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Abstract

Regional teleconnections permit cross-continental modeling of hydroclimate throughout the world. Tree-
rings are a good hydroclimatic proxy used to reconstruct drought and streamflow in regions that respond to
common global forcings. We used a multi-species dataset of 32 tree-ring width chronologies from Chile and
Uruguay as a climate proxy to infer annual streamflow (Q) variability in the Negro River basin, a grassland-
dominated watershed of lowland Southeastern South America. A positive linear correlation between tree-
ring chronologies from Central Chile and annual Negro River instrumental streamflow from 1957 to 2012
indicated a cross-continental teleconnection between hydroclimate variability in Central Chile and
Northeastern Uruguay. This relationship was mediated in part by the El Nifio Southern Oscillation (ENSO),
whereby the El Nino 3.4 Index was positively correlated with regional rainfall, annual tree growth, and Q
anomalies. Despite the proximity of Uruguayan tree-ring chronologies to Negro River hydrometric stations,
the Chilean tree-ring chronologies best predicted annual streamflow. Thus, using tree-ring data from four
long-term moisture-sensitive chronologies of the species Cryptocarya alba in Central Chile (32-34°S), we
present the first streamflow reconstruction (1890-2009) in the lower La Plata Basin. The reconstruction
supports regional evidence for increasing frequency of extreme flood years over the past century in Uruguay.
We demonstrate how climate teleconnections that mediate local hydroclimate variability permit the cross-
continental reconstruction of streamflow, filling a major geographical gap in historical proxies for flooding and

drought in grassland biomes of the southern hemisphere.

Keywords

Dendrohydrology, El Nifio, La Plata River, Southeastern South America, teleconnection, Uruguay

l. Introduction

River ecosystems in Southeastern South America
(SESA) sustain one of the world’s most important
agricultural regions, as well as a series of hydroelectric
dams that supply power to some of South America’s
most populated areas (Barros et al., 2005). Water
management and flood control are a central focus in
SESA given the reliance on rivers for hydropower, water
supply, and agriculture (Cuya et al., 2013). The con-
version of natural grasslands to intensive agriculture and
afforestation within the region (Baldi and Paruelo, 2008;
Modernel et al., 2016; Vega et al., 2009) has resulted in
changes in evapotranspiration rates and streamflow (Lee
and Berbery 2012; Silveira et al. 2016). While increasing
precipitation and more severe flooding events are
expected under climate change scenarios for the
Southeastern Rio de La Plata Basin (RPB) (IPCC,
2021), land-use conversion and agricultural intensi-
fication place increasing demands on water resources
(Barros et al., 2005). These pressures on water re-
sources in SESA make understanding the dynamics of
river systems a critical part of resource management

and planning for sustainable development. Given the
relatively short-term instrumental records (Doyle and
Barros, 2011), there is a need for long-term data on
historical streamflow for water management and climate
risk assessments. Moreover, hydro-meteorological
extremes are shown to be non-stationary, featuring
trends and shifts (IPCC, 2014) not adequately rep-
resented by short-term datasets (Williams et al., 2021).

Tree-ring networks are used to reconstruct annual
and seasonal hydroclimate variability in broad geo-
graphical regions (Coulthard et al., 2021; Higgins
et al., 2020; Meko and Woodhouse, 2011; Sauchyn
et al., 2011; Maxwell et al., 2017). While Southern
Annular Mode (SAM) influences tree growth through-
out the extra-tropical Southern Hemisphere (Villalba
et al., 2012), El Nifio Southern Oscillation (ENSO)
plays a critical role for growth, precipitation and
streamflow anomalies in tropical and subtropical
latitudes (Garreaud, 2009). The relative scarcity of
trees in SESA grasslands (Bogino and Jobbagy, 2011;
Oliveira et al., 2010) places a regional challenge for
tree-ring reconstruction of hydroclimate. The few
chronologies available in lowland SESA capture a
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regional signal in rainfall variability (Lucas et al.,
2018), suggesting their potential as streamflow
proxies. In this context, some studies show that
streamflow reconstruction is improved by incorpo-
rating tree-ring chronologies from a broader spatial
footprint, based on regional teleconnections to global
climate factors including ENSO (Allen et al., 2013;
Mufioz et al.,, 2016). The South American Drought
Atlas (SADA) reconstructs over 600 years of austral
summer drought for southern South America, drawing
upon 283 tree-ring chronologies in largely high-
elevation regions (Morales et al., 2020). Streamflow
reconstruction of the Neuquén River in Argentina was
developed based on 66 precipitation-sensitive tree-ring
chronologies extending over 800 km from 32 to 44°S
(Mundo et al., 2012). In the Murray—Darling basin of
South-Eastern Australia, proxy records from tree-rings
and coral in Indonesia, Asia, and Australia were used to
reconstruct river streamflow (Gallant and Gergis, 2011).
Pulling proxy data from a broader area in Australasia
was a strategy to increase predictors tied to large-scale
global climate forcings such as ENSO and SAM
(Allan, 1988). Among the few streamflow recon-
structions in the RPB, is the reconstruction of over 300
years of dry-season streamflow of the Rio Bermejo in
the Chaco region (Ferrero et al., 2015). Most of the
older tree-ring chronologies in SA are from Chile and
Argentina, which constitute the main database for
most of the climate reconstructions in SA (Christie
etal., 2011; Garreaud et al., 2017; Mufioz et al., 2020;
Lara et al., 2020; Aguilera-Betti et al., 2017).
ENSO variability is a key driver of hydroclimate in
SESA and central Chile (Garreaud et al., 2009; Penalba
and Rivera, 2016; Grimm et al., 2000). The ENSO in-
fluence on extreme seasonal precipitation events has
resulted in some of the largest flooding events in the La
Plata Basin (Grimm and Tedeschi, 2009). In the south-
eastern RPB, the Uruguay River displays streamflow
anomalies that correlate positively with the El Nifo
3.4 Index (Genta et al., 1998; Robertson and
Mechoso, 1998). The influence of ENSO on sea-
sonal precipitation in SESA is seasonal, whereby the
ENSO signal is strongest in Oct-Dec and Mar—Jul and
effectively disappears in mid-summer (Jan—Feb)
(Cazes-Boezio et al., 2003; Grimm et al., 2000).
Understanding the relationship between ENSO and
the Uruguay River has shed insight on increasing

trends in discharge since the 1960s (Pasquini and
Depetris, 2007), and increasing extreme flood events
(Camilloni et al., 2013; Cavalcanti et al., 2015). The
Negro River is the largest tributary to the Uruguay
River and likewise has a positive correlation with
ENSO (Talento and Terra, 2013). ENSO and other
climate forcings also influence water availability in
central Chile, currently undergoing a megadrought
with reductions of 20-40% in precipitation (Garreaud
etal., 2017, 2020). There is a strong positive influence
of El Nifio on precipitation in central Chile (Garreaud,
2009), both of which influence annual tree-ring
growth (Barichivich et al., 2009; Le Quesne et al.,
2006, 2009; Venegas-Gonzalez et al., 2018).

Tree-ring chronologies in the Southern Hemisphere
share common climate signals including ENSO and
SAM (Morales et al., 2020; Villalba et al., 2012).
Considering the strong link between these climate modes
and local rainfall in Uruguay and Central Chile (Cazes-
Boezio et al., 2003; Chiew and McMAHON, 2002;
Garreaud et al., 2009; Penalba and Rivera, 2016;
Pisciottano et al., 1994), we evaluated cross-continental
proxy tree-ring chronologies for historical streamflow
variability in the largest river in Uruguay, the Negro
River. We aimed to: (1) explore the correlations among
ENSO, regional precipitation and annual tree-growth as a
potential mechanism for the tree-ring correlation with
streamflow; (2) reconstruct annual streamflow variability
in two rivers in the Negro Basin using long-term tree-ring
chronologies from Central Chile. We focused the analysis
on how regional hydroclimate anomalies in the grass-
lands of humid subtropical Uruguay are connected to
those in semi-arid Central Chile, and how longer-term
chronologies in Central Chilean forests track Negro River
streamflow anomalies in comparison to short-term
chronologies from the sparsely forested landscape in
the northem Pampa biome of Southeastern South
America (Toranza et al., 2019). We aim to advance
knowledge on historical streamflow of major rivers in
Southeastern South America, using longer time series
data from a network of tele-connected sites in South
America.

Il Materials and methods

2.1 Negro River basin streamflow. The Negro River
covers approximately 69,700 km?, 77% of which
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ZRUW S Sy Sso SO e ocurrs in Uruguay and a small headwater region in
Southern Brazil (Figure 1). The river is the largest
tributary of the Uruguay River with a length of
560 km and a mean annual discharge of 500 m® s~

@ (Krepper et al., 2003). Monthly streamflow (Q) in the
f Upper Negro River basin declines in summer, with <
6 e hrondlonies 30% of annual accumulated Q occurring in Dec—Mar
o  FTRDD South Amerce (Figure 2(b)). Low-flow events occur in months with
o) Stream data .

3 T the highest temperatures (Feb-1965 and 1979; Jan-
o £ Regrs Ry aasin 1989, 1990, and 2012), but high-flow events occur
2 Uruguay River Basin . . .
. G e throughout the year, with the highest on record as April
g ekl 1959. The Negro River has three hydroelectric dams,
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creating three man-made reservoirs, constructed in ca.
Figure |. Map of the study area, showing (a) location of 1948, 1960, and 1982, the largest of which—Rincon

tree ring chronologies (N = 32) and ITRDB del Bonete—has an area of ca. 1100 km?. There are 28
chr'onolvogies, WWEF forest and non-forest biomes, and active gauges in the basin, including on the Tacuar-
major rivers (Lehner et al., 2008) as a reference; and embo River, which covers 20% of the Negro River

(b) map of the Negro River basin within the Uruguay . . . .
River basin, showing the two hydrometric stations (TAC: basin (Figure 1), The earliest water level readings are

Tacuarembé R—Borracho Pass; NEG: Negro R— from 1911 at the San Gregorio station (Garcia agd
Mazangano Pass) and respective sub-basins. Historical Q Vargas, 1998). We obtained monthly Q data from six
data was also used as a reference from the Uruguay gauge stations upstream of all dams from the Negro,
River—Concordia Station (CON). Native forest cover in  Tacuarembd, Cufiapirti, and Yaguari Rivers, all within
L.JrL.Jguay (Sentinel ime.lgery data, M.GAP, 29|8) s?hows the the Upper Negro R. basin (DINAGUA, 2018: , un-
limited extent of native forest. within this region of the publ. data, Supplemental Table S1). Missing data (2—
Pampa biome. For interpretation of the references to o . .

3%) was filled by developing an Autoregressive In-

colours in this figure legend, refer to the online version . .
of this article. tegrated Moving Average (ARIMA) model with
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Figure 2. (a) Linear regression of mean annual precipitation and mean annual streamflow for each hydrometric station,
Negro River (Adj R? = 0.67, p<0.001) and Tacuarembé River (Adj R* = 0.57, p < 0.001); (b) monthly streamflow (Q)
averaged between the two stations from 1957 to 2012. Percentiles of monthly filled Q shown as shaded areas, whereby
theareain light gray = 5-95% and in gray = 25-75%. Mean Q is shown as a white line and mode as a blue line. (c) Map of the
correlation (r-value, p < 0.10) between 5-month averaged mean Q (Oct—Feb) and sea surface temperature (Nov—Mar),
outlining in black the El Nino 3.4 region. For interpretation of the references to colours in this figure legend, refer to the
online version of this article.
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exogenous variables (Tencaliec et al., 2015). Corre-
lations among six hydrometric stations prior to filling
of missing data ranged from » = 0.84 to 0.99 (p <
0.001). The ARIMA captured the temporal structure
of the time series; the exogenous variables (other gauge
stations) took into account the correlation between
gauge stations (Supplementary Figures S1 & S2).
Monthly Q (1957-2012) and average Q for two
stations, Tacuarembd River—Borracho Pass (TAC)
and the Negro River—Mazangano Pass (NEG), were
used for all Q analyses (Table 1). A weighted mean
was not used as basins were both approximately
6600 km® (Table 1). Both stations were located >
100 km upstream from large dams (Figure 1). We
used linear regression to test the relationship between
annual Q and annual precipitation for each basin
(Figure 2(a)). We used the hydrostats package ver-
sion 0.2.6 (Bond, 2018) in R to evaluate high and
low-flow events and duration for 5th and 95th per-
centile Q (Figure 2(b)). Given the aseasonality of
flooding events in these watersheds, we analyzed the
Q-tree-ring relationship over 12-month periods.

2.2 Tree-ring data

We compiled a dataset of 32 ring width chronologies
from the Southern Cone in regions influenced by
ENSO (Figure 3(c) and (d) that overlapped the 55-year
instrumental Q data time series from 1957 to 2012, 29
from Chile and three from Uruguay (Table 2 and
Figure 1). Details regarding the collection of tree-ring
samples in Uruguay and data processing are detailed
in Lucas et al. (2018) for ICR and SLB, and un-
published chronology VAR was developed using
similar methods. The 29 tree-ring chronologies from
10 species of Central Chile (30-36° S; Table 2) were
obtained from the Laboratory of Dendrochronology
and Environmental Studies at the Pontifical Catholic

University of Valparaiso (PUCV) and Dendroecology
Lab at the Universidad Mayor (UMayor), some of
which were published (Matskovsky et al., 2021;
Venegas-Gonzalez et al., 2018) and others were un-
published data. Tree-ring chronologies were developed
using conventional dendrochronological procedures
(Speer, 2010), including wood drying and sanding with
progressively finer sandpaper from 100800 grains cm?.
The computer program COFECHA was used to detect
measurement and cross-dating errors (Holmes, 1983).
All chronologies were detrended using a cubic
smoothing spline two-thirds the length of the series
(Speer, 2010). The Expressed Population Signal sta-
tistic (EPS; Briffa, 1995) was used to assess the
strength of the common growth signal over time and
truncate the chronologies when this signal weakens
in the less replicated, earlier part of the chronology.
We retained for analysis segments of the Chilean
chronologies with EPS above the commonly used
threshold of 0.85 (85% common growth signal
and 15% noise) and UY chronologies >0.80 (Lucas
et al., 2018).

We developed three composite chronologies based
on Principal Component Analysis (PCA) of chro-
nologies from central Chile in order to identify the
common growth pattern variability among the site
chronologies. The first PCA (PCA-Q) was based on N
=21 chronologies that correlated with mean annual Q
(Jun—May); we used PCI to compare with Q and
precipitation over the instrumental period 1957-2012
(Supplementary Figure S3). We developed a second
PCA (PCA-ENSO) based on the N = 16 chronolo-
gies that correlated with 5-month averaged ENSO
(May—Sep), to compare with El Nifio 3.4 Index
(Supplementary Figure S4). A third PCA (PCA-
100) was conducted based on N = 18 chronolo-
gies that extended over a century (1906-2011) to
examine long-term correlation with ENSO and

Table |. Gauge stations evaluated in this study, indicating mean monthly streamflow (Q) and Mean Streamflow (Mean
Q) between the two stations. Number of months with missing data in the entire series are indicated.

Gauge station Period Area (km?) Missing data Outlet altitude (m) Q mean # SD (m?/s)
Rio Negro—Mazangano 19572012 6578 22 104 89 £ 101
Rio Tacuarembé—Borracho  1955-2012 6589 19 97 129 + 153
Mean Q 19572012 NA - 109 + 123
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Figure 3. Mean monthly precipitation in (a) Central Chile and (b) NE Uruguay from 1957 to 2012 Map of the spatial
correlation (r, p < 0,10) between (c) 5-month averaged Apr—Aug rainfall and the El Nino 3.4 Index and d) Aug-Dec
rainfall and El Nino 3.4 Index; Sep—Dec in South America, developed in KNMI Climate Explorer. For interpretation of the
references to colours in this figure legend, refer to the online version of this article.

regional precipitation in central Chile (Supplementary  and (b), which affect the timing and strength of the
Figure S5). relationship between tree-ring growth and Q.

. Monthly rainfall in NE Uruguay and Central Chile
2.3 Climate data from 1901 to 2017 were obtained from the 0.5° CRU
Regional rainfall. Central Chile and Uruguay have 4.03 dataset (Harris et al., 2020). The climate in
dramatically different rainfall regimes (Figure 3(a) Uruguay is characterized as humid subtropical (Cfa)
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Table 2. Tree-ring width chronologies from Chile and Uruguay evaluated as potential proxies for streamflow (Q) of the
Upper Negro River from 1957 to 2012. Chronologies are ordered from north to south (latitude = Lat), showing
interseries correlation (r), total number of series (N°), as well as correlation (r) with 5-month averaged ENSO (May—Sep
in Chile; previous (p) Oct—Feb in Uruguay, precipitation (PPT) in Central Chile (May—Sep) or Uruguay (pNov—Mar), and
annual Q (Jun—May in Chile; pSep—Aug in Uruguay). Chronologies in bold (n = 7) were used to evaluate various
reconstruction models, and n = 4 sites with an asterisk were selected for final models.

Elevation N° N° r
Code Site (masl) Species Lat Period Seriesr series trees ENSO rPPT rQ
Chile May— May— Jun-
Sep Sep May
TOL Tololo sitio | 1780 PrCu —30.19 1691-2013 0.63 37 13 0.35 0.55 0.28
CHI Chinchillas 1488 AcCa 315 19172016 04] 24 14 0.13  0.05 0.16
INE Cerro Santa Inés 641 AePu —32.16 1780-2016 0.41 25 18 0.11 —0.14 0.09
CSI®¥*  Cerro Santa Inés 227 CrAl —32.17 1749-2017 0.48 39 26 0.33 0.44 0.27
PML*  Maitén Largo 188 CrAl —32.26 1890-2017 0.82 29 16 0.30 0.60 0.50
BML® Maitén Largo 190 BeMi  —32.26 1790-2017 0.56 21 16 0.32 0.53 0.37
ELA El Asiento 1878 AuCh  —32.65 1153-2017 0.69 47 32 0.22 0.68 0.36
BQ* El Manzanar 280 BeMi  —32.89 1927-2017 0.68 42 34 032 0.69 0.35
CAM PN La Campana 1257 NoMa —32.96 1905-2017 0.63 79 46 0.19 0.50 0.27
RLC PN La Campana 1329 NoMa —32.96 1904-2014 0.6 47 29 031 0.59 0.37
CER Cerro El Roble 1964 NoMa —32.99 1910-2016 0.52 42 25 0.19 0.41 0.23
PLC® PN La Campana 400 CrAl -33 18912017 0.75 21 15 0.24 0.71 0.47
BLC® PN La Campana 623 BeMi  —33 19132017 0.7 18 I 0.16 0.64 0.43
ACH Altos Chicauma 315 NoMa —332 1923-2018 0.7 32 24 0.28 0.67 0.42
PYL Yerba Loca 2071 KaAn ~ —33.33 1936-2015 0.71 15 14 0.13 0.47 0.4
MET Yerba Loca 2100 KaAn ~ —33.33 1876-2015 0.62 15 14 0.23 0.63 0.44
MAN?  Manquehue 1084 CrAl —33.36 1932-2015 0.65 33 18 —0.01 0.00 —0.04
SvI Sendero del 2087 KaAn  —33.36 1945-2016 0.54 19 13 0.16 0.50 0.38
Viento
VNE Valle Nevado 2468 BeAn  —33.37 1937-2016 0.46 28 27 0.04 0.19 0.21
ADR®  Aguas de Ramén 1152 CrAl —33.44 1850-2011 0.63 25 15 0.29 0.74 0.36
PRC* Rio Clarillo 1002 CrAl —33.73 1863-2017 0.65 26 13 0.38 0.65 0.47
PPI**  Pirque 837 CrAl —33.75 1881-2018 0.73 52 26 —0.10 0.03 0.27
SAC Altos Cantillana 1900 NoMa —33.87 1789-2014 0.51 46 25 0.16 037 0.24
RNL RN Loncha 1050 NoMa —34.14 1858-2014 0.47 37 24 033 037 0.38
HPL Poqui limite 1250 NoGl  —34.19 1733-2018 0.6 35 20 032 0.38 0.21
cumbre
TIN? Tinguiririca 678 CrAl —34.73 1942-2018 0.65 35 19 0.13 0.13 0.13
SAH Alto Huemul 1670 NoMa —34.88 1767-2014 0.47 56 39 0.15 0.31 0.18
PS)* San Javier 129 CrAl —35.56 1921-2018 0.6l 34 18 0.23 0.49 0.4
ANI Las Animas 968 AuCh  —36.04 1884-2017 0.59 32 17 0.22 0.05 0.09

(continued)
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Table 2. (continued)

Elevation N° N° r

Code Site (masl) Species Lat Period Seriesr series trees ENSO rPPT rQ

Uruguay pOct— pNov— pSep—
Feb Mar Aug

VAR Paso Vargas 188 SeCo  —30.98 19672007 0.45 24 17 0.05 032 0.25

ICR® Isla Cristalina 200 ScBu —31.73 1919-2012 0.43 29 15 0.42 0.55 0.40

SLB® Sierra La 150 ScBu —33.99 1900-2012 0.42 25 14 0.28 020 0.16

Blanqueada

Note: Species scientific names and codes are as follows: Proustia cuneifolia (PrCu), Acacia caven (AcCa), Aextoxicon punctatum (AePu),
Cryptocarya alba (CrAl), Beilschmiedia miersii (BeMi), Austrocedrus chilensis (AuCh), Nothofagus macrocarpa (NoMa), Kageneckia angustifolia

(KaAn), Berberis andina (BeAn), and Nothofagus glauca (NoGl).

?Chronologies included in the manuscript under review in Ecosystems: Venegas-Gonzélez A., Mufioz A.A., Carpintero-Gibson S.1,
Gonzilez-Reyes A., Schneider ., Gipolou-Zuiiga T., Aguilera-Betti I., and Roig F.A. Sclerophyllous forest tree growth under the influence

of a historic megadrought in the Mediterranean ecoregion of Chile.

®Chronologies published in Lucas et al. (2018).

(Rubel and Kottek, 2010) with a mean annual pre-
cipitation (MAP) of 1398 mm y ™' in the study region
and seasonal rainfall distributed year-round, averaging
92-121 mmmo ' (Figure 3(b)). The climate in Central
Chile (29-40° S), is Mediterranean (Csa and Csb)
(Rubel and Kottek, 2010), highly seasonal, with a
North-South gradient in MAP from 50 to 300 mm
y~ !, where 90% of rainfall occurs in May—Aug
(Barichivich et al., 2009; Garreaud et al., 2020).
Above-average precipitation in rainiest months is
linked to El Nifio episodes, due to an increase in sea
surface temperature in the equatorial Pacific regions
and a decrease in atmospheric pressure (Garreaud
et al., 2009; Montecinos and Aceituno, 2003). This
atmospheric condition increases the frequency of
frontal cloud bands and intensifies them, generating
increased precipitation in Central Chile (Meza, 2013).
Monthly rainfall in Uruguay was averaged among
eight CRU grid points in the Upper Negro River
basin, and in Central Chile, among all CRU gridded
data points within the area 29-36° S and 70-71°W
using the KMNI Climate Explorer (Trouet and Van
Oldenborgh, 2013). As 85% of precipitation in
Central Chile from 29-36°S occurs in May—Sep
(Figure 3(a)), seasonal hydroclimatic variables in
Chile incorporated austral winter anomalies. We
used a double mass curve to compare the consistency
of the relationship between CRU 4.03 annual precip-
itation in Central Chile and NE Uruguay rainfall in the
period Jan—Dec from 1901 to 2017 (Supplementary

Figure S6). Seasons were defined as Spring = Sep—
Nov, Summer = Dec—Feb, Fall = Mar—May, and
Winter = Jun—Aug.

Global climate data. The monthly ENSO index,
ESRL/NOAA Nifio 3.4, based on HadISST for 1901—
2017 was downloaded from climatedataguide.ucar.edu
(Schneider et al., 2013), as the best El Nifio Index for
explaining seasonal and annual drought anomalies
(Penalba and Rivera, 2016). We used a 5-month moving
average to evaluate the relationship between ENSO
and tree-ring data, based on definitions of ENSO
events by Trenberth (1997). The monthly SAM Index
was obtained from the NCAR-UCAR Climate Data
Guide (Marshall, 2003) to evaluate the correlation
between Central Chile tree-ring chronologies and SAM
across multiple time windows (for R values with ICR
and SLB chronologies from Uruguay see (Lucas et al.,
2018). Monthly data for the CSIC Standardized Pre-
cipitation Drought Index, SPEI (Vicente-Serrano et al.,
2010) were obtained via the KNMI Climate Explorer
(Trouet and Van Oldenborgh, 2013).

2.4 Tree-ring versus hydroclimate analyses

Tree-ring chronologies in northeastern Uruguay (UY)
and Central Chile (CCh) were expected to correlate
with Q over different months, given differences in
rainfall seasonality (Figure 3(a) and (b)). We evaluated
potential Q proxies based on the correlation between
tree-ring chronologies and a seasonal ENSO signal, as
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a driver of local hydroclimate. The seasonality of the
relationships among tree-ring width, ENSO and Q was
evaluated by exploring multiple correlations with
Pearson correlation coefficients over multiple 5 and
12-month time windows. First, we evaluated the tim-
ing and strength of the relationship between Q and the
ESRL/NOAA Nifo 3.4 Index. Under the hypothesis
that precipitation variability explains the ENSO - tree-
growth correlation in both CCh and UY (Barichivich
et al., 2009; Lucas et al., 2018), we mapped the cor-
relation between Q and mean annual precipitation
(Figures 3(c) and (d)). Spatial correlation maps were
constructed in the Climate Explorer web analysis
platform of the Royal Netherlands Meteorological
Institute (KNMI: https://climexp.knmi.nl/start.cgi).

To evaluate the Q and tree-ring width correlation over
monthly, seasonal and annual time scales, we applied
multiple Pearson correlation coefficient analyses for the
instrumental data period 1957-2012. We identified the
months (static time window) with the highest correlation
between tree-ring width and a 32-month climate period
from January of the calendar year 2 years prior to growth
onset to August of the current year (Biondi and Waikul,
2004; Blasing et al., 1984). Temporal stability of the
growth-monthly streamflow relationship was assessed
using a 30-year moving window beginning in 1957 and
shifted forward 1 year at a time using the package
treeclim (Zang and Biondi, 2015). We used multiple
Pearson correlations to determine the 5 and 12-month
period of consecutive months with the highest correlation
to each chronology. This method accounted for the
potential lag in the correlation between streamflow and
tree growth (Fritts, 1976). Confidence intervals for both
static and moving correlation coefficients were estimated
with 1000 bootstrapped estimates obtained by random
extraction with replacement from the input dataset.
Wavelet analysis was used to assess periodic signals in
precipitation, Q, and tree-ring data (Bunn, 2008). All
analyses were conducted in R version 3.5.3 (R Core
Team, 2019).

2.5. Cross-continental streamflow
reconstruction
A streamflow reconstruction was evaluated based

on the established teleconnection between the hydro-
climates of Central Chile and NE Uruguay. Annual

streamflow (previous Jun—May) of the Negro and Ta-
cuarembo Rivers was reconstructed with tree-ring records
from Chile using a multiple regression model. The
chronologies selected for the model were those that
extended more than 100 years, and showed positive
correlations with instrumental streamflow, precipitation,
and ENSO (Table 2). The common period between in-
strumental Q data and tree-ring chronologies (1957—
2009) was used to calibrate models using a stepwise
multiple linear regression following the “leave-one-out”
cross-validation method (Michaelsen, 1987; Meko and
Woodhouse, 2011). In this approach, each observation is
successively withheld, a model is estimated on the re-
maining observations, and the omitted observation is
predicted. Finally, the time series of predicted values
assembled from the deleted observations is compared
with the observed records to compute the validation
statistics of accuracy and error model (Muifioz et al., 2016,
2020).

We selected potential chronologies as model
parameters based on their positive correlation with
both ENSO and Q (Table 2); prior to selecting the
final set of parameters, a priori models with multiple
species consecutively selected Cryptocarya alba chro-
nologies as the strongest p. We also observed that model
performance declined when adding other species. As
such, we considered for Q reconstruction, seven chro-
nologies of C. alba, ADR, CSI, PML, PPI, PSJ, PLC,
and PRC, excluding MAN and TIN that had no cor-
relation with any of the hydroclimate variables of in-
terest (Table 2). The final models selected used four
parameters—PML, CSI, PPI, and PRC chronologies—
at year t=0, t+1, t+2, and streamflow series as predictors.
The following models were selected based on the longest
time series (1891-2017) with the most robust statistics

NEG = 34.20 + 12.03PML,_, — 59.64CSI,,
+ 4232PRC{:0 + 3284PPL:0 + 21 .39PPL:]

TAC = 32.96 + 25.75PML,_, — 103.55CSI,,
+ 61.05PPI,_, + 46.35PPI,,, + 59.03PRC,_,

where NEG and TAC are the reconstructed an-
nual streamflow for Jun—-May of the Negro and Ta-
cuarembo River, respectively. The reconstruction was
truncated at 2009 due to changes in the double mass
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curve of Q-precipitation post-2009 (Supplementary
Figure S6), potentially related to the effects of re-
cent increases in afforestation area in the Tacuar-
embd River basin in Uruguay, as well as severe
growth declines in Central Chilean trees related to the
megadrought in Chile in the 21st century (Venegas-
Gonzalez et al., 2019; Matskovsky et al., 2021).
Model verification for the calibration period
(1957-2009) was conducted using the R? and adjusted
R? to evaluate explained variance between observed and
predicted values, the latter adjusted for loss of degrees of
freedom; the F statistic for testing the accuracy of the
regression model; and the reduction of error (RE) statistic
to account for the relationship between the actual value
and the estimate. The robustness of the reconstruction
was evaluated using the root mean square error (RMSE),
the Reduction Error (RE), and the Durbin—Watson test
(DW) (Fernandez et al., 2018; Mufioz et al., 2020).
We evaluated the linear correlation between the
reconstruction and historical hydroclimate data
from the Upper Negro River basin, including annual
CRU 4.03 precipitation, CSIC 1-month SPEI, and
the annual self-calibrated Palmer Drought Severity
Index (scPDSI) available at the SADA Explorer
(https://sada.cr2.cl/, Morales et al., 2020). We also
compared the reconstruction with the El Nifo 3.4
Index from 1901 to 2017 and annual Q (Jun—May) of
the Uruguay River at Concordia (31°24'S and
58°2'W) from 1898 to 2005 (unpubl. data, CTM,
2020), one of the oldest river level gauges in lower
Uruguay R. basin. Finally, the periodicity of the re-
construction was evaluated by wavelet analysis using
the morlet function in the dplIR library and violin plots.
A wavelet analysis on both the ENSO and reconstructed
Q were used to determine if there were significant
periodicities expected if ENSO was a driver of historical
Q and climate in Uruguay. Frequency of extreme
events (>95% and <5% exceedance) were evaluated
in the hydrostats package version 0.2.6 (Bond, 2018),
including a list of very wet and dry years pre- versus
post-climatic jump of the 1960s in streamflow of
rivers in SESA (Mechoso and Iribarren, 1992).

Il Results

3.1. Tree-growth from Central Chile as indicators
of streamflow. Among the 29 potential tree-ring

chronologies in central Chile, 21 were positively
correlated with annual Q in Uruguay (» values in Table
2). These 21 ring-width chronologies corresponded to
seven species from 30 to 36° S at altitudes of 129 to
2468 masl (Table 2). Pooling these 21 chronologies
into the PCA-Q, the first component (PC1, variance =
49.9%) was positively correlated with annual Q from
Jun—May (= 0.50, p < 0.001) during the same period
of ring formation (approximately Sep—May) in the
Southern Hemisphere (Figures 4 and 5(a)). Chronol-
ogies differed in the timing and strength of correlation
with annual Q (Table 2), with variable seasonal Q
signals in the previous winter, and in spring-summer of
the same growth year (Table 2 and Supplementary
Figure S7). Precipitation of May—Sep (5-month av-
erage) also had a strong positive correlation with PC1
(r=0.80, p <0.001, Figure 4), showing that increased
precipitation in winter in CCh precedes increased
tree growth in the following growth year. There was
a strong correlation between r-values with Q and
r-values with precipitation in CCh (»=0.64, p <0.01),
showing that trees highly correlated with regional
precipitation in Chile were also good predictors of
annual Q in Uruguay.

Most chronologies showed a correlation with ENSO
in the current growth year, but chronologies TIN, MAN
and SAH shared a pattern similar to Uruguayan
chronologies, with an ENSO signal one or two years
prior to ring formation (Supplementary Figure S8).
Among the 29 chronologies from central Chile, 16
were positively correlated with the 5-month El Nifio 3.4
Index (May—Sep or Apr—Aug, p < 0.10), 14 of which
also correlated with Q. PC1 (48% variance), based on
these 16 chronologies (PCA-ENSO), was also posi-
tively correlated with the El Nifio 3.4 Index across
multiple 5-month time windows, the strongest of which
was May-Sep (» = 0.40, p = 0.001). In contrast to
ENSO, correlation with annual SAM was negative
among seven chronologies (r = —0.27 to —0.46, p <
0.05, HPL, SAH, MOD, PRC, CSI, MAN, and ANI),
which varied broadly in the timing of the correlation.
An additional three chronologies (CHI, VNE, and
TOL) had a weak positive correlation with SAM (r <
0.32), but the remaining 19 chronologies from Chile
showed no relationship with annual SAM anomalies.

The modular effect of ENSO on tree-ring growth
was shown using the PCA-100 based on 18
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chronologies starting prior to 1906 (Table 2). Over a
century, the correlation between ENSO and PCl1
(42.1% variance) was r = 0.38 (p < 0.001), with
periods of high (1906-1940, r = 0.62, p < 0.001 and
1980-2011, » = 0.58, p <0.001) and low correlation
values (1940-1980, » = 0.14, NS, Figure 6). Mean-
while, the correlation between central Chile precipi-
tation and Axis 1 of the PCA-100 was high (= 0.73)
and consistent through time (»=0.69, 0.73, and 0.78,
p <0.001, for 1905-1940, 1941-1975, and 1976—
2012, respectively, Figure 6). Overall, results
showed decadal variation in the correlation between
ENSO and tree-ring width, while the correlation
with precipitation and tree-ring width remained
significant and positive throughout the entire study
period. Wavelet analyses also showed the presence of

2-7-year periodicities in Q and PC1 of the PCA-100
from 1901 to 2012, and their inconsistency over
decadal scales (Supplementary Figure S10).

3.2 Tree-growth and streamflow in SESA

Among chronologies from Uruguay, one chronology
(ICR) spanned the entire instrumental Q data period,
located in the highlands of the Upper Negro River
basin. Tree-ring chronology in NE Uruguay (ICR) was
positively correlated with annual Q in the previous
growth year, prior to tree-ring formation (Sep—Aug,
Table 2 and Figure 5(b)). This correlation was influ-
enced by a seasonal correlation with Q in late summer
and fall (Feb-May, r = 0.43, p = 0.0013). The rela-
tionship between tree-rings and Q was strongest in
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Figure 4. Pearson correlation coefficients (r-value) for the relationship between Axis | of Principal Component Analysis
(PCA-Q) of 21 tree-ring width chronologies in Chile and 5-month average ENSO (El Nifio 3.4 Index), 5-month average
precipitation (PPT) and 12-month average streamflow (Q) from 1957 to 2012. The Sep—Aug growth year for ring
formation is shown in white-filled boxes, and growth season prior to ring formation in gray along the x-axis. Asterisks
indicate the 5- and |12-month periods used to analyze correlations between hydroclimate and chronologies, as shown in

Figures 6 and 7, and r values in Table 2. For interpretation of the references to colours in this figure legend, refer to the
online version of this article.
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Figure 5. Time series with Pearson correlation coefficients (r) (a—c) and correlation maps (p > 0.10; d—f) showing
interannual variability in (a,d) 5-month averaged ENSO (Aug—Dec) and annual Q (Jun—May) from 1957 to 2012. (b,e) Tree-
ring anomalies from Axis | of Principal Component Analysis (PCA-Q) based on 21 chronologies from Chile and annual Q
(Jun—May); (c,f) annual ring width chronology from Uruguay (site ICR) and annual Q (Sep—Aug), where Q is the averaged
between the two gauge stations. Maps developed in the KMNI Climate Explorer; El Nifio Index Region 3.4 shown as black
rectangle. For interpretation of the references to colours in this figure legend, refer to the online version of this article.

March (» = 0.41, p = 0.002), and showed tempo-
ral consistency in all 35-year moving correlation
windows in the 1957-2012 period (p > 0.05). High-
flow years were registered by trees in 1966, 1973,
1977, 1984, 1987, 1998, and 2002-2003, generally
following positive ENSO oscillations (Figure 5(c)).
Concerning the timing of the ENSO — tree-ring
connection, multiple time window correlations be-
tween UY tree-rings and hydroclimate variables,
ENSO, PPT, and Q demonstrate the differences in

the timing and strength of these correlations (Figure
4). In Uruguay, tree-ring growth was is positively
correlated with ENSO in the 5-month period Aug—
Dec, coinciding with typically peak El Nifio/La Nifia
index values in Nov—Dec (Penalba and Rivera,
2016). Peaking slightly later, tree-ring growth
was also correlated with precipitation from Nov—Mar
(Figure 4), coinciding with the tail end of El Niflo in
Nov-Dec and hot summer temperatures in Dec—Feb
(Lucas et al., 2018).
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Figure 6. Time series of (a) El Nino 3.4 Index (ENSO, May—Sep) and the composite chronology from chronologies from
Central Chile with overlapping data from 1904 to 2012 and (b) anomaly of annual precipitation (May—Sep) from CRU
gridded data within the focal region in Central Chile. Pearson correlation coefficients (r) are shown for 35-year time
windows over the century-long series, emphasizing the modular influence of ENSO on annual tree growth, while
correlation with austral winter precipitation remains consistent over time. For interpretation of the references to
colours in this figure legend, refer to the online version of this article.

Comparing all chronologies as indicators of Q in
Uruguay, annual growth for most chronologies in
Chile was correlated with Q in Uruguay within the
same growth year, while tree-growth in Uruguay was
correlated with Q in months prior to growth year. For
S. buxifolia chronologies in SESA, annual ring width
was closely tied to ENSO anomalies in the austral
summer (Dec—Jan). In contrast, ring width anomalies
in central Chile are closely tied to SST in the austral
fall-winter (May—Aug). Given the expected time lag
between ENSO anomalies, regional precipitation and
mean streamflow, we found that trees in Uruguay are
largely contributing to a summer-fall Q signal and
trees in Chile to a complementary spring-early sum-
mer signal, both contributing to an understanding
of the annual variability in Q. Wavelet analyses
show varying levels of significance in the 2—4 year
periodicity of Q, PPT and tree-ring data, and the
weakening of this signal in the 1960s—1980s when de-
cadal periodicities are more significant (Supplementary
Figure S10).

Given that on average 85% of precipitation in
central Chile occurs in May—Sep (Figure 2(a)), seasonal

hydroclimatic variables in Chile incorporated austral
winter anomalies. Average annual Q of the two study
basins was positively correlated with the El Nifio 3.4
Index (r = 0.52, p <0.01), supporting previous studies
of the Q-ENSO relationship in the Negro and Uruguay
Rivers (Genta et al., 1998; Robertson and Mechoso,
1998). As the mechanism for the Q-ENSO connection
is a direct relationship between local precipitation and
Q, a linear relationship between annual precipitation
and mean annual Q was found for both stations (r =
0.67, p < 0.001, Figure 3(a)).

3.3 Streamflow reconstruction

The 1890-2009 Q reconstruction captured 45.6%
(R? adj = 40%) of the total variance of annual Q (Jun—
May) of the Tacuaremb6 River (TAC) and a 40.7%
(Rzadj = 34%) for the Negro River (NEG) according
to R? values. Both reconstructions were based on four
chronologies (PML, CSI, PPI, and PRC) comprising
the single evergreen species Cryptocarya alba from
sites ranging in elevation from 188 to 1002 masl and
latitudes 32—34°S (Table 2). All four chronologies had
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an EPS > 0.85, except for the decade 1900-1910 of
PRC with an EPS of 0.81-0.84. The variance ex-
plained by the model was R*a = 0.40 for TAC and
R%a = 0.34 for NEG (Table 3). Model skills were
shown by RE = 0.33 for TAC and 0.28 for NEG. The
residuals of regression models were normally dis-
tributed, and not significantly autocorrelated, ac-
cording to Durbin—Watson tests DW = 1.87, 1.85 for
TAC and NEG, respectively. Regarding the 1957-2005
calibration period, the correlation was » = 0.59 (p <
0.001) for TAC and r = 0.48 (p < 0.001) for NEG.

The 115-year reconstructed Q captured historical
low-flow years for both rivers (<10% percentile),
including in 1890, 1917-1918 (Summer PDSI -3.45 to
—2.56, SADA Explorer, Morales et al., 2020), 1924,
1935, 1946, and 1996. High-flow periods (>90%
percentile) were observed in the reconstructed series
in 1905, 1929, 1931-1932, 1959 (including the largest
flood event on record in April-1959), 1972, 1983—
1984, 1997, and 2000-2002 (Figure 7). The posi-
tive correlation with the Uruguay River at Concepcion
(r = 040 TAC and » = 0.38 NEG, Figure 7(c))
suggests that the reconstructed streamflow accurately
captures part of the variability of the streamflow of the
Negro and Tacuarembd Rivers in the upper basin.
Correlations of the reconstructed annual Q with an-
nual precipitation (May—Apr) were relatively strong
(TAC: r=10.38, p <0.001; NEG: r=0.38, p <0.001)
Meanwhile, somewhat weaker correlations were
found between reconstructed Q and 1-month SPEI
from Apr-Aug (TAC: r = 0.18, p = 0.04, NEG: r =
0.20, p = 0.03), SADA summer PDSI (https://sada.
cr2.cl/) for Dec—Feb (TAC: r = 0.21, p = 0.018 and
NEG: r=0.22, p=0.013) and ENSO (TAC: »=0.21,
p=0.015,NEG: r=0.24, p = 0.007; (Supplementary
Figure S11).

The 1901-2017 ENSO records showed periodicity
in the 2-7 year range, as expected, with stronger
correlations in the latter part of the 20th century ac-
cording to wavelet analysis (Figure 8). Reconstructed
Q for TAC and NEG showed 2-5 years periodicity in
more recent decades, that is 1990-2000 but not
throughout the entire record. Periodicity of 5-10 years
was observed in the earlier part of the century between
1910 and 1930, as well as longer-term periodic-
ities of 16-32 years (Figure 8). In addition to the
modular strength of ENSO-like periodicities in

the reconstructions, violin plots showed changes
in the kernel probability of reconstructed Q, with
increased probability of higher annual Q post-
climatic jump of the 1960s (Supplementary Material,
Figure S12).

IV Discussion

The remote influences of large-scale climate oscil-
lations on rainfall and streamflow are registered in the
growth of tree-rings throughout the Southern Hemi-
sphere (Villalba et al., 2012). Here we demonstrate
that tree-ring chronologies from Central Chile and
Uruguay are proxies for historical streamflow of the
Upper Negro River basin in SESA. First, we dem-
onstrate at a regional scale the positive relationship
between annual tree growth and annual Q anomalies
in the Negro River basin. Second, we demonstrate a
relationship between annual tree growth in Central
Chile and Negro River Q and show how this is
influenced by a modular ENSO signal over the
twentieth century. Finally, we reconstruct Negro and
Tacuarembd Rivers Q using a subset of Central Chile
tree-ring chronologies from 1890 to 2009. Given the
limited streamflow records prior to 1960 and the
relative scarcity of old-growth forests in the vast
grassland biome of SESA, we show that tree-ring data
from other regions in South America, linked to the
same large-scale climate drivers, can improve our
understanding of the long-term dynamics of these
rivers that play a critical role for energy and agri-
culture in this productive region.

4.1 Tree-rings as indicators of historical
streamflow variability

Ocean-atmosphere-land teleconnections among re-
mote regions can permit the historical reconstruction
of streamflow using multiple proxies. Tree-ring data in
South America has been used to reconstruct stream-
flow of major rivers in South America (Fernandez
et al., 2018; Ferrero et al., 2015; Holmes et al., 1979;
Mundo et al., 2012; Mufioz et al., 2016), as well as
drought conditions from 1400-present in the Southern
Cone (Morales et al., 2020). The positive response
of tree growth to ENSO variability shown here is
influenced by the relationship between ENSO and
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Table 3. Model statistics for reconstructions of the Tacuarembé and Negro Rivers in Uruguay.

RE R? R%adj RMSEv DW Calibration period
TAC 0.33 0.456 0.399 58.74 1.87 1957-2009
NEG 0.28 0.407 0.344 364.27 1.85 1957-2009
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and (b) Negro River—Mazangano Station in the Upper Negro River of Uruguay. Blue arrows indicate years >90% and in
orange years <5% exceedance of annual Q. (c) The reconstructed annual Streamflow (Q, Jun—May) is compared to the
Uruguay River at Concordia (CTM, 2020) from 1898 to 2005 (r = 0.40 for R. Tacuarembd and r = 0.38 for R. Negro).
For interpretation of the references to colours in this figure legend, refer to the online version of this article.

local hydroclimate variables in both Central Chile
and SESA (Garreaud et al., 2009). ENSO influences
the interannual variability of annual tree growth of
many chronologies in SA (Barichivich et al., 2009;
Christie et al., 2009; Rigozo et al., 2004; Villalba,

1994). A positive correlation with the El Nifio 3.4
Index was hypothesized as a potential mechanism
for the positive correlation between annual growth
in central Chile and Q in Uruguay. The months of
the ENSO-tree-ring correlation in Chile varied
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among species but generally coincided with the
rainfall season in austral winter, prior to the onset of
ring growth in the following September (Barichivich
etal., 2009; Venegas-Gonzalez et al., 2018). We found
a positive correlation between the El Nifio 3.4 Index
during the austral winter-spring seasons and 16 of the
29 Central Chilean tree-ring chronologies. Radial
growth increased during El Niflo episodes, similar to
findings in Mediterranean-temperate forests of Chile
(Christie et al., 2009; Le Quesne et al., 2006; Venegas-
Gonzalez et al., 2018). Nonetheless, the correlation
coefficient for the relationship between Chilean tree
growth and Q was often higher than that of growth and
ENSO, suggesting that other forcings besides ENSO
mediate the hydroclimate teleconnection between
Central Chile and Uruguay. Several studies in Chile
have shown that the influence of ENSO on local
hydroclimate varies by location and time scale (Barria
et al., 2018; Muioz et al., 2016; Rubio-Alvarez and
McPhee, 2010). Six chronologies from different
species contributed to the Q signal but did not cor-
relate with ENSO (CAM, BLC, PYL, SAC, SVI, and
PPI), potentially due to microclimatic and edaphic site
conditions or tree species phenology. Among species,
Cryptocarya alba (129-1002 masl) showed the
highest correlations with Q, followed by Kageneckia
angustifolia (2087-2100 masl), Beilschmiedia miersii
(190-2000 masl), Nothofagus macrocarpa (1050-
2000 masl), and Austrocedrus chilensis (1878 masl),
among others, confirming the dendroclimatological
potential of the Mediterranean tree species of Chile.

The ability of trees in Chile to track Q in Uruguay
suggests that they are connected by multiple climate
forcings including ENSO that deserve further re-
search. The Southern Annual Mode (SAM), North
Atlantic Oscillation (NAO) and Pacific Decadal
Oscillation (PDO) all play a role in the inter-annual
oscillations in Uruguay and Negro River Q (Maciel
et al., 2013). SAM and Pacific Decadal Oscillation
(PDO) are among other climate modes that influence
annual growth in central Chile (Barichivich et al.,
2009; Le Quesne et al., 2006; Venegas-Gonzalez et al.,
2018). Moreover, the ENSO signal in tree-rings varied
over time, as shown here by the disconnect between
ENSO and the 100-year composite chronology in
1940 to 1980. The ENSO signal in other Chilean
chronologies is also modular, with a strong influence

at the onset of the 20th century (Rigozo etal., 2004). If
ENSO is one of multiple climate forcings that connect
rainfall in central Chile and SESA (Barria et al., 2018;
Muioz et al., 2016; Rubio-Alvarez and McPhee,
2010), then we could expect tree-rings to track Q
despite this time-dependent correlation with ENSO.

Tree-rings in Uruguay and Central Chile were
related to hydroclimate in different seasons. Due to
seasonal rainfall in Chile, chronologies and the re-
construction were more strongly correlated with Q in
winter-early spring months. Meanwhile, year-round
rainfall patterns and hot summers in Uruguay explain
the strong correlation with Q in summer-fall months.
Late summer—early fall is a critical period for water
supply in these agricultural watersheds of NE Ur-
uguay, where 87% of the freshwater supply used in
the country is destined for irrigation MVOTMA, 2017).
High rates of evapotranspiration and evaporation during
the summer months of Dec—Feb have a major influ-
ence over water availability downstream for agricul-
ture and power generation (Jobbagy et al., 2011).
Droughts during these months affect not only water
supply for agriculture, silviculture, and power generation
but also facilitate low-flow conditions for the develop-
ment of algal blooms (Haakonsson et al., 2017).

4.2 Reconstructed streamflow of rivers
in Uruguay

Reconstructed Q of the two major tributaries of the
Upper Negro River basin highlights interannual
variability of two major rivers in northeastern Uruguay
over the past century, surpassing the instrumental
period by over 60 years. The 115-year reconstruction
confirms observed trends among the few long-term
instrumental records in the region of increasing ex-
treme flood events over time, related to the “climatic
jump” of increasing precipitation and Q since the
1960s (Mechoso and Iribarren, 1992). Similarly, the
Uruguay River displays a 40% increase in annual Q
post-1970s, related to an increase in precipitation in
ENSO-neutral months (e.g., Jan—Feb), and not to the
increase in the number of El Nifio months post-1970s
(Doyle and Barros, 2011). The reconstruction cap-
tured high-flow years of > 90% during 1905, 1929,
1931-1932, and 1958-1959, a year that included the
largest flooding event on record in April 1959 in the
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Figure 8. Wavelet plots showing periodicity of (a) reconstructed Q for the Tacuarembo River, (b) reconstructed Q for
the Negro River, and (c) ENSO (averaged over Aug—Dec) El Nino 3.4 Index during the reconstructed time period

1890-2009. Black outlines indicate significance. For interpretation of the references to colours in this figure legend, refer
to the online version of this article.

Negro River basin. Many of these years coincide with many climate drivers for Q variability in SESA,
El Nifio periods in the historical record. Nonetheless, influencing cycles of longer periodicity of 8-30 years.
the lack of strong 2—7 year periodicity throughout the  The high frequency of high-flow events in the latter
reconstruction suggests that ENSO may be one of part of the century is concurrent with the predicted
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increase in the frequency of 100-year floods in the
twenty-first century (Hirabayashi et al., 2013) and a
decrease in water shortage events (Krepper and
Zucarelli, 2010). The reconstructions also captured
low-flow years of <10% exceedance in 1890, 1917—
1918, 1924, 1946, and 1996, highlighting the de-
creased frequency of low-flow events in the second
half of the century. Although the Uruguay River
basin extends 300,000 km? 5%, the historical hy-
drometric data from Concepcion since 1898 confirms the
reconstructed variability in Q of these smaller interior
basins, suggesting that the Tacuarembo and Negro re-
spond to regional climate signals in SESA.

The reliability of reconstructed Q is potentially
affected by both recent climate phenomena in Chile
and land-use change in Uruguay. The reconstructed
Q was terminated in 2009 despite available re-
constructed values through 2017, due to a decoupling
of Chilean tree ring growth and Negro River Q in the
last decade. This was also confirmed by changes in
the double mass curve between Central Chile and NE
Uruguay precipitation, which until approximately
2000 was consistent from 1901 to 1999. The severe
decline in annual growth in the last two decades of
trees in Central Chile coincides with the mega-
drought in the region in the last two decades (Boisier
et al,, 2016; Garreaud et al., 2020). The recent
conversion of grasslands to afforestation in SESA
(Cespedes-Payret et al., 2009; Silveira et al., 2016)
could also confound the relationship between tree-
rings and Q in future decades (Arriaga, 2018). The
increase in Eucalyptus spp. plantation area in the
study region since 2000 is associated with a decline
in annual Q of 17-35% and a seasonal decline in
spring-summer Q of 25-38% in the Tacuarembod
River—Borracho hydrometric station (Silveira and
Alonso, 2009). An estimated 53% of the Tacuarembd
River basin is designated as “priority soils” for de-
velopment of tree plantation forestry, and plans exist
for a new cellulose plant on the Negro River with a
projected annual production rate of 1.9-2.4 million
tons of cellulose pulp (UPM - ROU Agreement,
2019). Management of water resources will need
to evaluate the combined effects of increasing rainfall
and flooding events as shown by the IPCC (2021),
with changes in water balance due to land cover
change (Brown et al., 2005).

Reconstructed Q provides a necessary long-term
perspective on changes in water availability over
multiple decades. Changes in how instrumental Q is
estimated, periods of missing data, riverbed changes
over time due to natural processes of erosion and de-
position, and uncertainty regarding gauging curve
development and maintenance all potentially contribute
to errors within the instrumental data, particularly prior
to the 1980s. Current legislation in Uruguay regarding
water management for irrigation—to which more than
80% of water used in Uruguay is designated—requires
20 years of monthly Q to determine environmental
streamflow (Ley de Riego—Decree 366/018). Despite
the potential errors in historical data, this study shows
that 20-year time windows poorly capture the long-
term variability in streamflow, including mean summer
flow, frequency and severity of drought and flood
events (Razavi etal., 2015). The 115-year reconstruction
suggests major flooding events in 1930, 1959, 1966,
and 1998, all of which could be potentially excluded
from an estimation of environmental streamflow in the
last two decades. In Chile, dendrohydrological re-
constructions using tree-rings show that Q during the
period used to legally determine water allocation was
above the long-term mean (Fernandez et al., 2018). As
central Chile currently faces severe drought and a
decline in tree growth in the past two decades
(Garreaud et al., 2020; Miranda et al., 2020;
Venegas-Gonzalez et al., 2019), the allocation of
water based on a surplus of discharge has had severe
ecological and economic consequences. Sustainable
water management under future land-use and climate
scenarios will rely in part on historical Q data to
develop sound predictions regarding water availability
and flood risk.

V Conclusions

We suggest that, in addition to the reconstruction of
drought atlas that networks of tree-ring chronologies
from Southern South America provide a regional proxy
for annual streamflow for rivers in the grassland-
dominated agricultural regions of Southeastern South
America. This connection between Central Chilean tree
growth and Negro River Q in Uruguay was mediated
by the influence of ENSO and, likely by other regional
climate phenomena that merit further research. Given
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the context of water management in the Negro
River basin as climate and land-cover change this
grassland-dominated landscape, a proxy for histor-
ical streamflow lends insight into river oscillations
over multiple decades. Nonetheless, changing land-
use patterns, the modular behavior of the ENSO-
regional climate relationship, and human impacts on
river hydrology could all confound the reliability of
distant long-term chronologies to predict annual river
discharge.

Given the scarcity of forest ecosystems and long-
lived trees in SESA, the extensive network of tree-ring
chronologies from higher elevations of the Pacific
coastal ranges of South America have a large po-
tential to reconstruct long-term hydroclimate in
much of Southern South America (Morales et al.,
2020). While tree-ring chronologies from the Negro
River basin in Uruguay tracked seasonal hydro-
logical drought and annual Q variability, long-term
tree-ring chronologies from Chile filled in major
decadal gaps in historical hydrological variability,
thus improving reconstructions of annual Q in this
agricultural epicenter of South America. Overall,
this study highlights how tree-ring networks in
South America can contribute to understanding
seasonal and annual variation in hydrological re-
gimes in data-poor regions. In the context of the
increasing frequency of severe flooding events in
SESA, hydroclimatological proxies from forest
ecosystems can extend the historical record as a
reference for future decisions regarding water use
and management, within the context of climate
change and land-use transformation.
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