
1. Introduction
The southeastern United States (US) is dominated by moist, maritime air masses, and thus generally has large 
amounts of rainfall and plentiful water resources. However, increasing population and infrastructure in this region 
can lead to increases in flooding potential due to more impervious surfaces and at the same time, increases water 
demand (Gangrade et al., 2020; Nagy et al., 2011; Seager et al., 2009). Further, climate in this region also can lead 
to flooding and drought conditions. Rainfall rates in the southeastern US have been increasing (Ban et al., 2015; 
Trenberth et al., 2003), compounding issues of flash flooding due to increases in impervious surfaces in cities. 
Concurrently, temperatures in this region have increased, particularly nighttime temperatures, since the 1980s 
(Meehl et  al.,  2015; USGRCP,  2018), increasing water demand, which add to the strain on water resources 
from increasing population. However, high and low extremes in streamflow are infrequent, making it difficult to 

Abstract Since 2013, extreme floods within the Santee River basin (North/South Carolina, USA) 
caused $1.5B in damage. The instrumental period, however, is too short to determine if recent extreme 
events are anomalous within a long-term context. Here, we present reconstructions of storm-, base-, and total 
streamflow for the Santee River using a multi-species tree-ring network calibrated to flow data during the 
period 1923–2018. Tree-ring data explained higher variance (r = 0.59; p < 0.01; 900–2018) of instrumental 
baseflow than total streamflow (r = 0.41; p < 0.01; 1500–2018) or stormflow (r = 0.26; p < 0.05; 1690–2018). 
Our reconstruction reveals a long-term increase in baseflow over the past millennium. The North Atlantic 
subtropical high regulates baseflow in the Santee River (r = 0.45; p < 0.01). Recent high levels of baseflow 
may be connected to the position of the subtropical high, increasing the likelihood of flooding.

Plain Language Summary Tree rings are often used to estimate past levels of streamflow to 
better place modern extremes into a historical context. Streamflow has two components, baseflow (flow 
from groundwater) and stormflow (flow contributed from storms). Here, we use tree rings to estimate past 
streamflow of the Santee River, South Carolina, USA. We find that tree rings are better at representing 
variations in baseflow rather than stormflow. This connection to baseflow is likely because tree growth is 
related to long-term changes in water supply throughout the growing season, and changes in baseflow are 
more likely to result in changes in annual growth. Additionally, we find that certain species are more sensitive 
to baseflow than others, with Taxodium distichum (bald cypress) being the most sensitive. We were able to 
reconstruct baseflow back 1,100 years and found that baseflows increased over this time. Higher levels of 
baseflow will result in larger flooding events, like the 2013 and 2019 events. The location of the western edge 
of a large atmospheric high pressure centered off the Atlantic Coast, the North Atlantic subtropical high, has a 
strong influence on baseflow levels and could explain the increasing trend in reconstructed baseflows.
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determine how unusual observed extremes may be and how increases in population and infrastructure along with 
changes in the climate system influence those extremes.

Streamflow represents a combination of both baseflow and stormflow, and most often just baseflow for a large 
portion of the year. Baseflow originates from saturated soil and/or groundwater flow and slowly varies over time. 
Stormflow, on other hand, is of shorter duration and follows major precipitation events and often a larger volume 
than baseflow. Both components are a function of climate and basin characteristics. While flash flood events are 
best captured by stormflow, higher-than-usual baseflow can increase the susceptibility of flooding from relatively 
small rainfall events. The combination of increased rainfall rates (Ban et al., 2015; Trenberth et al., 2003) and 
slower, wetter tropical cyclones (Hall & Kossin, 2019; Maxwell et al., 2021; Trepanier & Tucker, 2018) is leading 
to increases in both stormflow and baseflow due the large amounts of rainfall and has resulted in more frequent 
flooding in coastal cities (Hall & Kossin, 2019; Maxwell et al., 2021). Thus, longer records of stormflow and 
baseflow are needed to better understand the extent and variability of both high and low extremes in streamflow. 
A better understanding of extremes and shifts in these streamflow metrics will allow for more accurate water 
management strategies and more resilient urban areas to current and impending anthropogenic climate change.

Tree rings can provide the needed longer-term perspective in streamflow variability and extremes, extending 
streamflow records by centuries to millennia (Harley & Maxwell, 2018; Wise, 2010; Woodhouse et al., 2006). 
While streamflow reconstructions were historically more prevalent in the arid western US, radial growth from 
trees has proven to be representative of streamflow in the wetter eastern US where summer streamflow is linked to 
large-scale climate patterns (Cook and Jacoby, 1977, 1983; Maxwell et al., 2011; Strange et al., 2019). While  tree 
rings have been used to reconstruct total streamflow in parts of the southeastern US (Harley et al., 2017; Maxwell 
et al., 2017; Vines et al., 2021), only one study—of the Potomac River in the Mid-Atlantic US—has included 
separate records of stormflow and baseflow (Torbenson & Stagge, 2021).

Here, we used tree rings to reconstruct baseflow, stormflow, and total streamflow variability for the Santee River, 
South Carolina, US. The Santee River Basin encompasses 64,408 km 2 across North Carolina (NC) and South 
Carolina (SC) and includes the Broad, Catawba, Congaree, Saluda, and Wateree Rivers as tributaries, flowing 
over 700 km from headwaters to mouth. The Santee River travels through three physiographic provinces, start-
ing in the Blue Ridge Mountains in NC and flowing through the Piedmont and Coastal Plains of the Carolinas 
before draining into the Atlantic Ocean (Figure 1). The stream has several dams throughout the middle and lower 
reaches that supply millions of people with municipal and drinking water. Three cities with populations greater 
than 50,000 are within this drainage basin, and the city of Columbia, SC falls within its floodplain. Understand-
ing long term patterns of the Santee River is paramount for understanding risk from flooding and drought in the 
future. We examined whether tree-ring widths were more representative of baseflow, stormflow, or streamflow. 
We then explored long-term variability and large-scale climate controls on the most robust streamflow model.

2. Materials and Methods
2.1. Streamflow Data

Due to multiple anthropogenic alterations of the Santee River in the middle and lower reaches of the stream, we 
gathered mean monthly flow data from United States Geological Survey (USGS) gauge 02138500 near Nebo, NC 
on the Linville River—a stream gauge with relatively minimal influence related to human alterations (Figure 1). 
The gauge 02138500 is included in the USGS HydroClimatic Data Network (HCDN), a subset of minimally 
altered streams (Slack & Landwehr, 1992). Further, this stream gauge has one of the longest and most continuous 
records (1923–2018 CE), allowing for 96 years of data on which to calibrate our reconstruction model. The need 
to ensure that streamflow variability is predominantly related to natural climatic controls limited the target stream 
gauges to headwaters. Although in the headwaters, the interannual variability in streamflow at this gauge matched 
the downstream gauges. For example, the Linville River gauge has a significant correlation (r = 0.60, p < 0.01; 
1930–2018 CE) with the USGS gauge 02148000 near Camden, SC on the Wateree River (Figure S1 in Support-
ing Information S1). The Wateree River stream gauge has the longest record among the gauges in the lower to 
middle reaches, but far enough upstream to not have a tidal signal. Thus, the use of the Linville River HCDN, 
which is the gauge with the longest record of all gauges and ensures that streamflow is responding to natural 
controls such as climatic variation but still represents the total streamflow of the basin well. We further exam-
ined seasonal averages of streamflow to match the growing season and determined it matched annual flow well 
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(Figures S2 and S3 in Supporting Information S1). Lastly, because trees can respond to current year (t) and previ-
ous year (t−1) climate in the eastern US (Kannenberg et al., 2019), we tested the autocorrelation function values 
for the instrumental and reconstructed streamflow for each metric (Figure S4 in Supporting Information S1).

To better examine the various components of streamflow and to determine the logistics of reconstructing each 
variable, we separated streamflow into stormflow and baseflow. We use the USGS automated baseflow-separation 
method HYSEP (hydrograph-separation; Sloto & Crouse, 1996) to extract baseflow from total streamflow. Specif-
ically, we employed the local minimum HYSEP method, whereby each daily streamflow value was compared to 
the streamflow value on the previous and subsequent day (Sloto & Crouse, 1996). If the streamflow value was 
lower than the previous and subsequent day, the local streamflow minimum was connected by a straight line to 
other local streamflow minima in the time series, which was used to estimate the baseflow time series. From this 
time series, stormflow was estimated by subtracting baseflow from the total streamflow. Additional information 
can be found in Supporting Information S1.

Figure 1. Geography of the Santee River basin and predictor chronologies across the southeast US. Map of Santee watershed (blue) and all tree-ring chronologies 
that are tested to be predictors of the streamflow metric reconstructions against the backdrop of the Linville River gauge “climate footprint”, viewed as the spatial 
correlation between average May–August gridded precipitation data from CRU TS4.04 (Harris et al., 2020) and average May–August streamflow from the Linville 
River gauge (red).
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2.2. Tree-Ring Data

We used a combination of new site collections and existing chronologies from the International Tree-Ring Data-
bank (ITRDB; https://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring) that are within 
and surrounding the Santee River Basin as possible predictors. One way tree-ring chronologies are used to 
reconstruct streamflow is by sampling from forest stands that are within the target drainage basin. In this case, 
there were few chronologies located within the basin, but there was positive spatial autocorrelation between 
climate inside and outside the delineated basin. Thus, we used the climate footprint (Harley et al., 2017; Maxwell 
et  al.,  2017) approach to select chronologies that experienced similar hydroclimatic conditions as the Santee 
River Basin. This approach was shown to provide a more robust representation of streamflow from tree rings 
rather than only selecting sites within the basin or applying an arbitrary buffer region from which to select 
predictors (Strange et al., 2019). The climate footprint entails conducting a spatial correlation analysis between 
the Linville River streamflow from the USGS gauge and gridded precipitation data from Climatic Research Unit 
(CRU) TS4.04 (Harris et al., 2020). We screened the number of possible chronologies to include in the recon-
struction model by only selecting those chronologies that are in locations with a correlation coefficient ≥0.5 
between averaged May–August precipitation and streamflow (Figure 1). In doing this, we increased the chance 
that the radial growth from these chronologies would be sensitive to precipitation in the same way that streamflow 
responds to changes in precipitation.

Many of the chronologies on the ITRDB were sampled in the 1980s, and therefore, limit the calibration length of 
reconstruction models, while also making it difficult to put recent variability into historical context. To account 
for this, we updated 11 ITRDB sites and sampled at three new sites so that we had tree-ring data up to 2018 
CE (Figure 1). For the updated and new collections, we followed standard dendrochronological methods in the 
sampling and sample preparation (Supporting Information S1; Stokes & Smiley, 1968).

2.3. Reconstruction Model

We followed standard methods to develop our reconstruction model, using a principal component regression 
(Cook et al., 1999) to reconstruct the streamflow variables of our target gauge data (Supporting Information S1). 
Tree-ring reconstructions often underestimate both high and low extremes, leading to different biases in the tails 
of the distribution. A method to bias-correct streamflow reconstructions (with both high and low biases) of the 
Colorado River presents a way to improve estimates of past streamflow (Robeson et al., 2020). Therefore, we 
bias-corrected the reconstruction model with the highest variance explained (59%), the baseflow reconstruction 
(Supporting Information S1).

2.4. Species Contribution to Reconstructions

We examined each species contribution to the reconstruction model by calculating the absolute beta weights for 
each chronology that was used in the three streamflow metric reconstructions. For an individual chronology that 
had both the t and t+1 chronologies retained as predictors in a given model, we summed the beta weights for that 
chronology. For every species comprising more than one chronology in the streamflow metric reconstructions, 
we calculated the percentage of all the summed beta weights for each separate chronology and averaged those 
percentages across all chronologies from the same species to get the average relative explained variance for that 
species.

2.5. Climate Analyses

To determine the possible influence of large-scale atmospheric-oceanic modes of variability in the streamflow 
metrics, we compared streamflow with climate indices that have been shown to influence precipitation and 
streamflow in the southeastern US. We focused on the bivariate ENSO index (BEST; 1948–2018 CE; Smith 
& Sardeshmukh,  2000), the Atlantic Multidecadal Variability (1856–2018 CE; Enfield et  al.,  2001), and the 
Bermuda High Index (BHI; 1948–2018 CE; Katz et al., 2003; Ortegren et al., 2011). We then performed corre-
lations analyses between all climate indices and each streamflow metric reconstruction over their period of over-
lap.  We also conducted spatial correlation analyses with gridded 850-hPa meridional wind (1948–2018 CE) 
from the NCEP/NCAR Reanalysis, which can indicate the location of the western flank of the North American 
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subtropical high (NASH; Li et  al.,  2011; Li, Li, Ting, & Liu,  2012) on streamflow variability using KNMI 
climate explorer (Trouet and Van Oldenborgh, 2013). We gathered gridded sea surface temperatures (SSTs) for 
the North Atlantic from the Hadley Center (1850–2018 CE; Kennedy et al., 2011) for the period 1850 through 
2018 and performed a spatial correlation with our streamflow reconstructions. We further compared our stream-
flow metric reconstructions with reconstructions of climate indices including: The North Atlantic Oscillation 
(summer; Folland et al., 2009), annual ENSO (Braganza et al., 2009), winter ENSO (W. Li, Li et al., 2013; J. Li, 
Xie et al., 2013), and tropical North Atlantic SSTs (April–March tropical year; Tierney et al., 2015).

3. Results
Radial growth from tree rings in the southeastern US responded stronger to baseflow than to stormflow and 
streamflow (Figure 2). The baseflow reconstruction explained 59% of the variance during the most replicated 
nest (see Supporting Information S1) compared to 26% and 41% for stormflow and streamflow, respectively 
(Tables S1–S3 in Supporting Information  S1). Due to superior model statistics, the baseflow reconstruction 
extended to 900 CE before performance drops below 20%, while the stormflow and streamflow reconstructions 
were temporally shorter and statistically weaker, maintaining sufficient explanatory power back to 1690 and 1500 
CE, respectively (Figure 2; Tables S1–S3 in Supporting Information S1).

The millennial-length baseflow record was mainly driven by the long-lived Taxodium distichum (bald cypress) 
(Tables S4 and S6 in Supporting Information S1; Tables S5 and S7). Different species appeared to capture differ-
ent aspects of streamflow, with radial growth of T. distichum being the most important to the baseflow recon-
struction and Quercus montana (chestnut oak) being the most important to the stormflow reconstruction (Table 
S4 in Supporting Information S1).

Figure 2. Varied tree-ring based Santee River reconstructions. Time series showing reconstruction of mean annual discharge (m 3/s) for streamflow (mint green), 
stormflow (red), and baseflow (blue) compared to the observed discharge (black). Length of the reconstruction was determined by the earliest nested reconstruction model 
that could explain greater than 20% (see Supporting Information S1). Inset is a time series of reconstructed and observed for the instrumental record (1923–2018 CE).
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While tree-ring chronologies best represented the baseflow reconstruction, 
even here the tree-ring estimates of baseflow had both negative and posi-
tive biases. The bias-correction procedure produced a reconstruction that 
decreases the lowest extremes and increases the higher extremes to better 
match the instrumental record (Figure S5 in Supporting Information  S1). 
The bias-correction of the reconstruction allowed for the direct compari-
son of instrumentally recorded baseflow in more recent years allowing us 
to add the years 2019 and 2020 CE to the overall record, resulting in a time 
series of baseflow from 900 to 2020 CE (Figure S5 in Supporting Informa-
tion S1). Baseflow over the reconstruction had a weak increasing trend (Sen's 
slope = 0.007 m 3/s/century, p = 0.061). However, two of the top 10 highest 
seasonal baseflow levels were in the instrumental record (1949 and 2013 
CE), with 2013 CE having the largest baseflow (4.8 m 3/s) level over the last 
ca. 1,100 years. These high baseflow levels along with heavy rains created 
one of the worst flooding events in the upper reaches of the Linville and 
Catawba Rivers (tributaries of the Santee River).

When examining the potential larger-scale climate controls on the Santee 
River baseflow, we found that the only significant correlation with any of 
the climatic indices is with the BHI. Instrumental baseflow has a higher 
correlation (r = 0.45; p < 0.01) than the reconstructed baseflow (r = 0.23; 
p < 0.05) with average May–August BHI but both show a positive relation-
ship. Further, when examining the May–August average 850-hPa meridional 
wind from the NCEP/NCAR reanalysis (1948–2020 CE), the 2.5° grids 
offshore the Mid-Atlantic coast are significantly positively correlated with 
Santee River baseflow (Figure 3), indicating that stronger meridional winds 
yield higher baseflow. The 850-hPa meridional winds could be used to indi-
cate the location western flank of the NASH (Li et al., 2011; Li, Li, Ting, 
& Liu, 2012) and provided further evidence of the connections between the 
subtropical high pressure and seasonal averages of baseflow, likely due to the 
ability of the NASH to track moisture and storms (Bregy et al., 2020; Katz 
et al., 2003) into the watershed of the Santee River.

4. Discussion
Paleoclimatic perspectives of streamflow using tree rings provide insight 
into multi-decadal and multi-centennial variability of streamflow that is not 
apparent in the instrumental record (Stockton & Jacoby, 1976; Wise, 2010; 
Woodhouse et al., 2006). However, examination on the efficacy of using tree 
rings to reconstruct theoretical baseflow and stormflow is limited, with only 
one example of the Potomac River suggesting that tree rings are more repre-
sentative of baseflow (Torbenson & Stagge, 2021). Here, we found support-
ing evidence that tree rings better represent baseflow for the Santee River and 
provide the longest baseflow reconstruction to date.

By employing the climate footprint method to screen sensitive chronologies 
that experience similar seasonal hydroclimate variability in the watershed 
(Harley et al., 2017; Maxwell et al., 2017), it allowed a larger pool of tree-ring 
chronologies to be used in the reconstruction. This approach allowed for the 
inclusion of multiple T. distichum records (Stahle & Cleaveland,  1992), 
which appeared to increase the performance of the baseflow reconstruction 
(Table S4 in Supporting Information  S1). T. distichum grows in swamps 
in the southeastern US and are often inundated, and similar tree species 

growing in the floodplain around the world are an important source of evapotranspiration of local baseflow 
(Carmichael et al., 2018). Because of their low placement in the floodplain, T. distichum likely responds to flows 

Figure 3. Atmospheric controls on Santee River baseflow. Spatial correlation 
between the instrumental (a) and bias-corrected reconstructed (b) baseflow 
and 2.5° gridded average May–August 850-hPa meridional wind from 
NCEP/NCAR Reanalysis (1948–2020 CE). Spatial correlation between the 
bias-corrected reconstructed baseflow and 1° gridded average May–August 
850-hPa meridional wind from the 20th Century Reanalysis (1836–2015 CE; c).
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of groundwater as compared to species growing higher in the floodplain and would be more likely to correlate 
with baseflow. Thus, targeted sampling could improve paleoclimatic estimates of baseflow, particularly through-
out the range of T. distichum in the southeastern US. Conversely, we see species that grow in permeable or 
shallow soils (e.g., Q. stellata and Q. montana; Campbell, 1965) or have shallow roots (Liriodendron tulipifera; 
Francis, 1979) as more important to the stormflow model, albeit with lower R 2 values compared to the baseflow 
reconstruction model (Table S4 in Supporting Information S1).

Overall, we see a pattern of higher baseflow maxima during the Medieval Climate Anomaly (ca. 950–1400 CE 
and a period of elevated temperature for the study region; Mann et al., 2009), lower baseflow minima during 
the Little Ice Age (ca. 1400–1850 CE; a period of lower temperatures; Mann et al., 2009), and extremely high 
baseflow maxima since ca. 2000 CE (Figure 4). The highest baseflow value (2013 CE; 4.8 m 3/s) occurs in the 
observed record (1923–2018 CE), and two other high (>4.0 m 3/s) baseflow years occur in 1949 and 2005 CE, 
producing an annual recurrence probability of 3.1%. High periods exceeding those years in the observed record 
within the 1,100-year reconstruction existed in nine other years, producing an annual recurrence probability 
0.9%. Baseflow values above 4.0 m 3/s occurred more frequently in the observed record than at any other period 
in the reconstruction (Figure 4).

One of the dominant controls on summer precipitation variability in the southeastern US is the western flank 
of the NASH (Katz et al., 2003; W. Li et al., 2011; L. Li, Li, & Kushnir, 2012; W. Li, Li et al., 2013; J. Li, 
Xie et al., 2013). The semi-persistent anticyclone is generally located between Bermuda and the Azores (Davis 
et al., 1997). The location of the western flank as measured by the BHI is known to have a strong influence on 
drought occurrence throughout the southeastern US as well (Ortegren et al., 2014). Thus, it is unsurprising that 
we see a strong connection between reconstructed baseflow of the Santee River to the BHI and 850-hPa meridi-
onal winds along the east coast, which are representative of the location of the western flank of the NASH.

Subtropical highs in the northern hemisphere are intensifying and this is at least partially explained by the warm-
ing of the planet (Li, Li, Ting, & Liu, 2012). The intensification of the NASH results in a westward shift in the 
western flank, bringing more consistent rain into the region and increasing baseflow (Figure 4). We see a similar 
situation during the Medieval Climate Anomaly, where we see higher baseflow maxima, likely due to a more 

Figure 4. Long-term variability of Santee River baseflow. Time series of the bias-corrected baseflow reconstruction for the Santee River with a 20-year loess spline 
(top). Z scores of the bias-corrected baseflow, illustrating long term variability in baseflow through time (bottom).
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westward shift in the mean position in the NASH during that time (Figure 4). Conversely, during the Little Ice 
Age, a weaker and more eastward shift in the NASH likely led to some of the lowest baseflow values in the 
reconstruction. With temperatures projected to continue to increase in the northern hemisphere, higher unprece-
dented baseflow maximums are likely to occur in the future for the Santee River. Higher baseflows could lead to 
more water in the Santee River, which when combined with heavy rainfall events, could lead to higher flooding 
levels. The severity-duration analysis demonstrates how wet the recent period has been compared to the entire 
reconstruction, with the wettest 2-year and 7-year periods and the third wettest 5-year period occurring since the 
1970s (Figure S6 in Supporting Information S1).

5. Conclusions
We produced a 1,100-year reconstruction of baseflow for the Santee River using tree-ring chronologies selected 
based on a climate footprint approach. Our reconstruction model explained 59% of instrumental baseflow vari-
ance for the Linville River gauge. The reconstruction incorporated up to 64 chronologies from the surrounding 
region from eight species. Variability in seasonal baseflow levels was best represented by tree species lowest in 
the floodplain (e.g., T. distichum), while tree species with shallow root systems and shallow soils responded better 
to stormflow (e.g., L. tulipifera and Q. stellata). The bias-correction procedure adjusted both high and low biases 
in the extremes, showing that this procedure better represents extremes in baseflow reconstructions.

The western flank of the NASH is an important driver for precipitation in this region, and instrumental baseflow 
used in this study is linked to the BHI from May to August (r = 0.45; p < 0.01). Additionally, our reconstruc-
tion suggests that during the 1,100-year period, baseflow has significantly increased with time. Considering 
the increase in extreme precipitation events for the region, baseflow (thus, groundwater) will play a pivotal 
role in localized flooding during storm events in the future. Future exploration of streamflow reconstructions 
should consider (a) the relationship of baseflow and stormflow against the predictand proxy, (b) the opportunity 
provided by tree species occupying lowland areas, and (c) the role of large climate controls on basin-wide hydro-
logic characteristics.

Data Availability Statement
The tree-ring chronologies from this paper—a list of which is included on Table S6 in Supporting Informa-
tion S1; Tables S5 and S7 updated to the year 2018—are archived at the International Tree-Ring Data Bank 
(https://www.ncei.noaa.gov/products/paleoclimatology/tree-ring).
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