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Abstract

Moderate to large earthquakes can increase the amount of water feeding stream flows, raise groundwater levels, and thus grant

plant roots more access to water in water-limited environments. We examine tree growth and photosynthetic responses to the

Maule Mw 8.8 Earthquake in small headwater catchments of Chile’s Mediterranean Coastal Range. We combine high-resolution

wood anatomic (lumen area) and biogeochemical ( of wood cellulose) proxies of daily to weekly tree growth on cores sampled

from trees on floodplains and close to ridge lines. We find that, immediately after the earthquake, at least two out of six tree

cores show changes in these proxies: lumen area increased and decreased in the valley trees, whereas the sign of change was

reversed in trees on the hillslope. Our results indicate a control of soil water on this response, largely consistent with models that

predict how enhanced post-seismic vertical soil permeability causes groundwater levels to rise on the valley floor, but fall along

the ridges. Statistical analysis with boosted regression trees indicates that streamflow discharge gained predictive importance

for photosynthetic activity on the ridges but lost importance on the valley floor after the earthquake. We infer that earthquakes

may stimulate ecohydrological conditions favoring tree growth over days to weeks by triggering stomatal opening. The weak

and short-lived signals that we identified, however, show that such responses are only valid under water-limited instead of

energy-limited tree growth. Hence, dendrochronological studies targeted at annual resolution may overlook some earthquake

effects on tree vitality.
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Abstract 20 

Moderate to large earthquakes can increase the amount of water feeding stream flows, raise 21 

groundwater levels, and thus grant plant roots more access to water in water-limited 22 

environments. We examine tree growth and photosynthetic responses to the Maule Mw 8.8 23 

Earthquake in small headwater catchments of Chile’s Mediterranean Coastal Range. We 24 

combine high-resolution wood anatomic (lumen area) and biogeochemical (𝛿13C of wood 25 

cellulose) proxies of daily to weekly tree growth on cores sampled from trees on floodplains and 26 

close to ridge lines. We find that, immediately after the earthquake, at least two out of six tree 27 

cores show changes in these proxies: lumen area increased and 𝛿13C decreased in the valley 28 

trees, whereas the sign of change was reversed in trees on the hillslope. Our results indicate a 29 

control of soil water on this response, largely consistent with models that predict how enhanced 30 

post-seismic vertical soil permeability causes groundwater levels to rise on the valley floor, but 31 

fall along the ridges. Statistical analysis with boosted regression trees indicates that streamflow 32 

discharge gained predictive importance for photosynthetic activity on the ridges but lost 33 

importance on the valley floor after the earthquake. We infer that earthquakes may stimulate 34 

ecohydrological conditions favoring tree growth over days to weeks by triggering stomatal 35 

opening. The weak and short-lived signals that we identified, however, show that such responses 36 

are only valid under water-limited instead of energy-limited tree growth. Hence, 37 

dendrochronological studies targeted at annual resolution may overlook some earthquake effects 38 

on tree vitality. 39 

 40 

Plain Language Summary 41 

Earthquakes deform and shake the surface and the ground below. These changes may affect 42 

groundwater flows. Groundwater level may rise in the valley bottom and drop along higher 43 

elevated ridges. Trees depend on such groundwater resources, particularly in dry climates. 44 

Hence, we expect contrasting responses of trees after earthquakes: at higher elevations, access to 45 

groundwater may be impeded, but enabled more in the valley bottoms. Thus, earthquake-46 

enhanced tree growth should be pronounced only on valley floors, with opposite responses 47 

happening along ridges. We test this hypothesis in Pine forest plantations that were affected by 48 

the 2010 Maule earthquake, Chile. We find that tree growth increased following the earthquake 49 
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because of enhanced photosynthesis on valley floors, but decreased on upper hillslopes due to 50 

increased water stress. Overall, these responses are small but measurable. Our study is the first to 51 

combine state-of-the-art isotopic and wood anatomic proxies that we quantified at the cellular 52 

scale. Our results provide novel insights into the impacts of earthquakes on soil water and tree 53 

growth at an unprecedented daily to weekly resolution. 54 

1 Introduction 55 

Large prehistoric earthquakes are preserved in the geological record. Traditional archives 56 

of paleoseismology, the discipline concerned with reconstructing such earthquakes, include 57 

offsets in fault scarps and river channels, sediment deformation and soil liquefaction, landslide 58 

and tsunami deposits [Ludwig, 2015], and archeological records [Nur, 2007]. Biological archives 59 

mostly rely on damage to vegetation. For example, the sudden subsidence of coasts during 60 

earthquakes may submerge and kill near-shore vegetation [Atwater and Yamaguchi, 1991]. 61 

Shaking-induced damage to roots and damage from debris may suppress tree growth and be 62 

recorded in annual growth rings [Bekker, 2004; Jacoby et al., 1997; Lin and Lin, 1998; Meisling 63 

and Sieh, 1980; Page, 1970]. Tree growth can also be enhanced if neighboring and competing 64 

trees died due to earthquakes [Veblen et al., 1992], with larger individuals having the greatest 65 

survival potential [Allen et al., 2020]. Earthquakes may elevate groundwater levels by increasing 66 

soil permeability and thus allowing trees more access to water and higher root water uptake 67 

[Bekker et al., 2018; Mohr et al., 2015]. Earthquakes as small as magnitude 4.6 have measurably 68 

affected tree growth [Sheppard and White, 1995]. Trees offer some advantages over geological 69 

archives of past seismic shaking. Trees are abundant and may thus better constrain earthquake 70 

magnitude and location [Jacoby, 1997], and tree rings offer a yearly resolution that is more 71 

accurate than most geochronological tools [Jacoby et al., 1988; Sheppard and Jacoby, 1989]. 72 

Here we assess whether and how tree rings record a hydrological response to 73 

earthquakes. The principal mechanisms invoked to explain hydrological changes following large 74 

earthquakes include pore‐pressure response to seismic static or elastic strain [Muir-Wood and 75 

King, 1993; Wakita, 1975], permeability changes caused by seismic waves [Elkhoury et al., 76 

2006; Rojstaczer and Wolf, 1992; Wang et al., 2004], fluid migration along seismogenic dilatant 77 

cracks or crustal ruptures [Sibson and Rowland, 2003; Tsunogai and Wakita, 1996] or 78 

consolidation potentially up to liquefaction of sediments [Manga, 2001; Manga et al., 2003; 79 
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Montgomery and Manga, 2003]. Seismic shaking may also mobilize water from the unsaturated 80 

zone [Breen et al., 2020; Mohr et al., 2015]. If tree growth is limited mainly by water [Babst et 81 

al., 2019], trees should in theory record hydrological responses to earthquakes by changing their 82 

growth rates. 83 

Two commonly observed hydrological responses to earthquakes are falling groundwater 84 

levels along ridges and increased stream discharge owing to permeability increases [Rojstaczer et 85 

al., 1995; Wang et al., 2004]. These responses can persist for weeks to months and modify 86 

regional water balances [Mohr et al., 2017]. Many mechanisms for these changes have been 87 

proposed and debated [Manga and Wang, 2015]. One dramatic biological manifestation of these 88 

hydrological changes was the contrasting response of trees to the M 8 New Madrid, USA, 89 

earthquakes in 1811. Lyell [1849] reported that “all the trees of a date prior to 1811, although 90 

standing erect and entire, are dead and leafless.... [on the] higher level plain, where the dead trees 91 

stand . . . At the lower level are seen cypresses and cotton-wood, and other trees which delight in 92 

wet ground, all newer than 1812.” (p.1235). The growth surge in surviving bald cypress 93 

(Taxodium distichum) in the two years after the 1811 earthquakes was the largest ever recorded 94 

for this species in the southeastern United States [Arsdale et al., 1998]. 95 

From this observation, we hypothesize that strong ground shaking promotes tree growth 96 

close to streams, but impedes tree growth on hillslopes. We consider the response of trees in 97 

Chilean mountain catchments impacted by the Mw 8.8 Maule earthquake on February 27, 2010. 98 

First, we test whether rates of tree growth responded to the earthquake. Second, we assess 99 

whether this response outweighs other influences on growth such as rainstorms [Carvalho et al., 100 

2015]. We discuss whether it is possible to objectively identify seismic signals in tree rings even 101 

without knowing the exact timing of the earthquake. Álvarez et al., [2012] and Ojeda et al. 102 

[2018] reported highly variable, rainfall-driven, growth in pine plantations within or close to the 103 

rupture zone of the Maule earthquake. Similarly, we expect possible earthquake signals in trees 104 

on weekly to monthly, but not necessarily annual, time scales. Most studies that searched for 105 

earthquake signals in trees analyzed the width of annual growth rings [Fu et al., 2020]. Here, we 106 

focus instead on changes in wood anatomy at the cell-scale and on carbon isotopes as these may 107 

provide a connection between the growth of trees and the ecohydrological changes induced by 108 

the earthquake [Galle et al., 2010]. We test whether changes in tree growth can be a novel proxy 109 
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for identifying past earthquakes at an unprecedented temporal resolution afforded by studying 110 

individual wood cells. 111 

Stable carbon isotope analysis has become an important tool to trace eco-hydro-112 

physiological processes in dendroecology [Gessler et al., 2014]. 𝛿13C measures the ratio of 113 

stable carbon isotopes 13C to 12C [McCarroll and Loader, 2004]. Following Reynolds-Henne et 114 

al. [2007], the isotopic ratios in tree rings most strongly reflect conditions of the current growing 115 

season. The fractionation of 13C in wood occurs during photosynthetic diffusion and assimilation 116 

by the RuBisCo enzyme [Farquhar and Sharkey, 1982] because 13C is heavier than 12C and thus 117 

diffuses slower [O'Leary, 1988], forming slightly stronger chemical bonds. This isotopic 118 

discrimination is recorded in the living wood [e.g., Dupouey et al., 1993; Helle and Schleser, 119 

2004a, b; Warren et al., 2001]. For low temperatures, high water supply or a combination of 120 

both, stomata apertures expand and RuBisCO preferentially assimilates 12C from an abundant 121 

atmospheric pool, thus lowering 𝛿13C. In contrast, water stress, high temperatures or a 122 

combination of both, cause stomata apertures to decrease and reduce water loss through 123 

transpiration. Hence photosynthetic diffusion is restricted and assimilation by RuBisCO may be 124 

less “picky” in terms of preferring 12C, thus 𝛿13C increases [Helle and Schleser, 2004b].  125 

At the beginning of the vegetation period, tree growth depends on reserves that are 126 

mainly stored as starch from the previous year(s). Following a three-phase-model established for 127 

broad-leaf trees, a lag-effect of starch storage may arise at the beginning of the vegetation period 128 

provoking 𝛿13C enrichment [Helle and Schleser, 2004a]. This model predicts (1) enrichment in 129 

 𝛿13C of early wood that is followed by (2) a decline during latewood formation and (3) another 130 

increase at the end of each vegetation period, that is, the last part of the latewood domain. The 131 

increase in 𝛿13C in latewood happens at the end of the growing season due to same carbohydrate 132 

metabolism processes that enrich  𝛿13C during early wood formation. 𝛿13C is also sensitive to 133 

atmospheric CO2 concentration as 𝛿13C discrimination in plants is related to the ratio of the CO2 134 

concentrations within the stomatal cavity and the ambient atmosphere [e.g., Farquhar et al., 135 

1980; Keeling et al., 2017]. 136 

Wood anatomy is also sensitive to (seasonal) changes in soil water [Ziaco et al., 2016]. 137 

Carvalho et al. [2015] found a high correlation between lumen area (LA) and soil moisture in 138 

water-limited Mediterranean conifer forests. Lumen is the membrane-defined intercellular space 139 
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inside the elongated cells in the xylem of vascular plants called tracheids; lumen area is the 140 

cross-sectional surface area [Ziaco et al., 2016]. Assuming a sufficiently high number of 141 

tracheids formed per growing season and hydrological effects of earthquakes that persist for 142 

weeks to months [Manga and Wang, 2015], effects on tree growth should be recorded in wood 143 

anatomy. Seasonal patterns in 𝛿13COM and lumen area reflect the interaction between seasonal 144 

micro-meteorological factors, soil water, and plant response to its evaporative environment [e.g., 145 

Gessler et al., 2014]. Given potential access to shallow groundwater, earthquakes may cause 146 

favorable ecohydrological conditions and stimulate tree growth over days to weeks by triggering 147 

stomatal opening. We expect such boosting, however, under climatic conditions only that are 148 

favorable for tree growth, i.e. water stress relief by providing additional water to the plants. 149 

Thus, combining both wood anatomy and 𝛿13C could be a proxy of tree growth and transpiration 150 

[Galle et al., 2010]. To our knowledge, this is the first study of ecohydrological responses to 151 

earthquakes using stable isotopes and cell-level wood anatomy. 152 

 153 

2 Study area, hydroclimatic conditions, and Maule earthquake 154 

We study the response of Pinus radiata D. Don trees in two headwater catchments of the 155 

Chilean coast range (Fig. 1). The catchments, Pichún and San Antonio (SA), are equipped with 156 

streamflow water stage samplers, rain gauges, and air temperature loggers. These devices have 157 

been operated since 04/2008 [Huber et al., 2010] and used for hydrological and geomorphic 158 

responses to the Maule earthquake [Mohr et al., 2015; Mohr et al., 2012] and forestry 159 

[Barrientos et al., 2020; Mohr et al., 2013; Mohr et al., 2014].  160 
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 161 

Figure 1. Study area. a) Overview of study area in south-central Chile and (b) San Antonio and 162 

Pichún catchments: The Nicodahue River catchment is outlined by orange dots. Estimated 163 

topographic wetness Indices (TWI), relative slope positions for Pichún (c, f) and San Antonio (d, 164 

e); Location of the cored trees are depicted by red circles; Pink circles are TDR-Trime Access 165 

tubes for soil water monitoring and white triangles are streamflow gauges. Contour intervals are 166 

10 m and 20 m for San Antonio and Pichún, respectively. g and h show loactions of the cored 167 

trees. 168 

Both catchments are geologically and topographically similar [Mohr et al., 2012]. The 169 

dominant soil type is Luvisol. Schist bedrock is exposed in the channel beds and alluvial deposits 170 

are present only locally. SA covers 0.13 km2 with elevations from 270 to 380 m asl and mostly 171 

southeast-facing hillslopes; Pichún has 4.39 km2 with elevations between 320-480 m asl (Fig. 1) 172 

with mainly south-facing hillslopes. At the time of the 2010 earthquake, SA had mature (~25  173 
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Figure 2. Monthly mean air 

temperature [°C] and 

precipitation [mm] during 

the growing seasons of 

2008-2012; The catchment-

averaged CR2MET data are 

from Nicodahue (#8362001, 

Fig. 1) in the CAMELS-CL 

data set [Alvarez-Garreton 

et al., 2018].  

Table 1. Temperature and 

rainfall for 2008 to 2012. T 

and P refer to mean 

temperatures [°C] and 

precipitation [mm]. The 

subscript all refers to an 

entire year, whereas summer 

and winter indicate mean 

temperature and 

precipitation during the dry 

summer months (Sep-May), 

and wet winter months (Oct-

April), respectively; X̅ (and 

σ) is the mean (standard 

deviation) for 2008-2013.  

Data are from Nicodahue 

(#8362001) in the CAMEL-

CL dataset [Alvarez-

Garreton et al., 2018].  

 Temperature [°C] Precipitation [mm] 
 Tall Twinter Tsummer Pall Pwinter Psummer 

1965-2013 11.2 7.4 12.5 951 510 440 
X̅2008-13 11.2 7.3 12.5 890 611 374 
σ2008-13 0.55 0.47 0.78 205 159 40 
2008/2009 11.7 8.1 13.2 890 619 424 
2009/2010 10.4 7.1 11.4 1098 753 387 
2010/2011 10.8 7.2 12.0 1056 674 393 
2011/2012 11.5 7.1 13.0 733 669 330 
2012/2013 11.5 6.9 13.0 620 340 337 
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years old) Pinus radiata D.Don plantation forest, whereas Pichún had two-year old 174 

Eucalyptus spp. seedlings with shallow (<1 m) roots. Deeper-rooting (>2 m on average) native 175 

species such as Arrayán (Luma apiculata DC. Burret), Boldo (Peumus boldus Mol.), Roble 176 

(Nothofagus obliqua Mirb.) and exotic Pinus radiata D.Don were restricted to a 0.45 km2 177 

riparian buffer along the main stream [Mohr et al., 2012]. Pinus radiata may produce >150 178 

tracheids per growing season [Skene, 1969], thus providing a high temporal resolution. 179 

According to Peel et al. [2007], the climate is Mediterranean (Csb) with a rainy season in 180 

the Austral winter and a hot, dry summer (Fig. 2). The mean air temperature and rainfall during 181 

the growing season is 11.2 °C and 951 mm, respectively (Table 1). The inter-annual 182 

hydroclimatic conditions between the studied growing periods had standard deviations σ = 205 183 

mm and σ = 0.55 °C for mean annual precipitation and air temperature (Table 1). Among all 184 

growing seasons, those of 2011/12 and 2012/13 were extraordinarily dry and part of the multi-185 

year Central Chile Mega Drought [Garreaud et al., 2020].  186 

Both catchments were in the rupture zone of the 2010 Mw 8.8 Maule earthquake that 187 

caused local peak ground velocities (PGV) of ~24 and 26 cm/s on the ridge and the valley 188 

bottom, respectively, for ~150 seconds [Moreno et al., 2010; Vigny et al., 2011]. The earthquake 189 

induced streamflow responses across south-central Chile yielded >1 km3 of excess discharge 190 

[Mohr et al., 2017]. Groundwater models estimated an increase in evapotranspiration of 30%–191 

60% for at least 5-10 days after the earthquake before new rainfall commenced [Mohr et al., 192 

2015]. 193 

 194 

3 Data and Methods 195 

We sampled six Pinus radiata D.Don. trees to study their wood anatomy and 𝛿13C 196 

composition. We extracted cores with a standard 40-cm Haglöfs increment corer of 4 mm inner 197 

diameter. We sampled all trees from four directions, i.e. upslope, downslope and parallel to the 198 

local slope direction, to account for reaction wood due to gravity [Du and Yamamoto, 2007]. 199 

Samples were collected on 16 and 17 February 2014. We took samples from the valley-floor and 200 

hillslope ridges (Fig. 1) to check whether our tree data from these different topographic locations 201 

might reveal different subsurface responses to the earthquake and thus changes in water 202 
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availability. We used several additional tree specific covariates that explicitly account for 203 

subsurface hydrology: (1) topographic wetness index (TWI), (2) aspect, (3) distance from the 204 

nearest stream, (4) relative hillslope height, and (5) the topographic position index (TPI) (Table 205 

2, see Text S.1.1). We ran all spatial computations in QGIS 3.2.2 and SAGA 2.3.2. Fig. 3 and 206 

Text S.1.2. show the schematic workflow including all key lab analyses and data processing 207 

steps. 208 

Table 2. Topographic measures for a 10-m buffer around the cored trees 209 

 Sample ID 

Covariate NacPi6 NacPi7 NacPi11 NacPi20 NacPi25 NacPi30 

Altitude 

(m asl) 

130.55 

±1.62 

129.9 

±1.79 

124.64 

±1.40 

361.88 ± 

0.32 

361.84 ± 

0.94 

362.55 

±0.99 

TWI 11.9±3.6 11.0±3.9 6.7±1.3 7.5±0.4 4.8±0.2 4.7±0.3 

Aspect (°) 138.6±126.

0 

117.5±121.

1 

9.2±5.2 83.1±12.2 55.2±2.0 62.6±4.9 

Distance 

from stream 

(m)* 

4.01 4.04 30.6 108.5 93.9 94.3 

Relative 

Height 

0.01±0.01 0.02±0.01 0.19±0.07 0.78±0.01 0.90±0.02 0.88±0.04 

TPI -1.60±0.25 -1.61±0.28 -1.20+-0.15 0.11±0.03 0.66±0.04 0.59±0.07 

 210 

We selected tree cores according to three criteria: (1) accurate dating and highly 211 

correlated measurements with an existing master reference curve; (2) distinct and straight tree 212 

ring borders; and (3) minimal number of features such as false, narrow or missing rings. Six out 213 

of 24 cores met these criteria and were used in our analyses. Four to six trees were sufficient to 214 

approximate a “hypothetical perfect chronology” for isotope studies [Leavitt, 2010]. We used 215 

data on streamflow, rainfall, temperature, and potential evapotranspiration [Hargreaves and 216 
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Samani, 1985] from our monitoring campaigns in the catchments [Huber et al., 2010] (Fig. 1, 2) 217 

and from the CR2MET data for the Nicodahue catchment (#8362001) in the CAMEL-CL dataset 218 

[Alvarez-Garreton et al., 2018]. The Nicodahue catchment is the receiving basin of both Pichún 219 

and San Antonio catchments. All statistical p-values mentioned in the text refer to the Wilcoxon 220 

rank-sum test. 221 

 222 

3.1 Timing of cell differentiation within annual growing cycle, intra- and inter-annual 223 

dating  224 

Field-measured diameters at breast height (DBH) (Courtesy, Oscar Maradones, Forestry 225 

SA Mininco, Table S1) indicate that the growing season begins in June. To account for and 226 

propagate the uncertainties regarding the timing of the growth measurements and the accuracy of 227 

DBH measurements, we ran n = 10,000 Monte Carlo simulations of seasonal DBH growth. We 228 

assumed a uniform uncertainty of ±10 days for the date of the DBH measurements and a uniform 229 

measurement accuracy of ±1%. We estimated a date for each tracheid cell and 𝛿13C-increment 230 

using the Gompertz growth model [Rossi et al., 2003], which is widely used for dating xylem 231 

growth over growing seasons of conifers, including Pinus radiata [Drew and Downes, 2018]:  232 

 𝑦 = 𝐴 exp[−𝑒(𝛽−𝑘𝑡)], (1) 

       233 

which we solved for the time of cell formation (t) 234 

 

 

𝑡 =
𝛽 − ln [ln (

𝐴 + 1
𝑦 )]

k
 

(2) 

 235 

where y is cumulative number of cells, A is the asymptotic maximum number of cells, β 236 

is a location parameter, k is a rate change parameter (1/t), and t is time in days starting on June 1 237 

(t = t1). To avoid infinite values, we fixed the upper asymptote at A + 1 [Rossi et al., 2003]. We 238 

normalized the cumulative tree growth so that during a given growing season we can establish a 239 
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sub-annual chronology regardless of both the number of tracheid cells (for wood anatomy) and 240 

the ~100 µm-increments used for sampling 𝛿13C. 241 

We performed the inter-annual dating of the tree rings by measuring tree-ring width with 242 

WinDendro (Regent Instruments, Canada), and cross-dating all sampled cores with TsapWin 243 

(Rinntech, Heidelberg) and COFECHA [Holmes, 1983]. WinDendro is an image analysis tool to 244 

measure tree-ring width. Based on the scanned images, WinDendro semi-automatically measures 245 

the distances and angles between annual tree rings to estimate their width. This cross-dating is 246 

required in order to minimize errors within single tree cores owing to correlations among the 247 

samples. 248 

 249 

Figure 3. Overview of the workflow. a, b and c in the inset show a close-up of the working steps 250 

needed to obtain tracheidograms from the CLSM image (a); b and c show example screenshots 251 

of the WinCell application, with horizontal yellow bands illustrating single measurement paths. 252 

 253 
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3.2 Wood anatomy using confocal laser scanning 254 

Our setup consists of a light microscope (Olympus BX51) and a Confocal Laser 255 

Scanning Microscope (CLSM, Olympus FV3-3F3). The CLSM system uses a helium-neon laser 256 

[Liang et al., 2013] with a wavelength of 543 nm as light source, a condenser, a color splitter, a 257 

microscope objective, a confocal aperture, an emission filter, and a detector (photomultiplier, 258 

PMT). The detection wavelength is 650 ± 50 nm; Pinhole: 3 (Airy); Objective: x10/ Numerical 259 

Aperture = 0.3. We refer to [Liang et al., 2013] for technical details on the CLSM at the German 260 

Research Centre for Geosciences (GFZ), Potsdam, Germany.  261 

 262 

3.2.1 Measurement of cell parameters 263 

We measured lumen area (LA), lumen diameter (LD), cell-wall thickness (CWT), and 264 

cell diameter (CD) using WinCell (Regent Instruments, Canada), a software developed for wood 265 

anatomic image analysis. We focus on lumen area, which is particularly sensitive to changes in 266 

soil water [Carvalho et al., 2015]. We manually drew the tree ring boundaries using WinCell and 267 

tagged each tree ring with the corresponding year. WinCell connects two adjacent tree rings and 268 

creates ‘measurement regions’ as the area between two subsequent rings. Within such regions, 269 

all tracheids were measured. Next, WinCell defines eight measurement paths by selecting eight 270 

cell rows that run in the radial direction from one tree ring boundary to the next [Seo et al., 271 

2014]. One tracheid measurement path thus chronologically reflects the variations in cell growth 272 

from the beginning to the end of one growing season (Fig. 3).  273 

Tracheidograms show LA across the annual growth ring of a tree. Each cell line usually 274 

has an individual number of tracheids. To make tree rings comparable within a tree or from 275 

different trees, we normalized the number of cells per growing season along each path to the 276 

mean number of cells per hillslope position [Rossi et al., 2003], i.e. ridge (n = 159) and valley 277 

bottom (n = 108). These values agree well with reported cell numbers for Pinus radiata [Skene, 278 

1969]. We calculated tracheidograms with the R package tgram [de la Cruz and De Soto, 2017]. 279 

 280 
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3.3 Inter-and intra-annual 𝛿13C sampling of tree rings 281 

To differentiate between atmospheric 𝛿13C and 𝛿13C contained in organic matter, we use 282 

subscripts atm and OM. We performed all laboratory work at the dendrochronological laboratory at 283 

GFZ Potsdam, largely following the protocol by Schollaen et al. [2015, 2017].  284 

High-resolution intra-annual sampling was performed by using an UV-Laser 285 

microdissection microscope (LMD7000, LEICA Microsystems,Wetzlar, Germany). The annual 286 

rings were subdivided into several subsections of approx. 100 µm in the radial direction using a 287 

pen screen. The number of sub-sections per ring was mostly >20 and varied depending on the 288 

tree-ring width (Supplementary Table 2). Every sub-section defined on the pen screen was 289 

dissected with the UV-laser beam and collected in a single tin capsule standing in a collection 290 

holder. The capsules were sealed and put onto an autosampler of a high temperature pyrolysis 291 

furnace Isoprime mass spectrometer (Elementar, Hanau, Germany) coupled online to a Carlo 292 

Erba NA 1500 elemental analyzer. The isotopic composition of the carbon compound was 293 

expressed as relative differences of the 13C/12C ratio of tree material with respect to the Vienna 294 

Pee-Dee Belemnite (VPDB) standard.  295 

 296 

3.3.1 Modelling of intercellular CO2 concentrations 297 

We compared the measured 𝛿13COM values against modeled 𝛿13COM values. To this end, 298 

we first rearranged the photosynthesis model by Farquhar et al. [1980]    299 

  300 

 

 

𝛿13COM = 𝛿13Catm +  𝜖𝐷 ∗
(1 − 𝑐𝑖)

𝑐𝑎𝑡𝑚
+ 𝜖𝐶 ∗

𝑐𝑖

𝑐𝑎𝑡𝑚
 

(3) 

 301 

to solve for leaf intercellular CO2 concentrations (𝑐𝑖) in the seasons 2008-2009 and 2011-302 

2012 that we assumed to be unaffected by the earthquake or any starch storage at the beginning 303 

of the growing season [Helle and Schleser, 2004a] 304 

 𝑐𝑖 =  
𝑐𝑎𝑡𝑚 ∗  (𝜖𝐷 +  𝛿13Catm − 𝛿13COM)

(𝜖𝐷 − 𝜖𝐶)
 (4) 
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 305 

where 𝑐𝑎𝑡𝑚 is the atmospheric CO2 concentration (ppm), 𝜖𝐷 is the fractionation for 306 

diffusion (-4.4‰), 𝛿13Catm is atmospheric 13C concentration (-8‰), and 𝜖𝐶 is fractionation at the 307 

CO2 fixing enzyme, RuBisCo (-30‰). 𝛿13COM is the measured isotope fractionation of the 308 

cellulose samples; values for 𝜖𝐷 and 𝛿13Catm are from Helle and Schleser [2004b]. Atmospheric 309 

CO2 samples were collected at weekly to monthly intervals in a 5-liter evacuated glass flask and 310 

returned to Scripps Institution of Oceanography, where CO2 concentrations (ppm) were 311 

determined [Keeling and Whorf, 2004]. Given that both the concentration and seasonal 312 

fluctuations in 𝑐𝑎𝑡𝑚 are weaker in the southern than the northern hemisphere [Keeling et al., 313 

2001], we used values from Baring Head, New Zealand [Keeling et al., 2001] to stand in for 314 

missing local or regional data.  315 

To correct for the anthropogenic increase in atmospheric CO2, we detrended 𝑐𝑎𝑡𝑚 by 316 

decomposing the 𝑐𝑎𝑡𝑚 time series into seasonal trend and irregular components using R’s loess 317 

function with default parameterization [R Core Team, 2020].  We regressed the undisturbed 𝑐𝑖 318 

using a linear model of the detrended ambient atmospheric CO2 concentration 𝑐𝑎𝑡𝑚 (Fig. S2): 319 

 𝑐𝑖 = 𝑎 +  𝑏 𝑐𝑎𝑡𝑚, (5) 

where a is the model intercept and b is the model slope. The fitted 𝑐𝑖 feeds back into (3) 320 

yielding  321 

 

 

𝛿13𝐶𝑂𝑀_𝑚𝑜𝑑𝑒𝑙𝑒𝑑 = 𝛿13𝐶𝑎𝑡𝑚 +  𝜖𝐷
(1−𝑎 𝑏 𝑐𝑎𝑡𝑚)

𝑐𝑎𝑡𝑚
+ 𝜖𝐶𝑎𝑏. 

(6) 

 322 

Our key assumption is that any anomalies in 𝛿13COM caused by the earthquake are 323 

reflected in additional residuals from predicted values (7). Thus, we regard the model residuals 324 

as diagnostic of disturbance, following the disturbance hydrology approach by Buma and Livneh 325 

[2017]. We assume that all residuals except the ones induced by the earthquake are normally 326 

distributed. We then compared the observed postseismic 𝛿13COM with the modeled values to 327 

calculate a Residual 𝛿13COM-Signal (R𝛿13C𝑂𝑀S) - the amount by which the observed 𝛿13COM 328 

differed from the modeled in the assumed absence of an earthquake disturbance at each time t  329 
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R𝛿13𝐶𝑂𝑀S = 𝛿13COMobserved,t
−  𝛿13COMpredicted,t

 
(7) 

 330 

R𝛿13C𝑂𝑀S measures the sensitivity to earthquake disturbance in terms of the deviation 331 

from the expected 𝛿13COM time series. Our modified photosynthesis model is linear (Eq. 6) even 332 

without using trend-adjusted CO2 time series; thus, R𝛿13C𝑂𝑀S remains unchanged, though 333 

absolute residuals may change. Besides the modified Farquhar model, we calculated R𝛿13C𝑂𝑀S 334 

for a sinusoidal model (Eq. 8), assuming that both xylem growth and 𝛿13COM follow a simple 335 

seasonal cycle [King et al., 2013]. In both cases, we ran n = 10,000 MC models to estimate 336 

uncertainties: 337 

 338 

 
 

𝛿13C𝑂𝑀_𝑚𝑜𝑑𝑒𝑙𝑒𝑑 = 𝑋ˆ sin(𝜔𝑡 +  𝜑), 
(8) 

 339 

where 𝑋ˆ is the amplitude, 𝜔 is the angular frequency, and 𝜑 is the phase. 340 

We also calculated R𝛿13C𝑂𝑀S against the arithmetic mean of all measurements per tree 341 

and growing season. This approach is widely used in dendroecology [Feng, 1998]. To compare 342 

between trees and growing seasons, we standardized all residuals. The residuals of modeled vs. 343 

measured lumen area, i.e. Residual Lumen Area Signal (RLAS), was calculated the same way as 344 

R𝛿13C𝑂𝑀S. The increments cover time periods of different lengths depending of the timing of 345 

cell growth during the season, i.e. early and late wood. In order to make changes in 𝛿13COM both 346 

comparable during the entire growing season but also to keep the transitions between two 347 

subsequent measurements smooth, we estimated daily rates of 𝛿13COM change with cubic 348 

smoothing splines with 10 degrees of freedom, following recommendations by Cantoni and 349 

Hastie [2001]. 350 

 351 
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3.4. Boosted Regression Trees 352 

We used Boosted regression trees (BRT) from the family of generalized boosted models 353 

[Elith et al., 2008; Hastie et al., 2009] to identify environmental controls on 𝛿13COM and lumen 354 

area other than seismic. This step characterizes the main environmental controls of the studied 355 

proxies in the absence of a seismic event, and allows for comparison among the tree cohorts and 356 

individuals. BRTs are ensembles of decision trees trained on data, forming a nonparametric 357 

model capable of handling large nonlinear, noisy, fragmented, or correlated multidimensional 358 

data for classification and regression [Elith et al., 2008; Hastie et al., 2009]. BRTs combine two 359 

algorithms: (1) regression trees from the decision tree group of models, and (2) boosting to build 360 

an ensemble of models. The hierarchical structure of BRTs means that the response to one input 361 

variable depends on residuals higher in the tree structure, so that interactions between predictors 362 

are automatically modeled. Boosting is a sequential method for improving model accuracy, 363 

based on the idea that averaging the output of many poorly skilled models ("weak learners”) can 364 

offer more accurate predictions (“strong learners”) [Elith et al., 2008]. The strategy is to 365 

sequentially train tree models on the residuals of their predecessors. Boosting numerically 366 

minimizes the loss function by adding, at each step, a new tree that best reduces (or steps down 367 

the steepest gradient of) the loss function. Boosting thus focuses on the variation in the response 368 

unexplained by the model. Elith et al. [2008] pointed out two key features of BRTs: 369 

(1) The model structure is stochastic for improved predictive performance. The variance of the 370 

final model is reduced by using only a random subset of data to fit each new tree [Friedman, 371 

2002]. Among others, the variance is controlled by defining the bag fraction that specifies the 372 

proportion of data to be selected at each step. 373 

(2) The sequential fitting process builds on trees fitted previously, and increasingly focuses on 374 

the highest residuals to predict. This distinguishes the process from one where a single large 375 

tree is fitted to the data set [Hastie et al., 2009].  376 

The learning rate (lr) determines the contribution of each tree to the growing model, and 377 

the tree complexity (tc) controls whether interactions are fitted. These two parameters then 378 

determine the number of trees (nt) required for optimal prediction. Decreasing lr increases the 379 

required nt. In general smaller lr and larger nt are preferable [Elith et al., 2008]. We used the R 380 

package gbm [Greenwell et al., 2020] and set the learning rate lr = 0.001 and tree complexity tc 381 
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= 5, resulting in >3,000 trees, following recommendations by Elith et al. [2008]; we set the bag 382 

fraction to 0.5. The model produces measures of variable importance based on the number of 383 

times a variable is selected for splitting, weighted by the squared improvement to the model as a 384 

result of each split, and averaged over all trees [Friedman and Meulman, 2003]. The relative 385 

importance of variables is scaled such that their sum adds to 100, with higher numbers indicating 386 

stronger influence on the response. While the variable importance in an BRT model provides an 387 

estimate for the predictor importance in non-linear data, thus augmenting a simple correlation 388 

matrix showing linear dependence between predictor and response variables. The response 389 

variables are 𝛿13COM and mean lumen area (LA), whereas the predictors accounted for 390 

antecedent mean solar radiation, mean air temperature, mean streamflow discharge and 391 

maximum, mean, and cumulative precipitation. These antecedent conditions are the time 392 

windows captured by each single measurement of LA and 𝛿13COM increments. For 𝛿13COM we 393 

integrated the data at 100-µm increments, covering periods ranging from days to weeks 394 

depending on the time within the growing season. For the wood anatomy, we used the data per 395 

tree ring, i.e., integrated over one growing season. Besides the topographic measures (Table 2), 396 

our predictors also include tree and site-specific information, i.e., the individual tree and slope 397 

position (ridge and valley bottom). 398 

 399 

4 Results 400 

4.1 Growth modeling and time of cell differentiation 401 

Our measured field data show a continuous growing season throughout the entire year 402 

starting in June (Table S1). Assuming a growing season from June 1 to May 31, and best-fit 403 

model parameters A = 132.0+5.03/-4.18, β = 1.54+0.06/-0.06, and κ = 0.009+0.001/-0.001 (1/t), our 404 

Gompertz growth model has an R2 = 0.99 ± 0.001. The model overestimates accumulated growth 405 

during the early growing season, but more accurately fits growth towards the end, when the 406 

earthquake occurred (Fig. 4). 407 
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 408 

Figure 4. Observed and modeled cumulative tree growth per growing season. a) Light green 409 

curves are n = 10,000 Monte-Carlo (MC) Gompertz model fits to the measured data (dark green). 410 

Dark green error bars encompass the measured monthly DBH growth with measurement errors 411 

(whiskers). The timing of the earthquake during the growing period is highlighted as the orange 412 

dashed line. b) Distribution of the model fits (R2 values) for the 10,000 MC models. 413 

 414 

4.2 Wood anatomy 415 

4.2.1 Inter-annual wood anatomy 416 

When averaged over all growing seasons from 2008/2009 to 2012/2013, tree-ring width 417 

(4.56 ± 1.71 mm and 2.67 ± 0.88 mm), lumen area (336.7 ± 50.4 µm2 and 269.0 ± 73.9 µm2) and 418 

absolute early wood lumen area (412.9 ± 52.1 µm2 and 341.8 ± 64.6 µm2) on valley floors 419 

exceed those on the hillslope ridge (p ≤ 0.01) (Fig. 5A, C). Yet the percentage of early wood is 420 

indistinguishable (p = 0.57), with 67.7 ± 9.2% and 64.7 ± 11.1% on the ridge and valley floor, 421 

respectively (Fig. 5E).  422 

On the ridge, NacPi25 and NacPi30 follow a similar temporal pattern, with moderate 423 

linear correlation (r = 0.61 and 0.58) between tree ring width and lumen area (Fig. 5B). In 424 

contrast, the correlation among the valley-floor trees is negative (r = -0.41 to -0.62), and we note 425 

a strong correlation between ring width and number of cells for both NacPi6 and NacPi11 (r = 426 
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0.89-0.99, Table S6). Early wood hardly varied with time (Table S6), yet its relative differences 427 

are more pronounced (Fig. 5F). 428 

 429 

Figure 5. Summary of wood anatomic features. Density curves show (a) tree-ring width (mm), 430 

(c) lumen area (µm2), and (e) percentage of early wood grouped by hillslope ridges and valley 431 

bottom. b, d, and f are the mean wood anatomic features per growing seasons. Red-orange colors 432 
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refer to ridge, green to valley floor, respectively. Grey shaded area spans the growing season in 433 

which the Maule earthquake happened. 434 

 435 

4.3.2 Intra-annual wood anatomy  436 

Our measurements indicate anomalies in lumen area growth in at least two out of six 437 

samples,  NacPi11 and NacPi25 (Fig. 6C, D). These deviations from the sine model coincide 438 

with the timing of the Maule earthquake. NacPi11 indicates a positive deviation, with lumen area 439 

increasing from 250 to 390 µm2, lasting for about one month following the earthquake before 440 

returning to the pre-earthquake values (Fig. 6C). The residuals are high compared to NacPi20 441 

and NacPi30 (Fig. S5, Fig. S6), yet within the range of rainstorms in all growing seasons (Fig. 442 

S11). Similar increases in lumen area growth also happened in other growing seasons, e.g., 2010-443 

11, tied to rainfall events at the beginning of the growing season (Fig.S3). In contrast, rainfall 444 

was scarce in both catchments around the time of the Maule earthquake (Fig. 6A, B). Overall, 445 

however, lumen area does not scale with rainfall (Fig. S12B). 446 

 447 

 448 
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Figure 6. Wood anatomy of sampled trees on the valley floor (NacPi11in a, c, e) and the 449 

hillslope ridge (NacPi25 in b, d, e) for the 2009-10 growing season; streamflow discharge (in 450 

logarithmic scale) in blue, rainfall (black), and air temperature (red) for 06/2009-06/2010 451 

measured in Pichún (a) and S.A. (b); Potential evapotranspiration (red lines) in Nicodahue 452 

catchment (#8362001) from the CAMEL-CL dataset [Alvarez-Garreton et al., 2018]. The thick 453 

black curves are the medians of n = 10,000 MC-modeled time series of lumen area (green array 454 

of curves) and the white dashed lines are the medians of n=10,000 MC sine models from 455 

06/2009 to 05/2010 for NacPi11 (c) and NacPi25 (d), respectively. The light blue boxplots are 456 

the RLAS binned to daily values (e, f), with the medians in dark blue for NacPi11 (c) and 457 

NacPi25 (d), respectively.  The orange bars and dashed lines mark the earthquake date ±10 days. 458 

 459 

Trees on the ridge had a decrease in lumen area immediately after the Maule earthquake 460 

(Fig. 6D). Lumen area of NacPi25 sharply decreased by 68% from 230 to 65 µm2 between Feb 461 

25th and March 18th, respectively (Fig. 6D). A similar decrease also occurred in 2011, though 462 

stalled after rainfall that prompted increased streamflow (Fig. S4). Both NacPi20 and NacPi30 463 

had similar but smaller decreases (Fig. S5, S6).  464 

 465 

4.2 𝛿13COM fractionation 466 

For the period 1991-2012, with -24.89 ± 0.57 ‰ and -25.18 ± 0.72 ‰ , the average 467 

𝛿13COM were higher on the ridge compared to the valley floor, respectively (p <0.01, Table S7). 468 

During this period, 𝛿13COM increased at approx. 0.045 ‰ yr-1 for both valley-floor and ridge 469 

locations (Fig. S8). Solar radiation was consistently the most important predictor, both on the 470 

ridge and the valley bottom (Fig. 7). Accumulated rainfall is more important for 𝛿13COM after the 471 

earthquake, while temperature is less important after the earthquake. Postseismic streamflow is 472 

more important for 𝛿13COM on ridges than on the valley bottoms. Neither tree location nor mean 473 

or maximum precipitation are particularly important for predicting 𝛿13COM (Fig. 7, Table S3). 474 

 475 



manuscript submitted to Journal of Geophysical Research - Biogeosciences 

 

 476 

Figure 7. Relative variable importance of Generalized Boosted Regression Models of 𝛿13𝐶𝑂𝑀 477 

for hillslope ridges (orange) and valley floors (green) before and after the earthquake, 478 

respectively. The predictors solar radiation, mean temperature, mean discharge, and accumulated 479 

maximum and mean precipitation refer to time windows covered by a sample increment and thus 480 

cover varying periods; individual tree refers to location. The arrows show changes in variable 481 

importance after the earthquake on the ridge (orange) and the valley floor (green). See 482 

Supplementary Table 3 for a complete list of relative variable importance and model fits. 483 

 484 

A simple correlation exercise reveals additional indications for underlying hydro-485 

environmental controls. In essence, the wetter the site (see, for example, TWI, TPI, normalized 486 

height, mean altitude, distance to the next stream, Fig. 8), the higher is 𝛿13COM. This scaling also 487 

applies for the wood anatomy. For example, TWI is positively correlated with 𝛿13COM (Fig. 8).  488 

 489 
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 490 

Figure 8. Correlation matrix of environmental conditions of tree growth. Aspect refers to mean 491 

aspect (°), TWI is the topographic wetness index, TPI is topographic position index, Altitude is 492 

altitude (m asl), all within a 10-m buffer around each tree. Normalized height is dimensionless. 493 

dist2stream is the distance of the sampled tree from the nearest stream (m) (Table 2). 𝛿13COM is 494 

standardized for each tree, width is mean annual tree-ring width, number of cells refers to the 495 

mean along the eight paths, lumen area is to the average and percentage early wood is the mean 496 

of early wood in each annual tree ring. The numbers are Pearson correlation coefficients; r = 1 497 

between TPI and Norm. Height is due to rounding of r = 0.997. 498 

 499 

After the earthquake, the measured 𝛿13COM in NacPi11 decreased faster than our model 500 

means, particularly that of the sine model (see a in Fig. 9C), as the absolute (negative) model 501 
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residuals switched from 0.24 (‰) on Feb 26th to -0.53 (‰) on the day of the earthquake and 502 

increased to -1.06 (‰) on March 29th, i.e. for a period of less than five weeks (30 days). A 503 

similar increase in residuals is also observed for both alternative modeling approaches; residuals 504 

are smallest for the sine model (Fig. 9E). The estimated daily rates of 𝛿13COM largely remained 505 

unchanged (Fig. 9C). 506 

 507 

  

Figure 9. 𝛿13COM fractionation of NacPi11 (left) and NacPi20 (right) in the growing season 508 

2009-2010. A, B: Time series of discharge (on logarithmic scale) in blue, rainfall (black), air 509 

temperature (red), and potential evapotranspiration (pink). a) Data on streamflow discharge, 510 

rainfall, and air temperature from Pichún (a) and S.A. (b) catchments, respectively; potential 511 

evapotranspiration from Nicodahue catchment (#8362001) of CAMEL-CL data [Alvarez-512 

Garreton et al., 2018)]. The orange bars and dashed lines mark the earthquake date ±10 days. c, 513 

d) The black curve is the median of all MC-modeled time series of 𝛿13COM (n = 10,000, green 514 

array of curves) of NacPi11 (c) and NacPi20 (d). Daily rates of 𝛿13COM change are violet points 515 

with violet solid line showing medians and red dashed line showing spline regression. The 516 

yellow curves are medians of n=10,000 MC- sinusoidal–models per sampled cellulose 517 

increments. e, f): Residual 𝛿13𝐶𝑂𝑀 signals (R𝛿13𝐶𝑂𝑀S); grey and red bars are 𝛿13COM-residuals 518 
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to of the Farquhar-models and residuals between observed 𝛿13COM-values and the annual mean, 519 

respectively. The blue boxplot time series are daily 𝛿13COM-residuals of sinusoidal model. The 520 

grey dotted curves are de-trended atmospheric CO2 (ppm) measured at Baring Head, New 521 

Zealand [Keeling et al., 2001]. 522 

 523 

Measured 𝛿13COM at NacPi20 also decreased from -24.04 (‰) on Jan 15th to the 524 

minimum of -27.07 (‰) of March 31st. Amid this trend, a transient increase in the residuals 525 

coincides with the timing of the earthquake (a inFig. 9D, F). The estimated daily rates of 𝛿13COM 526 

remained unchanged (p = 0.31). Around the time of the earthquake, however, the rates fell 527 

slower when compared to a simple spline interpolation (b in Fig. 9D). This small offset is in line 528 

with the observed transiently interrupted trend in 𝛿13COM decline towards the end of the growing 529 

season (Fig. 9D). A transient increase in 𝛿13COM is also seen for NacPi30 (Fig. S9), even more 530 

pronounced in the model residuals.  531 

5 Discussion 532 

5.1 Site specific and inter-annual patterns of 𝛿13COM and wood anatomy 533 

Tree growth is either energy- or water-limited or a combination of both [Babst et al., 534 

2019]. The growth of Pinus radiata in Mediterranean areas such as south-central Chile is 535 

generally water-limited [Ojeda et al., 2018], thus following a temporal pattern determined by the 536 

water supplied during the rainy season. While previous studies suggest a growing season from 537 

September to April [Álvarez et al., 2012], our original field data instead support a longer, year-538 

round season from June to May (Fig. 4), most likely sustained by subsurface water storage 539 

capacities. Previous work in the study catchments points to near-saturated conditions of deeper 540 

soils (>180 cm) even during summer [Huber et al., 2010; Mohr et al., 2015], thus still providing 541 

water for Pinus radiata D.Don, likely prolonging the growing season. Factors other than water 542 

deficit affect tree growth in pine plantations of southern-central Chile, such as vapor pressure 543 

deficit or soil water holding capacity [Álvarez et al., 2012]. Yet, we argue that water availability 544 

and soil water saturation are the prime controls for tree growth (and photosynthesis), given the 545 

strong correlations between 𝛿13COM and wood anatomic proxies (tree ring width, number of 546 

cells, and lumen area) with the topographic wetness index (TWI), absolute and relative altitude, 547 
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TPI and distance to streams. Thus, the higher, farther from soil water, and drier a tree site is, the 548 

lower the 𝛿13COM and the more restricted is tree growth (Fig. 8). A negative relationship 549 

between TPI and tree growth has been reported for various environments [Bałazy et al., 2019; 550 

Jucker et al., 2018], likely independent of local hydroclimatic conditions. 551 

In general, we find that all dendro-ecological proxies indicate more favorable conditions 552 

for tree growth on the valley floor close to the stream, compared to ridges. This contrast holds if 553 

including elevation and discrimination rates of 𝛿13COM for Pinus radiata D.Don, 2.53‰ km-1 554 

[Warren et al., 2001], as elevation modulates carboxylation capacities and stomatal conductance 555 

[Qiang et al., 2003]. A higher irradiance in the valley is unlikely the reason for these site-specific 556 

differences for at least two reasons. First, the valley floor and the ridge sites have similar north-557 

facing aspects and indistinguishable tree-height distributions [Huber et al., 2010] and thus 558 

receive similar potential incoming solar radiation (Table S5). Second, forests remained 559 

undisturbed during the study period, so that we exclude changing shadow effects from 560 

neighboring trees. McCarroll and Loader [2004] point out that 𝛿13COM may correlate with 561 

irradiance following thinning as tree crowns reach higher canopy strata [Mölder et al., 2011]. We 562 

infer that irradiance patterns insufficiently explain differences in 𝛿13COM between sites nor its 563 

increase over time. Instead, the increasing 𝛿13COM between 1991 and 2012 is consistent with an 564 

‘age effect’ of trees and increasing atmospheric CO2 concentrations (Fig. S8). Given tree ages of 565 

21 to 26 years at the time of coring [Huber et al., 2010], the trees were at 70-90% of their 566 

maximum growth rates [Cerda Vargas and Nuñez Sandoval, 1996] (Fig. S7), and likely in the 567 

thick of expanding their canopies judging from the increasing 𝛿13COM. Also, water-use 568 

efficiency increases in response to rising atmospheric CO2 concentrations [Gessler et al., 2014]. 569 

Assuming enhanced water use because of higher atmospheric CO2 concentrations, we would 570 

expect that the residuals of our detrended photosynthesis model increase with time, i.e. the 571 

higher the atmospheric CO2 concentration, the higher the residuals. This is not the case (Fig. S8). 572 

 573 

5.2 Intra-annual wood anatomy and 𝛿13𝐶𝑂𝑀 574 

Our observations largely agree with a three-phase 𝛿13COM sequence model proposed for 575 

broad-leaf deciduous trees [Helle and Schleser, 2004a], as we measured highest 𝛿13COM during 576 

periods of highest potential evapotranspiration that coincides with dry and hot summer 577 
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conditions and high atmospheric and soil water stress. At the same time, the storage effects may 578 

explain the offsets between subsequent growing seasons [Helle and Schleser, 2004a]. Assuming 579 

a simplified, sinusoidal growing cycle, the 𝛿13COM pattern largely followed the expected 580 

seasonal pattern [Helle and Schleser, 2004a; Warren et al., 2001] with a maximum during the 581 

peak of the dry season, regardless of slope position (Fig. 9C, D). Compared to the averages over 582 

the study period, low 𝛿13COM and large wood anatomic features, i.e. tree ring width, number of 583 

cells, lumen area, and early wood formation, point to particularly favorable growing conditions 584 

during the 2009-2010 growing season regardless of topographic position. We attribute these 585 

improved growing conditions to the wetter and more extended rainy season relative to the 586 

previous one (Table 1). Our interpretation is similar to that by Carvalho et al. [2015], who found 587 

a close correlation between soil moisture and lumen diameter for pine under water-limited 588 

conditions. Assuming higher-than-average water supply during the 2009-2010 growing season, 589 

we expect that increased stomatal aperture and RuBisCO promoted higher rates of 590 

photosynthesis [Helle and Schleser, 2004b], consistently with a lower 𝛿13COM. In contrast, the 591 

values for 2008/09 and 2009/2010 might arise from the transition from a La Niña to an El Niño 592 

in the Southern Oscillation [Kim et al., 2011]. Our measured 𝛿13COM cross-correlation with the 593 

Southern Oscillation Index (SOI) lagged by up to three years (Fig. S10B). El Niño may have 594 

provided sufficient water to recharge the water storage given that soils and sediments may 595 

exceed depths of >5 m [Mohr et al., 2012]. During the subsequent years, the trees may have been 596 

fed by earlier precipitation. These years, in turn, were dominated by the onset of the Central 597 

Chile Mega Drought [Garreaud et al., 2020]. 598 

 599 

5.3 Potential earthquake effects on wood anatomy and 𝛿13𝐶𝑂𝑀 600 

At the beginning of the growing season, tree growth depends on reserves (= early wood), 601 

mainly stored as starch during the previous year. Starch accumulates in tissues of the sapwood or 602 

the phloem cells during summer and autumn (= latewood). In spring, when the period of fast 603 

growth commences, starch is mobilized again and transported from storage to meristematic 604 

tissue [Helle and Schleser, 2004a]. The offsets between two successive growing seasons (Fig. 605 

S9) and the resulting misfit of some sine models mainly during early wood formation, may 606 

reflect such storage effects causing abrupt steps in isotopic ratios. However, a 𝛿13COM-storage 607 
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effect may not explain the post-seismic steps because storage effects may only affect early wood 608 

but not latewood. The Maule earthquake occurred during latewood formation. 609 

Given the warm and drought conditions in summer 2010, we can assume narrow stomatal 610 

apertures and a slow decline of 𝛿13COM in the latewood of the 2009-2010 growing cycle. On the 611 

valley floor, the decrease in 𝛿13COM is faster than the modeled values (Fig. 9C), thus suggesting 612 

enhanced photosynthesis. In contrast, an abrupt, short-lived increase in 𝛿13COM at higher 613 

elevations (Fig. 9C,D) implies more restricted photosynthesis and unfavorable growing 614 

conditions [Helle and Schleser, 2004b]. The offset between the estimated daily rates of 𝛿13COM 615 

and the spline-interpolated is, despite being small, ‘significant’ and in line with this 616 

interpretation. Because 𝛿13COM negatively scales with relative soil water [Dupouey et al., 1993], 617 

we explain these different responses with differences in soil-water availability following the 618 

seismic shock. Higher and lower soil moisture along the valley floor (= discharge area) and ridge 619 

(= recharge area), respectively, are consistent with modeled streamflow responses to the Maule 620 

earthquake [Mohr et al., 2015]. Our wood anatomical results are in good agreement with this 621 

interpretation. Under the water-limited Mediterranean climate, pine trees can plastically adjust 622 

their tracheid sizes to soil-water content. While enlarging the tracheids, water can only enter the 623 

expanding cell if the apoplastic water potential is higher than the symplastic water potential 624 

[Carvalho et al., 2015]. We can exclude that rainfall raised the soil moisture on the valley floor, 625 

because conditions for several days prior to the earthquake were dry. Further, the sites are close 626 

together, have similar aspect, and thus likely receive similar amounts of rainfall. 627 

Altogether, our observations are consistent with enhanced and reduced evapotranspiration 628 

on the valley bottom and ridge areas, respectively, caused by earthquake-triggered changes in 629 

soil-water availability. At a first glance, this finding is counter-intuitive as it suggests possible 630 

positive effects of earthquakes on tree growth as opposed to the many reports of negative effects 631 

on tree growth [e.g., Fu et al., 2020; Lin and Lin, 1998; Meisling and Sieh, 1980]. Yet our 632 

contrasting responses between the valley floor and the hillslope ridge are consistent with reports 633 

by Bekker et al. [2018]. These authors found that tree rings were broader in a riparian zone 634 

compared to higher areas, likely driven by a rise in groundwater after the M6.9 1983 Borah Peak 635 

earthquake, Idaho. The peak ground velocity of >50-25 cm/s was similar for both the Borah and 636 

Maule earthquakes [Mohr et al., 2018, U.S. Geological Survey, 2021). 637 
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We emphasize that not all trees share a site-specific response. The dendro-ecologic 638 

response on the hillslope ridge seems more uniform compared to the valley bottom  (e.g., Fig. 639 

5B). We explain this contrast with the groundwater topography. The local groundwater depth is 640 

greater at higher topographic positions because the unconfined groundwater surface does not 641 

follow the surface topography. Hence, seismogenic lowering of the groundwater table may only 642 

slightly reduce water availability further, as the soils were aleady extemely dry. Along the valley 643 

bottom, instead, even a small additional supply of water may make a difference, thus stimulating 644 

tree growth given severe water deficits. As the subsurface is heterogeneous in soil hydrological 645 

terms with subsurface flow paths and soil hydrologic properties disturbed by previous rotations 646 

[Mohr et al., 2013], we cannot expect consistent seismo-hydrological responses. Some further 647 

possibilities for the variable tree growth responses to the Maule earthquake include death of 648 

neighboring trees due to forest management, wind throw [Buma and Johnson, 2015], or root 649 

damage by ground shaking [e.g., Lin and Lin, 1998; Meisling and Sieh, 1980; Spiecker, 2003]. 650 

However, we could not find any field evidence for any of these anomalies. 651 

The overall, relative effects of the Maule earthquake on wood isotopic fractionation and 652 

tree growth are small. For the valley bottom, the responses in 𝛿13COM and lumen area do not 653 

exceed the 0.78 and <0.83 quantiles. Along the hillslope ridges, these responses are as small as 654 

the 0.13 quantiles for 𝛿13COM and <0.95 for the lumen area, respectively (Fig. S11, Table S8). 655 

Hence, single major rainstorms may have larger impact on the dendroecology in these forest 656 

stands and, given the data available, we can only speculate about potential ecohydrological and 657 

ecogeomorphic effects of the site-specific, contrasting dendroecological responses reported here. 658 

For example, a short‐term positive earthquake effect on plant growth may potentially increase 659 

root cohesion immediately after the earthquake in lower elevation areas, as suggested by Tolorza 660 

et al. [2019], and the seismic shaking may also directly or indirectly - via higher soil-water 661 

content [Sidle and Ochiai, 2006] - surpass or counteract this change in cohesion. 662 

The Gompertz growth model is needed to assign dates to our samples, because neither 663 

wood anatomic features nor intra-annual 𝛿13COM sample increments reveal information about 664 

events such as the Maule earthquake or rainstorms. Tree growth is a non-linear process [e.g., 665 

Fekedulegn and Colbert, 1999]. We note that uncertainties in our dating procedure propagate 666 

trough time, such that they increase towards the end of the growing season, culminating when 667 
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the Maule earthquake occurred. This was a time when latewood formation reduced the temporal 668 

resolution because of a lower tracheid formation rate [Carvalho et al., 2015]. While the total 669 

uncertainty is hard to quantify, we consider an interval of 21 days to be suitable as it covers 670 

periods longer than a single cell needs to grow even at the end of the growing season. Thus, we 671 

are confident that our dating allows for a scientifically sound interpretation. 672 

We are aware that assuming a linear relationship between the leaf intercellular CO2 673 

concentrations and ambient atmospheric CO2 concentration, that in turn feeds into the Farquhar 674 

photosynthesis model, is simplified. Leaf intercellular CO2 concentrations vary during a growing 675 

season [Gessler et al., 2014] following changes in temperature, and water vapor effects on 676 

stomata conductance and diffusivity [Tominaga et al., 2018]. However, Moss and Rawlins 677 

[1963] reported a linear relationship with values close to our estimates. When comparing the 678 

residuals, our modified photosynthesis model performs (slightly) better than a simple, commonly 679 

applied approach of normalizing 𝛿13COM measurements [Feng, 1998]. This supports the use of 680 

our modified Farquhar model with a sinusoidal trend to predict 𝛿13COM values with acceptable 681 

uncertainties. 682 

We argue that water stress around the time of an earthquake is required to record 683 

hydrological effects of earthquakes in tree rings. Only under water-limited tree growth, as in the 684 

case here [Ojeda et al., 2018], will additional water provided by seismo-hydrological processes 685 

lead to enhanced root water uptake and eventually measureable changes in tree growth and 686 

photosynthetic activity. Future research may want to examine the possibility of similar responses 687 

in other settings with prolonged dry seasons. Good candidates to test our hypothesis are 688 

earthquakes in California, e.g., 2014 M6.6 South Napa or 1989 M6.9 Loma Prieta, [Rojstaczer 689 

and Wolf, 1992; Wang and Manga, 2015], whereas the best studied earthquakes in terms of 690 

hydrological phenomena, the 1999 M7.7 Chi-Chi Earthquake in Taiwan [e.g., Wang et al., 2016; 691 

Wang et al., 2004], is unlikely to be a promising candidate because of the tropical climate.  692 

 693 

5 Conclusions 694 

The Maule earthquake had an influence on tree growth in the studied catchment but is 695 

only discernable over weeks. The common dendrochronological practice restricted to the annual 696 

scale may therefore miss earthquakes or underestimate the area affected by a given earthquake. 697 
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Our wood anatomy and biogeochemical data indicate that: 698 

1) Post-seismic changes in lumen area and 𝛿13COM reveal tree growth and photosynthetic 699 

responses to earthquakes; however, such responses likely only apply under water-limited 700 

conditions, i.e. when earthquakes are capable to relief water stress by providing additional 701 

water to the plants. These circumstances need to be considered in sampling campaigns 702 

when considering tree coring in paleoseismology. 703 

2) The recorded response of tree growth to the Maule earthquake depended on the locations 704 

of the tree in the catchment, with enhanced growth along the valley floor but decreased 705 

growth along the ridges. 706 

Lastly, our observed earthquake signals show in changes in 𝛿13COM and wood anatomical 707 

features, and lasted less than a year, unlike the longer-lived perturbation to tree growth 708 

documented in other studies based on tree-ring widths. Details in wood anatomy and isotopes 709 

might offer a tree-based approach for paleoseismology beyond simply considering width. 710 

Recognizing the subtle signals in the studied trees, however, benefitted from known climatology, 711 

plausible parameterization of photosynthesis-models, and precipitation and temperature records. 712 
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Name Tree ID Growing Season Parameter 

NacPi6_2007_iso NacPi6 2006-2007 𝛿13𝐶𝑂𝑀 

NacPi6_2008_iso NacPi6 2007-2008 𝛿13𝐶𝑂𝑀 

NacPi6_2009_iso NacPi6 2008-2009 𝛿13𝐶𝑂𝑀 

NacPi6_2010_iso NacPi6 2009-2010 𝛿13𝐶𝑂𝑀 

NacPi6_2011_iso NacPi6 2010-2011 𝛿13𝐶𝑂𝑀 

NacPi6_2012_iso NacPi6 2011-2012 𝛿13𝐶𝑂𝑀 
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NacPi7_2008_iso NacPi7 2007-2008 𝛿13𝐶𝑂𝑀 

NacPi7_2009_iso NacPi7 2008-2009 𝛿13𝐶𝑂𝑀 

NacPi7_2010_iso NacPi7 2009-2010 𝛿13𝐶𝑂𝑀 

NacPi7_2011_iso NacPi7 2010-2011 𝛿13𝐶𝑂𝑀 

NacPi7_2012_iso NacPi7 2011-2012 𝛿13𝐶𝑂𝑀 

NacPi11_2008_iso NacPi11 2007-2008 𝛿13𝐶𝑂𝑀 

NacPi11_2009_iso NacPi11 2008-2009 𝛿13𝐶𝑂𝑀 

NacPi11_2010_iso NacPi11 2009-2010 𝛿13𝐶𝑂𝑀 

NacPi11_2011_iso NacPi11 2010-2011 𝛿13𝐶𝑂𝑀 

NacPi11_2012_iso NacPi11 2011-2012 𝛿13𝐶𝑂𝑀 

NacPi11_2013_iso NacPi11 2012-2013 𝛿13𝐶𝑂𝑀 

NacPi20_2007_iso NacPi20 2006-2007 𝛿13𝐶𝑂𝑀 

NacPi20_2008_iso NacPi20 2007-2008 𝛿13𝐶𝑂𝑀 

NacPi20_2009_iso NacPi20 2008-2009 𝛿13𝐶𝑂𝑀 

NacPi20_2010_iso NacPi20 2009-2010 𝛿13𝐶𝑂𝑀 

NacPi20_2011_iso NacPi20 2010-2011 𝛿13𝐶𝑂𝑀 

NacPi20_2012_iso NacPi20 2011-2012 𝛿13𝐶𝑂𝑀 

NacPi25_2010_iso NacPi25 2009-2010 𝛿13𝐶𝑂𝑀 

NacPi25_2011_iso NacPi25 2010-2011 𝛿13𝐶𝑂𝑀 

NacPi25_2012_iso NacPi25 2011-2012 𝛿13𝐶𝑂𝑀 

NacPi25_2013_iso NacPi25 2012-2013 𝛿13𝐶𝑂𝑀 

NacPi30_2008_iso NacPi30 2007-2008 𝛿13𝐶𝑂𝑀 

NacPi30_2009_iso NacPi30 2008-2009 𝛿13𝐶𝑂𝑀 

NacPi30_2010_iso NacPi30 2009-2010 𝛿13𝐶𝑂𝑀 

NacPi30_2011_iso NacPi30 2010-2011 𝛿13𝐶𝑂𝑀 

NacPi30_2012_iso NacPi30 2011-2012 𝛿13𝐶𝑂𝑀 

NacPi30_2013_iso NacPi30 2012-2013 𝛿13𝐶𝑂𝑀 

d13C_NacPi_annual NacPi6, NacPi7, 

NacPi11, NacPi20, 

NacPi25, NacPi30 

1987/88-

2012/2013 

𝛿13𝐶𝑂𝑀 

nacpi6c_2008 NacPi6 2007-2008 Lumen 

area 

nacpi6c_2009 NacPi6 2008-2009 Lumen 

area 

nacpi6c_2010 NacPi6 2009-2010 Lumen 

area 

nacpi6c_2011 NacPi6 2010-2011 Lumen 

area 
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nacpi6c_2012 NacPi6 2011-2012 Lumen 

area 

nacpi6c_2013 NacPi6 2012-2013 Lumen 

area 

nacpi7c_2008 NacPi7 2007-2008 Lumen 

area 

nacpi7c_2009 NacPi7 2008-2009 Lumen 

area 

nacpi7c_2010 NacPi7 2009-2010 Lumen 

area 

nacpi7c_2011 NacPi7 2010-2011 Lumen 

area 

nacpi7c_2012 NacPi7 2011-2012 Lumen 

area 

nacpi7c_2013 NacPi7 2012-2013 Lumen 

area  

nacpi11c_2008 NacPi11 2007-2008 Lumen 

area 

nacpi11c_2009 NacPi11 2008-2009 Lumen 

area 

nacpi11c_2010 NacPi11 2009-2010 Lumen 

area 

nacpi11c_2011 NacPi11 2010-2011 Lumen 

area 

nacpi11c_2012 NacPi11 2011-2012 Lumen 

area 

nacpi11c_2013 NacPi11 2012-2013 Lumen 

area 

nacpi20c_2008 NacPi20 2007-2008 Lumen 

area 

nacpi20c_2009 NacPi20 2008-2009 Lumen 

area 

nacpi20c_2010 NacPi20 2009-2010 Lumen 

area 

nacpi20c_2011 NacPi20 2010-2011 Lumen 

area 

nacpi20c_2012 NacPi20 2011-2012 Lumen 

area 
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nacpi20c_2013 NacPi20 2012-2013 Lumen 

area 

nacpi25c_2007 NacPi25 2006-2007 Lumen 

area 

nacpi25c_2008 NacPi25 2007-2008 Lumen 

area 

nacpi25c_2009 NacPi25 2008-2009 Lumen 

area 

nacpi25c_2010 NacPi25 2009-2010 Lumen 

area 

nacpi25c_2011 NacPi25 2010-2011 Lumen 

area 

nacpi25c_2012 NacPi25 2011-2012 Lumen 

area 

nacpi25c_2013 NacPi25 2012-2013 Lumen 

area 

nacpi30c_2008 NacPi30 2007-2008 Lumen 

area 

nacpi30c_2009 NacPi30 2008-2009 Lumen 

area 

nacpi30c_2010 NacPi30 2009-2010 Lumen 

area 

nacpi30c_2011 NacPi30 2010-2011 Lumen 

area 

nacpi30c_2012 NacPi30 2011-2012 Lumen 

area 

nacpi30c_2013 NacPi30 2012-2013 Lumen 

area 

DATA. The filename is composed of the name given in the table and the ending”.txt”. 

Upper case is used for the 𝜹𝟏𝟑𝑪𝑶𝑴 data (grey), while lower case is used for wood 

anatomic data.  We are going to upload the data to a public repository, pending the final 

decision on this manuscript. 

Introduction  

Our supporting material comprises a two text sections explaining in more detail the 

calculation of the topographical indices we considered (S1), and presenting an overview 

of our 𝛿13𝐶𝑂𝑀 sample preparation in the lab. We provide additional figures showing 

intra-annual time series of wood anatomy (Figures S1.3-1.6) and 𝛿13C𝑂𝑀 (Figure S1.9). 

Further we provide a figure of residual lumen area signals the period for period 2008-

2013 (Figure S1.1), the concentration of atmospheric CO2 measured which the detrended 
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atmospheric CO2 and modeled cellular CO2 concentration build on (Figure S1.2). One 

additional figure depicts the modeled growing rates of Pinus radiata (Figure S.1.7), 

another one illustrates the inter-annual 𝛿13C𝑂𝑀 cellulose measurements of the cored 

trees (Figure S.1.8). Figure S1.10 provides an additional figure of the Southern Oscillation 

Index (SOI) and the cross-correlation with model residuals, while Figure S1.11 presents 

cumulative density functions of model residuals to allow for better context (also see 

Table S8 for values). The supporting information also comprises a table (Table S1) with 

field measurements of DBH and tree height growth from Nacimiento Pinus radiata 

plantation forests (data provided by Mininco), a table providing information on tree-

specific numbers of 𝛿13C𝑂𝑀  samples. Table S3 provides model performance and relative 

variable importance of our Boosted Regression Tree approach. Table S4 and S5 present 

additional meteorological data and potential incoming solar radiation, respectively. 

Lastly, Tables S6 and S7 provide an overview of tree- and growing-season-specific wood 

anatomic proxies, and annually resolved 𝛿13𝐶𝑂𝑀 values. 

We also upload our intra-annually resolved 𝛿13𝐶𝑂𝑀 and lumen area data to a public 

repository, pending the final decision on this manuscript. 

Text S1. Topographic variables 

We quantified topographic variables that explicitly account for subsurface hydrology: (1) 

topographic wetness index (TWI), (2) aspect, (3) distance from closest stream, (4) relative 

hillslope height, and (5) topographic position index (TPI). To this end we first resampled a 

1-m airborne LiDAR DEM to 5-m horizontal resolution to reduce extreme values of the 

TWI and TPI estimates [Jucker et al., 2018]. We averaged all site variables within a radius 

of 10 m around each tree to include the area of influence for root water uptake. Given an 

average tree crown diameter of <10 m [Huber et al., 2010], this buffer value is motivated 

by observations that relate horizontal root spread and tree crown diameter [Smith, 1964]. 

Relative hillslope height refers to how near a sampled tree is to either valley bottom (0) 

or the ridge line (1) [Conrad et al., 2015]. The TWI describes the tendency to accumulate 

subsurface water, though neglecting soil properties and capillarity effects [Boehner et al., 

2002; Boehner and Selige, 2006]:  

 

 

 

TWI =  ln (
𝑎

tan𝛽
) (1) 

 

where a is upslope accumulated area and 𝛽 is local slope [Beven and Kirkby, 1979]. The 

TPI measures relative topographic position as the difference between the elevation at a 

central point 𝑍0 and the mean elevation 𝑍̅ in a given neighborhood defined by a radius 

(R): 

 

 

 

TPI =  𝑍0 − 𝑍̅ = 𝑍0 −
1

𝑛𝑅
∑ 𝑍𝑖

𝑖∈𝑅
  

(2) 
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where 𝑍𝑖 is the elevation of the DEM grid and 𝑛 is the total number of surrounding pixels 

(n = 20) [Wilson and Gallant, 2000].  

 

Text S2. 𝜹𝟏𝟑𝑪𝑶𝑴 sample preparation 

We manually separated tree rings using a scalpel under a microscope. We extracted 

wood α-cellulose to avoid isotope variations caused by varying contents of other 

structural and non-structural wood fractions. We used sodium hydroxide, sodium 

chlorite and acetic acid to remove the extractives [Loader et al., 1997] according to 

standard methodologies [Schollaen et al., 2015; Wieloch et al., 2011]. Then, we 

homogenized α-cellulose with an ultrasonic device and freeze-dried according to 

Schollaen et al. [2017], before we packed between 180 and 220 μg of cellulose into tin 

capsules. 

First, cross-sections from the wood cores were cut with a core microtome. Second, the 

cross-sections (approx. 500 µm thick) were fixed in special metal frame slides and 

mounted on the object holder of the microdissection microscope. We used 40-80 µg of 

independent standards:  Fluka-cellulose (100-150 µg), graphite V USGS24 and IAEA CH-

7.   
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Supplementary Figure 1. Standardized RLAS, i.e. residual lumen area signals, for the 

period 2008-2013 (a, b) and January to April 2010 (c, d). Residuals refer to sinusoidal 

models fitted to each tree per each growing season (Figure 6 c, d). Green and red colors 

indicate single trees on the valley floor (A, B) and the ridge, respectively. Mean lumen 

area per tree was calculated over all eight tracheid paths. The grey bars and dashed lines 

show the time of the earthquake and a time window of ±10 days, respectively. 
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Supplementary Figure 2. A: Concentration of atmospheric CO2 (grey dots) at Baring 

Head, New Zealand [Keeling et al., 2001]. The red dots show detrended CO2 

concentration. B: Blue dots are measured detrended atmospheric CO2 and modeled 

cellular CO2 concentration for sample NacPi6 in 2008, 2009, 2011, and 2012. The light 

blue lines are n = 10,000 bootstrapped median regression models with goodness of 

model fit given by R2. 
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Supplementary Figure 3. a) Wood anatomy of NacPi11 for the 2010-11 growing 

season; streamflow discharge (in logarithmic scale) in blue, rainfall (black), and air 

temperature (red) for 06/2010-06/2011 measured in Pichún; Potential evapotranspiration 

(red lines) in Nicodahue catchment (#8362001) from the CAMEL-CL dataset [Alvarez-

Garreton et al., 2018]. b) The thick black curves are the medians of n = 10,000 MC-

modeled time series of lumen area (green array of curves) and the white dashed lines are 

the medians of n=10,000 MC sine models from 06/2010 to 05/2011. c) The light blue 

boxplots are the RLAS binned to daily values, with the medians in dark blue.  The orange 

bars and dashed lines mark the earthquake date ±10 days. The yellow box highlights a 

period where lumen area follows the rainfall and streamflow discharge patterns relatively 

closely (But see also Fig. S12). 
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Supplementary Figure 4. Wood anatomy of NacPi25 for the 2010-11 growing season; 

See Supplementary Figure 3 for caption. 
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Supplementary Figure 5. Wood anatomy of NacPi20 for the 2009-10 growing season; 

See Supplementary Figure 3 for caption. 
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Supplementary Figure 6. Wood anatomy of NacPi30 for the 2009-10 growing season; 

See Supplementary Figure 3 for caption. 
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Supplementary Figure 7. Modeled absolute (m3/ha/yr) and relative growing rates of 

Pinus radiata D.Don [Cerda Vargas and Nuñez Sandoval, 1996]. The orange bar indicates 

the time period covered by the intra-annual 𝜹𝟏𝟑𝐂𝑶𝑴 samples. 
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Supplementary Figure 8. Inter-annual 𝜹𝟏𝟑𝐂𝑶𝑴 cellulose measurements of the cored 

trees separated into upper (orange) and lower slope (green) locations (y = 0.045x – 

25.71, R2 = 0.39, p-value: 0.0008). The black lines correspond to the average with the dot 

size scaled with the standard deviation. Note: The first three entries are only provided by 

NacPi6 and thus follow the black line. Grey area represents the confidence bounds (95%) 

with the centered median model fit. 
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Supplementary Figure 9. Intra-annual 𝜹𝟏𝟑𝐂𝑶𝑴 fractionation of NacPi30 during the 

growing season 2009-2010. b): Time series of discharge (on logarithmic scale) in blue, 

rainfall (black), air temperature (red), and potential evapotranspiration (pink). Data on 

streamflow discharge, rainfall, and air temperature from S.A. ; potential 

evapotranspiration from Nicodahue catchment (#8362001) of CAMEL-CL data [Alvarez-

Garreton et al., 2018]. The orange bars and dashed lines mark the earthquake date ±10 

days. d) The black curve is the median of all MC-modeled time series of 𝜹𝟏𝟑𝐂𝐎𝐌 (n = 

10,000, green array of curves) of NacPi30. Daily rates of 𝜹𝟏𝟑𝐂𝐎𝐌 change are violet points 

with violet solid line showing medians and red dashed line showing spline regression. 

The yellow curves are medians of n=10,000 MC- sinusoidal–models per sampled 

cellulose increments. f) Residual 𝜹𝟏𝟑𝐂𝑶𝑴 signals (R𝜹𝟏𝟑𝐂𝑶𝑴S); grey and red bars are 

𝜹𝟏𝟑𝐂𝐎𝐌-residuals to of the Farquhar-models and residuals between observed 𝜹𝟏𝟑𝐂𝐎𝐌-

values and the annual mean, respectively. The blue boxplot time series are daily 𝜹𝟏𝟑𝐂𝐎𝐌-

residuals of sinusoidal model. The grey dotted curves are de-trended atmospheric CO2 

(ppm) measured at Baring Head, New Zealand [Keeling et al., 2001]. 
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Supplementary Figure 10. Time series of 𝜹𝟏𝟑𝐂𝑶𝑴-model residuals and Southern 

Oscillation Index (SOI). a) Grey bars correspond to the model residuals to account for 

detrended atmospheric CO2 concentrations (see Supplementary Figure 2), the red line 

depicts the monthly Southern Oscillation Index SOI (downloaded from https://www.ncdc. 

Noaa.gov /teleconnections/enso/indicators/soi, 02/14/2020). b) Cross correlation 

between annually resolved 𝜹𝟏𝟑𝐂𝑶𝑴 values and SOI; C: cross correlation between model 
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residuals of linear trend (Supplementary Figure 2) and SOI. We used the R package rsoi 

(https://cran.r-project.org/web/packages/rsoi/rsoi.pdf) 

 

 

 
Supplementary Figure 11. Empirical cumulative density functions of absolute, 

standardized model residuals for 𝜹𝟏𝟑𝐂𝑶𝑴 (a, c) and lumen area (b, d) for the valley 

bottom and hillslope ridge. All data are standardized to the specific tree. Green colors 

refer to valley floor, reddish color to ridge. Marked horizontal lines show the empirical 

frequencies for the residuals assigned to the first sample-date of the earthquake for 

𝜹𝟏𝟑𝐂𝑶𝑴. See Supplementary Table 8 for values. 
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Supplementary Figure 12. Scaled lumen area (µm²) as a function of (A) mean air 

temperature (°C), (B) accumulated precipitation (mm), (C) mean streamflow discharge 

(l/s), and (D) mean potential evapotranspiration (mm). Air temperature, precipitation, 

streamflow and potential evapotranspiration are estimated for the time periods needed 

for cell formation. 
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Supplementary Figure 13. Scaled 𝜹𝟏𝟑𝐂𝑶𝑴 as a function of (A) mean air temperature 

(°C), (B) accumulated precipitation (mm), (C) mean streamflow discharge (l/s), and (D) 

mean potential evapotranspiration (mm). Air temperature, precipitation, streamflow and 

potential evapotranspiration are estimated for the time periods needed for cell 

formation.  
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Month 

Cumulative DBH 

growth (cm) 

Cumulative height 

growth (cm) 

Jun 2.5 3.8 

Jul 5.8 7.8 

Aug 11.8 13.8 

Sep 22.3 25.8 

Oct 34.3 41.3 

Nov 44.3 59 

Dec 56.3 74 

Jan 67.3 82 

Feb 78.1 88 

March 89.1 92.1 

Apr 95.1 95.9 

May 98.6 99.9 

Supplementary Table 1. Field measurements of DBH and tree height growth from 

Nacimiento Pinus radiata plantation forests, data provided by Mininco. 
 
 
 

 

Year NacPi6 NacPi7 NacPi11 NacPi20 NacPi25 NacPi30 

2006/07 17 - - 26 - - 

2007/08 14 31 42 17 - 22 

200809 25 32 32 28 - 23 

2009/10 25 34 35 28 11 20 

2010/11 27 17 35 19 10 13 

2011/12 21 21 51 14 16 15 

2012/13 14 - 28 - 9 17 

Σ  143 135 223 132 46 110 

Supplementary Table 2. Number of 𝜹𝟏𝟑𝐂𝑶𝑴 samples for each tree and growing season 
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Site ridgepre ridgepost valleypre valleypost 

R2 0.78 0.46 0.63 0.83 

Individual Tree 11.9 3.5 12.9 6.0 

Accum. Precipitation 4.8 16.3 9.0 24.9 

Max. Precipitation 5.3 7.8 3.4 8.9 

Mean Precipitation 4.6 9.4 2.7 7.5 

Solar Radiation 32.1 24.8 40.7 29.7 

Mean Air Temperature 23.0 16.2 8.6 6.3 

Mean Discharge 18.3 21.9 22.7 16.7 

Supplementary Table 3. Model performance (R2) and relative variable importance of the 

𝛿13C𝑂𝑀-Boosted Regression Tree models. Note: Mean discharge recorded at the 

catchment outlets during said period. Note: Solar radiation here as “Potential Incoming 

Solar Radiation” and derived from topography [Conrad et al., 2015], see also 

Supplementary Table 5. 

 

 

 

Growing season Mean °C Accumulated rainfall (mm) 

2008-9 10.95±3.39 756 

2009-10 10.37±3.25 1177 

2010-11 10.77±3.36 888 

2011-12 11.51±3.84 1062 

2012-2013 11.51±3.72 670 

Supplementary Table 4. Mean annual air temperatures (°C) and accumulated rainfall 

registered at the nearest meteorological stations at Pichún. The long term mean annual 

air temperature is 11.0 ± 3.8 °C (01/1979-12/2016) (CAMEL-CL, Alvarez-Garreton et al. 

[2018]). 
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Tree ID Potential solar radiation (kWh/m2 yr-1) 

NacPi6 1975.5±111.3 

NacPi7 19.94.6±120.4 

NacPi11 2137.6±32.3 

NacPi20 2007.0±12.5 

NacPi25 2079.5±11.0 

NacPi30 2055.9±15.5 

Supplementary Table 5. Modeled annual potential incoming solar radiation [Böhner 

and Antonić, 2009; Conrad et al., 2015], i.e. the all-year sum of direct and diffuse 

insolation, within a 10-m buffer around each cored tree during the period 01/01/2010-

12/31/2010. Calculation has been performed at a 2h resolution; lumped atmospheric 

transmittance is assumed as 70%; local sky factor was calculated using the 5m DEM 

[Conrad et al., 2015]. Values were calculated using the potential incoming solar radiation 

algorithm implemented in SAGA-GIS (http://www.saga-

gis.org/saga_tool_doc/2.2.2/ta_lighting_2.html). The algorithm recognized three main 

governing factors: (1) relative orientation of the Earth in relation to the sun, (2) clouds 

and other atmospheric inhomogeneity, such as dust, and (3) topography. 
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Proxy Growing season NacPi6 NacPi7 NacPi11 NacPi20 NacPi25 NacPi30 

E
a
rl

y
 w

o
o

d
 

(%
) 

2008-2009 48.63 53.38 51.13 59.25 45.38 67.63 

2009-2010 53.88 83.88 76.25 63.38 57.00 73.63 

2010-2011 68.38 78.50 79.38 71.25 60.38 73.38 

2011-2012 64.63 71.44 59.00 62.63 50.00 72.75 

2012-2013 62.63 59.38 60.38 82.13 47.56 77.63 

M
e
a
n

 e
a
rl

y
 

w
o

o
d

 (
µ

m
) 

2008-2009 402.82 312.29 403.13 310.67 259.47 435.03 

2009-2010 424.48 392.54 383.07 284.34 323.18 449.07 

2010-2011 406.72 404.41 447.86 318.72 317.37 421.21 

2011-2012 423.13 456.61 386.23 329.04 309.04 403.69 

2012-2013 559.00 407.79 383.44 318.16 243.17 405.45 

M
e
a
n

 t
re

e
 

ri
n

g
 w

id
th

 

(m
m

) 

2008-2009 2.59 5.60 5.92 2.63 1.84 3.75 

2009-2010 3.83 4.86 5.04 4.00 2.06 4.37 

2010-2011 3.89 3.65 5.87 3.79 1.73 2.76 

2011-2012 4.18 2.78 5.77 2.58 1.84 2.23 

2012-2013 3.09 2.42 8.88 2.33 1.89 2.30 

N
u

m
b

e
r 

o
f 

ce
ll
s 

2008-2009 110.00 215.00 210.00 125.00 90.00 130.00 

2009-2010 150.00 160.00 170.00 170.00 80.00 140.00 

2010-2011 140.00 120.00 200.00 165.00 75.00 100.00 

2011-2012 140.00 80.00 200.00 120.00 90.00 80.00 

2012-2013 110.00 80.00 300.00 100.00 80.00 80.00 

M
e
a
n

 l
u

m
e
n

 

a
re

a
 (

µ
m

2
) 

2008-2009 254.74 242.10 311.37 236.12 156.76 353.38 

2009-2010 303.14 372.55 353.56 233.96 227.62 395.35 

2010-2011 334.44 363.37 410.83 261.01 223.46 358.38 

2011-2012 352.82 387.95 315.86 255.47 191.17 332.23 

2012-2013 415.42 315.32 316.41 288.24 171.80 350.27 

Supplementary Table 6. Absolute mean (µm) and relative (%) early wood and number 

of cells, tree ring width (mm), and lumen area (µm2) averaged from n=8 paths for the 

sampled trees during respective growing seasons.  
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Year NacPi6 NacPi7 NacPi11 NacPi20  NacPi25  NacPi30 

1987/88 -25.2 NO DATA NO DATA NO DATA NO DATA NO DATA 

1988/89 -26.5 NO DATA NO DATA NO DATA NO DATA NO DATA 

1989/90 -26 NO DATA NO DATA NO DATA NO DATA NO DATA 

1990/91 -25.8 -25.8 NO DATA -24.6 -24.3 NO DATA 

1991/92 -26 -25.5 NO DATA -24.5 -24.3 NO DATA 

1992/93 -25.3 -25.5 NO DATA -24.6 -25.1 NO DATA 

1993/94 

NO 

DATA -25.8 NO DATA -25.4 -25.5 -25.3 

1994/95 

NO 

DATA -25 NO DATA -24.6 -25.4 -25.5 

1995/96 

NO 

DATA -25.8 -25.6 -25 -24.3 -24.6 

1996/97 

NO 

DATA -26.2 -25.8 -25.6 -25.3 -25.7 

1997/98 -24.7 -25.2 -25.2 -23.8 -24.5 -24 

1998/99 -25.2 -25.7 -25 -24.5 -24.5 -24 

1999/00 -25.4 -25.1 -25.6 -24.7 -24.9 -24.7 

2000/01 -26.3 -25.9 -25.4 -25.4 -25.9 -25.2 

2001/02 -25.3 -25.7 -25.8 -25.4 -25 -25 

2002/03 -26.2 -26 -24.9 -25.7 -25.5 -25 

2003/04 -25.9 -25.7 -25.3 -24.8 -25.9 -25.9 

2004/05 -25.4 -25 -25.5 -25.8 -25.2 -25.7 

2005/06 -25.3 -24.6 -24.8 -25 -24.5 -24.5 

2006/07 -23.7 -24 -25 -24.6 -24.3 -24.7 

2007/08 -23.5 -23.4 -24.2 -24.4 -23.5 -25 

2008/09 -24 -24.2 -24.5 -25.5 -25 -24.9 

2009/10 -24.2 -24.4 NO DATA -25.2 -24.4 -24.9 

2010/11 -24.5 -24.2 -25.1 -23.8 -24.2 -24.3 

2011/12 

NO 

DATA -24.8 -25.1 -24.4 NO DATA -24.5 

2012/13 

NO 

DATA NO DATA -24.7 -24.1 NO DATA -25 

Supplementary Table 7. Annual 𝜹𝟏𝟑𝑪𝑶𝑴 values. NO DATA refers to no measured data 

available for the respective growing season. 

 

 


