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ABSTRACT

Among their effects on forest structure and carbon dynamics, hurricanes frequently create large-scale canopy gaps that promote secondary growth. To measure the
accumulation of aboveground biomass (AGBM) in a hurricane damaged forest, we established permanent plots 4 mo after the landfall of Hurricane Joan on the Adantic
coast of Nicaragua in October 1988. We quantified AGBM accumulation in these plots by correlating diameter measurements to AGBM values using a published
allometric regression equation for tropical wet forests. In the first measurement year following the storm, AGBM in hurricane-affected plots was quite variable, ranging
from 26 to 153 Mg/ha, with a mean of 78 (£15) Mg/ha. AGBM was substantially lower than in two control plots several kilometers outside the hurricane’s path (331
+15 Mg/ha). Biomass accumulation was slow (5.36 & 0.74 Mg/halyr), relative to previous studies of forest regeneration following another hurricane (Hugo) and
agricultural activity. We suggest that large-scale, homogenous canopy damage caused by Hurricane Joan impeded the dispersal and establishment of pioneer trees and
led to a secondary forest dominated by late successional species that resprouted and survived the disturbance. With the relatively slow rate of biomass accumulation,
any tightening in disturbance interval could reduce the maximum capacity of the living biomass to store carbon.

RESUMEN

Los huracanes pueden afectar la estructura y dindmica de carbono de los bosques mediante la formacién de grandes aperturas del dosel, las cuales estimulan el
crecimiento de vegetacion secundaria. Para medir la acumulacién de biomasa sobre el suelo en un bosque afectado por un huracin, establecimos parcelas permanentes
cuatro meses después del paso del huracén Juana en la Costa Atlédntica de Nicaragua en 1988. Cuantificamos la acumulacién de biomasa sobre el suelo mediante el uso
de ecuaciones de regresion alométrica desarrolladas con datos de didmetro y biomasa de 4rboles de bosques humedo trépicales. En el primer afio después del huracén,
la biomasa en las parcelas dentro del 4rea afectada por el huracén fue muy variable, con un 4mbito de 26-153 Mg/ha, con un promedio de 78 (+15) Mg/ha. Se estimé6
una biomasa de aproximadamente 331 (15) Mg/ha en dos parcelas de control a varios kilémetros del 4rea afectada por el huracdn. La acumulacién de biomasa fue
lenta (5.36 & 0.74 Mg/halyr) en las parcelas afectadas en comparacion a reportes de regeneracién despues de otro huracdn (Hugo) o posterior a uso agricola. Estos
resultados sugieren que el impacto extensivo y homogéneo del huracan Juana impidio la dispersién y establecimiento de especies pioneras, llevando a la formacién de
un bosque secundario compuesto por especies de sucesion tardia que rebrotaron y sobrevivieron al impacto del huracén. La baja tasa de acumulacién de la biomasa,
sugiere que un incremento en la frecuencia de disturbios podria reducir la capacidad méxima del bosque de almacenar carbono en la biomasa viva.
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NORTH ATLANTIC HURRICANES ARE ONE OF THE MOST IMPORTANT tropical forests and the atmosphere is extremely sensitive to pertur-
DISTURBANCES affecting tropical forests in the Caribbean and Cen- bation, and hurricanes can have an immediate and overwhelming
tral America (Belt 1888, Vandermeer e /. 1990, Brokaw & Walker effect on the carbon balance of a forest (Brown & Lugo 1982, Lugo
1991, Walker ez al. 1991, Yih et al 1991, Boose et al 1994, 2000, Breshears & Allen 2002, McNulty 2002). Hurricane Joan,
Zimmerman et al. 1996, Lugo 2000, Dale ez 2/. 2001). These storms for example, leveled approximately 500,000 ha of primary forest

are a natural part of the forest ecosystem, causing a recurring oscil- in a matter of hours, a rate not exceeded by the direst estimates of
lation between sudden damage and gradual regrowth. Observations deforestation for the globe (Yih ez 2/. 1991, Houghton ez al. 2000).
at the Luquillo Long-Term Ecological Research site on Puerto Rico Changes in forest structure following Joan may have also caused
indicate that prolonged disturbance by hurricanes fundamentally increased susceptibility to fires induced by the 1997-1998 El Nifio
alters the ecology, physiognomy, and carbon dynamics of tropical Southern Oscillation (ENSO), as well as accelerated agricultural
forests over long time scales (Brokaw & Walker 1991, Walker ez activity.

al. 1991, Zimmerman er al. 1995, Lugo & Scatena 1996, Lugo It now appears that many disturbance regimes might be altered
2000). In the short term, the flux of carbon dioxide (CO,) between as a result of anthropogenic climate forcing, and atmospheric mod-

L B els have suggested a potential for increased hurricane frequency and
Received 29 March 2004; revision accepted 30 January 2005. intensity (Emanuel 1987, Gray 1990, Walsh & Pittock 1998, Dale
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particularly for the Caribbean; however, this trend cannot be ex-
plained by anthropogenic forcing (Goldenberg e a/. 2001, see also
Eastetling ez al. 2000). Irrespective of the cause, changes in hurri-
cane frequency and intensity would substantially alter tropical forest
dynamics, arresting tree growth and regeneration, and accelerating
nutrient and carbon cycling (Lugo 2000).

HURRICANES AND BIOMASS.—Hurricanes have two key effects on
the aboveground biomass (AGBM) of a forest. First, storm dam-
age in the short run causes a net loss of live AGBM, converting it
to coarse woody debris at the forest floor that immediately begins
to decompose (Vandermeer et al. 1990, Brokaw & Walker 1991,
Zimmerman et al. 1995, Scatena ez al. 1996, Lugo 2000). McNulty
(2002) reported that a single hurricane could convert 10 percent
of the total annual carbon sequestered by U.S. forests into downed
biomass. Whether or not this material represents a source or sink of
CO;, is uncertain and probably varies considerably with landscape
heterogeneity. Lugo (2000) noted that landslides and mudflows
associated with hurricanes may bury the material, slowing decom-
position, or that the material could be exported to anoxic marine
environments by large runoff events. If left to decompose, however,
canopy material felled by hurricanes represents a substantial source
Of C02

Second, hurricanes create large-scale canopy gaps, encouraging
secondary forest growth that results in a gradual accumulation of
biomass (Vandermeer ez 2. 1990, Brokaw & Walker 1991, Zim-
merman et al. 1995, Scatena ez al. 1996, Lugo 2000). With the
increasing abundance of secondary forests worldwide, and the pos-
sibility of utilizing them as part of a management strategy to capture
atmospheric CO; (reviewed by Hoffert ez al. 2002), considerable re-
search has been aimed at biomass accumulation in these forest types
(Brown & Lugo 1990, Vitousek 1991, Fearnside & Guimaraes
1996, Alves et al. 1997, Hughes ez al. 1999, Cairns ez al. 2000,
Johnson et al. 2000, Silver et al. 2000, Chave et al. 2001, Rudel
2001). For the most part, however, these studies are concerned with
secondary growth following agricultural abandonment, and there
is some concern that the carbon dynamics following natural dis-
turbances are being ignored (Dale ez a/. 2001, Breshears & Allen
2002).

Hurricane Joan struck the Adantic Coast of Nicaragua on 22
October 1988, completely destroying the forest canopy over an
area of 500,000 ha (Vandermeer ez 2. 1990, Yih ez 2l 1991). The
250 km/h wind gusts of the category IV storm snapped or up-
rooted 80 percent of the trees, and completely defoliated those that
remained standing (Yih ez al. 1991). The return frequency of a
hurricane of comparable intensity was estimated at 100 yr for the
region (Boucher 1992). Unlike Hurricane Hugo (see Brokaw &
Grear 1991), after which destruction was patchy and whole sec-
tions of primary forest survived unscathed, the damage following
Joan was relatively homogenous. Forest regeneration followed the
direct regeneration hypothesis; it was dominated by nonpioneer
seedlings and saplings that survived the hurricane, and sprouting
from snapped trees (Vandermeer et al. 1995, 1996, 2000). This
pattern of regeneration was fundamentally different from the pro-
cesses operating in the Luquillo Mountains in Puerto Rico after the

Post-hurricane Biomass Recovery in Nicaragua 601

impact of Hurricane Hugo (Scatena ez a/. 1996, Lugo 2000). Direct
regeneration of the forest in the aftermath of Hurricane Joan has
been the subject of intensive, long-term studies, and more detailed
information about the ecology of the recovery is available elsewhere
(Vandermeer ez al. 1990, 1995, 1996, 2000; Yih ez 2/ 1991; Vander-
meer & Perfecto 1995; Granzow de la Cerda ez 2. 1997; Boucher
et al. 2001; Vandermeer & Granzow de la Cerda 2004). In this
study, we describe the nature and rate of AGBM recovery following
extensive damage by Hurricane Joan, and compare this rate to that
of forests recovering from Hurricane Hugo, as well as agricultural
abandonment.

METHODS

STUDY AREA AND SAMPLING.— We conducted this study in a lowland
Neotropical rain forest in the region surrounding Bluefields, on
the Adantic coast of southern Nicaragua. The vegetation is highly
species-rich, with a relatively low canopy and a palm-dominated
understory, and is classified as tropical wet forest in the Holdridge
life zone system (Holdridge ez 2/. 1971). The region averages 30 m in
elevation, ranging from 0 to 60 m, and receives 4000-4800 mm of
rainfall per year, with March and April receiving only 60 mm (Incer
1973, Blair 2002). Soils are residual, lava-derived ultisols, relatively
rich in organic matter, carbon, and phosphorus (Blair 2002). For
more detailed information concerning the geology, climate, flora,
and fauna of Nicaragua see Incer (1973) and Hollowell (2001).

Following the use of temporary plots to collect data in February
1989, we permanently established six 100 x 10 m (0.1 ha) plots
in 1990 throughout the area damaged by Hurricane Joan (three at
La Bodega and three at La Fonseca; see maps in Vandermeer ez al.
1990, 2000 and Yih ez al. 1991). Four of these plots were eventually
abandoned due to agricultural activity and recurring fires associated
with the 1997-1998 ENSO event (Table 1). To substitute these
losses, we established six additional 50 x 30 m (0.15 ha) plots at
alternate sites (two at La Bodega in 2000 and 2001; three at La
Unién in 1994, 2000, and 2001; and one at Loma de Mico in
1994). We also established two control plots (at Kurinwis) in 1996
in an area of forest approximately 100 km outside the hurricane’s
path.

In the first year of the study, we located, identified, and mea-
sured the diameter (DBH) of each tree (including palms; excluding
lianas, hemiepiphytes, and stranglers) >3.2 cm in diameter, and
tagged and mapped each tree using a coordinate system. We mea-
sured diameter 1.4 m from the ground, or immediately above exist-
ing buttresses and stem abnormalities, and we horizontally marked
the bole of each individual to ensure that the same cross-sectional
diameter was measured in successive years. We censused all plots
annually in February and added new recruits to the data set in the
first year they reached the minimum size-class.

BIOMASS AND ALLOMETRY.—We estimated AGBM indirectly from
stem diameter (DBH) using an allometric regression equation.
Biomass equations are typically developed by harvesting entire trees
or whole areas of forest, and correlating dry aboveground tree
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TABLE 1.  Plot locations and summary data for four hurricane-affected sample sites and one control site (Kurinwds) established outside the path of Hurricane Joan.
Beginning AGBM  Ending AGBM Mean AGBM
(Mg/ha) and palm (Mg/ha) and palm increment
Site Site location® Plot name Plot size (ha) Sampling years fraction (%) fraction (%) (Mg/ha yr)b
La Fonseca 12°16'N, 83°58'W Molly 0.1 1990-1998 71 20 112 13 5.19 (0.39)¢
Luvi 0.1 1990-1998 51 40 99 21 6.02 (1.25)
Judy 0.1 1990-1998 153 19 189 13 450 (3.01)
La Bodega 11°52'N, 83°58'W Colibri 0.1 1990-2002 26 0 99 1 6.10 (1.43)
Ernesto 0.1 1990-2002 50 0 109 2 4.88 (1.60)
Katrina 0.1 1990-1998 119 0 175 <1 7.01 (1.61)
Parc. B 0.15 2001-2002 116 6 120 6 4.20
Rayo 0.15 2000-2002 110 1 116 1 2.86 (1.69)
Loma de Mico 12°11'N, 83°48'W Loma de Mico 0.15 1994-1998 88 32 116 22 6.85 (5.57)
La Uni6én 12°03'N, 83°48'W A 0.15 1994-2002 90 9 129 7 4.85 (0.99)
B 0.15 2000-2002 86 3 103 3 8.38 (4.14)
C 0.15 2001-2002 120 5 121 5 1.19
Kurinwis 12°51'N, 83°46/ A 0.15 1996 345 0 - - -
B 0.15 1996 316 0 - - -

*Maps available in Vandermeer ez /. (1990, 2000) and Yih ez al. (1991).

>Computed across all sampling years, such that the AGBM increment for a given year is computed by subtracting the AGBM of the previous year.

(& standard error).

biomass (AGTB) with diameter (Ovington & Olson 1970, Ed-
wards & Grubb 1977, Lescure et al. 1983, Overman et al. 1994,
Alves et al. 1997, Brown 1997, Laurance et al. 1997, Chave et al.
2001, Clark er al. 2001). For dicotyledons, height is not a good
estimator of AGBM, because adding a third parameter to the re-
gression frequently leads to higher correlation coefficients even if
height is poorly measured (Lescure ez a/. 1983, Overman et al. 1994,
Chave ez al. 2001, Segura & Kanninen 2005). In the case of palms,
however, height is typically a better predictor of biomass accumu-
lation than diameter (Brown 1997). Because accurate height data
were not available for all years, we included palms in the analysis
of all trees rather than using an alternate equation (methods follow
Clark & Clark 2000). The error associated with this inclusion is
not currently known (Clark ez 2/. 2001).

In our estimates of biomass, we used a data set published by
Brown (1997) that included trees (>4 cm DBH) from tropical wet
forests in Costa Rica (101 individuals; Joyce 1989 [cited in Brown
19971]), New Guinea (41 individuals; Edwards & Grubb 1977), and
Puerto Rico (34 individuals; Ovington & Olson 1970). We chose
the data set based on its relevance to the forest ecosystem of the
Atlantic zone of Nicaragua in terms of climate, soil, and vegetation
characteristics. We used the data to fit a correlation between DBH

and AGTB, of the form:
In(AGTB[kg]) = @ + B * In(DBH[cm]) (1)

such that ¢ = —2.52 4+ 0.11 (SE), B8 =
and B2 > 0.97 JMP 2002).

2,51 £ 0.03,

Our study differs from previous studies of AGBM accumula-
tion with respect to the calculation of biomass increment. Annual
DBH measurements remove the need to use diameter size classes
when measuring biomass change over time (Brown 1997, Clark
er al. 2001). The biomass of each tree is thus followed individually
from year to year. Under this measurement scenario, the ingrowth
and mortality of individual trees are recorded annually, and there
is no need to use diameter size classes to account for it (see Clark
et al. 2001). Although our minimum size class included individuals
that were up to 0.8 cm smaller in diameter than those represented
by the Brown (1997) data set, the importance of these individuals
in AGBM estimates was nominal (<0.9% in 2002).

RESULTS

Live AGBM in two plots undamaged by the hurricane (total area
0.3 ha) averaged 331 (£15) Mg/ha, and stem density and relative
AGBM contribution were skewed to the smallest and largest size
classes, respectively (Fig. 1). Individuals 3.2-10 cm in diameter con-
stituted more than 89 percent of all stems (1203 £ 117 stems/ha),
but accounted for only 2.5 percent of AGBM (8 £ 1 Mg/ha). In
contrast, seven trees >70 cm in diameter made up only 1.4 percent
of stems (23 =+ 3 stems/ha) but totaled 45 percent of AGBM (148
£ 9 Mg/ha).

In the six hurricane-damaged plots, AGBM was quite variable,
ranging from 26 to 153 Mg/ha, (mean 78 £ 15 Mg/ha). The
combined plot area (0.6 ha) included only four trees >50 cm DBH,
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FIGURE 1.

Relative contribution of 10 cm size classes (minimum 3.2 ¢cm) to stem density (stems/ha) and aboveground biomass (AGBM; Mg/ha). (A) Mean stem

density and (B) AGBM of the two control plots (1996). (C) Mean stem density and (D) AGBM for the first six hurricane-affected plots (1990). (E) Mean stem density
and (F) AGBM for eight remaining plots in the most recent measurement year (2002).

and only one tree >70 cm. This single tree (Prerocarpus officinalis),
found at La Fonseca “Judy,” accounted for 12 percent of mean
AGBM (10 £ 11 Mg/ha). Overall, the relative contribution of the
larger size classes (>30 cm) to both stem density and AGBM was
less than in forests unaffected by the hurricane (Fig. 1). The relative
density of the smallest size class (3.2-10 cm DBH) in hurricane-
damaged plots was also less than for the unaffected forest (68%
or 953 £ 116 stems/ha), but the relative contribution to AGBM
was greater (9% or 8 & 1 Mg/ha). However, the above effects of
the hurricane on density and AGBM were not significant (two-way
analysis of variance using size class, hurricane treatment, and an
interaction term; JMP 2002).

AGBM rose steadily for each plot across years following the
hurricane impact (Fig. 2), though accumulation was highly variable
across all plots and years, ranging from —8 to 22 Mg/ha/yr. Accu-
mulation rates for each plot averaged across years are reported in
Table 1. To examine changes in AGBM increment, we calculated
the mean AGBM accumulation rate for each year (Fig. 3). The
overall AGBM accumulation rate, averaged across 11 yr of incre-
ment data was 5.36 (£ 0.74) Mg/ha yr. Only in 1998 and 1999 did

this rate deviate noticeably, with mean accumulations of only 1.37
and 0.95 Mg/ha, respectively (Fig. 3). Because the plots were sam-
pled in February, these two periods coincide with the 1997-1998
ENSO, which caused higher temperatures and lower precipitation
over a significant region of the Central American isthmus. Five of
the eight active plots had to be abandoned in 1999 as a result of
ENSO-related fires and agricultural encroachment, and of the three
that remained, only one (La Uni6én A) did not show a negative
AGBM accumulation rate in either 1998 or 1999.

Restricting our data to two plots that survived the entire length
of the study, AGBM rate differed little from the overall mean (5.49
+ 1.29 Mg/halyr). We also noted minimal differences when con-
sidering the first 7 yr of increment values for the six original plots
(5.58 = 0.84 Mg/halyr), four plots in which the palm contribution
to AGBM was >10 percent (5.49 £+ 1.07 Mg/ha/yr), and eight
plots in which the palm contribution was <10 percent (5.37 £
1.07 Mg/halyr).

In 2002, 14 yr after the hurricane impact, AGBM in hurricane-
affected plots ranged from 99 to 128 Mg/ha (mean: 113 & 4
Mg/ha). However, only two of the original six plots were represented
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FIGURE 3. Mean annual aboveground biomass increment calculated as the

change from the previous year to the current year for all 12 plots. Dashed lines
indicate associated absolute maximum and minimum values for each year. The
tightening of the range for the year 1999 is caused by the loss of five of eight
active plots, as indicated by the bar graph.

in 2002, due to losses to agriculture and fire (Table 1). At the time
of abandonment, two plots had reached or exceeded 50 percent of
the primary forest AGBM (Fonseca “Judy” in 1998 and Bodega
“Katerina” in 1998). Overall stem density in the remaining plots

was almost double that of the undisturbed forest (3282 vs. 1720
stems/ha). The relative AGBM contribution of stems 3.2-10 cm
DBH was 15 percent (18 £ 1 Mg/ha), and stems <20 cm DBH
made up more than 50 percent of mean AGBM (58 & 2 Mg/ha).
Only one tree >50 cm DBH was found in the combined plot area
(0.95 ha), accounting for just 2 percent of mean AGBM (3 £ 3
Mg/ha).

DISCUSSION

ASSUMPTIONS AND ERROR.—The estimates of AGBM rely on sev-
eral assumptions, and thus we urge caution in the interpretation of
the results. The most important of these assumptions is that the
allometric regression equation used is a good match for the forest
ecosystem of the Atlantic lowlands of Nicaragua. Each of the three
sites included in the harvest data set were representative of tropical
wet forests in general (Brown 1997). Furthermore, the Costa Rican
data (101 of 176 individuals) were collected within 20 km of the La
Selva Biological Station, approximately 200 km south of Bluefields.
The climate at La Selva is similar to the region around Bluefields, re-
ceiving approximately 4000 mm of rainfall per year with virtually no
dry season, and a mean annual temperature of approximately 26°C
(McDade & Hartshorn 1994). Blair (2002) collected extensive soil
data for many of the sites used in this study, noting that available
phosphorus, potassium, and carbon were within the range obtained
at La Selva, though nitrogen was slightly higher than the mean
for lowland forests in Costa Rica (Sollins ez al. 1994). Compared
to other mature Neotropical forests, AGBM of the nonhurricane-
damaged forest (331 & 15 Mg/ha) was within the range found by
DeWalt and Chave (2004; 175-466 Mg/ha, excluding lianas), and



was within the standard error found on ultisols at La Selva (256 %
80 Mg/ha).

Clark and Clark (2000) noted, however, that even within a
life zone the equation used to calculate AGBM might be a source
of error. Allometric relationships between diameter and AGBM of
individual trees are likely to vary considerably within a given climac-
tic regime, and without harvesting local trees or collecting specific
gravity measurements there is no way to correct for possible error
(Segura & Kanninen 2005). Another problem inherent in the use
of allometric equations is the tendency for harvesters to use pre-
dominantly healthy, robust individuals, and this was certainly the
case for the Costa Rican data (Clark & Clark 2000). Application of
the equation to damaged individuals will result in an overestimation
of their biomass because crown damage is not evident from diam-
eter measurements (Clark & Clark 2000). This problem may be
exacerbated in our study because large individuals that survived the
hurricane event incurred a significant amount of canopy damage
(Yih et al. 1991). In addition, the AGBM increment for such in-
dividuals could be underestimated if they redirected photosynthate
toward rebuilding their crowns.

The plots used were small (0.1-0.15 ha) and were insuffi-
cient to capture the spatial distribution of large trees that dominate
biomass estimates. However, the damage caused by Hurricane Joan
removed virtually all the large trees from the sample area, increas-
ing the importance of smaller trees in biomass estimates (Fig. 1).
Furthermore, although the stand-level equation used was not in-
tended for application to palms, palm contribution to AGBM was
limited (Table 1), and plots with substantial palm densities did not
show markedly different AGBM accumulation rates from either the
overall mean or plots lacking palms.

Finally, we included only AGBM of living trees in the analysis,
and the exclusion of other growth forms, such as lianas, is certainly
an underestimation. Although lianas are important in canopy re-
generation (Schnitzer ez al. 2000), they do not typically represent
a significant portion of AGBM (Putz 1983), especially in tropical
wet forests, where they have been found to be relatively uncommon
(Gentry 1991, Mascaro et al. 2004).

BIOMASS ACCUMULATION.—Hurricanes tend to destroy forest
canopies in a patchy, heterogeneous pattern across the landscape
(Brokaw & Grear 1991, Lugo 2000); however, the damage from
Hurricane Joan was much more homogenous than previously doc-
umented storms, such as Hurricane Hugo (Yih ez 2/ 1991). The
finely dissected terrain of Puerto Rico probably protected whole
areas of forest from damage associated with high wind velocities
(Scantena ez al. 1996). In contrast, the forest damaged by Hurri-
cane Joan occupies the coastal plane, where large breaks in topog-
raphy are virtually absent. Without such physical barriers, patches
of primary forest were not retained, and canopy destruction was
fairly regular (Vandermeer ez al. 1990, Yih ez al. 1991). Although
this pattern was not expressed in the variability of initial AGBM
values (26-153 Mg/ha), individual plot sizes were too small to ac-
curately characterize the spatial distribution of large trees. However,
structural damage favored the advanced regeneration at the expense
of the larger size classes (Fig. 1), and was consistent with the ten-
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dency of wind disturbances to damage large, overstory trees while
leaving the understory intact (see, ¢.g., Everham & Brokaw 1996).
The mean ABGM increment (5.36 % 0.74 Mg/ha/yr), while within
the range of secondary forests in general (Brown & Lugo 1990), is
lower than other rates reported for neotropical wet and seasonally
wet forests. Lower, and in some cases negative, AGBM accumula-
tion for 1998 and 1999 is the result of reduced tree growth and
increased tree mortality, probably related to the 1997-1998 ENSO
event. Chazdon et al. (2005) followed tree mortality from 1997
to 2003 in secondary forest sites at La Selva, and observed higher
mortality in all size-classes during the 1997-1998 ENSO period.
Mortality was 1.9 times higher for trees >10 cm DBH, the size-class
that would confer the greatest affect on AGBM, and was probably
caused by reduced dry-season rainfall. In addition to precipitation
effects, higher mean annual temperatures associated with ENSO pe-
riods have been shown to negatively affect the rate of photosynthesis
in tropical trees (Clark ez a/. 2003).

The most detailed investigations of tropical AGBM accumu-
lation following hurricane disturbances come from the Luquillo
Long-Term Ecological Research site on Puerto Rico. After 5 yr of
regeneration following the landfall of Hurricane Hugo in 1989,
Scatena et al. (1996) reported an AGBM accumulation of 16.3
Mg/halyr in the Bisley watershed, a subtropical wet forest receiv-
ing between 3000 and 4000 mm of rainfall each year (Scatena
etal. 1993). Initial estimates of surviving AGBM averaged 78 (£15)
Mg/ha in Nicaragua, compared to 113 (£25) Mg/ha for Bisley, and
this represents a more significant loss from the estimated primary
forest value for the Nicaraguan forest (76% vs. 50%). Regenera-
tion was nearly three times more rapid for the Bisley watershed,
and the species-level processes operating after the two storms were
quite different. In the case of Hurricane Joan, nearly all the species
present prior to the storm regenerated directly via resprouting, or as
seedlings or saplings that had established prior to the disturbance
(Boucher 1990; Vandermeer et al. 1990, 1995, 1996, 2000; Yih
et al. 1991). Following Hurricane Hugo, however, regeneration was
dominated by pioneer species (i.c., Cecropia schreberiana, Psychotria
berteriana, and Guarea glabra) that had been less abundant prior
to the disturbance (Scatena et /. 1996). In fact, 83 percent of
the AGBM accumulation (14.5 Mg/ha/yr) measured was due to
postdisturbance proliferation of pioneers, rather than the growth or
sprouting of surviving individuals.

AGBM accumulation rates for agricultural succession also ap-
pear to be higher than those following Hurricane Joan. A relatively
more massive (401 Mg/ha) seasonal rainforest (2300 mm/yr) in the
western Brazilian Amazon was estimated to regenerate at 6.6-8.7
Mg/ha/yr following low intensity agricultural activity, based on a
chronosequence of stands between 2 and 18 yr of age (Alves et al.
1997). After 18 yr of regeneration, AGBM ranged from 40 to 60
percent of the primary forest estimate, depending on the allometric
regression equation used. While two plots established in the wake of
Joan had reached 50 percent of the estimated primary forest value
prior to abandonment, each of these had a standing AGBM of more
than 100 Mg/ha immediately following the disturbance. The initial
AGBM reported by Alves et al. (1997) was much closer to 0 (10
Mg/ha after 2 yr). In a review of more than 20 studies, AGBM
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accumulation following agricultural and pasture abandonment av-
eraged 6.2 Mg/ha/yr (Silver ez al. 2000). Rates of accumulation were
more significantly affected by previous land use than by life zone,
with pasture lands regenerating somewhat slower than agricultural
fields, and all rates slowing after a period of 20 yr. Furthermore, using
an empirical model based on soil texture and climate data (Johnson
et al. 2000), Zarin er al. (2001) predicted a regional AGBM accu-
mulation rate of 7.6 Mg/ha/yr for Amazonian secondary forests on
nonsandy soils similar to those found in the Bluefields region.

The comparatively slow rate of regeneration following Hurri-
cane Joan could be attributed to higher initial AGBM immediately
after the disturbance (relative to abandoned agricultural lands), ef-
fectively starting succession past the most rapid accumulation rates.
However, this would not explain the difference in AGBM accumu-
lation between forests following Hurricanes Hugo in Puerto Rico
and Joan in Nicaragua.

We suggest that the fundamental differences in succession that
contrast the regeneration following Hurricane Hugo and Hurricane
Joan also set the latter apart from regeneration following agricultural
activity. In a species-level analysis of several abandoned agricultural
fields near the Bodega and Fonseca transects, Boucher ez a/. (2001)
found that while postagricultural forests were floristically distinct
from primary forests, prehurricane and posthurricane forests were
relatively similar in composition. We further suggest that the high
abundance of “late-successional” species with relatively slower abso-
lute growth rates was largely responsible for the lower rate of AGBM
accumulation estimated for this tropical wet forest recovering from
the impact of Hurricane Joan. Biomass production following dis-
turbance has been shown to vary with respect to stand age, growing
season length and temperature, soil moisture and nutrient availabil-
ity, and disturbance size and intensity (Johnson ez a/. 2000), and to
this list we would add and emphasize the successional composition
of the forest community.

The mechanism for this successional contrast lies in the nature
of canopy damage caused by Hurricane Joan. The destruction of
the forest canopy over such a wide area was particularly devastating
for large trees and left very few seed trees. This severely limited seed
dispersal and allowed late-successional survivors to take advantage
of resources for which they might otherwise be outcompeted. In
contrast, persistent patches of primary forest in Puerto Rico fol-
lowing Hurricane Hugo appear to have provided a seed source for
the overwhelming dominance (83%) of newly recruited individuals
found in regenerating areas of forest (Scatena ez al. 1996).

HURRICANE JOAN AND CLIMATE CHANGE.—In the Luquillo Exper-
imental Forest, the 60-yr hurricane return time was shown to be
somewhat longer than the recovery time for biomass (Scatena &
Larsen 1991, Scatena 1995, Scatena ez al. 1996), suggesting a syn-
chrony with the disturbance (Lugo & Scatena 1996). Based on
our initial estimates of AGBM recovery following Hurricane Joan,
it is difficult to estimate the regeneration time required for the
damaged forest to return to primary forest biomass levels. How-
ever, using mean AGBM values prior to the 1997-1998 ENSO,
we estimated recovery times ranging from 70 to 200 yr for an ac-
cumulation of 90 percent of the estimated primary forest AGBM

of 331 Mg/ha (Schumacher growth function, Schumacher 1939;
Chapman-Richards function, Richards 1959, Chapman 1961; JMP
2002). This estimate does not allow us to predict whether these sites
will quantitatively recover within the 100-yr return time estimated
for hurricanes of Joan’s intensity. However, we are continuing to
follow AGBM reorganization and accumulation in the region sur-
rounding Bluefields to improve our calculations of regeneration
times.

While several studies have suggested that anthropogenic
climate forcing might result in a tightening of hurricane return
intervals for the Atlantic (reviewed in Dale ez a/. 2001), empirical
evidence of this connection is lacking (Easterling ez 2/. 2000). How-
ever, Goldenberg ¢z a/. (2001) analyzed multidecadal variation in
hurricane frequency and indicated that hurricane seasons from 1995
to 2000 represent a turn toward a 10—-40-yr period of heavy activity,
particularly for the Caribbean. This trend cannot be explained en-
tirely by anthropogenic forcing, nor can forcing be discounted as a
contributing factor (Goldenberg ez /. 2001). Lugo (2000) detailed
the ecosystem-level responses associated with increased hurricane
frequency and intensity, and we will not echo them here except
to say that AGBM would be reduced and limited because growth
would be interrupted with greater frequency or intensity. The area
of primary forest destroyed by Hurricane Joan was more than 15
percent of the total forested land area in Nicaragua, and with the
relatively slow rate of regeneration reported here, any tightening
in disturbance interval could reduce the capacity of the AGBM to
store carbon.
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