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Highlights:

1) Water scarcity is one of the main challenges of the 21st century;

2) Water management must rely on records of climate and levels of water
reservoirs;

3) Intra-annual tree-ring oxygen isotope record seasonal variation in
precipitation amount;

4) The 2014 drought is recorded in the tree-ring oxygen isotopes across Sao
Paulo;

5) Tree-ring 5'80 values are a reliable record of water reservoir levels in the city;
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Abstract

The impacts of climate change on precipitation and the growing demand for water
have increased the water risks worldwide. Water scarcity is one of the main challenges of
the 21t century, and the assessment of water risks is only possible from spatially
distributed records of historical climate and levels of water reservoirs. One potential
method to assess water supply is the reconstruction of oxygen isotopes in rainfall. We here
investigated the use of tree-ring stable isotopes in urban trees to assess spatial/temporal
variation in precipitation and level of water reservoirs. We analyzed the intra-annual
variation of 8'3C and §'80 in the tree rings of Tipuana tipu trees from northern and southern
Metropolitan Area of Sdo Paulo (MASP), Brazil. While variation in 3'3C indicates low leaf-
level enrichments from evapotranspiration, '80 variation clearly reflects precipitation
extremes. Tree-ring 8'80 was highest during the 2014 drought, associated with the lowest
historical reservoir levels in the city. The §'80 values from the middle of the tree rings have
a strong association with the mid-summer precipitation (r =-0.71), similar to the association
between the volume of precipitation and its §'80 signature (r = -0.76). These consistent
results allowed us to test the association between tree-ring 880 and water-level of the
main reservoirs that supply the MASP. We observed a strong association between intra-
annual tree-ring 5'80 and the water-level of reservoirs in the northern and southern MASP
(r=-0.94, r =-0.90, respectively). These results point to the potential use of high-resolution
tree-ring stable isotopes to put precipitation extremes, and water supply, in a historical
perspective assisting public policies related to water risks and climate change. The ability
to record precipitation extremes, and previously reported capacity to record air pollution,
place Tipuana tipu in a prominent position as a reliable environmental monitor for urban

locations.
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Introduction

Earth’s rising temperature is already producing profound changes in precipitation
regimes (IPCC 2013). These effects of climate change combined with the warmer
conditions found in the cities intensify the convective activity and the concentration of
precipitation, increasing the vulnerability of cities to rainfall anomalies (Muis et al 2015).]
Drought is one of the most common natural hazards in the cities worldwide (Gu et al. 2015,
Larsen et al 2016). Sustained low precipitation anomalies combined with poor
management of natural resources and high-water consumption in dense cities increase the
vulnerability of their supply systems (Larsen et al 2016). Water scarcity risk, or the
imbalance between availability and basic needs, is recognized as one of the main
challenges of the 215t century worldwide (Orr et al 2009), directly affecting water-dependent
economic activities and population’s livelihood (Gu et al. 2015).

Sao Paulo, the 5™ largest megacity in the world (UN 2016), is an example of such a
vulnerable place. Like many other mega-cities in developing countries, Sdo Paulo is
already facing the combined challenges of unplanned growth and climate change. It is
under the influence of increased frequency of extreme rainfall and drought events
(Sugahara et al 2009, Marengo et al. 2020), severely affecting citizens lives. This city is
already struggling with consistent water supply shortage during long droughts. The year of
2014 was marked by one of the worst droughts events that resulted in a water supply crisis.
This crisis was caused by a sequence of drier years followed by an unusual mid-
troposphere blocking in 2014. This unusual climatic event resulted in the driest and

warmest summer since 1951, according to the available records (Nobre et al 2016).
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Precipitation was not only limited during this year, but it was unevenly distributed across
the metropolitan area of Sdo Paulo affecting mainly the northern part of the city, with
relatively minor effects in the south.

Spatiotemporal variability of extreme climate events, such as the one of 2014 in Sao
Paulo, are usually assessed using climate data from instrumental records (Taffarello et al.
2016). However, where such records are not available, alternative environmental archives
like tree rings may provide valuable insights. Stable oxygen and carbon isotopes in tree-
ring cellulose are reliable proxies to understand climate variability. So far, tree-ring §'80 in
the tropics often shows negative relationship with the precipitation volume and thus
provides a record of local and regional precipitation variability (Baker et al. 2015, 16,
Brienen et al 2012, 2013). This can be explained by an enhanced removal of heavy
isotopes (H20'8) along the trajectory of water vapor from the original water source to the
site of condensation, modulated by the intensity of the precipitation events locally
(Dansgaard 1964, Risi et al. 2008). The rainfall signal in the tree rings also depends on
whether the relationship between source §'®0 and precipitation volume dominates over the
influence of leaf physiology on tree-ring §'80, which is primarily a result of variations in
Vapor Pressure Deficit (VPD, Barbour et al 2004, Kahmen et al 2011, Cintra et al 2019).
This influence of VPD on stomatal opening can be indirectly assessed using the carbon
isotopes. The tree-ring 5'3C depends on the fractionation during CO- diffusion through the
stomata, and assimilation by the RUBISCO activity (Farquhar et al 1982). Tree-ring carbon
isotopic patterns may also be related to the use of carbon reserves during growth (Eglin et
al. 2010). Both oxygen and carbon stable isotopes are usually analyzed at inter-annual
basis (McCarroll and Loader 2004), but they may be as well analyzed at intra-annual basis
to allow a comprehensive understanding of the intra-seasonal variation of climate

conditions (Helle and Schleser 2004, Monson et al 2018) likely providing detailed
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information for risk assessments. Surprisingly, there are no studies about climatic
variability in the cities based on tree-ring stable isotopes, despite the fact that many
developing countries, that concentrate 82% of the world’s megacities (UN 2018), only have
limited data to effectively manage their water resources (Kirby and Ahmad 2015).

The aim of this study is to evaluate the potential of using high-resolution stable
isotopes in tree rings of urban trees to assess spatial / temporal variability in precipitation
extremes, a key information to support management of water shortage risk in the cities.
We used the Metropolitan Area of Sdo Paulo as a case study because it has a large
distribution of trees (Silva et al. 2019), specifically of Tipuana tipu (Benth.) Kuntze, with
proven annual rings (Locosselli et al. 2019), a large network of climate stations, as well as
records of the levels of water reservoirs. Based on this context, we analyzed both oxygen
and carbon stable isotopes in ten segments of each tree ring produced between 2010 and
2015 for a total of six trees from northern and southern Sao Paulo. We tested the following
hypotheses: 1) There is a negative relationship between §'80 signature of precipitation and
its volume in the city; 2) Tree-ring 3'80 records are not affected by elevated
evapotranspiration due to VPD; 3) The §'3C series also indicate a low influence of leaf-
water enrichment in the isotope signal of source water; and 4) Tree-ring §'80 is a reliable
record of monthly precipitation volume across the city. If indeed hypotheses one to four are
confirmed, then 5) T. tipu tree-ring 3'80 records can be used as a proxy for past

precipitation volume and likely for past level of water reservoirs that supply the city.

Material and Methods

Study Sites
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Sites are located 20 km apart in the Metropolitan Area of Sao Paulo, Brazil (MASP,
Figure 1). One site is located in the north at the Santa Amélia Public Park (23°30°00”S,
46°22'28"W, 777m a.s.l.) and the other one is located in the south at Capuava (23°40°00”S,
46°27°47"W, 775m a.s.l.). The climate in Sao Paulo is seasonal, with a clear rainy season
extending roughly from September to March. Most of the air masses that bring precipitation
to the city, and its water reservoirs, come from the South Atlantic during the rainy season,
with minor influence from other regions (Figure S1). The northern site is comparatively
warmer and drier than the southern site (Figure S2), and it had 18% less monthly
precipitation compared to the south during the drought of 2014 (Figure 1). This anomaly
extended over a large region to the north of Sdo Paulo city mainly affecting the precipitation
over the Cantareira reservoir system (Pattnayak et al 2018, Figure 1), with relatively minor
effects over the Rio Grande reservoir system in the south. The Cantareira system, the
largest one in the MASP with a catchment area of ca. 2,303 km?, has a storage capacity
of almost 1 trillion liters of water and supplies 6.5 million people in the region, while the Rio
Grande system, with a catchment area of ca. 583 km?, stores more than 11 billion liters of

water and supplies more than 1.2 million people (SABESP 2020).

5180 analyses of rainfall water

To establish whether precipitation &'80 records correlate with cumulated
precipitation amount in the Metropolitan Area of Sao Paulo, we analyzed the monthly
variation in precipitation §'®0 for a period of 16 months (form January 2004 to April 2005).
Precipitation samples were obtained at the Institute of Geosciences, University of Sao
Paulo, located in between both sampling sites. Water samples were obtained monthly

using a tube-dip-in-water collector with pressure equilibration system, according to
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IAEA/GNIP (2014). Samples were analyzed with mass spectrometer IRMS (DeltaPlus
Advantage from Thermo Fischer) attached to a Gas-Bench-Il System and using the CO2-
water equilibrium technigque. The uncertainties for §'80 is 0.5 %o0. We tested the relationship
between rainfall §'80 and precipitation volume (obtained from the climate station at the
Institute of Astronomy and Geophysics, also in the University of Sdo Paulo) using

Pearson’s correlation.

Study species and tree-ring sampling

For the present study, we analyzed trees from the species Tipuana tipu (Benth.)
Kuntze (Fabaceae) which is one of the three most common species in the metropolitan
region of Sao Paulo (Moreira et al 2018). Because it is so well adapted to the urban
environment, it has also been planted in cities from South and Northern America, Europe,
Africa, Asia and Oceania (Moreira et al 2018). It is considered deciduous for shedding all
leaves during the dry season, and the trees have a shallow root system usually visible at
the soil surface (Locosselli et al. 2018). It has distinct semi-porous rings delimited by a
marginal parenchyma band (Locosselli et al 2019) that are formed during the rainy season.
It is important to note that trees used in this study obtained their water from rainfall without
any additional water input from irrigation systems.

Two to four increment cores were obtained from each tree, using 5mm increment
borers. A total of seven trees were sampled at the northern site specifically for the present
study, while 41 trees were previously sampled in the southern site (Locosselli et al. 2019).
Data of tree diameter at breast height (DBH), tree height, overall conditions of the tree and
geographical coordinates were recorded in the field. Injuries to tree stems due to coring

were treated with a saturated solution of copper sulphate and calcium carbonate to avoid



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

later infections. We fixed the samples in wood supports and left them to dry for a couple of

weeks.

Tree-ring sample preparation

We sanded all samples using sandpaper with grits ranging from 60 to 2000, and
identified the tree-ring boundaries. All samples were then scanned using a high-resolution
scanner (Epson v33). Samples from the south had been cross-dated in a previous study
using standard dendrochronological methods (Locosselli et al. 2019), while the tree-rings
series from the northern population were only cross-dated within each individual because
of the small sample collection. Among the available samples from both sites, we chose
three trees with wide tree rings in each site for the intra-annual isotope analysis. The
chosen trees from the north and south have in average, 54.00 and 76.37 cm of DBH, 10.37
and 13.67 m of height and 31 and 33 years old, respectively. We produced transversal
sections with 2mm width from the increment cores using a circular saw (Proxxon KS 230,
Saw Blade 28 020). We isolated segments from the thin sections containing the years
between 2010 to 2015.

To extract the cellulose, segments were placed inside supports made with
perforated Teflon sheets, and treated twice with 5% NaOH solution for 2 hours (4 hours
total) in the water bath at 60°C to remove resins, fatty acids and tannins. We then washed
the samples with de-ionized boiling water, and treated them with 7,5% NaClO2 solution
with a pH of 4-5 in the water bath at 60°C for 37 hours. Finally, we washed the samples
once again with de-ionized boiling water and dried the holo-cellulose samples in a freeze-

dryer (Kagawa et al 2015, Schollaen et al. 2017).
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Tree-ring isotope analyses

From the holo-cellulose samples, 10 sections were analyzed for §'3C and 580 from
each ring. Because cambium activity is not constant throughout the growing season (e.g.
Marcati et al 2008) and because we expect that variation in the wood density reflects more
closely the cambium activity during the growth season, we did not divide rings into sections
of equal width but in sections of equal weight. Thus, sections with higher wood density,
which we expect to be formed during period of slower radial growth, were sampled at
slightly higher spatial resolution (i.e, smaller width of ring sections, see Fig, 2). For the
isotope analysis, between 450 and 550 ug of cellulose were packed into silver cups for
5180, and between 900 and 1100 pg of cellulose were packed in tin cups for 8'3C, resulting
in a total of 720 samples. Samples were pyrolyzed at 1400°C over glassy carbon on a

Sercon HT furnace interfaced to a 20-20 isotope ratio mass spectrometer.

Intra-annual isotope series synchronization

The stable isotope series showed highly similar intra-annual variation in the same
rings between trees (Figure S3). However, the intra-annual positions of highest and lowest
isotope values were not exactly the same for different trees, most likely due to slight
differences between trees in radial growth rates over their active growing season. Simple
averaging procedures would mix isotope values from slightly different periods. Thus, to
create a mean average intra-annual time series, in which each intra-annual sample point
corresponded to the exact timing of wood formation in all trees, we synchronized apparent
temporal mismatches between trees. To this end, we moved every series a number of

positions to the left and to the right so that the high and low values of §'80 would match in
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time (Figure S4). Most of the years required moving the relative position of the oxygen
isotope series only by one position to the left or to the right, while others only required
moving two positions. We did not merged segments nor split any series for synchronization.

We calculated the GLK value (Gleichlaufigkeit, Bura & Wilmking 2015) to check the
synchronicity of the series (‘dpIR’, Bunn, 2008), and calculated the average intra-annual
5180 series for each year at each site. We only used the average series calculated from
the values of at least two trees, and all average series have ten values of intra-annual
isotopes. We adjusted the §'3C values according to the positions of the synchronized §'80
series for calculating the mean series. For the §'3C, we standardized the dataset using z-
scores before averaging (mean §'3C — position '3C / standard deviation), because of the
strong variation in the mean &'3C among trees, presumably caused by variation between
trees in height, light exposure and water availability (Fichtler et al. 2010, Brienen et al.

2017, Cintra et al 2019).

Association between isotopic series, climate and level of water reservoirs

To assess the effects of climate on the isotope series, we used correlation analyses
between isotope values and monthly precipitation and VPD data and presented these as
heatmaps. This was done by combining the northern and southern populations datasets
in a single analysis (so, 12 values of isotopes and 12 values of climate per month,
equivalent to the 6 rings in the two sites), thus taking into account the temporal trends plus
possible variation in rainfall and VPD between sampling sites. We calculated Pearson's
correlation values between all combinations of mean isotope ratios at each position within
the tree ring (from 1 to 10) and the monthly precipitation and VPD in the north and south.

Climate datasets were obtained from the National Institute of Meteorology (INMET, Mirante

10
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de Santana climate Station) to represent the climate in Northern Sdo Paulo, and from the
Institute of Astronomy and Geophysics (IAG, University of Sdo Paulo, Cientec Park climate
station) to represent Southern Sao Paulo. Based on the relationship between the stable
isotopes and the climate data, we aligned the intra-annual variation of both oxygen and
carbon isotopes and the climate series according to the results presented in the heatmaps.
We then plotted the average tree-ring §'80 and §'3C over the precipitation and VPD series,
aligning their position 5 (out of the 10 positions) with January, the middle of the rainy
season. Please refer to the results for further details.

We also tested if the intra-annual oxygen isotope values are reliable proxies for
water level in the reservoirs closest to the northern and southern sampling sites. We
evaluated the linear relationship between §'80 from position 5 and monthly values of water
level in the reservoirs (Cantareira System in the north, and Rio Grande System in the south,
data from SABESP) for the period between July of the current calendar year to December
of the next calendar year, a total of 18 months, as the effects of precipitation on the water-
levels may be lagged by a few months (Figure 1). Linear relationships were tested
independently for the Northern and Southern populations as they depend also on the
physical characteristics of the catchment area and the reservoir, and differences in
consumption demand. Results were plotted for the month with the highest correlation

values in each site.

Results

We find that there is a significant negative relationship between monthly
precipitation and rainfall §'80 (r = - 0.76, p = 0.0006; Figure 3) during the 16 months of

measurements in central Sdo Paulo. The highest (0.20 %o0) and lowest (-8.80 %o) rainfall
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5180 values were observed in the months of January and August corresponding to the
middle of the rainy and dry seasons, respectively. It is also possible to observe in Figure 3
that part of the 3'80 variation is not explained by the variation in precipitation volume in the
Metropolitan Area of Sao Paulo, especially in the transition periods between the dry and
wet seasons.

The variation in the oxygen isotope values within individual rings can be as high as
6.7 %o in the north and 5.5 %o in the South. Across all years and data-points, the highest
5180 value is found in all sampled trees in the middle of the growing season represented
by the tree ring formed between 2013 and 2014, corresponding to the drought of 2014 in
the city. Even the lowest values in this year barely drop below 28 %.. The intra-annual
patterns of §'3C are also consistent among the sampled trees of each site, but they differ
between sites (Figure S3). At the northern site, the lowest values of §'3C are found at the
beginning and end of the tree rings, with the highest values at the middle of it. In contrast,
in the southern site, the values of §'3C gradually decrease from the beginning to the end
of the tree ring. We observed only moderate to low correlation values between the intra-
annual variations of §'3C and §'®0 among the individuals from the south and north of the
Metropolitan Area of Sdo Paulo (Figure S5, r=-0.42 and r = - 0.28, respectively).
The series of 8'®0 showed a consistent improvement in the GLK values after the
synchronization (Table 1, Figures S6 to S9). Using the average synchronized series, we
found a strong negative correlation between the mean §'80 at position 5 within the tree
rings and precipitation variability of January across sampling sites (r = - 0.71, p = 0.01,
Figure 4), but no significant correlations between §'80 and VPD. This observed pattern of
association between §'®0 from the middle of the tree ring and precipitation from mid-
summer is also consistent when evaluating the populations separately (Figures S10 and

S12), and therefore not dependent on site conditions. On the other hand, the synchronized
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series of §'°C showed a negative correlation between the isotope values in position 4, 5
and 6 and the precipitation of December, January and February (r =- 0.69, p = 0.01;r =-
0.64, p =0.02; r = - 0.69, p = 0.01 respectively, Figure 4). In contrast to §'®0, we find a
significant negative correlation between the §'3C values from positions 1, 2, and 3 and the
VPD for all tested months (up to r = - 0.79, p = 0.002), and positive correlations for the
positions 5, 6 and 7 (up to r = 0.87, p = 0.0002). In contrast to the results found with the
5180, the ones found with §'3C seem to be more dependent on the variability of site
conditions (Figures S10 and S11). A level of independency among the different intra-
annual samples could be observed as the isotope values presented significant correlations
with only the neighboring positions within each tree ring (Figure S13), as well as low
correlation values between mean intra-annual 3'3C and §'80.

Because of the significant association between precipitation volume and &'80
values from the tree ring, especially at position 5, we tested the correlation between tree-
ring 8'80 and the levels of water reservoirs. Although no significant correlation was
observed between the average tree-ring 8'80 values and the level of the water-reservoirs
(r=-0.71,p=0.11; and - 0.68, p = 0.14 for the north and south sites, respectively, Figure
S15), there is a strong linear relationship between the level of the water reservoirs and
5180 values from tree-ring position 5 (r = - 0.94, p = 0.005; and - 0.90, p = 0.01 for the north
and south sites, respectively, Figure 6). This latter association also holds up when
averaging the 5'80 values of positions 5 and 6, but with a less strong linear relationship (r
=-0.89, p=0.02; and - 0.85, p = 0.03 for the north and south sites, respectively, Figures

S16).

Discussion
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The consistent patterns of intra-annual stable isotopes in the tree rings of the
sampled trees further support previous findings from Locosselli et al. (2019) that these
rings are formed annually. These common patterns likely became more evident in the intra-
annual series due to our strategy of dividing every tree ring into the same number of
segments, with similar weight instead of similar width. The initial mismatches observed in
the intra-annual isotope series among trees from the same site (see Figure S3) probably
suggest that individual trees may start or stop growing at slightly different times during the
growing season, and/or differ in seasonal variation in radial growth. Indeed, in the tropics,
relatively low synchrony in phenological and physiological processes during the vegetative
period has been observed (Bosio et al 2016, Lara & Macarti 2016, Marcati el al. 2016,
Vogado et al. 2016). After minor shifts in the intra-annual series, a position to the left or to
the right, we do find very strong common intra-annual isotopic signal for '80 among trees,
with uniquely different patterns among years (see Figure S4 to S6). This suggests that,
indeed, initial mismatches between exact peaks and lows of 3'80 are caused by slight
differences in growth rhythms among trees.

It is during the middle of the growing season, when we observed the strongest
association between tree-ring 5'80 and precipitation volume in both sampling sites. This
association is in accordance with the negative effect of monthly precipitation amount on
5180 signature of S&do Paulo’s rainfall. The strong source signal in the tree-rings §'30 is
further supported by the similarity of the calculated Pearson’s correlation values between
precipitation volume and its §'80 signature (r = -0.76), and between precipitation volume
and tree-ring §'®0 values (r = -0.71). The observed intra-annual tree-ring 8'®0 values
reflect important precipitation extremes as those recorded during the summer of 2011 in
the north, and especially the drought of 2014 in the north and in the south (Figure 5). A

similarly strong source-water signal in the tree rings has been observed in several natural
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populations of trees, from tropical and extratropical regions (e.g. Zhu et al. 2012, Brienen
et al 2012, 2013, Baker et al 2015, 2016, Xu et al. 2016, Cintra et al. 2019), especially in
conditions with low evaporative demand that result in low leaf-water enrichment. This
strong association with the source water signal, however, has not been observed in cities
before. Surprisingly, we did not observe a significant effect of leaf-water enrichment on the
source-water signal even under the high evaporative conditions found in Sao Paulo (Silva
et al. 2019). At least not during the vegetative period that takes place along the wettest
months of the year. This observation is also supported by the low association between
tree-ring 5'80 and VPD. The strong precipitation signal in the tree-rings §'80 may also be
a consequence of the shallow root system of T. tipu (Locosselli et al. 2018) that may reduce
the mixing with deep water sources.

The lack of significant influence of leaf-water enrichment, mainly due to
evapotranspiration, on tree-ring 5'80 records is also supported by the low association
between intra-annual '*C and §'80 variation (Cintra et al 2019). The results also indicate
that intra-annual 5'3C variability mainly reflects different strategies of carbon allocation in
the north and in the south. A decreasing trend of 8'3C from earlywood to latewood, as
observed in the south, has been widely described in the literature. This pattern is often
related to the remobilization of non-structural carbohydrates, mainly starch, to support
growth in the early vegetative period, leading to relative high values in early ring sections
(Helle and Schleser 2004, Cernusak et al 2009, Eglin et al. 2010). Trees then may leave
their stomata open from the middle to the end of the wet season to support assimilation,
leading to decreases in §'3C values (as assimilation is less restricted by stomatal
conductance). This pattern, however, was not observed in the north, where trees had high
values of 3'3C in the middle of the tree ring. These differences are likely related to the

spatial variability of VPD in S&do Paulo, with generally drier conditions in the north. This
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control is evident from the negative correlation of all monthly VPD values with the tree-ring
813C from position 1, 2 and 3, and positive correlations with the §'3C from positions 5, 6
and 7. This implies that VDP is likely controlling the shape of the §'°C curve along the
growth season, and likely the strategies of carbon allocation and mobilization. While low
VPD will result in a descending curve as observed in the south, high VPD will result in an
inverted “U” curve as observed in the north. The inverted “U” curve was also replicated in
most sampled trees during the drought of 2013-2014 that resulted in a high VPD across
the city (Figure S3). The negative relationship between &'3C and precipitation only during
December, January and February may imply that trees will only increase stomatal
conductance (McCarroll and Loader 2014) when water availability is at its highest.
Therefore, it confirms that even a high stomatal conductance during this period is unlikely
to add noise to the source-water signal recorded in the tree-rings §'20.

Given the effect of the precipitation volume on its 5'80 signature combined with the
strong source-water signal in the tree rings, especially in position 5, we tested if tree-ring
580 could be used as a record of the level of water-reservoirs in the city. The level of the
water reservoirs, that depends on the accumulated rainfall over the entire catchment
(Taffarello et al. 2016), is strongly associated with the tree-ring §'80 from position 5 in trees
from north and south of the MASP (r = - 0.94 and - 0.90, respectively). A higher slope value
was observed in the linear fit for the northern population, probably due to the greater
distance from the Atlantic Ocean (main source of rainwater in the city, Figures 1 and S1),
the greater observed variability in the volume of rainfall, and the resulting greater range in
water level variability in the Cantareira system, when compared to that observed in the
south. The observed relationship between water level of the reservoirs and tree-ring §'80
emerges much more clearly when using our approach of analyzing a fixed number of

segments per year, in this case 10 segments, than by analyzing the average §'®0 value of
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the entire tree ring. This association demonstrates the potential of using the intra-annual
oxygen isotopes to reconstruct the levels of the water reservoirs in the city, especially
during drought events such as the one of 2014 (Nobre et al 2016). For a more practical
application, itis also possible to use a large sample of the tree rings, corresponding to the
combined positions 5 and 6, roughly the middle of the tree ring, for obtaining a reliable
record of the levels of the water reservoirs. This strong association also suggests that tree-
ring oxygen isotopes not only reflects local precipitation, but they integrate the volume of
precipitation and its isotopic signal over the extensive area of the reservoirs’ catchment.
In summary, this is the first study to show the potential of using intra-annual stable
isotopes in trees as a reliable record of precipitation extremes. While the tree-ring §'°C
recorded mainly physiological processes related to carbon allocation and mobilization, the
5180 records found in the tree rings of Tipuana tipu, a tree species common to cities from
South and North America, Europe, Africa, Asia and Oceania (Moreira et al. 2018), stand
out as a reliable instrument to assist the assessment of water resources risks for locations
with poor historical records. The results show a clear association with monthly precipitation
in both temporal and spatial scales, being able to record heavy precipitation events as in
the year of 2011 and the drought of 2014, while being a reliable proxy for assessing the
level of the water reservoirs in the city. This approach has the potential to be also used to
find how singular, or frequent, events like the 2014 drought are in the city, given that
specimens of T. tipu planted in the early 20" century are still found in Sao Paulo (Brazolin
2009). Tipuana tipu is emerging as a trustworthy environmental monitor for urban areas
due to its capacity to record both spatial and temporal variation in air pollution, as
previously reported (Geraldo et al. 2014, Locosselli et al. 2018, Moreira et al. 2018,
Locosselli et al. 2020), with the ability to record precipitation extremes and the level of

water reservoirs, as shown in the present study.
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Figure 1: Sampling sites in northern (light green triangle) and southern (dark green
triangle) Metropolitan Area of Sdo Paulo (MASP, in grey), Brazil. Monthly
precipitation (blue shaded area) from northern (upper panel) and southern (lower
panel) sampling sites are provided and the levels of water reservoirs (blue line)
closest to the sampling sites (Cantareira catchment in the north and Rio Grande
catchment in the South, data from Alto Tieté Drainage Basin Committee). One of
the strongest drought events in Sao Paulo occurred between 2013 and 2014
followed by a long dry-season in 2014 affecting the water supply in the entire
MASP. Climate data were obtained from SABESP (Companhia de Saneamento
Basico do Estado de Sao Paulo), INMET (National Institute of Meteorology of
Brazil) and IAG/USP (Institute of Astronomy, Geophysics, and Atmospheric

Sciences of the University of Sdo Paulo, University of Sdo Paulo).
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Figure 2: Example of the wood density profile (white) of three tree rings of Tipuana
tipu, and the variable length of the intra-annual samples (distance between vertical
black lines) used for the high-resolution stable isotope analyses. For every tree
ring, 10 segments had equivalent weight were analyzed.
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Figure 3: Oxygen isotope signature of the precipitation (8'0,) plotted over the

monthly precipitation for a period of 16 months (January 2004 to April 2005). *

significant for o = 0.05.
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Figure 4: Heatmaps showing the correlation values between oxygen and carbon
stable isotopes from northern and southern populations analyzed together and
monthly precipitation and VPD for the current growing season obtained from
climate stations at the north and south of the Metropolitan Area of Sao Paulo.
Correlation values are shown by position within the tree ring from earlywood limit
(position 1) to the latewood limit (position 10). * significant values for a. = 0.05 and
**for o = 0.01.
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Figure 5: Mean intra-annual stable carbon (here shown as a normalized index) and
oxygen isotopes in the tree rings of Tipuana tipu trees and monthly precipitation
and vapor pressure deficit (VPD) from the Northern (upper panel) and Southern
(lower panel) sampling sites in the Metropolitan Region of Sdo Paulo. Series were
aligned with the climate series based on the results of figure 4 (intra-annual tree-

ring position 5 aligned with January).
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Figure 6: Linear relationship (dashed red line) between §'80 from position 5 within
the tree ring and the level of the nearest water reservoir in the North (water level
of the Cantareira reservoir system on May, upper panels, Y = - 20 * §'80 + 618)
and South (water level of the Rio Grande reservoir system on February, lower
panels, Y= -3 * 3'80 + 188) of the Metropolitan Area of Sdo Paulo. The respective

correlation coefficients are given for each linear fit, * significant to o = 0.05.
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Table 1: Differences in the mean Gleichlaufigkeit (GLK) value calculated for the non-
synchronized, and the synchronized intra-annual stable isotopes for the northern
and southern populations. Synchronization was based on the §'80 series given the
assumption of the negative relationship between §'80 values of precipitation and its
volumes. (Refer to the Figures S4 and S6 to S9 for further details about the

synchronization).

_ 5180 513C
Stte Non-synchronized Synchronized Non-Synchronized  Synchronized
North 0.58 0.82 0.62 0.59

South 0.58 0.70 0.56 0.58
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