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Abstract

Trees in residential environments are affected by a unique combination of

environmental and anthropogenic factors, including occasional insect outbreaks

that are increasing in frequency and severity due to climate change. We studied

loblolly pine trees infested by bark beetles in a residential backyard in a south-

eastern US city. We investigated the responses of tree and stand-level transpira-

tion to environmental factors (solar radiation, atmospheric vapor pressure

deficit, and soil moisture), severe weather events (strong winds and heavy

storms), bark beetle infestation, and human actions (insecticide treatments and

tree removals). We used constant heat dissipation probes to make continuous

sap flux measurements (J0) in tree boles. Over 22 months of the study, J0 of trees

with confirmed infestation decreased from ~90 to ~60 g cm−2 day−1 and J0 of

the rest of the trees increased from ~60 to ~80 g cm−2 day−1. One infested tree

died, as its J0 steadily declined from 110 g cm−2 day−1 to zero over the course of

2 months, followed by a loss of foliage and visible signs of severe infestation

6 months later. J0 was sensitive to variations in incoming solar radiation and

atmospheric vapor pressure deficit. In most trees, J0 linearly responded to soil

water content during drought periods. Yet despite complex dynamics of J0 varia-

tions, plot-level transpiration at the end of the study was the same as at the

beginning due to compensatory increases in tree transpiration rates. This study

highlights the intrinsic interplay of environmental, biotic, and anthropogenic

factors in residential environments where human actions may directly mediate

ecosystem responses to climate.
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INTRODUCTION

Interactions of trees with their environment are strongly
influenced by land cover change (Grimmond et al., 2016;

Hall et al., 2016; Mahmood et al., 2014; Payn et al., 2015)
and global climate change (Adams et al., 2010; Dale et al.,
2001; Hartmann et al., 2022; Lee et al., 2023;
Overpeck et al., 1990). One of the most prominent climate
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change-induced disturbances currently affecting trees is
the increased frequency and severity of insect outbreaks
(Anderegg et al., 2015; Seidl et al., 2017). Insect attacks are
among the most important causes of widespread forest
mortality across the globe (Fettig et al., 2022; Hl�asny et al.,
2021; Raffa et al., 2008). While warmer temperatures are
favorable for the occurrence and development of insect
outbreaks (Bentz et al., 2010; Hartmann et al., 2022), expo-
sure to multiple environmental and anthropogenic
stressors (Kleinman et al., 2019) contributes to the vulner-
ability of trees to insect attacks. Besides forests and tree
plantations, trees in cities are also subject to devastating
insect attacks, with the losses of trees jeopardizing aes-
thetics, recreation quality, property values, and other
aspects of urban livability (Berland & Elliott, 2014;
Kor�anyi et al., 2022; La�can & McBride, 2008).

Eighty percent of the US population lives in cities
(www.census.gov), where about one third of the cumula-
tive urban area is covered by tree canopies (Dwyer et al.,
2000). Cities are areas of immediate interactions between
people and trees. Tree species composition, spatial
arrangement, appearance, health, and lifespan are
directly affected by human decisions, which interplay
with a variety of environmental factors (Jenerette et al.,
2016; Padullés Cubino et al., 2020). Cities are unique eco-
logical environments, where landscape and soil proper-
ties, water inputs, and even atmospheric temperatures
and humidity are strongly dependent on human actions
(Hall et al., 2016), driven both by individual choices
(Avolio et al., 2018) and broader societal and institutional
mechanisms (Cook et al., 2012; Groffman et al., 2014).

Even though trees in cities do not consume enough
CO2 to compensate for a notable fraction of urban emis-
sions, they may effectively mitigate harsh urban microcli-
mates and provide a variety of local-scale ecological
benefits (Pataki et al., 2021). Shade from tree canopies
lowers summer temperatures (Armson et al., 2012;
Shiflett et al., 2017), reduces water losses from grass
lawns (Litvak et al., 2013; Shashua-Bar et al., 2009), and
curbs residential energy consumption for air conditioning
(Akbari, 2002; Simpson, 2002). Trees may also provide a
dramatically positive effect on human physical and men-
tal health (Donovan et al., 2013; Ulmer et al., 2016).

Trees have a significant impact on the hydrology and
water budgets of cities (Kuehler et al., 2017; Litvak,
Manago, et al., 2017). However, predicting transpiration
of trees in cities remains a challenge as it exhibits high
species- and site-specific variability (Pataki et al., 2011).
A detailed study of tree species commonly grown in
greater Los Angeles (California, USA) revealed a large
variability in sap flux (from ~4 to ~300 g cm−2 day−1) and
tree-level transpiration (from ~3 to ~180 kg day−1; Pataki
et al., 2011). In particular, a comparison of sap flux of

Canary Island pines among nonirrigated and irrigated
sites showed that sap flux and tree-level transpiration of
irrigated trees may be as high as ~20 times larger than
nonirrigated trees (Pataki et al., 2011). Another in situ
sap flux study conducted in Minneapolis–Saint Paul
(Minnesota, USA) showed that seasonal and annual tran-
spiration of coniferous trees in a residential setting was
about two times larger than deciduous broadleaf trees
(Peters et al., 2011). While tree transpiration highly
depends on species composition, environmental condi-
tions, and landscape management, the set of variables
affecting transpiration of trees in cities is yet to be fully
understood and quantified.

This study investigates sap flux and transpiration of
trees at a residential location in a southeastern US city.
While residential areas occupy ≥50% of the areas of US
cities (Akbari et al., 2003; Akbari & Rose, 2008)—much
larger than commercial, industrial, and any other type of
urban land cover—very few studies reported sap flux
of residential trees in the US. Sap flux measurements in
residential trees pose significant logistical challenges, as
they require homeowners’ permissions for long-term
placement of scientific equipment on their property,
adjustments to the setup design to keep minimal interfer-
ence with the aesthetics and use of the property, and
other constraints on research activities based on
homeowner preferences.

We conducted continuous sap flux measurements in
loblolly pine trees (Pinus taeda L.) located in a residential
backyard within its native region. Some studied trees
exhibited the signs of bark beetle (Ips spp.) infestation.
Over the course of the study, the homeowners undertook
active interventions to limit infestation with insecticide
treatments and tree removals. Intensive management of
urban residential trees is common, yet its interactions
with tree ecophysiology have been rarely studied.
Therefore, we continued to monitor tree ecophysiology
and microclimate during these management actions to
address the following questions: How much water do lob-
lolly pines transpire in an unirrigated residential setting
in their native region? How does bark beetle infestation
affect tree transpiration and its responses to environmen-
tal drivers of transpiration, such as solar radiation and
atmospheric vapor pressure deficit (VPD)? To what
extent do human actions (i.e., insecticide treatment and
tree removal) affect transpiration of the tree stand? We
expected transpiration of healthy trees to be similar to
natural tree stands and plantations, and transpiration of
unhealthy trees to decrease over time. We also hypothe-
sized that dying-off and clearing trees would result in the
increase in transpiration of remaining trees due to better
coupling with the atmosphere and increased access to
sunlight, soil water, and other resources.
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METHODS

Study site

We studied a stand of loblolly pine trees growing in a res-
idential backyard in the northeast of Tallahassee.
Tallahassee is a humid subtropical city located north of
the peninsula, in the Florida Panhandle region. The
mean annual temperature is 20�C (NOAA National
Weather Service; https://www.weather.gov/wrh/climate?
wfo=tae). The city receives abundant precipitation of
145 cm year−1 (annual average, NOAA National Centers
for Environmental Information; https://www.ncei.noaa.
gov/access) in the form of rain, thunderstorms, hurri-
canes, and tropical depressions. The rainfall has high sea-
sonal variability, with about half of the annual rainfall
occurring between June and September. Tallahassee is a
fast growing city: from 1970 to 2017, the population
increased by a factor of seven and the area of the city
nearly quadrupled; the current population is approaching
200,000 (US Census Bureau; https://data.census.gov).
Tree canopy cover in Tallahassee is 74%, one of the
highest among US cities (McLean et al., 2020).

The studied backyard was located in an area devel-
oped in the late 1970s. In addition to the loblolly
pine trees, which were ~84 years old, the site contained
several water oaks, small fruit trees, woody shrubs,
and flowerbeds, and the groundcover consisted of
turfgrass, Asiatic jasmine, and Virginia creeper. The
site was not regularly irrigated or fertilized. Some of
the plantings were occasionally irrigated, and the
ground cover was regularly mowed. The appearance
of the yard, microclimate, and canopy coverage were
typical of northeast Tallahassee. This site was examined
as part of a larger study of Tallahassee urban forest
transpiration.

Sap flux measurements

We installed Granier-type thermal dissipation probes
(hereafter sap flux sensors; Granier, 1987) at ~1.35 m
height in the outer 2 cm of sapwood in 11 loblolly pine
trees. Each tree was equipped with one heated sap flux
sensor and one unheated/reference sap flux sensor
inserted below the heated one and connected with a ther-
mocouple that continuously measured the temperature
difference between the sensors (ΔT, in degrees Celsius;
Lu et al., 2004). The voltage difference from each thermo-
couple (in millivolts) was measured every 30 s by a
datalogger (CR3000; Campbell Scientific, Logan, UT,
USA), and the averages were calculated and logged every
30 min. We calculated sap flux density in the outer 2 cm

of sapwood (J0, in grams per square meter per second)
following Granier (1987) as:

J0 ¼ 119
ΔTmax −ΔT

ΔT

� �1:231

, ð1Þ

where ΔTmax is the maximum temperature difference
between the sap flux sensors in each tree observed
at night when J0 ≈ 0. The calculations of ΔT, ΔTmax,
and J0 from thermocouple data series were performed
using the open source software Baseliner (Oishi et al.,
2016). We calculated daily J0 (in grams per square
meter per day) as the sums from 5:30 am to 5:00 am the
next day.

Environmental parameters

Air temperature (T, in degrees Celsius) and relative
humidity (RH, in percentage) were measured every
30 min by a HOBO T/RH MX2302A Data Logger with an
external T/RH sensor covered by a solar radiation shield
RS3-B (Onset Computer Corporation, Bourne, MA) and
mounted at 2 m height on the trunk of one of the studied
trees (Tree 3; Table 1). Because measuring the overstory
solar radiation was not feasible at our study site, we
downloaded the hourly intensity of solar radiation (I0, in
watts per square meter) from the Montford Middle
WeatherSTEM weather station located at 1.6 km from
the study site (https://leon.weatherstem.com). The volu-
metric soil moisture content of the top 30 cm (VWC, in
cubic meters of H2O per cubic meter) was measured con-
tinuously by soil water content reflectometers (CS616;
Campbell Scientific, Logan, UT, USA) every 30 s and
averaged every 30 min by a datalogger (CR3000;
Campbell Scientific).

We used air T and RH to compute VPD. We extracted
daytime VPD using the time series of I0 and calculated
daytime averages of VPD. We calculated day
length-corrected VPD (D, in kilopascals) by multiplying
VPD by light day length and dividing by 12 h (Oren
et al., 1996). We calculated daily averages of VWC and I0
from 5:30 am to 5:00 am the next day.

Plot area and tree canopy cover

We estimated the ground area of the studied backyard
(AG, in square meters) and tree canopy cover before
and after tree removals using satellite images from April
2020 and April 2021 (Google Earth Pro 7.3.6.9345). To
analyze tree canopy cover, we used ImageJ software
(Schneider et al., 2012).
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Scaling to whole-tree and plot-level
transpiration

After the end of the sap flux measurements, we deter-
mined sapwood depths from tree cores. We collected
the cores from each tree except Trees 1.0 and 1, which
were cut, and for which we measured sapwood
depth using cross-sections of the trunks. We used
sapwood depths and tree dbh (at ~1.35 m height; in centi-
meters) to estimate sapwood areas (AS, in square centime-
ters) of each tree. We could not determine the sapwood
depth of Tree 8 where bark beetles completely destroyed
the wood. We estimated AS of Tree 8 using the following
empirical relationship derived from the dimensions of
the rest of the studied trees (R2 = 0.95; p < 0.0001):
AS ¼ 2:35 0:5dbh− dBð Þ2.

Estimating whole-tree transpiration requires the
knowledge of radial distribution of sap flux density
throughout the sapwood of each tree (Baiamonte &
Motisi, 2020; Berdanier et al., 2016; Fan et al., 2018).
Because measuring sap flux density along tree radii was
not a feasible option in this study, we estimated tree-level
transpiration of studied trees using Gaussian functions
(Ford et al., 2004):

J ¼ J0e
− 1

2
x− x0

βð Þ2 , ð2Þ

where J (in grams per square centimeter per second) is a
sap flux density at the sapwood depth of
x (in centimeters), β is the parameter determining the
rate of decrease of J with depth, and x0 is the sapwood

depth at which the maximum J = J0 is detected. Here, we
posit x0 = 1 cm as the mean of 0–2 cm depths sensed by
sap flux sensors. Equation (2) was shown to capture the
shape of the radial distribution of sap flux density reason-
ably well (Ford et al., 2004; Pataki et al., 2011). Thus,
Ford et al. (2004) empirically measured the radial profiles
of sap flux density in several pine species including lob-
lolly pine that had dimensions similar to the trees in this
study. The analysis of multiple published data of radial
sap flux density profiles by Pataki et al. (2011) demon-
strated a good performance of this method in other conif-
erous tree species as well. The resulting equation for the
daily whole-tree transpiration (ET, in kilograms of H2O
per tree per day) is as follows (Litvak, Mccarthy,
et al., 2017):

ET ¼ 6:4× 10− 4ASJ0: ð3Þ

Assuming the density of water to be ≈1000 kg m−3,
we calculated plot-level transpiration of each tree
per ground area of the site (EG, in millimeters per day)
as EG ¼ET=AG and plot-level transpiration per ground
area of the entire tree stand as the sum of individual
tree EG.

Statistical analyses and curve fitting

We used R 4.1.0 (R Core Team, 2021) for all statistical
analyses except curve fitting that we performed in
SigmaPlot version 10.0 (Systat Software).

TAB L E 1 The characteristics of studied trees, including dbh, bark thickness (dB), sapwood depth (dS), and sapwood area (AS).

Tree
ID

dbh
(cm)

dB
(cm)

dS
(cm)

AS

(cm2)
Confirmed
infestation

Sap flux
record period Additional information

1.0 34.8 0.7 7.8 626.1 Yes 4/19/2020–5/26/2020 Cut down on 5/28/2020

1 44.9 2.0 8.5 864.5 Yes 6/1/2020–1/10/2021 Cut down in January 2021

2 43.3 1.3 11.0; 9.0 963.1 No 5/11/2020–10/23/2021

3 62.6 2.5 12.7; 12.0 1753.6 Yes 5/17/2020–10/23/2021 Intensive insecticide treatment
July 2020a

4 50.6 0.7 12.0; 10.0 1318.1 No 5/18/2020–2/19/2022

5 60.8 1.5 16.5; 15.0 2080.9 Yes 5/17/2020–2/19/2022 Intensive insecticide treatment
July 2020

6 46.1 1.3 12.0 1190.2 No 9/22/2020–1/19/2022

7 44.5 0.4 11.5 1162.2 No 9/22/2020–1/19/2022

8 44.5 2.0 963.6b Yes 9/23/2020–1/18/2022 Zero sap flux starting 11/30/2020

9 61.9 2.0 14.3 1956.5 No 9/22/2020–2/19/2022

10 60.6 2.0 16.5 2080.6 No 9/22/2020–2/19/2022
aFor the details of insecticide treatment, see The timeline of events in the text.
bThe inner part of Tree 8 was completely destroyed; neither the collection of a core nor visual determination of dS from the stub was possible. AS was studied
using an empirical relationship derived from the dimensions of the rest of the studied trees (see Methods for details).
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THE TIMELINE OF EVENTS

This section provides a detailed description of the time-
line of events; the summary is shown in Table 2. In
April–May 2020 we installed sap flux sensors in five lob-
lolly pine trees (Trees 1.0, 2, 3, 4, and 5; Table 1). Soon
after the installation was completed, the homeowner
made a decision to cut down Tree 1.0, which was leaning
over the house. After the tree was cut down, a section of
the trunk at the height of the sensors was separated to
measure sapwood depth. The trunk section showed no
signs of infestation until ~1.5 months later, when the
wood became visibly stained revealing the presence of a
bluestain fungus, which is associated with bark beetle
attacks (Paine & Stephen, 1987; Yearian et al., 1972;
Figure 1a). We disconnected all sap flux instrumentation
during the felling of Tree 1.0. After the felling, four
remaining trees were re-instrumented and one more tree
(numbered Tree 1), located in close proximity to the place
of Tree 1.0, was instrumented to replace it.

In early July 2020, a loblolly pine tree in the study
yard, which was not part of the sap flux measurements,
apparently died from the bark beetle infestation. By this
time, Trees 3 and 5 had multiple boreholes and discharge
from the bark, which indicated infestation (Figure 1b,c).
Treatment with the insecticide Onix (bifinthrin) was
administered by a tree care service on July 6 and July 13;
~ 15 L (4 gallons) of the insecticide was applied to each

pine tree in the yard. Additionally, Trees 3 and 5 were
wrapped in burlap and plastic wrap after the second
insecticide application, which was meant to intensify the
treatment (Figure 1d). On July 24, the tree killed by
the bark beetles was removed.

In September 2020, we obtained the homeowner’s
permission to instrument five more trees and installed
sap flux sensors in Trees 6–10.

In late January of 2021, the homeowner removed sev-
eral more trees located close to the house. To avoid the
damage from tree-cutting activities, the sap flux instrumen-
tation was removed again on January 11. Tree 1 and several
more trees that were not part of this study were cut down.
On February 8, all study trees except Trees 1 and 5, which
were also planned to be cut down, were re-instrumented.

On June 15, 2021, one year after the beginning of the
measurements, we removed sap flux sensors from Trees
2 and 3 and installed new sap flux sensors on the oppo-
site sides of the boles. This was done to prevent measure-
ment errors associated with the long-term use of sap flux
sensors (Moore et al., 2010). On June 29, 2021, we did the
same with Tree 4, and installed new sap flux sensors on
the opposite side of Tree 5, which ended up still not cut
down at that time.

By late June 2021, Tree 8 had no foliage and exhibited
excessive signs of severe infestation on its trunk. Tree
8 was cut down on January 20, 2022.

RESULTS

Sap flux and environmental conditions

The time series of J0 (Litvak & Pataki, 2023) is shown in
Figure 2 along with the environmental parameters. J0
shows a clear seasonal pattern, similar to both I0 and D,
which were also strongly correlated with each other (lin-
ear regression, R2 = 0.81, p < 0.0001, not shown). I0 var-
ied from 253 ± 76 W m−2 in May 2020 to 97 ± 57 W m−2

in January 2021 (Figure 2a), and then from
258 ± 65 W m−2 in May 2021 to 92 ± 39 W m−2 in
December 2021 (Figure 2b). D varied from 1.6 ± 0.6 kPa
in May 2020 to 0.4 ± 0.3 kPa in January 2021 (Figure 2a)
and, very similarly, from 1.6 ± 0.6 kPa in May 2021 to
0.4 ± 0.2 kPa in December 2021 (Figure 2b).

During the measurements, six severe weather events
affected the area (Table 3; Figure 2). The most extreme of
these weather events were (1) a tornado, which did not
affect the study site directly, but brought the winds up to
42.5 m s−1 on April 23, 2020, and (2) Hurricane Sally,
which caused heavy rainfall (98.8 mm day−1; Figure 2a)
and wind gusts up to 18 m s−1 on September 16, 2020.
After heavy rains and strong winds, trees lost multiple

TAB L E 2 Short summary of The timeline of events (see text for

more details).

Month/
year Event

4/2020 • Sap flux sensors were installed in Trees 1.0, 2, 3,
4, and 5

5/2020 • Tree 1.0 was cut down
• Sap flux sensors were installed in Tree 1

7/2020 • Trees 3 and 5 exhibited the signs of bark beetle
infestation

• All loblolly pine trees in the yard received
insecticide treatment

• A loblolly tree that was not instrumented with
sap flux sensors died and was removed

9/2020 • Sap flux sensors were installed in Trees 6–10

1/2021 • Tree 1 was cut down
• Several more trees located close to the house

were removed

6/2021 • New sap flux sensors were installed in Trees 2,
3, 4, and 5

• Tree 8 exhibited excessive signs of severe
infestation

1/2022 • Tree 8 was cut down
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branches and foliage. A branch that fell during
Hurricane Sally damaged our datalogger enclosure, with
no damage to the instruments and no interruption to the
data collection (Appendix S1: Figure S1).

Overall, J0 varied from nearly zero to
~190 g cm−2 day−1, with the lowest J0 values observed
during rainy days with very low D. To analyze J0 and
its changes, we considered the following time periods:

F I GURE 1 (a) Trunk sections of Tree 1.0 right after cutting on May 28, 2020 and on July 17, 2020; the later image reveals the presence

of a bluestain fungus. (b) Multiple boreholes in the bark indicating bark beetle infestation. (c) Discharge from the bark indicating severe

infestation. (d) A tree treated with bifenthrin insecticide and wrapped in burlap fabric and plastic wrap. Photo credit: Elizaveta Litvak.
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F I GURE 2 Data records (a) before and (b) after the break in data collection in January–February 2021 caused by the removal of Tree 1:

daily sap flux in the outer 2 cm of sapwood (J0), mean day-length corrected atmospheric vapor-pressure deficit (D), intensity of the incoming

shortwave solar radiation (I0), and volumetric water content in the upper 30 cm of soil (VWC; shown with the daily rainfall from NOAA

National Weather Service at Tallahassee Regional Airport, www.weather.gov/wrh/climate?wfo=tae). J0 records of trees with confirmed

infestation are shown in the uppermost panel. Occasional near-zero J0 values correspond to very low D during rains and fog. Error bars are

not shown to avoid clatter; SDs are: 15 ± 5% of J0, 3 ± 2% of D, 3 ± 0% of I0, and 3 ± 4% of VWC. Vertical dashed lines: gray lines indicate

severe weather events (listed in Table 3); purple and dark red lines (top panel only) indicate the timing of Trees 1.0 and 1 felling (see Table 2

and text for details); green lines (top three panels) indicate insecticide treatments (see Table 2 and text for details).
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(1) from the beginning of sap flux measurements in
Trees 1–5 on May 11, 2020 until five more trees (Trees
6–10) were instrumented on September 21, 2020,

(2) from September 22, 2020 until the removal of sap
flux equipment on January 10, 2021, and (3) from
reinstallation of sap flux measurements on February

F I GURE 2 (Continued)
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9, 2021 until the end of sap flux data record on
February 19, 2022 (Appendix S1: Table S1). The first
two time periods are shown in Figure 2a and the
third time period is shown in Figure 2b.

J0 of the trees with confirmed infestation (Trees 1, 3,
and 5) decreased from 93 ± 51 g cm−2 day−1 during the
first time period to 64 ± 41 g cm−2 day−1 during the sec-
ond time period (ANOVA; p < 0.0001) and did not sig-
nificantly change from the second to the third time
period (J0 = 59 ± 32 g cm−2 day−1; p = 0.73). J0 of the
rest of the trees did not significantly change from the
first to the second time period (J0 = 62 ± 29 g cm−2

day−1 and 54 ± 33 g cm−2 day−1, respectively; p = 0.05),
yet significantly increased from the second to the
third time period, reaching 76 ± 43 g cm−2 day−1

(p < 0.0001). This dynamic resulted in higher J0 of the
trees with confirmed infestation than J0 of the rest of
the trees during the first and second time periods
(p < 0.0001 and p = 0.003) and significantly lower than
J0 of the rest of the trees during the third time period
(p < 0.0001). J0 of Tree 8 showed a steady decline from
110 g cm−2 day−1 on September 30, 2020 to zero on
November 30, 2020, indicating the death of the tree
(Figure 2a, upper panel). We did not include Tree 8 in
the analysis above to avoid underestimation of J0 of
trees with confirmed infestation.

Sap flux responses to environmental
conditions

Overall, J0 of the studied trees showed a strong linear cor-
relation with I0 (Figure 3). The slopes of these relation-
ships changed significantly over the course of the study
(ANOVA; p < 0.0001), with the only exception of Tree
1, which had a stable slope until the tree was cut down
(Figure 3a). J0 was also correlated with D. We fitted loga-
rithmic functions (J0 ¼ a+ b× ln Dð Þ; Appendix S1:
Figure S2) with parameters that were changing at the
same time with the slopes of J0 relationships with I0.

There was no long-term correlation of J0 with VWC.
However, J0 of several trees—both with and without con-
firmed infestation—was linearly correlated with VWC
during dry episodes in May 2020 (19-day long) and
May–June 2021 (28-day long; Figure 4). These dry periods
(hereafter, spring droughts) may be classified as “precipi-
tation deficit flash droughts” (Mo & Lettenmaier, 2016);
they resulted from a combination of the maximum daily
D (1.4 ± 0.2 kPa in 2020 and 1.5 ± 0.3 kPa in 2021), very
low precipitation, and low VWC (Figure 2). Both trees
that were instrumented before May 2020 (Trees 1.0 and
2) showed a strong correlation of J0 with VWC during the
spring drought in 2020; also, five out of seven trees in
which J0 was measured in May–June 2021 showed strong
correlation of J0 with VWC during the spring drought in
2021 (Figure 4).

We did not observe any clear responses of J0 to insec-
ticide treatments (Table 1) or severe weather events
(Table 3).

Plot area and tree canopy cover

The estimated AG was 1000 m2, with tree canopy entirely
covering the ground before tree removals. After tree
removals, the tree canopy cover was ≈670 m2 or 67% of
AG (Figure 5a).

Whole-tree and plot-level transpiration

ET varied from 22 ± 12 to 165 ± 55 kg tree−1 day−1. We
compared ET changes over the three time periods
defined above. ET of the trees with confirmed infestation
(Trees 1, 3, and 5) decreased from 94 ± 65 kg tree−1

day−1 during the first time period to 66 ± 54 kg tree−1

day−1 during the second time period (ANOVA;
p < 0.0001) and did not significantly change from the
second to the third time period (ET = 72 ± 39 kg tree−1

day−1; p = 0.3). ET of the rest of the trees did not

TAB L E 3 Severe weather events that affected the study site during measurements; data from NOAA Weather Service at Tallahassee

Regional Airport (www.weather.gov/wrh/climate?wfo=tae) and FSU WeatherSTEM (https://leon.weatherstem.com).

Date Event Rainfall (mm day−1) Max wind speed (m s−1)

4/23/2020 Tornado 41.7 42

6/7/2020 Tropical Storm Cristobal 72.9 7

9/16/2020 Hurricane Sally 98.8 18

1/2/2021 Severe thunderstorm 89.7 6

8/16/2021 Tropical Storm Fred 57.9 13

9/8/2021 Tropical storm Mindy 71.7 18

ECOSPHERE 9 of 21
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F I GURE 3 Daily sap flux in the outer 2 cm of sapwood (J0) plotted against the intensity of the incoming shortwave solar radiation (I0)

for (a) trees with confirmed infestation and (b) the rest of the trees. Regression lines are shown for significant relationships (p < 0.0001).

Panels marked as “spring droughts” indicate time periods of dry weather conditions when J0 was strongly correlated with volumetric water

content in the upper 30 cm of soil (Figure 4).
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F I GURE 3 (Continued)
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significantly change from the first to the second time
period (ET = 48 ± 23 kg tree−1 day−1 and 52 ± 37 kg
tree−1 day−1, respectively; p = 0.2), yet it significantly

increased from the second to the third time period,
reaching 73 ± 49 kg tree−1 day−1 (p < 0.0001). These
changes resulted in higher ET of the trees with con-
firmed infestation than ET of the rest of the trees during
the first and second time periods (p < 0.0001), but simi-
lar ET during the third time period (p = 0.2). Tree 8 was
not included in this analysis to avoid underestimation of
ET of the trees with confirmed infestation.

EG of individual trees varied from 0.02 ± 0.01 to
0.17 ± 0.06 mm day−1 (Figure 6; Appendix S1: Table S2).
The patterns and temporal changes of EG were similar to
ET. The evaluation of cumulative EG and its temporal
changes was constrained by data availability. We aimed
to compare cumulative EG during the following time
periods: (1) from September 22, 2020, when 10 studied
trees were instrumented with sap flux sensors, until the
removal of sap flux equipment on January 10, 2021, and
(2) the corresponding time period from September
22, 2021, to January 10, 2022. However, the complete
data records for all studied trees within both time periods
were only available from September 23 to October 23 of
2020 and 2021, respectively. During these 31-day-long
periods, cumulative EG did not significantly differ
between 2020 and 2021 (ANOVA; p = 0.4) and the rela-
tionships of EG with I0 and D were nearly identical with
the same parameters (Figure 7).

DISCUSSION

Continuous in situ measurements of J0 in loblolly pine trees
in a residential yard captured a bark beetle infestation coin-
ciding with the homeowner’s actions of insecticide treat-
ments and removal of trees that posed safety risks.
According to our observations, five of the studied trees were
infested by bark beetles (Table 1). In the rest of the trees,
infestation, while also likely, was not confirmed with cer-
tainty. It is hard to distinguish the reasons underlying vary-
ing degrees of infestation of different trees. Hypothetically,
these differences might have been caused by the timing of
bark beetle intrusion in each tree, that is, some trees might
have been infested earlier than others and thus demon-
strated more prominent signs of infestation. It is also possi-
ble that the trees have varying vulnerability to infestation
based on nonstructural carbohydrates, carbon allocation,
water stress, anatomical structure (such as the number and
size of resin ducts), or production and release of
defensive chemicals (Ferrenberg et al., 2014; Franceschi
et al., 2005). The results of the present study do not allow
us to determine the role of tree fitness in the degree and
probability of infestation, which would be highly desirable
for developing a more detailed and accurate understanding
of the dynamics of tree- and stand-level transpiration.

F I GURE 4 Daily sap flux in the outer 2 cm of sapwood (J0)

plotted against volumetric water content in the upper 30 cm of soil

(VWC) during prolonged dry periods in the spring of 2020 (on the

left) and 2021 (on the right). Regression lines are shown for

significant relationships (p < 0.0001).
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F I GURE 6 Time series of daily plot-scale transpiration (EG) shown with SD (a) before and (b) after the break in data collection

caused by the removal of Tree 1. The bars representing “trees with confirmed infestation” are stacked on top of “the rest of trees”,
which are also highlighted by hatching. Note that Tree 8 (died in late November 2020) and Tree 1 (cut down in January 2021) are not

present in panel (b).

F I GURE 5 (a) Schematic outline of studied backyard with tree canopy cover shown before and after the study. (b) Conceptual diagram

of the opposite effects of bark beetle infestation on sap flux of studied trees.

ECOSPHERE 13 of 21
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J0 of studied trees was strongly correlated with I0 and
D most of the time (Figure 3; Appendix S1: Figure S2);
additionally, J0 of seven trees was strongly correlated
with VWC, but only during spring droughts (Figure 4).
Our records indicate J0 decline and recovery periods in
most studied trees (Figure 3) and the death of Tree
8 (Figures 2 and 3). J0 of Tree 8 steadily declined over the
course of 2 months (Figure 2), followed by a loss of
foliage and visible signs of severe infestation 6 months
later. As expected, we observed a decline of J0 in the trees
with confirmed infestation. We also observed an increase
of J0 in the rest of the trees after tree clearings, resulting
in similar plot-level transpiration before and after canopy
loss (Figure 5a,b).

Water use by loblolly pines

Loblolly pine is native to the southeastern US, where it is
the most commercially important forest tree species
(Domec et al., 2012). The water use of loblolly pine has
been previously studied in forests and timber plantations
within the region. Transpiration of loblolly pines
was found to depend on the age and size of trees
(Aguilos et al., 2021; Domec et al., 2012). A long-term
study based on eddy covariance found that transpiration
of a pine plantation in North Carolina increased until
the age of 10 years, after which it remained stable
(Aguilos et al., 2021).

Summertime transpiration of loblolly pine stands
grown for timber could reach or exceed 5 mm day−1

(Domec et al., 2012; Sun et al., 2010). However, sap
flux-derived transpiration of nonirrigated 12-year-old lob-
lolly pine stand at the Tree Research and Education Site
in North Carolina did not exceed 1 mm day−1, with J0
ranging from 0 to 60 g m−2 s−1 (Ewers et al., 1999). These
values are similar to EG and J0 of nonirrigated residential
trees in this study (Figures 2 and 6). This similarity dem-
onstrates a remarkably good agreement in EG and J0 of
loblolly pines of different ages (12 years old in a previous
study and ~84 years old in a current study) and at differ-
ent settings. Also, monthly averaged transpiration of
healthy loblolly pine trees in a forest in Mississippi,
which reached ~2000 kg month−1 (Hornslein et al.,
2018), is in good correspondence with our estimates for
trees without confirmed infestation before tree clearings
(1900 ± 900 kg month−1); after tree clearings, our esti-
mates increased by ~1000 kg month−1.

Sap flux responses to environmental
factors and infestation

The intensity of solar radiation and
atmospheric VPD

The sensitivity of J0 to I0 and D observed in this study
(Figure 3; Appendix S1: Figure S2) is in good correspon-
dence with previous studies of transpiration of loblolly
pine in forest and plantation settings (Aguilos et al.,
2021; Ewers et al., 1999). Linear responses of transpira-
tion to I0 indicate efficient use of light across a range of

F I GURE 7 Cumulative plot-scale transpiration of the loblolly pine stand (EG) on September 23–October 23, 2020 and September 23–
October 23, 2021 plotted against the intensity of the incoming shortwave solar radiation (I0) and atmospheric vapor pressure deficit (D).
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intensities (Figure 3). Similar patterns were observed in
loblolly pine plantations of different ages (Aguilos et al.,
2021) and many other coniferous tree species (e.g., Ewers
et al., 2005; Litvak et al., 2011; Tang et al., 2006). Strong
saturation responses to D (Appendix S1: Figure S2) indi-
cate partial closure of leaf stomata in response to increas-
ing D. Such stomatal responses, intrinsic to physiology of
trees and many other plant species, prevent excessive
water loss that could otherwise disable water-conducting
tissues (Sperry, 2000; Sperry et al., 2008; Sperry &
Tyree, 1988).

Soil water content

The absence of a correlation between J0 and VWC is com-
mon in trees that do not experience soil water limitations
(Lagergren & Lindroth, 2002; Litvak, Mccarthy, et al.,
2017; Pereira et al., 2006). The trees in this study were
not irrigated yet appeared to receive ample rainfall most
of the year (Figure 2). However, during two spring
drought episodes, VWC became the major factor deter-
mining J0 in most trees (Figure 4), indicating a strong
dependence of J0 on VWC. During these periods, transpi-
ration switched from an “energy-limited” regime, when it
was mainly controlled by solar radiation and atmospheric
thermal energy, to a “water-limited” regime, when it was
mainly controlled by soil moisture availability. These
regimes are important modes of ecosystem functioning
that determine the patterns of carbon and water fluxes in
natural environments (Denissen et al., 2022; Seneviratne
et al., 2010 and references therein). In contrast to irri-
gated tree stands in dry southwestern cities, where tree
transpiration is essentially energy-limited (Bush et al.,
2008; Litvak et al., 2011, 2012; Pataki et al., 2011), the
shift of this tree stand to a water-limited mode in
response to soil water limitations highlights the func-
tional similarity of these unirrigated residential trees to
natural forests. However, the observed patterns of J0
responses to soil water limitations do not necessarily fully
represent all studied trees because of limited spatial and
depth coverage of VWC data (0–30 cm depth, while the
rooting depth of loblolly pine trees may reach up to 3 m;
Ewers et al., 1999).

Remaining variability of sap flux

In this study, I0 and D were strongly correlated with each
other, and J0 was linearly correlated with both I0 and
ln(D), with similar temporal patterns of declines
and increases of the slopes (Figure 3; Appendix S1:
Figure S2). The relationships between J0 and I0 have zero

origins, so we may use changes in their slopes as direct
indicators of additional J0 variability.

The changes in slopes of the relationship between J0
and I0 had different patterns in trees with and without
confirmed infestation (Figure 3). Across the trees
without confirmed infestation, slope changes were con-
sistent and showed two distinct trends. The first trend
was a decline of the slope and/or significance of the rela-
tionship between J0 and I0 during spring droughts
(Figure 3b; observed in all trees except Tree 4), when
VWC explained most of J0 variability (Figure 4). The sec-
ond trend was an increase in the slope of the relationship
between J0 and I0 starting in June 2021 or earlier
(Figure 3b). The only exception to this pattern was a
decline in slope for Tree 6 in February–May 2021
(Figure 3b). This decline co-occurred with the increase in
the range of D from 0–1 kPa to 0–2 kPa (Appendix S1:
Figure S2b), likely indicating the adjustment of stomatal
regulation to higher evaporative demand. Overall, these
patterns are common and characteristic of healthy trees.

In trees with confirmed infestation, the patterns were
different and not consistent among trees. Thus, Trees 1.0
and 3 responded to the spring droughts similar to the
trees without confirmed infestation (Figures 3a and 4).
However, while for Tree 3 the slope of the relationship
between J0 and I0 increased afterward, for Tree 1.0 it
decreased (Figure 3a). From mid-May 2020 through
mid-May 2021, the slope of the relationship between J0
and I0 for Tree 3 increased and decreased twice
(Figure 3a). These slope changes were not co-occurring
with any environmental stressors, insecticide treatments,
or changes in D ranges. Therefore, they most likely indi-
cate physiological responses to bark beetle damage and
consequent partial recovery, with possible delayed contri-
butions of the insecticide treatments (Fettig et al., 2006).
For Tree 1, the slope of the relationship between J0 and I0
remained the same until the tree was cut down in
January 2021. For Tree 5, the slope was declining starting
in July 2021 until the end of the study. For Tree 8, the
fast decline of the slope in October–November 2020,
reaching zero in December 2020, indicated mortality
(Figure 3a). These differences among trees may reflect
different degrees or stages of infestation, individual pat-
terns of anatomical damage, and consequent differences
in physiological responses and coping with stress.

Sap flux decline in infected trees has been reported in
many studies (e.g., Børja et al., 2016; Kirisits &
Offenthaler, 2002; Parke et al., 2007; Preisler et al., 2021;
Urban & Dvoř�ak, 2014). Our results specifically support
the observations by Hornslein et al. (2018), who used gir-
dling and inoculation with blue stain fungi to simulate
bark beetle damage in loblolly pine trees. Similar to our
study, different trees in the simulation exhibited different
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timings of health decline, yet the same general pattern of
sap flux changes: initially, sap flux of damaged trees was
higher than control trees, and later it declined by
600 kg month−1 (Hornslein et al., 2018). Higher sap flux
of infected trees in both previous and current studies
(by ~300 and ~270 kg month−1, respectively) likely sig-
nals the first stage of tree-level water transport dysfunc-
tion, manifesting in weaker stomatal regulation and
excessive water loss via transpiration. The subsequent
decrease in sap flux indicates degradation of the
whole-tree water transport system, manifesting in exces-
sive embolism and inability to maintain sufficient water
transport to the canopy, while physical damage from
bark beetle activity continues to destroy the sapwood.

Sap flux cessation and tree mortality

When the cessation of whole-tree water transport is not asso-
ciated with temporary responses to environmental factors, it
is a definitive indicator of tree death (Børja et al., 2016;
Preisler et al., 2021). The transport of water from roots to
canopy is critical for maintaining such essential functions of
trees as stomatal control of CO2 uptake and H2O loss, photo-
synthesis, and sugar transport via phloem (Brodribb, 2009).
Therefore, sap flow is a “vital sign” of a tree, and its cessa-
tion is a sign of an irreversible failure of physiological pro-
cesses. The cessation of sap flux may occur weeks to months
before the appearance of visual signs of severe health decline
(Børja et al., 2016; Kirisits & Offenthaler, 2002). This time
lag arises from the complexity of trees as organisms, in
which cell and tissue-level processes may continue without
being properly connected and coordinated with each
other (Anderegg et al., 2012). In our study, sap flux in Tree
8 ceased about 6 months before the signs of fatal damage
became apparent. Browning and loss of the foliage may have
been delayed by stomatal closure, which kept leaf water
losses to a minimum. However, over time, the lack of water
transport from roots to leaves inevitably caused the failure of
the canopy when it ran out of stored water and carbon.

Impact of tree removal and die-off on
plot-level transpiration

Tree clearings and foliage loss by infested trees resulted in
the loss of about one-third of the canopy (Figure 5).
Canopy loss is known to trigger compensatory increases in
leaf stomatal and hydraulic conductance, which help
maintain adequate photosynthetic rates despite reduced
leaf area (Pataki et al., 1998; Reich et al., 1993). This is a
possible cause of transpiration increase of the remaining
canopy. In addition, canopy loss immediately resulted in

greater exposure of the remaining canopy to sunlight and
atmospheric conditions, likely leading to a better coupling
of the canopy with ambient air (Jarvis & McNaughton,
1986). Higher exposure to I0 and D, which were the major
controlling factors of J0 during most of the study (Figure 3;
Appendix S1: Figure S2), is another possible cause of tran-
spiration increase of the remaining canopy.

In the long run, in addition to the light, the
remaining trees gained increased access to other freed-up
resources, such as soil water, nutrients, and room for can-
opy growth. Each of these factors or their combination
may have contributed to the observed increase of J0 and
ET of the trees without confirmed infestation and one tree
(Tree 3) with confirmed infestation (Figure 5;
Appendix S1: Table S1). These increases of J0 and ET

resulted in similar cumulative EG in September–October
of 2020 and 2021 despite tree clearings and canopy reduc-
tions (Figures 6 and 7). Such compensatory effects are
common at individual, stand, and population levels after
insect attacks, diseases, and other disturbances, such as
fires, floods, hurricanes, lightning strikes, grazing, and
thinning (Li et al., 2021). At a stand level, increased basal
and height growth of the trees (Bose et al., 2018) and
accelerated production of leaves (Rea & Massicotte, 2010)
and roots (Baskin, 2012) were observed to follow distur-
bances associated with tree mortality.

In forest ecosystems, compensatory processes usually
continue over several decades after the disturbance until
a state similar to pre-disturbed conditions is reached and
a closed canopy is restored (Li et al., 2021). However, in a
residential yard, tree placement and species composition
largely depend on the homeowner’s decisions and prefer-
ences, which are driven by socioeconomic factors and
local nursery offerings (Avolio et al., 2018; Conway, 2016;
Kloster et al., 2021).

Our results indicate a large role of compensatory
effects on tree transpiration in the studied tree stand, as
its plot-level transpiration was restored to
pre-disturbance levels, despite a substantial reduction of
canopy cover (Figures 5–7). However, in case of a larger
canopy reduction, the potential strength of compensatory
effects remains uncertain, as the potential for compensa-
tory effects is not unlimited (i.e., at 100% canopy reduc-
tion, tree transpiration would certainly cease), as well as
the relative importance of environmental, biological, and
human factors in a future plant composition
and ecohydrological functioning of the yards.

Role of climate change

Regardless of whether they are located in a natural or
human-dominated environment, trees are now subjected

16 of 21 LITVAK and PATAKI

 21508925, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4881 by A

rizona State U
niversity A

cq, W
iley O

nline Library on [30/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



to an increasingly higher likelihood of insect attacks and
other disturbances, which also increase in frequency
and severity due to climate change (Berland & Elliott,
2014; Edburg et al., 2012). Shifts in temperature and pre-
cipitation regimes driven by climate change exacerbate
and increase the frequency of the major sources of tree
stress, such as severe droughts, fires, winds, and pest
attacks, and cause widespread tree mortality globally
(Anderegg et al., 2015; Seidl et al., 2017). In the over
80-year lifespan of the studied trees, mean monthly maxi-
mum temperatures of their environment increased by
about 1�C along with a notable increase in frequency of
hurricane winds and tropical storms affecting the
city of Tallahassee (NOAA National Weather Service;
https://www.weather.gov/tae). Just during the duration of
this study, studied trees underwent six severe
weather events (Table 3). While our J0 dataset does not
show any direct responses of trees to heavy storms and
strong winds, they may have weakened the ability of trees
to resist infestation (Anderegg et al., 2015; Seidl et al.,
2017). Additionally, wind damage makes trees a target for
insect attacks (Fettig et al., 2022; McNichol et al., 2019).

Notably, climate change affects trees and bark beetles
simultaneously, yet in opposite ways. When warmer and
dryer conditions exert additional stresses on trees, they
accelerate the metabolism and reproductive rates of bark
beetles (Davis, 2022; Mitton & Ferrenberg, 2012). When
windstorms physically damage trees, they create more
beneficial conditions for the spread of bark beetles (Fettig
et al., 2022; McNichol et al., 2019). All in all, the
co-occurrence of these climate change-induced stress fac-
tors might have weakened the defensive mechanisms of
studied trees, and—consequently—reduced their chances
of survival in case of a disturbance.

Conclusions and implications

We studied sap flux and transpiration of unirrigated resi-
dential loblolly pines within their natural range. Both sap
flux and transpiration of the trees without confirmed infes-
tation were in close agreement with previous findings for
loblolly pines in natural conditions. In accordance with
our expectations, transpiration of infested trees generally
decreased over time. However, each infested tree exhibited
its own pattern of sap flux responses to environmental
drivers (Figure 3a). Also in accordance with our expecta-
tions, transpiration of the trees without confirmed infesta-
tion increased after tree clearings and die-off. We
attributed this increase to compensatory increases of leaf
stomatal conductance, stronger coupling of the opened-up
canopy with the atmosphere, and stand-level compensa-
tory effects due to higher resource availability (Figure 5).

The fate of the studied trees was strongly dependent
on the homeowner’s decisions about tree removals. Trees
in close proximity to the house and trees severely dam-
aged by infestation posed safety risks as they had an
increased likelihood of dropping branches or falling,
especially in case of strong winds (Gilman et al., 2006;
McLean et al., 2018). The homeowner’s decisions were
made under a high level of uncertainty regarding the
effectiveness of insecticide treatment, the degree of physi-
cal damage to the trees, and the likelihood, timing, and
severity of future weather events that may affect the yard.
These uncertainties are specific to the study area and, in
general, to the US southeast; in other regions, uncertain
risk factors affecting decision-making may concern
floods, droughts, fires, pest attacks, etc.

The results of this study highlight the complexity and
nonlinearity of the response of tree stand transpiration to
insect infestation and human actions that addressed both
infestation and the possibility of hazardous weather condi-
tions. Thus, Tree 1.0 was cut even before the discovery of the
infestation to avoid safety hazards related to the increasing
frequency of hurricane winds in the study area. Our results
demonstrate that the effects of climate change-induced dis-
turbances on urban water balance are not straightforward
and strongly tied to human decisions and actions. These
decisions are currently made under high levels of uncertainty
due to the lack of information and support for homeowners
facing emergencies on their property. Hence, scientifically
based guidelines for tree management under climate
change-related emergencies are urgently needed.

As climate change-induced disturbances gain momen-
tum, it is necessary to understand complex ecosystem
responses to the upcoming changes and their effects on the
environment. In human-dominated environments, this
knowledge is critical for informed risk assessment and
decision-making on the scales from household to nation-
wide. Our study highlights that a comprehensive under-
standing of changing plant composition and eco-hydrologic
functioning of residential environments—the environ-
ments where humans and nature affect each other in the
most direct way—requires not only consideration of envi-
ronmental, socioeconomic, and cultural factors, but also
human decision-making under a high level of uncertainty.
These factors and their interactions are determining the
future appearance, sustainability, and resilience of residen-
tial environments in the face of further climate
change-induced impacts, extremes, and disturbances.
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N. Nadezhdina. 2016. “Sap Flux – A Real Time Assessment of
Health Status in Norway Spruce.” Scandinavian Journal
of Forest Research 31: 450–57. https://doi.org/10.1080/
02827581.2015.1130851.

Bose, A. K., A. Weiskittel, C. Kuehne, R. G. Wagner, E. Turnblom,
and H. E. Burkhart. 2018. “Tree-Level Growth and Survival
Following Commercial Thinning of Four Major Softwood
Species in North America.” Forest Ecology and Management
427: 355–364. https://doi.org/10.1016/j.foreco.2018.06.019.

Brodribb, T. J. 2009. “Xylem Hydraulic Physiology: The Functional
Backbone of Terrestrial Plant Productivity.” Plant Science 177:
245–251. https://doi.org/10.1016/j.plantsci.2009.06.001.

Bush, S. E., D. E. Pataki, K. R. Hultine, A. G. West, J. S. Sperry, and
J. R. Ehleringer. 2008. “Wood Anatomy Constrains Stomatal
Responses to Atmospheric Vapor Pressure Deficit in Irrigated,
Urban Trees.” Oecologia 156: 13–20. https://doi.org/10.1007/
s00442-008-0966-5.

Conway, T. M. 2016. “Tending Their Urban Forest: Residents’
Motivations for Tree Planting and Removal.” Urban Forestry &
Urban Greening 17: 23–32. https://doi.org/10.1016/j.ufug.2016.
03.008.

Cook, E. M., S. J. Hall, and K. L. Larson. 2012. “Residential
Landscapes as Social-Ecological Systems: A Synthesis of
Multi-Scalar Interactions between People and Their Home
Environment.” Urban Ecosystem 15: 19–52. https://doi.org/10.
1007/s11252-011-0197-0.

Dale, V. H., L. A. Joyce, S. McNulty, R. P. Neilson, M. P. Ayres,
M. D. Flannigan, P. J. Hanson, et al. 2001. “Climate Change
and Forest Disturbances.” BioScience 51: 723–734. https://doi.
org/10.1641/0006-3568(2001)051[0723:CCAFD]2.0.CO;2.

Davis, T. S. 2022. Climate Change Alters Host Tree Physiology and
Drives Plant-Insect Interactions in Forests of the Southwestern
United States of America, Bark Beetle Management, Ecology,
and Climate Change. London: Elsevier Inc. https://doi.org/10.
1016/B978-0-12-822145-7.00014-3.

18 of 21 LITVAK and PATAKI

 21508925, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4881 by A

rizona State U
niversity A

cq, W
iley O

nline Library on [30/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.4211/hs.d774a78c24ce4994a4871660f8d1879f
https://doi.org/10.4211/hs.d774a78c24ce4994a4871660f8d1879f
https://orcid.org/0000-0003-4724-4427
https://orcid.org/0000-0003-4724-4427
https://doi.org/10.3390/f12081123
https://doi.org/10.1016/S0269-7491(01)00264-0
https://doi.org/10.1618/jhes.11.85
https://doi.org/10.1016/S0169-2046(02)00165-2
https://doi.org/10.1016/j.tplants.2012.09.006
https://doi.org/10.1016/j.tplants.2012.09.006
https://doi.org/10.1111/nph.13477
https://doi.org/10.1111/nph.13477
https://doi.org/10.1016/j.ufug.2012.05.002
https://doi.org/10.1002/ecm.1290
https://doi.org/10.1002/ecm.1290
https://doi.org/10.1016/j.agwat.2019.105988
https://doi.org/10.1016/j.agwat.2019.105988
https://doi.org/10.1002/wdev.94
https://doi.org/10.1002/wdev.94
https://doi.org/10.1525/bio.2010.60.8.6
https://doi.org/10.1525/bio.2010.60.8.6
https://doi.org/10.1093/treephys/tpw027
https://doi.org/10.1093/treephys/tpw027
https://doi.org/10.1007/s10980-013-9953-2
https://doi.org/10.1080/02827581.2015.1130851
https://doi.org/10.1080/02827581.2015.1130851
https://doi.org/10.1016/j.foreco.2018.06.019
https://doi.org/10.1016/j.plantsci.2009.06.001
https://doi.org/10.1007/s00442-008-0966-5
https://doi.org/10.1007/s00442-008-0966-5
https://doi.org/10.1016/j.ufug.2016.03.008
https://doi.org/10.1016/j.ufug.2016.03.008
https://doi.org/10.1007/s11252-011-0197-0
https://doi.org/10.1007/s11252-011-0197-0
https://doi.org/10.1641/0006-3568(2001)051%5B0723:CCAFD%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051%5B0723:CCAFD%5D2.0.CO;2
https://doi.org/10.1016/B978-0-12-822145-7.00014-3
https://doi.org/10.1016/B978-0-12-822145-7.00014-3


Denissen, J. M. C., A. J. Teuling, A. J. Pitman, S. Koirala,
M. Migliavacca, W. Li, M. Reichstein, A. J. Winkler, C. Zhan,
and R. Orth. 2022. “Widespread Shift from Ecosystem Energy to
Water Limitation with Climate Change.” Nature Climate Change
12: 677–684. https://doi.org/10.1038/s41558-022-01403-8.

Domec, J. C., G. Sun, A. Noormets, M. J. Gavazzi, E. A. Treasure,
E. Cohen, J. J. Swenson, S. G. McNulty, and J. S. King. 2012.
“A Comparison of Three Methods to Estimate
Evapotranspiration in Two Contrasting Loblolly Pine
Plantations: Age-Related Changes in Water Use and Drought
Sensitivity of Evapotranspiration Components.” Forest Science
58: 497–512. https://doi.org/10.5849/forsci.11-051.

Donovan, G. H., D. T. Butry, Y. L. Michael, J. P. Prestemon, A. M.
Liebhold, D. Gatziolis, and M. Y. Mao. 2013. “The
Relationship between Trees and Human Health: Evidence
from the Spread of the Emerald Ash Borer.” American Journal
of Preventive Medicine 44: 139–145. https://doi.org/10.1016/j.
amepre.2012.09.066.

Dwyer, J. F., D. J. Nowak, M. H. Noble, and S. M. Sisinni. 2000.
Connecting People with Ecosystems in the 21st Century: An
Assessment of Our Nation’s Urban Forests. A Technical
Document Supporting the 2000 USDA Forest Service RPA
Assessment. Evanston, IL: U.S. Department of Agriculture,
Forest Service.

Edburg, S. L., J. A. Hicke, P. D. Brooks, E. G. Pendall, B. E. Ewers,
U. Norton, D. Gochis, E. D. Gutmann, and A. J. H. Meddens.
2012. “Cascading Impacts of Bark Beetle-Caused Tree
Mortality on Coupled Biogeophysical and Biogeochemical
Processes.” Frontiers in Ecology and the Environment 10:
416–424. https://doi.org/10.1890/110173.

Ewers, B. E., S. T. Gower, B. Bond-Lamberty, and C. K. Wang.
2005. “Effects of Stand Age and Tree Species on Canopy
Transpiration and Average Stomatal Conductance of Boreal
Forests.” Plant, Cell and Environment 28: 660–678. https://doi.
org/10.1111/j.1365-3040.2005.01312.x.

Ewers, B. E., R. Oren, T. J. Albaugh, and P. M. Dougherty. 1999.
“Carry-Over Effects of Water and Nutrient Supply on Water
Use of Pinus taeda.” Ecological Applications 9: 513–525.
https://doi.org/10.1890/1051-0761(1999)009[0513:COEOWA]2.
0.CO;2.

Fan, J., A. Guyot, K. T. Ostergaard, and D. A. Lockington.
2018. “Effects of Earlywood and Latewood on Sap Flux
Density-Based Transpiration Estimates in Conifers.”
Agricultural and Forest Meteorology 249: 264–274. https://doi.
org/10.1016/j.agrformet.2017.11.006.

Ferrenberg, S., J. M. Kane, and J. B. Mitton. 2014. “Resin Duct
Characteristics Associated with Tree Resistance to Bark
Beetles across Lodgepole and Limber Pines.” Oecologia 174:
1283–92. https://doi.org/10.1007/s00442-013-2841-2.

Fettig, C. J., K. K. Allen, R. R. Borys, J. Christopherson, C. P.
Dabney, T. J. Eager, K. E. Gibson, et al. 2006. “Effectiveness of
Bifenthrin (Onyx) and Carbaryl (Sevin SL) for Protecting
Individual, High-Value Conifers from Bark Beetle Attack
(Coleoptera: Curculionidae: Scolytinae) in the Western
United States.” Journal of Economic Entomology 99: 1691–98.
https://doi.org/10.1093/jee/99.5.1691.

Fettig, C. J., C. Asaro, J. T. Nowak, K. J. Dodds, K. J. K. Gandhi,
J. E. Moan, and J. Robert. 2022. “Trends in Bark Beetle
Impacts in North America during a Period (2000–2020) of
Rapid Environmental Change.” Journal of Forestry 120:
693–713. https://doi.org/10.1093/jofore/fvac021.

Ford, C. R., M. A. M. C. Guire, R. J. Mitchell, and O. Teskey. 2004.
“Assessing Variation in the Radial Profile of Sap Flux Density
in Pinus Species and Its Effect on Daily Water Use.” Tree
Physiology 24: 241–49.

Franceschi, V. R., P. Krokene, E. Christiansen, and T. Krekling. 2005.
“Anatomical and Chemical Defenses of Conifer Bark against
Bark Beetles and Other Pests.” The New Phytologist 167: 353–376.
https://doi.org/10.1111/j.1469-8137.2005.01436.x.

Gilman, E. F., M. L. Duryea, E. Kampf, T. J. Partin, A. Delgado, and
C. J. Lehtola. 2006. Assessing Damage and Restoring Trees after
a Hurricane. Urban Forest Hurricane Recovery Program.
Gainesville, FL: Univeristy of Florida, IFAS Extension.

Granier, A. 1987. “Evaluation of Transpiration in a Douglas-Fir
Stand by Means of Sap Flow Measurements.” Tree Physiology
3: 309–320. https://doi.org/10.1093/treephys/3.4.309.

Grimmond, C. S. B., H. C. Ward, and S. Kotthaus. 2016. “How Is
Urbanization Altering Local and Regional Climate?” In The
Routledge Handbook of Urbanization and Global
Environmental Change, edited by K. C. Seto, W. Solecki, and
C. A. Griffth, 582pp. London: Routledge. www.routledge.com/
products/9780415732260.

Groffman, P. M., J. Cavender-Bares, N. D. Bettez, J. M. Grove,
S. J. Hall, J. B. Heffernan, S. E. Hobbie, et al. 2014.
“Ecological Homogenization of Urban USA.” Frontiers in
Ecology and the Environment 12: 74–81. https://doi.org/10.
1890/120374.

Hall, S. J., J. Learned, B. Ruddell, K. L. Larson, J. Cavender-bares,
N. Bettez, P. M. Groffman, et al. 2016. “Convergence of
Microclimate in Residential Landscapes across Diverse Cities
in the United States.” Landscape Ecology 31: 101–117. https://
doi.org/10.1007/s10980-015-0297-y.

Hartmann, H., A. Bastos, A. J. Das, A. Esquivel-Muelbert, W. M.
Hammond, J. Martínez-Vilalta, N. G. Mcdowell, et al. 2022.
“Climate Change Risks to Global Forest Health: Emergence of
Unexpected Events of Elevated Tree Mortality Worldwide.”
Annual Review of Plant Biology 73: 673–702. https://doi.org/10.
1146/annurev-arplant-102820-012804.

Hl�asny, T., L. König, P. Krokene, M. Lindner, C. Montagné-Huck,
J. Müller, H. Qin, et al. 2021. “Bark Beetle Outbreaks in
Europe: State of Knowledge and Ways Forward for
Management.” Current Forestry Reports 7: 138–165. https://
doi.org/10.1007/s40725-021-00142-x.

Hornslein, N. J., C. M. Siegert, and H. J. Renninger. 2018. “Changes
in Physiological Functioning in Loblolly Pine Trees
Undergoing Bark Beetle Simulated Mortality.” Forest Science
65: 312–323. https://doi.org/10.1093/forsci/fxy060.

Jarvis, P. G., and K. G. McNaughton. 1986. “Stomatal Control of
Transpiration: Scaling Up from Leaf to Region.” Advances in
Ecological Research 15: 1–49. https://doi.org/10.1016/S0065-
2504(08)60119-1.

Jenerette, G. D., L. W. Clarke, M. L. Avolio, D. E. Pataki, T. W.
Gillespie, S. Pincetl, D. J. Nowak, et al. 2016. “Climate
Tolerances and Trait Choices Shape Continental Patterns of
Urban Tree Biodiversity.” Global Ecology and Biogeography 25:
1367–76. https://doi.org/10.1111/geb.12499.

Kirisits, T., and I. Offenthaler. 2002. “Xylem Sap Flow of Norway
Spruce after Inoculation with the Blue-Stain Fungus
Ceratocystis polonica.” Plant Pathology 51: 359–364. https://
doi.org/10.1046/j.1365-3059.2002.00722.x.

Kleinman, J. S., J. D. Goode, A. C. Fries, and J. L. Hart. 2019.
“Ecological Consequences of Compound Disturbances in

ECOSPHERE 19 of 21

 21508925, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4881 by A

rizona State U
niversity A

cq, W
iley O

nline Library on [30/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1038/s41558-022-01403-8
https://doi.org/10.5849/forsci.11-051
https://doi.org/10.1016/j.amepre.2012.09.066
https://doi.org/10.1016/j.amepre.2012.09.066
https://doi.org/10.1890/110173
https://doi.org/10.1111/j.1365-3040.2005.01312.x
https://doi.org/10.1111/j.1365-3040.2005.01312.x
https://doi.org/10.1890/1051-0761(1999)009%5B0513:COEOWA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(1999)009%5B0513:COEOWA%5D2.0.CO;2
https://doi.org/10.1016/j.agrformet.2017.11.006
https://doi.org/10.1016/j.agrformet.2017.11.006
https://doi.org/10.1007/s00442-013-2841-2
https://doi.org/10.1093/jee/99.5.1691
https://doi.org/10.1093/jofore/fvac021
https://doi.org/10.1111/j.1469-8137.2005.01436.x
https://doi.org/10.1093/treephys/3.4.309
https://www.routledge.com/products/9780415732260
https://www.routledge.com/products/9780415732260
https://doi.org/10.1890/120374
https://doi.org/10.1890/120374
https://doi.org/10.1007/s10980-015-0297-y
https://doi.org/10.1007/s10980-015-0297-y
https://doi.org/10.1146/annurev-arplant-102820-012804
https://doi.org/10.1146/annurev-arplant-102820-012804
https://doi.org/10.1007/s40725-021-00142-x
https://doi.org/10.1007/s40725-021-00142-x
https://doi.org/10.1093/forsci/fxy060
https://doi.org/10.1016/S0065-2504(08)60119-1
https://doi.org/10.1016/S0065-2504(08)60119-1
https://doi.org/10.1111/geb.12499
https://doi.org/10.1046/j.1365-3059.2002.00722.x
https://doi.org/10.1046/j.1365-3059.2002.00722.x


Forest Ecosystems: A Systematic Review.” Ecosphere 10:
e02962. https://doi.org/10.1002/ecs2.2962.

Kloster, D. P., A. T. Morzillo, B. J. Butler, T. Worthley, and J. C.
Volin. 2021. “Amenities, Disamenities, and Decision-Making
in the Residential Forest: An Application of the Means-End
Chain Theory to Roadside Trees.” Urban Forestry & Urban
Greening 65: 127348. https://doi.org/10.1016/j.ufug.2021.
127348.

Kor�anyi, D., M. Egerer, A. Rusch, B. Szab�o, and P. Bat�ary. 2022.
“Urbanization Hampers Biological Control of Insect Pests:
A Global Meta-Analysis.” Science of the Total Environment
834: 155396. https://doi.org/10.1016/j.scitotenv.2022.155396.

Kuehler, E., J. Hathaway, and A. Tirpak. 2017. “Quantifying the
Benefits of Urban Forest Systems as a Component of
the Green Infrastructure Stormwater Treatment Network.”
Ecohydrology 10: e1813. https://doi.org/10.1002/eco.1813.

La�can, I., and J. R. McBride. 2008. “Pest Vulnerability Matrix
(PVM): A Graphic Model for Assessing the Interaction
between Tree Species Diversity and Urban Forest
Susceptibility to Insects and Diseases.” Urban Forestry &
Urban Greening 7: 291–300. https://doi.org/10.1016/j.ufug.
2008.06.002.

Lagergren, F., and A. Lindroth. 2002. “Transpiration Response to
Soil Moisture in Pine and Spruce Trees in Sweden.”
Agricultural and Forest Meteorology 112: 67–85. https://doi.
org/10.1016/S0168-1923(02)00060-6.

Lee, H., K. Calvin, D. Dasgupta, G. Krinner, A. Mukherji,
P. Thorne, C. Trisos, et al. 2023. IPCC, 2023: Climate Change
2023: Synthesis Report. A Report of the Intergovernmental Panel
on Climate Change. Contribution of Working Groups I, II and
III to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. Geneva: IPCC.

Li, C., H. Barclay, B. Roitberg, and R. Lalonde. 2021. “Ecology and
Prediction of Compensatory Growth: From Theory to
Application in Forestry.” Frontiers in Plant Science 12: 655417.
https://doi.org/10.3389/fpls.2021.655417.

Litvak, E., N. S. Bijoor, and D. E. Pataki. 2013. “Adding Trees to
Irrigated Turfgrass Lawns May Be a Water-Saving Measure in
Semi-Arid Environments.” Ecohydrology 7: 1314–30. https://
doi.org/10.1002/eco.1458.

Litvak, E., K. F. Manago, T. S. Hogue, and D. E. Pataki. 2017.
“Evapotranspiration of Urban Landscapes in Los Angeles,
California at the Municipal Scale.” Water Resources
Research 53: 4236–52. https://doi.org/10.1002/
2016WR020254.

Litvak, E., H. R. McCarthy, and D. E. Pataki. 2011. “Water
Relations of Coast Redwood Planted in the Semi-Arid Climate
of Southern California.” Plant, Cell & Environment 34:
1384–1400. https://doi.org/10.1111/j.1365-3040.2011.02339.x.

Litvak, E., H. R. McCarthy, and D. E. Pataki. 2012. “Transpiration
Sensitivity of Urban Trees in a Semi-Arid Climate Is
Constrained by Xylem Vulnerability to Cavitation.” Tree
Physiology 32: 373–388. https://doi.org/10.1093/treephys/tps015.

Litvak, E., H. R. Mccarthy, and D. E. Pataki. 2017. “A Method for
Estimating Transpiration of Irrigated Urban Trees in
California.” Landscape and Urban Planning 158: 48–61.
https://doi.org/10.1016/j.landurbplan.2016.09.021.

Litvak, E., and D. E. Pataki. 2023. Sapflux and Transpiration of
Residential Loblolly Pine Trees in Tallahassee, FL [dataset].
HydroShare. https://doi.org/10.4211/hs.d774a78c24ce4994a487
1660f8d1879f.

Lu, P., L. Urban, and Z. Ping. 2004. “Granier’s Thermal Dissipation
Probe (TDP) Method for Measuring Sap Flow in Trees: Theory
and Practice.” Acta Botanica Sinica 46: 631–646.

Mahmood, R., R. A. Pielke, K. G. Hubbard, D. Niyogi, P. A.
Dirmeyer, C. Mcalpine, A. M. Carleton, et al. 2014. “Land
Cover Changes and Their Biogeophysical Effects on Climate.”
International Journal of Climatology 34: 929–953. https://doi.
org/10.1002/joc.3736.

McLean, D. C., A. Koeser, D. R. Hilbert, S. Landry,
A. Abd-Elrahman, K. Britt, M. Lusk, M. Andreu, and
R. Northrop. 2020. “Florida’s Urban Forest: A Valuation of
Benefits, ENH1331.” https://doi.org/10.32473/edis-ep595-2020.

McLean, D. C., A. K. Koeser, R. J. Northrop, and G. Hasing. 2018. Is
My Tree Safe? Recognizing Conditions that Increase the
Likelihood of Tree Failure. Gainesville, FL: UF/IFAS
Extension, University of Florida. https://doi.org/10.32473/edis-
ep507-2014.

McNichol, B. H., C. R. Montes, B. F. Barnes, J. T. Nowak, C. Villari,
and K. J. K. Gandhi. 2019. “Interactions between Southern
Ips Bark Beetle Outbreaks, Prescribed Fire, and Loblolly
Pine (Pinus taeda L.) Mortality.” Forest Ecology and
Management 446: 164–174. https://doi.org/10.1016/j.foreco.
2019.05.036.

Mitton, J. B., and S. M. Ferrenberg. 2012. “Mountain Pine Beetle
Develops an Unprecedented Summer Generation in Response
to Climate Warming.” The American Naturalist 179:
E163–E171. https://doi.org/10.1086/665007.

Mo, K. C., and D. P. Lettenmaier. 2016. “Precipitation Deficit Flash
Droughts over the United States.” Journal of Hydrometeorology
17: 1169–84. https://doi.org/10.1175/JHM-D-15-0158.1.

Moore, G. W., B. J. Bond, J. A. Jones, and F. C. Meinzer. 2010.
“Thermal-Dissipation Sap Flow Sensors May Not Yield
Consistent Sap-Flux Estimates over Multiple Years.” Trees 24:
165–174. https://doi.org/10.1007/s00468-009-0390-4.

Oishi, A. C., D. A. Hawthorne, and R. Oren. 2016. “Baseliner: An
Open-Source, Interactive Tool for Processing Sap Flux Data
from Thermal Dissipation Probes.” SoftwareX 5: 139–143.
https://doi.org/10.1016/j.softx.2016.07.003.

Oren, R., R. Zimmermann, and J. Terbough. 1996. “Transpiration
in Upper Amazonia Floodplain and Upland Forests in
Response to Drought-Breaking Rains.” Ecology 77: 968–973.

Overpeck, J. T., D. Rind, and R. Goldberg. 1990. “Climate-Induced
Changes in Forest Disturbance and Vegetation.” Nature 343:
51–53.

Padullés Cubino, J., J. Cavender-Bares, P. M. Groffman, M. L.
Avolio, A. R. Bratt, S. J. Hall, K. L. Larson, et al. 2020.
“Taxonomic, Phylogenetic, and Functional Composition and
Homogenization of Residential Yard Vegetation with
Contrasting Management.” Landscape and Urban Planning 202:
103877. https://doi.org/10.1016/j.landurbplan.2020.103877.

Paine, T. D., and F. M. Stephen. 1987. “Fungi Associated with the
Southern Pine Beetle: Avoidance of Induced Defense Response
in Loblolly Pine.” Oecologia 74: 377–79. https://doi.org/10.
1007/BF00378933.

Parke, J. L., E. Oh, S. Voelker, E. M. Hansen, G. Buckles, and
B. Lachenbruch. 2007. “Phytophthora Ramorum Colonizes
Tanoak Xylem and Is Associated with Reduced Stem Water
Transport.” Phytopathology 97: 1558–67. https://doi.org/10.
1094/PHYTO-97-12-1558.

Pataki, D. E., M. Alberti, M. L. Cadenasso, A. J. Felson, M. J.
McDonnell, S. Pincetl, R. V. Pouyat, H. Setälä, and T. H.

20 of 21 LITVAK and PATAKI

 21508925, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4881 by A

rizona State U
niversity A

cq, W
iley O

nline Library on [30/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1002/ecs2.2962
https://doi.org/10.1016/j.ufug.2021.127348
https://doi.org/10.1016/j.ufug.2021.127348
https://doi.org/10.1016/j.scitotenv.2022.155396
https://doi.org/10.1002/eco.1813
https://doi.org/10.1016/j.ufug.2008.06.002
https://doi.org/10.1016/j.ufug.2008.06.002
https://doi.org/10.1016/S0168-1923(02)00060-6
https://doi.org/10.1016/S0168-1923(02)00060-6
https://doi.org/10.3389/fpls.2021.655417
https://doi.org/10.1002/eco.1458
https://doi.org/10.1002/eco.1458
https://doi.org/10.1002/2016WR020254
https://doi.org/10.1002/2016WR020254
https://doi.org/10.1111/j.1365-3040.2011.02339.x
https://doi.org/10.1093/treephys/tps015
https://doi.org/10.1016/j.landurbplan.2016.09.021
https://doi.org/10.4211/hs.d774a78c24ce4994a4871660f8d1879f
https://doi.org/10.4211/hs.d774a78c24ce4994a4871660f8d1879f
https://doi.org/10.1002/joc.3736
https://doi.org/10.1002/joc.3736
https://doi.org/10.32473/edis-ep595-2020
https://doi.org/10.32473/edis-ep507-2014
https://doi.org/10.32473/edis-ep507-2014
https://doi.org/10.1016/j.foreco.2019.05.036
https://doi.org/10.1016/j.foreco.2019.05.036
https://doi.org/10.1086/665007
https://doi.org/10.1175/JHM-D-15-0158.1
https://doi.org/10.1007/s00468-009-0390-4
https://doi.org/10.1016/j.softx.2016.07.003
https://doi.org/10.1016/j.landurbplan.2020.103877
https://doi.org/10.1007/BF00378933
https://doi.org/10.1007/BF00378933
https://doi.org/10.1094/PHYTO-97-12-1558
https://doi.org/10.1094/PHYTO-97-12-1558


Whitlow. 2021. “The Benefits and Limits of Urban Tree Planting
for Environmental and Human Health.” Frontiers in Ecology and
Evolution 9: 603757. https://doi.org/10.3389/fevo.2021.603757.

Pataki, D. E., H. R. McCarthy, E. Litvak, and S. Pincetl. 2011.
“Transpiration of Urban Forests in the Los Angeles
Metropolitan Area.” Ecological Applications: A Publication of
the Ecological Society of America 21: 661–677. https://doi.org/
10.1890/09-1717.1.

Pataki, D. E., R. Oren, and N. Phillips. 1998. “Responses of Sap Flux
and Stomatal Conductance of Pinus taeda L. Trees to Stepwise
Reductions in Leaf Area.” Journal of Experimental Botany 49:
871–78. https://doi.org/10.1093/jxb/49.322.871.

Payn, T., J. M. Carnus, P. Freer-Smith, M. Kimberley, W. Kollert,
S. Liu, C. Orazio, L. Rodriguez, L. N. Silva, and M. J.
Wingfield. 2015. “Changes in Planted Forests and Future
Global Implications.” Forest Ecology and Management 352:
57–67. https://doi.org/10.1016/j.foreco.2015.06.021.

Pereira, A. R., S. Green, and N. A. Villa Nova. 2006.
“Penman-Monteith Reference Evapotranspiration Adapted to
Estimate Irrigated Tree Transpiration.” Agricultural Water
Management 83: 153–161. https://doi.org/10.1016/j.agwat.
2005.11.004.

Peters, E. B., R. V. Hiller, and J. P. McFadden. 2011. “Seasonal
Contributions of Vegetation Types to Suburban
Evapotranspiration.” Journal of Geophysical Research 116:
1–16. https://doi.org/10.1029/2010JG001463.

Preisler, Y., F. Tatarinov, J. M. Grünzweig, and D. Yakir. 2021.
“Seeking the “Point of no Return” in the Sequence of Events
Leading to Mortality of Mature Trees.” Plant, Cell &
Environment 44: 1315–28. https://doi.org/10.1111/pce.13942.

Raffa, K. F., B. H. Aukema, B. J. Bentz, A. L. Carroll, J. A. Hicke,
M. G. Turner, and W. H. Romme. 2008. “Cross-Scale
Drivers of Natural Disturbances Prone to Anthropogenic
Amplification: The Dynamics of Bark Beetle Eruptions.”
BioScience 58: 501–517. https://doi.org/10.1641/B580607.

R Core Team. 2021. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical
Computing. https://www.R-project.org.

Rea, R. V., and H. B. Massicotte. 2010. “Viewing Plant Systematics
through a Lens of Plant Compensatory Growth.” The
American Biology Teacher 72: 541–44. https://doi.org/10.1525/
abt.2010.72.9.4.

Reich, P. B., M. B. Walters, S. C. Krause, D. W. Vanderklein, K. F.
Raffs, and T. Tabone. 1993. “Growth, Nutrition and Gas
Exchange of Pinus resinosa Following Artificial Defoliation.”
Trees 7: 67–77. https://doi.org/10.1007/BF00225472.

Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. “NIH
Image to ImageJ: 25 Years of Image Analysis.” Nature Methods
9: 671–75. https://doi.org/10.1038/nmeth.2089.

Seidl, R., D. Thom, M. Kautz, D. Martin-Benito, M. Peltoniemi,
G. Vacchiano, J. Wild, et al. 2017. “Forest Disturbances under
Climate Change.” Nature Climate Change 7: 395–402. https://
doi.org/10.1038/nclimate3303.

Seneviratne, S. I., T. Corti, E. L. Davin, M. Hirschi, E. B. Jaeger,
I. Lehner, B. Orlowsky, and A. J. Teuling. 2010. “Investigating
Soil Moisture-Climate Interactions in a Changing Climate:
A Review.” Earth-Science Reviews 99: 125–161. https://doi.org/
10.1016/j.earscirev.2010.02.004.

Shashua-Bar, L., D. Pearlmutter, and E. Erell. 2009. “The Cooling
Efficiency of Urban Landscape Strategies in a Hot Dry

Climate.” Landscape and Urban Planning 92: 179–186. https://
doi.org/10.1016/j.landurbplan.2009.04.005.

Shiflett, S. A., L. L. Liang, S. M. Crum, G. L. Feyisa, J. Wang, and
G. D. Jenerette. 2017. “Variation in the Urban Vegetation,
Surface Temperature, Air Temperature Nexus.” Science of the
Total Environment 579: 495–505. https://doi.org/10.1016/j.
scitotenv.2016.11.069.

Simpson, J. R. 2002. “Improved Estimates of Tree-Shade Effects on
Residential Energy Use.” Energy and Buildings 34: 1067–76.
https://doi.org/10.1016/S0378-7788(02)00028-2.

Sperry, J. S. 2000. “Hydraulic Constraints on Plant Gas Exchange.”
Agricultural and Forest Meteorology 104: 13–23. https://doi.
org/10.1016/S0168-1923(00)00144-1.

Sperry, J. S., F. C. Meinzer, and K. A. McCulloh. 2008. “Safety and
Efficiency Conflicts in Hydraulic Architecture: Scaling from
Tissues to Trees.” Plant, Cell and Environment 31: 632–645.
https://doi.org/10.1111/j.1365-3040.2007.01765.x.

Sperry, J. S., and M. T. Tyree. 1988. “Mechanism of Water
Stress-Induced Xylem Embolism.” Plant Physiology 88: 581–87.

Sun, G., A. Noormets, M. J. Gavazzi, S. G. McNulty, J. Chen, J. C.
Domec, J. S. King, D. M. Amatya, and R. W. Skaggs. 2010.
“Energy and Water Balance of Two Contrasting Loblolly Pine
Plantations on the Lower Coastal Plain of North Carolina,
USA.” Forest Ecology and Management 259: 1299–1310.
https://doi.org/10.1016/j.foreco.2009.09.016.

Tang, J., P. V. Bolstad, B. E. Ewers, A. R. Desai, K. J. Davis, and
E. V. Carey. 2006. “Sap Flux-Upscaled Canopy Transpiration,
Stomatal Conductance, and Water Use Efficiency in an Old
Growth Forest in the Great Lakes Region of the
United States.” Journal of Geophysical Research: Biogeosciences
111: G02009. https://doi.org/10.1029/2005JG000083.

Ulmer, J. M., K. L. Wolf, D. R. Backman, R. L. Tretheway, C. J.
Blain, J. P. O’Neil-Dunne, and L. D. Frank. 2016. “Multiple
Health Benefits of Urban Tree Canopy: The Mounting
Evidence for a Green Prescription.” Health & Place 42: 54–62.
https://doi.org/10.1016/j.healthplace.2016.08.011.
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