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Abstract: The influence of white-water flooding and treefall gap formation on terra firme forest regeneration was investigated
in Yasuni National Park of western Ecuador. I set up seed traps, collected seed rain and soil samples, and set out seeds and seed-
lings in unflooded terra firme forest (dry) and its gaps, and in nearby white-water floodplain varzea forest (wet) and its gaps. [
found that (1) total number of dispersed seeds was greatest in the dry gaps with more seeds and greater richness in the gaps than
the forest for both forest types, (2) the greatest number of seedlings germinated from wet gap soils with the least from the dry
forest with gaps having more seedlings compared to their respective forests, (3) on average 30% of seeds remained after two
weeks in the field and species seed losses were significantly different in all but one of the four sites, (4) more large seeds than
small seeds were lost to pathogens and those losses were greater in the forests than the gaps, (5) as seed mass increased seed-
lings survival rates also increased but growth rates declined, and (6) more seedlings survived in gaps compared to closed forests
where they grew faster with a larger leaf area ratio. Past sampling has shown that species composition differed between forest
types, and present results show that the greatest seed and seedlings losses and the slowest growth rates were in intact terra firme
forest, there were medium losses and medium growth rates in terra firme gaps and in the intact varzea forest, and the smallest
losses and fastest growth rates were found in varzea gaps.

Nomenclature: Vasquez-Martinez (1997), Romoleroux et al. (1997), Gentry (1993) and the website of the Missouri Botanical

garden (Wwww.mobot.org).

Introduction

The Amazon is the world’s largest tropical rainforest
encompassing over 700,000,000 hectares (Holdridge 1967,
Walter 1979, Lamotte 1990). It is also the most productive and
most diverse terrestrial ecosystem on earth (Daly and Prance
1989), influencing world-wide precipitation and weather pat-
terns as well as the Carbon cycle (Keller et al. 2004). Terra
firme is the most common kind of forest in the Amazon. Most
of that terra firme forest has not been subjected to extensive
logging or agriculture (Myster 2007b), so that the most com-
mon disturbance is natural tree-fall (Myster 2009). Those
resulting gaps are critical to terra firme forest regeneration,
forest structure (e.g., diversity: Denslow 1987) and forest
function (e.g., decomposition: Zhang and Zak 1995).

Interacting with gap formation in Amazon forests is a
flooding dynamic — defined by flooding frequency and tim-
ing, flooding duration, water depth and composition — which
forms major gradients (Whittaker 1975) and greatly affects
plant species distribution, abundance, and association (Junk
1989, Lamotte 1990). Whereas the unflooded terra firme
rainforest in the Amazon resembles rainforests elsewhere
in the Neotropics (Everham et. al. 1996, Junk 1989, Lopez
and Kursar 1999, Kalliola et al. 1991), these flooded forests
have a unique biology and ecology (Kalliola et al. 1991). For
example, (1) the dispersed seeds of many species in flood-

ed forests must escape predation from both terrestrial and
aquatic animals (Junk 1989) in order to germinate; (2) after
germination seedlings must either tolerate flooding (Parolin
2002) or grow fast enough to maintain some leaves above
the water surface when the flood waters come (Parolin et al.
2004); and (3) growing plants often contain special root struc-
tures, such as aerenchyma tissue, to facilitate gas exchange
under water (Junk 1989, Lopez and Kursar 1999, Parolin et
al. 2004), due in part to the reduction in oxygen availability
in water because of low solubility and respiratory demands
by microorganisms. The most common kind of flooding in
the Amazon is by whitewater, creating vdrzea forests which
differ from terra firme in floristic composition and physical
structure (Myster 2013b).

In this study, I expand on past studies of the Amazon
rainforest by examining how the interacting influences of
flooding and tree-fall gap formation affect its seed and seed-
ling mechanisms and tolerances (also see Myster 2007a,
2010). The goal of this study is to explore experimentally
the seed rain, seed bank, seed predation, seed pathogenic at-
tack, germination, seedling survivorship, seedling growth and
seedling allocation: (1) among common early and mid-suc-
cessional tree species in the Amazon, (2) between forests that
never flood (terra firme) and those that are under whitewater
seasonally (varzea), (3) between these intact, closed-canopy
forests (terra firme, varzea) and their natural treefall gaps, and
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(4) in all their interactions between the prime forest structur-
ing forces of whitewater flooding and treefall gap formation.

I will be testing two specific hypotheses:

* Hypothesis I: Gap formation (intact closed-canopy for-
est — treefall gap) will decrease seed mechanisms and
tolerances more than whitewater flooding (terra firme —
varzea: Denslow 1987, Everham et. al. 1996, Schupp and
Frost 1989, Zhang and Zak 1995).

* Hypothesis II: Whitewater flooding (terra firme — varzea)
will decrease seedling mechanisms and tolerances more
than gap formation (intact closed-canopy forest — tree-
fall gap: Whittaker 1975, Junk 1989, Lamotte 1990).

Study area

The study site is the Yasuni Research Station (YRS:
0°41° S, 76°24> W), operated by the Pontificia Universidad
Catolica of Ecuador and located within the Yasuni National
Park of western Amazonian Ecuador (Valencia et al. 2004,
Myster and Santacruz 2005, Myster 2012a, 2013b). The mean
annual rainfall is 2826 mm, with August the driest month,
and the mean monthly temperature varies between 22°C and
34°C (Valencia et al. 2004). Soils in the national park have
been described as clayey, kaolinitic and aluminium-rich,
whereas soils at the station in terra firme forest are acidic and
rich in exchangeable bases with a texture dominated by silt
(Coomes and Grubb 1998, Parolin et al. 2004, Tuomisto et
al. 2003). Terra firme forest — never underwater and found
throughout tropical America (Pitman et al. 1999; Pitman et
al. 2001) — has been categorized as lowland tropical rainfor-
est (Holdridge 1967). The elevation of the entire park is ap-
proximately 200 m above sea level and the station itself is the
site of a long-term 50 ha vegetation plot, maintained by the
Smithsonian Institution (Valencia et al. 2004).

Also at YRS, and located next to the nutrient rich white-
water Tiputini River, is floodplain varzea forest which is un-
derwater off and on between the months of October and April
to a maximum depth of 3 m. Treefall is the most common dis-
turbance in both forest types (Svenning 2000), but flooding
may have similar effects as gap formation because it also de-
stroys and relocates biomass (Myster 2003, Salo and Kalliola
1990). I have measured the spatial and temporal variation of
light in both terra firme forest and varzea forest at YRS and
found a mean value for intact terra firme forest of 6.55 umol/
m?2/s, for intact vdrzea forest of 8.82 pumol/m?/s, for terra
firme gaps of 50.45 pmol/m?/s and for varzea gaps of 62.11
pmol/m?/s (Myster 2012a; author unpub. data). Elsewhere
in Peru, I found a value of 10.22 umol/m?/s for a forest un-
der black water for a longer time than the YRS varzea forest
and a value of 65.65 umol/m?2/s for its gaps (Myster 2007a,
Myster 2010). Dominant tree species in terra firme include
Matisia oblongifolia, Rinorea lindeniana, Matisia malaco-
calyx, Iriartea deltoidea, and Brownea grandiceps, and in
varzea forest Phytelephas tenuicaulis, Coussarea macro-
phylla, Quararibea wittii, Rinorea lindeniana and Sorocea
steinbachii (Balslev et al. 1987, Duivenvoorden et al. 2001,
Valencia et al. 2004, Myster 2013b) The varzea forest also
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had less tree stems, less species and was more open com-
pared to the terra firme forest, both sampled at YRS (Myster
2013Db).

Methods

Within each of the two forest types (which, for ease of
presentation, will be referred to as dry [terra firme] and wet
[varzea]), 10 representative areas were randomly selected in
June of 2004, each at least 75 m apart: five of primary for-
est and five fresh, average-sized (all between 100-300 m?2
in area: Brokaw 1982) treefall gaps. The forests themselves
were 200 m apart. In the center of each forest area and each
gap area, seed traps were established and soil samples were
taken in late June 2004 (Augspurger and Franson 1988) for a
total of 20 microsites (2 forest-types [terra firme vs. varzea]
x 2 openness-types [gap vs. non-gap/intact forest] x 5 repli-
cates). Seed rain was collected using standard 1 m? area seed
traps (see Myster and Sarmiento 1998) placed in the center of
microsite and identified to species for a total sampling area
of 20 m?2. The traps were constructed with wire mesh (5 cm?
square) on top, cloth underneath for collecting the seeds, and
suspended on 1 m slippery plastic poles for keeping the traps
off the ground to reduce predation.

In order to investigate the seed bank, three soil samples
were collected near each seed trap by insertion of a standard
soil sampling probe of 6 cm diameter into the soil to a depth
of 10 cm (a total sampling area of over 753 cm?), because
recruitment is typically limited to these uppermost soil layers
(Vazquez-Yanes and Orozco-Segovia 1993). At a shadehouse
located at YRS, soil samples at each seed trap site were com-
bined by spreading them on top of sterile potting mix at a 1
cm thickness in a small plastic pot. Each pot was then covered
with thin plastic with a few holes poked through and watered
weekly. After one year in the field (for the seeds in seed traps
collected monthly and then pooled) or six months germi-
nating in an on-site shadehouse (for the seedlings from soil
samples), individuals were identified to species or genus us-
ing Vasquez-Martinez (1997), Romoleroux et al. (1997) and
Gentry (1993) as taxonomic sources, but on-site taxonomists
(see Valencia et al. 2004) also consulted the web site of the
Missouri Botanical Garden <www.mobot.org>.

Tree seeds were also set out in each of the above 20 mi-
crosites in early July 2004. Ripe fruits were first hand-collect-
ed (using gloves) locally from one individual of two common
(Valencia et al. 2004) early successional trees (Cecropia scia-
dophylla [0.0003 g/seed and bird/bat dispersed], Ochroma
pyramidale [0.09 g/seed and wind dispersed]) and one com-
mon mid-successional/subcanopy tree (Turpinia occiden-
talis [0.51 g/seed and bird dispersed]) with obviously dam-
aged and/or empty seeds discarded in the field (Dalling et al.
1998). Seeds were then hand-sorted (again using gloves) in
the laboratory, visually inspected for damage under a dissect-
ing microscope, and then floated to further exclude nonviable
seeds (as in Myster 1997, 2004). Finally ten seeds of each of
the three species were separately placed in sets of four plastic
9 cm diameter petri dishes spaced 30 cm apart, at each micro-
site: (1) a control dish, (2) a dish with tanglefoot (Forestry-
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suppliers:Jackson, Mississippi) spread on the inside to deter
insects, (3) a dish covered with 2 cm?2 chicken wire mesh to
deter mammals, and (4) a dish with both exclusion treatments
(see Myster 1997). This makes a total of 240 dishes (3 species
x 4 treatments x 20 microsites) and 2400 seeds. Heavy plastic
seed mimics were also placed in each dish.

After two weeks in the field, seed loss was scored in each
dish, which was assumed to be due to action by an animal —
not wind or splashing rain — because (1) evidence of animals
was observed while collecting this data (e.g., chewed seeds
and husks, small mammal feces) and (2) duplicate plastic
seed mimics were not lost. I also made the assumption that
seeds carried away were eaten and/or rendered nonviable in
some other way associated with the action of an animal agent
(Notman and Gorchov 2001), that is seeds did not germinate
later after being removed by an animal. This assumption has
been discussed in the literature for several years (Myster
2007b, 2013a) but to date no study has produced statistically
significant results to question its validity. Indeed, attempts
to track seeds in the field after animals take them — using,
for example, fish line glued to seeds or tagging seeds using
radioactive isotopes, magnets, and fluorescent dyes — may
lead to experimental side effects of their own, which has not
been examined. Only when germination after seed removal
by animals has been shown to be statistically significant and
a “seed-following” methodology has been proved to be non-
invasive, should this assumption be reexamined.

The remaining seeds were collected for incubation (same
protocol as in Myster 1997) and any empty seed hulls were
discarded. Insect predators probably included ants, while
mammal predators probably included mice and small rats
(Emmons 1990, Myster 1997, Myster 2004). Seed were in-
cubated in a YRS shadehouse on moist paper in sealed plastic
petri dishes. After three weeks, seeds that germinated, seeds
that did not germinate and had extensive fungal infection (lost
to pathogenic attack where contact with the soil is not nec-
essary for infection: Myster 1997, Gallery et. al. 2010), and
“other” seeds were scored after viewing under a dissecting
microscope.

Two tree seedlings of each of two common early suc-
cessional trees (Cecropia ficifolia, Ochroma pyramidale) and
one common mid-successional/sub-canopy tree (Clidemia di-
morphica: Valencia et al. 2004) were collected locally from
a few gaps and forest understories with their root systems
largely intact and with some original soil attached. Seedlings
of Ochroma sp. and Turpinia sp. were not available for study.
All seedlings were approximately 10 cm in height at time of
collection. These seedlings were planted in each of the same
20 microsites used earlier in early July 2004 for a total of 120
seedlings (2 replicates x 3 species x 20 microsites). To facili-
tate comparison between seed and seedlings mechanisms and
tolerances, the same genus was used for both the seed and the
seedling experiment in two out of three cases. Based on past
experience in transplanting tree seedlings in the Neotropics
(Myster 2004) and on discussions with other YRS research-
ers about the hardiness of these species, seedling death due
to stress associated with transplantation was probably rare.
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After six months in the field, individual seedlings were
first scored for survivorship and, for those seedlings that
survived, scored for height and for basal diameter. Then sur-
viving seedlings were collected and taken to the laboratory
where total leaf area for each seedling was scored by placing
each leaf against a plastic template divided into 1cm?2 squares
and total leaf biomass, total stem biomass, and total root bio-
mass was scored by weighting after one month of air-drying
at room temperature. I then computed total biomass for each
seedling as the sum of total leaf biomass, total stem biomass
and total root biomass. From that data I computed, for each
seedling, three growth parameters (1) relative growth rate
(RGR = In(final height) — In(initial height [=10 c¢cm])/0.5 yr,
(2) leaf area ratio (LAR = total leaf area/total biomass which
is a better predictor of relative growth rate than physiological
parameters: Kitajima 1994, Poorter et al. 1990), (3) specific
leaf area (SLA = total leaf biomass/total leaf area), and the
allocation parameter (1) leaf mass ratio (LMR = total leaf bio-
mass/total biomass).

Because individual samples of the seed rain and the seed
bank were pooled over forest and gap types, standard errors
could not be computed. For each of the seed and seedling
mechanisms and tolerances, data were analyzed for the main
effect of species, the main effect of forest-type, and the main
effect of openness-type using three-way analysis of variance
blocked for forest-type (ANOVA: SAS 1985). Where sig-
nificant effects were found, the Ryan-Einot-Gabriel-Welsch
multiple range test (Myster 1997, SAS 1985) was used to in-
vestigate which levels of the variables were most important in
determining those effects. All ANOVA’s variance assumptions
were tested and found well justified. In addition, the sequential
Bonferroni test was employed (Rice 1989), but did not suggest
that any significant results be viewed with suspicion.

Results

Dry forest traps had, on average, 3.5 seeds/m2/month, dry
gap traps had 33.9 seeds/m?/month, wet forest traps had 3.7
seeds/m2?/month, and wet gap traps had 6.9 seeds/m?/month
(Table 1). The total number of seeds was greatest in the dry
gaps mainly because of the contribution of seeds from Ficus
maxima (Table 1). The number of dispersed seeds was very
similar between dry and wet forest, with more seeds falling
in the gaps for both forest types. Richness was also greater in
the gaps compared to the intact closed-canopy forest, regard-
less of forest type (Table 1) while wet forest had more species
than dry forest. Iriartea deltoidea was the only species found
in all four sites. Brownea graniceps, Euterpe precatoria, and
Inga auristellae were the only species found in both forests.
Matisia sp. and Cecropia sciadophylla were the only species
found in both gaps

After five months of germination, dry forest had 15 seed-
lings emerge from its soil samples, dry gap had 24, wet forest
had 34, and wet gap had 43 (Table 2). The greatest number
of seedlings came from the wet gap with the least from the
dry forest. Gaps had more seedlings than their respective
forests, but numbers of species were very similar across for-
est types and their gaps. Elcho pityrogramma and Cecropia
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Table 1. Tree seeds collected from traps taken from and summed
over forest and gap microsites both in terra firme (dry) and flood-
plain (wet) rainforest. Nomenclature for Table 1, Table 2, and
the test species is at http://www.theplantlist.org/tpl/record/kew-
313975.

Species dry dry gap  wet  wet gap
forest forest

Brownea grandiceps 32 14

Grias neuberthii 24

Matisia sp. 9 12

Cecropia sciadophylla 161 120

Ficus maxima 422

Iriartea deltoidea 29 40 15 12

Oenocarpus bataua 18 18

Euterpe precatoria 42 11

Inga auristellae 62 58

Aspidosperma  sp. 69

Prestoea schultzeana 56

Coussapea orthomera 81

Mouriri grandiflora 32

Asteraceae 138

Prunus sp. 8

Dicranostiles sp. 47 13

Astrocaryum murumuru 30

Pepemacrustaa sp. 21

Hasseltia floribunda 15

Clusia sp. 17

Piptadenia sp. 27

Virola peruviana 39 31

Icasinacea sp. 1

Gustavia sp. 11

Pseudolmedia laevis 23

Total number of seeds 160 1087 212 292

Total seed richness 5 12 9 12

Table 2. Tree seedlings germinated from soil samples taken from
and summed over forest and gap microsites both in terra firme
(dry) and floodplain (wet) rainforest.

Species dry dry wet  wet gap
forest  gap forest

Elcho pityrogramma 8 13 27 38

Ossaea boliviensis 1 7 4

Phylodendron sp. 1

Cecropia membranacea 5 3 3 4

Asteraceae

Commelinaceae 1

Total number of seedlings 15 24 34 43

Total seedling richness 4 4 3 3

membranacea were the only species found in all four micro-
sites. Ossaea boliviensis was the only species found in both
forests. Cecropia membranacea and an unnamed member of
the family Asteraceae were the only species, genera or family
found in both the seed rain and the seed bank. Whereas in the
seed rain Cecropia spp. were found only in gaps, in the seed
bank they were found in all microsites. However Asteraceae
was only found in the dry gap for both seed rain and seed
bank (Table 2).
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Table 3. F statistic summary table for percent tree seeds remain-
ing in petri dishes. The P value of each significant test is indi-
cated as: * for a P value between 0.05 and 0.01, ** for a P value
between 0.01 and 0.001, and *** for a P value less than 0.001.
Main effects are species, exclude invertebrates, and exclude ver-
tebrates.

Dry forest ~Dry gap Wet Wet gap
forest

Species (S) 14.27%* 37.90%** 7.53* 1.30
Exclude 97.56%**  286.33%**  3(0.53** 28.95%*
Inverterbrates
(ED)
Exclude 51.16%%*%  169.88%** 47 17** 43 38%*
Verterbrates
(EV)
S * EI 8.37* 1.25 0.82 0.12
S*EV 2.39 2.29 1.94 0.01
EIl * EV 3.05 1.68 3.21 0.38
S * El * EV 2.73 3.62 0.35 1.15

Table 4. F statistic summary table for percent tree seeds taken out
of petri dishes. The P value of each significant test is indicated
as: * for a P value between 0.05 and 0.01, ** for a P value be-
tween 0.01 and 0.001, and *** for a P value less than 0.001. Main
effects are species, forest-type (dry vs. wet), and openness-type
(intact forest vs. gap).

Predation ~ Pathogens Germination
Species (S) 14.36%* 19.66** 3.53
Forest type (FT) 0.81 0.03 4.43%
Openness (O) 0.26 5.53% 0.40
S*FT 0.57 0.19 1.12
S*O 1.69 2.93 1.40
FT*O 0.07 0.56 2.29
S*FT*O 1.93 0.15 0.72

Table 5. F statistic summary table for seedling survivorship,
growth, and allocation. The P value of each significant test is in-
dicated as: * for a P value between 0.05 and 0.01, ** for a P value
between 0.01 and 0.001, and *** for a P value less than 0.001.
Main effects are species, forest-type (dry vs. wet), and openness-
type (intact forest vs. gap). Replication was too low to compute
the three way interaction term for relative growth rate (RGR),
leaf area ratio (LAR), leaf mass ratio (LMR) and specific leaf
area (SLA).

Survivorship RGR LAR LMR SLA
Species (S)  18.36%** 9.66%*  [5.53%** 111  7.02%*
Forest type  2.81 5.02% 6.43%* 245  5.66%
(FT)
Openness  6.26* 5.53% 7.40* 0.76  3.02
©)
S*FT 0.57 0.19 1.12 0.55 1.23
S*0O 1.69 4.93* 4.80% 1.59  1.67
FT*O 0.07 5.56* 17.29%** 2,02 045
S*FT*O 0.05 —--m= —eee e e

The majority of seeds were lost to predators, with ap-
proximately 45% of the seeds remaining after 2 weeks in the
field (Table 3. Figures la, lc, 1d). Species were significantly
different in all but one of the four sites (Table 3). More seeds
remained of Turpina — which had larger seeds — in all cases
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where species were significantly different, but more Ochroma
seeds survived in the dry forest compared to dry gap and wet
forest. Both exclusion treatments were highly effective in all
four sites in deterring predators, with 95-100% survival in
dishes having both exclusion treatments, however more seeds
were taken by invertebrates (81%) compared to vertebrates
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Figure 1. Means and standard errors of significant effects on per-
cent tree seeds remaining (A) in dry forest by species, (B) in dry
forest by species x excluding invertebrates (no = no exclusion,
yes = exclusion), (C) in dry gap by species, and (D) in wet forest
by species. Species are ordered by increasing seed fresh mass.
Means testing results are indicated by lowercase letters which
are different, if groups were significantly different, as given in
Table 3.
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(63%) unlike another terra firme study that used larger seeds
(Notman and Gorchov 2001). The species x exclude insects
interaction suggests that insect preferences drove the sig-
nificant seed species effects more than mammal preferences
(Figure 1b) and that the insect preferences were strongest at

the smaller seed sizes.
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Figure 2. Means and standard errors of significant effects on per-
cent tree seeds lost (A) to predators by species, (B) to pathogens
by species, (C) to pathogens by openness, and (D) to germination
by forest type. Species are ordered by increasing seed fresh mass.
Means testing results are indicated by lowercase letters. If groups
were significantly different, as given in Table 4, then letters are
different.
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The domination of species effects (Figure 2a) continued
when seeds were scored for losses due to pathogens (Table 4),
with larger seeds (i.e., Turpina) suftering more losses (Figure

2b). Pathogenic losses were also greater in the forest com-
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Figure 3. Means and standard errors of significant effects of spe-
cies on (A) seedling survivorship, (B) seedling relative growth
rate, (C) seedling leaf area ratio, and (D) seedling specific leaf
area. Species are ordered by increasing seed fresh mass. Means
testing results are indicated by lowercase letters which are dif-
ferent, if groups were significantly different, as given in Table 5.

217

pared to the gap sites (Figure 2c) and more seeds germinated
in the wet forest compared to the dry forest (Figure 2d).

Species effects were also seen when seedling survivor-
ship and growth were examined (Table 5). As seed mass in-
creased, seedlings survival increased (Figure 3a) but growth
slowed (Figure 3b). The mid-successional Clidemia had the
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Figure 4. Means and standard errors of significant interaction
effects of (A) species and openness on seedling relative growth
rate, (B) species and openness on seedling leaf area ratio, (C) for-
est type and openness on seedling relative growth rate, and (D)
forest type and openness on seedling leaf area ratio. Species are
ordered by increasing seed fresh mass. Means testing results are
indicated by lowercase letters which are different, if groups were
significantly different, as given in Table 5.
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largest leaf area ratio (Figure 3c) and the smallest seeded spe-
cies Cecropia had the largest specific leaf area (Figure 3d).
There was also faster growth in the wet forest compared to
the dry forest (RGR in dry forest = 23 cm/yr vs. 68 cm/yr in
wet forest), a smaller leaf area ratio (LAR in dry forest = 18
cm?/g vs. 9 cm?/g in wet forest) and a larger specific leaf area
(SLA in dry forest=0.01 g/cm? vs. 0.018 g/cm? in wet forest).
More seedlings survived in gaps compared to closed forests
(survivorship in gaps = 60% vs. 35% in intact forest) where
they also grew faster (RGR in gaps = 60 cm/yr vs. 35 cm/yr
in intact forest) with a smaller leaf area ratio (LAR in gaps
= 18 cm?/g vs. 35 cm?/g in intact forest). Finally, significant
interaction effects (Table 5) helped to clarify the main effects.
Relative growth rate was highest in gaps for the two smallest-
seeded species Cecropia and Ochroma (Figure 4a) and those
gaps were in wet forest (Figure 4c). Alternatively, leaf area
ratio was greatest in gaps for the larger-seeded Clidemia
(Figure 4b) and those gaps were in dry forest (Figure 4d).

Discussion

There was support for both hypothesis I and hypothesis
II because the most common effects were gap formation af-
fecting seeds and flooding affecting seedlings. Species dif-
ferences, however, were also important, especially for seed
predation and seed pathogens.

Comparison to other Neotropic studies

Seed numbers in the traps were within ranges sampled in
other Neotropical terra firme forests, low compared to some
Neotropical gaps (1.1-12 seeds/m2/month in intact forest and
72-234/m2/month for gaps: Schupp 1990, Young et al. 1987)
and Ecuadorian old fields (166/m2/month: Myster 2004) but
not others (1.3/m2/month load in gaps and 9.5/m?/month in
forest: Loiselle et al. 1996). Seed rain in other tropical flood-
plain forest in the Amazon also contained the species Iriartea
deltoidea and the genus Virola (Clark et al. 1999). Cecropia
sp. levels were in the ranges of other studies (Alvarez-Buylla
and Martinez-Ramos 1990).

As in Panama lowland terra firme forest and gaps, most
of the seed rain was from animal-dispersed species, but more
wind-dispersal species were found in the gaps compared to
the forests (Augspurger and Franson 1988). Seeds were again
mainly from species-rich families such as Melastomataceae,
Piperaceae, and Rubiaceae. However, the study was done in
the wet season when flooding is more likely and there may
be more bird-dispersed seeds available compared to wind-
dispersed seeds with the reverse true at the end of the dry
season earlier in the year (Denslow and Diaz 1990, Kubitzki
and Ziburski 1994). In addition with these seeds, secondary
dispersal is common by fish and by water.

Seedlings emerging out of the seed bank were rare
which is usually true in tropical systems (Vazquez-Yanes and
Orozco-Segovia 1993). However, Cecropia sp. were present
and they are known to persist in the terra firme soil for more
than a year (Brokaw 1998) and in floodplain soil for at least

Myster

two months (Parolin et al. 2004). The number of seeds and
seedlings in the gap seed rain and seed bank is similar to re-
covering agricultural fields and landslides in upland forest
in Ecuador (Myster and Sarmiento 1998, Myster 2004), but
with very few species in common. Because there were more
seedlings in gaps than in forests, seed banks may be more im-
portant as a regeneration mechanism in these gaps compared
to these forests (Dalling et al. 1998). Finally correlations be-
tween seed rain and seedling densities can be difficult to find
(Swamy et. al. 2011).

As found in several other Neotropical terra firme stud-
ies, predators took a large majority of seeds (Schupp 1988,
Dalling et al. 1998, Everham et al. 1996, Notman and Gor-
chov 2001, Romo et al. 2004, Wenny 2000), and there were
large seed losses in Amazonian floodplain forest (Romo et
al. 2004). This study showed high predation in all microsites
but no significant differences between gaps and intact terra

firme forest (Wenny 2000) where other studies have shown

both more (Schupp and Frost 1989) and less predation in gaps
(reviewed in Notman and Gorchov 2001) compared to the
forest. Seeds survived at the same levels or higher for all three
test species in the wet forest compared to the dry, so flooding
may have reduced predation (Wurm 1998) or perhaps preda-
tors were less abundant in the flooded forest. Most significant
effects were due to species differences (Notman and Gorchov
2001) reflecting the preferences of insects and rodents (which
may be an interaction of seed odors and the olfactory capa-
bilities of predators: Schupp 1988). Trends are consistent
with rodents preferring the medium and larger seeds and
insects preferring small seeds (Notman and Gorchov 2001),
and seeds being preferred by vertebrates or invertebrates but
not both (Notman and Grochov 2001). For example, 86% of
Cecropia monostachya predation in an old field located in an
Ecuadorian upland forest was from insects rather than mam-
mals (Myster 2004). Finally in the flooded forest and gaps,
larger mammals such as tapirs could be significant seed dis-
persers on seeds larger than those used in this study (Fragoso
and Huffman 2000).

Significant species differences were also found for path-
ogenic attack with the largest seeds (Turpinia) losing the most
seeds, with a 10% loss on average for all three species. This
compares well to a 15% loss of Cecropia monostachya seeds
in Ecuadorian old fields (Myster 2004). Fungicide reduced
mortality to 33% for Cecropia insignis in another terra firme
study (Dalling et al. 1998), but some of those seeds may have
been able to germinate. Not surprisingly, more seeds were
lost to fungus in the moist forest understory than in the rela-
tively dry gaps. Average germination rates were 3% lower
than in other studies (9% in Ellison et al. 1993), which did
not include seeds that survived predation and pathogens. For
example, germination rates for Cecropia schreberiana were
21.2% in the high light conditions of a natural gap in wet
upland rainforests (Everham et al. 1996) and may be up to
90% under favorable conditions (Silander and Lugo 1990).
Cecropia latiloba seeds are still viable after passing through
Amazon fish (Kubitzki and Ziburski 1994). Perhaps because
of the need for large amounts of water for germination, seeds
germination rates were higher in the varzea forest compared
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to terra firme forest. Finally, seed germination results may
mirror growth differences in planted seedling with different
shade requirements (Raich and Khoon 1990).

An experiment done in the Puerto Rican rainforest
showed Cecropia schreberiana survival was 12.5% under
high light and 0% under low light (Everham et al. 1996), very
close to the results here in gaps and the understory. However,
Cecropia survivorship was higher at 34% after agriculture
in upland Ecuadorean rainforest (Myster 2004). In addition
the growth rate for Cecropia was very similar to growth ex-
amined elsewhere (Brokaw 1998). There was a trend for the
larger-seeded species to survive more (but see Jones et al.
1988) but, as before, species differences in survival were very
large (Swaine 1996).

Results support previous studies that showed small-seed-
ed species have very low RGR in the understory, but high
RGR in gaps whereas larger-seeded species have low RGR
in the understory but only slightly greater RGR in gaps (e.g.,
Swaine 1996). Results suggest an inverse relationship be-
tween RGR and survival, as larger seeds generate larger seed-
lings and greater survival in the understory (Swaine 1996). In
addition, seed size may affect initial seedling height and the
ability to avoid flooding (Lopez 2001). LAR corresponds well
with RGR and Cecropia had higher LAR than Clidemia in gaps.
Results also confirm that species differences in LAR are small in
the understory, but much larger in gaps. We must keep in mind,
however, that both seed and seedling results were based on a
small number of species. Consequently confirmation of the re-
sults depends on expanded experiments in the future.

Hypotheses I and 11

Results show most of the mechanisms and tolerances
investigated supported Hypothesis I and Hypothesis II (e.g.,
seed dispersal, seed predation, seed disease, seedling survi-
vorship, seedling allocation) while some others did not (e.g.,
seed bank, seed germination, seedling growth). Also dis-
persed seeds, seedlings germinating from soil samples, and
planted seedlings all had greater diversity in gaps compared
to floodplain forest. All of these mechanisms and tolerances
greatly affect the resulting forest structure (Terborgh 2012)
through the tree-tree replacement process (Myster 2012b) and
sampled Amazon trees showed in another study that while
canopy structure was determined by gap dynamics, canopy
diversity depended on forest type with the flooded forests
having the highest diversity (Myster 2007a, 2010).

Implications for the Amazon

Whereas forest-type differences imply effects of different
water availability, and degree of openness differences imply
effects of light availability, forest-type x opened-type inter-
active effects may be showing how these two key resources
relate to regeneration in these forests and to the biology of the
tree species involved. Indeed the life-histories of these trees,
if we knew them, may include a tradeoff between flood toler-
ance and shade tolerance (Junk 1989) because flood tolerance
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is inversely related to seed size (Lopez and Kursar 1999) and
shade tolerance is directly related to seed size (Denslow 1980,
Brokaw 1982). The tolerance of seedlings to flooding is criti-
cal in determining adult distribution and abundance (Grubb
1977, Parolin et. al. 2004) and results do show that floodplain
forests had the highest germination rates but the lowest sur-
vival, compared to more dry sites (Balslev et. al. 1987).

In general, results show variation in regeneration mecha-
nisms between forests as well as in their gaps (Chazdon and
Pearcy 1991, Lieberman and Lieberman 1989). In other
Amazonian gaps where there was a low seed rain and a poor
seed bank, most recruitment came from tree stump strouting
(Thompson et. al. 1998). Also the increased levels of light
and nutrients after tree-fall should be key factors producing
intense competition within gaps (Denslow 1980) with the
smallest stems hit the hardest, and herbivory taking many
stems (Swaine 1996). Flooding may offer, however, some re-
lease from competition and facilitation may be more likely in
flooded forests compared to terra firme (Balslev et. al. 1987).

Conclusions

If these results turn out to be generally true in the
Amazon, then the high biodiversity of these areas may be
maintained in part by the existence, and interaction, of flood-
ed forest and gaps (but see Wittmann et. al. 2010). In that
case, the variation in mechanisms and tolerances found in
this study can help in the conservation and management of
these forests and — by extension — the Western Amazon. This
includes the sustainability of the future forest products, and
the wider ecosystem goods and services that both local and
global people depend on.

If flooding acts like a disturbance in these forests by
removing biomass (Myster 2003) — especially of seeds and
seedlings — then flooding might be expected to magnify the
effects of gap formation, where terra firme has the greatest
losses of seeds and seedlings, the smallest losses and fastest
growth rate will be in the flooded gaps, and the terra firme
gaps and the intact flooded forest will have intermediate loss
and growth levels (Parolin et. al. 2004, Peres 1997). This
would be due in part because plant biomass is removed both
by flooding and by gap formation, and because intact terra
firme forest has the most diverse and largest animal/fungi
populations and the least light available (Everham et. al.
1996, Schupp 1988).
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