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Abstract. Drylands cover about 40 % of the terrestrial land 1 Introduction

surface and account for approximately 40% of global net

primary productivity. Water is fundamental to the biophys-

ical processes that sustain ecosystem function and food prdrylands are regions with relatively low precipitation, long
duction, particularly in drylands where a tight coupling ex- dry spells (e.g., dry seasons), and frequent occurrence of wa-
ists between ecosystem productivity, surface energy balancéer scarce conditions. They are typically located in areas of
biogeochemical cycles, and water resource availability. CurPrevalent divergence in the patterns of atmospheric circula-
rently, drylands support at least 2 billion people and comprisetion, on the lee side (“rain shadow”) of mountain chains, in
both natural and managed ecosystems. In this synthesis, waid continental regions, or in the proximity of cold ocean
identify some current critical issues in the understanding ofsurfaces. The drylands definition is often based on total an-
dryland systems and discuss how arid and semiarid environoual precipitation being low relative to potential evapotran-
ments are responding to the changes in climate and land usgpiration (ET). To this end an aridity index (Al), defined as
The issues range from societal aspects such as rapid poptPe ratio between precipitation and potential ET, is used to
lation growth, the resulting food and water security, and de-classify drylands as regions where the Al is smaller than 0.65
velopment issues, to natural aspects such as ecohydrologicé®-9-, sub-humid dryland, semi-arid dryland).

consequences of bush encroachment and the causes of de_DryIandS Collectively cover about 40 % of the terrestrial
sertification. To improve current understanding and informland surface (Table 1) and contribute approximately 40 % of
upon the needed research efforts to address these critical i§lobal net primary productivity (Grace et al., 2006). Veg-
sues, we identify some recent technical advances in terms ditation dynamics exert a strong control on the water cycle
monitoring dryland water dynamics, water budget and veg-in drylands, due in part to the tight coupling that exists be-
etation water use, with a focus on the use of stable isotopefveen the water, energy, and biogeochemical budgets in these
and remote sensing. These technological advances provid®/stems (Noy-Meir, 1973; Austin et al., 2004; Wang et al.,

new tools that assist in addressing critical issues in dryland2009a; Tietjen et al., 2010). For example, in the Mojave
ecohydrology under climate change. desert of the southwest United States, elevated winter precip-

itation stimulated a rapid increase in vegetation productivity,
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Table 1. The classification, percentage of global land area and percentage of global population of each dryland type. Data are from United
Nation’s Millennium Ecosystem Assessment (2005) and Gilbert (2011).

Dryland Classification  Aridity Index (Al)  Global Land Area (%) Global Population (%)

Dry subhumid 0.56< Al <0.65 9.9% 15.3%
Semi-arid 0.26< Al <0.50 17.7% 14.4%
Arid 0.05< Al <0.20 12.1% 4.1%
Hyper-arid Al<0.05 7.5% 1.7%

which in turn reduced soil water storage by half — comparediimited ecosystems (Rodriguez-lturbe, 2000; D’'Odorico et
to a paired unvegetated site — and precluded deep drainagd., 2010a). Currently, drylands support more than 2 billion
below the root zone (Scanlon et al., 2005). A converse ex{people and comprise both natural and managed ecosystems
ample would be the conversion of perennial vegetation to an{MEA, 2005; Gilbert, 2011). Growing global populations
nual crops, which is typically associated with an increase inare expected to increase the pressure on these ecosystems,
groundwater recharge, and — in some cases — the rise of shahereby further exacerbating the already tight limitations im-
low water tables and salt accumulation at the ground surfaceposed by water availability and food security. Thus, there is
as observed in many drylands around the world, includingan urgent need for better management strategies to avoid the
the case of south western Australia. emergence of potential conflicts resulting from poor under-
Besides the strong linkage between water, energy and biostanding of the underlying ecohydrological processes. With
geochemical fluxes, across-scale hydrological connectivity igSncreasing anthropogenic influences on hydrological cycles,
another important feature of arid and semiarid landscapesesearch in ecohydrology is moving towards more human-
Hydrological connectivity is a system-level property that re- dominated landscapes (Jackson et al., 2009). Future envi-
sults from the linkages in the networks of water transportronmental and socio-economic changes, such as rising CO
through ecosystems, by which feedbacks and other emergemind temperature, changing rainfall patterns and even dietary
system behavior may be generated (Miller et al., 2012). Be-shifts are likely to have profound impacts on dryland ecosys-
cause of the low hydraulic conductivity of dry soils, the sub- tem dynamics. Many dryland savannas and mixed crop-
surface connectivity of arid and semiarid landscapes is generping systems have a combination of different plant phys-
ally low when compared with their wet and subhumid coun- iognomies, including both £and G plants (Wang et al.,
terparts (Grayson et al., 1997). The connectivity provided by2009b, 2010a). SincegGand G plants respond to Cen-
surface waters is often intermittent or ephemeral and limitedrichment and temperature increase differently (Morgan et al.,
to wet periods or seasons when surface overland flow occur2011), the combination of plant physiognomy increases the
and the stream network is active. Hydrological connectivity complexity of managing and predicting dryland responses to
is not well characterized in most systems and the challengéuture environmental changes.
of modeling hydrological connectivity lies in the poor un-  Not unique to drylands, but equivalently important in arid
derstanding of cross-scale interdependencies of the processand semiarid landscapes, scale and scaling is another impor-
controlling water fluxes from the soil to the plant and the at- tant issue in understanding and predicting ecohydrological
mosphere (e.g., Loik et al., 2004). Representing and syntheprocesses (Seyfried and Wilcox, 1995; Becker and Braun,
sizing hydrological connectivity, from the point to the land- 1999). Scale is perceived differently by different researchers
scape scale, will require enhanced knowledge of connectionand for different research purposes. From the perspective of
among hydrologic conditions, climate, vegetation, soil pro-a small lysimeter study, a catchment of the size of #km
cesses, and landscape morphology. Recent efforts have beemy be considered large and heterogeneous, whereas a sev-
focusing on better characterizing hydrological connectivity. eral thousand kfbasin may be considered small and ho-
For example, Wang et al. (2012a) developed a conceptuanogeneous for global simulations (Bergstr and Graham,
framework for upscaling ecohydrological and biogeochem-1998). In reality, processes are often observed at short time
ical processes from point to watershed scales using electriscales and small spatial scales and predictions are made for
cal circuit analogies and Hvenin’s theorem, highlighting its  long time scales and large spatial scales. To make this link,
utility to represent concomitant processes at both small andt is essential to understand how the nature of spatial vari-
large spatial scales. ability affects hydrological response over a range of scales,
Water is fundamental for biological processes responsiblénow to link the small-scale and large-scale observations and
for ecosystem function and food production, and for abi-where the uncertainty lies. Upscaling typically consists of
otic processes controlling the land-atmosphere interactionstwo steps: distributing the small-scale parameter over the in-
Dryland ecohydrology describes the hydrologic mechanismgerested area and aggregating the spatial distribution of the
that underlie ecological patterns and processes in waterparameter into one single value; downscaling, on the other
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hand, involves disaggregating and singling outodihl and
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lenges in the developments of new research tools, including 1950 2000 2050
remote sensing and stable isotope monitoring tools, which Year
will assist in addressing these critical issues in dryland eco-

Fig. 1. Average global population density growth and population
density growth for dryland dominated countries (defined as where
dryland areas are larger than 50% of the total areas). The in-
set represents the same information but excludes India and Pak-
istan for better display of the other countries. The population
data is from the Department of Economic and Social Affairs
of the United Nations (2004)http://www.un.org/esa/population/
publications/longrange2/WorldPop2300final.pdf

hydrology.

2 Critical issues in drylands

2.1 Dryland population growth, water demands and
dryland agriculture

Global water resources are inherently related to and affected
by population growth (drosmarty et al., 2000). Developing water intense diets, could be dramatic. For example, in China
nations account for 90 % of dryland populations. Figure 1and India, the per capita water footprint is currently 1071
shows that a large proportion of dryland countries (i.e., coun-and 1089 ri/person/year, respectively, while in the United
tries in which the dryland area exceeds 50 % of the total areaStates it is 2842 Riperson/year (Hoekstra and Mekonnen,
based on the definition provided in the Introduction) exhibit 2012). By 2050, the populations of China and India are pre-
a much higher population growth compared with the globaldicted to reach 1.42 and 1.61 billion, respectively (the pop-
average. ulation data is from the State of World Population 2010). If
Water footprint is an indicator of water consumption that in these countries the per capita water footprint reaches the
includes both direct and indirect water use, and is defined atevels of the United States (this may not be achievable in re-
the total volume of freshwater used to produce the goods andlity due to the size of the population and low per capita eco-
services consumed by an individual or a community (Cha-nomic level in these countries), their freshwater consump-
pagain and Hoekstra, 2004; Liu and Savenije, 2008). Mostion would become at least three times larger than the current
of the human appropriation of freshwater resources is usedates. Since water resources are already under severe pres-
for food production (e.g., Falkenmark and Rockstr 2004).  sure in both countries, meeting this future demand will be a
Without accounting for any change in the per capita waterdaunting challenge for the next generation.
footprint, the ongoing demographic growth is expected to in- Population growth in conjunction with an increase in per
crease the pressure exerted by humanity on the global waterapita water use is affecting a number of dryland countries
resources. At the same time, however, it has been reportedround the world. Food security is at risk when in these coun-
that economic growth is allowing some populations to havetries the available freshwater is not sufficient to produce the
access to more water intensive food commodities; the shiffood needed by their populations. Severe water stress condi-
to more meat based diets will substantially increase the petions are expected to cause malnourishment, famine, and so-
capita water use, further increasing the water footprint of hu-cial unrest. The United Nations Food and Agriculture Orga-
man societies (Liu et al., 2008; Strzepek and Boehlert, 2010)nization (FAO) predicts that by 2050 agriculture will have to
Changes in water consumption, induced by shifts to moresupport additional 2.7 billion people (FAO, 2006a). To feed
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the increasing global population while eradicating malnour-uniquely associated with drylands (e.g., ephemeral streams)
ishment, the human appropriation of freshwater resourcesieed to be considered and further explored.
needs to double within the next 40-50yr (Falkenmark and Regardless of a possible increase in arable area, dryland
Rockstbm, 2004). Our ability to meet such demand is con- agriculture is expected to be particularly vulnerable to the
strained by the limited availability of accessible freshwater effect of climate and land use change. The effect of climate
resources on Earth. From the water perspective, an increasghange on crop production is of considerable concern. Pre-
in food production can — in principle — be achieved by (1) in- dictions for the US central Great Plains indicate that the neg-
creasing irrigated land, (2) expanding croplands at the exative effects of rising temperature on crop production will
penses of natural ecosystems, and (3) developing new tecloffset the positive impacts of CGOncrease (Ko et al., 2012).
nologies that enhance the water use efficiency of agriculturalThe effects of climate change are already being felt in the
production (“more crop per drop”) through genetically mod- global food markets, and are becoming particularly strong
ified crops or water saving agricultural techniques. However,n some dryland areas, where crops fail and yields decline
theses options are not without constraints. In terms of thg FAO, 2006a). In the semiarid tropics, smallholder farmers
first option, currently, 19 % of the global agricultural land is rely on extremely variable and uncertain rainfall regimes.
irrigated and produces 40 % of the world’s food supply (Han- The vulnerability is also contributed by soil salinization and
jra and Qureshi, 2010). Meeting the projected food demandther forms of human- or climate-induced land and water
solely by expanding irrigated areas is unfeasible (Falken-degradation. Future climate projections in drylands are un-
mark and Rockstim, 2004). Irrigation requires water with- certain but indicate a possible increase in climate variability,
drawal from lakes, streams or groundwater. Globally, abouta decrease in mean precipitation (Sheffield and Wood, 2007),
2600 kn¥ of water are already withdrawn every year for ir- the occurrence of more frequent droughts, and increased tem-
rigation (Strzepek and Boehlert, 2010). Agriculture accountsperature extremes (Schlenker and Lobell, 2010). All of these
for more than 66 % of the total human withdrawals. Most of factors will further exacerbate the vulnerability of agricul-
the rivers flowing through dryland regions are already inten-tural production in the dry tropics. For instance, in the near
sively exploited. Many of them (e.g., the Rio Grande or the future (20—30 yr) climate change is predicted to threaten food
Colorado River) barely make it to the ocean. An expansion ofsecurity in southern Africa (Lobell et al., 2008) and the Sahel
irrigation can contribute only in part to the projected increase(Patricola and Cook, 2010), while in other areas (e.g., cen-
in food demand. tral Africa), the uncertainty of these estimates is too large to
In terms of expanding croplands, there are only limited make informed decisions. In addition to changes in mean cli-
opportunities to increase agricultural production by sustain-mate conditions, changes in climate variability pose further
ably increasing the arable land and the global agriculturalchallenges on farmers who may be able to adapt to long-term
area is not expected to substantially increase (Fedoroff et alghanges but not to increases in interannual variability.
2010). However, drylands are often considered as possible Furthermore, the response to climate change in drylands
candidates for cropland expansion (both for food and biofuelnot only depends on climate itself, but also on the social and
production). For example, in 2009, the World Bank identi- economic aspects of the society. For example, in pastoral
fied 600 million hectares of African savannas and woodlandssocieties, changes in rainfall amount and arrival time will
as the primary expansion opportunity to increase food pro-change vegetation productivity. However, to translate pro-
duction in Africa (World Bank, 2009). However, the con- ductivity consequences into livelihood and development im-
version to agriculture of these drylands would not occur atpacts requires additional levels of cross-disciplinary synthe-
no cost if we account for the environmental services theysis to incorporate geographical, social, economic, and tech-
currently provide, including rangeland, firewood production, nological dimensions of the linked human-ecohydrology sys-
carbon sequestration, maintenance of biodiversity, and protem. In agricultural systems, we can also see the amplifica-
vision of habitat for wildlife. Moreover, the conversion of a tion of meteorological impact by anthropogenic activities.
grassland-dominated system to cropland has the potential tBor example, recent work (e.g., Mwale, 2003; Falkenmark
reduce runoff dramatically (Twine et al., 2004) with impor- and Rockstim, 2008) has begun to show that in many cases
tant impact on stream and fluvial habitats. One of the chal-agricultural drought can be quite substantial (i.e., complete
lenges in dryland ecohydrology is the disconnection of re-crop failure), even when meteorological drought (i.e., rain-
search focusing on upland processes and studies on stredfiall deficit) is mild. Therefore, the frequency and severity of
biology. When some of the methods developed in humid re-a “drought year” depends heavily on both social and agri-
gions are applied to drylands, some distinctive ecohydrolog-cultural factors, which are themselves strongly coupled to
ical features of dryland streams need to be accounted for. Faspatial expressions of hydrological dynamics, land cover pat-
instance, biotic indices (e.g., invertebrate taxa richness) caterns, and local coping behaviors. Although much progress
be used as indicators of stream health and land use impactsas been made in understanding changes in food security un-
(Lenat and Crawford, 1994) and to characterize terrestrial-der the threat of climate change (Hanjra and Qureshi, 2010),
aguatic interactions in drylands, but characteristics that arét is still unclear how an intensification of climate fluctuations
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might affect food production and what policies could mediatethe area available for livestock production. Rangeland reha-
those impacts. bilitation research has shown that in many cases physical ma-
It has been noted that, despite water scarcity some sociripulations such as microcatchments can reinstate more pro-
eties are meeting their food demand through the importa-ductive water-soil-plant relations. But additional, more holis-
tion of food commodities. International trade of food prod- tic assessments are needed to determine: (a) the extent to
ucts has been associated with a virtual transfer of the wawhich livelihood benefits from land rehabilitation can miti-
ter required for their production (Allan, 1998). Virtual wa- gate other stressors due to demographic and land use pres-
ter trade is, however, only a short term remedy: it does notsures, and (b) the optimal location of rehabilitation efforts in
correct the imbalance existing between the growing globalheterogeneous landscapes to generate the greatest impacts on
population and the limited available water resources; it doegproductivity and livelihoods.
not promote equality in the access to freshwater (Seekell et Many smallholder dryland cropping systems in Africa
al., 2011); it reduces societal resilience (D’Odorico et al.,have also undergone suites of social and ecohydrological
2010b), and makes some societies (e.g., China) increasinglghanges. Demographic pressures have led to increased farm-
dependent on water resources that they do not control (Cating intensity, reduced fallow periods, and driven cropping

etal., 2012). into increasingly marginal areas. Crop genetics, fertilizers,
and pest management have spurred the Green Revolution
2.2 Dryland development challenges in agricultural intensification in Asia and Latin America,

but not in rural Africa. Lack of water availability and irri-

By taking a broader view of drylands not just as ecosystemsgation infrastructure are key barriers to such development
but as coupled human-environment systems, we can see t{&ockstom et al., 2007). While major aid organizations are
pivotal importance of ecohydrology in the pursuit of human currently redoubling their efforts to create more efficient,
development. In developing countries, the livelihoods anddrought resistant crops for Africa, knowledge of dryland eco-
well-being of rural dryland populations tend to be tightly and hydrology has inspired other approaches: Conservation Agri-
directly linked to ecological processes, as societies in theseulture and the Green Water approach (FAO, 2006b; Falken-
regions typically engage in household-scale, low-technologymark and Rockstm, 2008). With the mantra, “more crop
livestock and/or crop production (Reynolds et al., 2007). Pasper drop,” these approaches seek to maximize the fraction
toral systems use natural dryland ecosystems extensively faof precipitation (or irrigation) that is routed through produc-
livestock production, with mobility, flexibility, and common tive plant growth (transpiration), by reducing losses to runoff,
pool resource management institutions to track and accessvaporation, and deep drainage. With technologically simple
shifting resource availability (Robinson et al., 2011). Dry- tactics like microcatchments, mulching, and strategic timing
land smallholder agriculture is typically rain-fed, or may uti- of watering, crop yields per water input can increase several-
lize localized sources or on-site catchment for limited ir- fold (FAO, 2006b; Falkenmark and Rocldtn, 2008). At
rigation, making crop yields highly dependent on seasonapresent, we lack coupled evaluations of plant-level (crop ge-
rainfall and farming practices that affect the partitioning of netics) and farm-level (conservation agriculture) approaches,
precipitation in the water balance equation (Falkenmark andvhich assess the climatic, ecological, and social conditions
Rockstbm, 2008; Notenbaert et al., 2009). under which these approaches offer higher or more sustain-

Today, both systems, and hybrids thereof, are strugglingable productivity gains.
to support human livelihoods and maintain resilient ecolog-
ical processes in the face of growing populations, land use.3 Desertification and human vs. climate induced
pressures, and climate change. African drylands, which cover desertification
40 % of the continent’s land area, epitomize these challenges
for poverty reduction, economic development and environ-Many drylands around the world are affected by rapid
mental sustainability. Poverty itself limits choices for cop- change in vegetation cover and composition, hydrologic
ing strategies, such as technological investments or adoptiononditions, and soil properties, which result in an overall
of industrial or other livelihoods (Thornton et al., 2006). A loss of ecosystem services and poses serious threats to sus-
human-ecohydrology lens can be applied to help understanthinable livelihoods. The process underlying these changes
how ecohydrologic conditions govern rural productivity, and is often termed “desertification” (D’'Odorico et al., 2012).
can point to appropriate, creative approaches to forge mor&@he United Nations Convention to Combat Desertification
beneficial feedbacks between landscapes and livelihoods. (UNCCD) (1994) defines desertification as land degradation

In pastoral systems, land degradation is part of a “dimin-in arid, semi-arid or sub-humid areas resulting from vari-
ishing resource syndrome”, in which increased livestock den-ous factors that include climate variations and human ac-
sities and limited mobility feed back to degrade the capacitytivities. About 10% to 20 % of global drylands suffer from
of landscapes to capture and convert incoming rainfall intodesertification and are prone to a decline in land productiv-
primary production, while competing land uses and conver-ity (Reynolds et al., 2007; D’Odorico et al., 2012). A num-
sion of higher productivity rangelands to agriculture reduceber of processes can contribute to this decline, including soil

www.hydrol-earth-syst-sci.net/16/2585/2012/ Hydrol. Earth Syst. Sci., 16, 258803 2012



2590 L. Wang et al.: Dryland ecohydrology

erosion (Li et al., 2007; Ravi et al., 2009), salinization, loss2.4.1 The effects at plot scale

of soil fertility or depletion of seed banks. These factors

have important impacts on vegetation density and specie® number of knowledge gaps relate to the effect of woody

composition. Desertification is commonly associated withencroachment on soil hydrologic conditions in semi-arid sys-

changes that persist for several decades and are presumai§ms, which hinder the prediction of climate change effects

irreversible, at least within the time scales of a few human©on soil-vegetation interactions. Below we identify the main

generations. knowledge gaps that relate to shrub encroachment, with an
As recognized by the UNCCD (1994), dryland desertifica- €mphasis on eastern Australia and the western United States:

tion may be broadly associated with two underlying drivers,

namely changes in climate or human activities. These drivers 1 Enhanced levels of infiltration surrounding the canopy

may cause an ecosystem shift to a “desertified” state, while
positive feedbacks stabilize the system in this new state
(D’'Odorico et al., 2012). To effectively combat degradation,
we need to quantitatively assess the extent to which aregion’s
degradation is caused by climate variations or human activi-
ties. Recent methods utilizing remote sensing and modeling
techniques to distinguish between human versus climate in-
duced desertification are presented in detail in the “technical
advances” section.

2.4 Ecohydrological consequences of shrub
encroachment

Woody plant encroachment is the increase in the density and
cover of woody plants into open grasslands and woodlands,
and is a global phenomenon (Archer et al., 1995; Eldridge
et al., 2011). Encroachment is associated with a number of
ecosystem changes ranging from a change in the spatial dis-
tribution of soil nutrients, altered habitat value for wildlife,
and changes in the ability of the soil to redistribute water
vertically and horizontally (Schlesinger et al., 1990; Archer
et al., 2001; Bhark and Small, 2003; Zarovalli et al., 2007).
Changes in shrubland communities that alter the balance be- 2.
tween precipitation, run-off, interception and infiltration are
likely to have marked effects on the structure and function
of shrubland ecosystems. The likely long-term effect is to
reinforce the persistence of shrublands at the expense of
grasslands (Reynolds et al., 2007).

Although water is a substantial driver of ecosystem pro-
cesses in semi-arid shrublands, relatively little is known
about run-off and infiltration processes and the hydrological
responses to encroachment. The dichotomy between shrub
canopy and interspace is a major determinant of ecosystem
productivity and diversity. The heterogeneous nature of the
vegetation in drylands is thought to be controlled by pro-
cesses of upslope water erosion and sedimentation, and com-
plex interactions among individual plants and the surround- 5
ing soil matrix (Puigdefbregas and Sanchez, 1996; Bochet
et al., 1999; Reid et al., 1999; Wang et al., 2007; Ravi et
al., 2008). Both the movement and storage of water within
shrublands is highly variable (e.g., Breshears et al., 2009).
These issues make it extremely difficult to model or predict
likely hydrological responses to changes in management or
climate.

Hydrol. Earth Syst. Sci., 16, 25852603 2012

are a defining feature of arid zone shrub communities
(e.g., Bhark and Small, 2003). Soil porosity is greater
and macropores are present adjacent to the roots and
stem of woody plants, which also have well-developed
tap roots allowing the plants to access water from
greater depths (Archer et al., 2002). While the extent
of infiltration is known to decline with increasing dis-
tance from the canopy, the exact nature of this de-
cline is largely unknown for most woody species, and
has been studied in only a few arid zone shrubs (e.g.,
Atriplex spp., Dunkerley, 2000). Climate change predic-
tions show that the total precipitation amount will gen-
erally decrease in drylands (Solomon et al., 2007) with
a concurrent increase in storm amounts (Ohmura and
Wild, 2002). The intensified storms have been shown to
increase soil water holding by deeper infiltration. This
soil water is less susceptible to evaporation, thus the
increased storm intensity may increase the water avail-
ability for shrub/tree dominated microsites (Raz-Yaseef
etal., 2012), but this depends on soil texture and rainfall
intensity and needs further investigation for other areas.

The relative interception value of woody plants is poorly
known (e.g., Savenije, 2004; Gerrits et al., 2007). For
example, we are aware of only a few studies of inter-
ception of shrubs (e.g., Wood and Wood, 1986) and
there are few data on interception and stemflow for
woody plants in arid and semi-arid eastern Australia.
Limited data suggest that stemflow and interception for
box eucalypt communities are low: (3 % of total rain-
fall) (Johns, 1981; Tunstall and Connor, 1981), sug-
gesting that the majority of precipitation passes directly
through the canopies. Thus, while this suggests that sur-
face hydrological conditions are more influenced by soil
characteristics than plant architecture, there are limited
studies to confirm this.

The degree to which woody and encroached communi-
ties increase water erosion (either through physical ef-
fects or by reducing infiltration) is poorly understood

(Eldridge et al., 2003). Hydrological models have been
used to study how the amount of rainfall reaching the
ground, and hence the risk of erosion, varies accord-
ing to changing cover of woody plant canopies (Wu et
al., 2001). As woody vegetation tends to intercept more
rainfall than understory vegetation (Thurow, 1991; Wu
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et al., 2001), it could be argued that woody vegetation
reduces the risk of erosion to a greater degree. However,
the situation is far more complex. As raindrops falling
from taller (> 2 m tall) canopies tend to be more erosive
(i.e., with higher kinetic energy) than those falling from
shorter heights (Moss and Green, 1978), canopy height
is likely to be an important driver of erosion risk. There
is an urgent need to test empirically some of the rela-
tionships between canopy cover and height for different
vegetation communities.

. The relationship between woody plants and understory
herbaceous cover is complex, and likely mediated by
grazing intensity (Barger et al., 2011). While overgraz-
ing is likely to lead to reductions in ground cover, this
may be compensated for by increases in the cover of
other components such as litter. The interception capac-
ity of grasses is biomass- and cover-dependent (Crouse
etal., 1966), ranging from 0.3 to 2.5 mm of water (Bran-
son et al., 1972). However, litter also has the capacity
to intercept rainfall, depending on the type and depth
(Branson et al., 1972). Litter cover, origin and degree
of incorporation are known to be correlated with the
capacity of the soil to resist erosion and infiltrate wa-
ter (Tongway, 1995). However, the relationships among
litter depth, type and interception are not known.

2591

eterize runoff and erosion models for wooded commu-
nities. More importantly, there is limited understanding

in terms of the runoff coefficient change for the same
woody encroachment areas but under different precipi-
tation regimes.

7. There is a pressing need to separate out the direct

effects of woody plants on sub-surface flow, through
enhancement of macro-porosity, from the indirect ef-
fect of woody plantsvia their mediation of soil sur-
face condition. Increased shading under woody plants
is known to alter the richness and cover of understory
plants (Smit et al., 2007). Sub-canopy microsites are
also highly preferred by biocrusts; complex communi-
ties of mosses, lichens and cyanobacteria (Eldridge et
al., 2010). Biocrusts are known to have substantial ef-
fects on hydrology in the near-surface layers (Eldridge
etal., 2010), but the extent to which this is moderated by
shrubs, or by the herbivores that tend to graze under the
canopy, is largely unknown. New models of water flow
through soils, using different supply potentials, are cur-
rently being evaluated using systems-based approaches
(e.g., Eldridge et al., 2010).

2.4.2 The effects on regional hydrological processes

Shrub encroachment may also have dramatic effects on re-

5. Many studies have shown higher nutrient levels (e_g”gional hydrological processes. Encroachment can lead to
Charley and West, 1975; Schlesinger et al., 1996; Raviand-to-atmosphere feedbacks with possible impacts on rain-
et al. 2009: Wané] ot al. 2009b) and high,er soil car.fall and temperature regimes. Small and Kurc (2003) found

bon concentrations (e.g., Wang et al., 2009c) unde@nly limited potential feedbacks to precipitation in Creosote

the shrubltree areas compared with open areas. In facPUSh (arrea tridentatg shrublands in North America. How-

woody plant encroachments affect both soil moisture V€T it has been argued that reduced woody cover may re-

and soil biogeochemical processes through physicapuce rainfall by altering surface roughness, ET and cloud

(e.g., shading effect to decrease evaporation) and piformation (McAlpine et al., 2009). Much of this is largely

otic factors (e.g., water uptake through deep rooting);unknown, however, and the exact magnitude of any regional

furthermore, soil moisture itself strongly control soil Nnydrological changes resulting from encroachment can only

biogeochemical cycles in water-limited systems (e.g. be speculated upon. Shrub encroachment can affect the land
Austin et al., 2004; Wang et al., 2009a). How to separatésurface albedo, emissivity, and roughness with important im-
the woody p,)lant and soil moisture effects on soil bio- Pacts on the near surface climate (Beltran-Przekurat et al.,

geochemical cycles is important to better understand the?008): Even though in some cases changes in albedo are
dynamic differences between under canopy and OIOerpegl|g|ble, the increase in soil energy storage at encroached
canopy areas, and the tree-grass interactions. This in@éa can modify the microclimate with a positive feedback on

formation is also important to upscale the plot-scale ob-Veégetation (D'Odorico et al., 2010c; He et al., 2010). Recent
servations to larger scales. regional climate modeling activities that seek to change the

boundary conditions of the surface state may provide some
6. Runoff coefficients are thought to be much less ininsight into the influence and strength of land-atmosphere
woody communities than in the herbaceous communi-couplings as a response to changing surface conditions.
ties that they replace. For example, run-off coefficients These effects are likely to change markedly with increases
reported by Harrington et al. (1981) for the semiarid in global temperatures, increases in the severity of high inten-
Australian woodlands were seven-times lower for thick- sity rainfall events, and greater spatial variability in ground-
ets of trees and shrubs than for the inter-thickets, sim-cover and therefore the capacity of the soil to resist erosion.
ilar to results from the ion-juniper woodlands in the The replacement of grassland by shrubland exposes more of
western United States (Reid et al., 1999). Data on thethe surface to the action of raindrop impact resulting in accel-
differences in runoff coefficients across soil types anderated erosion and potential sedimentation (Abrahams et al.,
vegetation communities are needed in order to param-1994). These regional studies reinforce the notion that more
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catchment-specific data are needed for both the ecologicand time series analysis, corresponding to the critical issue
(e.g., tree rooting depth, canopy architecture and structure(2.3); the second and third parts focus on using remote sens-
depth of water intake) and hydrological (soil texture and hy-ing and stable isotope based techniques to better characterize
draulic conductivity, soil moisture availability, hydrological the water budget at various scales, which apply to all the crit-
connectivity) components of these systems, in order to im-cal issues. Remote sensing has the advantage in temporal
prove our catchment wide modeling of the likely ecohydro- and spatial duration and stable isotopes have the advantage
logical effects of vegetation change. in detecting mechanisms.
The positive effects of woody plants on soils and under-
story vegetation needs to be balanced with their negative ef3.1 Detecting human vs. climate induced desertification
fects of competing directly for water and intercepting rain-
fall. Whilst the relationship between woody plants, under- Differentiating human vs. climate induced desertification is
story plants and soil water is poorly understood, and the dea challenging task. Techniques to quantify the relative influ-
gree to which one is offset by the other often depends on thence of each cause have been developed to identify regions
scale at which these effects are measured. Given the closghere land management options are likely to be most effec-
links between woody vegetation and water flow in these pat+ive in stopping and remediating this degradation. One of the
terned landscapes, removal of woody vegetation is likely toearliest attempts to explicitly do this can be found in Evans
have drastic impacts for the capture and utilization of water atand Geerken (2004). In their methodology the first step was
a landscape scale, but may increase short-term productivityo establish a relationship between inter-annual variations in
at a local scale. The situation is analogous to other patternedegetation and precipitation. The satellite based Normalized
landscapes worldwide where removal of vegetation resultdDifference Vegetation Index (NDVI) was used as a proxy for
in a reduced efficiency of water and nutrient capture in thevegetation. Evans and Geerken (2004) provide a generic way
landscape and therefore reduced overall function and proef identifying the best linear correlation between the precip-
ductivity (Tongway et al., 2001). The impact of woody plant itation, accumulated over some period, and the annual maxi-
encroachment on runoff and streamflow conditions has beemum NDVI. This extends the work of many others who have
typically associated with a reduction in base flow (Chang,also investigated the relationship between the NDVI and cli-
2002) though some recent studies are showing that the oppawatic variables (Hielkema et al., 1986; Yang et al., 1997;
site might also happen (Wilcox and Huang, 2010). du Plessis, 1999; Schmidt and Karnieli, 2000; Wang et al.,
2001). By removing this identified climate contribution from
the NDVI time series the influence of the climate variability
3 Technical advances addressing dryland issues is removed, and any remaining trend in these residuals is then
ascribed to human activities (Fig. 2). This method is hereafter
As already noted, the variability and distribution of water referred to as RESTREND. Using this methodology Evans
availability in the landscape is of paramount importance forand Geerken (2004) identified the regions undergoing sig-
drylands. There are a number of exciting developments imificant human caused degradation in the Syrian drylands,
monitoring tools useful for ecohydrological research overwhich account for a large portion of the total degraded areas.
the last decade. For example, field deployable laser based The RESTREND method has subsequently been used in
spectroscopy approaches that determine the ratios of hymany studies to identify the contribution of climate vari-
drogen and oxygen isotopes (Lee et al., 2005; Wang et al.ability and human activities to land degradation (Herrmann
2009d, 2012b), cosmic-ray (Zreda et al., 2008) and electroet al., 2005; Wessels et al., 2007; Propastin and Kappas,
magnetic imaging (i.e., EMI) based plot to watershed scale2008; Paudel and Andersen, 2010; Brinkmann et al., 2011).
in-situ soil moisture monitoring, development of distributed- Some studies have further shown the connection between
temperature sensing (DTS), and remote sensing based esthe identified degraded areas and a particular human activ-
mates of key hydrological variables such as soil moisture, ETity such as over-grazing (Geerken and llaiwi, 2004; Paudel
and water level (Alsdorf et al., 2000) are revolutionizing the and Andersen, 2010).
scales and precision of information sources to inform eco- The RESTREND method has proven to be robust and ef-
hydrological measurement and investigation. The modelingfective in many studies. The RESTREND method is how-
and conceptual advances in soil moisture (Rodriguez-lturbesver, relatively simple and it contains several limitations. It
et al., 1999; Guswa et al., 2002), scale and scalingq&iil  assumes there is a linear relationship between vegetation and
and Sivapalan, 1995; Rodriguez-lturbe et al., 1995; Wilcoxprecipitation; that the identified relationship is not overly in-
et al., 2003) also enhance our understanding of dryland eccfluenced by the presence of degradation; and that the vegeta-
hydrolocial processes. It is impractical to exhaust all the ad-tion measure (e.g., NDVI) can represent all forms of degrada-
vances and here we select remote sensing and stable isotop@sn of interest. Each of these limitations has been addressed
as examples and discuss three areas in details. First we dig various studies. The assumption of a linear relationship
cuss recent methodology advances to differentiate human vhetween vegetation (NDVI) and precipitation appears ro-
climate induced desertification using remote sensing producbust within dryland systems, however the assumption breaks
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In drylands degradation may occur without any discernible
change in the vegetation measure, usually NDVI. Proba-
bly the most important of these changes is caused by over-

near corelaton | e Tesigae grazing. The livestock will preferentially graze on the most
and calculate contribution Residual NDVI (human . . .
linear regression 1o NDVI caused) trend palatable species which can result in the replacement of these

/ / species by less palatable species. Such a change in vege-

Precipitation
Temperature

tation composition may not produce any change in the ob-
served NDVI but may dramatically reduce the livestock car-
rying capacity of the land. It has been proposed that by uti-
lizing the phenological cycle as embodied in time series of
remotely sensed vegetation indices, such as NDVI, it is pos-
o sible to differentiate vegetation species. Most conventional
A studies only use particular phenologically relevant variables

, ) ) such as green period, peaking time, or onset/end of green pe-
Fig. 2. Flowchart of RESTREND method to differentiate human vs. iy o ' Boyd et al., 2011). Others have used decision (re-

climate induced desertification. First, climate (precipitation, tem- ; . .

perature) and vegetation (NDVI) time series are used to find the Cli_gre§3|on) tree techniques based on a collection of the above

ariables (Hansen et al., 2000; Bradley and Mustard, 2008).

mate averaging window that produces the highest correlation. Usin ; ’
this window, the linear regression is calculated. Then, this regres-l N€Se approaches do not make full use of the information

sion equation is used to calculate the climate caused NDVI compo@vailable over the entire phenological cycle. One technique
nent. The difference between the observed NDVI and the climateused to extract information from the full time series is to treat
caused NDVI is the NDVI residual. The trend in this residual indi- the multi-temporal data set as if it is a multi-spectral data
cates the human caused changes in the vegetation. set and apply spectral-unmixing algorithms to it (Singh and
Glenn, 2009), another is to decompose the shape of the phe-
) ) _ nological cycle using Fourier transforms and base the clas-
down in wetter environments. Wessels et al. (2007) appliedsification on the Fourier components, which is the approach
a log transform to the precipitation data to account for the;seq in Geerken et al. (2005) and Evans and Geerken (2006).
lower responsiveness of vegetation to precipitation in highgeerken et al. (2005) presents the Fourier Filtered Cycle
precipitation areas. With this change they found that the RE-gjmjlarity algorithm in which the user identifies optimum
STREND method was successful in identifying the degrad-yeightings for Fourier harmonics calculated from a refer-
ing regions across a large climatic gradient in South Africa.gpce vegetation cycle. These optimum parameters are ap-
Others found similar non-linear relationships between veg-ied to the entire area of interest and pixels of similar shape
etation and precipitation when applied outside the drylandsg the reference cycle are deemed to be the same vegetation
(e.g., Paudel and Andersen, 2010). _type. The measurement of similarity is based on a linear re-
The RESTREND method assumes that the re'at'onsr“igression between the reference cycle and the target cycle.
seen in the observations between the vegetation (NDVI) angg gyvercome the high computational burden and subjective
precipitation contains the climate influence, while the resid-pature of this algorithm, Evans and Geerken (2006) intro-
uals of this relationship contain all other influences on theyyced the Fourier component based shape similarity mea-
vegetation. However, if an area has been degraded during thg,re. This similarity measure is based directly on the Fourier
observation record this will be evident as a smaller vegetacomponents and is designed mathematically such that it is
tion response to the same precipitation input, and the identiyyyariant to modifications unrelated to the plants phenology,
fied vegetation-precipitation relationship will embody some that s, the similarity measure is invariant to vertical dis-
of this response. That is, the RESTREND method necespjacements caused by different backgrounds (soils), tempo-
sarily underestimates the degradation (or improvement) thagy| shifts caused by changes in the onset of the wet season
has occurred. This limitation has been addressed by estiy; across strong climate gradients, and magnitude variations,
mating the “potential” vegetation given the climate condi- \which can be caused by changes in the coverage or vigour
tions. This potential vegetation has been estimated in a nuMgf the vegetation. These techniques have been further devel-
ber of ways. Wessels et al. (2008) used the 90th percentil%ped by Geerken (2009). They have been found to provide
of net primary production (NPP) for each biophysical land gccyrate vegetation type classifications down to the level of
unit to define the potential production of the land. Xu et gjfferentiating shrub types. Geerken (2009) also introduced a
al. (2010) used NPP calculated using the Carnegie-Amesghange detection algorithm that differentiates between cover-
Stanford Approach (CASA) model to determine the poten-age changes and vegetation type changes making these shape
tial of an area, while Zhang et al. (2011) used this approach;im”arity based approaches very promising as a means to
with estimates from the Thornthwaite Memorial and Syn- getect early stages of degradation in drylands such as the re-
thetic models as well. placement of palatable shrubs by unpalatable ones.
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To date, attempts to differentiate between human-inducednoisture, with each representing a compromise between spa-
and climate caused degradation have focused on precipitatal and temporal resolution. Microwave based soil moisture
tion as representing the required climate variations. How-retrieval is limited by the depth of measurement (on the or-
ever, in cold dryland regions where temperatures reach belowler of just a few centimetres). As such, sensors only have
zero celcius, temperature changes may also play an impothe capability to inform upon the near surface soil moisture,
tant role. Liu et al. (2012) apply the RESTREND method to although techniques to extrapolate through the soil column
the Mongolian Steppe and found that inter-annual changes iare used (Hoeben and Troch, 2000). Although routine daily
temperature had a significant impact on the vegetation and sglobal scale estimation of soil moisture is possible, making
must be included along with precipitation in order to accountthem ideal for large scale studies, a clear limitation of pas-
for the full climate effect. As global warming continues, it sive microwave sensing is the coarse resolution of retrievals
is likely that the long-term change in temperature will play (McCabe et al., 2005). While active radar systems provide a
a larger role in many environments and should not be nehigher spatial resolution (up to a few kilometres), the repeat
glected. Liu et al. (2012) found that once the climatic effectstime is generally on the order of a few days. Passive systems
had been removed, regions of degradation in the Mongoliaron the other hand can provide sub-daily retrievals, but with
Steppe could largely be attributed to over-grazing due to thea coarser spatial coverage (approximately 25km). Efforts to
increase in Cashmere goat population. The challenge now imerge data sets from multiple systems and sensors have the
to determine what actions can be taken to stop, or even repotential to offer improved insight for large scale ecohydro-
verse, the degradation without damaging one of Mongolia'slogical investigations (Liu et al., 2011a).
largest export markets and before the degradation becomes From an in-situ monitoring perspective, perhaps the most

irreversible. important recent advance in soil moisture estimation is the
development of the COSMOS monitoring system (Zreda et

3.2 Remote sensing of water budget components in al., 2008). Based on the release of both fast and slow neu-
drylands trons from interactions between water in the soil column and

a regular flux of cosmic rays from space, the COSMOS sys-
Remote sensing provides the capacity to bridge the pointem provides for the first time, a typical model resolution
scale focus of many ecohydrological investigations to the(100's of meters) estimate of the soil wetness in a system.
larger spatial extents required for whole system assessmenin addition, the hydrogen in the top layer will have more
One of the key advantages of remote sensing platforms is theensitivity to the neutron counts, thus COSMOS has the po-
availability of data to allow extrapolation not just in space, tential to discriminate soil moisture at the topsoil and soil
but also across the temporal domain, offering insight into pat-moisture in the subsoil, if combined with modeling to sepa-
tern change and development through time. Recent advanceate the various hydrogen pools in the average measurement.
in hydrological remote sensing (Lettenmaier and Famiglietti, The COSMOS installations represent a revolution in terms
2006) have seen research efforts that seek to address the owtf bridging the spatial divide that often exists between re-
standing problem of observation based hydrological closurenote sensing and in-situ measurement approaches. Efforts to
(Sheffield et al., 2009). Such efforts to quantify the fluxes anddevelop a distributed network of these systems globally will
stores of water within the terrestrial system have relevance t@ee an improved capacity to monitor ecosystem change and
better understanding the hydrological implications of climate development in ways not previously available.
change and also the coupling and feedback mechanisms that
directly impact upon ecohydrology studies. 3.2.2 Precipitation

Of considerable interest in large scale ecohydrological ap-

plications are hydrological related variables associated wittSpatial and temporal maps of rainfall distribution provide key
the estimation of soil moisture, precipitation, vegetation andconstraints on the health and development of ecohydrologi-

water stress, and the linked process of ET. cal systems. While there is a wide range of satellite based re-
trievals that can provide enhanced characterization of ecosys-
3.2.1 Soil moisture tem condition or state, a number of these space based plat-

forms provide multi-decadal sequences of important terres-
Soil moisture sensing from space has been employed for &ial variables. Remote measurement of precipitation has an
variety of applications in the hydrological sciences, most reg-extensive history, with numerous hydrological investigations
ularly in updating the state parameter for land surface mod-being informed by the two decades long Tropical Rainfall
eling applications (Pauwels et al., 2001; Pan et al., 2008)and Measurement Mission (TRMM) satellite system (Kum-
From an ecohydrological perspective, characterizing the anmerow et al., 2000) and other related sensors.
tecedent condition of a system along with the mean, range Using both microwave based passive and active radar sys-
and variability of soil moisture dynamics within it, are of tems, together with infrared based sensors on board geosta-
primary interest. Both active and passive sensor microwaveionary platforms, researchers have been able to provide im-
based systems are available for remote estimation of soiproved spatial and temporal detail on precipitation structure
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Fig. 3. Map of global evapotranspiration (in mm) distribution for the Fig. 4. Map of aridity index for the year 2006, using Global Pre-

year 2006. Data are from Global Land-surface Evaporation: Ams-

cipitation Climatology Centre (GPCC) descriptions of rainfall at
terdam Method (GLEAM). pitation 1 gy (GPCC) descript :

0.5x 0.5 degree and the Global Land-surface Evaporation: Ams-
terdam Method (GLEAM) for evapotranspiration. Note that evap-
otranspiration rather than potential evapotranspiration values were
and pattern. Over the coming years, the next generation ofised in calculating the aridity index for this map.

satellite rainfall systems, referred to as the Global Precipi-

tation Mission (GPM), will provide a much needed update

to the space based rainfall monitoring capacity. With GPM, land surface heat fluxes that can be used not only for global
the spatial and temporal resolution of rainfall retrievals will climate model evaluation, but also more process and sys-
eclipse previous incarnations, and offer the needed level ofem scale modeling and interpretation activities. Most im-
detail to enable a range of hydrological and ecohydrologicalportantly, it will seek to be consistent with a suite of other

investigations. climate system product data sets, reducing the risk of intro-
o duced bias as a response to independent forcing data sets.
3.2.3 Evapotranspiration These data have considerable utility in describing the long-

term variability and range of ecosystem behavior around

Together with precipitation, ET represents the major waterthe globe, allowing intercomparison of climate regions (arid,
flux exchanges occurring within the Earth system. Encom-semi-arid, humid) with reduced bias as a result of data con-
passing water loss from open water, bare soil and canopyistency. Also, other GEWEX data streams such as radiation,
components ) and plant water release through the pro- precipitation and ultimately soil moisture will allow further
cess of transpiratior)), the two terms can routinely exceed ecosystem analysis to be undertaken in a consistent frame-
90 % of the water lost from dryland ecosystems. For this reawork, reducing one of the large uncertainties in mass and
son, considerable effort has been directed at developing apsnergy flux assessments (McCabe et al., 2008), the inherent
proaches for its accurate estimation at a range of spatial angariability in forcing data and subsequent response on model
temporal scales (McCabe and Wood, 2006). Indeed, for drysimulations.
land systems, a compromise between the spatial resolution of Figure 3 illustrates a recent example of a multi-satellite
measurements and the temporal frequency is often required|obal Land- surface Evapotranspiration (GLEAM) product,
given the rapid rate at which water is exchanged through thejeveloped by the Vrije University of Amsterdam (Miralles et
system. al., 2011). The approach, along with a number of other global

Numerous techniques for flux estimation exist, with the ET data sets (see Jimenez et al., 2011 for further details), al-
recent review by Kalma et al. (2008) providing a good |ow for the calculation of simple ecosystem and catchment
overview of these different approaches. While many satelindices, such as the aridity indeR/potential ET) or evapo-
lite based algorithms rely on the use of surface temperatureative fraction, providing a baseline characterization of eco-
and air temperature gradients to gauge heat flux potential, thRydrological response across spatial and temporal domains
surface temperature itself is a useful proxy for surface condi{see Fig. 4 for an example of such an index). Such data sets
tion and stress: particularly if the diurnal temperature rangeprovide a much needed source of information on g|oba| pat_
can be retrieved (SObrinO and El Kharraz, 1999, Stisen et al.terns of evapora‘[ive response, and will prove useful in estab-

2008). lishing change and trend detection in the hydrological cycle.
Recent efforts towards better understanding the global dis-

tribution of fluxes and variability in flux retrieval approaches 3.2.4 \Vegetation and water stress

has been undertaken under the auspices of the Global Energy

and Water Cycle Experiment (GEWEX) Landflux project Inaddition to standard maps of land use and land cover which
(Jimenez, 2011; Mueller et al., 2011). Landflux is an effort provide insight into the (often slowly) changing nature of
to provide the community with a climatological record of the terrestrial surface (e.g., Domingues et al., 2007), there

www.hydrol-earth-syst-sci.net/16/2585/2012/ Hydrol. Earth Syst. Sci., 16, 258803 2012



2596 L. Wang et al.: Dryland ecohydrology

are a wide range of vegetation based indices that present Stable isotopes of water provide a useful tool to separate
details on the state and condition of vegetation across the& andT, asE andT carry distinct isotopic signatures. His-
globe. The range of available data can also include informadtorically water isotopes have been widely used in hydrology
tion on plant phenology, density and distribution (McVicar to track the water movement and phase changes (Gat, 1996).
and Jupp, 1998; Badeck et al., 2004; White et al., 2009;The water stable isotopic compositions are traditionally mea-
Simard et al., 2011). Through integration with microwave, sured by the isotope ratio mass spectrometry (IRMS), while
optical or infrared remote sensing data, the capacity to linkthe vapor phase measurements are usually based on cryo-
the sub-surface land condition with the state and health ofjenic water vapor collection coupled with the IRMS method.
the overlying vegetation can be realized. While often empir-Such methods are labor intensive and time consumin§as
ical in nature, relationships between vegetation stress and reneasurements require offline @®2,0 equilibrium. The
mote sensing indices are commonly used in model and obtypical vapor equilibrium takes about 24 h. Over the past
servation based studies — the most well recognized of thesdecade, a revolutionary change in water isotope measure-
being the NDVI. Recent efforts to produce a data set ofments has seen the appearance of spectroscopy based isotope
vegetation biomass from microwave based systems has mstruments capable of making continuous measurements of
range of useful implication for understanding the shifting water vapor isotopic compositions. This new type of instru-
responses of ecohydrological systems. Unlike optical or in-ments does not usually require pretreatment and have preci-
frared sensors, microwave remote sensing measures the totsibns similar to traditional cryogenic based mass spectrome-
water content of the vegetation and soil continuum. Differ- try methods (Lee et al., 2005; Wen et al., 2008; Wang et al.,
entiating the strength of signal between these two land sur2009d; Griffis et al., 2010). Recent research has indicated
face components provides the potential to describe the totahat plant derived volatile compound induced spectral con-
above ground biomass. More importantly, using temporal setamination in leaf and stem water measurements could affect
quences of these satellite systems provides a capacity to mahe accuracy of water stable isotopic compositions signifi-
large-scale changes of biomass response in ways that trad¢cantly (West et al., 2010; Zhao et al., 2011), limiting the
tional indices such as NDVI are incapable of capturing (Jonesapplication of spectroscopy-based method to plant sample
etal., 2011, Liu et al., 2011b). measurements. There are studies which developed post cor-
A number of remote sensing derived drought indices thatrection method for modest spectral contamination of plant
are generally independent of vegetation state and rely moréssues (Schultz et al., 2011), but this remains a topic requir-
on meteorological or hydrological indicators, have also beening further developments. Nevertheless, the continuous mea-
produced (Sheffield and Wood, 2008). These existing andsurement of water vapor isotope compositions allows for the
emerging data sets provide a near real-time capacity to undirect quantification of the water vapor and will expand the
derstand the dynamic vegetation response to rapidly changzapabilities of using stable isotopes for echohydrological re-
ing terrestrial conditions. Whether as a consequence of hysearch.
drological or other larger scale forcing to the system, such To assess ET partitioning using stable isotopes, three iso-
data — in combination with other remote sensing based retopic end members need to be quantified: the isotopic compo-
trievals — also allow a capacity to examine system recovenysition of ET @¢gt), T (87) andE (8g). Recent efforts have fo-
or ecosystem shift as a response to external drivers acrossised on developing, refining and assessing estimation meth-

local, regional and global scales. ods of all three end membeg:T is typically measured us-
o - ing the Keeling plot approach coupled with traditional cryo-
3.3  Evapotranspiration partition genic methods (e.g., Yepez et al., 2005). With the develop-

i ) . ment of the new laser technique, Wang et al. (2012c) ex-
As noted above, ET is a major term in the water budget andgpqeq this technique to direct chamber measurements cou-

accounts for up to 95% of water input (e.g., precipitation) jeq \ith laser instruments. Good et al. (2012) quantified
in drylands (Huxman et al., 2005). At the same time, ET has

et - and compared the uncertainties using differ&nt estima-
two distinct componentsi andT), which are controlled by tjon methods at tower scale and showed that the eddy covari-

different mechanisms. Partitioning ET is important not only 5nce method has the largest uncertainties, while the Keeling
for better understanding the water budget but also in predlct-p|Ot and flux gradient methods have smaller and similar un-
ing the biogeochemical fluxes driven by hydrological varia- - tainties.

tions (e.g., Wang et al., 2010b, Raz-Yaseef et a.l., 2012) To Sg is typ|Ca”y calculated by the Craig-GOfdon model

efficiently use the limited water resources in drylands, We(Craig and Gordon, 1965), which descritigsas a function
need to maximize the productive water log9) @nd mini- ot nymidity, kinetic and equilibrium isotope fractionation,
mize the unproductive water losg ) (Wang and D'Odorico, e jsotopic composition of water of the evaporation surface,

2008). Separating andT, however, has always been a dif- o4 amospheric vapor. Soderberg et al. (2012) showed that
ficult task, especially from the observational point of view at 1o traditional Craig-Gordon model could be improved by

larger scales (see modeling exercise in Liu, 2009). adding water potential terms for dry soils.
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spatial scales, which will significantly enhance water budget
U u u estimation in drylands.

4 Summary and concluding remarks

In this synthesis, based on hydrological principles and pub-
lished literature, we highlight current critical issues in dry-

dpT — 5E 802 T lands ecohydrology ranging from societal aspects such as
ET: 5 — 3 o1 E rapid population growth and the resulting food and water
T E 25% 50% 75% 100% security implications, development issues, to natural aspects

Vegetation C %) .
ogetation Gover (%) such as ecohydrological consequences of bush encroachment

Fig. 5. An example of using laser-based stable isotope monitoringand differentiation of human versus climate induced deserti-
techniques to partition evapotranspiration. The left panel showedication. We identify a number of research priorities to better
the experimental setup inside Biosphere 2 as well as the mass bakddress knowledge gaps. It should be noted that while some
ance equation to calculate the evapotranspiration partition, and thef the issues identified are not necessarily unique to drylands
right panel showed the increased transpiration/evapotranspiratioghemselves (e.g., food and water security), the level of sever-
ratio as vegetation cover increases, which was modified from Wangty and urgency is certainly higher in drylands and deserves
etal. (2010b). focused attention.

To improve current understanding and inform upon the
. . - . needed research efforts to address these critical issues, we
Typically, §7 is assessed indirectly using stem water mea-. . . : .

|9ent|fy some recent technical advances in terms of moni-

surements or leaf water measurements with leaf enrichmer} . . .
. . 8r|ng dryland water dynamics, water budget and vegetation
corrections. The use of stem water measurements is base

i . . ater use, with a focus on the use of stable isotopes and
on the assumption that leaves operate under isotopic stea . .
. . . - mote sensing. Stable isotopes have proven to be a pow-
state, so thaty is equal to the isotopic composition of

. .. erful tool in tracing hydrological processes and vegetation
plant source water. The assumption that leaves are in iso- .

. . . : : water sources. Recent developments in spectroscopy have
topic steady state is generally valid during midday because

. . . revolutionized the temporal and spatial resolution of isotopic
the magnitude ofl" relative to the volume of leaf water is o L . X
: : i .. monitoring, providing foundations to use isotope-based tech-
large and there is a rapid turnover of water in transpiring

. . . . niques to partition ET and characterize large-scale vegetation
leaves. However, non-steady state isotopic enrichment is also - : . .

. : . water use. Similarly, rapid developments in remote sensing
common in many natural systems, especially during the earl

morming and late afternoon (e.g., Lai et al., 2005), wien based hydrological monitoring provide unprecedented tem-

fluxes are lower. Taking advantage of the new laser tech poral and spatial coverage in estimates of soil moisture, ET,

nique, Wang et al. (2010b) reported the first direct measure\-’vater level and other important ecohydrological aspects of

) . . _the system. For example, both active and passive microwave
ments of§y using a customized leaf chamber and off-axis . : . .
. . : based systems are available for remote estimation of soil
integrated cavity output spectroscopy water vapor isotope an- " . . .
. . : . moisture, with each representing a compromise between spa-
alyzer with pure nitrogen as purging gas. This method, how- . ) . )
NI oS S tial and temporal resolution. Combing microwave-based pas-
ever, has two limitations: (1) the limited availability of ultra- . . o
o . ) sive and active systems with infrared-based sensors allows
purity nitrogen gas makes this method unsuitable for man

)Y . - s )
field applications: (2) the water-free and g@ee inline en- for the spatial and temporal resolution of precipitation struc

) . ) - ture and pattern to be significantly improved. In addition,
vironment affects stomata openings since humidity and CO . . : :
. : ; the capacity to monitor vegetation structure and vegetation
have opposite effects on stomata openings, which may al; : . . .
) o . . . health provides additional benefits for ecohydrological mon-
ter instantaneou&y values. Building on this configuration,

itoring using remote sensing.
Wang et al. (2012b) developed a new framework to remove Due to inherent length limitations, there are a number of

the need for dry air by employing a mass balance approach ; R
. o related technical advances in in-situ measurements, such as
for both isotopes and water vapor inside the leaf chambe

e :
This direct and continuoug- quantification method has been field portable 3D LIDAR systems for plant canopy analysis,

. - distributed temperature sensors (DTS) for soil heat flux and
shown to effectively capture the fakt responses to radiation g
. connected water measurements, and electromagnetic imag-
variations (Wang et al., 2012b).

. . ._ing (EMI) and cosmic ray soil moisture observing systems
Figure 5 presents an example of using laser-based iso; . . ] .

o n . - 2 . (COSMOS) for soil moisture that were not covered in detail.
tope monitoring technique to partition ET inside Biosphere 2

: o : .~ “Further information of such advances can be found in a num-
and assess t/E T ratio changes with increasing vegetation ber of synthesis papers devoted to some of these techniques
cover (Wang et al., 2010b). With these new developments o y bap q

the estimation of isotope end members, stable water isotope?se'g" Robinson et al,, 2008; Zreda et al., 2012).

provide a promising tool for partitioning ET across a range of
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Overall, the analysis techniques, observation systems and tion in North American drylands: A synthesis of impacts on
monitoring advances discussed herein can all help to address ecosystem carbon balance, J. Geophys. Res., 116, GOOKO07,
some of the key ecohydrological issues of water and food d0i:10.1029/2010JG001508011.
security, consequences of bush encroachment and differefecker, A. and Braun, P.: Disaggregation, aggregation and spa-
tiation of human versus climate induced desertification. In- ti&! scaling in hydrological modelling, J. Hydrol,, 217, 239-252,

. . . . . doi:10.1016/s0022-1694(98)002911B99.
evitably, development issues in drylands require a hydrologi Beltran-Przekurat, A., Pielke, R., Peters, D., Snyder, K., and Rango,

cal, ecological and SOC|o-eqonom|c understanding of the dry- A.: Modeling the effects of historical vegetation change on near-
land ecosystem. An effective manageme'_qt of dryland SYS' surface atmosphere in the northern Chihuahuan Desert, J. Arid
tems demands that advances in m0n|t0r|ng, tOgether with Environ., 72, 1897-1910doi:10.1016/j.jaridenv.2008.05.012
informative techniques for data analysis, should be linked 2qos.
within an interdisciplinary interpretive framework. Only then Bergstbm, S. and Graham, L. P.: On the scale problem in hydro-
will the capacity to address the myriad issues facing dryland logical modelling, J. Hydrol., 211, 253—-266i:10.1016/s0022-
systems in the coming years be realized. 1694(98)00248-01998.
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