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Abstract 

Forests change with changes in their environment based on the physiological 

responses of individual trees. These short-term reactions have cumulative impacts on 

long-term demographic performance. For a tree in a forest community, success depends 

on biomass growth to capture above- and belowground resources and reproductive 

output to establish future generations. Here we examine aspects of how forests respond 

to changes in moisture and light availability and how these responses are related to tree 

demography and physiology. 

First we address the long-term pattern of tree decline before death and its 

connection with drought. Increasing drought stress and chronic morbidity could have 

pervasive impacts on forest composition in many regions. We use long-term, whole-

stand inventory data from southeastern U.S. forests to show that trees exposed to 

drought experience multiyear declines in growth prior to mortality. Following a severe, 

multiyear drought, 72% of trees that did not recover their pre-drought growth rates died 

within 10 years. This pattern was mediated by local moisture availability. As an index of 

morbidity prior to death, we calculated the difference in cumulative growth after 

drought relative to surviving conspecifics. The strength of drought-induced morbidity 

varied among species and was correlated with species drought tolerance.  
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Next, we investigate differences among tree species in reproductive output 

relative to biomass growth with changes in light availability. Previous studies reach 

conflicting conclusions about the constraints on reproductive allocation relative to 

growth and how they vary through time, across species, and between environments. We 

test the hypothesis that canopy exposure to light, a critical resource, limits reproductive 

allocation by comparing long-term relationships between reproduction and growth for 

trees from 21 species in forests throughout the southeastern U.S. We found that species 

had divergent responses to light availability, with shade-intolerant species experiencing 

an alleviation of trade-offs between growth and reproduction at high light. Shade-

tolerant species showed no changes in reproductive output across light environments.  

Given that the above patterns depend on the maintenance of transpiration, we 

next developed an approach for predicting whole-tree water use from sap flux 

observations. Accurately scaling these observations to tree- or stand-levels requires 

accounting for variation in sap flux between wood types and with depth into the tree. 

We compared different models with sap flux data to test the hypotheses that radial sap 

flux profiles differ by wood type and tree size. We show that radial variation in sap flux 

is dependent on wood type but independent of tree size for a range of temperate trees. 

The best-fitting model predicted out-of-sample sap flux observations and independent 

estimates of sapwood area with small errors, suggesting robustness in new settings. We 
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outline a method for predicting whole-tree water use with this model and include 

computer code for simple implementation in other studies.  

Finally, we estimated tree water balances during drought with a statistical time-

series analysis. Moisture limitation in forest stands comes predominantly from water use 

by the trees themselves, a drought-stand feedback. We show that drought impacts on 

tree fitness and forest composition can be predicted by tracking the moisture reservoir 

available to each tree in a mass balance. We apply this model to multiple seasonal 

droughts in a temperate forest with measurements of tree water use to demonstrate how 

species and size differences modulate moisture availability across landscapes. As trees 

deplete their soil moisture reservoir during droughts, a transpiration deficit develops, 

leading to reduced biomass growth and reproductive output. 

This dissertation draws connections between the physiological condition of 

individual trees and their behavior in crowded, diverse, and continually-changing forest 

stands. The analyses take advantage of growing data sets on both the physiology and 

demography of trees as well as novel statistical techniques that allow us to link these 

observations to realistic quantitative models. The results can be used to scale up tree 

measurements to entire stands and address questions about the future composition of 

forests and the land’s balance of water and carbon. 
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1. Introduction 

Researchers were already investigating the movement of water through plants 

and its importance for outcomes in growth, reproduction, and survival by the early 

1700s. Stephen Hales’ experiments in England were some of the first to demonstrate 

the great force with which plants and their several branches and leaves imbibe 

moisture, up their capillary sap vessels: The great influence the perspiring leaves 

have in this work ... especially in bringing plenty of nourishment to the young 

growing shoots and fruit ... And the greater proportion the surface of the roots 

bears to the surface of the plants above ground, so much greater quantity of 

nourishment they will afford, and consequently the plants will be the more 

vigorous, and better able to weather it out, against unkindly seasons, than those 

plants whose roots have made much shorter [root] shoots.1 

Not long after this, in the United States, Samuel Williams used a simple apparatus of a 

bottle secured over the branch of a maple tree to measure its transpiration rate: 

At the end of six hours, I weighed the water which had been collected in the 

bottle during that time, and found it amounted to sixteen grains, troy weight. ... 

To make an estimate of the quantity of water, thrown off from this tree into the 

atmosphere, in a given portion of time, I endeavoured [sic] to ascertain the 

number of leaves which it contained. ... Admitting the evaporation to be the 

same from the other leaves of the tree, as it was from those on which the 

experiment was made, the quantity of water thrown off from this tree in the 

space of twelve hours, would be three hundred and thirty nine thousand and 

seventy two grains.2 

Williams (1794) went on to extrapolate this value to the whole forest based on “the 

number and dimensions of the trees, which covered the ground where [he] made the 

experiment,” notably estimating an average rate of approximately 3.6 kg H2O m-2 d-1.  

                                                      

1 Hales, S. 1727. Vegetable Staticks. London: W. and J. Innys. 
2 Williams, S. 1794. The Natural and Civil History of Vermont. Burlington, VT: Samuel Mills. 
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Over the following 150 years, researchers expanded the scientific knowledge of 

tree functioning and its impacts on forest ecosystems (see, for example, Raphael Zon 

[1927]) by studying the forces that drive water movement from the soil to tree leaves (a 

tension gradient between soil and atmosphere), the photosynthetic benefits of “pouring 

into the atmosphere an amazing quantity of fluid” (as Williams [1794] put it), and the 

consequences of resource limitation for these processes. In 1937, Paul Kramer, at Duke 

University, presciently hypothesized that 

[t]he most fundamental phase of plant water relations in respect to effect on 

growth is the internal water balance or degree of saturation of the tissues. This is 

determined by the relative rates of absorption and transpiration. The ratio of 

absorption to transpiration is therefore more important than the absolute rate of 

either process. Rapid transpiration may not be harmful in itself if accompanied 

by sufficiently rapid absorption so that no long-continued saturation deficit or 

loss of turgidity results.3 

More recently, global concern has turned to forest diebacks, which are associated 

with intensifying drought in many regions (Allen 2010). Despite centuries of research on 

tree water relations, ecologists are still challenged to predict when and where drought 

will reduce forest productivity, cover, and diversity (McDowell et al. 2008, 2011), in part 

because trees interact with each other in complex ways and with their local 

environments in forest stands (Clark et al. 2016). This knowledge gap was an important 

motivation for the investigations that follow. 

                                                      

3 Kramer, P. 1937. The relation between rate of transpiration and rate of absorption of water in plants. 

American Journal of Botany 24:10-15. 
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We address the issue of predicting forest responses to changing environmental 

conditions in the second chapter by asking “How long do different trees take to die after 

being exposed to a severe drought?” This analysis was published in Ecological 

Applications as Berdanier and Clark (2016a). In the third chapter we look more broadly at 

resource limitation of tree demographic performance by asking “How do different trees 

shift their allocation between biomass and reproduction with light availability?” This 

analysis was published in Ecosphere as Berdanier and Clark (2016b). The fourth chapter 

returns conceptually to the simple experiment made by Williams (1794) to ask “How do 

we accurately scale up point measurements of sap flux rates from different trees?” This 

analysis was published in Tree Physiology as Berdanier et al. (2016). The fifth, and last, 

chapter considers the idea posed by Kramer (1937) to ask “How does the water balance 

of different trees affect their responses to drought events?” The answers to these 

questions will contribute to ongoing efforts to i) understand how global environmental 

changes are affecting forest ecosystems and ii) identify how we can better anticipate 

their impacts.
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2. Multiyear drought-induced morbidity preceding tree 
death in Southeastern U.S. Forests 

2.1 Introduction 

The risk of tree mortality from drought stress threatens forest structure and 

function at multiple time scales (Anderegg et al. 2013a, Choat et al. 2012, Dietze and 

Moorcroft 2011) with potentially important ecological and economic consequences. The 

expectation of increasing frequency and severity of drought events in the future (Li et al. 

2011, Dai 2012) may require novel forest policy and management practices (Millar et al. 

2007, Puettmann 2011). However, attributing tree mortality to discrete drought events 

can be difficult because tree mortality rates are typically low and many of the long-term 

data sets used to analyze drought effects have intervals of multiple years between 

measurements (Klos et al. 2009, Metcalf et al. 2009). These challenges create uncertainties 

in efforts to predict and model drought-induced tree mortality (McDowell et al. 2011). 

This study provides information on the time scale of tree decline following severe 

drought across sites and species.  

Tree mortality trends during and after drought can be obscured by the multiple, 

interacting factors that contribute to declining health (Franklin et al. 1987), termed 

morbidity. For example, trees that die during drought are often susceptible before the 

drought occurs (Ogle et al. 2000, Macalady and Bugmann 2014). Species are expected to 

differ in their vulnerability and exposure to stress within a site, which can create 
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variation among individuals in mortality risk (Clark et al. 2010). Trees also have 

multiple ways to avoid stress during drought (e.g., resistance to cavitation, stomatal 

control, xylem refilling [Meinzer et al. 2010, McDowell et al. 2011]), although these 

mechanisms can progressively degrade over time and multiple drought events 

(Anderegg et al. 2013a). Additionally, drought events could incite morbidity and 

increase future mortality risk for surviving trees (Pedersen 1998). The extent to which 

morbidity induced by and following drought could contribute to mortality across 

species and environments has not been quantified. If extensive, drought-induced 

morbidity may signal risks for forests beyond well-publicized die-off events (Archaux 

and Walters 2006, Franklin et al. 1987).  

Here, we assess tree decline following drought with whole-stand data of annual 

tree records from forests in two regions of the Southeastern US, including >28,000 trees 

from 35 species over 20 years (1993–2012). Individual trees were tracked for up to a 

decade after a severe, prolonged drought in 2000–2002 across two distinct climatic 

zones, the Piedmont Plateau (MAT = 15.5°C, MAP = 1140 mm) and the southern 

Appalachian Mountains (MAT = 12.6°C, MAP = 1805 mm). We test the hypothesis that 

mortality can follow a progressive, drought-induced decline in growth by examining the 

effects of post-drought recovery and local moisture availability on decadal tree survival 

after this drought. We consider the factors that contributed to recovery for the trees that 

survived. Then we use these responses to develop a new index that quantifies trends in 
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morbidity leading up to death across species, based on the difference in cumulative 

growth between comparable individuals that survived and died.  

2.2 Methods  

Observations of individual trees come from long-term demographic monitoring 

plots in the southern Appalachian Mountains (Coweeta Hydrologic Laboratory, Macon 

County) and the Piedmont Plateau (Duke Forest, Orange County) of North Carolina. 

Data on individual tree growth (Clark et al. 2007) and survival (Wyckoff and Clark 2002, 

Metcalf et al. 2009) were collected from each plot over a period of 8 to 21 years. Each tree 

has a unique observation history, and data models are fit to observations to trace each 

individual’s growth and survival probability annually. From 28,879 measured trees, 

5,818 died during the study. Further details on field methods, models, and diagnostics 

can be found in Clark et al. (2010). Each individual was exposed to the site-level 

environmental conditions as well as local environmental variation. We used the 

topographic wetness index ( i ), calculated with local elevation data, as an indicator of 

tree moisture availability. The topographic wetness index describes local drainage 

patterns in a catchment and provides a relative measure of soil moisture availability in 

these forests (Moore et al. 1993, Hwang et al. 2009, Chapter 5). We also considered the 

influence of local basal area, calculated as the summed basal area of neighbors within 

10m of each tree, and the change in local basal area over the study period. 
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Individual growth rates were quantified with estimates of annual diameter 

increment (cm yr-1). For relative growth vigor preceding mortality (γ), we identified all 

individuals that died during the study and, for each individual that died (i), we selected 

conspecific trees (same species, same plot) that survived for the entire study (j) and 

calculated the average growth rate in each year (gt). Then, we took the log ratio of the 

growth rate for each dead tree (gt,i) versus the growth rate of the average conspecific in 

each year prior to their death, )/ln( ,,, jtitit gg . Negative vigor values indicate growth 

rates that are lower in dead trees than in surviving trees.  

For comparisons of individual growth before and after drought (  , an indicator 

of recovery or morbidity), we averaged the post-drought growth rates across surviving 

years (for trees that died) or the remainder of the study (for trees that survived) for each 

individual to estimate growth after drought ( ipostg , ). Then, we calculated the average 

pre-drought growth rate for each individual ( ipreg , ) and used the log ratio of average 

growth rates after and before the drought as an index of recovery, )/ln( ,, ipreiposti gg . 

Here, negative values indicate lower growth after the drought than before the drought. 

We assumed recovery if post-drought growth rate ratios were greater than the 10th 

percentile of surviving trees. We tested the effects of individual growth recovery ( i ) 

and individual wetness conditions ( i ) on decadal survival (si) following the 2000–2002 

drought with a Bayesian logistic regression,  
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)(~ ii Bernoullis  , 

iiiii  3210)(logit  . 

Parameters were fit across species and sites that were exposed to and survived the 2000–

2002 drought (n = 11,662). For surviving trees, we examined the effect of tree size 

(natural log of individual diameter) and the change in local basal area (natural log of 

basal area loss within 10 m) on individual growth recovery with a Bayesian linear 

regression. We used uninformative normal priors on all regression parameters and ran 

50,000 MCMC iterations with the MCMCpack library in R to generate posterior estimates 

of each parameter.  

To calculate cumulative morbidity for each individual that died ( i ), we first 

summed the growth between the drought and eventual mortality (di),  


id

t tii gG
2003 , . 

Next, we summed the growth for each surviving conspecific (j,i) over the same time 

period and took the average across survivors,  


id

t tjij gG
2003 ,, . Then, we calculated the 

log ratio of the cumulative growth for the average conspecific over the time period 

versus that of each dead tree, )/ln( , iiji GG . We generated summary statistics for 

each species that had at least 10 dead individuals with these individual measures and 

compared these values to a species drought-tolerance index that incorporates 

information on physiological responses to water stress and habitat occurrence 

observations (Niinemets and Valladares 2006). 
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2.3 Results 

 Three severe drought events occurred during the 20 year study, including a 

prolonged drought in 2000–2002 that was preceded by a decade of mesic conditions on 

average. During this drought, the June-July-August Palmer Drought Severity Index (JJA 

PDSI) in the Appalachian Mountains exceeded the 90th percentile of 100-year drought 

severity and the 2002 JJA PDSI in the Piedmont Plateau was in the 96th percentile. 

Survival rates remained high across these events and showed no relationship with 

drought severity between censuses (Appendix A, Table A.1). In contrast, we found 

decreased growth during drought years across sites and species (Appendix A, Table 

A.2). For the trees that died during drought years (n = 823, 14% of total deaths), 87% had 

pre-drought growth rates that were below the average for conspecific individuals in the 

same stands over periods of 2 to 5 years. Declining growth rates suggest that these trees 

were susceptible for multiple years before the drought, consistent with tree-ring 

observations during drought events in other ecosystems (e.g., Macalady and Bugmann 

2014). For the remaining trees that survived the drought, we examined whether drought 

exposure further affected their long-term growth and survival. 
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Figure 2.1: Decline in growth vigor prior to death (γ in text). Growth rates of trees that 

died were lower than those of average surviving comparable trees for multiple years 

prior to death (line and dark shading shows mean ± SE) although there was large 

variation across individuals (light gray shading is 95% range). 

We compared the health statuses of trees that survived and died after droughts 

to account for pre-drought risk. Tree mortality can follow declines in radial stem growth 

over multiple years (Waring 1987, Wyckoff and Clark 2002), which we observed as a 

decline in vigor compared to conspecific trees (Figure 2.1). We examined if the growth 

rates of trees changed following drought and, if so, whether it was associated with a 

decline in survival. We found that decadal survival for trees that were exposed to the 

2000–2002 drought was positively related to both post-drought recovery (β1 = 5.64, 95% 

credible interval [CI] = 5.26–6.05) and tree moisture availability (β2 = 0.14, 95% CI = 0.08–

0.19), a relationship that was consistent across sites and species. Decadal survival was 
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independent of local basal area before the drought, consistent with findings in other 

studies (Klos et al. 2009, Floyd et al. 2009, Ganey and Vojta 2011).  

 

Figure 2.2: Post-drought survival depends on growth recovery (ρ in text). Growth rates 

for trees that died in the decade after drought (shaded) were lower than pre-drought 

levels in both the Appalachian Mountains (top) and the Piedmont Plateau (bottom). 

Trees that survived throughout the study (open) showed increased growth in years 

following drought on average. Vertical lines and horizontal bars show mean ± SE and 

distribution intervals range over 95% of individuals. 

Trees that survived the drought but died within the next 10 years had lower 

growth rates on average for the rest of their lives than they did prior to drought (54 and 

71% of pre-drought levels in the Piedmont Plateau and Appalachian Mountains) (Figure 

2.2). This pattern held regardless of the post-drought time interval examined, although it 

was exacerbated following exposure to additional droughts (Appendix A, Figure A.1). 

Similar to the trees that died during drought and consistent with our observation of 

multiyear declines prior to death (Figure 2.1), 64% of the trees that died in the next 10 
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years had pre-drought growth rates that were lower than the average surviving 

conspecific. Those trees were performing poorly compared to their neighbors prior to 

the drought and experienced further growth declines after the drought. Trees that 

survived for over 10 years following the drought resumed pre-drought growth patterns 

and had higher growth rates than before the drought on average while trees that 

ultimately died showed continued morbidity. For the trees that survived, their growth 

recovery was positively related to both tree size (posterior mean effect = 0.129, 95% CI = 

0.121–0.137) and, less strongly, the loss of neighbor basal area over the study period 

(posterior mean effect = 0.016, 95% CI = 0.007–0.024). Of all trees that did not recover pre-

drought growth rates, 72% died within 10 years. 

Survival was higher for trees in wet local environments than those in dry areas, 

in agreement with another study in this region (Klos et al. 2009). The negative effect of 

declining growth on survival was amplified in dry locations, based on the positive 

interaction between drought recovery and tree moisture availability from the 

topographic wetness index (β3 = 0.38, 95% CI = 0.20–0.56). In contrast, survival in the 

relatively mesic period preceding this drought (1993–1999) responded similarly to 

growth declines but showed no association with the topographic wetness index 

(Appendix A, Table A.3). While the multiyear declines in growth preceding mortality 

are similar between the two distinct time periods, these declines were greatest for trees 

in dry local environments only after the drought.  
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Figure 2.3: Drought-induced morbidity preceding tree death (χ in text). Post-drought 

growth morbidity prior to death varied among species, with trees of many species 

showing cumulative depressions in growth (positive morbidity values) compared to 

surviving conspecifics prior to mortality. Vertical lines and horizontal bars show 

mean ± SE and distribution intervals range over 95% of individuals. 

Our morbidity measure quantifies the cumulative differences in growth between 

trees that die and comparable survivors and provides an index for the risk of mortality 

from growth stress following drought. The cumulative morbidity for trees that were 

exposed to the 2000-2002 drought and ultimately died varied by species (Figure 2.3), 

with most species showing a pattern of decline that extended for multiple years. 
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Averaged across species, mortality risk increased when the cumulative diameter growth 

fell below 54% of the growth of surviving conspecifics (range across species = 21–125%), 

consistent with our observation that mortality is a multiyear process (Figure 2.1). The 

only species that experienced mortality at growth rates above surviving conspecifics on 

average (negative morbidity) was Tsuga canadensis, which is currently experiencing 

rapid declines by an exotic insect that equally targets healthy trees (Nuckolls et al. 2009).  

 

Figure 2.4: Positive correlation between the average posterior post-drought morbidity 

index and species drought tolerance index. Dashed line shows a linear regression 

between indices. 

The average species morbidity index values were correlated with a species drought-

tolerance index (r = 0.713, Figure 2.4) (Niinemets and Valladares 2006), where species 

characterized as drought intolerant were relatively unable to withstand large cumulative 

depressions in growth prior to mortality. 
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2.4 Discussion 

Our results demonstrate a pattern of multiyear declines in tree growth following 

a severe drought across sites in the Southeastern U.S. These declines were related to a 

reduced survival probability over the following decade and associated with local 

drought severity. While most of the trees that were unable to recover from this stress 

ultimately died, the cumulative morbidity that trees experienced prior to death varied 

among species (Figure 2.3), indicating possible shifts in species composition under 

different climate scenarios. Dying trees that have high morbidity prior to death are 

under stress relative to surviving conspecifics and are prone to die in the years after 

drought because of their inability to recover (Figure 2.2), especially if they experience 

subsequent droughts. The finding that drought can set in motion protracted morbidity 

leading to eventual death suggests that drought frequency and severity may already be 

changing forest composition and structure beyond regions where large diebacks are 

observed (Allen et al. 2010). For most species here, drought stress contributes to 

deteriorating health over multiple years, exacerbated by dry habitats.  

Our observation that mortality can be prolonged following drought events could 

result from interactions between hydraulic status, carbon balance, and additional 

contributing factors that lead to growth morbidity and predispose an individual to die 

(Pedersen 1998, McDowell et al. 2011). For example, while trees may avoid systemic 

hydraulic failure over short time periods (Fisher et al. 2006, Plaut et al. 2012), non-lethal 
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loss of canopy conductance could be a precursor for multiyear morbidity (Anderegg et 

al. 2013a). Moreover, many of the trees that died during and after drought had lower 

vigor prior to the drought than surviving conspecifics, indicating potential 

predisposition to drought vulnerability, possibly from interactions with pathogens, 

insects, or habitat (Franklin et al. 1987, Anderegg et al. 2015a). 

The long-term nature of tree decline following drought in Southeastern U.S. 

forests has important implications for the monitoring and management of drought 

impacts in these ecosystems (Anderegg et al. 2013b). The relationship between the 

ability to endure cumulative morbidity prior to death and species drought tolerance 

(Figure 2.4) highlights differing degrees of vulnerability among species. Our cumulative 

morbidity measure, combined with the relationship between growth and mortality, may 

provide accurate predictions for forest responses to droughts of varying frequency and 

intensity in dynamic global vegetation models, which already have strong growth 

modules (McDowell et al. 2011). Field monitoring and adaptive management efforts can 

focus on growth morbidity as a predictor of drought mortality with particular attention 

to drought intolerant species, which may die relatively suddenly, and trees that show 

growth depressions after drought, which may be more likely to die in following years.  

The importance of growth recovery after drought for long-term survival raises 

questions about why the survivors were able to recover. We found that growth recovery 

among survivors was higher for larger trees and for trees that lost more of their 
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neighboring basal area. We hypothesize that both of these responses could be influenced 

by individual access to soil moisture. Large individuals may have access to deep soil 

layers that are inaccessible to smaller neighbors (Donovan and Ehleringer 1991) and the 

loss of neighboring trees may alleviate stress by increasing local light and moisture 

availability (Aussenac and Granier 1988, Bréda et al. 1995a, Elkin et al. 2015). This 

pattern supports the multiyear advantages of thinning as a tool to reduce mortality risk 

by reducing post-drought morbidity (D’Amato et al. 2013). Thinning that promotes 

growth recovery may forestall mortality for at-risk trees. Future studies can explicitly 

test these hypotheses and assess the influence of physiological status on growth 

morbidity across species and environments.
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3. Divergent reproductive allocation trade-offs with 
canopy exposure across tree species in temperate 
forests 

3.1 Introduction 

Extreme volatility of seed production in forests coupled with recruitment 

limitation suggests that reproductive trade-offs contribute to forest diversity (Stearns 

1989, Rees et al. 2001, Kneitel and Chase 2004). Differences in reproductive output 

among trees through time and across environments may depend on resource availability 

and acquisition (Cody 1966). These differences could affect the outcome of competition. 

Classical allocation theory holds that reproductive output should reduce allocation to 

other pools such as growth (Harper 1977, Obeso 2002), leading trees to partition limited 

resources to either growth or reproduction in a given year (hereafter, referred to as 

allocation switching). Such a trade-off could be particularly strong for individuals in 

stressful environments or during times of below average resource availability (Bell and 

Koufopanou 1986). Another possibility is that fluctuations in both reproduction and 

growth through time follow favorable environmental conditions (van Noordwijk and de 

Jong 1986, Monks and Kelly 2006) such that both vital rates can be high in good years or 

sites (hereafter, resource tracking). Observational and experimental studies find 

evidence for both predictions, showing allocation trade-offs due to resource limitation 

(Woodward et al. 1994, Obeso 2002, Hirayama et al. 2008, Barringer et al. 2013, Delerue 
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et al. 2013) or not (Willson 1986, Fox and Stevens 1991, Cremer 1992, Knops et al. 2007, 

Żywiec and Zielonka 2013). This study demonstrates that trees from multiple species in 

temperate forests exhibit divergent reproductive allocation patterns across light 

environments that are consistent with species life history characteristics. 

 

Figure 3.1: Theoretical model for the influence of changing resource levels on relative 

reproductive allocation (α, in text) and the correlation between growth and 

reproduction (r). Dashed line represents an axis of constant reproductive allocation 

and dotted lines represent axes of constant resource availability. If low resources limit 

reproductive allocation, then trees that are exposed to higher resource levels should 

have an increase in relative reproductive allocation (solid arrow). 

 Disagreements between previous studies could result from lack of data that 

permits comparisons across sites and through time, since high reproductive output in 

one year may incur a cost on future growth or reproduction (Stearns 1992, Sala et al. 

2012) and environmental differences among sites could lead to allocation costs for only 

some individuals within a population (Żywiec and Zielonka 2013, Santos-del-Blanco et 
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al. 2013). van Noordwijk and de Jong (1986) proposed a model for reproductive 

allocation based on resource availability that predicts individuals with more resources 

on average to have greater growth and reproduction than those with fewer resources, 

creating a positive relationship across individuals despite negative correlations within 

individuals through time. In this example, trees show strict allocation to either growth 

or reproduction at a given resource level (Figure 3.1, dotted lines). Across trees, a 

straight line with intercept zero would indicate no changes in reproductive allocation 

(Figure 3.1, dashed line). This model is analogous to Simpson’s paradox, where the sign 

of a relationship can change depending on the grouping of the data, and provides a 

framework for understanding allocation responses across environments. If a resource 

constrains reproductive allocation relative to growth, then a tree with greater resource 

availability will have greater reproductive allocation on average (Figure 3.1, solid line; 

Reekie and Bazzaz 1987). Additionally, the correlation between growth and 

reproduction through time would be more negative with less resource availability if 

reproductive costs in the low resource environment lead to allocation switching through 

time (Figure 3.1, ellipses). Assessing these ideas requires many years of observations on 

many trees across environmental conditions. 

Canopy exposure through gap formation is an important differentiating factor 

for tree competition in temperate forests (Brokaw 1982, Rees et al. 2001). The reduction 

in competition above- and belowground from gap formation (Canham et al. 1990, 
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Wilczynski and Pickett 1993) can enhance tree growth for previously-suppressed 

individuals (Canham 1988, Pedersen and Howard 2004). For reproductive trees, canopy 

exposure could also reduce allocation constraints. Following the theory of allocation 

(Figure 3.1), if light availability influences trends in tree growth and reproduction then 

we expect canopy exposure and the accompanying access to light to (1) increase the 

correlation between growth and reproductive output within individuals through time 

and (2) increase reproductive allocation relative to growth across individuals. These 

patterns could differ among species depending on life history characteristics; access to 

critical resources like light may alleviate allocation trade-offs for some species more than 

others, with shade intolerant species potentially showing greater reproductive allocation 

with canopy exposure than shade tolerant species (Clark et al. 2011). Long-term, 

community-wide observations of individual growth and reproductive output provide a 

unique opportunity to examine tree reproductive allocation across years and its 

association with canopy exposure. 

We use data collected over 20 years from 11 temperate forests in three regions of 

the Southeastern U.S. to ask, “How do differences in canopy exposure influence 

allocation to growth and reproduction in individual trees across species?” First, we 

examine temporal reproductive allocation trends across 21 species with individual cross-

correlations between biomass growth and reproductive output. We compare the 

strength of the relationship between growth and reproduction through time and across 



 

 

22 

light environments. Second, we take advantage of experimental and natural variation in 

canopy exposure to consider how differences in light availability affect reproductive 

allocation. We test the hypothesis that light availability alleviates reproductive allocation 

trade-offs based on the expectation that canopy exposure will increase the ratio of 

reproductive output to biomass growth. We consider the differences among species in 

these allocation patterns and the implications of those differences for forest community 

dynamics. 

3.2 Methods 

3.2.1 Data 

Individual tree observations come from long-term demographic monitoring plots 

at sites that span moisture and elevation gradients in the southern Appalachians 

(Coweeta Hydrologic Laboratory, Macon County), the Piedmont Plateau (Blackwood 

Division, Chapel Hill), and the transition between them (Mars Hill, Madison County), of 

North Carolina. The sites include a range of climates, parent material, and soil moisture. 

Plots were first established between 1992 and 2004 and include experimental canopy gap 

manipulation of areas between 20 and 40 m diameter to generate variation in light 

availability and canopy status across trees (Dietze and Clark 2008).  

Data on individual tree growth (Clark et al. 2007), survival (Wyckoff and Clark 

2002, Metcalf et al. 2009), canopy exposure to light (Wyckoff and Clark 2005), and 

maturation and fecundity (Clark et al. 2004) were collected from each plot over a period 
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of 8 to 20 years. Each tree has a unique observation history tracing its particular growth 

and reproduction through time. Briefly, a complete census of trees in each plot was 

conducted at 2-4 year intervals. Increment cores from a sample of trees were also 

extracted from each plot, providing annual size information for growth estimates. For 

reproduction, seeds were collected from mapped seed traps in each stand 3 to 12 times 

annually. Individual seed production estimates depended on size, reproductive status, 

and distance to traps in a spatially-explicit dispersal model. Annual states for diameter 

increment and fecundity were inferred with a Bayesian state-space model that included 

all observations (including increment cores, diameter censuses, and seed collections) and 

multiple sources of error (process, parameter, and observation) for each species, as 

described in Clark et al. (2010). Annual individual estimates of growth and fecundity 

were independent of each other. Further details on field methods and models, including 

individual estimates of uncertainty, are detailed in Clark et al. (2010).  

We analyzed species that had more than 10 individuals with both exposed (high 

light) and suppressed (low light) canopies and only included individuals that produced 

seeds for at least 3 years during the observation period. The resulting data set included 

8,178 trees from 21 species (Table 3.1). Individual biomass growth and reproductive 

output were calculated based on annual diameter increment and seed production 

estimates with allometric coefficients (for size scaling, wood density, and seed weight). 
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Species-specific allometric equations were used to estimate biomass components 

(Jenkins et al. 2004, J. Clark unpublished data).  

Table 3.1: Species and number of trees included in this study, along with 

abbreviations used in the figures and an index of shade tolerance (Niinemets and 

Valladares 2006).  

Species Abbreviation N Shade tolerance index 

Acer pensylvanicum acerPens 206 3.6 

Acer rubrum acerRubr 4173 3.4 

Betula alleghaniensis betuAlle 83 3.2 

Betula lenta betuLent 107 2.6 

Carya glabra caryGlab 201 2.7 

Carya tomentosa caryTome 145 2.2 

Fagus grandifolia faguGran 33 4.8 

Fraxinus americana fraxAmer 107 2.5 

Liquidambar styracifula liquStyr 537 1.6 

Liriodendron tulipifera liriTuli 542 2.1 

Nyssa sylvatica nyssSylv 135 3.5 

Pinus taeda pinuTaed 587 2.0 

Quercus alba querAlba 438 2.9 

Quercus phellos querPhel 81 2.0 

Quercus prinus querPrin 266 2.9 

Quercus rubra querRubr 114 2.8 

Quercus stellata querStel 88 2.2 

Robinia pseudoacacia robiPseu 39 1.7 

Tilia americana tiliAmer 34 4.0 

Tsuga canadensis tsugCana 86 4.8 

Ulmus alata ulmuAlat 176 3.0 

 

These calculations resulted in data for annual growth rates and reproductive 

outputs on comparable scales (kg biomass growth or reproductive output per year) for 

each individual. For comparison across environments, we aggregated individuals at the 

two levels of canopy exposure based on ordinal observations of the canopy status 
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(suppressed or exposed) for each individual (Clark et al. 2011). On average, the low light 

trees included in this study were 66% smaller in diameter than the high light trees and 

had 17% more surrounding basal area within 400 m2, although the distributions for both 

variables overlapped broadly.  

3.2.2 Temporal correlation comparisons 

For each species we examined the relationship between individual growth rate 

and reproductive output with temporal correlations. We calculated the lagged 

correlation between growth and reproduction for each individual three years preceding 

and following growth (including the current year, or “zero lag”) with a cross-correlation 

function (ccf in R version 3.1.0). We included lagged correlations to account for offsets in 

the timing of the costs of growth and reproduction. We de-trended each individual 

growth and reproduction time-series with a linear regression by regressing each variable 

on year and keeping the residuals so that long-term size-related changes in growth and 

reproduction would not obscure the year-to-year relationships (Hulshof et al. 2012). 

Thus, the correlations are for residual anomalies from the individual long-term trend, 

providing an index of relative inter-annual variation. This resulted in lagged correlations 

between relative biomass growth and reproductive output for each individual. These 

correlations represent a signal of the relative allocation to reproduction for that 

individual at different times. When this signal was negative, relatively high 

reproduction in a given year coincided with relatively low growth, and when it was 
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positive, relative growth and reproduction were simultaneously high. At a negative lag 

(growth preceding reproduction), a negative correlation coefficient indicated that high 

growth was followed by low reproduction. We calculated the average correlations for 

each species through time in high and low light environments. We used these 

correlations as a simple indicator of the average strength of the relationship between 

variation in growth and reproduction across trees and compared the average values 

between canopy exposure levels. Because of large variation in environmental conditions 

across trees and plots that introduce additional variation, relatively low average 

correlation values can still be meaningful, so we highlighted populations with 

correlation coefficients more extreme than ±10% on average as cases where trees showed 

patterns of resource tracking or allocation switching at a given time lag. 

3.2.3 Spatial light availability comparisons 

Then, we examined shifts in average reproductive allocation between individuals 

from low to high light environments within species. We calculated the average 

reproductive allocation for each individual (i) as the log ratio of the average 

reproductive output and average annual growth rate ( )/ln( iii gr ). This measure of 

reproductive allocation is independent of tree size. We used average rates for each 

individual, which marginalized over the known variation within individuals through 

time, to examine the influence of differences in light availability. We tested the 

difference in reproductive allocation between high and low light environments 
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( lowhigh   ) for each species with Welch’s two sample t-test, where we compared 

individual reproductive allocation between the two environments and adjusted 

confidence intervals to account for multiple comparisons across species (Holm 1979). 

Here, when the difference was positive, reproductive allocation was greater in high light 

than in low light environments. We compared this sensitivity of reproductive allocation 

to canopy light exposure with a species shade tolerance index (Table 3.1). This index 

raked species based on observations of growth and occurrence at different light levels. 

3.3 Results 

Across and within species, the relationships between the temporal variation in 

reproductive output and growth were variable, ranging from covariation to apparent 

switching, but were generally low (Figure 3.2, outlined section). Light availability was 

only weakly related to the strength of the zero lag growth and reproduction correlation 

within species and was often in the opposite direction of our expectation, with some 

species (e.g., Acer pensylvanicum, Fagus grandifolia, Pinus taeda) showing a decrease in the 

coincidence of growth and reproduction (more negative correlation) with high light. For 

many species, these patterns changed when considering temporal lags. For example, P. 

taeda had a strongly positive zero-lag correlation (0.17 across all trees on average) but 

showed strongly negative correlations with growth preceding reproduction by 1-3 years 

(Figure 3.2); while reproduction and growth tended to be high in the same year for P. 

taeda, reproductive output was depressed in the years following high growth.  
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Figure 3.2: Cross-correlations between temporal variation in reproduction and growth 

for each species in high (H) and low (L) light environments. Correlations at zero time 

lag are outlined. Values that were more extreme than ±10% are highlighted with text. 

Species codes match Table 3.1. 
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Conversely, A. pensylvanicum had a negative zero-lag correlation (-0.11 on average) but 

positive correlations in years preceding and following growth (Figure 3.2), which could 

occur with strong interannual switching between reproduction and growth. Fagus 

grandifolia and Fraxinus americana also showed positive correlations between current 

growth and future reproduction, a sign of reproductive investment.  

 

Figure 3.3: (A) Average annual reproductive allocation across light environments and 

(B) the difference in reproductive allocation (α, in text) between high and low light 

(mean ± 99.8% CI for each species). In (A), points are centered on average species 

values and arrows point from low to high light environments. In (B), the change in 

reproductive allocation is the slope of the arrows shown in panel (A). Positive values 
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indicate that reproductive allocation was higher in high than in low light. Species 

with asterisks had responses that were statistically different from zero. 

Average reproductive output increased with average growth rate and light 

availability across trees, as expected, although there were differences among species in 

their reproductive allocation (Figure 3.3A). On average, species showed slightly less 

relative reproductive allocation in high light than in low light (i.e., a negative difference 

in reproductive allocation) although there was no statistical difference in reproductive 

allocation between high and low light for many of the species tested (Figure 3.3B). Three 

species (Betula lenta, Acer rubrum, and Nyssa sylvatica) had much less reproductive 

allocation in high light than in low light, often corresponding with little change in 

reproductive output (Figure 3.3A). One species (Liquidambar styracifula) had much 

greater reproductive allocation in high light than in low light environments. Across all 

species, the average difference in reproductive allocation between high and low light 

environments was negatively correlated with a species’ shade tolerance index (r = -0.41), 

where species that were characterized as more shade tolerant had lower reproductive 

allocation in high light and species that were less shade tolerant had higher reproductive 

allocation in high light than in low light. 

3.4 Discussion 

 Tree species exhibit a remarkable diversity of reproductive allocation strategies; 

patterns of allocation are variable between trees, sites, and years (Morris 1951, Eis et al. 
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1965, Kozlowski 1971, Gross 1972, Harper 1977, Norton and Kelly 1988, Silvertown and 

Dodd 1999, Obeso 2002). In this study we examined long-term, whole-community 

patterns in reproductive allocation across tree species and light environments. We tested 

the hypothesis that reproductive allocation costs for trees are reduced with canopy 

exposure to light. We found that changes in reproductive allocation with increased 

canopy exposure depended on shade tolerance across species. 

The average temporal correlations between growth and reproduction were weak, 

generally insensitive to light availability, and depended on the time lag that we 

examined (Figure 3.2). Some species showed less negative correlations with high light 

availability at zero lag, which could indicate stronger resource tracking in the low light 

environment (Despland and Houle 1997), although the results were mixed. Weak 

average correlations emphasize differences in environmental conditions that trees with 

the same canopy status experience in the field. For example, trees with exposed canopies 

may have less competition for resources like moisture but may also experience greater 

moisture stress from increased atmospheric demand (Gray et al. 2002). The confounding 

influence of multiple changing resources may obscure our ability to detect allocation 

costs with correlations if tree responses to resource availability vary widely through 

time (shifts in dotted lines in Figure 3.1). Lagged correlations could be the result of 

differences in the timing of reproductive investment (Stearns 1992) or a consequence of 

environmental variation that affects growth and reproduction independently (Knops et 
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al. 2007). In one example, the positive zero-lag correlation in P. taeda would suggest that 

this species tracks variation in environmental conditions such as moisture availability, 

especially in low light environments (Way et al. 2010). However, investment in 

reproductive output for this species was led by apparent growth costs in preceding 

years (Figure 3.2), possibly because cone maturation can take up to two years. Future 

work could focus on enhancing estimates of resource storage pools and the timing of 

assimilation that is ultimately allocated to growth or reproduction (e.g., Sala et al. 2012, 

Hoch et al. 2013).  

Changes in reproductive allocation between canopy exposure levels differed 

among species (Figure 3.3) and were predictable with an index of shade tolerance. 

Specifically, the species with greater reproductive allocation in high light than in low 

light (L. styracifula) was the most shade intolerant among those included (Table 3.1), 

consistent with observations of reduced reproductive allocation with low light in other 

shade intolerant species (Delerue et al. 2013). Conversely, the species with less relative 

reproductive allocation in high light (and no changes in reproductive output) tended to 

be shade tolerant (e.g., A. rubrum, N. sylvatica). A. pensylvanicum, a very shade tolerant 

species, showed no detectable change in reproductive allocation (Figure 3.3B) or in the 

temporal growth-reproduction correlations between low and high light (Figure 3.2) 

despite negative correlations between growth and reproduction at zero lag. Species like 

A. pensylvanicum with no changes in reproductive allocation with light (Figure 3.3B) but 
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average negative correlations through time (Figure 3.2) may have an intrinsic 

reproductive allocation that covaries with growth regardless of light availability. 

Coordination between growth and reproduction is a foundational concept in 

physiological and evolutionary ecology (Obeso 2002) but the responses of their joint 

distribution to changes in resource availability are complex, especially for long-lived 

trees (Clark et al. 2014). Thus, while studies on light availability have found that trees of 

similar sizes in resource-rich environments can have higher reproductive output than 

those with less light (Debain et al. 2003, Jennings and Baima 2005), can show increased 

biomass growth rates (Pedersen and Howard 2004, Wyckoff and Clark 2005), and can 

exhibit increased reproduction relative to growth (Reekie and Bazzaz 1987), our results 

suggest that canopy exposure does not consistently modify reproductive allocation 

patterns across tree species. Shade intolerant species may experience alleviation of 

allocation trade-offs with greater access to light while shade tolerant species may be able 

to maintain reproductive output despite growth costs in low light environments. These 

findings do not conflict with the concept of reproductive allocation trade-offs. Instead, 

they highlight the spatio-temporal ecological context in which trade-offs occur and 

emphasize the differences among species that often do not match a simple pattern of 

reproductive costs with light limitation (Figure 3.1).  

Our observations of divergent allocation responses to light availability can help 

explain why some species are able to take advantage of gap creation while others are 
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not. Given that regeneration in temperate forests is frequently limited by seed 

availability (Clark et al. 1998), these differences have implications for the dynamics of 

tree populations and their responses to changing environments (Cole 1954, Franklin et 

al. 2012). The alleviation of reproductive costs with canopy exposure for shade intolerant 

species could enhance recruitment for those species following disturbance. Conversely, 

the maintenance of reproductive output despite canopy suppression for shade tolerant 

species further promotes their ability to persist in understory environments. These 

responses are overlaid with differences among species in the timing of reproductive 

investment relative to growth, which creates additional diversity in reproductive output 

with changing environmental conditions and expands opportunities for differential 

success in forest ecosystems.
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4. Predictive models for radial sap flux variation in 
coniferous, diffuse-porous, and ring-porous temperate 
trees 

4.1 Introduction 

Predicting whole-tree water use requires models that accommodate the variation 

in sap flux between wood types and with depth in the tree. Estimates of whole-tree and 

ecosystem water use are often based on sap flux density measurements that are 

restricted to the outer portion of the xylem where much of the sap flux occurs. Radial 

variation in axial sap flux impacts the scaling of these measurements to tree- or stand-

levels (Edwards and Warwick 1984, Hatton et al. 1990, Wullschleger and King 2000, 

Nadezhdina et al. 2002). While it is clear that not all sapwood is functionally equal, a 

general model that allows upscaling by depth and xylem type is currently lacking in the 

literature (Phillips et al. 1996, Gebauer et al. 2008). In this paper we test models for the 

radial pattern of axial sap flux density (henceforth, radial profile) and generate 

predictive algorithms for their implementation in other settings. 

Knowledge of the variation in radial profiles within and among trees has 

expanded in the last few decades. Generally, axial sap flux density declines radially 

from the cambium until the transition to heartwood, where rates often approach zero 

(Čermák et al. 1992, Phillips et al. 1996, Taylor et al. 2002). Differences in radial profiles 

among trees are related to xylem anatomy (Phillips et al. 1996, Lüttschwager and Remus 
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2007, Tateishi et al. 2008) as well as conductivity (Ewers and Zimmermann 1984, Domec 

et al. 2005) and xylem cavitation or senescence (Mark and Crews 1973, Tyree and 

Zimmermann 2002). These patterns are connected to variation in canopy conductance 

(Hernandez-Santana et al. 2016). Analyses show differences among trees (Jiménez et al. 

2000, Ford et al. 2004b, Gebauer et al. 2008, Cohen et al. 2008) and environments (Ford et 

al. 2004a, Kubota et al. 2005) although observations are often restricted to a few 

individuals, species, or sites.  

Like previous studies we recognize three main wood types: non-porous or 

tracheid xylem, diffuse-porous xylem, and ring-porous xylem (Panshin and de Zeeuw 

1980). Non-porous xylem is a network of relatively-small tracheid cells used for water 

transport and structural support. Diffuse-porous xylem additionally contains large 

vessels that are randomly distributed throughout the wood while ring-porous xylem has 

vessels bi-modally distributed: larger diameter vessels are concentrated in the early-

wood, and smaller diameter vessels are concentrated in the late-wood. Tracheid-bearing, 

non-porous conifers and diffuse-porous trees tend to have deep functional sapwood as 

well as low average specific conductivity due to small and short conduits. In contrast, 

while most of the conductance in ring-porous species is isolated to the outermost annual 

growth ring that contains functional early- and late-wood vessels, the late-wood vessels 

in older annuli are also functional (Čermák et al. 1992, Bush et al. 2010). Despite 
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recognition of the differences in flow with xylem anatomy (McCulloh et al. 2010), few 

studies have tested whether radial profiles vary systematically across wood types.  

Existing models of sap flux along radial profiles have different functional forms, 

goals, and implementation. Most functions are continuous with depth into the xylem 

although many (e.g., polynomial functions) do not have explicitly-defined dimensions 

with respect to depth (Edwards and Warwick 1984, Gebauer et al. 2008). Some models 

use relative depth into the xylem (Oishi et al. 2008, Caylor and Dragoni 2009) while 

others use absolute depth (Cohen et al. 2008, Gebauer et al. 2008). Some models predict a 

maximum peak in flux beneath the cambium while others require flux to monotonically 

decline with depth. Each of these models include implicit assumptions about patterns in 

functioning sapwood area and water use with tree size. 

Despite an increase in the number of models that could predict radial profiles of 

sap flux, researchers often use other approaches to scale sap flux measurements to 

whole trees or stands. Only 15% of published studies that we surveyed from the past 

three years that scaled-up with sap flux measurements (n = 122, Appendix B) used 

continuous radial profile models (and only 10% used nonlinear functions). The majority 

of the studies (58%) assumed homogenous flow throughout the xylem and the rest (27%) 

used a discrete, weighted-mean approach (Hatton, Catchpole and Vertessy 1990). 

Studies that examine radial profiles often highlight the predictive opportunity of 

generalizable models (Delzon et al. 2004, Fiora and Cescatti 2006, Poyatos et al. 2007, 
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Caylor and Dragoni 2009). However, few of the previous models are reused because 

they are difficult to implement, there is uncertainty about their predictive ability, and 

calibration measurements may not be available for studies that are focused on other 

hypotheses besides radial variation. There is a need for transferrable models that can 

allow researchers to account for radial variation in axial sap flux density even when 

species- or site-specific observations are unavailable.  

This study combines a taxonomically- and anatomically-diverse sap flux data set 

with a suite of models for predicting radial profiles to characterize variation across trees 

and wood types. Our data set includes observations of sap flux density by depth from 34 

trees of 13 species from Southeastern U.S. forests. We use this data to compare different 

models and test the hypotheses that radial profiles differ by wood type and tree size. 

After assessing model fit and out-of-sample predictive ability with holdout observations 

and independent data, we develop a method for scaling-up independent flux 

observations from the outer xylem of comparable trees. As an illustrative example of 

applying these predictive models, we use the best-fitting model and sap flux 

observations from a forest in North Carolina to examine changes in water use with tree 

size. We include computer software for generating whole-tree flow estimates with other 

observations in Excel® and the R programming language as supplement (Appendix C). 
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4.2 Methods 

4.2.1 Radial profile models 

Whole tree water flow rates can be modeled as the product of the average sap 

flux density in the sapwood, v (g H2O m-2 s-1), and the sapwood area, A (m2): 

 AvQ  . Eq. 4.1 

This model requires an estimate of the average flux throughout the sapwood. If 

observations are constrained to the outer xylem and sap flux declines with depth into 

the tree, then this model will overestimate water flow (Delzon et al. 2004, Ford et al. 

2004b). To include variation with depth, sap flux can be integrated across the stem 

(Edwards and Warwick 1984). Assuming radial symmetry, whole tree water flow, Q (g 

H2O s-1), depends on the depth into the xylem from the cambium, x (m), along the tree 

radius, R (m), and a function for sap flux density by depth, f(x;θ) (g H2O m-2 s-1) that is 

conditional on shape parameters, θ: 

  
R

dxxfxRQ
0

);()(2  .  Eq. 4.2 

Equations 4.1 and 4.2 are related to each other through the sapwood depth, S (m), where 

22 )( SRRA   . The whole tree flow can also be defined for the relative radial 

depth, Rxr /  (dimensionless), so that  
1

0

2 )()1(2 drrfrRQ   (Caylor and Dragoni 

2009). Models for f(x) are frequently represented by modifications of probability 

functions, but they require proper dimensions (they must integrate to g H2O s-1). We 
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compare four functions for the instantaneous sap flux density with depth that are 

similar to those applied by others (Table 4.1).  

Table 4.1: Models for the radial profile of sap flux density. 

Model (reference with 

similar function) 

Function, f(x; θ) Parameters, θ (name, units, 

prior constraint) 

Half-Gaussian 

(Bell et al. 2015) 

2xJe   J1 (scale, g m-2 s-1) 

β1 (location, m-2) 

 

Gaussian 

(Ford et al. 2004b) 

2)(   xJe  J2 (scale, g m-2 s-1) 

α2 (peak depth, m, > 0) 

β2 (location, m-2, > 0) 

 

Gamma 

(Gebauer et al. 2008) 

xexJ  )(  J3 (scale, g m-2 s-1) 

α3 (shape, dimensionless, > 0) 

β3 (rate, m-1, > 0) 

 

Beta 

(Caylor and Dragoni 2009) 

11 )1(    rJr  J4 (scale, g m-2 s-1) 

α4 (shape, dimensionless, > 0) 

β4 (shape, dimensionless, > 1) 

 

All of these models are continuous and ultimately decay with depth into the 

xylem. One model (half-Gaussian) uses absolute depth into the xylem and requires sap 

flux density to decline from the cambium. Another model (beta) uses depth relative to 

the tree radius (0–1 instead of 0–R), which causes the functional sapwood depth to 

increase isometrically with tree size (since the radial profile expands with increasing 

radius) and sapwood area to increase proportional to the tree radius squared. Two 

models (beta and gamma) are flexible for concave or convex shapes depending on the 

parameterization but differ in part because the gamma model represents absolute depth. 
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These models represent different hypotheses for the form of radial profiles that we test 

with model comparison after fitting them with sap flux density observations. 

4.2.2 Radial sap flux density data 

Table 4.2: Measured species, numbers of trees, and size ranges for each wood type. 

Species N DBH range (m) Reference 

Non-porous Coniferous    

Pinus echinata 1 0.410 Ford et al. 2004 

Pinus elliottii 1 0.476 “ 

Pinus palustris 4 0.314–0.568 “ 

Pinus taeda 4 0.284–0.338 “ 

Tsuga canadensis 2 0.320–0.512 Ford and Vose 2007 

 

Diffuse-porous Hardwoods 

   

Acer rubrum 2 0.257–0.322 Unpublished data 

Betula lenta 4 0.139–0.301 “ 

Liriodendron tulipifera 3 0.243–0.610 Ford et al. 2011 

Platanus occidentalis 3 0.140–0.360 Unpublished data 

 

Ring-porous Hardwoods 

   

Carya spp. 2 0.332–0.338 Ford et al. 2011 

Fraxinus pennsylvanica 4 0.095–0.324 Unpublished data 

Quercus rubra 2 0.425–0.427 Ford et al. 2011 

Robinia pseudoacacia 2 0.193–0.323 Unpublished data 

 

Observations of sap flux density at depth (vik) were taken on 34 trees (i) from 13 

species of tree wood types (k): 12 non-porous coniferous, 12 diffuse-porous hardwoods, 

and 10 ring-porous hardwood trees (Table 4.2). Trees ranged in size from 10.1 to 65.8 cm 

DBH, with two to nine depth samples per tree depending on sapwood depth. Sapwood 

estimates from visual tree core examinations were collected for 28 of the trees to verify 
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that thermocouples were in hydroactive sapwood. We used these data and data 

collected in the same area by Martin et al. (1998, compiled in Falster et al. 2015) as an 

independent test of the model predictions of sapwood area. We also examined the 

assumption from the relative depth model (beta) that sapwood area scales with tree 

radius to a power of two with a slope test on a power function (Warton et al. 2006). The 

sap flux density data were collected between 2002 and 2009 for other studies, including 

analyses of whole tree water use (Ford et al. 2004b), hydrological impacts of tree 

mortality (Ford and Vose 2007), and forest management influences on water budgets 

(Ford et al. 2011). Thermal dissipation probes (Lu et al. 2004) were used for all 

observations, although measurements for Pinus spp. were made with long probes (sensu 

Ford et al. 2004b) and the rest were made with variable length probes (sensu James et al. 

2002). The probes had independent thermocouples that were inserted radially into the 

sapwood in 2 cm increments starting at 1 cm at approximately 1.3 m above the ground. 

Estimates of v were based on the empirical thermal dissipation calibration from Granier 

(1985). The probes were 1 cm in length to minimize velocity gradients across the probe 

and to ensure that each probe was fully in conductive xylem (Renninger and Schäfer 

2012). We only included trees that had at least three full observation days; the average 

observation period across trees was 16 days. Because the data were collected on different 

days and contain different numbers of days for most trees, we averaged the midday 

observations for each tree at each depth and then aggregated across available 
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observation days, resulting in 144 unique tree-depth observations that represent the 

average midday sap flux density. 

4.2.3 Model fitting and selection 

We fit observations of sap flux density to each of the functions in Table 4.1 with a 

Bayesian hierarchical model. The observations (vik) were lognormally distributed around 

the predicted flux value ( ikv̂ ) with an observation error (σ2) that had an inverse gamma 

distribution. The parameters of the function (θk) had a multivariate normal distribution. 

We included random effects for each individual (δi) to accommodate differences among 

trees in the absolute magnitude of average sap flux density. For one observation, 

)),ˆ(ln(~)ln( 2ikik vNv  

  ikikik xfv   );(ln)ˆln(  

),0(~ MVNk  

),0(~ 2 Ni  

),(~ 21

2 uuIG  

),(~ 21

2 vvIG  

where Σ is the prior covariance on the function parameters and u1, v1, u2, and v2 are prior 

shape and scale parameters for the observation error and random individual effects. 

Prior distributions for the function parameters differed among the models and were 
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defined to maintain biologically-realistic responses (e.g., positive skew in the beta 

model; see Table 4.1 for all prior constraints).  

For each function we fit two versions, one where each wood type group had 

independent function parameters (but were fitted simultaneously, hereafter referenced 

with a “-type” suffix) and another where all trees had global function parameters 

(excluding k subscripts above), resulting in eight independent models for comparison. 

We estimated all parameters (function parameters, observation error, and random 

effects) with Gibbs sampling in the R program (R Core Team 2015). When possible, 

parameters were sampled directly from conditional posterior distributions. The 

remaining parameters were sampled with a Metropolis-Hastings algorithm. Each model 

was fit with 70,000 iterations. We excluded the first 20,000 iterations before summarizing 

the posterior distribution for each parameter to ensure parameter convergence.  

Comparisons among the models allowed us to test the hypothesis that radial 

profiles differed among wood types (i.e., if a model with distinct function parameters for 

each wood type fit better than a model with common function parameters) and to 

identify model forms that performed better than others. We used three criteria for model 

selection: the predictive score (PS) (Gneiting and Rafferty 2007), deviance information 

criterion (DIC) (Spiegelhalter et al. 2002), the root mean square predictive error (RMSPE; 

g H2O m-2 s-1). The PS assesses predictive ability by rewarding predictive accuracy and 

penalizing over-confident predictions; high values are preferred. DIC is a model 
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selection criteria that rewards a good fit but penalizes model complexity; low values are 

preferred. RMSPE and PS were generated with a 10-fold cross-validation procedure 

where the original data were partitioned to exclude data from 3 trees (one from each 

wood type) in each fold. Holdout tree selection was done without replacement so each 

fold contained a unique testing sample, producing out-of-sample predictions for 30 trees 

across models. For each testing sample the model was refit with 7,000 iterations and the 

posterior mean prediction (excluding a 2,000 sample burn-in) was compared to the 

observation for predictive assessment. This cross validation allowed us to assess the out-

of-sample predictive ability of each model, as a measure of relative performance with 

new trees. 

4.2.4 Predicting whole tree water use 

Predictions of flow rates on new trees require a correction factor to scale the sap 

flux density from the outer xylem to the whole tree. We generalized the approach used 

by Paudel et al. (2012) to accommodate nonlinear radial profiles by calculating the ratio 

of the predicted whole tree sap flow (gall s-1) and the predicted flow in the measured 

portion (gmeas s-1), which are both found by integrating equation 4.2. With new 

observations of sap flux density on independent trees, v~  (g m-2 s-1), measured over a 

given portion of the xylem [a,b], this correction factor is  










b

a

R

dxxfxR

dxxfxR
c

);()(

);()(
0




.  Eq. 4.3 
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Because this correction factor is relative to the integral for the entire profile, the radial 

profile predictions are insensitive to possible linear deviations in flux due to probe 

calibration (Bush et al. 2010, Steppe et al. 2010, Renninger and Schäfer 2012, Sun et al. 

2012). 

The observed sap flux density is then scaled to the whole tree flow rate, Q
~

 (g s-1), 

with a modification of equation 4.1 that includes the new sap flux observation, the area 

of the measured portion, Ameas (m2), and the correction factor, 

 cAvQ meas
~~

 .  Eq. 4.4 

Given the parameters of the function (θ) and new sap flux observations ( v~ ), estimates of 

whole tree water use can be made with probe length and the tree size information. 

Additionally, the integrals for all of the models can be solved analytically, so that a 

tractable algorithm can be written to generate predictions (Appendix D). Using a similar 

procedure, we calculated the sapwood depth that accounted for 95% of the predicted 

whole tree flow (an estimate for the functional sapwood depth) with the fitted 

parameters across tree sizes and calculated the expected functional sapwood areas for 

comparison with the sapwood area measurements. 

We made predictions of whole tree water use for 66 trees in a mixed hardwood 

stand of the Duke Forest (Orange County, NC). All trees were monitored continuously 

between May and October 2013. Sap flux density observations were collected at 10 

minute intervals (and then aggregated to hourly averages) from each tree with 2 cm 
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thermal dissipation probes, all installed into the xylem at approximately 1.3 m above the 

ground. Trees ranged in size from 10.8 to 72.3 cm DBH and were from 10 species (6 Acer 

rubrum, 8 Carya glabra, 8 Carya tomentosa, 4 Fraxinus americana, 8 Liquidambar styracifula, 6 

Liriodendron tulipifera, 6 Pinus taeda, 7 Quercus alba, 7 Quercus falcata, and 6 Ulmus alata). 

For each tree (i) of each species (s), we predicted instantaneous whole tree water use (g 

H2O s-1) with the correction factor from the best-fitting model, integrated water use rates 

to a daily total (Qis, kg H2O day-1), and took the average water use rate across days when 

the average daily solar radiation was greater than 50 W m-2 (excluding cloudy and rainy 

days). We estimated the relationship between individual tree size and average water use 

with a linear mixed effect model, ln(Qis) = Q0 + c ln(Dis) + ds + eis, where Dis is the diameter 

at breast height of an individual, Q0 is the log normalization constant, c is the power 

exponent, ds is a species random effect, and eis are normally-distributed errors, fitted 

with the “lmer” function in R (Bates, et al. 2014). 

4.3 Results 

Among all models, the gamma-type model (with specific parameters for each 

wood type) generated the best predictions both in and out of sample, with a RMSPE of 

3.3 g m-2 s-1. Models for sap flux density with depth that included wood-type specific 

parameters outperformed the models that did not identify wood types (Table 4.3). 

Among the models that included wood type-specific parameters, the models 

parameterized for absolute depth from the cambium outperformed the model with 
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relative depth into the tree. Predictions for all models showed some divergence at low 

sap flux densities, although the absolute prediction errors here were lower than those at 

higher values (Figure 4.1). For all models, the predictive score and out-of-sample 

predictive error were the same, and generally agreed with the DIC rankings.  

Table 4.3: Model selection results, sorted by predictive score. The best model is 

highlighted in bold. Models that include parameters for each wood type include “-

type” in the name. 

Model Predictive Score DIC RMSPE Depth into the xylem 

Gamma-type -0.38 341 3.27 Absolute 

Half-Gaussian-type -0.51 352 3.40 Absolute 

Gamma -0.53 351 4.81 Absolute 

Gaussian-type -0.57 363 3.47 Absolute 

Beta-type -0.59 363 3.78 Relative 

Beta -0.63 370 4.40 Relative 

Half-Gaussian -0.64 370 4.54 Absolute 

Gaussian -0.66 373 4.55 Absolute 

 

Fitted parameters from the gamma-type model differed across wood types 

(Figure 4.2). For this model, the shape parameter controls the curvature and the rate 

parameter controls the decline with depth. The scale parameter controls the intensity 

above zero but has no influence on predictions for new trees (Appendix D). Differences 

in these fitted parameters across wood types and their combinations thus produced 

distinct patterns in the predicted radial profiles (Figure 4.3).  
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Figure 4.1: Predictions of sap flux density observations (mean and 95% credible 

intervals) for models that included wood type specific parameters, sorted top to 

bottom by model selection. Different wood types are shown as different colors and 

the posterior density of the observation error (σ2) is shown on the horizontal axis. 

 

Figure 4.2: Posterior parameter estimates for the gamma-type model (the best fitting 

model) across wood types. 
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Figure 4.3: Predictions of the radial profile of sap flux density with depth for each 

wood type from the gamma-type model. Solid line is the posterior mean of the fitted 

model and dashed lines show the 95% credible interval. Data for sap flux density are 

normalized for plotting by subtracting the posterior individual random effects (δi). 

Across wood types the shape parameters declined from non-porous conifer to 

diffuse-porous hardwood to ring-porous hardwood. Non-porous conifer trees had a 

peak that was slightly behind the cambium (a pattern observed in the raw data for 2/3 of 

the conifer trees) while ring- and diffuse-porous hardwood trees peaked close to the 

edge because of their low shape parameter values (as the shape parameter approaches 

zero, this model reduces to a negative exponential). The rate parameter was higher in 

the ring-porous hardwood trees compared to the non-porous coniferous and diffuse-

porous hardwood trees, which were not different. This caused ring-porous trees to show 

rapid declines in sap flux over the first few centimeters. 



 

 

51 

 

Figure 4.4: Observations (points) and predictions (lines) of sapwood area versus tree 

radius in non-porous (circles), diffuse-porous (squares), and ring-porous (triangles) 

trees. Data include trees used to parameterize the radial profile models (n = 28) and 

observations from Martin et al. (1998) (n = 87). Predictions are average estimates for 

the area with 95% of functional sapwood from the gamma-type model. 

The poor performance of the relative depth models and the importance of 

accounting for wood type can be explained in part by inconsistencies between model 

assumptions and observations of sapwood area. Across trees, sapwood area scaled with 

tree radius by a power of 1.75 (95% confidence interval: 1.53–1.96) and was different 

from two, based on a slope test with log-transformed values (F = 5.45, Pslope=2 = 0.02). The 

independent observations of sapwood area were comparable to the predictions from the 

gamma-type model for the functional sapwood area (Figure 4.4), with clear separation 

across xylem types, showing consistency between model predictions and field 

observations. 
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Figure 4.5: Example predictions for daily whole tree water use (kg H2O d-1) calculated 

with the parameters from the gamma-type model for a Liriodendron tulipifera tree 

(diameter at breast height = 0.51 m) in the Duke Forest, Orange County, NC. The solid 

line shows the mean and the grey lines show the 95% predictive interval. 

We used the gamma-type model to generate estimates of whole tree water use 

with observations of sap flux density from other trees (Figure 4.5). Differences in the 

radial profiles and size among trees led to variation in whole tree water use rates (Figure 

4.6). Including species random effects, the average daily water use increased with tree 

diameter by a power of 1.06 ± 0.11 (mean ± SE). This mixed-effects model fit the data 

better than a linear model on log-transformed data without species effects, based on a 

likelihood ratio test (χ2 = 5.04, P = 0.02). The correlation between the observed and 

average predicted values from the mixed effects model was 0.87. Species differences 

created large discrepancies in the predicted water use at large diameters. 
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Figure 4.6: Estimates of average daily water use (kg H2O d-1) increase with diameter 

(m) for trees in the Duke Forest, Orange County, NC. Species are identified with 

different symbols and vertical bars show 95% prediction intervals. 

4.4 Discussion 

We found that predictions for the average radial profile of sap flux density were 

dependent on wood type but independent of tree size. Across trees, models that 

included parameters for non-porous coniferous, diffuse-porous, and ring-porous wood 

types and were based on absolute depth into the xylem provided a superior fit to our 

data set. The gamma-type model generated the best predictions (Figure 4.1). This model 

is flexible for asymmetry in the decline with depth. The response for ring-porous trees 

was extremely peaked (close to a negative exponential response), while diffuse-porous 

trees showed a shallower decline with depth and coniferous trees had curvature with a 

peak that was beneath the cambium (Figure 4.3).  
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Differences among the radial profiles (Figures 4.2 and 4.3) in the best-fitting 

model emphasize the influence of wood type and xylem anatomy on whole tree water 

use. Ring-porous trees have larger xylem conduits but have stem- and leaf-specific 

conductivities that are comparable to diffuse-porous and coniferous trees because of 

differences in hydroactive sapwood across wood types (McCulloh et al. 2010). For ring-

porous trees in particular, much of the sap flux is restricted to the outer annual growth 

rings (Ellmore and Ewers 1986, Granier et al. 1994), which produces a strongly peaked 

radial profile (Gebauer et al. 2008). In contrast, xylem conduits near the cambium in non-

porous conifer trees can have unopened bordered pits that restrict flow (Mark and 

Crews 1973). When combined with smaller xylem conduits and bordered pit closure 

toward the pith (Domec et al. 2005, Taylor et al. 2002), many conifer trees show a curved 

radial profile with a peak below the cambium (Ford et al. 2004b, Čermák et al. 1992, 

Krauss and Dauberstein 2010). 

While the other models did not perform as well as the gamma-type model with 

these data, some still offered reasonable predictions. The second best predictive function 

was the half-Gaussian-type model. This model generated similar predictive errors to the 

gamma-type model (Table 4.3) and performed better than the similar Gaussian-type 

model, possibly because of model simplicity. The only difference between the Gaussian 

and half-Gaussian functions were the inclusion of a location parameter. The fitted values 

for this parameter across wood types were extremely low and frequently approached 
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zero, leading the predictions between these two models to be similar on average but 

with one less parameter in the half-Gaussian model. 

Across the range of tree sizes measured here, the models that represented the 

radial pattern of sap flux density as a function of absolute depth from the cambium 

provided better predictions than those based on relative depth into the tree. This finding 

suggests that, as trees increase in size, the older xylem becomes progressively less 

conductive and the newer xylem performs similarly to the former outer xylem. This 

prediction is consistent with recent observations connecting radial variation in sap flux 

with canopy variation in stomatal conductance (Hernandez-Santana et al. 2016). Models 

based on relative depth into the whole tree are not flexible for a range of size classes 

because heartwood formation is a cumulative process. Even if the hydroactive sapwood 

depth increases gradually with tree size, the fraction of sapwood often declines as size 

increases (Sellin 1994, Yang and Hazenberg 1991), which matches our observation that 

sapwood area scales with a power of less than two on average, lower than previously-

hypothesized values (Shinozaki et al. 1964, West et al. 1999) but consistent with other 

estimates (Meinzer et al. 2005). The sapwood observations can be simulated with our 

fitted radial profiles; our independent predictions of functional sapwood area from the 

gamma-type model generally matched the observations and clearly delineated 

differences among xylem types (Figure 4.4). 
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The functions presented here are based on absolute depth into the tree and the 

whole tree radius. They can accommodate observations of sapwood area if they are 

available (Appendix D), but do not require them. This functional definition of the 

sapwood boundary is based on the empirical decline of sap flux density with depth and 

is pragmatic for prediction on new trees. While profiles based on relative depth into the 

sapwood (as opposed to the whole tree) could provide similar responses to the absolute 

functions (Oishi et al. 2008), they still depend on estimates of the heartwood transition 

from allometric equations or measurements of wood color or water content (Meinzer et 

al. 2005, Taylor et al. 2002, Poyatos et al. 2007), which can be difficult to measure and 

may not directly delineate the hydroactive sapwood area (Čermák and Nadezhdina 

1998, Poyatos et al. 2007, Molina et al. 2016).  

Our fitted models can generate predictions for trees that are similar to those 

examined here (Figure 4.5). We produced estimates of whole tree water use for a diverse 

population of trees in a mixed temperate forest, covering a broad range of size classes 

and species (Figure 4.6). Our estimates of average water use are lower than those from 

studies that do not account for radial variation in sap flux density (Wullschleger et al. 

1998, Enquist et al. 1998) but are comparable to other studies that included radial 

declines in axial sap flux density, including another study in the Southern Appalachian 

Mountains with similar species (Ford et al. 2011) and observations from other temperate 

forest ecosystems (Meinzer et al. 2005, von Allmen et al. 2012). These whole-tree 
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estimates suggest a lower scaling exponent with tree diameter than previously reported, 

driven in part by differences among trees in functional sapwood area for a given size 

(Figure 4.4). 

There are still limits to the applicability of our estimated parameters. First, in this 

analysis we assume that the average mid-day radial profile is representative of most 

conditions for the trees during peak flow times, which should produce reliable estimates 

of daily water use. We did not consider variation in the fitting parameters diurnally or 

with environmental changes. Previous analyses have demonstrated that sap flux density 

patterns with depth can change throughout a season, for example due to changes in 

light or moisture (Ford et al. 2004a, Fiora and Cescatti 2006). We did not include these 

complexities because the data used here were collected from a variety of sites, often 

without co-located environmental data, and on different dates. Future studies could 

build environmental dependence into the shape parameters with additional hierarchical 

structure and could use the posterior parameter estimates reported here as prior 

information. Additionally, our data set is restricted to trees that are common in 

Southeastern U.S. forests. If the parameters for the absolute depth model depend on 

xylem age then our parameter estimates may not be representative for trees with 

different diameter increments (e.g., across diverse landscapes or in different biomes). 

However, the best-fitting model was able to accurately predict sap flux observations out-

of-sample with small errors, suggesting robustness in new settings. We have also 
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included the code for fitting model parameters with new radial profile data as a 

supplement (Appendix C). The fitted model, along with the algorithms that we have 

included as a supplement to this article, will be useful for translating observations of sap 

flux density to whole tree water use in ecophysiological studies on a range of topics, 

including drought response and irrigation monitoring (Hernandez-Santana et al 2016, 

Molina et al. 2016). 

4.4.1 Conclusions 

We have analyzed general models for the radial profile of sap flux density that 

can be used to calculate whole tree water use with observations from independent sap 

flux probes. The model with the best performance is based on differences among wood 

types that represent functional differences in xylem anatomy. It provides reasonable 

predictions of sap flux density with depth both in and out of sample. For future studies, 

if sap flux observations with depth are available, the computer code included below 

(Appendix C) can be used to generate new parameter estimates. If site- or species-

specific observations of sap flux with depth are unavailable (as we often find), these 

supplementary materials can provide reasonable estimates for comparable trees with 

easily-collected morphological information and our fitted parameters. Predictions of 

whole tree water flux only require independent measurements of sap flux density across 

some radial interval in the xylem, the radius of the tree at the measurement height 

without bark, and a general wood type classification. The R functions additionally 
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include measurements of uncertainty. These models will be useful for scaling sap flux 

density observations from new trees and estimating whole tree and stand transpiration. 
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5. Tree water balance drives temperate forest 
responses to drought 

Anticipating the ecological consequences of drought (Allen et al. 2010, Clark et 

al. 2016) requires a capacity to predict drought-induced stress in terms of moisture 

supply to forest stands (McDowell et al. 2011, Allen et al. 2015). Recent physiological 

studies clarify some of the ways in which drought stress varies among trees and species 

(e.g., Choat et al. 2012, Bennett et al. 2015). Beyond general statements about rooting 

depth (Meinzer et al. 1999, Stahl et al. 2013), these studies offer limited insight on the 

reservoir of water trees can access or how it is depleted across landscapes. For example, 

drought tolerance of the genus Quercus is commonly attributed to deep rooting (Abrams 

1990). If this trait explained drought response, then water use by Quercus trees should 

exceed that of other species. In fact, Quercus trees tend to use less water than other 

species, not more (Chapter 4, Ford et al. 2011). Moreover, Quercus species can experience 

some of the highest mortality rates during drought (Elliott and Swank 1994), despite 

tending to dominate on xeric sites. In contrast, Pinus species dominate regionally in early 

succession through efficient establishment and rapid growth (Oosting and Kramer 

1946). Unlike canopy architecture, which provides strong evidence of competition for 

light availability aboveground, the volume of belowground moisture availability for 

many trees remains essentially unknown (Wilczynski and Pickett 1993, Richter and 

Billings 2015). By quantifying this resource and how it is depleted across species, sizes, 
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and environments, we predict the physiological and demographic responses of forests to 

drought. 

Standard methods for monitoring soil moisture at shallow depths do not track 

the water available to trees. During drought, soil moisture probes often report static 

values near the wilting point despite continued transpiration (Meinzer et al. 2013). This 

discrepancy can occur because the moisture reservoir accessed by roots is not captured 

by one or a few soil probes. Similarly, microwave remote sensing approaches only 

quantify the moisture in the upper soil surface (Jackson et al. 1996). As an alternative, we 

hypothesized that a mass-balance approach, exploiting the observed transpiration 

stream through trees, might yield more precise estimates of the water available to trees, 

provided that we account for error and temporal dependence in the data (Clark et al. 

2010). The mass balance predicts depletion of the soil moisture reservoir as the 

difference between inputs from precipitation (P) and losses from transpiration (T), 

evaporation (E), and gravitational outflows (O),  

 )()()()(/ tTtEtOtPdtdS  . Eq. 5.1 

Cumulative transpiration during drought can be used to estimate the potential 

reservoir and how much of it remains at a given time. This is possible because i) 

moisture depletion for individual trees is dominated by transpiration during drought 

(Appendix E) and ii) transpiration can now be estimated from hierarchical state-space 
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models applied to sap flux data (Bell et al. 2015). The reservoir state is the balance 

between the potential moisture reservoir (ωi, kg) and transpiration (Ti,t, kg d-1),  
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Losses for an individual tree, i, are driven by atmospheric demand (PETi,t, kg m-2 d-1) and 

the potential moisture reservoir (Kramer 1937, Kozlowski 1949). Transpiration initially 

increases with demand but, as a drought progresses, the depleted reservoir (Si,t/ωi) 

increasingly limits transpiration relative to canopy area (Ai, m2), 
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The combined effects of demand and uptake on transpiration differ between species and 

size classes (Cruiziat et al. 2002); trees with large exposed canopies may have high 

atmospheric demand, and trees with large root systems may have large reservoirs 

(McDowell and Allen 2015). The vulnerable trees are those with a reservoir nearing 

depletion during droughts. Stand vulnerability is amplified when many trees approach 

these limits, reducing moisture not only for themselves but also their neighbors.  

To test the mass balance model, we tracked community-wide whole-tree 

transpiration over five years in a temperate mixed forest (Duke Forest, North Carolina, 

USA). We employed a Bayesian state-space modeling framework that combined our 

observations with equation 5.3 while accounting for the temporal dependence and 

uncertainty in the model (Appendix E). The critical validation for the mass-balance 
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approach is the demonstration that it predicts both A) the same total reservoir mass for 

each tree across multiple droughts and B) the rate of moisture depletion over time. Each 

drought features a unique and highly variable progression of atmospheric demand and 

individual water use rates. There is no reason to expect the mass balance from such data 

to converge to consistent estimates of the potential reservoir unless individual trees 

effectively exploit a given soil volume that controls the rate and timing of transpiration. 

If the mass balance works, then inverting this relationship can track the depleting 

reservoir, from fully recharged in spring to extreme drought limitation. If the model can 

predict the rate of depletion, then predictions should agree with next-day observations. 

 

Figure 5.1: Variation in tree soil moisture reservoirs and transpiration declines during 

drought. (A) Predictions (and 95% credible intervals) for the maximum accessible soil 

water pool across tree species and sizes. (B) Observations (points) and day-ahead 

predictions (grey shade 95% credible interval, dotted 95% predictive interval) for four 

example trees during the 2010 drought. Inset shows predictions for all observations. 
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The mass-balance approach confirmed that the potential reservoir available to 

trees is conserved across repeated droughts, in support of the hypothesis that 

transpiration rates are controlled by the depleting reservoir. Reservoir estimates differed 

among trees (Figure 5.1) based on tree diameter (βln(DBH) [95% credible interval (CI)] = 

4.93 [1.49, 8.37]), topographic moisture index (βTWI [95% CI] = 2.30 [0.43, 4.17]), and 

species (Appendix E, Table E.1). The effect of tree diameter was amplified on xeric sites 

(βln(DBH)×TWI [95% CI] = -0.68 [-1.26, -0.10]) so that large, coniferous trees in upland 

landscape positions were predicted to have the largest moisture reservoirs, consistent 

with syntheses of belowground biomass allocation across moisture gradients (Mokany 

et al. 2006). Estimates across trees show volumes of belowground reservoir control, 

ranging from 180 to 11,350 kg (or 0.14 to 8.94 m3) of soil after accounting for bulk density 

and water holding capacity.  

The mass balance further predicts the dynamics of soil water use. Transpiration 

progressively declines during drought as individual trees began to experience moisture 

limitation (Figure 5.1B, Figure E.2). One-day-ahead predictions were accurate over the 

large range of transpiration rates observed in the study (Figure 5.1B inset, r = 0.97, 

RMSPE = 5.30 kg d-1), despite substantial variation within and between trees (Figure 

5.1B). Confident estimates of individual moisture reservoirs in dense stands indicate that 

moisture limitation can be predicted from individual tree characteristics and suggests 

that it should explain tree fitness and predict stand vulnerability.  
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Figure 5.2: Ecophysiological responses to drought. (A) Loss of branch (filled squares) 

and whole-tree (open circles) hydraulic conductance with declines in relative soil 

moisture reservoir (Si,t/ωi) during a severe drought. (B) Species differences in 

transpiration deficits per canopy area. (C) Biomass growth response in the year after 

the drought (ln[growthpost/growthpre]) was greater for trees with lower cumulative 

transpiration deficits below the potential during the drought. (D) Reproductive 

response to the drought (ln[fecunditypost/fecunditypre]) was lower for trees with greater 

cumulative transpiration deficits. 

The physiological effects of drought can be explained by individual water 

balance during and after droughts. At the height of a severe drought in the summer of 

2010 (Palmer Drought Severity Index = -1.9, 93%ile of historical observations), trees 

nearing reservoir depletion were those having the greatest loss of branch (αbranch [95% CI] 
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= 3.72 [3.50, 3.93]) and whole-tree (αtree [95% CI] = 0.95 [0.92, 0.99]) hydraulic 

conductance (Figure 5.2A). Injury in peripheral organs along with stomatal closure or 

leaf wilting (Sperry et al. 2002, Brodribb et al. 2003) can explain the observed and 

predicted declines in transpiration as the drought progressed (Figure 5.1B). The 

connection between whole-tree reservoir depletion and loss of conductance across 

organs expands approaches for predicting whole-tree drought stress by incorporating 

individual differences in size and topographic position in addition to differences among 

species. 

The water balance model explains not only seasonal physiological differences, 

but also demographic fitness. If the individual reservoir is conservative over years that 

experience multiple droughts then it should affect performance, and thus explain the 

individual variation in growth and fecundity of forest stands (Clark et al. 2010, Chapter 

2). The cumulative effect of a reservoir deficit can be evaluated as missed transpiration 

(Denmead and Shaw 1962). Carbon gain is maximized at full reservoir recharge when 

Ti,t/Ai approaches PETt. We hypothesized that the cumulative difference between these 

terms during drought, the missed transpiration, should differ among trees and translate 

to growth and fecundity. We found that species experienced different cumulative 

transpiration deficits over the severe 2010 drought (Figure 5.2B). Trees with low 

cumulative deficits showed increased growth recovery following this drought relative to 

pre-drought levels (Figure 5.2C; αgrowth [95% CI] = -1.04 [-1.47, -0.60]). Trees with high 
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cumulative deficits showed declines in reproductive output relative to pre-drought 

levels (Figure 5.2D; αfecund [95% CI] = -4.26 [-6.16, -2.34]). These declines in productivity 

can last for years after severe droughts and set trees on a trajectory to mortality 

(Anderegg et al. 2015b, Chapter 2). The reservoir effect of drought thus provides the 

connection between short-term physiological responses and multiyear fitness. 

 

Figure 5.3: Landscape-scale predictions. (A) The potential soil moisture reservoir for 

trees per ground area varies throughout the stand with tree density (points) and 

topography. (B) Trees in landscape positions with less soil water availability 

experienced greater relative depletion during drought. (C) Individual trees show 

patchy responses in cumulative transpiration deficits per leaf area, depending on 

their individual water balance (circles scaled by tree diameter). 

The mass-balance approach translates from trees to landscapes, where moisture 

limitation involves depletion by all individuals. The fact that reservoir capacity and 

depletion can be predicted from tree species, size, and landscape position provides 

predictive potential for landscape drought vulnerability on the basis of measurements 

from a limited number of trees. Predictive maps at a stand level highlight trees and 
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landscape positions with greatest supplies as well as the greatest risk during drought 

events. We predicted drought response metrics for all trees at the site over the 2014 mid-

season drought. After 24 days, predicted reservoir depletion throughout the stand 

(mean [95% CI] = 0.58 [0.44, 0.69]) overlapped with independent whole-stand estimates 

from MODIS and a nearby flux tower (mean [95% CI] = 0.69 [0.59, 0.79] and 0.59, 

respectively). The drought trajectory of individual trees followed the well-known 

hydrological Budyko curve (Figure E.3), an empirical relationship between atmospheric 

losses through transpiration and local aridity. Trees in upland areas generally had less 

soil water available before the drought (Figure 5.3A). These trees drew down their soil 

water resources during the drought (Figure 5.3B), increasing the risk of losing hydraulic 

conductance (Figure 5.2A). Yet, cumulative transpiration deficits were widespread 

throughout the stand (Figure 5.3C) and trees in both lowland and upland environments 

were predicted to experience cumulative stress from reservoir deficits.   

Predictive maps provide insights for understanding whole-tree drought 

vulnerability in temperate forest environments. For small, suppressed trees that have 

invested heavily in aboveground expansion to compete for light but have relatively 

small root structures, droughts place strong demands on their water balance and put 

them at risk of hydraulic failure. Conversely, mature, overstory trees in these ecosystems 

have developed large and potentially deep belowground structures that can access 

voluminous soil moisture reservoirs and sufficiently supply their canopies during many 
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seasonal drought events. If droughts persist or become more severe due to increasing 

vapor pressure deficits and longer rain-free periods, then we expect shifts in species 

composition along moisture gradients. These shifts can occur with physiological injury 

and the cumulative impact of missed transpiration that can lead to growth declines for 

exposed trees and an inability to produce new recruits (Figure 5.2). However, local 

landscape heterogeneity could provide new suitable habitats for trees of species that 

recover from droughts (Figure 5.3). These results change the interpretation of species 

abundance at the landscape scale. Contrary to the expectation, Quercus species generally 

do not access a large soil moisture reservoir, meaning that their drought tolerance must 

be attributed to other traits (Roman et al. 2015). By contrast, the regionally-common 

Pinus taeda likely benefits from an ability to dominate soil moisture access, with the 

largest reservoirs of all species we analyzed (Figure 5.2B, Table E.1).  

Ecologists have struggled to predict whole-tree and landscape responses to 

drought because of extreme diversity among trees across variable environments. Here 

we demonstrate the role of tree water balance in determining physiological and 

demographic drought responses across sizes, species, and landscape positions. The 

drought-forest feedback is predicted by the mass balance of atmospheric demand and 

the moisture reservoir. Demand is readily available from weather station data and 

simple models. The reservoir can be estimated with tree water use observations as part 

of model fitting. This model challenges the view that large trees are universally at risk 
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from drought (Phillips et al. 2010, Bennett et al. 2015) and outlines opportunities to use 

measures such as aboveground to belowground ratios or transpiration decline rates to 

predict competitive abilities for soil water (Hanson and Weltzin 2000), understand 

ecohydrological variation within forest stands (Nippgen et al. 2015), and identify trees 

that are at risk of damage from future drought events (Clark et al. 2016). The trees that 

control relatively large potential moisture reservoirs can maintain relative transpiration 

during drought and avoid both short- and long-term injury from drought.  
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Appendix A:  Annual survival rates, pre-drought 
survival, and progressive declines after multiple drought 
events 

We examined annual survival over census intervals with sufficient sample sizes. 

For each observation period, we calculated the average annual survival rate across plots 

and species at each location (Piedmont Plateau and Appalachian Mountains) assuming a 

constant, exponential decline in survival over the census interval (t), t

inittt NN /1)/( . 

We calculated rates for small (≤10 cm diameter) and large (>10 cm diameter) trees 

separately. The results were not different when aggregated across sizes. We correlated 

annual survival rates for each size class in each interval with the average June-July-

August PDSI at each site over the interval. Survival showed no relationship with 

drought severity (Table A.1), although diameter growth showed strong responses to 

drought severity across species (Table A.2; see also Clark et al. 2011). 

We fit a logistic regression for survival of trees leading up to the 2000–2002 

drought to compare our post-drought responses to the effects of changes in growth rate 

and wetness in the relatively mesic period before the drought. We calculated growth 

differences between three years before and three years after 1996 to be comparable to the 

drought recovery analysis. Across species, the effect of the change in growth on survival 

was not different from the drought analysis (Table A.3). However, there was no 
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association with wetness, so trees that died during this period showed lower growth but 

were not stratified by local moisture availability. 

Post-drought growth recovery differed among trees that died based on the 

number of drought exposures. Trees that were exposed to two or three droughts showed 

growth rates for the rest of their lives that were closer to the pre-drought levels than 

those of trees exposed to just one drought (Figure A.1). These differences can be 

explained by a pattern of progressive decline following exposure to multiple droughts. 

For example, trees that were exposed to three droughts showed minimal growth 

declines after the first drought (2000–2002) but progressively greater morbidity 

following additional droughts (inset Figure A.1).  

Table A.1: Average annual survival rates and PDSI across species and plots. 

    Annual survival rate 

Site Census interval Average JJA PDSI <=10cm DBH >10cm DBH 

Appalachian 

Mountains 

1993–1995 0.23 0.967 0.984 

1996–1997 0.46 0.980 0.996 

1998–2001 -1.38 0.989 0.994 

2002–2003 -0.26 0.963 0.993 

2004–2005 1.01 0.951 0.984 

2006–2007 -2.48 0.981 0.989 

2008–2009 -0.97 0.952 0.982 

2010 

 

-1.65 0.957 0.988 

Piedmont 

Plateau 

1999–2001 -0.41 0.970 0.993 

2002–2005 -0.15 0.961 0.984 

2006–2007 -0.36 0.975 0.994 

2008–2009 0.63 0.961 0.963 

2010–2011 -1.63 0.973 0.990 
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Table A.2: Effects of JJA PDSI on diameter growth in the same year. 

Species Mean ± SE 95% credible interval 

Acer barbatum 8.78 ± 6.18 (0.32–22.18) 

Acer pensylvanicum 3.42 ± 2.13 (0.15–8.14) 

Acer rubrum 1.3 ± 0.55 (0.23–2.31) 

Acer saccharum 4.84 ± 2.76 (0.34–10.9) 

Betula alleghaniensis 22.85 ± 6.23 (8.48–29.97) 

Betula lenta 21.02 ± 8.84 (1.62–29.97) 

Carpinus caroliniana 18.38 ± 8.88 (1.4–38.55) 

Carya glabra 2.82 ± 2.53 (0.17–10.74) 

Carya ovata 10.54 ± 7.19 (0.41–26.02) 

Carya tomentosa 11.43 ± 7.68 (0.72–24.91) 

Cercis canadensis 9.88 ± 10.14 (0.15–33.91) 

Cornus florida 1.97 ± 1.08 (0.13–4.17) 

Fagus grandifolia 31.31 ± 10.31 (10.35–48.66) 

Fraxinus americana 8.93 ± 4.52 (1.02–18.32) 

Liquidambar styraciflua 21.15 ± 8.04 (8.71–34.48) 

Liriodendron tulipifera 6.91 ± 2.26 (2.75–11.23) 

Pinus echinata 9.06 ± 7.18 (0.43–25.3) 

Pinus rigida 22.9 ± 12.81 (1.81–47.56) 

Pinus strobus 20.44 ± 13.75 (1.19–49.46) 

Pinus taeda 5.2 ± 3.41 (0.34–13.61) 

Pinus virginiana 15.02 ± 10.15 (0.88–34.32) 

Quercus alba 1.62 ± 0.84 (0.15–3.36) 

Quercus coccinea 2.12 ± 1.35 (0.13–5.23) 

Quercus falcata 4.35 ± 3.04 (0.23–11.1) 

Quercus phellos 13.85 ± 7.01 (1.16–25.67) 

Quercus montana 1.12 ± 0.76 (0.04–2.73) 

Quercus rubra 0.86 ± 0.75 (0.02–2.81) 

Quercus stellata 3.92 ± 3.07 (0.17–12.57) 

Quercus velutina 2.78 ± 2.04 (0.11–7.41) 

Tsuga canadensis 15.67 ± 8.43 (3.96–35.36) 

Ulmus alata 23.19 ± 5.14 (11.56–29.88) 

Ulmus americana 9.9 ± 7.54 (0.18–28.25) 

Ulmus rubra 16.05 ± 9.38 (0.76–29.82) 
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Table A.3: Effects of growth change and wetness index on survival in years preceding 

drought from logistic regression across species and sites (n = 3,176). 

Factor 

Posterior mean effect 

(95% credible interval) 

Intercept 4.18 (2.65–6.06) 

Growth change 4.43 (2.30–6.84) 

Wetness -0.07 (-0.65–0.57) 

Growth change × Wetness 0.77 (0.05–1.56) 

 

 

 

Figure A.1: Progressive declines in growth following exposure to multiple droughts 

for trees that died. Dead trees are grouped based on how many droughts they 

survived. For the trees that survived three droughts, we further disaggregated their 

growth recovery after each drought event (inset) to show how they lost the ability to 

recover after successive droughts. 
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Appendix B:  Survey of published articles that scale sap flux observations to 
whole-tree or stand levels 

We searched Web of Science for articles indexed between 2013 and 2015 that included (sap flux) OR (sap flow). Of the 

results, 122 studies reported methods for scaling sap flux measurements. We characterized studies into three categories, based 

on how they calculated water use: (A) “Average flux,” where sap flux is measured in the outer xylem and assumed to be 

homogenous throughout sapwood, (B) “Weighted mean,” where multiple measurements were taken with depth on at least one 

tree and sap flux was calculated as the flux weighted by the area of sapwood around each sensor, and (C) “Continuous 

function,” where the radial profile was modeled with a continuous functional form and integrated across the profile and 

around the bole. 

Table B.1: Published articles that scale sap flux observations to whole-tree or stand levels. 

Author Year Journal DOI Type Notes 

Brito et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2014.11.008 A  

Cristiano et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2015.01.007 A  

Gao et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2014.10.007 A  

Garcia-Prats et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2015.02.009 B  

Haijun et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2014.11.009 A  

Krauss et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2014.11.014 A  

Kunert et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2015.06.009 A  
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Sánchez-Costa et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2015.03.012 B Correction factor 

Telander et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2015.02.019 A  

Zhu et al. 2015 Agr Forest Meteorol 10.1016/j.agrformet.2014.12.003 A  

Chen et al. 2015 Agr Water Manage 10.1016/j.agwat.2015.06.004 A  

Wang et al. 2015 Agr Water Manage 10.1016/j.agwat.2015.02.010 A  

Ichihashi et al. 2015 Ecohydrology 10.1002/eco.1515 A  

Swaffer and Holland 2015 Ecohydrology 10.1002/eco.1502 B  

Zhang et al. 2015 Ecohydrology 10.1002/eco.1495 A  

Zheng and Wang 2015 Ecohydrology 10.1002/eco.1547 A  

Bartkowiak et al. 2015 Forest Ecol Manag 10.1016/j.foreco.2015.06.033 A  

Domec et al. 2015 Forest Ecol Manag 10.1016/j.foreco.2015.04.012 A  

Ward et al. 2015 Forest Ecol Manag 10.1016/j.foreco.2015.04.009 C Gaussian 

Zanchi et al. 2015 Hydrol Process 10.1002/hyp.10458 A  

Nolan et al. 2015 J Hydrol 10.1016/j.jhydrol.2015.02.045 B  

Shimizu et al. 2015 J Hydrol 10.1016/j.jhydrol.2014.12.021 A  

Gharun et al. 2015 Oecologia 10.1007/s00442-015-3252-3 A  

Peng et al. 2015 Plant Soil 10.1007/s11104-014-2333-0 A  

Bell et al 2015 Tree Physiol 10.1093/treephys/tpv041 C Gaussian 

Bourne et al. 2015 Tree Physiol 10.1093/treephys/tpv014 B  

Carrasco et al. 2015 Tree Physiol 10.1093/treephys/tpu087 A  

Eller et al. 2015 Tree Physiol 10.1093/treephys/tpv001 A  

Forrester 2015 Tree Physiol 10.1093/treephys/tpv011 C Polynomial 

Niu et al. 2015 Tree Physiol 10.1093/treephys/tpv013 A  

Paudel et al. 2015 Tree Physiol 10.1093/treephys/tpu113 C Linear 

Xiong et al. 2015 Tree Physiol 10.1093/treephys/tpv022 B  

Yang et al. 2015 Tree Physiol 10.1093/treephys/tpv071 A  

Alvarado-Barrientos et al. 2015 Trees-Struct Funct 10.1007/s00468-014-1111-1 C Beta 
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Bužková et al. 2015 Trees-Struct Funct 10.1007/s00468-014-1113-z B  

Guyot et al. 2015 Trees-Struct Funct 10.1007/s00468-014-1144-5 B  

Klume et al. 2015 Trees-Struct Funct 10.1007/s00468-014-1066-2 A  

Kuehn et al. 2015 Trees-Struct Funct 10.1007/s00468-015-1231-2 B  

López-Bernal et al. 2015 Trees-Struct Funct 10.1007/s00468-015-1204-5 C Unknown form 

Patankar et al. 2015 Trees-Struct Funct 10.1007/s00468-014-1097-8 A  

Van de Wal et al. 2015 Trees-Struct Funct 10.1007/s00468-014-1105-z C Unknown form 

von Allmen et al. 2015 Trees-Struct Funct 10.1007/s00468-014-1149-0 A  

Yang et al. 2015 Trees-Struct Funct 10.1007/s00468-015-1201-8 A  

McDonald et al. 2015 Water Resour Res 10.1002/2014WR016866 A  

Bosch et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2013.12.002 B  

Chang et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2013.11.004 C Gaussian 

Chang et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2014.08.015 A  

Gebhardt et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2014.05.013 B  

Ghimire et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2014.05.012 B Correction factor 

Hentschel et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2013.08.002 C Weibull 

Miyazawa et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2014.08.013 A  

Novick et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2013.10.010 C Normal 

Otieno et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2014.04.002 B  

Schmidt-Walter et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2014.05.006 A  

Sun et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2014.06.011 B  

Sus et al. 2014 Agr Forest Meteorol 10.1016/j.agrformet.2014.08.009 B Correction factor 

Chen et al. 2014 Agr Water Manage 10.1016/j.agwat.2014.01.001 A  

Consoli and Vanella 2014 Agr Water Manage 10.1016/j.agwat.2014.06.012 A  

Roccuzzo et al. 2014 Agr Water Manage 10.1016/j.agwat.2014.03.019 B  

Caterina et al. 2014 Ecohydrology 10.1002/eco.1444 A  

Iiijima et al. 2014 Ecohydrology 10.1002/eco.1366 A  
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Klein et al. 2014 Ecohydrology 10.1002/eco.1360 C Linear 

Krauss et al. 2014 Ecohydrology 10.1002/eco.1353 C Linear 

Nolan et al. 2014 Ecohydrology 10.1002/eco.1463 B  

Reyes-Acosta and Lubczynski 2014 Ecohydrology 10.1002/eco.1339 B Correction factor 

Simonin et al. 2014 Ecohydrology 10.1002/eco.1420 B  

Sullivan et al. 2014 Ecohydrology 10.1002/eco.1394 A  

Sun et al. 2014 Ecohydrology 10.1002/eco.1428 A  

Zheng and Wang 2014 Ecohydrology 10.1002/eco.1321 A  

Grossiord et al. 2014 Forest Ecol Manag 10.1016/j.foreco.2014.01.004 A  

Komatsu et al. 2014 Forest Ecol Manag 10.1016/j.foreco.2014.08.041 A  

Otto et al. 2014 Forest Ecol Manag 10.1016/j.foreco.2014.05.032 A  

Du et al. 2014 Hydrol Process 10.1002/hyp.10110 A  

Krauss et al. 2014 Hydrol Process 10.1002/hyp.10130 B  

Pinto et al. 2014 Hydrol Process 10.1002/hyp.10097 B  

Schäfer et al. 2014 Hydrol Process 10.1002/hyp.10104 A  

Swaffer et al. 2014 Hydrol Process 10.1002/hyp.9739 A  

Askri et al. 2014 J Hydrol 10.1016/j.jhydrol.2014.03.030 A  

Kumagai et al. 2014 J Hydrol 10.1016/j.jhydrol.2013.10.047 B  

Miyazawa et al. 2014 J Hydrol 10.1016/j.jhydrol.2014.04.049 A  

Anderegg et al. 2014 Oecologia 10.1007/s00442-013-2875-5 A  

Čermák et al. 2014 Plant Soil 10.1007/s11104-014-2126-5 B  

Jung et al. 2014 Plant Soil 10.1007/s11104-013-2019-z B  

Gotsch et al. 2014 Tree Physiol 10.1093/treephys/tpu050 A  

Klein et al. 2014 Tree Physiol 10.1093/treephys/tpu071 C Linear 

Kobayashi et al. 2014 Tree Physiol 10.1093/treephys/tpu009 B  

Mitchell et al. 2014 2014 Tree Physiol 10.1093/treephys/tpu014 A  

Mitchell et al. 2014 Tree Physiol 10.1093/treephys/tpu014 A  
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Nolan et al. 2014 Tree Physiol 10.1093/treephys/tpt125 B  

Renninger et al. 2013 2014 Tree Physiol 10.1093/treephys/tpt122 A  

Pfautsch et al. 2014 Trees-Struct Funct 10.1007/s00468-013-0935-4 B  

Scholz et al. 2014 Trees-Struct Funct 10.1007/s00468-014-1050-x A  

Link et al. 2014 Water Resour Res 10.1002/2013WR014023 C Linear 

Wang et al. 2014 Water Resour Res 10.1002/2013WR014818 A  

Alvarado-Barrientos et al. 2013 Agr Forest Meteorol 10.1016/j.agrformet.2012.08.004 C Beta 

Reyes-Acosta and Lubczynski 2013 Agr Forest Meteorol 10.1016/j.agrformet.2013.02.012 B Correction factor 

Cammalleri et al. 2013 Agr Water Manage 10.1016/j.agwat.2012.10.003 A  

Phogat et al. 2013 Agr Water Manage 10.1016/j.agwat.2012.11.015 A  

Rallo and Provenzano 2013 Agr Water Manage 10.1016/j.agwat.2012.10.005 A  

Xi et al. 2013 Agr Water Manage 10.1016/j.agwat.2012.11.006 A  

Zhang et al. 2013 Agr Water Manage 10.1016/j.agwat.2013.07.007 A  

Angstmann et al. 2013 Ecohydrology 10.1002/eco.1300 A  

Awada et al. 2013 Ecohydrology 10.1002/eco.1294 A  

Drake et al. 2013 Ecohydrology 10.1002/eco.1309 A  

David et al. 2013 Forest Ecol Manag 10.1016/j.foreco.2013.07.012 A  

Dzikiti et al. 2013 Forest Ecol Manag 10.1016/j.foreco.2013.01.003 B  

Gharun et al. 2013 Forest Ecol Manag 10.1016/j.foreco.2013.05.002 B  

Grossiord et al. 2013 Forest Ecol Manag 10.1016/j.foreco.2013.03.001 A  

Hubbard et al. 2013 Forest Ecol Manag 10.1016/j.foreco.2012.09.028 A  

Ungar et al. 2013 Forest Ecol Manag 10.1016/j.foreco.2013.03.003 B  

Whitley et al. 2013 Hydrol Process 10.1002/hyp.9280 A  

Yang et al. 2013 Hydrol Process 10.1002/hyp.9406 A  

Gharun et al. 2013 J Hydrol 10.1016/j.jhydrol.2013.03.051 A  

Pfautsch and Adams 2013 Oecologia 10.1007/s00442-012-2494-6 B  

Glenn et al. 2013 Plant Soil 10.1007/s11104-013-1803-0 A  
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Kocher et al. 2013 Tree Physiol 10.1093/treephys/tpt055 C Weibull 

Paudel et al. 2013 Tree Physiol 10.1093/treephys/tpt070 C Linear 

Regalado 2013 Tree Physiol 10.1093/treephys/tpt071 C Polynomial 

Renninger et al. 2013 Tree Physiol 10.1093/treephys/tpt122 A  

Shinohara et al. 2013 Tree Physiol 10.1093/treephys/tpt029 B  

Peschiutta et al. 2013 Trees-Struct Funct 10.1007/s00468-013-0904-y A  

Renninger et al. 2013 Trees-Struct Funct 10.1007/s00468-013-0861-5 A  
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Appendix C:  Computer code for scaling sap flux 
observations from the outer xylem of trees to whole-tree 
water use 

C.1 Excel®  

Functions for scaling observations are included as macros in Visual Basic in 

“SapfluxScaling.xlsm,” which can be accessed online at 

https://github.com/berdaniera/sapflux-Excel. To use this file, you must enable macros, 

which can be done by entering the Options > Trust Center > Macro Settings. Instructions 

for using the file are included as a metadata sheet in the file. 

C.2 R Program for Statistical Computing 

Functions for scaling observations from the outer xylem in R can be accessed at 

https://github.com/berdaniera/sapflux along with details about installation and usage. 

The functions are bundled in an easy to install R package. Model code for fitting 

parameters in the gamma-type model with new radial observations can be accessed at 

https://github.com/berdaniera/radialFit along with some details about usage. 

https://github.com/berdaniera/sapflux-Excel
https://github.com/berdaniera/sapflux
https://github.com/berdaniera/radialFit
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Appendix D:  Supplementary materials for Chapter 4 

D.1 Derivation of whole-tree water use 

Whole tree water use can be calculated by integrating Eq. 1 in Chapter 4. Here 

we present solutions to these integrals for each model. Parameter definitions follow the 

main text and ),( xs  is the incomplete gamma function: 
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D.2 Predictions for new observations 

The correction factor for scaling independent observations (Eq. 3 in Chapter 4) is 

based on the ratio of the whole tree flow and the flow in the measured portion: 

measall QQc /  

For the Gamma model, this is easily calculated with any computer software as: 
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The equation is further simplified when a = 0 (i.e., if the probe begins at the cambium 

edge), removing the right hand side of the denominator. 
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Appendix E:  Materials and methods for Chapter 5 

E.1 Individual tree water balance 

Consider a landscape where trees each have access to a water reservoir Si,t (kg) 

determined by rooting architecture and moisture content. The dynamic reservoir varies 

among trees i and over time t due to size, landscape position, and species. The reservoir 

is equal to the potential reservoir ωi (kg) for that individual when soils are fully 

recharged. With the exception of multiyear droughts soils are recharged at onset of the 

growing season (Figure E.1). On a given day t the reservoir state Si,t depends on the 

recent history of precipitation increases P and decreases due to runoff and drainage O, 

evaporation E, and transpiration T, changing at a rate given by equation 5.1. 

We wish to estimate the potential reservoir controlled by each individual, how it 

is depleted, and how both are affected by tree size, species, and landscape position. To 

match precipitation data the dimensions for a model like equation 5.1 would be 

mm/time. The translation from precipitation arriving at the forest floor to a reservoir 

available for a given tree would require knowledge of the three-dimensional rooting 

structure and soil porosity to achieve volume or mass balance (e.g., Bréda et al. 1995b, 

Oren et al. 1998, Manzoni et al. 2013).  
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Figure E.1: All observations of transpiration (top) and surface soil moisture (bottom). Soil moisture observations from the 

surface soil (0-10 cm) measured with time domain reflectivity. Discrete observations from multiple locations throughout the 

stand (Figure 5.3) are shown as points and continuous observations for six locations are shown as lines. Red highlighted 

sections are the analyzed drought periods. 
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By restricting attention to droughts, we exploit the facts that A) during drought, 

the first three terms on the right-hand side of equation 5.1 are small and B) sap flux data 

can be used within a hierarchical state-space framework to estimate transpiration losses 

(Bell et al. 2015). The first point simplifies equation 5.1 to 

)(tT
dt

dS
 .  Eq. E.1 

The assumption that soil evaporation losses are a minor part of evapotranspiration 

under the footprint of tree canopies during the growing season is demonstrated in 

studies that partition fluxes at the stand scale (Wilson et al. 2001, Oishi et al. 2008). In the 

absence of precipitation, soil moisture remains below field capacity, so gravitational 

runoff and drainage are negligible (Dingman 2002). The mass balance model tracks total 

moisture and thus allows for redistribution within the rooting zone, for example 

through hydraulic lift or catenary subsurface flow. We work directly in mass units in 

equation E.1. One not-so-obvious consequence of shifting from equation 5.1 to equation 

E.1 is the potential it offers to translate sap flux observations to the soil reservoir. 

The potential reservoir, ωi, is unknown and is not directly measurable for adult 

trees. However, we can use the fact that it is recharged at the onset of the growing 

season to estimate it from the trajectory of depletion. As a difference equation we have 

by induction the reservoir on day t, 
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0 ,1,1,,

t

c ciitititi TTSS  .  Eq. E.2 
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Estimates of ωi and {Si,t} require a transpiration model, suggested by the observation that 

sap flux declines with moisture availability (Figure E.1). The simplest possible 

assumption is that transpiration declines are proportional to the remaining reservoir. 

This assumption needs testing across multiple droughts (see below). Using this 

assumption with the standard transpiration dependence on potential atmospheric 

demand, we have a model 

i

ti

t

i

ti S
PET

A

T



,,
   Eq. E.3 

where Ai is exposed canopy area (m2), PETt is potential transpiration demand per 

canopy area (kg m-2 d-1) and Si,t / ωi is the fraction of the reservoir remaining (kg kg-1). 

Equation E.3 captures the main features of transpiration models (Cruiziat et al. 2002, Bell 

et al. 2015), with an added assumption of the reservoir effect. It requires readily 

available variables. Canopy area can be approximated as the exposed surface area as 

viewed from above (Wyckoff and Clark 2005). A large number of models provide 

estimates of daily PET over a vegetated surface with parameterization from local 

weather station data (Rao et al. 2011). 

Combining equations E.2 and E.3, the transpiration at a given time during a 

drought depends on the cumulative losses through transpiration relative to the 

maximum accessible soil moisture reservoir, 
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c ciititi TPETAT  .  Eq. E.4 
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E.2 Data for model fitting 

Tree observations came from a temperate forest stand of mixed hardwood and 

pine trees in the Duke Forest, Orange County, NC, USA (35°59’01“N, 79°05’36”W, 155 m 

AMSL). Continuous observations of tree transpiration were collected for 76 trees from 10 

species over 5 years (2010-2014), including 8 independent drought periods that were 

over 14 days (Table E.1). Seasonal droughts are common at the site and are characterized 

by periods when potential evapotranspiration exceeds precipitation. We identified 

meteorological “droughts” as intervals of at least 14 days when consecutive days had 

less than 5mm of recorded precipitation. These criteria coincided with periods when 

surface soil moisture levels were declining (Figure E.1). We were interested in 

examining the dynamics of tree water use during these seasonal drought periods and 

their impacts on tree performance. 

The stand occupies a hillslope with loam soils from the Enon series that are 

generally similar in profile characteristics throughout. The tree species segregate along 

this gradient but individuals of most species are found throughout the stand. We used 

climate data collected at the site to monitor precipitation and potential 

evapotranspiration and employed Penman-Monteith reference estimates of PET from a 

Remote Automated Weather Station at the site (National Interagency Fire Center, Boise, 

ID, USA). We estimated the exposed canopy area of each sample tree by measuring the 

major and minor axes of canopy exposed to the sky and assuming an ellipsoid shape. 
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These estimates were correlated with estimates based on inverting the actual and 

potential transpiration data for each tree under wet conditions (r = 0.61) as well as 

predictions from observations previously made on other trees at the site (M.C. Dietze, 

unpublished data; r = 0.78). 

Table E.1: Summary of tree transpiration observations and species effects on ωi, the 

individual moisture reservoir. 

Species n DBH range (m) Species effect on ωi (relative to A. 

rubrum intercept) [95% CI] 

Acer rubrum 9 0.142–0.342 -- 

Carya glabra 8 0.125–0.490 0.82 [0.42, 1.55] 

Carya tomentosa 8 0.099–0.403 0.65 [0.34, 1.24] 

Fraxinus americana 4 0.179–0.420 0.42 [0.19, 0.95] 

Liquidambar styracifula 9 0.173–0.520 1.03 [0.53, 1.99] 

Liriodendron tulipifera 6 0.228–0.605 0.97 [0.45, 2.14] 

Pinus taeda 7 0.378–0.658 2.08 [0.98, 4.36] 

Quercus alba 9 0.192–0.418 0.71 [0.37, 1.34] 

Quercus falcata 7 0.249–0.711 0.57 [0.28, 1.16] 

Ulmus alata 9 0.113–0.233 0.67 [0.34, 1.27] 

 

We estimated transpiration rates with measurements of sap flux density for each 

tree over the first 2 cm of the xylem with Granier-style thermal dissipation probes (Lu et 

al. 2004) that were installed on north-facing aspects of each tree at breast height (1.4 m) 

and shielded with reflective insulation. Observations were collected every minute and 

then averaged and recorded every ten minutes. Estimates of sap flux density were based 

on the empirical thermal dissipation calibration from (Granier 1985). We scaled these 

estimates to whole-tree transpiration with empirical models that we previously 
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developed to account for radial variation in sap flux rates based on tree size and xylem 

anatomy (Chapter 4). These whole-tree transpiration estimates were integrated by day. 

E.3 Model fitting 

Parameters in equation E.4 were estimated with a Bayesian state-space model, 

where the actual transpiration at day t since rain for tree i in drought d depended on the 

observed transpiration (yid,t) and the accumulation of the unknown, actual transpiration 

(Tid,t) through time. Actual transpiration was a latent predicted state with a conditionally 

normal distribution, including observation error (variance σ2) and process error 

(variance τ2). Inverse gamma distributions were priors for variances. We specified 

normally distributed observation error on the potential transpiration estimates (π) to 

account for uncertainty in local microclimate among trees and through time. The natural 

log of potential moisture reservoir (ωi) was modeled as a linear function of the natural 

log of tree diameter at breast height (Di), the local topographic wetness index (Wi), and 

factors for species (Zi, Table E.1) so that we could make predictions for trees that did not 

have transpiration observations. This reservoir is assumed to be approximately 

recharged following rain events, although the inclusion of a latent initial state (Tid,0) 

allows for partial depletion at the beginning of each drought.  



 

 

93 

 



 

 

94 

Figure E.2: Observations (points) and model predictive intervals (grey bands) of 

cumulative transpiration versus days into drought for individual trees during each 

measured drought period. Each panel is an individual tree, each line is an individual 

drought for that tree. Panels are organized by tree diameter at breast height from 

largest (upper left) to smallest (lower right). 
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We estimated all parameters with Gibbs sampling in the R program (R Core 

Team 2015). Estimates of the latent transpiration states, potential transpiration values, 

regression parameters, and uncertainties were sampled directly from conditional 
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posterior distributions. The potential moisture reservoir was sampled with a Metropolis-

Hastings algorithm. We fit the model with 22,000 iterations, excluding the first 2,000 

iterations before summarizing the posterior distribution for each parameter to ensure 

parameter convergence. The model converged quickly due to direct posterior sampling. 

The accumulated transpiration during each drought followed a similar trajectory across 

drought events (Figure E.2). Differences in the potential reservoir across trees were 

affected by species-specific coefficients (Table E.1). 

E.4 Ecophysiological condition metrics 

For each tree and each day we calculated the fraction of the potential water 

reservoir remaining ( 







1

0 ,

1
1

t

c cidi T , dimensionless) and the cumulative deficit 

between actual and potential transpiration (
i

cidt

c cid
A

T ,

0 ,  
 , with dimensions kg m-2 

canopy area). The remaining reservoir fraction is an indicator of the instantaneous stress 

experienced by a tree at a given time while the cumulative water deficit is an integrated 

measure of “missed” potential transpiration. We related these measures of drought 

stress to independent, concurrent observations of ecophysiological condition during the 

severe drought at the site in 2010. 

E.4.1 Loss of conductance 

First, we tested the effect of reservoir depletion on physiological damage by 

examining the relationship between mid-day loss of hydraulic conductance and the 
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remaining reservoir fraction. If the reservoir fraction represents the soil moisture and 

water potential that a tree experiences then we expect reservoir depletion to increase 

xylem tension and lead to loss of conductance. We estimated loss of hydraulic 

conductance with two approaches, native and rehydrated branch sample conductance (n 

= 15) and whole tree conductance from the plant water potential gradient (n = 12).  

For native conductance, sun-exposed branches were cut during the drought with at least 

two times the length of the longest measured xylem conduits for the given species, 

placed in black trash bags with moist towels, and brought back to the lab for analysis. 

Samples were cut again under water before measuring native specific conductivity, 

rehydrating, and measuring maximum specific conductivity (C.F. Miniat, unpublished 

data). The ratio of these measures is the native loss of conductance. The branch estimates 

were correlated with independent estimates from concurrent leaf water potential 

measurements and branch cavitation vulnerability curves created for each species with 

branch samples from the site (r = 0.981, n = 6; C.F. Miniat, unpublished data).  

Whole tree hydraulic conductance was calculated three times in 2010 – before, 

during, and after the drought – with predawn and midday measurements of leaf water 

potential on trees that were monitored with sap flux sensors (C.F. Miniat, unpublished 

data). At each sampling for each tree, leaf water potential was measured on two sky-

exposed leaves and averaged. We calculated whole tree conductance as 

 h

T
K

middaypredawn

tree
0098.0




 for each tree at each date, where T is the hourly 
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transpiration rate (kg h-1) at the time when the midday leaf was sampled. Then, we 

estimated loss of whole tree conductance as the ratio of the conductance during the 

drought (Ktree(id,t)) to the maximum observed over the three sampling dates. Conductance 

during the drought was always lower than before or after the drought. This water 

potential gradient approach may overestimate the loss of conductance if the maximum 

conductance is not observed or if the predawn water potential differs from the soil water 

potential. However, consistency in the responses of whole tree and branch estimates to 

declines in soil water pools provide multiple lines of evidence for physiological impacts 

of tree water balance. 

We modeled the effect of reservoir depletion on each loss of conductance 

measure independently with a linearized power function on the fraction of water used 

(or 1 – fraction remaining) with no intercept: 

  K

t

c cidiKtid T   




 1

0 ,

1

, ln)ln(  Eq. E.7 

where tid ,  is the loss of conductance measure, αK is the effect parameter, and εK is the 

error for the branch or the whole tree conductance (Kbranch or Ktree). With this model, loss 

of conductance is always one when the remaining reservoir fraction is zero and is 

always zero when the remaining reservoir fraction is one, and the effect parameter 

represents the curvature of the response. We fit the effect parameters and errors with a 

normally distributed Bayesian regression with uninformative priors. Parameter 

estimates were sampled directly from conditional posterior distributions. 
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E.4.2 Growth and reproduction 

 Then, we tested the effect of physiological stress on productivity by examining 

the relationship between the cumulative transpiration deficit over the drought 

(  




t

c cidicidi TA
0 ,

1

, , with dimensions kg m-2 canopy area) and the recovery of 

biomass growth and reproductive output after the drought. Growth and reproductive 

biomass were estimated from observations at the site throughout the study period (for 

more info see Chapter 3 and Clark et al. 2010), and biomass growth rates were calculated 

by taking the difference in biomass between years. We calculated recovery for measured 

trees (n = 50) based on the log ratio of the rates after and before the drought for biomass 

growth (G) and reproductive output (F), )/ln( 2009,2011, iii GG  and 

)/ln( 2009,2011, iii FF . For these ratios, positive values indicate recovery and negative 

values indicate a lower rate after the drought than before. We modeled the effect of 

transpiration deficit on recovery with a multivariate linear model:  
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 Eq. E.8 

where αg and αf are regression parameters for each recovery measure, Vi includes an 

indicator for an intercept and the log of transpiration deficit,   
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0 ,

1

,ln  , 

and Σ is the covariance of growth and reproductive recovery. We fit the regression 

parameters and error with a multivariate normally distributed Bayesian regression with 

uninformative priors. Parameter estimates were sampled directly from conditional 
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posterior distributions. There was a slightly negative posterior covariance between 

growth and reproductive responses (posterior correlation [95% CI] = -0.026 [-0.220, 

0.105]), suggesting possible trade-offs in recovery after the drought (see also Chapter 3).  

E.4.3 Stand-level predictions 

Predictions of drought stress metrics were made for all trees in the stand for a 24 

day mid-summer drought in 2014, chosen because it contained the largest sample of 

concurrently measured trees (n = 69). For the unmeasured trees in the stand that were 

within the ranges of the potential reservoir predictor variables (ñ = 1,589), we applied 

the model (E.6) to predict transpiration through time and generated summary statistics 

of reservoir depletion and cumulative transpiration deficit as above. Stand reservoir 

depletion was calculated as the sum of the aggregated cumulative transpiration divided 

by the sum of the potential reservoirs across trees at each time,   





 n

i

t

c cid

n

i i T
~

1

1

0 ,

~

1

1
 .  

We compared this measure with independent estimates from MODIS over the 

site and an eddy flux tower that was within 1 km of the site. For both comparison values 

we assumed an area-averaged potential soil reservoir with local measurements of soil 

water holding capacity (m3water m-3soil) and an estimate of soil depth (m), converted to a 

volume per area (mm). Estimates of potential and actual evapotranspiration from 

MODIS (Mu et al. 2011) and the flux tower (D.Y. Hollinger, unpublished data) were 

reported in mm over the same time interval as the tree predictions. We plotted the 

estimates of reservoir depletion for measured trees and the predictions for the whole 
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stand versus the local tree aridity index ( 




 1

0 ,

1 t

c cidii PETA ) at each time point during 

the drought for comparison with the hydrological Budyko curve (Budyko 1974). This 

graph (Figure E.3) shows the trajectory of reservoir depletion during drought as a 

function of atmospheric demand relative to soil supply. Points to the left of 1 on the x 

axis are energy limited (supply > demand) while points to the right of 1 are water 

limited (demand > supply). 

 

Figure E.3: Individual tree drought trajectories during a mid-season drought in 2014. 

Trees follow the hydrological Budyko curve (dashed line) during droughts, with 

dramatic variation among trees in aridity (x axis). Whole stand predictions from 

individual trees (solid point) and from MODIS satellite observations (open square) 

and the nearby flux tower (open triangle) show aggregate depletion of soil moisture. 
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