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Abstract. Over the next century, air temperature increases up to 5°C are projected for the northeastern

United States. As evapotranspiration strongly influences water loss from terrestrial ecosystems, the ecophysiological response of trees to warming will have important consequences for forest water budgets. We
measured growing season sap flow rates in mature northern red oak (Quercus rubra L.) trees in a combined
air (up to 5.5°C above ambient) and soil (up to 1.85°C above ambient at 6-cm depth) warming experiment
at Harvard Forest, Massachusetts, United States. Through principal components analysis, we found air
and soil temperatures explained the largest amount of variance in environmental variables associated with
rates of sap flow, with relative humidity, photosynthetically active radiation and vapor pressure deficit
having significant, but smaller, effects. On average, each 1°C increase in temperature increased sap flow
rates by approximately 1100 kg H2O m−2 sapwood area day−1 throughout the growing season and by
1200 kg H2O m−2 sapwood area day−1 during the early growing season. Reductions in the number of cold
winter days correlated positively with increased sap flow during the early growing season (a decrease in
100 heating-degree days was associated with a sapflow increase in approximately 5 kg H2O m−2 sapwood
area day−1). Soil moisture declined with increased treatment temperatures, and each soil moisture percentage decrease resulted in a decrease in sap flow of approximately 360 kg H2O m−2 sapwood area day−1. At
night, soil moisture correlated positively with sap flow. These results demonstrate that warmer air and soil
temperatures in winter and throughout the growing season lead to increased sap flow rates, which could
affect forest water budgets throughout the year.
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Introduction

air temperature in this region are accompanied
by forecasts of increased occurrence of seasonal drought and extended periods of low stream
flow during the growing season (Hayhoe et al.
2007). Indeed, changing temperatures worldwide are projected to alter water dynamics on
land, with the balance between precipitation and
potential evapotranspiration (PET) determining

In the northeastern United States, air temperatures have increased 0.25°C per decade since
1970 (Hayhoe et al. 2007) and warming is projected to continue over the next century with a
cumulative increase between 2.5 and 5.6°C by
2100 (Horton et al. 2014). Projections of rising
v www.esajournals.org
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by black birch (B. lenta L.). The hydrological flow
of adjacent streams was much lower in summer
following loss of hemlock (Daley et al. 2007), a
finding that has been replicated elsewhere (Ford
and Vose 2007).
Here, we describe the results of a novel study
examining effects of both warmer air and soil
temperatures on the rate of sap flow in mature
northern red oak (Quercus rubra L.) trees throughout the growing season. We took advantage of an
open-top chamber warming experiment at Harvard Forest to test the hypothesis that warmer
air and surface soil temperatures lead to greater
rates of sap flow by red oak trees. We examined
the response of sap flow rates to experimental warming in the early growing season (24-h
rates), throughout the growing season (24-h
rates) and at night when photosynthetically active radiation (PAR) was less than zero (typically
between 2200 and 0500 h). We expected rates of
sap flow to increase in response to experimental warming because observational studies have
shown a positive relationship between ambient
air temperatures and rates of sap flow (Bergh
and Linder 1999, PengSen et al. 2000, Juhász et al.
2013, Chang et al. 2014). We also expected night
time sap flow to increase in response to warmer
soils, as night time transpiration has been documented in trees at Harvard Forest (Daley and
Phillips 2006, Phillips et al. 2010). We expected
early growing season rates of sap flow to respond positively to warmer soil temperatures in
winter due to reductions in soil freezing, which
has been shown to damage roots (Tierney et al.
2001, Comerford et al. 2013). We also predicted
that warmer temperatures induced by experimental treatments would lead to changes in soil
moisture that could affect rates of sap flow. Any
observed changes in rates of sap flow by red oak
trees could have cascading effects on forest water
dynamics and canopy carbon exchange in this
forest.

the aridity of a location (Feng and Fu 2013). PET
is the rate of evapotranspiration (ET) that would
be observed if water were not limited, and can
be thought of as the “price” a plant pays to keep
its stomata open (Scheff and Frierson 2014). As
plant activity strongly affects the movement of
water through terrestrial ecosystems, transpiration dominates evaporative loss over land, and
transpiration itself accounts for 80–90% of terrestrial ET (Jasechko et al. 2013). The strong biological control over terrestrial ET necessitates better
estimates of the effects of increased temperatures
on water uptake by trees to project future forest
water balances.
Measurement of xylem sap flow via thermal
dissipation probes is a widely used method for
estimation of whole-tree transpiration (Swanson
1994, Granier et al. 1996a, Lu et al. 2004). Observational studies have found that rates of sap flow
are positively correlated with ambient air temperature (PengSen et al. 2000, Juhász et al. 2013,
Chang et al. 2014). However, other studies have
shown stronger relationships between sap flow
rates and vapor pressure deficit (VPD) compared
to air temperature (Yin et al. 2004). A warming
experiment with young (~30 yr old) Picea abies
(L.) H. Karst. trees in Sweden showed that warmer soils led to greater rates of sap flow, but measurements of sap flow were limited to the beginning of the growing season and differences were
apparent only when snow covered reference
plots (Bergh and Linder 1999). Another study
examining the effects of experimental warming
on rates of sap flow in young Pinus engelmannii
Carr. trees found no effect of experimental warming on rates of sap flow, but measurements were
limited to the snowmelt period (Day et al. 1990).
We are not aware of any studies examining the
effects of experimental ecosystem warming on
rates of sap flow throughout the growing season
by mature trees in a temperate deciduous forest.
Changes in sap flow rates caused by increased
temperatures or changes in VPD could have cascading effects on forest water balance and stream
flow in forest ecosystems. For example, because
black birch (Betula lenta L.) has higher rates of sap
flow than eastern hemlock (Tsuga canadensis (L.)
Carr.), the water budget of a temperate forest in
central Massachusetts (United States) was altered
as hemlock trees were killed by hemlock woolly adelgid (Adelges tsugae Annand) and replaced
v www.esajournals.org

Methods
Study site

This research was conducted in the Prospect
Hill Tract of Harvard Forest. Mean annual air
temperature for Harvard Forest is 7.1°C, and
mean annual precipitation is 1066 mm (Boose
2001). Soils are predominately coarse loam acidic
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Table 1. Experimental chamber properties including mean increase in temperature (ΔTchamber, in °C) over ambient for air and soil at two depths, targeted increase in air temperature (ΔTchamber, in °C), volumetric water
content (VWC) of the upper 15 cm of soil during the period of sap flow measurements, and diameter at breast
height (DBH, in centimeters) of each red oak tree. ΔTchamber values are means with standard error, zeros indicate controls.
Mean air
ΔTchamber
0
0
0
1.76 ± 0.34
1.81 ± 0.17
2.09 ± 0.10
2.75 ± 0.44
3.29 ± 0.22
4.03 ± 0.31
4.49 ± 0.31
4.95 ± 0.25
5.23 ± 0.34

Mean soil ΔTchamber
at 2 cm

Mean soil ΔTchamber
at 6 cm

Target air ΔTchamber

VWC

DBH

Chamber

0
0
0
0.40 ± 0.19
0.56 ± 0.08
0.39 ± 0.20
0.78 ± 0.29
1.26 ± 0.34
1.13 ± 0.25
1.58 ± 0.22
2.13 ± 0.15
1.65 ± 0.45

0
0
0
0.27 ± 0.22
0.90 ± 0.20
0.45 ± 0.21
0.84 ± 0.14
0.91 ± 0.33
0.98 ± 0.21
1.73 ± 0.16
1.85 ± 0.28
1.78 ± 0.76

0
0
0
2.5
1.5
2.0
3.5
3.0
4.5
4.0
5.0
5.5

0.116
0.167
0.165
0.186
0.124
0.117
0.203
0.116
0.203
0.130
0.129
0.131

20.3
26.4
46.0
49.8
41.1
39.4
37.6
50.8
41.7
22.9
29.5
47.0

4
6
11
9
8
3
12
7
10
2
5
1

Gloucester series dystrochrepts derived from
glacial till (McFarlane et al. 2013). Overstory
vegetation is classified as a transition hardwood
forest (Foster and Aber 2004) and is dominated
by oaks (Quercus spp.), red maple (Acer rubrum
L.), birches (Betula spp.), white ash (Fraxinus
americana L.), and American beech (Fagus grandifolia Ehrh.); dominant conifer species include
eastern hemlock (T. canadensis) and white pine
(Pinus strobus L) (Foster 1992).

ecosystems, such as soil cables (Pelini et al.
2011). Air blown into the open-top chamber
was unlikely to reach the upper canopy of the
overstory northern red oak trees and therefore
the warming treatment was similar to other
ecosystem warming experiments in forest ecosystems, where enhanced temperature treatments were constrained to the soil and in this
case the lower parts of the tree. Although wind
has been shown to affect rates of sap flow
(Yin et al. 2004), it was unlikely to be a confounding factor in this study since the chambers
were randomly distributed and all of the red
oaks were within a single stand of trees.
Between January 2010 and July 2015, the three
control chambers received continuously unheated forced air, whereas the treatment chambers
were continuously heated with air blown over
hot-water radiators. Set points for increases in
temperature over ambient air temperature in
the nine treatment chambers (hereafter referred
to as “ΔTchamber ”) ranged from 0.5°C to 5.5°C
(Table 1). In this regression design (Cottingham
et al. 2005), the continuous range of ΔTchamber can
reveal nonlinearities or threshold responses of
ecosystem processes to changes in temperature
(Pelini et al. 2011). In each chamber, air temperature (n = 2 sensors per chamber), soil temperature at 2-cm depth (n = 2 sensors per chamber),
and soil temperature at 6-cm depth (n = 2 sensors

Experimental design

Our study was conducted within an ongoing
warming experiment. The design of the experiment is described thoroughly by Pelini et al.
(2011); only salient details are presented here.
Twelve open-top octagonal chambers (5-m diameter, 1.2-m tall; internal volume = 21.7 m3)
were installed in 2009 in a forest tract dominated by ~70-yr-old northern red oak and red
maple trees. Each chamber is centered around
an overstory northern red oak tree; the diameters (measured at 1.3 m aboveground) of the
12 trees used in this study ranged from 20 to
50 cm. Forced air was blown in to each chamber through 15 cm diameter plastic plena 45 cm
above the ground in two concentric circles per
chamber. Open-top chambers with warm air
blown in minimizes soil disturbance compared
to other warming methods used in forest
v www.esajournals.org
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per chamber) were all measured with Betatherm-
type 10K3A1 thermistors (Campbell Scientific,
Logan, Utah, USA). Actual ΔTchamber values of air
and soil temperatures in each chamber were calculated by first averaging the data from the three
control chambers, and then subtracting that average from each of the nine treatment chamber’s
temperatures to obtain one ΔTchamber value per
treatment chamber over time. In addition, PAR
(n = 1 sensor per chamber, model SQ110; Apogee
Instruments Inc., Logan, Utah, USA), relative humidity (RH; n = 1 sensor per chamber, HS-2000V
capacitive polymer sensors; Precon, Memphis,
Tennessee, USA), and soil volumetric water content (VWC) from 0 to 15 cm depth (n = 1 sensor
per chamber; model CS616; Campbell Scientific)
were measured. All measurements occurred at
1-min intervals and hourly means were saved
to a CR1000 data logger (Campbell Scientific).
Chamber-level VPD was calculated using the air
temperature and RH from each chamber.
In addition to the measurements taken within
each chamber, RH and air temperature outside
the chambers were measured using a Campbell
Scientific HMP45C installed at 2-m height in a
non-heated location in the center of the group
of chambers. Air temperature and RH at this location was measured every 30 s using a CR1000
data logger; half-hour averages were used to calculate canopy-level VPD, which was used as a
guide for determination of sap flow.

Probes were installed in April 2011 in freshly
drilled holes at 1.3-m height on both the north and
south side of the trunk of each of the 12 trees. A
vertical distance of 10 cm separated the lower unheated probe from the upper heated probe. Heated probes were first coated with heat-conducting
silicon paste and inserted into aluminum tubes
that were pre-installed in the sap wood. The constantan leads from the two probes were joined,
so that the differential voltage measured across
the copper leads represented the temperature
difference (ΔTsap) between the two thermocouples. The ΔTsap therefore varies inversely with
rates of sap flow in the tree, which dissipates the
heat supplied to the downstream sensor. Sensors
were sealed under plastic containers with acid-
free silicone caulk to protect them from precipitation, and then covered with reflective bubble
wrap to prevent heating caused by direct solar
radiation. Differential voltages within each of the
sensors were measured every 30 s and averaged
every half-hour to ensure a fine scale resolution
of temporal sap flow gradients (Clearwater et al.
1999). Data were recorded using AM16/32B multiplexers and stored in a CR1000 multichannel
data logger.

Data analysis and statistics

Sap flow per unit conducting xylem area (JS,
in g H2O m−2 sapwood area s−1) was calculated
by first determining the zero sap flow condition
in the tree (ΔTsap max, between upper and lower
Sap flow measurements
probes within each tree). Environmental factors
Sap flux density measurements were made that affect stem water content cause variation
using thermal dissipation probes consisting of in ΔTsap max over time (Lu et al. 2004), necesa pair of 1-mm diameter, 11 mm long stainless- sitating frequent re-definition of the zero-flow
steel hollow needles with copper constantan state. For periods not longer than 10 d, ΔTsap
(type T) thermocouples inserted at the midpoint max was determined to have occurred when the
(Granier 1987). As the majority of sap flow in following two conditions were met: (1) the temoak trees occurs in the outermost growth rings perature gradient between the reference and
(“sap wood”; Granier et al. 1994), a sensor heated probes was stable for at least 2 h; and
length of 11 mm captures the flow in these (2) the ambient VPD was calculated to be
rings while avoiding an underestimation of sap <0.1 kPa. Determining ΔTsap max according to
flow due to radial gradients inherent to ring- these two conditions allowed for nighttime sap
porous trees such as red oak (Phillips et al. flow to be calculated directly rather than as1996, Clearwater et al. 1999, James et al. 2002). suming night time zero-flow condition, which
One probe in each pair (hereafter referred to can underestimate total sap flow (Lu et al. 2004,
as the “heated probe”) was wound with elec- Oishi et al. 2008). After ΔTsap max was detertrically insulated constantan heating wire, which mined, sap flow rates were calculated using the
received 185 mW of constant power. The other empirical relationship between sap velocity and
probe was left unheated.
the rate of sap flow described by Granier (1987):
v www.esajournals.org
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imum air temperature and soil temperature at 2-
and 6-cm depths, and PAR, RH, VPD, and VWC).
HDD was included as an environmental variable
only for the early growing season analysis. As
many of these variables are correlated with one
another, we used principal components analysis
(PCA) to create composite environmental scores
from all of these environmental variables. Regressions of sap flow measurements on PC scores
then illustrate dependencies of sap flow on overall environmental conditions.
All statistical analyses were done using various functions within the R statistical software
system, version 3.0.3 (R Core Team 2013). All
raw data and R code used to analyze the data are
available from the Harvard Forest Data Archive
(http://harvardforest.fas.harvard.edu/data-archive), dataset HF247.

)1231
ΔTsapmax − ΔTsap
(1)
JS = 119
ΔTsap
(

where ΔTsap (°C) is the temperature difference
between the heated and unheated sensors at
any given time. All conversions from differential
voltages to sap flow were done using BaseLiner
software (version 3.0.10, developed by Ram
Oren, Duke University).
Sap flow was measured continuously throughout the growing season, but we used only 15 d
of data for which we had 24 h of both continuous sap flow data and environmental variables;
on other days, gaps in the data were caused by
power outages or loss of data when cables were
chewed by animals. These 15 d – days of year
(DOY) 126–127, 131–132, 178, 229–232, 235–236,
and 294–297 – spanned the growing season. The
15 d also each had relatively high VPD and thus
excluded days of suppressed sap flow rates (sap
flow is highly correlated with VPD; Granier et al.
1996b).
The daily sum of sap flow was calculated for
each sensor for each of the 15 d of the study. The
driving influence of environmental variables on
sap flow was then analyzed according to three
different periods. First, daily sums of sap flow for
all 15 measurement days were analyzed for the
effect of warming on sap flow rates for the entire
study period. Next, nighttime sap flow (when
PAR in the chambers measured ≤0, normally between the hours of 2200–0500) was analyzed to
examine potential effects of warmer nights on
sap flow rates. Last, sap flow from the first four
measurement days (DOY 126, 127, 131, and 132)
was regressed against winter environmental conditions to examine the effects of winter warming
on early growing season sap flow dynamics. For
this last analysis, heating degree days (HDD)
for each chamber were calculated for the three
winter months (December 1, 2010 until February
28, 2011) as the difference between the observed
daily mean temperature and 18°C. High HDD’s
correspond to relatively colder temperatures,
whereas low HDDs correspond to relatively
warmer temperatures. For each sap flow period (24-h, nighttime, and early growing season
sap flow), we examined potential relationships
between rates of sap flow and measured environmental variables (maximum, mean, and minv www.esajournals.org

Results
The experimental infrastructure successfully
elevated air temperatures and raised soil temperatures at both 2 and 6 cm soil depth (Table 1).
There was a significant positive correlation
(r = 0.60, P < 0.0001) between sap flow rates
measured on the north and south side of the
individual trees. However, sap flow responded
differently to environmental variables depending on the side of the tree on which it was
measured (north vs. south) and so sensor location was included as a covariate in all analyses. VWC varied among the chambers
(Table 1), declining with increased treatment
temperatures (slope = −0.005, R2 = 0.19,
P < 0.0001 for soil temperatures measured at
both 2- and 6-cm depths). Nearly all the environmental variables were correlated with each
other to some degree (Table 2). Some of the
strongest correlations were between air and soil
temperature, PAR and RH, and RH and VPD.
These patterns were reflected in their loadings
in the PCA (Tables 3 and 4).
Through PCA, we found air and soil temperatures explained the largest amount of variance in
environmental variables associated with rates of
sap flow throughout the growing season, with
RH, PAR, and VPD having significant, but smaller effects on sap flow (Figs. 1 and 2). On average,
each 1°C increase in temperature increased sap
flow rates by approximately 1100 kg H2O m−2
5
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Table 2.

Pearson correlation coefficients (r values) between environmental variables.
Soil temp (2 cm)

Soil temp (6 cm)

PAR

RH

VWC

VPD

0.89

0.79
0.97

0.13
0.47
0.58

0.02
0.32
0.38
0.60

0.36
0.44
0.46
0.08
0.01

0.63
0.32
0.22
0.39
0.73
0.21

Air temp
Soil temp (2 cm)
Soil temp (6 cm)
PAR
RH
VWC

Note: PAR, photosynthetically active radiation; RH, relative humidity; VPD, vapor pressure deficit; VWC, volumetric water
content.

Table 3.

Environmental variable loadings on the first three principal axes for analysis of 24-h sap flow.
Variable

Axis 1 “temperature”

Axis 2 “RH, PAR, VPD”

Axis 3 “soil moisture”

Air temperature
Min air temperature
Max air temperature
Soil temperature (2 cm)
Min soil temperature (2 cm)
Max soil temperature (2 cm)
Soil temperature (6 cm)
Min soil temperature (6 cm)
Max soil temperature (6 cm)
RH
Min RH
Max RH
PAR
Min PAR
Max PAR
VWC
Min VWC
Max VWC
VPD

−0.2595
−0.2660
−0.2519
−0.3087
−0.3091
−0.3080
−0.3091
−0.3093
−0.3089
−0.1311
−0.1306
−0.1297
0.1806
0.2049
0.1403
0.1622
0.1609
0.1553
−0.0663

0.2008
0.1853
0.2161
0.0503
0.0459
0.0550
−0.0022
−0.0052
0.0012
−0.3646
−0.3681
−0.3586
0.2928
0.2547
0.3191
−0.1373
−0.1390
−0.1285
0.4084

−0.1783
−0.1689
−0.1876
−0.0805
−0.0806
−0.0804
−0.0382
−0.0387
−0.0377
0.0420
0.0443
0.0380
0.0220
0.0403
−0.0054
−0.5396
−0.5220
−0.5330
−0.1599

Notes: PAR, photosynthetically active radiation; RH, relative humidity; VPD, vapor pressure deficit; VWC, volumetric water
content.Values >0.25 (bold) were considered “heavily loading” on the axis.

sapwood area day−1 throughout the growing
season and by 1200 kg H2O m−2 sapwood area
day−1 during the early growing season. Reductions in the number of cold winter days correlated positively with increased sap flow during the
early growing season (a decrease of 100 heating-
degree days was associated with a sapflow increase of approximately 5 kg H2O m−2 sapwood
area day−1).
The first three principal axes of the PCA cumulatively explained 91.3% and 87.4% of the variance in environmental variables associated with
daily (24-h) and nighttime sap flow, respectively,
across the 15 measurement days (Tables 3 and 4;
Figs. 1–4). The first axis (referred to as “temperature”) explained 53.3% and 49.9% of the variance
v www.esajournals.org

in environmental variables associated with the
daily and nighttime data, respectively, and was
correlated negatively with all metrics (average,
maximum, minimum) of air and soil temperatures for the daily data, but correlated positively
with the nighttime data. The second axis (“RH,
PAR, VPD”) explained an additional 26.5% of the
variance in the environmental variables for the
daily data, and was positively correlated with
metrics of PAR and VPD, and negatively correlated with metrics of RH. In contrast, the second axis
for the nighttime data (“RH, VPD”) was positively correlated with VPD and negatively correlated
with metrics of RH, and it explained an additional 20.9% of the variance in the data. The third
axis (“soil moisture”) was negatively correlated
6
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Table 4.

Environmental variable loadings on the first three principal axes for analysis of nighttime sap flow.
Variable

Air temperature
Min air temperature
Max air temperature
Soil temperature (2 cm)
Min soil temperature (2 cm)
Max soil temperature (2 cm)
Soil temperature (6 cm)
Min soil temperature (6 cm)
Max soil temperature (6 cm)
RH
Min RH
Max RH
PAR
Min PAR
Max PAR
VWC
Min VWC
Max VWC
VPD

Axis 1 “Temperature”

Axis 2 “RH, VPD”

Axis 3 “PAR, Soil Moisture”

0.3029
0.3051
0.3009
0.3199
0.3189
0.3200
0.3135
0.3134
0.3136
0.0550
0.0550
0.0512
−0.0251
−0.0374
0.0363
−0.1787
−0.1772
−0.1703
0.1363

0.0786
0.0629
0.0909
−0.0431
−0.0437
−0.0425
−0.0669
−0.0682
−0.0659
−0.4883
−0.4891
−0.4868
−0.0876
−0.0937
0.1655
−0.0820
−0.0893
−0.0700
0.4295

−0.0746
−0.0722
−0.0775
−0.0522
−0.0532
−0.0514
−0.0400
−0.0413
−0.0388
−0.0383
−0.0344
−0.0361
0.3839
0.4691
−0.3873
−0.3922
−0.3858
−0.3823
−0.0050

Notes: PAR, photosynthetically active radiation; RH, relative humidity; VPD, vapor pressure deficit; VWC, volumetric water
content. Values >0.25 (bold) were considered “heavily loading” on the axis.

Fig. 1. Twenty-hour rates of sap flow across the growing season as a function of each of the first three
principal axes. From left to right first principal score ranges from low to high temperature; second principal
score ranges from low relative humidity (RH), high photosynthetically active radiation (PAR) and high vapor
pressure deficit (VPD) to high RH, low PAR and low VPD; third principal score ranges from low to high soil
moisture. Data are shown for the 12 experimental chambers.

(P < 0.0001) and soil moisture (P = 0.0001) for daily
sap flow rates, as well as an interaction between
sensor position and temperature (P = 0.02; Table 5).
The third axis of the nighttime data (“PAR, soil
moisture”) explained an additional 16.6% of the
variance in environmental variables associated

only with soil moisture, and explained an additional 11.5% of the variance in the environmental
variables for the daily sap flow data. A general
linear model (GLM) of sensor position, the three
principal components, and their interactions
found a significant positive effect of temperature
v www.esajournals.org
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(a)

(b)

(c)

Fig. 2. (a) Twenty-hour rates of sap flow across the growing season and loadings as a function of first
principal axis. From left to right first principal score ranges from low to high temperature. Data are shown for
the 12 experimental chambers. (b) 24-h rates of sap flow across the growing season and loadings as a function of
second principal axis. From left to right second principal score ranges from low relative humidity (RH), high
photosynthetically active radiation (PAR) and high vapor pressure deficit (VPD) to high RH, low PAR and low
VPD. Data are shown for the 12 experimental chambers. (c) 24-h rates of sap flow across the growing season and
loadings as a function of third principal axis. From left to right third principal score ranges from low to high soil
moisture. Data are shown for the 12 experimental chambers.

ture) was significant (P = 0.003) and positively associated with nighttime sap flow (Table 6).
Last, HDD was included as an environmental
variable along with the three PCA axes for the regression of early growing season sap flow both
over the course of a 24-h day and for nighttime

with nighttime sap flow and was positively correlated with average and minimum PAR, and
negatively correlated with maximum PAR and
all metrics of soil moisture. A GLM of sensor position, the three principal components, and their
interactions confirmed that PC-3 (PAR, soil moisv www.esajournals.org
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Fig. 3. Nighttime rates of sap flow throughout the growing season and loadings as a function of each of the
first three principal axes. From left to right, first principal score ranges from low to high temperature; second
principal score ranges from low relative humidity (RH), high photosynthetically active radiation (PAR) and high
vapor pressure deficit (VPD) to high RH, low PAR and low VPD; third principal score ranges from low to high
soil moisture. Data are shown for the 12 experimental chambers.

et al. 2005, Juhász et al. 2013). Similarly, water
uptake by roots has been found to increase
with increasing temperatures up to 26°C
(Lopushinsky and Kaufmann 1984). Delf (1916)
found similar results up to 35°C, above which
root permeability decreased, presumably due
to cell injury. Soil temperatures in our study
did not exceed 22°C, which is within the range
of previously studied temperatures correlated
with increased root uptake of water.
Our results agree with a previous soil warming study which found elevated spring time sap
flow in Norway spruce trees experiencing elevated soil temperatures (Bergh and Linder 1999).
Previous research also found colder soils to be
associated with reduced water uptake by plants,
largely due to increased viscosity of water as well
as decreased root permeability (Kramer 1940, Lopushinsky and Kaufmann 1984). Within the natural range of variation, greater soil temperatures
have been found to increase root growth (Tryon
and Chapin 1983) and shoot growth (Weih and
Karlsson 2001), as well as rates of nutrient uptake
(Chapin 1974, Karlsson and Nordell 1996, Weih
and Karlsson 1999, 2001). We found air and surface soil temperature to be the strongest predictor
of sap flow rates both across the growing season
and in the early growing season. Soil moisture
also was found to be correlated positively with
sap flow rates across the growing season, at
night, and in the early growing season at night.

sap flow. Our GLM of the 24-h, early season sap
flow data showed that PC-1 (temperature) was
correlated significantly and positively with early
growing season sap flow (P < 0.0001), and sensor position on the tree (i.e., south vs. north) was
significant as well (P = 0.012, Table 7; Figs. 5 and
6). GLM of the nighttime early sap flow data (Table 8) showed HDD to be significantly positively
correlated with nighttime sap flow (P = 0.0053).
PC-1 (P = 0.049, temperature) and PC-3 (P = 0.017,
PAR, soil moisture) both were correlated significantly and positively with nighttime sap flow in
the early growing season.

Discussion
The objective of this study was to examine
how projected warming in the northeastern
United States may affect water uptake by trees;
such effects could have important implications
for hydrological budgets of forested ecosystems.
Rates of sap flow measured in this study were
within the range reported for other temperate
deciduous forests (Bovard et al. 2005, Daley
and Phillips 2006), and we found that warmer
air and surface soil temperatures led to elevated
rates of sap flow in mature red oak trees.
Previous research has found air temperature,
VPD, and PAR correlated most closely with
rates of transpiration (Granier et al. 1996b,
PengSen et al. 2000, Yin et al. 2004, Bovard
v www.esajournals.org
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Fig. 4. (a) Nighttime rates of sap flow throughout growing season and loadings as a function of first principal
axis. From left to right, first principal score ranges from low to high temperature. Data are shown for the 12
experimental chambers. (b) Nighttime rates of sap flow throughout growing season and loadings as a function
of second principal axis. From left to right second principal score ranges from low relative humidity (RH), high
photosynthetically active radiation (PAR) and high vapor pressure deficit (VPD) to high RH, low PAR and low
VPD. Data are shown for the 12 experimental chambers. (c) Nighttime rates of sap flow throughout growing
season and loadings as a function of third principal axis. From left to right, third principal score ranges from low
to high soil moisture. Data are shown for the 12 experimental chambers.

Although it has often been assumed that transpiration ceases at night, mounting evidence demonstrates the continuation of transpiration during
hours of darkness, and its importance for accurately estimating total ecosystem transpiration rates
(Daley and Phillips 2006, Dawson et al. 2007, Fisher et al. 2007, Oishi et al. 2008, Phillips et al. 2010).
Nighttime transpiration could be altered in the
future as the global climate warms, as there have
v www.esajournals.org

been many observations showing that nighttime
temperatures are increasing faster than daytime
temperatures (Alexander et al. 2006). Previous
work at Harvard Forest also found nighttime sap
flow in red oak trees to account for more than 8%
of total daily sap flow, and to be partially associated with recharging water stores depleted during
the day (Daley and Phillips 2006). Nocturnal sap
flow also stops when daytime VPD is very high or
10
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Table 5. Results of general linear model of 24-h sap flow as a function of sensor position, the three principal
components, and their interactions.

Sensor
PC-1 (temperature)
PC-2 (RH, PAR, VPD)
PC-3 (soil moisture)
Sensor × PC-1
Sensor × PC-2
Sensor × PC-3
Residuals

df

MS

F

P

1
1
1
1
1
1
1
346

3.7 × 1010
1.6 × 1013
2.9 × 1011
1.6 × 1012
5.5 × 1011
5.0 × 1010
1.8 × 1011
3.6 × 1013

0.36
156.84
2.78
15.35
5.30
0.48
1.73

0.55
<0.0001
0.10
0.0001
0.02
0.49
0.19

Note: PAR, photosynthetically active radiation; RH, relative humidity; VPD, vapor pressure deficit. Bold p-values indicate
statistical significance (P<0.05).

Table 6. Results of general linear model of nighttime sap flow as a function of sensor position, the three principal components, and their interactions.

Sensor
PC-1 (temperature)
PC-2 (RH, VPD)
PC-3 (PAR, soil
moisture)
Sensor × PC-1
Sensor × PC-2
Sensor × PC-3
Residuals

df

MS

F

P

1
1
1
1

2.2 × 109
1.7 × 108
9.1 × 106
1.4 × 1010

1.42
0.11
0.01
8.80

0.23
0.74
0.94
0.003

1
1
1
346

8.6 × 108
7.6 × 107
3.6 × 109
1.6 × 109

0.55
0.05
2.33

0.46
0.83
0.13

Note: PAR, photosynthetically active radiation; RH, relative humidity; VPD, vapor pressure deficit. Bold p-values indicate
statistical significance (P<0.05).

Table 7. Results of general linear model of early growing season sap flow (24-h) as a function of sensor position,
heating degree days (HDD), the three principal components, and their interactions.

Sensor
HDD
PC-1 (temperature)
PC-2 (RH, PAR, VPD)
PC-3 (soil moisture)
Sensor × HDD
Sensor × PC-1
Sensor × PC-2
Sensor × PC-3
Residuals

df

MS

F

P

1
1
1
1
1
1
1
1
1
86

5.3 × 1011
1.6 × 1011
1.9 × 1012
7.5 × 1010
4.7 × 1010
9.2 × 109
5.4 × 1010
8.8 × 109
1.7 × 109
7.9 × 1010

6.65
2.04
24.24
0.95
0.59
0.12
0.68
0.11
0.02

0.0116
0.16
<0.0001
0.33
0.44
0.73
0.41
0.74
0.88

Note: PAR, photosynthetically active radiation; RH, relative humidity; VPD, vapor pressure deficit. Bold p-values indicate
statistical significance (P<0.05).

soil moisture is very low (Daley and Phillips 2006,
Dawson et al. 2007). These findings are consistent
with our results; we found increased nocturnal sap
flow in chambers with relatively higher levels of
soil moisture. Although there is very little work
v www.esajournals.org

examining the relationship between temperature
and nocturnal sap flow, one previous study found
that rates of nighttime sap flow in Picea engelmanii
were lower in colder soils (Day et al. 1990). We did
not observe a significant effect of temperature on
11
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Fig. 5. Twenty-hour rates of sap flow in early growing season and as a function of the first three principal
axes. From left to right, first principal score ranges from low to high temperature; second principal score ranges
from low relative humidity (RH), high photosynthetically active radiation (PAR) and high vapor pressure deficit
(VPD) to high RH, low PAR and low VPD; third principal score ranges from low to high soil moisture. Data are
shown for the 12 experimental chambers.

rates of night time sap flow across the measurement period, but did observe a positive correlation
between temperature and nighttime sap flow in
the early growing season.
We found temperature to be the dominant
driver of sap flow in the early growing season,
both over the course of a 24-h day and at night.
This result is consistent with previous studies,
which found onset of photosynthesis in Korean
pine trees to be triggered by increased springtime
soil temperatures (Wu et al. 2013), and relatively
later onset of photosynthesis in Scots pine trees
due to delayed soil thawing (Strand et al. 2002).
Similarly, in temperate deciduous forests, the onset of net C uptake in the early growing season
has been predicted to occur when mean daily soil
temperature equals mean annual air temperature
(Baldocchi et al. 2005). Our warming treatments
presumably warmed soil temperatures to the level of mean annual air temperature faster, and the
trees therefore could have been phenologically
advanced, resulting in greater rates of sap flow.
Winter temperatures also were found to have
legacy effects on early growing season sap flow
at night, with warmer winter temperatures leading to increased early season sap flow rates. This
pattern could have resulted from reductions in
soil freeze/thaw frequency. Warmer winter temperatures in our study reduced the number of soil
freeze/thaw cycles, as well as the amount of time
the soils spent below freezing (Fig. 7), which may
v www.esajournals.org

have contributed to healthier roots with greater
biomass at the beginning of the growing season.
Soil freezing in winter has been shown to lead
to frost heaving, which damages fine roots (Tierney et al. 2001, Comerford et al. 2013), impairing
nutrient uptake by trees (Campbell et al. 2014).
Warmer winter soils may therefore prevent root
damage by preventing or diminishing soil freezing, leading to higher rates of water uptake in the
early growing season. Elevated rates of sap flow
in early spring due to warmer air and surface soil
temperatures could result in an overall increase
in tree water uptake and canopy gas exchange,
with potential consequences for forest water dynamics.

Conclusions
As the climate changes, the growing season
in the Northeast United States is getting warmer
(Hayhoe et al. 2007), creating a longer period
of activity for terrestrial vegetation (Schwartz
et al. 2006, Polgar and Primack 2011). Given
the large contribution of transpiration to total
terrestrial water loss (Jasechko et al. 2013), the
response of vegetation to changing climatic
conditions will likely affect forest water budgets
significantly. In our study, warmer air and soil
temperatures led to elevated sap flow rates.
However, warming also indirectly reduced rates
of sap flow by decreasing soil moisture. The
12
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Fig. 6. (a) Twenty-hour rates of sap flow in early growing season as a function of the first principal axis. From
left to right, first principal score ranges from low to high temperature. Data are shown for the 12 experimental
chambers. (b) 24-h rates of sap flow in early growing season as a function of the second principal axis. From left
to right, second principal score ranges from low relative humidity (RH), high photosynthetically active radiation
(PAR) and high vapor pressure deficit (VPD) to high RH, low PAR and low VPD. Data are shown for the 12
experimental chambers. (c) 24-h rates of sap flow in early growing season as a function of the third principal axis.
From left to right, third principal score ranges from low to high soil moisture. Data are shown for the 12
experimental chambers.

ultimate effect of warming on sap flow rates
will therefore depend on both the direct effects
of warming, and its indirect effects through
alterations to soil moisture. We found the temperature increase to have a much greater effect
on sap flow rates than did soil moisture levels.
Because increased air temperatures are projected
for this region, it is likely that rates of sap
flow by red oak trees will increase in the future
v www.esajournals.org

and forest trees may have higher water demand
throughout the growing season. Hardwood
forests in the northeastern United States have
been considered a net carbon sink due to regeneration of forest ecosystems following agricultural abandonment in the 1850s (Turner
et al. 1995, Fan et al. 1998, Houghton et al.
1999). Future carbon dynamics in these systems
could change in response to projected changes
13
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Table 8. Results of general linear model of nighttime early growing season sap flow as a function of sensor
position, heating degree days (HDD), the three principal components, and their interactions.

Sensor
HDD
PC-1 (temperature)
PC-2 (RH, VPD)
PC-3 (PAR, soil
moisture)
Sensor × HDD
Sensor × PC-1
Sensor × PC-2
Sensor × PC-3
Residuals

df

MS

F

P

1
1
1
1
1

3.6 × 108
7.7 × 109
3.7 × 109
1.0 × 108
5.5 × 109

0.39
8.20
4.00
0.11
5.88

0.54
0.00527
0.04859
0.74
0.01746

1
1
1
1
86

2.3 × 109
2.6 × 107
2.4 × 108
2.8 × 106
9.3 × 108

2.50
0.03
0.26
0.00

0.12
0.87
0.61
0.96

Note: PAR, photosynthetically active radiation; RH, relative humidity; VPD, vapor pressure deficit. Bold p-values indicate
statistical significance (P<0.05).

Fig. 7. Mean soil temperature at 2 cm depth measured in each chamber from 1 December 2010 to 28 February
2011 [days of year (DOY) 335–59]. Legend values are the average increase in air temperature (ΔTchamber) for each
chamber during the sap flow measurement period. The shaded area denotes freezing soil temperatures between
−0.5°C and −4°C. Fine roots experiencing the low end of this temperature range have been shown to experience
elevated rates of mortality (Tierney et al. 2001).

in climate if the ability of trees to take up
water is increased further. Our results suggest
that under warming conditions, sap flow rates
likely will increase with potential consequences
for forest water availability and therefore productivity of vegetation.
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