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ABSTRACT
ECOHYDROLOGICAL IMPACTS OF BIOENERGY PRODUCTION IN ASPEN AND
EUCALYPTUS PLANTATIONS
By
Jose Gutierrez Lopez
University of New Hampshire, May, 2019

Forecast scenarios predict an increase in the demand of alternative sources of energy
during the coming decades, such as woody biomass crops (WBC). WBC have the potential to
become a major challenge for the next generation of researchers, policymakers and land
managers. However, the current rationale for promoting plant-based over petroleum-based
energy sources emphasizes the benefits of reduced carbon dioxide and other emissions, while
giving less attention to potential impacts to water resources.

It is well documented in the scientific literature that trees use large amounts of water for
metabolic needs. Water use at the tree and ecosystem level has always been of scientific interest,
however, the potential impact of water use in bioenergy plantations is often considered a
“possible environmental impact”. Thus, understanding the ecological implications of water use
in WBC is essential for their sustainable development.

The general goal of my research was to assess potential ecohydrological impacts associated
with the production of biomass for bioenergy from aspen (Populus tremuloides Mich.) in
Wisconsin, USA, and eucalyptus (Eucalyptus grandis) plantations in Entre Rios, Argentina. My
doctoral research was part of a large international interdisciplinary NSF-PIRE research project
that examined the impacts, barriers and opportunities related to bioenergy production across the

Americas (USA, Mexico, Brazil, Argentina).
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We selected plantation ages within the most common rotation cycles for each species. In
Wisconsin, we studied three sites, a 10- and a 24-year-old (YO) coppice plantations, and a
reference 34 YO mature forest. In Argentina, we studied two 1 YO plantations one at high and
one at regular density, a4 YO, a 10 YO plantation, and a reference grassland. This was a unique
study to determine annual water use based on a combination of tree-level measurements of water
use using sap flow sensors, and deterministic models of potential evapotranspiration.

We validated two sap flow methods (heat dissipation and heat ratio), and validated a third
method (maximum heat ratio) that is capable of measuring with precision high and low sap flux
densities (Fz, cm?® cm™ cm'). According to the results from the validation studies, we were able
to estimate tree-level water use within a 7% error margin (estimated as the difference between
observed and estimated sap flow in L h™") using heat ratio and maximum heat ratio methods,
without generating species-specific parameters. However, using the heat dissipation method, the
average estimation error without species-specific parameters was -53%, and improved to 5%
once species-specific parameters were generated. Validating the maximum heat ratio method,
allowed us to estimate Fy in young trees, which are often excluded from chronosequence studies
due to their high Fy. Our estimates of Fy at different plantation ages, allowed us to extrapolate
from the tree to the site level, using real tree-level response to various environmental variables.

Our analysis of P. tremuloides and E. grandis offered contrasting results. In P. tremuloides
plantations, water use at the site level generally increased with age, even when site density
decreased over time (from approx. 6500 to 1900 from 10 to 34 YO). We observed that young
plantations (10 YO) used 80% of the annual water early in the growing season, compared to a
45% for the same period in the Mid-aged and Mature plantations. Site effects, specifically soil
type and the resulting soil saturation (5), had a significant effect on 7 estimates. After modeling

the effects of S, creating two artificial scenarios (e.g. limited and non-limited S) the 10 YO site



showed the highest sensibility to changes in S, while the 34 YO mature site was the least
affected. Average stand transpiration by site considering the effects of S increased with age,
which supported our hypothesis regarding the relationship between stand age and stand 7.
However, the relationship between stand 7' was not constant across seasons, which according to
our results might be caused by a higher hydraulic stress observed in the 10YO site, compared to
the other two sites.

On eucalyptus plantations, when the density remained constant, stand 7 decreased with
plantation age, reaching maximum water use rates at around 4 YO and declining afterwards for
the remainder of the typical 15 YO rotation cycles. Due to similar site conditions in terms of soil
characteristics, we did not observe a strong site effect. Our experimental site at high density (e.g.,
double of a regular site) showed an increase in average site 7 of 50%, and both 1 YO sites
presented an opportunistic pattern in water use, increasing when soil water was available, but
decreasing significantly when soil moisture was limiting. Finally, in both plantations we
observed that reference evapotranspiration, estimated with the Penman-Monteith equation, was a
poor predictor of water use in young plantations. We associate these results to the seasonal
patterns of water use in young plantations.

Within the context of bioenergy production, our results provide ample evidence for the
importance of water use in bioenergy plantations in the early stages of feedstock production. We
also show that plantation density in fast and slow growing species, impacts the way trees respond

to water availability in the soil.
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CHAPTER 1

GENERAL INTRODUCTION

National trends and major research advancements
The increasing demand for alternative sources of energy has expanded the research

frontiers of production and processing systems for bioenergy (Perlack et al. 2005). However,

unlike algae or agricultural crops (e.g., corn, soybean, grass biomass) woody bioenergy crops
(WBC) or short rotation woody crops (SRWC) (e.g., poplar or eucalyptus plantations) are still
behind in technological advancements. Some of the reasons behind this lag are the complexity of
management strategies, systems and practices that would be required for sustainable large-scale
production of bioenergy derived from WBC or SRWC; practices that need to be adaptable to a

variety of local conditions (BRDB 2011, White 2010). In other words, sustainable development

of WBC is largely dependent on local or regional-based studies. In Argentina, fast-growing
plantations of the Eucalyptus genus (and other WBC) tends to focus on timber production, and
the debate over national bioenergy development is limited to small trials, primarily on small
crops (Perry 2009, van Dam et al. 2009) as will be shown in Chapter IV. As a result, this
introduction will not discuss the development of the section in Argentina. Conversely, in the
USA, the bioenergy sector has received more attention and among various topics, it deals with
the complex debate of the feasibility of feedstock production to meet national demands.
Despite its complexity, specific areas within the WBC field and important research
advancements have been conducted, such as: the development of policies (Molony 2011),

financial analysis (El Kasmioui and Ceulemans 2013), production and harvesting (Abbas et al.

2011), technological advancements for storage, refinement, yield (Dillen et al. 2013) and the

impacts to the hydrologic balance (Babel et al. 2011). At the national level, the United States




Department of Energy (USDE), through the Bioenergy Technologies Office (BETO) published
in 2005 an extensive review on the feasibility of the required supply for bioenergy for a variety

of sources including crops and WBC (Perlack et al. 2005), which covered several potential

concerns, including transportation, access, costs associated with biomass removal,
transportations costs, labor availability, among others. In May 2013, the same office published a
five-year program of research, development, demonstrations and deployment of activities aimed
to achieve large scale production of bioenergy (BETO 2013). However, both reports (from 2005
and 2013) give little attention to the potential ecohydrological impacts of bioenergy production.
Other documents published by the USDE, the United States Department of Agriculture
(USDA), and the BETO indicate that at the federal level, the complexity of the bioenergy
industry is such, that issues regarding the impacts to hydrological services or water balance are
often disregarded as mere “possible environmental impacts” and are not fully addressed (BETO

2013, BRDB 2011, Perlack et al. 2005, White 2010). The multi-year program released in May of

2013 by the BETO establishes the objective “(to) maintain or improve water quality, reduce
consumptive water use, and improve water use efficiency” as the main strategy to deal with
sustainability issues associated with ecohydrological impacts of bioenergy production. However,
in this 170+ page document, this is the only mention of a strategy to address hydrologic concerns
of biomass production (BETO 2013).

It can be argued then, that the development of national level policies can speed or halt the
development of projects aimed at understanding the ecohydrological impacts of the
establishment of WBC or SRWC. This is something the BETO acknowledges, stating that the
key issues of this year (2015) in the global bioenergy race are: (a) local manufacturing, (b)

emerging pathways and innovative technologies and (c) national and state policies. Despite the



influence of policies, our understanding of the impacts of WBC on local water balance has
progressed substantially.

A few examples of important research advancements related to, or that complement
ecohydrological impacts of bioenergy production and WBC/SRWC, that have not yet been fully

reflected in national-scale programs are: selection of potential forest species (Christersson 2010,

Dougherty and Wright 2012, Evans et al. 2010, Tharakan et al. 2003), suitable areas for

production (Cartisano et al. 2013, Headlee et al. 2013), yields based on stand composition

(Nelson et al. 2012), guidelines for harvesting (Abbas et al. 2011), hydrological impacts (Babel

et al. 2011) impacts to soil properties (Baum et al. 2013), environmental impacts (Rowe et al.

2009, Wu et al. 2013), and nutrient amendments (Li et al. 2012) among others.

Other research advancements related to WBC within the biotechnology field that are also
worth mentioning are: the genetic manipulation of trees to increase branch production and total
biomass in poplar and chestnut trees, which found positive results modifying the CSRAV1 gene

to induce sylleptic! branches (Moreno-Cortes et al. 2012). Pilate et al (2012) reported, based on

20 years of field trials of transgenic trees, that it is possible to reduce lignin in cell walls (to
increase cellulose yield), but with negative effects on plant growth. Conversely, Wang et al
(2011) reported increased rates of growth and development in hybrid poplars after the reduction
of the expression of the SHORT-ROOT gene. Also within this field, the Eucalyptus grandis
genome was recently published by Myburg et al (2014), which has been considered a landmark
that will redefine and improve breeding programs oriented towards the production of bioenergy,
in a similar way the genome of Populus trichocarpa (Torr & Gray) revolutionized breeding

poplar programs (Tuskan et al. 2006).

I Growth in which branches develop from a lateral meristem, without the formation of a bud or period of dormancy, when the

lateral meristem is split from a terminal meristem.



Water-related research gaps in bioenergy production
To understand potential ecohydrological impacts of bioenergy production, it is important to

review first water use at the plant level and the driving factors. Dynamics of plant water use vary

with age and it is greatly influenced by environmental factors (Gochis and Cuenca 2000, Muller

and Lambs 2009). For example, a single mature poplar tree can vary from 50 to 100 L of sap per

day during the peak of the growing season (Wullschleger et al. 1998b), the same tree growing

under a different set of management or environmental conditions (e.g., high density or extended
periods of drought) can change drastically its water use patterns and have completely different
seasonal patterns of water use. Inter-annual (i.e., seasonal) environmental changes, and species-
specific structural changes within the tree, like leaf area and total biomass have similar effects

(Forrester et al. 2010a, Hubbard et al. 2010).

The scientific literature that focus on the driving factors that influence water use patterns
in forest ecosystems, particularly plantations, can be grouped into two categories: (a) the
physiological response of plants to changes in resource availability and environmental conditions
(e.g., light, soil moisture, nutrients, light, temperature), and (b) changes in plant structure and
growth patterns that result from adaptation to changes in the available growing space and
subsequent changes in horizontal and vertical stand structure caused by plant interactions (e.g.,
canopy closure, abrasion, etc.), disturbance, or other factors. From this classification, it is
possible to identify areas where our current scientific understanding is limited.

Both physiological changes and structural adaptations in plantations start at the canopy
and leaf level. Research has shown that LAI and transpiration (or canopy conductance) are

linearly related in several tree species, including aspen and eucalyptus (Allen et al. 1999,

Blanken et al. 1997, Forrester et al. 2010a, Kull and Tulva 2000, Wilske et al. 2009). However,




the seasonal changes between these two variables due to the response of trees to resource
availability or phenology, is often ignored or assumed to be constant. Studies have found that as
a plantation ages, the portion of the canopy that is shaded, or under constant indirect light,
increases over time until the stand reaches canopy closure, and the amount of light that reaches
lower branches is significantly reduced. Lower leaves that are not able to photosynthesize (or
maintain a positive carbon balance) at reduced light levels, die off, reducing the total

photosynthetic surface of the canopy (Kozlowski et al. 1991), thus decreasing transpiration and

water use rates.

These patterns of canopy reduction over time and other structural adaptations and
subsequent impacts on stand water use, are undoubtedly different among species and even within
the same species growing in different regions. Studies on species specific patterns have found

that depending on light assimilation, leaf shape and photosynthetic rates (Salisbury and Ross

1992), trees can continue developing leaves past canopy closure. Clear examples are pine

plantations, which due to the relative smaller area of individual needles, allow for more light to

pass through the canopy (high canopy transmittance) (Ewers et al. 2007, Stenberg et al. 1994),
increasing the amount of light that reaches lower branches. Another advantage of pine needles
over broad-leaved trees is their ability to photosynthesize at lower light intensities (red and far-

red frequencies (656-714 nm)), typical of the understory (Kozlowski et al. 1991, Taiz and Zeiger

2002), this allows several conifer species to continue canopy development past canopy closure.
Returning to aspen and eucalyptus, given their larger leaf area, low shadow tolerance and
high water demands, it is highly unlikely for shaded aspen leaves to maintain positive carbon

balances under these conditions (Pallardy and Kozlowski 1979), reducing the total leaf area and

the active photosynthetic surface. However, studies looking at the effects of structural

adaptations (e.g., canopy adaptation to growing space and self-thinning crowns as a result of



negative carbon balances) over time of aspen or eucalyptus trees growing in plantations at

different stand ages are not very common (Forrester et al. 2010a, Kull and Tulva 2000). We

know however, is that the factors affecting specific canopy closure patterns in plantations, are
unique, and different from those affecting natural stands of the same species. A clear example for
plantations is crown abrasion, the reduction in crown size, and the increment of inter-crown
openings, resulting from sway action, where the altered vertical structure of trees species lowers
their structural integrity, potentially reducing crown size as the plantation matures (Peltola 1996,

Sellier and Fourcaud 2009).

Physiological changes and structural adaptations have been also observed in eucalyptus
plantations. In a recent study on eucalyptus plantations varying from 2 to 8 years old, Forrester et
al (2010a), reported that as trees aged, their sap velocities decreased (observed in 8 YO trees).
They argue that trees compensate water requirements by modifying their LAI to sapwood area
ratios. While allometric relationships have long been developed and the growth dynamics are
well understood for major eucalyptus and poplar varieties, this self-regulation process (by which
trees balance water requirements with the required area of conductive tissue for water transport)
(i.e., sapwood area), can have major impacts on water use in WBC where growing patterns are
modified due to management practices oriented to increase biomass productivity (i.e., high
density, or short rotations).

Belowground dynamics are not the exception; access to soil moisture and nutrients also
plays an important role in defining canopy shape, LAI and transpiration rates. Research in
eucalyptus trees has shown that water limitation can reduce canopy development (Beadle in

(Sandanandan and Brown 1997)), particularly leaf area. Similarly, deficiencies in nitrogen have

been shown to reduce photosynthetic rates in melaleuca and eucalyptus species (Nguyen et al.

2003). Conversely, if water and nutrient limitations are eliminated by fertilizing and irrigating,



studies in poplar plantations have observed increments in total stand growth of up to 18% (Kim
et al. 2008). These results were similar to observations on transgenic poplar trees using enriched
5N as a tracer of nutrient uptake, where it was found a higher nitrogen assimilation and overall

growth when nutrient limitations were eliminated (Man et al. 2005).

Unlike natural forests or plantations for timber production, WBC of eucalyptus and

poplar are often planted at high densities to increase site productivity (Almeida et al. 2007,

Tullus et al. 2009). In these sites, canopy closure, maximum LAI, etc., and the subsequent effects
on water use -as previously discussed- may occur much earlier than in regular unmanaged

stands, which in turn, can have consequences for the stand water budget (Fernandez and Gyenge

2009, Oguntunde 2007) not fully documented or understood.

The timing at which these plant, and stand processes occur, can potentially impact the
water balance in completely different ways (i.e., early depletion of soil moisture, reduced
outflows and runoff) in unforeseeable ways. However, due to the relatively new development of
methods to reliably estimate water use at the plant level (i.e., high precision sap flow methods),
our current scientific understanding is strongly focused on stand growth dynamics and biomass

accumulation under various management conditions (Kauter et al. 2003, Tullus et al. 2009,

Werner et al. 2012), giving less attention to the ecohydrological impacts of WBC (Bungart et al.

2001, Jassal et al. 2013).

Considering then the reduction in water use with age in WBC, caused by previously
discussed physiological changes and structural adaptations, the often-attributed negative impacts
of increased water use in these plantations, can be potentially managed or regulated with longer
rotation cycles. The logic behind this argument is that, if a production system is constantly
running at its maximum capacity (i.e., rotation cycles focused on high productivity), the stress on

water resources should be similarly intensive. Then increasing rotation cycles will by default,



include periods of time when water use requirement for plant growth is not as intensive. The
later will in turn allow plantations to function as natural regulators of water flows (e.g., reducing
runoff and increasing infiltration) and, hence, improve impacts on water resource sustainability.
Understanding how water use changes over time in a plantation or managed forest, can be of
great value to propose long-term forecasting scenarios of water use and biomass accumulation,
as shown in Figure I-1.

Finally, considering that most eucalyptus and aspen plantations are harvested at or before

15 years of age (Forrester et al. 2010a, Tullus et al. 2009), and some use even shorter rotation

cycles, studies of water use dynamics in bioenergy plantations of 15+ years-old, are rare and
highly important to understanding the implications of water use in WBC plantations of aspen and

eucalyptus on the overall stability of the ecosystem.

Hydrological services and biomass accumulation tradeoffs

Hydrological services (HS) are part of the various environmental services that society
requires from forests, and in many regions of the world represent the base of livelihood of local
communities. Given that water quality and quantity are considered the most important of services

forests provide to society (Hamilton et al. 2008), understanding the impacts of WBC have on

hydrological services is essential for their sustainable development, but most importantly, to
guarantee that the livelihoods of local communities are not compromised.
At the ecosystem level, impacts of WBC on HS has been addressed at the national level

(Cartisano et al. 2013, Davis et al. 2012, White 2010, Zalesny et al. 2012, Zamora et al. 2013),

and around the world in various environmental conditions in Australia (Sochacki et al. 2007), the

United Kingdom (Rowe et al. 2009), France (Toillon et al. 2013), Canada (Jassal et al. 2013),

among several others. The goal of these studies is often to understand direct impacts of biomass



production on HS, to provide policy-makers and land managers science-based information to
achieve sustainable management. Regionally and at the state level, in the USA, several
publications make evident that steps are being taken to address potential impacts of bioenergy
production to HS (Indiana: (IDNR 2007); Virginia: (Jackson 2007); South Carolina: (SCFC

2012); and Wisconsin: (Herrick et al. 2009, Radloff et al. 2012), among others).

Nonetheless, despite the increasing scientific interest and research initiatives on bioenergy-
water relationships, much work still needs to be done to fully address the ecohydrological

impacts of the production of bioenergy using various species and growing conditions (BETO

2013, Perlack et al. 2005). The important issue at hand is that intensive production of bioenergy,
will likely impact HS that provide direct benefits to society through HS (e.g., water infiltration,
outflows and water yield). Forest management for HS alone is inherently complex, which
combined with management that aims to maximize biomass production, results in conflicting
management strategies due to the constant overlap in goals. Since the primary object of
bioenergy production of to maximize crop yield, biomass production often leads to higher water
use at the stand level, reducing water outflows and thus creating direct negative impacts to the
ecosystem and its HS (e.g., water yield, water balance).

The dynamics of biomass accumulation (e.g., potential yield, mean annual increment
(MALI), periodic annual increment (PAI)) are well documented for a variety of softwood species,

in part due to the strong importance of these studies, which are required to elaborate energy

scenarios at the national level, as previously mentioned (Perlack et al. 2005). At this point, the
scientific literature has focused on the most common management systems for WBC, such as: (a)
short rotations; (b) short rotation with coppice; (c) harvest residues and (f) hazard-fuel reduction
(White 2010). Short rotation woody crops (SRWC) of softwood species such as hybrid poplars

(Populus spp.), willow (Salix spp.), Sycamore (Platanus spp.) and silver maple (Acer



saccharinum L.) have received the greatest attention (White 2010), in part due to their ability to
achieve high biomass production over short time spans and with low production inputs, as well

as their wood properties, known for a relatively easy conversion to fuel (Lasch et al. 2010).

Coppice systems have also been used in some eucalyptus species (e.g., Eucalyptus grandis),
which are also commonly managed under short rotations of varying lengths (Dougherty and

Wright 2012, Mizrachi et al. 2012, Sochacki et al. 2007).

Previous research on SRWC in poplars and willows has provided evidence on the potential

impacts to HS under future climate change conditions (Lasch et al. 2010), potential nitrogen and

CO; fluxes and greenhouse gas mitigations associated to their production (Balasus et al. 2012,

Hansen et al. 2013, Verlinden et al. 2013), the impacts of their production to water quality, soil

organic matter and microbial communities (Baum et al. 2013), and the quality and quantity of the

biomass that can be harvested (Kauter et al. 2003). However, despite the current state of

knowledge on SRWC, there are several questions that remain unanswered regarding water use

patterns and impacts on HS of WBC.

Water use in plantations
Trees are grown in managed plantations to produce desirable characteristics across the
stand (bole height and diameter). In WBC, the goal is often to maximize production per unit of

land (Forrester 2013, Nelson et al. 2012, Tullus et al. 2009). Each year thousands of hectares are

added to these artificial ecosystems by either managing naturally occurring forests (e.g., aspen

stands (Tullus et al. 2009)), or by replacing existing land covers (e.g., eucalyptus plantations

(Forrester et al. 2010a)). In both natural forest under coppice management, and plantations that

replace existing vegetation, understanding their water use dynamics is fundamental in order to

foresee potential negative impacts.

10



Establishing a plantation replacing the original land cover changes dramatically the vertical
and horizontal water dynamics of the new cover. Vertically, the stand dynamics that are altered
the most in the established plantation are: interception, throughfall, evaporation, transpiration

and water use partitioning (Dunisch et al. 2003, Forrester 2014b, Massonnet et al. 2008, Zhou et

al. 2004). Water partitioning (i.e., plants accessing water from different soil layers or water

sources at a given time (Campoe et al. 2012, Hunt and Beadle 1998) is modified when trees of

similar root characteristics and water requirements access intensively the same water resources.
Horizontally, movement of soil water, nutrient transportation, evaporation, and transpiration

distribution are the most affected stand dynamics (Binkley et al. 2013, Forrester 2014b), of the

newly established plantation. Horizontal changes in evapotranspiration patterns are the result of
low variability of transpiration rates throughout the plantation, which in turn reduces water and
nutrient movement in the soil.

The extent to which the land cover change affects water use dynamics is also governed by
the location of the site, the evaporative demand of the environment and the potential
evapotranspiration of both the replaced and the introduced land covers. Research in eucalyptus
plantations in Southeast Australia demonstrated that water use is related to stand age. Their
results indicate a range from 0.4 mm day™! to 1.9 mm day! in stands of 2 and 6-7 year-old (YO)

trees, respectively (Forrester et al. 2010a). Hubbard et al (2010) found a range in daily water use

from 2.6-3 mm d! (based on total water use per year) in eucalyptus plantations of 8 YO in
Southeast Brazil. Studies of water use in 12 YO poplar plantations have found water use ranges

from 2.2-6.7 mm d! in Germany (Petzold et al. 2011). However, since no reference water use

rate of the replaced ecosystem is provided, it is hard however, to assess the impact these

plantations had on the water balance.
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Our scientific understanding of water use dynamics in plantations, and its implications to
the ecosystem) has increase significantly in the last decade, and has also covered subjects such as

carbon fixation and nutrient uptake, among others (Binkley 2004, Forrester 2014a, Forrester et

al. 2006, Forrester et al. 2004, Forrester et al. 2012, Forrester et al. 2010b, Stape et al. 2008,

Stape et al. 2010, Tricker et al. 2009). However, although many soil-plant-atmosphere processes

(e.g., photoinhibition, water uptake, etc.) are well understood, there are still few studies that have
dealt with the potential ecohydrological impacts of bioenergy production in plantations (e.g.

(Wilske et al. 2009)). Further, log-term plans for bioenergy production, do not fully address

issues regarding water quality and quantity in bioenergy plantations, and are often regarded as

mere “potential negative effects” (BETO 2013, BRDB 2011).

Higher productivity of plantations of aspen and eucalyptus oriented for bioenergy
purposes has shown to increase water use rates and result in hydrologic stress at both the plant
and the stand scale, (Berndes 2008). The timing at which maximum water use occurs, however,
depends largely on stand dynamics and characteristics of the species. Several studies have

analyzed water use dynamics in eucalyptus (Forrester et al. 2010a, Hubbard et al. 2010, Morris et

al. 2004), poplars (Jassal et al. 2013, Kim et al. 2008, Tricker et al. 2009, Xiao et al. 2013), and

studied their respective biomass accumulation dynamics (Forrester 2013, Forrester et al. 2004,

Kauter et al. 2003, Tullus et al. 2009), which at this stage are well documented and understood.

However, only a few studies have linked the water use dynamics, biomass accumulation and
their respective impacts at the stand and watershed level that result from the production of WBC
for bioenergy, and how these impacts develop over time as plantations age (Forrester et al.

2010a, Hunt and Beadle 1998, Jassal et al. 2013, Morris et al. 2004).

If the amount of biomass accumulated is compared to the amount of water used during the

same period, it is usually agreed that plants require vast amounts of water for their metabolic
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needs (Hillel 2004). Based on preliminary results from our measurements in eucalyptus trees,
trees can transpire in a day the amount of water equivalent to their dry weight. This excessive
water use can often decrease significantly the water content in the surrounding soil. Based on our
current understanding of water-carbon exchange dynamics, we can argue that at the ecosystem
level, plant water uptake is a bidirectional process, in the sense that it can both regulate and
maintain a balance between water inputs (precipitation, snowfall, etc.) and water outflows
(runoft, deep percolation, etc.), but these regulation varies depending on the type of forest
(natural vs. artificial/plantation).

Using eddy covariance techniques, research conducted in Canada on hybrid poplar
plantations observed that plantations are able to shift from carbon sources to carbon sinks.
According to Jassal et al. (2013), a newly established plantation can go from a carbon source (1.5
Mg C ha'! y!) in its first year, to a carbon sink (0.8 Mg C ha'! y!) by the third year of
establishment. Their data also indicates that during high water demand periods, transpiration
exeeded precipitation. These results provide evidence that even at an early age, hybrid poplar
plantations can store large quantities of carbon, however, in the process, large quantities of water
are lost through transpiration (272 and 321mm, 2010 and 2011, respectively). However, a
recently published large-scale review of several ecosystems ranging from forestlands to pastures,
provided evidence that water use and carbon acumulation dynamics are strongly influenced by
latitude and elevation. Their conclude that gross primary productivity and transpiration decline
with increased elevation, which leads to a reduction in net primary productivity with increasing

altitude Xiao et al. 2013).

Studies from around the world (Di Matteo et al. 2012, Dillen et al. 2013, Petzold et al.

2011, Tullus et al. 2009, Werner et al. 2012, Zalesny et al. 2012) have reported high carbon

accumulation estimates, unfortunately several of these studies focus on carbon accumulation

13



alone, and no estimates of water use are provided, making it difficult to assess water-carbon
tradeoffs. However, understanding the local productivity and the potential responses to
environmental conditions, it is possible to identify management practices that best fit

environmental conditions of interest.

Methods for water use monitoring in woody species

Estimating water use at the tree level presents various challenges, which are directly
associated to the methods used. Generally speaking all methods can be classified into direct or
indirect. Direct methods are those that measure the actual water use gravimetrically in potted

trees or using lysimeters (McCulloh et al. 2007, Sperling et al. 2012). Indirect methods rely on

the measurement of a secondary property, process or variable, to infer water use. Mechanistic
methods?, such as Penman-Monteith, Priestley-Taylor, are also indirect and are based on
assumed or validated tree-level responses to environmental variables. Clear examples of indirect

methods are those that use heat to trace sap movement within the sapwood (Burgess et al. 2001a,

Cohen et al. 1981, Granier 1985). These methods are commonly referred to as “thermometric”,

and are themselves classified into those that use constant heat and those with pulsed heat, each

with their own sub-classification (Vandegehuchte and Steppe 2013b).

Thermometric sap flow methods (TSF) are by far the most used to estimate water use at
the plant level. Sap flow sensors following various methodologies have been used in a variety of

crop (Bethenod et al. 2000, De Swaef and Steppe 2010, Gerdes et al. 1994, Senock and Ham

1995, Zhang and Kirkham 1995) and tree species (Allen et al. 1999, Bleby et al. 2004, Fernandez

et al. 2006, Gebauer et al. 2008). TSF methods are considered an important tool for plant

2 Those that describe phenomena in purely physical or deterministic terms
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irrigation and understanding of plant water use requirements. However, almost all are empirical

and rely on tree or species-specific calibration (Vandegehuchte and Steppe 2013b).

Within the TSF methods, the most common ones used on woody species, that were also

used in my research are: the heat pulse method (HPM, Cohen et al. 1981), the heat dissipation

method (HDM, Granier 1985), and a relatively recently developed variation of the HPM able to

measure reverse flows the heat ratio method (HRM, Burgess et al. 2001b). Despite being

commonly used, several studies have highlighted the weaknesses of both HRM and HDM (Lu et
al. 2004). The advantages, main contributions and weaknesses of each method, can be easily
understood considering their working principles.

The HPM consists of two probes, spaced 0.5 to 1.5 cm apart. The probes are inserted
parallel to the direction of sap flow. The lower probe is a heating element and the upper probe a
thermocouple (or set of thermocouples positioned at different sapwood depths). This method
works by releasing a pulse of heat of known dimensions and its behavior is tracked within the
wood matrix for a bout 100 seconds after the release of the pulse. To estimate sap velocity (cm h-
1 and sap flow (L h'!), the method relies on the maximum increase in temperature (ATemp)
observed in a thermocouple at a radial distance “r” from the heater, and the time it takes to reach

this temperature (ATime) (Cohen et al. 1981, Marshall 1958). Identifying medium to high sap

velocities is relatively easily, due to the distinctive sharp peaks when ATemp versus ATime are
plotted. At low flows, however, distinguishing ATime at maximum ATemp becomes more
ambiguous due to the shape of the curve (i.e., ATemp is distributed over a larger time frame).

The HDM consists of two probes, installed 10-15 cm apart, a heated probe and a
temperature reference probe. Both probes contain a thermocouple, and the upper probe is kept at
a constant temperature (~0.2 W m™') applying a constant current through the heating element

made of constantan wire. This method has been simplified in a way that no actual temperature
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measurements are needed, using a single constantan wire to connect both thermocouples (from
the heating probe and reference temperature probe) from their negative ends, and considering the
principles of the Seebeck effect, differential voltage in millivolts (mV) can be read across both
positive ends (copper wire), yielding a mV reading equivalent to the difference in temperature
between heated and reference thermocouples (Granier 1985). The differential voltage across the
probes is monitored at short intervals (5-60 seconds), and then averaged over more manageable
time frames (10-30 minutes). This voltage difference is then correlated to sap flux density (m* m?
s''). While this method was not developed for a specific set of environmental conditions or
specific range of sap velocities, research has shown it is more suitable for medium to high sap
flux ranges and for tree species with ring pores.

The HRM consists of three parallel probes spaced 0.5 cm apart. The middle probe is a
heating element and the lateral probes are thermocouples. The number of thermocouples varies
depending on specific (often user-defined) configuration. A typical measurement starts with the
measurement of temperature for 30 seconds, then a 2-4 second pulse heat (~210 W m!) is
applied, and temperature is monitored for another 110 seconds. Heat pulse velocity (cm h™') and
sap flow (L h™!) are estimated based on equations that use the ratio of the average change in
temperature above and below the heater (ATemp), estimated from 60 to 100 seconds after the

heat pulse (Burgess et al. 2001b). HRM was developed for dry environments and scenarios

where the movement of sap within the trunk is relatively slow. Recent publications have shown

the method is more suitable for sap velocities ranging from 0 to 45 cm h™! (Vandegehuchte and

Steppe 2013a), with the ability to measure inverse flows within the same range.
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Important contributions

All methods played a critical role in improving our understanding in the following five
major areas of plant physiology: (a) the role of stomatal and boundary layer conductance on
water use, (b) whole-tree hydraulic conductance, (¢) vapor and liquid phase water transport, (d)
moving of water to and from storage in sapwood and (e) vulnerability of whole-plant to water

cavitation (Vandegehuchte and Steppe 2013a, Wullschleger et al. 1998a). All methods offer

unique advantages to estimate water use at the plant level that would be technically difficult

using alternative methods, such as weighing lysimeters (Bryla et al. 2010, Evett et al. 2009),

radioactive isotopes (Liesche et al. 2015) or dyes (Burgess et al. 2000).
The HPM, was the first TSF method used to explore water use at the plant level. Prior to
the development of this method, researchers were limited to studies using isotopic tracers or

chemical dyes, which required to cut the stem to trace sap movement (Huber 1932, Marshall

1958), and often resulted in extremely high estimates. Using this methodology, it was observed
that sap flow velocities or sap flux densities had marked and more conservative ranges of sap
flow rates based on the anatomy of the conducting tissue (i.e., ring porous, diffuse porous and
non-porous). A comprehensive list of early estimates and a comparison with various methods

used at the time can be found in early studies (Hinckley et al. 1978). However, Swanson (1994)

who acknowledged that Marshall’s (1958) work placed sap flow research on a strong theoretical
base, and today the importance of the method remains unquestioned in the field.
The HDM has been an invaluable tool that simplified the methodology to estimate water

use in a wide range of species including Scots pine (Oliveras and Llorens 2001), grapevines

(Braun and Schmid 1999), Douglas Fir pine (Phillips et al. 2002), cashews trees (Oguntunde et

al. 2004), coffee trees (Pimentel et al. 2010), and more recently palms (Sperling et al. 2012). By

simplifying sap flow measurements, Granier (1987) showed that if the spatial variability is
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considered during measurements, stand water use can be estimated, something that was
considered technically challenging or impossible. More recently, studies using HDM have shown
that stand and tree-level water use can be inferred and modeled from the relationship between

environmental variables and sap flow (Lambs and Muller 2002, Lundblad and Lindroth 2002).

HRM, an improvement to the HPM developed by Burgess et al. (2001b) has allowed
researchers to measure low and reverse flows. These improvements have provided new insights
on the dynamics of water use. For example, using this method, Burgess et al. (2004) observed
that Sequoia sempervirens are able to reverse the plant-atmosphere continuum via foliar uptake.
Previously, using the same methodology, Burgess et al. (2000) provided evidence that upon
water uptake, Banksia prionotes, an Australian phreatophyte, is able to redistribute water within
the root system in a process known as “inverse hydraulic lift”. Other relevant finding related to

measurement precision, is the measurement of nocturnal transpiration (Buckley et al. 2011),

which we now know in some species can be greater than 10% (Forster 2014), but was previously
assumed to be zero. And last the measurement of sap flow in individual petioles, which was
previously possible only via gas exchange measurements due to its low magnitude (flows lower

than 5 g h'") (Clearwater et al. 2009).

Weaknesses

The original work on the HPM by Marshall (1958) was based on the heat convection-
conduction theory for a infinitely large, isotropic and homogeneous medium where an infinitely
small source of heat could release instantaneous heat pulses, taking point measurements around
the heat source. In reality, these assumptions are uncommon, resulting in over-estimation of sap
velocity. Considering sap flow based on wood anatomy properties, specifically the arrangement

of the conducting tissue (e.g., tracheids or pores), point measurements tend to miss the
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conductive area, especially in ring porous species (e.g., quercus, fraxinus), leading to
underestimation of sap flow. While the original assumptions of HPM have been addressed

(Cohen et al. 1981, Kluitenberg and Ham 2004, Vandegehuchte and Steppe 2012), the method

still faces challenges with ring porous species. Further, to estimate the variability of the radial
profile, more than one measurement point is needed, increasing the instrumentation, data storage
and data processing requirements, and installation costs, which can range from 5 to 10 thousand
dollars (estimated in 2014), per single sap flow station, depending on the sampling detail and
method or methods used.

Since the HDM requires constant heat, the user relies heavily on custom-made current
regulators, which, given the fixed resistance of the heating elements, provide an exact and
constant temperature. A common error is to apply the wrong current for a given resistance,
which results in a higher or lower wattage (or heater temperature) than the 0.2 W recommended
by the method (Granier 1985). A common uncertainty with HDM is the potential effect of the
wattage applied to the heater on sap flow measurements. Operators often use the original
equations to estimate sap flux, but modify the characteristics of the sensors to fit requirements of
the species being studied (Lu et al. 2004). Since the original parameters and equations were
developed for specific sensor characteristics (e.g., length, resistance of heater, materials, etc.),
the user can potentially under, or overestimates sap flow rates. HDM requires the precise
measurement of the maximum temperature observed between the heated and the reference probe
(ATMax), which occurs in the absence of sap flow, particularly at predawn. However, ATMax is
highly influenced by natural temperature gradients (NTG) in the environment (Lu et al. 2004,

Regalado and Ritter 2007).

The HRM works as expected within a range of sap velocities from 0 to 45¢m h-!

(Vandegehuchte and Steppe 2013b) and after this range, the linearity between TSF and

19



gravimetric sap flow (GSF) breaks down. In cases where sap velocities are significantly high
(>70 cm h!), this relationship disappears altogether. Part of this problem comes from the way the
method described by Burgess (2001b) works. After the release of the pulse, the ratio is estimated
from the data collected from temperatures from 40-100 seconds. At this point, based on sap
velocity speed and NTG’s, deltas for lower thermocouples can be close to zero, resulting in
fictitious and extremely high ratios, positive and negative. It is possible however, to implement

new algorithms to process the data and correct for the effect of NTG’s (Vandegehuchte et al.

2015), and potentially increase the range of velocities the measurable with HRM.

In technical terms power consumption is a key disadvantage of HDM over HPM and
HRM. Due to its constant-power requirements, a single HDM probe requires more power per
unit of time than a HRM. While a single pulse (2-4 seconds) of HRM delivers ~210 J s™!
(compared to only ~20 J s'! of HDM), total consumption over time is much lower than HDM. It
takes only about 10 seconds for a single HDM sensor to use the power consumed by a single

pulse of HPM and HRM.

Calibration experiments
The best way to address all these potential sources of error in sap flow studies is through
the use of calibration or validation experiments, where TSF estimates are compared to GSF.

Validation experiments are technically challenging, especially if the goal is to validate sap flow

methodologies for large trees (e.g., (McCulloh et al. 2007, Sperling et al. 2012)). Nonetheless,

validation experiments are regularly used in laboratory setups (Bush et al. 2010, Clearwater et al.

1999, Hubbard et al. 2010, Steppe et al. 2010, Sun et al. 2012). However, these are often

criticized for simplifying and/or omitting environmental (e.g. temperature, solar radiation, etc.)

20



and physiological factors difficult to replicate and predict in laboratory setups, such as variability
of water use within the tree crown.

Another common technique for validation of sap flow sensors is severing the stems of
small trees (diameter < 15 cm), put them on water reservoirs, and monitor water use
gravimetrically, allowing a direct comparison between TSF and GSF. These method, often
referred to as the “cut-tree method”, has been performed in a variety of species such as Pinus

patula (Alvarado-Barrientos et al. 2013), Eucalyptus regnans (Dunn and Connor 1993), Aspen

(Populus tremuloides) and Birch (Betula papyrifera) (Uddling et al. 2009), Sweetgum

(Liquidambar styraciflua L.), Eastern Cottonwood (Populus deltoids Bart.), White Oak (Quercus
alba L.), American elm (Ulmus americana L.), Shortleaf pine (Pinus echinata Mill.), Loblolly

Pine (Pinus taeda L.) (Sun et al. 2012), Olive (Olea europaea), Plum (Prunus domestica L.),

Orange (Citrus sinensis L.) (Fernandez et al. 2006). The reported variation between TSF and

GSF observed in these studies (up to five fold in some cases (Hubbard et al. 2010)), together

with the diversity of species in which validation studies have shown discrepancies (between TSF
and GSF), confirms the long-standing assumption that sap flow studies require species and site

specific validations, as long as these are feasible.

Mechanistic methods to estimate water use in non-woody species

Measurement of water use in non-woody species, particularly grasses and grasslands is
inherently difficult due to their small stem sizes, and the variety of species to consider per unit of
area (in the case of grasslands). However, several methods have been developed to estimate
evapotranspiration rates (ET) in small species, particularly in crops. Similar to woody species,
the methods can be classified into direct and indirect, where direct methods measure water use

gravimetrically (Abedinpour 2015, Ruiz-Penalver et al. 2015, Weaver 1941), and indirect
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methods measure a secondary property, process or variable (Senock and Ham 1995, Zhang and

Kirkham 1995), related to water use. However, there is a group of methods, often referred to as
mechanistic (i.e., those that describe phenomena in purely physical or deterministic terms) that
rely primarily on environmental factors and species-specific parameters used to estimate large-

scale ET rates. Some of these methods include Penman-Monteith (Allen et al. 1998), the Presley-

Taylor (Priestley and Taylor 1972), Bowen Ratio (Angus and Watts 1984), and Eddy Covariance

(Twine et al. 2000), among others.

TSF methods have been successfully used to estimate water use and ET rates at the plant
level. Senock and Ham (1995) tested the heat balance method on individual stems of tall grasses
big bluestem (Andropogon gerardii Vitman) and indiangrass (Sorghastrum nutans L. Nash), and
found a 10% error between TSF and GSF, which for a water use of less than 4 g h'!, is a high
precision measurement. Zhang and Kirkham (1995) conducted a similar comparison between
TSF and GSF in sunflower (Helianthus annuus L. "Hgsun 354') and sorghum (Sorghum bicolor
(L.) Moench, Funk's hybrid G-522DR), and found good correlation at relatively high sap flow
rates (>60 g h"). They concluded that sap flow rate was the main indicator for sensor accuracy,
in other words, the lower the sap flow rate, the higher the estimation error. Ramirez et al. (2006)
compared infrared gas analyzer, porometer and TSF (heat balance) with GSF in esparto grass
(Stipa tenacissima (L.) Kunth), and found overestimations of +125%, +77% and +92%,
respectively, compared to GSF. They concluded that overestimation scaling up from
instantaneous transpiration measurements at the leaf level might be in part due to a higher
concentration of chlorophyll in younger leaves (and thus higher photosynthetic capacity rates).
Only when the shape of the plant and senescence distribution was considered, indirect water use
estimated matched GSF by less than 5%. More recently, Clearwater et al. (2009) tested a

modified version of the HRM on four species kiwi (Actinidia spp.), dwarf schefflera (Schefflera
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arboricola), karo (Pittosporum crassifolium), and European beech (Fagus sylvatica) to estimate
sap flow in individual pedicles. They found a linear relationship between TSF and GSF, within a
sap flow range from as low as 0.025 gh'!, to 1.8 g h*!.

In natural ecosystems, however, especially grasslands, species and anatomical diversity
makes difficult to implement intensive TSF measurements (i.e., multiple sensors on various
species) to cover the natural variability. To overcome this challenge, a common methodology is
to estimate water loss gravimetrically using weighing lysimeters. Young et al. (1996) estimated
water use in bermudagrass (Cynodon dactylon X transvaalensis var. Tifway), and observed that
deep-root water use can significantly reduce deep percolation. Evett et al. (2009) applied the
same methodology on sweet corn Zea mays L., variety Merit, to develop crop coefficients in the
Jordan Valley, in Jordan. Besides the successful implementation of the methodology, an
important outcome from this study was the high cost (>60,000 USD/unit) associated with the
design and installation of weighing lysimeters. Smaller and more economical versions
(phytometers) such as the ones used by Weaver (1941) in Indian grass (Sorghastrum nutas) and
big blustem (Andropogon scoparius), Hinds (1973) in dropping brome (Bromus tectorum), are
considered now limited due to their inability to perform automated measurements. Recently,
Ruiz-Penalver et al. (2015) taking advantage of several technological advancements (i.e.,
automated measurements, data storage, and multiplexing capabilities) developed a relatively
low-cost weighing lysimeter with the potential to be used in multiple species. Large-scale and
ecosystem-level measurements, however, are still a limitation for both TSF and gravimetrically-
estimated water use.

Mechanistic methods (e.g., Penman-Monteith, Priestley-Taylor) address some of these
challenges describing evapotranspiration in purely physical or deterministic ways (Consoli

2011). The FAQO’s adopted standard Penman-Monteith (PM) (Allen et al. 1998) method, uses a
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combination of energy balance and aerodynamics to estimate reference ET (mm d'). When using
the PM method, it is recommended to collect the required variables above a grass or alfalfa
reference. Irmak and Odhiambo, (2009) estimated reference ET from measurements above a
grassland and a crop (Zea mays), and found that where a reference ET does not exist, it is
possible to use an alternative crop, such as corn to estimate ET. Goulden and Field (1994),
compared PM, TSF, and whole-canopy (i.e., chambers that covered entire trees) gas exchange
measurements in oak trees (Quercus agrifolia, Quercus durat), and concluded that gas exchange
measurements matched those observed mechanistically with PM, which also matched corrected
TSF. In grassland and pasture, the results have varied. Sumner and Jacobs (2005) used PM,
Priestley-Taylor (PT), reference evapotranspiration, and pan evaporation methods to estimate
evapotranspiration in bahia grass (Paspalum notatum Flugge) and rotating agricultural fields of
strawberries (Fragaria sp.) and brown top millet (Panicum ramosum). In their study, PT, coupled
with green leaf area index (LAI) and solar radiation, provided better estimates of actual ET,
compared to PM. They also concluded that PM and PT showed better ET estimates than the
reference ET or the pan evaporation methods.

Given that these mechanistic methods were developed for homogeneous land covers, one
of their weaknesses is their assumed low accuracy to estimate ET in “patchy” conditions, where
land cover and species distribution is not homogeneous. Moran et al. (1996), tested the
applicability of remotely-sensed measurements of surface reflectance and temperature, to allow
the application of PM to estimate ET in heterogeneous grasslands when there is no prior
knowledge of their percent cover or canopy resistance. They concluded that the approach was
reasonable, and that sources of error are multiple for this approach, and their impacts on

estimated ET need to be considered. Similar studies have been conducted in forest lands (Boegh
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et al. 2009), citrus trees (Dzikiti et al. 2011) and crops (Zea mays) for bioenergy production (Wu

et al. 2012).

Summary

This literature review covered areas that deal with the development of the bioenergy field,
and targeted particularly the potential ecohydrological impacts of woody biomass production. I
discussed the national trends, major research advancements, and showed that based on national-
level documents published by the Bioenergy Technologies Office, and the U.S. Department of
Energy, the ecohydrological impacts of bioenergy production are often regarded as “possible
impacts”, and are not fully addressed in long-term program plans. I described and explained
advancements and weaknesses of the methods used in my research to estimate water use at the
tree, and stand level, with a strong emphasis on thermometric methods. I also discussed key
research advancements regarding the production of bioenergy and biomass in general, such as
the dynamics and relevance of water and nutrients in plantations, where it has been shown that
lack of nutrients slows down biomass accumulation, but lack of water halts is altogether. Another
important finding discussed is that stand-level water use in eucalyptus, and possible aspen
plantations reduces with stand age, as a result of the adaptation to a reduced growing space and
consequent lower total leaf area per tree. I also discussed the tradeoffs between biomass
accumulation and hydrological services, and highlighted the gaps related to water-carbon
tradeoffs in both eucalyptus and aspen plantations, which based on the evidence gathered, it is

strongly focused on biomass accumulation alone.
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Figures

Management scenarios

Figure I-1 Effects of rotation length of cumulative water use

This diagram shows the projected water use under two rotation scenarios: multiple short rotations
(top panel), and few rotations (bottom panel). The top panel represents a species where multiple
short rotations result in higher cumulative water use than the same species under longer rotations

Short
rotations Cummulative
water use
High
Low C
Mid-Lon
d .0 g Cummulative
rotations water use
High

Low

(bottom panel).

In this diagram: A) the rotation length, B) the cumulative water use, and C) the expected stress due
to reductions in soil water availability. The black curves represent biomass accumulation. This
diagram was not designed to represent a specific species or ecosystem. The long-term goal of this
study, is to explore the possibility to elaborate such forecast scenarios, in order to manage
plantations to achieve a desired outcome, considering the age response over time of the species

studied.

Time
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Figure IV-10 Hysteresis response between Fz and PAR, at different soil saturation ranges (shown
at the top of each panel). PAR and F; data were normalized by dividing the value of row n, over
the maximum value of the corresponding column of n. Additionally, data corresponding to days
with precipitation events, or with cloud cover were not used in this graph. Arrows represent the

direction response of F; to PAR (primarily anti-clockwise).
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Table IV-1 Soil properties by site (from Cisz-Brill et al.)

Bulk . )
Site ]?sglt)h density Po(roo/os)lty S(f,l/f)l)d %}2 gl (So}l;
(g cm’) °
0-15 1.26 52.36 0.76 0.09  0.15
15-30 1.53 42.29 0.76 0.09  0.15
10YO

30-45 1.58 40.47 0.66 020 0.14

45-60 1.63 38.51 0.66 020 0.14
R 0-15 143 4593 080 008 0.3

470 15-30 1.50 43.56 0.80 0.08 0.13

30-45 1.56 41.02 0.71 0.17  0.12

45-60 1.66 37.49 0.71 0.17  0.12
T 0-15 155 4162 071 012 017

15-30 1.63 38.34 0.71 0.12  0.17

YO 30-45 1.64 38.12 0.61 022 0.16

45-60 1.65 37.76 0.61 022  0.16
R 0-15 155 4162 071 012 017

15-30 1.63 38.34 0.71 0.12  0.17

IYOHD 30-45 1.64 38.12 0.61 022 0.16

45-60 1.65 37.76 0.61 022  0.16
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Table IV-2 Vegetation and soil parameters used to fit the bucket model

Vegetation parameters 10YO 4YO 1YO 1YOHD Pasture
Depth of Interception 2 2 4 3 2
Maximum E (mm d!) 2 2 2 2 2
Maximum 7 (mm d') 5 5 3.6 4 4
Saturation at stomatal closure 0.3 0.3 0.3 0.3 0.3
Saturation at wilting point 0.205 0.205 0.205 0.23 0.16
Root depth (cm) 40 40 40 40 40
Soil parameters
Porosity (n) 0.45 0.4 0.45 0.45 0.45
Saturated Corzic_l}l)ctivity E (mm 200 200 200 200 200
Hygroscopic saturation 0.02 0.02 0.02 0.02 0.02
Field Capacity 0.3 0.3 0.3 0.3 0.3
Drainage Curve Parameter 9 9 9 9 9

Table IV-3 Stand characteristics

Actual Average Average Average Average

Site density Izg)tzt?:/lt)y diameter sapwood basal area height Subs;mple
(trees ha'') ¢ (cm) area* (m?) (m?) (m)

10YO 1118 7% 18.2 0.0127 0.0272 17.5 68
(£0.0036) (£0.0123)

4Y0O 1386 40% 14.7 0.0099 0.0175 15 70
(£0.0015) (£0.0070)

1YO 1380 25% 5.71 0.0027 0.0027 6.01 56
(£0.0013) (£0.0013)

1YO-HD 3112 24% 4.35 0.0017 0.0017 5.29 91

(£0.0010) (£0.0011)

* Average sapwood area per tree, using N trees of the subsample
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Table IV-4 Parameters and allometric equations adjusted for each site to predict sapwood area
with tree diameter

Site Bo B1 StErr-fo  StErr - p1 RMSE *R?
10YO -8.1033  1.2854 0.5570 0.1812 0.0021 0.88
4YO -6.6478  0.7610 0.2763 0.1004 0.0006 0.92
1YO -9.4789  2.0090 0.0233 0.0111 0.0000 1
1YOHD -9.0174  1.7342 0.1902 0.0872 0.0003 0.98
Mature -7.8337  1.1946 0.3638 0.1218 0.0018 0.86
Young -8.9164 1.7143 0.1857 0.0871 0.0003 0.96
All -7.8786  1.2104 0.1649 0.0570 0.0012 0.94

Table IV-5 Corrected Akaike and Bayesian information criterion for each of the models tested by

site.
. . -2 log

Site Fixed effects likelihood AlCc BIC

AirT, RH, NetRad, VPD,
ETy, WindS. pp. S -6.4 21.1 38.6

10YO AirT, RH, NetRad, VPD,
ET), WindsS, pp 34 27.8 44.5
ETy, PAR, NetRad 7.3 20.9 32.0

AirT, RH, NetRad, VPD,
ETy, WindS. pp. S 112.7 139.8 158.4

4Y0O AirT, RH, NetRad, VPD,
ET). WindS. pp 127.2 151.3 168.8
ETy, PAR, NetRad 130.3 143.8 155.2

AirT, RH, NetRad, VPD,
ETy, WindS. pp. S 222 50.4 158.4

1YO AirT, RH, NetRad, VPD,
ET). WindS. pp 26.5 49.7 70.3
ETO0, PAR, NetRad 55.0 68.1 &1.3

AirT, RH, NetRad, VPD,
ETy, WindS, pp, S &3.0 109.4 130.1

1YOHD AirT, RH, NetRad, VPD,
ET), WindS, pp 107.1 130.5 150.4
ETO0, PAR, NetRad 110.3 123.5 136.3

187



Table IV-6 Summary of the fixed effects tests for the linear mixed model run for each site. For
each site, the response variable was site 7, the fixed effects the environmental variables (Source),
and to account for changes overtime, DOY was considered the random variable

10YO 4YO 1YO 1YOHD
Source -
F Ratio Prob > F Rati Prob >F F Ratio Prob > F F Ratio Prob >F
atio

ETy 0.2 0.7 4.7 0.0316* 1.7 0.2 9.6 0.0023*
AirT 24.2 <.0001* 6.6 0.0112%* 2.3 0.1 6.5 0.0118*
RH 2.7 0.1 15.4 0.0001* 0.2 0.7 26.3 <.0001*

PAR 68.2 <.0001* 0.1 0.7 43.8 <.0001* 0.6 0.5
VPD 0.2 0.7 10.6 0.0013* 34 0.1 20.8 <.0001*

op 72 0.0082% 0.1 0.8 56 0.0192% L1 0.3

NetRad 6.3 0.0130%* 0.8 0.4 8.4 0.0042%* 0.6 0.4
S40 14.2 0.0002%* 10.2 0.0017%* 14.9 0.0002%* 323 <.0001*
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Table IV-7 Summary of the effects of environmental variables on daily maximum Fy (11 AM-

5PM)
10YO 4YO 1YO 1YOHD
Source

FRatio Prob>F F Ratio Prob>F FRatio Prob>F FRatio Prob>F

ETy 6.6 0.0102* 55 0.0187* 0.7 0.4 24 0.1
AirT 167.2 <.0001* 288.0 <.0001* 102.9 <.0001* 240.5 <.0001*
RH 370.0 <.0001* 349.6 <.0001* 130.4 <.0001* 303.3 <.0001*

All PAR 1.1 0.3 18.1 <.0001* 2.2 0.1 1.3 0.3
VPD 2229 <.0001* 3355 <.0001* 172.4 <.0001* 269.5 <.0001*

pp 2.9 0.1 0.1 0.8 3.0 0.1 0.2 0.7
NetRad 7.3 0.0071* 0.8 0.4 1.8 0.2 43 0.0393*

S 2.2 0.1 3.9 0.1 1.5 0.2 3.9 0.1

ETy 56.9 <.0001* 33.1 <.0001* 10.4 0.0013* 0.0 0.9
AirT 327.2 <.0001* 484.0 <.0001* 649.9 <.0001* 441.8 <.0001*
RH 643.3 <.0001* 638.0 <.0001* 1003.6  <.0001* 707.3 <.0001*
No S PAR 0.0 0.9 91.2 <.0001* 0.6 0.4 8.0 0.0046*
VPD 552.0 <.0001* 786.7 <.0001* 10664  <.0001* 765.5 <.0001*

pp 6.6 0.0103* 0.9 0.4 0.1 0.8 1.5 0.2

NetRad 54.9 <.0001* 7.1 0.0077* 15.4 <.0001* 1.0 0.3
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Appendices
Appendix I'V-I Steps to estimate bucket model components

The first parameter in the bucket model is infiltration, which is calculated based on the current S,
and the depth of precipitation as:

I'(S(tp), t;) = min [P(t,), nZr(1 — S(t)] Eq. IV-10

Where I'(S(%), ti ) is the infiltration at #;, at a saturation ¢, min the minimum value between [, |,
P(t;) depth of net precipitation, nZr soil depth of porosity n, and S(#») the saturation before #;»

When saturation is higher than field capacity (Sr), in the absence of soil evaporation or any
additional precipitation is converted to leakage using:

eﬁ(s_sfcs)_l

- Eq. IV-11
at eﬁ(l_sfcs)_l q

L(S) = K,

Where L(s) leakage at a saturation S, K. saturated conductivity, 3 is an infiltration soil
parameter and Sy. saturation at field capacity

A nominal value was used for E(S) (see Table I11-4), and was adjusted to different S, using:

0 S<S,
-S
E(S) = "E S5, <S<S* Eq. IV-12
S —S,
E S>s

Where Sj is the hygroscopic saturation, S” the saturation at stomatal closure, £ the maximum
evaporation from the soil

The maximum transpiration estimated early in the monitoring period was used for 7(S). Similarly
to E(S), T was adjusted to different S, considering that 7 is directly influenced by water
availability.

0 $<S,
-
T(S) = YT S5,<S<S* Eq. IV-13
S*—S,
T §>5*
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Where T(s) is the transpiration at saturation S, S,, the saturation at wilting point, S* the saturation

at stomatal closure, and 7 the maximum transpiration per site.

Appendix I'V-II Linear regression between observed and estimated 7 for each site. The dashed

line represents a 1:1 relationship, and the solid line the linear regression (R?>=94) combining

observed and predicted for all sites. In Table I1I-5 we show the variables used in the linear mixed

model, and the AICc and BIC corresponding to each model.
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Appendix IV-III Relationship between diameter and estimated sapwood area (m?). The grey line
represents the equation fitted to all the data (R? = 0.94, RMSE = 0.0012). In Table IV-4, we
show the parameters adjusted for each site. Additionally, we merged data from both one-year-old
sites, and data from 4YO and 10YO, to increase the predictability of the model.
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Appendix IV-IV Sap flux density response curves to VPD at different soil saturations (shown in
the top of each panel). A Locally Weighted Scatterplot Smoothing Model was fitted to each
response curve, and inflection points were estimated along the fitted line before the slope = 0, to
allow the detection of inflection points that did not result in Fy -VPD response curves with slopes
<= 0. Dashed lines show the coordinates of the inflection point (if found), and crossed circle
symbols represent the inflection point for each line.
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CHAPTER 1V

GENERAL CONCLUSSIONS

Overarching goals of this study

My doctoral research was part of a large international interdisciplinary NSF-PIRE research
project that examined the impacts, barriers and opportunities related to bioenergy production
across the Americas (USA, Mexico, Brazil, Argentina). This dissertation is focused on two
countries, USA and Argentina. The general goal of this research was to assess the potential
ecohydrological impacts associated with the production of biomass for bioenergy from aspen
(Populus tremuloides Mich.) in Wisconsin, USA, and eucalyptus (Eucalyptus grandis)
plantations in Entre Rios, Argentina.

As part of this dissertation, we conducted a validation and calibration studies of two sap
flow methods. First, we calibrated the heat dissipation (HD) method and assessed the effects of
heater wattage on sap flux density (Fy) estimates. This paper was not included in this
dissertation, but if has been published and it is fully available for readers (Gutierrez Lopez et al.
2018). We also estimated the measuring range of Fy for E. grandis and validated a new method
that extended the measuring range of HR method and allowed us to measure low and inverse Fy
with high precision; the maximum heat ratio (MHR) method. This later study was included in
this dissertation and the results were used to estimate Fy in E. grandis trees. This conclusion,
however, is focused on Chapters III and IV, which dealt with the potential ecohydrological

impacts of the production of feedstocks for bioenergy under two environmentally different sites.



In our case studies in the USA and Entre Rios, Argentina, we set to determine if plantation
age could be correlated to site 7, which can be of great value to elaborate long-term modeling
scenarios. Such modeling scenarios can help us determine the optimum rotation lengths to
provide maximum timber growth, while minimizing potential negative ecohydrological impacts.
The overarching objectives of this research were: (a) to determine how site transpiration (7, mm
d-") changes both seasonally and at different plantation ages, (b) how different environmental
variables such as precipitation (pp), soil saturation (S), air temperature (4ir7T), relative humidity
(RH) and photosynthetic active radiation (PAR) and solar radiation affect T rates at different
plantation ages. We tested different hypotheses at each site, based on their respective general
management goals, and the environmental conditions that drive plant growth and water use at

each site.

Wisconsin study site

To test if stand age and average water use relationships can be established in SRWC of P.
tremuloides, the general goals of this study were: a) to estimate seasonal and daily 7 of three
(Young, Mid-aged, and Mature, see next section for details) coppice plantations dominated by
Populus tremuloides Mich., and b) determine how site effects can override the age effect on
stand 7. Our first hypothesis is that at the tree level, water use would be higher in the Mature
site, compared to our Young site, while sap flux density would be higher for the latter. Qur
second hypothesis is that stand 7 will increase with stand age, primarily as a result increments
of total leaf area and LAI, larger individual tree size and higher growth rates. Our third
hypothesis is that site effects can override age effects on stand 7, but addressing these

differences can allow us to establish a relationship between age and stand 7.
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Summary of results for Wisconsin

According to our statistical analysis, estimated Mature stand 7 had a maximum of 5.5 m d!
early in the growing season (seasonal average 2.7) and was higher than the Mid-aged and Young
sites, which had both a maximum early-growing season 7 of 2.5 mm (seasonal average 1 and 0.3
mm, respectively). Modeled transpiration (Tmes) under a S-limiting scenario reduced average
transpiration rates by ~10% across sites, but these reductions were not significantly different from
estimated 7. s under non-limiting S conditions resulted in significantly higher transpiration rates
in the Young (+170%), but not in the Mid-aged (+34%) or Mature (+5%) sites. While not
significantly different between the Mid-aged and Young sites, annual average 7 was positively
correlated with stand age, and this relationship was maintained under both S scenarios. Dominant
trees accounted for 76% of stand 7 in the Mature site, and 58% and 51% in Mid-aged and Young
sites, respectively. In Young sites, our results highlight the important role of small-diameter trees.
Our results indicate that site-specific differences can have an overriding effect on age, however,
as long as site variability is addressed, stand age can be related to average stand 7. Curves of
expected water use with age can be of great valuable to the bioenergy industry, to elaborate
potential scenarios of water use in aspen-dominated short rotation woody crops (SRWC). Finally,
further research is needed under various environmental conditions to validate the existence of a

water use curve in aspen-dominated or SRWC plantations.

Argentina study case

In Argentina our goal was to estimate whole-tree (Q, L d!") and stand-level T in
Eucalyptus grandis plantations of three different ages, 10, 4 and 1 years-old (YO) at regular
density (10YO, 4YO, 1YO), one one-YO at a high (double) density (1YOHD), and reference

crop evapotranspiration (ETy) in an adjacent fallow pasture site (common during rotation
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cycles). In this site, the main objectives were: (a) first, to understand the relationship between
plantation age, density, and tree and stand-level transpiration rates, and also (b) to assess the
response of different plantations ages to variations in atmospheric and soil moisture stress, to
understand resilience of eucalyptus plantations at different growing stages. We tested three main
hypothesis, the first hypothesis was that stand 7 would increase from 1 to 4 YO, and decrease
after that resulting in lower 7 in the older (10YO) site. Our second hypothesis was that older (4
an 10YO) plantations, would be less susceptible to environmental changes (VPD and soil
moisture), which would be reflected in smaller hysteresis areas for VPD and PAR at low S, and

in inflection points at higher VPD rates when soil moisture is limiting.

Summary of results for Argentina

We analyzed inflection points of sap flux density (Fa, cm® cm™ h'!) for VPD (IPypp) and
PAR (IPp4r) by fitting a local polynomial regression (LOESS) surface to the relationship
between Fy and AirT, VPD or PAR. Additionally we studied hysteresis curves of F, for VPD and
PAR (Hvrp and Hpar, respectively) to assess the effects of stand age and density on tree
response to environmental stress. In these sites, we tested and validated the maximum heat ratio
method (MHR), which allowed us to extend the measuring range of the traditional heat ratio
method, and a full chapter of this dissertation was dedicated for the validation of sap flow
methods. Fz was then estimated with the MHR and used to estimated Q, which was later scaled
up to estimate 7 using allometric equations developed between diameter and sapwood area.

In this site, 7 increased with age according to our first hypothesis from 1 to 4YO, and after
that decreased significantly at 10YO. During the peak of the growing season, average 7 was 2.2,

5.2and 3mmd!, 1YO, 4YO and 10YO, respectively, in the regular-density sites. In the high-
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density 1YO site, maximum 7 during the same period was 3.4 mm d-'. We also observed that this
site was the most responsive to precipitation inputs than the other sites.

Inflection points generated at varying soil moisture conditions, were more pronounced at
lower VPD when soil moisture was low, suggesting that both soil moisture and VPD are
important in controlling stomatal response to moisture stress. Our comparison across treatments
showed that the older (10YO) site was less sensitive to changes in soil moisture and maintained
relatively stable inflection points across a wide soil moisture ranges. Conversely, the 1 YOHD
showed the greatest variability, indicating more sensibility and at the same time more
opportunistic water use behavior, increasing their water use rates when soil moisture was
abundant, but reducing to similar rates of other sites of the same age when soil moisture was
limiting. Our analysis of hysteresis areas showed that the hysteresis area for Fy -VPD (Hypp)
were larger at lower soil moistures, despite Fy rates being lower at low soil moisture. Analyzed
by soil moisture range a butterfly-shape curve for hysteresis areas between Fy and PAR (Hpar)
was observed at low soil water contents. Such butterfly patterns in the hysteresis graphs, which
are associated to hydrologic stress, were observed in all sites except the 10YO. We associated
the lack of butterfly patterns in hysteresis graphs in the 10YO site, to its ability to withstand
higher hydrologic stress due to a combination of site characteristics and to its more developed
root system, which might allow them to have access to a larger soil profile. In general, our results
indicate that mature (10YO) E. grandis plantations, are more capable of regulating transpiration
rates under high VPD and low soil moisture, reducing their risk for hydraulic failure, compared

to younger sites.
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General limitations of our study and recommendations for future studies

As discussed in their respective chapters, the study of site and watershed transpiration is
commonly limited in both time and space. The limitations, however, are often related to the
practicality of the measurements. In both the USA and Argentina, we relied on sap flow
measurements to estimate Q and stand 7. While sap flow sensors offer a higher precision in the
measurements of tree water use, the number of sensors that can be maintained and deployed,
often reduces the number of sites that can be monitored. To focus on our research question, we
focused on deploying sensors across different site ages, and we tried to cover as much as
possible the variability within each site.

In our study in Wisconsin, USA, site effects were found to significantly influence tree and
stand-level water use rates. Various environmental variables such as photosynthetic active
radiation (PAR), air temperature, relative humidity, precipitation and vapor pressure deficit
(VPD) remained relatively stable across sites. However, soil properties differed across sites,
which resulted in significant differences in soil moisture and soil saturation (S). Soil moisture
has been considered a strong factor regulating 7" and growth rates in poplars and P. tremuloides

trees (Bloemen et al. 2017, Chen et al. 2014, Larcheveque et al. 2011). According to our

analysis, it also had strong effects on F.

In Entre Rios, Argentina, while the soil types were homogeneous cross sites, analysis of S
showed that S was significantly different among sites. In this site, soil water in the top 40 cm
(S40) appeared to have a stronger influence on site 7, but not on the diel patterns of F;, which
could be explained by the shape of the hysteresis curves we observed. Hysteresis graphs for VPD
showed a compensation in Fy at low VPD’s, which explains the lack of statistical significance

observed for site 7, which considers the entire transpiration for a given day.
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While we were able to monitor soil moisture to a depth of 100 cm in all sites, the modeling
used to estimate site 7 makes two assumptions. First that S in the first 40 cm of soil has the
strongest influence on 7. While in fast growing plantations most of the fine roots are located in

the top 50 cm of soil (Bouillet et al. 2002, Laclau et al. 2001), there are deeper roots can access

water from deeper soil profiles (Toillon et al. 2013, Xi et al. 2013), and the root distribution is

expected to be different at different plantations ages. The second assumption in our model is that
changes in S are linearly related to F; and stand 7. According to Larcheveque et al. (2011), this
relationship might be true within a volumetric water content range of 5-20%, but the slopes are
different at high or low water contents. In modeling scenarios, the effects of 7 on soil moisture

are expressed as a curve (extraction curve) (Guswa et al. 2002, Rodriguez-Iturbe et al. 2006,

Rodriguez-Iturbe et al. 2001), with different slopes depending on the expected extraction rates

(Rodriguez-Iturbe et al. 2001). S varied significant in the Mature site S, however, it was never

lower than 0.14, and consequently, the slope estimated by our model might underestimate the
effects of S in this site.
Two common limitations in sap flow studies are the sample size and the proper

determination of stand-level As (Berry et al. 2018). Sample size is directly linked to equipment

cost, and the spatial distribution of the species of interest. With wired sap flow stations, most
studies limit the cable length between 10 and 15 m, to reduce to signal to noise ratio. This creates
a radius around the sap flow station for the selection of the trees to be monitored, which can
leave diametric categories or species of interest outside this radius. On single-species stands,
Kume et al. (2012) recommended an optimal sample size of 15 measuring points to capture most
of the tree-to-tree F variability. However, this recommendation was based om heat dissipation
sensors with only one measuring point per sensor. As described in our methods section, we

monitored a total of 24 measuring points distributed across 8 different trees, then while our
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sample size was smaller, we captured the entire radial profile of all trees monitored. Proper
determination of As and the F radial profile in large trees is difficulty, and can lead to major

under or overestimations of tree and stand 7" (Alvarado-Barrientos et al. 2013, Ford et al. 2004,

Gebauer et al. 2008, Kubota et al. 2005, Poyatos et al. 2007). To address sapwood depth radial

variability, we collected two cores per tree to estimate 4s, and measured sapwood depth on four
points per tree. Additionally, we installed trees in all four cardinal directions to cover the
potential radial variations in Fg, and in all our trees the entire F, radial profile was monitored.
Finally, studies on P. tremuloides trees have reported diameters of 24 cm in 150 YO trees

(Bond-Lamberty et al. 2002, 2014), thus we extended our sampling range for 4s to include trees

up to 25 cm in diameter, and adjusted allometric equations for each site and predicted 45 with
site-specific equations (see Table I11-3). Species-specific allometric equations are of great value to

scale up plant-to-stand level processes (Bond-Lamberty et al. 2002, Jenkins et al. 2003, Perala

1993), but adjusting equations for a specific site can reduce the error associated with the
estimation of 4s.

Based on our experience, we make the following recommendations to future studies
looking to estimate stand-level annual water balances or interested in modeling stand-level 7.
First, establish a weather station (with all the variables needed to estimate ETo: air temperature,
relative humidity, incoming short-waver radiation, outgoing long-wave radiation, wind speed.
Additionally, soil moisture, precipitation, photosynthetically active radiation) earlier in the
growing season, and in deciduous species, to install the weather station a month or two prior to
the onset of transpiration. Next, track the development of LAI, and in evergreen species, measure
it two or three times during the growing season, to address potential variability due to crown
development. Monitor both throughfall and stemflow, considering that in P. tremuloides trees 15

cm in diameter, precipitation events under 30 mm (over two or three days) overfilled our
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containers, which were designed to fit 10 L. For throughfall, a minimum of thirty collectors per
site are recommended, which should also be designed to fit the precipitation expected for a
monitoring period. Next, we strongly recommend stablishing replicates under different site
conditions, and develop a site profile (i.e., soil characteristics, stand density, allometric
equations, etc.) for each. If sap flow sensors are used to estimate F, under budgetary constraints,
the design of the sensors can be modified to allow them to detach from the communication
cables, and remain in the trees. This way, the same data logger and multiplexor (approx. 70% of
the cost of a sap flow station) can be moved between sites (where sensors have been previously
installed in the trees) at intervals of 10-15 days. With the site and environmental variables
monitored at each site, it is possible to estimate stand-level transpiration for the periods where no
F4was not monitored at each site, using various gap-filling procedures (i.e., a linear mixed
model) similar to the one used in our sites. If runoff is difficult to monitor, a model can be
adjusted to the soil saturation of each site, and based in soil properties to estimate potential

runoff and infiltration.

Recommended next steps

One of the goals of this study was to determine if stand age could be related to average
transpiration. If such relationship can be established, it would be possible to established reliable
long-term scenarios of water use, and consequently, assess the potential ecohydrological impacts
of the production of bioenergy. As mentioned in the Chapter 1, one of the reasons behind the
absence of strategies to address water-related issues in long-term bioenergy development plans

(BETO 2013, Perlack et al. 2005), is the lack of continuous monitoring studies, particularly in

fast growing plantations, which are essential to parameterize models.

212



As part of the long-term goal of this study, what we recommend as the next step for this
research is to use the data collected and the models fitted in this study, to generate water use
scenarios at different rotation lengths, including modeled biomass accumulations, as shown in
Figure V-1. The major challenge in the next steps, will be to integrate the fitted water use models
for each site, and biomass accumulation models for a given species (e.g., P. tremuloides and E.
grandis), to test whether such long-term water use scenarios can yield similar results to those
elaborated with mechanistic models alone or based on long-term mass balance approaches,
where they are available. Some of the mechanistic methods mentioned in the introduction of this

study were: Penman-Monteith (Allen et al. 1998), the Presley-Taylor (Priestley and Taylor

1972), and Eddy Covariance (Twine et al. 2000). Once the water use curve over time has been

determined for a given species, and the long-term forecasted water use has been estimated (as in
Figure V-1), the results can be compared with those estimated from those estimated from
mechanistic models. In long-term ecological research stations, where site 7 is often estimated
from water mass balance approaches over longer periods of time, estimates from both
mechanistic models and water use curves over time can be validated. This approach of course
will be limited in sites with high species diversity, if all dominant species are not considered to
elaborate the expected water use curves of various rotation lengths. Finally, as mentioned in their
respective chapters, temporal and spatial limitations of common sap flow studies need to be

addressed in order to elaborate the described long-term water use scenarios.
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Figure V-1 Diagram showing to projected water use under two rotation scenarios

Multiple short rotations (top panel), and few rotations (bottom panel). The top panel represents a
species where multiple short rotations result in higher cumulative water use than the same species
under longer rotations (bottom panel). In this diagram: A) the rotation length, B) the cumulative
water use, and C) the expected stress due to reductions in soil water availability.
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