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No growth stimulation of tropical trees by
150 years of CO, fertilization but water-use

efficiency increased

Peter van der Sleen"?*, Peter Groenendijk’, Mart Vlam', Niels P. R. Anten®#, Arnoud Boom?,

Frans Bongers', Thijs L. Pons®, Gideon Terburg'* and Pieter A. Zuidema

The biomass of undisturbed tropical forests has likely
increased in the past few decades'?, probably as a result
of accelerated tree growth. Higher CO, levels are expected
to raise plant photosynthetic rates® and enhance water-use
efficiency*, that is, the ratio of carbon assimilation through
photosynthesis to water loss through transpiration. However,
there is no evidence that these physiological responses do
indeed stimulate tree growth in tropical forests. Here we
present measurements of stable carbon isotopes and growth
rings in the wood of 1,100 trees from Bolivia, Cameroon and
Thailand. Measurements of carbon isotope fractions in the
wood indicate that intrinsic water-use efficiency in both
understorey and canopy trees increased by 30-35% over the
past 150 years as atmospheric CO, concentrations increased.
However, we found no evidence for the suggested concurrent
acceleration of individual tree growth when analysing the
width of growth rings. We conclude that the widespread
assumption of a CO,-induced stimulation of tropical tree
growth may not be valid.

Tropical forests store around 25% of the global terrestrial carbon
pool and account for a third of net primary production® and are
therefore a crucial component of the global carbon cycle. Repeated
measurements of permanent forest plots across the tropics have
shown increased tree growth over the past decades in many cases'?,
but decelerating or stable growth rates in others®’. One of the
main factors suggested to cause an increased tree growth is the
rise of the atmospheric CO, concentration, as it can increase plant
photosynthetic rates’ and enhance water-use efficiency*®. This latter
response is of crucial importance in plant communities subjected to
seasonal water shortage or drought periods, because it reduces water
stress and extends the growing season. However, direct evidence for
a CO, fertilization effect on growth rates of individual tropical trees
is absent because free-air CO, enrichment (FACE) experiments
are lacking in this biome’. In addition, the reported increase of
tropical tree growth, which has been linked to CO, fertilization,
was obtained on a much shorter timescale than the rise in CO,
concentration, which started at the onset of the industrial revolution
(~1850; ref. 10). Thus, it is unclear whether the rising atmospheric
CO, concentration has resulted in a long-term stimulation of
tropical tree growth.

1,4%

We address this knowledge gap by analysing growth rings
in the wood of long-lived tropical trees', thereby obtaining a
centennial record of tree growth. We simultaneously quantify
the physiological responses to increased atmospheric CO, and
changes in growth rates over the past 150 years. We did so by
studying 1,109 trees of 12 species from three sites distributed
across the tropics (Fig. 1). Our study species produce annual
growth rings, belong to different functional groups and are locally
common to very abundant (Supplementary Table 1). Long-term
data on physiological responses to increased atmospheric CO,
were obtained by measuring stable carbon isotopes (§°C) in wood
cellulose, from which the intercellular CO, concentration in leaves
(G;) and the intrinsic water-use efficiency (iWUE) were derived
(Supplementary Methods). This iWUE can represent actual water-
use efficiency when the gradient in water-vapour pressure between
the leaf and the atmosphere remains constant (Supplementary
Methods, Fig. 1). Long-term growth changes were assessed by
converting tree-ring widths to the growth in the cross-sectional area
of tree stems (basal area increment; BAI), a good proxy for tree
biomass growth''. This is the first pan-tropical study to directly link
physiological and growth responses of individual trees to long-term
CO, rise.

At each of the three sites, we sampled trees in large (145-300 ha)
plots in undisturbed old-growth forest. Increment cores and tree
discs were collected from trees of all sizes >5cm diameter at
breast height. In our analyses of trends in growth and iWUE
over time, we accounted for confounding ontogenetic effects by
employing a method that evaluates trends over time at a fixed stem
diameter'* (Figs 2a and 3a). We chose two sizes for our analyses:
understorey trees of 8 cm stem diameter (~10m tall) and canopy
trees of 27 cm stem diameter (~30m tall). These stem diameters
were chosen because understorey trees are expected to benefit more
strongly from elevated CO, than canopy trees", whereas canopy
trees account for the bulk of forest biomass®. A total of ~100,000
rings were measured to determine tree ages, ~9,000 rings were used
to calculate BAI and approximately 2,500 §"*C measurements were
carried out.

A mixed-effect model revealed a highly significant and
exponential increase of C; (Figs 2 and 3 and Supplementary
Table 2a) at each of the three sites, and in both understorey and

TForest Ecology and Management Group, Wageningen University, Droevendaalsesteeg 3, 6708 PB, Wageningen, The Netherlands. ZInstituto Boliviano de
Investigacion Forestal, Km 9 carretera al norte, Casilla 6204, Santa Cruz de la Sierra, Bolivia. 3Centre for Crop Systems Analysis, Wageningen University,
Droevendaalsesteeg 1, 6708 PB, Wageningen, The Netherlands. *Ecology and Biodiversity, Institute of Environmental Biology, Utrecht University,
Padualaan 8, 3584 CH, Utrecht, The Netherlands. > Department of Geography, University of Leicester, Leicester LE1 7RH, UK. ®Plant Ecophysiology, Institute
of Environmental Biology, Utrecht University, Padualaan 8, 3584 CH, Utrecht, The Netherlands. *e-mail: peter.vandersleen@wur.nl; pieter.zuidema@wur.nl

24

NATURE GEOSCIENCE | VOL 8 | JANUARY 2015 | www.nature.com/naturegeoscience

© 2014 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/ngeo2313
mailto:peter.vandersleen@wur.nl
mailto:pieter.zuidema@wur.nl
www.nature.com/naturegeoscience

Ampelocera ruizii (Ar)

Cariniana ianeirensis (Ci)

g

Hura crepitans (Hc)

Terminalia ivorensis (Ti)

Afzelia xylocarpa (Ax)

Chukrasi tabularis (Ct)

Melia azedarach (Ma)

Toona ciliata (Tc)

Figure 1| Study sites and annual growth rings of the study species. \WWood samples were collected from three wet tropical forests (=1,500 mm rainfall per
year; green areas). Bolivia: La Chonta forest concession; Cameroon: a forest concession adjacent to Korup National Park and Thailand: Huai Kha Khaeng
Wildlife Sanctuary. Pictures show wood samples of the study species, with white triangles indicating growth-ring boundaries.
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Figure 2 | Temporal trends in C;, iWUE and tree growth in understorey trees. a, Illustration of our sampling strategy, which explicitly accounts for
ontogenetic growth changes. b, CO, concentration in the leaf intercellular spaces (C;, on a log scale) and iWUE (on a log scale) significantly increased
(p values of mixed-effect models), whereas tree growth (BAI; standardized for clarity) did not (p > 0.05; Supplementary Table 2). Black lines represent
per-site trends from the linear mixed-effect models (dashed for non-significant models). For species codes in legend see Fig. 1. Individual species figures
are in Supplementary Figs 4 and 5. All data can be found in the Supplementary Information.

canopy trees. C; increased by 43% and 53% over the past 150 years
for understorey and canopy trees respectively. Yet, the rate of
increase in C; was consistently lower than that of atmospheric CO,.
This ‘active’ response' to elevated atmospheric CO, resulted in a
significant and large increase of iWUE. Over the past 150 years,
iWUE increased by 30-35% for understorey and canopy trees
(Figs 2 and 3). A highly significant increase was also found when
relating iWUE to atmospheric CO, instead of calendar year
(Supplementary Table 2b). Evidence for an increase of tree-level
iWUE was previously found for temperate tree species in FACE
experiments®"” and in field studies for some tropical tree species'®**,
but this study indicates that increased water-use efficiency probably
occurred at a pan-tropical scale.
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A long-term increase of iWUE indicates that net photosynthesis
has increased and/or stomatal conductance (and thus transpiration)
was reduced. It is very likely that the century-long increase in
atmospheric CO, concentration has resulted in both increased
photosynthesis and reduced transpiration, in line with results from
FACE experiments®”. A sustained increase of photosynthesis and
a higher water-use efficiency under elevated CO, are expected to
stimulate tree growth if carbon and/or water are limiting factors'.
Such a stimulation of tree growth should become apparent as along-
term increase in tree BAI, because stem growth determines most of
the above-ground biomass growth of individual trees'. However,
we found no evidence for trends in BAI over time in mixed-
effect model analyses (Figs 2 and 3 and Supplementary Table 2a).
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Figure 3 | Temporal trends in C;, iWUE and tree growth in canopy trees. a, The same as in Fig. 2a, but for canopy trees. b, The same as in Fig. 2b, but

for canopy trees. C; and iWUE significantly increased for canopy trees at each site (p values of mixed-effect models, see Supplementary Table 2).

Tree growth (standardized BAI) did not change in any of the sites (p > 0.05, Supplementary Table 2). Black lines represent per-site trends from the linear
mixed-effect models (dashed for non-significant models). Individual species figures are in Supplementary Figs 4 and 5. All data can be found in the

Supplementary Information.

This result was consistent across sites and species, and for both
understorey and canopy trees (Figs 2 and 3). Thus, for the study
species at our three sites, CO,-induced increases in C; and iWUE
have not resulted in a detectable increase in diameter growth
over the past 150 years. To account for the nonlinear increase
of atmospheric CO, over time, we also examined whether BAI
changed with atmospheric CO,. Again, we found no evidence for
a CO,-induced growth stimulation (no significant relations, except
for a negative growth trend for understorey trees in Thailand;
Supplementary Table 2b).

We evaluated to what extent sampling biases could have
influenced our findings (see “The potential role of sampling biases’
in the Supplementary Methods). There are four potential sampling
biases that may generate apparent positive and negative trends
in growth rates obtained from tree rings'**’, or conversely may
mask growth trends that are caused by environmental changes
(Supplementary Fig. 2). In several additional tests we show that
it is very unlikely that these sampling biases have prevented
the detection of long-term changes in tree growth in our study
(Supplementary Table 3 and 4).

Another potential reason for not finding an acceleration of
BAI is low statistical power. We verified to what extent our
data set allowed detecting long-term growth trends, by means of
a power test (Supplementary Methods). This test revealed that
our analysis would detect small growth changes with a high
probability. For instance, a 1% growth change per decade is detected
with a probability of 68% for understorey trees and >99.9%
for canopy trees (Supplementary Fig. 3). If tree growth would
have increased by 2% per decade, as reported from permanent
monitoring studies in the Amazon?, our analyses would have
detected this change with >99.9% certainty for both size categories
(Supplementary Fig. 3). Thus, it is highly unlikely that our study
species experienced a growth stimulation over the past 150 years.
These results contrast with those obtained from permanent sample
plots showing increased tree growth at a stand level over time'?.
Differences in time period analysed (centennial versus decadal),
unit of analysis (individual trees versus stands), plot size (large
versus small) and spatial replication (few versus many plots) do not
allow a straightforward comparison of plot-based and ring-based
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studies and such a comparison was not our goal here. Nonetheless,
our findings do clearly indicate that, contrary to the common
assumption, CO, rise did not stimulate tree growth of our study
species on a centennial timescale.

Why has increased C; and/or iWUE not resulted in increased
growth rates? We discuss three possible explanations, all of which
deserve considerable research attention. First, a CO,-induced
stimulation of photosynthesis may not have resulted in increased
growth owing to an external climate-related stressor, such as
increased temperature or decreased precipitation. There is little
evidence for decreased precipitation at our study sites, but mean
daily temperatures did increase by 0.02-0.2 °C per decade since 1950
(Supplementary Methods). At the leaf level, however, temperatures
may have increased more if evaporative cooling of leaves is reduced
at higher CO, levels’’. On the short-term, higher temperature
increases respiration rates, but plants are able to acclimate relatively
quickly to such changes®. It is not clear though, how the potential
negative effects of higher (leaf) temperatures interact with the
positive effects of atmospheric CO, rise in the longer run. A
second explanation is that the additional assimilates generated
owing to a CO,-stimulated photosynthesis have not been invested
in stem growth and could thus not be detected in tree rings (or in
tree diameter measurements). Such allocation shifts might include
increased fruit production” and investment in root biomass*.
The third possible explanation for the absence of a CO,-driven
growth increase is the limitation of resources other than CO, or
water, for example, a persistent limitation of nutrients (for canopy
trees) or a gradual reduction in light levels by increased leaf area
index (for understorey trees). FACE experiments using temperate
trees have shown that elevated CO, does not lead to a sustained
increase of tree growth under most field conditions, a result that
has been related to limited nutrient availability>**. Our findings
are consistent with those experimental results. We anticipate that
the planned FACE experiment in the Amazon will shed light
on the factors limiting a CO, fertilization response in mature
tropical trees®.

The increased iWUE of the study trees at each of our sites (Figs 2
and 3) has probably been partially caused by a lowered stomatal
conductance over time and hence a reduced transpirational water
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loss. If tropical trees are in general responding to atmospheric CO,
rise by reducing stomatal conductance, this may importantly change
hydrologic cycles. Decreased transpiration by plants can lead to
lower humidity, higher air temperatures and a reduction of the
recycling of precipitation”. It is not clear to what extent hydrologic
cycles have already changed owing to reduced transpiration because
these alterations have occurred concomitantly with other changes
such as deforestation.

As tropical forests are a crucial component of the global
carbon cycle, it is important to predict their responses to
atmospheric change. Such predictions are made using dynamic
global vegetation models (DGVMs). At present, most—if not all—
DGVMs predict increases in tropical forest biomass as a result
of CO, fertilization®**°. Most model simulations therefore suggest
that tropical forests will have the capacity to act as CO, sinks
for the coming century, thus reducing global warming. However,
if a CO, fertilization effect on tree growth is absent—as our
findings suggest—current DGVMs overestimate the sink capacity
of tropical forests.

Methods

Study sites, tree sampling and measuring growth. The study was carried out in
three forest sites (Fig. 1): La Chonta logging concession in Bolivia (15.84° S,
62.85° W; average precipitation of 1,580 mm yr~'), Huai Kha Khaeng Wildlife
Sanctuary in Thailand (15.60° N, 99.20° E; average precipitation of 1,473 mmyr~")
and Management Unit 11.001 of Transformation REEF in Cameroon (5.23° N,
9.10° E; average precipitation of ~4,000 mmyr~"). Climate diagrams for each site
are shown in Supplementary Fig. 6.

At each site, we sampled trees of four species (Supplementary Table 1).
Species were selected on the basis of their abundance and the possession of clear
annual growth rings. At each site, 100 trees per species were randomly selected
(ranging in size from 5 to >100 cm diameter at breast height; dbh) in 145-300 ha
of undisturbed forest (see Supplementary Methods). From each tree, a wood
sample was collected as a stem disc or as increment cores (of 0.5 cm diameter)
taken in at least three different directions. After drying, the surface of discs and
cores were either cut or polished depending on what gave the best visibility of
ring boundaries. Growth rings were identified using a LINTAB 6 measuring table
and TSAPWin software (Rinntech) or using high-resolution scans (1,600 dpi) and
WinDendro software (Regent Instruments). The quality of the dating of tree rings
was checked in several ways, including chronology building and radiocarbon
dating (see Supplementary Methods and Table 5). Ring widths were measured for
each tree in at least three different directions and averaged. Measured tree-ring
widths were converted to growth in cross-sectional area of the tree (BAL in
square centimetres).

Correcting for tree ontogeny. As diameter growth of trees changes with tree size
(and age), it is important to separate ontogenetic growth changes from potential
growth changes over time. We therefore compared growth rates in the years
around two fixed diameters: understorey trees (8 cm dbh) and canopy trees

(27 cm dbh). For understorey trees, we assessed changes in growth over time by
selecting the ring formed when a tree reached the target size of 8 cm dbh. We
measured this ‘central’ ring as well as the two rings formed before and after the
central ring, and averaged the widths of these five rings. By using five rings, we
obtained an estimate of tree growth that was largely unaffected by year-to-year
variation in growth due to climatic fluctuations. As we collected trees ranging in
size from 5 to >100 cm dbh, the rings formed around the 8 cm diameter differ in
age and allow comparisons of growth rates over long time spans for trees of the
same size (Fig. 2a). The same procedure was used for canopy trees, but then for a
target dbh of 27 cm (Fig. 3a).

Stable carbon isotopes and statistical analyses. The analysis of trends in the
CO, concentration in the intercellular spaces (C;) and iWUE was done in a
similar way as those for BAI, again using canopy and understorey trees. By using
the same selected tree rings from which we obtained BAI values, we could
directly compare physiological responses to elevated CO, levels with growth
responses during the same period. We cut wood samples from the selected tree
rings (around 8 and 27 cm dbh) and obtained 5-year bulk samples from which
cellulose was extracted. Carbon isotope ratio (8"°C) of the cellulose samples was
measured in a continuous flow mode with an element analyser coupled to a mass
spectrometer (Sercon Hydra 20-20) at the Leicester Environmental Stable Isotope
Laboratory, University of Leicester, UK. From §°C, estimates of C; and iWUE
were derived (Supplementary Methods). We analysed long-term changes in C,,
iWUE and BAI with a linear mixed-effect model and included ‘calendar year’ as a
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fixed factor and ‘tree species” as a random factor in the analysis of trees per site
and both ‘tree species’ and ‘site’ as random factors in the analysis of an overall
pan-tropical trend (that is, combining all trees measured).
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Supplementary Methods

Study areas

The study was carried out in undisturbed tropicaé$t areas on three continents (Fig. 1): Bolimia i
South America, Thailand in Southeast Asia and Caorein Africa. In Bolivia, trees were collected
in the logging concession ‘La Chonta’, around 3@0rortheast of Santa Cruz de la Sierra (15.84 S,
62.85 W). The forest in La Chonta is a semi-dedidumoist forest and the transitional between
Chiquitano dry forest and moist Amazonian foresAsnual precipitation in the region averages 1580
mm, with a 4 month dry season receiving <100 mmfiday to September (Supplementary Fig. 6).
In Thailand, trees were collected in the Huai KhHaa&nhg Wildlife Sanctuary (HKK), Uthai Thani
province, around 250 km northwest of Bangkok (13N6@9.20 E). The vegetation in HKK is a semi-
deciduous moist forestMean annual rainfall averages 1473 mm, with areBiths dry season from
November to April (Supplementary Fig. 6). In Canmerp field work took place in Forest
Management Unit 11.001 of Transformation REEF Camer(TRC). This area is adjacent to the
northwest border of Korup National park, in Soutbstern Cameroon (5.23 N, 9.10 E). The forest
consists of a semi-deciduous lowland rainforeshefGuineo-Congolian type. Annual precipitation in
the region averages around 4000mm, with a dry sefies;m December to February (Supplementary
Fig. 6). Long-term trends in precipitation and temgture have been studied in the countries where
the study sites are located. In Bolivia, a detaitéchatological study of meteorological data from
local stations showed no clear long-term chang®iail annual precipitation (but possibly a drying
trend since 1985) and an increase of annual avéeagserature 0f0.1°C per decade since 186
Thailand, meteorological data from Nakhon Sawaa,dlbsest station to the study site (~100km east
of HKK), were analysed by Nock, et 4).who showed no trends in total annual precipitafiom
1950-2010, but an increase of mean daily temperatit0.2°C per decade since 1950. In Cameroon,
climate trends were studied based on local statfoasd gridded dafaThese studies provide some
evidence for a possible drying trend since T9B0it this is not generally supported by localistat

data&) and show only a slight increase of temperatureddd2°C per decade since 1880

Study species and collection

At each site, we sampled trees of four speciesg@oentary Table 1). Species were selected based
on their abundance (we chose relatively commonisgeand the possession of clear annual growth
rings. At each site, trees were collected in 148438 of undisturbed forest, located in a largea arfe
undisturbed forest (Thailand) or a mixture of stlety logged and pristine forests (Cameroon and
Bolivia). Thus, no strong edge effects of distudemoutside the study areas were expected. Al tree
larger than 5 cm diameter at breast height (dbhgwampled in a 50 meter radius around a randomly
assigned gps point. At each site, we used ~25 rarmints spread over the study area and collected

around 100 trees per species (ranging in size am>100 cm dbh). This spatial sampling approach



ensured that samples from all species were obtdioed the entire study area. If the target of 100
samples per species was not reached within thalairplots, we sampled in the entire study area or
chose an adjacent area (faaniellia ogeaandTerminalia ivorensign Cameroon). In Cameroon and
Bolivia, a first round of selective logging tookapk in the study area at the time of sampling (no
previous logging had taken place in any of the greft these sites, logging operations permitted th
collection of stem discs for ~30% of the samplegsr If no discs could be collected, 0.5-cm diamete
cores were collected using an increment borer (®uudfinland and Haglof, Sweden). Cores were
taken in at least three different directions aebtdieight. After drying, the surface of discs antes

were either cut or polished depending on what glagdest visibility of ring boundaries.

Ring measurements, growth calculation and the quality of dating

Ring width was measured using a LINTAB 6 measutige and TSAPWin software (Rinntech,
Germany) or using high-resolution scans (1600 dpg WinDendro software (Regent Instruments,
Canada). Ring widths were measured for each tres ieast three different directions following
standard dendrochronological approaéh&teasured tree-ring widths were converted to gnoint
cross-sectional area of the tree (basal area irererBAl), as this gives a good estimate of above-
ground tree biomass growth

The annual nature of ring formation for the Boliviapecies has been previously demonstrated by
Lopez, et al’®. For the Thai species, this was done by Bakea).ét and for our sampled trees by
Vlam, et al.*2 For the species from Cameroon, Groenendijk,.et avaluated annual ring formation
of three of the study species using radio-carbdimgl@n samples included in this study. They found
a high-quality dating for two of these speciBsachystegia eurycomandDaniellia oged, while the
third (Brachystegia cynometroideshowed some discrepancy in dating, leading toraterestimation

of tree ages by approximately 10%. Annual ring fation of the fourth Cameroonian study species
(Terminalia ivorensiswas established by Detienne, et‘aln Cameroon.

We checked the quality of the dating of tree rimgeur sampled trees in two ways. (1) For each tree
we visually cross-dated (i.e. matched) the ringtviseries across the three directions. Matching the
ring-width series in different directions allowstdetection of locally absent (missing) or falsegsi

in many cases. This is standard practice in tregesearchand was successfully done for all 1100
sampled trees. (2) For four of the 12 species, ovistcucted an overall (master) chronology for the
study species and subsequently checked whethemabwmariation in ring-width of individual trees
matched with the chronology. A tree-ring chronolatpscribes the common annual variation in ring
width of a group of trees and is usually appliedvésify the dating of tree-ring serfesFor tree
species in (wet) tropical forests, it has provdfialilt to establish (strong) chronologies, evenewh
dating accuracy is high (e.g., Fichtler, et'3L. This is probably due to the lack of a domindimatic
effect on annual growth fluctuations in most tréé& stress that our study was not aimed at, nor

designed to, establish (strong) chronologies: watutied many small (juvenile) trees which often



poorly cross-date (but have nonetheless annuas'f)ndgncluded a site with high precipitation and
low seasonality (Cameroon) and did not select ggebiased on their responsiveness to climate
variation.

Nevertheless, master chronologies were succesgitdiguced for the four Thai study species, and
included close to 60% of the sampled tf&eBhis result shows that at the Thai site annuiatatic
variation has a dominant effect in tree growth tisaéxperienced by the majority of trees. At the
Bolivian site, with similar annual rainfall and seaality, it was not possible to establish highligya
chronologies that contained a substantial portiothe® sampled individuals and exhibited high inter-
series correlations. Finally, at the very wet dite Cameroon it proved difficult to construct
chronologies for all study spectésWe reiterate that lacking chronologies for mokioor study
species does not imply that the quality of ringrdatn these species was low (c.f., Groenendijlal et

13 Fichtler, et al.'™®. We also stress that for the purpose of our studyetecting trends in the
intercellular CQ concentration in leaves {|Cintrinsic water-use efficiency (IWUE) and basaka
increment (BAI) over time — the accuracy of ringidg is of limited importance and that we used
average values of five rings as input in our diaiéanalyses.

Possible dating errors in our tree-ring series gayse uncertainty in the ‘calendar year’ value ihat
used to evaluate trends in GVUE and BAI over time or may cause these ‘catengbar’ values to

be shifted towards the recent or distant pastécEs predominantly present missing or false rings.
Such uncertainty or shifts in ‘calendar year’ valueay have changed the probability of finding
trends in G IWUE and BAI but unlikely changed the directiohsuch trends. To test the effect of
dating errors, we reran all statistical analysesdtheffect models, see below under ‘Statistical
analyses’) including a number of ‘likely’ and ‘estne’ dating errors. We tested four dating error
scenarios, in which the average dating error rariged a 3% chance of misidentification per dated
growth ring (i.e. leading, on average, to 3 wronglgntified growth rings per 100 years) to an
extreme case of a 20% chance of misidentificatendated growth ring (i.e. leading, on average, to
20 wrongly identified growth rings per 100 yeai®&).implement dating errors, we changed the ‘year’
value of each data point in our sample using onwf normal distributions of errorsyith mean
errors of 0.03, 0.05, 0.10 and 0.20, and standaxiation estimated based on radio carbjé‘@)(
dating of Cameroonian study species (0.04 to 8>2Byr each dating error scenario we repeated this
procedure 100 times, each time rerunning the metéett models that were used to relaiei@WUE

and BAI to ‘year’. For each of these analyses wes tbbtained 100 p-values. We then checked the
number of cases that these values shifted fromghsigmificant (p<0.05) to non-significant or vice
versa. A large proportion of such shifts would iynphat the particular test is sensitive to dating
errors. These bootstrap analyses showed that sudtgeof our analyses are fully robust to dating
errors, and even to extreme ones: in none of thescthe bootstrapped p-values shifted from <0.05 to
>0.05 or vice versa (Supplementary Table 5). Thsitipe errors tested simulate the inclusion of

‘false’ rings. We also tested negative errors (riafg to ‘missing’ rings). This gave results in the



same ranges as given in Supplementary Table 5na.eshifts of p-values in any case (data not
shown).

For one of our Cameroonian study speckEscynometroidés a radiocarbon study showed that tree
age was underestimated by approximately 0% order to assure that the relatively large rugti
errors in this species would not affect the overedults of our statistical analyses, we also peréad
the analyses without this species. ExcludBigcynometroidegave the same qualitatively results as
those presented in Supplementary Table 2aisgnificant increase in;@nd iIWUE over time and no
significant change of tree growth over time. Inrghibis highly unlikely that dating errors in otree-

ring data resulted in erroneous growth trends evgmted the detection of growth trends.

Correcting for ontogenetic changesin growth

Because diameter growth of trees changes with ¢ree@ (and age), it is important to separate
ontogenetic growth changes from potential growtangjes over time. We applied a modified version
of the method proposed and implemented by Rozendgal.*’. That is, we compared growth rates
in the years around two fixed diameters: undergttnees (8 cm dbh) and canopy trees (27 cm dbh).
For canopy trees, we assessed changes in growthimesby selecting the ring formed when a tree
reached the target size of 27 cm dbh. We did thisafl trees that were sufficiently large (>27cm
dbh). We measured this ‘central’ ring as well astthio rings formed before and after the centraj,rin
and averaged the widths of these five rings. Byaidive rings, we obtained an estimate of tree
growth that was only marginally affected by yeaty&ar variation in growth due to climatic
fluctuations. As we collected trees ranging in $ipen 5 to >100 cm dbh, the rings formed around the
27 cm diameter differ in age and allow comparisoihgrowth rates over long time spans for trees of
the same size (Fig. 3a). The same procedure wasfoisenderstorey trees, but then for a target dbh
of 8 cm (Fig. 2a). A total of approximately 100,008ys were measured to derive the age of the rings
around the 8 and 27 cm diameter sections in th8 $afMpled trees. Around 9000 rings were used to
calculate BAI of the two target sizes (8 and 27dbh).

Stable carbon isotope analyses

The analysis of trends in the @€bncentration in the intercellular spaceg &nd intrinsic Water-Use
Efficiency (IWUE) was done in a similar way as tedsr BAI, again using canopy and understorey
trees. By using the same selected tree rings froimchmve obtained BAI values, we could directly
compare physiological responses to elevated l€aIs with growth responses over the same period.
We cut wood from the selected tree rings (arouadd@27 cm dbh) and obtained 5-year bulk samples
from which cellulose was extracted using a modifizaof the Jayme-Wise meth§dCrude cellulose
samples were subsequently homogenized in a demgirgatution by a mixer mill (Retsch MM301,
Germany) and oven-dried at 8. All cellulose samples were analysed in a cowtiisuflow mode

with an element analyser coupled to a mass speetssn(Sercon Hydra 20-20) at Leicester



Environmental Stable Isotope Laboratory, Universify Leicester, United Kingdom. The carbon

isotope compositiortC, in %0) was then calculated as:

613Ctree—ringz (Rsample/ I:zstandard_ 1)*1000 (1)

where Rampie is the °C/*C ratio of a sample andsRuarathe “*C/C ratio of an internationally
recognized standard material (V-PDB). Discriminataainst the heaviéfC (A'*C) was calculated

as.
A¥C = $1°C,- 8%°Checuind | (1+ 8" Crecaring (2)

whered'®C, is thed™C of atmospheric C@(currently about -8.1%0)5'°C, decreased by 1.7%. since
the onset of the industrial revolution due to thiening of fossil fuels, which are depleted'it. We
used published data f61°C,***°to correct for this change. We then used Farqahaddel' for the
discrimination of*C in plants to estimate G@oncentration in the intercellular spaces of #avés

(C) from the discrimination values determined in gtuma2:
A"C=a+(b-9 CIC, (3)

wherea (4.4%o) refers to the slower diffusion 52O, compared td“CO, through the stomata, aid
(27%0) to the discrimination by the G@ixing enzyme Rubisco. {ds the CQ concentration of the
atmosphere and was obtained from direct measursmeintatmospheric COconcentratiorfs.
Intrinsic Water-Use Efficiency (iWUE), the rate &0, assimilation (A) divided by the stomatal

conductance for water vapours)@, was estimated from;Gas:
IWUE = Algs= (G,- C)/1.6 4)

Note thatd'*C at the level of wood cellulose is not the sametathe level of primary assimilates
because of downstream discrimination during trarispod cellulose synthesis, which caugiC
values of cellulose in growth rings to be lowerrthbe §*°C of leaf sugars (about 1-2%&%. A™C
does thus not represent realadd IWUE values, but can nonetheless be usedtéyni@e relative
changes in @&nd hence iIWUE.

Vapour Pressure Deficit
Trends in IWUE can represent trends in water-usiiciericy (the ratio of assimilation to
transpiratiof?) if the vapour pressure (VP) difference betweandh and inside the leaves remains

constant. This VP difference can increase as dt r@sglobal warming and/or decreased precipitation



and lead to increased transpiration over time. $gess long-term changes of the VP difference
between the air and inside the leaves, we chedkbd vapour pressure deficit (VPD), the difference
between actual VP and the saturated VP {}/Fhas increased over the investigated period. We

calculated VB, from maximum monthly air temperatures accordinglten, et al.?®:

VPsa:= 0.6108 Exp (17.27,f) / (Tair + 237.3) (5)

Maximum monthly air temperature §J over the period 1901 to 2009 for each study witze
obtained from the CRUTS3.0 gridded dataset (Unityersf East Anglia Climate Research Unit
2009). We used gritted data as long-term climata dae not available for two of our sites. To
estimate VPD, we subtracted {from the actual VP over the period 1901-2009 fachestudy site
(also from the gridded CRUTS3.0 dataset). We asduimat the VPD is representative for the VP
difference between leaf and air, which is valid whiee difference between air and leaf temperature
does not change and the increase in temperaturdlevexperimental period is small. However, this
is not necessarily true if leaf cooling has changeda result of decreasing transpiration with
increasing C@?%’. We calculated the average VPD during the groveiissn (October to May in
Bolivia; March to December in Cameroon and May &c8&mber in Thailand) and used a regression

analysis to detect changes in VPD over time (Supelgary Fig. 1).

Statistical analyses

We analysed long-term changes in intrinsic Wateg-Bficiency ((WUE) and Basal Area Increment
(BAI) with a linear mixed-effect (LME) model anddluded ‘calendar year’ as a fixed factor and ‘tree
species’ as a random factor in the analysis obtpeg country and both ‘tree species’ and ‘courds/’
random factors in the analysis of an overall papital trend (i.e. combining all trees measuredtie T
natural logarithm was taken of &nd iIWUE to obtain linear relationships and forlBé stabilize the
variance. We tested two models: one with only ramdatercepts and one with both random
intercepts and slopes. In all analyses, the mod#l lvoth random intercepts and slopes was the most
parsimonious, yielding the lowest Akaike’s Informoat Criteria (AIC). We performed the analyses
for the 8 and 27 cm diameter trees separately.

We estimated the statistical power of the lineaxadieffect models to detect long-term changes in
BAI. For each species a simulated dataset wasettdst randomly applying its de-trended variance
in BAI to a certain positive slope (growth tren8pecies were subsequently re-combined to generate
a total dataset of 1109 virtual trees. We testedra@th trends ranging from an increase of 0.1%o 2
per decade from 1900-2010. For each trend, we gmtef000 datasets and for each of these datasets
we tested if an LME model identical to the one ufsedhe observed data detected a significant effec

of ‘calendar year’. The number of case for whichlendar year’ was significant was divided by 1000



to obtain the estimated power of model and datdetect a given growth trend (Supplementary Fig.
3).
All analyses were performed in R, version 2.12R fgundation for Statistical Computing, Vienna,

Austria), using the package NLME.

The potential role of sampling biases

Studies of historical growth trends obtained froreetring measurements need to consider the
potential influence of a number of sampling biaked can produce apparent but erroneous growth
trends, or may mask actual growth trends inducedriwronmental chang€s® While there is still
little evidence for the effects of sampling biasesgrowth trends derived from tree-ring stufiethe
potential effect of such biases clearly needs tevaduated. Below, we discuss four sampling biases
three previously publishtf® and one additional bias (‘jjuvenile selection effec and evaluate to
what extent these may have led to erroneous gronetids or have erroneously masked growth
trends. Supplementary Figure 2 illustrates thesgbag biases.

Firstly, the ‘big-tree selection bias’ occurs whamly the largest trees in a population are samged,
common procedure in dendrochronological studies. aAsesult, slow-growing small trees are
underrepresented in recent times as they did raathréhe minimum sampling diameterSuch a
sampling of trees could thus lead to an overestimaif tree growth in more recent decades, leading
to an apparent long-term increase of tree growtr time (Supplementary Fig. 2b). As we included
trees of all sizes in our sampling design, this loiauld not have influenced our results.

A second hypothesized bias is the ‘slow-grower isorghip’ bias. If fast-growing individuals within

a population live shorter, they are underrepreseirtehe ancient portion of the tree-ring datdset
Studies on temperate and tropical trees supporhk sutrade-off between growth rate and tree
longevity’>®. As a result of a shorter lifespan in fast-growindividuals, reconstructed growth rates
in the distant past would be biased toward slowewth (i.e. large trees contain proportionally more
slow growing individuals; Supplementary Fig. 2@sulting in an apparent increasing growth trend.
Our finding of no trends in tree growth over time any of the sites is not consistent with the
occurrence of this sampling bias, suggesting thlaiw-grower survivorship’ effects are either very
small or absent in our dataset.

A third bias is the ‘pre-death slow growth biastlda based on the slow growth that may occur in the
years or decades preceding tree d8atMhen growth rates are estimated from recentlynéat
growth rings some slow-growing individuals may hually in the ‘process of dying’. For growth
rates based on rings formed in a distant pasti@i.extant large trees) this type of slow growth is
absent because the trees used in the sample haswevibved to the present day. As a consequence,
this bias might lead to an apparent growth decreasetimé® or it may mask a positive growth trend
(Supplementary Fig. 2d). To prevent this bias fraffecting our results, we re-ran all analyses

excluding samples from the last 10 years, thus vamgotrees for which recent growth rates may



present pre-death slow growth. In that way, anepiidl pre-death slow growth is removed from the
dataset. These analyses yielded the same resuitstaised with the entire dataset: no significant
trends in growth at any of the sites and for batbarstorey and canopy trees (Supplementary Table
3).

The fourth potential bias - the ‘juvenile selectinias’ - has not been described previously although
the ecological phenomenon that fast-growing (vergall trees have a higher chance of reaching the
canopy than slow growers was observed for temp@iaatel tropical tree speciégjuvenile selection
effect’). Such differences in survival of smalldseare likely caused by variation in light condigo
and the resulting differences in growth rate antktrequired to pass the high-mortality sapling phas
The juvenile selection effect implies that larg@aay trees of today were relatively fast growers as
small trees (Supplementary Fig. 2e). In that cgs®yth of small trees realized in the distant §ast

in extant large trees) would, on average, be higien that of small trees in the recent past ifiLe.
extant small trees), because the slow growersdrdistant past have been partially ‘removed’ from
the population, while they are still present in t@pulation of extant small trees. Therefore, the
juvenile selection effect would result in an appaiteend of decreasing growth of small trees or may
mask a positive growth trend induced by environmleobanges. In our study, this bias may have
influenced growth trends for small understoreydré®cm dbh). However, such a selection effect of
fast growers is unlikely to occur in large canomes that have passed the high-mortality undesstore
phase, but there is a possibility that fast-growéagopy trees experience a lower mortality risktha
slow growers. We therefore evaluated evidencehiigriiias in both the 8 and 27-cm dbh trees.

The premise is that the juvenile selection biaslgadly ‘removes’ slow growers from the population.
To test if a juvenile selection bias was presem,ewaluated the trends in the growth rates of slow
growers over time. The juvenile selection bias wiadsult in a negative trend of the growth rate of
slow growers over time. We applied a linear mix&éet model on the slowest growing 25% of the
sampled trees. For each species we first selebedlowest growing 25% of the individuals per
decade. We then combined all species into one meiedt model (similar to all other analyses
performed) to evaluate temporal trends in BAI & #5% slowest growers, using ‘calendar year’ as a
fixed factor and ‘tree species’ and ‘country’ asidam factors. We performed this analysis for
understorey and canopy trees separately. This aplpris equivalent to a quantile regression for the
25" percentile, but has the advantage of includingloam effects. For both understorey and canopy
trees, we found no significant trends in BAI ofwelgrowers over time (Supplementary Table 4).
These analyses therefore provide no evidence fonderrepresentation of slow-growing individuals
in the distant past. Thus, it is unlikely that agnile selection bias has erroneously masked diy®si

growth trend in our tree-ring data.



Supplementary Table 1. | The tree species studied.

Functional
Country Species Family group1 Phenology2 Ring boundary3 Annual rings
Bolivia Ampelocera ruizii Ulmaceae ST Evergreen Marginal parenchyma 10
Cariniana Lecythidaceae PST Deciduous Compressed fibres 10
ianeirensis
Hura crepitans Euphorbiaceae PST Deciduous Compressed fibres 10
Sweetia fruticosa Fabacea LLP Brevi-deciduous Marginal parenchyma 33
Cameroon Brachystegia Fabaceae PST Brevi-deciduous Marginal parenchyma 13%
cynometroides
Brachystegia Fabaceae PST Brevi-deciduous Marginal parenchyma 18
eurycoma
Daniellia ogea Fabaceae PST Brevi-deciduous Marginal parenchyma 18
Terminalia Combretaceae LLP Deciduous Variation in wood 1
ivorensis density
Thailand Afzelia xylocarpa Fabaceae LLP Deciduous Marginal parenchyma 112
Chukrasia tabularis ~ Meliaceae PST Evergreen/ Brevi- Marginal parenchyma 1112
deciduous
Melia azedarach Meliaceae LLP Decidious Ring porous 11,12
Toona ciliata Meliaceae LLP Deciduous Ring porous 11,12

*

Functional groups are based on the definitions dorfer, et al.3* ST=shade-tolerant, PST=partial shade-toleran®4long-lived
pioneer.

Data on leaf phenology are from Mostacedo, ef#&br the Bolivian species; Williams, et &f.for the Thai species; Lemmens, etal.
and Poorter, et &f for the Cameroonian species.

Ring boundary categories after WorBslassification based on personal observations.
Dating of this species proved difficult becauséhef high percentage of missing and false ringslimegto a 10% underestimation of tree

agé®. A mixed-effect model withouB. cynometroidegielded qualitatively the same results as thosegmed in Supplementary Table 2
i.e.a significant increase in;@nd iIWUE over time and no significant change eétgrowth over time.



Supplementary Table 2. | Linear mixed-effect model results for canopy trees (27cm dbh) and under storey
trees (8 cm dbh) . We analysed long-term changes in the,€@ncentration in the intercellular spaces of Isave
(C), intrinsic water-use efficiency (iWUE) and basaika increment (BAI), using ‘calendar year’ as>adi
factor A) or ‘atmospheric C@concentration (§' as a fixed factorB). In both analyses, ‘tree species’ was
inserted as a random factor when trees per couveng studied or ‘tree species’ and ‘country’ weaadom
factors in the study of an overall pan-tropicahti€i.e. combining all trees measured). The natiogerithm
was taken of CIWUE and BAI to obtain linear relationships aral dtabilize the variance. We tested two
models: one with only random intercepts and ond Wiith random intercepts and slopes. In all analy$e
model with random intercepts and slopes was the parsimonious, yielding the lowest Akaike’s Infation
Criteria (AIC).

A
Ci Canopy trees Understorey trees
Estimate SE df t-value p-value Estimate SE df t-value p-value
All sites Intercept 0.1143 0.4595 798 0.2487 0.8037 0.9869 0.5491 979 1.7974 0.0726
Year 0.0026 0.0002 798 11.2069  <0.0001 0.0022 0.0003 979 7.9783 <0.0001
Bolivia Intercept -0.8159 0.6180 183 -1.3201 0.1884 0.6486 0.3177 339 2.0414 0.0420
Year 0.0031 0.0003 183 9.6182  <0.0001 0.0024 0.0002 339 16.1018 <0.0001
Cameroon Intercept 0.6812 0.3570 357 1.9080 0.0572 2.0627 0.8759 359 2.3550 0.0191
Year 0.0024 0.0002 357 13.6833  <0.0001 0.0017 0.0005 359 3.6664 0.0003
Thailand Intercept 0.1103 0.5197 256 0.2122 0.8321 0.6306 0.6830 279 0.9233 0.3566
Year 0.0026 0.0003 256 9.5831  <0.0001 0.0024 0.0003 279 6.9171 <0.0001
iWUE Canopy trees Understorey trees
Estimate SE df t-value p-value Estimate SE df t-value p-value
All sites Intercept 0.7206 0.6125 798 1.1766 0.2397 1.0792 0.6424 979 1.6800 0.0933
Year 0.0019 0.0003 798 5.7371 <0.0001 0.0016 0.0003 979 4.9554 <0.0001
Bolivia Intercept 0.6624 0.6060 183 1.0931 0.2758 -0.0103 1.0492 339 -0.0098 0.9922
Year 0.0019 0.0003 183 6.1569 <0.0001 0.0021 0.0005 339 4.2875 <0.0001
Cameroon Intercept 1.5335 0.4383 357 3.4986 0.0005 1.7932 0.9638 359 1.8605 0.0636
Year 0.0014 0.0002 357 5.9745 <0.0001 0.0012 0.0005 359 2.3570 0.0190
Thailand Intercept -0.8987 0.7945 256 -1.1312 0.2590 1.0886 0.8200 279 1.3276 0.1854
Year 0.0027 0.0004 256 7.0548 <0.0001 0.0016 0.0004 279 4.0234 0.0001
BAI Canopy trees Understorey trees
Estimate SE df t-value p-value Estimate SE df t-value p-value
All sites Intercept 5.7648 2.5289 798 2.2796 0.0229 3.7063 3.1653 979 1.1709 0.2419
Year -0.0012 0.0013 798 -0.9022 0.3672 -0.0009 0.0016 979 -0.5668 0.5710
Bolivia Intercept 6.0552 2.5897 183 2.3382 0.0205 2.0601 1.9440 339 1.0597 0.2900
Year -0.0015 0.0013 183 -1.1209 0.2638 -0.0001 0.0010 339 -0.1468 0.8834
Cameroon Intercept 5.0374 4.4369 357 1.1353 0.2570 2.1715 3.7071 359 0.5858 0.5584
Year -0.0008 0.0023 357 -0.3328 0.7395 -0.0002 0.0020 359 -0.0805 0.9359
Thailand Intercept 5.6418 4.9566 256 1.1383 0.2561 10.0827 5.1494 279 1.9580 0.0512

Year -0.0010 0.0024 256 -0.4105 0.6818 -0.0040 0.0025 279 -1.6035 0.1100




B

Ci Canopy trees Understorey trees
Estimate SE df t-value p-value Estimate SE df t-value p-value
All sites Intercept 4.2032 0.0491 798 85.5921 <0.0001 4.2925 0.0565 979 75.9289 <0.0001
Ca 0.0033 0.0002 798 17.5814  <0.0001 0.0033 0.0002 979 21.5994 <0.0001
Bolivia Intercept 4.1870 0.0844 183 49.5827  <0.0001 4.3636 0.1195 339 36.5241 <0.0001
Ca 0.0034 0.0002 183 15.4746  <0.0001 0.0032 0.0002 339 13.5229 <0.0001
Cameroon Intercept 4.1467 0.0361 357 114.7548  <0.0001 4.3510 0.1577 359 27.5849 <0.0001
Ca 0.0036 0.0001 357 29.2188 <0.0001 0.0032 0.0006 359 5.4747 <0.0001
Thailand Intercept 4.2966 0.0661 256 64.9787  <0.0001 4.2456 0.0915 279 46.3752 <0.0001
Ca 0.0029 0.0002 256 18.6027  <0.0001 0.0034 0.0002 279 14.2275 <0.0001
iWUE Canopy trees Understorey trees
Estimate SE df t-value p-value Estimate SE df t-value p-value
All sites Intercept 3.6210 0.0719 798 50.368 <0.0001 3.4256 0.1238 979 27.667 <0.0001
Ca 0.0023 0.0003 798 7.6472 <0.0001 0.0023 0.0004 979 6.6039 <0.0001
Bolivia Intercept 3.7035 0.1318 183 28.107 <0.0001 3.2987 0.2374 339 13.893 <0.0001
Ca 0.0019 0.0004 183 4.3797 <0.0001 0.0025 0.0005 339 5.2344 <0.0001
Cameroon Intercept 3.6813 0.0647 357 56.936 <0.0001 3.3100 0.3554 359 9.3416 <0.0001
Ca 0.0019 0.0002 357 8.6644 <0.0001 0.0026 0.0012 359 2.1102 0.0355
Thailand Intercept 3.4731 0.1015 256 34.229 <0.0001 3.5006 0.1312 279 26.689 <0.0001
Ca 0.0029 0.0003 256 10.641 <0.0001 0.0023 0.0003 279 6.7243 <0.0001
BAI Canopy trees Understorey trees
Estimate SE df t-value p-value Estimate SE df t-value p-value
All sites Intercept 3.8792 0.5288 798 7.3363 <0.0001 2.3882 0.7963 979 2.9991 0.0028
Ca -0.0012 0.0016 798 -0.7507 0.4531 -0.0013 0.0021 979 -0.6178 0.5368
Bolivia Intercept 3.7593 1.1113 183 3.3827 0.0009 1.3204 1.0549 339 1.2516 0.2116
Ca -0.0016 0.0035 183 -0.4662 0.6416 0.0012 0.0029 339 0.4263 0.6701
Cameroon Intercept 3.3398 0.8435 357 3.9564 0.0001 2.0514 1.0466 359 1.9599 0.0508
Ca 0.0005 0.0030 357 0.1645 0.8694 -0.0006 0.0037 359 -0.1683 0.8664
Thailand Intercept 4.1651 0.9804 256 4.2485 <0.0001 3.9019 1.0055 279 3.8806 0.0001
Ca -0.0014 0.0024 256 -0.6174 0.5375 -0.0049 0.0021 279 -2.3135 0.0214




Supplementary Table 3. | Accounting for the pre-death slow growth bias. The ‘pre-death slow growth bias’
may affect the detection of growth trends when meggowth rates are influenced by slow growth tbatld
occur in the years or decades preceding tree dEatimates of recent growth (of extant small treeay then

be biased towards lower values compared to thosgtaht large trees (see grey area in Supplemehigryd).

To account for this bias, we excluded samples ftbe last 10 years (2010-2000) from the data seeé Th
resulting mixed-effect model analyses yielded thens results as were obtained with the entire data s
(Supplementary Table 2): no significant trends asdl area increment at any of the sites and foh bot

understorey and canopy trees.

Canopy trees Understorey trees

Estimate SE df  t-value p-value Estimate SE df  t-value p-value

All sites Intercept 4.0944 24128 661 1.6969 0.0902 3.3780 2.1838 919 1.5469 0.1222
Year -0.0003 0.0012 661 -0.2534 0.8000 -0.0007 0.0011 919 -0.6544 0.5130

Bolivia Intercept 0.4614 3.0502 111 0.1513 0.8800 2.9778 2.0877 279 1.4263 0.1549
Year 0.0014 0.0016 111 0.9083 0.3657 -0.0006 0.0011 279  -0.5656 0.5721

Cameroon Intercept 6.1204 48611 339 1.2501 0.2089 1.7283 3.2717 367 0.5282 0.5977
Year -0.0013 0.0026 339 -0.5230 0.6013 0.0001 0.0018 367 0.0409 0.9674

Thailand Intercept 4.6891 5.0906 209 0.9211 0.3580 8.9511 6.0553 271 1.4782 0.1405
Year -0.0005 0.0025 209  -0.1990 0.8424 -0.0034 0.0029 271 -1.1501 0.2511

Supplementary Table 4. | Testing for evidence of a juvenile selection bias. We tested if slow-growing
juvenile trees are gradually lost from the popolat{see grey area in Supplementary Fig. 2e), tiejtivenile
selection bias’. This bias could have masked a-iB@uced positive growth trend over time. To thiglgwe
used a linear mixed-effect model on the slowesivgrg 25% of the sampled trees over time and peréorthis
analysis for both canopy and understorey treesféied no significant effect of calendar year in afythe
analyses, i.e. slow-growing individuals are not emepresented in the distant past. Thus, it iskahlithat

juvenile selection biases have erroneously mashmabiive growth trend in our dataset.

Canopy trees Understorey trees

Estimate SE df  t-value p-value Estimate SE df  t-value p-value

All sites Intercept 7.524 3.335 198 2.256 0.025 5.794 2.800 246 2.069 0.040
Year -0.002 0.002 198 -1.383 0.168 -0.002 0.001 246 -1.551 0.122

Bolivia Intercept 6.321 6.193 46 1.021 0.313 7.620 4.611 86 1.653 0.102
Year -0.002 0.003 46 -0.580 0.565 -0.003 0.002 86 -1.371 0.174

Cameroon Intercept 7.387 5.107 88 1.446 0.152 2.995 5.683 91 0.527 0.600
Year -0.002 0.003 88 -0.852 0.397 -0.001 0.003 91 -0.298 0.767

Thailand Intercept 14.240 12.715 62 1.120 0.267 9.243 5.085 67 1.818 0.074

Year -0.006 0.006 62 -0.878 0.384 -0.004 0.002 67 -1.584 0.118




Supplementary Table 5. | Results of a bootstrapping analysis to assess the effect of dating errors. We
tested the effect of dating errors by re-runninigstdtistical analyses 100 times for each of foatird) error
scenarios, with increasing mean and standard dawviaf dating errors. These errors were randoméjgaged to
each data point following a normal distribution lwi mean value ranging from 0.03 to 0.20, and adsial
deviation ranging from 0.04 to 0.2 (see ‘Ring meaments, growth calculation and the quality of migi. A
mean dating error of 0.03 (or 3%) implies that,amerage, 3 out of 100 growth rings were wronglyntified.
The positive errors tested, simulate the inclugbrfalse’ rings. We also tested negative erroefdring to
‘missing’ rings). This gave results in the samegemas for positive errors, i.e. no shifts in paeal from <0.05

to >0.05 or vice versa in any of the cases (datainown).

A. understorey trees

Added dating error

Average p-value (range)

mean=0/stdev=0

mean=0.03/stdev=0.04
mean=0.05/stdev=0.05
mean=0.10/stdev=0.10
mean=0.20/stdev=0.20

BAI

0.571
0.573 (0.521-0.628)
0.574 (0.495-0.658)
0.562 (0.409-0.769)
0.511 (0.386-0.672)

Ci
<0.0001
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)

iWUE
<0.0001
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-0.0001)
0.0017 (0.0013-0.0021)

B. canopy trees

Added dating error

Average p-value (range)

mean=0/stdev=0

mean=0.03/stdev=0.04
mean=0.05/stdev=0.05
mean=0.10/stdev=0.10
mean=0.20/stdev=0.20

BAI

0.367
0.368 (0.334-0.423)
0.371 (0.311-0.415)
0.382 (0.280-0.500)
0.400 (0.215-0.654)

Ci
<0.0001
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)

iWUE

<0.0001
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-<0.0001)
<0.0001 (<0.0001-0.0001)




3.0
—Bolivia —Cameroon —Thailand
2.5+
©
o
S
a 20
o
>
1.5+
1.0+
T T T T T
1900 1925 1950 1975 2000

Supplementary Fig. 1. | Vapour pressure deficit (VPD) did not increase from 1901 to 2009 at the studied
sites. Temporal trends in VPD were examined with a regoesanalyses. No trend in VPD was found in
Bolivia and Thailand (dashed lines: p<0.05), bstgmificant negative trend was found in Cameroen2({769,
p=0.007; solid line). We assumed that the VPD wasentative for the VP difference between leaf aind
which is valid when the difference between air deaf temperature does not change and the increase i
temperature over the experimental period is snidlese results indicate that the observed positiveds in

IWUE (Figs. 2-3) represent positive trends in atW&E, or underestimate such a trend for the Caoesite.
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Supplementary Fig. 2. | Potential sampling biases in tree-ring research. Four sampling biases may create
apparent (but erroneous) historical growth tremdsee-ring data or may mask actual growth trendsiced by
environmental changes. Data shown are randomlyrgtatebut comparable to growth data obtained ietirgg
studies such as ours. Growth rates are for treespafrticular size, e.g. the 8-cm and 27-cm diantéi we
employed in this study (Fig. 2 and 3%) Historical tree growth rates from tree-ring datghout sampling
biases, showing no temporal trend in growth becauseth values were generated for the same meare val
over time. b) The ‘big-tree selection bias’ occurs if only lartrees are sampled. In that case ‘young, slow
growing’ trees are likely underrepresented (gregaprbecause they did not reach the minimum sampling
diameter. Recent growth rates will be overestimdtting to a long-term growth increase (bold)life) The
‘slow-grower survivorship bias’ occurs if fast-grimg trees live shorter than slow growers. Thenwgnorates

in the distant past will be biased towards slowwghp again leading to an apparent growth increé$eThe
‘pre-death slow growth bias’ is based on the sloamgh that may occur in the years or decades padhe
death of a tree. This type of growth could be ideldiin the estimate of recent growth (based omisctbrmed
growth rings) and thus bias it towards a lower gatwmpared to growth rates based on rings formetidan
distant past (in extant large tree€). The ‘juvenile selection bias’ can be consideredhe reverse of the ‘slow-
grower survivorship bias’ and could be relevant mwiige growth of juvenile trees is analysed overetifhhis

bias is based on the possibility that fast-growsngall trees have a higher chance of reaching #teeagi which



trees were sampled compared to slow grot{elthis is the case, there would be few slow-graywld trees
and the growth of small trees realized in the distmst would be biased towards faster growth,itgatb an
apparent negative trend. Figure based on illusmaiti Brienen, et af® and names of sampling biases follow
those in that publication and in Bowman, efal.
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Supplementary Fig. 3. | The statistical power of the linear mixed-effect model to detect long-term changes
in Basal Area Increment (BAl) when all study species are combined. We performed a power test to evaluate
the probability of the mixed-effect model to deteatying growth trends (0.1 to 2% per decade fr&@@0Lto
2010). We used simulated datasets based on thal setmple size and same variance structure ashsernced

data (see Supplementary Methods).
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Supplementary Fig. 4. | Basal area increment over time per species. The shown basal area increment is the
average annual increment over a 5-year periodbased on 5 growth rings. Growth rates are compaved
time for understorey treea)(and canopy treed). Each point represents an individual tree (sethoaology in
Figs. 2a & 3a). Because the data are often skewitld fnore samples in the recent past comparedetaigtant
past), we used a non-parametric correlation (Spa@smwank correlation). Correlation coefficientd ére given
under the species name. Asterisks show to the tdvsignificance (*p<0.05, **p<0.01, ***p<0.001)nlonly
two cases a significant increase in tree growth feasid (in 8 cm diameteAmpelocera ruiziiand 27 cm

Brachystegia cynometroides
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Supplementary Fig. 5. | Intrinsic water-use efficiency over time per species. The shown intrinsic water-use

efficiency (iWUE) is the average over a 5-year pariiWUE is compared over time for understorey drg&g

and canopy treed). Each point represents an individual tree (sethoumlogy in Figs. 2a & 3a). We used a

non-parametric correlation (Spearman’s rank cotitgito assess trends over time for each speCiaselation

coefficients ) are given under the species name. Asterisks siwowhe level of significance (*p<0.05,

**p<0.01, ***p<0.001). For the C@concentration in the intercellular spaces in lsai@& data shown in Figs.

2 and 3), a significant increase was found in hatterstory and canopy trees for each species (p&0. all

cases).
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Supplementary Fig. 6. | Climate diagrams for the study sites. For Bolivia, precipitation data are from the La
Chonta saw-mill, located 30 km north of the studg.sTemperature data are from Ascencion de Guarayo
(1987-2006), 60 km west of the study site. In Caraer monthly precipitation and temperature of tveanty
stations were averaged: Mamfé Airport weather @tat40 km north of study site) and Bulu meteoratai
station (40 km south of the study site). In Thadlgrecipitation and temperature data are for NakBawan,
the closest station, 100 km east of the study §ite. total annual precipitation at the Thai stuily HKK) is
however higher than in Nakhon Sawan (around 1500 and temperature lower (23.5 °€)but no long-term
climate data are available for HKK. Dotted areddatkes the dry season (precipitation <100 mm/motuiack

area the rainy season (<100 mm/month).
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