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ABSTRACT 

 

Tropical montane cloud forests are poorly studied botanically, and nearly unstudied 

ecologically, even for basic stand-level measurements critical for understanding questions 

ranging from maintenance of diversity to ecosystem services (Budd et al. 2004). The aim 

of this study was to describe changes in forest structure, dynamics and mode of tree death 

across 2.5 km elevation gradient in a tropical montane cloud forest in the Andes of 

southeastern Peru. In 16 1-ha permanent tree plots over a four year interval all stems (≥ 

10 cm DBH) were tagged, identified and measured initially, then recensused 2-4 yrs later. 

Results showed that stem mortality decreased significantly with elevation while 

recruitment did not, resulting in a significant decrease in stem turnover with elevation. 

Across all elevations the dominant mode of death was by being uprooted. Deaths due to 

stem snapping were more frequent at lower elevations while uprooting was greater at 

higher elevations. Trees dying standing had a non-linear relationship with elevation. This 

study also gave insight into the effects of elevation on the species trait of wood density, 

and further tested the hypothesis that wood density was an important predictor of how 

stems died. Results showed that species wood density increased with elevation and was 

associated with decreasing stem mortality; in particular the frequency of snapped stems. 

Overall stem density declined in the four year period due the high rates of stem mortality 

that were not balanced by recruitment. The high dynamism in low elevations can 

probably be attributed to changes in species composition and species trait spectra, as well 

as soil-nutrient relationships. The patterns found in this study lay the groundwork for 

mechanistic studies of factors controlling forest dynamics in tropical montane sites. 

 viii



 ix

Keywords: Tropical montane cloud forest, Andes, elevation gradient, forest dynamics, 

permanent tree plots, mortality, recruitment, turnover, wood density. 

 



INTRODUCTION 

 

Stand dynamics, such as stem mortality, recruitment and turnover rates, have important 

implications for forest ecology. Tree diversity, composition, species coexistence 

(Denslow 1987, Manokaran and Kochummen 1987, Condit 1992, Phillips et al. 1994, 

Rees et al. 2001, Laurance et al. 2004), the evolution of tree life histories (Clark and 

Clark 1992), the generation of habitat for other organisms, the control of terrestrial 

nutrient cycling (Laurance et al. 2010) and even a major component of  earth's carbon 

balance depend fundamentally on tree growth, recruitment and mortality at broad 

temporal and spatial scales (Phillips et al. 1998, Whittaker et al. 1998, Clark 2002, Chave 

et al. 2003, Baker et al. 2004, Phillips et al. 2004, Rice et al. 2004). While studies of 

forest dynamics are relatively common in lowland tropical forests, tropical montane 

forests are poorly studied (Budd et al. 2004). This study attempts to addresses this gap in 

knowledge by describing forest dynamics across a 2.5 km elevation gradient in the 

Peruvian Andes. 

 

Forest dynamics in the lowland tropics 

Studies of tropical forest dynamics have been conducted mainly in lowland rain forest, 

and show contrasting results at different geographic and spatial scales.  Across the 

Neotropics, forests appear to have become more dynamic, with stand-level measurements 

such as mortality, recruitment, and turnover of individuals increasing over the past 

several decades (Phillips and Gentry 1994, Phillips et al. 1994). Paleotropical sites, 

though, do not show this pattern (Phillips et al. 1998). At the landscape scale, Amazonian 
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forests appear to be more dynamic in terms of both mortality and recruitment rates since 

the 1970s (Phillips and Gentry 1994, Susan et al. 2009), while Central American and 

Malaysian forests have shown periods of both increasing and decreasing rates, with 

mortality and recruitment decoupled in time and both dependent on large-scale climate 

forces (Condit et al. 1999). 

 

The cause(s) of widespread acceleration in Neotropical forest dynamics are still in 

question.  At the regional scale, forest dynamics can change due to environmental 

gradients in both space and time while temporal trends appear affected by inter-annual 

climatic fluctuations, El Niño events (Condit et al. 2004), unusual droughts (Condit et al. 

1995, Phillips et al. 2010) and local squalls (Negron-Juarez et al. 2010). All of these can 

increase tree mortality rates and consequently shift tree species composition, especially if 

the tree species recruiting differ in relative abundance from those dying, and forest 

structure via changes in diameter and height distributions (Laurance et al. 2004, Phillips 

et al. 2010). In the Amazon Basin, variations in forest dynamics at regional spatial scales 

have been attributed to soil fertility (Condit et al. 1999, Phillips et al. 2004). For example 

tree dynamism was greater in richer soils of southern and western Amazonian than in the 

poor soils of eastern and central Amazonia (Phillips et al. 2004). 

 

Vital Rates in Forest Tree Communities 

Tree mortality and recruitment estimates are fundamental descriptors of Pantropical 

forest tree populations (Lewis et al. 2004). Tree recruitment is a manifestation of the 

fecundity of the species and the growth and survivorship of juveniles in the population 
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through different sizes class , e.g. seedling, saplings, poles and mature trees (Swaine et al. 

1987), which can vary as the  successional status of the forest changes. Tree mortality 

rates have been correlated with maximum longevity and size class distribution 

(Lieberman and Lieberman 1987, Swaine et al. 1987), but these correlations are weak, 

with a large component of tree mortality due to damage from random events.   Measured 

rates of mortality across the tropics are 1-2% y-1 and are independent of size class for 

trees (≥ 10 cm DBH) reaching the forest canopy (Lieberman and Lieberman 1987, 

Swaine et al. 1987). 

 

Tree recruitment is fundamentally linked to openings in the forest canopy (gap phase 

dynamics); (Watt 1947, Denslow 1987).  Because tree death creates canopy gaps, how 

trees die is important. Different modes of death create a variety of tree regeneration 

opportunities due to the diverse environments created in disturbances of different scales 

(Gale and Barfod 1999, Arriaga 2000).  Trees that die by being uprooted or snapped 

cause small-to-large (0.01 to 1 ha) light gaps in the forest, with these light gaps being a 

major mode of secondary succession (Denslow et al. 1998). Conversely, when trees die 

standing, very little change occurs in light availability in the forest and most of the 

change that does occur happens in the canopy layers of the stand rather than at ground 

level. Death by uprooting is due to the interplay of disturbance agents such as wind and 

rainfall with site properties such as soil anchorage and steep slopes (Gale and Barfod 

1999, Arriaga 2000). Snapping involves the same physical agents as uprooting, but biotic 

interactions (Gale and Barfod 1999, Arriaga 2000) and wood properties (Putz et al. 1983, 

Chao et al. 2009) can be important as well, which means that there can be large 
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interspecific differences in the susceptibility and recovery from snapping. In contrast, 

standing death may indicate intrinsic loss of vigor, senescence, and the effects of biotic 

interactions such as pathogens, insect attack and competition with other trees or lianas 

(Carey et al. 1994, Midgley et al. 1995, Phillips et al. 2005, Ingwell et al. 2010). The 

dominant mode of stem death differs at regional scales. For example, snapping is more 

common in the north-western Amazonia in contrast with the north-eastern Amazonia 

where the standing mode is more common (Putz et al. 1983, Chao et al. 2009). Mode of 

death also differs between functional groups, e.g. dicotyledonous trees predominantly die 

uprooted and snapped, while arborescent palms mostly die standing and snapped (Gale 

and Barfod 1999). 

 

The size of disturbance is also important in forest dynamics, and this can vary from small 

scale differences, such as whether trees die standing, in single tree-fall gaps, or are tied 

together by lianas into multiple tree-fall gaps (scales of 0.01 to 0.5 ha). Larger scale 

disturbances are driven by microbursts (1-10 hectares), local squalls (10-1000 ha) or 

regional frontal systems and hurricanes (1000-100000 ha), and can kill much larger 

numbers of trees (Negron-Juarez et al. 2010). 

 

Dynamics in Montane Forests 

Major gradients in forest diversity, species composition and ecosystem function are seen 

along elevational gradients in tropical mountains. Elevational gradients are important for 

the study of vegetation–environment relationships because significant environmental 

variations are compressed into short distances, with rapid changes in tree communities. 
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They may also be excellent natural laboratories for understanding the effects of biotic-

abiotic interactions in plant communities and processes of ecosystem function (Kitayama 

1992, Malhi et al. 2010). Patterns observed across forested tropical elevational gradients 

include tree diversity decreasing with greater elevation (Gentry 1988, Kitayama 1992, 

Madsen and Ollgaard 1994, Lieberman et al. 1996, Homeier et al. 2010) and turnover in 

species composition decreasing at higher elevations (Lieberman et al. 1996, Vazquez and 

Givnish 1998). In terms of forest structure, both increases (Heaney and Proctor 1990, 

Kitayama 1992, Vazquez and Givnish 1998, Aiba and Kitayama 1999) and decreases 

(Homeier et al. 2010) in basal area and stem density have been observed with elevation, 

while above ground biomass and net primary productivity decline with increasing 

elevation (Girardin et al. 2010, Homeier et al. 2010). 

 

Little is known about forest dynamics in tropical montane forests across elevational 

gradients. The few studies in tropical montane forest that have analyzed mortality and 

recruitment rates have focused on differences between slope and ridge rather than 

elevation per se. In the montane forest of Australia tree turnover is greater on upper 

slopes or near the ridge-crest in comparison to downslope areas (Herwitz and Young 

1994), whereas in Jamaica mortality can be higher on slopes than on ridges in areas 

affected periodically by hurricanes (Bellingham and Tanner 2000). 

 

Even though forest dynamics are important determinants of species composition, species 

diversity, functional traits, and ecosystem function, they are little studied on tropical 

mountains. Thus, the purpose of this study is to provide the first analysis of stands 
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dynamics in a New World montane forest.  The study uses 16 1-ha permanent tree plots 

along a 2.5 km elevational gradient in a primary tropical montane cloud forest (TMCF) in 

Manu National Park in the southeastern Peruvian Andes. The general goal of this study 

was to detect the spatial and temporal patterns of tree communities in TMCF across the 

elevational gradient. The specific goals of the study were to: (1) explore the trends in 

forest structure across the elevational gradient; (2) explore patterns in tree dynamism 

(mortality, recruitment, turnover and population change rates) along the gradient; (3) 

investigate trends of mode of death across the gradient, and (4) ask whether this 

dynamism and mode of death can be explained by the wood properties in tree 

communities. I hypothesized that tree dynamism will decrease with increasing elevation 

and predicted that the changes would be explained by wood mechanical properties (wood 

density as a proxy), I also hypothesized that the snapped and standing modes of death 

would predominate at lower elevations, with uprooted trees being more common at 

higher elevations. Finally, I predicted that snapped trees would be stems with low wood 

density. 
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METHODS 

 

Study Site 

This study was carried out in the tropical montane cloud forest (TMCF) in Manu National 

Park (MNP) on the eastern slope of the Peruvian Andes (Figure 1). 

 

The Plots 

A network of 16 1-ha permanent plots was established by the Andes Biodiversity and 

Ecosystem Research Group (ABERG 2010) along a 2.5 km elevational gradient in a 

primary montane forest in MNP. Thirteen plots were established along the transect from 

the localities of Trocha Union through Tono in the Kosñipata Valley between 3450 - 

1000 m of elevation, with plots located approximately every 250 m in elevation. 

Elevational replicate plots were established at the Wayquecha (3000m) and Callanga 

(1250m and 1500m) sites (Figure 1). Eleven plots were located on ridges, four were 

adjacent to the ridge top, and the last plot was established the in relatively flat ground at 

the foot of the mountains. The basic description of the plots is presented in Table 1. For a 

detailed description of tree species composition, diversity, structure and additional 

permanents plots from ABERG (2010) group see Silman (in prep). 

 

The first census in Trocha Union and Wayquecha was in 2003, for Callanga and Tono in 

2004, San Isidro in 2005 and San Pedro in 2006; after 2-4 years the second census for 

each tree plot was undertaken. Plot establishment dates and census intervals are found in 

Table 1. All living wood stems ≥ 10 cm in diameter at breast height (DBH) were 
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measured, identified, tagged and mapped.  Life forms included true trees, tree ferns, 

palms and lianas ≥ 10 cm diameter within 2 m of the ground. For individuals with 

multiple stems the DBH of each stem was measured. The diameter of each stem was 

measured at breast height (1.3 m above ground) unless the trunk presented irregularities 

in which case it was measured at the nearest point where the stem was cylindrical and the 

most uniform. 

 

Environmental Characteristics 

Most of the plots (12 plots) are on Ordivician shales and slates, with exception of the 

plots in Trocha Union (2000 m, 1800 m) and Callanga (1500 m, 1250 m) which are on 

Permian granite. Temperature decreases linearly with elevation with a lapse rate of 5.2 

oC/km and ranges from a mean annual temperature of ~ 20 oC at 1000 m to 7.7 oC at the 

top of the transect at 3500 m (Rapp 2010). Annual rainfall is high across the gradient 

with an average exceeding 5000 mm at the base of the transect decreasing to ~ 2600 mm 

at the highest elevation plot (3450 m), with significant inter-annual variability throughout. 

Only at the highest plot does potential evapotranspiration (PET) ever exceed rainfall, and 

then only occasionally in month of June. There is a distinct seasonality in rainfall, with 

highest rains in January and February and the lowest in June and July. Winds have little 

seasonal variation, although higher wind speeds occur at lower elevation. Strong wind 

gusts were rare (2007/8), affecting the lower elevations more strongly during austral 

summer (Rapp 2010). 

 

Calculation of Stand-level Rates 
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In the final census, all the new (recruits) stems ≥ 10 cm (DBH) were measured, including 

individuals with multiple stems. All were marked with spray paint at 1.3 m above ground 

or at the closest cylindrical point if there were irregularities in the trunk. To evaluate 

mortality, all dead and missing stems were recorded. Stems that were snapped or 

uprooted but had sprouts or bark showing fresh tissue were considered alive. To calculate 

mortality, recruitment, turnover and population change rates standard methodology was 

used (Phillips et al. 1994, Sheil et al. 1995, Condit et al. 1999). In the following equations, 

N0 is the number of initial stems, Nt number of final stems, Ns the initial stems surviving 

at the final inventory, t is the time interval, and ln N is the natural logarithm of N. 

Mortality (m), recruitment (r) and population change (λ) rates were calculated as: 

 

For mortality 

            

 

 

  

t
NN

m slnln 0 −=
                                                                                   (1) 

For recruitment 

 

t
NN

r st lnln −
=                                                                                      (2)

And for population size change 

t
NNt 0lnln −

=λ   (3)

Turnover rates were calculated as the mean of the mortality (1) and recruitment (2) rates 

(Phillips et al. 1994). 
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Mode of Death 

Mode of stem death was recorded in the second census (2007/09) for all the ABERG 

(2010) plots. Definitions for the three main modes of death are according to Gale and 

Barfod (1999). Standing were those dead stems with most of the crown branches on their 

standing stems or those with the debris scattered around the trunk. Snapped were stems 

broken close to the ground level, characterized by a broken trunk and part of the stem 

fallen with the crown and branches attached. Uprooted stems were dead trunks showing 

the roots with soils attached. Stems where the mode of death could not be identified were 

assigned as unclassified and included in the stems that were not found in the second 

census. For this study was not classify tree death in terms of gap size (i.e. single versus 

multiple tree-falls) because the goal was to know how the stems died rather than the 

spatial distribution of the mode of death. Linear regression was used to determine the 

relationship between elevation and the mode of death. 

 

Wood Density data  

Wood density is defined as the ratio of the wood dry mass divided by its green volume 

(Chave et al. 2006). Wood samples were collected (2009/10) using an increment borer in 

individuals of species in the same transect in the Kosñipata Valley (n=185), but outside 

the study plots examined here. The samples were taken only from live trees and multiple 

individuals from the dominant species were cored in the surroundings of each permanent 

plot, but not within the plots. Additional data of wood density was used from published 

compilations (Chave et al. 2006, Chave et al. 2009, Zanne et al. 2009). For the arboreal 

species where wood density information was not available, trait values were estimated by 
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using the mean values at genus or family level, assuming that 74 % of the variation at the 

species level is explained by genus and 34 % by family (Chave et al. 2006). Linear 

regression was used to determine the relationship between elevation and wood density, 

and also correlations were used to determine the association of wood density with 

measures of stand dynamics and wood density with different modes of death. 
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RESULTS 

 

Montane Forest Structure and Elevation 

In the Kosñipata Valley, Callanga and Wayquecha sites, a total of 12, 612 stems (≥ 10 cm 

DBH) were measured in the 2007/09 census across the elevation gradient. There was not 

significant relationship between stem density and elevation (R2 = 0.03, p = 0.51). Stem 

density increased from the lowest plot (1000 m) to the middle elevations, reaching a peak 

between 1800 - 2500 m, and then decreasing to the highest plot at 3450 m (Figure 2a). In 

addition, the percentage of multi-stemmed trees increased significantly (R2 = 0.6, p < 

0.001) with increasing elevation (Figure 2b). Stem basal area varied among the plots and 

was not significant related to elevation (R2 = 0.14, p = 0.15; Figure 3). Mean stem basal 

area for the entire community across the gradient showed no significant increase between 

censuses [32.3 m2 ha-1 ± 3.6 (95 % CI), to 32.8 m2 ha-1 ±3.6 (95 % CI) in the second 

census]. 

  

Montane Forest Dynamics 

Over the study period the number of stems in the community across all elevations showed 

a statistically significant decline from 12,850 to 12,612 stems (including recruitment) for 

all the 16 1-ha permanent tree plots with an annual decrease of 0.52 % y-1 for the entire 

community (Paired t-test; p < 0.05). The distribution of mortality and recruitment rates 

for all of the plots across the elevations were skewed with mortality exceeding 

recruitment rates (Wilcoxon signed rank test, p < 0.001, Figure 4). 
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Stem mortality had a significant effect on stem density (Paired t-test; p < 0.001), with a 

decline from 12, 850 to 11, 871 stems for the entire community. The maximum mortality 

rate was 4.3 % y-1 in the plot at 1500 m, the minimum was 0.8 % y-1 in the plot at 3000 m 

of elevation, and mean mortality rate was 2.4 % y-1 ± 0.5 % (95 %CI), (Figure 6a). 

Annualized stem mortality rates decreased significantly with elevation (R2 = 0.4, p < 

0.05), with mortality peaking between 1500 - 2250 m, and decreasing above (Figure 6a); 

mortality rate was higher for smaller diameter stems (≥ 10 cm DBH, Figure 5) with 72 % 

of dead stems found in the 10-20 cm DBH size class. Mean stem recruitment was 1.9 % 

y-1 ± 0.35 % (95 % CI) for the entire community, stem recruitment was higher in the 

lower plot at 1000 m with an increment of 2.9 % y-1, while the lowest rate was at 1500 m 

with 0.9 % y-1. Overall stem recruitment was unrelated to elevation (R2 = 0.01, p = 0.78; 

Figure 6b). Although there was not a consistent relationship of recruitment across 

elevations, the mortality and recruitment rates taken together showed a significant 

decrease in stand turnover (R2 = 0.3, p < 0.05) with increasing elevation (Figure 7). Mean 

stand turnover was 2.16 % ± 0.3 % (95 % CI) for all plots combined. Rates of population 

growth were negative for all of the plots below 2750 m except for the plot at 1000 m 

(Figure 8). Across elevations population growth became less negative with increasing 

elevation (R2 = 0.3, p < 0.05). Overall, there was a decline in the density of stems in the 

tree community for this four year period in the tropical montane forest at Manu National 

Park (Figure 9). 

 

 Mode of Death in Montane Forest 
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For all dead stems across the elevational gradient where information was available, the 

uprooted mode of death was predominant (43.6 %), followed by snapped (36.7 %) and 

standing (19.7 %), (Figure 10). The three types of modes of death showed different 

trends across the elevation, the proportion of stems that died snapped decreased 

significantly (R2 = 0.4, p < 0.05) with elevation (Figure 11a), standing proportions had no 

relationship (R2 = 0.02, p = 0.59) with elevation (Figure 11b) and finally uprooted 

increased significantly (R2 = 0.4, p < 0.05) with elevation (Figure 11c). 

 

Stands Dynamics and Wood Density 

Across the elevational gradient wood density values for 395 tree species (120 species 

ABERG group (2010) and 275 between Chave (2009) and Zanne (2009) data set) were 

collected and compiled. Species mean wood density for the study site was 0.61 g/cm3 ± 

0.02 (95 % CI) and the median was 0.64 g/cm3. The maximum was 1.12 g/cm3 for 

Machaerium acutifolium (Fabaceae) at 1250 m, and the minimum was 0.1 g/cm3 for 

Erythrina ulei (Fabaceae) at 1500 m. Across the gradient, values of mean species wood 

density at the plot level increased significantly with elevation (R2 = 0.6, p < 0.001; Figure 

12). 

 

The association of forest dynamics (mortality, recruitment, turnover rates) with species 

wood density varied across the study area. Mortality rate had a tendency to increase with 

species with low wood density (Figure 14a), however the coefficient of determination 

was not significant (R2 = 0.2, p = 0.14). The relationship between recruitment and species 

wood density was not significant (R2 = 0.004, p = 0.81, Figure 14b). Overall, forest 
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turnover had a slight relationship with species wood density (Figure 14c). Nonetheless 

the relationship was not significant (N = 16, R2 = 0.2, p = 0.14). Frequency of snapped 

stems had a significant association with wood density (N = 16, R2 = 0.4, p < 0.05; Figure 

15a), but standing (Figure 15b) showed no association (N = 16, R2 = 0.002, p = 0.87). 

Uprooted showed marginal association with species wood density (Figure15c), there was 

no relationship (N = 16, R2 = 0.2, p=0.06). 
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DISCUSSION 

 

This study provides insight into forest dynamics across a 2.5 km elevational gradient on 

the eastern flank of the Peruvian Andes, ranging from the base of the Andes to tree line. 

Across the gradient tropical montane cloud forest dynamics changed markedly with 

elevation. This study found a significant effect of elevation in overall stem turnover and 

mode of death, and a significant decline in stem density of the entire community. 

 

Trends in Montane Forest Structure 

The tendency of stem density and basal area along elevational gradients in the tropics is 

to increase with elevation (Heaney and Proctor 1990, Kitayama 1992, Vazquez and 

Givnish 1998, Aiba and Kitayama 1999). The results of this research showed a non-linear 

relationship of stem density across the elevation from 1000 m to 3450 m, with a peak at 

middle elevations (Figure 2a). This peak at mid-elevation could be due to the high 

density of tree ferns in the cloud zone (Lieberman et al. 1996). The increase of multi-

stemmed trees was consistent across the elevation (Figure 2b) and the high density of 

multi-stemmed trees at higher elevations support the findings in the Borneo transects 

(Aiba and Kitayama 1999). The increase of frequency of multi-stemmed trees with 

elevation could be due to the low stem diameter increment in the montane tropical forest 

(1.8 mm y-1 ± 0.4 95% CI). It could also be explained by nutrient deficiency at high 

elevations (Aiba and Kitayama 1999) in this case the high production of multi-stemmed 

trees in poor soils promotes persistence of individuals even if some stems die 

(Bellingham and Sparrow 2009). Thus, the strategy changes for tree species, from rapid 
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growth and higher individual mortality at low elevations to slower growth with lower 

individual mortality at high elevations. Across the transect, the ability to produce multiple 

stems was observed as a trait for species restricted to higher elevations with narrow 

ranges (250 m range, e.g. Miconia setulosa Cogn., Weinmannia microphylla Kunth) and 

also for species with a wide elevational range, though these produced multi-stemmed 

individuals mostly at higher elevations (1250 m range, e.g. Prunus integrifolia (C. Presl) 

Walp.).  

 

Basal area was independent of elevation (Figure 3), which could be due to the presence of 

large diameter trees close to the tree line (68.1 cm max DBH) where the trees have nearly 

the same diameter, but are shorter. The lack of relationship of stem density and basal area 

with elevation in this study is consistent even if the elevation range is expanded to the 

lowland Amazonian forest (between 300 and 1000 m) with an average stem density of 

600 h-1 and average of basal area of 38 m2 ha-1 (Pitman et al. 2001, Silman et al. 2006). 

 

Stand Forest Dynamics  

Across the 2.5 km elevational gradient, for the entire community in the tropical montane 

cloud forest, there was a marked linear decrease of stem mortality with elevation (Figure 

6a). Stand recruitment had a non-linear relationship with elevation (Figure 6b). A 

decrease of recruitment with elevation was expected because stem diameter increment 

decreases with elevation (Rapp 2010).  A plausible explanation for the observed non-

linearity could be the internal heterogeneity of each permanent plot caused by local 

disturbance (e.g. landslides, tree falls) effects on stand structure (stand diameter and 
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height) and species composition. Among hectares, variation can also be associated at 

landscape-level patch dynamics in montane forests (Myster and Fernandez 1995), but this 

has yet to be studied in the Andes. 

 

The paucity of studies of stand dynamics in TMCF across elevational gradients makes it 

difficult to compare results across tropical montane regions and hinders a better 

understanding of patterns of forest dynamics. There are a few focal studies at only one 

elevation examining tree mortality, recruitment and turnover in TMCF. Mean mortality 

rates for the present study was 2.4 % y-1, which was almost the same value for TMCF at 

the Jamaican site (2.5 % y-1), even though there was a high frequency of disturbance by 

hurricanes (Bellingham and Tanner 2000). Mean stand recruitment rates were lower in 

the present study in contrast to Jamaican stand recruitment rates, with values of 1.9 y-1 

and 2.8 y-1 respectively.  Overall, the mean stand turnover rate from this study was 

2.16 % y-1, which is high in comparison to forest in Australia (1582 m), with a 1.7 % y-1 

turnover rate (Herwitz and Young 1994), and was ~ 15 % lower than TMCF in Jamaica 

(1300-1920 m) with a turnover increase of 2.6 %y-1 (Bellingham and Tanner 2000). 

 

Across the gradient there was a marked negative association of stem turnover with 

elevation. This significant linear relationship may be explained by the increase in species 

turnover at lower elevations with the presence of fast growing species with short life 

spans. An alternative explanation of the high turnover at lower elevations could be due to 

the effect of soil nutrients along a fertility gradient (Phillips et al. 2004, Madelaine et al. 

2007, Susan et al. 2009) in which high and low turnover rates are related to rich and poor 
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soils, respectively. In the study area across the elevational gradient, high nutrient soils are 

often at lower elevations with progressively poorer soils with increasing elevation 

(Zimmermann et al. 2009, M. Silman, unpublished data).  

 

The significant decline of stems over the census interval for the entire community in the 

eastern Peruvian TMCF could be explained by environmental factors that may play an 

important role in the abundance and distribution of tree communities. High wind speeds 

occurs frequently at lower elevations, and the strong gusts documented during 2007/8 wet 

season (Rapp 2010) which fell between the two censuses (2003 to 2009) could have 

increased the risk of mortality at lower elevations. An alternative explanation for the 

decline in stem numbers could be the drought that affected the Amazonian Basin during 

the austral winter in 2005 (Marengo et al. 2008) which lead to an increase in tree 

mortality across the Amazon due to hydraulic limitations (Phillips et al. 2010). This event 

could increase the mortality of stands with the largest impact expected at cloud base 

(between 1500 -2000 m), which is consistent with the observed areas where population 

growth was the most negative (Figure 8). 

 

How do stems die? 

The mode of tree death changed in a consistent manner across the gradient. Uprooting 

was the most common mode of death along the gradient in contrast with snapped which 

is the predominant mode of death in lowland Amazonian forest (Gale and Barfod 1999, 

Chao et al. 2009). The significant increase of death by uprooting with elevation could be 

explained by a weak tree anchorage (Putz et al. 1983) combined with shallow soils at 
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higher elevations. Snapped trees are related to biomechanical features and also to soil 

depth that controls tree anchorage (Gale and Barfod 1999). These factors may explain the 

significant linear relationship with more individuals dying by being snapped at lower 

elevations. There may be fewer snapped tress simply due to forest structure. Snapped 

trees often result from damage by other falling trees. Smaller trees at higher elevations 

may not be able to generate the force required to snap trees. An alternative explanation 

could be the difference in species composition along the gradient, where species (e.g. 

Ficus spp, Sloanea spp.) at lower elevations have adaptations such as aerial roots and 

buttressing for better anchorage. The Standing mode of death is related to slow growth 

(Chao et al. 2009) and biotic interactions such as insect attack and fungal pathogens. 

Across the gradient, standing had not significant relationship with elevation and it was 

the least predominant mode of death that occurred in the lowlands. 

 

Montane forest dynamics as a function of wood density 

Wood density is an important functional trait of tropical trees and is also essential for 

biomass calculations (Baker et al. 2004, Chave et al. 2006). The results here improve the 

knowledge of wood density of tropical trees across an elevational gradient. The 

significant increase of species wood density with elevation was not consistent with 

findings in other Neotropical forests (Chave et al. 2006) where wood density decreases 

with elevation. In this study, mean species mean wood density was 0.61 g/cm3 similar to 

0.60 g/cm3 in Chave et al. (2006). Dividing the gradient into three major elevations (from 

1000 to 1500 m, 1750 to 2500 m, 2750 to 3450 m), and weighting the wood density by 

the number of species (Figures 13 a, b, c) shows an increase of wood density with 
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elevation with mean values of 0.57, 0.61, 0.62 respectively for each elevation. This trend 

is even stronger if wood density is weighted by number of stems (Figures 13 d, e, f) with 

mean values of 0.54, 0.64, 0.65 g/cm3 respectively for the three elevations. The observed 

difference in the results of this study could be a result of the range of elevation sampled 

from 1000 to 3450 m for this study, compared to ~ 50 to 2500 m, (Chave 2006). 

Ultimately, more samples across elevational gradients and geographical regions are 

needed to have a comprehensive view of elevation effects on wood density. 

 

In the tropics, high wood density is associated with decreasing tree mortality, increasing 

the probability of death in low wood density species (Chao et al. 2008, Chave et al. 2009). 

In the Amazonian forest, fast growing species with low wood density tend to die snapped 

(Chao et al. 2008). The results of this research confirm patterns of previous studies 

showing a significant association of species with low wood density with dying by being 

snapped. This is not a strong test to relate stand mortality and recruitment with wood 

density at the plot level because it does not take into account factors such as tree size, tree 

height and growth rate. Another way to model mortality, recruitment and the mode of 

death across the gradient would be to calculate the individual-level probabilities of death 

and recruitment. 

 

 21



CONCLUSIONS 

 

This study illustrates the relationship in forest structure with respect to stem density and 

basal area across the elevation. The results suggest that in these forests stem size does not 

change markedly with elevation. Increasing the production of multi-stemmed individuals 

at higher elevations could be a tradeoff of slow stem growth and low nutrients in the soil. 

During a four year period of time, there was a decline in stem density due to higher rates 

of stand mortality over stand recruitment for the entire community of 16 1-ha tree plots.  

Possible explanations include severe wind events and the 2005 drought both of which 

may have influenced the decline in stem density. The significant linear relationship of 

stem turnover and elevation suggests that the species in this community die and grow 

faster at lower elevations than at higher elevations and this could be attributed to both 

higher diversity and an increased range of life history strategies coupled with a strong soil 

fertility gradient. Species wood density has a strong relationship with elevation and in 

turn appears to be related to mortality and it is correlated with snapped as the most 

common mode of death at lower elevations. Forest dynamics are a consequence of 

multiple factors, and the process of understanding which factors predict stem mortality 

and recruitment across elevation is a continuing challenge. More research at larger 

temporal and spatial scales is needed to fully understand the changes of dynamics in 

montane forest. Studies of small tree size classes (e.g. seedlings, saplings and poles) and 

future censuses of the permanent plot network will help to elucidate the life history and 

demography of tree communities across elevational gradients in tropical regions. 
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Table 1. Basic description of the 16 1-ha permanent tree plots along an elevational 

gradient in the Manu National Park, Peru. 

 

Location Plot Elevation (m) UTM E UTM N 1°Census 2°Census Substrate 

Tono TO_1000 1000 225215 8567314 2004 2007 Shale 

San Isidro SI_1250 1245 222870 8562054 2005 2009 Shale 

Callanga CA_1250 1250 197947 8582756 2004 2008 Granite 

Callanga CA_1500 1500 198534 8582816 2004 2008 Granite 

San Pedro SP_1500 1500 224863 8556052 2006 2008 Shale 

San Isidro SI_1500 1521 222305 8561620 2005 2009 Shale 

San Pedro SP_1750 1750 224258 8556260 2006 2008 Shale 

Trocha Union TU_1800 1800 222887 8553630 2003 2007 Granite 

Trocha Union TU_2000 2000 222622 8553538 2003 2007 Granite 

Trocha Union TU_2250 2250 221737 8552556 2003 2007 Shale 

Trocha Union TU_2500 2500 220816 8551070 2003 2007 Shale 

Trocha Union TU_2750 2750 219193 8549686 2003 2007 Shale 

Trocha Union TU_3000 3000 218992 8549454 2003 2007 Shale 

Wayquecha WA_3000 3000 219595 8540370 2003 2007 Shale 

Trocha Union TU_3250 3250 217594 8549222 2003 2007 Shale 

Trocha Union TU_3450 3450 217309 8548834 2003 2007 Shale 
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FIGURE LEGENDS 

 

Figure 1. Map of the 16 1-ha ABERG network permanent tree plots in Manu National 

Park across an elevational gradient. Each dotted circle represents a 1-ha tree plot. 

 

Figure 2. (a) Variability of stem density (ha-1) across elevation in 16 permanent plots 

(Linear regression; R=0.18, p=0.52, DF=14, n=16; R2=0.03, p=0.51), error bars depict 

the 95 % confidence intervals. (b) Multi-stem production across elevation (Linear 

regression; R=0.77, p < 0.001, DF=14, n=16; R2=0.6, p < 0.001), each point represents 

the percentage of multi-stem individuals per hectare of stems ≥ 10 cm DBH below 1.3 m 

height, error bars depict the  bootstrapped 95 % confidence intervals. In both cases solid 

lines are a nonparametric regression fit using a LOESS function. 

 

Figure 3. Relationship of stem basal area (m2 ha -1) across elevation (Linear regression; 

R=-0.38, p=0.15, DF=14, n=16; R2=0.14, p=0.15). Error bars depict bootstrapped 95 % 

confidence intervals. 

 

Figure 4. Difference in mortality and recruitment rates for all 16 1-ha plots across the 

elevational gradient (Wilcoxon signed rank test, p < 0.001). 

 

Figure 5. Frequency distribution for all dead stems along an elevational gradient as a 

function of DBH (≥ 10 cm DBH). 
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Figure 6. Rates of forest dynamics across the elevation gradient for all stems ≥ 10 cm 

DBH for: (a) Mortality using equation (1), points show annualized rates as a function of 

elevation (Linear regression; R=-0.61, p < 0.05, DF=14, n=16; R2=0.4, p < 0.05). (b) 

Recruitment using equation (2), points show annualized rates as function of elevation 

(Linear regression; R=0.08, p=0.78, DF=14, n=16, R2=0.01, p=0.78). Error bars depict 

the bootstrapped 95 % confidence intervals. 

 

Figure 7. Turnover rates (mean of mortality and recruitment rates) for all stems ≥ 10 cm 

DBH. Points show annualized rates as a function of elevation (Linear regression; R=-0.50, 

p < 0.05, DF=14, n=16; R2=0.3, p < 0.05). Error bars depict the bootstrapped 95 % 

confidence intervals. 

 

Figure 8. Population change rates for all stems ≥ 10 cm DBH across the elevational 

gradient. Rates for each permanent plot were calculated from equation (3), (Linear 

regression; R=0.56, p < 0.05, DF=14, n=16; R2=0.3, p < 0.05), dashed lines indicate no 

change. Error bars depict the bootstrapped 95 % confidence intervals. Solid line is a 

nonparametric regression fit using a LOESS function. 

 

Figure 9. Histogram of rates of population change for all stems ≥ 10 cm DBH across the 

gradient. Rates for each permanent plot were calculated from equation (3). Dashed lines 

depict no change. 
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Figure 10.  Overall mode of death for all dead stems across the elevation gradient 

(Percentage ha -1). 

 

Figure 11.  Variability of the mode of death for all of the dead  stems ≥ 10 cm DBH 

across the elevational gradient for (a) snapped stems (Linear regression; R=-0.62, p < 

0.05, DF=14, n=16; R2=0.4, p < 0.05); (b) standing stems (Linear regression; R=-0.14, 

p=0.59, DF=14, n=16; R2=0.02, p=0.59) and (c) uprooted stems (Linear regression; 

R=0.60, p < 0.05, DF=14, n=16; R2=0.4  p < 0.05). Error bars depict the bootstrapped 

95 % confidence intervals. 

 

Figure 12. Relationship of mean species wood density for the 1 ha tree plots (weighted by 

species number for each plot) across the elevational gradient (Linear regression; R=0.75, 

p < 0.001, DF=14, n=16; R2=0.6, p < 0.001). Error bars depict the bootstrapped 95 % 

confidence intervals. Solid line is a nonparametric regression fit using a LOESS function. 

 

Figure 13. Frequency of wood density weighted by number of species in three elevational 

groups from  (a) 1000 – 1500 m, (b) 1750 – 2500 m and  (c) 2750 – 3450 m. Wood 

density weighted by number of stems for  (d) 1000 – 1500 m,  (e) 1750 – 2500 m and (f) 

2750 – 3450 m. Dashed lines indicate the mean wood density for each elevational group. 

 

Figure 14. Forest dynamics as a function of species wood density. For (a) mortality 

(Linear regression; R=-0.38, p=0.141, DF=14, n=16; R2=0.2, p=0.14), (b) recruitment 
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(Linear regression; R=-0.06, p=0.81, DF=14, n=16; R2=0.004, p=0.81), and (c) turnover 

(Linear regression; p=0.14, DF=14, n=16; R2=0.2, p=0.14). 

 

Figure 15. Mode of death as a function of species wood density. For (a) snapped (Linear 

regression; R=-0.61, p=0.01, DF=14, n=16; R2=0.4, p < 0.05), (b) standing (Linear 

regression; R=-0.01, p=0.87, DF=14, n=16; R2=0.002, p=0.87), and (c) uprooted stems 

(Linear regression; R= 0.43, p=0.06, DF=14, n=16; R2=0.2, p=0.06). 
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Figure 3 
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Figure 5 
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Figure 6
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 

 

 F
re

qu
en

cy
 o

f s
te

m
s

0.2 0.4 0.6 0.8 1.0 1.2

0
20

0
40

0
60

0
80

0
10

00
12

00

(d) 

 

 F
re

qu
en

cy
 o

f s
pe

ci
es

0.2 0.4 0.6 0.8 1.0 1.2

0
50

10
0

15
0

20
0 (a) 

 

 F
re

qu
en

cy
 o

f s
te

m
s

0.2 0.4 0.6 0.8 1.0

0
50

0
10

00
15

00
20

00
25

00

(e) 

 

 F
re

qu
en

cy
 o

f s
te

m
s

 

 F
re

qu
en

cy
 o

f s
pe

ci
es

0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0
12

0

(b) 

(c) (f) 

0.2 0.4 0.6 0.8 1.0

0
50

0
10

00
15

00
20

00
25

00
30

00

 

 F
re

qu
en

cy
 o

f s
pe

ci
es

0
20

40
60

80

0.2 0.4 0.6 0.8 1.0

Wood density g/cm3 

 50



Figure 14 
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Figure 15 
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