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However, little is known about the roles of the understorey layers in driving
spatio-temporal variations of deep soil water in forests and how the patterns
of deep soil water use among life-forms contribute to community assembly

processes.

. We assessed the spatio-temporal patterns and determinants of deep water uti-

lization of tree, shrub and herb layers in subtropical coniferous plantations and
investigated associations between deep water use parameters and dominance

and richness of understorey vegetation.

. We found that the understorey layer had a higher reliance on deep soil water in

the dry season, a larger seasonal plasticity of deep soil water uptake, but lower
spatial variability in deep soil water utilization than the tree layer. We showed
that greater reliance of the tree layer on deep soil water was associated with
decreased shrub layer diversity, whereas greater reliance of the shrub layer on

deep water was associated with increased herb layer diversity.

. Synthesis. Our results highlight the roles of understorey layers in driving the tem-

poral dynamics of deep soil water in forests and improve our understanding of
how deep soil water use patterns among life-forms shape community assembly

in forests.

KEYWORDS

1 | INTRODUCTION

In recent decades, global climate change-related droughts have be-
come more frequent, intense, widespread and longer-lasting (Kim
et al., 2021; Sheffield et al., 2012; Trenberth et al., 2014), leading to

© 2022 The Authors. Journal of Ecology © 2022 British Ecological Society.

biodiversity index, deep soil water utilization, fine root biomass, seasonal dynamics, spatio-
temporal pattern, stable isotopes, water use efficiency

world-wide increases in forest mortality and therefore changes in
the community structure and function of forest ecosystems (Adams
et al., 2017; Pederson et al., 2014; Ripullone et al., 2020). Hydraulic
failure is one of the most important causes of drought-induced

plant mortality (McDowell et al., 2011). Access to deep soil water
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reservoirs could allow vegetation to recover and survive in hydro-
logic refugia, mitigating hydraulic vulnerability and mortality risk
(Brum et al., 2019; Chitra-Tarak et al., 2021; McLaughlin et al., 2017).
Identifying patterns of deep soil water utilization in forest ecosys-
tems has important implications for understanding adaptations to
changes in the terrestrial hydrologic cycle and resistance of forests
to future expected anomalous droughts and heat waves (Chitra-
Tarak et al., 2018; Lee et al., 2005; Ripullone et al., 2020).

At the ecosystem level, deep soil water utilization shows consid-
erable temporal and spatial variation and can be detected by the soil
water dynamics along the vertical profile. In the dry season, the shal-
low soil water content generally remains relatively low and the deep
soil water content shows a downward trend, indicating that vegeta-
tion increases the consumption of deep soil water to ensure growth
(Jia & Shao, 2014; Li et al., 2021; Markewitz et al., 2010). In the wet
season, the consumption of deep soil water by vegetation decreases
due to adequate shallow soil water, allowing the deep soil water to
be replenished by precipitation (Cao et al., 2018). Also, topography,
soil properties and the interactions among them can impact the spa-
tial variation of deep soil water content (Fu et al., 2018; Montenegro
& Ragab, 2012; Wang et al., 2015). With the development of stable
isotope techniques, temporal and spatial variation in deep soil water
utilization patterns among and within species has been characterized
(Dawson & Pate, 1996; Eggemeyer et al., 2009; Stratton et al., 2000).
Generally, woody plants with deeper and dimorphic root systems
can switch their major water source from shallow soil layers in the
wet season to deep soil water in the dry season (Barron-Gafford
et al., 2017; Kulmatiski et al., 2010; Le Roux et al., 1995; Wang, An,
et al., 2020; Ward et al., 2013). However, deep water use strategies
of woody plants can be variable due to the high spatial heterogene-
ity of soil water resources (Carriére et al., 2020). Plants growing on
continuous dolostone outcrops and nearby thin soils relied largely
on deep soil water both in the wet and dry seasons due to the low
water holding capacity of shallow soils (Nie et al., 2011). Additionally,
plants growing adjacent to a spring switched their major water
sources from shallow to deep soil during the dry season (McCole &
Stern, 2007), whereas their water sources on an upland site with no
evidence of deep water were generally shallow and unstable even
during the dry summer (Bendevis et al., 2010; Schwinning, 2008).

Compared with woody species, herbs are likely to be less reliant
on deep water resources and more sensitive to reduced water avail-
ability in the upper portion of the soil profile. In a number of studies
conducted in forests, herbs were found to rely primarily on shallow
soil water (Asbjornsen et al., 2008; Eggemeyer et al., 2009; Le Roux
et al., 1995). A recent meta-analysis of arid and semi-arid ecosys-
tems showed that increased precipitation consistently enhanced
fine root biomass of woody plants, but had variable effects on herbs,
whereas decreased precipitation reduced root biomass of herbs but
not woody plants (Wang, Huang, & Hu, 2020). In other studies, the
gross primary productivity (GPP) of shallow-rooted herbs was more
sensitive to interannual variation in precipitation and vapour pres-
sure deficit (VPD) than that of deep-rooted trees and shrubs (Chen
et al., 2021; Liu et al., 2020; Zhang et al., 2019). These findings,

coupled with the preceding examples of divergent strategies of deep
soil water utilization within and among woody species, imply that the
community-level effects of tree, shrub and herb layers within a for-
est ecosystem on the spatio-temporal dynamics of ecosystem deep
soil water should differ. However, spatio-temporal variations of deep
soil water utilization of understorey vegetation at the community-
level within forest ecosystems seem to be a frequently overlooked
question in ecosystem hydrology studies, despite mounting evi-
dence showing that the subordinate understorey vegetation can
punch above its weight in driving below-ground biodiversity and nu-
trient cycling (Bengtsson et al., 2000; Carneiro et al., 2007; Nilsson
& Wardle, 2005). We hypothesized that in pure pine plantations,
the spatio-temporal variation in deep water use by the understorey
layer may be larger than that of the dominant tree layer because the
number and range of subordinate species is highly variable across
patches (Fujii et al., 2009; Wallrup et al., 2006) and the divergent
species-specific differences in deep water utilization would confer
more variability of deep water utilization at the species-group level
(understorey layer).

Uptake of deep soil water by plants does not necessarily mean
that they are deeply rooted. Instead, coexisting deep-rooted species
can draw water up from deep soil layers and redistribute it into shal-
low layers (so-called hydraulic lift) where shallow-rooted species can
take up the hydraulically redistributed water (Brooks et al., 2006;
Goldstein et al., 2008; Hao et al., 2013). Hydraulic lift can favour the
growth of herbs in the dry season allowing them to scavenge the
deep water lifted by overstorey trees (Yu & D'Odorico, 2015), and
this facilitation would be much greater and last longer during drier
years (Barron-Gafford et al., 2021). Hydraulic lift by deep-rooted
trees may also contribute to the survival of seedlings of surrounding
shallow-rooted shrubs, although the influence of facilitation might
not offset competition from neighbours and might change during the
year (Muler et al., 2018; Prieto et al., 2011). Previous findings sug-
gest that nocturnal hydraulic lift can recharge up to 35%-80% of the
water taken up from shallow layers during the dry season (Brooks
et al., 2002; Meinzer et al., 2004). The substantial contribution of
water hydraulically redistributed by the dominant tree community
to shallow soil layers leads to our second hypothesis that the spatio-
temporal variation of deep soil water utilization by the dominant
deep-rooted tree community should tightly regulate water utiliza-
tion of the subordinate relatively shallow-rooted understorey com-
munity, eventually driving the understorey vegetation community
structure. To our knowledge this hypothesis has never been tested
within forest ecosystems.

To test the first hypothesis, we used a stable isotope technique
to quantify the magnitude of deep soil water utilization by trees and
dominant species in the shrub and herb layers in the wet (WW) and
dry seasons (DW) across 29 plots in subtropical pine plantations with
amarked dry season (Yang et al., 2015). By combining these data with
community structure survey data, we evaluated the magnitude of
water utilization of the shrub and herb layers at the community level.
We then calculated and compared deep water utilization parameters
during the dry season (DW) and plasticity of deep water utilization
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between the wet and dry seasons (DWP) as well as their spatial vari-
ability for the tree, shrub and herb layers. We also measured the soil
characteristics, plant photosynthesis-related attributes and the ver-
tical distribution of fine root biomass among life-forms across the
29 plots, and tested potential influences of these abiotic and biotic
factors on DW/DWP of different life-forms. To test the second hy-
pothesis, we examined the associations between the DW and DWP
among and within life-forms and investigated the roles of DW and
DWP of the dominant tree layer in determining the dominance, rich-

ness and evenness of the subordinate shrub and herb layers.

2 | MATERIALS AND METHODS
2.1 | Site description

The study site was the Qianyanzhou Ecological Station of the Chinese
Academy of Sciences (26°44'39''N, 115°03'33"'E), located in a
typical hilly red-soil region of subtropical China. This area is strongly
influenced by the subtropical monsoon climate, with seasonal
droughts due to the unevenly distributed rainfall. The mean annual
temperature and annual precipitation are 18.0°C and 1509.0mm
respectively. According to the multi-year mean monthly Budyko
aridity index from 2003 to 2010, drought periods were identified
from July to October, and the nondrought periods spanned from
November to June (Yang et al., 2015). The soil is an iron-rich red soil
classified as Typic Dystrudept and Udept Inceptisols according to
the USDA soil taxonomic system. The vegetation at the study site
was dominated by Pinus massoniana and P. elliottii plantations initially
planted in 1983. According to the community survey data, the shrub
layer was dominated by Loropetalum chinense, Adinandra millettii,
Toxicodendron vernicifluum, Camellia oleifera, Eurya muricata and Rhus
chinensis. The herb layer was dominated by Lophatherum gracile,
Woodwardia japonica, Dryopteris atrata and Dicranopteris dichotoma.
This study was conducted in 29 permanent pine plantation plots
(18 for Pinus. massoniana and 11 for P. elliottii). The plots (30mx 30 m)
were separated by more than 10 m. Soil profiles of the plantations
are highly heterogeneous, characterized by high variation in rock
fragment content and soil water content. Across the 29 plots, the
rock fragment content of the 0-80cm layer ranged from O to 37.5%.
The coefficient of variation (CV) of the rock fragment content down
to 80cm depth and soil water content down to 100cm depth during
the dry season across plots was 107% and 17.8% respectively. The
trait measurements described below were performed in August
2016 (the dry season) and April 2017 (the wet season; Table 1).

2.2 | Stand structure, fine root biomass
distribution and soil properties

In each plot, all trees were numbered and their diameter at breast
height and height measured. The stem density was calculated as
the number of trees divided by the area of the plot. Three shrub

subplots (5 x5 m) were established along the diagonals of each plot.
In each subplot, the height, basal diameter, east-west and north-
south width of the crown and number of individuals of each shrub
species were recorded. One herb quadrat (1 x1 m) was established
within each shrub subplot. In each quadrat, the height, coverage and
number of individuals of each herb species were recorded.

In each plot, soil cores (10 cm diameter) were collected every
20cm from the surface to 200cm at the upslope, midslope and
downslope portions of the plot. Living roots were carefully ex-
tracted by hand and gently washed in tap water. The roots were
then categorized as belonging to trees, shrubs or herbs, based on
their contrasting traits in terms of morphological structure, co-
lour and mechanics (e.g. rough or smooth, rigid or soft). Roots of
the overstorey pine species were easily distinguished by their dark
red epidermis and were generally dichotomously branched with
ectomycorrhizal structures (Kou et al., 2018). Roots of herbs were
whiter or black, rough and rigid (Rolo & Moreno, 2012), while roots
of shrubs had more obvious xylem structure and were fleshier and
more brightly coloured (Jiang et al., 2018). We processed the root
samples of trees and shrubs using an order-based approach by divid-
ing their fine roots into absorptive (one to three order) and transport
(four to five order) categories. Details are given in Jiang et al. (2018).
The rock fragment content (by volume) of each soil core was cal-
culated using a stone density of 2.65gcm™ (Diochon et al., 2009).
Differences between the volumes of the soil cores and the stones

were used to calculate the soil bulk density (Diochon et al., 2009).

2.3 | Deep soil water utilization

We determined plant deep water utilization using stable isotope
analyses of xylem and soil water. During mid-morning (c. 10:00h),
samples from nonphotosynthetic tissues were collected. In each
plot, tree stems were sampled from the south side of two to three
sample trees, and phloem tissue was removed to avoid potential con-
tamination of stem water by isotopically enriched water (Querejeta
et al., 2007). In each plot, 10 shrub species were selected and the
mean basal coverage of these species relative to the total basal cov-
erage of all shrubs was 63.6 +3.3% across 29 plots, and the fraction
of deep water utilization of these shrubs was used to characterize
the overall deep water utilization of the shrub layer. In each plot,
three fern species were selected and the mean coverage of these
species relative to the total coverage of all herbs was 75.3+5.8%
across 29 plots, and the deep water utilization of these ferns was
used to characterize the overall deep water utilization of the herb
layer. Each shrub and fern sample contained two or three individu-
als. For shrubs, the leaves and green stem tissue were removed from
the twigs to avoid contamination by isotopically enriched water
(Ehleringer & Dawson, 1992). For ferns, the thick and fleshy root
crowns were collected, because the §'80 of this partis the least vari-
able and can represent a satisfactory proxy for water uptake from
different soil depths (Barnard et al., 2006). The plant samples were
immediately cut into small segments, placed in glass vials and sealed

85UB017 SUOLILLIOD SIS0 8|qealidde au Ad peusenob ae sofoie YO '8sN J0 S9|Nn J0) Akeuq 18Ul UO /8|1 UO (SUONIPUOD-PUR-SLLBY D" A8 | 1M Aleq 1 put|uo//:SdnL) SUOTIPUOD pue SWLB | 8U1 89S *[£202/T0/rZ] U0 A%iqiauljuo A|im ‘Akiqi] 801nesS 159104 [uolieN AQ Z00vT SiZ2-G9ET/TTTT OT/I0p/W0d 8| M Aleuq | puljuo'S [eUIN0 58q//:sdny Wiy papeo|umoq ‘2T ‘220z 'Sv22S9ET



JIANG ET AL.

Journal of Ecology 3001

TABLE 1 Abbreviations and units of

the traits studied Parameter Abbreviation Unit
Soil properties
Rock fragment content RC %
Soil water content SWC %
Soil bulk density BD gem™®
Photosynthesis-related attributes
Light-saturated photosynthetic rate Al pmolm™? s
Stomatal conductance 3, molm™?s?
Intrinsic water use efficiency A/g, pmolmol™
Instantaneous nitrogen use efficiency PNUE pmolg’1 S
Fine root biomass among life-forms
Absorptive fine root biomass of trees TreeAbsorptive gm™
Transport fine root biomass of trees Treeq,nsport gm™
Total fine root biomass of trees Treer,,, gm™
Absorptive fine root biomass of shrubs ShrubAbsorptive gm™2
Transport fine root biomass of shrubs ShrubTranSIDOrt gm™?
Total fine root biomass of shrubs Shrubg,., gm™2
Total fine root biomass of herbs Herby,,,, gm™?
Community structure parameters
Basal area BA m? ha™
Stem density of trees SDT trees ha™t
Dominance of shrubs DOS /
Richness of shrubs ROS /
Evenness of shrubs EOS /
Dominance of herbs DOH /
Richness of herbs ROH /
Evenness of herbs EOH /

Note: The fine root biomass in the table refers to the biomass in the 60-200cm soil layer.

with parafilm, and placed in a cooler with ice packs. Soil cores were
collected at 0-20, 20-60, 60-100, 100-150 and 150-200cm depth
in each plot.

In the laboratory, soil and plant samples for isotopic analysis were
kept frozen at -20°C in a freezer prior to water extraction. Water was
extracted from samples using an automatic cryogenic vacuum distilla-
tion water extraction system (Li-2100), with extraction times of 2.5 h
for soil samples and 3 h for plant samples. Water samples were ana-
lysed for isotopic ratios of D and §20 using a liquid water isotope
analyser (912-0050, LGR). The IsoSource model was used for the cal-
culation of the relative contribution of soil water at different depths to
plant water (Phillips et al., 2005; Phillips & Gregg, 2003). Since the ac-
curacy in 8D analysis was relatively lower than that of 5'80 when the
isotopic ratio infrared spectroscopy (IRIS) method was applied (Wen
et al., 2012), we used 580 to evaluate the depths of water uptake.

Across the 29 plots, the 0-60cm soil layers contained more
than 90% of the total fine root biomass of the 0-200cm soil profile
among life-forms (Figure S1). The 8*%0 values of the upper 60 cm soil
were different from those below 60cm depth (Figure S2). Therefore,

we defined the deep soil layer as the layer below 60cm. The water

source proportion for deep soil water from 60 to 200cm was repre-
sented by the sum of soil water sources in the ranges 60-100, 100-
150 and 150-200cm depth.

2.4 | Photosynthesis-related indexes

Light-saturated photosynthetic rates (A, ) and stomatal conduct-
ance to water vapour (g,) were measured using a portable photo-
synthesis system (Li-6400XT, Li-Cor) with an artificial light source.
Intrinsic water use efficiency was calculated as A/g, (Maseyk
etal., 2010). On sunny days, these photosynthesis-related traits were
measured in at least 10 sun leaves from at least five individuals per
species during the mid-morning (09:00-11:00h). Steady-state meas-
urements were made following equilibrium (4 min or longer) under
a constant photosynthetically active radiation of 800umolm™ st
(which was roughly twice mean values in the understorey during
gas exchange measurements), leaf temperature of 30°C, CO, con-
centration of 400pm0|m0|‘1 and leaf-to-air vapour pressure deficit

of 1 kPa. Leaf total nitrogen concentration (leaf N) was determined
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through combustion by an elemental analyser (vario MACRO cube).
Specific leaf area (SLA) was calculated as the leaf area divided by
its dry mass. Area-based leaf N concentration (Narea, gm’Z) was cal-
culated as the ratio of leaf N to SLA. Instantaneous nitrogen use
efficiency (PNUE, pmolg™ s™) was calculated as A, /N, (Field &

X area
Mooney, 1986).

2.5 | Statistical analysis

Considering that the vertical distribution of the soil water §%0
values and deep soil water source proportions of P. massoniana and
P. elliottii plantations were similar (Figures S2 and S3), we pooled the
data from the two plantation types.

At the species level, the seasonal plasticity of deep soil water

utilization (DWP) was calculated as:

2 x (DW — WW)

1)
DW + WW

DWP =

where DW is the deep soil water utilization in the dry season and
WW is the deep soil water utilization in the wet season. In each plot,
the community-weighted mean DW and photosynthesis-related in-
dices (e.g. A, 85 A/8, and PNUE) of shrubs and herbs were then
calculated. First, the weight of each shrub (or herb) species in each
subplot was calculated as the number of individuals divided by the
total number of individuals of shrubs (or herbs), and then the weight
of each species in each plot was calculated as the average weight
across three subplots. Second, the community-weighted mean DW
of each plot was calculated as the sum of the product of DW (or
photosynthesis-related indexes) of each species and their weight.
Because the DWP could be either negative or positive, we used the
standard deviation (SD) to evaluate the spatial variability of DW
in the dry season and the DWP across plots (Chen et al., 2019).
The dominance, richness and evenness of shrubs and herbs in each
plot were calculated using ‘Biodixcel.xIsx’ in Microsoft Office Excel
2007 (Kong et al., 2012). A one-way analysis of variance (ANOVA)
was used to analyse the differences of DW among life-forms (trees,
shrubs, herbs) in SPSS (2010, ver.19.0; SPSS Inc.). We examined the
relationships between the DW and DWP within and among life-
forms by the Spearman's rank correlation coefficients in SPSS, be-
cause we were interested in assessing ranking consistency of DW
and DWP across plots. Significance of relationships between the
DW (and DWP), soil properties (soil rock fragment content, bulk
density and water content) at shallow (0-60cm depth) and deep
(60-200cm depth) layers, fine root biomass in deep soil layers,
A/g,, PNUE) and com-
munity structure parameters (stem density of trees and dominance,

photosynthesis-related attributes (A ., 3.,
richness and evenness of shrubs and herbs) were also evaluated
using Spearman's rank correlation coefficients in SPSS. Functions
fitted to the data in the figures were conducted by the standard-
ized major axis (SMA) tests in R software (v.3.4.3, R Development

Core Team, 2017). Abbreviations and units of the traits studied are

shown in Table 1.

3 | RESULTS

3.1 | Soil water content, fine root allocation and
deep soil water utilization

In our study, the soil water content throughout the 0-200cm depth
of the soil profile was significantly lower in the dry season than that in
the wet season (Figure S4). In the dry season, there were no significant
differences between the shallow and deep layer soil water content
(Figure S5a), but soil water storage in the deep layer was significantly
higher than that in shallow layer (Figure S5b). The vertical distribution
of total fine root biomass varied among life-forms (Figure 1). In the
shallow soil layer, the root biomass of herbs was significantly higher
than that of woody plants. In the deep soil layer, the root biomass of
shrubs and herbs was similar, but both were significantly lower than
that of trees. The tree layer and understorey vegetation showed dif-
ferent deep water use patterns (Figure 2a). For the tree layer, 43.5%
and 41.4% of soil water uptake were from the deep layer in the wet and
dry seasons respectively. This indicates that the tree layer had a mod-
est reliance on deep soil water year-round, resulting in little seasonal
plasticity of deep soil water utilization. For the shrub and herb layers,
the deep layer contributed only 20.7% and 25.3%, respectively, to the
total soil water uptake in the wet season, but contributed 63.8% and
53.6% in the dry season. Compared with the tree layer, the understo-
rey vegetation had a lower reliance on deep water resources in the wet
season but a higher reliance on deep water resources in the dry season,
which was manifested as a larger seasonal plasticity of deep soil water

utilization (Figure 2b).

Total fine root biomass (g cm™)
0 50 100 150 200 250 300 350 400 450

B
T 060
3
5 gl
o
%
n A

60-200 [

B

[ Tree [ Shrub [ ] Herb

FIGURE 1 Vertical distribution of total fine root biomass for
different life-forms across the 29 plots. Different letters indicate
significant differences of total fine root biomass within a soil layer
among life-forms.
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FIGURE 2 Deep soil water utilization (a) and its plasticity between the wet and dry seasons (b) for different life-forms. In (a), different
upper- and lower-case letters indicate significant differences of deep soil water utilization in wet or dry season among life-forms
respectively; *, represents significant differences between seasons within life-forms. In (b), different letters indicate significant differences in

the seasonal plasticity of deep soil water utilization among life-forms.

3.2 | Spatial variations of deep soil water
utilization parameters

Across the 29 sampling plots, DW and DWP of the three life-forms showed
considerable spatial variation (Figure 3). The DW of the tree, shrub and
herb layers ranged from 1.1% to 95.1% (SD = 24.7%), from 17.7% to 96.9%
(SD = 18.7%) and from 2.1% to 97.0% (SD = 23.0%) respectively. The DWP
of the tree, shrub and herb layers ranged from -1.949 to 0.984 (SD = 0.789),
from -0.438 to 1.793 (SD = 0.595) and from -0.760 to 1.914 (SD = 0.712)
respectively. Collectively, these results indicate that the tree and herb lay-

ers had larger spatial variations in DW and DWP than the shrub layer.
3.3 | Relationships between deep soil water
utilization parameters and biotic and abiotic factors

For trees, the DW was positively correlated with their fine trans-

port root biomass in the deep soil layer (Figure 4a), and the DWP

v
N
o

was positively correlated with their transport and total fine root
biomass in the deep soil layer (Figure 5a,b). For shrubs, the DW
and A/g, (Figure 4b,c),

and their DWP was positively associated with the total fine root

was positively associated with their A
biomass of trees in deep soil layer but negatively correlated with
the g, and PNUE of shrubs (Figure 5c-e). However, the DW and
DWP of shrubs were not related to the basal area and stem den-
sity of trees (Table S1). For herbs, the DW was not correlated with
the examined traits (Table S2) but the DWP was positively corre-
lated with the total fine root biomass of shrubs in deep soil layer
(Figure 5f). These results indicate interactions between root bio-
mass and DWP across life-forms with higher tree layer root alloca-
tion in the deep layer facilitating the DWP of the shrub layer and
higher shrub layer root allocation in deep layer increasing the DWP
of the herb layer. Soil properties had little effect on DW and DWP
of the three life-forms, with the exception that DWP of herbs was

positively correlated with the soil water content of the 0-60cm
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layer (Figure 5g; Tables S3 and S4).

FIGURE 3 Spatial variation in (a) deep
soil water utilization in the dry season
(DW) and (b) seasonal plasticity of deep
soil water utilization (DWP) among
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3.4 | Correlations between deep soil
water utilization parameters and community
structure parameters

Across the 29 sampling plots, DW and DWP were spatially correlated
within and among life-forms (Figure 6). Within life-forms, DW was
spatially correlated with DWP for trees and herbs but not for shrubs.
This result indicates that DW and DWP were coupled for trees and
herbs, but not for shrubs. Across life-forms, the DWP of trees and
the DW of shrubs were positively correlated with the DW and DWP
of herbs and the DWP of shrubs was positively associated with the
DWP of herbs.

More interestingly, the DW of trees was positively associated
with the dominance of shrubs (Figure 7), and the DW of shrubs was
positively associated with the richness of herbs (Figure 8). These
results suggest interactions between DW and community structure
across life-forms with higher deep water use capacity of the tree
layer associated with increased dominance of the shrub layer, and
higher deep water use capacity of the shrub layer associated with
increased the species richness of herb layer. However, there were
no relationships between community structure parameters among
life-forms (Table S5).

4 | DISCUSSION

4.1 | Differences in deep water use strategies
among and within life-forms

In our study, trees mainly relied on shallow soil water during both
the wet and dry seasons and had little seasonal variation in deep
soil water utilization as compared to shrubs and herbs. This is likely

because the spasmodic rainfall events during the dry season resulted
in no difference between the shallow and deep layer soil water con-
tent (Figure 5a). However, the shrub and herb layers clearly switched
their major water source from shallow soil during the wet season
to deep soil during the dry season. These results suggest that the
understorey vegetation relied more on deep soil water in the dry
season than trees, in contrast with previous findings (Asbjornsen
et al., 2008; Eggemeyer et al., 2009; Xu et al., 2011). This may be
a consequence of previous studies on plant water use strategies
usually having been conducted at the species level (Eggemeyer
et al., 2009; Liu et al., 2010; Xu et al., 2011; Yang et al., 2015),
whereas our plant water utilization study was conducted at the
community level. Second, this may be attributable to deciduous
species deriving water from deeper soil layers than those accessed
by evergreen species during the dry season, which has been veri-
fied in our study area (Jiang, Meinzer, et al., 2020) and other regions
(Jackson et al., 1999; Liu et al., 2010; Querejeta et al., 2007; Stratton
etal.,, 2000; Valentini et al., 1992). In our study, the deciduous woody
shrubs accounted for 50.6 +2.6% of the relative basal coverage of
total understorey woody shrubs across the 29 plots. Third, smaller
understorey species (with average basal diameter and height about
8mm and 1.1 m respectively) tended to preferentially use deeper
sources of soil water than larger overstorey trees (with the average
diameter at breast height about 18cm) during the dry season, be-
cause the extensive horizontal area foraged by root systems of large
trees may partially compensate for the reduced water content of the
shallow soil layer (Meinzer et al., 1999) and the larger trees may also
rely on their larger stem water storage capacity to dampen the daily
fluctuation and decline in plant leaf water potential during droughts
(Oliva Carrasco et al., 2015; Phillips et al., 2003; Scholz et al., 2007).
Last but not least, it should be noted that the proportion of deep soil
water utilization by shrubs does not necessarily reflect the extent
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FIGURE 5 Relationships between seasonal plasticity of deep soil water utilization by trees (DWP.

DWPshrub (%)

DWPHerb (%)

Tree) @Nd transport root biomass of trees

in the deep layer (TreeTransport, a) and total tree fine root biomass in the deep layer (Tree,,,,, b); relationships between seasonal plasticity of
deep soil water utilization of shrubs (DWPy, . ) and total fine root biomass of trees in the deep layer (c) and shrub stomatal conductance
(8, d) and photosynthetic nitrogen use efficiency (PNUE, e); and relationships between seasonal plasticity of deep soil water utilization of
herbs (DWP,,. ) and total root biomass of shrub in the deep layer (f) and soil water content (SWC, g) of the 0-60cm layer. The DWP and
photosynthesis-related indices (e.g. g, and PNUE) of shrubs or herbs are the community-weighted means.

of direct deep water uptake by their roots. Instead, part of the deep
soil water used by shrubs was likely released by the deep-rooted
trees into the upper soil layers through hydraulic lift (Goldstein
et al., 2008), which is supported by the finding that the deep soil
water utilization plasticity of the shrub layer was related to the fine
root biomass of trees and the significantly higher fine root biomass
of trees in the deep soil layer than that of shrubs.

Interestingly, trees had smaller seasonal but higher spatial vari-
ation of deep soil water utilization than understorey vegetation
(Figures 2 and 3). This result indicates that when studying the deep
hydrologic dynamics of forest ecosystems, especially those in which
transpiration of understorey vegetation comprises a considerable
proportion of total transpiration, the effect of understorey vege-
tation should be emphasized if the focus is on temporal variation,
and the effect of tree layer should be emphasized if the focus is on
spatial variation.

We found that the DW of the shrub layer was positively related
to its intrinsic water use efficiency (A/g,, WUEI) but its DWP was
negatively related to its PNUE, indicating the different roles of
water use efficiency and photosynthetic nitrogen use efficiency

in coupling the magnitude and the plasticity of deep soil water
utilization. The tight positive coordination between WUEi and
deep water reliance at the community level (our study) and at the
species level (Hasselquist et al., 2010; Jiang, Wang, et al., 2020;
Wau et al., 2021) indicates that consuming deep water more con-
servatively through increasing WUEi might be a common strat-
egy for species to maintain growth during the dry season (Nie
et al., 2014; Wu et al., 2021). The negative association between
PNUE and deep water use plasticity indicated that shrubs from
plots with a larger shift from reliance on shallow water to deep soil
water in the dry season tended to have lower PNUE. This is con-
sistent with previous studies showing that plants maximized their
water use efficiency at the expense of nitrogen use efficiency
under water deficit (Limousin et al., 2015; Midgley et al., 2004;
Miller et al., 2001). Considering that maintaining a higher water
use efficiency and a larger shift from shallow water to deep soil
water reliance is isohydric behaviours (Jiang, Wang, et al., 2020;
Klein et al., 2013; Martinez-Vilalta & Garcia-Forner, 2017), the
negative relationship between PNUE and deep water use plas-
ticity observed in the present study can be explained by tighter
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FIGURE 6 Spatial correlations between deep soil water
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FIGURE 7 Relationship between deep soil water utilization by

trees in the dry season (DWTree) and the dominance of shrubs.

stomatal regulation inducing decreases in the photosynthetic
rate per Rubisco (RBUE) and thus decreasing PNUE (Figure 5d;
Hikosaka & Shigeno, 2009; Warren & Adams, 2004).

Although previous studies at the species level showed that
soil moisture and rock fragment content played key roles in deter-
mining plants' water use patterns (Cai et al., 2018; Korboulewsky
et al., 2020; Tetegan et al., 2015; Thomas et al., 2020), we found
that deep water utilization parameters of the tree and shrub layers
had weak associations with the substrate characteristics. With the
exception of the DWP of the herb layer being associated with the
soil water content in the 0-60cm layer, there was no significant

39 0.398, P=0.033
30 _I: . , F=U.

2.0 ;
1.5 1

0.5 1
0.0
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FIGURE 8 Relationship between deep soil water utilization by
shrubs in the dry season (DW(,, ) and the richness of herbs.

relationship between soil properties and DW (or DWP) of the tree
and shrub layers (Tables S2 and S3). The greater sensitivity of the
herb layer to topsoil moisture may have been attributable to it hav-
ing a higher proportion of fine root biomass in the upper 60cm
than that of the shrub and tree layers (Figures 1; Figure S1). On the
other hand, different shrub species vary greatly in their ability to
use deep soil water (Kowaljow & Fernandez, 2011; Wu et al., 2014;
Zhu et al., 2020) and species differences may mask the effects of
substrate characteristics.

Within life-forms, the DW and DWP of the tree and herb layers
were coordinated across 29 plots (Figure 6), suggesting a spatio-
temporal coordination of deep soil water utilization for the tree and
herb layers. However, the temporal and spatial variations in deep
soil water utilization of the shrub layer were uncoupled (Figure 6).
Combined with the results that the shrub layer had a greater mag-
nitude and plasticity of deep water reliance than the tree layer, our
results suggest that the shrub layer might contribute more to the
spatio-temporal dynamics of deep soil water than the tree layer in
pure plantations. The artificial plantation area of China (69.33 million
ha), ranking first in the world, accounts for approximately one-third
of global plantations and makes up one-third of the Chinese national
forests (FAO, 2015; Yang et al., 2018). Additionally, coniferous plan-
tations in subtropical China account for approximately 65% of all
plantations in China (CSFB, 2019). Hence, our results highlight the
importance of the shrub layer in driving the terrestrial hydrologic

cycle of global plantations.

4.2 | Cascade effects among life-forms driven by
deep root allocation and deep soil water utilization

From the perspective of biomass, the dominance hierarchy among
life-forms in forest ecosystems should be the tree layer, shrub layer
and herb layer. In forest ecosystems, negative cascade effects of
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the overstorey on the biomass and structure of understorey veg-
etation have been well documented and the underlying mechanisms
have been investigated from the standpoint of light competition
and below-ground resource competition in shallow layers (Riegel
et al., 1992; Sabo et al., 2009). For example, increased overstorey
basal area, canopy cover and stand density result in lower understo-
rey vegetation biomass (Ares et al., 2010; Sabo et al., 2008, 2009),
due to the increased competition for light, space, nutrients and soil
water in shallow layers (Ahmad et al., 2019; Anderson et al., 2001;
Sigurdsson et al., 2005).

Although hydraulic lift by deep-rooted trees has been shown
to favour the growth of understorey vegetation (Barron-Gafford
et al., 2021; Muler et al., 2018; Yu & D'Odorico, 2015), our find-
ings may be the first evidence that deep soil resource utilization
of the plant community at higher dominance hierarchies is an im-
portant mechanism contributing to plant community structure at
lower dominance hierarchies (Figures 4 and 5). First, we found that
root distribution of a higher hierarchy community could affect the
function of a lower hierarchy community. Specifically, increasing
deep soil layer fine root biomass of trees was associated with in-
creased DWP of shrubs, and increasing deep soil layer fine root
biomass of shrubs was associated with increased DWP of herbs.
This can be explained by the result that the roots of communities
at lower hierarchies were relatively shallow (Figure 1), and part
of their deep water resource utilization consisted of water taken
up and redistributed by the deeper root systems of species at
higher hierarchies. Also, the cascade effect of deep layer fine root
biomass of higher hierarchy communities on the DWP of lower
hierarchy communities will further affect their above-ground
physiological traits. For example, the deep roots of trees affected
the DWP of the shrub layer, further influencing the g, and PNUE
of the shrub layer (Figure 5).

Second, our results showed that the plots with higher tree
layer DW had higher dominance in the shrub layer, and the plots
with higher shrub layer DW had higher richness in the herb layer
(Figures 7 and 8). This result implies that the DW of communities at
higher hierarchy drives the changes in community structure at the
lower hierarchy. Interestingly, DW of tree and shrub layers can af-
fect their next lower hierarchy community in different directions.
Higher DW of the tree layer was associated with decreased shrub
layer diversity, however, higher DW of the shrub layer was associ-
ated with increased herb layer diversity. For the pure plantations,
higher DW of the tree layer meant that the competition for water re-
sources in the shallow soil layer was more intense and this would pro-
mote niche differentiation among life-forms (Dawson & Pate, 1996;
Leffler & Caldwell, 2005; Liu et al., 2014). Therefore, trees increased
deep root allocation (Jiang et al., 2018; Rolo & Moreno, 2012; Yang
et al., 2017), increasing the competition for deep water resources.
Our previous study at the same study site showed that common
shrub species tended to have neither very high nor very low reli-
ance on deep water in the dry season (Jiang, Wang, et al., 2020).

Therefore, it is likely that more intense competition for shallow and

deep water resources among the common species benefited the rare
shrub species which either relied preferentially on shallow or deep
water resources. Instead, higher DW of the shrub layer led to lower
abundance of dominant shrubs. The scattered rare shrubs provided
more space for the opportunistic herb species, thereby increasing
the diversity of the herb layer.

5 | CONCLUSIONS

Our results advance our understanding of the roles of the
understorey layer in driving spatio-temporal variations of deep
soil water in forests and highlight the importance of deep soil
water use patterns in community assembly processes. For pure
pine plantations in a subtropical area with seasonal droughts,
we showed that the understorey layer had a higher reliance on
deep soil water in the dry season and a larger seasonal plasticity
but lower spatial variability in deep soil water utilization than the
tree layer, pointing to a more important role of the understorey
layer than the overstorey layer in driving the temporal dynamics
of ecosystem hydrology. Moreover, we found that deep soil
water utilization of plant communities at higher hierarchy was an
important mechanism contributing to changes in plant community
structure at lower hierarchies. Importantly, higher deep water
reliance of the tree layer was associated with decreased shrub
layer diversity. Therefore, we hypothesize that regions with
modest droughts (e.g. our study region) that reduce the shallow
soil water pools may increase the deep soil water utilization of
trees thereby decreasing shrub diversity.
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