm were 
needed to provide enough soil water to relieve 
water stress (defined as an increase of 0.1 MPa in 
ψpd). The occurrence of 25 mm rain events was 
rare with only one to six events per growing sea-
son noted over eight years (Table 5). On average, 
22% of the sites had trees that responded to the 
16 significant rain events that occurred in 2001–
2008, but trees at 67% of sites responded during 
the driest year, 2002 (Table 5). The longest dura-
tion of water-stress relief (maintenance of high 
ψpd), at any of the sites, was seven days (Table 5). 

Question #5: Can predawn tree water poten-
tials predict future crown dieback? 
Crown dieback in autumn was positively cor-
related with the average yearly autumn ψpd  
(r = 0.78, P = 0.07) and growing season ψpd  
(r = 0.75, P = 0.08) in the Sand Creek sec-
tion (Figure 3C, Sand Creek section). Spring 
leaf ψpd did not correlate with autumn crown 

dieback on the Sand Creek section (data not 
shown). There were no significant correlations 
between tree or site averages of yearly spring, 
growing season, and autumn (ψpd), and au-
tumn crown dieback along the Cherry Creek 
and Toll Gate Creek sections. Trees in the Toll 
Gate Creek section experienced low ψpd (mod-
erate to severe water stress) during the 2002 
drought but autumn crown dieback did not 
continually increase over time and few trees 
died as a result (Figure 3B). The background 
amount of crown dieback on the average cot-
tonwood along the canal in no-stress sites (most 
canal-flow days) was 10%–15% (Figure 3A).

Comparing tree response at three represen-
tative sites that experienced no stress (site 20, 
28.5% average soil moisture at all soil depths 
over all years, SE ± 0.3), moderate stress (site 
6, 13.2% average soil moisture, SE ± 0.2), or 
severe stress (site 2, 9.7% average soil moisture, 
SE ± 0.1) provided an additional illustration 
of the response of plains cottonwoods to pro-
longed below-normal soil moisture conditions 
(Figures 4A; Figure 4B; Figure 4C). Trees at the 
no-stress site had no crown dieback because 
ψpd was maintained between -0.1 and -0.3 MPa 
in all years, except for 2002 and 2007 (Figure 
4A). Average spring, summer, and autumn ψpd 
were -0.19 ± 0.02 SE, -0.25 ± 0.01, and -0.29 ± 
0.01 MPa, respectively, over all years. Although 
average autumn ψpd fell to -0.46 MPa during 
the 2002 drought, crown dieback did not occur 
that year or in subsequent years (Figure 4A).

Percent crown dieback of trees at the moder-
ate-stress site increased after the 2002 drought 
(Figure 4B). Trees averaged 25% dieback over the 
study period with a maximum dieback of 40% on 
a few trees the year after the 2002 drought. Pre-

Table 4. Mean predawn leaf water potentials (ψpd) and number of days to different levels of ψpd increases of plains 
cottonwood trees at three study sites over two years after the addition of water to the canalz along the High Line Canal, 
Denver, Colorado, U.S. (2002–2003). SE = standard error.

Year Site Trees Days of  Mean water potential (MPa) Mean water potential (MPa) Days to Days to highest   Days to  decrease
   waterz before water added (SE) after water added (SE) >-0.10 MPa water potential back to <-0.30 MPa
2002 2 5 4 -0.67  (-0.13) -0.38  (-0.07) 1 7 8
 19 3 4 -1.00  (-0.23) -0.55  (-0.11) 1 9 14
2003 2 5 10 -0.40  (-0.08) -0.25  (-0.03) 3 5 36
 17 3 10 -0.31  (-0.07) -0.22  (-0.04) 3 5 28
 6 5 4 -0.38  (-0.06 -0.27  (-0.04) 2 3 17
Mean    -0.55  (-0.11) -0.33  (-0.06) 2 5.8 20.6
z Water source for basin in canal was a water truck or fire hydrant.
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Table 5. Percent of sites with substantialz increases in predawn leaf water potentials (ψpd) of plains cottonwood trees 
along the High Line Canal, Denver, Colorado, U.S., after large precipitation eventsy, 2001–2008x, NOAA, Meteorological 
Station, Denver Stapleton, #0522220. 

Year Number of  Precip events   Percent of events Duration of water
 sites > 25 mmy with substantial ψpd  potential increase 
   increasez (%) (days)  
2001 8 6 27 7
2002 9 1 67 n/aw

2003 13 2 4 7
2004 12 1 0 -
2005 12 1 42 7
2006 14 3 36 7
2007 13 1 0 -
2008 14 2 0 -
z ψpd were increased (>0.10MPa)  after reaching at least -0.30 MPa.
y Precipitation events that increased ψpd by 0.1 MPA were only those greater than 25 mm.
x Data on precipitation and corresponding ψpd not available for 1998–2000.
w ψpd data were not available.

Figure 4. Yearly mean percent autumn crown dieback, 
autumn predawn water potentials (ψpd) (MPa), and growing 
season ψpd for plains cottonwoods growing along the High 
Line Canal, Denver, Colorado (1998–2008) at three represen-
tative sites that represent A) no stress (site 20, n= 3 trees), 
B) moderate stress (site 6, n = 5 trees), and C) severe stress 
(site 2, n = 7 trees).

Figure 3. Days of canal flow and yearly means (+/- one stan-
dard error) of percent autumn crown dieback and autumn 
predawn leaf water potentials (ψpd) (MPa) of plains cotton-
wood trees on the A) Cherry Creek (n = 8 sites), B) Toll Gate 
Creek (n = 6 sites), and C) Sand Creek (n = 9 sites) canal sec-
tions, High Line Canal, Denver, Colorado (1998–2008). Sites 
represent various levels of water stress based on number of 
canal-flow days (no, moderate, and severe stress, respec-
tively). Missing sections indicate no data collected
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dawn leaf ψ in 2002 dropped below -0.5 MPa for 
both growing season and autumn ψpd, but these 
low values were not sustained through subse-
quent years, so crown dieback did not increase. 
Average spring, summer, and autumn ψpd were 
-0.21 ± 0.015SE, -0.35 ± 0.01, and -0.49 ± 0.03 
MPa, respectively. Trees at the severe-stress site 
increased in crown dieback starting in 2003, 
and most trees were dead by 2008 (Figure 4C). 
After 2003, canal flow ended (Figure 4C), and 
percent crown dieback increased every year 
because water stress was never relieved (Fig-
ure 4C). Average spring, summer, and autumn 
predawn ψpd were -0.26 ± 0.03SE, -0.41 ± 
0.03, and -0.56 ± 0.03 MPa, respectively, over 
all years of available data. During the last two 
years of data, when most trees had died or were 
dying, the average summer ψpd were -0.53 ± 
0.04 MPa in 2007 and -1.04 ± 0.05 MPa in 2008.

DISCUSSION
Percent soil moisture did not relate well with cot-
tonwood water status (ψpd) in this study. Predawn 
leaf ψpd is often used to represent the equilibrium 
between the non-transpiring plant and available 
soil moisture, but often these two variables have 
wide discrepancies (disequilibrium), especially 
in well-watered soils (Sellin 1999; Donovan et al. 
2001). Native plains cottonwoods growing where 
the groundwater depth was less than 3 m had weak 
to moderate relationships between soil moisture 
content and ψpd in a study along Colorado rivers  
during experimental flooding (Williams and 
Cooper 2005). Groundwater depth in the current 
study averaged >7 m, and soil moisture monitor-
ing only measured down to 3.7 m, which may 
have contributed to weak relationships between 
soil moisture and tree ψpd along the HLC. Re-
searchers do not recommend the expense and 
complexity of monitoring soil moisture to assess 
the water status of canal-side or urban trees. It 
was more direct and easier to obtain ψpd than to 
drill holes, install soil access tubes, and use a soil-
moisture gauge. The neutron probe gauge used in 
this study required radioactive exposure monitor-
ing and reporting, tasks most land managers and 
professionals may not want to be burdened with. 

The time it took for plains cottonwood trees 
to become water-stressed, when water was with-

held from the canal, depended on the presence 
and frequency of canal flow in spring and most 
likely the quantity of the soil moisture reservoir. 
When water was provided in the spring for sev-
eral weeks and then the canal flow ended, it took 
approximately 45 and 51 days on average for 
trees to reach moderate stress (ψpd < -0.30 MPa) 
or severe stress (ψpd < -0.50 MPa), respectively. 
These data indicate that plains cottonwoods can 
survive severe droughts (as in 2002) if there is 
a minimum of 14 days of soil saturation during 
the growing season in following years (Table 2). 
The plains cottonwoods along the HLC appar-
ently have different amounts of soil moisture res-
ervoirs to draw on after canal flow ends, because 
some trees exhibited immediate water stress, and 
some trees took three months to exhibit severe 
water stress (range = 23 to 92 days) (Table 2). 
Other species of cottonwoods are also sensitive 
to water stress and show similar levels of dieback 
and mortality within two weeks to a few years 
(Scott et al. 1999; Cooper et al. 2003; Coble and 
Kolb 2012), as witnessed along the Sand Creek 
section of the canal where most trees died (Fig-
ure 3C; Figure 4C). Severe crown dieback tends 
to occur the year water is halted (i.e., by pump-
ing or mining activities) and mortality of trees 
occurs within two to three years (Scott et al. 
1999; Cooper et al. 2003; Coble and Kolb 2012).

Water-stressed cottonwood trees increased 
their ψpd after a short-term addition of water 
was provided within 24 to 72 hours, and remained 
less stressed for 8 to 36 days. The relatively rapid 
response of trees to the addition of water to the 
soil profile was because the trees roots were still 
alive and able to uptake the water placed in the 
canal. This conforms with data that illustrated 
plains cottonwoods maintained high ψpd dur-
ing water table dry-downs in hot, mid-summer 
temperatures because of short-duration peaks in 
river flow (Cooper et al. 2003), in contrast, others 
have noted no physiological responses after the 
addition of water to soil surfaces (Cox et al. 2005; 
Williams and Cooper 2005). At sites where exper-
imental flooding of soil surfaces occurred, a pre-
vious loss of shallow roots due to the long-term 
(several years) regulated flow regime of the river 
was noted (Williams and Cooper 2005). Thus, the 
water experimentally added to the soil surface 
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could not be acquired by the trees due to the loss 
of functional shallow roots (Williams and Coo-
per 2005). In the current study, the water addi-
tions occurred in July and August, following low 
to no spring season canal-flow days, and so water 
addition is recommend at or before this time, 
during the growing period in similar climates.

Summer precipitation events providing at least 25 
mm of water can improve the water status (ψpd) of 
cottonwood trees for up to one week, but researchers  
do not recommend relying on summer rain 
events to maintain plains cottonwood tree health 
in semi-arid urban areas. The soil moisture relief 
was short-lived, precipitation events of this mag-
nitude were infrequent, and the positive impact 
on trees was rare. Trees will need to be irrigated 
during prolonged periods without precipitation.

Cottonwood trees are vulnerable to water 
stress-induced xylem dysfunction due to cavita-
tion, which can lead to the death of leaves and 
branches, and crown dieback (Tyree et al. 1994; 
Cooper et al. 2003; Fichot et al. 2015). Predawn 
leaf water potential (ψpd) measures the overall 
water status when transpiration ends following 
soil re-saturation (i.e., the minimum water stress, 
or recovery period), whereas ψmd measure the 
maximum water stress during the most stressful  
time of the day during transpiration (Jones 
1990; Cooper et al. 2003). Researchers used 
ψpd as a measure of tree water status instead of 
ψmd because of the great variation of the cur-
rent study’s preliminary daytime readings (ψmd, 
collected in 1999 only), most likely caused by 
the influence air temperature and cloud cover/ 
irradiation (data not shown) (Jones 1990; Fichot 
et al. 2015). This subset of ψmd commonly 
ranged from -1.0 to -2.3 MPa with no branch die-
back in that year or in following years. Research-
ers observed ψpd readings to be reproducible 
over time, and thus opted to use the more con-
servative predawn water potentials in this study. 

Leaf and branch sacrifice and exogenous water 
sources may allow severely stressed trees, such 
as those in the current study, which had autumn 
ψpd of < -0.5 MPa, to survive as has been noted 
in previous research (Rood et al. 2003; Williams 
and Cooper 2005). The low ψpd researchers 
observed and measured would need to occur for 
several years in a row for eventual mortality to 

follow. However, branch dieback can be predicted 
to occur within the ranges found here and from 
other studies on cottonwood species. Predawn leaf 
ψpd values measured in this study fall in the same 
range as other cottonwood species associated with 
dieback in Colorado (-0.3 to -0.8 MPa) (Cooper et 
al. 2003; Williams and Cooper 2005) and in Ari-
zona on Fremont cottonwood (Populus deltoides  
subsp wislizenii) (Horton et al. 2001). Because 
ψpd should be considered a minimum stress 
level, compared to midday water potentials (ψmd, 
maximum stress), ψpd values measured along the 
HLC in Denver, Colorado, were well above ψmd 
reported to cause the needed 80%–100% cavita-
tion for mortality to occur in other cottonwood 
species (-1.7 to -2.5 MPa) (Tyree et al. 1994; Leffler 
et al. 2000; Schreiber et al. 2011; Fichot et al. 2015). 

Several notable findings occurred in this study 
related to ψpd and cottonwood tree health that 
can provide tree health care professionals with 
some predictive power for future branch dieback 
when they measure ψpd. Tree responses to fluc-
tuating soil moisture conditions were observed 
over 10 years, and the findings included that 
plains cottonwoods along the HLC are rela-
tively resilient to a single-year drought. Trees 
that maintained predawn ψpd above -0.30 MPa 
did not incur leaf or branch dieback, whereas 
trees that had autumn or growing season aver-
age ψpd values below -0.50 MPa exhibited 
branch dieback. Moderately stressed trees may 
recover the following year and can withstand 
considerable crown dieback (25%–40%) if suf-
ficient water is available the following year(s). 

CONCLUSIONS AND MANAGE-
MENT RECOMMENDATIONS

Based on the findings related to ψpd, re-
searchers suggest the following sim-
ple management actions for monitor-
ing the water status of plains cottonwoods: 

• Obtain ψpd readings once a month dur-
ing periods of below-normal precipitation 
or reduced availability of irrigation water. 

• Provide enough water to saturate the 
root zone when ψpd of -0.3 to -0.5 MPa 
are recorded to reduce crown dieback.

• If the site monitor can only visit trees once a 
year, ψpd readings and corresponding crown 
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dieback taken in the last week of August to 
the second week of September are sufficient 
to monitor the water status and future health 
of cottonwoods in Front Range Colorado. 

• If spring water (May–June) is provided and 
then supplemental water is provided again 
in July or August (because cottonwood trees 
become moderately water-stressed in one to 
two months after water is provided in the 
spring), trees can be expected to survive.

Other key findings important to maintaining 
healthy cottonwood trees in urban environments:

• Summer precipitation should not be 
relied upon to relieve water stress for 
longer than one week in cottonwoods.

• Soil moisture readings are not easy to 
obtain, nor are they good proxies of the 
predawn water status of cottonwoods.

• Providing additional water to the 
root zones of cottonwood trees dur-
ing periods of below-normal precipi-
tation can minimize crown dieback. 
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Résumé. Les peupliers deltoïdes des plaines (Populus deltoides 
subsp. monilifera (Aiton) Eckenw.) se retrouvent dans les zones rive-
raines et urbaines des régions semi-arides de l'ouest des États-Unis. 
Le volume d'eau nécessaire pour maintenir ces arbres en bonne san-
té tout en réduisant l'utilisation de l'eau sont des objectifs de gestion 
préoccupants le long du canal High Line à Denver, au Colorado, 
États-Unis. L'écoulement journalier de l’eau du canal, l'humidité du 
sol, les précipitations, le potentiel hydrique des feuilles de peuplier 
avant l'aube (ψpd) et le dépérissement du houppier ont été mesurés 
annuellement de 1997 à 2008. Cinq résultats clés furent constatés : 
1) aucune corrélation entre l’humidité du sol et le ψpd, 2) les arbres 
devinrent modérément stressés (ψpd < -0,3 MPa) et sévèrement 
stressés par le manque d’eau (< -0,5 MPa) respectivement 45 et 51 
jours après la fin de l’écoulement de l’eau du canal, 3) le ψpd des 
arbres stressés sur le plan hydrique a augmenté 24 à 48 heures après 
leur réapprovisionnement en eau, 4) seules 22% des précipitations 
de pluie de 25 mm atténuèrent les conditions de stress pendant sept 
jours, et 5) la moyenne annuelle du ψpd durant l'automne et la sai-
son de croissance montrait une corrélation avec le dépérissement 
automnal du houppier sur les sites caractérisés par une faible humi-
dité du sol (rares jours d'écoulement du canal), mais rien de simi-
laire sur les sites modérés ou élevés (fréquents jours d’écoulement 
d’eau du canal). Les arbres avec un ψpd > -0.30 MPa montraient un 
faible taux de dépérissement du houppier, tandis que les arbres avec 
un ψpd < -0.50 MPa présentaient un dépérissement du houppier 
modéré ou sévère. Les peupliers deltoïdes des plaines sont relati-
vement résistants à une sécheresse annuelle et les arbres modéré-
ment stressés peuvent se rétablir et supporter un dépérissement du 
houppier de 25 à 40 % si l'eau est disponible l'année suivante pen-
dant plus de 14 jours. Le moment approprié pour l'irrigation et sa 
fréquence, requises afin de minimiser le dépérissement éventuel du 
houppier des peupliers, peuvent être obtenus à partir de la lecture 
des potentiels hydriques avant l'aube dans les feuilles à l'automne et 
en saison de croissance.

Zusammenfassung. Die Pappelart Populus deltoides subsp. 
monilifera (Aiton) Eckenw. kommt in den Randbereichen und 
urbanen Arealen in den semi-ariden Regionen der westlichen 
Vereinigten Staaten vor. Die Wassermenge, die zur Erhaltung von 
gesunden Bäumen entlang des High Line Canal in Denver, Colo-
rado, U.S erforderlich ist, während der Wasserverbrauch reduziert 
wird, sind die herausragenden Management Zielobjekte. Kanal-
Fließ-Tage, Bodenfeuchte, Niederschlag und das Wasserpotential 
von Pappelblättern vor dem Morgengrauen (ψpd) und Kronenab-
sterben wurde jährlich im Zeitraum von 1997-2008 gemessen. Es 
gab fünf Schlüsselerkenntnisse: 1. der Prozentsatz an Bodenfeuchte 
korrelierte nicht mit ψpd; 2. die Bäume erlitten mittelmäßigen Was-
serstress (ψpd < -0.3 MPa) und großen Wasserstress (<-0.5 MPa) , 
bzw. 45 und 51 Tage, nachdem der Wasserfluss aus dem Kanal en-
dete; 3. der ψpd von Wasser-gestressten Bäumen stieg 24-48 Stun-
den, nachdem Wasser zugeführt wurde; 4. nur 22 % der Regenfälle 
mit 25 mm konnte den Wasserstress für sieben Tage mindern und 
5. der jährliche durchschnittliche Herbst und Vegetationsperi-
oden- ψpd korrelierte mit dem herbstlichen Kronenrücksterben 
auf Standorten mit niedriger Bodenfeuchte (wenige Kanal-Fließ-
Tage), aber nicht an mittleren oder hohen Standorten (mehr Kanal-
Fließ-Tage). Bäume mit generell ψpd > -0.30 MPa hatten wenig 
Kronenrücksterben, während Bäume mit ψpd < -0.50 MPa zeigten 
mittleres oder starkes Kronenrücksterben. Delta-Pappeln sind rela-
tiv widerstandsfähig bei einen Trockenjahr und mittelstark gestres-
ste können sich erholen und können ein Kronenrücksterben von 
35-40 % überleben, wenn im folgenden Jahr das Wasser > 14 Tage 
zu Verfügung steht. Die Bewässerungszeiten und die erforderliche 
Frequenz zur Minimierung eines Kronenrücksterbens von Delta-

Pappeln in der Zukunft können während dem Herbst und der Ve-
getationszeit aus dem Blattwasserpotential vor dem Morgengrauen 
geschöpft werden.

Resumen. En las zonas semiáridas del oeste de los Estados Uni-
dos se encuentran árboles de chopo (Populus deltoides subsp. monil-
ifera (Aiton) Eckenw.) en zonas de ripio y en áreas urbanas. La can-
tidad de agua necesaria para mantener los árboles sanos y reducir 
el consumo de agua son objetivos de manejo a lo largo del Canal 
de Línea de Alta en Denver, Colorado, EE.UU. Se midieron anual-
mente los días de flujo del Canal, humedad del suelo, precipitación 
entre 1997 y 2008. Los resultados obtenidos fueron: 1) el porcentaje 
de humedad del suelo no se correlacionó con ψpd, 2) los árboles 
estuvieron moderadamente estresados por agua (ψpd <-0,3 MPa) 
y severamente estresados (<-0,5 MPa) 45 y 51 días después de que 
el flujo del canal terminó, 3) ψpd de árboles con estrés hídrico au-
mentó 24-48 horas después que el agua fue agregada, 4) sólo el 22% 
de los eventos de lluvia de 25 mm aliviaron las condiciones de estrés 
durante siete días y 5) el promedio anual en otoño y la temporada 
de crecimiento estuvieron correlacionados con ψpd con muerte re-
gresiva de otoño en sitios de baja humedad del suelo (pocos días de 
flujo de canal), pero no en sitios moderados o altos (más días de flu-
jo de canal). Los árboles con ψpd> -0.30 MPa generalmente presen-
taban una degradación baja de la copa, mientras que los árboles con 
ψpd <-0.50 MPa presentaban una degradación de copa moderada o 
severa. Los álamos de las llanuras son relativamente resistentes a la 
sequía de un año, y los árboles moderadamente estresados pueden 
recuperarse y pueden soportar una desintegración de la copa entre 
el 25% y el 40% si hay agua disponible el año siguiente durante> 
14 días. La temporización del riego y la frecuencia necesaria para 
minimizar la futura degradación de la copa del álamo se pueden 
obtener a partir de los potenciales de otoño y de la temporada de 
crecimiento.


