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Abstract—The aim of this study was to examine the dynamics of
functional composition of a non flooded Amazonian forest in
response to drought stress in terms of diameter growth, recruitment
and mortality. The survey was carried out in the continuous forest of
the Biological dynamics of forest fragments project 90 km outside the
city of Manaus, state of Amazonas Brazil. All stems >10 cm dbh
where identified to species level and monitored in 18 one hectare
permanent sample plots from 1981 to 2004.For statistical analysis all
species where aggregated in three ecological guilds. Two distinct
drought events occurred in 1983 and 1997. Results showed that more
early successional species performed better than later successional
ones. Response was significant for both events but for the 1997 event
this was more pronounced possibly because of the fact that the event
was in the middle of the dry rather than the wet period as was the
1983 one.
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|. INTRODUCTION

RAZILIAN Amazonia contains the largest area of

remaining tropical forest in the world and is regarded as
a cradle of Dbiological diversity at the global
level[17],[23],[24]. Therefore the quantification and study of
any form of perturbation on this system is of great scientific
importance. The most common form of non anthropogenic
disturbance upon Amazonian forests is drought stress related
tree death leading to opening of the canopy
[5],[15],[17].Droughts in the Amazon are expected to increase
in both intensity and frequency in the near future mostly as a
result of climate change[1],[5].,[6],[17].-Trees of certain more
drought prone species are expected to be at greater relative
risk especially those individuals that are canopy and emergent
trees [25],[27]and thereby creating problems for the associated
biodiversity they contain. This form of disturbance has been
proven to be directly measurable on the trees which are the
physiognomic dominant of the community by periodic
mensuration of permanent sample plots [14],[17]. Several
studies have dealt with the impact of drought stress on the
structural dynamics of Amazonian non flooded forests.
However few studies so far are dealing with the functional
composition of these forests and their response to drought
stress [6],[21].This is an important area of study because the
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true magnitude of the impact of these changes cannot be
inferred using structural variables alone [16],[21]. In studies
dealing with functional composition response to disturbance in
these forests such as logging or succession of former
agricultural land it is common to aggregate tree species into a
small number of ecological guilds for purposes of statistical
analysis[8],[11],[22]. This is because of the relatively small
numbers of individuals per species per unit area in the sample
plots used to study these [8]. The aim of this study was to
evaluate the impact of two successive drought events on the
dynamic turnover of ecological guilds of trees on a non
flooded tropical forest site of the Brazilian Amazon over large
periods of time.

Il. MATERIALS AND METHODS

A. Study Site

The study was carried out in the Biological dynamics of
forest fragments reserve in the center of non flooded
continuous forest undisturbed by any human activity [12]. The
area is situated 90 km outside the city of Manaus, state of
Amazonas, Brazil (2°51'31.24"S; 59°53'17.36"W; altitude 50
m above sea level) on soils classed as sandy to clayey loam.
The area has a moist tropical climate characterized by a period
of high precipitation from December to May and five months
of low precipitation from June to November. With minor
variations, humidity remains high at 70% to 85% throughout
the year. The site experienced two strong El Nifio driven
drought events one in 1983 and another in 1997 during which
50% of the mean annual precipitation fell.

B. Monitoring Protocol

The monitoring of the forest was conducted by the periodic
re-measurement of permanent sample plots. In each square
1lha (100mx100m) plot all trees >10 cm dbh are measured for
their diameter and new individuals recruiting in the minimum
dbh are identified at the species level and tagged in each
subsequent census with a concurrent note of the trees in all
size classes that died. Each plot is subdivided into 25 square
subplots for purposes of mensuration. A total of 18 plots
where used for this study

C.Tree Species Ecological Grouping

For the purposes of this research the FAO convention of the
definition of a tree species was used which was that of a
woody perennial of a maximum potential height of at least 5
m. We classified all tree species a priori using all possible
combinations of three bole wood specific gravity (g cm™) and
three adult stature classes(maximum potential height
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classes).These are traits which are known to correlate well
with the individual processes of growth, recruitment and
mortality as well as with the process of ecological
succession[9],[10],[11],[18]. The result of this was three
groups or guilds. These where climax or late successional tree
species that are characteristically shade tolerant and have the
relatively longest average lifespan in relation to the other tree
species, light hardwoods (LHW) species that are present in
climax forest but are relatively more light demanding, live for
shorter periods of time and respond more favorably to
disturbance. Finally the true pioneers are the group of trees
that have the lowest possible wood density, have the shortest
life cycle and are characteristically the first tree colonizers of a
site that has been completely denuded of trees. The respective
ecological characteristics of these groups along with the most
abundant individual tree species in the permanent sample plots
varied according to the trait combination of each group (Table

).
D.Data Treatment and Statistical Analysis

Permanent sample plot data was made available for the
period 1981 to 2004.All plots chosen where measured
simultaneously in time. This was done to allow for the effect
of the drought to be the same in the space of time across the
plots. Three variables where used to describe response of each
individual ecological group to drought disturbance. The first
was annual diameter growth rate in centimeter per year using
the equation proposed by Clark and Clark (1992).Reference
[2] gives details of the theoretical and practical justification of
using this. Here dbh1 is the diameter at breast height of a tree
at the beginning of an intercensus period, dbh2 is the diameter
at breast height at the end and t is the time in calendar years
between measurements. Equation (1) describes this.

(dbh2 — dbh1)/t 1)

The second was annualized plot percentage mortality rate
while the third was annualized plot percentage recruitment
rate for each individual guild using the equation proposed by
Sheil et al,(1995) for mortality (m) where No is the total
numbers of stems of the particular functional group at the
beginning of the time interval t, and Nm is the number of
recorded dead trees during the interval. References [19],[20]
give details on the theoretical and practical justification for
using this. Equation (2) describes this.

No—Nm]l/t

m=1_[ No

)

And the algebraically equivalent equation proposed by
Sheil et al., (1996) for recruitment(r) where Nt is the total
number of stems at the end of the time interval t and Ni is the
number of recorded recruits (i.e. ingrowths) in the particular
size class during interval t. References [19],[20] give details
on the theoretical and practical justification of this Equation

(3) describes this.
1/t
r=1—h—%] 3)
Priorto analysis the appropriate correction factor proposed
by Lewis et al.,(2004)was applied to all recruitment and
mortality observations to make the assumption that time
intervals where equal to one year valid. Where A is the
uncorrected rate A iS the corrected rate and t is the time
between censuses in years. This factor is based on intensive
data analyses from a relatively large forest dynamics plot
network across the humid tropics. Reference [13] gives details
on the practical justification and methodology used to derive
this. Equation (4) describes this.

Acorr=A * £008 4)

This methodology ensured that valid aggregations of
meaningful quantities where performed while changes in these
quantities where not affected by differences in measurement
campaign dates. Data where analyzed using the GENSTAT v
12.1 software. Analyses where done using repeated measures
analysis of variance (mixed regression) for 4 intercensus
periods of which that where artificially equal to one year as
the interval between successive measurements of a plot was
greater than one year. The objective was a comparison across
the three groups with time. The drought periods fell in the
intercensus periods 1 to 2 for the 1983 event and 3 to 4 for the
1997 event respectively.

I1. RESULTS AND DISCUSSION

As far as diameter growth of all stems >10 cm dbh was
concerned there was a statistically significant difference with
time across the different groups (p<0.001). The groups
showed essentially the same pattern of decrease in mean
annual diameter growth during a drought period and recovery
afterwards but the magnitude of that recovery differed
between the groups (Fig 1a).Recovery from the first event and
response and recovery to the second event was related to
ecological group while there did not appear to be any
correlation with ecological group for response to the first
drought event (Table 11).The overall pattern was that of a
gradient of response that was a function of ecological status.
More specifically the more shade intolerant early successional
species seemed to recover better than climax forest species
with the true pioneers showing a greater magnitude of
response than the light hardwoods with the climax species
showing the least. This is in agreement with earlier studies
[51,[71.[21],[25] and practical knowledge of response to
disturbance [26].
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TABLE |
ECOLOGICAL GUILDS OF TREES USED IN THIS STUDY, THEIR RESPECTIVE TRAIT STATISTICS AND EXAMPLE TREE SPECIES

Name Bole Wood Density (g cm?®)  Average Adult Stature (m) Example Species
Climax >0.49 >5 Hymenaea courbraril
Light hardwoods(LHW) <0.49 >10 Goupia glabra
Pioneers <0.49 <15 Cecropia sciadophylla

TABLE I
COMPONENT VARIANCE ANALYSIS RESULTS FOR ANNUAL DIAMETER GROWTH, CORRECTED ANNUALIZED MORTALITY, CORRECTED ANNUALIZED
RECRUITMENT BETWEEN ECOLOGICAL GUILDS ACROSS THE TIME PERIODS MONITORED

Variable Type Time Period

Turnover Component Ecological Guild 1 2 3 4
1 0.000 0.002 0.001 0.004
Annual Diameter 2 0.000 0.087 0.052 0.087
Growth(cm yr?) 3 0.000 0.103 0.053 0.085
Corrected Annualized 1 0.000 0.000 0.000 0.000
Mortality (%) 2 0.000 0.041  0.124 0.199
3 0.000 0.163 0.619 0.463
Corrected Annualized 1 0.000 0.000 0.000 0.000
Recruitment (%) 2 0.000 0.042 0.103 0.209
3 0.000 0.102 0.758 0.338

o4
m Climax
035
LHW (=)
03

= Pioneers

Diameter growth (em yr™')
=
[
Il

0.15
0.1
0.05
o |

1 2 E a

Time period
14 14
m Climax m Climax
1255 LHW ) 135+ LHwW ey

1 | M Pioneers

Plot corrected annualized mortality rate (3)

Time period

1 4 mPioneers

Plot corrected annualized recruitment rate(%)

Time period

Fig. 1 Patterns in the behavior of the three ecological guilds across the four intercensus periods with time in stem diameter growth in cm yr(a),
corrected annualized mortality percent (b), and corrected annualized recruitment percent (c)

Tree species that are more adapted to disturbance and
earlier successional will also be able to cope with drought
more effectively due to their ecophysiological traits and
overall ecology which is adapted to conditions that are more
limiting to tree growth and survival than the ones of mature
forest such as open ground.[15],[16].

Moving on to corrected percentage mortality rates there was
a statistically significant difference in mortality rates between

the different groups with time (p=0.019).During a drought
period there was increased mortality of tree stems for all
groups possibly as a result of increased stress for water across
the site a common effect of drought disturbance[1],[5],[15]. It
would seem that during a drought mortality was more elevated
for earlier successional species relative to later successional
ones(Table 1, Fig. 1b). This was not an expected pattern as
such species are considered to be more adapted to drought
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stress due to their relatively greater tolerance of more open
and hence higher desiccation risk conditions[5].A gradient of
response magnitude was observed with climax species
showing less difference in relation to pre and post drought
periods. A possible explanation for this pattern may have been
the spatial position of trees in the forest as a function of their
ecology. Early successional species will tend to grow in sites
with increased exposure to light initially because their seeds or
sprouts would have required relatively high light conditions in
which to germinate and develop respectively[3],[4]. Their
position afterwards if site conditions where maintained would
be unfavorable during a drought due to increased exposure of
these trees to irradiance and hence drought stress. However as
suitable data on spatial position where lacking and with other
contributing microsite factors such as soil or topography
interacting to produce the final effect, this theory remains
untested.

Finally as far as corrected percentage recruitment was
concerned there was a statistically significant difference
between groups with time was observed (p<0.001). An overall
increase in mean annual recruitment rate occurred after a
drought that was more evident for the 1997 event in relation to
the 1983 one (Table 11, Fig.1c). These results are in agreement
with expected ecological response to such disturbance[8],[21].
The increased disturbance in the forest which creates a much
larger amount of microsites relative to the pre disturbance
period in terms of soil and increased light conditions that is a
direct result of the increased death of canopy trees. Tree
species that where more early successional exhibited higher
recruitment rates immediately after a drought relative to more
late successional ones. The light hardwoods where
intermediate and the climax species were last in showing
change. This can be explained by the ecological characteristics
of tree species in these groups [22],[26].

IVV. CONCLUSION

The two drought events had a similar impact on the
functional composition dynamics of the forest. However the
first drought event of 1983 based on available data had a less
significant effect relative to the second of 1997. This probably
is related to the type of drought event. Overall the system
responded to this form of disturbance significantly and in a
way that would be expected from disturbance caused by the
mortality rates of mostly canopy and emergent size trees.
Based on the above we can conclude that drought disturbance
is a major determinant of forest composition and functional
forest composition in specific in the Amazonian landscape
because of the differential response of the ecological groups to
this form of disturbance both in relation to the type of drought
and between the different groups.
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