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1 | INTRODUCTION

Improving predictions of future forest structure and function is essential
to global estimates of atmospheric carbon, climate systems and biodi-
versity. Drought-induced tree mortality is now thought to be a major
threat to temperate and tropical forests (Allen, Breshears, & McDowell,
2015; Allen et al., 2010) and much of the concern for forest response
to climate centres around tree species’ response to drought (Anderegg,
Kane, & Anderegg, 2013; Choat et al., 2012; McDowell et al., 2008).
Tree growth or the primary productivity of forests is also highly water-
dependent, and can indicate the forests’ functional response to water
stress. Dynamic Global Vegetation Models generally cannot predict
drought-induced mortality accurately because many critical processes
that lead from meteorological drought to death are unknown or poorly
understood (Allen et al., 2015; Anderegg, Anderegg, & Berry, 2013;
McDowell et al., 2008; Meir, Mencuccini, & Dewar, 2015). Model pro-
jections of net primary productivity are also fundamentally linked to
predicted water resources, and uncertainty in these links have led to
highly varied predictions of atmospheric and terrestrial carbon stock in
model projections (Cramer et al., 2001; Friend et al., 2014; Ichii et al.,
2007).

Especially lacking in our understanding of mortality and productiv-
ity response to precipitation dynamics are estimates of plant-available
water vertically below-ground on temporal scales at which droughts un-
fold (Schwinning, 2010). Water uptake, which is determined by species-
specific hydraulic traits and root depth, further determines the drought
actually experienced by trees. Quantifying both species-specific water
uptake depth as well as where in the vertical soil profile a “drought” exists
is challenging. This is due to the difficulty in knowing comprehensively
across the forest where an individual’s roots are, from which depth roots
are actively taking water, and at which depths the water is available.

Multiple spatio-temporal niches by rooting depth may evolve due
to the stochastic nature of precipitation events combined with com-
plex temporal patterns of water movement through the vadose zone
(Schwinning, 2010; Schwinning & Kelly, 2013)—the unsaturated zone
made up of soil and weathered rock above the groundwater table.
However, most studies exploring drought impacts propose access
to water based on precipitation and surface soil moisture patterns,

ignoring the complex, but critical, dynamics of below-ground water

4. Synthesis. This research changes our understanding of how hydrological niches oper-
ate for trees, with a trade-off between realized growth potential and survival under
drought with decadal scale return time. The eco-hydrological framework highlights
the importance of species-specific below-ground strategies in predicting forest re-
sponse to drought. Applying this framework more broadly may help us better under-
stand species coexistence in diverse forest communities and improve mechanistic

predictions of forests productivity and compositional change under future climate.

climate change, decoupling, drought, evolutionary strategies, hydrological niche segregation,

mortality, rooting depth, seasonally dry tropical forest, temporal niche

movement, rooting depth and uptake strategies (Rodriguez-Iturbe,
2000; Rodriguez-lturbe, Porporato, Laio, & Ridolfi, 2001).

No current methodological approach includes water uptake depth dy-
namics for multiple tree species in a diverse forest, at temporal scales over
which droughts unfold and depths at which trees experience drought. One
reason for this is that rooting depths for adult trees are not only extremely
difficult to obtain, but would not necessarily reveal realized species-specific
dynamics of water uptake depths. Tracer studies that infer uptake depths
from natural isotopic gradients are typically limited to soil depths of about
1 m or to special cases where water use from soil vs. groundwater is differ-
entiated. Injected tracer experiments are limited in space, time and species
diversity. Few recent studies demonstrate the importance of hydrological
niche separation to explain species coexistence based on below-ground
observations (Silvertown, Araya, & Gowing, 2015). However, due to meth-
odological constraints, they too are limited to few species (typically 2) and
focus on niches operating at very shallow depths (about 1 m) or on con-
trasts between species using vadose zone vs. groundwater.

We provide a new analytical framework to test the spatial and long-
term temporal dynamics of below-ground water acquisition and infer-
ence on tree community dynamics. This framework models first the
vertical and temporal dynamics of water, second, the relative depths
at which species access this water based on observed growth patterns,
and third, the potential penalties of these access strategies based on
species’ mortality patterns. Specifically, we test the following hypoth-
eses: (1) Water availability is decoupled from precipitation events by
depth, creating a vertically heterogeneous water environment at any
given time; (2) relative water availability at these different depths can
translate into consistent growth patterns of different species over time
depending on species hydraulic/water uptake parameters; (3) common
species will show distinct water uptake depths (partition the hydrolog-
ical niche both in space and time); and (4) species water uptake strate-

gies will result in differential mortality response to extreme droughts.

2 | MATERIALS AND METHODS

2.1 | Demographic data

We derived growth and mortality from permanent forest plot censuses
from the 50 ha Mudumalai Forest Dynamics Plot (MFDP) (11°35'N,
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76°32'E, 910-1,030 m a.s.l.) in Mudumalai National Park, a seasonally
dry tropical forest situated in the rain shadow of the Western Ghats
biodiversity hotspot in India. At the MFDP, every woody stem above
1 cm DBH has been tagged with a unique number, identified to spe-
cies or morpho-species level and mapped (Condit, Lao, Singh, Esufali,
& Dolins, 2014; Sukumar et al., 1992). Every 4 years, from 1988 to
2012, each woody stem was re-measured. Mortality and recruitment
(stems entering the 210 mm DBH class) were recorded every year
from 1989 to 2008 and cause of mortality was recorded as either
fire, herbivory by large mammal such as elephants or “other causes”
(Chitra-Tarak et al., 2017).

For growth data, we selected from the MFDP the set of single-
stemmed trees (above 10 mm DBH) that had DBH data available
throughout the study period from 1992 to 2012. Individual tree
growth rate (cm/year) was calculated as the difference between DBH
measured in successive censuses, divided by the inter-census inter-
val. We removed from analyses those trees (n = 110) with “spike”
growth rates—those greater than two standard deviations from the
mean growth rate of a tree over all census intervals. Given the dis-
tribution of growth rates (mean [5%, 95% quantiles]; 0.2 [0.05, 0.6]
cm/year), we considered rates beyond (-0.5, 1.5) cm/year in any given
census as erroneous and removed those trees (n =361) from the
analysis. Finally, we retained species with sample size greater than 35
trees for further analyses (7,677 trees belonging to 12 species). These
12 species represented two-thirds of the trees in the plot, with four
co-dominant species representing half of the trees (Appendix S1.1).
Since growth rate change with tree size, we calculated time series of
growth rates within narrow size classes. Quantile-based size classes
were constructed within species—five each for the four co-dominant
species and three each for the rest. Time series of median growth rates

(Observed growth ) for each size class by species were used for

4-yearly
further analyses (n = 11-441 per size class depending on species;
Figure S1) (Chitra-Tarak et al., 2017). We did not expect significant
size/age effect on growth within each size class, since most trees re-

mained in the same size class over 20 years due to slow growth rates.

2.2 | Hydrological data

The Mulehole (pronounced as Mulehsuvle) catchment (11°44'N,
76°27'E, 820-910 m a.s.l.; Braun et al., 2009; Descloitres et al., 2008;
Riotte et al., 2014; Ruiz et al., 2010) in Bandipur National Park is about
25-km north-west of the MFDP in a similar geological, climatic and
vegetation context (Pulla, Riotte, Suresh, Dattaraja, & Sukumar, 2016).
In Mulehole, observations of stream discharge and water-table levels
are available from 2003 to 2013 and daily rainfall time series from
1970 to 2013. Hourly temperature, relative humidity, global radia-
tion and wind speed data allowed the calculation of Penman’s evapo-
transpiration (Allen, Pereira, Raes, & Smith, 1998). Annual rainfall at
Mulehole is 1,095 + 236 mm (M + SD for 1988-2013) and annual PET
is 980 £ 64 mm (M % SD for 2004-2010). Since weather data to calcu-
late PET were not available throughout the study period, we recycled
daily PET of 2004 for all years. Daily rainfall data for MFDP were avail-
able from Kargudi (1990-2013), the nearest rain gauge station (located

4 km away) with M + SD annual precipitation of 1,245 + 278 mm, 70%
of which is received during the summer monsoon (June to September;
Chitra-Tarak et al., 2017; Dattaraja et al., 2013).

Soils in this region, classified as Alfisols and Mollisols, are rich in
clay (sandy clay loam and sandy clay) and are developed over immature
(still rich in primary minerals) saprolite (weathered rock; Pulla et al.,
2016). See Appendix S1.6 for estimates of Available Water Holding
Capacities of these substrates. While soils run 1-2 m deep, total thick-
ness of the vadose zone is estimated at 7-35 m based on local geo-
physical studies (Braun et al., 2009; Ruiz et al., 2010).

2.3 | Eco-hydrological modelling framework

The modelling framework was developed in three steps. Details of the

models are given in the following sections.

1. First, the daily water availability by depth in the soil, as well
as in the shallow and deep weathered rock zones above the
water-table, was simulated with the Soil-Vegetation-Atmosphere
(SVAT) model COMFORT (Ruiz etal., 2010).

2. Second, a daily water-stress index was calculated for each species-
size class as the ratio between water supply (a function of water
availability provided by COMFORT and species-size class-specific
hydraulic parameters) and demand (a function of potential evapo-
transpiration and leaf area index [LAI]).

3. Finally, hydraulic parameters were calibrated for each species-size
class using the Generalized likelihood uncertainty estimation
(GLUE) methodology (see below), which maximizes correlation be-
tween time series of cumulated water-stress index and growth.

2.3.1 | Hydrological model COMFORT

Below-ground water availability in the vadose zone was simulated
using the hydrological model COMFORT (Ruiz et al., 2010)—a dy-
namic water balance model for forested catchments, calibrated and
validated at the Mulehole watershed. This model balances the ob-
served incoming rainfall against interception, stream discharge, evap-
oration from the soil, transpiration of water from vegetation (as a big
leaf model) from soil and weathered rock zones, recharge of these
zones, and recharge of the water-table. This model assumes that trees
use water from the vadose zone (unsaturated zone from the top soil to
the groundwater table) and not from the groundwater (ability specific
to phreatophytes).

COMFORT in effect is a low-pass filter that converts observed
high frequency variation in the rainfall pattern into the observed low
frequency variation in groundwater levels by redistributing—in vertical
space and time—this signal dampening.

To allow for finer resolution of variation in water availability by
depth, we used three vadose zone compartments, one soil [C1] and
two equal sized weathered rock zones [Cz, C3], instead of one soil
and one weathered rock zone used in Ruiz et al. (2010). Parameter
values, however, remained similar after re-calibrating the model
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with longer dataset of stream discharge and water-table levels
(2003-2013 compared to earlier 2003-2007). The model accurately
simulated observed variations in groundwater level, which was
always deeper than 30 m throughout the simulation period (depth
of the vadose zone 230 m). The calibrated maximum Available Water
Content (AWC, or the plant available water) was M, . =179.2 mm
andM, . =M = 195.6 mm. The model was run for the MFDP to
obtain an estimate of daily water availability for each compartment
using local rainfall data (1989-2013) (Figure 1). Although we used

3max

Mulehole rainfall data (1979-1989) for initializing this run, to avoid
initialization inaccuracies, model outputs of water availability at
MFDP were used only from 1992 onwards. We used the same model
parameters as in Mulehole, as vegetation, climate, soils and bedrock
are similar (Pulla et al., 2016). Nevertheless, we tested the modelling
framework using a range of AWC for the weathered rock zone from
200 to 500 mm, and found that the ranking of species uptake depth,
as estimated from model inversion below, was not significantly

sensitive to this (results not shown). Our chosen study period from
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FIGURE 1 Below-ground water availability as estimated by the hydrological model COMFORT at MFDP, Mudumalai National Park, southern
India. 1988 to 2013 time series—from top to bottom—of annual rainfall anomaly, observed daily rainfall, and simulated water content of three
below-ground compartments. Grey vertical lines are the year-ends approximately marking the completion of Mudumalai 4-yearly growth
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1992 to 2012 included one prolonged meteorological drought, with
rainfall anomalies in the range of -20% to -40% successively over
4 years from 2000 to 2003, besides a few shorter and/or less intense

meteorological droughts (Figure 1, Figure S2).

2.3.2 | Water-stress model

Having determined community-level water availability by depth and
in time, we developed a novel conceptual model to calculate a daily
water-stress coefficient (water supply-to-demand ratio) for each
species-size class combination. For each species-size class, this model
represents water uptake in a phenomenological way (known as “mac-
roscopic method” in the field of hydrology) by integrating root access
and other hydraulic properties over each compartment of the vadose
zone, that is unlike approaches that explicitly model root physiol-
ogy and physics (see e.g. Couvreur, Vanderborght, & Javaux, 2012
for a discussion on respective advantages of both approaches, and
Appendix 51.2).

We modelled water supply to be a function of daily plant available
water in each below-ground compartment as simulated by the model
COMFORT at MFDP (M,(t), M,(t) and M,(t); Figure 1), and access of
this water determined by six phenomenological hydraulic parameters
specific to each species-size class. That is, for each species-size class,
two parameters were estimated for each compartment—one repre-
senting “normalized root density” (R) and the other (5) determining the
shape of the hydraulic restriction curve. For interpretation of parame-
ter R (range 0-1, dimensionless), see Appendix $1.3. Parameter 5 may
relate to both above- and/or below-ground hydraulic properties that
regulate water uptake under water depletion (for example, properties
driving conductivity loss under negative water potential or stomatal
strategy).

For each species-size class, we modelled hydraulic restriction

(HR((t)) in each compartment i as follows:

5
HR, (1 =<M_“)> ,
M,

imax

where M(t) and M, are the actual and maximum AWC of compart-

imax
ment C; respectively, and §, (range 0-2, dimensionless) is a shape
parameter. Note that for ; = 0, hydraulic restriction is at a minimum,
while 8, = 1 corresponds to the classical linear shape (Brisson et al,,
1998).

Water demand (maximum evapotranspiration [MET(t), mm]) was
calculated on a daily basis using the commonly used Monteith’s

(Monteith & Moss, 1977) energy approach based on Beer's law,

MET(t) = PET(t) x (1—e™*xAW),

where PET(t) is the Penman potential evapotranspiration (Allen
et al.,, 1998), k is the extinction coefficient that depends on can-
opy architecture (0.5 for forest), and LAI(t) is the Leaf Area Index.
We used the same LAI seasonality curve across years and across
species-size classes, as leaf phenology varies within a narrow range
across species in this dry deciduous forest (Prasad & Hegde, 1986).
The LAI curve was built from the literature (Prasad & Hegde, 1986),

corroborated by MODIS data (1999-2013) for the timing of leaf
flush and senescence and varied as follows: from day 31 to 121 of
the year LAI(t) (dimensionless) remained O; from day 122 to 211
LAI(t) linearly increased from O to 7; then remained static at 7 until
day 335; after which linearly decreased to O by day 31 of the next
year.

The water demand is met on a daily basis from successively deeper
compartments depending on the availability of water. Thus, for each

species-size class total actual evapotranspiration (mm)

AET(t) = AET (1) + AET,(t) + AET,(t),

where AET (t) is actual evapotranspiration from compartment C,, and

8y
AET, (t) = minimum (Ml(t); MET(t) R1< ,Cy/’i(t) ) )

1max

. ( My(t) \*
AET,(t) =minimum { M,(t); [MET(t) - AET,(t)] R2< > ,

2max

. ( Ms(t) \*
AET,(t) = minimum | Mj(t); [IMET(t) — AET,(t) — AET,(t)] R3< ) .

3max

Successive uptake by depth is the most parsimonious way to
model water uptake distribution by depth and such a simplification
is commonly and successfully used in SVAT models (Brisson et al.,
1998) and in Land Surface Models (Ducharne, Laval, & Polcher,
1998).

Water demand is supplied independently to each species-size class
such that usage by one is not considered to deplete water available for
others (Appendix S1.4).

For each species-size class, water-stress index over a period T is

the proportion of water demand satisfied (range 0-1, dimensionless),

AET(t
Stress Index; = M
> MET(t)

When Y AET(t)=Y;MET(t), water demand is fully supplied,
there is no stress and Stress Index; = 1, while when Y ; AET(t) =0,

Stress Index; = 0.

2.3.3 | Water-stress model inversion based on
observed growth rate to estimate water Uptake
Depth Index

As in crop models, we assumed that stresses limit plants from achiev-
ing their growth potential, and used water-stress index (Stress Index,)

as a growth-reduction coefficient (Allen et al., 1998):

Observed growth; = Stress Index; x Potential growthy.

Thus at full satisfaction of water demand, Stress Index;=1 and
Observed growth; = Potential growth;. Not ruling out other
stresses on growth, we asked how much of observed variation in

growth within species-size class is caused due to water stress. We
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parameterized the water-stress model for each species-size class
by selecting the top-10 best-fit parameter ensembles that would
maximize the squared Pearson’s correlation coefficient (rz) between
normalized time series of Observed growth‘wearly and the predicted
Stress Index,_,.,, from 1992 to 2012 (Figure S3). We used GLUE
(Beven & Binley, 1992) to find best-fit parameter ensembles (R;, R,,
R;, 8, 8,, 85, Figure S4) among 10,000 parameter ensembles gen-
erated by Latin Hypercube Sampling (McKay, Beckman, & Conover,
2000), after confirming that there was no issue of equifinality—see
(Beven & Freer, 2001; Figure S5). Generalized likelihood uncertainty
estimation identifies behavioural or acceptable set of parameter en-
sembles based on their likelihood surfaces (in this case, r?) allowing
for the possibility that multiple sets of parameter ensembles (even
model structures, in general) can explain observed patterns in data
(see Beven & Binley, 1992; Beven & Freer, 2001 for details on this
methodology). Four out of 44 species-size classes that could not be
parameterized well (best-fit r? < .3) were excluded from further anal-
ysis. Two understorey species which showed borderline equifinality
issues in an exploratory analysis are not included in this manuscript.
Uptake Depth Index (UDI,) over a period T (e.g. annual, 20 years) was
calculated for each species-size class as the mean of the compart-
ment depth from which water is drawn, weighted by the proportion
of the water drawn from that compartment (based on average of 10
best-fit model runs),

D, 3, AET,(0)+D, 37 AET,(0)+ D3 X7 AET,(1)
>, AET(H)

)

UDI; =

where D, =1, D, = 2, and D, = 3 represents relative depths of com-
partment C;, C, and Cj, respectively. A species’ UDI; was defined as
the average of UDI; for all size classes within species. UDI_ . here-

after refers to UDI over the study period of 20 years (1992-2012).

2.4 | Niche partitioning analyses

We tested whether species partitioned niches for below-ground
water as a result of competition. For each species s, utilization [ of a
below-ground compartment was calculated as the proportional use of
compartment j over 1992-2012,

22 AET(H)

psj=
1;2 AET(t)

Thus bgs of a species summed to 1. Species utilization of a resource
could be greater due to preference for that resource (electivity) or
greater availability of that resource. To calculate electivity ey of species
s for compartment j we divided utilization Py by r, the relative availabil-

ity of water in compartment j over 1992-2012. Thus,

251
ej=—,
S rj
where,
2012
poy MO
T, My(t)+ My () +Ms(t)

r,=0.23, r,=0.33, r;=0.44 for compartments C,, C, and Cs,
respectively.

Niche overlap between species s and t were calculated using a
pair-wise overlap statistic, Chzechanowski’s Index (Feinsinger, Spears,
& Poole, 1981; Gotelli & Graves, 1996):

3

04=0,=1-05 )" |e/;—¢

j=1
which ranges from O (no overlap) to 1 (complete overlap). A
community-level overlap statistic was calculated as the mean of all
species’ pair-wise overlaps. We tested whether each of the observed
pair-wise overlaps and the community-level niche overlap were
smaller than their respective 5% simulation quantiles generated under
the null model of no niche separation. Towards this, we generated
10,000 pseudo-communities by assuming that for each species uti-
lization of any compartment is possible and the extent of utilization
of one compartment is independent of other compartments (niche
breadth is random; Gotelli & Graves, 1996; Silvertown, Dodd, Gowing,
& Mountford, 1999). Each pseudo-community was generated by re-
placing utilization P for every species-compartment combination by
a random uniform variate (range 0-1). pgs within a species were then

rescaled to sumto 1,

/

P—
ST @3 .
e Psj

Electivities for all species-compartment combinations were then
calculated. For each pseudo-community, Chzechanowski’s Indices for all
species pairs, as well as community-level mean overlap were calculated
as described earlier to generate their null distributions. We also analysed
how niche overlap between species pairs decreased with increasing dis-
tance from neighbour in vertical niche space (Gotelli & Graves, 1996;
Inger & Colwell, 1977). Within the observed community, for a given spe-
cies, its pair-wise niche overlap (Chzechanowski's Indices) with each of
the n - 1 species was ordered with decreasing overlap and ranked 1 to
n -1 such that closer the rank to 1, greater the pair-wise overlap and
closer the species neighbour in niche space. Such rank-overlap matrix
was obtained for every species. For each rank then, a community-level
rank-overlap matrix was calculated as a mean of overlaps across all
species for that rank. We performed similar calculations for all 10,000
pseudo-communities to obtain a null distribution of the community-
level rank-overlap matrix. At each rank, we tested whether the observed
community-level niche overlap was smaller than the 5% simulation quan-
tile. Results were similar when more conservative tests were used with
pair-wise overlap statistic calculated as the geometric mean of utilization
and electivity, g = \/% used to minimize bias towards large overlaps
when certain resource states are very common (Gotelli & Graves, 1996;
Winemiller & Pianka, 1990).

2.5 | Mortality analysis

To assess differential species mortality in response to extreme drought
as a function of water uptake depth, we compared the difference in

species percent mortality rate in year 2004 (following the extreme
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drought of 2001-2003) from species pre-drought mortality rates
(mean over the years 1997-1999) with species UDI,,, a year for
which divergence in species UDL_ . was largest (Figure 2b). For each
species (Chitra-Tarak et al., 2017),

No. of tress dead,gg4

%Mort =
drought
"OU™ " No. of trees presentygos

%100,

yr=1999 No. of trees dead,,

%M e aroughe = 1/3(Y x100).

v =1997 No. of trees present,,_;

Results were similar even when UDI ..

20 years) was used as a predictor (data not shown). Mortalities re-

(that is, mean over

corded as due to causes other than fire or large mammal herbivory

alone were considered. Because tree death due to drought may play
out over several years, we chose 2004 as the “treatment” year as mor-
tality peaked in that year, but results were robust to use of cumulative
mortality rates during and after the drought (cumulated over years
2001 through 2006). Mortality in other periods was low and stochas-
tic (Figure S6). Therefore, although we used years 1997-1999, which
were years of normal rainfall, to calculate background mortality rates,
results were not sensitive to use of other periods. Results were similar
with various tree size restrictions (above 1, 5, 10, or 20 cm DBH). We
restricted analyses to six canopy species (accounting for 54% of trees
>1 cm DBH and 79% 210 cm DBH) for which tree numbers in 2003
for the 50 ha MFDP were greater than 300. Species with sample sizes
lower than 300 had high uncertainties in their %Mort

based on bootstrapped Cls, as mortality rates due to causes other

drought estimates
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than fire or large mammal herbivory are very low in this forest (Suresh,
Dattaraja, & Sukumar, 2010), making large sample sizes necessary for
detecting a response.

See Appendix S1.5 for additional data and sensitivity analyses.

All analyses were performed using the R statistical platform,
version 3.2.2 (R Core Team, 2015).

3 | RESULTS

3.1 | Vertical and temporal dynamics of water

In the study site, as hypothesized, COMFORT revealed the decou-
pling between the temporal dynamics of rainfall and water at depth,
with high frequency variations at shallower depths reflecting daily or
seasonal rainfall, and low frequency variations at deeper depths re-
flecting memory of decadal patterns in rainfall (Figure 1, Figure S2). At
MFDP, for 1988-2012, correlations (Pearson’s product-moment cor-
relation coefficient, r) between mean annual water content of succes-
sively deeper compartments C,, C, and C; and annual rainfall (n=25)
were 0.82, 0.76 and 0.34, with p <.001, <.001 and .16, respectively;
and those for monthly rainfall (n = 300) were 0.58, 0.02 and 0.03 with
p <.001, .7 and .6, respectively. Drying down and recharge times in-
creased for deeper compartments. Vertical locations also correlated
with different drought intensities. Especially in case of the excep-
tional succession of four drought years from 2000 to 2003, the deep-
est compartment [C,] began depleting after 1 year (see 2001) and
was eventually completely dry for 2 years (2002-2003). In contrast,
the shallowest compartment [C,] had seasonal availability of water
throughout the drought, albeit less than normal. Droughts of less in-
tensity (1993-1995; rainfall anomaly -20% to 25%) and/or duration
(1989 rainfall anomaly -40%; 2012 rainfall anomaly -30%) depleted

the deepest compartment only partially, and for shorter periods.

3.2 | Species differences in water uptake depths
result in distinct growth patterns

There was high variability in growth patterns across species
(Figure S1), which was successfully explained by the water-stress
model (Figure S3), with species displaying contrasted hydraulic pa-
rameters Rs and &8s (Figure S4) and distinct water uptake depths
UDI,..,, (Figure 2a). Species differences in distribution of parameter
R by depth may be thought to capture differences in rooting densi-
ties by depth, while species differences in 8, which regulates hydraulic
restriction as compartments dry out may reflect differences in above-
ground processes such as conductivity losses under negative water
potential, or stomatal strategy. For each species, hydraulic parameter
ensemble was well-constrained (absence of equifinality). In contrast to
the model estimated Stress Index4yearly, cumulative rain in the census
interval was found to be a poor predictor of species growth, especially
in cases of species that the model estimated to have deeper UDI ..
(Figure S3). These results supported our second hypothesis that each
species showed consistent growth response given its hydraulic/water

uptake parameters and water availability by depth.

We found that UDI

mean OF relative water uptake by compartment

did not systematically vary with stem size within species (Figure S7).
Although larger trees have been reported to preferentially tap deeper
water than smaller trees, the reverse has also been reported (Meinzer,
Clearwater, & Goldstein, 2001). The lack of a systematic size-effect in
this study is understandable given this fire-prone forest system, where
regeneration is almost exclusively (>99%) via vegetative coppicing/
re-sprouting from burned stems with previously established root sys-
tems or from underground root-suckers (Mondal & Sukumar, 2015;
Sukumar, Suresh, Dattaraj, John, & Joshi, 2004; Sukumar, Suresh,
Dattaraja, Srinidhi, & Nath, 2005).

UDI ..., did not show sensitivity to the shape of LAl seasonality
curve that was varied across species (results not shown). Further,
a test on a tree rings-based growth time series of Tectona grandis
showed that UDI__. was similar whether we used the time series at
annual (UDI =1.5+0.2) or 4-year scale (UDI =1.3+0.2) to

parameterize the water-stress model (Appendix S1.5, Figure S8). In

mean mean

both the cases, variation in growth was explained well at lower (0%-

75%) values of Stress Index but not at higher values (>75%), most

annual’

likely because at high stress (low value of Stress Index , water may

annual)
be the most limiting factor for growth, but when water availability is
greater, growth is likely co-limited by other factors, such as light and
nutrients. Leave-one-out cross-validation tests showed that the water-
stress model was able to predict omitted values of the tree rings-based
growth time series well (cross-validation NRMSE [normalized by range

of growth rates]: 25% at annual scale and 5% at 4-year scale).

3.3 | Species hydrological niches evolve in vertical
space and in time

The 20-year average of the Uptake Depth Index (UDI
revealed that most species used water below the soil compartment
[C,] (UDI
onstrating that the 12 common tree species partitioned hydrological

Figure 2a)

mean’

mean > 1) @and spanned a broad range of distinct values, dem-
niches in vertical space (Figure S9). The four co-dominant species
(Appendix S1.1) expected to be in strong competition for the criti-

cal resource of water, displayed clearly distinct UDI values, sup-

mean
porting the hypothesis that competition drives hydrological niche
separation. Mean community niche overlap based on electivity (0.52)
was significantly lower than the null expectation (p < .001 for a one-
tailed test at o = 5%; Figure S9a). Niche overlaps for half of the spe-
cies pairs were significantly lower than their respective nulls (28 out
of 66 species pairs with a one-tailed test at a = 5%). Analysis of how
niche overlap between species pairs decreased with increasing dis-
tance from neighbour in vertical niche space revealed that although
close neighbours (1-3) had highly overlapping niches, onwards to the
fourth nearest neighbour observed overlaps were significantly lower
than the overlaps predicted under the null model of no niche separa-
tion (Figure S9b; one-tailed tests at a = 5%).

The dynamics of annualized water Uptake Depth Index (UDI, .)
demonstrated the importance of temporal hydrological niches over
decades. We were able to take advantage of an intensive drought that

clearly fell in one growth census interval to investigate species-specific
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temporal patterns of drought response. Species annualized relative
water uptake from the three compartments remained stable except
during this drought, where divergence in UDL_ _ ., revealed differen-
tial species strategies (see Figure 2b, especially year 2001). After this
in the exceptionally dry period of 2002-2003, most species UDL, .,

values were lower (took water from shallower depths), as the deep

vadose zone dried up.

3.4 | Greater water uptake depth results in greater
mortality in the prolonged drought

Trees with deeper uptake depths suffered greater mortality during
this drought than species whose relative water uptake depth was
shallower (Figure 3). This was consistent with relative water availa-
bility by depth in the prolonged drought, with prolonged and intense
water scarcity at deeper reservoirs compared to shallow reservoirs.
We documented this for the six most abundant canopy species. This
supports our hypothesis that species water uptake depth strategies

result in differential mortality response to an extreme drought.

4 | DISCUSSION

4.1 | Evidence of spatio-temporal hydrological
niches driving distinct species demography

In this study, we set out to illuminate very cryptic, but potentially
critical processes that operate over decades, and that determine niche
partitioning to vadose zone depths of over 20 m. Despite intraspecific
growth variation and relatively coarse interval with which to detect
growth patterns (4 years), a clear signal linked interspecific growth to
the resource variation by depth provided by the hydrological model.
This is substantial in part because individuals can show plasticity with
respect to root investment both seasonally and over time (about 10%
per year, Gill & Jackson, 2000) and yet we saw a clear pattern that
species uptake water at very distinct depths.

Higher mortality of species with deeper uptake depth indices observed
in the prolonged drought is consistent with our hydrological model, which
projected prolonged and intense water scarcity at deeper reservoirs com-
pared to shallow reservoirs owing to slow recharge dynamics (Figure 1).
This suggests that trees specialized in deep-water uptake may, in fact, be
poorly adapted to exceptional droughts with multi-decadal return times.

Our water-stress model further suggests that trade-offs between
growth and mortality operate differently depending on species uptake
depths (Figure 4). Species with deep UDI

to their growth potential across most of the years, but show high

mean are consistently close
stress and higher mortality when the deep-water resources become

unavailable. Conversely, species with shallow UDI are frequently

mean
far from their growth potential, but show less stress and no decline in
survival during the long drought years, may be due to less disruptive
dormancy in response to the rapid depletion and recharge dynam-
ics of the shallow zone. These contrasting strategies have correlates
across life-history theory. They follow the risk-averse (deep rooting),

disturbance-tolerance (shallow rooting) spectrum.
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FIGURE 3 Greater UDI, . results in higher mortality after an
extreme drought. Difference in species drought (2004) and pre-
drought (mean, 1997-1999) percent mortality rate, for trees greater
than 5 cm DBH in the 50 ha MFDP are plotted against species

uDlI for the moderate drought year 2001. Result is shown for
UDI,,..o» fOr species differences in UDI, ., were greatest in 2001, a
year during the drought; however, observed trend was similar when
uDI was used as predictor. For each species s,

mean
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annual

%Mortdrought =

X 100). Error

bars are 95% bootstrapped ClI for %Mortdrought. Symbol size is

proportional to species Abundance, o 4o ent

In the same 50 ha MFDP, Pulla, Suresh, Dattaraja, and
Sukumar (2017) found no niche differences among three of the
top-four co-dominant species (Appendix S1.1) when tested using
common axes of soil nutrients, topography and annual precipi-
tation. That the present study could reveal niche differences in
these species along vertical axis of hydrological niche segregation
highlights the latter’s value in explaining species coexistence in

diverse forest systems.

4.2 | Acall to study the drought species experience

We propose that species water uptake depths should be explored
within a broader, more comprehensive approach to species-specific
drought response. If there is an apparent lack of a link between
drought events and mortality, this should not be taken as evidence
that a species is “drought-tolerant” unless it is demonstrated that that
species actually experienced reduced water availability. That is, the
species-specific “experienced” drought matters for demography and
not meteorological “drought.”

Thus, we believe that the manner in which drought status is assessed
and assigned to a species can be greatly improved by combining hydro-
logical models of water movement through forests with the expansive
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FIGURE 4 Contrasts in experienced water stress depending on
species UDI__. and drought intensity of the year. To summarize the
general trend across species in temporal behaviour as captured by
the inversion of the water-stress model, regressions between the

two model estimates—species UDI . & Stress Index, . ., (water

supply-to-demand ratio)—are computed using a Linear Mixed Effects
model, with a random intercept and slope for grouping variable year
(n = 280; years (grouping factor) = 20). For each year from 1992 to
2012, species Stress Index, . ., predicted from this LME model is
presented as a function of species UDI_ ., colour coded by percent
Deep Weathered Rock zone [C,] water content anomaly for that year.
For clarity, only regression lines are shown and not individual points
[Colour figure can be viewed at wileyonlinelibrary.com]

data emerging from global monitoring sites on tree growth and mortal-
ity. Our water-stress model that estimates dynamics of realized plant

water uptake depths vis-a-vis water availability facilitates this advance.

4.3 | The challenge of identifying below-ground
community processes

Direct observations of the root activity of communities over large
time-scales are essentially impossible with standard methods used to
assess rooting systems (e.g. pits, soil cores, DNA barcoding or isotopic
tracers, Maeght, Rewald, & Pierret, 2013; McDonnell, 2014; Meinzer
et al., 2001). These methods are either destructive, unrepeatable over
intensive temporal or spatial domains, or they may identify the pres-
ence, but not the activity of roots.

Inverse modelling of forest water stress, based on globally avail-
able community-level observations (e.g. AET from remote sensing) and
use of phenomenological and conceptual (lumped) model parameters,
are now common ways of estimating maximum rooting depth at the
community level (Fan, Miguez-Macho, Jobbagy, Jackson, & Otero-
Casal, 2017; Gao et al., 2014). We have expanded this approach to
species/size class by using growth data from long-term surveys. Our
approach was able to use data at larger spatial scales (watershed and
stand) to infer the water trees have access to over decades, and the
consequences of having that access. Our method is able to rank the
species according to their relative depth of water uptake, but there
is a large uncertainty about their absolute uptake depth considering

the possible range of the vadose zone thickness in the present study

(15-40 m, see Appendix S1.6). The scale of community-wide water
access over decades addressed in this study may not necessarily gain
from soil moisture readings near the surface, nor from snap-shots of
leaf water potentials from several trees (due to mismatch between the
scales of model components and observation).

4.4 | Significance, generality and future directions

To our knowledge, this is the first time a mechanistic link between
hydrological niche separation and tree demography has been docu-
mented for a diverse tropical forest community. We have shown that,
for the long-lived forest trees, hydrological niche dynamics play out
over decades through interaction with a deep vadose zone. The depth
of this ecosystem, underestimated by virtually all models dealing with
vegetation-climate interactions, lends the eco-hydrological system
a long memory for past climate patterns and cyclical rainfall variation
with seasonal, supra-annual, decadal (like ENSO or IOD) and perhaps
even longer return times. We expect such mechanisms to be globally
significant, as differential water dynamics by depth is commonly ob-
served, and decoupled dynamics of precipitation and water availability
is expected to be a general phenomenon, although scales may vary.
Although it is reported more from agricultural sites (Entin et al., 2000;
Turkeltaub, Dahan, & Kurtzman, 2014), in forested catchments where
uptake can be far deep, differences in dynamics by depth is expected
to be even greater. Deep-rootedness is increasingly found to be ubig-
uitous across seasonally dry, semi-arid to humid regions under veg-
etation types as varied as savanna, thorn-scrub, seasonally deciduous
and evergreen forests (Ohnuki et al., 2008; Schenk & Jackson, 2002;
Schwinning, 2010). These mechanisms might have played a signifi-
cant role in drought-driven changes in composition and function that
have been demonstrated in Amazonian (Doughty et al., 2015), African
(Phillips et al., 2010), and south-east Asian (Van Nieuwstadt & Sheil,
2005) tropical forests and savannas (Fensham, Fairfax, & Ward, 2009),
as well as in temperate and boreal forests (Ma et al., 2012). Exploring
these mechanisms has become even more important as climate is
changing in mean state as well as in variability, with projected increase in
drought frequency and intensity (IPCC, 2013) that can change the spe-
cific frequency in patterns of water availability that each tree species is
adapted to. As technologies advance, we would hope that methods will
become available that would simultaneously monitor soil water con-
tents throughout the vadose zone as well as stand-wide measurements
of leaf water potentials over the long term. Yet these technologies are
not available. We call for a gathering of existing, long-term forest de-
mography and hydrological datasets across the globe to be synthesized
in the proposed analytical framework to better understand species co-
existence across forest types and improve mechanistic predictions of
productivity and compositional change under future drought.
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