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Accuracy in tree woody growth estimates is important to global carbon budget estimation and climate-
change science. Tree growth in permanent sampling plots (PSPs) is commonly estimated by measuring
stem diameter changes, but this method is susceptible to bias resulting from water-induced reversible
stem shrinkage. In the absence of bias correction, temporal variability in growth is likely to be overesti-
mated and incorrectly attributed to fluctuations in resource availability, especially in forests with high
seasonal and inter-annual variability in water. We propose and test a novel approach for estimating
and correcting this bias at the community level.

In a 50-ha PSP from a seasonally dry tropical forest in southern India, where tape measurements have
been taken every four years from 1988 to 2012, for nine trees we estimated bias due to reversible stem
shrinkage as the difference between woody growth measured using tree rings and that estimated from
tape. We tested if the bias estimated from these trees could be used as a proxy to correct bias in tape-
based growth estimates at the PSP scale.

We observed significant shrinkage-related bias in the growth estimates of the nine trees in some cen-
suses. This bias was strongly linearly related to tape-based growth estimates at the level of the PSP, and
could be used as a proxy. After bias was corrected, the temporal variance in growth rates of the PSP
decreased, while the effect of exceptionally dry or wet periods was retained, indicating that at least a part
of the temporal variability arose from reversible shrinkage-related bias. We also suggest that the efficacy
of the bias correction could be improved by measuring the proxy on trees that belong to different size
classes and census timing, but not necessarily to different species.

Our approach allows for reanalysis – and possible reinterpretation – of temporal trends in tree growth,
above ground biomass change, or carbon fluxes in forests, and their relationships with resource availabil-
ity in the context of climate change.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Accuracy in tree woody growth estimates is critical to global
carbon budget estimation and climate-change science (Clark and
Kellner, 2012; Malhi, 2012). The most commonly and widely used
method for estimating tree growth in permanent sampling plots
(PSPs) involves the measurement of successive stem diameter
changes using a graduated tape or a dendrometer band, and is fol-
lowed by the use of allometric equations (Chave et al., 2014, 2005)
to estimate the above-ground biomass (AGB) or carbon of the plot
and changes therein (Condit, 1998; Marthews et al., 2012). How-
ever, potentially biases and uncertainties in the measurements in
PSPs can substantially affect estimates of forest tree growth, and
thus AGB and carbon pools and fluxes (Cushman et al., 2014;
Muller-Landau et al., 2014; Sheil, 1995; Talbot et al., 2014).

Water-induced expansion and shrinkage of tree trunks poses a
major challenge in the accurate measurement of woody diameter
change (Sheil, 2003, 1997). This is because diameter change as
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measured by a tape or a dendrometer band not only arises from
irreversible woody growth (cell wall extension and cell division),
but also from reversible expansion and shrinkage in the stem
due to water-induced fluctuations. Bias in woody growth estimates
due to this reversible stem flexing occurs if the water status of the
tree is different across successive measurements (Baker et al.,
2002; Sheil, 1995). In the absence of bias correction, temporal var-
iability in growth rates is likely to be overestimated and wrongly
attributed to fluctuations in resource (e.g. water) availability. To
our knowledge, such biases have not been satisfactorily estimated
so far, as no study has measured and separated actual woody
growth from water-induced fluctuations at the level of forest
community, and no satisfactory method of correcting this bias at
this scale is currently available.

Diameter change due to reversible stem flexing occurs as the
stem tissues storing water reversibly constrict due to dehydration.
This is induced by reduced xylem water potential (Worrall, 1966,
Kozlowski, 1990), which is determined by transpiration demand
and below-ground water availability. Depending on the species,
the largest fraction of the reversible stem flexing is known to occur
in the bark (Zweifel and Häsler, 2001) or in the outer parenchyma –
the tissues in between the cambium and the cork (Scholz et al.,
2008). A water potential difference between xylem and bark causes
a radial flow of water from the stem storage compartment towards
the xylem, causing the stem bark diameter and consequently the
stem diameter, to shrink. The xylem contributes much less to the
reversible flexing, although it likely stores and supplies water for
about 10–50% of daily transpiration demand (Holbrook and
Zwieniecki, 2011).

Much variation in reversible stem flexing occurs with respect to
species and in time due to variations in environmental factors
affecting water stress, as reviewed by Baker et al. (2002). Temporal
variation occurs at a diurnal scale as tree stems typically contract
during the day when leaves transpire, and rehydrate during the
night (Karling, 1934; Klepper et al., 1971). At a seasonal scale, stem
shrinkage during the dry season occurs due to high transpiration
demands and depletion of the soil water reserve. Species differ in
the extent and timing of reversible stem flexing (Kozlowski and
Winget, 1964; Scholz et al., 2008). This is possibly due to differences
in timing of leaf flush, flowering or fruiting (Baker et al., 2002), and
differences in tissue structures, and/or in relative proportions of
various tissues – causing differences in water storage capacity
and/or volume change per unit change in water content (Scholz
et al., 2008). In the absence of leaves, water stored in the trunk
may last across seasons, enabling rehydration of stem tissues and
subsequent flowering or flushing (Borchert, 1994a, 1994b;
Holbrook and Zwieniecki, 2011). The extent and timing of shrinkage
within a species can differ according to topographic position and
rooting depth, which influences access to water (Borchert, 1994b;
Markesteijn et al., 2010; Meinzer et al., 1999). The effect of tree size
on the direction and extent of reversible flexing is debated (Baker
et al., 2002). In summary, diameter change in stems can arise not
only from woody growth, but also from water-induced reversible
flexing, which we hereafter refer to as ‘‘water growth’’.

The case that biases in growth estimates of PSPs could arise
from short term – diurnal and seasonal – water-induced fluctua-
tions was first made by Sheil (1997). Negative tree growth esti-
mates are commonly reported in dry forests, which are
attributed to water growth and are considered biases (Sheil,
1995). Reversible stem flexing has long since known to be substan-
tial compared to irreversible woody growth and thermal changes
(Kozlowski, 1971). The extent of seasonal shrinkage varies from
year to year (Baker et al., 2002; Pélissier and Pascal, 2000), and is
likely to lead to substantial biases in growth estimates based on
annual or supra-annual censuses (Baker et al., 2002; Pélissier and
Pascal, 2000). We expect that the largest biases in growth are likely
in forests where both high seasonal and inter-annual variability in
water is observed, as often found in seasonally dry tropical forests
(SDTFs) (Maas and Burgos, 2011).

A few studies have tried to use a measure of short-term water
availability such as rainfall or soil moisture and transpiration
demand to account for water growth. Sheil (1997) observed that
growth rates of most stems in an Ugandan semi-deciduous forest
showed an apparent reduction when measured over wetter sea-
sonal periods, presumably due to measurements during the wetter
season being typically made on drier, bright, sunny days when
trees are in full leaf and diurnal shrinkage is high. Soil water poten-
tial at the time of measurement explained the bias in annual
growth estimates in a two year study in a semi-deciduous forest
in Ghana (Baker et al., 2002).

Prescriptions for the optimal timing of annual diameter mea-
surements to minimize bias due to diurnal and seasonal water
growth have been controversial for seasonally dry forests. For
example, Pélissier and Pascal (2000) suggested that inter-annual
variation in dry season shrinkage might be stronger than wet season
expansion, and therefore recommended measuring growth in the
wet season in order to minimize bias in annual growth measure-
ments. Baker et al. (2002) observed greater inter-annual variability
in diameter change during the dry season, and also prescribed the
wet season for measuring annual growth. However, Sheil (2003)
claimed that observations by Baker et al. (2002) of higher variability
in diameter change in dry season was debatable, given measure-
ment errors of dendrometer bands and exceptional drought condi-
tions in that study. Sheil (2003) suggested that ‘‘wet season
measures are more perturbed by moisture (deficits and availability)
and by phenological events (flowers, fruit, etc.) impacting true
growth. Dry season quiescence reduces growth variance’’.

However, these hypotheses have remained untested in the
absence of actual measurements of the two components of diame-
ter change – woody growth and water growth. Tree ring widths
can provide a measure of actual woody growth at annual scale.
However this method is invasive, and also expensive in terms of
required expertise and resources. Thus estimating bias at the com-
munity level needs other approaches.

In this study we propose a novel approach for estimating and
correcting bias in growth estimates due to water-induced fluctua-
tions at the community level. We used long-term diameter census
data from a PSP in a southern Indian seasonally dry tropical forest.
Comparing woody growth using tree rings and observed growth
using a tape in a small number of trees, we check whether signif-
icant biases in tree growth estimates were due to water growth.
We then test whether biases in this small number of trees can be
used as a proxy to correct biases in tree growth at the community
level. We also suggest ways to improve this approach.
2. Materials and methods

2.1. Study site, climate and forest plot

We used data from a 50-ha Mudumalai Forest Dynamics Plot
(MFDP) located in a seasonally dry tropical forest in the Western
Ghats, southern India (Latitude: 11.5989, Longitude: 76.5338).
Detailed information on this forest and the 50-ha plot can be found
elsewhere (Sukumar et al., 1998, 1992; Suresh et al., 2013, 2010).
The average annual precipitation 4 km from the site is 1200
(±280 SD) mm from 1988 to 2013 (Fig. 1).

About 80% of annual precipitation occurs during the monsoon
from June to November. The dry period (<100 mm precipitation/
month) lasts for about 6–8 months, with four months of less than
50 mm precipitation/month from December to March. Average
monthly maximum and minimum temperatures are 27.4 �C (±2.7



Fig. 1. Total annual precipitation at Kargudi, 3 km away from the 50 ha MFDP. Data
for the year 1988 and 1989 has been derived from a regression between Kargudi
and Gamehut rainguage records (Nath et al., 2006). Mean Annual Precipitation
(MAP) during the study period, from 1988 to 2013, is shown with a dotted line.
Years with excess (>120% MAP) and deficient (<70% MAP) precipitation are
highlighted. The study period ended in March 2013. Precipitation during January
to March 2013 was 23.6 mm.
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SD) and 16.4 �C (±2.0 SD) respectively. The forest type is classified
as tropical dry deciduous by Champion and Seth (1968) and Puri
(1960). Most trees are deciduous from January to March (Murali
and Sukumar, 1993; Prasad and Hegde, 1986; Suresh and
Sukumar, 2009).

2.2. Tape-based growth censuses for the 50-ha MFDP

In the 50-ha plot all woody plant stems >10 mm have been
censused for diameter at breast height (1.3 m, DBH) every four
years, from 1988 to 2012 (Table 1). These stems are mapped,
tagged with a unique number, identified to species (or morpho-
species), measured for DBH with a graduated tape/caliper (1-mm
resolution) following the Centre for Tropical Forest Science proto-
cols (Condit et al., 1999). Each census typically began in June and
took about 6–9 months to complete (Table 1), maintaining the
same sequence of enumeration – from 1st to 50th hectare from
the south-west to north-east end of the 0.5 km � 1 km plot. How-
ever, the first census in 1988 continued for one full year, whereas
census in 1996, which followed a fire earlier that dry season, was
completed within 3 months. DBH measurements were typically
carried out between 9 am and 2 pm, in effect restricting diurnal
variation in DBH, for we observed maximum shrinkage during late
afternoons (unpublished results).

In this study, we only used trees that were present in all cen-
suses in order to avoid bias due to the turnover of individuals
and species and due to large changes in the size-class distribution.
Further, we chose only trees with single stems in order to avoid
bias due to swapping of diameter measurements of multiple stems
(individual stems were not tagged). This subsample will be
referred to as the ‘‘community-level’’ set hereafter. Diameter
change (in cm) during each census interval was annualized by
dividing with inter-census period, i.e. four years. We identified
Table 1
The beginning, end date, and duration of each growth census at the 50 ha MFDP, and exac
included to calculate ring growth for each census-interval are given.

Census Enumeration start date Enumeration end date Census duration (mo

1988 19 May 1988 12 May 1989 12
1992 09 June 1992 02 December 1992 6
1996 25 June 1996 21 September 1996 3
2000 01 August 2000 19 December 2000 5
2004 08 August 2004 02 December 2004 5
2008 09 June 2008 07 March 2009 9
2012 15 June 2012 09 March 2013 9
‘‘spike’’ growth values in each tree’s record that lay outside the
mean ± 3⁄standard deviation range based on the remaining growth
values in its census history, and whose absolute value was greater
than 1 cm yr�1. We also considered growth rates with magnitudes
greater than 4 cm yr�1 as unrealistic or erroneous. In both cases we
removed the corresponding trees from the dataset in order to
retain a fixed set of trees across all censuses. The ‘‘community-
level’’ set contained 9016 trees.

2.3. Measuring woody growth using tree rings in a sample of trees

For measuring woody growth, we selected nine seemingly
healthy and straight-boled trees from the MFDP in the 30–60 cm
DBH size class belonging to three species – Tectona grandis L. f.
(n = five), Terminalia crenulata Roth. (n = three), and Lagerstroemia
microcarpa Wt. (n = one) that show distinguishable annual rings
and rank among the top four dominant canopy species in the plot
(Sukumar et al., 2004). These nine trees were located within 80 m
of each other in the north-east end of the MFDP and thus have been
consistently measured in the last phase of each census, typically,
during or after December (Table 1). As a consequence, barring the
1996 census when measurements were taken in September, in all
other censuses these trees were measured mostly in their decidu-
ous stages. This ensured that annual growth in the census year
was complete. For the 1996 census, a fraction of woody growth is
likely to have occurred after the census measurement in mid-late
September, but only until leaf fall in December as, for example, it
is known that in Tectona grandis the cambium is dormant during
the leafless period (Rao and Dave, 1981). However not more than
1/5th of annual growth is likely to have occurred during this period
given that the leafy period is from April to December, and the period
with mature leaves extends from July to December.

For each tree, cores of about 100 mm long and 5 mm in diame-
ter were taken in three to five radial directions at the height of
125 cm from the tree base. The openings left on the trees due to
the coring were then sealed with wax. After polishing the cores,
rings were dated and their widths measured with an increment
measuring machine coupled with a stereo-zoom microscope
(0.01 mm accuracy). For each tree, yearly ring widths from three
to five collected cores were pooled together and twice the average
of these widths was taken to represent woody growth in diameter
for the given year. For each tree, the mean annual woody growth
during each census interval was calculated by taking the average
of woody growth in diameter for all the growth years during the
census interval, as detailed in Table 1.

2.4. Data analyses: measuring bias in tape-based growth estimates in
the cored trees

For this analysis we assumed that the difference between tape-
measured and ring-measured diameter change was due to water-
induced fluctuations, although some part of the difference could
also originate from other sources such as bark addition/removal/
injury, and measurement errors. We write:
t dates of census for the cored nine trees. Years for which rings of the nine trees are

nths) Census dates for the selected 9 trees Rings included in the interval

02, 04, 12 May 1989
19, 20 November, 21 December 1992 1989–1992
14, 15, 21 September 1996 1993–1996
14, 15, 19 December 2000 1997–2000
30 November, 02 December 2004 2001–2004
19, 20, 21 February, 07 March 2009 2005–2008
25, 27 February, 07 March 2013 2009–2012
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Tape-measured diameter change = water-induced diameter
change + ring-measured diameter change

For simplicity, we refer to the above terms as:

Tape growth = Water growth + Ring growth

To examine whether or not water growth explains tape growth
or ring growth, we performed linear regressions between these
variables, tested the significance of the slope and intercept, and
examined the proportion of explained variance. We also examined
whether or not mean water growth was significantly different from
zero across censuses and for each census separately, using the
Student’s t-test.

2.5. Data analyses: estimating and correcting bias in tape growth at
the community-level using bias in the cored trees as a proxy

We first tested if census-interval-wise mean tape growth for the
‘‘community-level’’ tree set had a significant linear relationship
with census-interval wise mean water growth for the nine trees
(n = 6 census intervals), specifically by verifying whether or not
the slope of the linear regression was significantly different from
zero. Since the slope was significant (see Results Section 3.2), we
subtracted slope effect of the water growth from the corresponding
tape growth value for each tree in the community level set to
obtain an estimate of woody growth.

2.6. Data analyses: examining effect of measurement time, diameter
and species of the cored trees in estimating bias in community-level
tape growth

We prepared three subsets of the ‘‘community-level’’ tree set in
order to examine the effect of the choice of cored trees – with
respect to measurement time, tree diameter and species identity
– on the effectiveness of bias correction. The ‘‘community-level’’
censuses had been carried out over six to nine months, and thus
were likely to include large variations in tree water status over
time, compared to the nine trees selected for coring. The first sub-
set therefore only included trees that were censused within
±1 month of the census dates of the nine trees (Table 1). This set
of trees is likely to have undergone similar changes in water status
as the nine cored trees, and is hereafter referred to as the ‘‘census-
duration restricted’’ set (n = 1535 trees), The second subset only
included trees from the ‘‘community-level’’ set that were in the
same size class (>20 cm DBH, n = 5841) as the cored set. This was
called the ‘‘large’’ tree set (for reference, the remaining trees (i.e.
1–20 cm DBH) were called the ‘‘small’’ tree set). The third subset
only included trees from the ‘‘community-level’’ set that belonged
to the species as the cored set. This was called the ‘‘selected-spe-
cies’’ set (n = 5715 trees). For each of these three subsets, we fitted
linear regressions between the census-interval wise mean water
growth of the cored trees and census-interval wise mean tape
growth of the set. We expected the slopes of these linear regres-
sions to be higher than the slope of the regression for the full ‘‘com-
munity-level’’ set.

All analyses were done in R statistical environment, version
3.0.2 (R Core Team, 2013).
3. Results

3.1. Bias in growth estimates in the cored trees

For the nine cored trees, all six census-intervals together, vari-
ability in water growth was about double that in ring growth,
but similar to that in tape growth (Fig. 2a). Water growth was
not related to ring growth (Fig. 2b, Table 2). Tape growth was
found to be a poor predictor of ring growth (Fig. 2c, Table 2). Water
growth, however, showed a significant linear relationship with
tape growth and also explained large proportion of the variance
therein (Fig. 2d, Table 2). This suggests that most of the variability
in tape growth arose from water-induced fluctuations and mea-
surement errors. All six census-intervals together mean water
growth was not significantly different from zero. This indicates
that all censuses together, mean tape growth was not a biased esti-
mator of ring growth.

Census-interval wise (Fig. 3a), both tape and ring growth dis-
played significant variations in some years, but contrasting tempo-
ral patterns. However, mean water growth was significantly
different from zero only for the first two census intervals, and
not the last four (Fig. 3b). The variance in water growth remained
high in each of the censuses.

3.2. Estimating and correcting bias in tape growth at the community-
level using bias in the cored trees as a proxy

Mean water growth of the nine trees in each census had a sig-
nificant linear relationship with census-interval wise tape growth
of the ‘‘community-level’’ tree set (Fig. 4), suggesting that water
growth even measured for a few trees can be used as a proxy for
bias in growth estimates of trees at the ‘‘community-level’’ that
are censused over six to nine months.

Before bias correction, mean tape growth across census-inter-
vals was 0.247 cm yr�1 with a standard deviation of 0.47 cm yr�1

(Fig. 5a). Mean growth for census interval 1988–1992 and 1996–
2000 was higher than the mean growth for 2004–2008, and mean
growth for 2000–2004 was lowest, while that for 1992–1996 was
lowest. After bias correction, mean growth across censuses was
0.237 cm yr�1, with a standard deviation of 0.23 cm yr�1. Thus
the coefficient of variation in census-interval wise mean growth
reduced by 50% (Fig. 5b: from 0.190 to 0.097) and that for median
by about 20% (from 0.167 to 0.137).

After bias correction, the 2004–2008 census-interval emerged
as the one with the highest mean growth, while census-interval
2000–2004 remained as the one with the lowest mean growth,
and emerged as the only interval with significantly lower growth
than the mean growth across intervals (Fig. 5b). Mean growth for
census-interval 1988–1992 and 1992–1996 emerged close to the
mean growth across census-intervals. Bias correction had a much
stronger effect on mean/median tape growth for the first three cen-
suses than for the last three. This was expected because mean
water growth in the nine cored trees in the last three censuses
was close to zero, but highly positive or negative in the earlier cen-
suses (Fig. 3b).

3.3. Examining effect of measurement time, diameter and species of
the cored trees in estimating bias in community-level tape growth

As in the case of ‘‘community-level’’ tree set, for all the other
subsets defined earlier, namely, ‘‘census-duration restricted’’,
‘‘selected-species’’, ‘‘large’’ and ‘‘small’’ tree sets, we found a signif-
icant linear relationship between census-interval wise tape growth
for trees in each of these groups and the proxy for bias, that is, the
census-interval wise mean water growth in the nine trees. The
slope of this linear relationship for the ‘‘census-duration restricted’’
and ‘‘large’’ tree set was significantly higher than the slope for the
‘‘community-level’’ tree set, but not for the ‘‘selected-species’’ tree
set. The slope for the ‘‘large’’ tree set was also significantly higher
than that for the ‘‘small’’ tree set (Fig. 6). This suggested that water
growth measured based on the nine cored trees as a proxy was
more efficient in reducing bias in growth estimates of trees



Fig. 2. Comparison between tape, ring and water growth in the nine cored trees, all
six census intervals pooled together (9 � 6 = 54 data points). (a) Distribution of
tape, ring and water growth. The median (black line), interquartile range (IQR)
(upper and lower limits of the boxes; 75 and 25 percentile), and variation extending
to 1.5 times the IQR (whiskers) are given. Associations between (b) ring and water,
(c) ring and tape, and (d) tape and water growth. Regression line and Pearson
correlation coefficients with their level of significance are given. ns, non-significant;
⁄P 6 0.05, ⁄⁄P 6 0.01, ⁄⁄⁄P 6 0.001.

Table 2
Relationships between tape, ring and water growth in the nine cored trees. Effect
sizes, goodness-of-fit (adj. r squared values) and p-values are given.

Linear regression Adj. R squared p-Value

Ring growth = �0.06 �water growth + 0.24 �0.002 0.36
Ring growth = 0.21 � tape growth + 0.15 0.09 0.01
Tape growth = 0.94 �water growth + 0.25 0.80 <0.001

Fig. 3. (a) Ring versus tape and (b) water growth for the nine cored trees for each
four yearly census interval. Mean with standard error bars are given.

Fig. 4. Regression between census-wise tape growth at the ‘‘community-level’’ for
50 ha PSP in Mudumalai and water growth of the nine trees in the plot. Mean tape
growth with standard deviation bars are given for each census-interval. Mean
slope = 0.3800 and 95% bootstrapped CI = [0.3524, 0.4078], p-value < 0.001.
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censused close in time (and also in space) to the cored trees and
also similar in size to the cored trees, but not more efficient for spe-
cies that were used for coring.
4. Discussion

While all census-intervals together for the cored nine trees, a
large proportion of the variance in tape growth was attributable
to water growth (Fig. 2d), census-interval wise analysis showed
significant positive or negative bias only in the first two censuses,
although variance among trees for a given census was large in all
censuses (Fig. 3b). The fact that the mean of census-interval wise
water growth in the cored trees showed significant linear relation



Fig. 5. Tape growth at the ‘‘community-level’’ for the 50 ha MFDP (a) before and (b) after bias correction for each census. Mean and standard error bars are presented. Dashed
line represents mean growth rate across censuses.
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Fig. 6. Comparison between slopes of the linear relationship between census-wise
water growth in the nine cored trees and each of the tree sets – ‘‘community-level’’,
‘‘census-duration restricted’’, ‘‘large’’ and ‘‘small’’, and ‘‘selected-species’’. Means
and 95% bootstrapped confidence intervals of the slopes are given.

Fig. 7. Comparison of growth rates for census 1996 and 2000 according to size class
before and after bias correction. The median (black line), interquartile range (IQR)
(upper and lower limits of the boxes; 75 and 25 percentile), and variation extending
from 5 to 95 percentile (whiskers) are given. Outliers are not shown.
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with census-interval wise tape growth at the ‘‘community-level’’
suggests that water growth measured in a few trees can be used
as a proxy for estimating bias in tape growth at the scale of the tree
community (Fig. 4).

The novelty of the proposed proxy for tree water growth is that
it is directly estimated from trees, unlike the proxies suggested so
far – based on rainfall or soil moisture – which are indirect (Baker
et al., 2002; Sheil, 1997). While environmental data such as rain-
fall, PET, or soil moisture may or may not be available throughout
the census period, tree ring data could be obtained retrospectively
even several years after the survey is over, and would be useful for
reinterpreting datasets where bias could not be avoided.

At the ‘‘community-level’’, detrending reduced the bias in
growth estimates due to water-induced fluctuations, which
reflected in the reduction in coefficient of variation in mean and
median tape growth rates across census intervals. After bias cor-
rection mean tape growth rate for 2004–2008 census-interval
emerged as the highest relative to all other censuses, while
2000–2004 mean tape growth rate emerged as the lowest. As
2004–2008 interval was the most resourceful in terms of rainfall
(Fig. 1), and witnessed the highest water table levels in the last
50 years, as estimated by Ruiz et al. (2010) in a nearby forest,
woody growth in this interval was expected to be the highest. On
the other hand 2000–2004 census – interval included two of the
strongest droughts in the last century, and thus woody growth
during this interval was expected to be the lowest. These results
are important indication that the proxy was able to reduce growth
variations among periods, while highlighting exceptionally dry or
wet periods.

Water flux related biases in growth estimates are also likely to
pose problems in our understanding of general ecological
theory. For example, in a pan-tropical assessment of allometric
relationships between growth rates and tree diameter (Muller-
Landau et al., 2006), most plots showed consistent relationships
across years, except for the driest forest plot – that happens to
be the 50-ha MFDP. Here, large trees showed contrasting allome-
tric relationship between consecutive census intervals, namely,
1992–1996 and 1996–2000. Nath et al. (2006) attributed the dif-
ference in growth rates in these censuses to difference in rainfall.
We found that after correcting for bias this difference between
large and small trees reduced substantially (Fig. 7), suggesting that
to a large extent this anomalous behaviour may have arisen from
over- or under-estimation of growth in the successive census inter-
vals due to fluctuating water status of the trees.

This study tried to identify several sources of errors that cause
bias in tape growth estimates, namely, measurement season, mea-
surement time of the day, diameter and species. Although mea-
surement errors are also possible, they are more likely to bias
growth estimation when methods are inconsistent over time
(Sheil, 1995), which was not the case here. Thus the observed
biases are likely to have come from water-induced fluctuations.
Diurnal water-induced fluctuations in the stem could potentially
have contributed to observed biases (Sheil, 2003). However, this
is likely to be marginal, because in a separate study (unpublished
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results), we observed that seasonal variations in stem diameter are
about three times higher than diurnal variations, and diurnal fluc-
tuations were observed mostly in the late afternoon, while the
present survey was carried out between 9 am and 2 pm.

The efficacy of the proposed proxy is likely to increase by
including trees representing the wide temporal range in census
duration, or in the present case, various regions of the 50-ha MFDP,
as indicated by the steeper slope of the relation between proxy and
tape growth for the census-duration restricted set over the ‘‘com-
munity-level’’ trees set. The efficacy of the proxy is also likely to
improve by including trees from various size classes and correcting
their biases separately, as the proxy was most effective for trees
that were of the same size class as that of the trees that were used
for developing it. Including a larger variety of species may or may
not improve the efficacy of the proxy, as the tape growth – proxy
relationship did not improve when applied over only those species
that were used for developing the proxy. The strength of the pro-
posed proxy is not so much in it being representative of the whole
community or explaining all the variance in water-induced fluctu-
ations at the community level, as it is in its ability to capture the
community-level potential water bias in each census. It might be
surprising for community ecologists to define a proxy based on
such a small set of trees as was done in this study, but proxies
by definition are not meant to be completely representative; for
example, a rainfall time series from a single rain-gauge does not
represent all the spatial variation in water availability over a site
but could still be effective in capturing the signal of temporal water
availability.

Researchers have been seeking the best season of the year – wet
or dry – in seasonal forests for annual or supra-annual diameter
measurements to minimize water-induced biases, but have
reached contrasting and debatable conclusions (Baker et al.,
2002, Sheil, 2003). A separate study at the study site (unpublished
results) indicated that biases- as measured from water growth
remained and were not significantly different from each other irre-
spective of whether the wet or dry season was chosen for annual
diameter measurement. This is perhaps because variation in water
status in these trees remained high in either of the seasons, possi-
bly mediated via variation in soil moisture, potential evapotranspi-
ration. Also, the time in the year where variations in tree water
status are minimal can vary from year to year, depending on
weather conditions. Thus, whichever season tree growth is mea-
sured in, a correction would be necessary in order to estimate
diameter growth without bias due to water-induced fluctuations.
The proposed proxy, by trying to estimate the bias rather than
avoiding it, is thus useful to end the conundrum of searching the
season of least bias.

A large part of the variability remained unexplained by the
proxy both at the ‘‘census-duration restricted’’ level as well as at
the ‘‘community-level’’. This is understandable because change in
water status is a function of a large number of factors – including
species specific material properties of stem tissues, actual water
availability as a function of precipitation in the recent past, soil
properties, topography. Future work could include development
of more effective proxies, possibly including several environmental
variables and species-specific properties.

The results suggest that at least a part of the observed temporal
variability in tape growth in this seasonally dry tropical forest
arises from bias due to water-induced fluctuations. Especially in
seasonally dry tropical forests, temporal growth variation gets
almost exclusively attributed to temporal environmental variabil-
ity and is explained as growth response to fluctuation in availabil-
ity of resources, water in particular (Feeley et al., 2007; Nath et al.,
2006; Toledo et al., 2011; Wagner et al., 2014). Correcting water
growth induced biases in tree growth estimates would help in
establishing actual woody growth–resource relationships.
Corrections applied to biases in the community/PSP level tree
growth estimates in time could also substantially improve our
understanding of carbon budgets of these forests and the effects
of climatic and global changes on the temporal variation in bio-
mass and carbon stocks and fluxes.

5. Conclusions

The results suggests that water growth measured in a few trees
in each census – measured as the difference between diameter
changes using tape and ring – can be effective in estimating bias
in growth estimates due to water-induced fluctuations and mea-
surement error at the community level. After bias correction the
variability in mean growth rates across census-intervals decreased,
while the effect of exceptionally dry or wet periods was retained,
indicating that at least a part of the observed temporal variability
in growth rates arose from reversible, water-induced fluctuations.
This approach allows for reanalysis – and possible reinterpretation
– of temporal trends in tree growth, above ground biomass change,
or carbon fluxes in forests, and their relationships with resource
availability in the context of climate change.
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Appendix A. Supplementary data

Data used in this article are provided as supplementary
information (SI_1_tree_ring_yearly_width_measurements.csv,
SI_2_tree_bias_measurement_tape-ring_water_growth.csv, SI_3_
Mudumalai_FDP_tree_sets_growth_statistics_before bias_correc-
tion.xlsx). The Mudumalai FDP is part of the Centre for Tropical
Forest Science, an international network of demographic tree
plots. Tape diameter data of the Mudumalai FDP is archived in
the CTFS repository (http://www.ctfs.si.edu/site/Mudumalai).
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.foreco.
2014.10.007. These data include Google maps of the most
important areas described in this article.
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