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Abstract

Key message Carbon isotope ratios in growth rings of

a tropical tree species show that treefall gaps stimulate

diameter growth mainly through changes in the avail-

ability of light and not water.

The formation of treefall gaps in closed canopy forests usu-

ally entails considerable increases in light and nutrient

availability for remaining trees, as well as altered plant water

availability, and is considered to play a key role in tree

demography. The effects of gaps on tree growth are highly

variable and while usually stimulatory they may also include

growth reductions. In most studies, the causes of changes in

tree growth rates after gap formation remain unknown. We

used changes in carbon isotope 13C discrimination (D13C) in

annual growth rings to understand growth responses after gap

formation of Peltogyne cf. heterophylla, in a moist forest of

Northern Bolivia. We compared growth and D13C of the

7 years before and after gap formation. Forty-two trees of

different sizes were studied, half of which grew close

(\10 m) to single treefall gaps (gap trees), the other half more

than 40 m away from gaps (controls). We found variable

responses among gap trees in growth and D13C. Increased

growth was mainly associated with decreased D13C, sug-

gesting that the growth response was driven by increased light

availability, possibly in combination with improved nutrient

availability. Most trees showing zero or negative growth

change after gap formation had increased D13C, suggesting

that increased water stress did not play a role, but rather that

light conditions had not changed much or nutrient availability

was insufficient to support increased growth. Combining

growth rates with D13C proved to be a valuable tool to identify

the causes of temporal variation in tree growth.
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Introduction

The formation of treefall gaps in closed canopy forests can

cause a radical change in environmental conditions for

neighbouring trees, and is generally believed to play a key

role in tree demography (Whitmore 1989; Clark and Clark

1992; Condit 1995). Gap formation can strongly increase

light availability for juvenile and suppressed trees (Canham

1988; Canham et al. 1990) and improve nutrient availability

(Denslow et al. 1998; Burgess and Wetzel 2000; Muscolo

et al. 2007). In addition, water availability close to canopy

gaps may be improved by reduced transpiration of canopy

trees and reduced root competition (Breda et al. 1995; Bladon

et al. 2006). However, increased irradiance and temperature

in and around gaps can also increase evaporation from the soil

surface and thus reduce moisture content of the upper soil

(Barg and Edmonds 1999; Olander et al. 2005). Furthermore,

increased crown exposure to light and wind in and close to a

gap may increase transpirational demand and thus increase

water stress even if gap formation itself does not change soil

water availability (Bladon et al. 2006, 2007). Thus, the

changes of environmental conditions after gap formation can

be complex and may affect tree growth in complex ways.

Empirical studies in tropical forests show that gap for-

mation often increases diameter growth rates of nearby trees

(Brokaw 1985; Brown 1996; Hérault et al. 2010). However,

not all trees exhibit growth stimulation after gap formation:

growth may remain unchanged or even decline in the years

following gap formation (Poorter 1999; Miya et al. 2009;

Soliz-Gamboa et al. 2012; Hérault et al. 2010). Increased

growth rates of understory trees are often assumed to be

caused by increased light availability (Hartshorn 1978;

Martinez-Ramos et al. 1988; Clark and Clark 1992), whereas

a positive growth response of adult trees that have reached

the forest canopy may also result from improved water and

nutrient availability. While these are the generally expected

causes, the actual drivers of growth changes after gap for-

mation remain unknown in most studies.

The measurement of stable carbon isotopes in tree rings

may make it possible to determine whether growth changes

after gap formation are mostly due to changes in light con-

ditions or changes in water availability (Saurer et al. 1997;

Hartmann et al. 2008; Powers et al. 2009, 2010). From the

carbon isotope composition of plant material (d13C), the

discrimination against 13CO2 during CO2 assimilation can be

derived (D13C). This can be used as a proxy for the inter-

cellular CO2 concentration (Ci) in the absence of changes in

the atmospheric CO2 concentration (Ca, currently ca.

395 ppm) using the model of Farquhar et al. (1982):

D ¼ d13Ca� d13Cplant ¼ aþ b�að ÞCi=Ca; ð1Þ

where d13Ca is the d13C of atmospheric CO2 (currently ca.

-8.3 %), a (4.4 %) refers to the slower diffusion of 13CO2

compared to 12CO2 through the stomata, and b (27 %) to

the discrimination by the CO2-fixing enzyme Rubisco. A

change in Ci can be caused by changes in photosynthetic

rates (A) and/or stomatal conductance (gs). Increased light

intensity increases A more than gs, whereas decreased

water availability decreases gs more than A. Nutrient

availability relative to the growth potential of the plant has

an effect similar to light intensity and is thus difficult to

disentangle from light effects (Ehleringer et al. 1986;

Cernusak et al. 2009).

Although changes in D13C alone are not conclusive with

respect to the causes of tree responses to altered environ-

mental conditions, their combined analysis with tree

growth data that can be used as a proxy for A, allows the

identification of the main drivers of growth changes. For

example, if light availability increases after gap formation,

it may increase the growth potential of a remaining tree by

increasing photosynthetic rates. This can lead to increased

growth when the availability of water and nutrients is

sufficient. Increased growth is then associated with

decreased D13C. If water stress hampers a growth increase

after gap formation or even reduces growth, then D13C is

also expected to decrease. An absence of changes in

growth and D13C after gap formation indicates either

insufficient increase of light availability or a simultaneous

decrease in nutrient availability and an increased growth

potential due to higher light availability.

In a previous publication, we reported on a highly var-

iable growth response to gap formation for the shade-tol-

erant tree Peltogyne cf. heterophylla in a Bolivian moist

forest (Soliz-Gamboa et al. 2012). Growth rates of some

trees increased after gap formation, while growth of others

decreased or did not change (mostly small juvenile trees).

In the current study, we aimed to identify the causes of

observed diameter growth responses using the combined

analyses of changes in growth and stable carbon isotopes.

Specifically, we use D13C values obtained from tree rings

to investigate (1) whether increased tree growth after gap

formation is a consequence of increased light (and/or

nutrients) or water availability and (2) whether increased

water stress after gap formation causes a reduction of

growth rates in some trees. We measured tree-ring width

and carbon isotope ratios in growth rings in trees of dif-

ferent sizes before and after gap formation.

Materials and methods

Study area and species

The study was carried out in the logging concession ‘‘Los

Indios’’ (10�260S, 65�330W) located 86 km northeast of the

town of Riberalta, Bolivia. Forests in the region are semi-
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deciduous with a dense canopy at 30–35 m height and

some emergent trees up to 45 m. Density of stems [10 cm

diameter at breast height (dbh) is 423 ha-1 (Toledo et al.

2008). The study area was selectively logged from May to

September 2001, at an intensity of 1.4 trees ha-1. After

logging, no further disturbances took place.

Mean annual precipitation is 1,690 mm and mean

annual temperature is 27 �C (Soliz-Gamboa et al. 2012).

We checked if average annual precipitation in the growing

season (October–May) differed between the 7-year periods

before and after logging (the study period) using climatic

data for Riberalta from the database of the KNMI Climate

Explorer (Trouet and Van Oldenborgh 2013). No signifi-

cant difference in average annual precipitation was found

between the years before and after gap formation

(ANOVA: F = 0.670, p = 0.428). Unfortunately, no

temperature data were available to determine if there were

differences in growth season temperatures.

Our study species, Peltogyne cf. heterophylla (Fabaceae,

Caesalpinioideae; hereafter referred to by its genus name),

is a shade-tolerant tree, which is evergreen as a juvenile

and brevi-deciduous as an adult (Soliz-Gamboa et al.

2012). Tree-ring studies have been conducted on this spe-

cies and the annual nature of growth rings has been

established (Soliz-Gamboa et al. 2011; Brienen and Zui-

dema 2005). Peltogyne is a relatively slow growing spe-

cies, especially in the juvenile phase. Sampled trees of ca.

25 cm dbh were often more than 100 years old.

Data collection and tree-ring measurements

We sampled 21 trees at\10 m from single treefall gaps or

from similar-sized canopy openings formed by skidder trails

(gap trees) and 21 trees at more than 40 m away from gaps

(control trees). The trees ranged in size from 5 to 25 cm dbh,

with a similar size distribution in gap and control trees. The

average age of the control trees was 104 years (range

55–158 years) and 102 years in the gap trees (range

32–162 years). Even though Peltogyne trees can attain sizes

of [100 cm dbh, we did not collect trees larger than 25 cm,

because gap effects were expected to be stronger for juve-

nile—sub-adult trees. We avoided sampling trees that were

badly damaged or severely liana infested.

For each tree sampled, we determined the Canopy

Closure Index (CCI) (Lieberman et al. 1989, 1995). The

CCI is an estimate of the level of shade cast upon the

crown of a focal tree based on the density and heights of

neighbouring trees that are taller than the focal tree. A low

CCI indicates a low density of taller trees surrounding the

focal tree and thus, a higher light availability. For all trees

up to 20 cm dbh, cross-sectional stem discs were collected

using a chain saw. Five of the larger trees were sampled in

three different directions using a 22-mm increment borer

mounted on a motor (Stihl BT42). All samples were col-

lected at 50 cm height. Cores and discs were air-dried and

polished using grits up to 1,000. Tree rings in the discs and

cores were dated and ring widths were measured using a

LINTAB 6 and TSAPWin software (Rinntech, Germany).

Tree-ring widths (annual increment in cm year-1) were

converted to Basal Area Increment (BAI; cm2 year-1) as

this gives a good estimate of biomass growth (Baker et al.

2004). Individual tree growth responses were determined

by comparing the average annual BAI in the 7 years after

(2001–2007) to the average annual BAI in the 7 years

before (1994–2000) gap formation. Periods of 7 years were

chosen as logging took place 7 years before wood samples

were taken (in 2008). The year 2001 was included in the

period after gap formation because logging occurred prior

to the onset of the growing season.

Isotope analyses

Wood material was cut from each of the 14 annual rings (in

accordance with the above-mentioned periods 1994–2000

before and 2001–2007 after gap formation) of every tree.

Complete growth rings were sampled. Cellulose extraction

was performed on the raw wood samples using the adapted

Jayme-Wise method (Wieloch et al. 2011). Holocellulose

samples were subsequently homogenized in a demi-water

solution by a mixer mill (Retsch MM301, Germany) and

oven-dried at 70 �C. This novel homogenization procedure

gave good results as multiple d13C measurements on

subsamples from the same cellulose gave very similar

results (maximum difference of 0.04 %). All cellulose

samples were analysed in a continuous flow mode with an

element analyzer coupled to a mass spectrometer at the

Geo Forschungs Zentrum in Potsdam, Germany. The car-

bon isotope composition (d13C, in %) was then calculated

as:

d13Ctree�ring ¼ Rsample=Rstandard� 1
� �

� 1000; ð2Þ

where, Rsample is the 13C/12C ratio of a sample and Rstandard

the 13C/12C ratio of an internationally recognized standard

material (V-PDB). Discrimination (D) against the heavier
13C can be calculated by:

D13C ¼ d13Ca � d13Ctree�ring

� �
= 1þ d13Ctree�ring

� �
; ð3Þ

where d13Ca is the d13C of atmospheric CO2. As d13Ca

decreased by 1.5 % since the onset of the industrial rev-

olution due to the burning of fossil fuels that are depleted in
13C, we used year-specific values for each of the 14 years

of ring formation (McCarroll and Loader 2004). We

excluded one large control tree from the analyses, which

exhibited significantly lower D13C values over the entire

14-year period studied.
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We examined D13C instead of the estimate of the

intercellular CO2 concentration in leaves (Ci), which can be

derived from D13C, because in the period covered by our

study (1994–2007), atmospheric CO2 concentration (Ca)

increased by 7 % (from 359 to 384 ppm). If plants do not

respond by changing stomatal conductance and/or assimi-

lation, a 7 % increase in atmospheric CO2 will result in a

similar 7 % increase of Ci. This so-called passive response

(McCarroll et al. 2009) may obscure effects on Ci caused

by gaps. We therefore used D13C which is based on the

ratio between Ci and Ca, and has been shown to be less

influenced by the rise of Ca than Ci [e.g. Hietz et al. (2005),

(2011); Loader et al. (2011), but also see Brienen et al.

(2011)]. In addition, our experimental setup corrects for

this potential confounding factor by including proper

controls.

Statistical analyses

Growth rates (BAI) and D13C often vary over the size range

of trees (e.g. Clark and Clark (1992) and Gagen et al.

(2007). This ontogenetic variation could potentially

obscure any gap-related effects and might be especially

problematic in our data set, as we collected trees of dif-

ferent sizes (5–25 cm dbh). We therefore standardized BAI

and D13C series for each tree by dividing annual values by

their 14-year average value. In this way, annual BAI and

D13C values are expressed as proportional deviations from

the 14-year average. We subsequently analysed the overall

effect of gap formation on standardized BAI and D13C with

a mixed-effects model. Mixed-effects models are well

suited for the repeated measures structure of tree-ring and

isotope data series. We included ‘gap-formation’ as a fixed

factor and ‘individual tree’ as a random factor. Tree size

(dbh at the time a gap was formed) was included as a

covariate. We also tested if there was an interaction

between the effect of gap formation and tree size. Gap and

control trees were analysed separately.

Pearson’s correlations were used to test the relation

between changes in BAI and changes in D13C. Proportional

change (in %) in BAI and D13C were calculated as this

allows for a better comparison of the responses of indi-

vidual trees than absolute changes, which are, especially

for BAI, much greater in large than small trees. We used an

ANCOVA to test if there was a difference between gap and

control trees in light levels (the inverse of CCI), including

tree size as a covariate. Log-transformed CCI was taken to

obtain linear relations. We analysed the relation between

CCI and BAI and between CCI and D13C with a multiple

linear regression, using log-transformed BAI and D13C

(again to obtain linear relationships). We also included

trees size (dbh) as a covariate in the regression analysis,

because BAI and D13C are strongly size dependent, but

furthermore, because CCI also decreases with tree size. All

analyses were performed using IBM SPSS Statistics, ver-

sion 19.0.

Results

Effect of gap formation on growth and D13C

Among the individual Peltogyne trees, we found increased,

decreased and unchanged growth in basal area (BAI) after

gap formation (Fig. 1). Of these gap trees, 14 out of 21

trees showed an increased growth of [25–700 % (Fig. 2).

Among control trees, which were located far away from

gaps, 8 out of 21 trees showed an increased BAI

of [25–200 % (Fig. 2). Given the high variability of

responses in the group of gap trees, it is not surprising that

we did not find an overall effect of gap formation on

standardized BAI in a linear mixed-effects model

(Table 1). Nevertheless, we did find a significant interac-

tion between dbh and gap formation (p \ 0.001; Table 1),

suggesting that the response to gap formation depends on

tree size. In particular, several medium-sized trees (dbh ca.

15 cm) showed strong positive growth changes after gap

formation, which were larger than most of the growth

changes in small trees (Fig. 2).

No significant effect of gap formation was found on

D13C in a mixed-effects model analysis (Table 1). Again,

the response of the D13C values to gap formation was

highly variable (Figs. 1, 2). It is possible that very old trees

do not respond as vigorously to gap formation as similar-

sized but younger trees. We checked if age is a stronger

driver of the responses to gap formation than size. How-

ever, this does not seem to be the case, as there is no

significant relation between tree age and its capacity to

respond (as for tree size, we only found a significant

interaction between gap formation and tree age in the gap

trees: F = 7.988, p = 0.005).

Understanding growth changes

To interpret the causes of growth changes, we related the

proportional change (in %) in BAI to the change in D13C

(Fig. 3). In both control and gap trees, changes in BAI

correlated significantly with changes in D13C (Pearson’s

r2 = 0.237 (p = 0.013) and 0.469 (p \ 0.001), respec-

tively). Among the trees (both gap and control) showing

increased growth, 16 out of 22 were associated with a

decrease in D13C (Fig. 3), whereas 12 out of 19 trees with

no or a negative growth change showed an increase in D13C

(Fig. 3).

Because our study is retrospective, we have no data on

the changes in light, nutrient and water availability
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Fig. 1 Three examples of annual Basal Area Increment (BAI) and
13C discrimination (D13C) for individuals of Peltogyne cf. hetero-

phylla that grew \10 m from a logging gap. The black vertical

reference line shows the time of gap formation, the dashed grey lines

the average BAI and D13C pre- and post-gap formation

Fig. 2 Changes in Basal Area

Increment (BAI) [top panel] and
13C discrimination (D13C)

[bottom panel] for Peltogyne cf.

heterophylla after gap formation

with respect to tree size (dbh) at

the time of gap formation.

Proportional changes (in %)

were taken to account for

potential size effects on growth

and D13C
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occurring during gap formation. However, we measured

canopy closure index (CCI: the inverse of light availability)

once in 2007, 7 years after gap formation. We found that,

even 7 years after logging, gap trees were, on average,

growing at higher light conditions than control trees

(ANCOVA: F = 10.804, p = 0.002; Fig. 4). For both gap

and control trees, CCI decreased with tree size [Pearson’s

r2 = 0.301 (p = 0.009) and 0.740 (p \ 0.001), respec-

tively]. Logically, larger trees experienced, in general,

higher light levels. We also related CCI to the averaged

BAI and D13C of the last 5 years (2003–2007) using a

linear regression analysis. As tree size also has a strong

effect on BAI and D13C, we included tree size as a

covariate in the analyses. We found a highly significant

increase of BAI with decreasing CCI (r2 = 0.680,

p \ 0.001; Fig. 5) and a significant increase of D13C with

increasing CCI (r2 = 0.480, p \ 0.001; Fig. 5). Hence,

trees with a low CCI, meaning a low density of taller

neighbouring trees and thus, receiving abundant light, grew

faster and had a lower D13C.

Table 1 Results of the mixed-effects model analyses with standard-

ized Basal Area Increment (BAI) and 13C discrimination (D13C) as

dependent variables and gap formation, tree size (dbh at the time of

gap formation; inserted as covariate) and the interaction between gap

formation and dbh (gap*dbh) as factors

Fixed effects Control trees Gap trees

df F value p value df F value p value

BAI

Gap formation 258.438 0.023 0.879 238.066 1.487 0.224

dbh 233.512 2.536 0.113 250.492 0.358 0.550

gap*dbh 233.512 0.051 0.821 250.492 18.390 0.000

D13C

Gap formation 226.851 0.196 0.658 250.057 0.041 0.839

dbh 210.051 0.185 0.667 231.386 0.796 0.373

gap*dbh 210.051 0.026 0.871 231.386 2.930 0.088

Bold value indicates p = 0.00003 (or state p \ 0.001)

df denominator degrees of freedom (numerator d.f. = 1 in all cases)

Fig. 3 Changes in Basal Area

Increment (BAI) with respect to
13C discrimination (D13C) for

Peltogyne cf. heterophylla after

gap formation for control trees

[left panel] and gap trees [right

panel]. In both control and gap

trees, changes in BAI correlated

significantly with changes in

D13C (Pearson’s r2 = 0.237

(p = 0.013) and 0.469

(p \ 0.001), respectively)

Fig. 4 Light availability (the inverse of Canopy Closure Index; CCI)

for gap and control trees in relation to tree size (dbh). Log-

transformed CCI was taken to obtain linear relations. Gap trees grew,

on average, in higher light conditions than control trees even after

7 years of gap formation (ANCOVA: F = 10.804, p = 0.002). CCI

significantly decreases with tree size in both gap and control trees

(Pearson’s r2 = 0.301 (p = 0.009) and 0.740 (p \ 0.001),

respectively)
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Discussion

We used stable carbon isotope ratios in annual growth rings

to study the causes of growth changes after gap formation

in a common shade-tolerant tree, Peltogyne cf. hetero-

phylla, in North-eastern Bolivia. No general effect of gap

formation on growth rates (BAI) and 13C discrimination

was found (D13C; see Table 1). The lack of an overall

effect of gap formation can be explained by the large

variability in responses: BAI and D13C showed increased,

zero and negative changes after gap formation (Fig. 1).

However, for BAI, but not for D13C, we did find a signif-

icant interaction between gap formation and tree size

(Table 1), suggesting that the growth response to gap for-

mation depends on tree size. In particular, the medium-

sized trees (dbh ca. 15 cm) seem to respond to gap for-

mation by increasing growth rates, but most of the small

trees showed negative to zero growth responses (Fig. 2).

What explains the variation in responses to gap forma-

tion? Trees showing increased growth rates after gap for-

mation were mainly associated with a decrease in 13C

discrimination (Fig. 3). Such a decrease in plant D13C can

be caused by both changes in light/nutrient and water

availability (Ehleringer et al. 1986; Cernusak et al. 2009).

Improved light and, to a lesser extent, increased nutrient

availability, can increase assimilation rates relative to sto-

matal conductance and therefore, decrease D13C (Ehlerin-

ger et al. 1986; Cernusak et al. 2009). Indeed, we found a

significant negative relation between light availability (the

inverse of CCI) and D13C (Fig. 5), a relationship that has

already been well documented (Ehleringer et al. 1987;

Zimmerman and Ehleringer 1990). The observed decrease

in D13C can also point to increased water stress because

reduced water availability decreases stomatal conductance

and therefore, Ci (McNulty and Swank 1995; Saurer et al.

1995; Cernusak et al. 2009). But in the latter case, one

would expect a concomitant decrease in growth (as reduced

water availability slows down growth). Hence, the increase

of growth rates in combination with reduced D13C after gap

formation, as observed in our study, is likely caused by

increased light availability, possibly in combination with a

proportionally increased nutrient availability.

Growth rates can also increase by a lowering of water

stress after gap formation, e.g. by reduced root competi-

tion. However, if increased growth rates are the results of

improved water availability, we expect to find increased Ci

and hence D13C, or no change in Ci and D13C when

occurring in synchrony with increased light/nutrient levels.

This is opposite to what we found. Our results thus suggest

that changes in water availability after gap formation were

less important than changes in light and nutrients for the

stimulation of growth.

It was surprising that we did not find a growth response

to gap formation in most of the smaller tees (Fig. 2). These

trees are expected to benefit the most from increased light

availability after gap formation, given their shaded position

in the forest understory. Poorter (1999), working in the

same region, found no strong growth response of seedlings

of some species in high light conditions and suggested this

might be a result of increased water stress. This does not

seem to apply to our study system, as we found no indi-

cations of increased water stress, i.e. no significant

decrease in D13C was observed in combination with

decreased growth rates. On the contrary, growth reduction

was mainly associated with increased D13C (Fig. 3), which

suggests decreasing light availability. When comparing the

Fig. 5 The relationship between Basal Area Increment (BAI) and

Canopy Closure Index (CCI) [left panel] and between 13C discrim-

ination (D13C) and CCI [right panel] for Peltogyne cf. heterophylla.

For BAI and D13C, we arbitrarily took the average of the last 5 years

(2003–2007), CCI was measured only once in 2007. Log-transformed

BAI and D13C were used to obtain linear relationships. Data were

analysed with a multiple linear regression (including tree size as a

covariate); r2 = 0.680 (p \ 0.001) and 0.480 (p \ 0.001),

respectively
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gap trees with the control trees (Figs. 2, 3), it is noteworthy

that the latter show a temporal variation in growth and

D13C that is not very different from the gap trees. This

indeed suggests that the effect of gap formation (e.g. on

understory light levels) might not have been very strong for

most trees. However, even 7 years after gap formation, gap

trees were, on average, still growing in higher light con-

dition than control trees (Fig. 4). This was especially the

case for the medium-sized trees.

A lack of growth stimulation after gap formation is also

possible if excessive irradiance during the first years after

gap formation causes a strong photo-inhibition, which

reduces photosynthetic rates and thereby, increased D13C.

For shade-tolerant species, like Peltogyne cf. heterophylla,

photo-inhibition might be a severe problem in high light

environments (Krause et al. 1995; Krause and Winter 1996;

Houter and Pons 2005). Still, the greatest increase in

growth after gap formation (nearly 700 %) in combination

with the strongest observed decrease in D13C (-11 %) was

found in one of the smallest trees (Fig. 3). This tree also

had a very high light availability (CCI = 4.83) when

measured in 2007, suggesting that at least some small

Peltogyne trees are able to take advantage of gap formation

and do not experience strong photo-inhibition. Long-term

tree-ring studies also indicate that small trees of this spe-

cies are able to undergo strong growth spurts (Brienen and

Zuidema 2006; Soliz-Gamboa et al. 2011).

Growth stimulation in response to gap formation may

also have been hampered by a lowered nutrient availability,

which may be caused by the increased growth and nutrient

absorption of nearby larger trees or by a reduced leaf litter

fall (lower nutrient input) due to the removal of a dominant

tree from the canopy. A reduced nutrient availability can

lower photosynthetic rates and as such, increases Ci and

D13C. Although we do not fully understand why several

small trees did not respond to gap formation, our data show

that this lack of response was not caused by prolonged

water stress, but rather that light availability did not suf-

ficiently increase or that, particularly when D13C increased,

nutrient availability decreased.

We exclude the possibility that the results presented here

are strongly affected by ontogenetic (i.e. developmental)

changes in growth and tree-ring d13C. For carbon isotopes,

a ‘juvenile effect’ has often been observed in the early

years of tree growth (Freyer 1979; McCarroll and Loader

2004) and has been attributed to 13C-depleted CO2 near the

ground from soil respiration, as well as to other environ-

mental changes (e.g. light) during development (Leavitt

2010). Such ontogenetic changes can potentially interfere

with changes caused by gap formation. We, however,

expect that ontogenetic effects are very small to absent in

our data because: (1) the studied trees were relatively old

(minimum tree age was 31 years), (2) the small trees

studied had their leaves at least several meters above the

forest floor, excluding an effect of 13C-depleted CO2 near

the ground, (3) the study period was relatively short and

ontogenetic changes in growth are gradual for this species

(Rozendaal et al. 2010, 2011) and thus cannot explain the

abrupt growth changes observed in some trees (Fig. 1), and

(4) our experimental setup includes proper controls, i.e. gap

trees were compared to control trees that, if present, have

similar ontogenetic patterns in growth and d13C, but did not

experience nearby gap formation (Figs. 2, 3).

The combined analyses of tree growth and carbon iso-

topes can help to identify some of the possible causes of

strong growth decreases (suppressions) or increases

(releases) in tree-ring series. It is often assumed that these

patterns are mainly caused by periods of low and high

light, respectively, and therefore reflect canopy dynamics

(Wright et al. 2000; Brienen and Zuidema 2006; Baker and

Bunyavejchewin 2006). However, in a Mexican dry forest,

some releases could also be related to reduced tempera-

tures, likely causing reduced water stress (Brienen et al.

2010). Carbon isotope ratios in growth suppressions and

releases can reveal whether growth changes are mainly

driven by shifts in water or light availability and hence,

distinguish between the effects of climate and forest

dynamics.

We conclude that for Peltogyne, the shade-tolerant spe-

cies studied, growth increase after gap formation is mainly

governed by increased light availability and not by increased

water availability. Although such light-mediated gap effects

have often been proposed, our analyses of carbon isotope

ratios indeed point to an effect of light, probably in combi-

nation with increased nutrient availability.
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