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Abstract

Granier style thermal dissipation probes (TDPs) have been used to estimate whole plant water use on a variety of tree and vine species.
However studies usindDPs and load cells (gravimetric water loss) to estimate water use of landscape tree speciesThi® rare.
research compared gravimetric water loss (estimated with load cells) of four containerized landscape tree species with water loss
estimated witiTDPs. Over a 66 day period, an experiment compared water loss of three established, 5.0 cm (2 in) calipgr poplar
(Populus nigra ‘Italica’) trees in 75-liter (20 gal) containers on load cell¥ B4 estimated water loss. Each tree had a single 30 mm

(1.2 inch)TDPinserted into the trunk at four heights above soil level (15, 30, 45, and 60 cm (6, 12, 18, and 24 in, respectively)). Data
revealedTDP estimated water loss was less than load cell estimated water loss regaffizR&eight, bufTfDP estimated water loss
at the 30 cm height was closest to actual load cell estimated tree water loss. Over the next three years, similar sized Bieygifasd pear (
calleryana ‘Bradford’), English oak Quercus robur x Q. bicolor ‘Asjes’), poplar Populus deltoides ‘Siouxland’), and sweetgum
(Liguidambar styraciflua ‘Rotundiloba’) trees in containers were placed on load cells and one 3MAmas placed into the trunk of
each tree 30 cm above soil level. Over an extended time period, tree water loss was estimated using loatDdesistéoarlyTDP
water loss estimates for each species over a three day period ifdéagstimated water loss followed similar trends as load cgll
estimated water loss. Howey&DP estimates were generally less than load cell estimates, especially during peak transpiration periods.
For each species, mean total daily water loss estimates were [€&festimated water loss when compared to load cell estimated
water lossAlthough TDP estimated water loss has been correlated with actual tree water loss for many species, these data suggest
errors may arise when usiii@pPs to estimate water loss of small, containerized landscape tree species.

Index words: irrigation, container production, tree water use, pofeadford pearEnglish oak, sweetgum.

Species used in this studyRotundiloba’ sweetgunifquidambar styraciflua L. ‘Rotundiloba’); ‘Siouxland’ poplarfopulusdeltoides
Bartr. ‘Siouxland’); ‘Italica’ poplar Populusnigra L. ‘Italica’); ‘Bradford’ pear Pyrus calleryana Decne. ‘Bradford’); ‘AsjesEnglish
oak Quercus robur L. x Q. bicolor Willd. ‘Asjes’).

Significance to the Nursery Industry landscape trees are frequently grown in landscapes requiring

Because water quality and quantity are concerns in many irrigation, a challen_ge confr_onting ””_9’?‘“0’? managers is to
regions of the Unitedt&tes, conserving water in nurseries CONSENVe water while meeting plant irrigation requirements
and landscapes is essential. Howglittle research has been (37). Production nurseries also face water restrictions and
conducted into estimating tree water use in nurseries or land-INcreased pressure to improve water management practices
scape settingaVe investigated methods to estimate water (26)-Water conservation research in production nurseries is
loss of four containerized landscape tree species ©190ing (2)An ideal method to schedule plant irrigation
(‘Rotundiloba’sweetgum, ‘Siouxlandoplar ‘Italica’ pop- would be to estimate water requirements and replenish the
lar, ‘Bradford’ pear and ‘AsjesEnglish 0ak) using thermal root system with the required volume (26). Howebecause

dissipations probes (TDPs) and load cells. For each speciedTigation requirements of many landscape tree species are
examined, diurnal trends BDPand load cell estimated water 1Ot Well known, and are likely to vary with climate, nursery

loss were similaibut total daily water loss estimates T@Ps and landscape irrigation managers are often unsure of the
were less when compared to daily water loss estimates pro-2Mount of water required by landscape trees (3, 29). In fact,

vided by load cells. If water conservation in nurseries and _be_cau_se of th_e lack of information available regarding tree
landscapes is to become a realiigtimating water require- irrigation requirements, landscape and nursery trees are fre-

ments of trees will be necessadsingTDPs appears to be a guently exposed to unnecessarily high irrigation rates (20,
procedure that can estimate water requirements of contain- 6).

erized trees. Howeveadditional research will be needed to ~_Numerous studies have been conducted on whole-plant
calibrate tree species willDP estimates. water use of trees (40). Howeyarost of this research has

focused on individual forest tree species and was scaled from

individual tree transpiration rates to ecosystem water use

) estimates. Irrigation requirements of individual landscape
Isolated trees are an important component of urban land- yrees have been estimated using several approaches. Indirect

scapes, and represent a substantial monetary investment susneasurement of water loss from isolated trees has been at-

tained by maintaining proper tree health (25). Even though tempted using engy-balance (22) and standard flux equa-

tions (27). Lindsey and Bassuk (23) used a comparable model
'Received for publication September 1, 2005; In revised form December 4 astimate water needs of mature urban street Tieesnost

28, 2005. Manuscript Nd-4-562 of the College digricultural Sciences . . . . .
and Natural Resources. Support for this project was provided in part by a direct means to estimate whole-tree water loss is gravimetri-

$S900E 98] BIA §1-/0-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-pd-awiid//:sdiy woll papeojumoc]

Intr oduction

grant from the @ite ofTexas Higher Education Coordinating Board. cally, with the use of |Oad_Ce”S- In a semi-arid cIim.ate,
2Associate ProfessgFexasTech University Montague et al. (28) used in-ground load cells to estimate
3Associate Professdbept. of Plants, Soils, and Biometeorolpdtah Sate daily water loss of five, newly transplanted, balled and
University burlaped landscape tree species. Several authors also report
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individual landscape plant water loss estimates using con- Materials and Methods

tainerized plants and load cells (22, _31). Despite precision Sap flow measurements were made using commercially
and accuracywhole-tree water loss estimates using load cells 4 qilable Granietype TDPs (Modell DP-30, Dynamax, Inc.

has restrictions. Concerns include load cell expense, root-jy,,st0nTX). Probes were installed and operated according
zone limitations, and constraints due to tree size (1). to manufacture specifications and probe set up and tree

~ If measured over a didient period of time, and exclud-  \yater loss calculations were similar for all experiments in
ing the small amount of water utilized during photosynthesis thig study Two cylindrical probes, each 30 mm (1.2 in) in
(33), the volume of sap moving upward through the stem of |ength and 1.3 mm (0.0013 in) in diameteere fully in-

a tree must equal the volume of water lost by transpiration serted (flush with bark) into trunks of selected trees. Probes
(38).As an in-situ alternative to gravimetric methods, tran- \yere placed in a vertical line spaced 4.0 cm (1.6 in) afmrt.
spiration of individual trees have been estimated using vari- provide thermal insulation, silicon gel was applied to all ex-
ous configurations of thermal Sensors ple_lced in tree tr_unks cess space in drilled holes and over sensor housings (30).
(38). Thermal sap flow methods provide direct and continu- sapwood temperature fluctuations were minimized by in-
ous measurement of whole-plant water use with excellent sta|ling TDPs on the north side of trees, and once installed,
time resolution (40). Granitr (15) thermal dissipation probe  Tpps and tree trunks were covered with reflective bubble
(TDP) method is reported to be an accurate method of mea-\yrap from soil surface to slightly abo¥®P level. The up-
suring xylem sap flow and estimate whole-tree transpiration per probe was heated with a constantgneource (0.2V)

(16). Graniets method is based upon a thermal sensor com- and the dfierential voltage measurement across thermocouple
posed of two probes inserted radially into the sapwood of the |e5ds were converted to a temperaturéecihce(AT) be-
trunk. The upper probe is heated with a constant power sup- yween heated and unheated (reference) probes. Under no flow
ply and the unheated lower probe is considered a tempera-conditions, temperature around the heated probe increases
ture referenceAn empirical equation enables users to calcu- tg a point where heat conduction through the wood is in equi-
late whole-tree transpiration as a function of the temperature |iprium with the enagy supplied by the heater (4t this
difference between probes and functional sapwood area Ofpoint AT is at a maximungAT ). As xylem flowincreases,

the trunk (15). Because of simplicity and low gjyerequire- AT decreases such thaT is at a minimum when transpira-
ments (10), Granies method has been used to estimate tjon js at a maximuniThe AT between probes is influenced
whole-tree water loss of numerousgerforest tree species  py the sap flux density in the vicinity of the heated probe.

(14, 16), and DP estimates have generally compared favor - Granier (15) found, and Clearwater et al. (7) validated, that:
ably with other sap flow (21) and eggrbalance/microme-

teorological (8) estimates. v = 0.019k231 [1]

To date, research usifid@Ps to investigate water loss of
horticultural species has been limited to grapeviness( wherev is sap velocity (cm/s) arids related to the tempera-
vinifera) (4, 34), bananasusa ‘Cavendish’) (24), mesquite  ture diference between the two probes such that:
(Prosopis alba), desert willow Chilopsis linearis), live oak
(Quercus virginiana) (9), and hybrid poplarsPopulus k= (AT -AT)/ (AT) [2]
deltoides x P. nigra) (13). In particularcomparisons ofDP
and load cell estimated water loss of containerized species isGrainer (15) determined cdigients in equations 1 and 2 by
limited, and has produced variable results. Ferro et al. (13) fitting a nonlinear regression to the measured relationship
reports dailyTDP estimated water loss of containerized hy- betweenv andk (7). Sap flow rate can be calculated as:
brid poplar was substantially underestimated when compared
to water loss estimated by load cells. HowgB¥aun and F = () * (A) * (3600 seconds/hour) [3]
Schmid (4) report daily containerized grapevine water loss
measured byfDPs was well correlated with containerized whereF is sap flow rate (céhour) andA is cross sectional
grapevine water loss measured by load cells. Devitt et al. grea of sapwood (cinbetween the upper and lower probes.
report similar results for daily water loss estimates of con- Loads cells (Model 6400, Pennsylvania Scale Co., Lancaster
tainerized live oak, mesquite, and desert willow (9). PA.) andTDPs were connected to a data logger (Model 21X;

Because there is a lack of scientific information regarding Campbell Scientific Inc., Logan, UT). Data loggers scanned
irrigation requirements of landscape and nursery tree spe-load cell mass andT every 10 seconds and recordedP
cies, nursery and landscape trees are frequently irrigated inand load cell means every hour (4).
excess (which may result in water logged soil, poor plant  Because methodology for usefdPs on landscape trees
growth, increased runipfieached nutrients, increased water is unknown, a preliminary experiment was design to investi-
bills, and misuse of irrigation water) or deficit (which may gate at which height above soil levidDP estimated water
result in poor plant growth, poor plant aesthetics, and plant loss most closely correlated with load cell estimated water
death) amounts. In either case, performance of ornamentalloss.This experiment was conducted in a greenhouse at Utah
trees species will not meet grower or landscape expectations.State University(Logan, UT) and utilized containerized pop-
Thermal dissipation probesfef a relatively low cost method  lar (Populusnigra ‘Italica’) trees. Prior to experiment initia-
for estimating landscape tree water use in situ and in a nurs-tion, three established trees in 75 liter (20 gal) containers
ery settingTherefore, if used properlyDPs could provide with a minimum 5.1 cm (2 in) caliper (at 15 cm (6 in)) were
valuable information for nursery producers and landscape selected from a nursery and allowed to acclimate to green-
irrigators.This research investigated methodology for using house conditions. Each tree was placed on a load cell and
TDPs to estimate water loss of containerized landscape treehad aTDPfully inserted into the trunk 15, 30, 45, and 60 cm
species. In addition, water loss of four containerized, land- (6, 12, 18, and 24 in, respectively) above soil level (distance
scape tree species was compared UBDIBs and load cells. was measured from soil level to mid-point between probes).
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A single probe was inserted in each cardinal direction (north, surements, in follow-up experiments incoming shortwave
south, east, and west side of trunk). Each night irrigation re- radiation was measured with a pyranometer (Model LlI-
placed soil water lost via tree transpiration (estimated by load 200SA, LI-COR, Inc., Lincoln, NE)A data logger (Model
cell) and soil water evaporation was prevented by covering 21X; Campbell Scientific Inc.) scanned each sensor every
the soil surface of each container with black pladtiees 10 seconds and recorded hourly means. Depending upon tree
were grown under full sun conditions. location, pyranometer location was either inside the green-
For a 66 day period beginning June 1, 2000 (post bud-sethouse or outdoors.
and shoot elongation), total daily tree water loss (midnight  For each species, hourly incoming shortwave radiation,
to midnight) was estimated usifigpPs and load cell3otal load cell, andTDP estimated water loss data were plotted
leaf area for each tree was measured at the conclusion of theagainst time of day for a representative 72 hour period (hourly
experiment. Daily load cell antiDP estimated tree water  data presented is the mean of two trees of each spdaes).
loss was calculated as: tal daily load cell estimated tree water loss (dependent vari-
able) and total dailfy DP estimated tree water loss (indepen-
dent variable) data were analyzed by regression analysis for
each species and linear curves were selected according to
significance of the equation and falue (32). In addition,
analysis of variance was used to determinfedifices be-
tween regression lines for each tree speciesq®5) (32).
BecauselDP estimated water loss is based upon func-
tional sapwood area (15), correct estimation of functional
sapwood area is critical for accurdtbP estimates. If sap
velocity varies along the length of the probe, heat dissipation
and probe surface temperature will also vary (7). If a portion
of the probe is inserted into non-conducting xylem tissue
while the remainder of the probe is in conducting xylem tis-
sue, thelAT measured by the thermocouple is the weighted
mean ofAT in the conductingapwood 4T ,) andAT of the
inactive xylem tissue (which would be equal to no flow con-
rlitions orAT ) such that:

tree water loss =
(estimated tree water loss (g or¥) (leaf area (c))

[Eq. 4]

and converted to mm.

Hourly load cell and DP estimated water loss data (mean
of three trees) were plotted against time of day for a repre-
sentative 72 hour period. Daily tree water loss estimates at
eachTDP height were analyzed by analysis of variance suit-
able for a randomized block design. Ifeitnces were found,
means were separated by Fishérast Significance Oer-
ence Procedurex(= 0.05) (32)The correlation of load cell
estimated tree water loss TDP estimated tree water loss
for eachTDP height was also examined. Daily load cell esti-
mated tree water loss (dependent variable) and @&l
estimated tree water loss (independent variable) data for eac
TDP height were analyzed by regression analysis. Linear
curves were selected according to significance of the equa-

tion and Rvalue (32). In addition, analysis of variance was . .
used to determine regression linefefiénces for eachDP where a and b are the proportions of the probe in sapwood
height (P< 0.05) (32). and inactive xylem (b = 1 — a), respectively (7). Equation 5

Based upon results of the preliminary experiment, follow- 2N be arranged to find the actual temperature and sap veloc-

up experiments were designed to compare water loss of fourlty in the conducting sapwood:
containerized, landscape tree species uRDigand load cell
estimatesThese experiments were conducted in a greenhouse
and outdoors afexasTech University (LubbockTX). Ex-
periment oganization, data loggdoad cell and’ DP setup,

and tree and container sizes for these experiments were similal
as for trees in the preliminary experiment. Howeiret ub-

bock allTDPs were inserted 30 cm (12.0 in) above soil level.
Beginning mid-August 2000;DP and load cell water loss
estimates were made on two greenhouse grown, container
ized Bradford pearRyrus calleryana ‘Bradford’) trees for

50 consecutive days. In 2000DP and load cell estimated
water loss was measured on two greenhouse grown Siouxlan
poplar Populus deltoides ‘Siouxland’) and two English oak
(Quercusrobur x Q. bicolor ‘Asjes’) trees. Daily water loss
was estimated from mid-July until laA@igust. In 2002 wa-

ter loss was estimated with load cells amPs on two, out-
door grown containerized sweetgurhiquidambar
styraciflua ‘Rotundiloba’) treesTrees were placed on load
cells in late-June and water loss estimates continued through
early-August. Greenhouse and outdoor grown trees were During a representative 72 hour measurement period of
under full sun conditions. Howeydnside the greenhouse the preliminary experimenf,DP and load cell water loss
tree canopies shaded containers from direct Soravoid estimates for containerized ‘Italica’ poplar trees followed
direct sunlight outdoors, containers were placed below soil similar diurnal cycles (Fig. 1). Howevdrourly TDP water

level and wood sheeting was used to provide shade. For eacHoss estimates at each height above soil level were generally
species, mean, maximum, and minimum daily load cell esti- less than load cell water loss estimates, especially during peak
mated tree water loss (mm and liters) was calculated for the periods of sap flow (10:00 am to 6:00 pm, local standard
experiment period. In addition fBDP and load cell mea- time) (Fig. 1). In addition, analysis of variance results indi-

AT = aAT_,) + b@T,) [Eq. 5]

ATy, = [(AT) —b@AT, )]/ () [Eq. 6]

Equation 6 was used to compai@P estimated tree water
Joss with load cell estimated tree water loss at varying per
centages of active xylem along the 30 mm probe length. For
each species, mean total daily water loss was estimated with
equation 6 beginning with 100% active xylem along the probe
length and compared to load cell estimated tree water loss.
Means were analyzed using analysis of variance suitable for
a randomized block design. If thfences were found, means

ere separated by FisherLeast Significance Ogrence

rocedured = 0.05) (32). If means ddred, active xylem
along the length of the probe was decreased by 10% and
means were again compared to load cell estimated tree water
loss. Once load cell anfDP estimated water loss means
were similay analysis ceased for the species.

Results and Discussion
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Fig. 1. Mean hourly load cell and thermal dissipation ppbe (TDP) estimated watetoss (mm/hour) overa representative thiee day period forthree

greenhouse gown, containerized ‘Italica’ poplar (Populus nigra ‘Italica’) tr ees. Each tee was placed on a load cell and had a singi®P
placed at four heights above soil level (15, 30, 45, and 60 cm). Each symbol is the mean @etmeasuements.

cate estimated mean daily water los§ByPs for container soil level peaked around 10:00 am and decreased throughout
ized ‘Italica’ poplar trees was less than load cell estimated the remainder of the day (Fig. 1). Longitudinal thermal gra-
daily water loss at each height above soil level (Figl 2~ dients in tree trunks often occur during the course of the day

mal dissipation probe estimated water loss was 65% of load and may not be eliminated by thermal insulation (?¥h)en
cell estimated water loss at the 30 cm height, 50% of load usingTDPs to estimate plant water loss, Kostner et al. (21)
cell estimated water loss at the 15 and 45 cm heights, andand Braun and Schmid (4) indicatdidifilties may arise when
30% of load cell estimated water loss at the 60 cm height. TDPs estimating sap flow are located near the soil surface.
Regression equation?Rralues ranged from 0.03 (45 cm  They indicate when soil water (with a temperature lower than
height) to 0.31 (30 cm height) and regression equations for ambient air) reaches the lower reference sensor thermal gra-
TDP estimated water loss at each height welfeift (Fig. dient is inducedrhis thermal gradient increas8§ and there-
2). foreartificially increases sap flow estimatés.ambient and
Load cell andrDP estimates also indicate water loss-dur  soil temperature increase during the day (and therefore soil
ing non-daylight hoursWater uptake during non-daylight  water temperaturé)DP estimated water loss becomes more
hours is not uncommon and has been reported by others (5consistent with actual tree water loskhough less than load
30). Non-daylight water uptake was likely caused by tran- cell estimated water loss, water loss estimatet}fys at 15
spiration due to high vapor pressure deficit (VPD) condi- and 30 cm above soil level in our study exhibit such a trend.
tions prevailing at night in the greenhouse and stomatal re- A possible method to avoid problems associated with cool
sponse to/PD (6, 23), or rechge of stem water storage  soil water temperatures and thermal gradients is to leave a

(30). portion of the stem below thEDP gauge uninsulated (5).
As previously reported (4, 34)DP estimated water loss  Theoretically this would allow water in the stem fafent
may be dfset from load cell estimated water lo3is is time to warm prior to reaching the loweeferencé DP.

visible with 30 and 15 cfiDP estimates (Fig. 1). Each day Dynamax suggesi®DPs be inserted into trunks 1.0 to 2.0
water loss estimated BYOPs 30 cm above soil level dropped m (3.2 to 6.4 ft) above soil level XL For lage forest trees,
slightly around 12:00 pm and increased around 4:008pm. TDPs have been inserted at heights varying from 1.3 m (4.3
different trend was observed willDP estimated water loss  ft) to 4 m (13.1 ft) (10, 19). Due to reductions of trunk cali-
15 cm above soil levelater loss estimates at 15 cm above per, in this research it was not possible to insert 30TBAs

98 J. Environ. Hort. 24(2):95-104. June 2006
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Load cell estimated tree water loss (mm/day)

0.C 0.2 0.5 0.8 1.C 1.2

TDP estimated tree water loss (mm/day)

Fig. 2. Mean total daily water loss (mm/day) forthree geenhouse gown, containerized ‘ltalica’ poplar (Populusnigra ‘ltalica’) tr ees (A). Each tee
was placed on a load cell and had a single thermal dissipationgire (TDP) placed in the trunk at fourheights above soil level (15, 30, 45, and
60 cm). Different letters indicate diferences between wateloss estimates (LSDa = 0.05). In addition, actual and pedicted values for
estimating load cell measued water loss (mm/day) usingTDPs at four heights above soil level (B). Diérent letters indicate diferences
between egression equations (analysis of variance,<0.05).

into containerized trees at suggested distances above the soihas varied. Lu et al. (24) insert&@®Ps into banana corms
Therefore, in this experiment heights above soil level were (undeground, bulb-like portion of the stem plant consisting
selected which would accommodate 30 MBPs. Height of fleshy tissues (18)) and had excellent agreement between
above soil level for insertion GMDPs in horticulture plants load cell and’DP estimated water loss. Details are not given
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Table 1. Sem calipel, total leaf area, load cell estimated mean daily watdoss, daily maximum tree waterloss, and daily minimum tree waterloss
for containerized Bradford pear (Pyruscalleryana ‘Bradford’), poplar ( Populusdeltoides ‘Siouxland’), English oak (Quercusrobur x ‘Asjes’),
and sweetgum I(iquidambar styraciflua ‘Rotundiloba’) tr ees gown in Lubbock, Texas.

Species

Variable Pyrus Populus/ Quercus Liquidambar*
Caliper (cm) 6.6 5.6 5.7 5.3
Leaf area (rf) 4.5 3.0 3.3 2.9
Daily mean water loss (liters) 3.14 3.71 3.29 3.45
Daily mean water loss (mt) 0.69 1.23 1.01 1.19
Maximum daily water loss (liters) 8.10 6.11 5.66 4.84
Minimum daily water loss (liters) 1.04 1.24 0.68 2.21

Measured 15 cm above soil level.
YMeasured in greenhouse.
*Measured outdoors.

“[Tree water loss (g or ¢/ [Total leaf area (cA)] and converted from cm to mm.

as to the height above soil levEDPs were inserted into
grapevines (4, 34). Howevelue to growth patterns of grape-
vines, it is likelyTDPs were inserted less than 1.0 m from

response to higiilPD conditions prevailing at night (6, 23),
and rechage of stem water storage (3@jater loss estimates
by TDPs in follow up experiments were alséset from load

the soil surface. Nevertheless, Braun and Schmid (4) and cell estimated water loss (Fig. 3). Devitt, et al. (9) also report
Schmid and Bettner (34) report good agreement between loada delayed morning transpiration response for containerized

cell andTDPestimated water loss. Regardles§DP height,

for these containerized trees, we did not find good agree-

ment betweeDP and load cell estimated daily tree water
loss (Fig. 2). Similar results with containerized poplar trees
are reported (13).

For follow up experiments, tree size and leaf area varied
with species (@ble 1).Trunk caliper ranged from 5.3 cm
(2.0 in) (sweetgum) to 6.6 cm (2.6 in) (Bradford pear), and
total leaf area ranged from 2.9 (31.2 ff) (sweetgum) to
6.6 nt (71.0 fé) (Bradford pear). Load cell estimated tree

water loss also varied with species. On a volumetric basis,

live oak, desert willowand mesquite trees wh&bP esti-
mated water loss was compared to lysimeter estimated water
loss.As described in the preliminary experiment, this was
likely due to formation of temperature gradients (4, 21) or a
possible capacitancefe€t (35). Experimental setup for pre-
liminary and follow-up experiments was simjlaxcept that

for the follow-up experiment, sweetgum trees were not lo-
cated in a greenhouse. However TDPs 30 cm above soil
level, regression data from follow-up experiments revealed
daily TDP and load cell estimated water loss equations (Fig.
4) with greater Rvalues than were found in the preliminary

poplar transpired the greatest amount of water each day andexperiment (Fig. 1). Because this discovery is common across

Bradford pear transpired the leasalfle 1).Transpirational

all species examined in the follow-up experiments, results

water loss normalized on a depth basis (millimeters) takes are encouraging, however the cause is unknown.

into account volumetric water loss (®rand leaf area (cth

of each treelotal daily water loss (mm) of poplar was great-
est followed by sweetguniotal daily water loss was least
for Bradford pear (able 1).

Environmental conditions inside a greenhouse vary from
environmental conditions found outdoofherefore, tree
transpiration difers for plants grown inside a greenhouse
compared to plants grown outdoors (31). Because three of

During select 72 hour measurement periods, peak hourly the four follow up experiments were conducted inside a green-

shortwave radiation ranged from 600 (poplar) to nearly 1000
W/m? (sweetgum) (Fig. 3). For each speciEdP and load
cell water loss estimates followed similar diurnal cycles.
However hourly TDP water loss estimates were generally

house, estimated tree water loss data from these experiments
should be used with caution. Howeveur data give insight

into water loss characteristics for these containerized tree
species. Based upon load cell water loss estimates, we found

less than load cell water loss estimates, especially during peakgreat variability in daily water use rates between and within

periods of sap flow (Fig. 3). Regression analysis of total daily

species (@ble 1). Montague reports similar results for load

TDP and load cell estimated water loss revealed significant cell estimated water loss of five transplanted landscape tree

equations and Rvalues which ranged from 0.48 (Bradford

species (28).

pear) to 0.87 (English oak) and regression equations for each  Our results indicate that for small caliper trees used in this

species were diérent (Fig. 4). Percent active xylem tissue
along the 30 mriiDP appears to be species specific (Fig. 5).
Using equation 6 to estimate active xylem al®Bdp length,
active xylem tissue in contact with thBPranged from 70%

in Bradford pear to 40% in English oak (Fig. 5).

Diurnal trends offDP and load cell estimated water loss
for containerized trees closely followed that of incoming solar
radiation (Fig. 3) and stomatal response to incoming short-
wave radiation is well-documented (38)so, as seen in the
preliminary experiment, load cell affdDP water loss esti-
mates in follow up experiments indicate water loss during
non-daylight hours (Fig. 3), and was likely due to stomatal

100

study the amount of active xylem tissue (sapwood) along
the 30 mniTDP appears to diér between speciealthough
TDPs have not been previously used to estimate tree water
loss of young landscape trees (and information regarding
depth of active sapwood in young trees is lacking), others
indicate depth of active sapwood in older woody plant spe-
cies is variable. Braun and Schmid (4) used mobile dyes and
visually inspected grapevine steri$iey found heartwood
had not developed in 20 year old grapevines, and estimated
grapevine water loss witiDPs using the entire stem cross
sectional area. Edwards and Booker (12) used similar meth-
ods and report xylem to be most active in poplars trees (trees
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Fig. 3. Mean hourly incoming shortwave radiation, load cell, and thermal dissipation pobe (TDP) estimated watetoss overselect thiee day periods
for greenhouse gown, containerized Bradford pear(Pyrus calleryana ‘Bradford’) (A), poplar (Populus deltoides ‘Siouxland’) (B), English
oak (Quercusrobur x ‘Asjes’) (C), and outdoorgrown sweetgum ILiquidambar styraciflua ‘Rotundiloba’) (D) tr ees.

measured 23 to 39 cm in diameter (9 to 15 inches) 1.3 m (4.22 cm and 2 to 4 cm) in mature white od® @lba) and
feet) above soil level) in the second, third, and first growth sweetgum l{iquidambar styraciflua) trees. In each species,
rings, respectivelyPhillips et al. (30) usetiDPs and inves- they report sap flow diérences were found between depth
tigated radial patterns of sap flow at two xylem depths (0 to intervals and report ddérences became more distinct at low
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Fig. 4. Actual and predicted values forestimating daily tree waterloss (mm/day) using thermal dissipation psbes (TDP). Each symbolepresents
total daily water loss fom containerized, geenhouse gown Bradford pear (Pyrus calleryana ‘Bradford’) (A), poplar (Populus deltoides
‘Siouxland’) (B), English oak (Quercusrobur x ‘Asjes’) (C), and outdoorgrown sweetgum I(iquidambar styraciflua ‘Rotundiloba’) (D) tr ees.
Different letters indicate diferences betweeneagression equations (analysis of variance,#0.05).

sap flowsAlso usingTDPs, Granier (17) found that for two  trees to be the most active for water transport. For many tree
mature oak specie€( petraea andQ. robur), 80% of sap species, it appears the region of most active sapwood be-
flow occurred in the outer 1 cm of xylem vessels. Others (7, comes progressively smaller and variable as the tree ages
8, 19) report xylem tissue nearest the cambium of mature (39). In this research, sapwood estimates are possible indi-
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Fig. 5. Mean daily load cell and thermal dissipation pobe (TDP) estimated wateloss (mm/day) using pezent of the TDP in contact with active
xylem (100% active xylem =TDP estimate) forgreenhouse gown, containerized Bradford pear (Pyrus calleryana ‘Bradford’) (A), poplar
(Populus deltoides ‘Siouxland’) (B), English oak (Quercus robur x ‘Asjes’) (C), and outdoor grown, containerized sweetgumL(iquidambar

styraciflua ‘Rotundiloba’) (D). Dif ferent letters indicate diferences between means (LS, = 0.05).

cations older sapwood may be functional, but have greaterand applying that volume in a timely manner helps insure
resistance to water movement than younger sapwood, andproper growth in nursery and landscape settings (2, 37). By
comparing load cell an@iDP estimated water loss, this re-
search conclude@DPs can be a valid means to determine
water requirements of four containerized, landscape tree spe-
cies if correct precautions (avoiding thermal gradients in the
trunk, correctly estimating sapwood area, etc.) are imple-
growth, aesthetics, and survival of nursery and landscapemented. Several techniques are available to estimate tree
plants. Estimating the volume of water required by a plant, water requirements in nursery and landscape settings (2, 27,

therefore transport less water (12). Consequestiive xy-
lem estimates (Fig. 5.) are likely indications of sapwoed ar
eas with high water transport, with the remaining portion of
the probe having little or no water transport.

Proper irrigation management is essential for production,

J. Environ. Hort. 24(2):95-104. June 2006
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28), however these methods can be cost prohibititreough
correct use of DPs requires plant physiology and technical

expertise, water loss estimates using correctly calibrated and

installed TDPs appears to be an additional method which

can assist nursery and landscape personnel estimate wate

requirements of small landscape tree species.
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