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Abstract: Intrinsic water use efficiency (WUEi) in trees is an indication of the ratio of carbon
assimilation to the rate of transpiration. It is generally assumed that it is a response to water
availability. In agricultural research, the question of drought tolerance by increased WUEi has been
well studied. In general, the increase is a trade-off for productivity and is therefore not desired.
For forest trees, this question is less clearly understood. Using stable carbon isotopes derived
from tree rings combined with productivity as the product of the annual growth increment and
annual density measurements, we compared the change in WUEi over a 15 year period. While WUEi

increased over this period, the productivity decreased, causing an opposing trend. The gradient of the
correlation between WUEi and productivity varies between provenances and sites. Counterintuitively,
the populations at the drier site showed low WUEi values at the beginning of the investigation.
Slopes vary with the provenance from Poland showing the least decline in productivity. In general,
we found that a decline in productivity aligned with an increase in WUEi.
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1. Introduction

Foresters have a major interest in the annual growth of trees [1], which is believed to increase due
to globally rising CO2 concentrations [2]. This might be due to changes in either the photosynthesis
rate or a lowered demand for water [3], explained by a CO2 fertilisation effect [4]. Studies on the effect
of CO2 on forest productivity are, however, inconclusive, with productivity increasing in young trees
but a levelling off effect is seen in mature trees [5]. Some studies have detected a positive effect at sites
with limited water supply [6], while others state the opposite [7]. Further uncertainty is linked to the
effect of increasing CO2 on water use efficiency (WUE) [8]. Keenan et al. [9] observed an increase of
WUE in temperate and boreal forests. The link between an increase of CO2, WUE, and productivity,
while undoubtedly important with respect to growth and carbon sequestration models, is not fully
conclusive [1]. This is likely due to the interaction of the effects of water availability, temperature [10],
and tree age [11]. Additionally, air pollutants, namely sulphur, can inhibit growth [12] and influence
δ13C values [10]. While there has been a decrease in, especially sulphur, deposition since the 1970s
in most parts of Europe [13], values derived from the intensive forest monitoring still reach values
between 8 and 16 kg/ha (mean of the years 2012–2014; [14]) in areas of central Europe.
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One of the studies investigating stand-specific correlations of intrinsic water use efficiency (WUEi)
and productivity found that against expectations, WUEi increased while annual increment did not [15].
The same study highlights that there were no clear trends on a larger scale. This again points in the
direction of a local environmental factor determining the ecophysiological response and interaction of
the trees with the environment; Monclus et al. [16] found a large variance even on the level of genotype,
in line with Farquhar et al. [17,18], stating a genetic effect on carbon discrimination at a stomatal level.
On the whole, studies exist which support a link between CO2 fertilisation and changes in WUE [19],
but the scale and magnitude is not yet clear.

WUE for trees can be reconstructed using the stable isotopes of carbon (13C/12C). Through
the stomata of the leaves, trees control the gas exchange of water vapour, CO2, and O2 between
the inside tissue and the outside environment. Closure of the stomata during dryer conditions
results in sub-optimal concentrations of CO2 in the intercellular spaces, thereby limiting water losses,
but also potentially decreasing the rate of photosynthesis. Fardusi et al. [1] hypothesised that if higher
WUE is linked to increasing photosynthesis, the growth should increase. While they were able to
demonstrate a clear correlation for the two parameters in their meta-analysis, it was not constant
across environments. The range of response as well as the baseline of WUE is likely specific to the
genotype, but only part of the response potential is used depending on the given environmental factors.
We therefore postulate an increase of WUE above an annual 0.3% to 0.5%, likely due to CO2 changes [20],
as an indication of stress likely due to water shortage. Following the theoretical framework of Silva
and Anand [21], we link tree growth to WUEi. In order to understand the difference in plasticity linked
to individual and phenotypic responses, we investigated the changes in WUEi of three Norway spruce
(Picea abies [L.] Karst) provenances at two sites in Saxony, Germany over a 15-year period and link it to
annual stem growth increments as well as annual mean density measurements.

2. Materials and Methods

The study sites are located in the south-eastern region of Germany at the border to the Czech
Republic. Two sites, with contrasting environmental conditions, were planted with different Norway
spruce (Picea abies [L.] Karst) provenances in the 1970s. The site Borstendorf receives a medium
amount of precipitation (861 mm/year) and is an example of a suitable planting site for spruce
(Figure and Table). Hohenleipisch on the other hand receives 553 mm a year but is influenced by
often stagnating conditions caused by regular flooding in winter and early spring. Therefore, the
root system developed rather shallow preventing the trees from reaching deeper water sources in
summer. Overall six provenances were sampled following standard dendroecological methods [22].
Two cores were extracted using an increment borer from 16 to 20 trees at the respective sites. Based
on the individual chronologies, the provenances best representing their respective site (Rycerka in
Borstendorf and Reinhardtsdorf in Hohenleipisch) and the ones with the lowest mean annual increment
(Reinhardtsdorf in Borstendorf and Nementschina in Hohenleipisch) were selected. Of those four
provenances, five trees each were re-sampled taking two additional cores for stable carbon isotope and
density analysis.

The samples were analysed individually with an annual resolution of δ13C. Tree rings were
split manually with a scalpel using a stereomicroscope, and the α-cellulose was extracted following
the chemical method based on the use of sodium hydroxide and sodium chlorite [23]. From the
wood samples α-cellulose is extracted as the different components of wood vary in their isotopic
value [24]. The 13C/12C isotope ratios were measured as CO2 by combusting the α-cellulose samples
in an elemental analyser (Model NA 1500; Carlo Erba, Milan, Italy) coupled via an open split
to an isotope ratio mass spectrometer (Micromass Optima, Ltd. Manchester, UK) operating in
continuous flow mode. Sample replication resulted in a precision of better than ±0.1‰ for δ13C values.
The isotope ratios are given in the conventional delta (δ) notation, relative to the Vienna Pee Dee
Belemnite (VPDB) standard (δ13C). WUEi was calculated according to Farquhar et al. [18].
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Density measurements followed standard methodology [25]. Cores were cut to a thickness
of 1.1 mm using a twin blade (Dendrocut-Walesch Electronics, Effretikon, Switzerland). Resin
and other organic compounds were subsequently removed by immersion in warm 95% alcohol
for six hours. Samples were acclimatised for 24 h to 65% air humidity and 20 ◦C prior to X-ray
exposure. X-ray exposure (Baltograph, Baltau, Oupeye, Belgium) was 55 min using the film material
Agfa MICROVISION®—CI. For the compilation and quantification, the Densiometer Dendro2003
(Walesch Electronics, Effretikon, Switzerland) was used. Productivity was calculated as the annual
product of density and tree-ring width. Statistical analyses were performed using SigmaPlot
(V. 12, Systat Software GmbH, Erkrath, Germany).

3. Results

Trees on the near-optimum site (Borstendorf, Germany) grew well, while the trees on the less
favourable site (Hohenleipisch, Germany) showed increasing signs of stress. After reaching maturity,
conditions worsened at the latter plot due to competition, leading to generally lower growth rates
at this plot (Figure S2). Mean early wood density (MEWD) increased (Figure 1a) at both sites in the
investigation period from 1996 to 2011, with a levelling off of the MEWD in Hohenleipisch over the last
three years. For this parameter, individual trees did not respond homogenously within the provenance
or plot.

For all four populations, an increase in WUEi over the 15 year investigation period was visible
(Figure 2). The increase was strongest for the provenance Rheinhardtsdorf in Hohenleipisch with a
significant incline with the linear trend of 0.75 (p < 0.05), and weakest for the provenance Rycerka
in Borstendorf (0.16). The provenance Nementschina in Hohenleipisch showed the second highest
incline with 0.45 (p < 0.1), while the provenance Rheinhardtsdorf in Borstedorf had the third highest
incline (0.33).
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Figure 1. Trends of water use efficiency and tree-ring width multiplied by mean density as an indicator
of productivity (left) and mean early wood density (right) over the 15 year investigation period for the
Rheinhardsdorf provenance in Hohenleipisch.

In contrast to the growth responses, differences in the mean WUEi were independent of the site
and provenance. These statistically significant differences between the provenances of Nementschina
and Reinhardtsdorf in Hohenleipisch, and of Reinhardtsdorf and Rycerka in Borstendorf (Figure 2) are
determined by both ecological site factors and genetic variability. Focusing on the Rheinhardtsdorf
provenance, trees at the near-optimum site (Borstendorf—bottom) did show an annual variation
in WUEi, but no general increase. At the Hohenleipisch (top) site, which experienced regular
drought events and had limited resources, we detected a significant increase over the same period.
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The significant intra-provenance difference when comparing the two sites confirmed the results of the
growth analysis. Hohenleipisch, the site with a high ground water table, exhibited generally lower
values of WUE compared to the Borstendorf site with intermediate rainfall. The range was highest
for the Reinhardtsdorf provenance at Hohenleipisch, which also showed the lowest values in 1996
with high fluctuations. It is followed by Nementschina at the same site. Smaller ranges occurred at the
Borstendorf site. Here the significant difference between the provenances is apparent.Forests 2016, 7, 296    4 of 8 
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Figure 2. Trends in water use efficiency over the 15 year investigation period for all samples. Error
bars indicate the variance between the five individual trees for each population.

For all sites, the annual increment declined within the same period, with the highest productivity
for all populations reached between 1996 and 1999. The following period until 2006 was marked
by a decline followed by a levelling off until the end of the investigation in 2011. Figure 3 shows
the opposing trends of WUEi and productivity over the whole period using the example of the
Reinhardtsdorf provenance in Hohenleipsch as well as the increase of MEWD over the same period.
This shows the independent response of early wood formation and the overall annual growth.

Combining productivity with WUEi in the respective years showed a significant trend
(Borstendorf: p < 0.05 and Hohenleipisch: p < 0.01) at both sites for the Reinhardtsdorf provenance. The
trend for the Nementschina provenance was also significant (p < 0.01). The only provenance with an
insignificant trend was Rycerka (Figure 4), thus showing the linkage between low productivity and an
increase in WUEi. Focusing on known drought years, e.g., 2003, the increased WUEi in the respective
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year, followed by a decline in the following year (2004) expressed the fast and specific response to
drought stress.Forests 2016, 7, 296    5 of 8 
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Figure 3. Mean intrinsic water use efficiency of the respective provenances and sites (H = Hohenleipisch;
B = Borstendorf); Different letters indicate statistically significant (Bonferroni t-test, p < 0.05) differences.
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mean density for the respective sites and provenances.
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4. Discussion

Here we show that WUEi can be used as an indicator for stress experienced by mature trees.
This is in line with the findings by Linares and Camarero [26], who found that more stressed trees
exhibited higher WUEi values. The combination with a productivity indicator allows the comparison
of different provenances and individuals.

MEWD showed an inhomogeneous response of individual trees which aligns with the findings of
Sanvill and Sandels [27], stating that 63% of the variation in wood density is due to inter-tree effects
while only 12% is due to competition. However, the predominating strong increase of MEWD in the
last ten years, combined with a general reduction in annual growth indicates stress. As increasing
earlywood density is a sensitive indicator of water deficit [28] and knowing the environmental
conditions, we expected a response to drought. According to MEWD and annual tree-ring width,
the Rheinhardtsdorf provenance in Hohenleipisch experienced the most adverse growth conditions,
with Nementschina at the same site following closely. In Borstendorf, the more favourable site, the
Reinhardsdorf provenance showed a very mixed response while Rycerka as the most placid provenance
showed no response

In our study, WUEi increases over the period from 1994 to 2012 in three of the four cases.
This increase has often been attributed to rising levels of atmospheric CO2 [29]. Additionally, this rise
in CO2 is linked to a positive growth response called CO2 fertilisation [4]. This effect is continuously
questioned as omitting other climatic and environmental preconditioning factors [30] which we could
confirm in the comparison of the Reinhardtsdorf provenance. Here a significant difference in the
mean and range of WUEi differentiates the two sites. Furthermore, the width of fluctuation is lower
in Borstendorf with intermediate but quite equally distributed rainfall throughout the year. While a
negative relationship between annual precipitation and WUEi is described for ecosystems in China [31],
the difference in annual rainfall was smaller in our study. Nevertheless, years of higher water deficit
(e.g., 2003) saw an increase in WUEi for all samples confirming a plot and provenance specific
response. Additionally, other factors such as deposition can influence WUEi [32] and annual growth.
Our two plots are and have been in a high deposition area since planting and thus obtain a continuous
exposure to sulphur and nitrogen deposition ([14]. Therefore, we were unable to link deposition to
δ13C values alas Martin et al. had previously done [33] and an influence can neither be confirmed
nor rejected. The larger range might still imply an increased responsiveness which is possible for
different Norway spruce provenances when faced with low precipitation, stagnating water in winter,
and occasional flooding. This, rather than being due to a variation in genotype, seems to be a response
to environmental conditions.

Most studies so far linked WUEi to productivityonly in seedling studies. Peñuelas et al. [15]
pooled their global analysis data from mature trees and stated that the increase in WUEi was not
linked to growth enhancement. This is in agreement with our findings on a much smaller scale,
but with a higher resolution. We can highlight the difference between sites as well as provenances
which could have cause the diffuse trend when analysing whole biomes. All sites except the Rycerka
provenance showed a significant growth decrease. On the whole, we can confirm the increase in
WUEi from the stable carbon isotope measurements from tree rings; we could not see an increase in
productivity derived from annual tree-ring widths and density measurements. This study shows the
high intra-population response breadth in WUEi indicating a different phenotypic plasticity of the
individual but also highlights the significant role of the local environmental.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/7/12/296/S1,
Figure S1: Overview of the sampling locations in Hohenleipisch and Borstendorf (triangle) as well as the source of
origin of the respective provenances (filled circle), Table S1: Overview of the sampling sites with the different
proveniences; altitude, mean annual temperature, and annual precipitation at their site of origin are given,
Figure S2: Average annual basal area increment of all sampled trees at the two sites; showing the significantly
higher growth at Borstendorf.

www.mdpi.com/1999-4907/7/12/296/S1
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