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a b s t r a c t

Transpiration rates of six urban tree species in Beijing evaluated by thermal dissipation method for
one year were correlated to environmental variables in heat, water, and pollutant groups. To sort out
colinearity of the explanatory variables, their individual and joint contributions to variance of tree
transpiration were determined by the variation and hierarchical partitioning methods. Majority of
the variance in transpiration rates was associated with joint effects of variables in heat and
water groups and variance due to individual effects of explanatory group were in comparison small.
Atmospheric pollutants exerted only minor effects on tree transpiration. Daily transpiration rate was
most affected by air temperature, soil temperature, total radiation, vapor pressure deficit, and ozone.
Relative humidity would replace soil temperature when factors influencing hourly transpiration rate
was considered.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Trees have profound influences on urban ambience. They
modulate temperature and microclimate, buffer airborne pollu-
tions, provide aesthetic surroundings, and so forth (Nowak and
Dwyer, 2007). Metropolises around the world expend a great deal
of effort to create and maintain urban green spaces. Beijing, the
capital of China, has undergone rapid urban renewal and devel-
opment. The city has a population over 16 million occupying
a footprint of 873 km2 (Statistical Yearbook of Beijing, 2008).
Approximately 44% (Statistical Yearbook of Beijing, 2008) of the city
is open and green spaces consisting of tree-lined traffic corridors,
ornamental landscapes, green belts, regional and neighborhood
parks, botanic gardens, woods, and wetlands. Trees are essential
components of all urban green spaces. More than 2056 species of
vascular plants (He et al., 1993) and over 61 million trees (Beijing
Municipal Bureau of Landscape and Forestry, 2005) are planted
across the city.

Transpiration is an essential physiological process that would
keep the trees vigorous and healthy. It transfers water and mineral
nutrients from soils to plants and in summer helps trees to
dissipate heat. The process is regulated by a combination of biotic
and abiotic forces that need to be evaluated when the perfor-
mances of trees are considered. Microclimates characterized by
solar radiation, wind, vapor pressure deficit, soil water content,
.
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rainfall, and temperature are the main external factors on tree
transpiration (Granier et al., 1996; Mellander et al., 2004; Burgess,
2006; Huang et al., 2009). The canopy surface conductance and
stand structure would further influence the outcomes (Granier
et al., 1996).

Trees grown in urban settings are subject to drastically changing
microclimates and are expected to use greater amounts of water
than those in the natural settings. Vegetations occupying isolated
and small urban spaces such as hedges, garden plants, and roadside
trees are exposed to more intense radiation and sensible heat due
to a lack of obstacles therefore lose more water than comparable
vegetations in the forests (Van Bavel et al., 1962; Hagishima et al.,
2007). The pervasive presence of airborne pollutants would be
a confounding issue. Evidences obtained through measurements of
excised leaves, seedlings, and mature trees showed that water loss
of forest trees increased when exposed to air pollutants (Neighbour
et al., 1988; Lee et al., 1990; McLaughlin et al., 2007). Air pollution
nevertheless is only one of many factors that affect tree transpira-
tion in urban environment. Site design, species selection, and
landscape upkeep can affect water consumption (Nowak and
Dwyer, 2007).

The environmental factors affecting tree transpiration are
interrelated. The environmental effects on tree transpiration when
evaluated by the traditional regression techniques (Xia et al., 2008)
may have distorted inferences about the relative importance of
explanatory variables (Heikkinen et al., 2005). The variation parti-
tioning (Borcard et al., 1992) and hierarchical partitioning methods
(MacNally, 1996) may be employed to overcome the complications
caused by collinearity of experimental data. They provide
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unambiguous identification of significant variables and under-
standing of the true interrelationships between tree transpiration
and environmental variables.

Variation partitioning decomposes the variance of a dependent
variable, i.e. transpiration rate, associated with explanatory variable
groups, i.e. heat, water and pollutant, into components of individual
effect and joint effects with other variable groups (Borcard et al.,
1992; Heikkinen et al., 2004, 2005). It outlines the relative impor-
tance of individual and joint contributions of explanatory variable
groups toward the variance of a dependent response variable
(Borcard et al., 1992). In parallel, hierarchical partitioning utilizes all
models in a regression hierarchy to provide estimates of the
explanatory capacities of variables in all groups independently and
jointly (MacNally, 1996). It may assess the contributions of each
explanatory variable to a dependent response variable. For exam-
ples, how did environmental variables influence the occupancy and
abundance of the clouded Apollo butterfly (Heikkinen et al., 2005),
abundance of birds (Heikkinen et al., 2004), and coffee pest
densities (Teodoro et al., 2008)? The transpiration of urban tree
depends on three interrelated environmental factor groups namely,
heat, water and pollutant. The colinearity between the variables in
the groups complicates the assessment of environment-induced
impacts. Therefore, both variation partitioning and hierarchical
partitioning may be used to explore urban tree transpir-
ationeenvironment relationships.

Transpiration of urban trees is not easy to accurately measure in
situ because of large trees, low plant density, diversity of species,
and heterogeneity of surface. The water use patterns of potted
plants arranged in varying urban landscaping compositions have
been investigated (Neighbour et al., 1988; Montague and Kjelgren,
2004; Hagishima et al., 2007). The small potted trees and mature
trees in situ are different in energy budgets, canopy/root balance,
architecture, and carbon allocation patterns (McLaughlin et al.,
2007). The outcomes derived from potted plants or seedlings fail
to represent the responses of well established trees inhabiting the
urban landscape. Granier (1987) developed a method of measuring
xylem sap flow that provided a continuous, accurate, and inex-
pensive estimate of whole-tree transpiration. It has been used to
simultaneously track the transpiration of several species in multi-
layered urban scene (Costa et al., 2006). Coupled with continuous
monitoring environmental parameters at comparable time scales,
effects of environmental factors on urban tree transpiration may be
delineated.

We hypothesized that sap flux density of urban trees is affected
by the interrelated environmental factors that characterize their
surroundings. The sap flux densities of six tree species that were
common presence in Beijing were assessed with respect to 12
environmental factors divided into three groups i.e. heat energy
transfer, water availability, and extent of air pollution. Specifically,
we posted the following research questions: (1) Do the outcomes of
variation partitioning analysis able to distinguish the relative
significance of the three groups of variables to urban tree
Table 1
Species, trees sampled, life form (deciduous or evergreen species), diameter at the breast
sap flow measurements.

Species Trees sampled Life form DBH

G. biloba 2 Deciduous 16.9
A. chinensis 3 Deciduous 17.3
M. liliiflora 3 Deciduous 8.9
R. pseudoacacia 3 Deciduous 38.4
P. tabulaeformis 3 Evergreen 18.3
C. deodara 3 Evergreen 29

All measurements indicate the mean� standard error of sampled trees.
transpiration?, (2) To what extents the independent and joint
contributions of the three groups of variables account for variations
in urban tree transpiration?, and (3) Which environmental vari-
ables are the most important predictors of urban tree transpiration,
including air pollutants effects?
2. Materials and methods

2.1. Study sites and trees

The study was conducted in the 116,500 m2 Beijing Teaching Botanical Garden,
located toward the center of Beijing (116�2503700 to 116�2505000 E, 39�5202000 to
39�5202800 N). The City situated in a warm temperate zone and has a typical conti-
nental monsoon climate. Mean annual precipitation is about 585.5 mm with more
than 70% of the annual total occurring from June to August. Mean annual temper-
ature is about 11e12 �C. The experimental site is a typical green space in the city
center surrounded by densely populated commercial and residential establishments
and amidst heavy pedestrian and motor vehicle traffic.

Four deciduous tree species (Ginkgo biloba, Aesculus chinensis, Magnolia lil-
iiflora, Robinia pseudoacacia) and two evergreen coniferous tree species (Pinus
tabulaeformis, Cedrus deodara) were selected as study species. They are common
urban tree species in Beijing. The differences of leaf characteristics and life forms
among species however were wide, indicative of the diversity of tree species
included in the study. For each species, two or three trees of comparable size, in
terms of diameter at the breast height, height, projected canopy area, and
sapwood cross-sectional area, were randomly selected for sampling (Table 1). As
the instrument measured the sap flux density of an individual tree, each tree in
fact represented a replicate in the measurements. Anywhere from 1 to 8 indi-
vidual trees had been chosen for transpiration measurements under various
landscape settings (Granier et al., 1996; Pataki and Oren, 2003; Lu et al., 2003;
O’Brien et al., 2004; Burgess, 2006; Costa et al., 2006; Fernandez et al., 2009).
Two or three selected trees for each species would be adequate to overcome the
measurement errors.
2.2. Environmental variables

An automated weather station was installed at the experimental site to record
continuous changes of environmental parameters. It was located at an open area
that was free of influences of trees, buildings, and other obstacles and within short
distances of the trees selected for the study. Air temperature (Ta) and relative
humidity (RH) probe (HMP45C, Vaisala Inc., Helsinki, Finland), wind (w) sensor
(034B, Met One Instruments, Grants Pass, Oregon, USA) were installed at a standard
10 meter mast. A pyranometer (CMP-11, Kipp and Zonen, Delft, Netherlands) was
installed at a standard 1.5 mmast for solar radiation (Rs) measurement. Precipitation
(P) (TE525 MM, Campbell Scientific, Inc., Logan, UT) was measured by pluviometer
installed <2 m from ground surface. The soil temperature (Ts) probe was set at the
depth of 10, 30, 50, and 80 cm (109, Campbell Scientific, Inc., Logan, UT). Probes for
soil water measurements were spaced in between the sampled trees. Three soil
water probes (ECH2O, Decagon Devices, Inc., Pullman, WA, USA) were placed at the
depth of 30 cm. Vapor pressure deficit (D) was calculated from the air temperature
and relative humidity data (Campbell and Norman, 1998). These meteorological
changes were continuously monitored and were synchronized with the sap flow
measurements.

Concentrations of nitrogen oxides (NOeNO2eNOx), sulfur dioxide (SO2), ozone
(O3), and particulate matter with diameters of 2.5 mm or less (PM2.5) in the ambient
air were monitored amongst the trees using TEI Model 42i, 43i, 49i gas analyzers
(Thermo Environmental Instruments, Inc., Franklin, MA, USA), and a tapered
element oscillating microbalance (TEOM, Series 1400, Rupprecht & Patashnick Co.,
Inc., Albany, NY, USA), respectively. The fluctuations of pollutant concentrations
were recorded every hour.
height (DBH), height, canopy projected area (Ac), and sapwood area (As) of trees for

(cm) Height (m) Ac (m2) As (cm2)

� 1.4 6.3� 0.0 16.2� 2.5 105.0� 12.3
� 0.9 6.4� 0.2 19.0� 1.8 111.4� 2.3
� 0.2 3.6� 0.4 2.7� 0.4 48.2� 2.2
� 2.4 12.9� 0.2 71.9� 10.2 129.1� 12.1
� 1.0 5.8� 0.1 22.8� 1.2 193.3� 23.1
� 3.1 8.3� 1.5 39.8� 9.4 408.6� 62.4
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2.3. Sap flow measurements

The transpiration rate was evaluated by sap flow measurements according to
Granier (1987). Instantaneous sap flux density, flow per unit sapwood cross-
sectional area (Js, g H2O cm�2 s�1), was continuously measured by thermal dissi-
pation probes (Dynamax, Houston, TX, USA), from April 1, 2008 to October 31, 2009.
Unlike the intermittent measurements, the continuous recordings capture the entire
transpiration process, which are more reliable and less susceptible to measurement
errors. Due to the equipment malfunctioning, therewere discontinuations in the sap
flux recordings. The trends nonetheless were apparent. At the hourly and daily
scales, the disruptions statistically did not affect the data analysis. The numbers of
sensors deployed was based on the trunk diameter at breast height (DBH). One pair
of 30 mm long probes (TDP 30) was deployed on the north side of each G. biloba,
A. chinensis, and M. liliiflora tree whose DBH was around 15 cm. Two pairs of TDP 30
were deployed respectively on north and south sides of each P. tabulaeformis tree
whose DBH ranged from 15 to 20 cm. Four pairs of TDP 30 were deployed on all four
sides of each R. pseudoacacia and C. deodara tree whose DBH was larger than 20 cm.
For P. tabulaeformis and C. deodara that had deep sapwood, 80 mm long probes (TDP
80) were also deployed. The probe consisted of a pair of matching needles, each
containing a copper-constantan thermocouple (Granier, 1987). The probe was
radially inserted into the sapwood approximately 15 cm apart. The probes and
adjacent portions of stemwerewrappedwith first a layer of plastic bubble-wrap and
then aluminum foil to minimize spurious temperature gradients caused by radiant
heating of the stem as well as to protect against water running down the trunk (Zhao
et al., 2005). Sap flux density was calculated from the temperature difference using
Granier’s (1987) empirical relationship:

Js ¼ 118:99� 10�4
�
DTm � DT

DT

�1:231

where DTm and DT are the temperature differences of heated and unheated needles
at no flow and positive xylem flow conditions, respectively. The temperatures were
continuously scanned 10 s interval and the average of every 10 min was stored in
data loggers (CR1000, Campbell Scientific Inc., UK).

The data collected from November 1, 2008 to October 31, 2009 was selected to
evaluate how environmental factors affected the transpiration of urban trees for an
entire year. To capture the influences of rapidly and widely fluctuating environment
on transpiration of urban trees, it was imperative that the tree sap flux be evaluated
at both daily and hourly scales.

2.4. Variation partitioning

We conducted variation partitioning following Anderson and Cribble (1998),
and Heikkinen et al. (2004, 2005). Variation partitioning would partition the vari-
ance of sap flux density into eight fractions namely, the individual effects of water,
heat, and air pollutant denoted as a, b, and c, respectively, joint effects of heat and
water, water and air pollutant, and heat and air pollutant denoted as d, e, and f,
respectively, joint effects of three explanatory variable groups denoted as g, and
finally the unexplained variance denoted as h.

Firstly, a series of six redundancy analysis (RDA) runs according to a forward
selection option in CANOCO and the associated Monte Carlo permutation tests
(involving 9999 permutations) were performed for each group to exclude explan-
atory variables that did not contribute significantly to variance of sap flux density, at
P> 0.05 (Borcard et al., 1992). We also entered the quadratic terms into the RDA
forward selection procedure to take into account the potential curvilinear rela-
tionships between explanatory variables and sap flux density (Heikkinen et al.,
2004). Only the significant environmental variables identified in this process were
included in subsequent analyses.

Secondly, the sap flux density was regressed collectively with respect to the
three groups that yielded the total explained variation of sap flux density namely
(aþ bþ cþ dþ eþ fþ g). Subsequently, regressing sap flux density with each
explanatory group separately yielded the variation captured bywater (aþ dþ eþ g),
heat (bþ dþ fþ g) and air pollutant (cþ eþ fþ g).

Then, six RDA runs were performed to determine the pure fractions of each
explanatory group and three groups of fractions showing the joint effects of two of
the groups at a time:

� RDA of sap flux density, constrained by the water variables, with heat and air
pollutant variables treated as covariables (fraction a);

� RDA of sap flux density, constrained by the heat variables, with water and air
pollutant variables treated as covariables (fraction b);

� RDA of sap flux density, constrained by the air pollutant variables, with heat
and water variables treated as covariables (fraction c);

� RDA of sap flux density, constrained by water and, heat variables with air
pollutant variables treated as covariables (fractions aþ bþ d);

� RDA of sap flux density, constrained by heat and air pollutant variables, with
water variables treated as covariables (fractions bþ cþ f);

� RDA of sap flux density, constrained by water and air pollutant variables, with
heat as covariables (fractions aþ cþ e).
Finally, the remaining variation components were calculated using two sets of
equations:

dþ eþ g ¼ Water� a

dþ f þ g ¼ Heat� b

eþ f þ g ¼ Pollutant� c

and

d ¼ ðaþ bþ dÞ � ðaþ bÞ

e ¼ ðaþ cþ eÞ � ðaþ cÞ

f ¼ ðbþ cþ f Þ � ðbþ cÞ

g ¼ ðdþ eþ gÞ � d� e ¼ ðdþ f þ gÞ � d� f ¼ ðeþ f þ gÞ � e� f

whereWater, Heat, and Pollutant denote variances due to thewater variables (D, RH,
and SWC30), heat variables (Ta, Ts10, and Rs), and pollutant variables (NO2, O3, SO2,
and PM2.5), respectively. In this manner, the relative contribution due to each frac-
tion may be obtained by solving equations simultaneously.

2.5. Hierarchical partitioning

The hierarchical partitioning method was used to identify the individual vari-
able that significantly affected the transpiration of urban tree. This method was
accomplished using the ‘hier.part package’ version 0$5e1 (Walsh and MacNally,
2003) that was a part of the R statistical package. The maximum number of
predictor variables that can be entered in this partition routine is 12 (Heikkinen
et al., 2004) and we included 10 related variables. Hierarchical partitioning
depends on monotonic relationships between the response and predictor variables
(Heikkinen et al., 2004). Hence, the vapor pressure deficit data was log transformed
to improve the linearity of relationships between it and sap flux density.

3. Results

3.1. Urban environmental conditions and sap flux
during the study period

The heat, water, and pollutant groups of variables showed
temporal fluctuations (Fig. 1, Table 2). The total radiation (Rs), air
temperature (Ta), and soil temperature (Ts10) exhibited similar
seasonal trends. Their magnitudes were lower in the winter
months of November through February and gradually rose to the
maximal in summer months of June and July. They displayed wide
fluctuations, especially Rs and especially in the summermonths. Air
temperature, and therefore vapor pressure deficit (D), showed
a similar seasonal trend, while no pattern in atmospheric relative
humidity (RH) was apparent. The soil water content (SWC30) fluc-
tuated more during the growing season in response to the tran-
spiration demand, water inputs from precipitation (P).

The atmospheric SO2, NO, NO2, and PM2.5 concentrations were
higher and fluctuated more widely in winter than in summer
months. The atmospheric O3 concentration showed an opposite
pattern (Fig. 1). During our study period, the mean hourly atmo-
spheric O3 concentration was 22.11 ppb, with the maximum
reached 138 ppb. However, 83.8% of the hourly atmospheric O3
concentrationswere between 0 to 40 ppb, and only 7% of the hourly
atmospheric O3 concentrations exceeded 60 ppb. The AOT40
(accumulated exposure over a threshold of 40 ppb or nl l�1) during
the growing season at our study site was 20.12 ppmh.

The A. chinesis and P. tabulaeformis exhibited the highest mean
daily sap flux density (Js) at 120 to 140 g H2O cm�2 d�1. They were
followed by G. biloba, M. liliflora, and C. deodara showing daily Js of
100 to 120 g H2O cm�2 d�1, and then R. pseudoacacia showing daily
Js of <100 g H2O cm�2 d�1 (Table 3). The daily Js showed a seasonal
change pattern that was interlaced with daily fluctuations, espe-
cially in the summer months (Fig. 2). During the winter months,
even the daily Js of evergreen trees was markedly dampened
(Fig. 2).



Fig. 1. Mean daily air temperature (Ta), soil temperature (Ts), total radiation (Rs), vapor pressure deficit (D), relative humidity (RH), soil water content at depth 30 cm (SWC30),
ambient air nitrogen oxides (NO and NO2) concentration, ambient air sulfur dioxide (SO2) concentration, ambient air ozone (O3) concentration, ambient air particulate matter
(PM2.5) concentration, and daily sums of precipitation (P) from November 1, 2008 (Julian day 305) to October 30, 2009 (Julian day 304).
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3.2. The relation between urban tree transpiration
and environmental variables

The forward selection process identified explanatory variables
that exhibited significant effects on variances of mean daily and
hourly transpiration rate of trees under the urban settings (Tables 4
and 5). Variables related to heat energy, water availability, and air
quality of the surrounding environment all influenced the tran-
spiration rates of urban trees. However, not the impact of every
explanatory variable was significant (Tables 4 and 5). Precipitation
and atmospheric NO concentration did not appear to significantly
affect the transpiration rates of tree species tested. Precipitation is
episodic and does not routinely take place on hourly or daily base
throughout the year. It represents a seasonally distributed water
inputs, which is more likely to be a constant rather than a variable.
Atmospheric NO is a transitory air pollutant that undergoes rapid
photochemical oxidation to NO2 and subsequently O3 during
summer. During the winter when NO concentration was high, the
trees were dormant or the least active and their transpiration rates
did not respond much to the environmental changes.

For remaining variables, the linear and quadratic effects were
equally strong (Tables 4 and 5). The quadratic effects of the
explanatory variables are especially apparent on the hourly tran-
spiration rates of trees (Table 5). It was applicable to almost all the



Table 2
Descriptive statistics of mean daily urban environmental factors from November 1, 2008 to October 30, 2009.

Variable Unit na Minimum Maximum Mean Median

Heat Group Air temperature �C 366 �9.36 31.18 13.95 15.53
Soil temperature �C 366 �1.55 29.57 14.55 16.86
Total radiation Wm�2 366 1.76 322.82 144.17 123.96

Water Group Vapor pressure deficit kpa 366 0.11 3.34 1.00 0.82
Air relative humidity % 366 14.55 88.49 48.38 46.06
Soil water content % 366 22.32 38.76 30.40 29.50
Precipitation mm 366 0.00 55.60 1.10 0.00

Pollutant Group Nitrogen monoxide ppb 345 0.00 156.25 16.80 5.83
Nitrogen dioxide ppb 354 5.15 62.13 21.54 20.07
Ozone ppb 354 0.70 74.86 21.93 19.69
Sulfur dioxide ppb 352 0.00 60.31 9.76 4.64
Particulate matter mgm�3 287 0.43 279.16 71.78 57.83

a Effective days during the one year measurement.
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heat and water variables and to all the tree species examined.
Within each explanatory group, effects of the variables showed
parallel patterns. It was an indication that explanatory variables in
a groupmight be interrelated and the variance of tree transpiration
rate observed represented the collective contributions.
3.3. Variation partitioning analyses on urban tree transpiration

3.3.1. Water, heat, and pollutants effects on daily transpiration rate
When the variance of daily transpiration rate across all six

species were decomposed, the heat variables (Ta, Ts10, and Rs)
accounted for an average� standard error of 64.9�7.0% of the
variance; the water variables (D, RH, and SWC30) accounted for an
average� standard error of 75.2� 4.7% of the variance; the air
pollutant variables (NO2, O3, SO2, and PM2.5) accounted for an
average� standard error of 42.4� 4.8% of the variance. The amount
of variation captured by all of selected explanatory variables
collectively was 77.6� 4.6%, average � standard error (Table 6).

The environmental conditions characterized by the water and
heat variables in this case had the primary influences on transpi-
ration rate as always the case in natural ecosystems. The three
groups of explanatory variables combined effect, fraction g,
accounted for the largest portion of variance of daily tree transpi-
ration rates, except for R. pseudoacacia, varied between species
from 33.3 to 60.3% (Table 6). For the two factor combinations, the
combined effects of heat and water variables fraction d, are notable,
varied between species from 20.2 to 27.3%. The combined effects of
water and pollutant variables, fraction e, and heat and pollutant
variables, fraction f, however were relatively minor, varied between
species from <0.1 to 3.1 and <0.1 to 1.1%, respectively. The
combination of three groups of explanatory variables plays a more
significant role than the same factors individually on daily tran-
spiration rate of trees in urban settings. Individual effects of each
variable group on daily transpiration rate, namely fractions a, b, and
Table 3
Descriptive statistics on mean daily sap flux density (g H2O cm�2 d�1) for six species
of trees in urban Beijing, from November 1, 2008 to October 30, 2009.

Species na Minimum Maximum Mean Median

G. biloba 345 5.27 407.69 121.49 96.27
A. chinensis 342 1.80 408.16 137.59 100.72
M. liliiflora 342 6.95 300.21 107.73 83.98
R. pseudoacacia 221 3.35 307.36 88.47 80.42
P. tabulaeformis 305 1.39 314.02 140.77 156.62
C. deodara 292 0.83 260.51 117.65 123.18

a Effective days during the one year measurement.
c, were relatively minor varying between species from 1.7% to 5.9%,
0.4% to 2.8%, and 0.2% to 2.0%.

For R. pseudoacacia, the three groups of explanatory variables
combined contribution, fraction g (22.9%), was second to water
variables, fraction a (48%). As precipitation had been excluded in
the data analysis, the water variables included D, RH, and SWC30
that were driving forces of and all exert strong quadratic effects on
the daily transpiration rate of trees. The morphology of
R. pseudoacacia, a tall tree with tiny leaves and large canopy, might
have influenced the outcomes.

3.3.2. Water, heat, and pollutants effects on hourly
transpiration rate

When the variances of hourly transpiration rate were decom-
posed, the heat, water, and pollutant variables accounted for across
all six species an average� standard error of 58.6� 5.7%,
51.7� 3.0%, and 22.0� 2.6% of the total variances, respectively
(Table 7). The amount of variation captured by all of selected
explanatory variables collectively was an average� standard error
of 67.5� 3.4%.

The heat variables by themselves, fraction b, in combination
with water variables, fraction d, and in combination with water
and pollutant variables, fraction g, depending on the species
accounted for 9.3 to 15.6%, 10.3 to 31.3%, and 12.9 to 28.7% of the
total variance, respectively (Table 7). At the hourly scale, contri-
butions of three groups of explanatory variables, fraction g,
became less apparent than the contributions of water and heat
variables, fraction d, which exerted the most significant contri-
bution on hourly transpiration rate of urban trees. The patterns
displayed by the hourly transpiration rate of the trees are essen-
tially the same as those of the daily transpiration rate (Table 7). For
example, effects of pollutant variables by themselves, fraction c,
and the two factor combination effects involving the pollutant
variables, fractions e and f, exert relatively minor influences on the
hourly tree transpiration rates. Again, water variables, fraction a,
had considerably greater effects on the hourly transpiration rate of
R. pseudoacacia, 29.4%, than on that of other species we tested,
varied from 3.3 to 4.0%.
3.4. Hierarchical partitioning analyses on urban tree transpiration

The effects of explanatory variables air temperature (Ta), soil
temperature (Ts10), total radiation (Rs), vapor pressure deficit (D),
and ozone (O3) were significant for the daily transpiration rate of all
tree species tested (Fig. 3). The other variables, relative humidity
(RH) and soil water content (SWC30) were significant contributors
to some but not all tree species tested. Atmospheric NO2, SO2 and



Fig. 2. Daily sap flux density (
P

Js) for each species� SE from November 2008 to October 2009. Days of missing data appear as a result of lightening-induced equipment failure or
power-off.
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PM2.5 were essentially not contributing to the transpiration rate of
trees. Variances of the averaged hourly tree transpiration rate were
due essentially to the same environmental variables as those of the
daily transpiration rates except that atmospheric relative humidity
(RH) replaced soil temperature (Ts10) as a significant factor (Fig. 4).
Again, the joint contributions of the explanatory variables were
more significant than independent effects of the environmental
variables (Figs. 3 and 4).
4. Discussion

The mean daily sap flux density of the study tree species varied
from 88 to 141 g H2O cm�2 d�1 (Table 3). Measured under
comparable conditions, the sap flux densities of P. tabulaeformis and
R. pseudoacacia grown in the urban center were considerably
higher than those growing in the surrounding suburban Beijing
where trees grown in natural forest settings (Ma et al., 2006;



Table 4
Statistical inferences of variation partitioning on explanatory variables showing their effects on daily transpiration rates of 6 species of urban trees, based on the redundancy
analysis.

Explanatory variable G. biloba A. chinensis M. liliiflora R. pseudoacacia P. tabulaeformis C. deodara

Heat Group Air temperature Q*** L*** L***þQ* NS L*** L***þQ**
Soil temperature L*þQ*** L*** NS L*** L*** L**
Total radiation L***þQ*** L*** L***þQ* L***þQ*** L***þQ*** L**þQ***

Water Group Vapor pressure deficit L***þQ*** L***þQ*** L***þQ*** Q*** L***þQ*** L***þQ***
Air relative humidity L*** L*** L** L***þQ** L*þQ** Q***
Soil water content L* L*** L* L***þQ*** L***þQ*** Q***
Precipitation NS NS NS NS NS NS

Pollutant Group Nitrogen monoxide NS NS NS NS NS NS
Nitrogen dioxide NS NS L** NS L*** NS
Ozone L*** L*** L*** L* L*** L***
Sulfur dioxide L***þQ*** L***þQ*** Q*** L***þQ*** L***þQ*** L***þQ***
Particulate matter L*þQ* NS NS L***þQ*** L**þQ** L**

Symbols NS denotes variable not selected during the process.
L and Q denote linear and quadratic terms, respectively.
“*”, “**”, and “***” indicate inferences are significant at p< 0.05, p< 0.01, p< 0.001.

Table 5
Statistical inferences of variation partitioning on explanatory variables showing their effects on hourly transpiration rates of 6 species of urban trees, based on the redundancy
analysis.

Explanatory variable G. biloba A. chinensis M. liliiflora R. pseudoacacia P. tabulaeformis C. deodara

Heat Group Air temperature L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ***
Soil temperature L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ***
Total radiation L***þQ*** L*** L***þQ*** L***þQ*** L***þQ*** L***þQ***

Water Group Vapor pressure deficit L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ***
Air relative humidity L***þQ*** L***þQ*** L***þQ** L***þQ*** L***þQ*** L***
Soil water content L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***
Precipitation NS NS NS NS NS NS

Pollutant Group Nitrogen monoxide NS NS NS NS NS L**þQ***
Nitrogen dioxide L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ*** L***þQ***
Ozone L*** L*** L*** L***þQ** L***þQ*** L***þQ***
Sulfur dioxide NS NS L*** L** L** NS
Particulate matter L***þQ*** L**þQ** NS L***þQ** L***þQ*** L***þQ***

Symbols NS denotes variable not selected during the process.
L and Q denote linear and quadratic terms, respectively.
** and *** indicate inferences are significant at p < 0.01 and p < 0.001, respectively.

H. Wang et al. / Environmental Pollution 159 (2011) 2127e2137 2133
Fan et al., 2008). The significant increment of tree transpiration in
the urban area may be attributable to the higher air temperatures
(Wang et al., 2005; Xiao et al., 2007) and lower plant density
(Hagishima et al., 2007) in urban than suburban Beijing.

Strong seasonality in daily sap flux density was observed during
the study period (Fig. 1). In this regard, it would be appropriate to
relate the transpiration rates of urban trees to the seasonally
changing environmental variable groups of heat energy, water
availability and atmospheric pollutants that by themselves inter-
related. The high daily sap flux density in summer coincides with
the season of rapid growth, ample supply of water, and strong solar
radiation, typical environment of trees in temperate and tropical
ecosystems (Zeppel et al., 2006). The heat (Ta, Ts10, and Rs), water
Table 6
Relative effects of water, heat, and pollutant variables on daily tree transpiration rates.

Species Water Heat Pollutant Water�Heat Water�
(a) (b) (c) (d) (e)

G. biloba 1.7% 1.9% 0.5% 24.5% N
A. chinenses 5.9% 2.8% 0.2% 20.2% 0
M. liliflora 5.7% 0.4% 2% 23% N
R. pseudoacacia 48% 0.8% 0.4% 12.5% 3
P. tabulaeformis 4.7% 1.2% 0.4% 26.6% 0
C. dedodara 2.7% 1.7% 0.3% 27.3% N

Symbols NS denotes no effects.
(D, RH, and SWC30), and pollutant variables (NO2, O3, SO2, and
PM2.5) significantly affected the transpiration of urban tree over one
year (Tables 4 and 5). The heat variables had the largest influence
on hourly transpiration rates of trees (Table 7), as the stomata of
trees would be sensitive to intensity changes of solar radiation. It
also suggested that heat variables would determine the shape of
the diurnal sap flux of trees. The water variables exerted the largest
influence on the daily tree transpiration (Table 6). The water vari-
ables, vapor pressure deficit and relative humidity, were secondary
environmental factors because their changes were induced by
changes in total radiation and ambient temperature and exhibited
delays in responses. Along with the soil water content, they control
the amount of total water available for uptake by trees. Other
Pollutant Heat� Pollutant Water�Heat� Pollutant Unaccounted
(f) (g)

S 0.5% 40.70% 30.3%
.6% 1.1% 45.30% 23.9%
S NS 33.3% 36.1%
.1% 0.4% 22.9% 11.9%
.2% 0% 60.3% 6.6%
S 0.2% 42.3% 25.6%



Fig. 3. Contributions of explanatory variables to averaged daily tree transpiration rate during growing season in which “*” denotes the effect due to this variable was significant at
p< 0.05.

Table 7
Relative effects of water, heat, and pollutant variables on hourly tree transpiration rates.

Species Water Heat Pollutant Water�Heat Water� Pollutant Heat� Pollutant Water�Heat� Pollutant Unaccounted
(a) (b) (c) (d) (e) (f) (g)

G. biloba 3.5% 11.5% 0.6% 24.3% NS 1.9% 18.8% 39.6%
A. chinenses 3.6% 12.5% 0.4% 31.3% NS 1.1% 19.7% 31.7%
M. liliflora 3.3% 14.3% 0.9% 26.3% NS 1.2% 12.9% 41.3%
R. pseudoacacia 29.4% 9.3% 1.8% 10.3% 0.3% 1.8% 13.5% 33.6%
P. tabulaeformis 4% 15.6% 0.9% 29.9% 0.7% 2.5% 28.7% 17.7%
C. dedodara 3.8% 15.5% 0.7% 24.6% 0.1% 2.4% 21.9% 31%

Symbols NS denotes no effects.
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Fig. 4. Contributions of explanatory variables to averaged hourly tree transpiration rate during growing season in which “*” denotes the effect due to this variable was significant at
p< 0.05.
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research suggested that solar radiation controlled the shape of the
diurnal flux in trees while daylight-averaged vapor pressure deficit
controlled the magnitude of daily water uptake in a Panamanian
moist forest (Phillips et al., 1999). The outcomes also indicated that
the atmospheric pollution characterized by the concentrations of
pollutant variables were simply an added minor stress factor in the
urban environment (Tables 6 and 7). The microclimate conditions
characterized by the water and heat variables in this case still were
determinant factors governing the pattern of tree transpiration in
urban settings. It appeared the processes controlling the transpi-
ration of trees are essentially the same in urban or in natural
setting.
Apparently the urban tree transpiration responded to changes of
the water, heat, and pollutant variables independently as well as
jointly (Tables 6 and 7). Both daily and hourly transpiration rates of
trees in the urban environment were mainly influenced by
combined effect of heat energy, water and airborne pollutant and
combined effect of water and heat energy. In all, the environmental
predictor groups accounted for an average� standard error of
77.6� 4.6% and 67.5� 3.4% of the total variance for averaged daily
and hourly transpiration rates, respectively (Tables 6 and 7). There
were lags and hysteresis taking place between onset of the
environmental events and responses of trunk sap flow (Phillips
et al., 1999). The phenomena would be more apparent and affect
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outcomes of the shorter hourly transpiration measurements rather
than those at the longer daily time scale. The quadratic responses of
hourly tree transpiration rate to changes of environmental vari-
ables (Table 5) were indications that the delays had caused the
responses “piled up” at the later time. The lags and hysteresis
occurring hour by hour would be smoothed out and averaged over
the 24 hour transpiration cycle. As a result, the explanatory vari-
ables captured larger amount of the variances at the daily scale than
those at the hourly scale. The undetermined variances were
significant in both averaged daily and hourly transpiration rate
measurements indicative of relevant variables such as canopy
surface conductance, stand structure, and leaf area were not all
accounted (Granier et al., 2000).

The variation partitioning provided only the qualitative
assessment on contributions of the three groups of explanatory
variables, while the hierarchical partitioning explicitly separated
the contributions of individual explanatory variable in each group
to the variance of tree transpiration (Figs. 3 and 4). The air
temperature (Ta), soil temperature (Ts10), total radiation (Rs), vapor
pressure deficit (D), and ozone (O3) were the most important
predictors for the daily transpiration rate of all tree species tested
(Fig. 3). Variances of the averaged hourly tree transpiration rate
were primarily caused by essentially the same environmental
variables as those of the daily transpiration rates (Fig. 4). The
influence of Ta, Rs, and D on transpiration has been demonstrated
by numerous studies (e.g. Granier et al., 1996; Huang et al., 2009).
The hourly, compared to the daily, transpiration rate is a short
duration measurement. It is notable to draw attention on the
distinction between short vs. long term responses. Explanatory
variables such as the soil temperature and soil water content had
significant effects on daily transpiration rate of trees yet they
exhibited little effects on the hourly transpiration rate of trees
(Figs. 3 and 4). A certain soil temperature interacted with above-
ground factors such as air temperature and length of daylight
hours, was a factor in the restriction of transpiration (Mellander
et al., 2004). The outcomes again showed that pollutant variables
were considerably less important to tree transpiration rate in urban
environment than the heat and water variables. More importantly,
a far great portion of the explained effects were related to the joint
contributions of explanatory variables (Figs. 3 and 4). It further
confirms that the variations of tree transpiration rate were affected
more by the combined rather than the independent effects of the
explanatory variables.

Among the atmospheric pollutants, only the concentration of O3
had significant positive contributions to the tree transpiration rates
of nearly every species and at both daily and hourly time scales
(Figs. 3 and 4). The concentrations of SO2, NO, NO2, PM2.5 were
higher in winter, during which the urban tree transpiration was
obviously damped (Figs. 1 and 2). Hence, these pollutants hardly
affect urban tree transpiration (Figs. 3 and 4). The concentration of
O3 was higher in summer, during which the urban tree transpira-
tion increased (Figs. 1 and 2). At the presence of ozone, the leaves
cuticle changes and greater stomatal apertures can lead to
increased transpiration (Lee et al., 1990; Turunen and Huttunen,
1990; Schreuder et al., 2001). The AOT40 (accumulated exposure
over a threshold of 40 ppb) during the growing season at our study
site was 20.12 ppmh, which far exceeded the current critical level
for ozone impacts on forest trees of AOT40 5 ppmh (UNECE, 2004).
Adverse impacts of O3 on transpiration rate of urban trees appeared
imminent. However, O3 is a secondary air pollutant, the resultant of
atmospheric photochemical reactions of nitrous oxides. The heat
energy brought about by intense solar radiation of the summer also
would accelerate the trees’ transpiration rate. The statistical
significance might reflect the effect of O3 paralleled the effects of
variables in heat energy related predictor group.
5. Conclusions

We investigated how microclimatic factors and air pollutants
affected the hourly and daily transpiration rates of Ginkgo biloba,
Aesculus chinensis, Magnolia liliiflora, Robinia pseudoacacia, Pinus
tabulaeformis, and Cedrus deodara in the urban settings of Beijing.
The microclimatic factors and air pollutants were categorized into
three groups of heat (Ta, Ts, and Rs), water (D, RH, SWC30, and P), and
pollutant (NO, NO2, SO2, O3, and PM2.5) variables. Our work
demonstrated that both variation partitioning and hierarchical
partitioning methods provide deeper insights into transpir-
ationeenvironment relationships in urban trees than regression
methods. The water and heat variables play a major role in the
transpiration of urban tree, while air pollution variables act as an
accelerator. We also depicted the contribution of single environ-
mental variables for the transpiration of urban tree and showed the
role atmospheric O3 concentration on the transpiration of urban
tree. Moreover, majority of the variation in transpiration rates was
associated with joint effects of groups of variables, especially heat
and water variables. Understanding the transpirationeenviron-
ment relationships can help to predict and manage urban tree
water uses.
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