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Abstract The root zone moisture storage capacity (SR) of terrestrial ecosystems is a buffer providing
vegetation continuous access to water and a critical factor controlling land-atmospheric moisture exchange,
hydrological response, and biogeochemical processes. However, it is impossible to observe directly at
catchment scale. Here, using data from 300 diverse catchments, it was tested that, treating the root zone as
a reservoir, the mass curve technique (MCT), an engineering method for reservoir design, can be used to
estimate catchment-scale SR from effective rainfall and plant transpiration. Supporting the initial hypothesis, it
was found that MCT-derived SR coincided with model-derived estimates. These estimates of parameter SR can
be used to constrain hydrological, climate, and land surface models. Further, the study provides evidence that
ecosystems dynamically design their root systems to bridge droughts with return periods of 10–40 years,
controlled by climate and linked to aridity index, inter-storm duration, seasonality, and runoff ratio.

1. Introduction

The critical influence of vegetation on the water cycle was realized early [Bates, 1921; Horton, 1933] and is by
now, together with its wider implications [Seneviratne et al., 2013], well acknowledged [Jenerette et al., 2012;
Rodriguez-Iturbe, 2000; Thompson et al., 2011]. It is also understood that water and vegetation interact in a
co-evolutionary system toward establishing equilibrium conditions between vegetation and moisture
availability in water-limited environments [Donohue et al., 2007; Eagleson, 1978, 1982]. In other words, ecosystems
tend to avoid water shortage [Eagleson, 1982; Schenk, 2008] and the associated negative effect on plants’
carbon assimilation rates [Porporato et al., 2004]. There is empirical and theoretical evidence that they do so by
designing root systems that allow for themost efficient extraction of water from the substrate, therebymeeting
the canopy water demand (or transpiration) while minimizing their costs in terms of carbon expenditure for
root growth and maintenance [Milly, 1994; Schymanski et al., 2008; Troch et al., 2009].

In spite of a generally good understanding of how ecosystems and hydrology are interlinked, little is known
about the detailedmechanisms controlling these connections, leavingmany factors involved difficult to quantify.
This is in particular true for the water holding capacity, or the plant available water storage capacity in the root
zone (SR), which is a key parameter for ecosystem function [Milly and Dunne, 1994; Rodriguez-Iturbe et al., 2007;
Sayama et al., 2011]. It was suggested previously that changes in SR directly affect runoff [Donohue et al., 2012],
transpiration rates [Milly and Dunne, 1994] as well as, through its influence on transpiration and thus on latent
heat exchange, land surface temperatures [De Laat and Maurellis, 2006; Legates et al., 2011; Seneviratne et al.,
2013] and thus the fundamental hydrological response characteristics of natural systems [Kleidon, 2004; Laio
et al., 2001; Porporato et al., 2004]. In spite of the understanding that soils, and thus also SR, are manifestations of
the combined and co-evolving influences of climate, biota, and geology [Van Breemen, 1993; Phillips, 2009], SR
was in the past mostly estimated from soil characteristics or rooting depths [Saxton and Rawls, 2006; Huang
et al., 2013], disregarding the importance of climate. Thus, an approach to quantify SR accounting for feedback
among the system components will facilitate a better understanding of how much sub-surface water can be
accessed by root systems and is key for efficiently constraining hydrological and ecological predictions.

2. Hypothesis

Both, ecosystems and humans, need continuous access to water, requiring a buffer to balance the high
variability of hydrological fluxes in the natural system. Where humans design reservoirs to store water to do
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so, ecosystems dimension their root zones. A classical engineeringmethod for designing the size of reservoirs
is the mass curve technique (MCT; Figure S1a) and refinements thereof [Hazen, 1914; Klemeš, 1997; Rippl,
1883]. Using this technique, the reservoir size is estimated as a function of water demand, water input, and
the length of dry periods. These factors show a striking resemblance with those that have been reported to
control SR: potential evaporation, precipitation, inter-storm duration, and seasonality [Gentine et al., 2012;
Milly, 1994]. Given these similarities and treating the root zone as a reservoir, we tested the hypothesis that
the MCT can be used to estimate SR at the catchment scale, independently of point-scale root or soil
observations, exclusively based on climate data (inflow and water demand) and to thereby establish a direct
and quantifiable link between climate, ecosystem, and hydrology. Note that a catchment can consist of
several ecosystems. Hereafter, however, SR of an ecosystem describes the integrated value of SR for all
ecosystems in a catchment.

3. Methods
3.1. Estimation of Root Zone Storage Capacity (SR)
3.1.1. Mass Curve Technique (MCT)
The MCT is a method to estimate the reservoir storage based on the relationship between cumulative
inflow and water demand (Figure S1a). To estimate SR (Figures S1b and S1c) first the average annual plant water
demand Eta is determined from Eta= PE –Q, with PE= P – Ei, where PE is the cumulative inflow, P is precipitation, Ei is
interception, and Q is runoff. Then water demand in dry seasons (Etd) is estimated using a linear relationship
between Eta/Etd and the ratio of annual average to dry season average Normalized Difference Vegetation
Index, i.e., NDVIa/NDVId, assuming that transpiration is linearly related to the vegetation index and incoming
radiation while being constrained by soil moisture [Wang et al., 2007]. Finally, PE is plotted together with
Etd. The required SR for each year is estimated based on the periods where the rate of water demand exceeds
inflow (Figure S1). In other words, the vertical distance between the tangents to the accumulated PE, parallel to
Etd, at the beginning and the end of dry seasons yields the estimated SR of that year (Figure S1b).
3.1.2. Frequency Analysis
The Gumbel distribution [Gumbel, 1935], frequently used for estimating hydrological extremes, was used to
standardize the frequency of drought occurrence (Figures S1d and S3). Here, Gumbel uses the reduced
variate y as a function of the return period T of annual SR estimates (y =�ln(�ln(1� 1 / T))). Being a linear
relationship, this allows the estimation of the SR required to overcome droughts with certain return periods,
such as droughts with return periods of 10, 20, and 40 years (SR10y, SR20y, and SR40y).

3.2. Root Zone Storage Capacity From Hydrological Models (SuMax)

To test the MCT-derived values of SR for plausibility, a conceptual hydrological model was used to
independently estimate the root zone storage capacity. It was developed based on the FLEX framework
[Fenicia et al., 2008]. As for most hydrological models its core is a dynamic buffer that moderates flows and
retains tension water for plant use, essentially reflecting SR [Fenicia et al., 2008; Zhao and Liu, 1995]. Here, the
tension water storage capacity function of the Xinanjiang model [Zhao and Liu, 1995], controlled by
parameter SuMax, was adopted. The MOSCEM-UA [Vrugt et al., 2003] algorithm was used for a multi-objective
model calibration, based on the Kling-Gupta efficiency (KGE) [Gupta et al., 2009] of flow, logarithmic flow, and
the flow duration curve. All pareto-optimal parameter sets were retained as feasible and used for further
analysis (in Figures 2, S1d, and S3 only themedian values of SuMax are shown for clarity). The description of the
model is available in the Supplement (Figure S4 and Table S1). The MCT-derived SR was then evaluated
against the model-derived values of SuMax.

4. Data Sets

For an initial analysis, data from six catchments in Thailand, with catchment areas between 452 and 3858 km2,
were used (Table S2, Dataset S1). These catchments are characterized by tropical savanna climate (Köppen-
Geiger group Aw) with average annual precipitation and runoff of 1174 and 268mmyr�1. Land use is
dominated by evergreen and deciduous forest (Figure 1d). Further, data from 323 in the United States
catchments, with areas between 67 and 10,329 km2, data records >30 years, and limited anthropogenic
influence, available through the Model Parameter Estimation Experiment [Schaake et al., 2006] were used.
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MOPEX catchments with more than 20% of precipitation falling as snow were excluded from the analysis
since neither the MCT nor the model account for snow dynamics. Likewise, catchments in very arid climates
(IA> 2, IA= EP/P, Ep is potential evaporation) were excluded as vegetation in such regions may favor different
survival strategies such as increased water storage in the plants themselves. Catchment average precipitation
was calculated with inverse distance weighting. Potential evaporation was estimated using the Hargreaves
equation [Hargreaves and Samani, 1982]. The interception threshold Ei to estimate PE was set to 2mmd�1.
Catchment average annual and dry season mean NDVI values were obtained from the MODIS13Q1 product
(2002–2012; LP DAAC) by using the average of all cells within the catchment over the required period.

5. Results and Discussions

Depending on dry season characteristics in individual years (Figure S2), the six Thai study catchments
exhibited considerable fluctuations in MCT-derived SR needed in the individual years to satisfy dry period
plant water demand, with overall values across all six catchments from ~100 to ~450mm (Figure S3). In the
individual catchments the range between the minimum and the maximum values for annual SR was on
average ~200mm. To generalize these results, the required SR for drought return periods of 5, 10, 20, 40, 60,
and 100 years were estimated using the Gumbel distribution (Figure S3).

Calibrating the hydrological model to stream flow observations for these six study catchments showed that
the ranges of calibrated SuMax correspond surprisingly well with the values of MCT-derived SR (Figure 1e). In
fact, values of SR required to cover canopy water demand for droughts with return periods from 10 to
20 years coincided with the median of calibrated SuMax in each catchment, with some vegetation-related
variation: the results suggest that catchments with higher values of annual catchment average NDVI
(P.4A, NDVI = 0.69; P.21, NDVI = 0.70) and thus higher canopy water demand develop larger SR20y of 447 and
439mm, respectively, than those with lower canopy water demand (P.14, NDVI = 0.64, SR20y=280mm; P.24,
NDVI = 0.66, and SR20y=219mm). In other words, ecosystems in these catchments have developed root
zone that allows them to overcome droughts with return periods of 10–20 years. These results suggest that
plants “design” their root-accessible water storage according to a cost minimization strategy [Milly, 1994],
i.e., to meet canopy water demand with minimal carbon allocation to roots. It could be observed in these six

Figure 1. Upper Ping River catchment maps: (a) context; (b) elevation; (c) average annual Normalized Difference
Vegetation Index (NDVI); (d) land use. Figure 1e compares the values of mass curve technique (MCT)-derived SR for
different return periods (grey boxes) with the range of feasible calibrated values of SuMax from the hydrological model
(red lines indicate the medians, boxes the 25/75th, and whiskers the 5/95th quantiles).
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catchments that ecosystems develop storage capacities SR that are mainly controlled by atmospheric
moisture supply and canopy demand dynamics, which supports earlier studies that documented the
importance of canopy water demand and environmental conditions for SR [Field et al., 1992;Milly and Dunne,
1994; Gentine et al., 2012] and the hypothesis that ecosystems adapt their root zones [Schenk, 2006] by lateral
or vertical growth [Schenk and Jackson, 2002a] to access the necessary soil water volume.

The hypothesis of climate and canopy water demand being dominant controls on SR and the existence of a
link between SR and SuMaxwere further tested by applying the samemethodology as above to additional 323
very diverse catchments across the US. Based on all 329 study catchments (Thailand and US), statistically
highly significant relationships between calibrated SuMax and MCT-derived SR for drought return periods of

10–40 years (R210yrs = 0.61, R220yrs = 0.75, R240yrs =0.71; p< 0.001; Figures 2a–2c) suggest that across the

contrasting environmental conditions in these catchments, ecosystems design their SR according to similar,
simple, first order principles. Figure 2g displays the full range of SR10y – SR40y, compared to SuMax values for all
study catchments, showing that the majority of catchments’ SuMax plots within the SR10y – SR40y range.

5.1. Links Between Climate, Vegetation and SR

The results indicate that at the catchment scale the plant available storage capacity is controlled by
catchment wetness characteristics: when plotting SR20y for the individual catchments against their respective
aridity indices (IA) (R

2 = 0.28; p< 0.001) or the mean inter-storm durations (IISD), a proxy for dry period
durations (R2 = 0.57; p< 0.001), it was found that the lowest SR (<100mm) are required in wet climates
(Figure 2d) with shortest inter-storm durations (Figure 2e), while larger SR are required in regions with higher
aridity and longer dry period durations. Another determining factor for SR was found to be the seasonality of

Figure 2. Relationships between SR, SuMax, and climate indices for the 329 study catchments. (a) SuMax vs. SR20y (storage capa-
city with 20 years return periods); (b) SuMax vs. SR10y; (c) SuMax vs. SR40y; (d) SR20y vs. aridity index (IA); (e) SR20y vs. inter-storm
duration (IISD); (f) SR20y vs. seasonality index (IS); (g) SuMax (black circles) and ranges of SR between 10 and 40 year return periods
(SR10y–SR40y), sorted by increasing SuMax. Colors indicate ecoregion classes, based on simplified CEC Level II ecoregions.
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precipitation. The higher the rainfall seasonality index (IS ¼ 1
Pa

Xm¼12

m¼1

Pm � Pa
12

���
���, where Pm is the mean rainfall of

month m, and Pa is the mean annual rainfall), the larger a SR is required (R2 = 0.69; p< 0.001; Figure 2f).
Stepwise multiple linear regression further showed that combining the three predictors IS, IA, and IISD can

explain 79% of the variance in SR20y (SR20y= 218IS+ 64IA+5IISD� 51; R2adj = 0.79; p< 0.001; variance inflation

factor<4). Furthermore, the US study catchments were classified according to the CEC North American Level
II ecoregions (Table S3; Figure 3a) [Wiken et al., 2011], with the 6 tropical catchments in Thailand constituting
one additional class. Note that the CEC classification was simplified for clarity of the presentation, without
overall impact on the interpretation. The classification indicates that, for example, in semi-arid Prairies
(Table S3; Figures 3a and 3b) dominated by seasonal short and mix-grass Prairie vegetation, SR20y is around
150 – 200mm, which is below the values of ~200 – 500mm that would be expected for ecosystems with
comparable aridity indices (IA ~1 – 2) but dominated by evergreen plants as indicated by the regression line
in Figure 2d. By going dormant during the dry season, thereby minimizing transpiration, such ecosystems
only need to access sufficient moisture to reach maturity during the growing season. In contrast, the results
also suggest that ecosystems in environments with marked seasonality and out of phase precipitation and
energy supply, such as West-coast ecoregions (Table S3 and Figures 3a and 3b), require higher SR than
ecosystems with higher aridity indices in other climates (Figure 2d) to ensure sufficient access to water
throughout the prolonged dry periods (Figure 2e). The here suggested concept of SR is conceptually different
from rooting depth, as it accounts for the volume of water accessible to roots and thus rather reflects the
average root density in a catchment. It was, however, observed that patterns of SR are broadly corresponding
with observed rooting depths in previous studies. For example, some observations by Schenk and Jackson
[2002b] include that Tropical Savanna ecosystems are characterized by, on average, deepest rooting depths,
with a median value of 1.2m. Similarly, they report elevated root depths (~0.8–2m) in Mediterranean

Figure 3. CEC North American Level II ecoregions in the US overlain by (a) the MOPEX study catchments classified based on
the simplified CEC North American Level II ecoregions and (b) the SR20y for the MOPEX study catchments. The horizontal
color bar applies to the background in both figures; the individual vertical color bars apply to the catchments in the
respective sub-panels.
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climates as well as low and comparable root depths in temperate forests and grasslands. Our results (Figure 4)
likewise suggest that the largest SR are required in Tropical Savanna systems (~400mm) and, although
wetter than Mediterranean climates, in the Seasonal Western Region (~100 – 200mm), while forests and
grasslands (Classes 1–3) exhibit low and comparable SR requirements.

5.2. Implications for the Hydrological Response and Beyond

Following these results, not only a spatial pattern of SR20y across the US emerges, following the precipitation
and evaporative energy supply gradients (Figure 3b), but it could also be shown that the long-term annual
catchment runoff coefficient (CR=Q/P) exhibits a significant, negative correlation with SR20y (R

2 = 0.48;
p< 0.001; Figure 5). This suggests that flow partitioning into runoff and evaporative fluxes, as shown in the
Budyko framework [Budyko and Miller, 1974], is strongly controlled by SR [Gentine et al., 2012]. While humid
catchments are characterized by low SR and high CR, vegetation inmore arid catchments requires a higher SR to
store more water, resulting in lower CR and thus in proportionally higher plant transpiration. This does not only
underline the importance of SR for understanding the hydrological response, but it also emphasizes the role
of co-evolution of vegetation and hydrology. Furthermore, the positive correlation between SR20y and rainfall
seasonality implies a certain buffering of seasonality effects on the runoff ratio, resulting in only small deviations
of catchments from the Budyko curve despite differences in climatic seasonality [Williams et al., 2012].

Limitations of MCT method include its dependence on the availability of water inflow and demand data. This
restricts the possibility to estimate SR for individual ecosystems or a grid-based spatial distribution within a
catchment. Further, SR estimates are currently based on constant water demand estimates and may benefit
from allowing for seasonal variations. Additional research is also required to determine at which scales the

method is applicable.

The root zone storage is the core of
hydrological models as it controls the
partitioning of available water for plant use
and flow generation. The estimation of this
parameter from independently observed
data can reduce the number of calibration
parameters and the associated parameter
uncertainty in hydrological models, in
particular for predictions in ungauged basins
[Blöschl et al., 2013; Hrachowitz et al., 2013].
Similarly, estimates of SR, as a controlling
factor of soil moisture, are potentially useful
for a range of geophysical applications: (1) in
ecology, estimates of SR may be valuable for
understanding factors controlling primary
production and growth as well as ecosystem
development and survival strategies [Kolb
et al., 1990; Briggs and Knapp, 1995; Breshears
and Barnes, 1999]. (2) In land surface

Figure 5. Relationship between SR20y and the mean annual runoff
coefficient for the 329 study catchments.

Figure 4. Distributions of SuMax and SR20y in the seven simplified ecoregion classes of the 329 study catchments.
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schemes and climate models [Dirmeyer et al., 2006; Niu et al., 2011; Seneviratne et al., 2013], estimates of SR can
help define land-atmosphere exchange processes of water and energy, thereby potentially improving the
models’ predictive ability. (3) SR also plays a key role in biogeochemical studies. Controlling soil moisture
dynamics and it establishes the physico-chemical environment for cycling of nutrients and solutes, such as
nitrogen [Pastor and Post, 1986; Agehara andWarncke, 2005] or carbon [Howard and Howard, 1993; Kurc and Small,
2007]. Linking transport, plant uptake, and chemical processes, SR estimates may improve the understanding of
these processes and their representation in models. (4) Through its link to vegetation and its influence on soil
saturation and overland flow generation, SR estimates may also prove beneficial for the understanding and
quantification of erosion and mass movement processes [Seeger et al., 2004; Ray and Jacobs, 2007].

The dependency of SR on climate and ecosystems/land cover further entails that SR cannot be treated as
static as it varies depending on changes in any of these. This potentially offers a simple way to account, to
some extent, for a temporally evolving system, which is a step from Newtonian toward Darwinian modeling
strategies [Harman and Troch, 2014; Harte, 2002; Hrachowitz et al., 2013; Kumar and Ruddell, 2010].

6. Conclusions

Using data for more than 300 diverse catchments in Thailand and the US, the presented results support the
hypothesis that, at catchment scale, ecosystems dynamically and optimally adjust their root systems
to their environment [Milly, 1994; Kleidon and Heimann, 1998] in a way that the plant available water
storage capacity is controlled by the precipitation regime, canopy water demand, and land cover. It was
shown that many ecosystems develop root systems that can tap sufficient water to overcome droughts
with 10–40 year return periods but no more than that, as it is increasingly expensive in terms of carbon
allocation to roots. It was shown that the root zone storage capacity can be calculated, independent of
point-scale observations, using a simple, water-balance based method. The results strongly highlight the
importance of the dynamic co-evolution of climate, ecosystems, and hydrology. With this approach we
have established a climate and land cover driven technique to estimate the storage capacity of the root
zone at catchment scale, a crucial parameter of the water cycle at the interface of hydrological, ecological,
and atmospheric sciences.

References
Agehara, S., and D. D. Warncke (2005), Soil moisture and temperature effects on nitrogen release from organic nitrogen sources, Soil Sci. Soc.

Am. J., 69(6), 1844–1855.
Bates, C. G. (1921), First results in the streamflow experiment, Wagon Wheel Gap, Colorado, J. For., 19(4), 402–408.
Blöschl, G., M. Sivapalan, T. Wagener, A. Viglione, and H. Savenije (2013), Runoff prediction in ungauged basins: Synthesis across processes,

places and scales, Cambridge Univ. Press, Cambridge, U. K.
Breshears, D. D., and F. J. Barnes (1999), Interrelationships between plant functional types and soil moisture heterogeneity for semiarid

landscapes within the grassland/forest continuum: A unified conceptual model, Landscape Ecol., 14(5), 465–478.
Briggs, J. M., and A. K. Knapp (1995), Interannual variability in primary production in tallgrass prairie: Climate, soil moisture, topographic

position, and fire as determinants of aboveground biomass, Am. J. Bot., 82, 1024–1030.
Budyko, M. I., and D. H. Miller (1974), Climate and Life, Academic Press, London.
De Laat, A. T. J., and A. N. Maurellis (2006), Evidence for influence of anthropogenic surface processes on lower tropospheric and surface

temperature trends, Int. J. Climatol., 26(7), 897–913.
Dirmeyer, P. A., R. D. Koster, and Z. Guo (2006), Do global models properly represent the feedback between land and atmosphere?, J.

Hydrometeorol., 7(6), 1177–1198
Donohue, R. J., M. L. Roderick, and T. R. McVicar (2007), On the importance of including vegetation dynamics in Budyko’s hydrological model,

Hydrol. Earth Syst. Sci., 11(2), 983–995.
Donohue, R. J., M. L. Roderick, and T. R. McVicar (2012), Roots, storms and soil pores: Incorporating key ecohydrological processes into

Budyko’s hydrological model, J. Hydrol., 436–437(0), 35–50.
Eagleson, P. S. (1978), Climate, soil, and vegetation: 6. Dynamics of the annual water balance, Water Resour. Res., 14(5), 749–764.
Eagleson, P. S. (1982), Ecological optimality in water-limited natural soil-vegetation systems: 1. Theory and hypothesis, Water Resour. Res.,

18(2), 325–340.
Fenicia, F., J. J. McDonnell, and H. H. G. Savenije (2008), Learning from model improvement: On the contribution of complementary data to

process understanding, Water Resour. Res., 44, W06419, doi:10.1029/2007WR006386.
Field, C. B., F. S. Chapin, P. A. Matson, and H. A. Mooney (1992), Responses of terrestrial ecosystems to the changing atmosphere: A resource-

based approach, Annu. Rev. Ecol. Syst., 23, 201–235.
Gentine, P., P. D’Odorico, B. R. Lintner, G. Sivandran, and G. Salvucci (2012), Interdependence of climate, soil, and vegetation as constrained

by the Budyko curve, Geophys. Res. Lett., 39, L19404, doi:10.1029/2012GL053492.
Gumbel, E. J. (1935), Les valeurs extrêmes des distributions statistiques, Annales de l’institut Henri Poincaré, 5(2), 115–158.
Gupta, H. V., H. Kling, K. K. Yilmaz, and G. F. Martinez (2009), Decomposition of the mean squared error and NSE performance criteria:

Implications for improving hydrological modelling, J. Hydrol., 377(1–2), 80–91.
Hargreaves, G. H., and Z. A. Samani (1982), Estimating potential evapotranspiration, J. Irrig. Drain. Div., 108(3), 225–230.

Acknowledgments
We are grateful to the Royal Irrigation
Department in Thailand and the Thai
Meteorological Department for proving
the hydrological and meterological data
in the upper Ping River basin in Thailand.
The MOPEX data set was obtained from
NOAA National Weather Service (http://
www.nws.noaa.gov/oh/mopex/mo_data-
sets.htm). The map of CEC North Amercia
ecoregions was obtained from US
Environmental Procection Agency (http://
www.epa.gov/wed/pages/ecoregions/
na_eco.htm). We thank W. R. Berghuijs
and D. Wang for sharing the shapefile of
theMOPEX catchments.We likewisewant
to thank A. Anderson, M. Ertsen, M.Weiler,
W. Shao, and W. R. Berghuijs for interest-
ing discussions and critical comments.
Extremely helpful and constructive com-
ments and suggestions from an anon-
ymous reviewer are highly appriciated.

M. Bayani Cardenas thanks two anon-
ymous reviewers for their assistance in
evaluating this manuscript.

Geophysical Research Letters 10.1002/2014GL061668

GAO ET AL. ©2014. American Geophysical Union. All Rights Reserved. 7922

http://dx.doi.org/10.1029/2007WR006386
http://dx.doi.org/10.1029/2012GL053492
http://www.nws.noaa.gov/oh/mopex/mo_datasets.htm
http://www.nws.noaa.gov/oh/mopex/mo_datasets.htm
http://www.nws.noaa.gov/oh/mopex/mo_datasets.htm
http://www.epa.gov/wed/pages/ecoregions/na_eco.htm
http://www.epa.gov/wed/pages/ecoregions/na_eco.htm
http://www.epa.gov/wed/pages/ecoregions/na_eco.htm


Harman, C., and P. A. Troch (2014), What makes Darwinian hydrology "Darwinian"? Asking a different kind of question about landscapes,
Hydrol. Earth Syst. Sci., 18(2), 417–433.

Harte, J. (2002), Toward a synthesis of the Newtonian and Darwinian worldviews, Phys. Today, 55(10), 29–34.
Hazen, A. (1914), Storage to be provided in impounded reservoirs for municipal water supply, Trans. Am. Soc. Civil Eng., 77, 1539–1640.
Horton, R. E. (1933), The Rôle of infiltration in the hydrologic cycle, Eos Trans. AGU, 14(1), 446–460.
Howard, D. M., and P. J. A. Howard (1993), Relationships between CO ~ 2 evolution, moisture content and temperature for a range of soil

types, Soil Biol. Biochem., 25, 1537–1537.
Hrachowitz, M., et al. (2013), A decade of Predictions in Ungauged Basins (PUB)—A review, Hydrol. Sci. J., 58(6), 1198–1255.
Huang, M., S. L. Barbour, A. Elshorbagy, J. Zettl, and B. C. Si (2013), Effects of variably layered coarse textured soils on plant available water and

forest productivity, Procedia Environ. Sci., 19, 148–157.
Jenerette, G. D., G. A. Barron-Gafford, A. J. Guswa, J. J. McDonnell, and J. C. Villegas (2012), Organization of complexity in water limited

ecohydrology, Ecohydrology, 5(2), 184–199.
Kleidon, A. (2004), Global datasets of rooting zone depth inferred from inverse methods, J. Clim., 17(13), 2714–2722.
Kleidon, A., andM. Heimann (1998), A method of determining rooting depth from a terrestrial biosphere model and its impacts on the global

water and carbon cycle, Global Change Biol., 4(3), 275–286.
Klemeš, V. (1997), Water storage: Source of inspiration and desperation, in Reflections on Hydrology: Science and Practice, edited by N. Buras,

pp. 286–314, AGU, Washington D. C.
Kolb, T. E., K. C. Steiner, L. H. McCormick, and T. W. Bowersox (1990), Growth response of northern red-oak and yellow-poplar seedlings to

light, soil moisture and nutrients in relation to ecological strategy, For. Ecol. Manage., 38(1), 65–78.
Kumar, P., and B. L. Ruddell (2010), Information driven ecohydrologic self-organization, Entropy, 12(10), 2085–2096.
Kurc, S. A., and E. E. Small (2007), Soil moisture variations and ecosystem-scale fluxes of water and carbon in semiarid grassland and

shrubland, Water Resour. Res., 43, W06416, doi:10.1029/2006WR005011.
Laio, F., A. Porporato, L. Ridolfi, and I. Rodriguez-Iturbe (2001), Plants in water-controlled ecosystems: Active role in hydrologic processes and

response to water stress: II. Probabilistic soil moisture dynamics, Adv. Water Resour., 24(7), 707–723.
Legates, D. R., R. Mahmood, D. F. Levia, T. L. DeLiberty, S. M. Quiring, C. Houser, and F. E. Nelson (2011), Soil moisture: A central and unifying

theme in physical geography, Prog. Phys. Geogr., 35(1), 65–86.
Milly, P. C. D. (1994), Climate, soil water storage, and the average annual water balance, Water Resour. Res., 30(7), 2143–2156.
Milly, P. C. D., and K. A. Dunne (1994), Sensitivity of the global water cycle to the water-holding capacity of land, J. Clim., 7(4), 506–526.
Niu, G.-Y., et al. (2011), The community Noah land surface model with multiparameterization options (Noah-MP): 1. Model description and

evaluation with local-scale measurements, J. Geophys. Res., 116, D12109, doi:10.1029/2010JD015139.
Pastor, J., and W. M. Post (1986), Influence of climate, soil moisture, and succession on forest carbon and nitrogen cycles, Biogeochemistry,

2(1), 3–27.
Phillips, J. D. (2009), Soils as extended composite phenotypes, Geoderma, 149(1), 143–151.
Porporato, A., E. Daly, and I. Rodriguez-Iturbe (2004), Soil water balance and ecosystem response to climate change, Am. Nat., 164(5), 625–632.
Ray, R. L., and J. M. Jacobs (2007), Relationships among remotely sensed soil moisture, precipitation and landslide events, Nat. Hazards, 43(2),

211–222.
Rippl, W. (1883), The capacity of storage reservoirs for water supply, Minutes Proc. Inst. Civil Eng., 71, 270–278.
Rodriguez-Iturbe, I. (2000), Ecohydrology: A hydrologic perspective of climate-soil-vegetation dynamies, Water Resour. Res., 36(1), 3–9.
Rodriguez-Iturbe, I., P. D’Odorico, F. Laio, L. Ridolfi, and S. Tamea (2007), Challenges in humid land ecohydrology: Interactions of water table

and unsaturated zone with climate, soil, and vegetation, Water Resour. Res., 43, W09301, doi:10.1029/2007WR006073.
Saxton, K. E., and W. J. Rawls (2006), Soil water characteristic estimates by texture and organic matter for hydrologic solutions, Soil Sci. Soc.

Am. J., 70(5), 1569–1578.
Sayama, T., J. J. McDonnell, A. Dhakal, and K. Sullivan (2011), How much water can a watershed store?, Hydrol. Process., 25(25), 3899–3908.
Schaake, J., S. Cong, and Q. Duan (2006), The US MOPEX data set, IAHS Publ., 307, 9.
Schenk, H. J. (2006), Vertical vegetation structure below ground: Scaling from root to globe, in Progress in Botany, edited by K. Esser et al.,

pp. 341–373, Springer, Heidelberg, Germany.
Schenk, H. J. (2008), The shallowest possible water extraction profile: A null model for global root distributions, Vadose Zone J., 7(3), 1119–1124.
Schenk, H. J., and R. B. Jackson (2002a), Rooting depths, lateral root spreads and below-ground/above-ground allometries of plants in water-

limited ecosystems, J. Ecol., 90(3), 480–494.
Schenk, H. J., and R. B. Jackson (2002b), The global biogeography of roots, Ecol. Monogr., 72(3), 311–328.
Schymanski, S. J., M. Sivapalan, M. L. Roderick, J. Beringer, and L. B. Hutley (2008), An optimality-basedmodel of the coupled soil moisture and

root dynamics, Hydrol. Earth Syst. Sci., 12(3), 913–932.
Seeger, M., M. P. Errea, S. Beguerıa, J. Arnaez, C. Martı, and J. M. Garcıa-Ruiz (2004), Catchment soil moisture and rainfall characteristics as

determinant factors for discharge/suspended sediment hysteretic loops in a small headwater catchment in the Spanish Pyrenees,
J. Hydrol., 288(3), 299–311.

Seneviratne, S. I., et al. (2013), Impact of soil moisture-climate feedbacks on CMIP5 projections: First results from the GLACE-CMIP5
experiment, Geophys. Res. Lett., 40, 5212–5217, doi:10.1002/grl.50956.

Thompson, S. E., C. J. Harman, A. G. Konings, M. Sivapalan, A. Neal, and P. A. Troch (2011), Comparative hydrology across AmeriFlux sites: The
variable roles of climate, vegetation, and groundwater, Water Resour. Res., 47, W00J07, doi:10.1029/2010WR009797.

Troch, P. A., G. F. Martinez, V. R. N. Pauwels, M. Durcik, M. Sivapalan, C. Harman, P. D. Brooks, H. Gupta, and T. Huxman (2009), Climate and
vegetation water use efficiency at catchment scales, Hydrol. Process., 23(16), 2409–2414.

Van Breemen, N. (1993), Soils as biotic constructs favouring net primary productivity, Geoderma, 57(3), 183–211.
Vrugt, J. A., H. V. Gupta, L. A. Bastidas, W. Bouten, and S. Sorooshian (2003), Effective and efficient algorithm for multiobjective optimization of

hydrologic models, Water Resour. Res., 39(8), 1214, doi:10.1029/2002WR001746.
Wang, K., P. Wang, Z. Li, M. Cribb, and M. Sparrow (2007), A simple method to estimate actual evapotranspiration from a combination of net

radiation, vegetation index, and temperature, J. Geophys. Res., 112, D15107, doi:10.1029/2006JD008351.
Wiken, E., F. Jimenez Nava, and G. Griffith (2011), North American Terrestrial Ecoregions-Level III, edited by CfE Cooperation, Comm. for Environ.

Coop., Montreal, Canada.
Williams, C. A., et al. (2012), Climate and vegetation controls on the surface water balance: Synthesis of evapotranspirationmeasured across a

global network of flux towers, Water Resour. Res., 48, W06523, doi:10.1029/2011WR011586.
Zhao, R. J., and X. R. Liu (1995), The Xinangjiang model, in Computer Models of Watershed Hydrology, edited by V. P. Singh, pp. 215–232, Water

Resour. Publ., Colo.

Geophysical Research Letters 10.1002/2014GL061668

GAO ET AL. ©2014. American Geophysical Union. All Rights Reserved. 7923

http://dx.doi.org/10.1029/2006WR005011
http://dx.doi.org/10.1029/2010JD015139
http://dx.doi.org/10.1029/2007WR006073
http://dx.doi.org/10.1002/grl.50956
http://dx.doi.org/10.1029/2010WR009797
http://dx.doi.org/10.1029/2002WR001746
http://dx.doi.org/10.1029/2006JD008351
http://dx.doi.org/10.1029/2011WR011586


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


