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• Carry-over of soil moisture enhances
ecosystem responses to precipitation.

• Excessive heat and atmospheric de-
mand promote delayed productivity.

• Phenological delay was disabled following
extreme precipitation (N 120mmwk−1).

• Hydraulic lift was proposed as a mecha-
nism to maintain surface root function.
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The Earth's Critical Zone, where physical, chemical and biological systems interact, extends from the top of the
canopy to the underlying bedrock. In this study,we investigated soilmoisture controls onphenology and produc-
tivity of an Acacia woodland in semi-arid central Australia. Situated on an extensive sand plain with negligible
runoff and drainage, the carry-over of soilmoisture content (θ) in the rhizosphere enabled thedelay of phenology
and productivity across seasons, until conditions were favourable for transpiration of that water to prevent
overheating in the canopy. Storage of soil moisture near the surface (in the top few metres) was promoted by
a siliceous hardpan. Pulsed recharge of θ above the hardpanwas rapid and depended upon precipitation amount:
150 mm storm−1 resulted in saturation of θ above the hardpan (i.e., formation of a temporary, discontinuous
perched aquifer above the hardpan in unconsolidated soil) and immediate carbon uptake by the vegetation. Dur-
ing dry and inter-storm periods, we inferred the presence of hydraulic lift from soil storage above the hardpan to
the surface due to (i) regular daily drawdown of θ in the reservoir that accumulates above the hardpan in the
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absence of drainage and evapotranspiration; (ii) the dimorphic root distribution whereinmost roots were found
in dry soil near the surface, but with significant root just above the hardpan; and (iii) synchronisation of phenol-
ogy amongst trees and grasses in the dry season. We propose that hydraulic redistribution provides a small
amount of moisture that maintains functioning of the shallow roots during long periods when the surface soil
layer was dry, thereby enabling Mulga to maintain physiological activity without diminishing phenological and
physiological responses to precipitation when conditions were favourable to promote canopy cooling.

© 2016 Elsevier B.V. All rights reserved.
Climate extremes
Semi-arid woodland
Evergreen Acacia
1. Introduction

The generic term critical zonewas first used in 1909 to describe the
chemical interface between two mixing fluids (Tsakalotos, 1909; cited
from Lin, 2010), and more recently it has been used in petroleum geol-
ogy (for mineral bearing strata of the Bushveld complex; Ballhaus and
Stumpfl, 1985), in cardiac physiology (Touboul et al., 1992), and for
the root–soil interface (Ryan et al., 2001). Recently, the Earth's Critical
Zone was defined to integrate the ecohydrology, climate and geology
of the near-surface terrestrial environment, from the top of the vegeta-
tion through to the bottom of the aquifer (Lin, 2010; Banwart et al.,
2011; Chorover et al., 2011; Lin, 2011). In this current paradigm, study
of the Earth's Critical Zone often focuses on water as a unifying theme,
through which soil moisture content (θ) is the medium that bridges bi-
otic and abiotic processes by providing site memory and integrating cli-
mate and biological systems (Lin, 2010; Banwart et al., 2011; Lin, 2011).

Vegetation dynamics (e.g., productivity) are primarily constrained
by low soil moisture availability in dryland regions of the world, thus
knowledge of the spatial and temporal dynamics of θ are crucial for un-
derstanding patterns and processes in dryland critical zones. Drylands
include environments characterised by dry sub-humid, semi-arid, arid
and hyper-arid climates, and their distribution covers 41% of global
land area and is increasing (Reynolds et al., 2007). θ in these regions is
highly variable in space and time,where the physical, hydrologic andbi-
otic characteristics of a given field site confer primary control of spatial
variability in θ. For example, patchiness of infiltration can lead to varia-
tions in vertical and horizontal patterns of θ, nutrient redistribution, and
biogeochemical weathering (Chorover et al., 2011). Similarly, temporal
variations in θ can be very strong in drylands, which experience pulses
of precipitation interspersed by long dry periods (Huxman et al.,
2004b; Schwinning and Sala, 2004; Morton et al., 2011). The dynamics
of these pulses have an important impact on carbon assimilation by
plants, which depend upon the amount, intermittency and magnitude
of precipitation events (Porporato et al., 2004). The trigger–transfer–re-
serve–pulse framework was developed to characterise ecohydrologic
responses to rainfall intermittency in semi-arid landscapes (Ludwig et
al., 2005). In this framework, pulses of production by vegetation are
triggered by pulses of precipitation that exceed a threshold for activity,
which can be influenced by the amount of moisture already stored in
the soil and by the transfer of water horizontally and vertically.

The water budget represents the balance betweenmoisture input as
precipitation (P) and output as evapotranspiration (ET), net runoff (Q,
runoff − run-on), net drainage below the root zone (D, the difference
between groundwater recharge and discharge) and the change in stor-
age of θ (Δθ):

P ¼ ETþ Q þ Dþ Δθ: ð1Þ

Much of the Australian drylands are covered by Mulga (Acacia spp.)
shrubs and trees (30–35% of the semi-arid land area) (Bowman et al.,
2008), and these Mulga lands tend to be flat with negligible runoff or
drainage (Pressland, 1976a; Murphy et al., 2010; Moreno-de las Heras
et al., 2012; Chen et al., 2014). Thus, slope and lithology alone explain
16% of Mulga distribution such that their density declines rapidly
when the slope of the terrain increases above 2% (Murphy et al.,
2010). Furthermore, Mulga is distributed on water-storing substrates
(sand dunes, clay-rich soils, and over hardpan) where drainage is limit-
ed or absent (Pressland, 1976a). As a potentially important source of
water for maintaining physiological activity during dry seasons and
droughts, the carry-over of stored soil moisture can influence phenolo-
gy, productivity and ET (Flanagan and Adkinson, 2011; Chen et al.,
2016). Vegetation patches enhance infiltration by creating preferential
flow paths along live and recently deceased roots and by concentrating
delivery of water from precipitation to the base of the tree via stemflow
(Ludwig et al., 2005). Large proportions of precipitation (18–40%) are
channelled as stemflow down the mostly vertical branches of Mulga,
thereby concentrating the storage of soil moisture into a small area
near the bole (Pressland, 1973, 1976b; Tongway and Ludwig, 1990).
By concentrating rainfall to near the base of the trees, θ in the inter-
tree spaces tends to be small even following precipitation, except fol-
lowing large storms (e.g., when the single-storm precipitation is larger
than 50 mm; Pressland, 1976a). Local capture of soil moisture by
Mulga contributes to disruption of runoff at the landscape scale but en-
hances local redistribution of moisture from open spaces to underneath
the trees (Dunkerley and Brown, 1995). In Mulga where soil moisture
storage capacity is large, understanding pulse responses alone is insuffi-
cient for understanding ecosystem responses to precipitation
(Lauenroth et al., 2014) because the reserve of soil moisture provides
an important connection between a previous precipitation event and
growth (Ludwig et al., 2005).

The presence of a hardpan is an important feature ofmany semi-arid
environments, having the potential for affecting local (i.e., fine scale)
distributions of moisture availability (Mohawesh et al., 2008). Various
forms of siliceous (i.e., silica- or sand-based) hardpan underlie vast por-
tions of the semi-arid regions of Australia (Litchfield and Mabbutt,
1962; Chartres, 1985), isolating the root zone from distant bedrock or
groundwater in the locations where it occurs (Cleverly et al., 2016b).
The physical characteristics of these hardpans have an important impact
on the hydrology and ecology of the ecosystems where they occur. Sili-
ceous hardpans form in dry sands containing traces of gypsum, opal and
alunite (Thiry et al., 2006). However, these binding agents dissolve
when soil is wetted, and the durability of the hardpan (i.e., resistance
to dissolution and infiltration) is proportional to the clay content of
the soil (Litchfield and Mabbutt, 1962; Chartres, 1985). Thus, hardpans
do not form in drainage sands, but they can underlie sand plains and
dunes, creating an impenetrable barrier of varying thickness and
depth and promoting accumulation of soil moisture in the unconsoli-
dated soil above the hardpan. Hardpans in the strongly weathered red
earths (kandosols) of Australia can be deep (N 3 m to the top of the
hardpan), but large areas of the continent exist over a shallow hardpan
buried between 0.3 and 1mbelow the surface (Morton et al., 2011). Be-
cause of this variation, siliceous hardpans could have a profound effect
on local hydrology and θ. In landscapes containing a hardpan barrier
to drainage, the total capacity for storage of water above the hardpan
as soil moisture is proportional to the depth of unconsolidated soil
above the hardpan. Thus, variability in hardpan depth is likely to affect
plant and root distribution, which will then reinforce spatial patterns
in θ. Consequently, Mulga density increases where depth to the top of
the hardpan is large (Tongway and Ludwig, 1990), implying that
Mulga density increases with soil moisture storage capacity above the
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hardpan. In this study, we will only address the fine-scale, not regional,
effects of thehardpanon the relationships amongst θ, soilmoisture stor-
age, phenology and productivity.

Hydraulic redistribution by plant roots is found commonly in semi-
arid regions, although it is not confined to drylands (Caldwell et al.,
1998). With hydraulic redistribution (of which “hydraulic lift” repre-
sents upward hydraulic redistribution), moisture is passively
transported via roots across water potential gradients in the soil that
are larger than the soil–leaf gradient (Hultine et al., 2003a; Loik et al.,
2004; Neumann and Cardon, 2012). Reduction of the soil–leaf gradient
in water potential is dependent upon substantial reductions in stomatal
conductance and transpiration (Caldwell et al., 1998; Hultine et al.,
2003b, 2004; Prieto et al., 2010). Stomatal closure is known to occur at
night (Caldwell and Richards, 1989; Hultine et al., 2003b), during the
dormant season (Hultine et al., 2004) and during the day when atmo-
spheric demand (i.e., vapour pressure deficit) is large (Zeppel et al.,
2004; Neumann and Cardon, 2012), as is the case in Mulga during
drier-than-average periods (Cleverly et al., 2013a; Eamus et al., 2013).
Hydraulic redistribution (whether nocturnal, dormant season or during
daytime) can prevent root shrinkage (thereby maintaining contact be-
tween root and soil), prevent loss of xylem conductivity and increase
root longevity, even into the dry season (Bauerle et al., 2008; Scott et
al., 2008; Prieto and Ryel, 2014). By maintaining root function during
dry periods, some species have the potential to respond rapidly follow-
ing precipitation events without having to develop new root tissue.

Photosynthetic production in Mulga woodlands is driven by pheno-
logical responses in leaf-level productivity, photosynthetic capacity and
new leaf growth that are induced by pulses of precipitation, which is
why the enhanced vegetation index (EVI) is closely related to gross pri-
mary production across Australian drylands (Ma et al., 2013). Using the
normalised difference vegetation index (NDVI) from MODIS, Moreno-
de las Heras et al. (2012) found greenness in undisturbed Mulga to lag
behind rainfall by 0–10 days at a given site (i.e., a lag of zero to two 8-
day scenes). Typically in ecosystems driven by precipitation pulses, a
pulse in net ecosystem productivity (NEP) follows precipitation by sev-
eral days if the threshold for activity has been met (Huxman et al.,
2004b), although the time required for photosynthetic assimilation to
initiate might be only one day, depending upon the plant species
(Huxman et al., 2004a). NEP represents the integrated effects of phenol-
ogy and productivity in all types of photosynthetic organisms that are
present in the ecosystem, thus the timing and magnitude of a response
in NEP could be shortened by differential responses to precipitation
events amongst organisms. Because of the close relationships between
phenology and physiology, Migliavacca et al. (2015) introduced the
term physiological phenology to include the seasonal variation in plant-
and ecosystem-scale physiology (e.g., NEP).

Located where soils have a large capacity for storage of water, and
the storms to recharge θ are large and infrequent, Mulga is distributed
in the more productive parts of the landscape (Murphy et al., 2010),
where carbon is sequestered over long periods in woody tissue and
long-lived evergreen leaves/phyllodes (Morton et al., 2011). An exam-
ple of Mulga's productiveness was the large responses of NEP and
gross primary production in this Mulga woodland to precipitation in
2011 (Cleverly et al., 2013a; Eamus et al., 2013). Mulga rangelands
were identified as one of the semi-arid ecosystems in Australia that to-
gether contributed amajority (57%) of the 2011 global land carbon sink
anomaly (Cleverly et al., 2016a), which was an anomalous increase in
terrestrial carbon uptake in response to precipitation extremes across
the Southern Hemisphere and associated reductions in mean sea level
(Boening et al., 2012; Fasullo et al., 2013) that impacted the global car-
bon cycle (Poulter et al., 2014). By contrast, during the drought year fol-
lowing 2011, the Mulga woodlands were carbon neutral (i.e., NEP≈ 0;
Cleverly et al., 2013a).

In this study, we evaluated the vertical, horizontal and temporal re-
lationships between soil moisture, leaf phenology and NEP in a semi-
arid Mulga woodland of central Australia. The primary photosynthetic
organisms in this Mulga woodland are C3 trees, an understorey domi-
nated by C4 grasses, and biological soil crusts. The objective of this
study was to investigate relationships amongst soil moisture, NEP (i.e.,
ecosystem scale physiological phenology), and phenological responses
to precipitation in the photosynthetic organisms comprising the ecosys-
tem (i.e., trees, grasses and biological soil crusts). We compared mea-
surements of leaf greenness, NEP, θ and root distribution in a Mulga
woodland to investigate their relationships to key factors of the local
water budget: precipitation and storage of water in the soil (Δθ).
Thesemeasurements were collected locally at a fine scale to test the fol-
lowing three hypotheses regarding the critical zone of this Mulga
woodland:

1. Responses of NEP to precipitation (i.e., ecosystem-scale physiological
phenology) were expected to be proportional to inter-seasonal
carry-over of stored soil moisture above the top of the hardpan.

2. The responses of phenology in the component organisms (Mulga,
understorey grasses and biological soil crust) were hypothesised to
respond differently to precipitation such that soil crust was expected
to respond immediately, whereas Mulga and understorey grasses
were hypothesised to respond more slowly with the growth of new
roots and leaves.

3. The rhizosphere was hypothesised to be restricted to the unconsoli-
dated soil above the hardpan (i.e., root density was hypothesised to
be significantly larger above the hardpan than in the top of the hard-
pan), which hypothetically forms a barrier for root growth and infil-
tration of water, thereby also restricting soil moisture storage pools
to above the hardpan.

2. Methods

2.1. Study site

This study was conducted at the Alice Mulga SuperSite, a part of the
OzFlux and Australian SuperSite networks. Complete descriptions of the
vegetation and soils can be found in Eamus et al. (2013) and Cleverly et
al. (2013b). Briefly, the site contains a high-density Mulga woodland
(76% cover, 8 m2 ha−1 basal area, 0.2–0.9 leaf area index) consisting
of Acacia aneura and Acacia aptaneura (Eamus et al., 2013; Cleverly et
al., 2016b). The extensive but sparse canopy results in very little shading
of the understorey or soil by the canopy, thus thewoodland is not dense
enough, nor is the 6.5m tall canopy tall enough, for this ecosystem to be
considered a forest. The physiological activity of a seasonal understorey
of tussock grasses (annual andperennial, C3 and C4, but largely C4), forbs
and shrubs is conditional upon receipt of adequate rainfall. The site also
contains an extensive ground cover of biological soil crust, which con-
sists primarily of cyanobacteria as the photosynthetic component
(Jameson, 2012).

The location of this site is near the northern limit for Mulga, which is
not found where winter precipitation is lacking, as is the case in the
tropical savannas to the north (Nix and Austin, 1973). This site receives
86% of annual precipitation during the monsoon season between No-
vember and April (Cleverly et al., 2013a), although this proportion
varies inter-annually. The monsoon tropics of Australia are defined by
receipt of at least 85% of annual precipitation in the monsoon season
(Bowman et al., 2010), which places the site just within the monsoon
tropics. Average annual precipitation was 312.3 mm for the period
1987–November 2015 (http://www.bom.gov.au), with a range of
25.1 mm in 1928 to 954.9 mm in 1974 (SILO patched point data,
https://www.longpaddock.qld.gov.au/silo/; Table 1).

The soil is loamy sandwith an extensive siliceous hardpan. All of our
measurements were made near the top of the hardpan or in the uncon-
solidated soil above the hardpan. We have inferred from soil moisture
measurements (i.e., siliceous hardpans are dry with unvarying θ) that
the top of the hardpan varies spatially, from the surface (i.e., surface ex-
pression of the hardpan; Cleverly et al., 2013a) to more than 1 m deep,

http://www.bom.gov.au
https://www.longpaddock.qld.gov.au/silo/;


Table 1
Historical precipitation statistics.

Year Precipitation
(mm yr−1)

1900–2012 254⁎

1900–1969 231⁎

1970–2012 316⁎

Five wettest
1974 955
2010 833
2000 743
1975 676
1904 555

Five driest
1928 25
1961 70
1964 76
1965 77
1994 97

⁎ Median.
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which was the maximal depth at which we could insert soil moisture
sensors into the highly compacted soil. The depth to the bottom of the
hardpan is unknown, but possibly much deeper than could be excavat-
ed (maximum of 2 m depth with the 1.5 t excavator to which we had
access) in these hard, dense soils. Depth-to-groundwater is 49 m, and
the site is located on the fringe of the regional aquifer where aquifer
thickness is much smaller than 10 m (www.lrm.nt.gov.au/__data/
assets/pdf_file/0003/13863/TiTree_Basin_Groundwater.pdf). The
groundwater is too deep to affect the vegetation or water budget,
even in the absence of the hardpan. In a carbon isotope ratio study of
water-use efficiency, we inferred that the presence of a hardpan served
as a barrier to groundwater access by vegetation, regardless of the depth
to groundwater (8 or 49m deep; Cleverly et al., 2016b). Soil bulk densi-
ty ranges from 0.9 to 2.1 g cm−3 in unconsolidated soil and hardpan,
respectively.

2.2. Eddy covariance

The eddy covariance method (Baldocchi et al., 1988) was used to
measure NEP and sensible heat flux (H), the latter of which is which is
indicative of partitioning of energy across seasons and years. Details
on methods of measurements, quality control, corrections and gap fill-
ing can be found in Eamus et al. (2013) and Cleverly et al. (2013a).
We will briefly summarise these methods here. These data are made
available by the OzFlux network (Cleverly, 2011). Data processing was
performed in the OzFluxQC Simulator, version 2.8.6 (Cleverly and
Isaac, 2015), a summary of which follows.

NEP (mgCO2m−2 s−1) andH (Wm−2)were determined as the neg-
ative covariance between verticalwind speed (w) versusCO2 density (c)
or air temperature (T), respectively:

NEP ¼ −ρ w0c0h i and ð2Þ

H ¼ ρCp w0T 0� �
: ð3Þ

where ρ and Cp are the density and heat capacity ofmoist air, respec-
tively; w′, c′ and Tʹ are the deviations frommeanw and c and T, respec-
tively; and 〈〉 represents a time average. Measurements were collected
at 10 Hz, and the averaging period was 30 min. Measurements were
made at a height of 11.7 m over the homogeneous 6.5 m tall canopy.
Wind speed measurements were made in three dimensions using a
CSAT3 sonic anemometer (Campbell Scientific Australia, Townsville,
QLD, Australia), and CO2 density measurements were obtained from a
LI7500 infrared gas analyser (IRGA, Li-Cor Biosciences, Lincoln, NE,
USA). Ancillary measurements collected by the eddy covariance system
were used in the subsequent quality control procedures and included
precipitation (CS7000, Hydrologic services, Warwick, NSW, Australia);
temperature and relative humidity (HMP45C, Vaisala, Helsinki, Fin-
land); and radiant fluxes in four components: upwelling and
downwelling solar and thermal radiation (CNR1, Kipp and Zonen,
Delft, The Netherlands). The system also included measurements of
temperature and relative humidity (HMP45C) in a profile at heights of
2 m, 4.25 m (the zero-plane displacement height) and 6.5 m (the aver-
age canopy height) (Cleverly et al., 2013b).

2.2.1. Quality control, corrections and gap filling
Standard QCmethods included spike detection using a standard de-

viation test, range checks for unrealistic values, identification of invalid
measurements formCSAT and IRGAdiagnostics, and identification of in-
valid IRGAmeasurements from outliers in the relationship between hu-
midity measured by the HMP45C and IRGA. Corrections included
double rotation, the Massman frequency response correction, conver-
sion of virtual heat flux to sensible heat flux, and the Webb–Pearman–
Leuning correction for flux effects on density measurements (Wesely,
1970; Webb et al., 1980; Massman and Clement, 2004). When there
were no gaps in the ancillary measurements, gap filling of fluxes was
performed using a self-organising linear output (SOLO) model, which
is a type of artificial neural network (ANN) that produces small errors
and has low sensitivity to overtraining, in contrast to feed-forward
ANNs (Hsu et al., 2002; Eamus et al., 2013).

2.3. Phenocams and airborne imagery

Images of the vegetation (understorey grasses, Mulga canopy) and
cryptobiotic crust were collected hourly during the daytime for evalua-
tion of phenological activity. The cameras (5 Megapixel Wingscape
timelapse,Wingscapes, AL, USA) were designed for repeat photography
and configured tomaintain a fixedwhite balance. The cameraswere po-
sitioned at a 30° inclination and facing North to avoid backscattering
during most of the year. Images that were obtained near solar noon
were analysed for the green:red ratio index (GRRI), which provides an
index of “greenness” that represents the trade-off between photosyn-
thesis (due to chlorophyll content) and thermal dissipation (due to an-
thocyanin content) (Gamon and Surfus, 1999; Ritchie et al., 2010).
Within each image, pixels were classified as Mulga, grass, crust or soil,
after which GRRI was determined using Matlab (R2013a, The
MathWorks Inc., Natick Massachusetts USA). Larger values of GRRI are
indicative of enhanced physiological capacity. Because of technical is-
sues with powering the cameras, analysis of phenology was restricted
to a few precipitation events during key seasons.

Radiometric canopy temperature was measured to evaluate the
thermal environment of the Mulga within the context of its photosyn-
thetic thermal tolerances (i.e., 30 °C thermal optimum and 38 °C limit
for photosynthesis and growth; Nix and Austin, 1973). Because the ra-
diometric temperature of understorey and crust elements is indistin-
guishable from soil temperature due to their proximity to this large
source of heat, this analysis was focused upon the canopy trees (i.e.,
Mulga). This analysis will determine if Mulga's thermal environment
is conducive for maintenance of phyllode function. Aerial imagery was
obtained on 27 March 2014 from an unmanned aerial vehicle (UAV),
the AT8 octocopter of AerialTronics (Scheveningen, The Netherlands).
Imagery was captured near mid-day to minimise shadow effects. The
camera gimbal was set at a vertical angle (nadir-looking) during the
flights. Two cameras were on board the UAV: a digital camera (red,
green and blue; RGB) and a thermal camera. The thermal camera was
a FLIR SC305 (FLIR Systems, Inc.,Wilsonville, OR, USA)with a resolution
of 320× 240 pixels, a thermal accuracy of±2 °C, and a thermal sensitiv-
ity of 0.05 °C. The thermal field of view (FOV) was 45° × 34° (equipped
with a 10 mm lens). All FLIR images were converted to canopy temper-
ature tiff-images as described by Maes et al. (2014). Geo-referenced
thermal and visual orthophotoswere registered and co-registeredman-
ually in ArgGIS 10.1 (ESRI, Redlands, CA, USA).

http://www.lrm.nt.gov.au/__data/assets/pdf_file/0003/13863/TiTree_Basin_Groundwater.pdf
http://www.lrm.nt.gov.au/__data/assets/pdf_file/0003/13863/TiTree_Basin_Groundwater.pdf


Fig. 1.Responses of the green:red ratio index (GRRI) to daily total precipitation (grey bars)
in the tussock grass understorey (dotted line), Mulga foliage (solid line) and biological
crust (dashed line) during (a) spring and early summer 2012 and (b) the following
autumn 2013.

Fig. 2. Wet season dynamics of net ecosystem photosynthesis (NEP, three-day moving
average, solid line) and cumulative precipitation (dashed line) during (a) Summer–
Autumn 2013–2014 and (b) Summer–Autumn 2014–2015. Values of NEP larger than
zero (horizontal dotted line) represent positive carbon uptake.
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2.4. Soil moisture and root profile characterisation

θwasmeasured in six arrays of vertical profiles. Sensors (CS616 and
CS605) were buried at four depths: 0–10 cm (surface), 10–30 cm, 60–
80 cm and 100–130 cm. These vertical profiles of θ measurements
were obtained from two arrays within each of three key habitats:
under Mulga, in bare soil between trees, and beneath both Mulga and
understorey. The latter habitat was identified during the build-up of
the 2011 land carbon sink anomaly, when the understorey of grasses
and herbs was present (Eamus et al., 2013). To avoid the confounding
effects of transience of the understorey on patterns in θ, we will present
profiles from beneath the canopy and inter-canopy bare soil only. Cali-
bration of the sensors, which is necessary to ensure accurate measure-
ment of θ, was performed by comparison to soil samples for
laboratory analysis of soil texture, bulk density and θ (Cleverly et al.,
2013a).

Six trenches were dug about 1.2 km to the east of the tower in the
Mulga woodland for evaluation of root density profiles with depth. Be-
cause of the large fetch of relatively homogenous vegetation at the
tower (N 10 km in the predominant wind directions; Cleverly et al.,
2013a), the location where the trenches were dug is representative of
the ecosystem where continuous measurements of θ were collected.
Furthermore, flux footprints can extend this far under stable conditions
at night (Göckede et al., 2008), further implying that this location is rep-
resentative of the tower site to the west. Trenches were placed in three
habitats: beneath Mulga near the bole (Mulga), in bare soil patches
(bare soil) and below the edge of the projected canopy. Intact soil
coreswere collected for root extraction from the trench face at 25 cm in-
tervals to a depth of 125 cm. Additional soil cores for analysis of bulk
density and θ were collected to identify the top of the hardpan. The
hardpan varied spatially by habitat at the trench locations as it does in
the soil moisture arrays at the tower. The top of the hardpan varied be-
tween 0 and 0.6 m deep, in contrast to the tower site where the top of
the hardpan varied from the surface to more than 1 m deep. The
Mulga were shorter and less dense where the trenches were dug, thus
facilitating access for the excavator. Rootswere extracted from soil sam-
ples using a hydro-pneumatic elutriation system, in which a soil and
root sample is submerged in a vertical column of flowing water, whilst
the sample is agitated with low-pressure air (Smucker et al., 1982).
Hydro-pneumatic elutriation is the most reliable means to separate
roots from soil. The null hypothesis that no differences in root density
amongst sampling locationswould be foundwas tested using a two-fac-
tor ANOVA (depth × habitat, α = 0.05) followed by post-hoc multiple
comparisons (Matlab R2013).

3. Results

3.1. Soil moisture control over phenological responses to precipitation

The balance between photosynthetic production and physiological
stress is represented by the green:red ratio index (GRRI) of the vegeta-
tion, and this ratio varied by growth form and season in the current
study (Fig. 1). During the spring and early summer, three surfaces
(understorey grass, Mulga foliage and cryptobiotic crust) had distinct
GRRI values, and the larger GRRI for the grasses indicated that grasses
were more active than Mulga, and both were greener than the crust
(Fig. 1a). Immediate but unsustained greening responses to precipita-
tion during the spring and early summer were evident in all surface
types. By autumn, the three surface types had similar spectral responses
to rainfall (Fig. 1b). However, inferences cannot be drawn during the in-
tervening period because of equipment failure at this remote location.

Whereas the response of NEP to rainfall was delayed in January–
March 2014, there was an immediate increase in NEP during January
2015 (Fig. 2b). Striking differences in the pattern of precipitation were
present between these two summers. During January 2014, the single
largest storm delivered 105 mm precipitation over six consecutive
days. By contrast, 145 mm of precipitation fell over 12 consecutive
days in January 2015. Even though each wet season received the same
amount of precipitation, during the second year it was concentrated in
December 2014 and January 2015 and was then followed by many
months without substantial precipitation (Fig. 2b).

Image of Fig. 2


Fig. 3. Fluctuations of volumetric soil moisture content (θv) at 100 cm depth in hardpan
(solid line) and unconsolidated loamy sand (dashed line). Soil porosity was 0.35 ±
0.006 (n = 95, horizontal dotted line). Grey bars represent weekly total precipitation.

Fig. 4. Variability in thermal infrared canopy temperature measured from a low-altitude,
unmanned aircraft (drone) on 27 March 2014.
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Differences in the pattern of precipitation during thewet season had
a large effect on θ of the root zone (Fig. 3). In Summer–Autumn 2013–
2014, θ in the unconsolidated soil above the hardpan increased to
0.26 m3 m−3 and remained at that level during the six week delay in
NEP (cf. Figs. 2a and 3a), whereas θ in the unconsolidated soil above
the hardpan declined immediately during the next wet season (sum-
mer–autumn 2014–2015; Fig. 3b). Most of the year's precipitation was
concentrated into a short period during December 2014–January 2015
(Figs. 2b and 3b), resulting in saturation of θ in the unconsolidated soil
above the hardpan at 1m depth (Fig. 3b). Two-to-threeweeks after sat-
uration in the unconsolidated soil (mid-to-late January 2015), θ in the
hardpan at 1 m depth showed a slight increase, which was the first ob-
served change in this very dry soil since measurements began in 2010.

Canopy temperature varied between aminimumof 33 °C and amax-
imumof 50 °C, although temperatures above ca. 46 °Cwere restricted to
the edges of canopies (Fig. 4). Canopy temperatures were not uniformly
distributed across the site, but it is difficult to identify a pattern in the
clumped distribution of cool versus hot canopies. Canopy air tempera-
ture on the day of the thermal imagery was 25.1 °C at 10.00, 28.1 °C at
12.00 and reached a maximum of 31.4 °C at 16.30. Thus, radiometric
canopy temperatures were all above ambient air temperature, even
after accounting for the ±2 °C precision of the thermal camera. Mid-
day air temperatures tended to be lower in the seasons when NEP was
large (autumn 2014 and summer 2015; cf. Table 2 and Fig. 2). Mid-
day sensible heat flux was smallest during summer 2015, the wet sea-
son when NEP was large (cf. Table 2 and Fig. 2b). Sensible heat flux
was equal in wet and dry seasons of 2014, although consistent
Table 2
Mid-day (10.00–14.00) air temperature measured at two metres height, sensible heat flux and
tion occurred were not included.

Season Period
Air tem
(°C)

Summer 21 January–10 February 2014 34.1 ±
Autumn 6–23 March 2014 33.2 ±
Summer 21 January–10 February 2015 33.5 ±
Autumn 6–23 March 2015 34.0 ±
season × year relationships emerged. During summer 2014 (when
NEP was delayed relative to precipitation), sensible heat flux was larger
than during summer 2015 (when the response of NEP to precipitation
was immediate; cf. Table 2 and Fig. 2b). Similarly, sensible heat flux in
autumn 2014 (when NEP was large) was smaller than during autumn
2015 (when NEP was declining; cf. Table 2 and Fig. 2a).

The θ profiles showed varied responses to precipitation (Fig. 5).
Under dry conditions before summer rainfall, θ at the surface was
small in both habitats and smaller in bare soil (0.031 ±
0.000074 m3 m−3) than under Mulga (0.054 ± 0.0012 m3 m−3;
Fig. 5). In response to a small autumnal storm (30 mm), moisture pen-
etrated no deeper than 10 cm into the soil (Fig. 5a, b). By contrast, a
large storm (100+mm)producedwidely varying soilmoisture dynam-
ics (Fig. 5c). The wetting front did not reach to 1 m depth in half of the
profiles, whilst θwas very large beneathMulgawhere the θ had been al-
ready large (i.e., in the consolidated soil above the hardpan; cf. Figs. 3a
and 5c) and at one location beneath bare soil, implying that the durabil-
ity of the hardpan against wetting was spatially variable.
3.2. Rhizosphere

Significant variation in root density was found within the woodland
(depth × habitat F = 6.09; df = 10, 287; p b 0.0001). Substantial
amounts of root biomasswere observed only above 75 cmdepth and di-
rectly beneath the base of Mulga trees. Root density in bare soil was not
average daily net ecosystem productivity (NEP) (± standard error). Days when precipita-

perature Sensible heat flux
(W m−2)

NEP
(gC m−2 d−1)

0.2 307.1 ± 6.7 −1.00 ± 0.12
0.2 302.2 ± 5.6 0.52 ± 0.06
0.2 270.4 ± 5.4 1.23 ± 0.07
0.3 367.3 ± 5.3 0.23 ± 0.04

Image of Fig. 3
Image of Fig. 4
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significantly different from root density at the edge of the canopy, re-
gardless of depth (Fig. 6). Root density was significantly larger near
the boles ofMulga trees than in bare soil or under the edge of the canopy
at depths of 5 and 50 cm (Fig. 6). The largest amounts of root biomass
were located in the top 10 cm, although a secondary proliferation of
root biomass above the top of hardpan (ca. 60 cm depth at the base of
the trees) was also evident (Fig. 6).

Fig. 7 shows the daily soil moisture drawdown above the hardpan at
100 cm depth. During inter-storm periods, θ above the hardpan at
100 cm depth began declining between 10:00 and 11:00 (0.11 ±
Fig. 5. Soil moisture profiles measured in replicate arrays beneath bare soil (circles and
dashed line) and Mulga (squares and solid line) (a) before (2–11 May 2013) and during
(b) a small storm (12–21 May 2013); or (c) during a large storm (15–24 January 2014).
Symbols show mean ± standard error. Lines connect measurements within the same
sensor array. Values in (b, c) were computed as the average of the delayed peak
response, if present. Missing values indicate sensors that were dysfunctional at the time
of measurement.

Fig. 6. Root density profilemeasured near the base ofMulga trees (squares and solid line),
at the edge of the canopy (open circles and broken line), and in exposed hardpan (bare
soil; triangles and dashed line), Symbols show mean ± standard error (N = 294).
Symbols at the same depth with the same letter are not significantly different, and
symbols marked with an asterisk are significantly different from the root density at
75 cm depth in the same habitat.
0.00095 m3 m−3) and continued until reaching a minimum at 17:00
(0.083 ± 0.0017 m3 m−3; Fig. 7). Recovery of θ was rapid and reached
the previous day's value before midnight (Fig. 7). In contrast during
storms, diel variations in θ above the hardpan at 100 cm depth were
negligible (i.e., smaller than themeasurement error; Fig. 7). The preced-
ing soil moisture and rhizosphere results are summarised in Fig. 8.
4. Discussion

4.1. Triggers for photosynthetic responses

Reserves of soil moisture can serve as an important connection be-
tween precipitation and NEP (Ludwig et al., 2005; Flanagan and
Adkinson, 2011). Aswe hypothesised, the storage of soil water provided
inter-seasonal carry-over of available moisture, thereby supporting the
enhancement of NEP during autumn 2014 (March 2014) after the con-
clusion of the wet season (Fig. 2a). By contrast, soil moisture carry-over
did not occur during thewet season of a drier-than-average year (2012–
2013, θ ca. 0.10 m3 m−3 in the unconsolidated soil above the hardpan),
resulting in suppression of NEP through both summer and autumn
Fig. 7. Diel pattern of soil moisture content in unconsolidated soil, 100–120 cm depth,
during inter-storm (5–8 February 2013, squares and solid line) and intra-storm
(5.4 mm; 9–12 February 2013, circles and dashed line) periods. Symbols represent the
mean ± standard error for the four days.

Image of Fig. 5
Image of Fig. 6
Image of Fig. 7


Fig. 8. Site schematic of soil moisture measurements (θ, forked symbols), hardpan (HP), unconsolidated soil (US) and the groundwater (regional aquifer). Where depth to the top of the
hardpan wasmore than 1m, top-of-hardpan depth was indeterminate; otherwise, the top-of-hardpan contour (dashed line) was inferred from θ during wet conditions. The depth to the
base of the hardpanwas unknown (deeper than 2m, not as deep as the regional aquifer). Nomeasurements weremade below the hardpan. Daily soil moisture drawdown shown in Fig. 7
occurred at the location marked by an asterisk. Illustration is not drawn to scale to emphasise measurement depths.
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(Cleverly et al., 2016b). The delay of enhanced NEP in 2014 was related
to the imposition of environmental stress inMulga. For example, photo-
synthesis and transpiration in Mulga phyllodes can be limited by high
temperature and large vapour pressure deficit during summertime
inter-storm periods (Cleverly et al., 2013a; Eamus et al., 2013). Mid-
day air temperatures remained relatively high into autumn (Table 1),
leaving a substantial portion of the canopy above the thermal limit for
Mulga (38 °C; Fig. 4). More importantly, enough of the canopy was
much cooler (33–34 °C) than the thermal limit to suggest that modest
amounts of soil moisture in storage (0.26m3m−3) provided an amount
of water that was sufficient to prevent overheating of the canopy
through evaporative cooling, but this amount wasn't sufficient until
autumn.

When the soil moisture storage pool above the hardpanwas filled to
saturation in response to receiving large amounts of precipitation over
several days (N 120 mm wk−1), NEP increased immediately during
the summer (i.e., completely filling soil moisture stores resulted in no
delay in NEP). The threshold for vegetation activity across Australia
can be much smaller than this (6 mm; Martin, 2006), although this
low threshold is more likely associated with an ecosystem respiratory
response alone (Huxman et al., 2004b). Our results are consistent with
the threshold-delay framework (Ogle and Reynolds, 2004), in which
we identified two threshold amounts of precipitation: one below
150 mm for inducing a delayed response in NEP, and the other above
100 mm that induced a pulse response without a delay (cf. Figs. 2 and
3). The threshold for moving from a delayed NEP response to an imme-
diate one suggests thatwater, andmore specifically θ in the storage pool
above the hardpan, was the primary agent determining the presence or
absence of a delay.

Evapotranspiration can reduce canopy temperature in plants
(Yunusa et al., 2004), but thismechanism is seldom consideredwithmi-
crophyllous vegetation because the large boundary layer conductance
of small leaves tends to keep them in thermal equilibrium with the air
(Schuepp, 1993). However, the boundary layer of the entire tree
crown can be large, even in trees with microphyllous leaves (Daudet
et al., 1999), thus evaporative cooling of canopy air spaces can be
found in ecosystems dominated by trees with small leaves (e.g.,
Cleverly et al., 2015). Two relationships emerged from seasonal varia-
tions in air temperature, sensible heat flux and NEP. First, sensible
heat flux was smallest in the summer wet season, especially when
NEPwas large (January–February 2015). In part, this unsurprising result
occurred because sensible heat flux is inversely proportional to latent
heat flux, which is larger in the wet season. However, there was no dif-
ference in sensible heat flux between summer and autumn in the previ-
ous year, suggesting that air temperature and NEP affected the seasonal
progression of sensible heat fluxes. A second relationship was present
between NEP and air temperature in which the season within a given
year when NEP was large also experienced cooler temperatures (Table
2). This does not imply that there is a causative relationship between
NEP and air temperature because there are other meteorological factors
that might distinguish these two years. Nonetheless, saturation of soil
moisture reserves created a temporary perched aquifer above the hard-
pan, and this could have provided sufficient resources to generate evap-
orative cooling of the canopy and promote photosynthesis (and thus
positive NEP) during the summertime, thus reducing canopy air tem-
perature. Evaporative cooling inferred in our study is not equivalent to
the intense evaporative cooling that is observed in groundwater-depen-
dent ecosystems and irrigated agriculture (Stevens et al., 2012; Cleverly
et al., 2015), but it is conceivably enough to reduce thermal stresswithin
the canopy.

We found very few differences in phenological responses to precip-
itation amongst trees, understorey grasses and biological soil crusts,
thus rejecting our hypothesis that differential constraints on photosyn-
thesis in these different types of organismswould lead to divergent phe-
nological patterns. The limited collection of phenocam imagery was not
ideal, having been collected during a drier-than-average year (summer
2012–2013) when minimal NEP was in evidence (Cleverly et al.,
2016b), but the phenological patterns that we observed can still inform
us about the potential of each component of the ecosystem to contribute
to NEP. The small values of GRRI for the soil crust in spring–early sum-
mer suggest that photosynthesis is constrained during summer, which
was probably due to the effect of high temperature (Grote et al.,
2010). In contrast, photosynthesis in the C4 understorey grasses should
not be limited by high temperature because of their resistance to photo-
respiration (Ehleringer et al., 1991; Ehleringer and Monson, 1993). In-
stead, the phenology of grasses matched that of Mulga (Fig. 1), which
suggests that both contributed to the delay in NEP during the summer
of 2014. The delay in the phenology of the grasses was surprising be-
cause rainfall amounts were large enough during January and February
2014 to expect a growth of understorey grasses. Either some other
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factor was related to phenology in both types of vegetation, or the
understorey grasses were facilitated by physiological activity in Mulga.

4.2. Supporting the survival of a largely shallow root system

Mulga root systems are dimorphic, and we found them to bemostly
restricted to above the hardpan in the unconsolidated soil as
hypothesised, but the largest biomass was found near the surface (Fig.
5). The surface soil dries rapidly in this loamy sand (Eamus et al.,
2013), thereby having a potentially detrimental effect on the roots lo-
cated near the surface. A second and smaller proliferation of root bio-
mass was located just above the top of the hardpan in the
unconsolidated soil where storage of moisture accumulates. θ in this
store above the hardpan is drawn down by N0.02m3m−3 on dayswith-
out precipitation, although there are no discharge points for this soil
moisture: evapotranspiration was at a minimum (Cleverly et al.,
2016b), and drainage into the hardpan below was generally negligible.
Furthermore, drawdown of θ above the hardpan occurred during the
hottest part of the day (Fig. 7), when Mulga are known to experience
suppression of assimilation and stomatal conductance (Eamus et al.,
2013) and when temperatures exceed the thermal tolerances for
Mulga (Fig. 4; Cleverly et al., 2013a).

Stomatal closure in the presence of a split root system inwhich some
roots are in dry soil and others are in wet soil presents the possibility of
hydraulic lift (Bauerle et al., 2008). In this case, hydraulic redistribution
would travel from roots in the soil moisture store above the hardpan to
roots near the surface. Although we were unable to confirm the follow-
ing reasoning with sapflux measurements, there are three lines of indi-
rect evidence to support this hypothesis. First, the absence of discharge
by evapotranspiration or drainage accounts for the other terms of the
water budget; therefore, fluctuations in θ were due to internal cycling
(i.e., local changes in soil moisture storage). Second, we found a large
proportion of the root biomass to occur near the surface where θ is
much smaller than at depth (Fig. 6), which is not unusual per se, except
when encountered in dry soil (Caldwell et al., 1998). Third, synchronisa-
tion of tree and grass phenology after a delay in NEP further implies that
the shallow-rooted tussock grasses obtain soil moisture as a result of
moistening of the surface soil by hydraulic lift (Pugnaire et al., 1996;
Ludwig et al., 2003), particularly in the absence of other soil moisture
sources. During the delay period, high canopy temperature and unsatu-
rated θ kept the effects of hydraulic lift to aminimum, and precipitation
alonewas insufficient to sustain the understorey grasses. In the absence
of other discharge points for soil moisture drawdown in the reservoir
above the hardpan, it was most likely that hydraulic lift provided the
connection between the synchronised phenology of individual photo-
synthetic organisms (trees, grasses and biological soil crust) and NEP.

Drawdown of θ above the hardpan did not occur during storms, re-
gardless of the amount of precipitation that was received. However,
drawdown then resumed immediately upon the end of precipitation
events (Fig. 7). This cessation of hydraulic lift is in contrast to a previous
study on Eucalyptus camaldulensis and Grevillea robusta in which the
seasonal return of rainfall initiated a reversal of hydraulic redistribution
(i.e., translocation of soil moisture to deeper, drier soil layers; Burgess et
al., 1998). There are two conditions during stormy periods that would
tend to suppress, rather than reverse, hydraulic redistribution: (i) if pre-
cipitationwets the surface soils to equivalent θ as in the soilmoisture re-
serve, thereby eliminating or substantially reducing gradients in soil
water potential (Hultine et al., 2003b); or (ii) if plant water status is
much improved under small vapour pressure deficit during precipita-
tion and cloud cover (Cleverly et al., 2013a; Page et al., 2016), resulting
in small but non-negligible rates of stomatal conductance throughout
the day. Thus, the water potential gradient during stormy conditions
from any part of the root system to the air via stomata was much larger
thanwater potential gradients across the root system, thereby eliminat-
ing the conditions favourable for hydraulic redistribution and resulting
in cessation of daily fluctuations in θ.
5. Conclusions

Covering 20–25% of Australia, Mulga woodlands are a potentially
important part of continental carbon and water dynamics. The persis-
tence and responsiveness of these woodlands can be understood
through a detailed understanding of the critical zone, and particularly
those attributes of the lithosphere, hydrosphere, biosphere and atmo-
sphere that interact to drive constraints on the growth and productivity
of vegetation. In north central Australia, the presence of siliceous hard-
pan can influence the spatial distribution of soil moisture reservoirs and
roots within a few metres of the surface. These soil moisture reservoirs
above the hardpanprovide for the carry-over of soil moisturewithin the
shallow rhizosphere of Mulga across seasons and years.

Carry-over of soil moisture can be a crucial resource for vegetation
that experiences prolonged dry periods. In semi-arid regions, recharge
of soil moisture reservoirs can be unpredictable, as can the duration be-
tween recharge events. It is common for precipitation to fail in central
Australia, but the conservative use of soil moisture imposed by thermal
stress on the canopy as the reservoir is drained ensures that carry-over
persists beyond a single year. Even upon receiving large amounts of pre-
cipitation (100mmwk−1), the accumulation of soilmoisture provides a
buffer for delaying productivity until favourable conditions are present,
when evaporation of that moisture contributes to preventing
overheating of the canopy above Mulga's thermal limit.

Mulga has a dimorphic root distribution, with the majority of the
root biomass in the top 10 cm of the soil and a second significant prolif-
eration of roots just above the hardpan. During the long, dry periods be-
tween storms, the presence of hydraulic lift to the shallow roots was
inferred from daily fluctuations in θ above the hardpan, synchronisation
of phenology amongst grasses and trees, and the absence of other dis-
charge points (i.e., negligible drainage and evapotranspiration). We
propose that through this mechanism, functioning of the shallow root
system was maintained, which provided Mulga's roots and evergreen
leaves with the capability of responding rapidly (i.e., if the conditions
were favourable) to short, unpredictable, and large storms (i.e., with im-
mediate moisture uptake through the roots to support immediate pho-
tosynthetic responses in the leaves). This resilience (i.e., physiological
drought tolerance that does not diminish photosynthetic responses to
subsequent wet periods) is the fundamental property that placed the
Mulga lands of Australia in the heart of the 2011 global land carbon
sink anomaly.
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