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Abstract The knowledge of tree age is important for

understanding tree growth and forest dynamics. It may be

estimated by ‘direct’ methods involving growth ring

counts, or by ‘indirect’ methods involving field measure-

ments of growth rates. Direct methods are considered more

accurate, but it is not clear if they are appropriate for all

species, notably from the humid tropics. In this paper we

assess the occurrence of annual growth rings and their

utility for age estimation in three tropical tree species,

Acrocarpus fraxinifolius, Dalbergia latifolia (Fabaceae)

and Syzygium cumini (Myrtaceae), growing in traditional

shade coffee plantations of the southern Western Ghats,

India. These species previously were described as having

‘‘indistinct or absent’’ growth rings. We used anatomical

studies, field measurements and computational methods to

characterise growth rings and assess similarities between

directly and indirectly estimated tree ages. Our study

revealed that annual growth rings were characterised by

different sets of anatomical features per species and were

most distinct in the fast-growing deciduous A. fraxinifolius.

Growth rates measured in the field showed annual peri-

odicity in all three species, and reflected annual rainfall-

drought cycles in D. latifolia and S. cumini. Direct age

estimates were most similar to indirect estimates in

D. latifolia, and least so in S. cumini. The results of direct

age estimation by counting rings are consistent with them

being annual in nature in tropical species with distinct and

reliable annual growth ring formation. However, for spe-

cies with poorly defined growth rings, indirect age esti-

mation methods might be more useful.

Keywords Age-size trajectories � Drought �
Growth periodicity � Kodagu � Loess � Stochastic model

Introduction

Establishing the relationship between age and size of trees is

an important problem for forest ecology and conservation

(Ashton 1981; Brienen and Zuidema 2006; Lieberman et al.

1985; Martı́nez-Ramos and Alvarez-Buylla 1998; Metcalf

et al. 2009; Terborgh et al. 1997; Vetter and Botosso 1989).

It also is of interest for silviculture and plantation manage-

ment (e.g., Nath et al. 2011; Sánchez-González et al. 2005;

Schöngart 2008). Methods for establishing tree age have

been classified as ‘‘direct’’ or ‘‘indirect’’ (sensu Martı́nez-

Ramos and Alvarez-Buylla 1998). Direct methods involve

exact age determination by methods such as cohort moni-

toring, counting growth rings or palm frond scars, X-ray

densitometry, radiocarbon dating and isotopic composition,
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while indirect methods develop representative curves per

population or species by modelling field measurements of

annual growth (diameter or height) or mortality rates

(Martı́nez-Ramos and Alvarez-Buylla 1998; Poussart et al.

2004; Vetter and Botosso 1989; Worbes 1995, 2002; Wor-

bes and Junk 1999).

The search for tropical tree species with distinct annual

growth rings intensified during the last few decades, after it

became clear that annually periodic environmental phe-

nomena could cause annual periodicity of vegetative

growth even in tropical areas (Alvim 1964). Common

causes of annual growth periodicity identified in the tropics

are drought (Borchert 1999; Brienen and Zuidema 2005;

Détienne 1989; Gourlay 1995; Ogden 1981; Priya and Bhat

1999; Lisi et al. 2008; Worbes 1995; Vetter and Botosso

1989), flooding (Worbes 1995; Schöngart et al. 2002,

2005) and salinity (Estrada et al. 2008), indicating that

extremes of soil moisture (too little or too much) can

induce cambium dormancy and produce growth rings in the

wood. The occurrence of annual droughts or flooding in a

tropical region thus suggests a high likelihood for detecting

growth rings in the trees (Stahle 1999; Worbes 1995),

although trees in apparently aseasonal forests also produce

growth rings (Fichtler et al. 2003).

Notwithstanding the occurrence of annually periodic

environmental stresses, other problems have impeded pro-

gress in tropical tree ring science and consequently the use of

direct methods for age assessments. These problems include

the higher proportions of diffuse porous rather than ring

porous (sensu IAWA 1989) species (Boura and de France-

schi 2007), occurrence of discontinuous, missing, multiple,

false or wedging rings, reduced detectability of ring structure

in juvenile trees and buttress formation in large trees (Brie-

nen and Zuidema 2005; Détienne 1989; Gourlay 1995; Priya

and Bhat 1998; Stahle 1999; Worbes 1999, 2002).

Similarly, there are problems associated with indirect

methods that utilise data from short-term studies to predict

long-term growth trajectories. The main problem is the

assumption that growth conditions remain constant

throughout the life of a tree, and current growth rates

adequately represent the past (Worbes and Junk 1999;

Zuidema et al. 2011). Thus, many attempts to estimate

tropical tree age by direct and indirect methods (Chambers

et al. 1998; Condit et al. 1995; Laurance et al. 2004) remain

speculative or ‘‘controversial’’ (Martı́nez-Ramos and

Alvarez-Buylla 1998; Rozendaal and Zuidema 2011;

Worbes and Junk 1999).

It has been suggested that direct methods are safer and

more reproducible than indirect methods for inferring age in

tropical tree species that produce annual growth rings

(Worbes and Junk 1999; Worbes 2002). While this may be

true for many species, problems associated with growth ring

detectability and identification (mentioned above) make it

unclear if the superiority of direct methods can be general-

ised over all species with annual rings. Thus, we carried out a

study to compare age-size relationships obtained by the

direct method of counting growth rings versus those

obtained by indirect methods in three Indian tropical tree

species with varying growth rates and phenologies.

We are aware of only two tropical studies (Ogden

1981; Terborgh et al. 1997) and one temperate study

(Baker 2003) that have attempted to independently verify

direct age estimations with those obtained indirectly.

Another tropical study (Metcalf et al. 2009) compared

their own indirectly estimated age-size trajectories with

direct estimates obtained by a previous study in the same

forest (Fichtler et al. 2003). The first three studies pro-

duced differences between direct and indirect age esti-

mates ranging from -38 to 612% for individual trees

(Ogden 1981; i.e., the difference as a percentage of

indirect values), 3–20% for stand cohorts (Terborgh et al.

1997), and 16.8–32% averaged over the entire stand or up

to 110 years in absolute value when averaged over dif-

ferent species (Table 4 and Fig. 2 values, respectively, in

Baker 2003). The fourth study (Metcalf et al. 2009) did

not provide quantitative values, but a rough estimate

obtained from Fig. 4 of their paper suggests differences

greater than 20% in some species. As there appears to be

the possibility of substantially underestimating or over-

estimating tree age depending on the method used, it is

important to document and understand the causes of such

variations.

We studied three tropical tree species of peninsular India

that are of value for timber production and agroforestry

(Nath et al. 2011): Acrocarpus fraxinifolius Wight and Arn.

(Fabaceae), Dalbergia latifolia Roxb. (Fabaceae) and

Syzygium cumini (L.) Skeels (Myrtaceae). Different for-

estry-related manuals have provided conflicting views on

the presence and characteristics of growth rings in these

species (Gamble 1922; Pearson and Brown 1932; Purka-

yastha 1997; Rao and Purkayastha 1972). In addition, the

InsideWood database (InsideWood 2004-onwards) uni-

formly describes these three species as having diffuse-

porous wood with ‘‘growth ring boundaries indistinct or

absent’’. However, our preliminary investigation of sam-

ples collected in southern India revealed the presence of

growth ring boundaries in these species. Thus, we con-

ducted further investigations to characterise the observed

growth rings and assess their utility for estimating tree age

in these three species.

The main objectives of this study were: (1) to identify

and characterise anatomical features of growth rings in

three valuable tropical tree species (2) to establish the

periodic nature (annual or not) of growth rings in these

species, and (3) to assess the similarity of tree age esti-

mates by direct and indirect methods.
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Methods

Study area and sample collection

The study was carried out in shade-coffee plantations of

Kodagu district Western Ghats of India (sites situated at

12o130–12o220 N and 75o360–75o540 E). The land is undu-

lating with moderately steep hills and valleys ranging in

altitude from 850 to 1,875 m. Rainfall is strongly seasonal,

with maximum precipitation received from the southwest

monsoon during June–August and a very steep gradient

from west ([5,000 mm year-1) to east (\800 mm year-1)

in about 50 km (Elouard 2000, also see Fig. 1). An

examination of average rainfall records between 1980 and

2008 in the western (Bhagamandala, Naladi and Napoklu)

and eastern (Ammathi, Maldare and Siddapura) sides of the

district, showed higher rainfall on average every month in

the west than in the east (Fig. 1). Examination of average

monthly temperature (recorded at Madikeri, 2002–2009) in

conjunction with rainfall reveals an annual dry period of

3–4 months on both sides of the district between December

and March (Fig. 1).

The tree species studied are of interest to farmers for

timber production, due to fast growth rates or high com-

mercial value (Nath et al. 2011). These species are: (1)

Acrocarpus fraxinifolius Wight and Arn. (Fabaceae), a fast-

growing deciduous species; (2) Dalbergia latifolia Roxb.

(Fabaceae), a slow-growing deciduous to brevi-deciduous

species; and (3) Syzygium cumini (L.) Skeels (Myrtaceae),

an evergreen species with a medium growth rate. Although

farmers plant large numbers of trees per year, there is no

established practice of maintaining records of location or

year of planting. Thus, information on tree planting pro-

vided by farmers lacked precise details and was unsuitable

for establishing tree age.

Wood samples were collected from the western medium

elevation wet evergreen vegetation zone and the eastern

moist to dry deciduous vegetation zone of Kodagu district,

southern India. Due to strict laws enforced by the State

Forest Department, restricting felling of native trees in

coffee plantations (Nath et al. 2011), the availability of

wood samples was severely limited. Only those trees, for

which harvest permits had been granted, could be sampled

by obtaining a cross-sectional disc from the base of the

stem. From each disc, 1–4 radial strips in different direc-

tions were obtained, each of which comprised a wood

sample from pith to bark. In addition, a few standing dead

or recently fallen trees were sampled with an increment

borer (0.4 cm diameter).

We also obtained girth increment data in the field from

an ongoing study of a separate subset of 197 live standing

trees ([60 trees per species) in the same district. The trees

were spread out across 13 coffee plantations and ranged in

size from 7.3 to 127 cm diameter (i.e., dbh, diameter at

breast height). All trees were fitted with stainless steel

dendrometer bands during 2008 to monitor diameter

growth with 0.2 mm precision (Nath et al. 2011). Girth

increment data were collected at 3-month intervals between

August 2008 and August 2010, and again in September

2011.

Characterisation of growth rings

To obtain slides for microscopic observation, cubes of

wood were boiled in a 4% solution of ethylenediamine for

several hours at 75�C (Kukachka 1977). A microtome was

used to produce 15–20 lm transverse sections coloured by

the classical iodine green method and mounted on glass

slides. Large sample sizes of 32–65 complete and clearly

identifiable growth rings per species were selected for

quantification. We divided each growth ring into five sec-

tions for assessing changes in vessel size, density and rel-

ative area from earlywood (EW, first of the five sections) to

latewood (LW, fifth section). The selected rings repre-

sented a wide range of sizes, while eliminating extremely

small rings, as follows: A. fraxinifolius: 1.1–16.63 mm;

D. latifolia: 1.12–9.56 mm; S. cumini: 1.42–9.47 mm.

These ranges include the average radial growth rates (cal-

culated as half of the average diameter growth rates) that

were earlier measured with dendrometers on the eastern

and western sides of Kodagu: A. fraxinifolius 5.7–6.8 mm

year-1, D. latifolia 2.2–2.9 mm year-1 and S. cumini

3.5–4.1 mm year-1 (Nath et al. 2011). Thus, we assume

Fig. 1 Climate diagram showing average rainfall per month (solid
lines) on the west and east of Kodagu district, Western Ghats, India

(note change in axis scaling above 100 mm), and average temperature

(dash-dot line) at Madikeri. Months in which twice the temperature

(�C) is higher than rainfall (in mm) are considered as dry (i.e., no

hatched pattern), and months with rainfall above 100 mm are

considered as wet (cross-hatched area). The calendar year is divided

into four seasons, HD high dry, LD low dry, HW high wet, and LW
low wet (see descriptions in text)
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that the exclusion of the smallest rings will not substan-

tially affect our conclusions. Image analysis was carried

out using ImageJ (Fiji) software (Abramoff et al. 2004).

Growth periodicity

Seasonal growth variations were characterised with dend-

rometer measurements collected at 3-month intervals over

a 2-year period. Each measurement interval of 3 months

represented one of the following four consecutive seasons

per year in the district:

High wet season, coinciding with the peak of the Indian

Southwest monsoon characterised by heaviest rainfall and

maximum number of rainy days per year (‘‘HW’’, June–

August);

1. Low wet season caused by less intense Northeast

monsoon winds (‘‘LW’’, September–November);

2. High dry season, characterised by hardly any rainfall

and low temperatures (‘‘HD’’, December–February);

3. Low dry season, characterised by high temperatures

and scattered local convective showers (‘‘LD’’,

March–May).

Diameter growth rates per season were annualised and

examined for periodicity. In order to assess the season-

ality of soil moisture content we also collected soil

samples at two depths representing the top layer (5 cm)

and lower down (30 cm) at 3–5 random locations per

coffee plantation at 3-month intervals (i.e., at the time of

collecting growth data). The gravimetric water content

reported is the mass of water as a percentage of the mass

of soil ? water.

Direct and indirect age estimation

Direct estimates of tree age were obtained by counting

growth rings on highly polished radial wood strips and tree

cores. Samples were used only if they contained or just

narrowly missed the central pith of the tree, and if the

sapwood appeared to be generally intact (i.e., \5 rings

lost). Thus, 19 tree samples were selected (A. fraxinifolius:

8; D. latifolia: 6; S. cumini: 5), providing a total of 46

cross-sectional radii (average of 2.4 radii per tree). The

highest number of true rings counted per radius was taken

as the maximal age of that tree. All indistinctly marked ring

boundaries that were undulating or unassociated with

anatomical disjunction between latewood of a previous

year and earlywood of the following year were considered

to be false. In general the proportion of false rings observed

was low: A. fraxinifolius 8.3% (in a sample, N, of 204

rings), D. latifolia: 3.1% (N = 806 rings), S. cumini: 6.8%

(N = 190 rings).

Indirect age-size trajectories used annual growth rates

calculated from field measurements obtained in August

2008 and September 2011. Both of these measurement

periods occurred at the end of the high wet season when

stems are rehydrated, and short-term diameter fluctuations

due to soil moisture variability is lowest (Pélissier and

Pascal 2000). For developing trajectories we used two

kinds of empirical models:

Stochastic model

This simulation-based method creates growth trajectories

by an iterative process of randomly selecting growth rates

(cf. Lieberman and Lieberman 1985; Lieberman et al.

1985). The starting diameter was 0.2 cm, and at each

growth step a pool of empirical growth values in the

diameter size class ±5 cm from the current diameter was

used for random selection. The growth trajectory was ter-

minated in the 300th year, and for each species 10,000 such

simulations were carried out to obtain an average trajectory

and 95% confidence envelope (also see Nath et al. 2011).

In order to allow for variation due to stems that have fast or

slow growth for extended periods (Brienen and Zuidema

2006; Brienen et al. 2006; Rozendaal et al. 2010; Brienen

and Zuidema 2007), temporal autocorrelation was mod-

elled by restricting the selection pool of empirical growth

rates to a window of values spanning up to ±20% of the

entire growth range on either side of the previous growth

value. We also added species-specific selection against

persistently poor performance (similar to Terborgh et al.

1997; Metcalf et al. 2009), by allowing an A. fraxinifolius

stem to have only 2 consecutive years of B0.05 cm year-1

increment, D. latifolia only 3 consecutive years

of B0.02 cm year-1 increment, and S. cumini only 3 con-

secutive years of B0.00 cm year-1 increment. These cut-

offs were based on our field observations of mortality

following consecutive years of low growth or, in the case

of S. cumini, stem shrinkage that was recorded by

dendrometers.

Loess model

This method uses the Loess curve-fitting procedure to

obtain growth curves (cf. Terborgh et al. 1997). It is not

possible to project trajectories beyond the measured

diameter range, and thus the minimum measured diameter

per species was taken as the starting diameter, with the

corresponding age obtained from stochastic projections

(above). The empirical growth values were then used to

produce age-size trajectories, which terminated at the

largest measured diameter.
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Results

Characteristic features of growth rings and boundaries

We were able to identify growth rings delimited by distinct

boundaries in polished wood samples and microscope

slides of all three species. The following are descriptions

and quantitative characteristics of the anatomical features

associated with growth rings for each species:

Acrocarpus fraxinifolius

Vessels in EW were generally large, single, ovoid and

often in contact with the growth ring boundary, compared

to smaller, grouped (2–4, radial) vessels not in contact

with the growth ring boundary in LW (Fig. 2.1–3). Mea-

surements made using microscope slides of 32 growth

rings showed that average vessel density was: 3.6 vessels

mm-2 (SD = 0.68). Vessel density was low in EW,

increased in the middle and slightly decreased in LW

(Fig. 3). The average vessel diameter was 154 lm (range

41–278 lm) and decreased linearly from the beginning to

the end of the growth ring (see Table 1 for differences

between EW and LW). The proportion of area occupied

by vessels (hereafter referred to as ‘‘porosity index’’, or

the percentage of surface in EW or LW occupied by the

total porous surface, i.e., vessel lumen area) was highest in

the second section of the growth ring and significantly

reduced in the last section (Fig. 3, left, bottom panel;

Table 1). Fibres gradually thickened from EW, and had

smaller lumens, thicker walls and noticeably darker colour

in LW. Paratracheal parenchyma was scarce and usually

vasicentric in EW, versus being more common and ali-

form-confluent in LW.

Ring boundaries were generally easily detectable. The

most prominent feature was a flat surface separating LW

from EW (observed distinctly in 98% of rings, Table 2),

which was demarcated by a distinguished zone of radially

flattened fibres and/or marginal parenchyma (IAWA 1989

list, #s 69 and 89). Other features included vessel size

(84%) and fibre density differences (80%). Marginal

parenchyma was observed distinctly in 54% of rings. The

marginal parenchyma band usually was formed by a line of

continuous flattened cells, 1–10 cells thick (Fig 2.4). Often

fibre and ray cells at the growth ring boundary were also

flattened. Other features used to identify growth rings

included changes in parenchyma type, vessel grouping (in

LW) and vessel frequency (Table 2).

Samples from the eastern and western sides of the dis-

trict were similar, although western samples often had less

obvious marginal parenchyma bands (0–5 cells thick) and

less differentiation of fibre wall thickness between EW and

LW.

Dalbergia latifolia

Large vessels generally occurred in the early to middle

period of the growing season (sections 1–3 of growth rings,

Fig. 3), and vessel diameter reduced abruptly at the ring

boundary in LW (Section 5 of growth rings, Fig. 2.5–7).

Measurements made using microscope slides of 65 growth

rings, showed that the average vessel diameter was 118 lm

(range 41–202 lm) and the average vessel density was: 4.1

vessels mm-2 (SD = 1.23). Vessel density increased from

EW to LW (Fig. 3; Table 1). Porosity index was highest in

the middle of the ring (Fig. 3).

A distinctive feature was a band of fibres with few or no

vessels at the start of the growth ring (Fig. 2.5–7). Paren-

chyma in EW was scarce and paratracheal aliform-con-

fluent or apotracheal diffuse, with increasing frequency

forming discontinuous broad wavy bands towards the

middle. Parenchyma in LW consisted of several thinner

and narrowly spaced bands of confluent parenchyma.

Growth rings in polished wood sometimes were not

clearly identifiable (Table 2). This may be due to the slow

growth rate resulting in reduced space and differentiation

between LW of a previous year and EW of the following

year. However, in general, this species can also be con-

sidered as showing distinct growth rings. The growth ring

boundary was most often indicated by a continuous flat

surface (observed distinctly in 88% of rings, Table 2), and

marginal parenchyma was present as a line of thin and

flattened cells 1–3 rows thick (70%, IAWA 1989 list, #89),

which often contained highly reduced vessels (87%). A key

feature occurring in 69% of the rings was a band of fibres

in the initial EW, 5–15 rows wide, in which vessels were

absent or rare (Fig. 2.5–7). Other characteristics observed

were thin lines of confluent parenchyma in LW (67%) and

variations between EW and LW parenchyma type across

the boundary (63%, Table 2).

Syzygium cumini

Vessels were smaller but more numerous than in the other

two species, and sometimes occurred rarely in EW but at

high density in LW (Fig. 2.8–10, Fig. 3). Measurements

made using microscope slides of 37 growth rings, showed

that the average vessel diameter was 101 lm (range

32–169 lm) and the average vessel density was: 13.49

vessels mm-2 (SD = 1.23). Vessel diameter was low at the

beginning and especially at the end of the growth cycle

(Fig. 3; Table 1), while porosity index was highest in the

middle of the ring (Fig. 3).

Fibres occurred in several rows without vessels at the start

of EW, with fibre walls gradually thickening towards LW

(Fig. 2.11; Table 2). Parenchyma was scarce and vasicentric

around EW vessels, but formed thin wavy confluent bands in

Trees (2012) 26:1017–1029 1021
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LW. However, juvenile wood showed wavy bands of con-

fluent parenchyma throughout the growth ring.

The features characterising growth ring boundaries in

S. cumini showed much variation, were often poorly

marked and perhaps sometimes absent (i.e., undetected

rings). Identifying and enumerating rings in this species

was more difficult, but growth ring boundaries could be

detected by the presence of a flat surface (95% of the time)

and a marked change in vessel frequency (84%) due to the

presence of a prominent band of fibres in EW, many rows

thick and containing few vessels (53%, Table 2;

Fig. 2.8–11). Changes in parenchyma type (82%) with LW

parenchyma lines (58%), and vessel size differences (72%)

were additional characteristic features.

Fig. 2 Microscopic view of growth ring limits (GRL, indicated with

arrows) in three tropical tree species of the Western Ghats, southern

India (ring growth progresses from the bottom to top of each panel,
and earlywood is above the GRL). 1–4 Acrocarpus fraxinifolius; 5–7

Dalbergia latifolia; 8–11 Syzygium cumini. Scale bar (white strip at

bottom right of each panel) 1–2, 5–9 = 2 mm; Scale bar 3, 10–

11 = 1 mm; Scale bar 4 = 500 lm
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Annual nature of growth periodicity

Diameter growth rates measured with dendrometer bands

at 3-month intervals, each representing one of four prede-

fined seasons, clearly demonstrated an annually periodic

cycle of growth in all three species. Annual growth peri-

odicity was evident in the high-rainfall western side as well

as in the drier eastern side of the district (Fig. 4). For each

species only one of the four seasons per year was consis-

tently associated with evidence of growth cessation (i.e.,

most trees’ growth rates at or very close to zero). In A.

fraxinifolius, this occurred during the low wet season

(September–November), while in the other two species it

occurred during the high dry season (December–February).

Furthermore, in each species, there was only one season

per year consistently associated with peak growth in most

trees. For A. fraxinifolius, this was the low dry season

(March–May); in D. latifolia, it was the high wet season

(June–August), and in S. cumini, it was the low dry season

in the west and the high wet season in the east (Fig. 4). In

general, A. fraxinifolius showed maximum variation across

individuals, but this did not dampen the amplitude of

annual periodicity, as growth rates during the peak season

of growth (i.e., the low dry season) were generally high.

Table 1 Anatomical features quantified in earlywood (EW) and latewood (LW) of three tropical tree species of the Western Ghats, India

Anatomical feature Acrocarpus fraxinifolius Dalbergia latifolia Syzygium cumini

(N = 32) (N = 65) (N = 37)

EW LW EW LW EW LW

Vessel diameter (lm) 187 (±37) 127*** (±20) 130 (±25) 99*** (±18) 102 (±21) 90*** (±17)

Vessel density (vessels mm-2) 2.38 (±1.05) 3.58*** (±0.97) 3.18 (±1.8) 4.44*** (±1.7) 10.85 (±4.53) 12.52* (±4.43)

Porosity index (%) 19 (±7) 15** (±5) 19 (±9) 16 (±7) 17 (±4) 16 (±4)

Ring width (mm) 5.78 (±3.44) 4.4 (±1.9) 5.33 (±2.57)

In each species a large sample (N) of growth rings were each divided into five equal sections, with the first section representing EW and the last

section representing LW. Mean values (±SD) of anatomical features in EW and LW are given below. Porosity index = the total porous surface

(i.e., vessel lumen surface), calculated as a percentage of total ring surface

Significant differences between EW and LW: * p \ 0.05; ** p \ 0.01; *** p \ 0.001

Fig. 3 Progression of three

vessel characteristics: vessel

density (top three panels),

vessel size (middle panels) and

porosity index (bottom panels,

see details in Table 1), within

the growth rings of three

tropical tree species of the

Western Ghats, southern India.

A large sample of growth rings

(Acrocarpus fraxinifolius: 32

rings, Dalbergia latifolia: 65

rings, Syzygium cumini: 37

rings) were divided into five

sections each to enable

quantification of vessel

characteristics from earlywood

(first boxplot on left side of each

panel below) to latewood (fifth
boxplot, on the right side).

Whiskers (vertical dotted bars)

extend up to a maximum of 1.5

times the interquartile range

from the boxes, beyond which

outliers are indicated as isolated
dots. Notches signify 95%

confidence limits for each

median
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However, in S. cumini, growth periodicity was less marked

on the western side, where several stems had low growth

even during the peak growth season (the low dry season).

Nevertheless, our results clearly establish the presence of a

periodic unimodal cycle of peak-and-trough growth per

year in all the species studied, indicating that the charac-

teristic growth ring boundaries described above per species

correspond with a single characteristic lowest growth sea-

son per year.

Soil moisture also exhibited an annually periodic cycle

(Fig. 4, bottom panels) with marked peaks and troughs

corresponding to rainfall patterns (Fig. 1). Location-related

differences were noticeable, as eastern soils in the high wet

season had only slightly more moisture (19%) than western

soils in the high dry season (17–18%). Despite these dif-

ferences annual moisture cycles directly affected growth in

D. latifolia and S. cumini, which showed high proportions

of stems with growth rates close to zero during the high dry

season at both locations, especially during the first year

(Fig. 4). This suggests that the annual dry season may be a

key environmental factor inducing the formation of annual

growth rings in these two species. However, in the case of

A. fraxinifolius, the annual growth cycle preceded the soil

moisture cycle by one season (Fig. 4; the alternative, but

less parsimonious, view is a lag of 3 seasons).

Comparison of direct versus indirect methods

Indirectly projected stochastic trajectories were similar to

loess age-size trajectories in all three species, with the

latter falling very close to the mean stochastic trajectory

and generally within the 95% confidence envelope of the

former. Differences between trajectories in D. latifolia and

S. cumini probably result from incorporation of temporal

autocorrelation in the stochastic models. However, this

difference was not evident in A. fraxinifolius trajectories. In

the rest of this section, we compare stochastic model values

against direct age estimates.

The highest direct estimate of age for A. fraxinifolius

was 62 years, corresponding to a stem size of 65.5 cm dbh

(63 years by indirect estimate for the same stem size),

110 years for D. latifolia corresponding to 68.2 cm dbh

(123 years by indirect estimate), and 113 years for S. cu-

mini, corresponding to 63.1 cm dbh (117 years by indirect

estimate). The highest indirect age estimate per species was

64 years for A. fraxinifolius, corresponding to the largest

sampled dbh of 66.5 cm, 123 years for D. latifolia, for the

same oldest tree according to direct estimate, and

122 years for S. cumini corresponding to 64.8 cm dbh

(these diameters are not the largest observed, and pre-

sumably not the oldest, for these species in the Western

Ghats).

Dalbergia latifolia had the most accurate correspon-

dence between directly and indirectly estimated age-size

relationships, with all direct estimates falling within the

95% stochastic confidence envelope (Fig. 5). Differences

between age estimates in this species ranged from

-22 years to ?6 years (-19.6% to ?9.5% difference with

respect to corresponding indirect estimates) or a species

mean of -6.5 years (-5.7%). In A. fraxinifolius and

S. cumini there was also reasonable correspondence, with

three directly estimated values each falling within the

corresponding species’ 95% confidence envelopes (Fig. 5).

However, in terms of magnitude, the differences between

estimates were larger in S. cumini. Thus, whereas the range

of differences was -23 to ?5 years (-42.3% to ?16.7%),

with an average of -10.6 years (-20.5%) in A. fraxinifo-

lius, the corresponding values for S. cumini were a range of

differences from -1 to -68 years (-2.1% to -55.7%)

with an average of -31 years (-30.6%). In general, direct

estimates more often were lower than indirect estimates at

larger stem sizes and the magnitude of difference increased

with stem size in all three species (Fig. 5).

Discussion

Detectability and reliability of growth ring boundaries

Growth ring boundaries were detected most easily and

quickly in A. fraxinifolius due to the light colour of its

wood, the fast growth rate and occurrence of a continuous

line of marginal parenchyma per growth interval. In

D. latifolia, slower growth and a pattern of diffuse wavy

bands of fibres and confluent parenchyma occupies much

of the growth ring, sometimes making it difficult to dis-

tinguish marginal parenchyma and identify ring bound-

aries. Similarly, in S. cumini, marginal parenchyma and

Table 2 Relative frequency and reliability of occurrence of nine

anatomical features in visual inspections of a large sample (N) of

growth rings for three tropical species of the Western Ghats, India

Anatomical feature A. fraxinifolius D. latifolia S. cumini
(N = 103) (N = 107) (N = 103)

Flat surface 98 (2) 88 (6) 95 (1)

Vessel size 84 (2) 87 (3) 72 (12)

Fibre density 80 (4) 1 (0) 41 (7)

Parenchyma type 59 (22) 63 (15) 82 (6)

Marginal parenchyma 54 (43) 70 (29) 46 (51)

Vessel groups 49 (7) 13 (2) 26 (7)

Vessel frequency 44 (13) 42 (3) 84 (2)

LW parenchyma lines 2 (17) 67 (6) 58 (13)

Fibre band 2 (5) 69 (7) 53 (25)

Values represent the percentage of rings in which each feature was

distinctly (or less distinctly) visible
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other ring boundary features often were absent or poorly

developed, thus making the boundary ambiguous and

increasing the likelihood of missing rings.

Despite these difficulties, it was possible to describe

characteristic features of growth ring boundaries in the

three species, which are inferred to be annual based on our

demonstration of clearly annual periodicity in the growth

rates of living trees. Our findings are contrary to descriptions

provided by the well-respected and widely used InsideWood

database (InsideWood 2004-onwards), suggesting that these

Fig. 4 Box and whiskers plots showing seasonal diameter growth

(cm year-1) patterns for three tropical tree species in coffee

plantations located in the west and east of Kodagu district, southern

India. Large samples of trees (31–38 trees per species per location)

were measured at 3-month intervals that represent four seasons (see

Fig. 1), over a 2-year period from August 2008 to August 2010. The

bottom panels show average soil moisture variations (%, with 95%

confidence intervals) at the Western and Eastern coffee plantations

over a sequence of seven consecutive seasons from August 2008 to

May 2010. Soil samples were obtained from the top layer of soil

(5 cm depth, dashed line) as well as lower down (30 cm depth, solid
line), and moisture content is the mass of water as a percentage of the

mass of soil ? water
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three species can be described as possessing distinct,

probably annual, growth ring boundaries (Feature #1 in

IAWA 1989), at least within our study area. Differences of

opinion regarding the occurrence or description of growth

rings in different species have been noted previously

(Boura and De Franceschi 2007; Chowdhury 1953), which

might be related to physiological and anatomical variations

caused by local climatic effects (Bhattacharyya et al. 2007;

Borchert 1999; Chowdhury 1953). Our study thus high-

lights the need for location-specific information when

describing growth rings.

An important qualifying attribute, perhaps requiring

greater attention for tropical than temperate species, is the

occurrence and proportion of indistinct and ambiguous

rings. Our results as well as others (Brienen and Zuidema

2005; Détienne 1989; Lisi et al. 2008; Worbes 1999)

suggest that this attribute will vary across and within spe-

cies and might be an important consideration in tropical

dendroecology. In our study, the evergreen S. cumini had a

high proportion of ambiguous rings, making age estimation

less reliable. In relation to potential dendrochronological

studies using these species, our study suggests distinct

annual growth ring formation in at least two of the three

species (D. latifolia and A. fraxinifolius). However, as we

have not established crossdating of growth patterns among

trees, application of the rings of these species for dating

events or for inter-annual dendroclimatological recon-

structions is not assured.

It is interesting that A. fraxinifolius ceased growth dur-

ing the low wet season whereas the two other species

ceased growth during the high dry season. Phenological

observations at 3-month intervals showed that A. fraxi-

nifolius sheds leaves mainly during the high wet season

with a majority of trees becoming completely leafless or

retaining \20% crown cover by the end of this season.

Presumably, this causes the growth cessation observed in

this species during the following low wet season. In the

case of D. latifolia, completely leafless trees were observed

only during the high dry season, which accords well with

the growth profile. However, in S. cumini, there was no

observation of complete leaflessness, although a few trees

with \20% crown cover were observed during all seasons

except the high wet season. This suggests that growth

cessation in this species may correspond to a leafless

condition that is partial and/or very short-lived (brevi-

deciduous or leaf-exchanging, sensu Borchert 1999;

Schöngart et al. 2002; Elliott et al. 2006).

Many studies have demonstrated that the trigger for leaf

shedding in tropical species is annual drought, whether

actual or physiological (Borchert 1999; Estrada et al. 2008;

Priya and Bhat 1999; Schöngart et al. 2002; Worbes 1999).

This has been linked with annual cambial dormancy and

growth ring boundary formation in a large number of

tropical tree species (Détienne 1989; Lisi et al. 2008;

Pélissier and Pascal 2000; Schöngart et al. 2002; Estrada

et al. 2008). However, A. fraxinifolius, which generally

flushes leaves during the high dry season (December–

February), resulting in peak growth during the following

low dry season (March–May, referred to as the ‘‘spring’’

season by Elliott et al. 2006), appears to be an anomaly.

Perhaps this species stores water in its tissues, has access to

deep soil water reserves, or may be influenced by

Fig. 5 Indirectly estimated age-size trajectories are compared with

direct estimates of age for three native tree species in Kodagu district,

southern India. Indirect age-size relationships were obtained by the

Stochastic (‘‘S’’, with 95% confidence envelope) and Loess (‘‘L’’)

methods. Direct age estimates were obtained by counting growth

rings in wood samples from the East (square symbols) and West

(round symbols) of the district. Filled symbols represent wood

samples that were intact from sapwood to heartwood, whereas

incompletely filled symbols represent samples that lacked approxi-

mately 1–5 rings on a radius
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alternative flushing triggers unrelated to climate, as sug-

gested for spring flushing species in Thailand (Elliott et al.

2006).

Causes of differences between age-estimates

Given that the average difference between direct and

indirect age estimates was negative in all three studied

species, it is useful to speculate on the possible causes of

underestimation by direct methods or overestimation by

indirect methods. The occurrence of fewer than expected

growth rings in some wood samples may be due to missing

rings (Détienne 1989). It is possible that years with insuf-

ficient environmental stress (e.g., high-rainfall, low-

drought years) do not induce growth cessation. In that case,

a growth ring would represent two (or more) years.

Alternatively, consecutive years with high stress might not

induce growth at all. In both these cases, a distinct growth

ring might not be produced at the end of the normal annual

growth period.

We also observed that some rings, which appeared to be

false during the initial cursory examination, later proved to

be real upon closer examination. These false-false (i.e.,

poorly marked and ambiguous, but true) rings might be

common in species that are less sensitive to the annual

environmental stress signal (for example, evergreen species

might completely cease growth only during years with very

strong droughts), and could lead to underestimation of age,

if undetected.

Another possible cause of underestimation of age by

growth rings is the occurrence of poorly defined or absent

rings in juvenile wood (Détienne 1989; Brienen and Zui-

dema 2005), although this does not explain our observed

trend of increasing differences between direct and indirect

estimates with increasing size. A more likely explanation is

cumulative selection for fast growth over the lifetime of a

tree (Brienen and Zuidema 2006, 2007; Brienen et al.

2006; Rozendaal et al. 2010; Zuidema et al. 2011; but see

Cherubini et al. 1998). If present, this could lead to

increasing divergence between direct and indirect age

estimates (as observed here) if not appropriately modelled

(cf. Metcalf et al. 2009; Terborgh et al. 1997; Brienen and

Zuidema 2006; Brienen et al. 2006). We have attempted to

incorporate temporal growth autocorrelation and growth-

weighted mortality, but perhaps inadequately in the case of

A. fraxinifolius and S. cumini. Future studies should clarify

these issues.

Differences also may be related to overestimation of age

by indirect methods, due to lower than average growth

rates recorded by dendrometers. While reduced growth

could be an outcome of competitive suppression of small

stems or late stage decline in large stems, there is no reason

to expect that these effects were exceptionally large during

the years of our study. However, it is possible that growth

rates were lower than average during the study interval due

to temporal environmental variations related to climate or

pests (e.g., Borgaonkar et al. 2010; Kumar et al. 1993; Nath

et al. 2006). In fact, quite by coincidence, total annual

rainfall was less than average during at least 2 of the

3 years of our study at several sites (2008–2010, unpub-

lished data), which might have produced lower than aver-

age growth rates, especially in drought-sensitive large trees

(Nath et al. 2006; Pélissier and Pascal 2000). Continued

monitoring of tree growth rates in future years will help

verify this possibility. Similarly, the reduced steepness of

indirect trajectories of S. cumini may be due to chance

effects resulting from insufficient sampling of large trees.

This can be avoided in future with additional sampling.

Thus, the potential causes of observed age differences

between direct and indirect methods appear related to

assumptions as well as implementation of the two different

methods. At present, direct methods of age estimation

appear to be favoured for D. latifolia and A. fraxinifolius, it

is less clearly to be preferred over indirect methods in the

case of S. cumini.

Utility and recommendations for direct and indirect

methods of age estimation

Our study of three tropical species with differing growth

and phenological characteristics showed that both direct

and indirect methods of age estimation could be used with

appropriate precautions in studies of tropical forest trees.

There is no doubt that direct age estimates are to be pre-

ferred over indirect methods when species produce a high

proportion of reliable and easily identified annual growth

rings (Worbes and Junk 1999; Worbes 2002). However, for

species producing low proportions of such rings, one may

be obliged to utilise indirect methods to obtain a realistic

estimation of age. This could be important for evergreen

species, which may have a higher propensity to produce

indistinct rings, as suggested by this study and others

(Borchert 1999; Worbes 1999). Differences between age

estimation methods in S. cumini, provides a cautionary

message that occurrence of growth ring boundaries does

not automatically imply robust direct estimates of age in all

tropical species. A similar caution was expressed by

Détienne (1989), due to his observation of false or missing

rings in a study of 30 tropical tree species studied across

two continents. Thus, we suggest that the proportion of

distinct and unambiguous annual growth rings could be

used as an indicator of reliability of direct age estimates,

even if species are known to produce growth rings in

response to annual environmental stimuli.

Notwithstanding the above, differences between direct

and indirect estimates obtained in this study generally were
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within the range of values reported by two previous studies

(Metcalf et al. 2009; Terborgh et al. 1997) and were less

extreme than in two other studies (Ogden 1981; Baker

2003). This suggests that the Lieberman stochastic method

(Lieberman and Lieberman 1985; Lieberman et al. 1985),

with minor modifications, remains a robust choice for

indirectly estimating tree age and range of variation with

reasonable accuracy.

The value of indirect trajectories is magnified under

limited availability of trees for direct sampling. Given the

scarcity of experimental plantations and managed forests in

India (as in other tropical countries), and also the need for

restraint over invasive sampling of rare and threatened

species, extensive coring or sawing to obtain adequate

sample sizes for direct age estimation may not always be

possible. Furthermore, most applied uses of tree age

information require estimation of confidence intervals,

which might call for very large sample sizes in species with

wide growth rate variations (e.g., Brienen and Zuidema

2007). Furthermore, given that stem cross-sections

(obtained from felled trees) often are recommended over

cores due to issues with wedging and growth flushes that

vary circumferentially, it might be impossible to appro-

priately sample rare and threatened species for direct

estimation methods. Thus, when adequate numbers of trees

are unavailable for coring or felling, large samples

obtained by indirect methods that are cross-checked with a

smaller number of direct estimates (similar to our approach

in this study) would be the more appropriate age estimation

method.

A well-known limitation of indirect methods is the

assumption that current environmental conditions ade-

quately represent those of the past. However, direct

methods have the opposite limitation related to predicting

future growth. Directly estimated trajectories can predict

future growth under the assumption that past environ-

mental conditions will remain unchanged in the future.

However, if growth predictions are required for special or

extreme environmental scenarios that have no long-term

history of occurrence, it may be more appropriate to

monitor current growth rates under relevant environmental

or experimental conditions with dendrometers, and then

use indirect projection methods to obtain future predic-

tions. Our study thus also calls for continued investigation

of indirect age-estimation methods in order to improve

their performance in situations where they are unavoidable.
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