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Abstract: To develop multi-century stable isotope chronologies from tree rings, pooling techniques
are applied to reduce laboratory costs and time. However, pooling of wood samples from different
trees may have adverse effects on the signal amplitude in the final isotope chronology. We tested
different pooling approaches to identify the method that is most cost-efficient, without compromising
the ability of the final chronology to reflect long-term climate variability as well as climatic extreme
years. As test material, we used δ18O data from juniper trees (Juniperus polycarpus) from Northern
Iran. We compared inter-tree and shifted 5-year blocks serial pooling of stable isotope series from 5
individual trees and addition of one single series to a shifted serial pooled chronology. The inter-tree
pooled chronology showed the strongest climate sensitivity and most synchronous δ18O variations
with the individual tree ring analyses, while the shifted block chronologies showed a marked
decline in high-frequency signals and no correlations with climate variables of the growth year.
Combinations of block-pooled and single isotope series compensated the high-frequency decline but
added tree-individual climatic signals. Therefore, we recommend pooling calendar synchronous tree
rings from individual trees as a viable alternative to individual-tree isotope measurements for robust
paleoclimate reconstructions.
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1. Introduction

Among the various tree-ring parameters used to investigate long-term climate variability and
reconstruct past climate conditions, variations of stable isotopes in tree-ring cellulose offer the great
advantage of preserving low-frequency climate signals [1–6]. Tree-ring stable isotopes are less affected
by age-related non-climatic factors [7,8]. Unlike variations in tree-ring width (TRW), tree-ring δ18O
potentially records climate or environmental signals, even when there is no dominant climatic control
on tree growth at a site, which is often the case in regions where not one single climate factor limits
tree growth [7,9–12].

With the development of online techniques and other innovations, stable isotopes analysis became
more cost efficient and faster [4,13–20]. Nevertheless, the analysis of stable isotope ratios in annually
resolved tree rings is still a time consuming as well as a labor and cost intensive process. This holds
especially true when one is aiming to establish well-replicated multi-centennial to millennial stable
isotope chronologies composed of a larger number of living and subfossil trees [21]. As an important
precondition, the construction of a reliable stable isotope chronology requires a sufficient sample
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replication to obtain a precise average isotope chronology that represents a representative signal for a
study site that can reflect a characteristic climatic signal for that region. Several studies suggest that 4
to 6 trees are sufficient to establish a reliable local isotope chronology providing a representative site
signal for climate reconstruction [22–26].

Combining several cross-dated tree rings of identical age from different tree individuals prior
to isotopic analysis is one of the techniques providing the possibility of increasing the replication of
an isotope chronology without increasing the number of isotope analyses [14] (thereafter referred as
“pooling”). Furthermore, pooling enables the establishment and the extension of isotope chronologies
further back in time at lower cost. Hence, the pooling technique has been widely used for valuable
paleoclimate reconstructions [21,27–39]. Various techniques exist for pooling tree rings prior to stable
isotope analysis such as (i) inter-tree pooling, which combines calendar synchronous tree rings from
individual trees [15,22,40,41]; and (ii) serial pooling, which combines the use of pentad or temporally
lower resolved blocks within the individual trees, with the risk of losing high-frequency climate
signals [14]. Development of different pooling techniques is a sustainable benefit to stable isotope
dendroclimatology by reducing sample preparation time and cost. However, the resulting isotope
chronologies might contain some bias due to (i) unweighted pooling of different masses of individual
tree rings; (ii) including trees containing individual disturbance signals with poor correlation to the
rest of the population; (iii) uncertainties associated with sample handling and statistical properties
of the resulting time series, i.e., sample preparation, analytical process, and autocorrelation of the
final chronology.

With regard to the great advantages of the pooling methods when it comes to saving time
and costs, several studies attempted to rectify the possible methodological errors and improve the
efficiency of pooling methods by utilizing new strategies in combining tree rings series. Boettger
and Friedrich [14] developed a serial pooling method which combines the advantages of ‘serial’
and ‘inter-tree’ pooling for constructing isotope chronologies with annual resolution. This method
is particularly recommended for the establishment of long multi-replicated supra-regional isotope
chronologies, especially in the case of tree species forming extremely narrow tree rings [32]. Gagen
et al. [17] were able to establish a millennial length tree-ring δ13C chronology using an “offset-pool
plus Joint-Point” method. This approach offers the possibility to efficiently combine a large sample
replication to quantify uncertainty estimates with the possibility to preserve low frequency signals.
However, the quality and quantity of available resources and the main interest of study are decisive
factors in selecting a sampling strategy. In a recent study, Haupt et al. [19] assumed the availability
of only five trees for stable isotope analyses and evaluated the shifted 5-year serial block pooling
technique, testing if the resulting mean chronology is representative for the site and allows climate
reconstruction. They suggested combining five series of shifted 5-year blocks with one additional
series at annual resolution, thereby significantly improving the variance of the final chronology and
allowing the reconstruction of both, long-term climate variations and extreme years.

The motivation for the present study is to establish a well-replicated multi-century δ18O chronology
for Northern Iran, an area where to date paleoclimate information derived from dendrochronology
has been sparse. Since the final chronology will be composed of various individual trees of different
age, we tested different pooling approaches to minimize analysis costs without compromising the
ability of the final chronology to reflect long-term climate variability as well as climatic extreme years.
We evaluated the properties of differently pooled chronologies and annually resolved mean stable
isotope chronologies from individual trees to determine the most reliable alternate pooling technique
for individual analysis of tree rings. In this study, we assess the optimization effect of adding one
additional stable isotope series with annual resolution on a chronology derived by shifted 5-year block
pooling. The target is to obtain the chronology which best represents isotope variations of the site and
contains the strongest climate signal, but on the other hand offers the best combination of time and
cost efficiency.
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2. Material and Methods

2.1. Study Site and Climate Data

As characterized by Pourtahmasi et al. [42,43], Juniperus polycarpus is a long-living drought and
cold-tolerant tree species resistant to the harsh mountain climate conditions in the southern slopes of
the Alborz Mountains in North Iran. Because of its high tree ages of more than 500 years, it is widely
used for dendroclimatology studies in Northern Iran [43–45]. We sampled tree-ring material from
high-elevation and open forests of J. polycarpus (36◦39′54, 4” N; 54◦31′53, 7” E) near the village Chahar
Bagh situated on the south-facing slope of the Alborz Mountains at an elevation of 2540 m a.s.l [46,47]
(Figure 1). Regional climate is characterized by cold and long winters and dry summers, with mean
annual temperatures and total precipitation of 7 ◦C and 394 mm, respectively [48]. Precipitation mainly
occurs in late autumn, winter, and early spring. The summer is arid, hot and sunny, with intensive
radiation most of the time.
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Figure 1. Map of the study site and location of Gorgan climate station. Inlay: Climate diagram of the
modeled data for the study site.

Due to the lack of local meteorological data at the study site for calibrating tree-ring δ18O -climate
relationships, we used meteorological data modeled by Nadi et al. [48]. They applied interpolation
methods using the meteorological data of Gorgan climate station (36◦51′ N; 54◦16′ E; 13.3 m a.s.l.,
1958–2007) (Figure 1) as input variables and used 3D linear gradient and linear and nonlinear hybrid
methods based on regional lapse rates to model temperature and precipitation at our study site
(36◦46′ N; 54◦65′ E; 2000 m a.s.l.; Figure 1) [48].

2.2. Tree-Ring Material

Two increment cores per tree were sampled from a total of 57 juniper trees using increment borers
with 5 mm diameter. Tree-ring widths of the total 114 samples were measured with a LINTAB 5
table (Rinntech, Germany) at a resolution of 0.01 mm. Tree-ring series were statistically and visually
cross-dated following standard procedures [49], including using the TSAP software. In a next step,
we selected 5 of the 57 trees for further processing using pooled stable isotope analysis. To ensure that
the selected trees represent the common growth signal, we selected trees that had no missing rings and
whose ring-width series showed high correlations with the mean tree-ring chronology.

Insufficient amount of material of individual tree rings is a common problem of stable isotope
dendroclimatology, which can be caused by rotten or damaged wood and extremely narrow tree
rings, especially in very old tree individuals. Employing pooling techniques helps to overcome this
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inherent limitation. However, there are challenges to interrogate pooling methods about their efficiency.
For instance, while the mean isotope chronology constructed by inter-tree pooling is more similar
to mean isotope series assessed by individually analyzing the tree rings, serial pooling undermines
the great advantage of annual resolution of tree rings. In doing so, isotope signals captured by
serial pooling reflect long-term variations/frequencies rather than short-term variations or extreme
events [14,19].

Another challenge of pooling tree rings concern uncertainties associated with the statistical
properties of the final isotope chronology. To obtain a representative mean isotope value for all trees
from a study site, the aim must be to retain as much of the common signal as possible. The largest
source of variability in stable isotope ratios of tree ring cellulose is the difference in the mean isotope
fractionation level among individual trees. These differences can result in variance that is not
common between trees of the same region (‘noise’) and may be caused by genetic factors, individual
environmental disturbances or microsite conditions. Inter-tree pooling presents a single representative
annual value for each year and thereby enables calculations of important characteristics of the resulting
isotope chronology, such as like inter-annual variability, autocorrelation, and other variables [15,16].

A number of studies have already evaluated the problem of inter-tree variability and its contribution
to error of pooling without regard to mass [13,15,41,50,51]. In most cases, the results indicated that the
inter-tree pooling of tree rings regardless of their individual mass provides the same mean chronology
as ones calculated from individual analyses of tree rings. However, the combination of unweighted
rings from a rather small number of different trees showing different first-order autocorrelation might
bias the time series characteristics of the final isotope chronology [15,16].

2.3. Pooling Strategies for Tree-Ring Isotope Samples

In order to assess the most suitable pooling technique, we applied inter-tree pooling (ITP) and
serial pooling of shifted five-year blocks (SBP). Both methods significantly reduce the required number
of isotopic measurements and α-cellulose extractions compared to individual tree ring analyses.
However inter-tree pooling still demands the same effort in sample preparation and the accurate
manual separation of the individual tree rings from which may incur problems through the mixing of
wood material from neighboring tree rings [22,24,28,39].

According to our study design, one core per tree of the five sample trees was used for inter-tree
pooling and another core for serial pooling of shifted 5-year blocks. The two methods differ in terms of
their pattern of cutting and pooling the tree rings. For ITP, individual tree rings of 5 trees for the 50-year
period 1958 to 2007 were carefully separated. Prior to cellulose extraction, the annually resolved wood
material of calendar synchronous tree rings of 5 trees was pooled without regard to the mass of each
ring (Figure 2a).

For SBP, each core was split into blocks of five consecutive tree rings. Between the five sampled
trees, these pentad blocks were shifted by one year in calendar position (Figure 2b).

The splitting procedures for both groups of samples were carried out under a binocular microscope
with a razor blade. Consecutively, each of the samples was cut into smaller pieces and encapsulated
into an Eppendorf vial for α-cellulose extraction. Further pre-IRMS treatments such as cellulose
extraction were conducted identically for both groups of samples.
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2.4. Stable Isotope Measurements

The α-cellulose was extracted following the three-step method described by Wieloch et al. [52]:
(i) removal of the minor components like resins and hemicellulose using NaOH 5% (pretreatment);
(ii) delignification with a 7% NaClO2 solution; (bleaching); and, (iii) elimination of non-α-cellulose
compounds with NaOH (17%) in the alkaline hydrolysis step (cellulose purification). The cellulose
samples of each calendar year and pentad block was homogenized by ultrasonic homogenization [53]
followed by freeze drying.

The stable oxygen isotopes ratios of α-cellulose samples were measured online (analytical
precision typically better than ± 0.25%�) using an isotope ratio mass spectrometer (Delta V Advantage,
Thermo Fisher Scientific Inc.) coupled to a high temperature (1450 ◦C) pyrolysis reactor (HEKATECH).
The oxygen values are expressed as δ18O in per mil (as %�) relative to the international VSMOW standard
(VSMOW, Vienna Standard Mean Ocean Water). The annually resolved stable oxygen isotope series
(chronology A) established from the individual analyses had been measured by Foroozan et al. [54].

2.5. Constructing Pooling Chronologies

To obtain a SBP, shifted five-year-block series of each chosen core were averaged. The annual
mean δ18O values were calculated by three averaging methods; (i) a 5-year running mean calculation
of the δ18O values with one year offset among δ18O series for each annual δ18O values (chronology was
labelled SBPr), as illustrated in Figure 3a, (ii) arithmetic mean from averaging individual tree-ring δ18O
values of the δ18O series (labelled SBPa), as shown in Figure 3b; (iii) transforming each shifted pentad
block δ18O series into standardized score (z-scores) and calculating the mean isotope SBPz series at
annual resolution (labelled SBPz).
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mean series, we selected δ18O series of three different juniper trees that showed the strongest 
correlations with the mean annually resolved δ18O chronology A (named J1, J2 and J3). In a next step, 
the new chronologies were built by combining each of the additional series with annual resolution 
with SBPr (chronologies were labelled SBPrJ1, SBPrJ2, and SBPrJ3), SBPa (labelled SBPaJ1, SBPaJ2, and 
SBPaJ3) and SBPz (labelled SBPzJ1, SBPzJ2, and SBPzJ3). Furthermore, to evaluate the suitability of the 
additional annual resolved series, we reduced the impact of individual series to only 25% in 
combining it with shifted 5-year block chronologies SBPr (labelled SBPrJ125%, SBPrJ225%, and SBPrJ325%), 
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Figure 3. Schematic illustration of averaging the δ18O series of shifted 5-year blocks (SBP): (a) shows
averaging annual δ18O values for the year 1997 in the chronology built by a 5-year running mean
calculation of the δ18O values (SBPr) and (b) mean annual δ18O values for the year 1989 in the chronology
built by arithmetic averaging of individual tree-ring δ18O values of the δ18O series (SBPa). Each color
displays one pentad block.

To test the influence of a single individual isotope series on the shifted 5-year block serial pooled
mean series, we selected δ18O series of three different juniper trees that showed the strongest correlations
with the mean annually resolved δ18O chronology A (named J1, J2 and J3). In a next step, the new
chronologies were built by combining each of the additional series with annual resolution with SBPr

(chronologies were labelled SBPrJ1, SBPrJ2, and SBPrJ3), SBPa (labelled SBPaJ1, SBPaJ2, and SBPaJ3) and
SBPz (labelled SBPzJ1, SBPzJ2, and SBPzJ3). Furthermore, to evaluate the suitability of the additional
annual resolved series, we reduced the impact of individual series to only 25% in combining it with
shifted 5-year block chronologies SBPr (labelled SBPrJ125%, SBPrJ225%, and SBPrJ325%), SBPa (labelled
SBPaJ125%, SBPaJ225%, and SBPaJ325%), SBPz (labelled SBPzJ125%, SBPzJ225%, and SBPzJ325%) (Table S1).

In order to evaluate the resulting mean chronologies of different pooling methods, we applied
the following procedures: i) we assessed time-series characteristics and the ability to capture extreme
climatic events using the mean, standard deviation (SD), the range of maximum and minimum values of
δ18O data series (Figure 4), normality of value distribution, autocorrelation (Table 1) and Kruskal–Wallis
test (Table S2). Then, we evaluated the degree of correspondence of inter-annual variations between
different versions of isotope chronologies using correlation analysis (Figures 5 and 6).
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Figure 4. The statistical characteristics of the individual δ18O data series (juniper 1, juniper 2, juniper 3),
the mean chronology (A), the inter-tree pooled chronology (ITP), and mean shifted serial pooled δ18O
data series (SBPr, SBPrJ1, SBPrJ2, SBPrJ3, SBPrJ125%, SBPrJ225%, and SBPrJ325%), (SBPa, SBPaJ1, SBPaJ2,
SBPaJ3, SBPaJ125%, SBPaJ225%, and SBPaJ325%), (SBPz,SBPzJ1, SBPzJ2, SBPzJ3, SBPzJ125%, SBPzJ225%,
and SBPzJ325%).
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Figure 5. Comparison of the inter-annual δ18O variations of different versions of oxygen stable isotope
chronologies of J. polycarpus from 1958 to 2007, including the annually resolved chronology established
from individual analyses (A); the inter-tree pooled chronology (ITP) and the shifted 5-year block serial
pooled chronologies (SBPa, SBPr, SBPz). The scale of the blue vertical axis reflects the values of the
SBPz series.

The annually resolved δ18O chronology obtained from individual analyses (chronology A) was taken
as reference chronology for comparison with all different pooled chronologies. To reveal differences
in recorded climate signals of the different isotope chronologies, we calculated Pearson’s correlation
coefficients with the climate parameters temperature and precipitation (Figure 7 and Tables 2 and 3).
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Table 1. Statistical characteristics of the individual and mean δ18O data series: first and second order
autocorrelation (AC1 and AC2); normal distribution tests: skewness, Kurtosis, and Shapiro–Wilk test.

AC1 AC2 Skewness Kurtosis Shapiro–Wilk

Individual
analyses

Juniper1 0.37 ** 0.06 −0.52 −0.29 0.08
Juniper2 0.21 0.29 0.54 0.15 0.43
Juniper3 0.16 0.13 −0.04 0.37 0.59

A 0.26 0.06 0.2 −0.52 0.42

Pooling

ITP 0.38 ** 0.08 −0.29 −0.09 0.86
SBPr 0.69 ** 0.50 ** −0.52 0.75 0.65

SBPrJ1 0.45 ** 0.11 −0.66 −0.16 0.01
SBPrJ2 0.40 ** 0.37 * 0.67 0.06 0.15
SBPrJ3 0.25 0.17 0.23 0.20 0.56

SBPrJ125% 0.60 ** 0.27 −0.64 −0.28 0.04
SBPrJ225% 0.61 ** 0.48 ** 0.36 −0.69 0.23
SBPrJ325% 0.47 ** 0.37 * 0.33 −0.20 0.66

SBPa 0.87 ** 0.68 ** 0.17 0.01 0.41
SBPaJ1 0.49 ** 0.15 −0.60 −0.10 0.01
SBPaJ2 0.49 ** 0.41 ** 0.60 0.15 0.22
SBPaJ3 0.38 * 0.25 0.24 0.10 0.67

SBPaJ125% 0.67 ** 0.38 * −0.46 −0.18 0.23
SBPaJ225% 0.71 ** 0.56 ** 0.45 −0.04 0.24
SBPaJ325% 0.64 ** 0.45 ** 0.34 −0.12 0.49

SBPz 0.83 ** 0.6 ** −0.04 0.10 0.72
SBPzJ1 0.58 ** 0.29 * −0.50 −0.41 0.03
SBPzJ2 0.54 ** 0.44 ** 0.34 0.10 0.88
SBPzJ3 0.55 ** 0.37 ** 0.39 −0.08 0.35

SBPzJ125% 0.75 ** 0.49 ** −0.33 −0.27 0.52
SBPzJ225% 0.73 ** 0.55 ** 0.08 −0.01 0.83
SBPzJ325% 0.74 ** 0.51 ** 0.23 −0.40 0.22

Double and single asterisks indicate significant correlations at the p-value < 0.05 and p-value < 0.01 levels, respectively.

Table 2. Significant climate- δ18O correlation of various chronologies during current year.

Precipitation Temperature

Apr May Winter Spring Jan Feb Mar Apr May Winter Spring

A –0.44 * –0.59 ** –0.39 * –0.59 ** A 0.50 ** 0.42 * 0.45 * 0.45 * 0.50 *
ITP –0.51 ** –0.42 * –0.47 * ITP 0.49 * 0.46 * 0.53 ** 0.42 *

SBPr SBPr
SBPrJ1 –0.66 ** –0.60 ** SBPrJ1 0.48 * 0.53 *
SBPrJ2 SBPrJ2 0.45 * 0.52 * 0.46 * 0.50 *
SBPrJ3 SBPrJ3

SBPrJ125% –0.58 ** –0.52 * SBPrJ125% 0.46 * 0.46 * 0.43 *
SBPrJ225% SBPrJ225% 0.45 * 0.46 *
SBPrJ325% SBPrJ325%

SBPa SBPa
SBPaJ1 –0.67 ** –0.61 ** SBPaJ1 0.49 * 0.55 ** 0.44 *
SBPaJ2 –0.43 * SBPaJ2 0.44 * 0.44 * 0.54 * 0.47 * 0.52 *
SBPaJ3 SBPaJ3

SBPaJ125% –0.59 ** –0.54 * SBPaJ125% 0.45 * 0.51 * 0.46 *
SBPaJ225% SBPaJ225% 0.44 * 0.49 * 0.48 * 0.46 *
SBPaJ325% SBPaJ325% 0.43 *

SBPz SBPz
SBPzJ1 –0.57 ** –0.50 * SBPzJ1 0.53 ** 0.46 *
SBPzJ2 SBPzJ2 0.43 * 0.46 *
SBPzJ3 SBPzJ3 0.42 *

SBPzJ125% –0.46 * –0.41 * SBPzJ125% 0.45 * 0.44 *
SBPzJ225% SBPzJ225% 0.43 * 0.44 *
SBPzJ325% SBPzJ325% 0.40 *

Double and single asterisks indicate significant correlations at the p-value < 0.05 and p-value < 0.01 levels, respectively.
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Table 3. Significant climate- δ18O correlation of various chronologies during the previous year.

Precipitation Temperature

Py Mar Py Apr Py May Py Aug Py Sep Py Spring Py Summer Py Jan Py Feb PMar Py May Py Sep Py Winter Py Spring

A –0.40 * –0.37 –0.53 ** –0.52 ** A
ITP –0.40 * –0.55 ** 0.42 * –0.52 ** ITP

SBPr –0.57 ** 0.50 * –0.50 * 0.48 * SBPr 0.46 * 0.51 *
SBPrJ1 –0.53 * –0.64 ** 0.45 * –0.60 ** SBPrJ1
SBPrJ2 0.49 * 0.44 * 0.57 ** SBPrJ2 0.58 ** 0.45 * 0.50 *
SBPrJ3 –0.52 * –0.50 * 0.47 * –0.51 * SBPrJ3 0.46 *

SBPrJ225% –0.49 * –0.66 ** 0.50 * –0.61 ** 0.48 * SBPrJ225%
SBPrJ225% –0.50 * 0.540 * 0.46 * 0.59 ** SBPrJ225% 0.46 * 0.57 ** 0.55 **
SBPrJ325% –0.46 * –0.56 ** 0.46 * –0.53 * 0.46 * SBPrJ325% 0.46 * 0.44 * 0.51 *

SBPa –0.44 * –0.60 ** 0.60 ** 0.47 * –0.58 ** 0.63 ** SBPa 0.46 * 0.51 * 0.48 * 0.49 *
SBPaJ1 –0.55 ** –0.65 ** 0.49 * –0.62 ** 0.48 * SBPaJ1
SBPaJ2 –0.43 * 0.52 * 0.46 * 0.61 ** SBPaJ2 0.58 ** 0.45 * 0.49 *
SBPaJ3 –0.56 ** –0.55 ** 0.50 * –0.56 ** 0.50 * SBPaJ3 0.44 * 0.50 * 0.49 * 0.52 *

SBPaJ125% –0.54 * –0.43 * –0.67 ** 0.55 ** –0.64 ** 0.56 ** SBPaJ125%
SBPaJ225% –0.53 * 0.58 ** 0.49 * –0.49 * 0.65 ** SBPaJ225% 0.56 ** 0.51 * 0.46 *
SBPaJ325% –0.53 * –0.59 ** 0.49 * 0.51 * –0.59 ** 0.57 ** SBPaJ325% 0.46 * 0.52 * 0.51 * 0.52 *

SBPz –0.52 ** 0.47 * –0.41 * 0.51 ** SBPz 0.41 *
SBPzJ1 –0.41 * –0.61 ** 0.43 * –0.56 ** SBPzJ1
SBPzJ2 –0.43 * 0.44 * 0.50 * SBPzJ2 0.41 *
SBPzJ3 –0.44 * –0.54 ** 0.47 * –0.46 * 0.49 * SBPzJ3 0.45 * 0.43 * 0.50 *

SBPzJ125% –0.59 ** 0.48 * –0.52 ** 0.47 * SBPzJ125%
SBPzJ225% –0.49 * 0.48 * 0.52 ** SBPzJ225% 0.41 *
SBPzJ325% –0.53 ** 0.44 * 0.41 * –0.44 * 0.50 * SBPzJ325% 0.42 * 0.45 *
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Table 2. Significant climate- δ18O correlation of various chronologies during current year.  

Figure 7. Correlations between A, ITP, SBPr, SBPa, and SBPz δ18O chronologies and precipitation (a,b)
and temperature (c,d) for a 12-month period from October of the previous growing season (py O) until
September of the growth year (S), seasonally averaged data (previous autumn: py OND, winter: JFM;
spring: AMJ; summer JAS) (a,c), a 9-month period from January (py J) until September of the previous
growing season (py S), and seasonally averaged data (winter: py JFM; spring: py AMJ; summer: py
JAS) (b,d). Correlations were calculated for the period 1958–2007. Black and red horizontal lines
indicate significant correlations at the p-value < 0.05 and p-value < 0.01 levels, respectively.
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3. Results and Discussion

3.1. δ18O Variations among Different Individual and Pooled Chronologies

The statistical results for the three individual isotope series (juniper 1, 2, and 3), and the mean
chronology derived from 5 individual δ18O series (A) and pooled chronologies are presented in Figure 4.

The mean of the inter-tree pooled δ18O series ITP (mean = 31.88%�) shows only subtle differences
compared to the δ18O chronology averaged from individual tree series (A; mean = 32.11%�), followed
by SBPa (mean = 31.56%�) and SBPr (mean = 31.49%�), respectively (Figure 4).

A visual comparison of the patterns of inter-annual variations of δ18O values in “A”, serial (SBPr,
SBPa, SBPz) and inter-tree pooled chronologies are shown in Figure 5. Inter-annual variability of δ18O
in the inter-tree pooled chronology (SD = ±0.82, range = 3.93) is higher than that of the serial pooled
chronologies (SDSBPr = ±0.29, rangeSBPr = 1.54; SDSBPa = ±0.38, rangeSBPa = 1.74). As expected the
smoothed shifted 5-year block serial pooled series conserves a lower amount of high-frequency signals
and consequently extreme events, with the exception of SBPz (SDSBPz = −0.02 ± 0.6, rangeSBPz = 2.88).
Our results confirm the findings of Boettger and Friedrich [14] of smaller standard deviations and
highly damped high frequency signals for the shifted five-year blocks data.

All δ18O series measured on pool show similarities with “A”, especially during common minimum
years (1991–1996 (except SBPr), 1965, 1974, and 1983) (Figure 5). Inter-tree pooled chronology shows
higher synchronism of inter-annual variations with the chronology A, especially during 1981–1999.
Nonetheless, there are differences among chronologies in individual years, for instance a rapid increase
of δ18O values in 1970 was observed in pooled chronologies, while in same year chronology A shows
declining values. Besides, several events do not coincide between chronologies.

When comparing δ18O chronologies derived from pooled and individual tree rings at two
locations from the Iberian Peninsula, Dorado Liñán et al. [15] found a generally good agreement
between inter-tree pooled chronologies and the mean series of individual values. They cautioned that
the mean δ18O values for pooled and averaged values of the mean master series differed by 0.25%� and
0.36%� in two study sites, while SD was similar among the two types of isotope series. In the present
study, mean differences between “ITP” and “A” are substantially lower (0.02%�), with a high degree of
variability and standard deviation highly similar to “A” (Figures 4 and 5).

For the purpose of saving time and effort in sample preparation, inter-pooling of the tree rings
was done regardless of the mass contribution of each tree ring [13,16,22,26,41]. In compliance with
Szymczak et al. [4], the features reflected in the inter-tree pooled chronology confirm that pooling
without considering different contributions of the single trees produces a reliable isotope chronology
which does not suffer from error associated with unequal mass contributions of individual tree rings.

The correlations between different δ18O chronologies are shown in Figure 6. Pearson correlation
coefficients between pooled and individual chronologies confirmed that all variants of chronologies
were significantly correlated to at least one other chronology version. Significant correlations among
all chronologies reveal common variance between the pooled δ18O series and the annually resolved
chronology A. The correlations tended to be higher between inter-annual variations of the inter-tree
pooled “ITP” and the “A” chronologies (rITP/A = 0.86; p < 0.01) and much lower but still significant
between the shifted 5-year block series and the A chronology (rSBPr/A = 0.46, rSBPa/A = 0.55, rSBPz/A =

0.56; p < 0.01) [14,19]. This underlines the higher degree of agreement and the highly synchronous
isotope signal in the annually resolved inter-tree pooled series and chronology A.

Treydte et al. [51] reported highly significant correlations of 0.85 between pool-individual
chronologies from juniper tree-ring cellulose from northern Pakistan, which is in agreement with
our result. However, studies by Dorado Liñán et al. [15] and Szymczak et al. [4] conducted from
conifer species from different regions have shown lower pool-individual chronologies correlations of
approximately 0.66.
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Autocorrelations of annually resolved δ18O series (J1, J2, J3, and A) and pooled chronologies
showed that among annually resolved δ18O series obtained from the individual analyses, only the
first-order autocorrelation of J1 (AC1 = 0.37, p < 0.01) is significant (Table 1).

Differences in autocorrelation among single δ18O series can emanate from water resource
availability for individual trees [15,55]. The evergreen juniper has a shallow root system and roots lie
close to the soil surface and use internally stored and superficial soil water supplies [56,57]. However,
some trees with deeper root systems may use winter recharge or ground water stored in the soil for
more than one growing season [55,58,59]. Furthermore, trees growing under different individual
micro-site conditions can use water after snow melt in spring for wood formation in the early growing
season. Beside, conducting stable isotope measurements of total tree rings may obscure seasonal
climate fluctuations by mixing the signals registered in earlywood and latewood [24]. Isotope signals
in earlywood are associated with isotope values of the previous year as a result of using stored
carbohydrates from the previous year and mixing them with current year photosynthetic products for
earlywood formation at the beginning of the growing season. These memory effects of preceding years
on the isotope signal [13,17] can be reduced by separating earlywood from late wood and investigating
the stable isotope signal only in the latewood of the tree ring [60,61]. On the other hand, Kress et al. [62]
found high common isotope signals between earlywood and latewood in European tree-line conifers,
suggesting that the separation of earlywood from latewood is unnecessary. They assumed that high
turnover rates and limited reserve storage in the investigated species prevent the mobilization of
carbohydrate reserves formed in the previous year. Hence, they recommended the use of whole-ring
cellulose to record the annual isotopic signal from conifer tree-ring stable isotopes. Given the narrow
tree rings of junipers and their small latewood portion of the tree ring, we used the whole tree rings for
isotope measurements [4,28].

For pooled chronologies, except for the inter-tree pooled chronology ITP which shows only
a significant first-order autocorrelation (AC1 = 0.38, p < 0.01) [15], the first and second-order
autocorrelations of all shifted 5-year block series (SBPr, SBPa, and SBPz) are significant (Table 1).
These considerations adumbrate the actual climate signal and the independence of the current year’s
growth from the previous year’s influence.

3.2. Correlations between Isotope Chronologies and Climate Parameters

Correlation analysis between isotope chronologies and climate data of individual months and
seasons of the current and previous year indicated the most common significant relationships with May
and spring precipitation in all chronologies (Figure 7). For further discussion, we therefore focused on
precipitation-proxy correlations during spring and May (Tables 2 and 3).

For chronology A, highest climate-proxy correlations are found with May precipitation
(rM = −0.59; p < 0.01) and spring precipitation (April-June; r = −0.59; p < 0.01) during the vegetation
period which last from the beginning of April until the beginning of October [44] (Figure 7a, Table 2).
∆18O values have a significant positive correlation with temperatures in different months and seasons,
e.g., with January and May and winter and spring [54] (Figure 7c, Table 2). Several tree-ring stable
isotope studies have found similar climate- δ18O relationships, like in Asian juniper species growing
on the Tibetan Plateau [28,32,39,63].

The Inter-tree pooled chronology (ITP) (rMAY = −0.51; p < 0.01) showed higher similarities in
captured climate signals with the annual resolved chronology A during the current growing season,
as both chronologies have significant negative correlations with May and spring precipitation of the
current year (Figure 7a, Table 2).

The correlation of temperatures and δ18O showed consistency between different chronologies.
The strength of the positive correlations between the ITP mean series and spring temperature of
the current year was weaker compared to series A, but still highly significant (Figure 7c, Table 2).
No significant correlations between shifted 5-year block series (SBPr, SBPa, and SBPz) were found with
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total precipitation and average temperatures of any month or seasonal average during the current year
of growth (Figure 7a,c, Table 2).

In general, δ18O of tree-ring cellulose reflects the isotopic composition of source water
(local precipitation or ground water) and the degree of evaporative enrichment in the leaves [64].
Climate signals registered in tree-ring oxygen isotope ratios are the result of direct effects of temperature
on the isotopic composition of precipitation (source water) and the dominant control of vapor pressure
(air humidity) on evaporative enrichment on the leaf level [59,65]. The observed climate-proxy
relationships reported in this study confirmed that juniper δ18O on the southern slopes of the
mountainous areas of North Iran is mainly controlled by the level of δ18O enrichment occurring
in the leaf. The strong negative and positive correlations between juniper δ18O and precipitation
and temperatures, respectively, during the growing season indicate the combined effect of spring
temperatures and precipitation on evaporative enrichment by controlling vapor pressure deficit in the
atmosphere. Accordingly, higher precipitation amounts in the early growing season are associated
with higher vapor pressure, resulting in reduced evapotranspiration and δ18O enrichment in leaf water,
and consequently lower δ18OTRC [28,63,66]. Since vapor pressure or relative humidity data are not
available, we considered precipitation amounts and temperatures in spring as a surrogates to represent
moisture conditions, as described by Foroozan et al. [54].

The significant correlation coefficients between δ18O chronologies and average monthly and
seasonal precipitation and temperature of the previous year are documented in Figure 7b,d, and Table 3.
Shifted 5-year block series (SBPr, SBPa, and SBPz), which so far showed no significant correlations
with climate parameters in the current year, along with other pooled chronologies show highly
significant correlations with climate parameters of the previous year. These correlations correspond
to the significant first and second-order autocorrelations of the shifted 5-year block chronologies.
We assumed mixing consecutive tree rings may maximize the influence of preceding years and
consequently minimize the climatic signal of the current year.

While series A is strongly correlated to precipitation of May (rpy May = −0.53; p < 0.01) and spring
season (rpy Spring = -−0.52; p < 0.01) of the previous year, SBPa is negatively correlated with precipitation
in May (rpy May = −0.6; p < 0.01) and spring (April-June; rpy Spring = −0.58; p < 0.01). Series SBPr, ITP,
and SBPz were significantly correlated to precipitation of May (rpy May = −0.57; p < 0.01; rpy May = −0.55;
p < 0.01 rpy May = −0.52; p < 0.01) of the previous year, respectively.

3.3. Mixed Block-Pooling and Individual Series Chronology

To avoid loss of variance and of extreme event signals using the shifted 5-year blocks-serial
pooling, we added a single isotope series obtained from the individual analyses to the shifted 5-year
block series [19]. The addition of one annually resolved series increased the δ18O mean values in all
the mixed chronologies of SBPr, SBPa, and SBPz, even exceeding the mean δ18O value of chronology A
(mean SBPrJ1 = 32.3; mean SBPaJ1 = 32.33) (Figure 4).

Furthermore, the ranges of maximum and minimum δ18O values in mixed chronologies have
almost doubled (e.g. range SBPrJ2 = 3.40) and are correspond to those of the annually resolved
chronology A. All mixed chronologies assessed higher standard deviations than 0.5, and the highest
SD was found for SBPaJ1 and SBPzJ1 (SD = ±0.72), being close to the characteristics of chronology A
(SD = ±0.88). Hence, adding one additional series resulted in a strongly increased high-frequency
signal in all shifted 5-year block, as already reported by [19]. Adding one of the individual series of
juniper trees (1, 2, or 3) had different effects on the improvement of serial pooled series (Figures 4 and 8,
Table 1). However, correlations between mixed chronologies (SBPrJ1, SBPrJ2, SBPrJ3, SBPaJ1, SBPaJ2,
SBPaJ3, SBPzJ1, SBPzJ2, and SBPzJ3) and chronology A are all significant (p < 0.01) and range from 0.87
to 0.74 (Figure 6). While three chronologies mixed with J1 are correlating with chronology A higher
than 0.8, the other six mixed chronologies correlated above 0.7, respectively.
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Figure 8. Comparison between the inter-annual δ18O variations of the mean annually resolved
chronology A and the mixed δ18O chronologies of (a) SBPr includes SBPrJ1, SBPrJ2, and SBPrJ3, (b) SBPa

includes SBPaJ1, SBPaJ2, and SBPaJ3; (c) SBPz includes SBPzJ1, SBPzJ2, and SBPzJ3 over the period 1958
to 2007. In chart©, the scale of the primary (left) vertical axis reflects the values of the A chronology.

A highly significant correlation between mixed SBPr and A (rSBPrJ1/A = 0.85, rSBPrJ2/A = 0.75,

rSBPrJ3/A = 0.75; p < 0.01) compared to a less significant correlation between SBPr and A (r SBPr/A = 0.46;
p < 0.01) suggests statistical uncertainty associated with the inter-tree variability in mixed chronologies
by adding variability not related to climatic forcing but to individual isotope signals (Figure 6).
This problem could emerge by the disparity in SD and mean between the single δ18O series and
shifted 5-year blocks. Constructing a mean chronology from isotope series with high variability
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between their means can bias the mean chronology towards the isotope series with the highest mean
isotopic value [15]. It is a reasonable assumption that the mixed chronology tends to retain δ18O
variations and the high frequency signal captured by one additional single individual isotope series.
A number of studies have already shown high inter-tree variabilities in oxygen isotope ratios in
tree species of other genera [1,4,15,26]. Possible sources of inter-tree variability can be related to the
circumferential isotope variation, microenvironmental and tree genetic factors. Changes in various
decisive environmental factors such as insolation, temperature, and moisture availability exert a strong
influence over photosynthesis and transpiration and consequently influence the respective tree-ring
isotope record.

In a next step, we tested the influence of adding an individual isotope series to the block pooled
data by giving different weights to the added series. To account for the mass contribution to the final
chronology, we weighed the added annually resolved series with only 25% and the shifted 5-year
block series with 75% for producing mixed pooled chronologies. The aim was to examine the influence
of adding different individual isotope series of J1, J2 and J3 to obtain a representative mixed isotope
chronology and a mean isotope value for the study site. The Kruskal–Wallis H test showed statistically
significant differences between δ18O mean values of the mixed chronologies of SBPr (χ2 (6, N = 46) =

58.01, p = 0.00) and SBPa (χ2 (6, N = 46) = 45.74, p = 0.00) with the different sample weights (Table S2).
However, z-scores of mixed chronologies did not significantly differ by treatments. Post-hoc Tu’ey’s
HSD tests showed that mixed chronologies with the incorporation of J1, whether weighted by 25% or
50% (equally weighted), had significantly (p < 0.05) different δ18O mean values from the other mixed
chronologies with a mean rank δ18O values of 237.78 for SBPrJ1, 193.67 for SBPrJ125%, 231.35 for SBPaJ1,
and 189.40 for SBPaJ125%. All other differences were not significant (not shown).

Numerical tests for normality revealed that all chronologies met the assumption of normally
distributed variables except SBPrJ1, SBPrJ125%, SBPaJ1, and SBPzJ1. Albeit, SBPr, SBPa, and SBPz were
normally distributed, but their mixed chronologies with J1 were not normally distributed. Even after
running the statistical test to transform the data to the normal distribution they were quite robust
to violate certain properties, including normal distribution or homogeneity of variances. Statistical
analysis for the detection of skewed distributions and the Shapiro–Wilk test of normality are described
in table 1.

With the incorporation of J1, J2, and J3 into the shifted 5-year block series, first-order autocorrelations
of all mixed chronologies were reduced but still remained significant (except SBPrJ3) (Table 1). However,
mixed series in combination with J1 and J3 contained no significant second-order autocorrelation, while
the J3 series had the greatest impact on reducing autocorrelations in mixed series. Chronologies derived
from SBPz had the highest average of first-order and second-order autocorrelations (AC1 = 0.55 and
AC2 = 0.37, p < 0.01) (Table 1).

We evaluated the influence of current and previous year’s climate on isotope signals in mixed
chronologies. By adding J1 to shifted 5-year block series, climate signals of precipitation during
May and the spring season significantly appeared in the mixed chronologies (Table 2). The δ18O
records in SBP2J1 showed the highest relationships with precipitation during May and the spring
season (rSBPaJ1/May rainfall = −0.67 and rSBPaJ1/spring rainfall = 0.61; p < 0.01). Giving reduced weight to
the J1 series, climate-δ18O relationships become weaker (rSBPaJ125%/May rainfall = −0.59; p < 0.01 and
rSBPaJ125%/spring rainfall = 0.54; p < 0.05), and the weakest relationships resulted for (rSBPzJ125%/May rainfall

= −0.46 and rSBPzJ1/spring rainfall = 0.41; p < 0.05) (Table 2). The same effect was found by Haupt et al. [19],
who proposed that high frequency signals and both temperature correlation and sensitivity coefficients
increased significantly by adding one annual series by weighing it 100% to a block-pooled chronology.

However, we found no precipitation-proxy correlations in mixed chronologies in combination
with J2 and J3 (except rSBPaJ3/spring rainfall = −0.43; p < 0.05) for growth year (Table 2).

Stronger climate-proxy relationships of mixed chronologies were observed for climate signals of
the preceding year. Correlations for the mixed chronologies vary depending on the added individual
series (J1, J2, J3). Evaluating the significant correlations of the δ18O mixed series with precipitation of
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May and spring of the previous year confirmed that adding a series with annual resolution to build
the mixed chronology had different influences on climate-proxy correlations and may even weaken
the climate-δ18O correlation. For example, adding J1 to the shifted 5-year block series SBPr lead to an
increase in correlation for the mixed chronology of SBPrJ1 from (rSBPr/py May rainfall = 0.57; p < 0.01) to
(rSBPrJ1/py May rainfall = 0.64; p < 0.01). In contrast, mixed chronologies in combination with J2 conceal
this relationship and showed no significant correlations with precipitation of May or spring of the
previous year (Table 3).

We thus caution that the efficacy of mixed chronologies varies greatly with the selected additional
annually resolved isotope series added to the block-pooled chronologies. The results of this study
suggest that one arbitrarily selected additional δ18O series is not a reliable and adequate contribution
to the pooled chronology to improve the properties of the mean isotopic signature. If the major aim of
the study is to robustly assess the common climate signal at a site for climate reconstruction purposes,
a mixed chronology has an increased risk of registering tree-dependent individual climatic signals.

4. Conclusions

The particular purposes for constructing a site-specific isotope chronology and the available
resources are decisive factors in selecting appropriate sampling and pooling strategies [14,17,19].
This study explored the effect of various pooling methods on the statistical characteristics and climate
responses of a site-specific δ18O-chronology, and the possibility of using pooled isotope chronologies
for paleoclimate reconstruction in Northern Iran. Comparable to the results of other studies that
used different pooling methods, such as inter-tree pooling [27–29] and shifted serial pooling [14,19],
our pooled chronologies contained a significant climate signal. However, the linkage between
δ18OTRC and climate variables during the current year has been masked in the shifted 5-year block
series, since conditions during preceding years have a strong influence on the isotope signal of
these chronologies.

We also found that the mean of isotopic data from individually analyzed juniper trees arguably
carry a stronger climate signal than any version of pooled chronologies [38]. Our investigation suggests
that δ18O values of the pooled and single chronologies are both interpreted mainly in terms of site
moisture conditions controlled by precipitation, despite of significant differences in the captured
signals. This study proposes that inter-tree pooling best represents an alternative to individual-tree
isotope measurements, since the resulting chronology showed the strongest climate sensitivity and
synchronous δ18O variations with chronology A derived from averaging individual tree isotope series,
whilst at the same time maintaining the main advantages of pooling concerning time and cost efficiency.

We suggest that serial pooling of shifted pentad blocks can be a practical and satisfactory
alternative to extend a long δ18O chronology, when tree rings are extremely narrow, and/or increasing
the replication of isotope measurements in a cost-effective way is the primary research interest. Besides,
the shifted serial pooling approach is recommended for studies evaluating primarily low frequency
signals and long-term trends in δ18O variations, while discarding high frequency signals and extreme
event years.
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