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Summary 

 

 

Permanent plot studies in moist Neotropical forests reported that growth and dynamics have 

increased since the 1980’s resulting in an increased carbon sink capacity. These results are gathered 

over relative short time scales and do not give any insight in possible drivers steering the growth and 

dynamic changes. Therefore research is needed on long-term growth trends and long-term changes 

in climatic and environmental drivers. We researched long-term growth trends with tree ring analysis 

and used stable carbon isotopes ratios (13C discrimination) as a proxy to determine the driving factors 

behind the growth changes. This research was conducted on Hura crepitans a dominant long-lived 

pioneer tree species from a semi-deciduous moist forest in Eastern Bolivia. Ninety-seven H. crepitans 

individuals were sampled and analysed within similar diameter sections to correct for diameter 

dependent and age related growth effects. The results show decreased growth in the small diameter 

sections (5-20cm) over the last 70 years and no change in the bigger diameter sections. We found a 

decreased trend in ∆13C in the smallest diameter section (5-10cm), but no trends in the bigger 

sections. With the analysis of the growth and ∆13C trends in the 5-10cm section it is determined that 

the juvenile selection effect is the driving factor steering these trends. The juvenile selection effect, 

an effect caused by higher survival of rapid growing individuals, makes the trends in the 5-10cm 

section biased. Therefore there is no evidence found for changes in growth, dynamics and drivers 

over long time-scales. The combination of long-term growth and isotope trends showed to be a 

promising tool to create more insight in long-term changes in growth and the climatic and 

environmental drivers. 

 

Introduction 

 

 

Permanent plot studies in South America have reported increased forest biomass, growth and 

dynamics since the 1980’s (Baker et al., 2004; Laurance et al., 2004; Phillips et al., 2008), and 

therefore an increased carbon sink capacity for mature humid tropical rainforest (Phillips et al., 1998; 

Phillips et al., 2008; Laurance et al., 2009). Mature humid tropical rainforest might therefore acts as a 

mitigating factor on the [CO2] increase and thereby the magnitudes of climate changes (Bonan, 

2008). 

   The changes in Neotropical forests have only been recorded for short time scales starting from the 

1980’s (Phillips et al., 2008), and it is unknown if these changes are temporal fluctuations or long 

term changes. Tree ring studies have shown to be useful in studying long term growth and climate 

trends (Soulé and Knapp, 2006; Sun et al., 2010; Sidvora et al., 2010; Gebrekirstos et al., 2009; 

Brienen et al., 2011), and can so contribute to creating insight in long-term growth changes in 

Neotropical forests.  

 

Drivers and growth 

 

   Although still under heavy debate, several drivers are hypothesized to have influenced the 

observed changes in tropical forests. These include: increased temperature, increased precipitation, 

increased nutrient depositions, recovery from (past large scale) disturbances and CO2 fertilisation 



(Chambers and Silver, 2004; Lewis et al., 2004; Phillips et al., 1998). Increased temperature, as is 

reported to be on-going on a global scale (IPCC, 2007), and increased nutrient depositions (Holland et 

al., 1999) both potentially increase the photosynthesis on the leaf level. Temperature rise may 

increases the chlorophyll and carotenoid concentrations together with increased electron transport 

(Lewis et al., 2004), where increased nutrient availability stimulates the levels of complexes used for 

photosynthesis (Evans, 1989). Increased temperature can also have an inhibiting effect on 

photosynthesis by increasing transpiration and photorespiration (Long, 1991). Rising [CO2] can 

decrease the inhibiting effects of temperature rise (Drake et al., 1997; Lewis et al., 2004), by 

increasing the optimum and maximum temperature at which leaves photosynthesise (Shue and Lin, 

1999; Long, 1991), and decreases in stomatal closure leading to less transpiration (Chambers and 

Silver, 2004). Since temperature and CO2 both have increased (IPCC, 2007), a change in response of 

leaves to temperature together with a higher CO2:O2 ratio will minimize the inhibiting effects of 

temperature on photosynthesis (Drake et al., 1997; Lewis et al., 2004).  

   The occurrence of recent disturbances will increase the nutrient and light availability for the 

surrounding trees (Canham, 1988; Denslow et al., 1998; Muscolo et al., 2007), and thereby also 

increase the photosynthesis (Brokaw, 1985; Brown, 1996; Herault et al., 2010). The increases in 

photosynthetic activity can result in higher growth rates. Increased growth of the Neotropical forests 

can also be caused by recovery from past large scale disturbances, either caused naturally or by 

human activity (Phillips et al., 1998; Denevan, 1992). In the case of large scale past disturbances the 

forests increase in total biomass as a result of succession. Precipitation and CO2 fertilisation on the 

other hand can increase growth by influencing the stomatal conductance.  Increased precipitation 

can make it possible for the plants to maintain a high stomatal conductance, which can results in 

higher carbon sequestration rates (Davies and Zhang, 1991). The on-going increase in atmospheric 

carbon dioxide concentrations (ca) (IPCC, 2007), can lead to a CO2 fertilisation effect in plants due to 

higher light- and water-use efficiencies (Nock et al., 2010; Lewis et al., 2004). This CO2 fertilisation 

can manifest due to increased water-use efficiency by the physiological response of the plant by 

lowering the stomatal conductance (gs) under higher CO2 concentrations (Drake et al., 1997; Nock et 

al., 2010, Brienen et al., 2011). Reduced gs leads to less transpiration by which the plant loses less 

water per unit carbon sequestrated (Feng, 1999). The increase of CO2 can also lead to a lower 

photorespiration rate which leads to a higher resource-use efficiency in the plant (Drake et al., 1997) 

and lead to a higher carbon sequestration rate per unit light, hence higher light-use efficiency (Saxe 

et al., 1998; Drake et al., 1997). The physiological responses of the stomata to precipitation and CO2 

respectively can lead to and is caused by an increased supply of CO2 to the internal carbon dioxide 

concentration (ci) and can therefor change growth. The establishment of ci is caused by the supply in 

CO2 through the stomata and the demand of CO2 by photosynthesis (Farquhar, 1982). 

 

Conceptual model 

 

   The analysis of stable carbon isotopes over long timescales can show changes in physiological 

processes in the plants (McCaroll and Loader, 2004). The 13C:12C ratio of cellulose in the wood of 

growth rings can be used as a proxy for the discrimination against 13C (∆13C) and the internal carbon 

dioxide levels in the leaves (ci) (Farquhar et al,. 1982). Combining growth trends, obtained by tree 

ring analysis, with stable carbon isotope analysis can therefor determined which drivers influence the 

growth over long timescales. As discussed above the possible drivers all influence growth in different 

ways, by either directly adjusting the assimilation rate (A) or indirectly by affecting stomatal 

conductance (gs). The conceptual model illustrated in Fig. 1 shows the possible changes in growth 

and isotope trends and the most likely driving factor behind this combination of trends.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drivers and isotopes 

 

   The CO2 fertilisation effect and occurrence of disturbances or increased nutrient availability can 

both stimulate growth over time but influence ci in different ways. In the case of CO2 fertilisation ∆13C 

will show a positive trend due to increasing ci levels as a consequence of the rise in ca. With the 

occurrence of disturbances the nutrient and light availability for surrounding trees will increase 

(Canham, 1988; Denslow et al., 1998; Muscolo et al., 2007), which will results in higher assimilation 

rates and a reduction in ci, hence a negative ∆13C trend. Similar changes will occur when the nutrient 

availability will increase by for example increased nitrogen deposition. Decreasing growth trends can 

be caused by reduced light and/or nutrient availability, selection in juvenile trees and drought, 

shown by increasing and decreasing trends in ∆13C respectively. Decreased light and/or nutrient 

availability will cause a reduction in the photosynthetic rate, leading to a lower demand of ci and a 

positive trend in discrimination. Juvenile selection is caused by the skewed distribution of fast and 

slow growing individuals throughout the data and will cause similar trends as reduced light and/or 

nutrient availability. The older trees which will be sampled exist almost solemnly out of juvenile fast 

growing individuals which have had the least cumulative mortality risk during the growth process to 

reaching the canopy (Rozendaal et al., 2010). In contrast the data of young trees consists of rapid and 

slow growing trees. As a consequence the growth trend will be declining over time, and the ∆13C 

trend will increase. Since the low growth in young trees will most likely be caused by low levels of 

light, they will have lower photosynthetic rates and higher ∆13C. Negative ∆13C trends co-occurring 

with negative growth trends can be explained by drought, either caused by less water availability 

and/or a rise in temperature. Reduced water availability and rising temperature will cause a 

reduction in gs to limit the evaporative loss of water. By reducing the stomatal aperture the supply of 

CO2 to ci is reduced, resulting in a decreased discrimination trend.  
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Fig. 1 Conceptual model of driving forces behind possible negative or positive trends in 

growth and carbon isotope discrimination (∆
13

C). ∆13C is proportional to ci/ca. 



   Given that the increased growth in Neotropical forest is recorded throughout the Amazon basin 

(Phillips et al., 2008), it is hypothesized that tree growth rates have increased over long time-scales 

caused by the CO2 fertilisation effect leading out of increased internal carbon dioxide 

concentrations. Our main research questions in this research are; (1) Has tropical tree growth 

changed over longer timescales (70-100 years)?  (2) Can long term isotope trends explain the change 

in long-term growth trends? The tree ring and isotope analysis were conducted on 97 trees of a 

dominant tree species, Hura crepitans, in eastern Bolivia. 

 

Material and Methods 

 

 

Study site and species 

 

The study has been conducted in the semi-deciduous tropical moist forest Agroindustria Forestal La 

Chonta (15°47’ S, 62°55’ W) in eastern Bolivia. This is a transitional forest between Chiquitano dry 

forest and moist Amazonian forests (Peña-Claros et al., 2008). The amount of average annual rainfall 

is 1580 mm, with a 4 month period with less than 100 mm/month-1 (Peña-Claros et al., 2008). The 

studied species is Hura crepitans from the Euphorbiaceae family. H. crepitans is a long lived semi-

deciduous pioneer species which is partially shade tolerant (Francis, 1990). 

   From the 2011 logging quadrant (216 ha), 97 H. crepitans individuals with a diameter from 5 up to 

73 cm were sampled. From every individual tree the canopy closure index (CCI) was determined, 

from the amount of overshadowing by neighbouring trees, to estimate the amount of overshadowing 

(Lieberman et al., 1989). The CCI (inverse of light availability) of the crown is calculated by the 

difference in crown height and stem distance of taller neighbouring trees in a 10m radius to the 

sampled individual. Sampling was done by either harvesting a disc at dbh with a chain saw or by 

taking increment cores at dbh in three directions with a Hagelöf increment borer (40 cm with 5 mm 

diameter). The sampled individuals were spatially selected by putting a 300 by 300m raster over the 

quadrant.  We sampled every H. crepitans individual within randomly assigned circles of 50m radius 

within each 300x300 grid. This sampling strategy has been followed in order to decrease 

autocorrelation and to get a distribution in size categories which is representative for the forest.   

 

Tree ring measuring and analysis 

 

After air-drying all tree samples were sanded in 

order to determine where the rings start and end. 

After rough sanding, the top layer of the increment 

cores was cut off with razor blades. The annual 

growth of every tree was measured over three 

different radii to determine and correct for false 

and wedging rings and get a good approximation of 

the average annual growth. The annual increments 

of the discs were measured with Tsapwin 

(Rinntech, Germany), and the increment cores with 

Windendro (Regent Instruments, Canada).  

   H. crepitans is a new species in the field of 

dendroclimatology. In the fire scar study of López-

Callejas (2003) it was determined that H. crepitans 

produces rings on annual basis (López-Callejas, 

2003). 

   In order to correlate for the differences in growth 

rates of different sized and aged trees we 

transformed ring width to basal area increment 

Fig. 2   Example of sampling strategy from Pseudolmedia Igevis in 

Bolivia. The black circles show correlated diameter sections which 

represent tree growth for different diameter trees for comparable 

tree ages. These results show an increase in tree growth (cm
2
 y

-1
) 

during the 20
th

 century (black dots) but none for the 19
th

 century 

(Rozendaal et al., unpublished results). 



(BAI). The BAI was analysed within four diameter sections to obtain growth trends in comparable 

growth stages over time. The diameter sections were: 5-10cm; 10-20cm; 20-30cm and 30-40cm. The 

use of diameter sections corrects the growth rates for diameter dependent and age related growth 

effects. The comparison of diameter sections can reveal long-term trends in growth rates which are 

not related to ontogeny (Fig. 2; Brienen and Zuidema, 2006). 

 

Isotope measuring 

 

Wood samples were taken in fixed bulk samples of five proceeding years. By using bulk samples the 

year to year variation is dampened in the data which makes the long-term trends become more 

pronounced (Hietz et al., 2005). Cellulose extraction was performed on the raw wood samples using 

the adapted Jayme-Wise method (Wieloch et al., 2011). The extracted cellulose has been 

homogenised in a demi-water solution using a vortex and oven dried at 50°C. The homogenised 

cellulose was measured by a Sercon ANCA element analyser coupled to a Sercon Hydra 20-20 mass 

spectrometer at the department of Geography of the University of Leicester, UK. 

 

Isotope data analysis 

 

The measured isotope ratios of the samples have been referenced to a set standard (VPDB) (Coplen, 

1995; McCarroll and Loader, 2004). By referencing the isotope ratios the isotope signature is 

obtained  
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− 1� ∗ 1000    (1) 

                                                      

where R is the ratio between 13C and 12C of a cellulose sample and the international standard value, 

and δ13Ccellulose is the isotope signature of the cellulose in parts per thousand (‰) (McCarroll and 

Loader, 2004). It should hereby be noted that the carbon isotope signature of the cellulose differs 

between 1-2‰ compared to the δ13C of the leaf sugars (Badeck et al., 2005). Any further calculations 

with the δ13Ccellulose values deflect relative changes and not absolute values. 

   Variation in the carbon isotope ratio is controlled by the discrimination factor against 13CO2 (∆
13C).  

∆13C Establishes through two fractionation factors which favour 12CO2 over 13CO2 due to different 

physical, chemical and biological properties (McCarroll and Loader, 2004). The first fractionation 

process is a physical fractionation and takes place when the CO2 diffuses into the stomata (ɛD). The 

second fractionation is a biochemical fractionation when CO2 binds to Rubisco (ɛc). Both fractionation 

processes are influenced by the ratio between ci and ca (Farquhar et al., 1982; Helle and Schleser, 

2004). From δ13Ccellulose the ∆13C and the ci can be calculated using    
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In which ∆13C is the fractionation factor in parts per thousand (‰), δ13Catm is the isotopic signature of 

the atmosphere (currently around -8‰), ɛD is physical fractionation when CO2 diffuses into the 

stomata (-4.4‰) and ɛc is the biochemical fractionation by rubisco (-27‰) (Farquhar et al., 1982; 

Helle and Schleser, 2004).    Due to the burning of fossil fuels, which are depleted in 13C, the isotopic 

composition of the atmosphere has been decreasing since the industrial revolution (Suess effect) 

(McCarroll and Loader, 2004). Therefore the δ13Ccellulose has been corrected to pre-industrial levels    

(-6.4‰) by calculating δ13Ccorr (McCarroll et al., 2009) 
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The discrimination factor was calculated with equation (2) by using δ13Ccorr as δ13Ccellulose and a stable 

pre-industrial δ13Catm of -6.4‰.  

 

Statistical Analysis 

 

The changes in growth and discrimination over time have been tested with the Pearson’s 

correlations. The correlations between discrimination rates and BAI with CCI were also tested with 

Pearson’s correlations. 

 

 

Results 

Growth and isotope patterns within 

the diameter sections 

 

A decrease in annual growth over time 

has been found in the two smallest 

diameter sections (Fig. 4a & 4b) (r=-

0.29 and -0.28; p=0.005 and 0.015, 

respectively). In the diameter sections 

20-30cm and 30-40cm we did not find 

any trend over time (Fig. 4c & 4d). 

   We found a significant decreasing 

trend in ∆13C in the smallest diameter 

section 5-10cm (Fig. 5a) (r=-0.27; 

p=0.025). Within the other diameter 

sections no clear trend was observed 

(Fig. 5b, 5c and 5d). 

     

The correlation between CCI and average annual growth within in the smallest diameter section (5-

10cm), grown in 2001 or later, is shown in Fig. 6. This correlation states the influence of light 

availability on growth rates in extant small trees. We found a strong negative relation between the 

CCI in the growth season 2010 and the plotted average growth rates (r=-0.61; p<0.001). Looking at 

the same trees within the same diameter section as included in Fig. 6 we observed a strong positive 

relation between the discrimination level and CCI (Fig. 7) (r=-0.61; p=0.020).

0

5

10

15

20

25
N

u
m

b
e

r 
o

f 
tr

e
e

s

DBH

n=97

Fig. 3 Distribution of the sampled trees over the size catagories. 
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Fig. 4 Average annual growth of basal area of increment (BAI) within the diameter sections over time of Hura crepitans; (a) 5-10cm, (b) 10-20cm, (c) 20-30cm, (d) 30-40cm. 

 



  

Fig 5. Discrimination factor (∆
13

C) within the diameter sections over time of Hura crepitans; (a) 5-10cm, (b) 10-20cm, (c) 20-30cm, (d) 30-40cm. 
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Fig 6. Average annual growth of BAI within the diameter section 5-10cm of the trees which grew this 

diameter section in or after 2001, plotted against the corresponding canopy closure index (CCI). 
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Discussion 

 

 

Long-term growth trends 

 

We found a trend of decreased growth for small trees (dbh 5-20 cm) over the last 70 years, but not 

for larger trees (dbh 20-40 cm) (Fig. 5). This result can be caused by two main reasons: drying of the 

top soil layer and a reduction in light and/or nutrient availability. Global increased temperature 

(IPCC, 2007), and decreasing precipitation amounts observed in model studies over the Amazon 

(Betts et al., 2004) lead to the reported drying trends in Neotropical forests (Burke et al., 2006). 

Gradual drying in the Neotropical forests will lead to increased respiration and a decline in soil 

moisture (Davidson et al., 1998). The most pronounced effect of drying will be found in the top soil 

layer, where deep soil layers remain more stable under climatic changes (Li et al., 2008). This makes 

that the drying trends will have the greatest effect on small relatively shallow rooted, hence smaller 

trees. The second possible explanation is the reduction in light and/or nutrients availability. This 

effect most likely establishes by the earlier discussed juvenile selection effect, where the extant slow 

growing small individuals cause a decreasing growth trend and an increasing discrimination trend 

due to the amount of overshadowing. 

 

Drivers steering long term growth trends determined by isotope analysis 

 

   By analysing the growth trends together with the discrimination trends clarity can be given about 

the driving process for the observed growth trends. The conceptual model in Fig. 1 shows the 

explaining drivers for the four different sets of possible growth trends. We found a negative growth 

trend combined with a positive ∆13C trend for the diameter section 5-10cm (Fig. 5a & 6a), where the 

bigger diameter sections did not show a trend in ∆13C (Fig. 6b, c, d). The trends caused by decreased 

light and/or nutrient availability in the smallest diameter section suggest that a juvenile selection 

effect causes reducing growth rates. Due to the inclusion of extant slow growing juvenile individuals 

the assimilation rate will decrease over time and ci will rise, causing the observed trends. The juvenile 

selection effect is most likely to appear only in smaller diameter sections due to the inclusion of 

extant small trees in these sections. The same trends can be found if decreased light availability, 

caused by increased cloud cover, is the main driving force. Decreased light availability over time will 

cause a decreasing assimilation rate and thereby increases discrimination rates by lowering the 

demand from ci. However, if the light availability has indeed decreased, these trends should become 

apparent in all diameter sections and not only the smaller ones. In addition, research has not clearly 

showed changes in cloud cover (Wylie et al., 2005) or even a slight decrease in cloud cover anomalies 

over the tropics (Warren et al., 2007). The same explanation why reduced light is not thought to be 

the controlling driver accounts for reduced nutrient availability. A reduction in nutrient availability in 

the forest should become apparent in all diameter sections, and in addition the evidence points to a 

global increased nutrient deposition (Holland et al., 1999). 

   The juvenile selection effect is thought to be mainly established by differences in light availability 

between trees (Rozendaal et al., 2010).  The CCI (inverse of light availability) of extant small trees 

(diameter 5-10cm grew after 2001) shows a negative correlation with growth (Fig. 7). This correlation 

supports the idea that among the smaller trees, slow growing individuals are present and therefore 

also the juvenile selection effect in the dataset is present. The same accounts for the positive 

correlation between ∆13C and CCI of these trees (Fig. 8), which shows the presence of individuals with 

high ci values due to lower assimilation rates, hence slow growing juveniles. 

   When using isotope signatures to determine the driving factors behind found growth trends we 

strongly recommend to use ∆13C values and not changes in ci or intrinsic water-use efficiency (iWUE= 

(ca-ci)/1.6) over time. The changes in ci
 and iWUE over time are mainly influenced by rising ca, where 

∆13C is shown to be less influenced by rising ca (Loader et al., 2011; Hietz et al., 2005; Nock et al., 



2010). As a consequence the ∆13C changes over time contain a stronger signal of the various possible 

drivers than ci and iWUE. 

 

Implications of the found trends 

 

   As we interpret the observed overall trends, taking into account that the juvenile selection effect 

causes a bias in the trends for the small diameter classes, no change is observed in either growth or 

discrimination. These findings conflict with the hypothesis and the findings in permanent plot studies 

at comparable sites as this study (Phillips et al., 1998). The permanent plot studies showed, although 

on short time scales, increased growth and dynamics throughout the Amazon region which led to the 

idea that the Amazon, in recent decades has acted as a carbon sink (Phillips et al., 1998; Phillips et 

al., 2008; Laurance et al., 2009). Increased dynamics coincide with higher turn-over rates which 

causes higher disturbance levels in the forest (Phillips and Gentry, 1994). Increased disturbances will 

lead to increased light and nutrient availability (Canham, 1988; Denslow et al., 1998; Muscolo et al., 

2007), causing higher assimilation rates leading to increased growth and decreased ci. The increased 

occurrence of disturbances would therefore match the increase in light and/or nutrient line in the 

conceptual model. The absence of a trend in discrimination rates shows that there is no change in 

environmental and climatic drivers which influence the growth patterns. Due to the absence of 

trends in growth and discrimination rates there is no evidence for increased disturbances and 

therefore dynamics. 

   Several possible methodological errors in permanent plot studies have been stated (Sheil, 1995; 

Clark, 2002). Errors which lead to an overestimation of growth in basal area are immature forest bias, 

buttress creep and basal area inflation (Phillips et al., 2002). The immature forest bias establishes by 

sampling forest plots which are recovering from recent disturbances. These plots will contain higher 

diversity and will decrease in stem density over the years (self-thinning) and the basal area will 

increase, caused by succession (Clark, 2002; Phillips et al., 2002). Basal area inflation and buttress 

creep both overestimate growth of basal area by respectively measuring at heights containing bole 

irregularities and measuring at a fixed height at which, over time, bole irregularities creep up (Sheil, 

1995; Clark, 2002). These potential biases can explain the found difference in our research with the 

Neotropical permanent plot studies.  

   Also our research is subject to possible biases, caused by unevenly distributed five year bulk 

samples for the cellulose extraction. Ideally five year bulk samples should be concentrated around a 

fixed diameter section, with 2 year before and after the corresponding growth year of sampling. By 

conducting this strategy the year to year variation is dampened out without embedding any 

ontogenetic trend in the data. Due to the absence of this evenly distribution in the samples it is 

possible to get an under or over estimation of the isotope signature due to possible ontogenetic 

effects. The ontogenetic effect can establish by over representation of years before or after the year 

that the specific DBH is reached. In our data there is no systematically over representation of years 

before or after the set sample year, which in combination with the substantial sample size is not 

expected to lead to an ontogenetic bias in the trends. 

 

Conclusively, the trends observed in growth and discrimination rates of H. crepitans do not show 

evidence for changed growth patterns or growth drivers over time. These findings conflict with the 

observations from Neotropical permanent plots and show that those results could be short term 

fluctuations. By combining long term growth and isotope data a better insight can be created in the 

growth of forest stands and the environmental drivers causing growth trends. 
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