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functions of forest tree species and their communities. However, the extent to which tunneling-induced groundwater
depletion (TIGD) degrades their function levels at various spatial-temporal scales under varying climate conditions re-
mains still unclear. Researchers used stand-scale dendrological records to track and extract the effects of TIGD associ-
ated with a single or series of tunneling events (three tunneling events during 1999-2001, 2006-2008, and
2010-2013) on short- and long-term growth levels of two dominant drought-tolerant tree species across (karst and
non-karst) landscapes affected by tunnel construction and landscapes not subjected to tunnel construction in a moun-
tainous forest ecosystem located in the southwest of China. The results showed that growth responses of both trees
stand to TIGD, and the TIGD-linked water losses of other available water sources were negative and widespread across
tunnel-affected landscapes, particularly in the karst landscapes known as delicate landscapes. Tree stands with faster
(more vigorous) growth rates showed more significant adverse growth levels in response to either tunneling-induced
or drought-induced water stresses. Also, they showed the highest recovered growth levels in response to favorable cli-
matic conditions. Moreover, the growth level in the tunnel-affected forest never fully recovered during six years of very
wet weather (2012-2018) after the construction of the final (third) tunnel in 2010-2013. Current research shows that
tunnel construction has a cumulatively detrimental impact on the long-term survival of the forest. Even with the me-
diation of long-term very wet circumstances, it can substantially restrict the development dynamics of the forest com-
pared to drought.
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1. Introduction

Over the last three decades, urban expansion and economic develop-
ment worldwide have been indebted to the development of basic infrastruc-
tures, such as tunnels (Zhao et al., 2013; Lv et al., 2020). To date, although
many efforts have been made to construct kilometers of tunnels for multi-
purpose projects (Lv et al., 2020), the underlying challenges associated
with their construction are still not well understood. In most ecosystems af-
fected by tunneling, especially in delicate ecosystems like karst, since tun-
nels are often excavated below the water table, the most commonly
reported problem is groundwater depletion (Cesano et al., 2000; Celico
et al., 2005; Attanayake and Waterman, 2006; Butscher et al., 2011; Chiu
and Chia, 2012; Li et al., 2016). This may, in turn, lead to a sizable draw-
down in the groundwater table and, thus, influence the regional hydrologic
cycle (Vincenzi et al., 2009; Butscher et al., 2011). Besides, it may bring cas-
cading effects with irreversible and even devastating consequences on eco-
system function. Among these effects, it can be mentioned a depletion and
degradation of all water resources (for example, surface water and soil
water) in any ecosystem and cutting off connections across them with
groundwater (Vincenzi et al., 2009); or a reduction in water uptake or
shift in water-use strategies of plants (Liu et al., 2019). The latter, in turn,
may lead to a decrease in growth rate (Zheng et al., 2017) and even plant
death (Lei et al., 2010). Therefore, any change in the groundwater flow
field or any perturbation to the water balance of relevant ecosystems may
seriously degrade the life of plants, especially groundwater-dependent
plants (Li et al., 2018; Gokdemir et al., 2019).

Previous studies have mostly focused on the direct effects of tunneling-
induced groundwater depletion (TIGD), such as water inrush into the tunnel
(Li and Kagami, 1997; Perrochet, 2005; Kolymbas and Wagner, 2007;
Vincenzi et al., 2014), contamination of urban groundwater (Chae et al.,
2008; Banzato et al., 2011; Mossmark et al., 2015), and geological hazards
(Casagrande et al., 2005; Pujades et al., 2015; Chen et al., 2017; Zeng et al.,
2019). However, there is still limited comprehensive and systematic re-
search on ecohydrological feedback and its effects. For instance, it remains
unclear to what extent TIGD may influence the forest ecosystem's short- and
long-term function at the stand and landscape scales. Whether can climate
mediate (alleviate or exacerbate) the ecohydrological (negative) effects re-
sulting from TIGD. To address and respond to these questions, proxy indica-
tors, such as tree growth pulses (extracted from tree-ring width records)
signaling to pulsed source water availability for plant water uptake, are es-
sentially needed (Creutzfeldt et al., 2015; Edvardsson and Hansson, 2015;
Tambkeviciute et al., 2018). This is primarily because continuous measure-
ments of groundwater levels (as well as storage dynamics of other plant-
available water-source pools) are sparse, and—if existing at all—they are
too short. Thus, this study was attempted to show how unstandardized
basal area increment (BAI) series from two dominant drought-tolerant
tree species (Masson pine and Camphor laurel) across a mountainous forest
ecosystem could be used as a proxy indicator. This technique was supposed
to be efficient and useful to track the growth responses of the forest stands to
hydrological variability resulting from TIGD of individual tunneling events
under contrasting climate extremes and also to quantitatively estimate the
degree of their short- and long-term growth responsiveness to a single or a
collection of tunneling events. BAI series were derived from tree ring-
width measurements using the method described by Jump et al. (2006)
(see Materials and Methods). Given the inseparable relationship between
climate and growth (Fritts, 1976; Lloyd, 1997; Grace et al., 2002;
Lebourgeois et al., 2005; Jump et al., 2006; Yu et al., 2013; Fkiri et al.,
2018; Kukarskih et al., 2020), it might be hard to differentiate tunneling-
induced growth pulses from climate-caused growth pulses. Thus, before
addressing how to disentangle these pulses from each other, there was a
need to extract and analyze the climate effects on the growth trend. For
this purpose, different approaches were used, including response function
analysis, standardization procedures, and climatic indices, detailed descrip-
tions of which can be found in the Methods.

We focused our study on an exemplar tunnel-affected forest site
(Longfeng trough valley) and an exemplar tunnel-unaffected forest site
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(Longche trough valley) across a mountainous area (Zhongliang Mountain;
a forest mountainous covered with mixed evergreen broad-leaved trees) lo-
cated in Chongging, Southwest of China (Fig. 1). At different time intervals
of 1999-2001, 2006-2008, and 2010-2013, three tunnels approximately
4-km long were constructed in the Longfeng trough valley to develop
urban transportation systems. These tunnels connected remote areas of
the Chongging metropolitan region blocked by the Zhongliang Mountain
to its central region. All the three tunnels passed through aquifers formed
in the karst and non-karst landscapes, which led to significant groundwater
depletion during the excavation phase of each tunnel (Table S1). Observa-
tional pieces of evidence available during tunneling events have docu-
mented that the volume of groundwater released into the tunnels for the
karst aquifer was far higher than that of the non-karst aquifer (Liu et al.,
2019; Li et al., 2020). Accordingly, several karst and non-karst plots were
selected for tree sampling within the affected site. Adjacent to the tunnel-
affected site, the Longche trough valley is a pristine forest site, without
any clear signs of anthropogenic interventions such as tunnel construction.
Therefore, we considered it as a valuable comparative model for extracting
and visualizing the tunneling-induced ecohydrological effects in the af-
fected forest site. Although this site was geologically, hydrologically, and
hydrogeologically similar to the affected site, it might never have been af-
fected by the three above-mentioned tunneling events for the following rea-
sons. First, there is a hydrological divide line between the affected and
unaffected sites, suggesting that these sites' groundwater (including under-
ground rivers) and surface water systems were not connected to each other
either during or after establishing all three tunnels. Therefore, the hydro-
logical divide line was considered as a basic criterion for demarcating
these two sites from each other (Fig. 1). Second, unlike the affected site,
the discharge rates of springs and wells across the unaffected site did not
show any remarkable changes after excavation or establishing tunnels
(Liu et al., 2019; Li et al., 2020). Thus, for these reasons, it was supposed
that, unlike the affected site, forest growth conditions in the unaffected
site had not been affected due to TIGD. Overall, the tunnel-affected forest
site was selected in light of the above-mentioned research objectives and
the multidimensional significance, including: (1) ecohydrological situa-
tions and feedbacks (affected by tunneling events) observed in this site
may typify many similar tunnel-affected forest ecosystems in the regional,
national, and global scales; (2) karst landscapes in the region have shown
substantial heterogeneity and large temporal and spatial variability than
the non-karst landscapes in relation to interactions between forest stands,
climate, and water resources (Cao et al., 2020; Li et al., 2020; Wu et al.,
2021), representing a broad range of ecohydrological feedbacks to be
compared in similar landscapes; (3) existence of a pristine forest site with
similar settings in its adjacent as a valuable comparative model, as ex-
plained above; and (4) a series of primary studies and field observations
of short-term plant-source water relations and key ecohydrological pro-
cesses were available for both affected and unaffected forest sites (Liu
et al., 2019; Cao et al., 2020; Wu et al., 2021).

2. Materials and methods
2.1. Study site: Longfeng and Longche trough valleys

The Longfeng and Longche trough valleys are located within the north-
ern part of the Zhongliang Mountain, northwest of Chongqing, southwest
China, with surface areas of ~12 and ~27 km?, respectively (29°39’05”-
29°49’02”N, 106°23’157-106°28’05”E, Fig. 1). The study site is mostly
covered with mixed evergreen broad-leaved trees, including Chinese fir
(Cunninghamia lanceolata), Camphor laurel (Cinnamomum camphora), Mas-
son pine (Pinus massoniana), and Schima superba (Chinese Gardn. and
Champ.) as dominant tree species. Most of the tree species were aerially
seeded in the middle of the 1990s, and thus are young and single-age
with over 30 years old. Climatologically, the study site has a humid subtrop-
ical monsoon climate with a 30-year mean annual rainfall of ~1100 mm.
Annual rainfall distribution in the region is characteristically uneven
throughout the year. Rainfall mostly occurs between May and October
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Fig. 1. Location, hydrology, land use/cover, and tree-ring sample plots/sites. The left-upper inset map shows the geographic location of the study site in the Zhongliang
Mountain, northwest of Chongqing, southwest China. The left-lower inset map shows a geological cross-section in the tunnel-affected site (Longfeng trough valley).

during the growing season, accounting for ~75-85% of the total annual
rainfall. The 30-year mean annual temperature equals 18.2 °C, with
monthly average minimum and maximum temperatures of 5.9 and
33.6 °C in January and August.

Geological surveys have shown that the valleys were formed in well-
developed karst limestone with a thickness of 500-700 m and are
surrounded on two sides by non-karst (sandstone and mudstone) ridges
with a thickness of 170-1100 m. In addition to the karst valleys, the study
site has various karst features, including open crevices, sinkholes, shafts at
the surface, channel conduits, small caverns, and underground rivers (or
cave streams) at depth. Features of the surface karst provide fast transfer
of rainwater and surface water into karst aquifers below and ultimately to
underground rivers, limiting water storage of plant-available water-source
pools in the shallow zones (Rong et al., 2011; Estrada-Medina et al., 2013;
Yang et al., 2016). Before 2000, there were numerous karst springs and
wells in the Longfeng valley, which supplied water for drinking and irriga-
tion in the region. However, at the beginning of the first tunnel construction
(1999-2001), most of them dried up. Additionally, for this reason, surface
streams gradually depleted, which led to a large drop in the discharge of
two underground rivers in the Longfeng trough valley. The previous work
can follow details on the study area (Liu et al., 2019).

2.2. Sampling design, data collection, and analyses

Two of the most common species of (drought-tolerant) tree stands in the
study site, including Masson pine and Camphor laurel (here abbreviated as

pine and camphor), were selected for sampling. Choosing two different spe-
cies of tree stands might have been important for at least two reasons. First,
because of genetic differences among tree species, there is a varying degree
of stress-driven responses (or resistance) for each species of tree stands even
if growth conditions (that is, site quality) are similar to them (Hann and
Larsen, 1991; Bowman et al., 2013). For instance, faster-growing tree spe-
cies, such as camphor was likely to have stronger and more prevalent re-
sponses to water stress resulting from tunneling and climate events than
slower-growing tree species, such as pine (Bigler and Veblen, 2009;
Rozendaal et al., 2010). Consequently, it was assumed that the degree of
growth responsiveness to stress-driven events would not be the same
among each of these tree stands. Second, signals linked to non-climatic
perturbations, such as tunneling, either might not have been perfectly cap-
tured by a single species of tree stands in a forest ecosystem or might have
been exacerbated or alleviated under drought and wet climate extremes.
Thus, there was a need to select at least two different tree stand species to
reduce uncertainties and draw more reliable conclusions regarding the
ecohydrological consequences of tunnel construction in the study area.
For sampling each tree stand, six 1- to 1.5-ha plots (3 karst plots vs. 3
non-karst plots) were randomly established across both affected and unaf-
fected sites if pine and camphor tree species were present (Fig. 1). For reli-
ably extracting growth patterns of the tree stands, the sample plots were
established at the closest distance to the tunnels (~40-500 m) and the far-
thest distance from the springs and surface waters (Fig. 1). Meanwhile, to-
pographic and hydrological conditions on all the selected sample plots were
almost the same. Two increment cores were prepared during October 2017
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and September 2018—at ~1.3 m of breast height using a 5.144-mm incre-
ment borer from different directions—from healthy mature individuals for
both tree stands across the sample plots in the study site. The number of the
sampled individuals within the affected site were equal to 69 (36 and 33 in-
dividuals across the karst and non-karst plots, respectively) and 54 (27 indi-
viduals across both karst and non-karst plots) for the pine and camphor
stands, respectively. In contrast, within the unaffected site, they were
equal to 60 (30 individuals across both karst and non-karst plots) and 48
(24 individuals across both karst and non-karst plots) for the above-
mentioned stands, respectively. All core samples were air-dried and
mounted onto the grooved boards. Then, they were sanded using up to
P1000 (ISO/FEPA Grit designation) sandpaper until the annual ring bound-
aries were clearly visible for each core. The prepared cores were cross-dated
to find possible missing or false rings and to obtain a true calendar year
using a skeleton-plot method under the microscope (Stokes and Smiley,
1996). Further, we followed the procedure described in the protocol sug-
gested by Grissino-Mayer (2001), providing step-by-step directions within
the COFECHA to ensure that a missing ring has been placed correctly dur-
ing cross-dating. Afterward, ring widths were measured to the nearest
0.001 mm using a Velmex tree-ring measurement system (Velmex Inc.)
(Wang et al., 2019). The accuracy of measurements was investigated by
COFECHA (Grissino-Mayer, 2001; Holmes, 2001). Tables S2 and S3 present
a summary of the descriptive statistics (COFECHA output) for tree-ring
width chronologies (of individual trees) of the pine and camphor stands, re-
spectively, across all the karst and non-karst plots (areas) within the af-
fected and unaffected sites. As shown in these tables, the ring-width series
from both tree stands produced highly significant mean correlations across
all plots, indicating that the cross-dating (between their individual trees)
was performed correctly and with high accuracy. When cross-dating, in
order to achieve trustable results, the “autocorrelation” or “carryover” of
ring width observations was removed through statistical prewhitening
(Cook, 1985).

Long-term interactions between the tree and its water sources can be
captured by a series of widths of annual growth rings in the tree
(Ferguson and George, 2003; Zweifel et al., 2006; Perez-Valdivia and
Sauchyn, 2011; Creutzfeldt et al., 2015; Berdanier and Clark, 2018). Due
to weaker dependence on tree age, the BAI series—calculated according
to Jump et al. (2006) as BAI = 7 (RZ_RZ_;), where R and n correspond
to the tree radius and date of tree-ring formation for an individual tree, re-
spectively—were used instead of the ring-width series to get more accurate
and reliable information regarding the growth dynamics of the tree stands
and their water sources (Schuster and Oberhuber, 2013; Obojes et al.,
2018). In a healthy tree, during the mature phase, BAI may have an increas-
ing (positive) (Phipps and Whiton, 1988; Fekedulegn et al., 2003) or stabi-
lizing trend (LeBlanc et al., 1992), but it will not show a declining
(negative) trend until the tree begins to senesce (Duchesne et al., 2003;
Penuelas et al., 2008). Thus, a negative BAI pulse, which may occur
under various stresses, such as water stresses resulting from climatic
(Pedersen, 1998; Phillips et al., 2010; Levesque et al., 2013; Barbeta
et al., 2015) and/or non-climatic perturbations (Bogino and Jobbagy,
2011; Zheng et al., 2017) can be considered a solid indicator of a true de-
cline in tree growth (in response to any stress-driven event) (Muzika
et al., 2004; Penuelas et al., 2008; Obojes et al., 2018; Wang et al., 2019).
Accordingly, a plot-by-plot analysis was conducted using the BAI series of
the tree stands across different (karst and non-karst) landscapes at the af-
fected and unaffected sites to track negative growth pulses linked to TIGD
of individual tunneling events for each tree stand when the stand BAI
level shifted from a positive to a negative trend during each event
(Fig. 5a-c). For developing the stand-scale BAI chronology, unstandardized
annual BAI series were averaged over all mature individual trees across
each plot as described by Rodriguez-Catén et al. (2015). For adding a
long-term perspective, multi-year average mature BAI chronologies were
also developed to track and extract negative growth trends linked to TIGD
of individual tunneling events within the stand and landscape scales over
four different time intervals after each event; the first three-time periods in-
cluded the beginning of the chronology (mature phase) to the end of the
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construction period of each tunnel, while the last time period included
the entire chronology period from beginning to end (Fig. 7). For quantify-
ing the extent of (individual trees) growth responsiveness to TIGD of indi-
vidual tunneling events, a plot-by-plot analysis was performed to extract
the dropped BAI values due to TIGD during each event (that is, from a
short-term perspective) within the stand and landscape scales (Fig. 6a,b).
Given the mediating effects of climate, which positively or negatively influ-
enced the growth level of the stands (see Results), the quantifications were
made based on relative estimates of effect sizes. This meant that for the
stands across the affected plots, the dropped BAI values linked to TIGD dur-
ing each tunneling event were incorporated together with the increased
and dropped BAI values associated with simultaneous climate events.
Since no effect of tunneling was observed in the unaffected plots (see Re-
sults), only the increased and dropped BAI values linked to the climate
events were incorporated together across these plots during each tunneling
event, allowing for differentiation between the effects of tunneling with
and without mediating effects of climate. Additionally, to evaluate the ag-
gregated negative effects of all three tunneling events on the growth level
of the stand from a long-term perspective, a plot-by-plot comparison was
made using unstandardized annual average mature BAI values (of individ-
ual trees) of the stand across each affected (karst or non-karst) plot and its
comparable unaffected plot. This procedure allowed first to quantify the an-
nual average dropped growth level and then quantify the overall average
dropped growth level (concerning TIGD of all three tunneling events) for
each stand across each affected plot when comparable sample sizes were
considered for all mature BAI chronologies (for example, 1991-2018 and
1994-2018, respectively for the pine and camphor stands across the tunnel
1 karst plot, 1999-2017 for both stands across the tunnel 3 karst plot;
Fig. 8a-c). In fact, BAI values for a given tree stand in a given plot within
the unaffected site were considered as the reference for comparison. Ac-
cordingly, and considering the mediating effects of climate, our results
were reported as relative estimates of effect sizes.

Although unstandardized average mature BAI chronologies might have
been tricky for extracting non-climatic signals of TIGD that we were primar-
ily interested in, they could not be effective for tracking common climate
signals (as reported by Cook et al. (1995) and Jump et al. (2006)). There-
fore, a standardization procedure was used to homogenize the variance of
unstandardized BAI series to allow their direct comparison (Cook, 1985;
Cook and Briffa, 1990). In fact, this procedure could help to maximize com-
mon climatic signals (Briffa et al., 1996; Helama et al., 2004) and to better
differentiate climate-caused growth pulses from tunneling-induced growth
pulses within the stand and landscape scales. Our analysis focused on BAI
trends during the mature phase of growth (Fig. 2a,b). The climate variables'
30-year continuous records (1988-2018) were collected from the local
weather station established in an open place within the study site,
10-55 m higher than the sample plots (Fig. 1). The considered climate var-
iables were total annual and seasonal (growing season; May-September)
rainfall and average annual and seasonal temperature. Besides, a response
function analysis method (Biondi and Waikul, 2004; Wang et al., 2019)
was applied for plot-by-plot testing of the relationships between climate
variables and annual average mature BAI of individual trees within the
stand and landscape scales at the affected and unaffected sites (Fig. S1).
For this analysis, annual total rainfall and average temperature were con-
sidered from October of the previous year to September of the current
year. In this procedure, linking growth to climate could be excluded in
months after growth cessation (Jump et al., 2006; Pefiuelas et al., 2008).
Additionally, using monthly rainfall series of the 30-year base period
(1988-2018) in the study site, three different climate indices, including
rainfall anomaly index (RAI), standardized precipitation index (SPI), and
decile method (DM), were calculated on an annual basis. This allowed us
to identify and determine the type (wet and drought), duration, and inten-
sity of climate events (Dogan et al., 2012; Lima et al., 2019) that occurred in
the study site. Given that the numerical results of the different climate indi-
ces were primarily challenging to analyze, an overall classification of the in-
dices was used to evaluate the degree of intensity of wet and drought events
within the base period under consideration (Fig. 3). It was based on the
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classification proposed in a previous study (Dogan et al., 2012). After iden-
tifying the climate events, a plot-by-plot analysis was performed to quanti-
tatively estimate the extent of (individual trees) growth responsiveness to
individual climate events in a short-term perspective within the stand and
landscape scales at the affected and unaffected sites. This was accomplished
by incorporating the increased or dropped BAI values linked to each event
(Fig. 4a,b).

The statistical analyses were carried out using IBM SPSS Statistics 25
(IBM Co., NY, USA).

Science of the Total Environment 811 (2022) 152375

3. Results
3.1. Tracking relationships between climate and growth

A response function analysis indicated that mature BAI was highly sen-
sitive to rainfall and temperature for the pine and camphor stands across all
the affected and unaffected plots (Fig. S1a,b). As shown in Fig. Sla,b,
annual total rainfall, and total rainfall in the growing season had a
strongly positive effect on the growth level of both stands across all the

@ | Tunnel1 —Tunnel2 —Tunnel 3 —Tunnel free --—-Rainfall ----Temperature]
5 Karst area Non-karst area
2 4
1 .
0 4
1
24 \ ! - 25.5x + 25481 00752 - 26.1x + 26122
“'y =0.0002x2 + 0.04x + 18.1 R?=0.39; P<0.001 2= 0.34; P<0.001
R?=0.38; P<0.001
-3 T o T T T T -3 T T T T
3 - 3
y = 0.0004x? - 1.5x + 1369 y = 0.008x2 - 29.8x + 29700
5 | R2=0.71; P < 0.0001 2 | R?=0.94; P < 0.0001
A A '
14 ;\\/ 4 14
0 " 0
NE _1 | -1 | : I':
o ] \ ¥
€ -2 y ¥ y=0.006x2 - 23.4x + 23378 2 | Y ¥ y=0.006x? - 24.2x + 24188
@ y = 0.0001x2 + 0.03x + 18.8 R?=0.40; P < 0.001 y = 0.0001x2 + 0.02x + 19.1 R?=0.35; P<0.001
£ R?=0.35; P < 0.001 R?=0.32; P < 0.001
g -3 T T T T T T -3 T T T T T T T
£ 3 3
o y =-0.001x% + 5.5x - 5713 y = 0.01x? - 45.9x + 45944
5 24 R2=0.74; P < 0.001 2 | R2=0.83 ; P <0.001
2 ‘ \ v A
g 1 14 '
0 > 0 e
-1 1 H \ 1 ' ", \/
i v Y ‘.‘,' v
3 = 2 v -
2| y=00001x +0.008x + 195 ¢ ¥=001x*-38.3x +38340)  , | y=0.0001¢ +0.007x +19.7% ¥ = 0.01x" - 43.9x + 43951
R2= 031 P<0.001 R2=0.47; P< 0.001 R2 = 0.30: P< 0.001 R?=0.42; P < 0.001
-3 T T T T T T T -3 T T T T T T T
3 3
y = 0.007x2 - 27.1x + 27026 y = 0.004x2 - 17.1x + 17006
2 | R?=0.87; P<0.0001 o | R?=0.94; P < 0.0001
1 14
0 - 5 -x'
145 F N i Y A i
Voo ¥ Y v i ;
o4 Y ¥ y=0.006x2 - 25.5x + 25481 2] y ¥ y=0.007x - 26.1x + 26122
“'y =0.0002x2 + 0.04x + 18.1 R?=0.39; P<0.001 "y =0.0002x2 +0.03x + 18.4 R?=0.34; P<0.001
3 _R?=0.38; P<0.001 3 R2=0.36; P<0.001

1990 1994 1998 2002 2006 2010 2014 2018

1990 1994 1998 2002 2006 2010 2014 2018

Year

Fig. 2. Relationships between climate and growth over time. A plot-by-plot analysis was performed to extract relationships between standardized annual climate variables
(annual total rainfall and average temperature; based on a 12-month period beginning with October of the previous year) and standardized annual average mature BAI of the
pine (a), and camphor (b) stands across the karst (left columns) and non-karst (right columns) areas within the affected (the first three rows) and unaffected (the last row)
sites. The colored dashed lines represent significant trends with corresponding equations, correlation coefficients (R), and statistical significance (P).
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Fig. 2 (continued).

plots (P-value for both stands across most of the plots was less than or equal
to 0.001, Tables S4 and S5). A similar but weaker response was also found
for annual average temperature, and average temperature in the growing
season for both stands across most of the plots (P-value for both stands
across most of the plots was less than 0.05, Tables S4 and S5).

The study area presents the unstandardized annual total rainfall and av-
erage temperature during 30 years (1988-2018) in Fig. S2. There was a
strong increasing trend in rainfall with a sharp change (decrease) in slope
after 2006 (R? = 0.43, P < 0.001) as well as a visible warming trend in
temperature (R? = 0.40, P < 0.001) throughout the studied period. The re-
lationships between standardized annual climate variables and standard-
ized annual mature BAI over time are shown for both pine and camphor
stands across each plot in Fig. 2a,b, respectively. Our observations showed
that both stands' high and low BAI values across all the plots often coincided
with extremes of rainfall and temperature or experienced a one-year lag

behind them. This lag effect reveals that in addition to the current year
climate, the previous year climate might have also been a strong effect on
the growth level of the stands in the current year (Jump et al., 2006;
Peniuelas et al., 2008; Millar et al., 2012). As shown in Tables S4 and S5,
there was a highly significant positive correlation between the BAI series
of both stands with the previous year total rainfall (P-value for both stands
across all the plots was less than or equal to 0.001) and a relatively signifi-
cant positive correlation between them with the previous year average tem-
perature (P-value for both stands across most of the plots was less than
0.05). This could greatly clarify the current-year ring width variability asso-
ciated with the previous year climate. Further, it could also be explained by
a significant autocorrelation in the tree-ring width series as observed in
both stands across all the plots (autocorrelation values varied between
0.366 and 0.553 (P < 0.001) for the pine stands and between 0.411 and
0.692 (P < 0.001) for the camphor stands across all the karst and non-
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Fig. 3. Type, duration, and intensity of climate events based on RAI, SPI, and DM indices at the study site. The climate indices were calculated using monthly rainfall series for
a 30-year base period (1988-2018) in the region. Each climate event's degree of intensity was determined based on the global classification (Lima et al., 2019). The shaded
areas represent periods of tunnel construction on the study site (1991-2001, 2006-2008, and 2010-2013).

karst plots (areas) within the affected and unaffected sites, Tables S2 and
S3). This was in line with previous studies (Breitenmoser et al., 2014;
Barichivich et al., 2021), which used the autocorrelation observations of
tree-ring width series to assess and extract the significance of the previous

year climate. They showed that the previous year climate could explain
up to 30% of current-year tree growth dynamics. Besides, our observations
showed an increasing trend in the standardized BAI of the stands across all
the plots during 2007-2018, which was very similar to the observed
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Fig. 4. Short-term responsiveness of growth to the climate variability of individual events. Using unstandardized annual average mature BAI values (of individual trees) of the
stand, a plot-by-plot analysis was performed to extract the degree of short-term responsiveness of growth to individual climate events for the pine (a), and camphor (b) stands
across the karst and non-karst areas within the affected and unaffected sites. The degree of the effect associated with each climate event is presented as the total mean + SE of
mean (dropped or increased) BAI values of individual trees within the stand/landscape scale. The dropped BAI values linked to the tunneling events were excluded across the

affected plots.

increasing trend in rainfall than in temperature (Fig. 2a,b). Recent
(2012-2018) standardized BAI peaks were largely converged toward stan-
dardized rainfall peaks—just when rainfall extremes had taken place—
across all the plots or were soared above them across some of the plots
(for example, see temporal trends in standardized BAI and rainfall for
both stands across tunnel 1 and tunnel-free karst and non-karst plots
shown in Fig. 2a,b). As explained above, this highlights the stronger effect
of rainfall on the growth level of the tree stands than temperature.

3.2. Growth responsiveness to climate variability

According to the three different climate indices (RAL SPIL, and DM; see
Materials and Methods for details), several cycles of drought and wet
were observed for the study area over the analyzed chronologies
(1990-2018; Fig. 3). Through plot-by-plot comparisons of growth trends
—using standardized BAI series—of the stands (Fig. 2a,b) with climate
trends associated with drought or wet events (Fig. 3), we found that the
growth trends of the stands across all the plots closely tracked climate
trends during each drought or wet event. So that, both stands across all
the (either affected or unaffected) plots primarily showed a declining (or
negative) BAI pulse during drought events or, conversely, an increasing
(or positive) BAI pulse during wet events. Negative and positive BAI pulses
might have been the signals for reducing and increasing stand water uptake
over drought and wet events, respectively (Anderegg and Anderegg, 2012;
Barbeta et al., 2015; Creutzfeldt et al., 2015; Gao et al., 2018). As shown in

Fig. 4a,b, the degree of growth responsiveness to individual climate events
has varied for each stand across each of the plots within both affected and
unaffected sites. For instance, during the 2006 drought, which was the
shortest period but was the most severe level of drought experienced over
the analyzed period, the BAI values of the stands across all the plots were
sharply negative and approximately close to the dropped BAI values for lon-
ger droughts with 3-year and 4-year durability periods (that is, 2000-2003
and 2009-2011 droughts, respectively). The highest and lowest dropped
BAI values associated with this drought were —51 and —8 mm for the
pine stands across the tunnel-free and tunnel 3 karst plots, respectively,
and —297 and —21 mm for the camphor stands across the tunnel-free
karst plot and the tunnel 3 non-karst plot, respectively (Fig. 4a,b). Growth
responses to wet events were also as strong as, or even stronger than,
those to drought events. For instance, between 2012 and 2018, the begin-
ning of which approximately coincided with the completion of the third
(last) tunnel (2010 —2013), the study area experienced an exceptional
and unprecedented wet period (average annual total rainfall increased by
about 26.7 mm during this six-year climate period; Fig. S2), which remark-
ably influenced the growth level of the stands across all the plots. The
highest and lowest increased BAI values associated with this event were
218 and 92 mm for the pine stands across the tunnel-free and tunnel 3
karst plots, respectively, and 719 and 386 mm for the camphor stands
across the tunnel-free karst plot and the tunnel 3 non-karst plot, respec-
tively (Fig. 4a,b). Overall, as also illustrated in the above examples, the
camphor stands and karst plots at both affected and unaffected sites showed
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the strongest growth pulses during all the climate events within the stand
and landscape scales, respectively (Fig. 4a,b). Different feedback among
the stands might have been primarily related to the genetic differences in
their growth conditions (as mentioned earlier) (Mohan et al., 2004;
Bradley and Pregitzer, 2007; Bowman et al., 2013) or their different
water-use strategies (for example, rooting depth, stomatal control)
(Ehleringer and Dawson, 1992; Lloyd, 1997; Lin et al., 2015; Fan
et al., 2017). While, different feedbacks among the landscapes could
be largely explained by the high heterogeneity of water flow dynamics
(within plant-available water-source pools) in the karst landscapes com-
pared to the non-karst landscapes (Ford and Williams, 2007; Bonacci
et al., 2009). In fact, it forces plants living in the karst landscapes to
be far more sensitive (or vulnerable) to any water fluctuation and stress
than plants living in the non-karst landscapes (Liu et al., 2019; Lv et al.,
2020; Wu et al., 2021).

3.3. Tracking indicator pulses of growth linked to TIGD

Through plot-by-plot comparisons of unstandardized average mature
BAI chronologies of the stands within the affected site with those within
the unaffected site (Fig. 5), we tracked growth pulses linked to TIGD during
each tunneling event to disentangle them from growth pulses mediated by
climate events. During the establishment of tunnel 1 (1999-2001), which
also coincided with a long-term drought (2000 — 2003), there was a sharp
(reduction) interruption in the BAI trend of both stands across all the (either
karst or non-karst) plots within the affected site (Fig. 5a-d). Moreover, a
similar trend was also observed for the stands across comparable plots
within the unaffected site. After the completion of the tunnel construction
in 2001, as the severity of the drought decreased, the growth level of
both stands increased across all the affected and unaffected plots except
for the tunnel 1 karst plots. Negative BAI pulses observed for the pine and
camphor stands across the tunnel 1 karst plots returned to a positive
trend in 2003 and 2004, respectively (Fig. 5a,c). A relative estimate of the
tunneling effects on the short-term growth level of the tree stands across
the affected and unaffected plots during the establishment of tunnel 1
(Fig. 6a,b) showed that the growth level of the stands was significantly

[~ Tunnel 1 —Tunnel 2 —Tunnel 3 —Tunnel free|
a Karst area
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negative within the site of tunnel 1, not only in the karst plots but also in
the non-karst plots. In contrast, the growth level of the stands was signifi-
cantly positive at all the tunnels 2 and 3 and tunnel-free karst and non-
karst plots. These negative BAI pulses tracked in the tunnel 1 karst and
non-karst plots, which were clearly distinguishable from (climate-medi-
ated) positive BAI pulses observed in most of the other plots, will most
likely represent TIGD (Zheng et al., 2017) in relation to the construction
of tunnel 1. During the establishment of tunnel 2 (2006-2008), negative
BAI pulses linked to TIGD were only observable at the tunnel 2 karst plots
for both stands (Figs. 5a,c and 6a,b). In the tunnel 2 non-karst plots as
well as the other karst and non-karst plots within the construction sites of
tunnels 1 and 3, the stands not only showed no negative BAI pulse linked
to TIGD but also displayed a positive BAI pulse associated with a wet
event in 2007 and 2008 (Figs. 4a,b, 5a-d and 6a,b). A similar climate-
related pulse signal was also observed for both stands across the tunnel-
free karst and non-karst plots. One year after the completion of the tunnel
construction (that is, in 2009), negative BAI pulses returned to a positive
trend for both stands across the tunnel 2 karst plots (Fig. 5a,c).

During the establishment of tunnel 3 (2010-2013), negative BAI pulses
linked to TIGD were observable for both stands across both tunnel 3 karst
and non-karst plots (Figs. 5a-d and 6a,b). The degree of growth responsive-
ness to this tunneling event was more pronounced between 2010 and 2012.
Because, from 2012 onwards, simultaneously with the beginning of the
most extreme wet period (2012-2018), the BAI level of the stands across
the affected plots was significantly promoted and switched (from a nega-
tive) to a positive trend. The BAI level of the stands across all the other
plots was significantly decreased or negative in 2010 and 2011 associated
with a drought event (2009-2011) and was remarkably increased or
positive between 2012 and 2018 associated with the mentioned wet
event (Figs. 4a,b and 5a-d). It is worth noting that, besides the positive
and strong mediating effects of wet climate events, another important
reason for promoting and recovering the growth level of the stands
across the affected plots might have been related to control measures for
tunnel establishment, such as grouting and sealing (Zheng et al., 2017)
because it could potentially minimize groundwater leakage into tunnels
(Lv et al., 2020).

b Non-karst area
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Fig. 5. Short-term growth pulses linked to TIGD of individual tunneling events. Using unstandardized annual average mature BAI (of individual trees) of the stand, a plot-by-
plot analysis was performed to track and extract negative growth pulses linked to TIGD of individual tunneling events over short-term intervals (that is, during each event) for
the pine (a, b), and camphor (c, d) stands across the karst (a, ¢), and non-karst (b, d) areas within the affected and unaffected sites. All results are represented as mean + SE of
BAI values of individual trees within the stand/landscape scale. The colored dashed lines represent significant trends with corresponding equations, correlation coefficients
(R), and statistical significance (P). The shaded areas represent periods of tunnel construction in the study site (that is, 1991-2001, 2006-2008, and 2010-2013).
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Fig. 6. Short-term responsiveness of growth to TIGD of individual tunneling events. Using unstandardized annual average mature BAI values of the stand, a plot-by-plot
analysis was performed to extract the degree of short-term responsiveness of growth to TIGD of individual tunneling events for the pine (a), and camphor (b) stands
across the karst and non-karst areas within the affected and unaffected sites. The degree of the effect associated with each tunneling event is presented as the total
mean *+ SE of the mean (tunneling-induced) dropped BAI values of individual trees within the stand/landscape scale. Due to the climate's positive or negative mediating
effects, the results were reported as relative estimates of effect sizes (see Materials and Methods for details).

3.4. Growth responsiveness to TIGD-linked hydrological variability

Although the effects of TIGD of individual tunneling events on short-
term growth dynamics of the stands were tracked only at the (karst and
non-karst) areas designated for construction of each tunnel, no negative
pulse of growth as an indicator pulse linked to TIGD was observed for the
stands across all the other plots within the affected site over short time in-
tervals. This could be possibly due to the pervasive and strong mediating ef-
fects of climate events, especially droughts. Therefore, a multi-year average
method was used to visualize better possible undetected growth pulses as-
sociated with TIGD over longer time intervals (see Materials and Methods
for details). As shown in Fig. 7, over four different time intervals, particu-
larly the last (longest) period, the multi-year average mature BAI slope of
the stands across all the affected plots, especially at the karst plots
(Fig. 7a,c), was significantly lower than those across the unaffected plots.
This was a masked long-term (negative growth pulse) signal due to the ag-
gregated effects of TIGD in relation to the establishment of all three tunnels.
Moreover, it suggested that the possibility of promotion and restoration to
the normal growth level—like what has been observed for the stands across
the unaffected areas over the entire chronology period—might have been
weakened considerably for both tree stands across all the affected areas,
maybe forever.

For plot-by-plot estimating the aggregated long-term negative effects of
all three tunneling events, comparable sample sizes were considered for
mature BAI chronology of the stand across each (karst or non-karst) plot
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within the affected site and its corresponding plot within the unaffected
site (see Materials and Methods and Fig. 8a,b for further details). As
shown in Fig. 8a,b, the annual average growth level of the stands
(AAGLS) across all the affected karst plots was significantly less than
those across corresponding karst plots within the unaffected site. The over-
all average dropped growth level of the stands across the tunnels 1, 2, and 3
karst plots over the analyzed chronologies were equal to —62, —56, and
—104 mm for the pine stand and were equal to —216, —120, and
—181 mm for the camphor stand, respectively (Fig. 8c). This illustrated
that both stands across all the affected karst plots were significantly vulner-
able to TIGD. However, the camphor stands showed considerably more
vulnerability than the pine stands, possibly for the same reason mentioned
earlier (genetic variations in growth conditions and different water-use
strategies among the stands). At most of the affected non-karst plots,
decreases in AAGLS—especially for the camphor stands—were not as sig-
nificant as those across the affected karst plots. This indicated that the
stands across the affected karst landscapes were much more vulnerable
(to TIGD) than those across the affected non-karst landscapes, possibly for
the same reason mentioned earlier (higher rate of water circulation
and drainage within the karst landscapes). The overall average dropped
growth level of the stands were equal to —9, —12, and —38 mm for the
pine stands across the tunnels 1, 2, and 3 non-karst plots, respectively,
and was equal to —30 mm for the camphor stand across the tunnel 1
non-karst plot (Fig. 8c). The camphor stands across the tunnels 2, and 3
non-karst plots not only showed no negative AAGL but also had a
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Fig. 7. Long-term growth pulses linked to TIGD of individual tunneling events. Using multi-year average mature BAI of the stand, a plot-by-plot analysis was performed to
track and extract negative growth trends linked to TIGD of individual tunneling events for the pine (a, b), and camphor (c, d) stands across the karst (a, c), and non-karst (b,
d) areas within the affected and unaffected sites over four long-term intervals after each event; the first three-time periods included the beginning of the chronology (BC;
during the mature phase) to the end of the construction period of each tunnel (that is, 2001, 2008, and 2013), while the last period included the entire chronology from
beginning to the end (BC to 2018). A lower slope for the stand across each affected plot than its comparable unaffected plot (as observed for the tree stands across most
of the affected plots, especially across the karst plots) suggested that the stand might have been responsive to TIGD. The error bars represent means + SEs of mean BAI
values of individual trees within the stand/landscape scale. The colored dashed lines represent significant trends with corresponding equations, correlation coefficients

(R), and statistical significance (P).

significant positive AAGL, as the overall average increased growth level of
the stands were equal to 60 and 14 mm across the tunnels 2 and 3 non-karst
plots, respectively (Fig. 8c).

4. Discussion

In this study, stand- and landscape-scale observations of short- and long-
term plant-water interactions were presented during and after establishing
three tunnels via tracking negative growth pulses induced by a single or a
collection of tunneling events. Our findings showed that tunneling-
induced growth pulses (TIGPs) were recognizable and common pulses for
both stands across most of the affected areas of the landscapes, even
when they were strongly mediated by drought and wet climate extremes.
Observing such pulses could be a signal of a decrease in stand water uptake
due to TIGD in the affected areas. While the negative feedback from tunnel-
ing was stronger and more prevalent across the camphor stands and karst
landscapes, the same feedback also existed, albeit at weaker degrees, across
the pine stands and non-karst landscapes. Although TIGPs often overlapped
with drought-induced growth pulses (DIGPs), they were still distinguish-
able from each other. Our short-term observations showed that TIGPs,
like DIGPs, in most of the affected areas, appeared to be recovering (or pro-
moting in response to each wet event) as much as the normal growth levels
observed for the stands across the unaffected areas (Figs. 5a-d and 6a,b).
However, our long-term observational evidence revealed that they (unlike
DIGPs) were never fully recovered (Fig. 7a-d); because the overall average
growth level of the stands in most of the affected areas was still remarkably
negative (Fig. 8c) even with the mediation of extremely favorable climate
conditions (that is, the very wet six-year climate period (2012-2018)
after the construction of the final (third) tunnel in 2010-2013). This clearly
indicates that the magnitude of ecohydrological vulnerability to tunneling-
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induced water stress has been far more severe than drought-induced water
stress. It is also suggested that even this might have been somewhat
irreversible for the following reasons. First, as shown in this study, DIGPs
were rapidly and strongly promoted in response to favorable climate condi-
tions or even reduction in drought intensity. In contrast, TIGPs, although
significantly, but belatedly (with a time lag) were promoted in response
to them. This could be because, unlike tunneling, droughts could not
deplete all the water storage of plant-available water-source pools
(especially groundwater) instantly and dramatically (see conceptual
model shown in Fig. 9). Second, our observations in previous work showed
that due to tunneling, at the beginning of the first tunnel construction
(1999-2001), a significant portion of groundwater storage, particularly in
the upper zones (within the unsaturated zone) where a larger fraction of
root biomass occurs, has been out of plant access for a very long period,
or maybe forever (Liu et al., 2019). Besides, as documented in the previous
work, even soil water content in superficial soil layers (0-40 cm) was signif-
icantly reduced in the tunnel-affected areas. This has led to a remarkable re-
duction in soil water uptake by the studied tree species (Liu et al., 2019),
possibly due to approaching the moisture level of the soil layers to a
(tunneling-induced) threshold or wilting point for plant use (Feldman
et al., 2018; Gokdemir et al., 2019). To better understand the effects of
tunneling and drought on tree growth dynamics, a conceptual model is pre-
sented in Fig. 9.

Overall, our findings show that the tree's annual growth rings can serve
as a very efficient and cost-effective technique for monitoring the growth
conditions of forest stands in response to any water stress resulting from
the individual (climate-mediated) anthropogenic events. This may be
principally because all the key information needed to develop a proba-
bilistic model with interactions between forest stands, water resources,
and climate and anthropogenic disturbances at various spatial-temporal
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Fig. 8. Long-term responsiveness of growth to TIGD of a collection of tunneling events. Using unstandardized annual average mature BAI values of the stand, a plot-by-plot
comparison was performed to quantify the annual average dropped growth level (due to TIGD of all three tunneling events) for the pine (a), and camphor (b) stands and the
overall average dropped growth level (or aggregated average negative growth level for the same reason) for both stands (c) across the karst and non-karst areas within the
affected site. For a given tree stand in a given (karst or non-karst) plot within the affected site, there was a comparable model within the unaffected site. It allowed comparison
of growth levels (or BAI values) within the stand and landscape scales when comparable sample sizes were considered for all BAI chronologies (for example, 1991-2018 and
1994-2018, respectively, for the pine and camphor stands across the tunnel 1 karst plot, 1999-2017 for both stands across the tunnel 3 karst plot). Accordingly, and
considering the mediating effects of climate, the results were reported as relative estimates of effect sizes. The error bars represent means * SEs of mean BAI values of
individual trees within the stand/landscape scale.

scales may be already and simultaneously incorporated (or recorded) 5. Conclusions

into the annual growth rings of trees (Biondi and Strachan, 2012).

Thus, they can represent a realistic model of the function of the forest eco- Analysis of the annual growth rings of two dominant drought-tolerant
system under various climate and hydrological variability (Loaiciga et al., tree stands living in different (karst and non-karst) landscapes in a moun-
1993). tainous forest ecosystem across the southwest of China provided clear
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Fig. 9. Conceptual model regarding shifts in tree growth responses under conditions without and with water stress. A, shows natural or lack of water stress conditions (before
tunneling or drought) during a normal climate. Under these conditions, sufficient water storage is expected to exist within all the tree-available water-source pools (that is,
soil zone, unsaturated zone, and saturated or groundwater zone) for tree uptake and growth, leading to a significant increase in the width of annual growth rings in the tree
(shown with hypothetical tree-ring of circular shape here). B and d show conditions of drought-induced water stress (DIWS) and tunneling-induced water stress (TIWS),
respectively. C and e show the recovery conditions of DIWS and TIWS during or after a long wet period, respectively. Both DIWS (b) and TIWS (d) have similar effects on
the width of annual growth rings in the tree (causing a significant narrowing in the tree-ring width; shown with hypothetical tree-ring of elongated oval shape here).
However, the intensity and duration of water stress induced by them are not the same on the whole hydrological system. Therefore, they may have varying adverse
effects on tree growth dynamics and function under changing climate conditions. As shown in panel b, drought may significantly reduce water storage in tree-available
water-source pools, but gradually (and over a long period compared to tunneling). Thus, the shallower and deeper water-source pools are exposed to higher and lower
vulnerability, respectively. For example, during a period of drought, as shown in panel b, the intensity of the effects of DIWS on the soil zone is far more substantial and
more widespread than on the groundwater zone. Consequently, due to approaching the moisture level of the soil zone to a threshold or wilting point, sufficient soil water
storage may not be available for tree uptake and growth (Feldman et al., 2018; Gokdemir et al., 2019). As demonstrated in panel ¢, with the mediation of long-term
favorable climatic (wet) conditions, DIWS may be fully recovered, leading to a complete recovery in the growth level of the tree (shown with hypothetical tree-ring of
circular shape here). As indicated in panel d, tunneling can promptly and dramatically deplete all the shallow and deep water-source pools altogether at the very
beginning of the excavation phase (Gokdemir et al., 2019; Liu et al., 2019). However, the deeper pools are exposed to higher vulnerability than the shallower ones (Liu
etal., 2019; Lv et al., 2020). For example, during or shortly after an event of tunneling, as shown in panel d, the intensity of the effects of TIWS on the groundwater zone
is far stronger and more widespread than on the soil zone, which will lead to a significant decrease in water uptake from the groundwater pool for tree use and growth
because of poor water storage in this zone than the soil zone. As shown in panel e, with the mediation of long-term favorable climatic (wet) conditions, TIWS may be
partially (but not completely) recovered, subsequently leading to an incomplete recovery in the growth level of the tree (shown with hypothetical tree-ring of rounded
oval shape here).

evidence of ecohydrological (negative) effects associated with TIGD and (from a short-term perspective) and aggregated (from a long-term perspec-
the TIGD-linked water losses of other forest trees-available water sources. tive) ecohydrological effects resulting from (climate-mediated) anthropo-
Our findings indicate that forest stands living in any landscape, particularly genic interventions such as tunneling within the stand and landscape
in the karst landscapes (known as delicate landscapes), can be highly vul- scales of each similar (tunnel-affected) forest ecosystem around the world.

nerable to tunneling-induced water stress. The magnitude of vulnerability

to such water stress may be far more severe than drought-induced water Declaration of competing interest

stress. It brings about the growth dynamics of forest trees gradually weaken-

ing over time, which will likely never be fully restored even under the best The authors declare that they have no known competing financial inter-
(long-term infrequent) wet circumstances. Based on our findings, it is highly ests or personal relationships that could have appeared to influence the
recommended that in future investigations, researchers should explore the work reported in this paper.
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