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ARTICLE INFO ABSTRACT

Keywords: The forest hydrologic cycle is expected to have important feedback responses to climate change, impacting
Canopy transpiration processes ranging from local water supply and primary productivity to global water and energy cycles. Here, we
EV&P‘?t"amPiraﬁon analyzed water budgets of pine forests worldwide. We first estimated local water balance of forests dominated by
Growing season two wide-ranging species: Pinus taeda (36 °N) and Pinus sylvestris (64 °N). In these stands, growing season eva-
Precipitation potranspiration (E;) was largely insensitive to inter-annual variation of precipitation (P), consistent with the

insensitivity of canopy transpiration to P. Extending the analyses to include published data from 117 studies on
27 pine species, we found that pine forests annually use ~66% *+ 17% (SD) of P as Er, regardless of climatic
regime, leaving a third of P as runoff to downstream aquatic ecosystems and users. However, during the growing
season, pine forests used more water as Ey than P in regions where P < 326 + 39 (SE) mm. Forests in regions of
low growing season P exist in their current state only where the rooting depth is sufficient to supply trees with
water from soil storage in addition to P, and these forests are likely to support only ephemeral streams that dry
down during the growing season. Thus, globally, water use by pine forests is adapted to mean annual P, but
shows a limited capacity to respond to inter-annual variability in P. Forests with a small buffer of growing season
water availability (P + soil water storage - Ey), are likely to be most sensitive to variation in P regimes, changing
canopy leaf area, tree density, and species composition depending on the degree, direction and persistence of the
change in P.

Water balance

1. Introduction canopy forests, overstory tree transpiration usually dominates Er since

limited energy is available below the canopy to evaporate soil water

Global climate change impacts on precipitation (P) and temperature
regimes may alter forest water budgets (Wullschleger and Hanson,
2006). Across the globe, plants greatly affect evapotranspiration (E7),
the total amount of water evaporated from terrestrial ecosystems to the
atmosphere, by regulating transpiration (Jasechko et al., 2013). Forest
evapotranspiration (Er) can be divided into four components: canopy
transpiration (Ec), transpiration from the understory vegetation, soil
evaporation and evaporation of precipitation intercepted by canopy
(Ic). Despite a number of studies reporting estimates of these compo-
nents, Ey partitioning into its sources is still uncertain. For example,
canopy wetness may dominate the above-canopy water flux, but the
degree to which E; and I contribute to Er is largely determined by
canopy openness and rainfall patterns (Barbour et al., 2005). In closed-

(Wullschleger et al., 1998). In open-canopy forests, however, large
contributions from the subcanopy components have been reported
(Unsworth et al., 2004; Barbour et al., 2005).

In the forest hydrologic cycle, incoming P is coarsely partitioned
into E7, outflow and additions to soil water storage. In areas where
incoming P includes appreciable amount of snowfall during the non-
growing season, melting snow may contribute to recharging soil water
in the early part of the growing season (if the soil was not already sa-
turated in the fall), but contributes little to E; and Er compared to
growing season rainfall. Because Er determines the amount of P that is
available for groundwater recharge and outflow to downstream eco-
systems and users, it is critical to understand how the different com-
ponents of Er contribute to its magnitude and variability. Because E¢ is
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often the major component of Er, inter-annual variation of Er reflects
the sensitivity of E¢ to weather changes, and may differ among forest
types at a given location. For instance, annual Er of a Pinus taeda (L.)
(loblolly pine) plantation has been shown to be sensitive to variation in
P, while such sensitivity was not observed at nearby broadleaved de-
ciduous stands (Phillips and Oren, 2001; Schéfer et al., 2002; Stoy et al.,
2006; Oishi et al., 2010; Ford et al., 2011). Similar results have been
inferred from water yield studies on intensively managed stands as
compared to unmanaged controls (Swank and Douglass, 1974; Komatsu
et al., 2008). It is likely that the greater demand for water to support
higher E¢ of these southern U.S. pine forests, compared to forests in the
higher latitudes, makes them more sensitive to variation in water
availability. Annual mean P is predicted to increase in high-latitude
regions and decrease in some mid-latitude and subtropical dry regions
(Stocker et al., 2013). Depending on the sensitivity of Ec, and thus Et to
environmental and climatic changes, variation of P may produce dis-
proportional effects on outflow from forests (Oishi et al., 2010), with
further implication for projected impacts on water and energy cycling.

The sensitivity of E¢ in pine forests to annual P (Stoy et al., 2006;
Ilvesniemi et al., 2010; Ford et al., 2011) reflects a sensitivity at finer
temporal scale of leaf area production and loss, and stomatal response
to soil moisture and vapor pressure deficit (Oren et al., 1998a,b; Oishi
et al., 2010). In years of high growing season P, soil moisture is typi-
cally high, and D is low (Oishi et al., 2010). Under such conditions, it is
easy for plants to extract soil moisture, and stomatal conductance is
high (Oren et al., 1999; Tor-ngern et al., 2017). However, low D and net
radiation reduce the driving force for evapotranspiration. In dry years,
D is high and soil moisture is low, meaning that high driving force must
operate against greater resistance to water uptake from the soil and
lower stomatal conductance. As a result, the inter-annual variation in
Ec may span a smaller relative range than those of P (Oishi et al., 2010)
as long as soil moisture can supply water in addition to the limited
precipitation.

Forests dominated by the genus Pinus are found over a wide range of
environments with contrasting growing season lengths and soil texture.
Species within this genus are also commonly and increasingly used in
plantations worldwide (Wear and Greis, 2012), due to their high carbon
uptake potential (Novick et al., 2015), which can lead to significant
alterations in the provisioning of other ecosystem services such as water
yield (Jackson et al., 2005). Therefore, investigating variations of water
fluxes from Pinus spp. forests at annual and growing season scales will
provide better information for assessing the likely responses of water
flux components to changing precipitation.

The main objective of this study was to investigate the sensitivity of
the hydrologic components of pine stands to variation in P, across la-
titudes, considering both growing season and annual variabilities. We
began with an intensive, site-level analyses of forest water balance and
its components in two sites representative of the most dominant pine
species worldwide: a mid-latitude Pinus taeda (L.) (North Carolina,
USA) and a high-latitude Pinus sylvestris (L.) (Northern Sweden), both
growing on sandy soil, for three growing seasons. The site of the latter
species included two levels of nutrient availability. Then, we combined
the new results from these stands with others from published studies to
evaluate the sensitivity of evaporative components to growing season
and annual P supplied to global pine forests.

2. Materials and methods
2.1. Site description

The study was conducted in pine forests of contrasting nutrient
availability and climate zones (for detailed stand characteristics see
Supplementary Material Table S1). The Pinus taeda plantation (PT) in
North Carolina, USA (36" 20'N 79° 28’W) was established in 1965,
thinned in 1983, and harvested in 2006. The broadleaf understory was
sparse, comprising 2% of stand basal area (Uebelherr, 2008). The soil
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was well-drained sand (Johnson et al., 1995) with average bulk density
and porosity (in the top 60 cm) of 1500 kg m ™2 and 0.43, respectively.
Long-term (30-year) average annual temperature and total precipita-
tion were 15.4°C and 1189 mm (year 1983-2012; www.ncdc.noaa.
gov). The growing season usually covers the months of April to Sep-
tember (Stoy et al., 2006).

The Pinus sylvestris (PS) forests in Rosinedal, Sweden (64° 10'N, 19°
45’E) were regenerated with seed trees in 1920-1925, pre-commer-
cially thinned in 1955 and thinned in 1976 and 1993, respectively.
These forests have been used for a long-term fertilization experiment
with control and fertilized stands located ~2km apart. Fertilizer of
100 kg N ha~ ! yr~! was applied to the fertilized site from 2006 to 2011
and a reduced rate of 50 kg Nha™? yr~! has been used afterwards (Lim
et al., 2015). The understory of both stands is characterized by a field
layer of dwarf shrubs and a ground layer of mosses and lichens
(Hasselquist et al., 2012; Palmroth et al., 2014). Both stands share si-
milar soil texture of well-drained, deep sandy sediment with bulk
density and porosity (in the top 10 cm) of 1230 kgm_3 (Giesler et al.,
1996) and 0.49 (Lundmark and Jansson, 2009). The 30-year mean
annual temperature and precipitation (1981-2010), measured at the
Svartberget field station (8 km from the control PS site), were 1.8 °C and
614 mm, respectively (Laudon et al., 2013). The growing season months
usually range from May to October (Laudon and Ottosson-Lofvenius,
2016). Further information on the sites and stand is provided in Tor-
ngern et al. (2017).

2.2. Environmental measurements

In the PT stand, air temperature (T,, "C) and relative humidity (RH,
%) (HMP35C probes, Campbell Scientific, Logan, UT, USA), photo-
synthetically active radiation (PAR, umolm?s'; LI-190, Li-Cor
BioSciences, Lincoln, NE, USA), latent heat flux (LE, Wm™2; eddy
covariance system CSAT3, Campbell Scientific, Logan, UT, USA and
IRGA, LI-7500, Li-Cor, Lincoln, NE, USA) and precipitation (P, mm; TE-
525M, Texas Electronics, Dallas, TX, USA) were measured above the
forest canopy. More details on the eddy covariance measurements are
provided in Manoli et al. (2016). Sap flux measurement was conducted
on 24 trees from May 2003 to August 2005 and data were used to es-
timating canopy transpiration of PT (Tor-ngern et al., 2017). Volu-
metric soil moisture across the topmost 30 cm layer of the mineral soil
(60-30em, M>m %) was measured using a 30 cm long probe installed
vertically (CS615 Campbell Scientific, Logan, UT, USA) at four loca-
tions. All sensors were connected to a data logger (CR23X, Campbell
Scientific, Logan, UT, USA) which stored 30-minute mean (and sum in
case of P) values from January 2003 to December 2005. Throughfall
(P, mm) was collected biweekly using 10 rain gauges (Productive Al-
ternatives, Fergus Falls, MN, USA) with a collection diameter of 0.1 m
and accuracy of 0.2 mm (Schifer et al., 2002). Sapwood area (As, m?)
was estimated from stem discs taken at breast height from the harvest in
2006. Hemi-surface leaf area index (L) was estimated from monthly
measurements (LAI-2000, Li-Cor BioSciences, Lincoln, NE, USA) per-
formed at 20 locations each along two perpendicular transects. We used
a factor of 0.5 to convert the hemi-surface L to projected L and a cor-
rection factor of 0.59 (Thérézien et al., 2007) to account for foliage
clumping (Stenberg, 1996). During the three study years, growing
season average L of PT was 1.6 *+ 0.32 SD, similar to the annual mean
of 1.76 + 0.04.

In Sweden, T, and RH (HC2-S3 and MP-101A, Rotronic AG,
Switzerland) were measured at 1.5m above ground, below forest ca-
nopies, in both PS sites. These data were used to represent those above
the canopy because of strong coupling between the canopy and the
atmosphere and small gradient of vapor pressure deficit throughout the
canopy depth in forests with low L (Ewers et al., 2000). PAR was
measured above the unfertilized PS canopy (LI-190SA, Li-Cor Inc.,
Lincoln, USA). LE was derived from eddy-covariance measurements
(R3, Gill Instruments Ltd., Lymington, UK and LI-7200, Li-Cor Inc.,
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Lincoln, USA) above the canopies of both PS sites (Jocher et al., 2017),
and P was measured with a tipping bucket (ARG100, Campbell Sci,
Logan, UT, USA) at the top of the fertilized PS canopy. In each site, six
trees were selected for sap flux measurement from July 2011 to October
2013 and data were used to calculate canopy transpiration, with ad-
ditional trees added in shorter-term campaigns (Tor-ngern et al., 2017).
In each of the PS sites, O was measured using a 5cm long probe (810
15 emy SM300, Delta-T devices Ltd., Cambridge, UK) installed at a depth
of 15 to 20 cm, at one location near the eddy covariance tower, oper-
ating continuously from July 2011, and six other locations distributed
around the sap-flux trees, taking measurements from June to September
2013. To obtain 01455 m at the plot level, we employed the relationship
between the long- (near tower) and short- (near sap-flux trees) term
data during June-September 2013 (? = 0.85) to adjust values from the
continuous measurement. All sensors were connected to a data logger
(CR10X, Campbell Scientific, Logan, UT, USA) which stored 30-minute
mean values. Py was manually collected biweekly from nine collectors,
with collection area of 0.5 m?, each in the PS sites. Ag and L were es-
timated from allometric equations, with annual production and litter-
fall for L, derived from six harvest trees in 2011 each in the PS stands
(Lim et al., 2015). The average L during the growing season of the study
period was 2.5 = 0.36 and 3.1 + 0.32 for control and fertilized PS
sites, changing little because of longer leaf longevity (> 3 years) than
PT (~1.5 years).

At all sites, the growing season was delineated beginning the day
after daily mean temperature exceeded + 5°C for five consecutive
days, and lasted until it dropped below + 5 °C for five consecutive days
(Mékeld et al., 2006). Consequently, the average growing season period
during three study years was approximately March - November in PT
and May - September in PS sites. To facilitate the cross-site comparison,
soil moisture was represented by Relative Extractable Water (REW)
calculated as (Granier et al., 2000)

0 — 6
eFC_em

REW =
€y}

where 6,, is minimum volumetric soil water and 8¢ is the soil water at
field capacity with average value of 0.15 + 0.02m>m ™2 for PS sites,
close to the regional estimate of 0.155m®>m ™ for sandy soil (Kitterer
et al., 2006). For PT site, where no measurement of 8- was available,
we used maximum volumetric soil moisture during the study period as
Orc for the REW calculation, after verifying that it was not different
from the soil moisture value during periods in winter when soil
moisture stabilized between rain events (p = 0.23). Vapor pressure
deficit (D) was calculated from T, and RH (Abtew and Melesse, 2013).
Daylength-normalized D (D) was calculated as Dy, - (--) where Dp was
daytime mean D and n was number of daylight hours (Phillips and
Oren, 2001).

2.3. Calculations of water balance components

For each growing season in the study sites, local water balance was
used to estimate the size of the residual component (R), reflecting a lack
of budget closure (Schifer et al., 2002) based on the mass balance
equation:

P=Ic+E;+Ey;+Q+AS+R 2)

where P is precipitation, I is evaporation from canopy interception, E¢
is canopy transpiration, Ey is below-canopy evaporation including
evaporation from soil and litter and transpiration from the understory
vegetation, Q is drainage below rooting zone (2 m depth in PT; Ewers
et al., 2000, and 0.4 m depth in the PS sites; Mellander et al., 2004) and
AS is the change in soil moisture storage which was measured from 0 to
0.3 m depth (69.30cm) in PT and 0.15 to 0.20 m depth (6;¢0.15cm) in the
PS stands. All components are in mm per growing season. Overland
flow was assumed to be negligible due to flat topography and high
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infiltration rate of the soil in these sites (cf. Abrahamson et al., 1998).

The evaporation from canopy interception (I¢) was calculated as the
difference between P and throughfall (P7). To estimate Py values for the
entire growing season, a linear relationship between the biweekly sum
of P and Py was developed for each site to gap-fill the time series after
excluding data representing multiple rain events in PT (Uebelherr,
2008), and because measurements were taken during only parts of the
growing season in the PS sites (slopes were 0.88 + 0.02 (SE) for PT
and 0.79 + 0.03 for PS; r* = 0.94, p < 0.0001 for the relationships
and p = 0.64 for the difference between control and fertilized PS sites).
Canopy transpiration (E¢) was scaled from the continuous measurement
of sapwood-specific sap flux density (Js) using self-constructed thermal
dissipation probes (Granier, 1987), and an estimate of the stand-level
sapwood area. Gaps in data existed in some periods, due primarily to
temporary power outages. Thus, continuous data were obtained by gap-
filling missing values of Jg (ranging 19-36% of total growing season
days) with a function dependent on daily average photosynthetically
active radiation (PAR) and D,. More details on the approach for cal-
culating E¢ is described in the Supplementary Material.

Below-canopy evaporation (Ey) was estimated as the difference
between eddy-covariance-based latent heat flux (E7) and canopy tran-
spiration on days without precipitation (thus zero Ic). Below-canopy
non-intercepted PAR (Stoy et al., 2006) and soil moisture were con-
sidered as two factors that potentially drive Ey. To establish a con-
tinuous time series of Ey, we applied a stepwise linear regression to
non-growing season data (when daily average T, < 5 °C), representing
conditions of negligible canopy transpiration (Mzkeld et al., 2006). We
calculated non-intercepted PAR by subtracting total canopy PAR ab-
sorption from the above-canopy PAR, where canopy PAR absorption
was determined using a radiative transfer model (Schifer et al., 2003;
Kim et al., 2011). Although both variables significantly affected Ey,
(p = 0.02), we selected the model which related Ey to below-canopy
non-intercepted PAR only because of the higher explained variations
(p < 0.001; r? = 0.43 for PT and 0.29 for PS) than the additive model of
both below-canopy non-intercepted PAR and REW (p < 0.08; 7* = 0.38
for PT and 0.26 for PS). We used these relationships to estimate Ej for
the growing season as well.

We assessed whether our estimates of Ey, as a fraction of total Er,
are consistent with the L of the understory relative to total stand L at the
Swedish site. The fraction of understory L in P. sylvestris forests of si-
milar characteristics (latitude, canopy L) range ~15-30% of total stand
L (Kulmala et al., 2011), somewhat higher than the annual Ey fraction
of Er ranging 14-20% in our sites. The difference between the typical
fractions of understory L and our estimates of Ey-to-Er ratio may reflect
variation among stands, or lower fractional transpiration rates of un-
derstory species (due to lower available light) and lower evaporation
(due to less precipitation input) as compared to the canopy, although
moderate intensity rain events may actually increase water availability
to shallow-rooted understory individual without affecting water avail-
ability of canopy individuals. We note that even though the response to
soil moisture and the reasonable closeness of the understory fractional L
and Er (ie., Ey) estimates seem reasonable, understory evapo-
transpiration is the least certain among the hydrologic balance com-
ponents of our sites. This is due to potential errors from operational
challenges in eddy-covariance latent heat flux measurements used in
this estimating approach, as well as the use of relationship developed
during one set of conditions (non-growing season) for estimating Ey
over the entire year.

Stemflow was neglected in our analysis because of its typically small
amount in coniferous forests (Delfs, 1967; Viville et al., 1993;
Uebelherr, 2008). Drainage (Q) was modeled from a plane at the
bottom of rooting zones (Schéfer et al., 2002; Oishi et al., 2010). The
model was parameterized using physical properties of sand (Clapp and
Hornberger, 1978; Katul et al., 1997). Root profiles were obtained from
nearby sites of the same species and soil characteristics (Ewers et al.,
2000; Hacke et al., 2000 for PT; Mellander et al., 2004 for PS sites). For
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PS sites, we used the averaged soil moisture for modeling drainage
because of the similarity of stand characteristics, soil type, precipitation
and canopy transpiration between the non-fertilized and fertilized PS
sites (Tor-ngern et al., 2017). For acceptable local water balance, the
residual component (R) should be small and the sum of all measured
and estimated components should not be significantly different from P
(Oren et al., 1998a,b).

2.4. Survey data for global pine forests

We searched through Web of Science and SCOPUS database for data
on water balance in pine forests. The terms: ‘sap flow’, ‘transpiration’,
‘evapotranspiration’, ‘water balance’, ‘water budget’, ‘hydrologic bal-
ance’ and ‘hydrologic budget’ were used in combination with ‘pine’. A
total of 27 species from 117 studies (Table S1) was selected for the
analyses of I, Ec and Er versus P in mm of growing season and annual
sums. For multiple-year studies, we analyzed the average of the quan-
tities. Furthermore, we used throughfall (Pr), calculated as P - I, as the
water input to the soil in the growing season for the analysis of fractions
of E¢ and the difference between Er and I to total water input to the
soil during the growing season.

In addition, we analyzed variations of light and water availability,
represented by theoretical maximum photosynthetically active radia-
tion (PAR,,x) and precipitation, along the latitudinal gradients based
on the survey data. Daily PAR,,x was calculated from the solar zenith
angle using coordinates as reported in the published studies and at-
mospheric transmittance of 0.7 (Campbell and Norman, 1998). The
annual PAR,,.x was estimated from the total sum of daily PAR,,x. For
growing season estimates, we derived a function of growing season
length with latitudes using a global distribution of growing season
length from the global agro-ecological zones assessment GAEZ v3.0
(online source: http://www.fao.org/nr/gaez/about-data-portal/agro-
climatic-resources/en/#). Data used to derive the function were ob-
tained by approximating the modes of growing season length for ranges
of latitudes and performing a regression analysis (Details are presented
in Supplementary Material Fig. S2). The growing season PAR;,,x was
then computed as the sum of daily PAR,,,x according to the number of
growing season days at the corresponding latitude.

2.5. Statistical analyses

All regression analyses were performed in SigmaPlot version 12.0,
from Systat Software, Inc., San Jose, CA USA. We used an F-test to
compare fitting results on different datasets with the same function
(e.g., comparisons of scaling and gapfilling functions between control
and fertilized PS sites, Table S3 in Supplementary Material). Mean
comparisons of growing season values were done with t-test. Other
computations, including calculations of variables and drainage model,
were conducted in MATLAB 9.0 R2016a (Natick, Massachusetts: The
MathWorks Inc., 2016).

3. Results
3.1. Climatic drivers of inter-annual variability in the hydrologic cycle

The P. taeda site (PT) experienced a range of hydrologic conditions
during the study period, with a wet growing season (Precipitation
(P) =850mm) in 2003 and a relatively dry growing season
(P = 449 mm) in 2005 (Fig. 1a). Consistent with high P, in 2003 PAR
and daylength-normalized vapor pressure deficit (D;) were lower than
in other years (Fig. 1b). Growing season relative extractable water
(REW) was high in 2003 (averaged REW = 0.56 = 0.08 (SD) or
~0.45 = 0.05m*m™2 of 6y30cm), moderate in 2004 (averaged
REW = 0.47 = 0.06 or ~0.32 *+ 0.04m®*m™> of 6p30cm) and de-
creased to an average of 0.32 + 0.14 (~0.22 *+ 0.04m°>m 3 of 6.
30cm) during the 2005 growing season (Fig. 1a). In contrast, growing

110

Agricultural and Forest Meteorology 259 (2018) 107-117

season weather was relatively similar among the study years in the P.
sylvestris (PS) sites with average P and photosynthetically active ra-
diation (PAR) of 400 + 30mm and 29 + 2molm~2d~! (Fig. 1c, d).
However, Dz was slightly lower in 2012 relative to other years (Fig. 1d).
As expected based on P, REW values were fairly similar among years
(Fig. 1c).

Among PT and PS sites, components of the growing season hydro-
logic budget showed similar responses to variability in P (Fig. 2a,
p < 0.0006, Table 2). While canopy interception (I¢) increased with P,
Ey was independent of P (p = 0.58), slightly dampening the sensitivity
of total evaporation to P. Canopy transpiration (Ec) did not show sig-
nificant change with the observed values of P (p = 0.26). Thus, com-
pared to the variability in P (CV = 35%) and I (CV = 37%), Er showed
lower inter-annual variability (CV = 22%). Generally, low variability in
Erresulted in Q increasing with P at a rate of 0.61 mm mm ™. Because
growing season change in soil moisture storage (AS) was estimated only
for the topmost soil layers (0.3 m for PT and 0.15 m for PS sites), while
drainage below rooting zone (Q) was calculated at a greater depth re-
presenting the root zone (2 m for PT and 0.4 m for PS sites), AS could be
underestimated, resulting in an overestimation of the residual of the
water balance equation (R, see Eq. (2)).

Nevertheless, change in soil moisture storage was small and our
component-based estimates of the growing season hydrologic budget
achieved good closure, with the lack of closure ranging 1% to 9% of P
(Table 1) and not significantly different from zero at either site (p =
0.21). Because this statistical insignificance may be due to having only
three years at each site, we evaluated the closure of the budget with two
additional tests: (1) based on the nine site-years combined, mean of
residuals will be 1.7 + 4.3%, with p = 0.26 for difference from zero,
and (2) the relationship between the sum of all hydrologic budget
components across the nine site-years and precipitation (upper line in
Fig. 2a) was not significantly different from unity (p = 0.36).

During the growing seasons, Ec and Ey were 50 = 1% SD and
18 + 2% of evapotranspiration (E7), respectively, while I was
32 *+ 5% of E, and 22 = 2% of P. Overall, Er was 68 = 3% of P,
allowing ~30 = 3% as Q below the rooting depth. Fig. 2b illustrates
the inter-annual variability of hydrologic components within each site.
The relative amount of I to P was insensitive to changing P (p = 0.28).
Canopy transpiration was also a constant fraction of Er, regardless of P
regime (p = 0.19). Accordingly, the fraction of E¢c and Er to P similarly
decreased with increasing P (p < 0.04). As a result, the fraction of Q to
P increased with P (p = 0.01). Additionally, we examined the effect of
soil moisture (REW) on evaporative components at weekly timescale for
these sites. Results showed that E; and Er did not vary with REW
(p = 0.21) while that Ey significantly decreased with soil drying
(* = 0.21, p < 0.0001). These results are roughly consistent with the
coarser temporal scale results we show, but we note that variation in
these quantities at fine temporal scales depend on several factors af-
fecting the components of Er, including stomatal response to light,
temperature, vapor pressure deficit, in addition to soil moisture, which
are not directly transferable to seasonal or annual quantities.

3.2. Climatic drivers of spatial variability in the hydrologic cycle

We expanded our analysis to include estimates of water balance
components from pine forests worldwide (117 studies on 27 species;
Table S1). Specifically, we examined inter-annual variability of the
major evaporative components (i.e., I, Ec and Er) with changing pre-
cipitation at both annual and growing season timescales.

A synthesis of evaporative components of global pine forests showed
differences in their sensitivity to P during growing season compared to
annually (Fig. 3, Table 2). Canopy interception (I¢) significantly in-
creased with P (Fig. 3a, d) with 24% and 22% of incoming P con-
tributed to I¢ in these pine forests at seasonal and annual timescales,
respectively (Table 2). This proportion of P was also in agreement with
results from our PS and PT sites (22% of P, Fig. 2, Table 2). In contrast,
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both E¢; and E; showed different sensitivities to P between annual and
seasonal estimates. During growing season, E.; exceeded P in regions
with P < 134 + 37 mm, but a similar pattern was not observed on the
annual timescale (compare Fig. 3b and e), noting that P must also sa-
tisfy the water requirements of I and Ey. For Er estimates, pine forests
in regions with P < 326 = 39 mm used on average more water than
they received during growing season (Fig. 3f), but these forests con-
sistently returned 66% = 17% (SD) of P to the atmosphere annually
(Fig. 3¢).

Because water cycling in forests is also driven by available energy
and leaf area index (L), we attempted to explain the variation of E¢ and
Er based on these variables as well, using theoretical maximum PAR
(PAR,ax) as a proxy for energy input. We note that information on L
was available for only a subset of sites for which we found data on E.
and/or Er during growing season and/or annually, and that more data
were available for annual than seasonal analyses. We also note that leaf
area index and precipitation were not correlated (p = 0.23, n = 76 for
annual values and p = 0.12, n = 36 for growing season values), and
were thus regarded as separate predictors. Using P with either L or
PAR,.x (and an interaction term) in a stepwise regression analysis, we
found that L explained the greatest amount of variation in E¢ at both
time scales (selection based onp < 0.05; % = 0.36, n = 27 for growing
season and 7? = 0.37 and n = 44 for annual). The final model, however,
included P at both time scales, as an additive component for the sea-
sonal Ec (% = 0.43) and multiplicative for annual E; (% = 0.56).
Moreover, at both time scales, variation in P explained most of that in
Er ( = 0.53, n = 38 for growing season, and r* = 0.73 and n = 84 for
annual Er), with slight (~2%) decreases of unexplained variation with
incorporation of either PAR,,x or L. Adding annual potential evapo-
transpiration (PET) as a potential predictor yielded 1% decrease in the
explained variation in Er relative to having P as the only predictor. We
note that focusing only on stands of P. taeda and P. sylvestris produced

results similar to those of all species combined (data not shown).

We further examined ratios of the evaporative fluxes (Ec, Er) and
water inputs (P, throughfall (Py)) (Fig. 4). The results were consistent
with the findings from the site-level analyses in that pine forests are
governed by different patterns of water use at seasonal and annual time
scales (e.g., Fig. 3). Annually, the fraction of P consumed by forests as E¢
decreased with P, but at a slower rate compared to the pattern observed
in the growing season (compare Fig. 4a and 4c). The ratios of annual E¢
to P did not exceed 1.0, and were relatively invariable once P was
greater than ~1000mm (Fig. 4a). During the growing season, pine
canopies in sites of Pr < 128 = 58 mm consumed more water as E¢
than that supplied to the soil as Py (the difference between P and I),
again noting the Py needs to also satisfy Ey. As Princreased, the ratio of
canopy transpiration and throughfall (Ec/Pr) decreased and became
insensitive to increasing Py once Py = 400 mm (Fig. 4c). At the annual
timescale, E7/P decreased linearly with P with the mean response re-
maining below 1.0 over the entire range of P, but many stands showing
ratio close to 1.0 (Fig. 4b). However, the difference between Er — I,
representing the sum of growing season Ey, a quantity insensitive to Pr
(p = 0.76), and canopy transpiration (Ec), exceeded throughfall pre-
cipitation input to the soil in regions with Py < 257 * 79mm
(Fig. 4d).

The analysis producing the results above was inspired by the
Budyko framework which is widely used in catchment hydrological
studies (Budyko, 1974). The theoretical Budyko curve is the relation-
ship between potential evapotranspiration (PET) and actual evapo-
transpiration (Er), each normalized by precipitation (P) of a site (Fig. 5,
gray lines). The curve is partitioned to conditions in which Er is limited
by energy supply (PET/P < 1), regulated by climate (net radiation and
vapor pressure deficit), or by water supply (PET/P > 1), controlled by
vegetation (canopy interception) and soil water storage. An underlying
assumption of the Budyko’s framework is that mean annual P can be
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Pinus taeda (36 °N) and Pinus sylvestris (64 °N)
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Fig. 2. Water balance of the study sites. (a) Each hydrologic component is
shown in growing season totals (mm) as a function of incoming growing season
precipitation on a log-log scale. Red symbols represent data for Pinus taeda (PT)
site from the warm, temperate climate (36 °N) while blue ones are for Pinus
sylvestris (PS) sites from the cold, boreal climate (64 °N). Open and closed
symbols indicate non-fertilized and fertilized sites, respectively. Note that for
the PS sites, values for the control and fertilized sites are relatively similar (see
Table 1). (b) Sensitivity of evaporative components as a fraction of either
evapotranspiration or precipitation across inter-annual precipitation of the sites
(note the linear scale). Long dashed lines represent insignificant results. All
regression statistics are presented in Table 2(For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).

Table 1

Growing season water balance of the study sites. Total growing season esti-
mates (in mm of water) of hydrologic components. P = precipitation; Pr
throughfall; I = canopy interception; E¢ = canopy transpiration; E;; = below-
canopy evaporation, including soil, understory vegetation and litter evapora-
tion; Er = evapotranspiration including Ic + Ec + Ey;  Q = drainage;
AS = change in soil water storage; The residual term R is calculated as P- I - E¢
- Ey -Q- AS.

Site Growing P Pr Ic Ec Ey Er Q AS R
season
year

PT 2003 850 663 187 205 62 454 390 -4 10
2004 725 566 159 187 66 412 280 12 21
2005 449 350 99 211 70 380 57 -3 15

PS (Control) 2011 420 328 92 158 50 300 120 6 -13
2012 415 324 91 130 44 265 130 -8 22
2013 365 285 80 149 47 276 8 -8 -1

PS (Fertilized) 2011 420 328 92 153 57 302 128 19 -—23
2012 415 324 91 129 50 270 111 5 36
2013 365 285 80 144 53 277 75 11 11

112
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partitioned into Er and water yield. The larger is PET/P, the less of P is
contributed to water yield. We further analyzed the data from the
global pine forests in this familiar framework. Our analysis showed that
the survey data followed the Budyko curve (Fig. 5, p = 0.003,
r? = 0.26), although the saturation regime seems to be mostly driven by
only one site. The three sites at the ratio PET/P =2 (not included in the
regression analysis) correspond to those in semi-arid and Mediterra-
nean regions, the inclusion of which would generate a peaking function,
a conceptual deviation from the commonly observed saturating Budyko
curve (Fig. 5, gray lines).

4. Discussion

Growing season and annual values of canopy transpiration are
useful for assessing ecosystem physiological status, and are readily
linked to gross primary production (Schafer et al., 2003; Chiesi et al.,
2007; Yan et al., 2016). Coupled with precipitation, values of Er at
these time scales can be utilized for estimating water outflow to
downstream aquatic ecosystems and users (Oishi et al., 2010). When
soil moisture is not limiting, the variation of the maximum, growing
season daily Ec among widely distributed pine forests is explainable by
variation of leaf area index (L), decreasing with soil moisture following
patterns depending on soil texture (Tor-ngern et al., 2017). Here, using
surveyed data of pine forests from around the globe (Table S1), we
found that, at growing season and annual timescales, the variable most
useful for explaining the spatial variation of E; remains L. However,
accounting for the spatial variability of P significantly increased the
explained variation of E¢ at both temporal scales (Fig. 3b, e). Given the
link between P and soil moisture, these results are consistent with those
derived from observations analyzed at finer temporal scales (Tor-ngern
et al., 2017). Considering the number of interacting factors controlling
transpiration, including atmospheric, soil, and stand variables, it is not
surprising that a large fraction of the variation among stands in sea-
sonal and annual E; remains unexplained. Nevertheless, the results
highlight that, during the growing season, pine forests in dry regions
use more water than received even though annually these forests con-
sume a similar fraction of P as forests in wetter areas. This finding
implies that, if climate change leads to longer growing season and de-
creased rainfall (Parida and Buermann, 2014), water flow from forests
where growing season P currently exceeds Er may become unreliable.

4.1. Estimates of evaporative components at the study sites

The surfaces in the canopy are the first users of incoming pre-
cipitation, a small fraction of which is absorbed (Katz et al., 1989), but
a substantial fraction of precipitation is returned to the atmosphere as
canopy interception Ic, no longer available to terrestrial or aquatic
organisms. Although this section focuses on temporal variation in the
fluxes of our three sites, I is a relatively conservative flux in time and
space — it increased with P temporally within a stand (Fig. 2) and
spatially among stands (Fig. 3). The I fraction of P in our three stands
(0.22) was similar to a Scots pine-dominated stand in central Sweden
(0.20, Grelle et al., 1997) but, as expected, was lower than in pine
forests with higher L (0.32 with L ~5-7 m?m ™2 Gash and Stewart,
1977; 0.31 with L ~4m?m ™2 Benyon and Doody, 2014). Based on the
global synthesis, I of pine forests was 0.22 of P annually and 0.24
during the growing season (Fig. 3a, d). This value was consistent with
the global analysis from satellite observations, showing 0.22 of P re-
turning to the atmosphere as interception loss in needle-leaf forests
(Miralles et al., 2010). Thus, despite spatial and temporal variation
caused by precipitation type and distribution, and canopy L and energy
available for evaporation, the mean I at coarse temporal and spatial
scales remains a conservative fraction of P.

We estimated below-canopy evaporation (Ey) of the three PT and PS
stands to be ~0.18 of Er, similar to previous observations in relatively
sparse, low L forests (up to 0.4 of Ex; Granier et al., 1990; Whitehead
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Summary of regression statistics. Regression analysis results for the relationships between various hydrologic components and water input as throughfall (Pr) or
precipitation for Figs. 2-4. r* and p are the coefficient of determination and p value at significant level of 5% for the linear regression analyses. n is the number of data
and N is the number of studies involved in each analysis. Notations for the water components are the same as in Table 1. Parameters are reported as estimates with

their standard errors.

Figure Variables n/N Relationship r p
Fig. 2a Icvs P 9/1 y = (0.22 = 0.03)x 0.99 < 0.0001
Ic + Eyvs P 9/1 y = (0.23 * 0.02)x + (54 = 10) 0.94 < 0.0001
Ic+ Ey + Ecvs P 9/1 y = (0.37 = 0.06)x + (144 = 33) 0.81 0.0006
Ic+Ey+Ec+QvsP 9/1 y = (0.98 = 0.02)x 0.99 < 0.0001
Fig. 2b Ic/Pvs P 9/1 n/a 0.04 0.28
Ec/Ervs P 91 n/a 0.12 0.19
Ec/Pvs P 9/1 y = (-0.0003 + 0.0001)x+(0.47 = 0.06) 0.39 0.04
Er/Pvs P 9/1 y = (-0.0004 = 0.0001)x + (0.90 = 0.07) 0.53 0.02
QvsP 9/1 y = (0.0004 + 0.0001)x + (0.07 = 0.07) 0.57 0.01
Fig. 3a Ic vs P (Annual) 58/42 y = (0.22 = 0.01)x 0.52 < 0.0001
Fig. 3b E¢ vs P (Annual) 53/34 y = (0.33 = 0.02)x 0.23 < 0.0001
Fig. 3¢ Er vs P (Annual) 84/62 y = (0.66 = 0.02)x 0.69 < 0.0001
Fig. 3d I¢ vs P (Growing Season) 21/16 y = (0.24 = 0.02)x 0.80 < 0.0001
Fig. 3e Ec vs P (Growing Season) 33/23 y = (0.27 * 0.08)x + (98 = 34) 0.27 0.0011
Fig. 3f Er vs P (Growing Season) 38/27 y=1(0.5 £ 0.08)x + (163 * 36) 0.52 < 0.0001
Fig. 4a Ec/PvsP 53/34 y = (1.2 + 1.54)exp((-0.006 *+ 0.004)x) + (0.34 *= 0.03) 0.13 0.011
Fig. 4b Eq/P vs P 84/62 y = -0.0001x + (0.8 + 0.05) 0.06 0.016
Fig. 4c Ec/Prvs Pr 33/23 y =(3.24 = 2.17)exp((-0.01 = 0.004)x) + (0.46 = 0.09) 0.29 0.002
Fig. 4d (Er-1c) / Prvs Pr 38/27 y = (1.35 £ 0.18)exp((-0.0009 + 0.0004)x) 0.15 0.009

and Kelliher, 1991; Domec et al., 2012). The understory transpiration
component of Ey ranges 0.2-0.8 mmd ™" in various Pinus stands de-
pending on canopy L (Baldocchi et al., 1997; Constantin et al., 1999;
Domec et al., 2012), was not directly quantified in our study, but as-
sumed to contribute little to E; considering the small fraction of basal
area represented by the understory in PT, or the fraction of transpiring L
found in stands similar to PS (Kulmala et al., 2011; Palmroth et al.,
2014). Although Ey estimates were the least certain among the hy-
drologic components, of the amount of precipitation reaching the forest
floor as throughfall, E;; comprised a small and consistent component of
total Er among years and forests (Table 1; Fig. 2). Thus, in contrast to I¢
which diminished as fraction of Er in dry years and regions, Ey re-
presented an increasing fraction of Er under dry conditions.
Transpiration (E¢) in the PT and PS stands showed negligible inter-
annual variability with P within a site (Fig. 2). The growing season E¢
fraction of Er was ~0.5, lower than the average ratio of 0.75 + 0.04
found in other PT and PS sites, potentially owing to different site
characteristics, such as soil texture and latitudinal locations (Kelliher
et al., 1998; Oren et al., 1998a,b; Stoy et al., 2006; Tor-ngern et al.,
2017). The apparent insensitivity to variation of inter-annual P is the
result of increasing atmospheric evaporative demand for water in per-
iods of low P and, thus, soil moisture (Oishi et al., 2010). Although
canopy conductance (and, thus, gross primary production) is lower
during these dry periods, Ec varies less, compensated by the higher
driving force (Joffre and Rambal, 1993; Oishi et al., 2010; Montaldo
and Oren, 2016). The sensitivity of growing season E7 to P at our PT and
PS sites was also weak, owing mostly to the insensitivity of E¢ to inter-
annual variation of P. A relatively weak relationships between Er and P
inter-annually have been shown in a water balance study on a tempe-
rate broadleaved deciduous forest (Oishi et al., 2010), a watershed
covered with a mosaic of land-cover types, mostly broadleaved decid-
uous species and P. taeda in North Carolina (Palmroth et al., 2010), as
well as in a boreal mixed P. sylvestris and P. abies stand in Sweden
(Hasper et al., 2016). As result, the fractional contribution of E¢ (as of
that of Ey), and therefore Er, increase with decreasing P (Fig. 2b). In-
deed, the temporal variation of P mostly translates into variation in
water outflow (Fig. 2), highlighting the fact that, among the flux
components, water resources may be particularly sensitive to future
changes in P. However, with increasing soil and atmospheric drought
severity, duration, and frequency, first leaf area index may decrease
(McCarthy et al., 2007), followed by species compositional change
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(Pataki and Oren, 2003), as likely are all water, energy and carbon flux
components.

The results from the stands in Sweden and North Carolina also de-
monstrate that, not only is the temporal variation of seasonal and an-
nual evaporative fluxes small at a given location, regardless of the
variation of P, but it is also reasonable to consider outflow at coarse
temporal scales as the balance between P and Er (Fig. 2). Thus, asses-
sing the effect of spatial variation of P on water yield estimated from the
literature survey as Q = P - Er seems justified.

4.2. Forest evaporation at growing season versus annual timescales

Spatially across all available studies, the growing season E fraction
of Er averaged 0.53 + 0.17 (SD). In contrast to expectation of lower
annual than growing season Ec/Er, the annual fraction averaged a si-
milar 0.50 * 0.21 (ranging widely 0.16-0.95). Furthermore, in con-
trast to the weak inter-annual (i.e., temporal) relationship discussed
previously, the mean annual E¢ increased across sites (i.e., spatial) with
the mean annual P (Fig. 3b).

Total evapotranspiration (E7) from forests may be influenced by
many factors, such as radiation input, canopy leaf area, tree density,
canopy conductance, and micrometeorological conditions affecting
potential evapotranspiration, which govern the relative contribution of
energy and precipitation to Er (Budyko, 1974; Zhang et al., 2004).
However, in contrast to E¢ which depends on both P and L, most of the
variation of Er were explained by P (Fig. 3c, f). Thus, both growing
season and annual values of E can be estimated based on P alone, and
other variables, such as L and potential evapotranspiration, did not
reduce the unexplained variation (Fig. S3). Evapotranspiration in-
creased linearly with P among sites (Fig. 3c), meaning that Q, the re-
sidual flux of water from forests, also increased with P, as it does
temporally within a site (Fig. 2). Worldwide, approximately 33% of P
falling on pine forests leave the system as outflow, contributing to water
table recharge and to streamflow. However, because annual Er/P tends
to increase with decreasing P (Fig. 4b), pine forests in dryer regions
contribute a smaller proportion of P to Q. Consistent with this ob-
servation, based on the Budyko’s curve (Fig. 5), pine forests in dry re-
gions (with annual PET/P > 1) allocate precipitation to E; more than
water yield compared to those in moist regions (with PET/P < 1). De-
viations from the theoretical Budyko’s curve are likely due to variations
in site characteristics such as vegetation type (Zhang et al., 2001), soil
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type (Wang et al., 2009), water storage capacity (Milly, 1994), and
timing of water recharge (Potter et al., 2005).

During the growing season, pine forests growing in dry regions, with
P <134 =+ 37mm per growing season (Fig. 3e; or a similar
P <117 =+ 26 in our three sites), must rely on soil water storage, or
access groundwater using deep roots, to meet their E¢ rates (Jipp et al.,
1998; Luis et al., 2005; Vincke and Thiry, 2008). In reality, however, P
also needs to meet other evapotranspiration demands, those of wet
canopies, understory and forest floor following rains, and transpiration
of the understory. Thus, in the pine forests of dry climates, soil water
must balance the water used in evapotranspiration where growing
season P < 326 = 39 (Fig. 3f). Since transpiration depends on root
access to water stored in the soil, it is more temporally decoupled from
P than either I or Ey. Thus, if the intra-annual distribution of P
changes, but annual P does not, I should change relatively little, but
the effects on E¢ will depend on the degree of soil water recharge before
the growing season, and between rain events during the season (Feng
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et al., 2012, 2015). However, because growing season E. (and thus E7)
is not very sensitive to P (Fig. 3e, f), the gap between Er and P increases
when moving progressively towards wetter climates, with the differ-
ence supporting increasing water outflow during the season. Such be-
havior is not evident when integrating E¢ to annual fluxes (Fig. 3b, c),
showing that the annual supply of water is sufficient to support the
transpiration needs of these pine forests, returning on average 33% of
annual P back to the atmosphere as E¢ (Fig. 3b), and about twice that
much (66%) as Er (Fig. 3c).

These flux ratios, however, are somewhat sensitive to P. Across the
wide latitudinal range, the fraction of P transpired annually by pine
forests decreased exponentially with P (Fig. 4a), reaching 0.35 at P of
~750 mm, and remaining so to an annual P of > 2000 mm, perhaps
reflecting the compensating effects of water availability and atmo-
spheric demand for water. In contrast, the annual E; fraction of P
progressively decreased with P (Fig. 4B) despite the increase in its
major components (Fig. 3a—c) but, more importantly, shows a large
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1.2 intercepts in the linear relationships of Ec and Er with P during the
growing season (Fig. 3e, f; Table 2), suggest reliance on soil water
1.0 1 storage in certain pine forests is more than a short-term event. These
stands are clearly identified using the ratios of E¢ to water supplied to
0.8 1 the soil during growing season (Ec/Pr). Thus presented, pine forests in
o the dry regions consumed more water than they received (Fig. 4c),
T 0.6 ® ® depleting water stored in the soil, or accessing groundwater. As Pr in-
i o .
[ ) creases, Ec/Pr decreases and stabilizes at ~0.5, suggesting that tree
0.4 water use in these areas is no longer controlled by water availability,
and available energy dominates Ey (Wu et al., 2017), corresponding
0.2 roughly to P/PET ~1.0 (Fig. 5).
0.0 T T T T T li . . £ cli h
00 05 1.0 15 20 25 30 5. Implications in context of climate change
PET/P

Fig. 5. The Budyko’s curve derived from the survey data (Table S1). This shows
the relationship between the fraction of evapotranspiration (Er) to precipitation
(P) and that of potential evapotranspiration (PET) to P. Dark gray lines show
physical boundaries of the curve where dryness index (PET/P) increases with
the evaporative index (Ey /P) over the energy-limited region and where Ey /P is
independent of PET/ P over the water-limited region. From the survey data,
only 32 studies reported PET. Shaded region corresponds to the 95% confidence
interval.

number of stands with a ratio near 1.0 over most of the range of P. The
pattern becomes clearer, and more stands suggest potential sensitivity
to changing P, when growing season fluxes are considered (Fig. 4c, d).
The combined water flux from evapotranspiration from the understory
and transpiration of trees exceeded Pr in dry forests where
Pr <257 = 79mm per growing season (Fig. 4d). The non-zero

Our analyses revealed differences between the inter-annual in-
variability of Ec, and, to somewhat lesser degree, Er, at a given stand,
and the variability of these quantities among stands. These observations
likely reflect the ability of forests to tolerate local variation in P. When
P declines, however, the buffering capacity of soil water is diminished,
and can no longer sustain E¢. Climate change will involve alterations in
the spatial and temporal frequency distributions of atmospheric and soil
conditions. In the future, increases in air temperature and its variation
may be accompanied by similar changes in atmospheric demand for
water, while changes in precipitation, and thus water supply to trees,
are uncertain. Our results show that pine forests across wide latitudinal
gradients return a similar proportion (66%) of the incoming pre-
cipitation annually to the atmosphere as evapotranspiration. However,
these results do not hold at the seasonal timescale. During the growing
season, pine forests in dry regions use more water than they receive as
rainfall. This may roughly differentiate between areas supporting



P. Tor-ngern et al.

ephemeral streams and those capable of supporting continuous outflow
for downstream aquatic ecosystems and users. Thus, depending on fu-
ture changes in precipitation, the number of areas continuously spon-
soring downstream users may increase or decrease with P. However,
were P to decrease in regions currently supporting pine forests through
usage of stored soil moisture during the growing season (Er/P < 1.0),
growing season water needs for supporting L will not be met from
storage in the soil, and the following reduction of L will reflect mor-
tality of individuals, and potentially a compositional shift to include
species that require and use less water.
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