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ABSTRACT.

Some features of forest elements making up canopy gaps, and their effects on gap size, shape,

and orientation are analyzed. These characteristics, relevant for gap light regime and for ecological processes
in gaps, are studied both at the field level and with the aid of digital hemispherical pictures. We found that
the length of the gap starter element plays a crucial role in determining gap size. Gap shape-compactness
and orientation are rather random results in gap creation. We suggest that gap size will vary among forests
at different states of maturity and/or with different canopy heights, which may lead to differences in gap
species composition and structure, and so affect their regrowth patterns.
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INTRODUCTION

The fall of major structural elements compos-
ing the forest matrix, i.e., trees, branches and
vines, usually leads to the formation of gaps by
a process of perforation of the canopy layer, al-
lowing light penetration to the forest ground
(Bazzaz 1984, Brokaw 1985, Van Der Meer &
Bongers 1996a). In tropical rain forests, these
small-scale disturbances that alter the heteroge-
neity of resources through space and time, play
an important role in the maintenance of the for-
est structure and composition (e.g., Brokaw
1982a, Orians 1982, Riéra 1982, Denslow 1987,
Clark 1990, Hartshorn 1990). A forest can be
considered as a composite of patches in different
stages of regeneration, i.e., gaps and forest
patches in building and mature phases (Watt
1947, Whitmore 1978, Richards 1996). It has
been suggested that gap morphological features,
besides other internal sources of heterogeneity,
can influence the persistence of plant popula-
tions and species coexistence (e.g., Ricklefs
1976, Denslow 1980, Orians 1982, Brandani et
al. 1988, Runkle 1989).

Considering gaps as the result of the fall of a
volume of forest (Van Der Meer et al. 1994), it
is reasonable to hypothesize that some charac-
teristics of such a volume determine the result-
ing morphological characteristics of gaps. Gap
geometry is composed by a core or interior, en-
closed by an edge and perimeter (Forman 1997).
However, the third-dimensional component of
the forest is also relevant to the ecological pro-
cesses in gaps since it controls light penetration
to the understory (e.g., Reifsnyder & Lull 1965,
Terborgh 1985). Gap light regime, which de-
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pends on gap size, shape, orientation and height
of the surrounding forest, drives microclimatic
conditions (e.g., soil moisture, temperature) and
subsequently ecological effects such as seed ger-
mination, plant growth, mortality, and develop-
ment (Popma & Bongers 1988, Poulson & Platt
1989, Raich 1989, Raich & Gong 1990, Ostertag
1998).

Gap features are not static through time. Re-
peated disturbance can occur (Young & Hubbell
1991), leading to an expansion of the core, edge
and perimeter. Also, ingrowth of neighboring
branches can affect the surrounding canopy
height and influence the gap zones, and the ver-
tical plant growth will also contribute to mor-
phologic, structural and microclimatic changes
in gaps.

In most of the studies on canopy gaps, gap
size (accumulation of area) has been considered
the main morphological feature with ecological
relevance (e.g., Hartshorn 1978, Brokaw 1985,
Denslow 1987). Little attention has been paid to
the shape, i.e., spatial distribution of area (Sal-
vador-Van Eysenrode et al. 1998), and orienta-
tion, i.e., the spatial distribution of area in rela-
tion to a coordinate system.

In this paper, we focus on some features of
the gap starter elements and the modes of gap
opening, and discuss the possible implications of
differences in type and features among gap start-
ers.

StuDY SITE

Data were obtained from a permanent sample
plot of 13.5 ha on a tract of virgin terra firme
forest (Kricher 1989) at the Tiputini Biodiversity
Station (TBS, Universidad San Francisco de
Quito—Boston University), 0°40’S, 76°20'W,
and altitude ca. 300 m, in the new province of

339



340

Orellana, Ecuador. The plot was demarcated in
June 1997 and consists of two flat terraces sur-
rounded by swamps and an oxbow lake. Soils at
TBS are alluvial and clayey (Baldock 1982);
yearly mean temperatures are above 25°C, and
yearly rainfall totals some 3000 mm per year,
following a bimodal pattern (source: Direccién
de Aviacién Civil, Coca airport, 0°27'S,
76°59'W).

MATERIALS AND METHODS

Within the plot, we searched for all vertical
canopy gaps (>4 m?) formed between October
1996 and March 1998. Age of most of the gaps
was known; the remaining were dated using ref-
erential gaps with known age, comparing the
state of vitality of the gap-maker element(s), the
freshness of the snap(s), or uprooting(s), and the
state of the damaged and grown vegetation in
the gap. As soon as possible after their forma-
tion, we marked gaps at their center with a num-
bered metallic pole and recorded the following
data.

Gap Makers

Based on Clarks’s (1990) classification, we
noted whether a gap was started by an uprooted
tree, snapped tree (stem), branchfall, or vinefall.
We recorded the number of gap makers per gap
event and measured the height (length) of the
gap starter and its diameter at breast height
(DBH). In the case of branchfalls, the diameter
was measured at the place of the snapping. The
diameter of one of the vinefalls was measured
as a branchfall. For a second vinefall, its largest
diameter was used, and the length of the longest
gap diameter within the projected gap area was
considered its length. Finally, we determined the
fall direction (¢) of the gap maker elements. In
the case of a second vinefall, we used the direc-
tion of the diameter line considered as its length.

Gap Features

Gap sizes were measured according to the def-
initions of gap of Brokaw (1982b) and Runkle
(1981). For Brokaw’s gap area (A;), the distanc-
es from the center to the gap edge (projection of
the first vegetation over 2 m) were measured
along eight radii at intervals of 45°; we obtained
gap size adding the areas of the resulting oc-
tants. To measure Runkle’s area (A;), we fol-
lowed the same procedure, but measured the dis-
tances from the center towards the stems of the
surrounding canopy trees; we considered stems
with DBH > 20 cm. Tree-height limits were not
considered in this definition (above 10 m). Be-
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cause the height of the forest surrounding a gap
is variable, we used the mean surrounding can-
opy height (MSCH) as an estimate of the forest
height. We obtained this value measuring the
height at each of the eight points used in the
measurement of Ay, using a telescopic metric
pole and/or a Suunto PM-5/360 PC clinometer.

Hemispherical Imagery

At each gap center, we took a hemispherical
picture (hemiphot) with a CID-100 Digital Plant
Canopy Imager (CID 1997), at two m above the
ground with the camera probe oriented towards
magnetic north. Pictures were taken under
cloudy sky conditions at dawn.

‘We enhanced the hemiphotos for contrast and
continuity and calculated the area of the gap im-
age (A, = number of pixels) and the perimeter
(P, = number of pixel side lengths) with a FOR-
TRAN-77 program. Gap shape was quantified
with the compactness index (Bogaert & Impens
1998):

P, max(n) - P g _
Pr(n) = Prin()

where P, (n) and P, (n) are the theoretical
maximum and minimum perimeter of n pixels,
and ¥ — 1 for compact patches.

This highly sensitive index is used since we
have found that the amount of light reaching the
gap floor not only depends on the size of the
canopy opening, but also on the gap shape com-
pactness. The latter is observed independently
of the shape features gaps can have in relation
to known geometrical figures (Salvador-Van
Eysenrode et al. unpubl. data).

The orientation of A, with reference to the
cardinal points was measured independently of
shape as follows: the relativized cumulative
sums (2 R) of pixels in each column and row
(area distributions N-S and W-E, respectively)
of the gap image were plotted in a bar histo-
gram, each with bar widths relative to the num-
ber of columns or rows (FIGURE 1); the area of
each bar was calculated (bar height X width),
both for 3 Rys, and 3 R,ws, added. Then, the
area (A) under the ‘curve’ of each distribution
was calculated and used in an orientation index,
ie.

As_g
AWE

Finally, gap openness (OPN), the percentage
of uncovered sky hemisphere, was calculated us-
ing the Winphot-5 software (Ter Steege 1996).
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Representation of the measurement of the orientation of gap area. The four columns and six rows

of the figure at the left (area = 17 pixels) are cumulatively represented in the histogram with relative scales.
The total area of the figure is relatively more N-S oriented than W-E (north atop). See text for further explanation.

RESULTS AND DISCUSSION

The number of gap maker elements involved
per gap event (N = 31) influences A, OPN, A,
and Ay (TABLE 1). OPN not only depends on gap
size (Ter Steege 1996), but also on the height of
the surrounding canopy; this partial dependence
is confirmed here by a moderate correlation with
the number of gap makers and the length of the
gap starter (both partially responsible for gap
size). MSCH is also significantly correlated with
the number of gap makers, but the first is rather
a cause than an effect, i.e., high trees that fall
are more likely to produce the fall of more trees.
This suggests differences in gap size between
single and domino gap events. In tropical rain
forests, the relatively common domino-treefalls
(e.g., Brokaw 1985) may occur mainly due to
the spatial distribution of trees, their intercon-
nection by lianas and their degree of branching.
In our study, 41.9% of the gaps formed by more
than one element accounted for 72% and 72.5%
(gaps sensu Brokaw and Runkle, respectively)
of the total plot area in gap phase.

P, is also positively influenced by the number

of gap makers. Because P, partly depends on A,,
large gap perimeters are partially a result of
large gap areas. This suggests that not only the
interior of the gap can be affected by light en-
hancement, but also that there could be an edge
effect around such interior whose behavior may
be influenced by its size (Canham et al. 1990).
The length of the gap starter elements showed
high positive correlations with A,, and MSCH,
but mainly with A;, A; and OPN, and, although
less significantly, with P, (TABLE 1). This sug-
gests that the length of the gap starter is a crucial
feature in gap formation, from which area (size)
is mainly dependent. Also, the influence of the
gap starter length on gap area is indirect: longer
gap starters are more likely to drag down more
trees per gap event (correlation, r, = 0.72, P <
0.01), and more trees fallen down (domino ef-
fects) open more forest area to gaps. In ideal
conditions of even gap starter lengths, i.e., even
MSCH, the correlation between both may be al-
most perfect, assuming uprooting as the sole
tree-fall mode. However, variation in modes of
tree fall (branches, vines, and snapped stems)
and canopy heights reduces their correlation.

TABLE 1. Spearman’s rank (») and circular-linear (Dn, Batschelet 1981) correlation coefficient between gap and
gap makers’ features at TBS. A = P < 0.1; B = P < 0.05, ¢ = P < 0.01. Correlation between ¢ and ® not
shown.

A, P, OPN Ay Ag MSCH

No. gap makers (r) 0.408 0.30% 0.29 0.50¢ 0.55¢ 0.57¢ 0.46¢

Length gap starter (r) 0.56¢ 0.44% 0.25 0.63¢ 0.66¢ 0.66¢ 0.58¢

DBH gap starter (r) 0.28 0.25 0.07 0.28 0.378 0.448 0.448

¢ (Dn) 0.01 0.00 0.11 0.01 0.06 0.06 0.21®
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TABLE 2. Mean and standard deviations (between parentheses) of the features of gap makers and features of
gaps at TBS, grouped by types of starter. # = P < 0.1, B = P < 0.05, and ¢ = P < 0.01 in the marked
feature between the types of gap makers for the Kruskall-Wallis H-test (X%,-00s)» 3 DF).

No. gap

Length® DBHA makers Ag® ARP v 0 MSCH

Uprooted tree 22.05 39.00 2.73 146.86 204.60 0.94 0.91 18.24
(N = 15) (9.50) (12.11) (2.01) (182.90) (297.60) (0.02) (0.25) (7.18)
Snapped tree 13.37 35.63 1.50 35.16 50.16 0.93 1.05 13.50
(N = 6) (6.46) (8.73) (0.83) (39.34) (41.06) (0.02) (0.14) (4.11)
Branchfall 8.87 26.50 1.12 41.87 56.87 0.93 1.04 15.40
(N =18) (4.76) (7.01) (0.35) (33.17) (34.14) (0.03) (0.17) (2.65)
Vinefall 9.00 25.50 1.50 21.00 76.50 0.95 1.02 20.06
N =2) (7.50) (28.90) (0.70) (9.90) (75.60) (0.01) (0.01) (15.02)

Gap maker length and DBH together could
indicate, in general, the age of the gap maker,
which, considered in the context of the forest
zone where a gap is formed, can give an idea of
the state of maturity of such a zone, regardless
of the considerable variation existing among
trees in their ratio length-DBH. DBH is, how-
ever, less variable than the gap maker length,
and shows low correlations with A, A; and
MSCH only (TABLE 1). This suggests that gap
sizes will differ between zones of forest in dif-
ferent stages of maturity and/or height (reflected
in the MSCH), with consequent differences in
light regime and microclimate, and maybe re-
growth, potential general species composition
and structure, and development (e.g., Popma &
Bongers 1988, Whitmore et al. 1993). This also
means, in general, that a larger gap represents a
drastic reset of the completed forest cycle, while
small gaps are more likely to be only redisturb-
ances of the building phase during the forest cy-
cle. Other studies have pointed out that gap size
and light environment are a function of fores:
height (Denslow 1987, Clark 1990). Fall direc-
tion (¢) does not seem to be a determinant for
gap features, since there is only a low correla-
tion with MSCH.

Neither significant nor high correlations were
found between the features of gap makers and
® and VP, suggesting that the both orientation,
and shape-compactness of gap area do not de-
pend on the features of the gap makers. We
found that the gap starter’s length, A, and A,
differ significantly between gaps created by dif-
ferent types of starters (TABLE 2). Although less
significantly, DBH also differed.

In this study, uprooting of the trees is the most
common cause of gap formation (48.4% of the
events). This suggests that the most common
gap size would be found among gaps started by
uprooted trees. However, high variation should
be expected, since uprooted trees are also the
most common cause of domino effects (66.6%

of the uprooted trees were domino events, while
only 33.3% of the snapped trees and 12.5% of
the branchfalls). In other studies, snapping (Putz
et al. 1983, Milton et al. 1994, Van Der Meer &
Bongers 1996b), and uprooting (Durrieu De
Madron 1994) were listed as major causes of
tree mortality causing gaps. Of course, not all
deaths lead to an opening in the canopy. These
differences in modes of tree mortality, presum-
ably caused by contrasting soil conditions (Ka-
pos et al. 1990), and wood and root systems
(Putz et al. 1983), affect gap formation (Clark
1990).

Barton (1984) used 300 m? of extended gap
area as a breakpoint to divide gaps into small
and large; Brokaw (1982a) found 150 m? as a
critical area for successful colonization of pio-
neer species. Based upon the highest modal A,
of our dataset, being near to 150 m?, we consid-
ered large and small gaps above and under 130
m? respectively. We found that the length and
DBH of the gap starters, the number of gap mak-
ers and the MSCH differ significantly between
large and small gaps (P < 0.05, Mann Whitney
U-test, two tailed), while ® and ¥ did not, con-
firming our previous findings.

Gaps oriented parallel or transversal to the
sun will show differences in light conditions
(e.g., Denslow 1987). If the largest axis of a gap
is determined totally or partially by the length
of the starter element, it can be suggested that
orientation of the gap area depends upon the ¢
of the starter. Salvador-Van Eysenrode et al.
(1998) found that the longest axis of the gap is
correlated with the ¢ of the starter. Interestingly,
we could not observe a correlation between ®
and ¢. Moreover, a Rayleigh test (Batschelet
1981) confirmed that ¢ is uniformly distributed,
i.e., gap makers at TBS fall at random directions
(FIGURE 2).

Not only the types of gap makers and the
characteristics of the gap starters are important.
Other interplaying factors are also involved in
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FIGURE 2. Original ¢ of the 31 gap starters at TBS
(dots). The central arrow represents the mean ¢ =
56.3°% mean vector length = 0.2; angular deviation *
72.2°. The mean vector length falls within the 95%
confidence limit (Rayleigh test for randomness).

the differential creation of canopy gaps, such as
age of the trees, diseases, mechanical features of
the wood, soil characteristics and rooting sys-
tems, windblows and canopy shape, and rainfall
(Putz et al. 1983, Milton et al. 1994). We have
confirmed that the size of gap is the main feature
affected by the number of gap starters and their
length; gap shape-compactness and orientation
of gap area are rather a random result, contrib-
uting in this way to habitat heterogeneity within
and among gaps. The understanding of gap size
distributions and the modes of gap formation
among different forest types should be consid-
ered in the assessment of logging techniques,
forest management, and forest conservation pol-

icy.
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