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Abstract

Increasing demand for bioenergy from intensively managed woody crops raises concerns of increased evapotranspiration
and potential decreases in water yield. Pinus taeda (loblolly pine) is currently the most cultivated species in the southeast-
ern USA, the country’s wood basket. However, Eucalyptus species could achieve greater productivity but with unknown
ramifications for water budgets. To address the knowledge gap, we determined annual water budgets of loblolly pine and
Eucalyptus benthamii (eucalypt) from growing years 3 through 5 in a replicated (n =3) two-factor design comparing species
and groundwater depth. Paired plots were established across a depth-to-groundwater gradient from shallow (~2 m) to deep
(~8 m). Hydrologic budgets were constructed by measuring precipitation, interception, soil evaporation, and transpiration.
Eucalypt evapotranspiration and above-ground biomass production for growing years 3 through 5 were on average 25 and
14% greater than pine, respectively; however, evapotranspiration did not differ across groundwater depths. At the end of
growing year 5, eucalypt had higher transpiration and evapotranspiration per unit area than pine. Soil evaporation was sub-
stantial in young plantations (nearly 500 mm) in growing year 3 but declined as the canopy closed. Partitioning of evapo-
transpiration components in developing bioenergy plantations was dynamic due to canopy development driven decreases in
soil evaporation and increases in transpiration and interception; total evapotranspiration was less variable from year to year.
Water use efficiency (WUE, kg biomass/m> H,O) per unit evapotranspiration was similar between species, but WUE per unit
transpiration was higher in pine. Considering total evapotranspiration in young plantations can affect WUE interpretations.
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Introduction gallons of cellulosic ethanol from bioenergy feedstocks, with

55-68% expected to come from southeastern forests [2, 3].

The southeast USA is a leader in forest production and has
the potential to be a significant producer of intensively man-
aged biofuel feedstocks [1, 2]. The US Dept. of Energy has
set a national target of 2022 for production of 16 billion
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Thus, demand for forest products from short rotation woody
crops (8—12 years) is expected to increase in the southeast
USA, but there is little knowledge about the effects of accel-
erated stand development on water resources in the region
where evapotranspiration (ET) is the largest component of
precipitation (P) fate [4]. Loblolly pine is the dominant plan-
tation species in the region making it an ideal benchmark
for comparison [5, 6]. Pine production is supported by sub-
stantial physical, intellectual, and business infrastructures
developed over more than 50 years [7]. There is interest in
achieving higher productivity with species other than pine,
such as Eucalyptus species (hereafter, eucalypt) that exhibit
high productivity across much of the globe and in the south-
east [8]; however, increased productivity may come at the
expense of increased transpiration (Et) [9-12].

Realizing national woody feedstock targets while also
sustainably managing water resources requires a better
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understanding of ET in intensively managed woody bioen-
ergy plantations. Calculated as the sum of canopy Et, canopy
interception (Ei), and evaporation from the soil surface or
leaf litter (Es), ET typically accounts for 65% of P in south-
eastern US forests [4]. Intensive management increases
leaf area more rapidly and has the potential to increase Et
[13] and decrease streamflow. However, accelerated canopy
development increases shade and leaf litter, potentially
resulting in less Es. ET studies rarely measure Es under
canopies [14] and instead assume it is negligible, estimate it
with simple techniques, or use values from other studies [9,
14]. However, observations from lysimeters without canopy
leaf or soil litter cover indicate that annual Es can be more
than 25% of P [15]. High Es is possible in the first 1-5 years
of plantations, when bare soil is common. In addition to Es,
there is even less knowledge regarding young plantation ET
[3]. To better understand ET of candidate bioenergy crops,
it is valuable to estimate the Et and Es components of ET as
directly as possible.

Tree Et is limited by soil water availability, which can
vary across the landscape, and different woody crops may
exhibit different capacities to exploit some water sources.
For example, landscape position covaries with groundwater
depth and soil water availability [16] meaning plantation
placement can affect water availability and use [17, 18] and
productivity [19]. Enhanced Et by eucalypt is a particular
concern on the southeastern Coastal Plain where shallow
groundwater is common and potentially accessible to deep
rooting eucalypt [17, 18, 20-22]. The mean of reported
maximal rooting depths for the eucalypt in southern USA is
15 m, while the mean of maximal rooting depths of pine (P.
taeda and P. elliottii) is 3 m [20]. However, argillic horizons,
which are acidic and dense, may act as a barrier to deep root
production for many plant species including eucalypt [23].
Argillic horizons are a defining characteristic of the Ultisol
soil order that dominates the timber-growing regions of the
southeastern USA. The interaction of these factors affect-
ing tree growth and water budgets makes comparative water
budget studies particularly valuable.

Forest managers and policy-makers need species-specific
ET data to inform best management practices and species
selection [24], and studies need to provide information
on the tradeoff between forest productivity and ET. Com-
parative hydrologic budgets from paired plots are useful to
inform the potential impacts of bioenergy crop development
and should quantify both water use and productivity to quan-
tify stand water use efficiency (WUE), which accounts for
the dry biomass produced per unit water [25]. WUE is com-
monly calculated as the biomass produced per unit overstory
ET neglecting soil evaporation [25]. Using total ET in WUE
calculations could have potentially important implications
on species selection decisions in sparse canopy conditions
where soil evaporation is a substantial portion of ET [15].
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We know that species selection for short-rotation woody
crops could have potentially significant impacts on freshwa-
ter availability in the southeast USA [9, 15]. However, few
empirical data are available to assess trade-offs between pro-
ductivity and ET that could inform management decisions
[9]. Quantifying hydrologic budgets between native pine and
non-native eucalypts is particularly important because (1) the
forestry community has long had an interest in growing highly
productive eucalypts [26], (2) a petition to the USDA Animal
and Plant Health Inspection Service sought a determination
of nonregulated status for freeze tolerant highly productive
eucalypts (Federal Register vol 78, no 39, pg 13,309-13,312),
and (3) ongoing eucalypt selection and genetic work to develop
cold tolerance [27]. Freeze-tolerant eucalypts could accelerate
and expand eucalypt planting in the southeast USA.

Here we developed comparative plot-level root-zone water
budgets for a eucalypt species (Eucalyptus benthamii) and
loblolly pine to assess differences in ET, its components,
and WUE under similar site conditions and along a gradient
of depth to groundwater. We established six sets of paired
plots varying in landscape position and depth to groundwater
(2-8 m deep) in which we measured or estimated all com-
ponents of the water balance for growing years 3 through
5, including P, throughfall (Tf), Et, and Es. Canopy Ei was
determined as the difference between P and Tf. Hydrologic
budgets were constructed and used to estimate the water lost
as recharge to groundwater (Rq). Rq is the residual of the rest
of the water budget. The plots were placed on planar slopes,
and interflow travel distances on these plots are only a few
meters [28-31], so net imports or exports by shallow lateral
flow over the Bt horizon were neglected. This root zone water
budget was then used to evaluate potential impacts of the two
species on water resources. The objectives of this study were
to (1) develop hydrologic budgets in paired plots of 3-5-year-
old pine and eucalypt trees to quantify differences in water
budget components between the two species (i.e., Ei, Es, and
Et) and (2) compare hydrologic budgets across plots varying
in depth to groundwater to determine if groundwater depth
(shallow versus deep) affects Et or ET overall. This work was
guided by three hypotheses: (1) Et in eucalypt would exceed
that of pine due to faster growth rates, (2) young plantations
of the two species would differ in soil Es due to differences in
canopy development, and (3) ET would be greater in shallow
groundwater plots due to greater soil water availability and
potential access to groundwater.

Methods
Study Site

The study was conducted within the US Department of Ener-
gy’s Savannah River Site (SRS), a national environmental
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research park located near New Ellenton, SC. SRS spans
the Aiken Plateau of the Sandhills physiographic region and
the Pleistocene Coastal Terrace of the Upper Coastal Plain.
The study plots are in the upper Fourmile Branch watershed
(33.2647,—81.6172) where a large-scale (150 ha) study has
been ongoing since 2012 to assess the effects of intensively
managed pine on water quality [32, 33] (Fig. 1). Ground-
water observations collected between 2006 and 2012 from
26 piezometers uniformly distributed in the upper Fourmile
watershed were kriged to generate a map of mean annual
depth to groundwater. The groundwater map builds upon
groundwater maps developed by the SRS [34, 35]. The
groundwater depth map was utilized to identify areas of
deeper and shallower groundwater as defined below.

The study site features gently rolling slopes and a
hot, humid, temperate climate. Annual rainfall averages
1263 mm, and average annual ET in rural, mostly forested
watersheds, in the region runs from 650 to 950 mm [4].
Average annual temperature is 17.3 °C, with summer tem-
perature averaging 26.1 °C and winter temperature averag-
ing 8.2 °C [36]. First order watershed relief is around 30 m,
and slopes on the plots range from 0 to 20%, with slopes in
the plantation areas usually less than 10%. Groundwater is
near the surface at the toe slopes, and depth to groundwater
increases with surface elevation.

The soils, mapped as Dothan and Fuquay series in the
United States Department of Agriculture (USDA) soil clas-
sification system [37], were developed on unconsolidated
fluvial and marine sediments, which comprise the surficial
aquifer. All profiles have sandy A and E horizons of variable

Fig. 1 Map of the study area
showing watershed bounda-
ries, streams, wetlands, kriged
depth to groundwater, eleva-
tion contours, paired plots, and
groundwater monitoring wells
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thickness that overlie clay-rich subsurface sandy clay loam
Bt horizons that start at about 50 cm and are 2 to 3 m thick.
Surficial A horizons are sandy (80-90% sand) with granular
structure [37] and vary from little to no organic matter accu-
mulation to significant organic matter in isolated discontinu-
ous zones. E horizons are typically sandy to sandy loams and
range from 10 to 60 cm in thickness and commonly found
from 10 to 25 cm. Transitional EB horizons consist of sandy
loam to sandy clay loam with hues ranging from 10YR to
7.5Y and typical depths of 25-45 cm. Bt horizons are found
in all soil profiles at variable depths and are sandy clay to
clay in texture with clay contents of 35% or more [38].

The experimental design was a replicated (n=3), two-
factor design consisting of species (eucalypt and pine) and
groundwater depth (shallow and deep). Six plot pairs (6
eucalypt and 6 pine) were established in two landscape posi-
tions, deep groundwater and shallow groundwater. Three
pairs were in upper slope positions (plots 4—-6) with deep
groundwater (approximately 8 m deep) and three in toeslope
positions (plots 1-3) with shallow groundwater (approxi-
mately 2 m deep) (Fig. 1). Trees were planted at a density
of 1346 trees/hectare, and each plot was 0.125 ha in area
with 168 trees in 12 rows of 14 trees with each tree occupy-
ing an average of 7.44 m>. Measurements were focused on
the 48 central trees in each plot which were marked with
permanent tags. The site was ripped to 45-cm depth prior to
planting, and seedlings were planted in the trenches. Pines
were planted in March 2013, and the eucalypts were planted
in October 2013. Silvicultural treatments consisted of annual
fertilizer (averaging 110 kg N ha~! year™!) and herbicide
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for both species as described in detail in Ferreira, Rau, and
Aubrey [39]. Pines were treated with fipronil injected at their
bases to control a Nantucket pine tip moth (Rhyacionia frus-
trana) infestation at the end of the first growing season, after
which the trees recovered, and no further treatments were
required. Measurements began in April 2016 at the start of
growing season 3 and continued through March 2019. Euca-
lypts were affected by cold snaps each winter resulting in
foliage and stem damage. In growing years 1-2, dead trees
were replanted, yet some canopy gaps remained. High winds
from hurricanes Matthew, Irma, and Michael (October 2016,
September 2017, and October 2018) damaged eucalypt can-
opies, and some trees were uprooted. Pines did not suffer
similar damage from high winds.

Precipitation, Throughfall, and Interception

P was measured at a 15-min time step using tipping bucket
rain gauges situated adjacent to each of the six paired plots
(TE525: Campbell Scientific, Inc.). Weekly P totals were
collected from each plot using standard rain gauges to verify
tipping bucket depths. Any gaps in tipping bucket observa-
tions were filled with observations from the nearest standard
rain gage or tipping bucket. Pan evaporation from NOAA
station USC00380490, located in Barnwell, SC, approxi-
mately 25 km from the field site, and Penman—Monteith
potential evapotranspiration (PET) calculated from tower
data [40] within the study watershed are reported for com-
parison to measured hydrologic budget values.

Weekly composite Tf samples were collected from four
samplers per plot for a total of forty-eight samplers placed
within rows and sampling two trees each. Samplers were fab-
ricated from 38.5 mm inside diameter plastic pipe with two
1.42 m limbs made from pipe cut in half to form a trough
and connected at 22.5° angles to form a total collection area
of 547 cm? draining to a central collector [41]. Canopy Ei
was estimated as:

Ei=P-Tf

Soil Evaporation

Es was estimated using two sets of non-weighing lysimeters,
with each set including three treatments, eucalypt canopy,
pine canopy, and no canopy. One set was installed in a shal-
low plot (3) and one set in a deep plot (5) (Fig. 1) for a total
of six lysimeters. Each lysimeter consisted of an aluminum
box with a 0.5 m? surface area and a depth of 0.5 m and a
sloped floor that drains to a collector. Each lysimeter was
installed slightly above ground level to prevent overland flow
from entering and filled with soil in the approximate layering
of the undisturbed soil. We packed the layers to approximate
the original soil, but the installation process unavoidably
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changed the soil structure and thus the hydraulic proper-
ties. However, the native shallow soils above 50 cm have
limited structure; thus, the effect of soil disturbance inside
the lysimeters likely had little effect on Es estimates. Vegeta-
tion was not allowed to grow in the lysimeters, but leaf litter
was allowed to accumulate as the trees developed. Cano-
pies around the lysimeters were not affected by mortality
or storm damage meaning Es measurements are representa-
tive of closed canopy conditions. Outflow from lysimeters
was collected in 55-L carboys, and the volume was recorded
approximately weekly. Volumetric soil moisture inside the
lysimeters was monitored at an hourly time step using time
domain reflectometry (TDR) probes with two probes situ-
ated at 0—10 cm and two at 30-40 cm (Decagon ECH,0
EC-5). Es from the lysimeters was estimated annually and
weekly as:

Es = inputs — outflow — As

where inputs is the Tf (or P for unvegetated plots) and As is
the change in soil water storage over the measurement period
based on the lysimeter soil moisture measurements.

Transpiration and Evapotranspiration

Transpiration (Et) was measured in 5 trees in each of the
12 plots (30 per species, 60 total) using the Granier’s
thermal dissipation probe method [42, 43]. We selected
transpiration measurement trees representing the range of
tree diameter sizes within the plots at the end of growing
year 2. Sensors were constructed with two probes, 2 cm
long [44]. The probes were installed by removing the bark
down to the cambium using a leather punch, drilling a
2 cm deep hole using a drilling template to ensure probes
were 10 cm apart and in line with each other, and insert-
ing each probe. The upper probe was powered constantly
at 0.2 W. Thermocouples inserted into the center of each
probe measured the temperature difference between refer-
ence and heater probes. As sap flows up through the stem,
the temperature difference between probes decreases. The
faster sap is flowing, the more similar probe tempera-
ture becomes. Accurate estimation of Et by the thermal
dissipation method requires development of species and
site-specific calibration coefficients [44-47]. Species-
and site-specific calibrations were conducted using the
potometer approach and are described in detail in [48].
Briefly, in the 2017 and 2018 growing seasons, 6 trees
of each species were harvested, stems were recut under
water, placed in potometers, instrumented with sap flow
sensors, and allowed to transpire water for 2 days, while
the potometer water levels and sap flux density were
recorded at a 30-min time step. The measured potom-
eter water use was regressed against measured sap flux
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density using the nls function in the R stats package. The
non-linear models were used to estimate sap flux density
in measurement trees throughout the study. Segmented
calibration curves were generated based on the breakpoint
between high and low transpiration rates. To generate
segmented calibration curves, calibration data was first
subset into two pieces, one subset below and one subset
above the 95% of K breakpoint. The high and low sap
flow subsets were then fit with separate power functions,
one curve for K values below the 95% K threshold (K'°V),
and another curve for K values above the threshold (K"g")
(Table 1). Sapwood area was measured in the sap flow
calibration trees (n =6 per species) and in intact trees
(n=14 per species) using the dye staining and increment
boring method [43]. Relationships were fit between sap-
wood area and diameter at breast height (DBH), and the
fitted relationships were used to estimate monthly sap-
wood area for the sap flow measurement trees. Sap flux
density was converted to Et (L/h) using the estimated sap-
wood areas, and Et was converted from L/h to mm/h using
the tree growing area (7.44 m?). Annual tree level Et was
calculated by summing the hourly Et estimates for each
measurement tree. Mean annual Et of measurement trees
was calculated by averaging the five measurement trees
in each plot. To account for the effects of deceased trees,
the mean annual plot level Et (Et,) was calculated by
multiplying the mean sap flux density of each plot at each
hourly time step by the total plot sapwood area (L/h) and
dividing by the total plot area to get mm/h, then hourly
values were summed for each year, and mean annual mm
was calculated by species. A few measurement trees died
over the course of the study and probes were moved from
deceased trees to living trees of a similar size. The Et
measurements for growing year 5 ended on October 25,
2018, before the end of our designated growing year on
April 11, 2019, due to the difficulty of maintaining bat-
tery banks through extended cold periods that winter. The
growing year 5 Et gap was filled at the plot level by quan-
tifying the same period for growing years 3 and 4 as a per-
centage of annual Et and adding the equivalent missing
percentage to growing year 5 plot totals. Annual ET was
calculated as the sum of its components (Es, Ei, and Et).

Soil Water Perching and Groundwater

A shallow piezometer was installed into the top of the argil-
lic horizon (~ 100 cm) in each plot, and soil water perching
was monitored hourly using Odyssey™ capacitance water
level loggers (Data Flow Systems, New Zealand). Ground-
water levels in the surficial aquifer were monitored and
recorded hourly using Odyssey™ capacitance water level
loggers in a deeper piezometer adjacent to each plot pair.
Groundwater piezometers were 4—12 m deep depending
on landscape position. Dips in the groundwater time series
caused by piezometer sampling were removed prior to fur-
ther analysis. Odyssey™ accuracy is reported by the man-
ufacturer to be + 5 mm; however, user tests have reported
substantial errors in some environments [49]. We manually
checked Odyssey measurements periodically and found
high agreement. Piezometer sounder measurements were
recorded weekly in each shallow piezometer and monthly
in each groundwater piezometer for quality control of the
water level time series.

DBH and Biomass

DBH was measured annually at the end of the growing
season for each tree in the central plots. DBH was meas-
ured with calipers for smaller stems and with DBH tapes
for larger stems. The above-ground biomass was estimated
using site and species-specific allometric equations devel-
oped in a previous study at the same site for pine [39] (see
supplemental Table 2 in [39]) and at the conclusion of this
study for eucalypt (Table 2). Eucalypt allometric equations
were developed from 11 individual trees. Eucalypt stem and
branch woody biomass (y) were estimated from measure-
ments of 11 harvested trees ranging in DBH from 1.7 to
27.9 cm. Individual eucalypt trees were felled and separated
into branch and stem components, and leaves were removed
from branches. Fresh mass of branch and stem components
were measured in the field immediately after felling. Sub-
samples of branch and stem components were placed in
plastic bags, stored in a cooler, and transported to the lab
for fresh mass determination, and then they were dried to
a constant mass at 60 °C to determine the water content.

Table 1 Segmented sap flow power function equations developed from potometer measurements at our site for Pinus taeda and Eucalyptus

benthamii

Species K (%) K-break Function K% SE Function K"i¢h SE
Eucalypt 95 0.401 F,=271.87K"%13 13.39 F,=588.03K*1° 45.41
Pine 95 0.518 F,;=81.97K%! 11.81 F,;=129.12K!53 33.85

K is the dimensionless sap flow index, K (%) and K-break represent the segmentation point as a percentage and absolute value for the K" and
K" equations, Fd is sap flux density, and SE is the standard error for each non-linear equation. Detailed method descriptions for sap flux den-

sity equation development are described in [48]
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Table2 Allometric equations for Pinus taeda and Eucalyptus
benthamii biomass developed at our site

Species Model: Y = aX? + ¢
Component Parameter R?
a b
Eucalypt Branches 2.094e-007 5.954 0.9572
Eucalypt Stem 0.3530 1.835 0.9683
Pine Branches 2.9619 2.7346 0.9884
Pine Stem 6.1167 2.7090 0.9939

Fresh mass of branch and stem components were trans-
formed into dry mass values by accounting for water con-
tent. Dry mass was related to DBH using a power function
Y=axf+ e where x is DBH (cm), o and f are regression
parameters, and € is a random normally distributed addi-
tive error term with zero mean and constant variance [50,
51]. Model parameters were estimated using PROC NLIN in
SAS. Pine and eucalypt parameter values (Supplemental Fig-
ure S1) were applied to estimate stem and branch biomass
for all live trees in each plot. The allometric equations esti-
mate above-ground dry biomass components (kg/m?) from
annual DBH for eucalypt and annual ground line diameter
(GLD) [50] for pine. The estimated branch and stem biomass
were summed to obtain total aboveground biomass. Annual
above-ground net primary productivity (ANPP) was calcu-
lated as the difference in biomass from 1 year to the next.
WUE was calculated in two ways, first based on Et (ANPP/
Et, WUEg,), which is the most common [25] and based on
total ET (ANPP/ET, WUEg).

Leaf area index (LAI) was measured at first light monthly
in each plot using two LAI-2200C Plant Canopy Analyzers
(LI-COR, Inc., Lincoln, NE) one measured reference condi-
tions in open-sky conditions adjacent to plots and another
measured below the canopy. Below the canopy, measure-
ments were compared with open-sky measurements. Due to
variation in eucalypt canopy densities because of wind and
freeze damage, LAI measurements were taken at two levels,
whole-plot average and within a cluster of healthy trees. Plot
level measurements were taken in two directions, North and
West. Cluster level measurements were collected by measur-
ing LAI at eight locations within a cluster of trees. Cluster
locations were matched with one of the leaf litter collectors
in each plot. Leaf litter accumulation was sampled in five
0.5625 m? (75x 75 cm) litterfall traps in each plot (n =30
per species). The litter in each trap was collected monthly in
a paper bag, oven dried, sorted into foliage or woody mate-
rial, and weighed with a 0.01 g precision balance.

Fine roots were sampled in February 2017 and 2018
using a 4.9-cm diameter hollow core soil sampler and slide
hammer. In each plot, a tree was selected, and five cores
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were collected in the northwest growing quadrant from O to
100 cm below the soil surface in 25 cm increments. Samples
were stored in labeled bags and transported to the lab where
they were washed by elutriation (Gillison’s Variety Fabrica-
tion, Inc., Benzonia, MI), sorted, weighed, and scanned. The
scanned roots were analyzed with WinRhizo image analysis
software (Régent Instruments, Québec, Canada).

Data Analysis

Annual hydrologic budgets were constructed where inputs
were P and Tf and outputs were Ei, Et, Es, and Rq. Water
budget years were delineated to match the active growing
season and weekly sampling dates. Growing year 3 spanned
from April 12, 2016, to April 12, 2017, growing year 4 was
April 13, 2017, to April 11, 2018, and growing year 5 was
from April 12, 2018, to April 11, 2019. This arrangement
of growing years is designed to start before spring green
out when soil water storage is near its maximum and to end
after the active growing season when soil water storage is
near its minimum.

Statistical analyses were conducted to test for treatment
effects on components of the hydrologic budget. Mixed-
effects analysis of variance (ANOVA) was used to test for
differences in annual plot means for litter production, LA,
NPP, Ei, Es, Et, ET, WUEg, and WUEg,. Species, ground-
water depth, and year were treated as fixed factors, and plot
was treated as a random factor. Tukey’s HSD tests were
used for analysis between groups. Statistical analyses were
calculated using R 4.1.2 (2020, R foundation for statistical
computing, Vienna, Austria) and the nlme package.

Results

Average P for growing years 3 through 5 was 1291, 1032,
and 1585 mm compared to a long-term annual average of
1263 mm. P varied seasonally, with the highest P in the
summer months (Fig. 2). Annual P did not vary significantly
across the plots (p=0.815). Cold snaps with consecutive
daily minimum temperatures below freezing were observed
in the winters of growing year 3 (4 days), growing year 4
(4 days), and growing year 5 (11, 8, and 5 days).

Perching of soil water within and above the Bt horizon
was more common in shallow groundwater plots than deep
groundwater plots, especially following heavy P events or
periods of sequential P events when soil storage was full.
Based on the hourly piezometer observations, soil water was
perched 25% of the time on average across shallow ground-
water eucalypt plots versus 18% across deep groundwater
eucalypt plots. In pine plots, soil water was perched 21%
of the time in shallow groundwater plots and 12% of the
time in deep groundwater plots. Perching was more common
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Fig.2 Monthly total precipitation during the study period shown in
black open symbols relative to distributions of monthly precipitation
at Aiken, SC, from 1960 to 2014

in the dormant season than in the growing season. Mean
perching duration in eucalypt plots was 27 and 17% for the
dormant and growing seasons, respectively, and for pine,
they were 22 and 13% (Fig. 3). Mean depth to groundwater

Fig.3 Boxplots of hourly
groundwater and perched soil

1 - shallow 2 - shallow 3 - shallow

was 2.47 m at the shallow plots and 6.61 m at the deep plots,
although variability was high across shallow and deep plots.
The depth to groundwater at shallow plots varied from 0.54
to 5.12 m and from 2.99 to 9.74 m at the deep plots (Fig. 3).

Eucalypt LAI was not influenced by groundwater depth
(p=0.189) but differed among species (p <0.001) and grow-
ing year (p < 0.001); however, these effects were not inde-
pendent (i.e., species X growing year interaction; p <0.001).
LAI was greater in pine than eucalypt across groundwater
depth and years. LAI was similar between species in grow-
ing year 3 (about 2) and began diverging in growing year 4
when LAI in pine plots increased from 3 to 4. LAI in euca-
lypt plots decreased at the end of growing year 4 due to leaf
frost damage (Fig. 4). As a result of mortality, mean tree
density in eucalypt central plots decreased from 48 trees in
year 1 to 43, 34, 33, and 24 trees for years 2 through 5. The
mean number of central plot trees in pine plots remained 45
or more throughout the study.

Monthly average leaf litter production for eucalypts was
21, 66, and 30 g/m? for growing year 3 through growing
year 5, and for pine, they were 15, 26, and 31 g/m”. The
annual total leaf litter production was not influenced by
groundwater depth (p=0.101), was greater in eucalypt plots
(p=0.002), and increased with growing year (p <0.001),
and these effects remained independent. Cumulative leaf
litter was not influenced by groundwater depth (p =0.060)
was greater in eucalypt plots (p <0.001) and increased
annually (p <0.001); these effects were not independent
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Fig.4 Monthly leaf litter 1250
accumulation (m?) and leaf
area index (LAI) by species and
groundwater treatment. Leaf
litter collected in litterfall traps
(n=060). Lines connect monthly
means, and error bars represent
the mean =+ 1 standard error.
Vertical dashed lines indicate
growing year transitions
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(i.e., species X growing year; p <0.001, groundwater X year;
p=0.027). Cumulative leaf litter did not increase in deep
groundwater eucalypt plots from growing year 4 to growing
year 5 (Fig. 4).

The mean DBH at the start of growing year 3 was 1.4 cm
for eucalypt and 1.3 cm for pine, and at the end of growing
year 4, they were 9.1 and 10.7 cm. Annual biomass accumu-
lation was not influenced by groundwater depth (p =0.125)
and did not differ by species (p=0.187) but did increase each
growing year (p < 0.001); these effects were not independent
(i.e., species X groundwater; p=0.019). Eucalypt biomass
accumulation was greater than pine in deep groundwater
plots. Biomass estimated from allometric equations at the

Fig.5 Annual diameter at GY2
breast height (cm) and total bio-
mass (kg/mz) at the end of each
growing season by species and
groundwater treatment. Wind
damage to individual eucalypt
trees in growing year 5 caused
an apparent reduction in DBH 01
in eucalypt plots 64

3}

Biomass (kg/mz)
N

end of growing year 5 was 4.9 kg/m? for eucalypt and 4.3 kg/
m? for pine (Fig. 5). Cold-induced mortality killed some of
the largest eucalypt trees at the end of growing year 5 caus-
ing a reduction in mean DBH, but mean biomass increased
due to growth of surviving trees.

Mean ANPP was 1.49 kg/m? for eucalypt and 1.43 kg/
m? for pine. ANPP was not influenced by groundwater
(p=0.224), did not differ among species (p=0.861), and
did not differ among growing years (p =0.551); these effects
were independent.

Root surface area was not influenced by groundwater
depth (p =0.142), did not differ among species (p =0.054),

GY 3 GY 4 GY 5
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__ Dl

deep shallow
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Fig.6 Root surface area by soil depth increment, species, and grow-
ing year. Soil core samples for root analysis were collected at the end
of growing years 3 and 4 from five soil cores adjacent to one tree in
each plot

but did vary by growing year (p <0.001) and soil depth
increment (p < 0.001); these effects were independent. Sam-
pled root surface area was greater in growing year 4 than

Growing Year 3
1600

Growing Year 4

growing year 5. Across plots most roots were observed from
0 to 25 cm below the soil surface. On average 61% of euca-
lypt root surface area was between 0 and 25 cm followed
by 15, 14, and 10% in the 25-50, 50-75, and 75-100-cm
depths, respectively. On average 60% of pine root surface
area was in the 0-25-cm depth followed by 18, 14, and 9%
in the 25-50-, 50-75-, and 75-100-cm depths, respectively
(Fig. 6).

Ei was greater in shallow than deep groundwater plots
(p=0.006), was greater in pine than eucalypt (p <0.001),
and increased with growing year (p <0.001); these
effects were not independent (i.e., species X growing
year; p=0.021, groundwater X growing year; p =0.038).
Ei increased year to year for eucalypt but for pine only
increased from growing year 4 to growing year 5 (Fig. 7).
In deep groundwater plots, Ei increased year to year, but
in shallow groundwater plots, Ei only increased from
growing year 4 to growing year 5.

Bare plot Es was 593, 415, and 585 mm (46, 40, and
37% of P) for growing years 3, 4, and 5, respectively. In
growing year 3, Es in the vegetated plots was just under
500 mm, nearly equal to that in the bare lysimeters, and
it diminished by approximately 300 mm by growing year
4 (Fig. 7). Es did not differ by species (p =0.091) but
decreased with growing year (p <0.001); these effects
were not independent (i.e., species X growing year;
p=0.014). Es was similar between species in growing

Growing Year 5
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Fig.7 Mean annual water budget components by species and grow-
ing year with labels representing fluxes in mm and percent of pre-
cipitation. PET Penman—Monteith potential evapotranspiration, P
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precipitation, Es soil evaporation, Et transpiration, Ei interception,
ET evapotranspiration (Es+Et+Ei), and Rq recharge to streams and
groundwater calculated as P—ET
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years 3 and 4 but was higher in loblolly than eucalypt in
year 5.

Annual Et was not influenced by groundwater depth
(p=0.736) but differed among species (p =0.002) and
among growing years (p <0.001); these effects were not
independent (i.e., species X growing year; p =0.030). Et
was higher in eucalypt than pine and increased most years
with canopy development, although pine Et was not differ-
ent between growing years 4 and 5 (Fig. 7). Annual Et, for
growing years 3 through 5 was 486, 561, and 605 mm for
eucalypt and 214, 295, and 357 mm for pine.

Annual ET over the 3 growing years averaged 1107 mm
for eucalypt and 856 mm for pine. Annual ET (Es + Et+ Ei)
was not influenced by groundwater (p =0.547) but was
greater in eucalypt than pine (p=0.032) and varied by
growing year (p =0.016); these effects were independent.
In growing year 4, ET was lower than in growing years 3
and 5 due to lower P and PET (Fig. 7).

Annual total pan evaporation from the Barnwell, SC,
NOAA station was 1700, 1501, and 1403 mm for growing
years 3 through 5, respectively. Penman—Monteith PET cal-
culated from local tower data was 1514, 1342, and 1193 mm
for growing years 3 through 5. Rq varied as a function of P
and ET and for growing years 3 through 5 was on average
266, 137, and 523 for eucalypt and 396, 298, and 785 mm
for pine.

The mean annual WUE for growing years 3 through
5 was 1.6, 1.9, and 0.41 kg/m3 for eucalypt and 1.7, 1.5,
and 1.9 kg/m? for pine (Table 3). Cumulative WUEg for
growing years 3 through 5 was 1.35 kg/m? for eucalypt
and 1.67 kg/m? for pine. WUEg; was not influenced by
groundwater depth (p =0.153), did not differ among spe-
cies (p=0.257), and did not differ among growing years
(p=0.316); these effects were not independent (spe-
cies X growing year; p=0.037). For pine WUEg was greater
in growing year 4 than growing year five. The mean annual
WUEg, for growing years three through five was 3.4, 2.7, and
0.41 kg/m? for eucalypt and 7.3, 4.2, and 4.5 kg/m? for pine
(Table 3). Cumulative WUEg, for growing years 3 through 5

Table 3 Mean water use efficiency as biomass per unit evapotranspi-
ration (WUEg;) and as biomass per unit transpiration (WUEg,) by
species, growing year (GY)

Species GY WUEgr WUE,
(kg/m3 H20) (kg/m3 H20)
Eucalypt 3 1.50 3.44
Pine 3 1.46 7.25
Eucalypt 4 1.83 2.67
Pine 4 1.32 4.19
Eucalypt 5 0.40 0.41
Pine 5 1.76 4.50

@ Springer

was 1.98 kg/m? for eucalypt and 4.66 kg/m? for pine. WUEE,
was not influenced by groundwater depth (p=0.558) but was
greater in pine than eucalypt plots (p =0.002) and decreased
over time (p=0.003); these effects were independent.

Discussion

In this comparison of intensively managed eucalypt
and pine, we found that eucalypt produced more bio-
mass over the 3 growing years (13.3%), transpired at a
much higher rate (Et+ 144%), and produced higher ET
(184 mm/year +23%) than pine. Eucalypts and pine had
similar WUEg because they had similar differences in
ANPP and ET. However, pine had higher WUE, because
ET was comprised of a higher proportion of Es than Et
compared to eucalypts. At the end of growing year 5, aver-
age WUEg; was 1.27 for eucalypt and 1.50 kg/m* H,O for
pine, whereas WUEp, was 1.98 for eucalypt and 4.66 kg/
m? H,O for pine. On a delivered dry biomass basis, euca-
lypt plantations would produce a similar amount of ET as
pine plantations, but on a watershed-area basis, eucalypt
would use more water and reduce water yield. Thus, the
effects of switching from pine to eucalypt for woody bio-
mass production depend on how the productivity differ-
ences affect total planted area for each species. Our finding
of higher Et in eucalypt agrees with other results from the
southeast USA [9] and Brazil [52, 53] but differs from
a comparison of Pinus radiata and Eucalyptus globulus
plantations in Australia [14], where there was no differ-
ence in Et. While only one variety of eucalypts was used in
this study, we utilized the best available plant material at
the time of planting, and we believe that the comparative
ET and its components between pine and eucalypt provide
valuable empirical evidence for the southeast US region.

Es has commonly been a neglected part of forest, and
plantation water budgets and published Es rates are often
estimated from soil moisture fluxes [25] but Es comprised
a substantial part of the water budget in these young planta-
tions. We measured Es for the purpose of closing the water
budget but did not anticipate that Es would be as impor-
tant as Et for years 3 and 4. There are limited published
Es measurements for forest or young plantation soils. We
know of lysimeter Es estimates from only two woody plan-
tation studies [15] near our current study site comparing
forested and non-forested Es using 0.5 m? lysimeters and
[14] in Australia reporting Es from 0.031 m? lysimeters in
eucalypt and pine plots. Caldwell et al. [15] reported that
Es under 14-year-old pine canopies accounted for 0% of P,
while Es from unvegetated plots accounted for 27% of P.
The Es reported from lysimeter measurements in eucalypt
plantations in Australia [14] was approximately 50% of
precipitation or 219-264 mm, while pine was 15-19% of
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precipitation or 106—141 mm [14]. Reported Es rates from
pine bioenergy plantations range from 73 to 310 mm with
a mean of 251 mm [25]. Decreases in our Es estimates
from over 500 mm in growing year 3 to less than 250 mm
in growing years 4 and 5 coincided with leaf area produc-
tion and leaf litter accumulation. This tradeoff between Es
and Et is a water-saving benefit of intensive management,
which generates greater leaf area and leaf litter earlier in
the growing cycle shading the soil and reducing Es. Our
data demonstrate that Es dynamics are especially important
early in the plantation cycle when leaf litter accumulation
is minimal and bare soil is common due to harvest and site
preparation disturbance. Thus, it is important to consider
Es when accounting for rotation length ET of short rotation
woody crops [54].

In our study, Ei was greater in pine than eucalypt plots,
which has also been found in other plantation comparisons
of Pinus and Eucalyptus [14]. Our observed pine Ei rates
of 18-21% of P were greater than other published rates for
Loblolly pine at 4—15% of P [55] and less than Pinus radiata
plantations in Australia at 27-50% of P [14]. There are no
published Ei rates for eucalypt in the USA. Data from euca-
lypt plantations in Brazil and Australia indicate Ei rates in
the range of 14.4-31.5% of P for eucalypts 2—6 years old
[56] and 19% of P for eucalypt stands of varying ages [14].

Et in eucalypt plots was higher than in pine plots, which
is in agreements with another study comparing 9-year-old
plantations of the same two species in the southeast USA
[9]. The Et, rates considered mortality at the plot level and
were closer between the two species than Et, but eucalypt
still had higher Et,,, than pine. Pine Et was comparable to
observations from other young pine plantations [40]. King
et al. [25] reported mean overstory Et from 24 pine studies
at 410 mm/year. More specific to younger pines, Samuelson
and Stokes [57] estimated Et of 223 mm for 4-5-year-old
pines, and Gonzalez-Benecke and Martin [58] estimated Et
rates for 11 year old pines in South Carolina at 248 mm/year.
Eucalypt Et was higher than Et reported in other published
studies outside of the USA [14, 59]. Et rates from 9-year-
old eucalypt plots in North Carolina were 1077 mm/year.
[9], which is higher than our observed Et but makes sense
because our trees were younger and LAI was quite low by
growing year 5 due to frost and storm damage.

Stemflow was not quantified in this study and thus is
lumped with Ei. Published stemflow rates for young pine
plantations range from 0.3 to 6.5% of P [55]. Published stem-
flow rates for eucalypt are in the range of 0.8-2.4% of P [56].

Previous studies show that groundwater depth affects Et
[17, 18], but we did not find differences in Et or ET as a
function of depth to groundwater. The range of our ground-
water depths was smaller, and our trees were younger than
those of [17, 18], which may have contributed to a lack of
differences in Et by groundwater depth. In addition, soils at

our site have Bt horizons with high water storage capacities
and provide water through periodic droughts, which may
render deep rooting less advantageous. The lack of differ-
ences in Et across groundwater depths suggests that avail-
ability of shallow groundwater does not increase transpi-
ration at this stage of growth. Ultimately, rotation-length
studies will help address the uncertainties we have regarding
the dynamics of ET and groundwater use throughout stand
development.

Eucalypt and pine had similar WUEgy, but pine had
higher WUEL, due to higher Et in eucalypt. Our WUEg, was
58% greater in pine than eucalypt, whereas Maier et al. [9]
reported that eucalypt WUER, was 40% greater than pine,
and faster growing trees tend to have higher WUE [60].
Our eucalypt WUEg; was 1.35 kg/m?, which is lower than
the WUE, rates from other studies [53, 61-63] and can be
attributed to additional water lost to Es. Our eucalypt WUE,
was 1.98 kg/m®, which is lower than the 2.86 kg/m? reported
by Maier et al. [9] but within the range reported by other
studies [53, 61-63]. Our pine WUER was 1.67 kg/m3, which
is within the range of reported WUE for pine [57]. Our pine
WUEg, was 4.66 kg/m®, which is higher than the range of
reported WUEg, (1.18-1.62 kg/m?) for pine [57]. Some of
the differences between WUE in our study and other pub-
lished rates can be attributed to intensive management in our
stands, younger stand age, and freezing effects in eucalypt
limiting overstory development. The majority of published
WUE rates are reported as WUEg, rather than WUEg [25]
because Es is rarely quantified directly. Our measured water
budget components show that in young plantations neglect-
ing Es and estimating WUE from Et alone results in a sub-
stantial difference in interpretation of WUE and highlights
the importance of quantifying Es in young plantations and
throughout short rotations.

The value of our biomass and WUE estimates may be
limited by short duration measurements and a lack of Es
measurements from years 0 to 2. Water use measurements
are commonly conducted for 2-5 years (this study) [9],
while intensive management rotation lengths are 8—12 years
meaning we may not have an accurate overall picture of
short rotation water budgets. Water use measurements
commonly begin after canopy closure, while our data show
that annual Es prior to canopy closure (500 mm/year) can
amount to about half of ET after canopy closure [64, 65].
Thus, ignoring early plantation Es results in an underestima-
tion of rotation-length ET estimates, especially for shorter
rotations which are possible for intensively managed woody
crops. Reducing Es by maintaining litter cover would have
increased young plantation WUEg for both species but
would not affect WUE,.

While our pine plots had very low mortality and are
representative of typical intensively managed pine planta-
tions, our eucalypt plots had substantial mortality later in

@ Springer



BioEnergy Research

the study from freezing. We based our analysis primarily on
Et from living trees because our goal was to analyze ET of
intact plantations that could be grown in the region, but tree
gaps in eucalypt plots potentially affected the water budget
components and our WUE estimates. Gaps in the eucalypt
canopy likely resulted in increased aerodynamic roughness
and increased exposure to sunlight for remaining edge trees
[14], which could have increased Et per unit leaf area. Soils
under canopy gaps may have had fewer tree roots sourcing
water, which would have led to lower depletion from Et;
however, these soils experienced less shading/solar radia-
tion and received fewer leaf litter inputs which would have
increased Es. Higher Es in canopy gaps would likely sup-
plied atmospheric demand that would have otherwise been
supplied by transpiration. Our Es measurements were likely
less affected by canopy gaps than the other ET components
because all lysimeters were located within clusters of trees
that resembled a fully stocked stand. Without canopy gap
and damage effects in eucalypt plots, the Et and ET rates
would be more similar between eucalypt and pine as other
studies have reported [14, 59]. However, the only other com-
parison of pine and eucalypt ET in our region generally sup-
ports our finding that eucalypt Et was higher than pine [9].
Commercial efforts to grow Eucalyptus north of the Gulf
Coast have encountered periodic loss of trees or crown dam-
age during cold snaps [26], and we experienced the same
problem with a Eucalyptus variety selected to be cold hardy
[66]. Due to extended periods of winter temperatures <0 °C,
our eucalypt plots had significant cold mortality initially and
crown damage as trees developed. As a result of mortality
and crown damage most eucalypt plots had some canopy
gaps, however, each plot had at least one cluster of trees
forming a closed canopy and measurements were focused on
those clusters. Despite its productivity potential, our expe-
rience and that of others is that landowners do not want to
plant eucalypt in the Southeast due to cold snaps, which will
cause mortality [66]. To our knowledge, there are no seed-
lings available in the southeast that can withstand freezes,
and the genetic work to enhance cold tolerance has ceased.

Conclusions

ET was higher in eucalypt plots than pine plots and this
was driven primarily by higher Et. Eucalypt had 25 higher
ET than pine during growing years 3 through 5 and pro-
duced 13% more biomass. Eucalypt and pine had similar
WUEg because they had similar ANPP and ET. How-
ever, pine had higher WUE, because Es accounted for
a larger proportion of ET in pine than in eucalypt. The
WUEg data indicate that on a unit biomass basis, eucalypt
would use a similar amount of water, but on a planted area
basis, they would use more water. Thus, the hydrologic
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effects of switching from pine to eucalypt for woody bio-
mass production depends on the land area of each species
required to meet biomass production needs and the abil-
ity to preserve leaf litter during early stand development.
Our WUEg; and WUEg, data highlight the importance of
quantifying Es in young plantations where it can comprise
a substantial portion of ET.

The relative proportions of water budget components were
dynamic in growing years 3 through 5 for both species. Es
in the vegetated plots was high during growing year 3 and
decreased during growing years 4 and 5 along with canopy
closure, leaf litter production, and increased Et. Es was high
in the unvegetated plots for all three observed growing years.
These observations show that in young plantations with open
canopies, Es can be almost as high as Et from closed cano-
pies and suggests that it is important to quantify hydrologic
budgets from the time of plantation development to fully
quantify stand rotation ET. Bare soil Es estimated from the
unvegetated lysimeters accounted for 44% of P over the study
period, consistent with a previous study in the region [15],
indicating the need for forest managers to maintain organic
cover on soils after harvest and planting to minimize water
losses. Research is needed into how reducing soil evaporation
might increase tree productivity and/or increase water yields.

Regionally severe cold snaps caused high mortality even
among this Eucalyptus variant selected for cold hardiness.
Past efforts to grow Eucalyptus north of the Gulf Coast
have repeatedly encountered the same problem with cold
weather mortality [26, 66]. These data indicate that more
work is needed to select for cold hardiness if Eucalyptus are
going to be grown in this region.
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