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Abstract—Stem cellulose of bean plant¥i¢ia fabg grown under controlled conditions exhibits inverse
linear carbon-isotope reactions to changes in both relative humidity (RH) and temperature (T), readily
mappable as a plana*3C response surface in RH-T space. The analogous response surface for annual
late-wood celluloses™>C from a field calibration using fir trees\bies alba in the Black Forest, southern
Germany, also supports resolution of independeRH ands-T effects. The response of cellulo8€'C to RH

and T derived from this new calibration differs markedly from estimates based on univariate linear regression
analysis: The sensitivity af>C to RH is stronger than that inferred previousty-{0.17%o/% vs.—0.12%0/%,
respectively), whereas tt&eT coefficient is weaker and reversed in sign-{0.15%./K vs.+0.36%0/K). This

new perspective on the coupled influence of moisture and temperature changes on tree-ring &fidlose
helps to unify divergent observations about carbon—isotope signals in trees, especially the broad range of
apparen®-T relations obtained in calibration studies, which are often used as paleoclimate transfer functions.
Although this highlights the large potential uncertainties surrounding paleoclimate reconstruction based solely
on §*3C data, coupling of the carbon—isotope response—surface approach with equivalent response surfaces for
hydrogen or oxygen isotopes may afford new opportunities for investigating the nature of past climate
variability and change from tree-ring sequence&3opyright © 2000 Elsevier Science Ltd

1. INTRODUCTION precipitation amount, or soil moisture status (e.g., see Lipp et
al., 1991, 1996b; Schleser et al., 1999; Ramesh et al., 1986;
Leavitt, 1993; Feng and Epstein, 1995; Pendall et al., 1999),
although apparens*>C-temperature &T) relations are most
often applied as transfer functions, because of the desire to infer
31Cjan = 8%°Cair — € — (& — €2) (Ci/C) (1) paleotemperature. One of the limitations on the applicability of
univariate statistical transfer functions is the problem of mutual
which indicates that the isotopic separation between plant mat- correlation between different significant environmental param-
ter (3**Cpn) @nd its carbon source, atmospheric carbon diox- eters, which reduces confidence in reconstruction of a single
ide (8"°C,;), is a function ofe, and e, respectively the dis- parameter unless correlated parameters are also known to have
crimination against-*CO, associated with diffusion of CO  yaried exactly as in the calibration period (Schleser et al., 1999:
into the leaf and subsequent biochemical effects during tissue pendall et al., 1999). This is a variant of the familiar “no
synthesis, moderated lyc,, the ratio of CQ concentrations  analog” situation in the calibration of paleoenvironmental in-
within the leaf and the ambient atmosphere. Carbon-isotope gicators. Strong mutual correlations between parameters, cou-
sensitivity of plants to climatic parameters, the basis for the use pled with relatively small ranges of variability over calibration
of plant matter§*°C as a paleoclimate proxy, is believed t0  periods and large isotopic analytical uncertainties, may also
reflect primarily environmental influence am/c,, which is compromise the effectiveness of multivariate statistical analy-
usually manifested by strong correlations betw@e?C and sis of calibration data, leading to poorly constrained or ambig-
parameters reflecting moisture and/or temperature variability ,ous assessment of the actual isotopic sensitivity to different
(Farquhar et al., 1989)581°C values express deviations in the environmental variables.
**C/**C ratio in a sample, such th@{°C = 1000[R.ampid Here we report carbon-isotope data obtained from bean
Ruandard —1] %0, whereR refers to the respectiv&’C/**C plants Yicia fabg grown under controlled conditions. These
ratios in the sample and a given reference standard. Eqn. 1 isregyts provide new insight into the possible deconvolution of
independent of the standard uséd®C values herein are re- isotope—climate signals in plants growing in nature, as we
ferred to PDB.) show through reconsideration of a previously publisik&iC

Statistically defineds**C-climate relations for recent plant  .gjibration data set and dendrochronology for Aibies alba
cellulose are frequently generated from modern calibration data f,om the Black Forest. southern Germany.

sets for application as quantitative transfer functions to recon-
struct paleoclimate. The strongest univariate relations are gen-
erally those betweef'>C and relative humidity, temperature,

Carbon—-isotope labelling of terrestrial C3 plant matter is
described consistently by the well known Farquhar et al. (1982)
model

2. METHODS

Vicia fabaseedlings were germinated under identical natural condi-
tions. Eighty healthy plants were selected and transferred after about
* Author to whom correspondence should be addressed two weeks into four climate chambers (EPOKA facility, GSF—Neuher-
(twdedwar@uwaterloo.ca). berg; see Payer et al. 1993) for a 6-week growth period under condi-
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Fig. 1. 8'3C values obtained on cellulose from ste@, () and leaf ¢, () cellulose ofVicia fabaplants in relation to
RH and T in four climate chambers. Each data point represents 7 to 10 samples from different plants. Error bars indicate
1o. Flower and root cellulosé**C (not shown) displayed equivalent relations.

tions of differing, but constant RH and T (40%/18°C; 40%/28°C; isotopic responses to varying RH and T, as observed previously
80%/18°C; 80%/28°C). The 20 plants in each chamber were further for RH in irrigated and nonirrigateBamarixgrowing in natural
subdivided, half (“wet treatment”) receiving ample daily irrigation to settings in Israel (Lipp et al., 1996b)

maintain maximum soil moisture levels, whereas the others (“dry o

treatment”) were sparingly irrigated to maintain roughly one half of the ~ Although all plant parts reSPO_nded similarly, stem cellulose
saturated soil water content, as determined by weight. All other factors from the bean plants that received the wet treatment can be
for the four chambers were identical, including #%€C and concen considered the closest analog for tree-ring cellulose from trees
tration of ambient CQat natural levels, air exchange rate {2@er in a moist temperate climatic setting like the Black Forest.

hour), and diurnal light cycle. Selected plant components (stems, . .
leaves, flowers, roots) were harvested at the end of the growth period Contouring the wet-treatment stem cellul@s&C data in RH-T

and the cellulose purified and analyzed using conventional techniques space (Fig. 2) reveals that the combined influence of changes in
(Sternberg, 1989; Boutton, 1991). Only new plant tissue produced RH and T ons**C can be readily described as a planar response
following transfer to the chambers was sampled, to restrict analysis to g;rface described by:

biomass that had grown under controlled conditions.

3. RESULTS AND DISCUSSION 8°C = (—0.032)RH+ (—0.255)T— 21.1 (2)

3.1 Vicia faba Comparison of6**C values calculated using Eqn. 2 with the
The data fromVicia faba (Fig. 1) clearly show strong iso-  measured values shown in Figure 2 shows that the independent
topic responses to each parameter, with simil&H ands-T effects of RH and T on stem cellulosi>C are essentially
relations for cellulose from all selected parts, as well as distinct linear and additive within the range of conditions spanned by
step-wise offsets between the wet and dry irrigation treatments. the four climate chambers fR= 0.995). Indeed, it is obvious
In each case the plants maintained greater isotopic discrimina-from consideration of Figure 2 that any three points would be
tion under wetter and/or warmer conditions, presumably re- sufficient to define a planar response surface containing the
flecting higherc;/c, ratio, as depicted by the Farquhar et al. fourth point, within the indicated analytical uncertainties. (In-
(1982) model, and hence a lower level of environmental stress. terestingly, it is evident from Figure 1 that an analogous re-
Interestingly, even plants having the dry irrigation treatment sponse surface could also be defined for the dry-treatment
were apparently not sufficiently moisture-stressed to mask their plants, offset to highe8*>C by about 2 to 3%., although our
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Table 1. Measure@**C of annual late-wood\bies albacellulose

] = sy ~32 from the Black Forest, southern Germany (48%833°20 E) and mean
32 —30 August RH and T recorded at the nearby Hornisgrinde meteorological
station for corresponding years of the 1959-1980 period.
28 - 29 020 @ 8*°C of late-wood Mean August Mean August
i 29 6> cellulose relative humidity temperature
(%0 PDB) RH (%) T (°C)
O 24 428 -21.0 76.1 14.9
(3 -21.3 80.9 14.2
- —21.3 78.0 13.7
2> -215 83.0 11.6
20 +~7 ~21.6 81.0 136
Yg ;{2 -21.8 86.0 10.9
<83 -21.9 83.0 12.8
16 426 gy e -21.9 84.0 12.1
" —22.0 77.0 13.2
-22.0 86.0 12.9
25 -22.1 85.0 11.9
. | T T : -222 88.0 10.8
—22.2 83.0 11.2
40 60 80 ~223 84.0 10.9
—22.4 87.0 11.7
RH (%) —225 85.0 11.7
—22.8 90.0 115
Fig. 2.Vicia fabastem cellulos&*C values plotted in RH-T space. ~ —23.1 89.0 10.7
The parallel diagonal lines ag°C contours, which define an inclined ~ —23.3 90.0 10.0
response surface drawn as a best-fit plane to the measured data,
described by*C = (—0.032)RH+ (—0.255)T— 21.1 (Eqn. 2). The The §'3C values were normalized to account for the fossil fuel effect
response surface fits withirolof each data point. on thed*C of atmospheric CQ(see Lipp et al. (1991) for description

of the site and details of sampling and analysis). We discarded data
from three years in the original compilation because of unresolvable

litative method of inducin il moisture str reclud discrepancies, although these have negligible effect on the prior results
qualitative method of INaucing Soil MoISture Swess preciudes or in; ef al. (1991). Theé'3C data represent averages of results from

more rigorous quantitative analysis.) five trees, and have an average uncertainty of abdl6%o.
The most salient feature of t##&°C response of well watered

Vicia fabato varying RH and T revealed by Figure 2 is that
identﬁcal st3C values.cou.ld be genergted by a linear array of 1g9g0. Clearly,
possm_le RH-'_I'_c_omblnatlor_ls. Alternatively, it is clear that_ the | sed to convert thes*3C time-series into a paleohumidity
isotopic sensitivity to a “cllmate_" change defined by a given g although the resulting reconstruction would simply
displacement in RH-T space will be highly dependent on the e peen identical in detail and opposite in sign, as a conse-
slope of that trajectory. quence of the linear relations betwe#tiC, RH, and T.
A different perspective on the nature 8¥C-climate rela

3.2. Abies alba tions in the Black Forest fir can be gained through mapping of

Previous investigations of Black Forest fikl{ies alba by the §%C response surface, by analogy to the results of the
Lipp et al. (1991) revealed that a stackétC time-series growth experiments discussed above. Plotting data from the
based on annual late-wood cellulose from five trees for the Calibration setin RH-T space yields a cluster about a line of
1959 to 1980 period correlated significantly with varying mean S0pe —0.333, representing the characteristic average August

August RH and T recorded during the same period (see Table RH-T variability over the calibration period (Figure 4a). Be-
1 and Figure 3), yielding the following relations: cause of this strong correlation and the small range and high

uncertainty of the isotopic data, a variety of planar surfaces
8C = (—0.12)RH— 12.0 (R = 0.668) (3) could be generated by contouring the correspondftig vak
o B ues, even with the constraints imposed by the appa¥drit
5°C = (+0.36)T— 26.4 (R = 0.636) ) and &-T effects expressed by Egn. 3 and 4. However, it is
Late-wood cellulosed*C also correlated weakly with mean evident by inspection that a weak isotopic gradient also exists
August precipitation amount. Multiple linear regressiotiC within the data oblique to the RH-T slope, in the same sense as
against both RH and T yielded a moderately significant rela- that observed foVicia fabain the climate chamber experi-
tion, albeit having excessively high uncertainties in the RH and Ments. This suggests that the actdd®H ands-T relations for
T coefficients because of the strong mutual correlation between Abies albamust also both have negative coefficients, which
these climate parametersXR: 0.674), compounded by the further limits the range of possible solutions to the fitting of a
limited ranges of RH, T, and*°C values within the data set. ~ 'esponse surface. Our best approximation ofH€ response
The apparens-T relation was subsequently used to generate a Surface within these constraints is described by
speculative paleotemperature record from a composite annual 13~ _ [ _ _
late-wood cellulos&**C time-series developed from a dendro o7C = (Z0.17RH+ (~0.15T~ 6.0 ©)
chronology for Black ForesAbies albaspanning AD 1004 to which expresses the averagé®C response ofAbies alba

the appareftRH relation could also have been
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Fig. 3. 8*°C values of Black Foreshbies albalate-wood cellulose i 9
plotted versus mean August RH and T. Data are from Table 1. 1
€,
late-wood cellulose associated with any trajectory in this RH-T Z ]
space (R = 0.560; see Fig. 5). This relation can be further |
generalized to express the isotopic response independent of the 1x
absolutes**C values in the calibration data by e
AC = (—0.17ARH + (—0.15AT (6) -5 1
which should thus be a good representation of the response | g 5 3
surface ofAbies albafor trees at any site, regardless of the L A B L L LY BB
relation bet\{veen average August RH r_:md T, assuming that 15 -10 -5 0 5 10 15
these two climate parameters are the primary controls on late-
wood celluloses*C. It is obvious from consideration of Eqn. ARH (%) b

5 and 6 that the small range of isotopic variation within the

calibration data igt is partly a reflectlon ‘?f.the opposing eﬁects Fig. 4. (a), Data points from the Black Foresties albacalibration
of RH and T on5™C, and that more definitive characterization  set piotted in RH-T space. The dotted lines aredH€ contours of a
of the response surface would be possible if these parametersbest-fitinclined plane constrained by the appafeRH ands-T effects
were less strongly correlated, as in the climate chamber exper-along the line of slope-0.333, which corresponds to the average sense
iments of interannual RH-T variation during the calibration period. THéC
' response surface is described by Eqn.8%C = (—0.17)RH +
(—=0.15)T - 6.0. (b), Carbon—isotope response surface for Black Forest

4. IMPLICATIONS AND CONCLUSIONS Abies albaexpressed in terms af'3C response idRH-AT space. The
. L . . heavy arrow from the origin represents a trajectory producirgl%o

Graphical depiction of theAbies alpgcarbqn—lsotope ré- A signal through coupled changes in RH and T along a slope of
sponse surface clearly shows how strikingly divergent apparent —0.333. The orthogonal vectors resolve the trajectory into two com-
8-RH and &-T relations could be obtained from calibration —ponents, showing that a T-dependent depletior 0f42%. is Offsetoby
studies of the same tree species growing under different cli- an RH-dependent enrichment 6f1.42%o to yield the observeet1%o

. . . response.

matic regimes, because the apparent effects will depend on the
average RH-T variability during any particular interval. This
offers a ready explanation for the broad range of apparent as recently reviewed by Schleser et al. (1999). AppasdeRH

isotope—climate relations reported for various species globally, and 8-T relations for Abies alba for example, could have
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-20 ~ versa. (Analogous uncertainties would prevail, of course, in the
’ interpretation of8**C dendrochronologies for climates having
p positively correlated RH-T variability, owing to mutual rein-
21 - 0 forcement of the5-RH and3s-T responses.)

O On the other hand, it may be possible to exploit this aspect
Q of 8*°C-climate relations irAbies albaas a sensitive indicator
-22 - O ',.O of changes in the moisture—temperature relation at a site, which

’ ’ is likely to be an important feature of many climate signals.
Possible evidence for this exists in the long-term Black Forest
23 4.7 Abies albas**C dendrochronology (Figure Gayhich shows
O." episodes of pronounced interannual variability during the late
L Medieval Warm Period, suggesting that subsequent Little Ice
-24 | | l Age cooling may have been associated with a steepening of the
average interannual RH-T trajectory, leading to damping of the
isotopic response. The declining trend in averagic values
813C during the onset of the LIA was probably a response to simul-
calculated taneously increasing RH and decreasing T, which can be visu-
Fig. 5. Comparison of measuréd°C values for late-wood cellulose alized as a progressive displacement in the average location of

of Black Fores#bies albawith values calculated using the equation for thezinterannlual RH-T trajectory_ in RH-T space. N
the response surface (Eqn. 5). The dashed lines represent the 95% &°H and&'0 values of tree-ring cellulose are also sensitive

prediction interval. to moisture and temperature, primarily through RH-dependent
evaporative enrichment of leaf waters and the isotopic compo-
sition of local meteoric water (Burk and Stuiver, 1981; Yapp
various magnitudes and either positive or negative signs and Epstein, 1982; Ramesh et al., 1986; Edwards and Fritz,
(though not simultaneously positive), depending on the nature 1986; White et al., 1993), which is commonly correlated
of average climate variability during a calibration period. Max- strongly with temperature (Rozanski et al., 1993). The climatic
imum §°C-climate sensitivity would obviously occur for cou  sensitivity of both isotopes can be expressed as response sur-
pled RH-T changes having trajectories perpendicular to the faces (Edwards and Fritz, 1986) analogous to thatsfgc,
contours of the response surface, yielding coupled apparentsuggesting that potential may exist to develop quantitative
relations according to this calibration as strong as about indices of changing moisture—temperature relations in the past
—0.21%0/% and—1%./K. In contrast, sensitivity would pro- by coupling 8*°C with §°H or §'%0 from the same ring se
gressively weaken and ultimately disappear as climate trajec- quences. In counterpoint &3C, the contours 08?H or %0
tories approached the slope of the isotopic contours, owing to have positive slopes in RH-T space (assuming a significant
the counteractive effects of RH and T 6f°C. meteoric waterd-T relation exists) and therefore the sign of
lsspemes-dependent effects are also likely to influence the sotopic responses will not be strongly sensitive to changes in
&7-C response surface, as suggested by the appahtand e sjope of inverse RH-T fluctuations. Coupling of the re-
8-T relations obtained from similar calibration data for late- sponse of either of these isotopes WitiC should thus provide

wood cellulose of spruceP{cea abie}, from another site in a sensitive proxy for changes in this aspect of climate variabil-
southern Germany (Schufbach, located about 170 km northeashy_ The Black Foresbies albadendrochronology again pro-
of the Black Forest site; see Lipp et al., 1996a). The apparent

effects for Schuf3bach spruce-@.05%0/% and+0.23 %0/K)
cannot be accommodated on any possible approximation of the
response surface for Black Forest fir, although a reasonable
Picea abiesesponse surface can be readily defined.

It is clear from consideration of Figure 4 thAbies albais
not a straightforward isotopic monitor for climates having a
similar style of variability to that of the calibration period in the

13
5 Cmeasured

vides support for this hypothesis, based on systematic variabil-
ity between shifts ind*°C and 8°H at different time scales
(Figure 6). For example, the MWP—LIA transition is marked by

a shift from negatively to positively correlatéd®C-6°H vari-
ability at century scale, consistent with steepening of the inter-
rannual RH-T trajectory, as speculated above. The same gen-
eral shift is also apparent at decadal scale, punctuated by

Black Forest, characterized by a steep inverse relation betweenperIOdIC ceﬁury_-scale oscillations. .Mar_ke(.j v§r|ab|l|ty a_t dec-
shifting RH and T. In addition to damping of the overaiT adal scale is evident, as well, possibly indicative of moisture—
sensitivity, for example, even modest shifts of several percent {€mperature variability in response to phenomena like the
in RH can have a large impact on changes in T inferred from North Atlantic Oscillation (e.g., see Hurrell, 1995; Appenzeller
the apparend-T relation, including possibly reversing the sign. etal., 1998).

This contributes to high uncertainties, especially for signifi-

cantly differing climates of the past, because of the likelihood _ _
that the relation between fluctuations in RH and T also differed AcknowledgmentsThe authors wish to thank two anonymous review-
from that of the calibration period. As a result, accurate assess- 'S for their insightful comments, and Professor Burkhart Frenzel,

f th | . di | University of Hohenheim. Participation of the senior author was sup-
ment of the real uncertainty surrounding a paleotemperature ported in part by the Natural Sciences and Engineering Research

estimate based on a univariad€l calibration would require  Council of Canada. This article is dedicated to the memory of Elizabeth
precise constraints on the probable paleohumidity, and vice Grace Edwards.
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Fig. 6. (a),6*°C ands?H time series from the Black Foresbies albaAD 1004 to 1980 dendrochronology. Preparation
of the 8°H series (not previously published) is based on the same samples of nitrated cellulose, as described by Lipp et al.
(1991). (b), Running means of the correlation coefficients between annual late-wood ceff@snds?H values using
20- and 100-yr moving windows, showing systematic change¥36-5°H variability at different time scales, possibly
related to shifts in the average slope of RH-T variability.
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