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Abstract

Climate change,imcreasing théntensity ofseverdropical storms andyclonegalso referred to

as hurricanes,or typhoons)ith major implications for tropical forest structure and function
These changes in disturbance regime are likely to play an important role in regulating ecosystem
carbon (CYy-andnutrient dynamics in tropical and subtrofacasts.Canopy opening and debris
deposition‘resulting frormevere stormbave complex and interacting effectsemosystem
biogeochemistry. Disentangling these complex effects will be criticaltternenderstand the
longterm implicatons of climate change on ecosystem C and nutrient dynamics. In this study,
we used avell-replicated)ong-term (10 y) canopy and debris manipulation experimentiret
tropical forest to determine the separate and combined effects of cgrenyng and debris
deposition on soil C and nutrients throughout the soil profile (1 m). Debris deposition alone
resulted inshighesoil Cand N concentrations, both at the surface (0-10 cm) and at depth (50-80
cm). Conentrations ofNaOHorganic Palso increasedignificantlyin the debris deposition only
treatmeni20-90 cm depth)asdid NaOHtotal P(20-50 cm depth). Canopy opening, both with
and without.debris depositiosignificantly increased NaOthorganicP concentrations from

70-90 cm.depthSoil iron mncentrations were a strong predictor of both C and P patterns
throughout the soprofile. Our results demonstrate tHath surfaceand subsoils have the
potential to significantly increase C and nutrient stoegdecade aftehe sudden deposition of
disturbanceelated organic debri©ur results also show thidiese effects may be partially offset
by rapid deecemposition ardkcreases ilitterfall associated with canopy openindner

significant effects oflebris deposition on soil C and nutrient concentrations at depth (>50 cm),
suggest that deep soils are more dynamic than previously believed, and can serve a€sinks of

and nutrients. derived from disturbance-induced pulses of organic matter inputs.

I ntroduction

Climate change iaffecting the intesity of severe tropical stormshe most powerful of
which are cycloneg&lso referred to as hurricanestgphoons)with significant implications for
ecosystem processesnearcoastakropical forest§Knutsonet al., 2010, Lugo, 2000, Walst
al., 2016).Theseobserved and projected changeslisturbance regime ah&ely to play an

important role irregulatingecosystentarbon (C) and nutrient dynami@Srausbay & Matrtin,
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2016, Dalest al., 2001, Lugo, 2000, Lugo, 2008, Xi, 2015). Thejoreffects of severe storms
on ecosystem structure, and feedbacks on multiple ecosystem processes, have been well
documented in forests globally (Bellinghatral., 1996, Booset al., 1994, Burslengt al., 2000,
Linetal., 2011, Lugo, 2008, Shaw, 1983, Tanakal., 1991, Webb, 1958, Wolfgang, 1985, Xi,
2015). However, the bulk of this research has focused on aboveground dynamics, and much less
attention has been giventtee effects omelowground processes such as soil C and nutrient
cycling (Ostertaget al., 2003, Parrotta & Lodge, 1991, Sanfetdl., 1991, Vargas, 2012,
Vargas & ‘Allen; 2008)Furthermore, despitihe major implications of the belowground effects
of severe tropical stornen the global C cycldghelongterm(> 5 y) effects on sib
biogeochemistry have only rarely been studied in tropical forests.

Organic'matter redistributiois likely to be a major driver of belowground responses to
canopy disturbance associated with storm events (Letdile 2014, Sanforét al., 1991, Silver
et al., 2014, Turton, 2008, Vargas, 2012). High velocity wirealilt ina large deposition of
biomass fram the canopy to the forest floor (Frangi & Lugo, 1991, Haralg 1995, Linet al.,
2003, Lodgeetal., 1991, Wangt al., 2016, Whighanet al., 1991, Xuet al., 2004). The
contribution of:green leaves and live branches to total litterfall during these disturbances results
in a pulsesef C and nutrients the soil(Gonzalezt al., 2014, Linet al., 2002, Lodget al.,
1994, Lodgeet al., 1991, Silvert al., 2014, Sullivaret al., 1999) The effects of organic matter
redistribution during storms on soil biogeochemistry may be varied and dependent on the time-
scale conglered(Scatena, 2013, Silvet al., 1996). In the shoiterm, stormassociated pulses
of organic debrican provide labile C, as well as phosphorus (P), and other essential nutrients
for microbialkand root uptake, potentially increasing ratgdarit and microbial activityl odge
etal., 1994, Lodgest al., 1991, Vargas, 2012, Vargas & Allen, 2008). Large inputs of woody
debris with high.C:N and C:P ratios can simultaneously lead to increasedintrigoblization
by microbial. decomposerahich, in addition to leaching lossg®sultsin a transient decrease in
nutrient availability (Ricest al., 1997, Zinmermanet al., 1995). Rapid decomposition of storm-
related debris'may increase rates of ecosystem recovery from distu{Baacdst al., 2005).
Ostertaget al (2003) found thathe forest floor mass returned to jglisturbance levels less
than one year following a hurricane in Puerto Rico. They suggested that the rapid disaqgpea
of leaf litterand associated nutrients was an indicator of a high degree of resilience of tropical
forests to severe storniBeardet al., 2005, Ostertagt al., 2003, Vogtet al., 1996).
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Partially decomposed organic materials can be tomastd deeper into the soil profile.
Most of theresearch on disturbance effects has been conducted in surface soils (<&® cm),
little is known about if and how disturbance impacts are propagated through thefeil(Ku
et al., 2004) Over time, a fraction of th€, N, and P in the deposited debris may be transported
into the subsaeil through a variety of physical and biological path@@gsufoet al., 2015, Leff
et al., 2012). The subsoil has the potential to become a major sink for soil iiLiaiehts
derivedfrom'the disturbance-induced pulse of organic matter thinaigdasingorganmineral
interactions'eaccumulating detritus. Thus, thegacyof storms and hurricanes sail
biogeochemistry is likely to occur throughdié entire soil pfile, and not just near the surface.

In addition to the pulse of debris, changes in forest structure causeddsg storms can
have complexm@and interacting effects on ecosystem C and nutrient digtiedset al., 2015,

Xi, 2015). For example, canopy opening can alter microclimate condftiendight,
temperature, and humidity; Shiels & Gonzalez, 20dgfuce litterfall input¢Beardet al., 2005,
Silveret al’;, 2014),cause fine root mortalitBeardet al., 2005, Silvert al., 1996, Silver &
Vogt, 1993)and stimulate decomposition rates at the soil suf@seertacet al., 2003).
Changes inttree species composition following disturbance (i.e., an increase ireligatding,
low woodrdensitypioneers such &ecropia sheberiana) could alter the quantity and quality of
C inputs,.and affect subsequent rates of C and nutrient cy8lmelset al., 2010).These
changes in the quantity and quality of organic matter inputs associated with canog openi
have major. implications for the trajectories of ecosystem recpakhpugh this may also be a
transient response as the pre-disturbance vegetation red®vensger timescales, theecovery
of organic 'maiter inputs to pdisturbance levelfoth quantity and quality) may be an
importantfactor in determining legaeyfectson soil biogeochemistr{Scatenat al., 1996,
Silveret al., 1996).

Disentanglinghe complex effect®f canopy opening and debris depositiotrapical
foredsis critical'to better understand the lotegm implications othanging disturbance regimes
on ecosystem C and nutrient dynamics. In this study, we used the long-term canopy trimming
experiment(CIE) imwettropical forest in Puerto Ric®hiels & Gonzalez, 20149 determine
the separate and combined effects of carogmning and debris gesition on soil C and
nutrients throughout the soil profil&€his design did not mimiall aspects of aevere storm
event (e.g. high wind anrainfall and associatestheer stress impact&ut instead was a

controlled experiment thdacilitatedthe study ofwo important impacts common to all severe
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125 storm events that would not be possible during an actual st@entested the hypothesis that
126 hurricane disturbances (combined canopy opewitiydebris deposition) have detectable long-
127 termeffects orsoil organic C and nutrient concentratiodag primarily to the lasting impacts of
128 debris deposition on the soil surface. We predicted that the large debrididessociated

129 with severe,storms wouldbminate the biogeochemical respongeas) greateiC ard nutrient

130 concentrations/than plots with canopy operonty. We also hypothesized that canopy opening
131 alone wouldead to longterm declines isoil C and Ndue to lower litterfall ratesScatena et al.
132 1996, Silveretal. 2014), and an increase in soil P, due to lower plant P uptake frongaddama
133 canopy, coupled with higherrBtention in soils relative to the C and N released via

134  decomposinglitter (Mage & Porder, 2012, Sanfard., 1991).Finally, wepredicted that the
135 effects of debris deposition would lead to long-term C, N, P accumulation through the soil
136 profile, and that when combined with canopy opening this effect would decline due to the higher
137 decomposition rates and lower litterfall inputs associated with canopy disterf@stertag et al.
138 2003).

139

140 Materialsand*Methods

141  Sudy site'and experimental design

142 Therstudy was conducted in the El Verde research area of the Luquillo Experimental
143 Forest (LEF), Puerto Ricaspart of theNSFsponsored.ong Term Ecological Research

144  program (18° 20’ N, 65°49" W)Tlhis areaof subtropicalwetforestis dominated by the tabonuco
145 forest typewhichcharacterizemostof the lowlandswithin the LEF(~350 m a.s.l.; Ewel &

146  Whitmore, 2973)Dominant tree species inclu®acryodes excelsa (Vahl) (Burseraceag

147  Soanea berteriana (Choisy)(ElaeocarpaceaeandManilkara bidentata ((A.DC)A.Chev)

148 (Sapotaceae), as well g palmPrestoea acuminata (Willdenow) H.E. Moore var. montana
149 (Graham)Henderson and GalegAoecaceae). Mean air temperature from@@92017 was 24
150 °C, while mean annual precipitation is ~3,50, both exhibiting only slight seasonality

151 (Brownet al1983, Garcidartind et al., 1996).Soils are classified as highly weathered

152 Oxisols derived from volcaniclastic sediments, with high clay content (MagerdeR, 2012,

153 Silveretal., 1994).

154 Soils werecollectedfrom the Canopy Trimming Experiment (CTE), a laegn,

155 ecosystenscalestudyaimed at understanding the effects of severe disturbances on forest

156 dynamics by separating the individual and interactive effects of canopy opewirtgbris
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deposition (Shiels & Gonzélez, 2014). The CTE consisted of a randomized complete block
design that imposed ttiellowing treatments replicated across three bloakéreated control,
canopy opening only, debris deposition only, and a combination of canopy opaditgpris
deposition. One, soil core (2.5 inches in diameter) was collected from eachva 80et 30 m
plots, which.resulted in three replicates per treatrpentlepth. Within each block, plots were
separated by at least 2Q andfactors such ashduse history(>80% forest cover in 1936), soll
type (Zarzalclay'series) topographyaverage slope of 24°), and elevation (340-48%vare
similar across'block&Shielset al., 2010)

Treatments were imposed betwéate 2004 ancearly 2005, and a range etological
processegicluding plant succession, litterfall, and nutrient cychvas followed for nearly a
decadaafterwardqShiels & Gonzalez, 2014). In late 20%4jls were sampled in each plot at 10
cm intervals down to 1 m depttmmediately after collection, soils wepéaced in labeled zip-
lock bags (double-bagged to retain maigjland shippeth coolersovernight from Puerto Rico
to UC Berkeley for laboratory analyses.

Laboratory procedures

Wemeasured soil pH in a 1:1 soil to water slurry, as well as gravimetric soil moisture by
oven-drying'subsamples at 105 °C to a constant weight. Total soil C and N content were
measured on a CE Instruments NC 2100 Elemental Analyzer (Rodano, Milano, Itadyison s
that were aidried and ground. To measure labile (i.e., soluble phospduadelecalcitrangi.e.,
bound to Fe"0Al) P pools, we used a modified Hedley fractionation with Naki@@ NaOH
extractionsprespectivelffiessen & Moir, 1993)Briefly, we segentially extracted
approximately 1.5 dreshsoil with 0.5M NaHCQ and 0.1M NaOHBoth extracts were
analyzed colorimetrically for inorganic P and total P after digestion with acid ammonium
persulfate, while organic P was calculated as the differenceéetistal and inorganic P
(Murphy & Riley, 1962) We measured Fe species as these have been shown to be an important
predictor ofdseth C (Hall and Silver 2015) and P (Chacon et al. 2006) cycling in this ecosystem.
Concentrations of reduced and oxidized iron (Fe(ll) + Fe{hNB)e measured with a ONs HCI
extraction and analyzed colorimetrical§oils wereextracted with 0.2 sodium citrate/0.05M
sodium ascorbate solution and analyzed on an inductively coupled plasma atomignemissi

spectrometer (Perkilmer, USA) for poorly crystalline Fe. Weereonly able to analyze two
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treatmentdor citrate ascorbatextractable Felue to limited resources, and thus chose the
controls and the opening+debris treatrseag being most representative of a natural event

Soil C density fractionation was used to compare liggeg-(FLF), occludedight (OLF),
and heavy (HF). fractions surfaceand deeoils (310 and 5060 cm, respectivelyof the
control and.debris treatmer(tdarin-Spiottaet al., 2008).We chose this comparison because the
debris depesition only treatment was the only one that showed statisticallycaignthanges in
soil Cconcentrations along the depth proflepths were chosen based on statistically
significant'patterns in thieulk soil C concentration data, with the 50-60 cm depth representing
the top ofithe zone of accumulation in the subsoil. Using a sodium polytungstate solution (1.85
g/cnt) we separated each fractiftom moist soilsand determinetheir mass and C
concentation afterrising repeatedlywith DI water(stopped when density reached 1.0 dgjcm
Bulk density measurements from the CTE (D.J. Lodge and A. Stipishlished data) were
used to calculate soil C pools in each fraction.

Satistical analyses

A linearmixed-effects model with treatment and depth as fixed factord blockas a
random faetor, was used to test for significant differences in soil mqigtdréoulk soil C and N
concentrations, and P and Fe concentrations. To compare the soil densagpdtiet data from
the control and debris deposition treatments we used students t-tests, wéiladich@ornear
regressions were used to determine relationships between the measured variables (i.e., C, P, Fe).
All analyses*were conductedtime opersource softwareR Studio (Version 1.0.136Y.alues
reported in'the‘text are means plus or mimis standard error. Statistical significemwas
determined at g 0.10unless otherwise noted.

Results
Soil moisture.and pH

Gravimetric il moisturedecreased significantlyith depthacross all treatments &
0.0001 Figure,1a Mean ®il moistureat 010 cmwas42.7+ 1.4 % andlecrease linearlyto 60
cm. Below this depth (60-100 cm), soil moisture skdyittle variation,with meanvalues
ranging between 32:50.5 and 34.2 0.5% (Figure B). There was no significant treatment

effect on soil moisture.
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Soil pH also decreased significantly with depth across all treatments (p < CFif\dE
1b). Sil pH at 310 cm ranged from 4.620.17 to 4.8% 0.08 (canopy opening only and debris
deposition only treatments, respectively), while values #t080cm ranged from 4.970.11 to
5.16+ 0.08 (debris deposition only and control treatments, respectiVélgje was a significant
treatmenm effect,of canopy opening only surface soils (80 cm, p < 0.05), which resulted in
the lowestpHwalues measured4¥5) andh steeper depth gradighaanthe other treatments
(Figure 1b).

Iron species

The"concentration of botHCI- and citrate ascorbatxtractable Fepecieslecreased
significantly with depth across all treatme(pis< 0.001 Table 1).Soil Fe concentrations
decreasetinearly fromsurfacesoils down t®60 cm, where concentrations stabilizdow
values. hessumof HCl-extractabld=e(1l) and Fe(lll) @creased from T+ 0.3 mg/g at 0-10 cm
(mean acrossttreatments), to lessithad mg/g below 50 cror all treatmentsSimilarly, citrate
ascorbateextractable Fe showed strong depth gradiesgardless of the treaent, decreasing
from 1.9+ 0.2 mg/g at 0-10 cm and stabilizing arontl mg/gbelow 60 cmThere were no

significant treatment effects @my of the forms of soil Fe measured

Soil carbon and nitrogen concentrations

Acrossqall treatments, there wasignificant decrease in soil C concentration with depth
(p < 0.0001; Figure 2a). &an soil Cconcentrationacross treatmentiecreased from 580.3
% at 010 cm.t0. 0.6 0.1 % at 90-100 cm.here was a significant treatment effect of debris
deposition.only on soil C concentrations (p < 0.05; Figure 2a),didhe surface (a0 cm) and
at depth=(50-cm). Notably, soil C concentrations bel6@cm were lower thah % for all
treatments except debris deposition gugmonstrating the significant tresnt effects on
subsoilC concentrationdAll other treatmentsapening-debrisand canopy opening only
resultedtin trends of increasing soil C across all dgtkcept deep soils (>80 cm) in the canopy
opening only treatment, which showed a trend of fosed C relative to the contrdincluding
the data from all depths, soil C concentrations segeificantly positivdy correlatedwith

citrate ascorbatextractablere in both control (R= 0.95, p < 0.05) and canopy opening with
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debris deposition treatmer(8*= 0.85, p < 0.0 Soil C concentrations also showed a
significant positivecorrelationwith HCIl-extractable F¢R?= 0.79, p < 0.0p

Soil N concentrationglecreased significantly with depth acrosgrafitments (p < 0.05;
Figure 2b). Mean soil N concentrations ranged from 8.832 to 0.05- 0.01 %, at 0-10 and
90-100 cmgrespectively. There was a significant treatment effect of depoisitien only on
soil N coneentrations from 50-80 cmhere sdiN concentrations ereparticularly low(<0.1
%) and'showed a >100% increase in response to the tredfpne D).

Overall, debris depositioalone signficantly increased soil C and N concentrations by 26
to 142 % and 16 to 123 % (calculated for ed@ltm sampling interval relative to the control
treatment)ygrespectively, with the greatest relative increases (i.e., >100 %) occuring deep in the
soil profile'at 6670 cm (Table 2).

Soil carbon.density fractionation

Analyses of soil C fractiongvealed thahigher bulkC concentrations ithe debris
depositionrenly treatmeri®-10 cm depthyvasdueto greate-LF and HF although this was
only marginally statistically detectablp € 0.17); no changeas observeth the OLF (Figure
3b). Theinerease iFLF C stocksat 010 cmlikely resultedfrom an accumulation oparticulate
organicmatter derived from the deposited defréble S}, asC concentrationsverenot
significantly different fronthe controltreatmentFigure &). Converselythe trend of increased
HF C stockat 310 cmin thedebris depositioonly treatmentwaslikely driven bythe
significantlyhighersoil C concentratiosiof the HF(Figure &), as there were no significant
differencegnithe massof the HFbetweentreatmentgTable S1) The greater variability at 560
cm depthprecluded the detection of statistically significant differences in soil C stocks (Figure
4b). In general,increases in the mass of theligk¢-and occludedight fractions tended to be
more impaortant.than C concentrations, while the opposite was true for the heawnf(@iable
S1).

Soil phosphorus fractionation
There was a significant exponential decline in Na@#ganic P with depth (p<0.05;
Table 3), which also resulted in a significant decrease in Ni@HP with depth across all

treatments (p < 0.05; Table 3). The NaOH-organic P pools was strongly positivelateatr
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280  with organic C across treatments €R0.94, P < 0.01). Similar to the pattern for soil C, NaOH-
281 organic P was afsstrongly positively corrleated with citrate ascoralmteactable Fe (R=

282 0.92, P < 0.01) and H@ixtractable Fe (R=0.76 , P < 0.05).

283 There was a significant increase in NaOtganic P in the debris deposition only

284  treatmenfrom.20-90 cm (p9.05; Figure 5b)as well agor NaOH-total P from20-50 cm

285 (p<0.05; Figure 5a)lhere was alsa treatment effect of canopy opening, both with and without
286 debris deposition, which significantly increag¢alOH-inorganic P concentratiorfisom 70-90

287 cm(p < 0.05:Figure 5c). Although concentrations of NaOH-organic P made up most of the
288 NaOHtotal P found in surface soils, NaOH-inorganic P vadisimilar magnitudepr greater

289 thanNaOHorganic Pat depth (i.e.below 80 cm)pcross all treatments. Overall, bétie canopy
290 opening only and debris deposition only treatmentsdignificant effects on NaO#horganic P
291 and aganic P, respectivelyvhile thecombined canopy opening and debris depositiestment
292 significantly increasetlaOH-inorganicP at deptl{Figure 5a-c).

293

294 Discussion

295 Theimpactsofidebris deposition

296 Canopy disturbance and associated debris deposition during severe stormeswdrits
297 complex.and interacting effects on ecosystem biogeochemistry. We hypothesized that debr
298 deposition would be the dominant driver of biogeochemical resptmbesricane disturbance
299 due to thelarge direct impact of C and nutrient inputie forest floofLodgeet al., 1994,

300 Lodgeet alg1991, Sanfordt al., 1991). W found that the effestof debris deposition

301 significantlysincreased A\ and P over a decadal time scdlbeinitial experiment deposited
302 approximately 3 kg C i(dry masspn the soil surface as part of the debris deposition

303 treatmendin 2005 (Shiels & Gonzalez, 2014). In 209 measured a significant increase in
304 soil Cstocksinfesponse to thdebris deposition onlireatmentamounting to 1.02 0.19 and

305 1.12+ 0.71kgsC rif at 0-10 and 50-60 ctrespectivelyThere was no significant increase in
306 litterfall insthis treatmentfirst five years only, Silveet al., 2014),thus the greater soil C stack
307 likely resultedsfrom an increased capacity to sequé€siarsoil, associated witlthe transporof
308 dissolvedand particulate organic matter from the debris the subsoi(Cotrufoet al., 2015).

309 This may have bedacilitated byan increase imineraland organic bonding at depth (Vogel
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al., 2014). Clearly, debris deposition had |degn dfects on soil biogeochemistig this forest,
a demonstration of the decadal legacy of hurricane disturbaneest topical forests

Soil density fractionation allowed us to explore the mechanisms behind thecsignifi
increases in soil Gtocksthroughout the soil profilaVe found that the FLF was relatively C
rich, while the HF accounted for much of the mass of C in these soils, similar to \&Hesdma
described'in othdropical (Marin Spiotta et al. 2009, Cusack et al. 2010)tangberate
(Swansbnet'al.:"2005) forests. In general, the FLF is thought to consist of more labile, and thus
less stable"materials, while the HF is thought to contain more stabilized organic material
(Swanston et al. 2005, but see Schmidt et al. 2011). Ten years following debris depusition,
measure@ marginally significanincreasen themass of the FLRanda significantincrease in
the C concentratioof theHF in surface soilsWhile the increase in HF might be expeatgeen
the large initial inputs of C to the $gdihe slight increase in the FLF over this time peried
surprising given the rapid rates of decomposition in this ecosystem (Parton et al. 266@gOs
et al. 2003), and suggests that particulate C may persist in soils for longer thansgtye
believed(Lodgeet al., 2016).

Solls at«depth (50-60 cm) also showed a trend of increasing FLF anch@dgalthough
the magnitude was lower than at the surface where particulate organic matter inputs dominate
Deepersoils'were characterized by a low mass offbE and OF<0.1 g), and despite the
markedincrease®f the mass of these fractigmsost ofthe enhancement in soil C stocks at
depth couldbe attributedo the doubling of the C concentration of thE (0.68 to 1.32 %),
which made*up,more than 98% of the bulk soil m&ks.increase in C concentration of this
fraction suggests that deep soils were an important sink for the debris-C deddsgesllikely
due to the abundance of free sites for C-mineral associations at depthd@ba&a2017),
further supported by our Fe dateep soils mayhus servas a significant hot spot for C
sequestratiofollowing disturbance in highly weather&opical forest soils

Organic/P concentrations were significantly higthreoughout the soil profilen response
to debris depositionnly, highlighting the role of soil organic matter as a mediator of the
observed responses on soil C and nutrienggri®deposition alonked to higheNaOH-organic
P concentrations throughout the soil proéildecade after the treatments were applibe
observedncrease ilfNaOH-organic P folloveda similarpatternto soil C, resulting in a
significant correlation beveen C and P. This suggestat transport of organic matter irttoe
soil profile canalso enhanceutrient contenat depth. Sanfore al. (1991)used the CENTURY
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model to simulated C and P cycling after repeated hurricanes and predicted greatesasiliface
in hurricaneaffected forests relativi® hurricanefree forests. Our results provide empirical
evidence of their modeling results and extends the finding to the subsoileVéas a potential
role of disturbance events lirelping toalleviae P limitation, which often limits biological

processes imet tropical forestgVitouseket al., 2010).

Effects of canopy opening

Wehypothesized that canopy opening wodétreassoil C and N stockslue to the
reduction’in litter inputand the propensity of C and N to be lost during decomposition following
disturbance\{argasand Allen 2012) Contrary to our expectations, there was no significant
effect of canopy opening only on soil C and N stocks throughewsoil profile. This is striking
given the large decrease in surface litter inputs measrat the first 5y following the
disturbance (Silver et al. 2014¥hang and Zak (199%pund that litter decomposition rates
declined in large gaps relative to smaller openings and intact canopies. Ouwgg@sts that
changes inrenvironmental conditions associated with canopy opening, separate from debris
depositionareinsufficient to deplete soil @nd Nstocks at a decadal scale of resolution.

Wespredicted that soil P pools might increase following canopy opening due to a
reduction.inP uptake by damaged vegetadiot he propensity of Feand aluminum (ABrich
soils to retain PThe canopy openingeatmented to an increase imorganic P concentration at
depth (70-90 cm), a response that was not observed in any other treatment. Canopytpening
have inducedan increase in aboveground biomass investment in the recovering vegetation,
leading to a.decrease in C allocation to deep roots and thusPaypéaikeat depth. It is possible
that at longer timescales, after aboveground biomass has fully recovered from canopy opening,
belowground C investment by vegetation could again allow for root scavenging of inorganic P at
depth, causing.concentrations to return to pre-disturbance levels. Canopy @iemied to a
significant reduction in soilkp in surface soils (B0 cm). Forest disturbances that affect the
canopy haveoften been found to increase soil acidity by altering soil moisture, nitrate
availability,"and nitrification rates, although these effects are often most notable at short time
scaleqSilveret al., 1996, Silver & Vogt, 1993). The lasting effects of canopy opening on soil
acidity in our study suggests that the recovering vegetation is contributing taititemance of
this effect, perhapisy increasesn root exudatiomate of organic acids or changes in the species
contributing to litterfall(Shielset al., 2010).
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Combined effects of canopy opening and debris deposition

The goals of this study were to disentangle the effects of canopy opening and debris
deposition impacts from hurricane disturbance wveatropical forest. As discussed above,
debris depaosition led to a significant increase in soil C, N, and organic P stodkes;aviupy
opening aloenedid not significantly affect C and N, and but increased inorganic P aftepth.
combined“canopy opening and debris deposition treatment resulted in similar respon$&3 of soi
and N, albeit'not statistically significant, as the debris deposition only gaatirhe longerm
reductionin abaveground organic inputs (i.e., litterfall) due to canopy opewndavdimited
the magnitude=of this response. Previous results from the CTE and from studiesingtiie
recovery ofdhitterfall following hurricanes have shown that aboveground C inputs takeestb|
years to recover to pdisturbance leve{Scatenat al., 1996, Silveet al., 2014). Our results
suggest that a one-time pulse of debris deposition without the effects of canomgopeni
enhanced C and N pools relative to the control. It is likely that similar processes occurred when
debris depesition was coupled with canopy opening, but that reduced litter inputs decreased the
amount of C translocated downward. It is interesting that organic P did not show any titead i
canopy opening with debris deposition treatment, suggesting that this fraction coulddrave be
exploited.by"Pimited biotawhen facedvith significant reductions in litterfall nutrient inputs.

Coupled biageochemical cycles of C, Fe, and P

Ourmeasurements throughout the soil profile and across treatments allowed us ® explor
relationships:between soil C, Fe, and P concentrations, supporting previous work suggesting
strong biogeochemical coupling of these elem@nédl et al., 2016, Townsenet al., 2011) The
highly weathered soils at our site (i.e., Oxisols) are dominaté&ebpdAl oxides, which play a
key role in.both,C and P cycling, especially under fluctuating redox condi@ivasconet al.,
2006). The, significant positive correlation between soil C and Fe highlightsle of reactive
Fespecies.intthe binding of C to mineral surfaces in the-sojbrocess that is critical for
enhancingrates of soil C sequestration throughout the soil pii¢élkiweit et al., 2016)
Moreover, the strong couplifgetween soil C and Fe was alevealed by theariableresponses
of soil C to debris depositicacrossdblocks, where the magnitude of the response seemed to be
mediated by soil Fe concentrations in each block (i.e., the strongest respank€ ob slebris

deposition only occurred in the block with the highest soil Fe concentrations)sdfeand a
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406 significantpositive correlation between soil C and P, suggesting these elements are bound in soil
407 organic matter whose concentration decreases markedly with depth (as does soil C and P).
408 Although some of these patterns might arise from the vertical distributiogariormatter

409 inputs (i.e., more inputs near the soil surface from litterfall and fine roots), our results highlight
410 the strong biegeochemical coupling of these elements across the landscape and throughout the
411  soil profile.

412

413  Implicationsfor-disturbance and recovery trajectories

414 Our results demonstrate that the deposition of organic matter associated with severe
415 storms and hurricanéscreasedoil C and nutrientever a decade of ecosystem recovéhe

416 increase in'soil'C and nutrient concentrations atrdégb0 cm) suggest that deep soils are more
417 dynamic than previously believed, and have the potential to serve as sinks of C antsnutrien
418 derived from stormnducedpulses obrganic matter inputsiowever, when coupled with

419 canopy opening, these effects became muted, likely due to the slow recovery all litieuts,

420 enhanceddecomposition rates, and resource needs of recovering vegéiatieffedis of

421 canopy opening mayltimately limitthe amount of C and nutrients transported through the

422 subsoil, decreasing the subsidy, aadsibly the resiliencef these ecosystemgver the long-

423  term.
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Figure captions:

Figure 1. (a) Depth profils of gravimetric soil moisture by treatment; (b) Depth profiles of soll
pH by treatment (error bars indicat&SE; n = 3;*p<0.05).

Figure 2. Depth profiles of total soil carbon (a) and nitrogen (b) concentrations by treatme

(error barsiindicate1SE;n = 3; *p<0.05).

Figure 3. Surface (0 to 10 cm) soil carbon (C) concentrations (a) and soil C pools (b) by density
fraction forseentrol and debris only treatments (FLF,igbt fraction; OLF, occludedight

fractionyHE, heavy fraction; error bars indiealSE;n=3; *p<0.10).
Figure 4. Deep«(50 to 60 cm) soil carbon (C) concentrations (a) and soil C pools (b) by density
fraction fof control and debris only treatments (FLF,igbt fraction; OLF, occludedight

fraction; HF, heavy fraction; error barglicate+1SE n=3).

Figure 5, Depthiprofiles of NaOH-extractable total phosphorus (a), organic phosphorus (b), and
inorganic phosphoru<) (error bars indicate1SE;n=3; *p<0.05).
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Table 1. Mean gravimetric soil moisture, soil pH, soil C and N, and Fe concentrations by soil depth and treatment (n/d = no data; S.E. in

Gravimetric soillmoistire (%) Soil pH Soil C (%) Soil N (%) Citrate-ascorbate Fe (mg/g) HCI Fe(ll)+Fe(lll) (mg/g)
dz(;th contral Opening Debris Opening control Opening Debris Opening contral Opening Debris Opening control Opening Debris Opening contral Opening Debris Opening contral Opening Debris Opening
) only only + Debris only only + Debris only only + Debris only only +Debris only only + Debris only only + Debris

421 427 415 443 4.89 4.62 4.89 4.88 527 5.63 6.72 537 0.40 0.40 0.48 0.43 1.89 1.97 1.70 1.43 1.35 2.32
10 (3.3) (1.2) (4.2) (3.4) (0.07) (0.17) (0.08) (0.09) (0.65) (0.81) (0.41) (0.27) (0.05) (0.04) (0.04) (0.00) (0.05) /e /e (0.39) (0.48) (0.11) (0.21) (1.23)

383 40.4 37.5 40.7 5.07 4.77 5.02 4.92 2.83 3.29 3.69 3.04 0.24 0.25 0.28 0.25 1.50 1.41 0.95 0.90 1.03 1.91
2 (2.0) (1.5) (3.4) (3.0) (0.04) (0.17) (0.06) (0.02) (0.26) (0.73) (0.59) (0.21) (0.02) (0.04) (0.03) (0.00) (0.14) /e /e (0.34) (0.25) (0.23) (0.28) (1.39)

36.8 38.8 36.3 38.6 5.03 4.73 5.03 4.89 2.33 2.51 2.9 2.40 0.19 0.19 0.23 0.20 1.15 1.05 0.68 0.73 0.84 0.82
% (1.8) (1.5) (2/6) (2.2) (0.04) (0.19) (0.02) (0.04) (0.24) (0.53) (0.67) (0.17) (0.02) (0.03) (0.03) (0.00) (0.17) /e /e (0.37) (0.08) (0.25) (0.36) (0.49)
0 35.1 37.0 36.7 36.4 4.99 4.92 4.92 4.97 1.65 1.99 2.64 171 0.13 0.14 0.19 0.14 0.84 o o 0.56 0.39 0.39 0.59 0.35

(1.7) (2.5) (3.4) (1.9) (0.04) (0.19) (0.04) (0.02) (0.29) (0.65) (0.84) (0.26) (0.02) (0.04) (0.05) (0.01) (0.27) (0.31) (0.12) (0.10) (0.28) (0.19)

parentheses; n¥3
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336 359 3538 35.2 5.05 4.94 4.96 4.95 1.11 1.66 2.24 1.49 0.08 0.11 0.16 0.12 0.42 0.27 0.24 0.23 0.55 0.17
> (1.1) (2.6) (3.5) (1.7) (0.02) (0.17) (0.07) (0.07) | (0.17) (0.62) (0.86) (0.15) (0.01) 0.03) | (0.05) (0.01) (0.11) /e /e (0.13) (0.05) (0.05) | (0.24) (0.05)
328 342 3538 339 5.09 5.00 4.95 5.05 0.79 111 1.80 1.00 0.06 0.07 0.14 0.08 0.26 0.16 0.14 0.17 0.47 0.11
* (0.8) (1.2) (3.6) (1.2) (0.02) (0.17) (0.12) (0.08) | (0.09) (0.30) (0.71) (0.18) (0.00) (0.01) | (0.04) | (0.01) | (0.08) /e /e (0.05) (0.02) 0.03) | (027) (0.02)
326 323 35.1 335 5.03 5.02 4.88 4.98 0.62 0.66 1.50 0.81 0.05 0.05 0.11 0.07 0.12 0.10 0.11 0.12 0.22 0.10
70 (1.5) (0.4) (3.6) (1.9) (0.15) (0.17) (0.03) (0.08) | (0.03) (0.20) (0.50) (0.12) (0.01) (0.01) | (0.03) | (0.00) | (0.04) /e /e (0.03) (0.02) 0.01) | (0.07) (0.02)
334 327 33.6 33.2 5.06 4.99 4.99 5.02 0.62 0.48 1.26 0.70 0.05 0.04 0.09 0.06 0.12 0.08 0.09 0.13 0.27 0.08
8 (1.4) (1.5) (3.9) (1.5) (0.04) (0.18) (0.09) (0.05) | (0.06) (0.13) (0.38) (0.10) (0.01) 0.01) | (0.03) (0.01) (0.03) /e /e (0.02) (0.02) 0.01) | (0.10) (0.01)
337 312 33.4 329 5.20 4.99 4.92 4.95 0.54 0.39 0.81 0.67 0.04 0.03 0.06 0.06 0.08 0.09 0.08 0.27 0.13 0.09
% (0.7) (0.5) (3.8) (1.9) (0.12) (0.25) (0.09) (0.09) | (0.08) (0.11) (0.29) (0.19) (0.00) (0.01) | (0.02) | (0.01) | (0.02) /e /e (0.04) (0.01) (0.16) | (0.01) (0.01)
340 320 331 324 5.16 5.14 4.97 5.03 0.52 0.37 0.80 0.61 0.04 0.03 0.06 0.06 0.10 0.08 0.08 035 0.14 0.08
100 (0.8) (0.9) (333) (1.9) (0.08) (0.29) (0.12) (0.06) | (0.03) (0.07) (0.29) (0.15) (0.00) 0.00) | (0.02) | (0.01) | (0.02) /e /e (0.03) (0.00) (0.25) | (0.08) (0.02)
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Table 2. Meanincreases in soil C and N between control and debris deposition only treatments by soil depth (S.E. in parentheses; n=3).

Bolded values indicate statistically significant differences between treatments (p<0.05). *At these depths in Block A (or Block B for

soil N at 10'cm), control plots had higher soil C or N than debris deposition only plots.

Soil Carbon (%) Soil Nitrogen (%)

Soil Depth (cm) Control Debris only | % Difference Control Debris only | % Difference
10 5.27 (0.65) 6.72 (0.41) 29.8 (9.4) 0.40 (0.05) 0.48 (0.04) 24.6 (18.5)*
20 2.83(0.26) | 3.69(0.59) | 28.7(10.5) | 0.24(0.02) | 0.28(0.03) 16.4 (3.3)
30 2.33(0.24) | 2.99(0.67) | 26.2(21.4)* | 0.19(0.02) | 0.23(0.03) | 19.9(14.0)
40 1.65 (0.29) 2.64 (0.84) 51.8 (32.3)* 0.13 (0.02) 0.19 (0.05) 47.8 (22.3)
50 1.11(0.17) | 2.24(0.86) | 85.7(53.2)* | 0.08(0.01) | 0.16(0.05) | 81.5 (44.6)*
60 0.79 (0.09) | 1.80(0.71) | 116.5(73.8)* | 0.06 (0.00) | 0.14 (0.04) | 120.9 (61.4)*
70 0.62 (0.03) | 1.50(0.50) | 142.0(79.9)* | 0.05(0.01) | 0.11(0.03) | 122.9(60.0)
80 0.62 (0.06) | 1.26(0.38) | 100.2(55.7)* | 0.05(0.01) | 0.09(0.03) | 73.2(37.2)
90 0.54 (0.08) | 0.81(0.29) 58.2 (53.3)* 0.04 (0.00) | 0.06 (0.02) 42.0 (40.8)*
100 0.52(0.03) | 0.80(0.29) | 58.2(61.6)* | 0.04(0.00) | 0.06(0.02) | 36.9(39.8)*
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‘ Inorganic NaHCO; Phosphorus Organic NaHCO3; Phosphorus Total NaHCO; Phosphorus Inorganic NaOH Phosphorus Organic NaOH Phosphorus Total NaOH Phosphorus

Table 3. NaHCG and NaOH soil phosphorus fractions by soil depth and treatment (uni&sg dry soil; S.E. in parentheses; n=3).
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Soil

depth control Opening Debris Opening control Opening Debris Opening control Opening Debris Opening control Opening Debris Opening control Opening Debris Opening control Opening Debris Opening
() only only + Debris only only + Debris only only + Debris only only + Debris only only + Debris only only + Debris
1.4 12 15 1.4 5.6 6.9 8.7 6.2 7.0 8.1 10.2 75 15.1 155 20.2 16.7 57.9 59.0 75.0 60.3 73.0 74.5 95.2 77.0
10 (0.0) (0.2) (0:1) (0.1) 1.7) (1.1) (3.2) (2.0) (1.7) (1.2) (3.3) (2.1) (3.1) (1.1) (2.2) (1.8) (12.2) (9.5) (13.1) (7.5) (15.2) (10.7) (15.2) (9.1)
1.2 1.0 1.2 1.1 2.9 3.0 5.8 6.0 4.1 4.1 7.1 7.1 93 9.9 126 9.7 30.5 33.7 473 36.3 39.8 43.6 59.9 46.0
2 (0.0) (0.0) (0.1) (0.1) 1.7) (1.5) (2.2) (1.6) (1.7) (1.5) (2.2) (1.6) (1.3) (0.1) (1.5) (0.8) (6.4) (6.2) (6.7) (7.7) (7.7) (6.2) (8.0) (8.5)
1.1 11 11 11 2.9 3.6 4.6 2.4 4.0 4.7 5.6 35 8.4 8.4 124 7.8 26.9 24.2 45.8 25.6 353 326 58.2 33.4
0 (0.1) (0.1) (0.1) (0.1) (1.6) (1.7) (1.5) (1.7) (1.6) (1.6) (1.6) (1.8) (0.5) (1.0) (2.0) (0.8) (4.3) (3.9) (8.5) (0.7) (4.9) (3.3) (10.3) (1.2)
1.0 1.0 1.0 1.0 3.4 4.2 43 2.9 a4 5.2 53 3.9 7.8 7.5 10.7 7.1 19.4 20.1 32,6 16.7 27.2 27.6 434 23.8
0 (0.0) (0.0) (0.1) (0.0) (0.6) (1.8) (2.9) (1.5) (0.6) (1.8) (2.9) (1.5) (0.7) (1.0) (2.1) (0.9) (3.2) 3.7) (7.6) (2.2) (3.0) (4.1) (9.7) (2.4)
0.9 11 1.0 0.9 23 3.4 4.2 3.4 3.2 45 5.2 44 10.2 9.1 9.1 7.6 20.7 19.1 28.4 13.9 30.8 283 375 215
%0 (0.0) (0.1) (0.1) (0.0) 1.7) (1.6) (2.2) (1.1) (1.7) (1.6) (2.2) (1.1) (3.1) (2.0) (1.4) (1.6) (3.5) (3.5) (6.5) (1.0) (2.0) (4.2) (7.8) (1.6)
1.0 1.0 1.0 0.9 3.8 2.2 43 4.9 4.8 3.2 53 5.8 9.3 10.0 9.3 10.2 13.0 15.1 22.9 11.3 223 25.0 32.2 21.6
0 (0.0) (0.1) (0.1) (0.0) (1.9) (0.9) (2.9) (2.2) (1.9) (1.0) (2.9) (2.2) (2.1) (2.1) (1.0) (3.9) (1.8) (1.7) (4.3) (2.0) (1.4) (1.1) (5.2) (2.9)
0.9 1.0 0.9 0.9 23 2.1 4.6 23 3.2 31 5.6 3.2 95 122 8.4 103 10.2 12.1 225 8.9 19.7 243 30.9 19.2
7 (0.0) (0.1) 0.1 (0.0) (1.0) (0.9) (2.2) (1.0) (1.0) (0.9) (2.2) (1.0) (1.8) (3.4) (1.5) (3.4) (3.1) (2.2) (4.4) (0.6) (1.9) (1.5) (5.1) (2.8)
0.9 11 1.0 0.9 17 2.6 2.9 17 26 3.7 3.9 2.6 10.8 15.5 9.5 11.9 10.2 133 16.1 8.9 21.0 28.8 25.6 20.8
5 (0.0) (0.1) (0.1) (0.0) (0.5) (0.5) (1.7) (0.6) (0.5) (0.6) (1.7) (0.6) (2.2) (2.9) (1.3) (3.5) (2.5) (0.8) (3.2) (1.5) (2.5) (2.1) (2.7) (2.9)
0.9 13 13 1.0 1.2 23 3.7 2.7 2.1 3.6 5.0 3.7 10.7 19.1 9.7 14.7 10.4 13.2 12.1 9.2 211 323 21.8 23.9
% (0.0) (0.2) (0.2) (0.0) (0.5) (0.5) (2.2) (0.7) (0.6) (0.5) (2.0) (0.6) (1.3) (3.8) (2.2) (4.4) (2.8) (2.9) (3.9) (2.5) (1.8) (2.6) (3.0) (2.7)
1.0 12 0.9 1.0 1.1 1.9 2.9 1.7 2.1 3.1 3.9 2.6 12.1 17.1 9.1 16.6 15.1 113 116 9.7 27.1 285 20.7 26.3
10 (0.1) (0.2) (0.1) (0.0) (0.6) (1.0) (1.7) (0.6) (0.6) (0.9) (1.7) (0.6) (2.6) (3.1) (1.9) (6.6) (6.7) 2.7) (4.6) (2.1) (9.2) (1.7) (5.1) (5.3)
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