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a b s t r a c t
Throughout the southern US, past forest management practices have replaced large areas of native
forests with loblolly pine plantations and have resulted in changes in forest response to extreme
weather conditions. However, uncertainty remains about the response of planted versus natural
species to drought across the geographical range of these forests. Taking advantage of a cluster of
unmanaged stands (85–130 year-old hardwoods) and managed plantations (17–20 year-old loblolly
pine) in coastal and Piedmont areas of North Carolina, tree water use, cavitation resistance,
whole-tree hydraulic (Ktree) and stomatal (Gs) conductances were measured in four sites covering
representative forests growing in the region. We also used a hydraulic model to predict the resilience
of those sites to extreme soil drying. Our objectives were to determine: (1) if Ktree and stomatal
regulation in response to atmospheric and soil droughts differ between species and sites; (2) how
ecosystem type, through tree water use, resistance to cavitation and rooting proﬁles, affects the water
uptake limit that can be reached under drought; and (3) the inﬂuence of stand species composition on
critical transpiration that sets a functional water uptake limit under drought conditions. The results
show that across sites, water stress affected the coordination between Ktree and Gs. As soil water
content dropped below 20% relative extractable water, Ktree declined faster and thus explained the
decrease in Gs and in its sensitivity to vapor pressure deﬁcit. Compared to branches, the capability
of roots to resist high xylem tension has a great impact on tree-level water use and ultimately had
important implications for pine plantations resistance to future summer droughts. Model simulations
revealed that the decline in Ktree due to xylem cavitation aggravated the effects of soil drying on tree
transpiration. The critical transpiration rate (Ecrit), which corresponds to the maximum rate at which
transpiration begins to level off to prevent irreversible hydraulic failure, was higher in managed forest
plantations than in their unmanaged counterparts. However, even with this higher Ecrit, the pine
plantations operated very close to their critical leaf water potentials (i.e. to their permissible water
potentials without total hydraulic failure), suggesting that intensively managed plantations are more
drought-sensitive and can withstand less severe drought than natural forests.
Ó 2015 Published by Elsevier B.V.
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1. Introduction
In the southern US, the most common land conversion by area
was from native mixed hardwood forests to pine plantations. It is
estimated that more than 10 million ha of forests were harvested
or cleared between 1973 and 2000 (Drummond and Loveland,
2010). Additionally, wetlands cover around 8% percent of the 20
eastern US ecoregions and plantations caused a loss of more than
500,000 ha of wetland since 1980, including a large proportion of
forested wetland (Loveland et al., 2002). In the Southern Coastal
and the Middle Atlantic Coastal Plains alone, 2.4–5.0% loss of wetlands occurred during the past 25 years (Daniel and Dahlen, 2002;
Drummond and Loveland, 2010). While forest conversion to intensively managed plantations is driven by the need for wood- and
ﬁber-based products, forest conversion provides fewer ecosystem
services (Franklin and Johnson, 2004; Burger, 2009; Puettmann,
2011). In the southern US the 14 million hectares of loblolly pine
(Pinus taeda) trees planted accounts for nearly one-half of the
world’s industrial forest plantation and is known as the ‘‘wood basket of the world’’ (Brown and Shefﬁeld, 2003; Fox et al., 2007;
Wear et al., 2013). The future of the plantation-based forest industry in this region will depend, in part, on how these managed systems will adapt to changing climate (Fox et al., 2004; McNulty
et al., 2014).
A change in species composition and/or density following conversion of natural lands to plantations will not be sustainable if the
planted trees consume more water than the previous vegetation
(Swank et al., 1988; Oishi et al., 2008; O’Hara and Ramage,
2013), or if they are less resilient to drought compared to the previous forest type. Increased productivity per land area of planted
forests is usually associated with increased evapotranspiration
(Samuelson et al., 2008) and effectively yielding less stream outﬂow (McNulty et al., 1996; Oishi et al., 2010). Although annual precipitation is not necessarily predicted to decrease in the southern
US as a consequence of global warming, an increase in the frequency
and
duration
of
summer
droughts
and
temperature-driven evaporative demand are expected (IPCC,
2013). There is potential for these climatic changes to decrease
plant available soil water and to increase the risk of
drought-induced mortality, possibly more so in plantations compared to natural forests. While studies comparing stand water balance or watershed properties between hardwood stands and pine
plantations exist (Stoy et al., 2005; Palmroth et al., 2010),
species-speciﬁc drought responses and contribution on overall
ecosystem function are still largely unknown. Furthermore, as forest management is increasingly used as a tool for ecosystem
restoration, a mechanistic understanding of natural and managed
forest climatic sensitivity is needed. For example, in mixed stands,
tree species may interact to complementarily use the different soil
proﬁles (Krämer and Hölscher, 2010; Forrester, 2014). Moreover,
water use and tolerance to drought in natural stands are
non-uniform due to speciﬁc responses of each co-existing tree to
variation in climatic variables (Granier et al., 2000; Pataki and
Oren, 2003). More diverse communities thus have potential to better resist future drought (Yachi and Loreau, 1999; Jactel et al.,
2009). Hence, productivity and resilience of future pine plantations
may be hard to predict due to changing climate if gaps in current
physiological understanding are not improved (Gessler et al.,
2004; Samuelson et al., 2008). The conversion of unmanaged to
intensively managed forest lands in eastern North Carolina was
historically widespread, and yet the consequences on plant functioning and in turn on plant resilience to extreme drought have
not been well determined.
Water ﬂow in the soil–plant-atmosphere continuum is determined by the whole-tree hydraulic conductance (Ktree) of soil and
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plant tissues that characterize the structural capacity of the whole
plant to move water (Wullschleger et al., 1998). Trees undergo
dynamic structural and physiological adjustments to preserve the
integrity of their hydraulic system, and to maximize carbon uptake
during summer droughts (Bréda et al., 2006). For example, short
term acclimation to drought is achieved by stomatal closure to
limit water loss and the drop in leaf water potential (Loustau and
Granier, 1993; Sperry et al., 2002). Long-term, plastic responses
to drought include biomass allocation strategies such as changing
the ratio of root area to transpiring leaf area and by exploring deeper soil horizons and the production of a more resistant xylem to
drought-induced cavitation (Sperry et al., 2002). Measures of
xylem resistance to cavitation are particularly good estimators of
a species tolerance to drought in vascular plants (Maherali et al.,
2004). However, values of P50 (the water potential at which 50%
of hydraulic conductivity is lost) vary enormously across species.
Regardless of climate or soil type, many plants have a small safety
margin when the observed xylem tensions are compared with tensions needed to induce loss of hydraulic capacity (Sperry et al.,
2002; Choat et al., 2012). In this sense, it is necessary to characterize in detail the ecophysiology of intensively managed plantations
relative to more natural hardwood forests, particularly regarding
water relations, in order to help deﬁne the most adequate management criteria for the future.
At the interface between atmosphere and soils, the rooting zone
plays a major role in regulating forest water ﬂuxes (Domec et al.,
2012a; Manoli et al., 2014). Root proﬁles are strongly inﬂuenced
by soil properties and species composition. Complex natural systems with a fully developed understory may have the capacity to
explore a greater soil volume than single species, which could
potentially increase drought tolerance. These traits may be crucial
when forests are exposed to increased summer drought, favoring
communities that are better adapted to tolerate water shortage
and possibly inducing alterations in tree species composition and
rooting proﬁle (Warren et al., 2015). The study of how water stress
interacts with local environmental conditions to affect managed
conifer productivity compared to natural forests is essential to
understanding the impact of climate change on ecosystem services
provisioning of both forest types (Anchukaitis et al., 2006).
We studied water use of natural forests and plantations in
Southeast US to better understand how tree responses to soil drying are altered following the conversion of mixed hardwood forest
to managed pine. During prolonged wet and dry periods, nearly
continuous tree sapﬂow measurements as well as plant and soil
moisture were monitored in two mid-rotation loblolly pine plantations and two natural stands. These data along with direct estimates of tree resistance to drought-induced cavitation were used
to examine the temporal variability of soil water content and
canopy conductance. The ﬁeld data were also used to parameterize
a hydraulic model to compare tree transpiration rates and the resilience of natural versus plantation stands to extreme soil drying.
Speciﬁcally, our objectives were to determine (1) the relationship
between Ktree and stomatal regulations and if it differs among species and sites; (2) if stand type, through differential resistance to
cavitation, water use and rooting proﬁles affects whole stand resilience to summer droughts; (3) if the inﬂuence of stand species
composition on critical transpiration sets a functional water uptake
limit under drought conditions (Kolb and Sperry, 1999).
2. Setting and material
2.1. Coastal sites
The forested wetland study site is located at the Alligator River
National Wildlife Refuge (ARNWR), on the Albemarle–Pamlico
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Table 1
Selected stand characteristics for the coastal and Piedmont sites, which are all located
in North Carolina as well as key parameter values for the hydraulic model (Sperry
et al., 1998). Precipitation represents the mean annual precipitation between 1945
and 2010. Saturated soil hydraulic conductance (Ksoil), the soil texture coefﬁcient (c,
Eq. (3)), hs and hw are given for the ﬁrst 50 cm of soil. Saturated whole tree hydraulic
conductance (Ktree) corresponds to the tree hydraulic capacity at full saturation i.e. in
the absence of xylem cavitation. Root and branch P50 indicates the water potential at
which 50% of the root or branch conductance is lost due to cavitation. Reference
stomatal conductance (Gs-ref) represents the stomatal conductance at a vapor
pressure deﬁcit (VPD) of 1 kPa (Oren et al., 1999), analyzed based on Gs = Gsref  m  ln VPD, where m is the sensitivity of Gs to VPD. Root to leaf area index (RAI/
LAI) represents the ratio of all-sided ﬁne root area to effective leaf area index. Note
that although LAI represents projected leaf area index, RAI/LAI, Ktree and Gs-ref are
expressed on an all sided-leaf-area for the plantations reﬂecting the fact that loblolly
pine needles have stomata on all surfaces.
Coastal

Precipitations (mm yr1)
Tree density (tree ha1)
Stand age (years)
Tree height (m)
Leaf area index (projected)
RAI/LAI
Clay (%)
Sand (%)
Soil bulk density (g cm3)
Saturated Ksoil
(mol s1 m1 MPa1)
c
Saturated soil water
content (hs, m3 m3)
Permanent wilting point
(hw, m3 m3)
Saturated Ktree
(mmol s1 m2 MPa1)
Root P50 (MPa)
Branch P50 (MPa)
Gs-ref (mmol m2 s1)
Gs sensitivity to VPD
(mmol m2 s1 ln kPa1)

Piedmont

Natural

Plantation

Natural

Plantation

1380
3949
90–145
29–36
0.9–4.0
3.8
7–9
46–53
0.5–0.7
751–856

1290
645
18
17–19
3.0–4.4
1.6
4–5.5
59–68
0.91–0.99
396–436

1145
850
85–105
25–35
0.3–6.0
2.7
13–16
44–49
1.14–1.19
33–42

1145
1013
26
19–21
2.0–3.5
1.3
12.5–13.4
52–57
1.17–1.24
16–24

4.0
0.59

3.7
0.52

3.8
0.55

4.5
0.53

0.07

0.08

0.10

0.13

0.31–0.84

0.87

0.36–1.36

0.75

0.2–0.75
1.9–3.7
30–85
10–62

0.85
4.1
63
35

0.5–1.0
2.5–4.8
22–115
15–80

1.1
4.5
54
36

Peninsula of North Carolina, USA (35°470 N, 75°540 W). This research
site was established in November 2008, and includes a 35-m
instrumented tower for eddy covariance ﬂux measurements, a
micrometeorological station, and 13 vegetation plots spread over
a 4 km2 area (Miao et al., 2013). The mean annual temperature
and precipitation from climate records of an adjacent meteorological station (Manteo AP, 35°550 N, 75°420 W) for the period 1981–
2010, are 16.9 °C and 1270 mm, respectively (Table 1). The forest
type is mixed hardwood swamp forest; the overstory is predominantly composed of black gum (Nyssa sylvatica) that represents
39% of the basal area and an even mix of red maple (Acer rubrum),
bald cypress (Taxodium distichum) and loblolly pine. We occasionally found swamp tupelo (Nyssa biﬂora) and white cedar
(Chamaecyparis thyoides) that represents less than 18% of the total
tree basal area (Radecki, 2014). The understory is predominantly
fetterbush (Lyonia lucida), bitter gallberry (Ilex glabra), and red
bay (Persea borbonia). The canopy of this site is fairly uniform with
heights ranging from 16 m to 21 m, and with leaf area index peaking at 4.0 ± 0.3 in early July from a minimum of 1.3 ± 0.3 during the
non-growing season (from early November to late March). The
major soil series are poorly drained Pungo and Belhaven mucks.
Dry soil bulk density was estimated at 0.07–0.10 g cm3 when soil
samples were taken during unﬂooded conditions (Table 1).
The Coastal Plain plantation site (35°110 N, 76°110 W) is located
within the lower coastal plain mixed forest province of North
Carolina (Noormets et al., 2010, 2012; Sun et al., 2010). This
100-ha mid-rotation loblolly pine stand (US-NC2 in the
Ameriﬂux database) was established in 1992 with 2-year-old half

sibling seedlings after clear-cutting the previous mature pine plantation. The pine plantation watersheds are drained with a network
of parallel ditches (90–130 cm deep; 90 m spacing) and more
widely spaced roadside canals. Drainage lowers the height of the
water table, improves site access and tree productivity by reducing
stresses caused by excessive soil water conditions, especially during winter months. The long-term (1945–2010) average annual
precipitation was 1290 ± 199 mm, and was evenly distributed
throughout the year (Table 1). Long term mean annual temperature averaged 15.5 °C, with a monthly high temperature occurring
in July (26.6 °C), and a monthly low occurring in January (6.4 °C).
The histic-mineral soil at this site is classiﬁed as Belhaven series.
The understory was primarily composed of young red maple (A.
rubrum) and other non-woody plants such as devil’s walking stick
(Aralia spinosa), pokeweed (Phytolacca americana), beautyberry
(Callicarpa americana), giant cane (Arundinaria macrosperma) and
meadow grass (Poa spp.) (Domec et al., 2010a).
2.2. Piedmont sites
The Piedmont natural study site (35°970 N, 79°080 W) is the Duke
Hardwood Ameriﬂux site (US-Dk2 in the Ameriﬂux database)
located in the Blackwood Division of Duke Forest, NC. This natural
forest stand is comprised of mixed hardwood species with a maximum age near 110 years (Pataki and Oren, 2003; Palmroth et al.,
2005; Oishi et al., 2008). Mean canopy height is 27 m with emergent crown tops extending above 38 m. This 25-ha stand is dominated by hickories (Carya tomentosa and Carya glabra), yellow
poplar (Liriodendron tulipifera), sweetgum (Liquidambar styraciﬂua),
and oaks (Quercus alba, Q. michauxii and Q. phellos). Species in the
mid- and under-story extend to 12 and 7 m, respectively, and
include Carpinus caroliniana, Ulmus alata, A. rubrum, Cercis
canadensis and Cornus ﬂorida, while coniferous species (including
P. taeda and Juniperus virginiana) make up a minor component of
the over- and understory, respectively. Long-term (1945–2010)
mean annual precipitation for the area is 1149 ± 166 mm, with
630 ± 133 mm falling between April and September (www.ncdc.
noaa.gov). Annual mean temperatures range from 21.9 °C to
9.1 °C during the growing and non-growing seasons, respectively.
The soil is a gravely loam of the Iredell series and the topography
is relatively ﬂat with <4% slope. Although bedrock can be as shallow as 2 m (D. Richter, personal communication), a clay pan with
low hydraulic conductivity limits the majority of the rooting zone
to 45–65 cm (Stoy et al., 2005).
The adjacent Piedmont loblolly pine plantation site was part of
the Duke FACE Project (http://face.env.duke.edu). The experimental site was clear-cut in 1982 to remove a 50-year-old mixed pine
forest, and replanted in 1983. This 32-ha experimental forest of
loblolly pine was derived from 3-year-old, half-sibling seedlings
planted in 2.4 m  2.4 m spacing. The mean annual temperature
is 15.8 ± 0.7 °C and the growing season mean temperature is
22.1 ± 01.2 °C. The long-term (1945–2010) average annual precipitation was 1145 ± 112 mm, and was evenly distributed throughout the year (Table 1). Moderate and severe droughts are not
infrequent in those Piedmont sites, with at least three in the past
ten years. However, even during relatively wet growing seasons,
warm temperatures, high atmospheric demand for water, and
intermittent precipitation can lower extractable soil water into a
range that limits transpiration for approximately 14 days (Oishi
et al., 2010).
2.3. Root sampling
Root biomass proﬁles at both plantations were taken from
Pritchard et al. (2008), Jackson et al. (2009) for the Piedmont site
and from Domec et al. (2010a) for the coastal site. Published data
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for the Piedmont plantation site were only collected for the top
40 cm of the soil proﬁle, and at that site no information on maximum rooting depth was available. A linear regression applied to
the data of Pritchard et al. (2008) was used to predict that the
depth at which root biomass decreased to zero was approximately
62 cm. This estimated maximum rooting depth was in agreement
with previous assessment of root biomass at the same site when
the trees were seven years younger (Matamala and Schlesinger,
2000). In addition, visual assessment of root biomass was done
in October 2010 by digging two 1.0-m-deep, 0.5  1.5 m soil pits
with a mechanical back-hoe. These pits revealed that although
the tap roots stopped at 80 cm, very few ﬁne roots were present
between 60 cm and that depth. At the coastal wetland site, roots
were sampled on four dates in June 2009 using a circular soil corer
with a 10-cm inside diameter to extract one 40-cm-deep core from
four random locations. Although this method to estimate root biomass differ from the one used at the other stands, in well mixed
soils with no rocks and shallow root layers like those from this
wetland site, soil cores have been shown to estimate accurately
soil properties and biomass (Ellert et al., 2008; Harrison et al.,
2003). To further improve the representativeness of the roots sampled, we collected soil cores on tree mounds and between the trees
because it is important to comprehensively sample microtopography when coring wetland soils (Iversen et al., 2011). The intact
humus and soil cores were divided into four layers by depth: 0–
10 cm (humus layer), 10–20 cm, 20–30 cm 30–40 cm. A previous
visual assessment revealed that there was no visible roots below
45 cm. Soil samples were transported from the stand to the laboratory and stored at 15 °C until analysis. After thawing, the whole
sample was sieved under water through mesh with 1 mm size.
Fine roots with diameter less than 2 mm were manually picked
out and separated into dead and live ﬁne roots according to the
color of the cortex (Hertel and Leuschner, 2006). Finally, roots were
dried at 60 °C for 48 h and weighted. The ﬁne root biomass was
expressed as the oven dry weight per soil volume (g dm3). At
the Piedmont mixed hardwood site, to determine change in root
distribution and biomass we excavated four 1  1.5  1.4-m-deep,
pits in August–September 2012 and sampled roots every 10 cm to
a depth of 1.0 m and then every 20 cm to a depth of 1.6 m. We
sorted roots by diameter into three classes (<1, 1–2, >2 mm) and
determined the total dry mass of each size class. At both natural
stands, root area was calculated from the total dry mass and from
a linear relationship (R2 = 0.78, P < 0.01) between dry mass and
root area (speciﬁc root area) calculated from 80 randomly selected
roots.
2.4. Canopy conductance and its response to vapor pressure deﬁcit
Canopy conductance derived from sapﬂow measurements comprises the total water vapor transfer conductance from the ’average’ stomata of the tree canopy to the measurement height of
vapor pressure deﬁcit (VPD), which includes both surface
boundary-layer and stomatal components. At the four sites, sapﬂow was measured at breast height using 20 mm length, thermal
dissipation probes. The sensor signal was converted to sap ﬂux
density (Js, g m2 s1) according to Granier (1987) assuming that
natural temperature gradients between sensors are small and
accounted for the effects of non-zero night-time ﬂuxes on the signal baseline (Oishi et al., 2008). Probes were installed at 20 mm
depth intervals to the maximum depth of active sapwood (up to
60 mm in some species) to account for radial variability in ﬂow
rates. While sensors were not replaced systematically on a regular
interval, sensor breakages led to frequent replacements and the
average sensor longevity was about 12 months.
At both managed stands, sapﬂow measurements were made on
a minimum of seven pine trees (Domec et al., 2009a; Oishi et al.,
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2008). At the forested wetland, 24 trees representing four different
species (N. sylvatica, T. distichum, A. rubra and P. taeda) were measured. Those species accounted for more than 78% of the total basal
area (Radecki, 2014). At the Piedmont site ﬁve trees each of C.
tomentosa, Q. alba, Q. michauxii, Q. phellos, L. tulipifera and L. styraciﬂua were measured for a total of 42 sensors deployed in the thirty
sample trees. All Carya species were assumed to behave like C.
tomentosa. Those six species represented 82% of the stand basal
area (Oishi et al., 2010). Thirty-minute averages of temperature difference data were computed and stored in data loggers (Campbell
Scientiﬁc Inc., Logan, UT, USA). Using tree sapwood area, stand LAI
and stand tree density (Table 1), Js was scaled and converted to a
tree-scale average transpiration per unit leaf area (E, in
mmol m2 s1). At the Piedmont natural site, stand characteristics,
including LAI and sapwood area per unit ground area were taken in
a 6.25 ha area surrounding the eddy covariance tower (Oishi et al.,
2010). At the Piedmont loblolly pine plantation LAI and sapwood
area were determined from four 30-m diameter plots (control plots
of the Duke FACE Project). At both Coastal sites, LAI and sapwood
area were determined from 13 vegetation survey plots (14 m in
diameter) centered on the eddy covariance towers. The total sapwood area of the trees equipped with sapﬂow probes was estimated from the relationship between sapwood area (from
increment cores) and diameter at breast height. Sapwood depth
was determined by visual inspection of the core and converted to
sapwood area based on the area of a circle, subtracting the areas
represented by the heartwood and bark. Methods for generating
half-hourly estimates of E at the Piedmont sites are described in
Oishi et al. (2008, 2010), and at the Coastal wetland and plantation
sites in Radecki (2014) and Domec et al. (2010a), respectively.
Canopy stomatal conductance (Gs) was calculated from E and
VPD, using the simpliﬁcation of the inversion of Penman–
Monteith model (Ewers et al., 2000):

Gs ¼ ðRT a qEÞ=VPD

ð1Þ

where R is the universal gas constant adjusted for water vapor
(0.46 m3 kPa K1 kg1), Ta is air temperature in degrees K and q is
density of water (998 kg m3). This simpliﬁed calculation was sufﬁcient because in all treatments VPD was close to the leaf-to-air
vapor pressure deﬁcit due to high boundary-layer conductance
(Oishi et al., 2008; Ward et al., 2013; Domec et al., 2009a).
Oren et al. (1999) showed that under saturated light, the
decrease in Gs with increasing VPD is proportional to Gs at low
VPD. Therefore, the sensitivity of the stomatal response to VPD
when the photosynthetically active radiation was above
800 mmol m2 s1 (light-saturated Gs) was determined by ﬁtting
the data to the functional form:

Gs ¼ b  m  lnðVPDÞ

ð2Þ

where b is Gs at VPD = 1 kPa (hereafter designated as reference
canopy stomatal conductance, Gs-ref), and m is the rate of stomatal
closure and reﬂects the sensitivity of Gs to D (dGs/dln VPD, in
mmol m2 s1 ln(kPa)1). The slope, dGs/dln VPD is proportional
to Gs-ref with the proportionality averaging 0.60 across a wide range
of species, and varying predictably depending on the range of VPD
used in the analysis (Oren et al., 1999; Ward et al., 2013). The stomatal sensitivity to VPD does not vary whether gs (leaf-based) or Gs
(canopy-based) is used (Kim et al., 2008; Domec et al., 2009a).
2.5. Hydraulic parameters
To analyze the effect of the whole tree hydraulic conductance
(Ktree) on stomatal conductance, Ktree was calculated from the slope
of the relationship between diurnal variation in leaf water potential and tree transpiration (Loustau and Granier, 1993). Changes
in leaf water potentials (Wl) from dawn to mid-afternoon were
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quantiﬁed with a pressure chamber (PMS, Albany, OR, USA) on six
to eight leaves collected from each tree equipped with sapﬂow
sensors.
Cavitation vulnerability curves were determined using the air
injection technique (Cochard et al., 1992) on six roots (2.5–
4.0 mm in diameter) and ﬁve to six branches (8–12 mm in diameter) collected in February–March 2010 at the Piedmont natural forest site and in February–March 2013 at coastal natural forest site.
Cavitation parameters for Q. alba (white oak) and Quercus velutina
(black oak) were taken from Maherali et al. (2004). At both managed forest plantations, plant vulnerability curves were taken from
Domec et al. (2010a, 2012b).
2.6. Model application to estimate water use under extreme drought
We used the hydraulic transport model developed by Sperry
et al. (1998) to estimate values of maximum tree transpiration
(E) that would have occurred under soil drying. This model has previously been parameterized and performed well for estimating
water use for the coastal (Domec et al., 2010a) and the Piedmont
plantations (Hacke et al., 2000). The model also calculates the
upper boundary for steady-state water transport as a function of
soil water potential (Ws) that represents the plant’s ‘water use
envelope’ (termed critical transpiration). Once E exceeds the critical transpiration, water uptake terminates due to irreversible
hydraulic dysfunction caused by embolism in the soil-leaf hydraulic pathway (Sperry et al., 2002). From the hydraulic properties of
soil and xylem, the model solves the relationship between steady
state E and the driving force in the soil plant continuum (E = Ktree
(Ws  Wl)), where Ws  Wl represents the water potential difference between soil and leaf. The drop in water potential in the continuum is used to calculate the reduction in Ktree from the
rhizosphere drying, root and stem cavitation, and to determine E.
The root components were assumed to comprise 50% of Ktree and
shoots and leaves were assumed to represent the other 50%
(Sperry et al., 1998; Domec et al., 2009a). We used the same ﬁtting
parameters for axial and lateral components within the root and
shoot systems. We parameterized the model to simulate Ktree and
transpiration rates using Ws predicted during drought. The
water-potential-dependent decrease in rhizosphere conductance
was calculated from soil conductivity (Ks), soil texture and Ws
assuming a cylindrical rhizosphere sheath of 5-mm thickness from
bulk soil to root surface (for details, see Sperry et al., 1998). The initial saturated Ktree and Ks values as well as the main input parameters of the model are presented in Table 1. For the coastal natural
site, soil parameters were taken from Caldwell (2005) and Caldwell
et al. (2007). For the coastal plantation soil data were taken from
Domec et al. (2010a). For the Piedmont sites, data were taken from
Oren et al. (1998), Hacke et al. (2000) and Thompson et al. (2010).
Rhizosphere conductance was converted to a ground area basis
using the measured all-sided ﬁne root area index (RAI). Soil water
potential was calculated from Campbell (1985) as:

Ws ¼ We ðh=hs Þc

ð3Þ

where We is the soil water potential at air entry, hs is the saturated
volumetric water content and the exponent c is related to soil texture (Table 1). We started our simulation with a soil at hs and each
day h was reduced in response to tree water use. Simulation
stopped when soil water content reached the permanent minimum
wilting point (hw). Physiological input parameters for the natural
forests were calculated as the mean value of each tree species
weighted according to their proportion of the stand leaf area as
determined by Oishi et al. (2008) and Radecki (2014) for the piedmont and coastal site, respectively. To compare across sites and to
erase the inﬂuence of soil texture on h, drought intensity is best

quantiﬁed in the form of relative extractable soil water (REW
dimensionless), and therefore h was converted to REW as deﬁned
by Granier et al. (2000):

REW ¼

h  hw
hs  hw

ð4Þ

2.7. Statistical analyses
Variance estimates of E and Gs were computed according to
Oren et al. (1998) to include the variances of Js and LAI and their
mutual dependency. Similarly, variance estimates of Ktree were also
computed using the variance estimate of E, and mean variance of
Wl. Variations in h, E and Gs-ref over the measurements period were
analyzed by repeated measures ANOVA. To assess the difference in
Gs-ref at each date within each site or between sites from the same
region, we used a two-way ANOVA with one repeated measure factor. For between-species comparisons of Gs-ref, dGs/dln VPD, Ktree
and hydraulic parameters from the vulnerability curves, ANOVAs
with post hoc Holm-Sidak comparisons were performed.
Additionally, linear regressions were performed to test for signiﬁcant relationships between Gs and ln VPD. An ANCOVA was performed to test for equal slopes for these relationships. The
water-potential-dependent decrease in xylem hydraulic conductance was calculated from a Weibull function ﬁt to the root or
branch vulnerability curve data. Statistical analyses were performed using SAS (Version 9.3, Cary, NC, USA) and curve ﬁts were
performed using Sigmaplot (version 12.3, SPSS Inc. San Rafael, CA,
USA).
3. Results
3.1. Canopy conductance and its response to VPD
The two study periods with soil moisture and sapﬂow data
included wet growing seasons (e.g., 2003–2004 and 2009–2010
for the Piedmont and coastal sites, respectively) as well as dry
growing seasons (e.g., 2002 and 2008). The Piedmont sites experienced an extreme drought during the 2002 growing season, with a
mean annual precipitation of only 945 mm, which was 71% of the
30-year mean for the area (Fig. 1). Consequently, at these sites, soil
water content of the top soil (0–45 cm) reached 0.12 m3 m3 for
several months and mean daily VPD ranged from 0.6 to 0.8 kPa.
At the coastal sites, 2008 was also a very dry year with 890 mm
of rainfall representing 65% of the 30-year mean. Seasonal ﬂuctuations in transpiration per unit leaf area (E) and reference
canopy-averaged stomatal conductance (at VPD = 1 kPa, Gs-ref)
were different in years with wet versus dry growing seasons. The
general trend for both P. taeda plantations was a sharp decrease
in E and Gs-ref during drought (P < 0.016). At both sites, Gs-ref was
higher when soil water content was not limiting and decreased
by more than 35% (from 51 to 32 mmol m2 s1 at the Piedmont
site and from 62 to 40 mmol m2 s1 at the coastal site) when minimum soil water content was reached (Fig. 1). For the unmanaged
stands, primarily composed of deciduous species, little transpiration occurred in the ﬁrst quarter of each year, so we omitted the
Gs-ref values from further analyses. At the Piedmont natural stand,
Gs-ref did not decline by more than 20% during the dry periods.
However, at the coastal site, changes in water table strongly
affected Gs-ref with declines ranging from 45% for N. sylvatica to
only 14% for P. taeda.
The sensitivity of Gs to VPD (dGs/dln VPD) was linearly related
to Gs-ref (P < 0.001; Fig. 2). Stomatal conductance declined in
response to increasing VPD, and the magnitude of the reduction
varied over the measurement period as shown by the decline in
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Gs-ref. The slope of the relationship between Gs and the sensitivity
of the Gs to VPD (0.57 ± 0.08) was not signiﬁcantly different
(P = 0.29) than the previously reported generic value of 0.60
based on a hydraulic model that assumes tight stomatal regulation
of leaf water potential (Oren et al., 1999). Across species, Gs-ref and
the sensitivity of Gs to VPD were very responsive to Ktree, and
showed a general pattern between sites and management practices
(i.e., natural versus plantation). The Gs-ref of all species at all locations and both measurement periods increased proportionally with
Ktree (Fig. 2). There was no difference in the relationship between
Gs-ref and Ktree for trees growing in the natural stands (P = 0.56)
and in the plantations. Overall, as Ktree increased by 50% from minimum, Gs-ref increased by 42% to 47% (Fig. 2). Species differences
were apparent in Ktree, with higher values in N. sylvatica at the
coastal site and in L. tulipifera and Carya tomentosa at the
Piedmont site.
Based on P50 values (the water potential at which 50% of
hydraulic conductance is lost), branches from almost all species
growing in the natural stands were more vulnerable (P = 0.03) to
cavitation than the branches from the pine plantations at both
locations (Fig. 3). This was opposite for roots, where roots from

the plantations were more vulnerable (P < 0.01) than roots from
natural stands. For branches, values of P50 at the coastal site ranged
from –1.4 MPa in N. sylvatica to 3.0 MPa in P. taeda. Conversely,
root P50 ranged from 0.70 MPa for P. taeda to 1.30 MPa in N. sylvatica. At the Piedmont sites, P50 of branches varied from 1.5 MPa
in Q. velutina to 3.8 MPa in P. taeda and L. tulipifera. For roots, L.
styraciﬂua and P. taeda have the least negative P50 values of around
0.95 MPa and L. tulipifera the most negative at –2.1 MPa.
3.2. Root biomass and root to leaf area index
Root biomass decreased exponentially in the plantations at both
coastal and Piedmont locations (Fig. 4). At the coastal natural forest, we observed a dense network of shallow lateral roots growing
at 10–40 cm depth connected to sinker roots. At the Piedmont natural hardwood forest, a dimorphic root proﬁle was evident represented by a shallow and a deep system of lateral roots. Total ﬁne
root biomass at the managed Piedmont and coastal sites was 25–
30% lower than at the natural forests. Root to leaf area index was
lower at both pine plantations with on average 1.45 m2 of root area
for each square meter of transpiring leaf surface (Table 1). Trees in
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transpiration and whole-tree hydraulic conductance below 0.25
REW for both plantations and below 0.15 REW for the natural forests (Figs. 6 and A2). Consequently, at the onset of drought
(REW = 0.2), transpiration was predicted to decrease by less than
10% in both natural stands and by more than 20% in both plantations (Fig. 6).
Our modelling outputs suggested that at the coastal sites, maximum E could be maintained for 60–80 days without any rain
events (Fig. 7), and that it would take about 100–105 days to
deplete the soil water storage enough to reach 0.2 REW, and to
start having a signiﬁcant negative impacts on E (up arrows in
Fig. 7). In the Piedmont region, there was a large difference
between stand types on the impact of continuous soil drying on
the number of days required to see a signiﬁcant drop in E. For
the plantation, it would take only 50 days to the start of a decline
in E and 90 days to deplete the soil enough to reach 0.2 REW,
inducing a signiﬁcant (more than 20%) reduction effect in E
(Fig. 7). The unmanaged stand, on the other hand, is expected to
hold its maximum E for more than 100 days, and no signiﬁcant
decrease in E would be noticeable before 150 days, or when REW
would reach 0.2.
The critical transpiration rate (Ecrit), which corresponds to the
maximum rate at which transpiration begins to level off or even
decline to prevent irreversible hydraulic failure, was higher in pine
plantations than their unmanaged counterparts (Fig. 8). However,
even with this higher Ecrit, the pine plantations operated with a
smaller safety margin between soil water potential and critical
transpiration rates, suggesting that pine plantations can withstand
less severe drought than natural stands. There were large differences between E/Ecrit ratios in natural and plantation forests at
the onset of drought (0.2 REW) at both locations, with ratios of
0.65–0.7 for the natural stands and ratios of 0.80–0.85 for the pine
plantations, respectively. This smaller difference between E and
Ecrit in plantations indicated that P. taeda functioned very close to
their critical leaf water potentials corresponding to their permissible water potentials without total hydraulic failure.

4. Discussion
the natural sites required more than twice as much root area per
unit leaf area compared to the plantation sites. For each stand type,
root to leaf area index was 30% higher at the coastal location than
the Piedmont one.
3.3. Effects of soil drying on tree transpiration and tree resistance to
soil drying
The hydraulic model yielded reasonable estimates of
canopy-scale transpiration (Fig. A1). Reﬂecting substantial embolism of roots under drought, Ktree decreased with decreasing soil
water potential (Fig. 5). The largest modeled change of Ktree
occurred in L. styraciﬂua and in T. distichum at the Piedmont and
coastal sites, respectively (data not shown). The decrease in daily
E was mainly explained by the change in Ktree, which followed a
non-linear response. However, in both natural forests, Ktree
remained at its maximum value for soil water potentials above
0.3 MPa, corresponding to a REW ranging from 1 to less than
0.2 (ﬁlled arrows in Figs. 5 and 6). The decline in Ktree was greater
in both pine plantations with trees experiencing more than 50%
loss of tree conductance over the range of ﬁeld water potentials
(dashed arrows in Fig. 5). Natural forests did not start losing Ktree
before 0.2 REW (Fig. 6). As a consequence, averaged over all species, transpiration of trees growing in both natural forests declined
by 40–50% at soil REW = 0.05 and by 60–75% in both pine plantations (Figs. 5 and 6). There was a sharp linear decrease in

4.1. Plant resistance to soil drying
As ecosystem management in some regions is attempting to
restore speciﬁc forest services, the need for an understanding of
how previous species shifts may have changed tree response to
future climate is vital. Although we have to be careful with generalizing the ﬁndings from the two regions studied, which represent
only one natural site in the coastal and Piedmont regions, we
demonstrated that the inﬂuence of stand species composition on
critical transpiration sets a functional water uptake limit that can
be reached under drought conditions. Our results showed that
plantations operated with a small safety margin from total hydraulic failure, suggesting that pine plantations are more
drought-sensitive and can withstand less severe drought than natural forests.
The latest climate change scenario projections for US southeast
predict that by 2100, total rainfall is expected to increase by up to
15% of current annual precipitation (IPCC, 2013). However, and
more importantly, it is also projected that summer precipitation
will be slightly reduced (5–10%) and above all, the maximum number of consecutive dry summer days is predicted to increase
because of an increase in the frequency of heavy spring precipitation (IPCC, 2013). Such patterns are already evident during the last
15 years, where the very dry periods (e.g., 2002–2003 and 2007–
2008) did not correspond to the lowest total rainfalls, but
mid-summer and early fall drought was prolonged (Karl et al.,
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2009; Seager et al., 2009). Thus, the impact of drought on the forest
was greatest toward the end of the growing season when VPD was
at its highest, and soil water content was at its lowest. Future precipitation variability could be particularly important because
extended droughts have much more drastic consequences on tree
performance and survival than gradual changes in climate conditions (Loustau et al., 2005; Martínez-Vilalta et al., 2008).

4.2. Root and leaf areas
Fine roots were more abundant at shallow depths (0–30 cm) for
all sites, especially in the coastal forested wetland site, where more
than half of the total root biomass lied in the top 10 cm of soil.
There are few published root area values for forested wetland
ecosystems for comparison, but root biomass reported here are
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(Fig. 4; Table 1). Higher RAI/LAI in the natural forests had important implications for root water uptake since it affected the relative
importance of soil versus plant limitations on water uptake by limiting the drop in conductance at the soil-root interface and maintaining proportionally higher transpiration rates as soils dried
(Hacke et al., 2000; Ewers et al., 2000). Due to the creation of large
soil-to-root water potential gradients, low RAI/LAI in both plantations caused a rapid loss of rhizosphere hydraulic conductance,
which impacted negatively the sensitivity of whole-tree conductance to soil drying (Figs. 5 and A2).
In conifer plantations that maintain leaves for multiple growing
seasons, long-term water stress could also impose further challenges if leaf area was reduced during the drought event (Bréda
et al., 2006), because of the increased carbon allocation required
to replace lost leaf area. In natural forests, drought-induced
decreases in leaf area will increase the proportion of water transport tissues relative to leaves, which will improve tree water
uptake (Pataki et al., 1998). However at the extreme end and if
the drought will not be sufﬁciently long for the trees to adjust, then
leaf area may become too low and reduce carbon assimilation
(McNulty et al., 2014).

4.3. The role of root versus branches cavitation resistance
within the range of values reported within a South Carolina ﬂoodplain forest (Baker et al., 2001; Rodgers et al., 2004)). Root system
sensitivity to anoxic soil environments is a commonly cited reason
for shallow root systems in saturated soil conditions. At the
Piedmont sites, the soil proﬁle is dominated by a clay pan at a
depth of ca. 50–60 cm that is almost impenetrable by the P. taeda
ﬁne roots (Oren et al., 1998; Stoy et al., 2005). As a consequence
of their shallow rooting depth, the Piedmont pine plantation
reduced stomatal conductance and transpiration rates to a third
of their maximum just after 90 days without precipitation
(Fig. 7). Trees in the natural forests produced twice as much root
area per unit transpiring leaf area (RAI/LAI) compared to the plantations with RAI contributing to about one-third of this difference
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However, we did not expect P. taeda to bear roots less resistant to
embolism than almost any of the deciduous species. Root vulnerability curves of Acer rubrum and N. sylvatica growing at the coastal
site did not support the hypothesis that species occurring on wetter sites would exhibit higher vulnerability to xylem cavitation.
Although this result is not unprecedented (Cochard and Tyree,
1990; Cavender-Bares and Holbrook, 2001), it emphasizes that
the current understanding of species cavitation resistance along a
soil moisture gradient is still limited.
4.4. Stomatal regulation and transpiration in response to soil water
availability
The results of this study also showed that across the contrasting
systems, species with large reference stomatal conductance (Gs-ref)
possessed an efﬁcient plant hydraulic system, and the decline in
Gs-ref was strongly related to the decline in Ktree indicative of a
hydraulic effect on stomata regulation. Thus, Ktree acted in concert
with stomata to limit water loss under conditions of low soil water
content (Cochard et al., 2002; Meinzer, 2002). This stomatal closure would prevent Wl from declining to values that could provoke
embolism formation in stems where embolism reversal may not be
as efﬁcient as in roots (Meinzer and McCulloh, 2013). Many studies
have examined the changes in tree resistance related to drought
and variation in gas exchange and transpiration relationships
between Ktree and Gs (e.g., Hubbard et al., 2001; Meinzer, 2002;
Domec et al., 2009a), yet the causes of variation in Ktree are rarely
studied. Here we show that drought-induced differences in the
whole hydraulic apparatus of the soil plant system of all species
were largely a reﬂection of the loss of root conductivity over a wide
range of soil water potentials. Root cavitation limited wet season
tree water uptake (when REW was above 0.2%) by almost 50% in
both plantations. At all sites, the dependence of Ktree on root
hydraulic failure reﬂects that the short portion of the pathway
through the root constitutes 50–60% of whole plant hydraulic
resistance to water ﬂow, and that root hydraulic conductance
greatly declines with soil water content (Hacke et al., 2000;
Domec et al., 2009a). On average, trees from both natural forests
had roots less vulnerable to cavitation and had larger RAI/LAI compared to the planted trees, which explained their initial lower sensitivity of transpiration to soil drying and allowed them to extract a
higher proportion of water as soil dried. When soil was drier,
below 0.2 REW, soil resistance became a larger component of resistance, and the cavitation-induced decrease in root conductivity
had a smaller impact on whole tree resistance and transpiration
at all sites.
Our modelling results demonstrate a mechanism by which natural stands can withstand more severe drought than pine plantations, based on greater safety margins between soil water
potential and critical transpiration rates (Fig. 8). Regardless of the
soil type, plantations had a marginal safety factor suggesting that
they operated at xylem tensions closed to xylem tensions capable
of inducing total hydraulic dysfunction. This result is in disagreement with recent studies looking at inter-species resistance to
drought that predicted higher rates of hydraulic dysfunctions in
angiosperms as opposed to conifers (Choat et al., 2012) but is consistent with others showing that pines can be very vulnerable to
drought (Hacke et al., 2000; McDowell et al., 2013). Differences
in E and Ecrit between managed and natural stands can also be
explained by RAI/LAI and by differences in the species xylem structure. Ring porous species such as Quercus spp. and Carya spp. stop
earlywood growth earlier than pine and the diffuse porous species
such as L. styraciﬂua and L. tulipifera. In those species, the need for
higher safety margins could be related to the fact that Ktree is determined in a few weeks, and therefore cannot be modiﬁed before the
next growing season.
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4.5. Management issues
Shifting from monoculture to mixed-species stands has been
viewed as increasing the forest’s ability to deal with disturbances
(Forrester et al., 2005; Puettmann, 2011). Traditionally, the species
choice is typically driven by growth compatibility, e.g., a
shade-intolerant species that will overtop a shade-tolerant species
(Krämer and Hölscher, 2010). In Piedmont sites, the need to modify
current practices such as an increase in thinning activities to
reduce stand density and increase water and other resources available to the residual trees (Newton, 2009; Zhao et al., 2010) is advisable. This, in turn, will result in more vigorous trees and thus
higher ability to resist and recover from drought (McDowell
et al., 2009; Komatsu et al., 2014) and probably of damage or mortality from insects, diseases, and other agents (Desprez-Loustau
et al., 2006; Jactel et al., 2009). Additionally, the management of
tree density in natural systems relies on the balance between the
facilitation and competition processes necessary to provide optimal conditions for tree growth. If climate change results in lower
water availability, then it can be suggested to manage for lower
overstory densities to decrease competition for water, although
higher mature tree densities may be necessary to protect seedlings
from temperature extremes. Managing forests as more diverse systems (rather than monocultures) to increase ecosystem resilience
would add other criteria to these decisions (Linares et al., 2010).
One such criterion is whether or not the ‘‘added’’ species responds
differentially to drought and can decrease the forest’s vulnerability
to projected inter-annual variability in precipitations (McNulty
et al., 2014).
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