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ABSTRACT 

 

Predicting the interactions between climate change and ecosystems remains a core 

problem in global change research; tropical forest ecosystems are of particular 

importance because of their disproportionate role in global carbon and water cycling.  

Amazonia is unique among tropical forest ecosystems, exhibiting a high degree of 

coupling with its regional hydrometeorology, such that the stability of the entire forest-

climate system is dependent on the functioning of its component parts.  Belowground 

ecohydrological interactions between soil moisture environments and the roots which 

permeate them initiate the water transport pathway to leaf stomata, yet despite the 

disproportionate role they play in vegetation-atmosphere coupling in Amazonian forest 

ecosystems, the impacts of climate variability on the belowground environment remain 

understudied.  The research which follows is designed to address critical knowledge gaps 

in our understanding of root functioning in Amazonian tropical forests as it relates to 

seasonality and extremes in belowground moisture regime as well as discerning which 

ecohydrological mechanisms govern ecosystem-level processes of carbon and water flux.  

A secondary research theme is the evaluation and use of models of ecosystem function as 

applied to Amazonia – these models are the “knowledge boxes” which build in the 

ecohydrological hypotheses (some testable than others) deemed to be most important for 

the forest ecosystems of Amazonia.  In what follows, I investigate (i) which mechanisms 

of water supply (from the soil environment) and water demand (by vegetation) regulate 

the magnitude and seasonality of evapotranspiration across broad environmental 
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gradients of Amazonia, (ii) how specific hypotheses of root function are or are not 

corroborated by soil moisture measurements conducted under normal seasonal and 

experimentally-induced extreme drought conditions, and (iii) the linkage between an 

extreme drought event with associated impacts on root zone soil moisture, the inferred 

response of root water uptake, and the observed impacts on ecosystem carbon and water 

flux in an east central Amazonian forest. 
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INTRODUCTION 

 

Identifying the bounds within which ecosystems are resilient to environmental 

perturbations and the tipping points beyond which they are vulnerable has long been a 

goal of ecosystem ecology (Odum et al., 1979).  This quest requires an understanding of 

a) how environmental drivers are manifested at various scales and microenvironments 

within the ecosystem (environmental physics), b) the biological response of individuals to 

changes in these microenvironments and their associated limiting resources 

(physiological ecology), and in turn c) the bidirectional impact that individual responses 

have on their microenvironment and on each other (community ecology).  As such, 

research into the resilience and vulnerability of ecosystems poses a unique challenge in 

global change research, requiring a diverse toolkit and nontraditional approaches which 

bridge the physical and biological sciences. 

In tropical forests, water availability and belowground environments are 

important determinants of vegetation distribution (Condit et al., 2013) as well as forest 

structure and function (Quesada et al., 2012a) across spatial scales and thus likely set 

within-site limits on the stability and resilience of ecosystem functioning.  By the end of 

the present century, climate change is expected to confront ecosystems across the globe 

with an increased frequency of extreme events, including droughts, even as mean 

precipitation remains constant or increases under the intensification of the global 

hydrological cycle (Christensen, 2007).  Evidence is already mounting that some 

ecosystems are particularly vulnerable to or already in a state of transition to alternate 



10 
 

stable states (Allen &  Breshears, 1998, Cox et al., 2004, Breshears, 2005, Malhi et al., 

2009, Phillips et al., 2009, Allen et al., 2010, Lewis et al., 2011) due to the increased 

frequency of droughts and associated temperature increases. 

The vast forests of Amazonia are facing unprecedented climate and land 

conversion pressures.  While recent research has clearly demonstrated that these forests 

vary greatly in structure and function (Baker et al., 2004, Saatchi et al., 2007, Aragão et 

al., 2009, Davidson et al., 2012, Quesada et al., 2012b), they nonetheless form a coherent 

and interconnected system, linked across large spatial scales by the prominent role of 

precipitation recycling within the basin (Salati &  Vose, 1984, Eltahir &  Bras, 1994).  

Despite the knowledge that belowground ecohydrological interactions between soil 

moisture environments and the roots which permeate them initiate the water transport 

pathway to leaf stomata which in turn drive precipitation recycling (Nepstad et al., 1994), 

the impacts of climate variability on the belowground environment remain understudied. 

The urgency for an improved understanding of how belowground processes on 

Amazonian tropical forest function is especially urgent considering the two major 

droughts, each of large enough magnitude to be considered 1-in-100 year events 

(Marengo et al., 2008, Lewis et al., 2011, Marengo et al., 2011), hit the basin in 2005 and 

again in 2010, roughly corresponding to the lifetime of this PhD research.  Phillips et al. 

(2009) observed significant impacts of the 2005 drought on forest dynamics (including 

elevated mortality), but were unable to significantly improve their predictions of the 

spatial variability in these impacts with more sophisticated information on the 

spatiotemporal variation in ET and soil properties.  Here I argue, that our understanding 
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of these properties and processes is insufficient and therefore that we are much in need of 

additional observations to critically assess model representations of them, from the scale 

of individual soil-root microenvironments to whole trees, ecosystems, and drainage 

basins. 

There are specific areas where knowledge of ecohydrological processes operating 

at local scales can offer insight into ecosystem level processes, thus advancing the field 

of ecology and in particular, our knowledge of ecosystem-climate intreractions: 

1) The response of root functions, such as root water uptake, to changes in soil moisture 

are often different across species and soil microenvironments, but fundamental 

constraints on root function common to all species nonetheless exist; 

2) Soil properties and local-scale hydrology set these fundamental constraints on root 

water uptake in response to climatic extremes.  Due to our limited understanding of these 

properties and processes across the basin, they remain one of the principal sources of 

uncertainty for predicting forest biomass responses to climatic extremes. Current 

understanding, for instance, has quantified the 95% CI uncertainty of the biomass impacts 

of the 2010 drought relative to pre-2005 biomass gain rates at a value equal in magnitude 

to the estimate of the mean impact, or 2.2 Pg C; Lewis et al., 2011); 

3) The ecohydrological functions of roots do more than mediate vegetation response to 

climate; their construction and maintenance are significant carbon sinks in forests, and 

represent a significant belowground input of carbon (for instance, soil carbon stores 
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below 1 m in the forests of eastern Amazonia can exceed the carbon in aboveground 

biomass due to deep root penetration (Nepstad et al., 1994)); 

 Ecosystem models are powerful tools for exploring the implications of specific 

ecohydrological hypotheses deemed most relevant for ecosystem function.  On the other 

hand, ecosystem-level measures of carbon, water, and energy exchange from a network 

of eddy covariance towers across the Amazon basin under the auspices of the Large-

Scale Biosphere Atmosphere Experiment in Amazonia (LBA) provide critical validation 

data to test simulations of ecosystem processes and their sensitivity to climate.  The real 

insights into and constraints on key ecohydrological mechanisms are achieved, however, 

when measurements of soil moisture and root dynamics are coupled with the eddy flux 

measurements under a broad of range of environmental conditions. 

 My PhD research undertook the above approach by i) combining soil moisture 

measurements, precipitation regime and eddy covariance measures of evapotranspiration 

(ET) to infer how groundwater and rooting depth mitigate dry season vegetation water 

deficits across broad environmental gradients in Amazonia, ii) integrating eddy 

covariance measures of ET with those of momentum and carbon to infer how 

ecophysiological processes of stomatal conductance and the water use efficiency of 

photosynthesis mitigate vegetation water demand in evergreen forests during both dry 

seasons and under drought, iii) fusing large-scale field drought manipulations with 

parallel model experiments to both eliminate and identify possible soil and root water 

relations mitigating vegetation response to drought, and iv) using high frequency local-
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scale soil moisture measurements recorded during climatic extremes to infer how root 

water uptake relates to ecosystem response to drought. 
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PRESENT STUDY 

 
 The following is a summary of the most important findings of my PhD research.  
The full methods, results, and conclusions are presented in the appended papers. 
 
 
Mechanisms of supply and vegetation demand govern the seasonality and magnitude of 
evapotranspiration in Amazonia 
 
(Author’s note: The following describes results of a multi-authored manuscript of which I 
was the first author and primary contributor.  I conceived the analysis ideas, assimilated 
the necessary datasets, collated and quality-checked the associated model simulations, 
and wrote the paper.  The co-authors contributed either previously published datasets, the 
associated model outputs, and/or editorial comments to an earlier version of this 
manuscript.) 
 

 

Observations of ecosystem-level energy and water exchange over the past 10-15 

years have helped to settle an important question regarding the functioning of Amazonian 

ecosystems: Is the evapotranspiration (ET) regime across the forests of Amazonia 

energy- or water-limited?  These observations have shown that across equatorial and even 

southern transitional forest sites, under “normal” conditions (excluding climate 

anomalies), ET is largely light-limited and little evidence exists to support the hypothesis 

that water limitation exists at the seasonal timescale (Costa et al., 2004, Hasler &  

Avissar, 2007, da Rocha et al., 2009, Fisher et al., 2009).  ET is a potent driver of the 

hydrometeorological cycle in the Amazon basin and thus important to simulate well.  

This early result of LBA clearly identified a deficiency in models of ecosystem function 

in Amazonia: the majority of them represented vegegtation as water-limited, and hence 

predicted large reductions in ecosystem photosynthesis ET and associated photosynthesis 

(GPP) during dry seasons.  Recent modeling efforts (Baker et al., 2008, Verbeeck et al., 
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2011) have focused on correcting this known deficiency, and this manuscript clearly 

documents improved model performance of a suite of ecosystem models tested by the 

network of eddy covariance towers.  Ten out of 17 models now are able to capture the 

observed magnitude of ET at equatorial forest sites within the range of uncertainty in the 

observations, and an even greater number (14 out of 17) capture the observed seasonality.  

Models, however, tended to perform more poorly at transitional forest and cerrado 

(savanna) sites. 

Much uncertainty remains, however, regarding mechanisms responsible for the 

observed magnitude and seasonality of ET across the basin.  Model developers have 

proposed both physical and biological mechanisms to allow models to simulate high 

water fluxes during seasonal water deficits, but disagree on the relative importance of 

these mechanisms (Baker et al., 2008).  I focused on two broad classes of mechanisms: 

those regulating water supply by the soil environment, and those associated with 

regulation by vegetation of water demand. 

To evaluate supply side mechanisms, we used a water budget approach approach 

that combines eddy covariance measures of ecosystem water use (ET), soil moisture 

measurements, and known precipitation regime to isolate key components of the water 

budget.  This allowed me to discriminate among the relative roles of groundwater and 

deep roots in controlling the dry season supply of water to vegetation.  I found that both 

mechanisms are important, but their relative importance across sites depends on more 

than just the climatic regime, and instead on soil characteristics and proximity to drainage 

basins.  In contrast, models tended to rely on one mechanism or the other, implying that 
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at some sites, models capture the observed seasonal patterns of ET, but for the wrong 

reasons. 

To evaluate demand-side mechanisms, I used eddy covariance measurements of 

the net ecosystem exchange of water, momentum and carbon to assess the roles of 

canopy stomatal conductance and water use efficiency.  These mechanisms are associated 

with the vegetation demand for water in relation to atmospheric vapor pressure deficit 

(VPD) and ecosystem photosynthesis (GPP), respectively.  i found that even at equatorial 

forest sites which are presumably not water-limited, seasonal patterns in canopy stomatal 

conductance exist, implying a vegetation control on the demand for water.  The 

seasonality of this vegetation control, however, did not follow in a straightforward 

manner with the observed seasonality of energy, water, or temperature, but instead 

appears to be related to inherent biological rhythms of canopy phenology, a finding 

similar to a related study exploring the controls on the seasonality of photosynthesis 

across the Amazon basin.  I was also able to show that ecosystem water use efficiency 

(the amount of photosynthesis per unit canopy conductance to water vapor) did not vary 

significantly across forest sites, implying that differences in canopy photosynthesis may 

also drive site-site differences in ET (though note that the uncertainty around such 

estimates is large).  Perhaps a more important result is that many models which captured 

the observed magnitude of ET across forest sites also overestimated GPP, which we 

showed to be attributable to a compensatory effect of a higher water use efficiency.  This 

has important implications for the performance of these models with respect to ET as 
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further developments, principally in the area of nutrient limitation, revise the magnitude 

of photosynthesis as simulated by these models. 

In sum, this study a) identified mechanisms critical to the supply of water and its 

demand by vegetation as it relates to typically observed increases in forest ET during 

seasonal water deficits, and b) assess the degree of model “correctness”, or in other 

words, the ability of models to capture this observed ET pattern with fidelity to the 

appropriate supply- and demand-side mechanisms.  Many models, while apparently 

improved, misrepresent some of the relevant mechanisms, implying that they might not 

perform well and/or give erroneous predictions in the face of different kinds of 

perturbations. 

 

The role of belowground mechanisms on seasonal water deficits and prolonged 
droughts in Amazonia  
 
(Author’s note: The following describes results of a multi-authored manuscript of which I 
was the first author primary contributor.  I conceived the analysis ideas, assimilated the 
necessary datasets, collated and quality-checked the associated model simulations, and 
wrote the paper.  The co-authors contributed either previously published datasets, the 
associated model outputs, and/or editorial comments to an earlier version of this 
manuscript.) 

 

Whereas the previous study was unable to identify specific mechanisms of root 

function beyond the 1st-order presence/absence of roots at depth implicated in the 

resilience of Amazonian ecosystems to seasonal water deficits, this study goes further on 

two main fronts.  First, I identified a core set of hypothesized (i.e. model represented) 

mechanisms for root function though to be important for ecosystem function, including 

the distribution of roots, the degree of soil moisture stress tolerated by roots over the 
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course of local reductions in soil moisture, and the ability of root systems to vertically 

shift their primary zones of water uptake to compensate for surface drying.  Second, I 

tested these hypotheses of root function under normal seasonal conditions, as well as 

those encountered under extreme drought, the likes of which could become more 

common under future climate projections.  To accomplish this, I conducted a more 

rigorous set of model simulations in which the soil physics relating gradients in soil water 

potential to soil water fluxes was standardized across models, leaving models to differ 

only in biological aspects of vegetation dynamics and root function.  I then assessed 

model fidelity not only to the observed seasonal patterns in transpiration (T) but also to 

(a) the seasonality of T estimated from stand-scaled estimates of stem sap flux observed 

in forest plots subjected to experimentally-induced drought conditions, and (b) the 

vertical gradients in dry season soil moisture, a strong diagnostic of observed root water 

uptake activity with depth.  With the standardization of soil physics, differences in this 

metric can be attributed solely to different hypotheses of root function. 

Principal findings of this work include: (1) models exhibit high fidelity to 

observed T seasonality at three equatorial forest sites, yet (2) they diverge in their 

response to extreme drought, with the majority of models underestimating the observed 

sensitivity of water use under extreme drought; (3) contrasting mechanisms of root 

function caused models to diverge markedly in terms of their simulated soil moisture 

dynamics; (4) observed soil moisture gradients are at odds with models employing 

persistent year-round deep root uptake, and (5) some of the very root functioning 

mechanisms hypothesized to confer resilience during seasonal water deficits resulted in 



19 
 

the lack of model sensitivity to more extreme drought.  I also discuss two other non-

mutually exclusive possible reasons for discrepancies in simulated and observed soil 

moisture dynamics and forest sensitivity to drought, one of which is the so-called 

“pedotransfer” functions which use observed soil texture values to predict site-specific 

soil hydraulic properties, and the second of which is the possible lack of important 

process information on how rhizosphere (i.e., root absorbing surfaces and the soil which 

immediately surrounds them) conductance exponentially decreases under drought.  

Finally, I map out a way forward for future work involving development of models to 

capture both the observed resilience of ecosystems under seasonal water deficits and the 

observed vulnerability to extreme drought.  I argue that small-scale processes involved in 

the interplay between soil hydraulic properties and root function exhibits 

disproportionately large effects on ecosystem response to climate anomalies, and 

highlight key data collection efforts that would improve our understanding of the 

spatiotemporal variability in these processes across Amazonia. 

 

Drought decouples ecosystem carbon and water fluxes while increasing the depth of 
root uptake in an east central Amazonian forest 
 
(Author’s note: The following describes results of a multi-authored manuscript of which I 
was the primary contributor.  I conceived the analysis ideas, brought together the 
disparate datasets and analyzed them to address the specific questions posed, and wrote 
the paper.  Through several field campaigns, I initiated and maintained the required 
instrumentation to measure soil moisture measurements from diurnal to multi-year 
timescales, in addition to the quality checking and generation of derived data from the 
raw outputs of the instruments.  Hayek, Longo, Weidemann, and Restrepo-Coupe 
contributed in the preparation of derived data from raw eddy covariance measures of 
momentum, heat, and carbon exchange.  Alves, Longo, and Stark contributed to 
preparation and quality-checking of biometric survey data as well as to associated 
measures of mortality.  This study contributes to a broader effort to reconcile what seem 
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to be drought-driven increases in both photosynthesis as well as mortality, operating at 
slightly different timescales.) 
 

 This study analyzed how drought affects a tropical moist forest across a range of 

scales, from soil microenvironments and associated root uptake, to ecosystem 

photosynthetic and water use response and longer-term impacts on vegetation dynamics 

which integrate the whole of the associated pre-drought and drought periods.  It is rare to 

have in-hand the range of data required to make such an analysis possible: to give 

perspective, the Tapajós National Forest, the focus of the present study, is one of only a 

handful of sites (Tapajós, Brazil, Paracou, French Guiana, Manaus K34, Brazil) in the 

Amazon basin to both monitor real-time ecosystem carbon and water fluxes in tandem 

with regular biometric surveys of trees in the same area as the ecosystem flux 

measurements.  With the addition of near-continuous measures of soil moisture in the 

Tapajós, which I installed and maintained over the duration of my PhD, this site 

possesses a suite of measurements necessary to discern bottom-up controls on top-down 

measures of ecosystem response to climate variability.  We were fortunate enough to 

have all instruments in operation during mid-2009 through 2010 when abnormally warm 

sea surface temperatures (SSTs) developed and prevailed in the eastern Pacific (known as 

El Niño), resulting in a classic effect on the climate of eastern Amazonia in which the 

2009 dry season received very little rainfall and the 2010 wet season was delayed, 

effectively creating an extra-intense dry season and dry early wet season (Figures 1 and 

4).  Measurements at this site complement existing efforts of two drought experiments in 

eastern Amazonia to discern effects of drought on ecophysiological responses, a small 
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but growing network of intensive carbon cycling sites at which bottom-up estimates of 

whole-ecosystem gross productivity and component respiration fluxes are made (Malhi et 

al., 2008), and a large network of forest inventory plots used discern controls on 

vegetation dynamics and carbon storage across broad spatial gradients in Amazonia 

(RAINFOR; Phillips et al., 1998; Malhi et al., 2002). 

 This study had four principal findings.  First, when surface (0 – 2m) soil moisture 

fell below a minimum threshold, the zone of root soil water extraction abruptly shifted ~ 

2m downwards over the course of 1-2 weeks, as water uptake continued in these deeper 

soil horizons during the most intense period of drought.  Second, eddy covariance fluxes 

of water and carbon showed that during the progression of the 2009 dry season, canopy 

conductance and water use steadily declined, reaching a minimum roughly at the same 

time or just prior to when shifts in root uptake were observed.  Third, in corroboration of 

previous work which has shown an increase in photosynthetic capacity under drought as 

inferred from satellite observations (Saleska et al., 2007), we documented a steady 

increase in canopy photosynthetic capacity (GPP at fixed or saturating light) over the 

progression of the drought, peaking when canopy water flux was reaching a minimum.  

Finally, when the biometric data were processed for ~1.5 years post-drought, a peak in 

vegetation mortality was observed while a common relationship between a metric of 

drought severity, the MCWD, and proportional increases in mortality relative to non-

drought years, was observed.  Pending further sensitivity analyses of biometric estimates 

of mortality and eddy covariance estimates of gross photosynthesis, we take these results 

as evidence that drought-driven increases in photosynthetic capacity and vegetation 
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mortality are not inconsistent with each other.  Future work will need to address the 

ecophysiological mechanisms associated with such responses and will need to address 

key uncertainties of how autotrophic respiration and associated individual carbon balance 

responds to drought. 

 Importantly, this work identifies the possible role which ecohydrological 

processes may play in both providing and limiting the degree of forest water use in the 

face of extreme droughts.  However, important additional questions remain: How is the 

respiration response of plants to drought partitioned among above- and below-ground 

tissues?  What impact does extreme drying of surface soil moisture, where rooting 

densities are greatest, have on the integrity of individual vascular water transport 

networks, and do individuals incur significant carbon costs associated with repairing 

damaged vascular tissues?  Addressing these questions will be critical to furthering our 

understanding of forest ecosystem response to climate variability. 

 
  



23 
 

REFERENCES 

Allen CD, Breshears DD (1998) Drought-induced shift of a forest-woodland ecotone: 
Rapid landscape response to climate variation. Proceedings of the National 
Academy of Sciences of the United States of America, 95, 14839-14842. 

Allen CD, Macalady AK, Chenchouni H et al. (2010) A global overview of drought and 
heat-induced tree mortality reveals emerging climate change risks for forests. 
Forest Ecology and Management, 259, 660-684. 

Aragão LEOC, Malhi Y, Metcalfe DB, Silva-Espejo JE, Jimenez EM, Navar (2009) 
Above- and below-ground net primary productivity across ten Amazonian forests 
on contrasting soils. Biogeosciences, 6, 2759-2778. 

Baker IT, Prihodko L, Denning AS, Goulden M, Miller S, Da Rocha HR (2008) Seasonal 
drought stress in the Amazon: Reconciling models and observations. Journal of 
Geophysical Research, 113. 

Baker TR, Phillips OL, Malhi Y et al. (2004) Variation in wood density determines 
spatial patterns in Amazonian forest biomass. Global Change Biology, 10, 545-
562. 

Breshears DD (2005) Regional vegetation die-off in response to global-change-type 
drought. Proceedings of the National Academy of Sciences, 102, 15144-15148. 

Christensen JH, B. Hewitson, A. Busuioc, A. Chen, X. Gao, I. Held, R. Jones, R.K. Kolli, 
W.-T. Kwon, R. Laprise, V. Magaña Rueda, L. Mearns, C.G. Menéndez, J. 
Räisänen, A. Rinke, A. Sarr, P. Whetton (2007) Regional Climate Projections. In: 
Climate Change 2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change. (ed Solomon S, D. Qin, M. Manning, Z. Chen, M. Marquis, 
K.B. Averyt, M. Tignor, H.L. Miller) pp Page. Cambridge, United Kingdom and 
New York, NY, USA, Cambridge University Press. 

Condit R, Engelbrecht BMJ, Pino D, Pérez R, Turner BL (2013) Species distributions in 
response to individual soil nutrients and seasonal drought across a community of 
tropical trees. Proceedings of the National Academy of Sciences, 110, 5064-5068. 

Costa MH, Souza JDC, Ribeiro A (2004) Comments on "The regional evapotranspiration 
of the Amazon''. Journal of Hydrometeorology, 5, 1279-1280. 

Cox PM, Betts RA, Collins M, Harris PP, Huntingford C, Jones CD (2004) Amazonian 
forest dieback under climate-carbon cycle projections for the 21st century. 
Theoretical and Applied Climatology, 78. 

Da Rocha HR, Manzi AO, Cabral OM et al. (2009) Patterns of water and heat flux across 
a biome gradient from tropical forest to savanna in Brazil. Journal of Geophysical 
Research-Biogeosciences, 114. 

Davidson EA, De Araujo AC, Artaxo P et al. (2012) The Amazon basin in transition. 
Nature, 481, 321-328. 

Eltahir EaB, Bras RL (1994) Precipitation Recycling in the Amazon Basin. Quarterly 
Journal of the Royal Meteorological Society, 120, 861-880. 

Fisher JB, Malhi Y, Bonal D et al. (2009) The land-atmosphere water flux in the tropics. 
Global Change Biology, 15, 2694-2714. 



24 
 

Hasler N, Avissar R (2007) What controls evapotranspiration in the amazon basin? 
Journal of Hydrometeorology, 8, 380-395. 

Lewis SL, Brando PM, Phillips OL, Van Der Heijden GMF, Nepstad D (2011) The 2010 
Amazon Drought. Science, 331, 554-554. 

Malhi Y, Aragao LEOC, Galbraith D et al. (2009) Tipping Elements in Earth Systems 
Special Feature: Exploring the likelihood and mechanism of a climate-change-
induced dieback of the Amazon rainforest. Proceedings of the National Academy 
of Sciences, 106, 20610-20615. 

Marengo JA, Nobre CA, Tomasella J et al. (2008) The drought of Amazonia in 2005. 
Journal of Climate, 21, 495-516. 

Marengo JA, Tomasella J, Alves LM, Soares WR, Rodriguez DA (2011) The drought of 
2010 in the context of historical droughts in the Amazon region. Geophysical 
Research Letters, 38. 

Nepstad DC, Decarvalho CR, Davidson EA et al. (1994) The role of deep roots in the 
hydrological and carbon cycles of Amazonian forests and pastures. Nature, 372, 
666-669. 

Odum EP, Finn JT, Franz EH (1979) Perturbation theory and the subsidy-stress gradient. 
BioScience, 29, 349-352. 

Phillips OL, Aragao LEOC, Lewis SL et al. (2009) Drought Sensitivity of the Amazon 
Rainforest. Science, 323, 1344-1347. 

Quesada CA, Phillips OL, Schwarz M et al. (2012a) Basin-wide variations in Amazon 
forest structure and function are mediated by both soils and climate. 
Biogeosciences, 9, 2203-2246. 

Quesada CA, Phillips OL, Schwarz M et al. (2012b) Basin-wide variations in Amazon 
forest structure and function are mediated by both soils and climate. 
Biogeosciences, 9, 2203-2246. 

Saatchi SS, Houghton RA, Alvala R, Soares JV, Yu Y (2007) Distribution of 
aboveground live biomass in the Amazon basin. Global Change Biology, 13, 816-
837. 

Salati E, Vose PB (1984) Amazon basin: a system in equilibrium. Science, 225, 129-138. 
Verbeeck H, Peylin P, Bacour C, Bonal D, Steppe K, Ciais P (2011) Seasonal patterns of 

CO2fluxes in Amazon forests: Fusion of eddy covariance data and the 
ORCHIDEE model. Journal of Geophysical Research, 116. 

 
 

  



25 
 

APPENDIX A:  MECHANISMS OF WATER SUPPLY AND VEGETATION 

DEMAND GOVERN THE SEASONALITY AND MAGNITUDE OF 

EVAPOTRANSPIRATION IN AMAZONIA 

Paper was prepared for submission to Agricultural and Forest Meteorology 

  



26 
 

Mechanisms of water supply and vegetation demand govern the seasonality and 
magnitude of evapotranspiration in Amazonia 
 
Authors 
Lead author: 
Bradley O. Christoffersen1, 2 * 
 
Co-collaborator for synthesizing model drivers and validation data: Natalia Restrepo-
Coupe1, 3 
 
Modelers: 
M Altaf Arain4; Ian T. Baker5; Bruno P Cestaro6; Joshua B Fisher7; David Galbraith8; 
Xiaodan Guan9; Bart van der Hurk10; Kazuhito Ichii11; Hewlley Imbuzeiro12; Atul 
Jain13; Naomi Levine14; Gonzalo Miguez-Macho15; Ben Poulter16; Debora R 
Roberti17; Alok Sahoo18; Kevin Schaefer19; Mingjie Shi9; Hans Verbeeck20 
 
Data Providers: 
Alessandro C. Araujo21; Bart Kruijt23; Antonio O. Manzi24; Humberto R.DaRocha6; 
Celso von Randow25 
 
Project leaders and coordinators: 
Michel N. Muza26, Jordan Borak27; Marcos H. Costa12; Luis Gustavo G. de 
Gonçalves28 and Scott R. Saleska1 
 
Senior authors: 
Xubin Zeng2 and Scott R. Saleska1 
 
  
1. Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ, 
USA 
2. Department of Atmospheric Sciences, University of Arizona, Tucson, AZ, USA 
3. Plant Functional Biology and Climate Change Cluster, University of Technology, 
Sydney, Australia 
4. School of Geography and Earth Sciences, McMaster University, Hamilton, ON, 
Canada 
5. Atmospheric Science Department, Colorado State University, Fort Collins, CO, USA 
6. Departamento de Ciências Atmosfericas, IAG, Universidade de São Paulo, São Paulo, 
Brazil 
7. Water & Carbon Cycles Group, NASA Jet Propulsion Laboratory (JPL), CalTech, 
Pasadena, CA, USA 
8. School of Geography, University of Leeds, Leeds, UK 
9. Center for Integrated Earth System Science, Department of Geological Sciences, The 
University of Texas at Austin, Austin, TX, USA 
10. Royal Netherlands Meteorological Institute (KNMI), De Bilt, Netherlands 



27 
 

11. Faculty of Symbiotic Systems Science, Fukushima University, Japan 
12. Dep. Agricultural Engineering, Federal University of Viçosa, Viçosa, MG, Brazil 
13. Department of Atmospheric Sciences, University of Illinois at Urbana-Champaign, 
Urbana, IL, USA 
14. Department of Organismic and Evolutionary Biology, Harvard University, 
Cambridge, MA, USA 
15. Condensed Matter Physics Department, University of Santiago de Compostela, 
Santiago de Compostela, Spain 
16. Swiss Federal Research Institute WSL, Dynamic Macroecology, Birmensdorf, 
Switzerland 
17. Dept of Physics, Federal University of Santa Maria, Santa Maria, RS, Brazil 
18. Center for Research on Environment and Water, IGES, Calverton, Maryland, USA 
19. National Snow and Ice Data Center, University of Colorado at Boulder, Boulder, CO, 
USA 
20. Laboratory of Plant Ecology, Ghent University, Ghent, Belgium 
21. Embrapa Amazônia Oriental, Belém, PA, Brazil 
23. Wageningen University & Research Center, Wageningen, Netherlands 
24. Instituto Nacional de Pesquisas da Amazônia (INPA), Manaus, AM, Brazil 
25. Centro de Ciência do Sistema Terrestre (CCST), Instituto Nacional de Pesquisas 
Espaciais (INPE), Cachoeira Paulista, SP, Brazil 
26. Instituto Federal de Santa Catarina, Florianópolis, SC, Brazil 
27. Earth System Science Interdisciplinary Center, University of Maryland, College Park; 
Hydrological Sciences Laboratory, NASA Goddard Space Flight Center 
28. Centro de Previsão de Tempo e Estudos Climáticos (CPTEC), Instituto Nacional de 
Pesquisas Espaciais (INPE),Cachoeira Paulista, SP, Brazil 
 
*Corresponding author 
Tel. + 1 (520) 626-5838 
Fax + 1 (520) 621-9190 
bchristo@email.arizona.edu 
  



28 
 

Highlights 
 
We assess model mechanisms regulating evapotranspiration (E) in Amazonia and 
cerrado. 
 
Many models well-simulate the observed magnitude and seasonality of E across sites. 
 
We combine E, soil moisture, and precipitation to infer mechanisms of water supply. 
 
We combine E, momentum, and carbon exchange to infer mechanisms of water demand. 
 
Otherwise well-performing models often misrepresent these mechanisms across sites.
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Abstract 

Evapotranspiration (E) in the Amazon connects forest function and regional climate via 

its role in precipitation recycling.  The simulated response of E to seasonal climate 

variations provides a first-order test of our understanding of how key ecohydrological and 

ecophysiological mechanisms mediate interactions between ecosystems and climate.  

Here, we assess the ability of a suite of ecosystem LSMs to simulate the both the 

seasonality of E and its associated regulatory mechanisms across Amazonia and into 

cerrado (savanna), by comparison to data from a network of eddy covariance towers in 

Brazil.   We address two main questions:  First, what are the most important 

ecohydrological mechanisms (rooting depth or groundwater) controlling water supply, 

and second, what are the key ecophysiological mechanisms (indicated by stomatal 

conductance and water use efficiency) controlling demand of water by vegetation?  We 

found that while a majority of models well-simulate the magnitude and seasonality of E 

across most sites, in many cases they depended universally on either deep roots or 

groundwater to mitigate dry season water deficits, features not found at all sites.  The 

analysis of vegetation demand revealed that canopy stomatal conductance (gs) limits dry 

season E in accord with an increasing strength of dry season across sites, but its 

seasonality did not simply follow from that of light, water, or temperature, which we 

postulate to instead be related to inherent biological rhythms in canopy phenology (LAI).  

In contrast, many otherwise well-peforming models demonstrated patterns of gs which 

were either aseasonal or of a different seasonality, or still offset in magnitude altogether, 

which we linked to compensating errors in simulated canopy temperatures (temperatures 

were too high when canopy conductance was too low).  Additionally, even as several 

models well-simulated the magnitude of E across sites, some overestimated GPP with a 

compensatory effect of a higher WUE.  These results emphasize the importance of 

ecohydrological and ecophysiological mechanisms which regulate the seasonality and 

magnitude of E in the Amazon.  They further highlight how biological processes are 

often still poorly modeled relative to physical processes, but which nevertheless act as 
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critical controls on tropical water cycling and hence, vegetation-climate feedbacks in the 

tropics. 

Keywords:  Amazon, evapotranspiration, ecosystem models, deep roots, groundwater, 

canopy stomatal conductance, water use efficiency, leaf phenology  
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1. Introduction 

Evapotranspiration (E) in the Amazon is the dominant connection between forest 

function and regional climate, primarily through its role in precipitation recycling 

(Victoria et al., 1991; Eltahir and Bras, 1994; Makarieva and Gorshkov, 2007).  Global 

circulation model (GCM) studies which simulate deforestation have shown a reduction of 

rainfall downwind (Walker et al., 1995), implying a coupling between the integrity of the 

Amazonian hydrometerological system and forest function.  Such a coupling presents an 

opportunity for a positive feedback under climate change: should future rainfall in the 

Amazon decrease (even if only in the eastern regions) and forests downregulate 

metabolism via stomatal closure, rainfall reductions basin-wide could be exacerbated, 

ultimately leading to widespread forest dieback (Betts et al., 2004).  Loss of a significant 

area of Amazon forest due to climate change, deforestation, or a combination of both can 

have further impacts globally due to hydrometerological teleconnections (Werth and 

Avissar, 2002) or carbon cycle feedbacks (Cox et al., 2000).  However, much uncertainty 

remains surrounding modeling forest response to climate anomalies (Huntingford et al., 

2008; Sitch et al., 2008; Galbraith et al., 2010), but see (Poulter et al., 2010).  This paper 

seeks to reduce such uncertainty by focusing on mechanisms controlling the seasonality 

and magnitude of E in the Amazon basin using a data-model intercomparison approach 

(de Gonçalves et al., accepted). 

 

Recent syntheses using data from eddy covariance measures of carbon, water, and 

energy exchange across Amazonia indicate a simple dependency of E on net radiation 

(Rn) for forest types ranging from seasonally wet to seasonally dry forests(Shuttleworth, 

1988; Hasler and Avissar, 2007; Juarez et al., 2007; da Rocha et al., 2009; Fisher et al., 

2009).  This, however, stands in stark contrast to many model predictions which instead 

have historically simulated an annual E cycle in phase with precipitation (P) 

(Shuttleworth, 1991; Bonan, 1998; Dickinson et al., 2006), indicating that water stress 

limits forest function.  Such a discrepancy between models and data, in addition to calling 
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into question predictions of widescale dieback, indicates that knowledge of the 

mechanisms which regulate E remain poorly understood. 

 

Uncertainty in ecosystem land surface models (LSMs) with respect to E fluxes 

can be broadly grouped into those aspects relating to the supply of water to vegetation 

belowground and those involved in vegetation response to changes in water supply.  In 

recent years, attention has been almost singularly focused on fixing the supply side of the 

problem, implementing deep soil and/or deep roots(Ichii et al., 2007; Baker et al., 2008; 

Grant et al., 2009; Harper et al., 2010; Verbeeck et al., 2011), root hydraulic 

redistribution (Lee et al., 2005), unconfined aquifers (Oleson et al., 2008; Fan and 

Miguez-Macho, 2010; Miguez-Macho and Fan, 2012), or changes to the numerical 

solution of the Richards equation for soil water fluxes (Zeng and Decker, 2009) to 

improve seasonal patterns of soil moisture and/or the seasonality of ecosystem 

metabolism in general.  Despite the attention given to these ecohydrological mechanisms, 

little is known as to the relative contribution of soil physical versus biological 

mechanisms mediating supply.  

 

On the other hand, control of the demand of water by vegetation in response to 

changes in water supply may be equally important mechanisms regulating the seasonality 

and magnitude of E.  These have received comparatively less attention as a focus for 

model improvements.  Canopy stomatal conductance and water use efficiency (WUE) are 

two key mechanisms controlling vegetation demand for water, respectively, in relation to 

atmospheric vapor pressure deficit (D) (Collatz et al., 1991) and ecosystem 

photosynthesis (GPP) arising from the ‘photosynthesis-transpiration’ compromise (Lloyd 

et al., 2002; Beer et al., 2009).  The degree to which stomata regulate transpiration (Et) 

independent of environmental conditions in the Amazon has been the topic of debate 

(Avissar and Werth, 2004; Costa et al., 2004).  The conclusions of syntheses of eddy 

covariance measures of the seasonality of E in the Amazon have largely emphasized the 

secondary role of vegetation demand across a range of forest types (Costa et al., 2004; 
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Juarez et al., 2007; da Rocha et al., 2009; Fisher et al., 2009), but recent work suggests 

that forests indeed exhibit varying degrees of control on the seasonal exchange of water 

in their canopies (Malhado et al., 2010).  Much of what is known about the functioning of 

stomata remains phenomenological and at the leaf-level, and attempts at forming a solid 

mechanistic basis of stomatal function have proven to be a challenge (Mott and Peak, 

2006), but see (Peak and Mott, 2011).  Further work, therefore, is needed to address 

which mechanisms at the canopy scale are most relevant in the seasonal variation of 

vegetation demand for water. 

 

The range of control points for E within the soil-plant-atmosphere continuum 

calls for a critical assessment of the ‘state-of-art’ mechanisms employed to predict E in 

ecosystem LSMs.  We do so by addressing those involved in both the supply and demand 

side above- and below-ground, respectively.  To be clear, the environment and vegetation 

both control aspects of supply and demand, the former being regulated by soil water and 

the root networks which exploit it (ecohydrological mechanisms) and the latter regulated 

both by the atmosphere (e.g., net radiation and vapor pressure deficit) and stomata (the 

latter representing ecophysiological mechanisms).  This paper seeks to disentangle the 

relative role of abiotic and biotic controls on both supply and demand.  Specifically, we 

first focus on discriminating the relative role of capillary flux from groundwater (a 

physical mechanism; “bringing the water to the trees”) and roots which penetrate deep 

into the soil (a biological mechanism; “taking the trees to the water”) in regulating E 

during seasonal water deficits.  Second, we ask to what degree vegetation plays a role 

(beyond that of the atmosphere) in regulating the demand of water by examining seasonal 

patterns of canopy stomatal conductance and E, and the relationship between gross 

photosynthesis (GPP) and E as mediated through canopy  water use efficiency (WUE, or 

photosynthesis per unit evaporative potential of water through stomata).  In all cases, we 

aim to confront models with data at two levels: data which allow us to assess which 

models accurately capture the magnitude and seasonality of E (i.e., the right answer), and 

data which have bearing on discriminating different mechanisms (i.e., the right reasons).  
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Key to our approach is the assessment of these mechanisms across broad gradients in 

climate and vegetation composition, ranging from equatorial evergreen forests, to 

southern transitional forests, and to cerrado (savanna).  We therefore ask: Are the 

relevant mechanisms common, contrasting, or complementary across sites? 

 

2. Materials and Methods 

 

2.1. Overview 

 

For our data-model intercomparison approach, we used model output from the 

Large-Scale Biosphere-Atmosphere Experiment in Amazônia Data-Model 

Intercomparison Project (de Gonçalves et al., 2012) and eddy covariance measures of 

carbon, water, and energy exchange using version 1.1b of the BrasilFlux database 

(Restrepo-Coupe et al., 2012) for validation data.  Additional ancillary validation data 

sources are described below in the relevant sections.  The reader is referred to de 

Gonçalves et al. (2012) for details of model spinup, initialization, and site-specific 

parameters used for the model runs, in addition to overviews of participating models.  

Details specific to models relevant for the present analysis are presented below.  The 

reader is also referred to Restrepo-Coupe et al. (2012) and references in Table 1 of de 

Gonçalves et al. (2012) for descriptions of the seven rainforest and one cerrado sites 

included in the analysis. 

(de Gonçalves et al., accepted) 

2.2. Site grouping and selection 

 

Rather than present an exhaustive model-data intercomparison at each site, we 

instead grouped sites into biomes, based on similarities in the observed seasonality of 

radiation and evapotranspiration regimes, into equatorial evergreen forests (K34, K67, 

K83 sites), transitional semideciduous forests along the southern margin of the Amazon 

(RJA, BAN), and cerrado (savanna) (PDG).  For site-specific analyses, we aimed to 



35 
 

select a site from each of these three groups.  We do not consider pasture sites in the 

present analysis.   

 

A brief description of the site and vegetation characteristics is as follows:  The 

equatorial sites differ in latitude by less than 0.5o and are all characterized by evergreen 

vegetation and the climate ranges from moderately seasonal at K34 (1-2 months where 

dry season P < 100 mm), to strongly seasonal at K67 and K83 (5-6 months where dry 

season P < 100 mm).  All three of these eddy covariance sites are situated atop plateaus 

with deep to very deep, highly weathered, clay-rich oxiols and a water table depth 

ranging from 30 m (K34) (Tomasella et al., 2008) to as deep as 100 m (K67) (Nepstad et 

al., 2002).  The transitional sites differ in latitude by less than 2o and have more intense 

dry seasons (compare 59 mm/month dry season P for K67 versus 50 and 38 mm/month 

for RJA and BAN, respectively) yet comparable dry season length (~ 5 months) to that of 

K67 and K83.  RJA is considered to be a semideciduous forest (C. von Randow, personal 

communication), while BAN is a seasonally inundated, shorter-statured transitional forest 

with a mixture of cerradão (tall woodland savanna), cerrado, and natural grassland 

physiognomies (Borma et al., 2009).  The PDG cerrado site is outside of the Amazon 

basin and exhibits the greatest seasonality in temperature, radiation, and precipitation, all 

of which are roughly in phase with each other (minima in precipitation, temperature, and 

radiation all occur in June/July), due to being situated significantly more poleward (-

21.6o) in comparison to the other sites. 

 

2.3. Model selection 

 

All models presented were verified to have balanced the water budget; i.e., the 

following equation was always satisfied (de Gonçalves et al., accepted) to within 5 mm 

month-1 

P – E – Qs – Qsb + Qa↑ = (∆SI + ∆So + ∆Ss) /dt , 
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where the left hand side represents the net water flux into the system in units of mm 

month-1 and the right hand side is the month-to-month differenced water storage of the 

system.  P is precipitation, E is total evapotranspiration, Qs is surface runoff, Qsb is 

subsurface drainage, Qa↑ is vertical or lateral recharge to the soil from groundwater 

(positive from groundwater to unsaturated soil), ∆SI is the change in canopy intercepted 

water, ∆So is the change in ponded surface open water, and ∆Ss is the change in total soil 

moisture.  At the monthly timescale, ∆SI and ∆So for all models were comparatively 

much smaller than ∆Ss. 

 

For analyses involving the mechanisms of supply (Figs. 3-5), we chose a subset of 

models which had added or changed different mechanisms hypothesized important for 

regulating the seasonality of E.  Collectively, these models spanned the range of 

performance with respect to the observed seasonality of E (Fig. 1).  These changes in 

structure fell into 2 main groups – increases in soil and rooting depth beyond 3.5 meters, 

and addition of a groundwater reservoir which was allowed to exchange water with 

unsaturated soil (as opposed to a standard free drainage bottom boundary condition).   

 

In our analysis of the mechanisms of vegetation demand, we first chose a subset 

of models at each of three different sites which well-simulated the seasonality of 

observed E, in order to assess whether or not these models did so while also capturing the 

seasonality of  canopy stomatal conductance (gs) (Figure 6).  We then selected all models 

which simulated both carbon and water fluxes, except models which were run on a daily 

timestep (see Section 2.6), to assess how the combined gs and water use efficiency of 

photosynthesis (WUE) mechanisms impacted the magnitude of modeled E (Figs. 7 – 9). 

The reader is referred to (de Gonçalves et al., accepted) for a complete description of 

each participating model presented here.Descriptions of the soil hydrology and stomatal 

conductance sub-model components for all models are listed in Tables 1 and 2, 

respectively.  Figure sets encompassing the entire set of models are in the Supplementary 

Material. 
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2.4. Atmospheric and vegetation controls on E 

 

We conducted a first-order assessment of the realism of mechanisms regulating E 

in the models by comparing the degree of “atmospheric control” on E in models versus in 

observations during the dry season (defined as months where E < 100 mm) when water 

deficits begin to accumulate.  Here we define “atmospheric control” and distinguish it 

from “vegetation control” in a similar manner similar to that used by (Malhado et al., 

2010) and (Hasler and Avissar, 2007), namely that environmental variables such as net 

radiation, vapor pressure deficit, and aerodynamic conductance all comprise atmospheric 

control, while vegetation control (or demand, in this paper) is exhibited in terms of 

variations in canopy stomatal conductance.  We quantified the degree of atmospheric 

control by regressing (for both models and observations) daily mean LE (W m-2) on 

incoming energy available to evaporate water (Figure 2).   Values of R2 closer to 1 of the 

relationship indicate increasing atmospheric control on E while values closer to 0 indicate 

increasing vegetation control, be it stomatal or otherwise.  We applied this approach 

uniformly across both simulations and eddy flux observations, interpreting consistency 

between model-derived and observation-derived R2 values as one metric of realism of 

modeled controls on E.  

 

For these regressions, we approximated available energy with the sum of latent 

and sensible heat (LE + H) (instead of with Rn).  This approach was adopted by a recent 

pan-tropical review of LE (Fisher et al., 2009) as an alternative to filtering out periods of 

poor energy budget closure (periods when LE + H fall short of net radiation, Rn) , which 

can reduce the number of daily replicates comprising a monthly mean (Malhado et al., 

2010).  We recognize that such an approach inflates R2 values and increases the slope, 

but absolute values are not the emphasis here, rather the relative differences in the 

regressions across biomes and between models and observations.  The main reason for 

the use of LE + H instead of Rn was to eliminate the possibility that differences in 
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regression slopes across sites or between models and observations were due to the energy 

budget closure problem (since some sites’ closure is better than others and because most 

models balance the energy budget).   

 

2.5. Seasonality of E and water budget components 

 

A portion of wet season precipitation goes into recharging the unsaturated soil 

zone, the store of which is drawn upon in the subsequent dry season.  All models which 

simulate soil moisture make predictions as to the size and seasonal variability of this 

reservoir.  The purpose of this aspect of the analysis is to quantify the variability of and 

timing of changes in this store.  During the dry season, the relative contribution of deep 

roots versus groundwater impacts both the magnitude and timing of the variability in ∆Ss, 

thus providing a means for validating model mechanisms of water supply. 

 

Specifically, we used composite seasonal cycle estimates of E and month-month 

changes in stored soil moisture (∆Ss), together with the seasonal composite of 

precipitation (P) to estimate the composite seasonal cycle of total runoff (Qt; positive 

means loss from the ecosystem), assuming a simple water balance model: 

 Qt = P - E - ∆Ss . 

We additionally assumed that month-to-month changes in stored canopy intercepted 

water were negligible.  While we are unable to discriminate the partitioning of Qt 

between surface runoff (Qs) and subsurface drainage (Qsb), we note that any Qt occurring 

in the dry season will be dominated by subsurface drainage because surface soils are 

unsaturated.  Most importantly, this approach also allows us to estimate the role of 

upward capillary flux or lateral transport from groundwater (Qa↑) during the dry season 

(inferred whenever Qt < 0, or in other words, when the rate of soil moisture depletion is 

less than the rate of accumulating water deficit) as a mechanism for buffering dry season 

water deficits. 
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 The composite seasonal cycle of P was estimated from the precipitation driver 

data, which was site-derived (de Gonçalves et al., accepted).  We estimated the composite 

seasonal cycle of E from hourly eddy covariance turbulent flux measurements by first 

making daily estimates from daylight hours, followed monthly E totals, and then 

averaging across years.  Days with less than 80% data availability (Hasler and Avissar, 

2007) and months less than 7 days were excluded.  We determined that the seasonality of 

modeled E was not significantly impacted by using the entire simulation period compared 

to compositing model output with the same hours and days which were used to estimate 

the seasonality of E for the eddy flux observations (figures not shown).  We did note, 

however, that compositing modeled E with the observational data prior to aggregation 

resulted in a slight reduction in magnitude (no more than 15 mm month-1; again, figures 

not shown).  In order to make visual interpretation of plots of water balance 

straightforward, we chose to plot model E using the entire simulation period.   

  

 To estimate the composite seasonal cycle of ∆Ss, we assimilated datasets of soil 

moisture measurements from various sources.  At K67 we used the measurements from 

the nearby (~ 3 km) control plot of the SecaFlor experiment (Nepstad et al., 2002) and at 

BAN, those reported in (Borma et al., 2009).  Measurements from PDG were unavailable.  

The measurements range in temporal frequency from every month (K67) to near-

continuous (every 30 min; BAN) for at least 2 years, and correspond to the same time 

period as the eddy flux measurements and model simulations.  We estimated the month-

to-month changes in total soil moisture (∆Ss) by aggregating to monthly means, 

integrating over depth, time differencing the monthly means, followed by averaging over 

replicate years.  We further estimated contributions of seasonal changes in soil moisture 

below the measured domain and found that in most cases it was small (Appendix A). 

Nonetheless, Figures 3 – 4 contain the contribution of this inferred yet small storage 

component.   

 

2.6. Estimates of canopy stomatal conductance (gs) and water use efficiency 
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(WUE) 

 

To provide a more rigorous assessment of the degree of potential dry season 

limitation of E by vegetation, we estimated seasonal variability in stand-level canopy 

stomatal conductance (gs), using a top-down approach, similar to the inverted Penman-

Monteith equation, but one which more closely approximates canopy stomatal 

conductance (as opposed to surface conductance) (Baldocchi et al., 1991).  We applied 

the same top-down approach to extract canopy stomatal conductance from the models 

with hourly output (rather than using simulated canopy conductance directly) to make 

data-model intercomparison more straightforward.  Models with daily output were 

excluded from these analyses because of the difficulty in estimating gs from daily means.  

The only exceptions were SiB3 and SiBCASA models, in which canopy conductance 

from model output was used directly since assumptions of a negligible canopy storage 

capacity are not valid for these models which simulate a prognostic air space.  

 

The approach for estimating gs is as follows:  First, we estimate aerodynamic 

resistance (s m-1) following the approach used by (Doughty and Goulden, 2008): 

 rb = u/(u*
2) + 6.2* u* + 2/3 

where u is the zonal wind speed (m s-1) and u* is the friction velocity (m s-1).  We then 

use this to estimate an aerodynamic canopy temperature Tv, or the temperature of the 

leaves which contribute most to aerodynamic drag (Doughty and Goulden, 2008), by 

rearranging the gradient approximation for sensible heat flux (H): 

 Tv = rb*H/(cp*ρa) + Ta 

where cp is the specific heat capacity of dry air (J kg-1), ρa is the atmospheric air density 

(kg m-3), and Ta is the atmospheric air temperature measured at the tower top.  Once Tv is 

known, we can estimate canopy stomatal conductance as follows (Baldocchi et al., 1991): 

 gs = [ρa * (qsat(Tv) - qa)/(Et)  –  rb]-1 

where qsat(Tv) is the saturation specific humidity at vegetation temperature Tv and qa is the 

ambient specific humidity (kg kg-1).  We estimated transpiration (Et) from total E in the 
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observations by removing periods where canopy evaporation (Ei) makes a significant 

contribution to total E, assuming negligible soil evaporation, and averaging to the 

seasonal cycle.  We identified such periods using output from the CLM model version 3.5 

run using a diagnostic (prescribed) phenology, which incorporates recent improvements 

to its canopy integration scheme (Oleson et al., 2008).  We computed model Et the same 

way (Figure 6). All subsequent references to transpiration (Et) in this paper, be them 

modeled or from eddy flux observations, employ this method (as opposed to strictly 

model output predictions of transpiration). 

 

A key parameter in the Ball-Woodrow-Berry-Collatz (Collatz et al., 1991) semi-

empirical model of stomatal conductance is the slope m (see Table 3), the inverse of 

which we refer to as water use efficiency of photosynthesis (WUE).  In the context of an 

optimality approach to modeling stomatal conductance (Cowan, 1978), higher values of 

m indicate a higher marginal evaporative cost of carbon gain, while lower values mean a 

higher WUE.  Even though not all models use the Ball-Woodrow-Berry-Collatz 

approach, we could estimate m and WUE at the canopy scale for those which simulate 

photosynthesis and transpiration.  We estimated m as the slope of the best fit line between 

gs and GPPnorm =  GPP/ca*h and took WUE = 1/m.  Because the intercept of this 

relationship across the majority of models and observations was near zero, we forced all 

fits through the origin.  While the flux tower observations were nearly linear, many 

models were slightly nonlinear at high levels of A and were also affected by outliers in gs.  

We dealt with this issue by fitting models with a 2nd degree polynomial using a quantile 

regression approach in R and estimated the slope at an intermediate value of A/ca*h = 3.0 

x 104 μmol m-2 s-1 where the fitted polynomial was approximately linear. 

  

With estimates of WUE and GPPnorm, we were able to address the degree to 

which some of the spread in the simulated magnitude of E across models could be related 

to compensating errors in these terms.  Because of large gaps in the net ecosystem 

exchange of carbon (NEE) data of several sites, we were only able to conduct this 
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analysis at the central Amazon forest sites of K34, K67, and K83 (Figs. 7 – 9).  We then 

plotted the models and observations in a ‘photosynthesis – water use efficiency’ space, 

and related model placement in this space to its mean daily E as estimated in Section 

2.2.1 relative to observations.  We estimated the uncertainty about observed WUE as the 

inverse of the upper and lower quartile fits of m ~ GPPnorm and uncertainty in GPP as the 

pooled standard deviation about the daily mean (across days and years). 

 

3. Results and Discussion 

 

3.1. Seasonal cycles of E across sites 

 

Our results corroborate those of previous work (Hasler and Avissar, 2007; Juarez 

et al., 2007; Borma et al., 2009; da Rocha et al., 2009; Fisher et al., 2009): equatorial 

forests exhibit a seasonal cycle of E peaking with net radiation during the dry season; 

transitional southern forests show either a flat seasonal cycle (due to less seasonality in 

available light) or a slight dry season depression (some degree of water limitation); 

cerrado demonstrates a strong dry season depression (both due to reductions in light and 

water).  Models in general performed well across all sites but did best at equatorial 

evergreen sites, with 10 and 14 out of 17 models capturing the observed magnitude and 

seasonality of E at these sites (via inspection, Figure 1a).  Models comparatively 

performed most poorly at transitional forest sites (Figure 1b) and to an intermediate 

degree at cerrado (Figure 1c). 

 

3.2. Available energy as a driver of E 

 

The fraction of total variance in LE explained by available energy during the dry 

season moderately decreased with increasing strength of the dry season (R2 = 0.9 at 

equatorial forests, R2 = 0.76 at transitional forests, and R2 = 0.51 at cerrado) (Figure 2), 

presumably due to increasing degrees of dry season water limitation.  It is also possible to 
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have high dry season R2 values at equatorial sites even when canopy stomatal 

conductance limits transpiration if this limitation is offset by increasing vapor pressure 

deficits (D), or vice versa (see Section 3.4). 

  

As expected, shallow soil models LPJ-1.5m, SiB2, CLM3, and LEAFHYDRO-

NWT (all with soil depths < 3.5 m) resulted in available energy explaining little of the 

total variance in E in these models at all sites (R2 < 0.2) (Figure 2).  The exception to this 

was LEAFHYDRO-NWT, which had much higher R2 at equatorial sites but a significant 

low bias in its regression slope.  The degree to which either adding deep soil or an aquifer 

improved dry season E roughly corresponded to an increase in R2 and regression slope, 

except for LPJ.  Low infiltration capacity and high rates of surface runoff apparently 

limited the degree to which deep soil and roots could reduce dry season water stress in 

this model (figures not shown).  However, fixing the supply side of the problem in other 

models (e.g., SiBCASA model at cerrado; CLM3.5 at equatorial sites; Figs 2e and 2i; see 

also JULES, IBIS Appendix C6) revealed significant biases in the partitioning of LE and 

H under non-water stressed conditions.  Thus, while not universal, models tended to 

“overfix” E when eliminating water limitation. 

 

3.3. Supply‐side mechanisms of E 

 

Models employed a large range of soil depths for the simulated sites, spanning 1.9 

– 15 meters.  In most cases, soil depth is synonymous with rooting depth.  Exceptions to 

this were SiB2-15m and SiBCASA, which used a shallower rooting depth (10 and 5 m, 

respectively) than the total soil depth (15 m) at all sites.  Models with soil depths less 

than or equal to 3.5 m and without groundwater interaction were not able to simulate E 

without a dry season depression (Figures 3b, 3d, 4b, 4d, 5b, 5d; also Appendices B1 – 

B6), except for LEAFHYDRO, which consistently underestimated wet season E, leaving 

more soil water for subsequent dry seasons. 
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In general, addition of an unconfined aquifer produced a similar effect on dry 

season water stress as did addition of deep soil and roots.  Increasing the soil depth or 

addition of an aquifer in most cases decreased total runoff and increased the water storage 

capacity of soil (or soil-aquifer system, for models simulating one), with larger recharge 

occurring during the wet season, providing a buffer for dry season deficits.  In all the 

cases where models erroneously predict a dry season depression in E, models 

overestimate wet season total runoff and underestimate wet season soil water storage 

(Figures 2-3).  Therefore, we deem simulation of the seasonal patterns of soil moisture 

recharge and discharge critical to an accurate prediction of the seasonality of E. An 

exception to this was the LEAFHYDRO model, where addition of an aquifer was 

accompanied by an increase in drainage out of the soil column (Figures 3 – 5), but this 

was an artifact of a fixed water table depth in this model (seasonal water table variation in 

this model requires a representation of topography, and hence, was not possible with 

these 1D simulations) (Miguez-Macho and Fan, 2012) 

 

At an equatorial evergreen site K67, SiB3 and CLM3.5 both had seasonal patterns 

of E that closely matched observations, but diverged in their simulated seasonal patterns 

of soil moisture storage and runoff (Figure 3).  SiB3 had large seasonal swings in stored 

soil moisture accompanied by a low rate of total runoff throughout the entire year, while 

CLM3.5 had lower seasonal variation in soil moisture, in addition to substantial dry 

season upward capillary flux from groundwater (predicted to be 3.6 – 4.8 m from the 

surface).  Based on the soil moisture observations integrated with the seasonal cycles of 

precipitation and E, we infer a negligible role for upward capillary flux from a shallow 

aquifer in regulating dry season E at this site.  Specifically, the observations indicated 

that soil moisture storage in the unsaturated rooting domain to 11 m was able to endure a 

cumulative ~ 340 mm reduction to sustain the dry season water deficit (see Figures 2 and 

A1).  From the perspective of runoff + drainage (total runoff), nearly all total runoff 

occurs during the wet season, with minimal drainage during the dry season (i.e., nearly all 

of the reduction in soil moisture during the dry season is due to root uptake).  In contrast, 
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in CLM3.5 (Figure 3e) and LEAFHYDRO-WT (Appendix B2), dry season E rates were 

sustained in part by capillary fluxes from below the simulated rooting zone (i.e., 

significantly smaller reductions in soil moisture).   Absence of shallow groundwater in 

the Tapajós region is also corroborated by anecdotal evidence reported in the literature 

(reported at depths of ~ 100 m in Nepstad et al., 2002; Belk et al., 2007), but water tables 

this deep are not characteristic of Amazonia in general (Miguez-Macho and Fan, 2012).  

On the other hand, while seasonal variations in soil moisture are substantial, they are not 

as large as that predicted by SiB3 (Figure 3c). 

 

At a transitional site BAN, the site known to have a shallow water table and 

seasonally flood, both deep soil / deep roots and aquifer approaches improved and 

produced very similar seasonal cycles of E (Figure 4).  At this site however, the 

divergence between the two approaches in terms of mechanism of dry season supply was 

most pronounced.  LEAFHYDRO, due to a constant water table depth year-round, 

simulated seasonal changes in water storage and depletion entirely from groundwater and 

not from unsaturated soil.  SiB3, on the other hand, drew upon stored soil moisture from 

deep layers to make up for dry season water deficits.  While modest, observed reductions 

in E at BAN begin in June and slowly yet steadily decline through September.  SiB3 

captured this steady decline in E best among models.  Analysis of soil moisture data from 

this site (Borma et al., 2009), revealed seasonal patterns of storage and groundwater flux 

that were inconsistent with both deep soil / deep roots and groundwater approaches (but 

see CLM3.5, Appendix B5).  In particular, the seasonality of water budget analysis 

showed that groundwater fluxes are significant, but their timing is not such that they 

contribute significantly to dry season E.  Rather, stored soil moisture to 2m depth is more 

than sufficient to supply the entire dry season E water deficit: significant subsurface 

drainage continues throughout the dry season and groundwater fluxes are quick and pulse 

the system during the same months in which rains return in Oct – Nov (Figure 5a).  This 

only serves to highlight the importance of modeling groundwater fluctuations as a 2-

dimensional topographically-driven process, in which orientation in relation to drainage 
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basins makes a big difference.  We also note that given the anoxic conditions which 

develop at relatively shallow waterlogged depths throughout 1/3 – ½ of the year at this 

site, the role of persistent deep roots regulating E at this site is likely also be limited. 

 

At the cerrado site PDG, soil moisture measurements were not available at the 

time this paper was written to assess the (possible) role of dry season groundwater fluxes 

at this site.  However, we do not anticipate them to play a prominent role.  The 

observations indicate a substantial depression in E during the dry season, in phase with 

reductions in light (Figure 5a), but with a substantial fraction of variation in E left 

unexplained and a smaller evaporative fraction (lower R2 and slope in Figure 2a).  

Models in general underestimated dry season E in the absence of any deep rooting or 

groundwater mechanisms (compare JJA E in Figure 5b, d with that of Figure 5a).  

Unique to equatorial and transitional sites, however, model results at this site showed that 

inclusion deep soil / roots or groundwater mechanisms did not produce similar dry season 

patterns in E; only the deep roots mechanism was able to significantly increase dry 

season E (Figure 5c, e).  The model results thus suggest (and corroborate what is known 

about cerrado ecosystems) that deep roots indeed play an important role in maintaining 

dry season E.  It can be seen, however, that the magnitude of the effect that deep roots 

has in supplying dry season E is still overestimated, however, (Figure 5c and JULES, 

IBIS Appendix B6). 

 

Potential limitations in this analysis are predominantly associated with the 

estimation of total soil moisture.  In many cases, the period of available soil moisture 

observations did not directly coincide with the flux tower observations.  However, our 

use of the seasonal composite helped to mitigate this problem.  Errors associated with this 

likely are to be concentrated at wet/dry season boundaries; but we focused our 

interpretation based on coarse wet versus dry season patterns, limiting the possibility of 

making erroneous conclusions.  The second source of uncertainty associated with the use 

of the soil moisture data are the estimates of upward capillary flux.  The method of 
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estimating the observed water budget also makes an estimate of the contribution of an 

upward capillary water flux (Qa↑) to dry season evapotranspiration, which in most cases 

is a small fraction of total E.  Such an upward capillary flux is inferred when the dry 

season water deficit (P – E) is not matched by a corresponding reduction in root zone soil 

moisture.  To be clear, such an estimate likely underestimates the total upward capillary 

flux, since it represents only that portion of the capillary flux used by evapotranspiration. 

Absence of inferred capillary flux also does not necessarily rule out the role of an aquifer, 

either.  While there may be no inferred upward capillary flux (i.e., total water potential 

does not increase with depth), saturated soil below an unsaturated root zone should 

reduce the downward rate of drainage relative to that expected from free drainage (i.e., 

matric water potential increases with depth, thus reducing the rate at which total water 

potential decreases with depth). 

 

In sum, models which simulated an aquifer tended to do so at the expense of 

simulating seasonal swings in root zone soil moisture, often at odds with observations.  

On the other hand, models using a free drainage bottom boundary condition were able to 

mitigate the effects of excessive dry season drainage on water stress by employing a deep 

soil column with deep roots to access the larger total volume of water available for 

uptake, without fixing drainage problem per se.  Thus, while accurately simulating the 

annual cycle of E, the net effect in these models was to overestimate seasonal variability 

in soil moisture by overestimating dry season subsurface drainage.  Given the role of 

accurately simulating total runoff and soil moisture for the accurate prediction of seasonal 

E patterns, the deep soil / groundwater tradeoff highlights the fact that the choice of a 

bottom boundary condition in LSMs is not trivial (Gulden et al., 2007).  Whatever the 

correct bottom boundary condition may be, the associated deep drainage appears to be 

somewhere in between that predicted by a free drainage and a saturated bottom boundary 

condition (Zeng & Decker 2010). 
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We conclude, therefore, that the mechanisms of upward capillary flux and deep 

root uptake are complementary, but their relative importance is site-dependent.  For 

example, deep soils on plateaus, such as those in the Tapajós region and throughout much 

of eastern Amazônia, with water tables 20 m and deeper (Nobre et al., 2011), have long 

been noted to harbor species where a deep rooting habit is common (Nepstad et al., 

1994).  In contrast, at sites like RJA (Appendix A2) and BAN which either have shallow 

soils or are proximal to drainage basins, the functional role of deep roots is dubious, and 

subsurface lateral flow is more important in regulating dry season water deficits.  The 

CLM3.5 and LEAFHYDRO-WT models were run as single-point runs, and as noted 

above, LEAFHYDRO is designed to capture the two-dimensional nature of groundwater 

flux while CLM3.5 parameterizes the exchange of soil water with groundwater using 

only one dimension, in the vertical.  Vertical exchange in CLM3.5 is dependent on 

precipitation climatology alone, while in LEAFHYDRO, lateral convergence due to 

horizontal gradients in both climatology and topography are considered.  As we showed, 

for BAN, however, the role of groundwater may be to contribute to storage to the 

unsaturated zone at the onset of the wet season (as opposed to dry season capillary flux) 

which may then be drawn upon the subsequent dry season.  More root zone soil moisture 

measurements combined with estimates of E and P, as well as improved knowledge of 

soil hydraulic properties at other sites across Amazonia are needed to address how 

prominent dry season capillary fluxes are in contributing to dry season E.   

  

3.4. Demand‐side mechanisms of E 

 

In accord with Costa et al. (2010), we found that, despite the fact that E increases 

with net radiation in the dry season, canopy stomatal conductance decreases in the dry 

season, with increasing depressions at sites with increasingly drier dry seasons (Figure 6).  

This confirms our suspicion that dry season D compensates reductions in gs at all sites, 

especially at BAN, and is partially responsible for the fact that E appears to be driven by 

available energy during the dry season despite the known presence of water stress at this 
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site.  Costa et al. (2010) estimated seasonal variations of gs at seasonally wet (K34) and 

seasonally dry (K67, RJA) forests, and concluded that the seasonally dry forests behaved 

differently from the seasonally wet forest based on the presence of the dry season 

depression of gs.  We note the same pattern, but also present evidence for another reason 

to distinguish the two sets of forests.  K67 contrasted RJA and BAN as to the timing of 

the minimum gs: whereas the minimum at RJA and BAN coincided with the month with 

minimum precipitation, at K67, the minimum gs occurred at the beginning of the dry 

season, and steadily recovered throughout the remainder of the dry season.   This 

suggests that the mechanisms responsible for seasonal variation in gs between K67 and 

the southern sites are different.  We note that the seasonality of gs at K67 is in phase with 

seasonal variations in photosynthetic capacity (Restrepo-Coupe et al., 2012), suggesting 

that either small seasonal variations in LAI or the leaf age distribution together with leaf 

age differences in stomatal conductance may play a role. 

 

Figure 6 shows that, in most cases, models accurately capturing the seasonality of 

E do not capture the observed seasonality of gs. SiB3, which demonstrated the highest 

fidelity of all models in capturing the degree to which available energy drives E across all 

sites, together with other models consistently underestimated seasonal variability in gs, in 

particular its dry season depression.  How is it possible, then, to capture the observed 

seasonality of E and the degree to which available energy drives E, yet fail to simulate 

seasonal variations in canopy stomatal conductance?  We suggest two possibilities, which 

are not mutually exclusive.  One possibility is that there are important aspects of canopy 

demography which are not captured by the models, for example, seasonal patterns of leaf 

flush and a changing leaf age distribution as suggested by Restrepo-Coupe et al., (2012).  

Another possibility is that a system of compensating errors is at play at the leaf level.  

The gradient approximation of transpiration states that transpiration is the product of 

stomatal conductance and the difference between leaf saturation specific humidity and 

ambient specific humidity.  If a model is biased cool in terms of its vegetation 

temperature, it will underestimate leaf humidity deficits.  However, if stomatal 
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conductance is biased high, it is possible for the two biases to compensate, leading to an 

accurate simulation of E.  In partial support of the latter possibility, we verified that SiB3 

indeed simulates a vegetation temperature that is ~ 1-2 C less than the observed 

aerodynamic canopy temperature during the dry season at K67 (see Figure 10). 

 

In Figures 7 – 9, models are plotted in a ‘photosynthesis – water use efficiency 

(WUE) space’, with models in black text simulating a mean E within the observed mean 

E +/- 0.5 mm d-1, and models in red and blue text falling below and above this range, 

respectively.  Models tended to cluster in this space across the three sites.  One cluster 

was associated with biases in canopy temperature.  This group of models (ED2, IBIS, and 

CN-CLASS) for the most part modeled the appropriate magnitude of GPP, but 

consistently overestimated WUE (low transpiration rates per unit photosynthesis), and 

they  grouped together also with a warm bias in their simulated canopy temperatures 

(Figure 10a – c), consistent with lower rates of leaf evaporative cooling.  ED2 and IBIS 

also share the Leuning (1995) stomatal conductance model and leaf-level values of m that 

are smaller than all other models (see Table 3).  CLM4-CN consistently overestimated 

GPP and underestimated WUE (high transpiration rates per unit photosynthesis), and as a 

consequence, overestimated E.  An additional cluster, exemplified by SiB2-15m and at 

times SiB3 and SiBCASA, well-captured mean E but did so by overestimating GPP and 

WUE.  The SiB class of models employ a Ball-Woodrow-Berry-Collatz conductance 

formulation at the leaf scale based not on gross, but net photosynthesis.  As expected, this 

tends to increase the effective canopy-scale WUE. 

 

This highlights the importance of simulated canopy temperatures in controlling 

canopy WUE.  Of perhaps equal or greater importance is the means by which leaf-level 

fluxes are scaled to the canopy in the different models.  For example, while CLM treats 

sun and shade leaves distinctly for leaf-level computations of both photosynthesis and 

transpiration, its scaling of photosynthesis and transpiration to the canopy is inconsistent 

to some degree: While photosynthesis is scaled using both sun and leaf LAIs, 
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transpiration is scaled to the canopy using stem area index (SAI) as an additional 

multiplier.  While a comprehensive assessment of leaf-to-canopy scaling schemes across 

all models is beyond the scope of this paper, the present analysis indicates that it is of 

equal or greater importance when simulating canopy WUE. 

 

Differences in mean photosynthesis rates across sites did not amount to larger 

rates of E, as predicted by models.  In fact, we observed the contrary: K83 suffered a ~ 

20% reduction in gross photosynthesis (8.2 μmol CO2 m-2 s-1) compared to K67 (6.5 

μmol CO2 m-2 s-1) while having a ~ 10 % increase in its transpiration rate (3.8 mm d-1 

compared to 3.4 mm d-1 at K67).  This, of course, implies a difference in water use 

efficiency between the two sites, but we did not detect it in our estimate of WUE (0.076 

and 0.075 umol CO2 / umol H2O at K83 and K67, respectively).  K83 did, however, have 

much larger variation in m, suggesting that periods of low water use efficiency at either 

diurnal or seasonal timescales are responsible for this difference between sites.  One 

possible explanation is that afternoon high temperatures at K83 reduce photosynthesis via 

a mechanism other than a reduction in canopy conductance (see Goulden et al., (2004) 

and Doughty and Goulden (2008) for a discussion of impacts of high afternoon 

temperatures on canopy fluxes at the K83 site).  In contrast, CLM3.5 and CLM4-CN 

were two models which experienced the same relative reduction in mean photosynthesis 

at K83 relative to K67 (~30 % and 15 % reduction, respectively), but decreased their 

transpiration rates accordingly (3% and 21 % reduction, respectively), likely through a 

different mechanism other than high temperatures.  Therefore, a more rigorous 

assessment is needed of models’ ability to simulate heating canopies under high radiation 

regimes and ensuing effects on water use efficiency. 

 

4. Conclusions 

 

At first glance, the state-of-the-science might appear discouragingly similar to 

that of model intercomparison studies of the past (e.g., PILPS), namely that models 
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diverge markedly in the magnitude of simulated E across sites, driven primarily by 

differences in modeled plant available water (Mahfouf et al., 1996).  Specifically, models 

employing shallow (< 3.5 m) roots and no mechanism for capillary flux from saturated 

soil below the domain were unable to simulate E without a dry season depression, while 

some models are now able to simulate with relative accuracy the magnitude and 

seasonality of E across most sites.  Based on modeled mechanisms alone, we thus infer 

that deep roots and/or upward capillary flux are necessary for sustaining dry season rates 

of E. 

 

However, an assessment of surface hydrological water balance and canopy 

stomatal conductance as inferred from eddy covariance measurements coupled with soil 

moisture observations allowed us to go a step further and discriminate among 

ecohydrological and ecophysiological mechanisms deemed important for accurately 

simulating the magnitude and seasonality of E.  Specifically, because all models that 

well-simulated seasonal patterns universally relied on either deep roots or capillary fluxes 

from a shallow aquifer, none were able to capture the relative importance of these two 

mechanisms across sites.  Consequently, no single model was able to capture the high 

degree to which available energy is observed to drive E across 3 sites (see Figure 5, 

where LE ~ available energy R2 is always greater than 0.7 in observations, but BAN site 

is never simulated with R2 > 0.36).  

 

Even models which captured E seasonality well did so with mechanisms that 

appear inconsistent with observations, calling into question the ability to reliably predict 

the effects of anticipated climatic changes on tropical forest function.  Often to blame in 

the models were compensating errors in simulated canopy temperatures (temperatures 

were too high when canopy conductance was too low).  The observations indicate that gs 

exhibits some degree of control over E even at sites which demonstrate a high 

correspondence of E and available energy, due in part to elevated dry season vapor 

pressure deficits, but possibly related to rapid leaf turnover at the onset of the dry season 
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as an adaptive biological response to higher light levels during the dry season (Restrepo-

Coupe et al., in review).  Further, site-to-site variability in mean rates of Et do not vary in 

simple accordance with site-to-site differences in mean photosynthetic rates, indicating 

that while mean water use efficiencies may be similar across sites, significant sub-annual 

variability in water use efficiency may play a role in a way that is not captured by 

models. 

 

These results imply that models can be marginally yet readily improved by 1) 

incorporating climatic and topographical aspects of seasonal water table dynamics into 

existing models of deep root function, and 2) correcting documented biases in canopy 

temperature, important for accurately simulating water use efficiency.  Model 

developments beyond these, however, need to focus on biological processes (still poorly 

modeled relative to physical/hydrological processes) that regulate root and stomatal 

function.   Such advancement will require continued and expanded efforts to monitor root 

and canopy demographic processes in relation to variability in available water/nutrients 

and light, respectively.  These efforts will realize maximum benefit when conducted at 

sites with existing ecosystem-level eddy covariance measurement infrastructure, allowing 

these sub-scale processes to inform controls on ecosystem-level processes.  Integrating 

these biological responses and feedbacks to the processes of water cycling, therefore, will 

improve our understanding of vegetation-climate feedbacks in the tropics. 
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List of Tables 
 Table 1. List of symbols, definitions, and units used in the paper. 
Symbol Definition Instantaneous Units Aggregated units 

stand-level water budget 

P precipitation kg m-2 s-1 mm month-1 

E total evapotranspiration kg m-2 s-1 mm month-1 

Et transpiration kg m-2 s-1 mm month-1 

Ei evaporation from canopy interception kg m-2 s-1 mm month-1 

Es soil evaporation kg m-2 s-1 mm month-1 

Qt surface + subsurface runoff (positive out of system) less any Qa↑ kg m-2 s-1 mm month-1 

Qs surface runoff kg m-2 s-1 mm month-1 

Qsb subsurface runoff to streams and groundwater kg m-2 s-1 mm month-1 

Qa↑ upward capillary flux or lateral transport from groundwater kg m-2 s-1 mm month-1 

∆Si change in stored canopy interception kg m-2 mm month-1 

∆So change in stored open water kg m-2 mm month-1 

∆Ss change in stored soil moisture kg m-2 mm month-1 

stand- and leaf-level energy & carbon fluxes 

Rn net all-wave radiation flux density W m-2 W m-2 

Rs total downward shortwave radiation flux density W m-2 W m-2 

Rp photosynthetically active photon flux density μmol m-2 s-1 μmol m-2 s-1 

LE latent heat flux W m-2 W m-2 

H sensible heat flux W m-2 W m-2 

GPP stand-level gross photosynthesis μmol CO2 m-2 s-1 μmol CO2 m-2 s-1 

gs stand-level canopy stomatal conductance mm s-1 or μmol m-2 s-1 mm s-1 or μmol m-2 s-1 

rb aerodynamic resistance s m-1 s m-1 

A leaf-level gross photosynthesis μmol CO2 m-2 s-1 μmol CO2 m-2 s-1 

An leaf-level net photosynthesis (gross minus leaf dark respiration) μmol CO2 m-2 s-1 μmol CO2 m-2 s-1 

gs leaf-level stomatal conductance mm s-1 or μmol m-2 s-1 mm s-1 or μmol m-2 s-1 

atmospheric state variables or constants 

ca atmospheric CO2 concentration mole fraction mole fraction 

Ta atmospheric air temperature K K 

ρa atmospheric air density kg m-3 kg m-3 

u magnitude of horizontal wind speed m s-1 m s-1 
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u* friction velocity m s-1 m s-1 

cp specific heat of dry air at constant pressure J K-1 

∆ slope of equilibrium saturation vapor pressure curve kPa K-1 

γ psychrometric constant kPa K-1 

λ latent heat of vaporization J kg-1 

soil state variables 

ψ soil matric potential Pa Pa 

θ volumetric soil moisture content m3 m-3 m3 m-3 

vegetation state variables 

Tv vegetation temperature K K 

h relative humidity % % 

D vapor pressure deficit relative to Tv Pa Pa 

L leaf area index m2 m-2 m2 m-2 

cs canopy air space CO2 concentration mole fraction mole fraction 

ci internal leaf CO2 concentration mole fraction mole fraction 

Γ CO2 compensation point for C3 plants mole fraction mole fraction 

m Ball-Berry slope (-) (-) 
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Table 2. Soil model characteristics for participating LBA-DMIP models, grouped by bottom flow condition (e.g., free drainage versus 
aquifer), then by soil depth. “Forests” refer to the following sites: K34, K67, K83, RJA; “Transitional” sites are those with elements of 
savanna/cerrado: BAN, PDG.  Relevant reference is specific to description of soil hydrology model and may differ from general model references 
listed in de Gonçalves et al. (2012). Models in bold italic are selected models reported on in the main text (see main text for selection criteria). 

Model name 
Pedotransfer 
model Bottom flow condition 

Soil 
depth all 

sites 
Soil depth 

Forests 
Soil depth 

Transitional 

Number 
soil 

layers Relevant reference 

shallow soil depths (< 3.5 m) and no aquifer 

LPJ-1.5m N/A diagnostic: drainage + saturation excess constant 1.5 m 1.5 m 2 (Gerten et al., 2004) 

HTESSEL CH (1978) a prognostic: standard free drainage constant 1.9 m 1.9 m 4 (Balsamo et al., 2009) 

SiB2-2m CH (1978) a 
prognostic: standard free drainage + flow 
from soil moisture heterogeneity 

constant 2.0 m 2.0 m 3 (Sellers et al., 1996) 

LEAFHYDRO-
NWT 

CH (1978) a prognostic: standard free drainage constant 2.5 m 2.5 m 11 
(Fan and Miguez-Macho, 
2010) 

intermediate soil depths (3.5 - 5.0 m) and no aquifer 

CLM3.0 CH (1978) a prognostic: standard free drainage constant 3.4 m 3.4 m 10 (Oleson et al., 2004) 

SSiB2 CH (1978) a 
prognostic: standard free drainage + flow 
from soil moisture heterogeneity 

constant 3.5 m 3.5 m 3 (Sellers et al., 1996) 

CN-CLASS CH (1978) a prognostic: standard free drainage constant 4.1 m 4.1 m 3 (Verseghy, 1991) 

deep soil (> 5.0 m) and no aquifer 

LPJ-8m N/A diagnostic: drainage + saturation excess constant 8.0 m 8.0 m 2 (Gerten et al., 2004) 

SiB3 CH (1978) a prognostic: standard free drainage constant 10.0 m 10.0 m 10 
I. Baker, personal 
communication 

SiB2-15m CH (1978) a 
prognostic: standard free drainage + flow 
from soil moisture heterogeneity 

variable 15.0 m 15.0 m 10 b (Sellers et al., 1996) b 
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SiBCASA CH (1978) a 
prognostic: standard free drainage + flow 
from soil moisture heterogeneity 

constant 15.0 m 15.0 m 25 b (Sellers et al., 1996) b 

variable soil depths and no aquifer 

BIOME-BGC CH (1978) a diagnostic: saturation excess (bucket model) variable 3.0 - 10.0 m 1.0 m 1 
(Running and Coughlan, 
1988) 

ED2 CH (1978) a prognostic: standard free drainage variable 2.0 - 8.0 m 3.0 - 6.0 m 16 
N. Levine, personal 
communication 

IBIS CH (1978) a prognostic: standard free drainage variable 8.0 m 4.0 m 6 (Foley et al., 1996) 

JULES CH (1978) a prognostic: standard free drainage variable 2.0 - 8.0 m 3.0 - 6.0 m 4 (Best et al., 2011) 

ORCHIDEE N/A 
diagnostic: saturation excess (variable bucket 
depth model) 

variable 4.0 - 10.0 m 2.0 m 2 
(Ducoudre et al., 1993; de 
Rosnay and Polcher, 1998) 

shallow/intermediate soil depths (< 5.0 m) and unconfined aquifer 

NOAH-MP CH (1978) a 
prognostic: 2-way flow using depth to water 
table and unconfined aquifer (SimGM) 

constant 2.0 m 2.0 m 4 (Niu et al., 2011) 

CLM3.5 CH (1978) a 
prognostic: 2-way flow using depth to water 
table and unconfined aquifer 

constant 3.4 m 3.4 m 10 (Oleson et al., 2008) 

CLM4-CN CH (1978) a 
prognostic: 2-way flow using depth to water 
table and unconfined aquifer 

constant 3.4 m 3.4 m 10 (Oleson et al., 2010) 

ISAM CH (1978) a 
prognostic: 2-way flow using depth to water 
table and unconfined aquifer 

constant 3.4 m 3.4 m 10 (Oleson et al., 2008) 

LEAFHYDRO-WT CH (1978) a 
prognostic: 2-way flow using depth to water 
table and unconfined aquifer 

constant 4.0 m 4.0 m 14 
(Fan and Miguez-Macho, 
2010) 

stand-alone ET model with no soil sub-model 

PT-JPL-r1 N/A N/A N/A N/A N/A N/A (Fisher et al., 2008) 

PT-JPL-r2 N/A N/A N/A N/A N/A N/A (Fisher et al., 2008) 

a: Refers to (Clapp and Hornberger, 1978) 
b: 3 groups of soil layers remain as described in Sellers et al. (1996) (surface layer, rooting layer, bottom layer) as are relevant fluxes, but number of rooting layers is increased. 
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Table 3. Participating models and associated conductance models and parameter values, grouped by closure equation enabling solution of gs.  

Model name 
Time 
step 

gs 
model closure equation relevant parameter values for broadleaf evergreen forests 

Implementation 
reference 

Jarvis-type (photosynthesis not simulated) 

HTESSEL Hourly J76 gs = LAI*gsmax*f3(Rs)*f4(θ)*f5(D) 

gsmax = 4 mm s-1 
f3(Rs) = 0.81(1 + 0.004*Rs)/(0.004*Rs + 0.05) (Rs in W m-2) 
f4(θ) = (θ - 0.171)/(0.323 - 0.171); θ =Σk(Rk*θk); θk = moisture 
content layer k (m3/m3); Rk = root content layer k 
f5(D) = exp(-0.0003*D); (D in Pa) 

van den Hurk et 
al. (2000) 

LEAFHYDRO-
NWT 

Hourly J76 gs = gsmax*f1(Tv)*f2(Tv)*f3(Rs)*f4(ψ)*f5(D) 

gsmax = 10 mm/s 
f1(Tv) = 1/(1 + exp(-0.26*(Tv - 281.5)))  
f2(Tv) = 1/(1 + exp(0.124*(Tv - 310.1)))  
f3(Rs) = 1/(1 + exp(-0.047*(Rs - 196)))  
f4(ψ) = 1/(1 + exp(-7.42e6*(ψ + 1.07e6))) (ψ negative) 
f4(D) = 1/(1 + exp(0.0051*(D - 4850))) 

Model source 
code 

LEAFHYDRO-
WT 

Hourly J76 same as LEAFHYDRO-NWT same as LEAFHYDRO-NWT 
Model source 
code 

Jarvis-type (with photosynthesis) 

BIOME-BGC Daily J76 gs = gsmax*f1(Tv)*f3(Rp)*f4(ψ)*f5(D) 

gsmax = 6 mm s-1 
f1(Tv) = (Tv - 281)/(273 - 281)  
f3(Rp) = Rp/(75 + Rp)  
f4(ψ) = (ψ - 2.2)/(0.34 - 2.2)  
f5(D) = (D - 3600)/(1100 - 3600) 

Golinkoff 
(unpublished) 

assume constant ci/ca under non-water stressed conditions (with photosynthesis) 

LPJ-1m Daily 
M95, 
HP96 

gs = gsmin + 8*A (non-water stressed) 
gs = -gm*ln(1 - Esupply/(Epot) (water stressed) 

gsmin = 0.5 mm s-1 
gm = 5 mm s-1 

Sitch et al. 
(2003) 

LPJ-8m Daily 
M95, 
HP96 

same as LPJ-1m same as LPJ-1m 
Sitch et al. 
(2003) 

Leuning-type 

ED2 Hourly L95 gs = gsmin + m*A/((cs - Γ)(1 + D/D0) gsmin = ??; m = 8 
Medvigy et al. 
(2009) 

IBIS Hourly L95 gs = gsmin + m*A/((cs - Γ)(1 + D/D0) gsmin = 0.01 mm s-1; m = 8; D0 = ?? 
Foley et al. 
(1996) 
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CN-CLASS Hourly ?? gs = gsmin + m*A/((cs - Γ)(1 + D/D0) gsmin = ?? mm s-1; m = 6; D0 = ?? 

JULES Hourly 
L95; 
J94 

gs = gsmin + m*A/((cs - Γ)(1 + D/D0) gsmin = 0; m = 12.8; D0 = 0.013 
Best et al. 
(2011) 

Ball-Woodrow-Berry-Collatz-type 
SiB2-15m Hourly BWBC gs = gsmin + m*An/cs*h ?? 

SiB2-2m Hourly BWBC gs = gsmin + m*An/cs*h gsmin = 0.01 mm s-1; m = 9 
Sellers et al. 
(1996) 

SiB3 Hourly BWBC gs = gsmin + m*An/cs*h gsmin = 0.01 mm s-1; m = 9 
Sellers et al. 
(1996) 

SiBCASA Hourly BWBC gs = gsmin *L + m*An/cs*h gsmin = ??; m = 9 
Schaefer et al. 
(2008) 

SSiB2 Hourly BWBC gs = gsmin + m*An/cs*h gsmin = 0.01 mm s-1; m = 9 
Zhan et al. 
(2003) 

CLM3.0 Hourly BWBC gs = gsmin + m*A/cs*h gsmin = 0.05 mm s-1; m = 9 
Oleson et al. 
(2004) 

CLM3.5 Hourly BWBC gs = gsmin + m*A/cs*h gsmin = 0.05 mm s-1; m = 9 
Oleson et al. 
(2004) 

CLM4-CN Hourly BWBC gs = gsmin + m*A/cs*h gsmin = 0.05 mm s-1; m = 9 
Oleson et al. 
(2010) 

ISAM Hourly BWBC gs = gsmin + m*A/cs*h gsmin = 0.05 mm s-1; m = 9 
Oleson et al. 
(2004) 

NOAH-MP Hourly BWBC gs = gsmin + m*A/cs*h ?? Niu et al. (2011) 

ORCHIDEE Hourly BWBC gs = gsmin + m*A/cs*h gsmin = 0.01 mm s-1; m = 9 
Krinner et al. 
(2005) 

M95: Monteith (1995) 
HP96: Haxeltine & Prentice (1996) 
J76: Jarvis (1976) 
BWBC: Ball et al. (1987); Collatz et al. (1991) 
L95: Leuning (1995) 
J94: Jacobs (1994)
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(a) (b)

(c)

Figure 1. Distribution of modeled mean site‐specific E, grouped by a) equatorial forests 

(K34, K67, K83), b) transitional forests (RJA and BAN) and c) cerrado (PDG).  
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APPENDIX B:  THE ROLE OF BELOWGROUND MECHANISMS ON SEASONAL 

WATER DEFICITS AND PROLONGED DROUGHTS IN AMAZONIA 

Paper was prepared to submit to Global Change Biology 
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Abstract 

The mechanisms by which plants access soil moisture reserves and maintain evergreen 

canopies across the seasonally dry Amazon is poorly understood.  We parameterized six 

state-of-the-art terrestrial ecosystem models to explore how different belowground 

biological mechanisms regulate both routine seasonal dynamics of transpiration during 

regular dry seasons, and the response to extreme drought. We then assessed the fidelity of 

models to observations for ecosystem-level water flux and of related soil moisture 

dynamics.  We found that the majority of models captured well the observed dry season 

increases in transpiration (T) at all three sites, demonstrating little to no water stress, but 

diverged markedly in terms of their soil moisture dynamics and response to more extreme 

drought.  In particular, we found that (1) resiliency to seasonal water stress conferred by a 

simple implementation of deep roots generates soil moisture dynamics inconsistent with 

observations; (2) all models underestimate dynamic aspects of root function, such as the 

observed increase in the effective depth of water extraction during dry seasons; and most 

importantly, (3) the sole root uptake model (SPA) which accounted for gradients in both 

soil water potential as well as the ability of soil to transport water into roots (i.e., 

hydraulic conductivity) was able to capture the observed response to drought.  In the 

other models, the very mechanisms that conferred resilience to seasonal water stress also 

caused them to be insensitive to extreme drought.  Collectively, these results provide 

strong evidence that the capacity for the rhizosphere to transport water into root systems 

(aside from the amount or energy potential of soil water alone) should no longer be 
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neglected when modeling root uptake, and hence the response of forests to water stress in 

ecosystem models, especially when applied to the Amazon. 
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Introduction 

  

Despite roughly a decade of terrestrial ecosystem model development since the 

first prediction of Amazon forest dieback under climate change was made (Cox et al., 

2000), ongoing assessment of model predictions have  demonstrated that dieback of 

Amazonian forests remains a risk (Sitch et al., 2008), via various mechanisms (Galbraith 

et al., 2010) and in spite of perturbed ecosystem parameters (Poulter et al., 2010).  

Further, coupled carbon cycle-climate simulations have quantified uncertainty of the 

global land carbon sink between model prediction extremes at ~16 Gt C/yr by 2100 

(Friedlingstein et al., 2006), with large contributions coming from uncertainty as to the 

fate of the Amazon forest (Cox et al., 2004).  On the other hand, models have typically 

performed poorly when evaluated in the Amazon (Saleska et al., 2003).  Distinguishing 

whether such perceived risk is real or indicative of model process error, therefore, 

remains a central question for global change research. 

 

In particular, root functioning in ecosystem models has typically relied on 

relatively simple formulations for water uptake, and early work suggested that rooting 

depths characteristic of most global models (2 – 3.5 m) were insufficient for reproducing 

the observed seasonality of photosynthesis (Kleidon &  Heimann, 1998) and/or 

evapotranspiration (Shuttleworth, 1991) in regions of the Amazon experiencing regular 

dry seasons.  The pioneering work of Nepstad and colleagues (Nepstad et al., 1994) 

documented deep roots (to 18 m) in the Amazon and hypothesized their presence in the 
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maintainance of evergreen canopies across roughly 1/3 of the Amazon.  Since this work, 

the deep rooting hypothesis has been invoked as a possible explanation for many aspects 

of forest function observed during dry periods, including sustained dry season rates of 

photosynthesis (Hutyra et al., 2007, Saleska et al., 2003), dry season ‘greening’ of the 

canopy (Huete et al., 2006) and associated leaf flush (Brando et al., 2010, Restrepo-

Coupe et al., 2012), low rates of tree mortality as an initial forest response to drought 

(Nepstad et al., 2007), and deep water uptake during both the dry season (Bruno et al., 

2006), and under drought (Davidson et al., 2011, Romero-Saltos et al., 2005).  It is no 

surprise, therefore, that root function has been a focal area for recent model development 

in models applied to the Amazon or globally (Baker et al., 2008, Lee et al., 2005, 

Verbeeck et al., 2011), with an emphasis on aspects of root function conferring resilience 

to seasonal water stress (e.g., deep roots, transmission of soil water stress from roots to 

the canopy, hydraulic redistribution). 

  

However, multiple studies have documented the susceptibility of tropical forests 

to drought across a range of time scales, from near-instantaneous reductions in tree 

growth (Clark et al., 2010, Nepstad et al., 2002) to elevated mortality rates 2-5 years 

following either experimentally prolonged or punctuated drought (da Costa et al., 2010, 

Nepstad et al., 2007, Phillips et al., 2009, Phillips et al., 2010), to differential survival 

and resultant compositional change due to negative precipitation trends occurring on the 

order of decades (Enquist &  Enquist, 2011, Fauset et al., 2012).  Furthermore, in one of 

the first studies to document and highlight the large importance of deep root uptake in 
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tropical forests, (Jipp et al., 1998) noted that even while deep roots conferred resilience to 

regularly occurring dry seasons, during El Niño years, moderate reductions in 

evapotranspiration (ET) relative to non-drought years were observed.  Collectively, these 

results suggest that while deep root function may play a role in buffering forests against 

dry seasons, its ability to support forests in the face of more extreme climate anomalies is 

limited. 

 

This raises the question as to whether models, as currently being developed, have 

gone from being oversensitive to undersensitive to climate variability.  Christoffersen et 

al. (in prep) found that many ecosystem models tended to rely on a single belowground 

ecohydrological mechanism in order to match the observed seasonal dynamics of ET 

across a range of sites, while the dominant ecohydrological process they inferred to 

confer seasonal vegetation resilience varied across sites.  Indeed, these results suggest 

that models may be undersensitive to more extreme climate anomalies.  However, a lack 

of standardization of the physical aspects of the models impeded their study from making 

strong inferences regarding the validity of specific mechanisms of root function.  Yet an 

additional challenge is that complete observations of forest response to climate extremes 

(i.e., a full suite of meteorological drivers and the relevant below- and above-ground 

ecosystem responses) are limited in comparison to an already limited set of observations 

of forest function under “normal” conditions, impeding an assessment of the fidelity of 

model performance under climatic extremes.  A promising approach recently undertaken 

by the modeling community is to reproduce the setup of experimental drought 
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manipulations conducted in the Amazon as close as possible and evaluate the modeled 

response with the measured response (Sakaguchi et al., 2011). 

 

In this paper, we address these challenges by standardizing soil hydrology in a 

suite of state-of-the-art ecosystem models to explore how different hypotheses of root 

function impacted modeled vegetation response under two types of water stress: that 

which occurs during regular dry seasons, and that which resulted from an experimentally-

induced reduction of precipitation as in (Sakaguchi et al., 2011).  Through model 

intercomparison, we infer which aspects of root function are important for capturing the 

observed patterns of ecosystem-level water flux.  Additionally, because soil moisture is a 

strong diagnostic of the performance of roots in models that have been standardized for 

soil hydrology, where possible we also aim to reject certain hypotheses of root function 

not corroborated by observed soil moisture patterns.  

  



98 
 
 

Materials and Methods 

 

 All variables and constants, their definitions, units, and values (in the case of 

constants) are listed in Table 1. 

 

Model selection 

 

 Our chosen model set (Table 2) consisted of six ecosystem models spanning a 

range of complexity in different aspects of ecosystem function.  With one exception, all 

models use the sun/shade ‘big-leaf’ approximation, using distinct sun and shade leaf light 

microenvironments and their respective leaf area indices (LAIs) to scale leaf-level CO2 

and water vapor exchange to the canopy. The six models included one big-leaf model 

parameterized with a single plant functional type (PFT) for the Amazon, SiB3 (Baker et 

al., 2008), three big-leaf dynamic global vegetation models (DGVMs), CLM3.5-DGVM 

(Bonan et al., 2003, Oleson et al., 2008), IBIS (Foley et al., 1996, Li et al., 2005), and 

JULES (Best et al., 2011, Clark et al., 2011) in which a tropical broadleaf evergreen PFT 

was dominant at all sites simulated, one DGVM which eschews the big leaf 

approximation for tracking of an ensemble average of tree cohorts growing within 

patches of different disturbance histories (and hence light environments), ED2 (Medvigy 

et al., 2009), and a ‘big-leaf’ hydrodynamic model, SPA (Williams, 2005, Williams et 

al., 1996), the only model to simulate leaf water potential (LWP).  A detailed description 
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of the root functioning aspects of these models is described in the model functional 

analysis in the Results section. 

 

Spinup and simulation protocol 

 

A starting point for our model intercomparison was the Large Scale Biosphere-

Atmosphere Experiment in Amazonia Data-Model Intercomparison Project (LBA-DMIP) 

(de Gonçalves et al., in review).  The most important aspect of our protocol (for detailed 

descriptions, see Levine et al., in prep supplementary information and Powell et al. in 

prep supplementary information) which distinguishes our model intercomparison from 

that of other comparable MIP activities was our standardization of soil physics across 

models (the soil water characteristic, pedotransfer functions, and bottom boundary 

condition) and use of site-specific soil depths (but not rooting depths) to be used in all 

simulations.  In MIPs of the past, such as the Project for Intercomparison of Land 

Parameterization Schemes (PILPS), (Mahfouf et al., 1996) found that the choice of soil 

depth overwhelmingly dominated the cause of spread in transpiration among models, a 

finding recently corroborated by results of the LBA-DMIP (Christoffersen et al., in prep).  

By standardizing soil physics, we thus increased the utility of our model intercomparison 

for understanding the effects of different treatments of biology in the models (in this case, 

root function) on the simulated dynamics. 

 

Soil hydrology standardization 
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To simulate water movement down gradients of total water potential, all 

participating models solved the Richards equation based on the Buckingham-Darcy Law.  

Suitable functions, therefore, which describe the nonlinear relationship between soil 

water content and soil matric potential as well as hydraulic conductivity, are required.  

We chose the equations of (Clapp &  Hornberger, 1978) for these two relationships 

which are, respectively, 

          (1) 

         (2) 

where θ is volumetric soil water content (m3 m-3) and θs is its value at saturation, ψ is soil 

water matric potential (Pa or mm, depending on model) and ψs is its value at saturation, 

and k is hydraulic conductivity (length time-1) and ks is its value at saturation. The 

exponent b describes the shape of the soil water characteristic.  We further selected the 

pedotransfer functions of (Cosby et al., 1984) to estimate parameters θs, ψs, ks, and b.  

These parameterizations were chosen in part because they are readily applicable to global 

models, the improvement of which was a goal of our study.  Free drainage (i.e., assuming 

that soil matric potential is constant below the modeled domain and equal to the value at 

the bottom boundary) was set as the bottom boundary condition for all models.  CLM3.5-

DGVM was modified to remove its more complex fluxes into and out of the soil domain 

associated with an unconfined aquifer (G.-Y. Niu, personal communication).  Field 

capacity was defined as the soil moisture where hydraulic conductivity k = 0.1 mm day-1 
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and wilt point, the matric potential at which plants can no longer extract water was 

defined as ψwilt = -1.5 MPa.  The air dry point, where soil evaporation ceases further 

drying was defined as ψad = -3.1 MPa).  As a ‘sanity check’ for our soil physics 

standardization, we conducted a set of bare (or near bare) ground simulations (i.e., no 

root uptake) and evaluated the simulated depth-time evolution of soil moisture dynamics 

across the models (see Supplementary Information). 

 

Rather than rely on each model’s own procedure for down-scaling meteorological 

drivers, each model was driven by a common set of meteorological drivers derived from 

site-specific towers, and included precipitation, pressure, incoming short and long wave 

radiation, wind speed, specific atmospheric humidity, air temperature.  Shortwave 

radiation was split into 68% direct and 32% diffuse, and then into visible and near 

infrared components, which for direct radiation were 43% and 57%, respectively, and for 

diffuse radiation were 52% and 48%, respectively (Goudriaan, 1977).  All models 

followed a spinup procedure with a predefined set of initial conditions, since most models 

will reach different equilibria, an important aspect of model-model differences (Shao &  

Henderson-Sellers, 1996).  The spinup procedure consisted of 2 parts.  The first was to 

spin up from bare ground, using recycled site meteorological forcing data and a 

preindustrial CO2 value of 278 ppm, aboveground biomass, slow soil carbon pools, and 

soil moisture until differences from once cycle to the next were less than 0.5 % in the 

composited seasonal mean.  The next step was a transient spinup in which CO2 was 

ramped from 1715 to present day concentrations using an exponential fit through the ice 
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core data (1765, 1840-1858) and concatenating with the IPCC concentrations (1859-

2030).  This allowed us to simulate the effects of rising CO2 on both changes in stomatal 

conductance and possible resultant changes in vegetation composition and structure 

(Levine et al., in prep). 

 

Site selection and descriptions 

 

 Three equatorial Amazonian sites were selected for the present analysis and are 

summarized in Table 3: a central Amazonian site within the Cuieiras reserve (K34) north 

of Manaus, Amazonas, Brazil (2.609°S, 60.209°W, ~ 90 m a.s.l.), an east-central 

Amazonian site based at the site of a throughfall exclusion (TFE) experiment within the 

Tapajós National Forest (TNF), Pará, Brazil (2.897°S, 54.952°W, ~ 200 m a.s.l.), and yet 

further to the east a site within the Caxiuanã National Forest (CAX), Pará, Brazil 

(1.718°S, 51.460°W, ~ 15 m a.s.l.), also the site of a TFE experiment.  The reader is 

referred to the relevant references in Table 3 for a more comprehensive description of the 

sites.  Features shared by all three sites are similar phases in the seasonality of rainfall, 

highly weathered, relatively nutrient-poor soils, and predominantly evergreen vegetation 

that is relatively less productive in comparison to the more nutrient-rich forests of the 

western Amazon (Malhi et al., 2004), although the TNF site is slightly more productive 

and dynamic in comparison to the other two sites (Malhi et al., 2009).  Additionally, all 

three sites are situated in a region of Amazonia which is similarly affected by Pacific sea 

surface temperature anomalies, with extreme drought occurring during strong El Niño 
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periods, none of which, however, occurred during the period of this study.  The TNF site 

is also situated in a drier corridor with lower mean annual precipitation (MAP) and longer 

dry season (~ 2000 mm/yr MAP and 5-6 months dry season) compared to the wetter K34 

(~ 2300 mm/yr MAP and 1-2 months dry season) and CAX (~ 2200 mm/yr MAP and 3-4 

months dry season) sites. 

 

The three sites differed in their soils, topography, and situation in relation to 

drainage basins.  The K34 site, while predominated by clay-rich ferralsols (FAO 

taxonomy) or oxisols (USDA taxonomy) situated on plateau areas, is extensively 

dissected with meandering surface drainage courses, where sandy podzols 

(FAO)/spodosols (USDA) predominate (~ 60 m elevation difference) (Araújo et al., 

2002, Malhi et al., 2009).   In this study, this topographical heterogeneity was not 

explicitly accounted for, and the simulations used the plateau soil texture values (Table 

3).  The TNF site is situated on a high remnant plateau dominated by clay-rich ferralsol 

(FAO)/oxisol (USDA) with a deep water table (> 80 m), and no surface drainage courses.  

The CAX site is much sandier in comparison, and also closer in proximity to the water 

table, noted to reach within 10 m of the soil surface during the wet season, and also with 

a 0.3-0.4 m stony/laterite layer at 3-4 m depth (Fisher et al., 2007). 

 

 Complete descriptions of the TFE experiments for TNF and CAX can be found in 

(Nepstad et al., 2002) and (Fisher et al., 2007), respectively.  The main purpose of the 

TFEs was to evaluate forest ecosystem response to prolonged drought: Plastic covered 
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panels ~ 2 m above the forest floor were used to divert roughly 50% of all incoming 

throughfall off of one 1 ha plot for 6 months out of the year (Jan – Jun) at the TNF and 

year-round at CAX.  The TFE plots were paired with control plots and were established 

at TNF and CAX in 1999 and 2000, respectively, with throughfall exclusion commencing 

at the beginning of the wet season in the following year. 

 

Validation data 

 

 Two variables comprised our validation dataset: eddy covariance or sap flux 

measures of stand-level evapotranspiration (ET) or transpiration (T) and measurements of 

soil volumetric water content (θ), which are summarized in Table 3.  The eddy 

covariance measurements were taken from version 1.1b of the BrasilFlux database 

(Restrepo-Coupe et al., in review).  We used the flux ET estimates to make an estimate of 

the seasonality of T at K34 and TNF.d00 (the latter using data from a nearby eddy 

covariance tower, K67; see Table 3) by assuming negligible soil evaporation and 

removing periods when the canopy surfaces were inferred to be wet using the CLM3.5 

model (Christoffersen et al., in preparation).  These estimates should not be considered as 

monthly cumulative totals, however, since the method creates a high bias due to 

oversampling sunlit conditions.  Sap flux estimates were available only for the CAX site, 

and are described in (Fisher et al., 2007).  Soil moisture measurements were specific to 

each site.  At K34, we used soil neutron probe data collected at weekly over the period 

2001-2005 (Tomasella et al., 2008).  At TNF, we used manually collected time domain 
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reflectometry measurements from two replicate sensors at each depth in n = 5 soil pits in 

each control and treatment plot (n = 4 for initial 2 years), collected monthly from 2000 – 

2005 (Brando et al., 2008, Nepstad et al., 2002).  At CAX, we used manually collected 

time domain reflectometry measurements from replicate sensors at each depth in n = 3 

soil pits in each control and treatment plot, collected monthly from 2001 – 2003 (Fisher 

et al., 2007).  
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Results 

 

Evaluation of chosen pedotransfer functions and soil hydrology standardization 

 

 A full discussion of the chosen pedotransfer functions evaluated at the three 

different sites is provided in the Supplementary Information.  The main deficiency of the 

chosen functions is that they poorly characterize the shallow (0 – 1 m) soil water 

characteristic, particularly in the K34 and TNF clayey oxisols, where large macropores 

cause the soil to behave like a coarse-textured soil when wet, with rapid infiltration, and 

more like a clay beyond field capacity, with less extreme reductions in conductivity.  No 

data exist to independently evaluate the hydraulic conductivity at values less than -10 

kPa.  Nevertheless, the functions accurately characterized important aspects of 

differences between the sandy CAX site and more clayey TNF and K34 sites at depth, 

both in terms of less steep reductions in matric potential with changing water content at 

CAX (Figure S1a), and a conductivity at wilting point that was more than an order of 

magnitude less than TNF and K34 (Figure S1b).  A full discussion of the results of the 

bare ground simulations is also provided in the Supplementary Information.  We 

concluded from the results of these simulations that our soil physics standardization 

procedure across models was effective (Figure S2), such that observed differences in soil 

moisture dynamics in the models were dominated by different treatments of biological 

function as expressed in root uptake. 
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Seasonality of T under normal and drought conditions 

 

 Figure 1 shows the seasonality of modeled and observed (where available) 

transpiration (T) at the five sites.  Models well-predict the observed seasonality of T 

under present-day conditions, as inferred from eddy flux observations (K34 and 

TNF.d00) and stand-scaled sap flux measurements (CAX.d00).  Despite the existence of 

anywhere from 1-6 months of water deficit, water flux through plants increases with the 

onset of the dry season in accord with increasing net radiation, implying that little to no 

water stress exists (i.e., the supply of water from soil to roots is sufficient to satisfy 

atmospheric demand).  The TNF.d00 eddy covariance-derived estimates of T were 

hampered by a small sample size in each month.  Interestingly, however, models diverge 

from each other during the dry season in their response to drought.  In particular, this 

divergence is most pronounced at TNF.d50 where the dry season is the strongest (5-6 

cumulative months of water deficit every year).  While stand-scaled sap flux estimates for 

TNF were unavailable at the time of writing of this paper, we expect a dry season decline 

at TNF.d50, based on observed pronounced declines in diurnal courses of individual sap 

flux measurements at TNF.d50 for some species (G. Cardinot, unpublished data).  Most 

models underestimated the observed or expected reduction in dry season T under 

drought, while the SPA model was the only model to capture the observed reduction in T 

during the dry season at CAX.d50.  All models underestimate the wet season decline in 

transpiration at CAX.d50 as well.  As Christoffersen et al. (in preparation) hypothesized, 

this subset of ecosystem models indeed demonstrates a reduced sensitivity to drought. 
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Could the divergence in and insensitivity of model response to drought be due to 

different factors hypothesized to dominate root function with respect to water uptake in 

these same models?  While the response of models to regularly occurring, seasonally dry 

periods represents a first-order test of how ecohydrological factors mediate interactions 

between ecosystems and climate (which these models capture well), it still leaves 

considerable room for model equifinality, or the ability to achieve the “right answer 

(seasonality of T) for the wrong reasons” (Baker et al., 2008).  The relative agreement of 

models under present-day seasonal climates while diverging under drought scenarios 

implicates precisely this phenomenon.  While a comprehensive determination of above- 

and below-ground apects of model equifinality is beyond the scope of this paper, we aim 

at least to underderstand the belowground root functioning bases for this equifinality. 

 

Model analysis: Hypotheses of root function 

 

 Figure 2 shows the effective fine root distribution of the models at 3 sites.  IBIS 

and JULES have a higher root fraction in deep layers, while SiB3 and SPA have higher 

fractions in the shallow layers.  JULES and IBIS employ simple hypotheses of deep root 

function by relaxing the constraints on their distributions provided by either in-situ fine 

root data (used to parameterize fine root distribution in SPA), or a biome-level mean 

distribution (used to parameterize root distribution in SiB3 and CLM3.5; see (Canadell et 

al., 1996, Jackson et al., 1996)).  The gradual slope of the distribution in JULES and IBIS 
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models more closely approximates a bucket-type model, and as such, these models tacitly 

acknowledge that root uptake per unit fine root length or biomass overly constrains water 

uptake.  ED2 is unique to the models in this study, as its root distribution is prognostic, 

emerging from the simulated size structure of the community.  The root distribution 

plotted thus represents the community-level mean distribution determined by individual 

fine root biomass and rooting depth, and the number of individuals in each size class. 

 

 Table 4 illustrates the different hypotheses of root uptake in the models, with eye 

towards 2 questions: What factors influence root uptake at an arbitrary depth zi, and what 

factors influence how reductions in soil moisture over an arbitrary depth interval dzi 

impact plant stress and thus, total transpiration?  For CLM3.5, IBIS, JULES, and SiB3, 

water uptake at depth is controlled by a simple function of the availability of water and 

the presence of roots to take up that water.  Similarly for these models (except SiB3), 

total water stress is stronger in regions of the soil profile with more roots to experience 

that stress.  SiB3 relaxes this assumption, parameterizing total water stress not by the 

relative abundance of roots affected, but simply by the fraction of the rooting domain 

affected (in this case, the same as the soil depth, 8m, at all sites).  Since a fine root 

distribution is not defined at the level of individual trees in ED2, water uptake at the level 

of the individual in ED2 is rather simple, and is simply a function of the amount of 

available water at a given depth, while proportional to an individual’s total fine root 

biomass.  ED2 employs the hypothesis that rooting depth is symmetrical to tree height, 

with larger (shorter) trees having deeper (shallower) roots.  Thus, due to the distribution 
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of rooting depths at the level of the community and root biomass allometry, water uptake 

at a given depth is additionally proportional to the number of individuals with roots at 

depth, and their associated fine root biomasses. As a hydrodynamic model, for SPA local 

root uptake is a function not only of soil water potential (inversely proportional to soil 

water content) and local root biomass, but the conductivity of surrounding soil as well 

(Williams et al., 2001). 

 

In addition, ED2 and SPA allow for changes in allocation to root biomass 

feedback to the water uptake capacity of roots (water uptake is parameterized as a 

function of the absolute value, not relative fraction, of roots present), while CLM3.5, 

IBIS, JULES, and SiB3 do not.   SiB3 and ED2 are similar in terms of how local soil 

water stress is transmitted to the whole plant and ultimately, stomata.  SPA is the only 

model in this analysis which allows the ability of soils to conduct water to influence 

water uptake, in contrast to soil water availability / matric potential alone (all other 

models).  Because both soil matric potential and hydraulic conductivity exponentially 

decrease with declines in soil moisture, this feature of SPA suggests why it may be more 

sensitive to drought than other models.  In addition, SPA predicts an opposite effect of 

root distribution on stress compared to CLM3.5, IBIS, and JULES, such that in regions 

affected by stress, increased fine root biomass tends to minimize the effects on total plant 

stress. 
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 In order to contrast models specifically in terms of their response to reductions in 

soil moisture once differences in root distribution or rooting depth are eliminated, we 

analyze the functions presented in Table 4.  Specifically, we consider how reductions in 

surface soil moisture (0 – 0.5 m) feedback to local (0 – 0.5 m) and deep root uptake for 

one site, CAX.  Deep soil is defined here as 0.5 – 8.0 m in all models except ED2, where 

deep soil was limited to the chosen root domain below 0.5 m, in this case, 0.5 – 0.8 m.  

We achieved a common partitioning to shallow and deep root uptake at field capacity by 

setting root distributions, root depth, and/or leaf water potential to an appropriate value 

(CLM3.5, IBIS, JULES, SiB3 and SPA root fraction all set to 0.63 over 0 – 0.5 m; ED2 

root depth = 0.8 m; SPA leaf water potential = const = -1.4 MPa). 

 

 Figure 3a shows the large degree to which models diverge in terms of the 

sensitivity of surface root uptake and responses of deep root uptake to surface reductions 

in soil moisture.  JULES is the most sensitive, while CLM3.5 is the least sensitive, but 

JULES employed deep roots and largely overcame its soil moisture sensitivity.  SPA is 

the only model to demonstrate a sigmoidal-type shape in its reduction of shallow soil 

water uptake, whereas elimination of root uptake dependency on changes in rhizosphere 

conductance removed this feature (see SPA1 vs SPA2 in Figure 3b).  Further, 

incorporation of rhizosphere conductance, while it increased SPA’s sensitivity to drought, 

moderately increased its capability to take up water from deeper layers when surface 

moisture becomes limiting (deep root uptake in Figure 3b).  
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Model results: How hypotheses of root function impact root uptake 

 

 Depth of root uptake (Figure 4a) indeed well-corresponds with the prescribed (or 

simulated) root distributions used in the models (Figure 2).  Because of the difficulty of 

estimating root uptake during periods of active rainfall, annual mean estimates of the 

depth of root uptake do not exist.  However, Nepstad et al., (1994) estimated that during 

the 1992 dry season in an east central Amazonian forest, > 60% of total water uptake 

occurred below 2 m.  Bruno et al. (2006) estimated that upwards of 72% of total uptake 

can occur below 2 m, but in contrast, noted that this contribution at depth is much less 

during the wet season (44%).inferred during the dry season when such estimates are more 

tractable.  Based on these results alone, we might conclude that IBIS and JULES most 

accurately represent the deep root uptake behavior of seasonally dry tropical forests.  

Indeed, these models' root distribution parameters were optimized in order to allow for 

such deep root uptake documented in the Amazon. 

 

However, dynamic aspects of root function, such as the compensation of 

reductions in shallow water uptake by deeper roots, were not related to model root 

distributions. Instead, they corresponded to model hypotheses about how local soil water 

stress is distributed across the entire root network.  Specifically, the SiB3 model and the 

hydrodynamic model SPA demonstrated the greatest capacity for simulating the 

downward propagation of root uptake during the dry season (Figure 4b and Figure S3a).  

The single estimate of this phenomenon in the Amazon (Bruno et al., 2006) estimated a ~ 
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3 meter drop in the depth of uptake during a particularly intense dry season in the east 

central Amazon (Figure 4b).  This stands in contrast to the manner in which deep root 

upake is prescribed deep year-round in the IBIS and JULES models. 

 

Figure 5 shows the seasonality of total transpiration by size class in the two 

models (ED2 and SPA) which partition transpiration fluxes across a vertically structured 

canopy.  In both models, taller trees / canopy layers encounter greater sun exposure and 

thus higher evaporative demand.  However, ED2 hypothesizes that larger trees possess 

deeper roots and thus have more plant available water, while in SPA all canopy layers 

possess the same rooting depth (and root distribution).  In other words, in SPA no water 

supply advantage is conferred by height.  In addition, SPA has the added constraint of a 

minimum leaf water potential (LWP) which includes pressure and gravimetric 

components, the latter which increases with height.  We found that constraints on water 

transport as well as the contrasting hypotheses of how aboveground size structure is 

paralleled belowground to be reflected in the seasonality of transpiration.  ED2 shows 

that smaller trees experience relatively more stress compared to tall trees, whereas in 

SPA, the trend was the opposite (Fig 5a vs 5b). 

 

Model validation: Which hypotheses of root function can be rejected, and which are most 

corroborated by soil moisture profiles? 
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 Soil moisture reflects the balance between infiltration, drainage, and root water 

uptake.  We chose to focus on the vertical distribution of soil moisture during the dry 

season for each of the 5 distinct site-plots, since replenishment of water depleted by root 

uptake due to rainfall infiltration is minimized.  Figure 6 displays the dry season mean 

vertical profiles of soil moisture for the 6 models and observations, +/- 1 standard 

deviation.  The dry season was defined as all measurements collected during the driest 

month of each year, while model estimates were derived from either monthly (TNF.d00, 

TNF.d50, CAX.d00, and CAX.d50) or daily (K34) means selected from the same periods 

of chosen data. 

 

 The modeled profiles indicate substantial divergence among models, and the 

difference among models appears to be driven primarily by the annual mean depth of root 

uptake, which becomes increasingly dominated by that which occurs during the wet 

season from the Tapajós (~6 months of wet season) to Caxiuanã (7 months of wet 

season), to K34 (11 months of wet season).  Most notable is the grouping of IBIS and 

JULES models together which demonstrate vertical profiles of soil moisture which are 

the opposite (decreasing soil moisture with depth) that predicted by other models, and 

most notably, that which is given in the data.  These are the 2 models which employ a 

simple formulation of deep root uptake by prescribing the largest proportion of roots at 

depth compared to other models.  These profiles are clearly in discord with the 

observations, irrespective of the site or treatment effect modeled. 
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 Distinguishing among other modeled profiles, and by extension, discriminating 

among their hypotheses of root function, is more nuanced.  In general, CLM3.5, SiB3, 

and SPA grouped together in terms of their vertical profiles, likely due to similar mean 

depths of root uptake in these models (Figure 4a).  ED2’s vertical profile was more 

intermediate to the two surface soil moisture end members (JULES, IBIS – wet; CLM3.5, 

SiB3, SPA – dry).  At Caxiuanã, ED2 best captures both the magnitude and gradient of 

the vertical profile, while at TNF.d00, its surface soil moisture is too moist.  A salient 

feature of ED2 is the existence of two distinct dry portions within its vertical profile, one 

at the surface (0 – 20cm), and a second at depth (1 – 3 m).  This seems likely to be the 

imprint of a short and intermediate height size classes, respectively.  K34 was the only 

site to resolve with sufficient density of soil moisture sampling the upper 1 m of soil to 

assess this pattern, but it indeed demonstrates this two dry-zone feature shown by ED2.  

We cannot be sure that this pattern is not due to a residual propagating zone of soil 

moisture due to a rainfall event, but the persistence of this pattern within the range of 

error suggests it is a more salient feature, likely the result of unrealistically high rates of 

surface soil evaporation (figure not shown). 

 

 In Figure 7, we examine the treatment effect in both models and observations of 

drought at TNF and CAX.  At TNF, the data indicate, surprisingly, a treatment effect 

only in the near surface (0-2 m) and at depth (> 5 m).  (Davidson et al., 2011), using 

electrical resistivity methods to examine patterns of soil moisture to 20 m depth in 

droughted vs control plots in the Tapajós, showed that experimental drought resulted in 
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significantly drier soil in not only the surface (0-4 m) soil initially, but deep (6 - 20 m) 

soil 2-3 years into the experiment.  They concluded that deep root uptake was responsible 

for depleted deep soil moisture.  Our study presents a possible additional explanation: 

Surprisingly, models with little to no root uptake beyond 4 m (CLM3.5, ED2, SiB3, SPA) 

simulated similar reductions in deep soil moisture under drought to models which relied 

on deep roots (IBIS, JULES) to extract a large proportion of total transpiration at depth 

(Figure 7a).  This suggests that slow yet steady rates of deep drainage which are not 

recharged from above may play a significant role in deep soil moisture depletion.  

However, this conclusion is predicated on the fact that simulated rates of deep drainage 

are accurate; if anything, the models in the study may overestimate deep drainage which 

tends to diminish the role of this mechanism in causing deep soil moisture depletion.  

Estimating rates of deep unsaturated drainage are notoriously difficult, if not impossible, 

in the field, hence it is difficult to assess the relative role of these two mechanisms.  The 

real answer is likely a combination of both mechanisms, suggesting that the purported 

role of deep roots in maintaining uptake under prolonged drought is limited (Markewitz 

et al., 2010). 

 

 At CAX, insufficient data at depth were able to assess if a similar type of 

treatment effect vertical profile as that observed at TNF exists.  The dry soil in the upper 

3m indeed agrees with that at TNF.  In contrast, the models all demonstrate more moist 

surface soil.  This is likely an artifact of the different periods represented by the data 

(represent ~ 2 instantaneous collection points within the driest month of every year) and 
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the models (based on monthly mean output data, which take the entire simulation period 

of every month).  Since the data collection at this site was done manually, it was likely 

biased to be on days with no rainfall, whereas the monthly mean estimate for the models 

does not reflect this sampling bias.  Still, however, the models demonstrate similar 

behavior at depth as seen at TNF, showing deep soil moisture depletion, irrespective of 

being a model which extracts most water from the upper 1 m of soil (SiB3; Figure 4a), or 

a model which extracts most water from the upper 4 m of soil (JULES; Figure 4a).
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Discussion (includes Conclusions) 

 

Which belowground mechanisms are important for resilience to seasonal water stress? 

 

Because simple implementations of deep roots (as in JULES and IBIS) generate 

soil moisture dynamics inconsistent with observations, we reject the hypothesis that year-

round deep root uptake confers resilience to seasonal water stress.  Aside from these 

prescribed fine root distributions being at odd with observations of marked exponential 

decline in fine root abundance with depth in the Amazon (Nepstad et al., 1994; Fisher et 

al., 2007; P. Brando, B. Christoffersen, D. Galbraith, unpublished data), such a 

formulation will also be inconsistent with models of root nutrient uptake when the 

hydrological and nutrient functions of roots become integrated in ecosystem models, as is 

beginning to be the case (CLM-CNDV for example; Thornton et al., 2007).  In contrast, 

while we were unable to reject an alternative hypothesis for resilience to seasonal water 

stress, namely that root uptake is constrained by an exponential decay function of root 

abundance but operates at high rates near wilting point (CLM) and then rapidly 

decreases, CLM’s lack of sensitivity to drought calls into question this hypothesis.  The 

other models (ED2, SiB3, SPA) roughly fell somewhere in between this described 

tradeoff of root distribution and root sensitivity. 

 

This raises the question as to how it is possible for vertical patterns of root uptake 

to not always correspond simply one-to-one with root presence.  The exact mechanism by 
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which a relatively low density of fine roots at depth can take up disproportionately larger 

quantities of water per unit root surface absorbing area is not known.  Various hypotheses 

exist, such as a brief periods of root recruitment in localized patches at depth during the 

dry season which are difficult to capture with existing measurements (Nepstad et al., 

2007), changes in rhizosphere conductance with depth  (Newman, 1969), and vertical 

gradients in root morphology conferring higher root xylem conductivity at depth  

(Jackson et al., 2000, McElrone et al., 2004), to name a few.  Regardless of the 

mechanism(s), however, we stress that they must be simultaneously adaptive for plants at 

seasonal timescales as well as limited in their capability to buffer extreme droughts in 

light of the evidence given in this paper.  

 

Relatedly, we conclude that all models underestimate dynamic aspects of root 

function, such as the observed increase in the effective depth of water extraction during 

dry seasons (root compensation).  Even the sole hydrodynamic model in our 

intercomparison (SPA) still underestimated an observed shift in the depth of root uptake 

going into a dry season by ~ 2 meters.  However, in some circumstances (see Figure 

S3a), this model demonstrated the greatest capacity for root compensation.  This suggests 

a possible role (among others) for vertical gradients in rhizosphere hydraulic conductivity 

(not just water potential) (Newman, 1969), which can develop under dry conditions and 

are explicitly incorporated into SPA's hypothesized factors important for determining the 

vertical distribution of water uptake.  Specifically, SPA applies the principle that the soil 

layers from which water is most readily extracted (dependent on root presence and the 
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ability of the rhizosphere to conduct water) contribute most to the rooting zone 

aggregated soil water potential.  Thus, when reductions in soil matric potential are 

relatively localized (such as in surface layers during the dry season), the concomitant 

localized reduction in hydraulic conductivity can effectively "shield" these dry layers 

from being experienced by the entire root system (treated as an aggregate soil water 

potential in SPA -- for a realistic analog, consider the water potential of a root collar, for 

instance). While this phenomenon in SPA does not necessarily emerge from first 

principles (e.g., strict adherence to an electrical analog solution treating each soil layer as 

resistors in series), the principle as applied here seems plausible considering work 

documenting fine roots as the first point of hydraulic cavitation within plants, supporting 

the idea of "rheostatic-like" functioning of roots within the entire plant water transport 

network (Maurel et al., 2010). 

 

Which belowground mechanisms govern vulnerability to prolonged drought? 

 

We found that, in most cases, the very mechanisms which conferred resilience to 

seasonal water stress (simple prescription of deep roots at depth in JULES and IBIS, high 

rates of water extraction near wilting point in CLM3.5, complete decoupling of root 

abundance with soil water stress as transmitted to the whole plant in ED2 and SiB3) 

appeared to be culpable for the observed model insensitivity to drought.  Interestingly, 

the sole model (SPA) to explicitly incorporate into its formulation of root uptake not only 

the amount of water (or even its energy potential), but the ability of soil to conduct that 
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water into root xylem, was the model to most closely capture the observed declines in 

ecosystem-level water use under drought.  To be sure, aboveground aspects of these 

models may be responsible in part for these differences in model performance, and the 

SPA model was not without its deficiencies (sub-par performance in its seasonality of T 

under non-drought conditions).  Nevertheless, these aspects are strongly suggestive that 

rhizosphere conductance may act as an important mechanism which governs the critical 

point at which ecosystems become vulnerable to prolonged drought.  We conclude that, 

as a first-order mechanism of soil water movement (Sperry et al, 1998), this is a 

mechanism of basic soil physics which must be included in all global dynamic vegetation 

models if they are to properly capture the importance of drought on forests. 

 

Furthermore, the importance of rhizosphere conductance implies that soil textural 

and hydraulic properties may provide an important constraint on vegetation function 

across the Amazon.  Even within relatively small spatial scales, soil texture is known to 

vary significantly (Silver et al., 2000; Tomasella et al., 2008).  Accordingly, soil 

hydraulic properties (in addition to more commonly studied soil nutrient status) may play 

a role in the spatial distribution of plant functional traits (Fyllas et al., 2009, Quesada et 

al., 2012), the coordination of structural and physiological traits (Patiño et al., 2012), or 

in yet-to-be-discovered differences in the taxonomic signature of drought sensitivity 

between the two TFE experiments at CAX and TNF (da Costa et al., 2010). 

 

Root uptake in ecosystem models: A way forward 
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While this study emphasized the advantage of a physically-based treatment of 

water transport in the soil-plant-atmosphere continuum, the real advantage of such an 

approach is most realized in the context of gap-dynamic size structured models.  Size 

structure in forests governs many aspects of ecosystem-level function as well as 

individual resource environments and hence performance (Stark et al., 2012).  The 

present study demonstrates (see Figure 5) a plausible explanation (which has been 

hypothesized in numerous places) for the documented, initially surprising, ‘large-trees-

die-first’ phenomenon associated with the TFE experiments: if water transport is the 

dominant constraint on tree performance under drought, then tall trees, which may or 

may not be more deeply rooted than short trees, are under the most stress since they are 

simultaneously under the greatest evaporative demand and with the greatest distance 

across which water must be transported to maintain basic leaf-level metabolic processes.  

Therefore, we strongly advocate the incorporation of both size structure and gradient-

conductance-based water flow through plants in ecosystem models. 

 

Additionally, the distribution of soil water is a strong diagnostic of the 

performance of roots in models, and future work which focuses on acquiring moisture 

measurements in tandem with measures of soil hydraulic properties at sites with 

ecosystem flux measurements and/or biometric inventories in the tropics will allow 

identification of mechanisms that both contribute to the resilience and vulnerability of 

tropical forests.  
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Tables 
 
Table 1. Description of the symbols used in the present study. 

Symbol Definition Units 
Value 
(constants) 

soil variables 
zrd rooting depth m 
zi depth of soil layer i m 
dzi thickness of soil layer i mm 
ψi matric water potential layer i MPa 
ki unsaturated hydraulic conductivity layer i mm s-1 
θi volumetric water content layer i m3 m-3 
wi soil wetness function [0, 1]; 0=dry, 1=wet (-) 
ri relative abundance of fine roots layer i  [0, 1] (-) 

lR i root length per unit volume layer I (SPA only) 
m roots m-3 
soil  

βi 
stress function layer i [0, 1]; 
0= fully stressed, 1=no stress 

(-) 
 

Ui root uptake in layer i contributing to total T kg m-2 s-1 
ZU80 depth where cumulative root uptake is 80% of total m  
ΔZU80 difference of ZU80 between wet and dry seasons m  
BR total root biomass (ED2 only) g m-2 ground 

LR sum of Lri across entire column 
m roots m-3 
soil  

Rs i soil resistance layer i 
MPa s m2 
mmol-1  

Rr i root resistance layer i 
MPa s m2 
mmol-1  

Rb i total belowground resistance layer i (Rs i + Rr i) 
MPa s m2 
mmol-1  

Rb average total belowground resistance 
MPa s m2 
mmol-1  

PAW plant available water (θi - θwp)*dzi mm 
 

stand-level variables 
ET total evapotranspiration mm s-1 
T total transpiration mm s-1  

 
mean individual transpiration across all size classes 
(ED2 only) 

mm s-1 
 

Tmax maximum transpiration rate (SPA only) mm s-1 
ψl leaf water potential (SPA only) MPa  

nrd.zi 
number of individuals with rooting depth >= zi 
(ED2 only) 

# individuals 
 

 
constants and parameters 
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ψso 
leaf water potential at initiation of stomatal closure 
(CLM3.5 only) 

MPa -0.65

ψwp wilting point (all models except SPA) MPa -1.5
ψad air dry point MPa -3.1
ψl min minimum leaf water potential (SPA only) MPa -2.5
b Campbell’s “b” scaling exponent (-) see Table 2 
ksat saturated hydraulic conductivity mm s-1 see Table 2 
kfc hydraulic conductivity at field capacity mm d-1 0.1
θsat water content at saturation (porosity) m3 m-3 see Table 2 
θfc water content at field capacity m3 m-3 see Table 2 
θwp water content at wilting point m3 m-3 see Table 2 
θad water content at air dry point m3 m-3 not shown 

Rr
* root resistivity (SPA only) 

MPa s g-1 
mmol-1 

400

rr fine root radius (SPA only) m 0.001
g gravity (or head of pressure) MPa m-1 0.0098
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Table 2. List of models, abbreviations used, and soil discretization information for the present study, as well as relevant references. 

Model Name Abbr. # soil layers Reference 
Community Land Model, version 3.5 – 
Dynamic Global Vegetation Model 

CLM3.5 12 
(Bonan et al., 2003, Levis et al., 2004, 
Oleson et al., 2008) 

Ecosystem Demography Model, 
version 2 

ED2 16 Moorcroft et al., 2001; Medvigy et al., 2008 

Integrated Biosphere Simulator IBIS 6 Foley et al., 1996; Li et al., 2005 
Joint UK Land Environment Simulator, 
version 2.1 

JULES 4 Best et al., 2011; Clark et al., 2011 

Simple Biosphere Model, 
version 3 

SiB3 10 Sellers et al., 1996; Baker et al., 2008 

Soil Plant Atmosphere Model, 
version 2 

SPA 20 Williams et al., 1996; Williams, 2005 
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Table 3. Site-level information: soil physical properties, simulation information, and references for the 5 sites in the present study. 

Site Name 
Site 
Code 

Soil 
Depth 
(m) 

Sand 
(%) 

Clay 
(%) 

b ksat θsat θfc θwp 
Driver 
(validation) 
data years 

Simulation 
(validation) 
years 

Site 
reference(s) 

Manaus 
ZF2 tower 

K34 8 20 68 13.7
1.16E-
03 

0.451 0.360 0.284

2002-2005ǁ 
(2002-
2005)* 
(2002-
2005)§ 

2002-2005 
(2002-2005) 
(2002-2005) 

Araújo et al., 
2002 

Tapajós 
National 
Forest 
TFE, 
control 

TNF.d00 

8 38 60 12.4
2.20E-
03 

0.429 0.327 0.246

2002-2004ǁ 
(2003-
2004)* 
(2000-2005) 
¶ 

1999-2006ǁǁ 
(2000-2001) 
(2000-2005) 

Saleska et 
al., 2003 
(flux tower 
data); 
Nepstad et 
al., 2002;  
Brando et al., 
2008 

Tapajós 
National 
Forest 
TFE, 
treatment 

TNF.d50 

Caxiuanã 
TFE, 
control 

CAX.d00 

8 78 15 5.22
1.37E-
02 

0.389 0.194 0.089

2001-
2008** 
(2001-
2002)† 
(2001-
2003)‡ 

2001-2008 
(2001-2002) 
(2001-2003) 

Fisher et al., 
2007;  
da Costa et 
al. 2010 

Caxiuanã 
TFE, 
treatment 

CAX.d50 

ǁ Eddy micrometeorological tower-derived (Restrepo-Coupe et al., 2012) 

* Eddy covariance measures of evapotranspiration (Restrepo-Coupe et al., 2012) 

§ Neutron probe measures of soil moisture content (n = 3 tubes; all located on plateau) (Tomasella et al., 2008) 

¶ TDR measures of soil moisture (n = 4 or 5 soil pits in each control and TFE plot) (Nepstad et al., 2002) 
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† Sap flux measures of transpiration in each control and TFE plot (Fisher et al., 2007) 

‡ TDR measures of soil moisture (n = 3 soil pits in each control and TFE plot) (Fisher et al., 2007) 

** Platform micrometeorological tower-derived (D. Galbraith, unpublished data) 

ǁǁ Accomplished by recycling driver data  
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Table 4. Root uptake model descriptions.  First row: factors influencing water uptake at an arbitrary depth zi.  Second row: factors 
influencing the effect of a reduction in local soil moisture at an arbitrary depth zi on total transpiration. 

CLM3.5, IBIS, JULES SiB3 ED2 SPA
Supply ~ Product of available 

water and root abundance 
relative to other depths (scaled 

to total transpiration): 

Supply ~ Product of available 
water and root abundance 

relative to other depths (scaled 
to total transpiration): 

Supply ~ Product of available 
water relative to other depths 

within rooting depth and 
number of individuals 

having roots at depth (scaled 
to mean individual 

transpiration and total root 
biomass): 

Supply ~  Product of soil-leaf 
matric potential difference, 

root abundance, and 
hydraulic conductivity relative 

to other depths (scaled to 
total transpiration and total 

root length): 

	~	 ∗
∑

 

 

~ ∗
∑

 

 

~ ∗ . ∑
 

 

~ ∗
∑

 

 
Stress ~ Product of moisture 
reduction with relative root 

abundance: 

Stress ~ Product of moisture 
reduction with proportion of 

root depth affected: 

Stress ~ product of moisture 
reduction with proportion of 
root depth affected for each 

size class j: 

Stress ~ reduction in hydraulic 
conductivity and matric 

potential (both hyperbolically) 
but inverse of total root length:

	~	  ~
1

 ~
	

 
~  

 

CLM3.5: 

 

IBIS: 

	

5
1

5 1
 

JULES:     

 

 

 
α constant 

 

 

 
α, β, γ,  constants 

 
 

 
 

α1, β1, γ1, α2, β2, γ2 constants 
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Table 5.  Results of root uptake (total plus shallow and deep components) extracted from Figure 
2 at soil moisture values of field capacity and 10% of shallow (0-0.5 m) PAW to illustrate 
divergence in the role of root compensation across models.  Percent root compensation taken as 
the ratio between deep and shallow values of the difference in root uptake at field capacity and 
5% of shallow PAW.  Only 3 of the 6 models exhibit a capacity for root compensation.  SPA1 
and SPA2 refer to variants which do and do not take into account reductions in hydraulic 
conductivity with decreasing soil moisture, respectively. 
 
model Total uptake Shallow uptake Deep uptake 

  
at field 
capacity 

at 10% 
of 
PAW 
0-0.5 m 

at field 
capacity

at 10% 
of 
PAW 
0-0.5 m 

at field 
capacity

at 10% 
of 
PAW 
0-0.5 m 

%  
compensation 
by deep 
uptake 

CLM3.5 3.50 3.00 2.21 1.71 1.29 1.29 0%
ED2 3.50 2.63 2.18 0.38 1.32 2.25 52%
IBIS 3.50 2.17 2.21 0.88 1.29 1.29 0%
JULES 3.50 1.51 2.21 0.22 1.29 1.29 0%
SiB3 3.50 3.49 2.21 0.43 1.29 3.06 99%
SPA1 3.55 2.16 2.24 0.44 1.31 1.72 23%
SPA2 3.55 2.64 2.24 1.16 1.31 1.48 16%
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Table 6. Models with structural ability to represent three different functional responses to 
drought.  Star '*' indicates the mechanism dominating the drought response (or lack thereof) for 
each model in the present study. 

Drought response mechanism CLM3.5 IBIS ED2 JULES SiB3 SPA

Stress threshold * X X X X X 
Vertical root extent X * X * X X 
Area of fine roots across which stress is distributed X * * 
Root niche partitioning X 
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Figure 1. a) Observed mean seasonal cycle of precipitation (P) (bars) and net radiation (Rn) 

(lines) expressed in mm month
-1

 water equivalent, +/- 1 s.d. b) Observed +/- 1 s.d (points & 

error bars) and modeled (lines) transpiration (T)  (mm d
-1

).  To facilitate intercomparison of 
transpiration rates where sap flux data were unavailable, we estimate T at K34 and TNF.d00 
as the mean monthly eddy covariance measure of ET, first removing periods when the 
canopy was wet (see main text for details).  We applied this same procedure to the modeled 
ET at these sites and at TNF.d50.  At CAX.d00 and CAX.d50 where sap flux data were 
available, we compare the stand-scaled sap flux rate (Fisher et al., 2007) to modeled T. 
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Figure 2.  Vertical fine root distribution  prescribed (CLM3.5, IBIS, JULES, SPA, SiB3) or 
predicted (ED2) in models. For ED2, the root distribution emerges from the aboveground 
size structure, and represents the community-level mean distribution determined by fine root 
biomass, rooting depth, and the number of individuals in each size class. 
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Figure 3. Analysis of stress & root uptake functions in models at the CAX site. 
Effects of reducing shallow (0-0.5 m) soil moisture (θshallow) from field capacity to 

wilting point on modeled shallow (<= 0.5 m) and deep (> 0.5 m) root water uptake 
(Ushallow and Udeep) for all models (a) and two variants of the SPA model (b).  In this 

sensitivity analysis, we assumed that all models experience the same evaporative 

demand (~3.5 mm d
-1

) and the same initial partitioning of root water uptake (2.2 

mm d
-1

 and 1.3 mm d
-1

 in shallow and deep soil, respectively).  This was 
accomplished by further considering 1) equal root distributions across models 
(CLM3.5, IBIS, JULES, SiB3 and SPA root fraction all set to 0.63 over 0 – 0.5 m), 
2) a single vegetation cohort with a rooting depth of 0.8 m in ED2 (in this case, at 
field capacity, 63% of available water within the rooting depth is in the upper 0.5 
m), and 3) a constant leaf water potential of -1.4 MPa for SPA. Results in Table 5 
are extracted along the vertical line, which  represents water content at 90% 
reduction of plant available water in shallow soil.  SPA1 and SPA2 refer to variants 
in which root uptake does and does not take into account reductions in hydraulic 
conductivity with decreasing soil moisture, respectively.  In other words, in SPA1, 
both shallow soil matric potential and hydraulic conductivity are allowed to 
decrease with soil moisture, while in SPA2, only shallow soil matric potential 
decreases with soil moisture. 
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Figure 4.  a ) distribution of depth of root uptake (taken as depth above which 80% of 
cumulative uptake occurs) for each model across the 3 non-droughted sites in this study 
(K34, CAX.d00, TNF.d00).  For each model, white and gray boxes represent wet and dry 
seasons, respectively. Dry season defined as days where cumulative precipitation over prior 
60 days was less than 200 mm. Each simulation year provides replicate estimates of the 
depth of uptake.  b) Depth difference between dry and wet season depth of root uptake as 
estimated in a) for a single site (TNF.d00) where nearby continuous soil moisture 
measurements were collected.  OBS represents the estimated depth difference for one wet-
dry season transition (2002) at this nearby site (Bruno et al., 2006). 
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Figure 5. Seasonality of  normalized transpiration (T/Tmax; where Tmax is the maximum 

monthly value) by height for two models which partition transpiration fluxes across a 
vertically structured canopy, at a site where dry season water stress was strongest (TNF.d50; 
ED2 did not simulate tall trees in either CAX simulation).   In a), T/Tmax represents the mean 

of individual tree fluxes within each size bin for the ED2 model.  Taller trees encounter 
greater sun exposure and thus higher evaporative demand, yet also possess deeper roots and 
thus have more plant available water.  In b), T/Tmax is simply the normalized total flux for 

each “big leaf” approximation of each canopy layer in the SPA model.  Similar to ED2, taller 
canopy layers have higher evaporative demand due to increased radiation load, but with the 
added constraint of a minimum leaf water potential (including pressure and gravimetric 
components, the latter which increases with height).  In contrast to ED2, roots associated 
with each canopy layer in SPA occupy the same soil domain, and hence no water supply 
advantage is conferred by height. 
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Figure 6. Dry season vertical profiles of soil moisture across 5 sites: modeled means (lines) 
and observed mean (black line) and standard deviation (shaded region).  Mean vertical 
profiles of modeled soil moisture are computed from the  modeled monthly means of the 
driest months of each year defined as the months where observed total soil water storage was 
a minimum.  Data represent those same periods (bi-weekly or monthly collections).  
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Figure 7. Demonstration of the drought treatment effect on vertical profiles of soil 
moisture, taken as the difference in mean dry season soil moisture profiles (Figure 7) 
between treatment  and control plots for TNF (a) and CAX (b). 
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Supporting Information: Appendix S1 

Evaluation of chosen pedotransfer functions 

 Figure S1 shows how the 3 sites are distinct in terms of their matric potential – 

water content and hydraulic conductivity – water content relationships, as well as how 

estimated plant available water (PAW) varies between observations and chosen 

relationships.  Here, PAW refers to the difference between water content at saturation and 

wilting point for the functions, and the difference between the maximum and minimum 

water contents observed (downward and upward arrows in the plots, respectively).  The 

chosen functions tended to underestimate PAW for the clayey soils of TNF and K34, 

while model PAW was larger for the sandy site (CAX).  Maximum water content at 

CAX, however, more likely approximates field capacity rather than saturation, due to the 

high saturated conductivity and rapid draining of these soils at high water contents 

(Fisher et al., 2008). 

Compared to measured curves, at K34, the k-ψ relationship (not plotted) tends to 

overestimate conductivity in surface soil (0-1m) when the soil is dry, yet underestimate it 

when the soil is wet, presumably due to the presence of large macropores from root and 

macroinvertebrate activity.  However, the curve closely resembles the shape of deep (> 

1m) data, where the effects of soil texture dominate (Tomasella &  Hodnett, 1996).  At 

CAX, the k-ψ curve closely resembles the region from -1 to -10 kPa at the deepest depths 

measured (0.6 and 0.9 m).  At both sites, surface soil ks is underestimated.  The curves do 

well-capture the observed relative difference in the psi-theta relationships between the 

textural extremes at K34 which is clayey, and CAX, which is more sandy (lower psi at a 
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given theta, cf Figure 5a of(Fisher et al., 2008)).  It is more difficult, however, to tell 

based on pubished literature the relative difference in k-theta relationships between the 

two sites.  Inspection of Figure 5b of (Fisher et al., 2008), however, does indicate that 

CAX k is roughly an order of magnitude less than K34 at -10 kPa, also a feature captured 

by the chosen relationships (figure not shown). 

 

Simulations without root uptake: Was the soil physics standardization across 

models effective? 

 Figure S2 shows the depth-time evolution of soil moisture for 2 sets of model 

simulations conducted at the K34 site.   In the left set of panels, results are shown for a 

set of simulations in which all models were run using the prescribed soil physics 

standardization (see main text), while additionally prescribing either bare ground or a 

very low LAI (< 0.1 m2 m-2) and vegetation cover (< 0.01 fraction of grid cell), thus 

restricting root uptake to be either zero or negligible.  Soil evaporation was not 

standardized across models.  The right panels of Figure S2 show the models run with full 

vegetation to demonstrate the effects of root uptake. 

 While some significant differences in the mean magnitude of soil moisture persist 

in models (JULES low; IBIS and SPA high) in the simulations without root uptake, the 

patterns of seasonal soil moisture recharge and depletion are similar across models.  In 

the case of JULES, the lower magnitude of soil moisture and white “holes” in the JULES 

simulation indicate periods where soil evaporation caused soil moisture to exceed the 

prescribed value of θad (= 0.265 m3 m-3 at this site).  While ψad should have been set to -
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3.1 MPa as in other models, we determined that in none of the simulations presented in 

this study did soil moisture in JULES fall below the allowed θad value, and hence this 

difference does not impact any of the JULES results in this study.  We did not determine 

the cause of higher mean magnitude of soil moisture in IBIS or SPA.  While the higher 

mean value of soil moisture in IBIS may contribute in part to its insensitivity to drought, 

we deem this effect to be, at most, comparable to the effect caused by IBIS prescribing 

deep root uptake.  SPA was inferred to be the most sensitive model to drought, and hence 

its higher background soil moisture, if anything, weakened its sensitivity. 

 Collectively, we conclude from these simulations that the observed differences in 

modeled soil moisture and root uptake dynamics presented in the main text are largely 

due to biological differences in the models, and we reject the null hypothesis that 

observed dynamics in models are spurious effects due to differences in model soil 

physics. 

 

Model test of the Bruno et al. (2006) method for estimating the depth of root uptake: 

How robust is the observed phenomenon of root uptake shifting to deeper depths 

during the dry season? 

 

 Figure S3 shows a model test of a method for estimating the observed ΔZU80, i.e., 

the difference in depth of root uptake between wet and dry seasons.  By comparing the 

known model ΔZU80 (based on modeled root uptake) to a prediction of model ΔZU80 

(based on modeled soil moisture using the method employed by Bruno et al., (2006)), the 
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error associated with the method employed by Bruno et al. (2006) in estimating the 

observed ΔZU80 can be assessed. 

 Besides greatly increasing the scatter about any measure of central tendency 

(Figure S3 (a) and (b)), we find that the Bruno et al. (2006) method results in an estimate 

of ΔZU80 that is significantly deeper than the known ΔZU80, but only when root uptake is 

deep year-round (JULES and IBIS).  These models are precisely the hypotheses of root 

uptake which are rejected in this study.  For all other root uptake models (ED2, SiB3, 

CLM3.5, and SPA), the Bruno et al. (2006) method for estimating ΔZU80 is either not 

significantly different from the known ΔZU80, or is less deep than the known ΔZU80.  The 

apparent discrepancy between Figure S3a (white boxes) in comparison to Figure 5b in the 

ordering of models along the x-axis is due to the reduced sample size of days in the wet 

and dry seasons which fulfill the criteria employed by Bruno et al. (2006), namely the 

subset of days where the preceding 3 days had no rainfall and soil moisture at all depths 

was decreasing. 

 It therefore seems unlikely that the observed shift of root uptake to deeper depths 

during the dry season is a spurious result associated with the method of using soil 

moisture observations to estimate the vertical profile of root uptake as employed by 

Bruno et al. (2006).  However, we caution that this conclusion is only supported to the 

extent that the soil physics as modeled here accurately represent the observed soil 

physics.  We leave a more rigorous test of this phenomenon for future work. 
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Model validation using vertical profiles of soil moisture: wet – dry season 

differences 

Figure S4 shows the difference in the vertical profile soil moisture during the wet (figures 

not shown) and dry (Figure 7 in the main text) season for the 5 sites in this study. 
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Figure S1. Results of soil pedotransfer functions applied to the different soil texture values 
across the 3 sites in the study (control and treatment curves at CAX and TNF sites are the 
same).  (a) Along the y-axis, soil water characteristic curves extend from wilting point 
(constant across sites; ψwp = -1.5 MPa) to saturation (variable across sites; ψsat).  As a proxy 

for wilting point, upward arrows represent minimum soil water contents observed at the 3 
sites (at treatment plots for CAX and TNF).  Similarly, as a proxy for saturation values 
(porosity), downward arrows represent maximum soil water contents observed.  (b) 
Relationship of reductions in hydraulic conductivity in relation to soil water content from θsat 

to θwp. 
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Figure S2. Assessment of soil physics standardization across models with a set of bare 
ground (no root uptake) simulations, as compared to the full vegetation simulations. 
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Figure S2. Assessment of soil physics standardization across models with a set of bare 
ground (no root uptake) simulations, as compared to the full vegetation simulations. 
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Figure S3.  Model test of method of estimating the observed ΔZU80, the difference in depth of 

root uptake between wet and dry seasons using soil moisture observations. a) Medians (lines), 

1
st
 and 3

rd
 quantiles (boxes) for known and predicted ΔZU80 , by model, across the 3 non-

droughted sites (K34, TNF.d00, CAX.d00).  Star ‘*’ indicates a significant difference between 
the means of the known and predicted ΔZU80 as assessed with an unpaired Welch’s t-test for 

samples with unequal variance at a p level of 0.05.  b) Point-by-point comparison of predicted 
model ΔZU80 and known model ΔZU80 with reference 1:1 line shown. 
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Figure S4. Difference between wet and dry season vertical profiles of soil moisture, 
across the five sites. 
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APPENDIX C:  DROUGHT DECOUPLES ECOSYSTEM CARBON AND WATER 

FLUXES WHILE INCREASING THE DEPTH OF ROOT UPTAKE IN AN EAST 

CENTRAL AMAZONIAN FOREST 

Paper was prepared to submit to New Phytologist 
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Abstract 
 

 While significant advances have been made in understanding the response of 

tropical forests to seasonality in rainfall across the Amazon basin in recent years, the 

response of these forests to interannual drought is poorly understood, especially in the 

context of the ecohydrological mechanisms governing forest response.  Here, we report 

on the ecosystem response (including deep soil moisture, and eddy covariance measures 

of carbon, water, and energy exchange) of an east central Amazonian forest to a drought 

in 2009-2010 which appears to be associated with elevated tree mortality 12-18 months 

post-drought.  We found that anomalous depletion of surface (0-2 m) plant available 

water (PAW) drove a large increase (2 m) in the effective depth of root uptake of soil 

water (Zu).  We also inferred a role for hydraulic redistribution during this period (based 

on diurnal variations in soil moisture), although the magnitude of this flux contribution to 

total transpiration was likely small compared to direct root uptake.  These trends, 

however, did not preclude stomatal response to drought, as canopy stomatal conductance 

and ecosystem transpiration per unit available light energy steadily declined to their 2nd-

lowest and lowest values over the 7-year flux record, coinciding with a period of 

anomalously high vapor pressure deficit and increased canopy temperatures.  

Surprisingly, however, over the same period, the responses of ecosystem photosynthetic 

capacity (Pc) and photosynthesis (GEP) (which initially declined, but later rebounded 

during the period when the drought was most intense) were decoupled from water vapor 

flux.  Importantly, some of these responses were not observed in the subsequent dry 

season.  It remains unclear whether the increase in Zu under drought is the result of a 
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plastic biological response (e.g., flushing of fine roots at depth) or a simple function of 

stronger soil-root water potential gradients, the distinguishing of which will require a 

combination of measurements and modeling.  We hypothesize that the decoupling of 

water and carbon gas exchange under drought, in a manner dissimilar from other dry 

seasons, suggests that elevated canopy temperatures and respiration rates, and hence 

individual carbon balance, may govern sink-driven dynamics of photosynthesis under 

drought.  These results highlight that coincident measures of vegetation dynamics, leaf 

and root phenology, and ecosystem gas exchange in Amazonian forests are essential for 

elucidating mechanisms governing forest response to interannual climate anomalies, and 

hence the fate of these forests under climate change. 

Key words: drought, Amazon, root uptake, GEP, water use efficiency   
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Introduction 

 

 Significant advances have been made in understanding the response of tropical 

forests to seasonality in rainfall and light across the Amazon basin in recent years, 

including the seasonality of photosynthesis and ecosystem respiration (Saleska et al., 

2003; Restrepo-Coupe et al., in review), trace gas production (Keller et al., 2005), tree 

growth (Rice et al., 2004), and leaf phenology (Brando et al., 2010).  As key findings 

about how these forests have been functioning in seasonal climates over evolutionary 

time have come into focus, these mechanisms have begun to be incorporated into models 

of ecosystem function (Baker et al., 2008; Kim et al., 2012). 

 

 The response of tropical forests to interannual climate anomalies, and in particular 

those associated with intense periodic droughts such as those associated with El Niño 

events or Atlantic sea surface temperature (SST) anomalies (Lewis et al., 2011), is much 

less certain.  Satellite observations have indicated canopy greening as an initial response 

to drought (Saleska et al., 2007), while surveys of forest plots demonstrate a pronounced 

mortality response to episodic drought (Phillips et al., 2009), as well as a marked increase 

in fire frequency and severity (Aragao et al., 2007).  Of the two droughts to hit the 

Amazon in recent years, one in 2005 (Marengo et al., 2008) and one in 2010 (Lewis et 

al., 2011), only one the majority of the Amazon affected unfortunately has little 

infrastructure in place to monitor real-time ecosystem response.   
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 An aspect of forest monitoring which severely limits efforts at understanding and 

relating observed ecophysiological, demographic, and ecosystem-level responses to 

drought is the paucity of measurements which characterize the belowground water 

resource environment in space and time.  The nature of the diversity of physical 

properties of soils in the Amazon means that drought can either moderate or exacerbate 

drought events in terms of the plant available water in the soil, based on different water 

holding and hydraulic conductance characteristics.  These types of measurements are 

often costly and difficult to make across the entire rooting zone of plants.  Furthermore, 

maintaining measurements beyond 1 year is often hampered by equipment failure and 

quality control issues which confront belowground measurements. 

 

To address this challenge, we have initiated a suite of ecohydrological 

measurements, namely profiles of local soil moisture, but also initial measures of spatial 

variability in soil water in tandem with rooting profiles, to establish a long-term record of 

how interannual precipitation variability is registered in the root zone of an east-central 

Amazon forest where concomitant measures of ecosystem exchange of carbon, water, 

and energy as well as annual biometric surveys are conducted.  Somewhat fortuitously, 

during 2009 prior to the intense 2010 drought to hit central and western Amazonia, a 

short but intense El Niño drought hit the Eastern Amazon (Marengo et al., 2011) which 

included a site where we were simultaneously monitoring the instantaneous ecosystem 

response above- and below-ground together with estimates of tree mortality. 
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The aim of this paper, therefore, is to provide insight into the ecohydrological and 

aboveground ecophysiological processes which govern forest response to intense, 

anomalous drought periods.  We compare the forest response in terms of carbon and 

water exchange to the belowground soil water environment and derived measures of root 

water uptake to assess the role of water limitation (or lack thereof) on forest demographic 

and ecosystem gas exchange. 

 

Methods 

 

Site description 

 

 The km67 tower site is situated within the Tapajós National Forest (TNF), Pará, 

Brazil (2.897°S, 54.952°W, ~ 200 m a.s.l.), a predominantly evergreen moist tropical 

forest characterized by its high variability in annual rainfall (600 – 3000 mm/year; MAP 

~ 2000 mm/year) and strong seasonality (5-6 month dry season when rainfall < 100 

mm/month).  Due to its situation in a drier corridor relative to sites to its east and west, it 

has been characterized in some studies as being very close to the forest-savanna transition 

boundary in terms of its climatology (Hutyra et al., 2005).  El Niño events are typically 

experienced as droughts.  The soils are highly weathered, clay-rich ferralsols (FAO 

taxonomy) or oxisols (USDA taxonomy) devoid of hardpan in the upper 11.5 m, a deep 

water table (> 80 m), and no surface drainage courses.  For a more thorough description 

of the site and biometry and eddy covariance measurements, the reader is referred to, 
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respectively, (Rice et al., 2004) and (Saleska et al., 2003).  Below we give brief 

descriptions of their relevant aspects to this paper, in addition to the soil moisture and 

root measurements. 

 

Measurement period 

 

 Table 1 gives a description of all data used in the present study, including the time 

period that these data are available.  Our study is motivated by an aim to understand the 

ecohydrological mechanisms governing ecosystem response associated with drought.  

Hence, we focus our study on the period associated with an El Niño-induced drought 

which hit the area in the latter half of 2009 into 2010, causing a delayed onset of the wet 

season, and compare the responses in during this drought dry season with those 

associated with the following year’s dry season.  The 2009-2010 drought amounted to an 

intense and unusually long dry season beginning mid-June 2009 and continuing through 

early January 2010, interrupted by a brief period of a few rainfall events in mid-October 

2009.  To be clear, the Tapajós and other forests of the eastern Amazonian region were 

unaffected by the drought to hit the rest of the Amazon basin during the latter half of 

2010, which was inflicted not by El Niño conditions, but by anomalous Atlantic sea 

surface temperatures (Lewis et al., 2011). 

 

Drought metrics 
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 We estimated the cumulative effects of drought intensity using two methods.  In 

the first, we use an established metric, the maximum cumulative water deficit (MCWD) 

(Phillips et al., 2009; Phillips et al., 2010), which has been shown to correlate well with 

other soil-based metrics and has been applied successfully across the tropics to predict 

tree mortality.  We used 30-day running daily precipitation totals and a constant estimate 

of daily evapotranspiration (3.33 mm/day) and the algorithm of (Aragao et al., 2007), 

which allows for a variable the time window for accumulating water deficits that is as 

long as the period that the cumulative water deficit is negative.  The second approach is 

an established metric as well, the plant available water (PAW) deficit, equal to the total 

stored soil water over some depth interval less the amount of stored soil water at field 

capacity (Nepstad et al., 2007).  We use the soil moisture observations reported in this 

study to estimate the PAW deficit by integrating the measurements over the entire 10 m 

depth domain. 

 

Mortality data 

 

We sought to compare Tapajós mortality to previously published estimates of 

drought-mortality relationships (Phillips et al., 2010) which were not based on absolute 

mortality rates, but relative differences in mortality between “drought” and “non-

drought” years.  Because of the difficulty in identifying clearly delineated periods of 

“drought” and “non-drought” over the 11-year time period (see Figure 1), and in the 

absence of an objective definition of “drought” versus “non-drought” periods in (Phillips 
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et al., 2010), we defined non-drought years to be those years whose MCWD was in the 

lower quantile of the distribution of MCWD across all years.  We then computed mean 

MCWD and mortality values for the non-drought periods whose values were then 

subtracted from each census interval’s MCWD (mean MCWD in the case of census 

intervals spanning more than one year) and mortality rate, providing an estimate of year-

to-year drought sensitivity.  When computing mean MCWD, we used the hydrological 

year (Aug - July) instead of the calendar year, which ensured that each local maximum of 

MCWD occurring in each dry season was selected, avoiding possible double-counts of 

maxima which fell at the boundary of a calendar year. 

 

Mortality was estimated using 2 methods.  In the first method (“SCS estimate”), 

mortality risk was estimated as 

         (1) 

Where Nalive and Ndead are the number of censused individuals determined to be alive and 

dead, respectively, and t2 - t1 is the time difference of the two censuses in years.  In this 

method, an individual was assumed to have died over an interval if its DBH was not 

reported in a subsequent census, regardless of whether or not they were reported as 

confirmed dead in subsequent surveys.  The second method (“ML estimate”) estimates 

mortality following eqn (2) of (Sheil & May, 1996), but we determined that the results 

from this equation and that given in eqn (1) are very similar for mortality rates less than 

10% (mean mortality rate in the Tapajós ~ 2%).  The ML estimate, however, assumed 
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equal probability that a tree died in every intervening census interval between when it 

was initially no longer reported (i.e., missing), and confirmed dead. 

 

Eddy covariance flux measurements 

 

 Eddy covariance measures of the net ecosystem exchange of carbon (NEE), latent 

heat flux (LE), sensible heat (H), and momentum flux (u*) were coupled with 

measurements of environmental meteorological variables to infer aspects of canopy 

physiology.  Gross ecosystem photosynthesis (GEP) was determined by subtracting 

nighttime NEE (assumed to equal ecosystem respiration, Rh) from the daytime values, 

assuming that respiration rates did not significantly vary between day and night.  Canopy 

stomatal conductance and canopy aerodynamic temperature were simultaneously 

estimated via inversion of LE, H, and u* following the method outlined in (Christoffersen 

et al., submitted).  We also estimated canopy water use efficiency (WUE) as the inverse 

of the Ball-Berry slope between hourly canopy conductance measurements and GEP 

normalized by the ratio of relative humidity to ambient CO2 concentration (Collatz et al., 

1991).  Under this definition, WUE represents the marginal carbon gain of photosynthesis 

per unit evaporative cost (unitless). 

 

Soil moisture measurements and root biomass sampling 
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Soil moisture measurements were carried out at 3 soil pits located at the study site 

roughly 150 – 500 m from the eddy covariance tower.  One soil pit (0.8 x 1.6 x 11.5 m) 

was excavated in 1998 and fitted with replicate (n=2) 3-prong TDR 30-cm probes.  We 

connected a soil moisture logging system (TDR100; Logan, UT USA) to probes in 

August 2008 at 0.5, 1, 2, 3, 4, 5, 7, and 10 m depths.  All depths had replicate probes 

except 5 m.  Data quality post-2009 on one side of this pit was hampered by high noise, 

and we thus excluded this side from further analyses.  Data collected in 2009 

demonstrated a high degree of correlation between the replicate sensors.  The 

measurements from this soil pit were used for all analyses presented in this paper unless 

denoted otherwise.  The other two soil pits (0.8 x 2.1 x 10.5 m) were excavated in July – 

August 2009 during which comprehensive root biomass sampling for all roots >= 2.5 mm 

Ø was conducted (at 30 cm depth intervals in the upper 1 m and every 1 m thereafter).  

Roots were cleaned of soil, separated into size classes (2 – 5 mm, 5 – 10 mm, 10 – 20 

mm, and > 20 mm) dried, and weighed.  These pits instrumented with replicate (n=2) soil 

moisture sensors (Time Domain Transmissometry – TDT, Acclima Inc., Meridian, ID 

USA) at 0.1, 0.5, 1, 2, 3, 4, 5, 7, and 10 m depths.  These measurements were impeded, 

however, by a faulty installation procedure which resulted in simultaneous separation of 

TDT rods from soil during the 2009 dry season.  Because of the large difference in the 

dielectric constant of air versus a soil/water matrix, this separation of the sensors from the 

soil resulted in a large bias in the reduction of soil moisture over the 2009 dry season 

period, which we were unable to quantify.  All sensors appeared to be affected by this 

issue, however, so we present these results for the 2009 drought in light of these issues. 
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Tipping bucket raingauges (Campbell TE525, Logan, UT) to measure throughfall 

precipitation were installed at each of the three soil pits.  Sensor measurements were 

controlled and logged by CR10X dataloggers (Campbell Scientific, Logan, UT), and are 

connected to a central computer using multidrop (MD9) interfaces for automated data 

collection. 

 

Results 

 

Interannual environmental variability 

 

 Figure 1 shows the time series of various environmental variables bracketing the 

period over which ecosystem eddy flux measures of carbon, water, and energy exchange 

have been collected at this site.  The Tapajós km67 site is markedly seasonal in terms of 

precipitation, but also in terms of light availability, humidity deficits, and air temperature, 

all of which peak during the dry season.  Most notable, however, is the high frequency 

with which the site attains large (> 300 mm) values of MCWD (note: MCWD expressed 

as MCWD*(-1) in all plots). 

 

Does interannual variability in water deficit explain variations in mortality rates at 

km67? 
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(Phillips et al., 2009) and (Phillips et al., 2010) found strong relationships 

between tree mortality rates during census intervals containing at least one drought event 

relative to mortality rates during what they term “non-drought” periods and the difference 

in mean MCWD values between these periods across Amazonian and pan-tropical plots, 

respectively.  Hence, we hypothesized that interannual variability in water availability (as 

measured by MCWD) would exhibit some control over interannual variation in tree 

mortality rates at Tapajós km67.  Figure 2 shows the interannual variability in mortality 

rates at km67 estimated as either the mortality difference or proportional change in 

mortality in each year relative to non-drought years compared to the difference in the 

mean MCWD during the census interval and the mean MCWD during the non-drought 

years (2002-2005, 2007-2008, 2010).  The data presented in Figures 2a and 2b from 

(Phillips et al., 2010) is replotted for comparison 

 

In contrast to our hypothesis, we found no evidence that increased water deficits 

relative to non-drought years significantly increases the mortality risk.  When we lagged 

the water deficits by 1 year, the relationship was also insignificant.  While an exploration 

of the mechanisms governing tree mortality is not within the scope of this paper, it led us 

to ask: What ecohydrological and aboveground ecophysiological mechanisms govern the 

ecosystem response to a drought event?  Do these mechanisms mitigate the effects of 

drought, minimizing the stress experienced, thus providing an additional possible 

explanation for the lack of a clear drought-mortality relationship in the Tapajós? 
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How does a “drought-dry” season (2009) compare with a “wet-dry” (2010) season?  

 

Marked differences in the distribution and magnitude of precipitation while light 

conditions remained similar 

 

During the period of available soil moisture measurements, the interannual 

variability in dry season precipitation was large and was manifested by large variations in 

soil moisture in time, with the largest variability occurring in the upper 4 m (Figure 3c).  

The soil moisture observations confirm that the 2009 dry season was the most intense 

compared to other dry seasons when gauged both in terms of its intensity (maximum 

CWD achieved = 310 mm) and in terms of its length below a 250 mm threshold (~ 3 

months) (Figure 3a).  The drought period was characterized not by very low rates of 

precipitation that were evenly spaced in time, but by long periods with little to no 

precipitation (8 weeks from August – September 2009 and another 8 weeks from mid-

October – mid-December 2009) (Figure 4).  Hence, while the maximum CWD was not 

attained until mid-December 2009 (Figure 3a), it is possible that drought effects, if they 

were experienced by the ecosystem, would have been felt prior to this point in time.  In 

contrast, the 2010 dry season, which appears to have been wetter than average, was 

characterized by more frequent rainfall events which kept surface soil moisture relatively 

wet even as deeper soil moisture progressively depleted, though at a rate much slower 

than in 2009 (Figure 4).  Incoming light between the two dry seasons follows the 
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seasonality as determined by top of atmosphere (TOA) radiation, reaching a peak at the 

fall equinox in September, and steadily declining towards the December solstice 

minimum. 

 

A distinct canopy biophysical response to minimize water loss occurred in 2009 relative 

to 2010 

 

Canopy stomatal conductance (gs) is a measure of the ease with which water 

vapor can be transported out of leaves and into the atmosphere under a given vapor 

pressure deficit (VPD).  VPD indeed was high in the 2009 dry season compared to that in 

2010 (Figure 1), and gs responded with a steady decline until reaching a minimum in late 

November, before rebounding in concert with a reduction in VPD.  In contrast, gs in 2010 

was flat throughout the dry season and relatively insensitive to a dry season peak in VPD, 

suggesting that soil moisture stress modulated the canopy response to some degree in 

2009.  Canopy temperatures on the other hand, which we inferred from the same 

inversion procedure to produce the estimate of canopy conductance, were nearly identical 

in their mean values between the two dry seasons, despite the large difference in gs and 

VPD between them.  The variance in canopy temperature, however, was higher in 2009, 

which may be important for carbon balance of vegetation due to exponentially increasing 

respiration rates with temperature.  Further, canopy aerodynamic temperature, as inferred 

here, may underestimate afternoon maximum canopy temperatures and certainly do not 

capture the leaf-level variability in temperature. 
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GEP and photosynthetic capacity (Pc) up regulate when the drought was strongest  

  

   The contrasting or similar responses between 2009 and 2010 dry seasons have 

been mostly related to contrasting or similar aspects of their environmental conditions.  

The response of carbon fluxes, however, presented a different picture that was not readily 

understood in light of different environmental factors.  Figure 6 shows the progression of 

gross ecosystem productivity (GEP) and photosynthetic capacity (Pc) during both dry 

seasons.  In 2009, GEP was only slightly depressed compared to 2010, and Pc exhibited a 

moderate reduction through September 2009.   However, in late October 2009, both GEP 

and Pc up regulate when the drought was strongest as evidenced by the minimum gs 

occurring at this time (Figure 5).  This represented a dramatic increase in water use 

efficiency (WUE) of photosynthesis prior to the return of significant rainfall in mid-

December.  In contrast, GEP and Pc remained constant or only slightly increased in 

concert with near-constant gs throughout the 2010 dry season. 

 

Inferred depth of root uptake increases during drought  

 

 Figure 7 shows the vertical profile of reductions in soil moisture during two 15-

day intervals in the middle and at the end of the 2009 drought.  The two time periods 

received minimal rainfall.  If internal drainage is minimal, these reductions should reflect 

the vertical profile of root uptake.  Interestingly, the profile exhibits a large (2 m) shift 
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downward during the period (early December 2009) when the PAW deficit was 

approaching a maximum (see Figure 2).  Further, this period corresponded to the same 

time when GEP and Pc were up regulating.  If these profiles indeed represent the imprint 

of root soil water uptake, they represent and abrupt shift in the depth of root uptake under 

drought, which appeared to be necessary in order to sustain a minimal rate of 

transpiration associated with the up regulated photosynthetic apparatus. 

 

What are the mechanisms of sustained root uptake under drought? 

Hydraulic redistribution may play a role 

 

 Figure 8 shows hourly soil moisture observations for all depths over the course of 

the middle of the 2009 dry season.  Large diurnal variations were apparent at some 

depths, with the largest variations occurring at 10 m (0.006 m3/m3 peak-to-peak 

difference), while intermediate depths displayed little to no detectable diurnal variability, 

and shallow depths displaying intermediate variability (0.002 m3/m3 peak-to-peak 

difference).  Hydraulic redistribution (HR) is the diurnal transfer of water, through roots, 

from regions of high to low soil water potential.  It has most commonly been manifested 

as basipetal sap flow (towards plant stem) in tap roots and acropetal (towards the soil) sap 

flow in later roots during the nighttime (upward HR), but downward HR has also been 

observed following rainfall events.   However, a lack of pattern in the diurnal phase of 
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sap flux impedes our ability to infer the soil layers acting as sources and sinks, and hence, 

its contribution to total transpiration.  It was not immediately clear as to why the phase of 

diurnal variation did not transition in a predictable manner with depth, which was perhaps 

indicative of propagating waves of water flux whose travel times from the deepest roots 

to the plant were more than 1 day, but we are not sure.  Regardless, these patterns deserve 

more attention. 

 

Spatial variability in profiles of root uptake under drought is influenced by rooting 

density 

 

Figure 9 shows contrasting trends in the depth-time evolution of soil moisture in 

relation to rooting profiles for two contrasting locations separated in distance by ~ 65 m: 

intact forest characterized by multiple large (> 50 cm DBH) trees within 10 m of the soil 

pit, and a large canopy gap characterized by vines, and numerous low-density pioneer 

species < 15 cm DBH within the immediate (10 m) vicinity of the soil pit.  As expected, 

increased root density exists at nearly all depths together with a deeper rooting depth in 

the intact forest compared to the gap site.  Most notable, however, was the pronounced 

difference in the inferred rates of soil moisture reduction between the two sites.  In light 

of the sensor-soil contact issues mentioned above, the prounounced difference in pattern 

is notable. The majority of total drying to take place in the gap pit corresponded closely 
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with the rooting depth of 5.5 m, whereas pronounced drying occurred in the intact forest 

throughout the entire profile. 
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Discussion 

 

The Tapajos km67 site routinely experiences MCWD values, which for most 

forests in the Amazon, are beyond tipping points at which elevated mortality occurs, 

evidenced by the lack of a detectable relationship between relative water deficits and 

relative increases in tree mortality (Figures 1 & 2).  While it is possible that our census 

plots have failed to capture mortality events, other studies suggest that factors such as 

windthrow (Espírito-Santo et al., 2010) may be an important source of pervasive 

disturbance but no study has yet to document this to be pervasively so in the Tapajós.  

Overall turnover rates in carbon stocks in the Tapajós do appear to have a higher baseline 

rate when compared to other sites (Pyle et al., 2008). 

 

We showed that, under drought, the water and carbon exchange rates of the 

canopy were dramatically decoupled.  We interpret this decoupling of water and carbon 

exchange in light of the possibility that photosynthesis becomes sink-driven under 

drought.  Studies on temperate species have shown that warming (in particular, during the 

night) can decrease morning leaf carbohydrate concentrations which correlated with 

higher photosynthetic capacity (Vcmax, Jmax) the following day (Turnbull et al., 2002; 

Wan et al., 2009).  However, for daytime warming, studies in the tropics have shown an 

opposite effect on photosynthesis with leaf-level declines being highest for canopy 

species and no evidence for acclimation (Doughty & Goulden, 2008; Doughty, 2011), as 

well as on growth (Way & Oren, 2010).  While nighttime air temperatures in 2009 were 
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marginally higher in comparison to 2010, we did not find that they were significantly so 

(figure not shown).  Afternoon air temperatures, however, appeared to be significantly 

higher in 2009 compared to other dry seasons.  These, however, were not manifested in 

anomalously high canopy temperatures as we expected.  It may be, however, that the 

hourly averaged flux data is unable to capture high transient temperatures at timescales of 

10 minutes, which may be important for the degree of damage to leaf tissues (and hence 

the metabolic costs to repair them).  Due to a higher variance, 2009 did, however, have 

some of the highest maximum canopy temperatures (~ 30-31 C) when compared to other 

years.  It should be noted that these temperatures correspond to the mean aerodynamic 

canopy temperature, or that proportion of the canopy which contributes most to 

aerodynamic drag, and as such, at 30 C mean canopy temperature, could mean individual 

leaf temperatures which span a large range (30 – 38 C reported in (Doughty & Goulden, 

2008).  In contrast, in a recent review of the literature, (Muller et al., 2011) note that in 

nearly all published studies of the effects of water deficits on photosynthesis and growth 

across a range of species and life forms, growth decays first and more dramatically, 

which they argue leads to carbon accumulation, not deficits, in plant tissues.  Hence, their 

perspective presents an alternative hypothesis to our hypothesis of sink-driven dynamics. 

 

What mechanism is responsible for the observed abrupt shift in the depth of water 

uptake?  Is it real, or an artifact of internal drainage? 
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Plastic root response or due simply to hydraulic gradients?  It appears from our 

data that the increased uptake at depth (4 m in this case) was relatively abrupt (increasing 

on the order of days, see trend in slope of 4m soil moisture from November into 

December 2009 in Figure 4).  This could be the imprint of fine roots flushing and then 

taking up water at this depth, as has been hypothesized by others (Nepstad et al., 2007).  

However, it is also equally possible that such a phenomenon was induced by sharp 

reductions in soil matric potential and hydraulic conductivity elsewhere in the soil profile 

which drove water into a relatively smaller fraction of pre-existing roots at depth.  In a 

separate study (Christoffersen et al., in preparation), it was inferred from model 

intercomparison that low conductivity zones which develop in the soil, such as that which 

occurs under extreme drought, may play a role in the phenomenon of sudden shifts in the 

depth of root uptake.  Our measurements indicated that increased rates of deep soil 

moisture depletion indeed occurred when surface soil moisture plateaued at some lower 

limit (see 0.5 m soil moisture Figure 5).  Interesting models have been put forth which 

incorporate explicit soil physical mechanisms which may explain this phenomenon, often 

termed “root compensation” in the soil physics literature (Šimůnek & Hopmans, 2009). 

 

The role of root hydraulic redistribution (HR) is now a documented phenomenon 

in Amazonian ecosystems (Oliveira et al., 2005), it has been suggested that it contributes 

significantly to water fluxes in the Amazon (Lee et al., 2005).  Others have hypothesized 

through modeling that persistent HR early in the dry season can induce late dry season 

declines in transpiration during droughts such as those induced by El Nino, due to 
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increased rates of depletion of soil moisture reserves (Wang et al., 2010).  We find 

evidence here that HR is occurring under drought, although we did not find trends in the 

phase of the diurnal sinusoidal patterns as we would have expected (figures not shown).  

The observed reduction in water fluxes per unit available energy, however, are consistent 

with this hypothesis.  We leave further investigation of root compensation and HR under 

drought for future work, which will require an integration of these measurements with 1- 

and/or 2-dimensional modeling of root uptake. 

 

Conclusions 

 

While our study suggests that the perhaps a combination of rooting habit and soil 

physical properties prevents drought from having community-wide impacts on mortality, 

it also highlights important gaps in our understanding about aboveground processes 

associated with vegetation dynamics and individual carbon balance.  The nonexistence of 

community-wide mortality pulses in response to drought does not preclude mortality risk 

at the level of individuals sharing a certain suite of functional traits, such as those 

possessing lower wood density or smaller nonstructural carbohydrate (NSC) reserves.  It 

remains an open question as to how fast any sort of environmental stress results in 

mortality.  Knowledge about the trajectory of Amazonian forests under climate change 

will require improved understanding of individual and ecosystem-level  responses to 

environmental stress both in the short- and long-term.   We stress, therefore, that 

coincident measures of vegetation dynamics, leaf and root phenology, and ecosystem gas 
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exchange in Amazonian forests are essential for elucidating mechanisms governing forest 

response to interannual climate anomalies, and hence the fate of these forests under 

climate change. 
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Table 1. Data used in the present study 

Method 

Measured data 
variables used in this 
study 

Time period of 
available data Reference 

Eddy tower 

Net radiation (Rn), 
Precipitation (Precip), air 
temperature (Tair), wind 
speed (u), air humidity 
(Qair), net ecosystem 
exchange of carbon 
(NEE), gross ecosystem 
productivity (GEP), 
ecosystem respiration 
(Rh), latent heat flux / 
evapotranspiration (LE / 
ET), sensible heat flux 
(H), momentum flux (u*) 

Jan 2002 - Jan 2006; 
Aug 2008 - present 

Saleska et al. (2003); 
Hutyra et al., (2007); 
Restrepo-Coupe et al. 
(in review) 

Automatic 
weather stations 
(AWS) 

Precipitation (Precip) 1998 - present 
Fitzjarrald et al. 
(2008) 

Brazilian 
National 
Institute of 
Meteorology 
(INMET) 
weather station, 
Belterra, Pará, 
Brazil 

Precipitation (Precip) 1961 - present www.inmet.gov.br 

Forest biometry 
Mortality of all stems >= 
10 cm DBH 

Census intervals: 
1999-2001, 2001-
2003, 2003-2005, 
2005-2006, 2006-
2007, 2007-2008, 
2008-2009, 2009-
2010, 2010-2011 

Rice et al., (2003); 
Pyle et al., (2008) 

Time domain 
reflectometry 
(TDR) and time 
domain 
transmissometry 
(TDT) 

Soil moisture (θ) Aug 2008 - present This paper 

Root biomass 
extraction 

Root biomass - This paper 
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Figure 1. 11-year time series 
of environmental variables at 
the Tapajos km67 forest site.  
Highlighted regions represent 
focal time periods for the 
present study (pink- 2009; 
blue- 2010).
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Figure 2. Drought-mortality relationships for 8 tree censuses over a 10-year period 
(2001-2011) at the Tapajos km67 site, as compared with previously published 
Amazonian census + 2 experimental drought (Caxiuana & Tapajos) plots (Phillips et 
al., 2010) using 2 different lag timescalesmetrics.  A) Lag-0; b) Lag-1 
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Figure 3. 3-year time series of (a) water deficit, (b) precipitation throughfall, and (c) soil 
moisture in the upper 10 m of soil at the Tapajos km67 forest site.  In (a), two different 
estimates of site throughfall and/or rainfall are combined with a constant estimate of 100 
mm/month ET to estimate the time series of maximum cumulative water deficit (MCWD).  
The bold line represents an estimate of the instantaneous deviation of soil moisture that is 
available to plants (PAW) from the maximum amount of water available to plants (PAWmax) 

integrated over the 10 m domain.  Red portions of this line represent linear interpolations over 
missing data. Pink and blue shaded regions are the same periods referred to in Figure 1 and 
are the focal two dry seasons (2009 and 2010) periods for the present study.
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Figure 4. Environmental drivers and soil moisture response during the 2009 anomalously 
dry dry season (left panels) and during the 2010 dry season.  Rainfall is at 3 time scales: 
daily totals (histogram lines) monthly totals (gray bars), and 11-year mean (stairstep lines). 
Pink shaded regions correspond to periods of soil moisture reduction shown in Figure 7. 



189 
 
 

  

 
  

Figure 5. Canopy biophysical response during the 2009 (left panels) and 2010 (right panels) 
dry seasons. (see main text for description of procedure used to estimate gs and Tc).  Pink 

shaded regions correspond to periods of soil moisture reduction shown in Figure 7. 
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Figure 6. Canopy photosynthetic response to the 2009 (left panels) and 2010 (right panels) 
dry seasons. Pink shaded regions correspond to periods of soil moisture reduction shown in 
Figure 7. 
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Figure 7. Vertical profiles in the reduction of soil moisture during two 15-day intervals 
corresponding to the middle and end of the 2009 dry season (shaded pink regions in Figures 
4 - 6).  Red and blue lines represent data from replicate soil moisture sensors on each side 
of the soil pit; solid black line is the mean.  Depth at which 50%, 60%, 70%, 80%, and 90% 
of total soil moisture reduction (as integrated from the soil surface downward) shown as 
horizontal segments. 
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Figure 8. Variations in hourly volumetric soil moisture content by depth during September 
2009.  
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Figure 9. Two distinct root mass profiles corresponding to intact forest (left panels) and a 
large canopy gap (right panels) in relation to evolving soil moisture dynamics during the 2009 
drought period. 
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