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Abstract. Hurricanes are infrequent but influential disruptors watershed was able to recover to pre hurricane levels of evap-

of ecosystem processes in the southeastern Atlantic and Guditranspiration at a quicker rate due to the greater abundance

coasts. Every southeastern forested wetland has the potenf pine seedlings and saplings in that watershed.

tial to be struck by a tropical cyclone. We examined the im-

pact of Hurricane Hugo on two paired coastal South Carolina

watersheds in terms of streamflow and vegetation dynamics,

both before and after the hurricane’s passage in 1989. Th& Introduction

study objectives were to quantify the magnitude and timing

of changes including a reversal in relative streamflow dif- Runoff generation is a poorly understood phenomenon in

ference between two paired watersheds, and to examine tHew-gradient forested wetland watersheds found on the

selective impacts of a hurricane on the vegetative composisoutheastern Gulf and Atlantic coastal plains, where soil sat-

tion of the forest. We related these impacts to their poten-uration may occur over the entire watershed. Storm runoff

tial contribution to change watershed hydrology through al-varies widely, from none to over 70 % of rainfaltfjps et al.

tered evapotranspiration processes. Using over 30years &013, which is believed to be related to soil water and de-

monthly rainfall and streamflow data we showed that therepression storage. In low-gradient forested watersheds, we an-

was a significant transformation in the hydrologic charac-ticipate an even greater coupling of transpirative and soil wa-

ter of the two watersheds — a transformation that occurreder dynamics in runoff generation processamatya et al,

soon after the hurricane’s passage. We linked the change ih996 Slattery et al.2006 Sun et al.201Q Amatya and Sk-

the rainfall-runoff relationship to a catastrophic change inaggs 2011 Dai et al, 2011, Skaggs et a].2011; Tian et al,

forest vegetation due to selective hurricane damage. Whil&012). Using isotope effects of transpiration and evaporation

both watersheds were located in the path of the hurricanefrom a global data setlasechko et a{2013 demonstrated

extant forest structure varied between the two watersheds d$at transpiration is the major component of the total evapo-

a function of experimental forest management techniques oitranspiration (ET) process in the global water cycle. In low-

the treatment watershed. We showed that the primary damgradient forested watersheds in the southeastern @A,

age was to older pines, and to some extent larger hardwooet al.(2013 showed that ET accounted for about 76 % of pre-

trees. We believe that lowered vegetative water use impactedipitation loss from a coastal forested watershed wSile

both watersheds with increased outflows on both watershedset al.(2010 suggested a range of 70-113 % from a managed

due to loss of trees following hurricane impact. However, onepine plantation. Using sap-flux measurements from a small
high-gradient watershed (mean slope 57 %) with a closed
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evergreen canopy and thick litter layémrd et al.(2007) cisms have included cost, leakiness, lack of representation,
demonstrated that 56 and 60 % of incident precipitation forsensitivity to change, transference of results, and confound-
2004 and 2005 could be accounted for by ET, respectively. Aing of multiple processes (see reviewldgwlett et al, 1969.
similar study byWilson et al.(2006 in a medium-gradient, The technique also cannot differentiate between water loss
well-drained watershed compared multiple methods for de-by transpiration (controlled by vegetation) and evaporation
termining forest ET. Based drord et al.(2007) andWilson from wet surfaces including canopy surfaces. Transpiration
et al. (2006, reported transpiration losses ranged betweerosses have been shown to influence soil water and thereby
53 and 57 % of ET, with the balance comprising canopy in-indirectly affect runoff generation processéstinston197Q
terception and direct soil evaporation. Using eddy flux towerKlock and Helvey 197§ and annual water yielddVlega-
measurement®omec et al(2012 showed that transpiration han 1983 Troendle and King1985 Watson et al. 1999
accounted for 70% of total ET in a mid-rotation managed Sun et al. 2005. In this study we illustrate a shortcoming
pine forest. SimilarlySun et al (2010 showed that transpi- of the paired watershed technique — that adjacent watersheds
ration and soil evaporation accounted for about 83 % of to-sometimes respond differently to climate forcings or extreme
tal ET. In forested watersheds dominated by closed canopiesvents such as hurricanes — and a strength of the technique —
and thick litter layers, soil evaporation is likely to be minimal that retrospective analyses of long-term data sets from ex-
(e.g.,Ford et al, 2007, thoughDomec et al(2012 report  perimental watersheds are critical to understanding subtle
a value of 9% of ET attributed to soil evaporation from a ecosystem controls on hydrologic processes.
mid-rotation managed pine plantation. Interception losses or Hurricanes are infrequent but influential disruptors of
canopy evaporation losses are closely linked to forest strucecosystem processes in the southeastern Atlantic and Gulf
ture —Bryant et al (2009 reported interception losses equiv- coasts. The ecological impact of tropical cyclones has been
alentto 17.7 and 18.6 % of total precipitation for a mixed for- widely studied leading to several summaries of recent major-
est and lowland hardwood forest, respectively. A simulationhurricane impacts (e.gBokaw and Walker1991;, Haymond
study on a low-gradient coastal forested watershedibag and Harms1996 Stanturf et al.2007, Kupfer et al, 2008.
et al. (2012 reported that canopy interception accounted for Lugo's (2008 analysis of hurricane-force tropical cyclones
16 % of ET.Amatya et al.(1996 reported a value of 24% presents an interesting description of hurricane effects as vis-
while Sun et al (2010 reported an average interception loss ible and invisible. Visible effects are the commonly described
of 15 % of incident precipitation — both studies were carriedimpact of high winds and heavy rainfall summarizediy
out in intensively managed pine plantations. In every caseerham and Brokaw1996. Invisible effects alter the forest
the impact of interception and transpiration losses suggeststructure and species composition and may result in develop-
the dominant effect of evapotranspiration on the hydrologicment of certain ecosystem characteristics, increases in vines,
budget of forested watersheds. Given the close coupling othort trees, and dense continuous crowngg6, 2008.
forest structure and hydrology that is likely to be amplified by  The impact of a severe hurricane and subsequent reveg-
the low gradients characterizing southeastern coastal plaingtation dynamics on runoff from a pair of watersheds on
understanding runoff generation is critical where disruptorsthe southeastern Atlantic coast is an “invisible” effect de-
to forest structure can occur suddenly (hurricanes) or ovescribed by this study. This study seeks to characterize an ap-
longer time periods (climate chang®di et al, 2011 2013. parent anomalous reversal in relative flow pattern/magnitude
Much of our understanding of runoff generation from between two paired watersheds in the Santee Experimen-
forested lands has come from paired watershed experimentsl Forest (SEF) on the coast of South Carolina (SC) first
conducted over the last centurlddwlett et al, 1969 An- reported inAmatya et al.(2009. The reversal in relative
dreassiaj2004 Ice and Stednick2004 Ssegane et akR013 flow magnitudes appears to be influenced by the impact of
Zon, 1927). The paired watershed approach has been used iklurricane Hugo on 22 September 1989, describetibgk
forest hydrology research in the USA for over 100 years toet al. (1991). During the initial calibration period that fol-
examine impacts of silvicultural treatments and watershedowed outlet instrumentation, the control watershed consis-
disturbances on watershed outflows. With this techniquetently produced less runoff than its paWiliams et al,
flows from two closely matched watersheds are measure@012. A few years after Hugo, the same watershed began
over several years to establish paired relationships over o produce greater runoff, a condition that persisted for over
range of climatic variability lewlett 1982). After develop- a decade. Recently however, the relationship between the
ing a statistically significant calibration relationship betweentwo watersheds has reverted to its original state observed
the watersheds, an experimental treatment can be imposqatior to Hugo. The three eras describing the relative flow
on one watershed, while the other is used as a control. Theifferences between the watersheds: historical era, reversal
covariance of streamflows between the pair with variation inin relative flow difference, and return to original conditions
climate creates a powerful statistical test allowing for signif- are henceforth referred to as pre, flip, and flop eras, respec-

icance testing of even small treatment effettéaht, 1967). tively. While the nomenclature for the three eras may suggest
The paired watershed technique has faced some criticisrsudden changes in streamflow production, the actual transi-
over the yearsRee] 2009 Vogl and Lopes 2010. Criti- tions between the eras occurred gradually over several years.
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In the mid 1960s, two similar first-order watersheds in
SEF, watershed 77 (WS77) and watershed 80 (WS80) were
selected to characterize hydrologic processes in low-gradient
forested wetland watersheds using the classical paired-
watershed approacigung and Klawitter1968. WS77, the
treatment watershed, was instrumented in November 1963
and was 155 ha in size; WS80, the control watershed, was
instrumented in November 1968 and was 206 ha in drainage
area. In November 2001, a small section of WS80 was al-
lowed to drain separately through a small culvert reducing its
drainage area to 160 ha. WS77 has experienced several silvi-
cultural treatments carried out over the past 40years (e.g.,
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olina Coast with wind speeds of 60 m's(Sparks 1991),
Fig. 1. Location of watersheds 77 and 80 in the Santee Experimenits eye passing through the Francis Marion National Forest
tal Forest within the Francis Marion National Forest on the South(Fig. 1). The Santee Experimental Forest, located 40 km from
Carolina coast in relation to the path of the eye of Hurricane Hugo,the coast, was in close proximity to the path taken by the
September 1989. storm’s eye and received severe damage. After the passage of
the storm, there were less than 20 % of pines and hardwoods
- still left standing in the forestHook et al, 1991). High wind
Both Amatya et al.(2009 andWilliams et al.(2012 pro-  gneeds were sustained as the storm progressed inland — wind
vide additional details and first-order statistics related to thespeeds of 49 s were measured in Sumter, SC, 139 km
relative changes in flow magnitudes between the two waterfrom the coast,Brennen 1991). Soon after Hurricane Hugo,
sheds. For this study, we have chosen to focus on the use Q{577 underwent a salvage harvest, where high-valued dam-
moving-window-type temporal analyses of streamflow dataaged or fallen trees were removed from the watershed —
to capture decadal-long hydrologic processes. In particulanysgo however was left untouched. Additional descriptions
the study objectives are (1) to quantify the magnitude andyt e site, field measurements and past studies are detailed in
timing of changes including a reversal in relative stream-pa; et al.(2013, Harder et al(2007), Amatya et al(2008),

flow magnitude between paired watersheds associated Witla\matya and Trettif2007), andAmatya and Radecki-Pawlik
a catastrophic climatic event (Hurricane Hugo in 1989), and(2007)_ ’

(2) to examine selective impacts of a hurricane on vegetative
composition and its potential effect on streamflow through2 2  Hydrologic monitoring
altered evapotranspiration processes.
For the period between 1969 and 1996, rainfall was measured
in WS77 on a daily basis using a weighing-bucket-type rain
2 Methods gauge (Met5 in Figl). In 1990, another weighing-bucket-
type rain gage was installed in WS80 (Met25 in Fig. In
1996, weighing-bucket-type rain gages in both watersheds

The watersheds of interest are located at 33\,579.8 W were replaced with automatic tipping-bucket rain gauges.

within the SEF , a part of the USDA Forest Service's Francis HOWever due to a variety of reasons, concurrent daily rain-
Marion National Forest (Figl). Over the last half-century. fall readings in both watersheds were only available for the
the forest has been intensively studied with over 190 shortP€riods 1990-1997, 2001-2008, and 2010-2011. There is a

and long-term vegetation studies. The forest is also the site ogfontinuous record of rainfall for the entire 1969-2011 pe-
one of the first paired watershed studies on wetland—forestef|od recorded at the SEF headquarters rain gauge (SEF HQ
watersheds in the USAJSDAFS 1963 Amatya and Trettin " _E|g. 1). Amatya et al.(2006 aI;o examined spatl_al vari-
2007). Common soils in the area are aquic alfisols or ultisols,2Pility Of historic 1964-1982 rainfall data from five ran-
which typically contain argillic horizonsSCS 1980. These domly _spread gages in SEF and conclude_d that the average
topographic and soil characteristics indicate a high surfac&oefficient of variation among gages was just 3 %. We an-
water detention capacity and slow surface water drainagefilyzed concurrently available daily rainfall data for similar-

The climate is mild and wet, with an average temperatureity of rainfall totals measured within the two study water-

of 18.3°C, and an average annual precipitation of 1370 mmsheds using a three-way between groups analysis of variation
(Dai et al, 2013 Harder et al.2007). (ANOVA) test.

2.1 Study site
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Continuous flow records from these watersheds were colirolled by a “bandwidth” parameter that defines the neigh-
lected from 1964 through 198Aatya et al.2006 Richter  borhood of data points used to fit a polynomial function — the
et al, 1982 1983 Binstock 1978 Young and Klawitter  greater the bandwidth, the smoother the fitted LEOSS regres-
1968 Young et al, 1972. WS77 and WS80 were calibrated sion. LOESS bandwidth was chosen based on an improved
using streamflow data between 1969 and 1976, followed byAikaike information criterion Aikaike, 1973 proposed by
a series of prescribed burning experiments on WS77 fromHurvich et al.(1998. Parameter selection for polynomial
1977 through 1981Richter et al. 1982 1983. Data collec-  functions using the Aikaike information criterion (AIC) typ-
tion resumed in November 1989, following Hugo, and hasically involve large sample numbers. The improved AIC cri-
continued until the presenf\(natya et al.2003 2006 Miwa terion for smoothing parameter selection corrects for small
et al, 2003 Sun et al. 2000 Harder et al.2007 Dai et al, sample bias and consequent model overfitting that affects
2013. Streamflow rates on both watersheds (WS77 andstandard AIC and generalized cross validation procedures
WS80) were estimated using a compound weir instrumentedHurvich et al, 1998. We carried out all statistical analyses
with stage recorders. All stage data until 1995 were recordedising the R statistical software (version 2.15RLpreTeam
on magnetic tapes using analog—digital recorders that wer@012.
digitized at the USDA Forest Service's Coweeta Hydrologic
Laboratory Amatya et al. 2006 Williams et al, 2012. 2.4 Structural changes in monthly rainfall-streamflow
Data on the daily stream outflow measured between 1969—  relationships
1981 and 1990-201hitp://www.srs.fs.usda.gov/charleston/
santee/data.htmDai et al, 2013 were analyzed for this Changes in the long-term behavior of time series can be
study. Daily data were summed on a monthly basis, as weréentified by change detection techniques such as cumula-
differences in flow between the two watersheds. tive or moving sums of recursive residuals — CUSUM or

Infiltration losses for this study were considered to be min-MOSUM (Brown et al, 1975 Bauer and Hackl1978 Chu
imal based orHarder et al(2007, who reported that deep et al, 1999. The null hypothesis tested by both CUSUM
seepage or infiltration losses are negligible in coastal foresand MOSUM is that regression coefficients of a linear model
systems. Additionally, recent work hyallahan et al(2012 are constant over time; the alternative hypothesis is that the
on a proximal but larger watershed yielded about 5-10 %coefficients change over time due to influence of an exter-
of annual precipitation lost to groundwater for a moderatelynal factor. Both methods have been used for change detec-
well drained upland site. Since both watersheds in the curiion in eco-hydrologyde Jong et al2012 Verbesselt et al.
rent study comprise poorly drained soils and are almost 3201Q Vogl and Lopes201Q Webb et al. 2012 de Jong
times smaller in drainage area than the one studie@dila- et al, 2013 Verbesselt et al2012 Tsutsumida et 8/2013
han et al.(2012, we anticipated even lower groundwater Forkeletal, 2013, economic analysisiaporale et a|201%,
recharge possibly in the order of 2—3 % of incident precip- Ghosh 2009 Olmo et al, 2011 Tiwari et al, 2012 and
itation. Assuming that direct soil evaporation is negligible quality control Saghaei et al2009. However, CUSUM is
under a closed forest canopy, and interception losses are iconsidered to be less sensitive to certain changes in regres-
the order of about 17 %, we assume that the balance of alsion coefficients especially if the changes occur in the later

most 80 % of ET is attributable to transpiration losses. dates of the period under considerati®a(er and Hackl
1978 Chu et al, 1995. MOSUM is more sensitive to pa-
2.3 Characterizing flows in WS77 and WS80 rameters that are temporary unstable because the cumulated

sums become less sensitive as the number of residuals be-
Total monthly flow differences between the watersheds ex-comes larger. Therefore, for this study we chose MOSUM to
pressed as a unit depth of runoff were evaluated for the entirgletect significant changes in runoff response.
period of record. The flow data covered the period before The MOSUM test was implemented in R using the “struc-
(1969-1981) and after Hurricane Hugo (1990-2011) withchange” packageZgileis et al, 2012 to determine which
missing data for the periods 1982—-1989 and 1999-2002 duwatershed’s (WS77 or WS80) hydrologic regime shifted
to lapses in watershed monitoring. Some missing monthlydue to Hurricane Hugo and thus changed the historical hy-
data from 1995 were estimated using multivariate adaptivedrologic relationship between watersheds. Linear regression
regression splinesAdamowski et al. 2012 Balshi et al, models were independently fitted for WS77 and WS80 us-
2009 Friedman 1991) where monthly rainfall was used ing monthly streamflow as the response variable, and the
as an explanatory variable. Local polynomial regression fit-monthly rainfall as the explanatory variable. A window size
ting (LOESS) techniqueg{eveland and Gross#991) were  of 12 months was used to detect structural changes in the
used with monthly flow difference data to create smoothedregression coefficients. Use of a moving window size of 6
trend lines that helped to discern the deterministic compo-and 24 months did not significantly & 0.05) affect the es-
nent of data variation with time. The LOESS technique istimated change point dates. Although the window size (w) is
governed solely by the distribution of the data in bivariate mainly a smoothing parameter, it also sets the minimum span
space. The degree to which smoothing takes place is corbetween two subsequent break points — therefore window
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2.5 Measuring vegetation response

Agents of the Forest Service’s Southern Research Station
initiated a sampling study in the SEF to quantify the ini-
tial damage and subsequent recovery of the forest structure
due to Hugo. Unfortunately, only initial plot measurements
were made in 1991 and those data were lost in subsequent
technology transfers. However, we were able to locate pa-
per copies of the original field data that we used to generate
digital information for 169 plots on WS80 and 119 plots on
WS77. The one-tenth acre (39%)wircular plots were laid

out on approximately a 10 chain (201 m)p chains (121 m)

grid (Fig. 2). Every tree in a one-tenth acre circular plot was
tallied by species, diameter (5cm classes), height (nearest
1.5m), mortality, crown damage, degree of lean, and its po-
tential to function as a seed tree. In addition, regeneration vi-
ability was measured in a 4 milacre (16.2)nsubplot within

Fig. 2. Locations of vegetation sampling plots placed on watershedseach larger plot. Regeneration was tallied by species group as
77 and 80 in 1991 and summarized in this paper. either seedling if less than 2.5cm, or sapling if 2.5-12.4cm
at ground level.

. . ) For each watershed, average number of trees per hectare
size has to be chosen with caution. The MOSUM test forzJ

i 9T(no./ha) and basal area {ia 1) were calculated by species
change detection follows a three-step procedure. The firs roup, and by mortality. Species groups were piR@s

step chepks for existenf:e gf structural change based on thsep_ primarily Pinus taedj oaks Quercussp. primarily Q.
assumption that the variability of the_ moving sums of reCUrfaicate, Q.nigra, Q.laurifolia,and Q. phellog, blackgum
sive residuals under strU(_:turaI stability follows a Brownian (Nyssa sylvatich sweetgum iquidambar styraciflupand
motion (a random walk) with an expected mean of zero. Ifthe ,yn o hargwoods. Standardizetests were performed to de-
MOSUM crosses the 95 % confidence boundary, then struCgrmine significant differences in tree counts on WS77 and

tural change is detected. For details on the technical baSiWSSO both before and after hurricane Hugo. Every tree that
and the asymptotic function of the 95 % confidence boundy 5 ajlied was assumed to have been alive prior to the hur-

ary, readers are referred Zeileis et al.(2012. When struc- - na The average number of seedlings and saplings (per

tural change is detected in the first step, then steps two anflo are hasis) for each species group were calculated simi-
three determine the number and location of the change point 1, the tree data. However, in the regeneration tallies, red

(break points or break dates). The break points and corremaple Acer rubrg was tallied separately and blackgum in-

sponding 95 % confidence intervals are estimated based O8uded with other hardwoods. Standardizemsts were ap-
methods developed yai (1994 1997 andBai and Perron plied to each species group to test differences between WS77

(1998, and implemented byeileis et al(2019). The second 5, \ys80 for average number of seedlings and average num-
step determines the number of break points by MiNIMIzingp o of saplings in each species group.

the Bayesian information criterion. However, one can prede-

fine the maximum number of breakpoints for a given time 2 6 Evaluation of tree inventory data using aerial

series. For this analysis, this number was set to three to ac-  jmagery

count for pre, flip and flop periods. The third step iteratively

determines the location of the break points by minimizing theSince the inventory of WS77 (in 1991) was only conducted

regression sum of squares. after salvage logging operations in late 1989, we were con-
Based on the above procedural implementation of MO-cerned that trees removed during salvage operations were not

SUM and the fact that the analysis is made on moving sumsincluded in the 1991 inventory. An aerial photo appraisal was

the location where the MOSUM crosses the 95 % confidenceherefore conducted to estimate the possible error in tree in-

boundary is not always the location of the breakpoints. Ad-ventory totals as a result of not accounting for the salvaged

ditionally, when the MOSUM returns within the confidence trees. A series of georeferenced aerial photos of WS77 and

boundaries it does not mean the relationship has regaineWS80 taken in the winter of 1983, were compared to data

the structural stability. Finally, the strength of the linear re- from the 1991 tree inventory. Plot outlines were projected

lationship, the size of the moving window, and the numberonto the 1983 photos and the number of pine and hardwood

of predetermined breakpoints influence the location of thetrees was accounted for in each plot by visual inspection.

breakpoints. These counts were then compared to the number of trees

recorded on the plot in the 1991 inventory.
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discern trends in monthly flow differences (open circles) between
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watersheds in September 1989. The LOESS smoothing function

crosses the axis at two points that mark the transition points be- ig. 4. Plots of MOSUM for the linear relationsh{) between wa-
Meen thrt_ae eras: pre, flip and flop. Flow data Were_not r(.acord.ecfersheds(B) between monthly flow and monthly rainfall in WS77,
in the periods 1982_1.989 and 1999_2(.)02 due .to dISCOI"ItInuatIO%nd (C) between monthly flow and monthly rainfall in WS80. A
Of streamflpw monitoring for those F.)(.e”Od.s' Points on the ZEI0- ohift of the MOSUM outside the 95% confidence intervals (hor-
f:hffere_nce line represent no-flow conditions in both WaterShedS’typ'izontal dashed grey lines) indicates a structural break in the lin-
ically in late summer. ear relationship. The vertical dotted lines(ih) and (C) are esti-
mated breakpoints (break dates). The corresponding red horizontal
lines that cross each break date are the respective 95 % confidence
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3 Results intervals for each break date. Because the analysis is on moving
- L . . sums, the location where the MOSUM crosses the 95 % confidence

3.1 Determining the timing of change in hydrologic boundary is not always the location of the breakpoints. Also, when
character the MOSUM returns within the 95 % confidence boundary, it does

. . . . not mean the relationship has regained structural stability. There are
A LOESS smoothing function with bandwidth of 0.31 (116.3 e break dates i) corresponding to March 1993, March 1994,

months) based on minimizing the AIC statistic for monthly and April 2004. The first break date (8) corresponds to June 1990
flow difference data was used. The LOESS function clearlywhile the second break date corresponds to April 2003.

illustrated the reversal in relative streamflow magnitude be-

tween the two watersheds (Fig). The smoothing func-

tion crosses the axis at two instances in time: May 1992 o

and December 2004. These two times demarcate the period Results of the MOSUM test on the individual water-
when WS80 appeared to produce more flow than WS77 -Sheds reveal no significant structural change in the monthly
this time span is however very dependent on the bandwidtff@infall—runoff relationship on WS77 because the moving
parameter. However, the MOSUM test detected changes i§ums of recursive residuals do not cross the 95% confi-
streamflow timing in the two watersheds by examining struc-dence interval (Figdb). However, a significant change in the
tural changes in the relationship in monthly runoff values be-rainfall—=runoff relationship is detected for WS80 (F#g,).
tween watersheds. The results of the MOSUM test for theThe structural shifts on WS80 were predicted to have oc-
two watersheds indicate three dates when significant struceurred in June of 1990 with a 95% confidence interval of
tural changes occurred in the linear relationship of averag@ccurrence between August 1980 and February 1991. The
monthly flows between WS77 and WS80 (Fg). The anal- large confidence interval is due to the missing data. The
yses were carried out on monthly data spanning the perio@econd break date is April 2003 (95 % confidence interval:
1969-2011 with several periods of missing data. Since MO-June 1999-May 2005).

SUM implementation with the “strucchange” package ig- The difference in the two major break dates for WS77 and
nores missing data, the time axis have been rescaled based ¥%#S80 derived from a MOSUM analysis of the linear rela-
the number of available data and exclude missing data. Th&onship of flows between watersheds, and MOSUM analy-
break dates (and corresponding 95 % confidence interval) aré®S Of watershed-specific rainfall-runoff relationships is at-
March 1993 (February 1993—April 1993), March 1994 (De- t.rlbute.d to dlf_ferences in the strength of the respective rela-
cember 1993-April 1994), and April 2004 (November 2003— tionships (adjuste®? of 0.8 for flows.between Watersheds,
August 2004). The first two break dates are only a year aparfompared tok® of 0.4 for the two rainfall-runoff relation-

and therefore may be considered the same break period if 8hiPs). For example, the rainfall data used in this analysis
99 % confidence interval is considered. was measured at the SEF headquarters, 2.9 km from WS80

and 3.9 km from WS77, and may not fully represent a rainfall
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incident on WS77 and WS80. While the results reported here
are based on the use of a moving window size of 12 months,_* |
use of a window size of 6 months and 24 months only altered§
the reported break dates by one to three months respectivelyé
To summarize, the change dates for the onset of the flip3
era ranged from June 1990 (MOSUM: rainfall-runoff re-
lationships for each watershed) to March 1993 (MOSUM:
runoff relationships between watersheds). The return to nor-§
mal conditions, or the onset of the flop era ranged from
April 2003 (MOSUM: monthly runoff relationships between p— "
watersheds) to December 2004 (LOESS). For the sake of fur- " Month
ther analyses and to ease the process of estimating annuEI

rainfall and runoff vields. the nearest January to ranae mid- ig. 5. Monthly rainfall totals in the two study watersheds grouped
yielas, y ) by the three eras; pre: 1969-1991, flip: 19922003, flop: 2004—

points vyere chosen — the flip era was considered to hav_%011. These data represent only concurrently measured rainfall in
started in January 1992 and the flop era to have started iQys77 and WS80. Concurrently measured rainfall data in the two

January 2004. watersheds were available during the periods 1990-1997, 2001-
2008, and 2010-2011.

1500
|

1000

==

thly rainfall totals ol
500

3.2 Quantifying rainfall and streamflow changes in
WS77 and WS80

Concurrent rainfall data from the two watersheds comprisedVS80 by Wilson et al.(2009). The relative difference in
a temporally limited data set representing only 2 years in thgmonthly mean flows suggests that WS77 was still exhibiting
pre era, 4 years of the flip era, and 8 years of the flop era. Arhigher monthly streamflow (184 4.4 mmmonttt). Dur-
analysis of concurrent rainfall data using three-way betweering the flip era (from 1992 to the end of 2003) however,
groups ANOVA showed there was no significant three-waymean monthly flows in WS80 exceeded WS77 byli#
interaction among the three factors: watershed, month-of3.4 mm monttrl. Also during the flip era, mean monthly
year, and era. The only interaction term that had a significanflows in WS77 were similar to the calibration period, while
effect on monthly rainfall totals was between month-of-yearmean monthly flows in WS80 during the flip era were
and era (F(22, 308) = 2.4% < 0.001). Of the three main 111.4% more than the calibration period. After 2004, WS77
effects tested, month-of-year had the most significant effecteverted to producing over 3.9 mm monthmore stream-
on monthly rainfall totals (F(11, 308) = 9.74,< 0.001); era  flow than WS80, and streamflow from both watersheds
was also significant but to a lesser degree (F(2, 308) = 4.61¢omprised the smallest proportion of rainfall compared to
p=0.01). However, since the pre era was represented by onlprevious eras (Tablg).
2 years of concurrent rainfall data, ANOVA results using era
as a factor should pe interpreteq with caution. Of primary im-3.3 Forest response to Hurricane Hugo
portance however is that the main effect of watershed was not
significant (F(1, 308) = 0.15 =0.70), as this suggests that _ _ i L
monthly rainfall totals were not significantly different be- 3-3-1 Comparing tree inventory data with aerial image
tween the two watersheds. Monthly rainfall totals grouped by interpretation (nonsalvage plots)
era for the periods of concurrently available rainfall data are
illustrated in Fig 5. Given the similarity of rainfall across the Counts of pine tree on 57 nonsalvage plots by aerial photo
two watersheds, we believe that relative changes in streaminterpretation correlated well with tree inventory data from
flow are a good indicator of relative changes in evapotranspithose plots R = 0.70, p < 0.01, N = 57). The differences
ration dynamics between the two watersheds. in mean count were not significant, with trees counted by
During the years corresponding to watershed calibrationaerial photography (6.74 trees per plot) fewer in number than
(1969-1976), average monthly runoff from WS77 exceededhose counted by tree inventory (7.60 trees per plot). Com-
WS80 by 91+ 1.8 mm monthr. During the treatment years parison of hardwood tree counts between tree inventory data
(1977-1981), mean monthly flows in WS77 exceeded WS8(and aerial photo interpretation revealed a lower but still sig-
by 6.1+ 1.7 mm month® (Fig. 6). However, no significant nificant correlation g = 0.33, p = 0.03). A nonsignificant
difference in streamflow between the watersheds after partiatlifference of 1.51¢ = 0.05) more hardwood trees per plot
prescribed burning was reported by Richter et al. (1983a)was seen in the tree inventory data when compared to aerial
For the period immediately following Hugo in 1989 to photography interpretation. Overall, there was a nonsignifi-
the end of 1991 marking the end of the pre era, flows incant difference of 1.88 more trees per nonsalvaged plot based
both watersheds increased by about 28 % compared to then using the two methods, with tree inventory data yielding a
calibration period (1969-1976) (Table and analysis of slightly higher tree count than by aerial photo interpretation.
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Table 1. Mean monthly flows, change in flows, and rainfall by era for WS77 and WS80. Percent change in flow by era were calculated with
respect to flow during the calibration period (pre era: 1969-1976).

WS77 WS80
Avg. mo. flow  Change Avg. mo. flow Change Avg. mo. flow Avg. mo. rainfall
Era  Years (mm}SE % (mm)£ SE % diff. (mm)£ SE  (mm)+SE
Pre 1969-1976 3I+45 226+3.1 —-9.1+18 1171477
1977-1981 26+55 —-22.6 185+4.4 -181 —-61+17 1112+101
1989-1991 4G +129 +28.0 291+87 +28.7 —-115+44 87.6+16.0
Flip 1992-2003 3®B+4.1 -35 477+5.2 +111.4 171+34 1045+8.9
Flop 2004-2011 19432 —38.9 155+28 -31.4 -39+11 1085+ 7.2

30

3.3.2 Estimating missing trees in WS77 due to salvage
(salvage plots)

20

Hurricane Hugo T
Sept. 22, 1989 T

Sixty-two of the plots on WS77 measured in 1991 had ev-
idence of salvage logging, noted in the plot summaries.
Counts of pine trees by aerial photography on 62 salvaged
plots and by tree inventory showed significant but low cor-
relation R = 0.34, p < 0.01, N = 62). Similarly, counts of
hardwood trees in salvaged plots counted by aerial photo in- g I
terpretation and by tree inventory were also significant but = _

low (R = 033, P < 001, N = 62) The Comparison of in- T 1969-1976 19771981 1089-1991 1002-2003 2004-2011

Vﬁgtorsé dat? tg.ﬁg;ﬁ: photo tlgterp:re];[)atlogfln_Szl\{[agsd IDZI%TZFig. 6. Mean monthly flow differences between WS77 and WS80
showed a signili Yy greater number pine trees (2. rom 1969 to 2011. No records were collected from 1982 to Septem-
more trees per plop < 0.01) and hardwood trees (0.86 more ber 1989. Listed treatments were applied only in WS77.

trees per plot) in counts made by aerial photography. Over-

all, there were a significantly greater number of trees (3.18

more trees per plotp < 0.01) that were counted through gest that 79 % of all trees counted were pine that accounted
aerial photo interpretation than by tree inventory, indicatingfor 81 % of basal area. The average basal area of a pine was
that salvage removed 3.18 pines and 0.86 hardwoods per pl@. 13 and 0.07 fitree 1 in WS80 and WS77, respectively.
prior to the 1991 inventory. On extrapolation of these plot After the passage of Hurricane Hugo, 35.7 % of the trees in
data to the entire watershed, the data suggest that 28.9 ping/S80 experienced mortality accounting for 55.4 % of basal
and 11.0 hardwood trees per hectare were salvaged in WS7grea. In WS77, 38.5 % of the trees lost to the storm accounted
after Hugo. The average diameter (dbh) of the largest deagor 54.5 % of basal area. It appears that mortality rates were
trees on each salvaged plot was 43.2cm. Assuming that sakimilar in both watersheds. After Hugo, the pine trees that
vaged trees were at least as large as the remaining dead treggthstood Hugo had average basal areas of 0 0@ !

the data suggest that 4.3 imer* of pine and 1.5ha * of  and 0.05 tree ! in WS80 and WS77, respectively (Fig.
hardwood basal area were removed from WS77 during thedverall, the average basal area per tree decreased by 30.7 %
salvage operations. All subsequent presentation of tree denn WS80 and 26.0 % in WS77. In addition to greater basal
sity and basal area data include salvage count estimates basggka of trees, WS77 also had significantly=f 0.05) more

10

Growing season
Dormant season Timber salvage on prescribed burns
No treatment burning  WS77 by helicopter and thinning (2005)
1.Understory
mastication (2001)
2.Growing season
burn (2003)

onthly Flow Difference (WS80 -~ WS77) in mm

—H

upon aerial photo interpretation. seedling regeneration than WS80 (TaB)Je WS80 showed
an advantage in terms of regeneration only for oak saplings.
3.3.3 Analysis of plot inventory data Although the distribution of pine saplings was quite variable,

WS77 averaged more than three times the number of pine
Prior to Hugo, our data indicate that WS80 (186.8 treesha saplings than WS80.
had significantly fewer trees per unit area of watershed com-
pared to WS77 (263.4treestd. In terms of basal area
however, tree density in WS80 (16.%3 1) was compa-
rable to WS77 (18.3&ha 1) (Table 2). In addition, 45 %
of all trees in WS80 were pine accounting for 65 % of basal
area in that watershed. In WS77, pre-Hugo estimates sug-
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Table 2. Results from tree inventory data from 1991 that recorded mortality and living trees. Trees alive pre-Hugo were estimated by
summing the following: alive post-Hugo + recorded mortality + salvage. Counts of trees salvaged from WS77 post-Hugo were inferred by
aerial photo interpretation. Significancerdests of differences in mean number of trees and mean basal area between WS77 and WS80 are
shown. Standardizedtest: mean WS8¢: WS 77;** significant alx = 0.01; * significant aix = 0.05; NS not significan& = 0.05; HWD
hardwood species.

Alive pre-Hugo Alive post-Hugo Percentage loss
WS80 WS77 Sig. WS80 WS77 Sig. WSs80 WS77
Number of trees per hectare

Pine 83.5 208.8 ** 28.7 119.8 ** 65.7 42.6
Oaks 35.3 19.6 NS 321 8.2 NS 9.1 58.5
Blackgum 27.4 20.0 NS 26.9 19.5 NS 1.8 25
Sweetgum 19.3 10.6 NS 17.5 10.4 NS 9.0 2.3
Other HWD 21.3 42 NS 14.8 40 NS 30.2 5.9

Total 186.8 263.3 ** 120.1 1619 ** 35.7 38.5

Basal Area (Mhha 1)

Pine 10.6 149 ** 2.8 6.5 ** 73.2 56.5

Oaks 8.9 35 ** 15 04 * 24.7 7.7

Blackgum 1.2 0.7 NS 1.2 0.7 NS 1.9 3.2

Sweetgum 1.2 0.3 ** 11 0.3 ** 13.0 0.0

Other HWD 1.2 0.4 NS 0.6 0.4 NS 48.1 5.6

Total 16.3 183 NS 7.3 83 * 55.4 54.5

Pre era (1969-1991) Fip era (1992-2003) Flop era (2004-2011) Table 3. Results of regeneration counts made during inventories of
2] WS77 and WS80 in 1991. All values represent the number of trees
£ j - ’—‘ . per hectare. Statistical significance as denoted in Table 2.
- Seediings Saplings

2 81 WS80 WS77  Sig. WS80 WS77  Sig.
'E g Pine 329 792 34 117 NS
g [ I Oaks 132 229 ¢ 35 13 **
= f Al ees == Sweetgum 250 544 % 48 38 NS
g - i § 8388532832 Tree diameters scaled Red maple 48 o6 NS 28 26 NS
£ 2] ‘ 8888238588 by a factor of 100 Other HWD 76 53 NS 67 14 NS
2 7 $esscassss Total 749 1466  * 199 163 NS
© ° ppmmmmesssese seee
% g + peeC 00000000 g 8 g 2 = WS77 ) )
< - piaoceesecss . WS80 4 Discussion
E $232222222288820 00000000 0000

000000000

Flow from the paired watershed experiment showed a sta-
Fig. 7. Changes in rainfall, runoff and forest structure in WS77 and ple difference in flow generation from 1969 through 1992
WS80 before (pre era) and after Hugo (flip and flop eras). Lowereyen after an extreme event like Hurricane Hugo in 1989.
four panels show the number of all trees or only pine trees (loweStThroughout that period, flow from WS77 was consistently
row) within a 1 ha plot. Tree diameters are scaled by a factor of 100.h- her than WS80. From 1993 until 2003. flow from WS80
The sum of shaded areas in each watershed represents a consistentlI . : ’ L
S consistently exceeded flow from WS77. The flip in rela-
scaled approximation of basal area per hectare before (pre era) an hi d lative i £ 1l in WS80 of
after (flip era) Hugo. Refer to Table 2 for more details. tionship reprelsentg a relative mcrea;e oflow in 0
28 mmmonth~. This change was confirmed by three anal-
yses of monthly flow data (1 — MOSUM: rainfall-runoff re-
lationships for each watershed; 2 — MOSUM: runoff rela-
tionships between watersheds, and 3 — LOESS), all of which
found significant change centered around 1992.
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The analysis of monthly flow data by LOESS showed aMcCollom, 1992 Stanturf et al. 2007). The tree inventory
definitive alteration in relative monthly flows several years data from WS77 showed similar survival of smaller pines,
after the impact of Hurricane Hugo. An analysis of structural sweetgum, and blackgum. If the estimated 4%%ar® of
change in the flow relationships between watersheds showeshlvaged pine (most likely to be large pines) is added to the
that the timing of this reversal in relative streamflow magni- 4.1 nf ha—! of pine loss from the inventory data, pine tree
tude occurred sometime between June 1990 and March 1998nortality due to Hugo on WS77 (8.45ha 1) and WS80
The timing of the return to pre-calibration conditions oc- (7.8 m? ha~1) become comparable. This result agrees with
curred between April 2003 and December 2004. A structurawork done byHook et al.(199]) in the Francis Marion Na-
analysis of rainfall-runoff relationships for each watershedtional Forest that shows uniform destruction of large pines
by MOSUM revealed that significant changes were detectedocated in proximity to the path of the hurricane center.
in WS80 but not in WS77, with a change in the direction of  Preexisting variation in forest structure was showrirbg-
greater runoff production in WS80. ter (1988 to be a strong predictor of hurricane damage. Al-

The analysis of vegetation data post-hurricane in WS77though large trees were destroyed by the hurricane on both
showed a greater abundance of pine seedlings and therefomatersheds, young pines planted on WS77 from 1982 to 1989
a greater regenerative potential, leading to greater transpirehad survived and represented 63ma! of basal area by
tive losses as the pines matured in the years following Hugo1991. In addition, WS77 had twice as many pine seedlings
In WS80, vegetation analyses showed that the removal ond more pine saplings per hectare than WS80. Young pines
tall/older trees was the primary impact of the hurricane. Thehave much higher water use rates than mature pineisg
loss of larger trees in WS80 combined with the paucity of et al, 2004 due to both leaf area and high transpiration per
seedlings for regeneration likely lowered transpirative lossesunit leaf areaDelzon and Loustgl?005. Song et al(2012)
in the years after the hurricane. Both the runoff data in Ta-analyzed the recovery of South Carolina forests after Hugo —
ble 1 and the MOSUM analysis suggest the main cause of théour of their 1 ha plots are located in WS80 and were mea-
flip was due to increased flow in WS80 over the period 1990-sured from 1994 through 2012. Their data from WS80 show
2003. Increased flow in WS77 occurred only until 1993 andthat pine tree basal area increased fromf®ar? in 1994 to
the rainfall-runoff relation did not exceed the bounds of 9 m? ha 1 by 2003. Water oak, the other species to show no-
expected variability. Vegetation analysis suggests that rapidable growth, grew from 1.4 frha® in 1994 to 1.7 Aha !
growth of seedlings and young pine in WS77 led to higherby 2003. Cosentino(2013 found that spectral reflectance
evapotranspiration losses and therefore lower runoff. Thes¢normalized difference vegetation index) on the entire SEF
results are consistent witkuczera(1987, who also showed had recovered to pre hurricane levels by 1999. These data
that after an artificial disturbance, forest age and composisuggest that the regeneration on WS77 allowed that water-
tion were responsible for short-term changes in streamflonshed to resume normal evapotranspiration by 1993 but that
and long-term recovery to predisturbance conditions. regeneration on WS80 did not reach that level until 2003.

The impact of Hugo on the vegetation of WS77 and WS80 \Vegetation inventory and regeneration counts suggest the
is consistent with our knowledge of hurricane impact onstrong influence of evapotranspiration on hydrologic pro-
southern forests. The inventory of WS80 showed that mortal-cesses in the two watersheds. Throughout the calibration
ity was greatest among large diameter pines, which were priand early prescribed burning experiments, WS77 consis-
marily loblolly pine. While pine was the predominant species tently produced more runoff than WS80. The inventory sug-
in both watersheds, WS80 had fewer pine trees than WS77gests WS77 had an abundance of smaller pine, more pine
however, each tree in WS80 was on average twice the size ddeedlings and more pine saplings in comparison to WS80 at
a pine tree (in terms of basal area per tree) in WS77. Sincghe time of inventory. Many of these small pines were the
the number of dead trees comprised about one-third of alfesult of regeneration experiments conducted on WS77 dur-
trees counted across both watersheds, but account for ovémg the 1982-1989 period when no hydrological measure-
half of the basal area lost in the hurricane, the data clearlynents were undertaken. Hurricane Hugo struck these water-
show that hurricane winds affected larger trees in both wa-sheds in September of 1989 and destroyed the larger pines
tersheds (refer to Fig). and hardwoods (predominantly oaks) present on both water-

Large diameter loblolly pinesPinus taedy were also  sheds. Following the hurricane, WS77 had double the pine
found highly susceptible to breakage accordingstesham  tree basal area, twice as many pine seedlings and three times
et al. (1991) as well as byPutz and Sharit£1991]) in their more pine saplings than WS80. The rapid regrowth of pines
study of Hurricane Hugo’s damag€resham et al(199]) on WS77 appears to be responsible for near-normal evapo-
also found that water oalkQuercus laurifolig, and laurel oak  transpiration from 1993 to 2003, while delayed regrowth on
(Quercus hemisphaeritavere susceptible to wind breakage WS80 limited evapotranspiration losses that manifested as
as was the case for oaks on WS80. In WS80, sweetdign ( increased runoff at its watershed outlet.
uidambar styraciflup and blackgum Nlyssa sylvaticare- The return to historical conditions (onset of flop era)
ceived much less damage than pines or oaks, consistent wittorresponded to 2 years that were marked by high rainfall
several other studied(itz and Sharitz1991, Duever and  (2003: 300 mm above annual average) followed by very dry
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conditions (2004: 400 mm below the annual average). Differ-immediate studies have done well to improve our under-
ences in water table position has been shown to be a primargtanding of the overall impact of hurricanes to southeast-
cause for variability in the relationship between rainfall and ern coastal forested watersheds — this study confirms those
runoff (Epps et al.2013 La Torre Torres et al2011, Harder  overall understandings. However, by applying those princi-
et al, 2007 Young and Klawitter 1968. This high vari-  ples to varying initial stand conditions, one can expect a
ability is probably responsible for the low’Rralues found  range of different impacts on the forest that can eventually
by MOSUM analysis, although using rainfall measurementslead to unexpected long-term impacts on ecosystem services.
from the relatively distal Santee headquarters rain gauge (refhis work demonstrates the importance of long-term moni-
fer Fig.1) may also be partly to blame. In any case, the inabil- toring of paired watersheds and modern quantitative methods
ity of the MOSUM analysis to detect significant changes in to examine subtle changes in ecological impacts of climatic
WS77 post-hurricane precludes a quantitative estimate of thevents that can have important consequences for hydrologic
timing of recovery on WS77. It seems likely that high rain- processes. Without these data and analyses, the differences
fall in 2003 would have created saturated soils on both wa-caused by slightly altered forest conditions prior to a hurri-
tersheds during that year, with substantial water table drawcane would not have been expected to have such a large and
down during the following year’s (2004) drought conditions. delayed impact on streamflow.

Whether this accelerated the return to historical conditions is For future work, there is a critical need for an explicit
an area for further study. Unfortunately there were also un-coupling of hydrologic and vegetative growth models us-
derstory mechanical treatments conducted on WS77 in 200ing directly measured transpirative losses to simulate and
and growing season fire treatments (for more on fire treatvalidate the impacts of sudden and/or long-term pertur-
ments please refer ®ichter et al.(1982 1983) in 2003, bations to the eco-hydrologic characteristics of a coastal
which might also have decreased ET on WS77. The exacforested watershed.

timing and mechanisms responsible for the onset of the flop

period are therefore somewhat confounded, however, since

around 2004 the watersheds have returned to a relative staf¢cknowledgementsThe authors thank Andy Harrison for his
similar to that of the pre era. significant contributions in assembling streamflow and rainfall data

for watersheds 77 and 80. Dr. Jayakaran’s contribution is based
upon work supported by NIFA/USDA project number SC1700394,
. technical contribution number 6165 of the Clemson University
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