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Cyclonic storms (i.e., hurricanes) are powerful disturbance events that often cause wide-
spread forest damage. Storm-related canopy damage reduces rainfall interception and
evapotranspiration, but impacts on streamflow regimes are poorly understood. We quan-
tify streamflow changes in Puerto Rico following Hurricane Maria in September 2017,
and evaluate whether forest cover and storm-related canopy damage account for the
differences. Streams are particularly vulnerable to flooding in early post-disturbance
stages during hurricane season, so we focus on 3 months (Oct-Dec) following the hurri-
cane. To discern changes in rainfall responses, we partitioned streamflow into baseflow
and quickflow using a digital filter. We collected 2010-2017 streamflow and rainfall data
from 18 watersheds and compared the relative magnitude of post- to pre-hurricane dou-
ble mass curve slopes of baseflow and quickflow volumes against rainfall. Several water-
sheds displayed higher post-hurricane quickflow and baseflow, however, the response
was variable. The magnitude of quickflow increase was greater in watersheds with high
forest damage. Under the same level of relative damage, watersheds with low initial for-
est cover had greater quickflow increases than highly forested ones. Conversely, base-
flow generally increased, but increases were greater in highly forested watersheds and
smaller in highly damaged watersheds. These results suggest that post-storm baseflow
increases were due to recharge of hurricane-related rainfall, as well as forest transpira-
tion interruption and soil disturbance enhancing recharge of post-hurricane rainfall, while
increases to quickflow are related to loss of canopy rainfall interception and higher soil
saturation decreasing infiltration. Our research demonstrates that forest damage from
disturbance lowers quickflow and elevates baseflow in highly forested watersheds, and
elevates quickflow and lowers baseflow in less-forested watersheds. Less-forested
watersheds may be closer to the forest cover loss threshold needed to elicit a stream-
flow response following disturbance, suggesting higher flooding potential downstream,
and a lower storm-related forest disturbance threshold than in heavily forested

watersheds.

KEYWORDS
double mass curves, hurricanes, lidar, Puerto Rico, streamflow, tropical forest hydrology

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Author(s). Hydrological Processes published by John Wiley & Sons Ltd. This article has been contributed to by U.S. Government employees and their work

is in the public domain in the USA.

Hydrological Processes. 2024;38:€15249.
https://doi.org/10.1002/hyp.15249

wileyonlinelibrary.com/journal/hyp 1o0f 15


https://orcid.org/0000-0002-8782-0065
https://orcid.org/0000-0001-6994-4614
https://orcid.org/0000-0002-4234-3437
mailto:hallj@caryinstitute.org
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/hyp
https://doi.org/10.1002/hyp.15249
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fhyp.15249&domain=pdf&date_stamp=2024-08-26

2015 | WILEY.

HALL ET AL.

1 | INTRODUCTION

Globally, forests are facing widespread threats such as deforestation,
climate change and natural disturbances. Cyclonic storms are the
prevalent natural disturbance events in many coastal forests of
the tropics (Lugo, 2008) and atmospheric and sea surface warming are
projected to lead to more frequent severe tropical cyclones, with rapid
intensification and higher wind speeds (Knutson et al., 2015). Higher
tropical cyclone rainfall rates are also expected as a result of increases
in atmospheric moisture content (Knutson et al., 2015; Kossin, 2018).
Increases in tropical cyclone wind speeds and rainfall may lead to
higher disturbance-related damage to forests, with potential conse-
quences for the hydrological services these ecosystems provide (Hall
et al., 2020; Kossin, 2018). Forests provide food and water resources,
harbour biodiversity, and regulate global temperatures (Brauman
et al., 2007). Water provision is arguably the most immediately critical
ecosystem service for human survival, and it is often directly linked to
forest cover (Vose et al., 2011). Streamflow is a crucial component of
global water provision, and forests act as natural buffers and reser-
voirs by regulating the timing, stability, and quality of streamflow
(Brauman et al., 2007; Zhang et al., 2017; Zhang & Wei, 2021). To
manage watersheds in preparation for future disturbances, it is imper-
ative to gain better understanding of forest damage resulting from
climate-induced disturbance events and the hydrological conse-
guences of such damage.

There have been numerous studies on the effects of forest loss
and degradation on streamflow, with some emergent patterns. Defor-
estation generally increases surface water flow, while afforestation
decreases it (Bosch & Hewlett, 1982; Brown et al., 2013; Zhang
et al.,, 2017). Total annual streamflow also increases after forest dam-
age from fire (Hallema et al., 2018; Williams et al., 2022), selective log-
ging (Bruijnzeel, 2004), and cyclones (Jayakaran et al., 2014).
However, relationships between forests and streamflow may depend
on rainfall regimes. In many tropical areas, precipitation is highly vari-
able and includes frequent intense rainfall events, defined as large
quantities of rainfall falling within a short time interval (Biasutti
et al., 2012), that increase sediment runoff into reservoirs and flood-
ing risk. This variability affects human water delivery systems that
often rely on local channel withdrawals and surface reservoirs with
limited water storage (Taylor, 2009). In such tropical regions with high
but variable rainfall that is prone to extremes, total annual stream out-
put matters less for consistent water supply than the timing of deliv-
ery occurring at finer temporal scales (Hall et al, 2022).
Characterisation of the effects of disturbance on baseline inputs to
streams (i.e., baseflow) and rapid stream response to rainfall from infil-
tration raising the potentiometric surface, shallow-soil interflow, over-
land flow, or a combination of these (i.e., stormflow, quickflow) may
be more relevant to water provision in these regions. Quickflow and
baseflow reflect rainfall responses at different temporal scales
(Harman et al, 2011; Lyne & Hollick, 1979; Pelletier &
Andréassian, 2020; Stewart, 2014; Stoelzle et al., 2020), making parti-
tioning streamflow into these components useful for evaluating

watershed response to disturbance.

Study results of the effects of forest cover on streamflow compo-
nents are mixed, possibly due to interactions between forest integrity,
soil structure and dominant flow paths. In many cases, forest cover
increases baseflow and reduces quickflow (Addor et al., 2018), partic-
ularly in the tropics (Filoso et al., 2017; Pefa-Arancibia et al., 2019).
Roots and litter inputs in forest ecosystems develop soil structure and
increase soil water storage, infiltration capacity and groundwater
recharge (Bruijnzeel, 2004; lIstedt et al., 2007), leading to higher
stream levels during dry conditions (Hamilton & King, 1983; Scott
et al., 2005), and lower quickflow during intense rainfall events
(Bradshaw et al., 2007). In contrast, overland flow may dominate in
degraded forest systems (Birch et al, 2021; Krishnaswamy
et al., 2012), leading to higher quickflow and reduced dry season base-
flow relative to intact forests.

Watershed forest cover may also impact the sensitivity of stream-
flow regimes to forest damage (Buma & Livneh, 2017). Hibbert (1967)
showed that the magnitude of streamflow change after deforestation
or damage from disturbance was proportionally related to the magni-
tude of forest loss, and subsequent studies attributed this effect to
reduced transpiration driven by tree mortality and damage
(Andréassian, 2004; Dai et al., 2013). However, a threshold of forest
cover loss must be met before hydrological impacts are seen (Wei
et al,, 2021). A 20% loss of forest cover is generally used as the
threshold for forest management (Bosch & Hewlett, 1982; Wine
et al,, 2018), but recent research has highlighted the need to develop
thresholds that reflect location-specific hydrological sensitivities (Wei
et al.,, 2021; Zhang et al., 2017). Identifying thresholds for events that
do not completely remove forest cover and instead, cause widespread
forest degradation (i.e., wind damage, insect outbreaks, multi-year
drought) will likely require consideration of interactions between pre-
existing forest cover and the degree of forest damage. We hypothe-
size that damaged canopies in watersheds with less forest cover may
result in greater hydrological responses to disturbance than in highly
forested watersheds with the same degree of canopy damage.

Despite the extensive literature examining the effects of defores-
tation and forest degradation from fire and other disturbances on
streamflow, no studies have quantified spatial and temporal effects of
forest damage resulting from cyclonic storms. Hydrological dynamics
relating to cyclonic storms differ significantly from the existing forest
degradation literature, as cyclones simultaneously damage forests
(Chambers et al., 2007; Hall et al, 2020; Uriarte et al., 2019; Xi
et al., 2008; Xi & Peet, 2008) and often bring extreme rainfall
(Keellings & Hernandez Ayala, 2019; Kossin, 2018). We hypothesize
that streams are most affected on timescales of a few months follow-
ing cyclonic storms because the combined effects of soil saturation
and declines in vegetation water demand can lead to short-term
increase in quickflow, runoff ratios (i.e., streamflow/rainfall) and base-
flows (Chen et al., 2015; Jayakaran et al., 2014; Musser et al., 2017;
Vidon et al., 2018; Zhang et al., 2018). Intense rainfall events may also
lead to higher flooding, turbidity and increased strain on downstream
water infrastructure, particularly if further storms or intense rainfall
events occur during the remainder of the hurricane season. As more

frequent and intense storms are expected to place increasing pressure
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on forests in many areas of the coastal tropics (Hall et al., 2020;
Knutson et al., 2010; Kossin, 2018), it is imperative not only to evalu-
ate the impacts of forest damage on streamflow, but also to use this
knowledge to increase efficacy of forest management for protecting
water resources.

On 20 September 2017, Hurricane Maria made landfall in Puerto
Rico as a category 4 storm, causing widespread forest damage (Hall
et al, 2020; Uriarte et al, 2019). Wind speeds reached up to
250 km hr~! (Pasch et al., 2019) and over a metre of rainfall fell in
some areas (Keellings & Hernandez Ayala, 2019). With a 115-
152 year return interval, rainfall from Hurricane Maria was much
higher than that of previous storms (Pokhrel et al., 2021). This
resulted in an 85% increase in streamflow for the first 6 weeks after
storm landfall relative to the months before in a period with a 35%
reduction in rainfall compared with the month before (Miller
et al., 2019). Mass damage and defoliation reduced forest greenness
across much of the island for 1-3 months (Van Beusekom
et al., 2018), and temperature and water vapour anomalies did not
recover for at least 12 months after Hurricane Maria (Miller
et al., 2019; Scholl et al., 2021), indicating that forests did not recover
the evapotranspiration regimes (i.e., energy balance) of intact forests
for some time. This suggests that the storm had important effects on
the island's hydrological cycle, which may have significant implications
for water provision.

A large proportion (84%) of the total water used for human con-
sumption in Puerto Rico comes from surface streamflow (Molina-
Rivera, 2014) and Puerto Rican streams are notoriously flashy (Jones
et al., 2012). High elevation forested watersheds release up to 36% of
storm rainfall from overland and shallow groundwater flow within
hours (Schellekens et al., 2004; Scholl et al., 2015), and much of this
runoff is lost as reservoir evaporation or as surface flow to the ocean
before it can be used (Larsen, 2000; Molina-Rivera, 2014). These char-
acteristics as well as recent calls to re-evaluate Puerto Rican water
management systems (Murry et al., 2019) highlight the need to under-
stand the influence of forest disturbance on the partitioning of rainfall
into quickflow and baseflow, rather than looking at total streamflow.

Here, we link observed post-hurricane changes in stream
response to spatially explicit estimates of forest damage across multi-
ple watersheds with varying forest cover. We quantify short-term
(within 3 months post-storm) stream response to rainfall in Puerto
Rico after Hurricane Maria, the strongest hurricane to make direct
landfall on the island since Hurricane San Felipe in 1928 (Boose
et al., 2004; Pasch et al., 2019). We separate streamflow into quick-
flow and baseflow components using a digital filter method (Ladson
et al,, 2013; Lyne & Hollick, 1979). This approach does not represent
flow pathways, however it captures stream response to rainfall at
quick and slow timescales in a uniform way before and after land
cover changes, as it depends only on streamflow measurements. To
determine the magnitude and direction of stream response to the
storm, we examined the slopes of modified double mass curves
(DMC) (Searcy et al., 1960) generated by regressing cumulative daily
quickflow or baseflow against cumulative daily rainfall estimates. We

hypothesized that both quickflow and baseflow components, and

therefore total flow, produced for a particular rainfall amount were
greater after than before the storm. Increase in quickflow would result
from a combination of storm-related soil saturation increasing over-
land and shallow subsurface flow in addition to reductions in canopy
interception of rainfall. In contrast, baseflow would increase from
increased groundwater levels and decreased vegetation water
demand. Increases in both quickflow runoff and baseflow storage
would be consistent with widespread vegetation changes leading to a
decrease in evapotranspiration within the water balance post-
hurricane.

After evaluating streamflow response to Hurricane Maria, we also
tested whether estimates of forest cover and canopy damage can
explain the magnitude and direction of changes to quickflow and
baseflow. Quickflow and baseflow are both hypothesized to be higher
in highly damaged watersheds, however, this effect may be modulated
by forest cover percentage. When watershed forest cover is high,
storm-related forest damage may still fall below the critical forest dis-
turbance threshold required to have an impact on streamflow. Under
the same level of proportional canopy damage, we expect less-
forested watersheds to display a greater streamflow response than

highly forested watersheds.

2 | DATAAND METHODS

21 | Studyarea

Puerto Rico (~9000 km?) is a heavily forested (57%) island in the
Caribbean Greater Antilles (Figure 1). There is large variation in rainfall
across the island (700-4600 mm year ~1) (Daly et al., 2003) resulting
from complex topography (0-1331masl) (Carswell, 2016;
Kennaway & Helmer, 2007) and prevailing trade winds. Puerto Rico
experiences a characteristic bimodal wet season, with an early wet
season from May to July and a late wet season from August to
November (Karmalkar et al., 2013). Much of the weather occurs
within the framework of the easterly trade winds, and approximately
70% of the yearly rainfall comes from hurricanes and other large

storms at an average of nine times a year (Murphy & Stallard, 2012a).

22 | Data

All data retrieval and analysis was conducted using R statistical

software.

221 | Streamflow

To observe streamflow response to disturbance, we selected 18 U.S.
Geological Survey (USGS) stream gages based on watershed charac-
teristics and post-storm data availability. To determine watershed
characteristics, we delineated contributing watershed areas for each

stream gage using the “delineateWatershed” function in the
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FIGURE 1
canopy height loss after the storm).

“streamstats” package (Hagemann, 2021). Using the National Hydrog-
raphy Dataset (USGS, 2020) and StreamStats station information
(USGS, 2021), we identified and excluded watersheds containing pipe-
lines, large lakes, karst topography, or dams and only considered those
with a majority of contributing area on volcaniclastic substrate, the
most common substrate by area in Puerto Rico, which is characterized
by fine grained soils, low infiltration rates and high water storage
potential at depth (Reed Jr. & Bush, 2005; Thomas et al., 2020)
(Table S1). Additionally, Hurricane Maria damaged or destroyed many
stream gages, leaving widespread data gaps during the study period.
To reduce uncertainty in our estimates, we excluded stations that had
<50% of 15-minute streamflow observations for the first 3 months
after the storm (October to December, 2017), as well as stations with
>50% estimated flow values during the same period. We also
excluded watersheds affected by human activities and limited our
analysis to watersheds with similar geology using methods detailed in
a previous study (Hall et al., 2022) (see Supporting Information for
detailed site selection and processing methods).

Instantaneous streamflow records collected at approximately
15-minute intervals over the study period (October through
December 2010-2017) were obtained for 18 selected USGS stream
gages (Figure 1; Table 1) (USGS, 2019). We excluded September 2017
from analysis to remove the immediate stream response to rainfall
from Hurricane Maria (20 September 2017), as well as Hurricane Irma,
a category 5 storm that passed near Puerto Rico 14 days before Hur-
ricane Maria (6 September 2017).

222 | Rainfall

We obtained global rasters of Multi-Source Weighted-Ensemble Pre-
cipitation (MSWEP) 3-h rainfall (0.1-degree spatial resolution) from
2013 to 2020 (Beck et al., 2019) and extracted the spatially-weighted
average rainfall values for each watershed contributing area. The use
of MSWEP (a gridded product combining radar and gauge rainfall
data) results in uncertainty in rainfall-streamflow relationships.
Rainfall in Puerto Rico and elsewhere in the tropics has been difficult

T T T T
—66.0 —65.8 —65.6 —65.4

Selected stream gage locations and contributing watershed areas. Colours indicate the magnitude of forest damage (i.e., percent

to properly characterize (Murphy et al., 2017) due to the complex
topography of the island paired with limited high-elevation rain gages
(Murphy & Stallard, 2012b), as well as light orographic rain and cloud
water deposition on the north-eastern portion of Puerto Rico that
current rainfall data sets are unable to capture (Scholl et al., 2021). As
rainfall at high elevations is difficult to measure (Beck et al., 2019;
Murphy et al., 2017), the MSWEP data may underestimate high eleva-
tion watershed rainfall and increase uncertainty in rainfall-streamflow
relationships. However, comparing streamflow-rainfall regression
slopes for the same watersheds before and after the storm (Hurricane
Maria) should partially account for errors in rainfall estimates if we
assume that chronic underestimation of rainfall persists after the

storm.

2.2.3 | Forest cover and watershed forest damage
Watershed-level forest cover proportion was determined using the
2010 Puerto Rico C-CAP Land Cover dataset (NOAA, 2010). Esti-
mates of forest cover loss derived using the Global Forest Watch data
viewer (Hansen et al., 2013) showed that Puerto Rico lost less than
1% of the primary forest cover between 2010 and 2017, the period
with best spatial distribution of streamflow data prior to Hurricane
Maria. Percent forest cover was extracted using the R packages “ras-
ter” (Hijmans et al., 2011), “sf” (Pebesma, 2021) and “sp” (Pebesma
et al., 2013) (Table 1) for each watershed contributing area.
Watershed-level forest damage was calculated using a canopy
height model derived from the USGS 3D Elevation Program (3DEP)
(Carswell, 2016) lidar point clouds from separate campaigns in 2015
and in 2018. For each campaign, we created a digital elevation model
(DEM) using last returns and normalized point clouds to height above
land surface. We removed points classified as low or high noise, and
implemented an island-wide maximum height of 100 m; the approxi-
mate height of the tallest tree in the tropics (Shenkin et al., 2019), and
estimated canopy height using LASTools (Isenburg, 2014). Forest
damage for each watershed was calculated as the pixel-level relative
loss in forest canopy height in forested areas in each watershed after
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the storm. Canopy height values used to estimate forest damage were
resampled to match the resolution of the CCAP forest cover layer
(~32 m). Positive values indicate a loss in forest cover, and higher
values represent greater damage extent.

There were gaps in 2018 lidar point cloud coverage (Figure S1),
leading to gaps in our estimates of canopy height loss in some water-
shed contributing areas. To approximate watershed contributing area
damage in areas containing gaps, we trained random forest models
(Breiman, 2001) to predict canopy height loss as a function of a num-
ber of covariates known to influence forest damage from Hurricane
Maria using the “randomForest” package in R (Liaw & Wiener, 2002).
We included a series of meteorological, topographic, soil and stand-
level spatial predictors in the random forest models, including those
used in Hall et al. (2020). Predictors included Hurricane Maria-related
maximum sustained wind speeds and rainfall, antecedent rainfall, dis-
tance to the Hurricane Maria storm track, elevation, slope, aspect,
topographic position index (TPI), available water storage and 2016
canopy height (Figure S2). We obtained 1-km RMS® HWind maximum
1-minute sustained wind speeds (km hr~) for Hurricane Maria
(https://www.rms.com/models/hwind). We included downscaled esti-
mates of 5-km storm-related NOAA gridded Hurricane Maria-related
rainfall (20-21 September 2017) as well as antecedent rainfall includ-
ing that which fell during Hurricane Irma, which passed Puerto Rico
weeks before Hurricane Maria hit (6-19 September 2017) (https://
water.weather.gov/precip/download.php). Distance to the storm path
was determined using the Hurricane Maria best fit path trajectory
developed by NOAA (Pasch et al., 2019). We calculated elevation,
slope and TPI from the 5 m 2016 USGS 3DEP DEM. We used water
storage capacity (in cm of water) for soil horizons from O to 100 cm
below the surface (10 m resolution) from the Gridded Soil Survey
Geographic database (Soil Survey Staff, Natural Resources Conserva-
tion Service, U.S. Department of Agriculture, n.d.). Finally, canopy
height was derived from the canopy height model derived from the
2015 USGS 3DEP point cloud (Carswell, 2016). All predictors were
aggregated to the spatial scale of the forest cover layer (~30 m)
before processing. Pre-processing the predictors for the random for-
est models was conducted using the sf (Pebesma, 2021), raster
(Hijmans et al., 2011) and terra (Hijmans, 2021) packages.

We ran 50 iterations of random forest models with 500 trees
each, using separate sets of 10 000 sample locations for each itera-
tion. We predicted canopy height loss across all forested areas, and
used the mean predicted values from the 50 random forest models to
fill gaps in the lidar-derived estimates of watershed damage. To evalu-
ate prediction accuracy, we sampled an additional 1000 locations
from the forested areas in the study area without gaps and regressed

observed against predicted values for the sample locations.

2.3 | Statistical analysis

2.3.1 | Hydrograph separation

To match the temporal resolution of the MSWEP rainfall data, we
aggregated streamflow to mean 3-h values. All streamflow was

converted to specific discharge in millimetres per second (mm s~2) by
dividing by the contributing watershed area for each gage to account
for variation in drainage area and facilitate cross-watershed compari-
sons. The term ‘streamflow’ in this document refers to specific
discharge.

Using the 3-h mean streamflow time series for each watershed,
we performed hydrograph separation into instantaneous quickflow
and baseflow components using the Ladson et al. (2013) modified
Lyne and Hollick digital filter (Ladson et al, 2013; Lyne &
Hollick, 1979). We chose this method because the Lyne and Hollick
filter outperformed both the Boughton and Eckhardt filters across a
range of watershed characteristics and rainfall regimes as reported by
Li et al. (2014). Ladson et al. (2013) further developed the method
by suggesting standard methods that would enable easier comparison
of results between studies. Using the guidelines set by Ladson et al.
(2013), we chose to estimate baseflow using 9 passes and 30 reflec-
tion values. To ensure that we could compare results across multiple
catchments (Duncan, 2019; Li et al., 2014), we employed a standard a
parameter value of 0925 as suggested by (Nathan &
McMahon, 1990) (Figure 2). We approximated total baseflow and
quickflow for each 3-h period (mm 3-h~%) from instantaneous values
by assuming a constant mean instantaneous value between measure-
ment intervals. We conducted all analyses (see below) for baseflow
and quickflow separately but referred to “flow” to reference methods
examining both metrics independently.

2.3.2 | Short-term impacts of Hurricane Maria on
streamflow

We used a DMCapproach to evaluate whether forest damage from
Hurricane Maria altered flow (Searcy et al., 1960). In this context, a
DMC is a graphical technique that represents hydrological regimes
within a given watershed by plotting cumulative values of a response
variable (i.e., streamflow) against its driver (i.e., rainfall). The main
assumptions of the DMC are that (1) a linear relationship exists
between cumulative values of streamflow and rainfall if the ratio
between the two remains constant, (2) a significant change in the
slope of the DMC (i.e., break point) breaks the time series into a refer-
ence period and a disturbance period, (3) the time of the slope break
point is representative of the time of the change in the ratios between
the two variables when factors not related to rainfall significantly
change flow (Gao et al., 2017; Searcy et al., 1960). DMCs are a useful
visual tool for determining slope break points in time series, but must
be statistically evaluated (Gao et al., 2017; Searcy et al., 1960; Zhang
etal, 2012).

DMCs are generally conducted on streamflow data aggregated to
monthly or annual scales to avoid noise and outliers in the slope time
series, but aggregating to monthly time scales may mean that the
immediate impacts of the storm are indiscernible. Streams in Puerto
Rico are extremely responsive to rainfall (Schellekens et al., 2004) and
recovered from the effects of a previous category 4 hurricane (Hugo)
within 12-24 h (Scatena & Larsen, 1991), but as Hurricane Maria
caused record-breaking rainfall in addition to more severe forest
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FIGURE 2 Mean 3-h streamflow time series for sample watershed (a) and the separated quickflows (b) and baseflows (c). Hurricane Maria is
displayed as the vertical red line. Note this figure includes September 2017 for better visualisation of the change in streamflow after Hurricane
Maria, and the y-axis has been truncated as streamflow in the days post-Maria was significantly higher than all other flow values.

damage than previous storms (Miller et al., 2019; Uriarte et al., 2019),
we expected the effects from this hurricane to persist for longer than
previously seen. Due to the flashy nature of the streams paired with
rapid understorey regrowth (Leitold et al., 2021; Van Beusekom
et al,, 2018), we expected the streams to recover on finer timescales
(i.e., months) than is generally evaluated with DMCs.

To balance the need for evaluating streamflow changes on finer
timescales with the need for aggregating values for meaningful interpre-
tations, we summed 3-h quickflow and baseflow for each day and esti-
mated the cumulative values from 30-day moving average rainfall and
flow values from October to November for each year of the study period
(2010-2017). Cumulative values were calculated separately for each
year. We centred the moving window on each day and used 15 days on
either side of the day (e.g., values from November 30 are the mean of all
values from November 15-December 14). By separating flow compo-
nents at a fine temporal scale before aggregating to daily values and esti-
mating the moving average values, we could account for fine-scale
variation while considering monthly aggregations.

To evaluate the short-term impacts of Hurricane Maria on
streamflow, we divided the 30-day moving average values into refer-
ence (before Hurricane Maria, October-November from 2010 to
2016) and disturbed (after Hurricane Maria, October-November
2017). By only using October-November flow values, we also con-

trolled for rainfall seasonality. We quantified annual DMC slopes for

each watershed by regressing cumulative flow against cumulative
rainfall using the “gls” function in the nlme package (Pinheiro
et al., 2020) and accounted for temporal autocorrelation using a first
order correlation term. For each watershed, we characterized pre-
storm average slope and historical variability as the mean and range of
annual DMC slopes during the reference period, respectively. We
classified watersheds as having a significant change in stream
response to rainfall after Hurricane Maria when disturbance period
DMC slopes and 95% confidence intervals did not fall within the
range of historical variability. We evaluated statistical significance of

stream response separately for each streamflow component.

2.3.3 | Relationships between forest cover, forest
damage and stream response

We used linear regressions to test whether estimates of forest cover
and canopy damage explain the magnitude and direction of changes
to quickflow and baseflow. Using separate models, we regressed rela-
tive change in stream response against forest cover and canopy dam-
age. We determined whether forest cover and forest damage had a
significant relationship with each streamflow component using regres-
sion model fit (R?) and significance (p value) estimates. We assessed

the direction of the relationships using regression line slopes.
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To ensure that results were comparable across watersheds and to
assess the relationship between forest damage and short-term
streamflow response, we calculated the relative change in stream
response to rainfall (i.e., the slope of the relationship) after the storm

for each watershed as follows:

Relative Change =

(SlopeAfter - SIC’peBefore) (1)
SIOpeBefore ’

where slopes are DMC slopes for each watershed before and after
the storm. We conducted separate analyses for watershed slopes
from the DMCs of cumulative daily quickflow and baseflow to rainfall.

We also tested whether creating a relative estimate of forest
damage that considers pre-storm watershed forest cover increased
model fit (R?) relative to a model that only considered canopy damage.
To relate forest damage to forest cover, we used the following

equation:

Forest Damage;

Relative Forest Damage; = Forest cover.
i

(2)

where for each watershed i, Forest Damage represents the percent
canopy height loss across all forested areas of the watershed, and For-
est Cover represents the forest cover of each watershed. By creating
an estimate of forest damage relative to forest cover, we could evalu-
ate whether damaged canopies in less-forested watersheds lead to a
greater stream response to Hurricane Maria than those in heavily for-

ested watersheds.

3 | RESULTS

3.1 | Short-term impacts of Hurricane Maria on
streamflow

We fit linear regressions to DMCs of cumulative October-December
quickflow and rainfall to determine changes in quickflow in the
months after the storm (2017) compared with the same months in
previous years (2010-2016). DMCs created from regressing cumula-
tive quickflow (Figure 3) and baseflow (Figure 4) against cumulative
rainfall indicate strong linear relationships between flow and rainfall
before the storm.

In the 3 months following Hurricane Maria, we found quickflow
DMC slopes increased in a third (6) of 18 watersheds, while 12 water-
sheds did not exhibit a significant change (Figure 3; Table 1). Of the
12 watersheds with no statistically significant change in quickflow,
two appeared to have initial higher post-storm DMC slopes than had
occurred within the historical range of variability, but midway through
the post-storm study period the DMC slopes abruptly declined and
were back in the historical range (Figure 3). This result suggests that
factors influencing quickflow were rapidly re-established in the period
after Hurricane Maria, however, the response was variable, and six

watersheds saw an increase in quickflow relative to rainfall after the

storm that persisted for the entirety of our study period. In contrast,
nearly half (8) of all 18 watersheds had significantly higher cumulative
baseflow values relative to cumulative rainfall (Figure 4; Table 1), and
all but one watershed had higher post-storm DMC slopes compared
with pre-storm DMC average annual slopes (Table 1). This suggests
that baseflow generally increased in the months after Hurricane
Maria.

Two thirds (12) of all watersheds surveyed experienced post-
storm increases in either baseflow or quickflow relative to rainfall vol-
umes. Of these, two watersheds exhibited increases in both quickflow
and baseflow, indicating increased total flow in the 3 months after
Hurricane Maria relative to the same months in the years before the
storm.

3.2 | Relationships between forest cover, forest
damage and stream response

The random forest model predicted canopy height loss for 1000 sam-
ple point locations with 83% accuracy (p < 0.01) (Figure S3), indicating
that the predicted canopy height loss values for areas without lidar
coverage are reasonable. Residuals from the regression between
observed and predicted values increase with increased observed can-
opy height loss (Figure S3), which suggests that there is a higher
degree of uncertainty in our estimates of forest damage in highly
damaged areas.

Watershed-level estimates of forest damage as mean percent
canopy height loss in forested areas (Figure 1) ranged from 18.18% to
46.70%, and mean forest damage across the watersheds was 35.81%
(Table 1). To assess how forest cover and forest damage affected
short-term stream response to Hurricane Maria, we evaluated the
relationships between each and the relative DMC slope change of
cumulative quickflow (Figure 5ab) and cumulative baseflow
(Figure 5d,e) in the 3 months following the storm. In watersheds with
high forest cover, quickflow relative slope change was lower
(R? = 0.40, p < 0.01) (Figure 5a), and in watersheds that experienced
greater forest damage, quickflow relative slope change was higher
(Figure 5b) (R? = 0.19, p < 0.01). Inversely, we found that baseflow
relative slope increase was greater in watersheds with high forest
cover, although the proportion of variance explained by the model
was low (R? = 0.05, p < 0.01) (Figure 5d). In watersheds with high for-
est damage, we found that baseflow relative slope increase was less
pronounced (R? = 0.27, p < 0.01) (Figure 5e).

We hypothesized that damage to forested areas in less-forested
watersheds would result in greater hydrological changes than in more
forested watersheds, and tested this premise by examining whether
weighting estimates of forest damage by watershed forest cover
improved the relationships between forest damage and relative DMC
slope changes in streamflow metrics (Figure 5c,f). Although the
direction of the relationships did not change, we found that weighting
estimates of forest damage by forest cover improved R? values for
quickflow from 0.19 to 0.40 but did not improve the regressions

between baseflow and forest damage (Figure 5b,c).
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FIGURE 3 Daily double mass curves showing annual relationships between quickflow and rainfall at each of the 18 watersheds for pre- (blue,
October-November 2010-2016) and post- (red, October-November 2017) Hurricane Maria. Dotted lines indicate predicted values using
coefficients from linear regressions of average pre-storm values, and blue shaded areas represent the historical range of variation taken from the
minimum and maximum pre-storm slopes for each watershed. Red shaded areas represent 95% confidence intervals of post-storm slopes and +
symbols indicate watersheds with significant slope increases after Hurricane Maria.

4 | DISCUSSION

The primary goal of this study was to examine streamflow response
to rainfall in a tropical forest system in the 3 months following hurri-
cane disturbance, and to evaluate whether the magnitude of
watershed-scale forest damage from the storm explains observed
changes. A novel aspect of this analysis was our attempt to distinguish
the influence of pre-existing forest cover and forest damage from a
major hurricane on streamflow response, and to elucidate interactions
between the two. This is crucial for identifying forest cover loss
thresholds for hydrological impacts under expected changes in natural
disturbance regimes. In the 3 months after Hurricane Maria, we found
higher baseflow relative to rainfall for nearly half surveyed watersheds
compared with the same months in previous years, and higher quick-
flow relative to rainfall for one third of watersheds. The magnitude of
change in quickflow was positively correlated with the degree of for-
est damage from the storm and negatively correlated with percent
forest cover. Compared with quickflow, we found inverted relation-
ships between changes to baseflow and forest cover or damage, with
greater baseflow increases in watersheds with high forest cover and

low forest damage. Our findings are consistent with previous studies

evaluating the role of tropical cyclone-related forest degradation on
changes to streamflow regimes (Chen et al, 2015; Jayakaran
et al., 2014; Musser et al., 2017; Zhang et al., 2019) and point to a sig-
nificant reduction in canopy rainfall interception and transpiration fol-
lowing the storm. By evaluating the effects of disturbance across
watersheds with different pre-existing forest cover, we were also able
to separate the effects of forest damage and forest cover which were
only modestly correlated (r=0.36) and discern how interactions
between the two influence hydrological response thresholds. We
found forest damage subdued post-disturbance increases in quickflow
in highly forested watersheds and magnified them in less-forested
watersheds. Our results indicate that less-forested watersheds are
more vulnerable to subsequent flooding in the months following for-
est disturbance than heavily forested watersheds.

In our study, we found higher post-storm quickflow in some
watersheds given the same rainfall amounts, suggesting that buffering
of intense rainfall by canopy interception is a major factor in mainte-
nance of stream ecosystem services in forested tropical watersheds.
Rainfall intensities during periods of high rainfall likely surpass infiltra-
tion rates in Puerto Rico, even in highly forested areas (Clark

et al., 2017; Larsen & Simon, 1993). Previous studies conducted in
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FIGURE 4 Daily double mass curves showing watershed-level relationships between baseflow and rainfall pre- (blue, October-November
2010-2016) and post- (red, October-November 2017) Hurricane Maria. Dotted lines indicate predicted values using coefficients from linear
regressions of average pre-storm values, and blue shaded areas represent the historical range of variation taken from the minimum and maximum
pre-storm slopes for each watershed. Red shaded areas represent 95% confidence intervals of post-storm slopes and + symbols indicate

watersheds with significant slope increases after Hurricane Maria.

Puerto Rico (Beck et al., 2013; Clark et al., 2017; Hall et al., 2022;
Ramirez et al., 2009) have characterized peak flow as a rapid response
to rainfall regardless of forest cover or rainfall conditions. That we
found evidence of an increase in quickflow-rainfall relationships indi-
cates that presence of intact forest canopy in this system reduced
overland and shallow subsurface flow before disturbance. This is con-
sistent with previous studies evaluating post-storm quickflow and
suggests that watersheds with less forest cover are more vulnerable
to increases in quickflow after forest disturbance than highly forested
watersheds, confirming the role of forest cover in lessening the
effects of rainfall extremes on streamflow (Krishnaswamy et al., 2012;
Zhang et al., 2018).

Twelve of the watersheds experienced no significant changes in
quickflow relative to rainfall after Hurricane Maria. A lack of persis-
tent post-hurricane quickflow response generally reflected low levels
of damage as vegetation in these watersheds may have recovered
quickly, increasing vegetation water use faster than more heavily
damaged watersheds. One of these watersheds was the least dam-
aged of all watersheds surveyed (18% canopy loss) and the farthest
from the hurricane storm path, while all but three had lower damage

values than the majority of the watersheds that displayed higher

quickflow after disturbance (25th quantile = 40%). Additionally, many
watersheds that exhibited no change in quickflow after the storm had
high forest cover (>85%), suggesting that remaining canopy structure
in damaged canopies continued to intercept rainfall even when the
majority of biomass had been moved from the canopy to the under-
storey. Finally, watersheds experiencing non-significant quickflow
changes did not differ in drainage area from those experiencing posi-
tive changes, suggesting that scaling effects are not a contributing
factor.

We found statistically significant baseflow increases in approxi-
mately half of all watersheds in the 3 months after the storm. We also
found higher, if insignificant, post-storm DMC slopes than the average
pre-storm DMC slopes in all but one watershed. This suggests that
hurricane-related rainfall recharge in addition to a reduction in tran-
spiration led to an increase in groundwater contribution to streams or
augmented additional streamflow generating processes relating to
slow stream response to rainfall (Chen et al., 2015). It is possible that
the observed increase in baseflow reflected the continued release of
the record-breaking rainfall volume from the storm (Keellings & Her-
nandez Ayala, 2019) rather than a reduction of transpiration. How-

ever, we partially accounted for this possibility by removing the

85U8017 SUOLLLIOD 8A 18810 3cedldde ayy Aq pausencb ae sajoiLe VO ‘8sn Jo Se|ni Joj Akl 78Ul UO A8]IAA U (SUORIPUOD-PUR-SLULRIALI0O" A3 IM"Aeiq| U UO//:SANY) SUORIPUOD pue SWid | 8u 88S *[7202/80/.2] U0 AkeidiTaulluo Aeim ‘soireiqi AisieAlun eiquiniod Aq 6v2ST dAU/Z00T 0T/I0pAW0D A8 | im AReIq1juljuo//:Sciy oy pepeoiumoq ‘g ‘vZ0Z ‘S80T660T



HALL ET AL.

Wl LEY 11 of 15

FIGURE 5 Relationships between (a)

(b) (c)

relative change in slope of baseflow
and quickflow after Hurricane Maria
and watershed forest cover, percent
canopy height loss in forested areas
within the watershed, and percent
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month Hurricane Maria hit Puerto Rico (September 2017) from all
analyses, so the first estimates of baseflow were 10 days following
the storm. High elevation forested watersheds in the north-eastern
Luquillo Experimental Forest in Puerto Rico transit storm rainfall from
overland and shallow groundwater flow within hours (Schellekens
et al., 2004; Scholl et al., 2015), and streamflow in the Luquillo Experi-
mental Forest returned to normal conditions (pre-storm values) within
1 day of the previous major hurricane (Scatena & Larsen, 1991). Our
finding of increased baseflow in the months following Hurricane
Maria is likely a combination of gradual drainage of extreme storm-
related rainfall paired with increased recharge through soil reservoirs
following unprecedented canopy damage and defoliation. Our results
are also more representative of stream response to disturbance across
the island, as many studies evaluating the impacts from previous hurri-
canes have focused on the small catchments in the Luquillo Experi-
mental Forest.

Because we separated streamflow into responses to rainfall at
short (quickflow) and long (baseflow) timescales, we were able to eval-
uate whether forest damage influenced one or both independently.
We found that forest damage inversely affected the magnitude and
direction of quickflow and baseflow response to Hurricane Maria. This
result supports our initial hypothesis that changes to quickflow were
caused from a combination of the increase in rainfall reaching the sur-
face through defoliated canopies and reduced forest water demand,
but our result that watersheds with high forest damage had no signifi-
cant increase in baseflow came as a surprise. It is possible that this
result is due to many of the most highly damaged watersheds also
being some of the wettest and most resilient to change. Half of the
watersheds with no significant change to baseflow were completely
or partially located in El Yunque National Forest, a tropical rainforest
with mean annual rainfall of up to 4600-5000 mm year—? (Murphy
et al., 2017). The Luquillo Experimental Forest, located within the El
Yunque National Forest, has been shown to have deep soil profiles

% Forest Damage Relative Forest Damage

(up to 9m) with high soil water storage potential (Post &
Jones, 2001). This combination of high rainfall and deep soils has led
previous studies to find a gradual baseflow release to streams with lit-
tle monthly response to changes in rainfall (Hall et al., 2022; Post &
Jones, 2001). However, the increases in baseflow that we found in
many watersheds throughout Puerto Rico support our initial hypothe-
sis that baseflow increases were caused by greater infiltration and
groundwater recharge (Chen et al., 2015; Jayakaran et al., 2014).

As vegetation regrows and forest water demand increases
(Jayakaran et al., 2014), streamflow components may recover at dif-
ferent time scales (Buma & Livneh, 2017; Harman et al., 2011). Rapid
canopy regreening after defoliation increases rainfall interception and
can lead to quickflow recovery within weeks after a large forest dis-
turbance (Ellison et al., 2012; Malmer et al., 2010), while soils may
remain saturated for weeks or months after the storm, prolonging ele-
vated baseflow levels (Zhang et al., 2018). Forests can also take up to
a decade to recover lost biomass from broken, uprooted, and highly
damaged trees (Heartsill-Scalley et al., 2007). If the magnitude of for-
est damage is high enough, recovery to pre-disturbance values may
take years or decades (Post & Jones, 2001). Examining the long term
effects of forest degradation resulting from cyclonic storms in subse-
quent studies would offer an opportunity to further understand these
processes.

Although hurricane-induced forest damage generally led to
increases in quickflow after the storm, the magnitude of this effect
depended on watershed forest cover. After Hurricane Maria, water-
sheds with high pre-existing forest cover had smaller increases in
quickflow than those with low forest cover, suggesting that forests
stabilize streamflow dynamics. Rainfall interception and resulting can-
opy evaporation keep up to 50% of gross rainfall from reaching the
soil surface in the dense canopies in Puerto Rico (Schellekens
et al.,, 1999). High tree mortality through uprooting and stem breaks
(Uriarte et al., 2019) reduced canopy heights and moved much of the
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dense canopy branch and leaf litter closer to the ground (Hall
et al., 2020). In highly forested Puerto Rican watersheds, it is possible
that there was enough remaining canopy, dislodged canopy and
understorey biomass to intercept and slow rainfall even after much of
the canopy was damaged.

Our estimate of forest damage was also more closely related to
changes in quickflow when related to watershed forest cover than
when used alone. The magnitude and direction of the hydrological
impacts on streams are closely related to watershed characteristics
and the extent of forest damage (Buma & Livneh, 2017). An improved
relationship between the change in DMC quickflow slopes and forest
damage relative to forest cover means that forest damage is more
likely to result in hydrological impacts in less-forested watersheds
than in highly forested watersheds. Forest cover, even if damaged,
likely reduces quickflow sensitivity to disturbance. The damage to for-
ests resulting from strong storms may be substantial enough to match
deforestation in severity. As less-forested watersheds are closer to
the forest cover loss threshold needed to elicit a streamflow response
following forest damage, they may have a lower storm-related forest
disturbance threshold response following forest damage while highly
forested watersheds remain protected (Wei et al., 2021). However,
the nature of storm-related forest damage differs from that of defor-
estation; rather than losing forest cover completely, canopy height is
reduced and living biomass is lost. More research is needed to deter-
mine the relationships between forest cover loss thresholds and the
type and magnitude of storm-related forest damage.

5 | CONCLUSIONS

Here, we presented a spatially explicit examination of forest damage
from Hurricane Maria on streamflow in Puerto Rico. We studied
watersheds with 50%-99% forest cover and 18-47% forest damage
(relative canopy height loss) and observed post-hurricane baseflow
increases in nearly half of all cases. We also saw quickflow increases
in most watersheds with greater than 39% canopy damage, while all
watersheds with unchanged post-storm quickflow had over 85% pre-
storm forest cover. Our results suggest that maintaining moderate
levels of forest cover in areas with high rainfall amounts can greatly
increase streamflow resilience to disturbance. Forest conservation
and management will be critical in maintaining water provision under

expected increases in the frequency of severe disturbance.

ACKNOWLEDGEMENTS

Research was supported by GRFP DGE 1644869 to J.H. Pedro Piffer,
Roi Ankori-Karlinsky, Eva Arroyo, Erich Eberhard (Columbia Univer-
sity). Ben Maglio (University of Alaska Fairbanks), Lisa Windham-
Myers and Natalie Latysh (U.S. Geological Survey Water Mission
Area) provided useful comments on the manuscript and methods.
David Hernandez and Elliot Sosa (U.S. Geological Survey Caribbean-
Florida Water Science Center) provided expert guidance on stream-

flow site selection. Any use of trade, firm, or product names is for

descriptive purposes only and does not imply endorsement by the
U.S. Government.

DATA AVAILABILITY STATEMENT

All novel statistical and mathematical code used to generate results of
this study will be provided in the Dryad database upon publication.
See in-text citations for all publicly available datasets used in this
study (e.g., streamflow, rainfall, forest cover). RMS HWind data,
although not necessary to replicate the critical components of this
analysis, is proprietary and cannot be provided but can be requested
from RMS.

ORCID
Jazlynn Hall = https://orcid.org/0000-0002-8782-0065
Martha Scholl = https://orcid.org/0000-0001-6994-4614

James Shanley 2 https://orcid.org/0000-0002-4234-3437

REFERENCES

Addor, N., Nearing, G., Prieto, C., Newman, A. J., Le Vine, N., & Clark, M. P.
(2018). A ranking of hydrological signatures based on their predictabil-
ity in space. Water Resources Research, 54(11), 8792-8812. https://
doi.org/10.1029/2018WR022606

Andréassian, V. (2004). Waters and forests: From historical controversy to
scientific debate. Journal of Hydrology, 291(1-2), 1-27. https://doi.
org/10.1016/j.jhydrol.2003.12.015

Beck, H. E., Bruijnzeel, L. A., Van Dijk, A. I. J. M, McVicar, T. R,
Scatena, F. N., & Schellekens, J. (2013). The impact of forest regenera-
tion on streamflow in 12 mesoscale humid tropical catchments.
Hydrology and Earth System Sciences, 17(7), 2613-2635. https://doi.
org/10.5194/hess-17-2613-2013

Beck, H. E., Pan, M., Roy, T. Weedon, G. P., Pappenberger, F., Van
Dijk, A. I. J. M., Huffman, G. J., Adler, R. F., & Wood, E. F. (2019). Daily
evaluation of 26 precipitation datasets using stage-IV gauge-radar data
for the CONUS. Hydrology and Earth System Sciences, 23(1), 207-224.
https://doi.org/10.5194/hess-23-207-2019

Biasutti, M., Yuter, S. E., Burleyson, C. D., & Sobel, A. H. (2012). Very high
resolution rainfall patterns measured by TRMM precipitation radar:
Seasonal and diurnal cycles. Climate Dynamics, 39(1-2), 239-258.
https://doi.org/10.1007/s00382-011-1146-6

Birch, A. L., Stallard, R. F., Bush, S. A., & Barnard, H. R. (2021). The influ-
ence of land cover and storm magnitude on hydrologic flowpath acti-
vation and runoff generation in steep tropical catchments of central
Panama. Journal of Hydrology, 596, 126138. https://doi.org/10.1016/j.
jhydrol.2021.126138

Boose, E. R, Serrano, M. |., & Foster, D. R. (2004). Landscape and regional
impacts of hurricanes in Puerto Rico. Ecological Monographs, 74(2),
335-352. https://doi.org/10.1890/02-4057

Bosch, J. M., & Hewlett, J. D. (1982). A review of catchment experiments
to determine the effect of vegetation changes on water yield and
evapotranspiration. Journal of Hydrology, 55(1-4), 3-23. https://doi.
org/10.1016/0022-1694(82)90117-2

Bradshaw, C. J. A, Sodhi, N. S., Peh, K. S. H., & Brook, B. W. (2007). Global
evidence that deforestation amplifies flood risk and severity in the
developing world. Global Change Biology, 13(11), 2379-2395. https://
doi.org/10.1111/j.1365-2486.2007.01446.x

Brauman, K. A, Daily, G. C., Duarte, T. K., & Mooney, H. A. (2007). The
nature and value of ecosystem services: An overview highlighting
hydrologic services. Annual Review of Environment and Resources, 32(1),
67-98. https://doi.org/10.1146/annurev.energy.32.031306.102758

Breiman, L. E. O. (2001). Random Forests. Machine Learning, 45, 5-32.

85U8017 SUOLLLIOD 8A 18810 3cedldde ayy Aq pausencb ae sajoiLe VO ‘8sn Jo Se|ni Joj Akl 78Ul UO A8]IAA U (SUORIPUOD-PUR-SLULRIALI0O" A3 IM"Aeiq| U UO//:SANY) SUORIPUOD pue SWid | 8u 88S *[7202/80/.2] U0 AkeidiTaulluo Aeim ‘soireiqi AisieAlun eiquiniod Aq 6v2ST dAU/Z00T 0T/I0pAW0D A8 | im AReIq1juljuo//:Sciy oy pepeoiumoq ‘g ‘vZ0Z ‘S80T660T


https://orcid.org/0000-0002-8782-0065
https://orcid.org/0000-0002-8782-0065
https://orcid.org/0000-0001-6994-4614
https://orcid.org/0000-0001-6994-4614
https://orcid.org/0000-0002-4234-3437
https://orcid.org/0000-0002-4234-3437
https://doi.org/10.1029/2018WR022606
https://doi.org/10.1029/2018WR022606
https://doi.org/10.1016/j.jhydrol.2003.12.015
https://doi.org/10.1016/j.jhydrol.2003.12.015
https://doi.org/10.5194/hess-17-2613-2013
https://doi.org/10.5194/hess-17-2613-2013
https://doi.org/10.5194/hess-23-207-2019
https://doi.org/10.1007/s00382-011-1146-6
https://doi.org/10.1016/j.jhydrol.2021.126138
https://doi.org/10.1016/j.jhydrol.2021.126138
https://doi.org/10.1890/02-4057
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1111/j.1365-2486.2007.01446.x
https://doi.org/10.1111/j.1365-2486.2007.01446.x
https://doi.org/10.1146/annurev.energy.32.031306.102758

HALL ET AL.

Wl LEY 13 of 15

Brown, A. E., Western, A. W., McMahon, T. A, & Zhang, L. (2013). Impact
of forest cover changes on annual streamflow and flow duration
curves. Journal of Hydrology, 483, 39-50. https://doi.org/10.1016/j.
jhydrol.2012.12.031

Bruijnzeel, L. A. (2004). Hydrological functions of tropical forests: Not see-
ing the soil for the trees? Agriculture, Ecosystems and Environment,
104(1), 185-228. https://doi.org/10.1016/j.agee.2004.01.015

Buma, B., & Livneh, B. (2017). Key landscape and biotic indicators of
watersheds sensitivity to forest disturbance identified using remote
sensing and historical hydrography data. Environmental Research Let-
ters, 12(7), 074028. https://doi.org/10.1088/1748-9326/AA7091

Carswell, W. J. (2016). The 3D elevation program: Summary for Puerto Rico.
U.S. Geological Survey. https://doi.org/10.3133/fs20133097

Chambers, J. Q., Fisher, J. I, Zeng, H., Chapman, E. L., Baker, D. B., &
Hurtt, G. C. (2007). Hurricane Katrina's carbon footprint on U.S. Gulf
Coast forests. Science, 318(5853), 1107. https://doi.org/10.1126/
science.1148913

Chen, X., Kumar, M., & Mcglynn, B. L. (2015). Variations in streamflow
response to large hurricane-season storms in a southeastern
U.S. watershed. Journal of Hydrometeorology, 16(1), 55-69. https://doi.
org/10.1175/JHM-D-14-0044.1

Clark, K. E., Shanley, J. B, Scholl, M. A, Plante, A. F., McDowell, W. H., &
Al, C. E. T. (2017). Tropical river suspended sediment and solute
dynamics in storms during an extreme drought. Water Resources
Research, 53, 3695-3712. https://doi.org/10.1002/2016 WR019737

Dai, Z., Trettin, C. C., & Amatya, D. M. (2013). Effects of climate variability
on forest hydrology and carbon sequestration on the Santee Experimental
Forest in coastal South Carolina. General Technical Reports SRS-GTR-
172. Asheville, NC: USDA-Forest Service, Southern Research Station.
32p https://doi.org/10.2737/SRS-GTR-172

Daly, C., Helmer, E. H., & Quinones, M. (2003). Mapping the climate of
Puerto Rico, Vieques and Culebra. International Journal of Climatology,
23(11), 1359-1381. https://doi.org/10.1002/joc.937

Duncan, H. P. (2019). Baseflow separation—A practical approach. Journal
of Hydrology, 575, 308-313. https://doi.org/10.1016/j.jhydrol.2019.
05.040

Ellison, D., Futter, M. N., & Bishop, K. (2012). On the forest cover-water
yield debate: From demand- to supply-side thinking. Global Change
Biology, 18(3), 806-820. https://doi.org/10.1111/j.1365-2486.2011.
02589.x

Filoso, S., Bezerra, M. O., Weiss, K. C. B., & Palmer, M. A. (2017). Impacts
of forest restoration on water yield: A systematic review. PLoS One,
12(8), €0183210. https://doi.org/10.1371/journal.pone.0183210

Gao, P, Li, P., Zhao, B., Xu, R., Zhao, G., Sun, W., & Mu, X. (2017). Use of
double mass curves in hydrologic benefit evaluations. Hydrological Pro-
cesses, 31(26), 4639-4646. https://doi.org/10.1002/hyp.11377

Hagemann, M. (2021). Streamstats: R bindings to the USGS Streamstats API.
R Package Version 0.0.2.

Hall, J.,, Muscarella, R., Quebbeman, A., Arellano, G., Thompson, J.,
Zimmerman, J. K., & Uriarte, M. (2020). Hurricane-induced rainfall is a
stronger predictor of tropical Forest damage in Puerto Rico than maxi-
mum wind speeds. Scientific Reports, 10(1), 4318. https://doi.org/10.
1038/541598-020-61164-2

Hall, J., Scholl, M., Gorokhovich, Y., & Uriarte, M. (2022). Forest cover
lessens the impact of drought on streamflow in Puerto Rico. Hydrologi-
cal Processes, 36, e14551. https://doi.org/10.1002/hyp.14551

Hallema, D. W., Sun, G., Caldwell, P. V., Norman, S. P., Cohen, E. C,, Liu, Y.,
Bladon, K. D., & McNulty, S. G. (2018). Burned forests impact water
supplies. Nature Communications, 9(1), 1-8. https://doi.org/10.1038/
s41467-018-03735-6

Hamilton, L., & King, P. N. (1983). Tropical forested watersheds hydrologic
and soils response to major uses or conversions (p. 168). Westview Press.

Hansen, M. C,, Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A,,
Tyukavina, A., Thau, D., Stehman, S. V., Goetz, S. J,, Loveland, T. R,,
Kommareddy, A., Egorov, A., Chini, L., Justice, C. O, &

Townshend, J. R. G. (2013). High-resolution global maps of 21st-
century forest cover change. Science, 342(6160), 850-853. https://
doi.org/10.1126/science.1244693

Harman, C. J., Troch, P. A.,, & Sivapalan, M. (2011). Functional model of
water balance variability at the catchment scale: 2. Elasticity of fast
and slow runoff components to precipitation change in the continental
United States. Water Resources Research, 47(2). https://doi.org/10.
1029/2010WR009656

Heartsill-Scalley, T., Scatena, F. N., Estrada, C., McDowell, W. H., &
Lugo, A. E. (2007). Disturbance and long-term patterns of rainfall and
throughfall nutrient fluxes in a subtropical wet forest in Puerto Rico.
Journal of Hydrology, 333(2-4), 472-485. https://doi.org/10.1016/j.
jhydrol.2006.09.019

Hibbert, A. R. (1967). Forest treatment effects on water yield. In H. W.
Lull & W. E. Sopper (Eds.), Forest hydrology, proceedings of a National
Science Foundation advanced science seminar (pp. 527-543). Pergamon.

Hijmans, R. J. (2021). Terra: Spatial data analysis (1.4-13).

Hijmans, R. J.,, van Etten, J., Mattiuzzi, M., Sumner, M., Greenberg, J. A,
Lamigueiro, O. P., Bevan, A., Racine, E. B., & Shortridge, A. (2011). Ras-
ter: Geographic data analysis and modeling. In R Package, Version.

listedt, U., Malmer, A., Verbeeten, E., & Murdiyarso, D. (2007). The effect
of afforestation on water infiltration in the tropics: A systematic
review and meta-analysis. Forest Ecology and Management, 251(1-2),
45-51. https://doi.org/10.1016/j.foreco.2007.06.014

Isenburg, M. (2014). LAStools “efficient LIDAR processing software”.

Jayakaran, A. D., Williams, T. M., Ssegane, H., Amatya, D. M., Song, B., &
Trettin, C. C. (2014). Hurricane impacts on a pair of coastal forested
watersheds: Implications of selective hurricane damage to forest struc-
ture and streamflow dynamics. Hydrology and Earth System Sciences,
18(3), 1151-1164. https://doi.org/10.5194/hess-18-1151-2014

Jones, J. A, Creed, I. F., Hatcher, K. L., Warren, R. J., Adams, M. B.,
Benson, M. H., Boose, E., Brown, W. A., Campbell, J. L., Covich, A,
Clow, D. W., Dahm, C. N., Elder, K., Ford, C. R, Grimm, N. B.,
Henshaw, D. L. Larson, K. L, Miles, E. S., Miles, K. M., ..
Williams, M. W. (2012). Ecosystem processes and human influences
regulate streamflow response to climate change at long-term ecologi-
cal research sites. Bioscience, 62(4), 390-404. https://doi.org/10.
1525/Bl0.2012.62.4.10

Karmalkar, A. V., Taylor, M. A,, Campbell, J., Stephenson, T., New, M,,
Centella, A., Benzanilla, A., & Charlery, J. (2013). A review of observed
and projected changes in climate for the islands in the Caribbean.
Atmosfera, 26(2), 283-309. https://doi.org/10.1016/50187-6236(13)
71076-2

Keellings, D., & Hernandez Ayala, J. J. (2019). Extreme rainfall associated
with hurricane Maria over Puerto Rico and its connections to climate
variability and change. Geophysical Research Letters, 46(5), 2964-2973.
https://doi.org/10.1029/2019GL082077

Kennaway, T., & Helmer, E. (2007). The Forest types and ages cleared for
land development in Puerto Rico. GlScience & Remote Sensing, 44(4),
356-382. https://doi.org/10.2747/1548-1603.44.4.356

Knutson, T. R., Mc Bride, J. L, Chan, J., Emanuel, K., Holland, G.,
Landsea, C., Held, I., Kossin, J. P., Srivastava, A. K., & Sugi, M. (2010).
Tropical cyclones and climate change. Nature Geoscience, 3(3), 157-
163. https://doi.org/10.1038/ngeo779

Knutson, T. R, Sirutis, J. J, Zhao, M., Tuleya, R. E., Bender, M,
Vecchi, G. A, Villarini, G., & Chavas, D. (2015). Global projections of
intense tropical cyclone activity for the late twenty-first century from
dynamical downscaling of CMIP5/RCP4.5 scenarios. Journal of Climate,
28, 7203-7224. https://doi.org/10.1175/JCLI-D-15-0129.1

Kossin, J. P. (2018). A global slowdown of tropical-cyclone translation
speed. Nature, 558(7708), 104-107. https://doi.org/10.1038/s41586-
018-0158-3

Krishnaswamy, J., Bonell, M., Venkatesh, B., Purandara, B. K., Lele, S.,
Kiran, M. C., Reddy, V., Badiger, S., & Rakesh, K. N. (2012). The rain-
runoff response of tropical humid forest ecosystems to use and

85U8017 SUOLLLIOD 8A 18810 3cedldde ayy Aq pausencb ae sajoiLe VO ‘8sn Jo Se|ni Joj Akl 78Ul UO A8]IAA U (SUORIPUOD-PUR-SLULRIALI0O" A3 IM"Aeiq| U UO//:SANY) SUORIPUOD pue SWid | 8u 88S *[7202/80/.2] U0 AkeidiTaulluo Aeim ‘soireiqi AisieAlun eiquiniod Aq 6v2ST dAU/Z00T 0T/I0pAW0D A8 | im AReIq1juljuo//:Sciy oy pepeoiumoq ‘g ‘vZ0Z ‘S80T660T


https://doi.org/10.1016/j.jhydrol.2012.12.031
https://doi.org/10.1016/j.jhydrol.2012.12.031
https://doi.org/10.1016/j.agee.2004.01.015
https://doi.org/10.1088/1748-9326/AA7091
https://doi.org/10.3133/fs20133097
https://doi.org/10.1126/science.1148913
https://doi.org/10.1126/science.1148913
https://doi.org/10.1175/JHM-D-14-0044.1
https://doi.org/10.1175/JHM-D-14-0044.1
https://doi.org/10.1002/2016WR019737
https://doi.org/10.2737/SRS-GTR-172
https://doi.org/10.1002/joc.937
https://doi.org/10.1016/j.jhydrol.2019.05.040
https://doi.org/10.1016/j.jhydrol.2019.05.040
https://doi.org/10.1111/j.1365-2486.2011.02589.x
https://doi.org/10.1111/j.1365-2486.2011.02589.x
https://doi.org/10.1371/journal.pone.0183210
https://doi.org/10.1002/hyp.11377
https://doi.org/10.1038/s41598-020-61164-2
https://doi.org/10.1038/s41598-020-61164-2
https://doi.org/10.1002/hyp.14551
https://doi.org/10.1038/s41467-018-03735-6
https://doi.org/10.1038/s41467-018-03735-6
https://doi.org/10.1126/science.1244693
https://doi.org/10.1126/science.1244693
https://doi.org/10.1029/2010WR009656
https://doi.org/10.1029/2010WR009656
https://doi.org/10.1016/j.jhydrol.2006.09.019
https://doi.org/10.1016/j.jhydrol.2006.09.019
https://doi.org/10.1016/j.foreco.2007.06.014
https://doi.org/10.5194/hess-18-1151-2014
https://doi.org/10.1525/BIO.2012.62.4.10
https://doi.org/10.1525/BIO.2012.62.4.10
https://doi.org/10.1016/S0187-6236(13)71076-2
https://doi.org/10.1016/S0187-6236(13)71076-2
https://doi.org/10.1029/2019GL082077
https://doi.org/10.2747/1548-1603.44.4.356
https://doi.org/10.1038/ngeo779
https://doi.org/10.1175/JCLI-D-15-0129.1
https://doi.org/10.1038/s41586-018-0158-3
https://doi.org/10.1038/s41586-018-0158-3

14 of 15 Wl LEY

HALL T AL

reforestation in the Western Ghats of India. J. Krishnaswamy. Journal
of Hydrology, 472-473, 216-237. https://doi.org/10.1016/j.jhydrol.
2012.09.016

Ladson, A. R, Brown, R, Neal, B, & Nathan, R. (2013). A standard
approach to baseflow separation using the Lyne and Hollick filter.
Australian Journal of Water Resources, 17(1), 25-34. https://doi.org/10.
7158/W12-028.2013.17.1

Larsen, M. C. (2000). Analysis of 20th century rainfall and streamflow to
characterize drought and water resources in Puerto Rico. Physical
Geography, 21(6), 494-521. https://doi.org/10.1080/02723646.2000.
10642723

Larsen, M. C., & Simon, A. (1993). A rainfall intensity-duration threshold
for landslides in a humid-tropical environment, Puerto Rico. Geogra-
fiska Annaler: Series A, Physical Geography, 75(1-2), 13-23. https://doi.
org/10.1080/04353676.1993.11880379

Leitold, V., Morton, D. C., Martinuzzi, S., Paynter, I., Uriarte, M., Keller, M.,
Ferraz, A., Cook, B. D., Corp, L. A., & Gonzalez, G. (2021). Tracking the
rates and mechanisms of canopy damage and recovery following hurri-
cane Maria using multitemporal Lidar data. Ecosystems, 25, 1-19.
https://doi.org/10.1007/510021-021-00688-8

Li, L., Maier, H. R,, Partington, D., Lambert, M. F., & Simmons, C. T. (2014).
Performance assessment and improvement of recursive digital base-
flow filters for catchments with different physical characteristics and
hydrological inputs. Environmental Modelling & Software, 54, 39-52.
https://doi.org/10.1016/j.envsoft.2013.12.011

Liaw, A., & Wiener, M. (2002). Classification and regression by randomFor-
est. R News, 2(3), 18, 22.

Lugo, A. E. (2008). Visible and invisible effects of hurricanes on forest eco-
systems: An international review. Austral Ecology, 33(4), 368-398.
https://doi.org/10.1111/j.1442-9993.2008.01894.x

Lyne, V., & Hollick, M. (1979). Stochastic time-variable rainfall-runoff
modelling cite this paper. Institute of Engineers Australia National Con-
ference, 79(10), 89-93.

Malmer, A., Murdiyarso, D., Bruijnzeel, L. A., & lIstedt, U. (2010). Carbon
sequestration in tropical forests and water: A critical look at the basis
for commonly used generalizations. Global Change Biology, 16(2), 599-
604. https://doi.org/10.1111/j.1365-2486.2009.01984.x

Miller, P. W., Kumar, A., Mote, T. L., Moraes, F. D. S., & Mishra, D. R.
(2019). Persistent hydrological consequences of hurricane Maria in
Puerto Rico. Geophysical Research Letters, 46(3), 1413-1422. https://
doi.org/10.1029/2018GL081591

Molina-Rivera, W. (2014). Estimated water use in Puerto Rico, 2010:
U.S. Geological Survey open-file report 2014-1117.

Murphy, S. F., & Stallard, R. F. (2012a). Water quality and landscape pro-
cesses of four watersheds in eastern Puerto Rico. Pubs USGS Gov.

Murphy, S. F., & Stallard, R. F. (2012b). Hydrology and climate for four
watersheds in eastern Puerto Rico. In Water quality and landscape pro-
cesses of four watersheds in eastern Puerto Rico (pp. 43-84). U.S. Geo-
logical Survey Professional Paper.

Murphy, S. F., Stallard, R. F., Scholl, M. A., Gonzalez, G., & Torres-
Sanchez, A. J. (2017). Reassessing rainfall in the Luquillo Moun-
tains, Puerto Rico: Local and global ecohydrological implications.
PLoS One, 12(7), e0180987. https://doi.org/10.1371/journal.pone.
0180987

Murry, B., Bowden, J., Branoff, B., Garcia-Bermudez, M., Middleton, B. A.,
Ortiz-Zayas, J. R., Restrepo, C., & Terando, A. (2019). Perspective:
Developing flow policies to balance the water needs of humans and
wetlands requires a landscape scale approach inclusive of future sce-
narios and multiple timescales. Wetlands, 39(6), 1329-1341. https://
doi.org/10.1007/s13157-019-01184-5

Musser, J. W., Watson, K. M., & Gotvald, A. J. (2017). Characterization of
peak streamflows and flood inundation at selected areas in North Carolina
following Hurricane Matthew, October 2016. U.S. Geological Survey
Open-File Report 2017-1047.

Nathan, R. J., & McMahon, T. A. (1990). Evaluation of automated tech-
niques for base flow and recession analyses. Water Resources Research,
26(7), 1465-1473. https://doi.org/10.1029/WR026i007p01465

NOAA. (2010). C-CAP regional land cover and change. Coastal Change Anal-
ysis Program (C-CAP) Region Land Cover. https://coast.noaa.gov/
digitalcoast/data/ccapregional.html

Pasch, R. J., Penny, A. B., & Berg, R. (2019). Hurricane Maria. National Hur-
ricane Center Tropical Cyclone Report (AL 152017).

Pebesma, E. (2021). Simple features for R.

Pebesma, E., Bivand, R., Rowlingson, B., & Gomez-Rubio, V. (2013). Sp:
classes and methods for spatial data. R Package Version 1.0-14. http://
cran.r-project.org/package=sp

Pelletier, A., & Andréassian, V. (2020). Hydrograph separation: An impartial
parametrisation for an imperfect method. Hydrology and Earth System
Sciences, 24(3), 1171-1187. https://doi.org/10.5194/hess-24-1171-
2020

Pefa-Arancibia, J. L., Bruijnzeel, L. A., Mulligan, M., & van Dijk, A. I. J. M.
(2019). Forests as ‘sponges’ and ‘pumps’: Assessing the impact of
deforestation on dry-season flows across the tropics. Journal of Hydrol-
ogy, 574, 946-963. https://doi.org/10.1016/j.jhydrol.2019.04.064

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D. (2020). nlme: Linear and
nonlinear mixed effects models.

Pokhrel, R., del Cos, S., Montoya Rincon, J. P., Glenn, E., & Gonzalez, J. E.
(2021). Observation and modeling of hurricane Maria for damage
assessment. Weather and Climate Extremes, 33, 100331. https://doi.
org/10.1016/J.WACE.2021.100331

Post, D. A, & Jones, J. A. (2001). Hydrologic regimes of forested, moun-
tainous, headwater basins in New Hampshire, North Carolina, Oregon,
and Puerto Rico. Advances in Water Resources, 24(9-10), 1195-1210.
https://doi.org/10.1016/S0309-1708(01)00036-7

Ramirez, A., De Jesus-Crespo, R., Martin6-Cardona, D. M., Martinez-
Rivera, N., & Burgos-Caraballo, S. (2009). Urban streams in Puerto
Rico: What can we learn from the tropics? Journal of the North Ameri-
can Benthological Society, 28(4), 1070-1079. https://doi.org/10.1899/
08-165.1

Reed, J. C,, Jr., & Bush, C. A. (2005). Generalized geologic map of Alaska,
Hawaii, Puerto Rico, and the U.S Virgin Islands. U.S. Geological Survey.

Scatena, F. N., & Larsen, M. C. (1991). Physical aspects of hurricane Hugo
in Puerto Rico. Biotropica, 23(4), 317. https://doi.org/10.2307/
2388247

Schellekens, J., Scatena, F. N., Bruijnzeel, L. A, van Dijk, A. I. J. M.,
Groen, M. M. A, & van Hogezand, R. J. P. (2004). Stormflow genera-
tion in a small rainforest catchment in the Luquillo experimental forest,
Puerto Rico. Hydrological Processes, 18(3), 505-530. https://doi.org/
10.1002/hyp.1335

Schellekens, J., Scatena, F. N., Bruijnzeel, L. A, & Wickel, A. J. (1999).
Modelling rainfall interception by a lowland tropical rain forest in
northeastern Puerto Rico. Journal of Hydrology, 225(3-4), 168-184.
https://doi.org/10.1016/50022-1694(99)00157-2

Scholl, M. A., Bassiouni, M., & Torres-Sanchez, A. J. (2021). Drought stress
and hurricane defoliation influence mountain clouds and moisture
recycling in a tropical forest. Proceedings of the National Academy of
Sciences, 118(7), 2021646118. https://doi.org/10.1073/PNAS.
2021646118

Scholl, M. A, Shanley, J. B., Murphy, S. F., Willenbring, J. K., Occhi, M., &
Gonzélez, G. (2015). Stable-isotope and solute-chemistry approaches
to flow characterization in a forested tropical watershed, Luquillo
Mountains, Puerto Rico. Applied Geochemistry, 63, 484-497. https://
doi.org/10.1016/j.apgeochem.2015.03.008

Scott, D. F., Bruijnzeel, L. A., & Mackensen, J. (2005). The hydrological and
soil impacts of forestation in the tropics. In Forests, Water and People
in the Humid Tropics: Past, Present and Future Hydrological Research for
Integrated Land and Water Management (pp. 622-651). Cambridge Uni-
versity Press. https://doi.org/10.1017/CB0O9780511535666.032

85U8017 SUOLLLIOD 8A 18810 3cedldde ayy Aq pausencb ae sajoiLe VO ‘8sn Jo Se|ni Joj Akl 78Ul UO A8]IAA U (SUORIPUOD-PUR-SLULRIALI0O" A3 IM"Aeiq| U UO//:SANY) SUORIPUOD pue SWid | 8u 88S *[7202/80/.2] U0 AkeidiTaulluo Aeim ‘soireiqi AisieAlun eiquiniod Aq 6v2ST dAU/Z00T 0T/I0pAW0D A8 | im AReIq1juljuo//:Sciy oy pepeoiumoq ‘g ‘vZ0Z ‘S80T660T


https://doi.org/10.1016/j.jhydrol.2012.09.016
https://doi.org/10.1016/j.jhydrol.2012.09.016
https://doi.org/10.7158/W12-028.2013.17.1
https://doi.org/10.7158/W12-028.2013.17.1
https://doi.org/10.1080/02723646.2000.10642723
https://doi.org/10.1080/02723646.2000.10642723
https://doi.org/10.1080/04353676.1993.11880379
https://doi.org/10.1080/04353676.1993.11880379
https://doi.org/10.1007/S10021-021-00688-8
https://doi.org/10.1016/j.envsoft.2013.12.011
https://doi.org/10.1111/j.1442-9993.2008.01894.x
https://doi.org/10.1111/j.1365-2486.2009.01984.x
https://doi.org/10.1029/2018GL081591
https://doi.org/10.1029/2018GL081591
https://doi.org/10.1371/journal.pone.0180987
https://doi.org/10.1371/journal.pone.0180987
https://doi.org/10.1007/s13157-019-01184-5
https://doi.org/10.1007/s13157-019-01184-5
https://doi.org/10.1029/WR026i007p01465
https://coast.noaa.gov/digitalcoast/data/ccapregional.html
https://coast.noaa.gov/digitalcoast/data/ccapregional.html
http://cran.r-project.org/package=sp
http://cran.r-project.org/package=sp
https://doi.org/10.5194/hess-24-1171-2020
https://doi.org/10.5194/hess-24-1171-2020
https://doi.org/10.1016/j.jhydrol.2019.04.064
https://doi.org/10.1016/J.WACE.2021.100331
https://doi.org/10.1016/J.WACE.2021.100331
https://doi.org/10.1016/S0309-1708(01)00036-7
https://doi.org/10.1899/08-165.1
https://doi.org/10.1899/08-165.1
https://doi.org/10.2307/2388247
https://doi.org/10.2307/2388247
https://doi.org/10.1002/hyp.1335
https://doi.org/10.1002/hyp.1335
https://doi.org/10.1016/S0022-1694(99)00157-2
https://doi.org/10.1073/PNAS.2021646118
https://doi.org/10.1073/PNAS.2021646118
https://doi.org/10.1016/j.apgeochem.2015.03.008
https://doi.org/10.1016/j.apgeochem.2015.03.008
https://doi.org/10.1017/CBO9780511535666.032

HALL ET AL.

Wl LEY 15 of 15

Searcy, J. K,, Hardison, C. H., & Langbein, W. B. (1960). Double-mass
curves, with a section fitting curves to cyclic data. Manual of hydrology:
Part 1. General surface-water techniques (pp. 31-66). Water Supply
Paper.

Shenkin, A., Chandler, C. J., Boyd, D. S., Jackson, T., Disney, M,
Majalap, N., Nilus, R., Foody, G., Bin Jami, J., Reynolds, G., Wilkes, P.,
Cutler, M. E. J, van der Heijden, G. M. F., Burslem, D. F. R. P,
Coomes, D. A, Bentley, L. P., & Malhi, Y. (2019). The World's tallest
tropical tree in three dimensions. Frontiers in Forests and Global
Change, 2, 32. https://doi.org/10.3389/FFGC.2019.00032

Soil  Survey Staff, Natural Resources Conservation Service,
U.S. Department of Agriculture. (n.d.). Soil survey geographic
(SSURGO) database for Puerto Rico.

Stewart, M. K. (2014). New baseflow separation and recession analysis
approaches for streamflow. Hydrology and Earth System Sciences, 11(6),
7089-7131. https://doi.org/10.5194/hessd-11-7089-2014

Stoelzle, M., Schuetz, T., Weiler, M., Stahl, K., & Tallaksen, L. M. (2020).
Beyond binary baseflow separation: A delayed-flow index for multiple
streamflow contributions. Hydrology and Earth System Sciences, 24(2),
849-867. https://doi.org/10.5194/hess-24-849-2020

Taylor, R. (2009). Rethinking water scarcity: The role of storage. Eos,
90(28), 237-238. https://doi.org/10.1029/2009E0280001

Thomas, M. A, Mirus, B. B., & Smith, J. B. (2020). Hillslopes in humid-
tropical climates aren't always wet: Implications for hydrologic
response and landslide initiation in Puerto Rico. Hydrological Processes,
34(22), 4307-4318. https://doi.org/10.1002/hyp.13885

Uriarte, M., Thompson, J., & Zimmerman, J. K. (2019). Hurricane Maria tri-
pled stem breaks and doubled tree mortality relative to other major
storms. Nature Communications, 10(1), 1362. https://doi.org/10.1038/
s41467-019-09319-2

USGS. (2019). USGS water data for the nation. National Water Information
System: Web Interface. https://doi.org/10.5066/F7P55KJN

USGS. (2020). National Hydrography Dataset (ver. USGS National Hydrog-
raphy Dataset Best Resolution (NHD) for hydrologic unit (HU) 10—
2001).

USGS. (2021). The StreamStats program. https://streamstatsags.cr.usgs.
gov/gagepages/html/

Van Beusekom, A. E., AIvarez—Bern’os, N. L., Gould, W. A., Quinones, M., &
Gonzalez, G. (2018). Hurricane Maria in the U.S. Caribbean: Distur-
bance forces, variation of effects, and implications for future storms.
Remote Sensing, 10(9), 1-14. https://doi.org/10.3390/rs10091386

Vidon, P., Karwan, D. L., Andres, A. S., Inamdar, S., Kaushal, S., Morrison, J.,
Mullaney, J., Ross, D. S., Schroth, A. W., Shanley, J. B., & Yoon, B.
(2018). In the path of the hurricane: Impact of hurricane Irene and
Tropical Storm Lee on watershed hydrology and biogeochemistry from
North Carolina to Maine, USA. Biogeochemistry, 141(3), 351-364.
https://doi.org/10.1007/s10533-018-0423-4

Vose, J. M., Sun, G., Ford, C. R., Bredemeier, M., Otsuki, K., Wei, X,
Zhang, Z., & Zhang, L. (2011). Forest ecohydrological research in the
21st century: What are the critical needs? Ecohydrology, 4(2), 146-
158. https://doi.org/10.1002/ec0.193

Wei, X,, Hou, Y., Zhang, M,, Li, Q.,, Giles-Hansen, K., & Liu, W. (2021).
Reexamining forest disturbance thresholds for managing cumulative

hydrological impacts. Ecohydrology, 14(8), e2347. https://doi.org/10.
1002/ECO.2347

Williams, A. P., Livneh, B., McKinnon, K. A., Hansen, W. D., Mankin, J. S.,
Cook, B. I, Smerdon, J. E., Varuolo-Clarke, A. M., Bjarke, N. R,
Juang, C. S., & Lettenmaier, D. P. (2022). Growing impact of wildfire
on western US water supply. Proceedings of the National Academy of
Sciences, 119(10), e2114069119. https://doi.org/10.1073/pnas.
2114069119

Wine, M. L., Cadol, D., & Makhnin, O. (2018). In ecoregions across western
USA streamflow increases during post-wildfire recovery. Environmental
Research Letters, 13(1), 014010. https://doi.org/10.1088/1748-9326/
AA9C5A

Xi, W., & Peet, R. K. (2008). Hurricane effects on the piedmont forests:
Patterns and implications. Ecological Restoration, 26(4), 295-298.
https://doi.org/10.3368/er.26.4.295

Xi, W., Peet, R. K., Decoster, J. K., & Urban, D. L. (2008). Tree damage risk fac-
tors associated with large, infrequent wind disturbances of Carolina for-
ests. Forestry, 81(3), 317-334. https://doi.org/10.1093/forestry/cpn020

Zhang, H., Wang, K., Zeng, Z., Du, H., Zou, Z., Xu, Y., & Zeng, F. (2019).
Large-scale patterns in forest growth rates are mainly driven by cli-
matic variables and stand characteristics. Forest Ecology and Manage-
ment, 435(December 2018), 120-127. https://doi.org/10.1016/].
foreco.2018.12.054

Zhang, J., Bruijnzeel, L. A, Tripoli, R., & van Meerveld, H. J. (2018). Water
budget and run-off response of a tropical multispecies “reforest” and
effects of typhoon disturbance. Ecohydrology, 12(2), e2055. https://
doi.org/10.1002/ec0.2055

Zhang, M., Liu, N., Harper, R, Li, Q. Liu, K., Wei, X., Ning, D., Hou, Y., &
Liu, S. (2017). A global review on hydrological responses to forest
change across multiple spatial scales: Importance of scale, climate, for-
est type and hydrological regime. Journal of Hydrology, 546, 44-59.
https://doi.org/10.1016/j.jhydrol.2016.12.040

Zhang, M., & WEei, X. (2021). Deforestation, forestation, and water supply.
Science, 371(6533), 990-991. https://doi.org/10.1126/science.
abe7821

Zhang, M., Wei, X,, Sun, P., & Liu, S. (2012). The effect of forest harvesting
and climatic variability on runoff in a large watershed: The case study in
the upper Minjiang River of Yangtze River basin. Journal of Hydrology,
464-465, 1-11. https://doi.org/10.1016/J.JHYDROL.2012.05.050

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Hall, J., Scholl, M., Shanley, J., Matt,
S., & Uriarte, M. (2024). Forest cover lessens hurricane
impacts on peak streamflow. Hydrological Processes, 38(8),
€15249. https://doi.org/10.1002/hyp.15249

85U8017 SUOLLLIOD 8A 18810 3cedldde ayy Aq pausencb ae sajoiLe VO ‘8sn Jo Se|ni Joj Akl 78Ul UO A8]IAA U (SUORIPUOD-PUR-SLULRIALI0O" A3 IM"Aeiq| U UO//:SANY) SUORIPUOD pue SWid | 8u 88S *[7202/80/.2] U0 AkeidiTaulluo Aeim ‘soireiqi AisieAlun eiquiniod Aq 6v2ST dAU/Z00T 0T/I0pAW0D A8 | im AReIq1juljuo//:Sciy oy pepeoiumoq ‘g ‘vZ0Z ‘S80T660T


https://doi.org/10.3389/FFGC.2019.00032
https://doi.org/10.5194/hessd-11-7089-2014
https://doi.org/10.5194/hess-24-849-2020
https://doi.org/10.1029/2009EO280001
https://doi.org/10.1002/hyp.13885
https://doi.org/10.1038/s41467-019-09319-2
https://doi.org/10.1038/s41467-019-09319-2
https://doi.org/10.5066/F7P55KJN
https://streamstatsags.cr.usgs.gov/gagepages/html/
https://streamstatsags.cr.usgs.gov/gagepages/html/
https://doi.org/10.3390/rs10091386
https://doi.org/10.1007/s10533-018-0423-4
https://doi.org/10.1002/eco.193
https://doi.org/10.1002/ECO.2347
https://doi.org/10.1002/ECO.2347
https://doi.org/10.1073/pnas.2114069119
https://doi.org/10.1073/pnas.2114069119
https://doi.org/10.1088/1748-9326/AA9C5A
https://doi.org/10.1088/1748-9326/AA9C5A
https://doi.org/10.3368/er.26.4.295
https://doi.org/10.1093/forestry/cpn020
https://doi.org/10.1016/j.foreco.2018.12.054
https://doi.org/10.1016/j.foreco.2018.12.054
https://doi.org/10.1002/eco.2055
https://doi.org/10.1002/eco.2055
https://doi.org/10.1016/j.jhydrol.2016.12.040
https://doi.org/10.1126/science.abe7821
https://doi.org/10.1126/science.abe7821
https://doi.org/10.1016/J.JHYDROL.2012.05.050
https://doi.org/10.1002/hyp.15249

	Forest cover lessens hurricane impacts on peak streamflow
	1  INTRODUCTION
	2  DATA AND METHODS
	2.1  Study area
	2.2  Data
	2.2.1  Streamflow
	2.2.2  Rainfall
	2.2.3  Forest cover and watershed forest damage

	2.3  Statistical analysis
	2.3.1  Hydrograph separation
	2.3.2  Short-term impacts of Hurricane Maria on streamflow
	2.3.3  Relationships between forest cover, forest damage and stream response


	3  RESULTS
	3.1  Short-term impacts of Hurricane Maria on streamflow
	3.2  Relationships between forest cover, forest damage and stream response

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


