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A B S T R A C T   

Clanwilliam cedar (Widdringtonia cedarbergensis; WICE), a long-lived conifer with distinct tree rings in Cape 
Province, South Africa, has potential to provide a unique high-resolution climate proxy for southern Africa. 
However, the climate signal in WICE tree-ring width (TRW) is weak and the dendroclimatic potential of other 
WICE tree-ring parameters therefore needs to be explored. Here, we investigate the climatic signal in various 
tree-ring parameters, including TRW, Minimum Density (MND), Maximum Latewood Density (MXD), Maximum 
Latewood Blue Intensity (MXBI), and stable carbon and oxygen isotopes (δ18O and δ13C) measured in WICE 
samples collected in 1978. MND was negatively influenced by early spring (October-November) precipitation 
whereas TRW was positively influenced by spring November-December precipitation. MXD was negatively 
influenced by autumn (April-May) temperature whereas MXBI was not influenced by temperature. Both MXD and 
MXBI were negatively influenced by January-March and January-May precipitation respectively. We did not find 
a significant climate signal in either of the stable isotope time series, which were measured on a limited number 
of samples. WICE can live to be at least 356 years old and the current TRW chronology extends back to 1564 CE. 
The development of full-length chronologies of alternative tree-ring parameters, particularly MND, would allow 
for an annually resolved, multi-century spring precipitation reconstruction for this region in southern Africa, 
where vulnerability to future climate change is high.   

1. Introduction 

Reliable instrumental climate measurements are only available 
globally for approximately the past century (Jones et al., 2009). Climate 
proxies that provide longer time series are therefore needed to put 
current and projected anthropogenic climate change in a longer-term 
perspective (Kaufman et al., 2020). Tree-ring data, primarily based on 
tree-ring width (TRW) measurements, are one of the most widely used 
and geographically distributed high-resolution climate proxies to study 
the climate of the Common Era (Ahmed et al., 2013; Büntgen et al., 
2011). In addition to TRW, many other tree-ring parameters offer po-
tential for quantitative climate reconstruction. In the Northern 

Hemisphere (NH), Maximum Latewood Density (MXD) is a reliable 
proxy for summer temperature (Anchukaitis et al., 2017; Klippel et al., 
2019; St. George and Esper, 2018; Trouet et al., 2012), because it reflects 
the cell-wall thickness of latewood cells that is positively influenced by 
temperature at higher latitudes (Rathgeber, 2017). Minimum density 
(MND), on the other hand, often occurs early in the growing season and 
is negatively impacted by moisture (Camarero et al., 2014, 2017) 
because of its hydraulic-functional response to climate, with wider 
lumina corresponding to lower density in the earlywood (Björklund 
et al., 2017). Both MXD and MND can be measured using X-ray densi-
tometry, which is a labor-intensive and time-consuming method 
(Schweingruber, 1988). As an alternative method, Maximum Latewood 
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Blue Intensity (MXBI) (Björklund et al., 2014; Campbell et al., 2011; 
Rydval et al., 2014) requires no advanced equipment, but the reliability 
of MXBI data as climate proxies depends on surface treatment and their 
skill in capturing low-frequency climate trends is debated (see 
(Björklund et al., 2019)). Recent advances in X-ray Computed micro 
tomography (X-ray CT) for tree cores (De Mil et al., 2016) also provide 
reliable density estimates without sample preparation (Björklund et al., 
2019; Van den Bulcke et al., 2014). In addition to these methods, the 
quantitative measurement of wood anatomical traits has recently shown 
great potential as a high-resolution climate proxy (De Mil et al., 2019; 
Fichtler and Worbes, 2012; Olano et al., 2013; Pritzkow et al., 2016). 
Finally, carbon (δ13C) and oxygen (δ18O) stable isotope measurements 
have also successfully been used for the development of century-long 
precipitation reconstructions (McCarroll and Loader, 2004; Treydte 
et al., 2006; Andreu-Hayles et al., 2017). 

Most tree-ring chronologies (predominantly TRW) available in the 
International Tree-Ring Database (ITRDB) (National Climate Data Cen-
ter, 2011) are located in the NH, whereas climate-sensitive, annually 
resolved tree-ring data are less available in the Southern Hemisphere 
(SH), where there is less land mass. Moreover, only few of the above- 
mentioned tree-ring parameters, other than TRW, have been examined 
in the SH, with the exception of density and cellular parameters in 
Australia & New Zealand (e.g. Allen et al., 2012, 2019,2018; Blake et al., 
2020; Drew et al., 2013; O’Donnell et al., 2016) and stable isotopes in 
South America (e.g. Lavergne et al., 2017; Roig et al., 2006) and in 
Central Africa (Colombaroli et al., 2016). 

In southern Africa, paleoclimate proxies include only a limited 
number of tree-ring records (but see e;g; Therrell et al., 2006; Trouet 
et al., 2010; Woodborne et al., 2018; Ngoma et al., 2017), but other 
annual-resolution records include documentary records, such as mis-
sionary correspondence (Endfield and Nash, 2002) and shiplog records 
(Hannaford et al., 2015; Nicholson et al., 2012), and lower-resolution 
proxies that include diatom records (Stager et al., 2012), hyrax mid-
dens, sediment cores, speleothems, pollen, and micro-charcoal records 
(e.g. Chase et al., 2015; Scott et al., 2021; Tyson et al., 2002; Valsecchi 
et al., 2013). In South Africa, only one crossdated TRW record 
(1564–1977 CE) has been developed, based on clanwilliam cedar 
(Widdringtonia cedarbergensis; WICE) from the “Die Bos” site in the 
Cedarberg mountains (Dunwiddie and LaMarche, 1980), where also 
pooled δ13C records were measured on the same trees (February and 
Stock, 1999). 

The climate in this southwestern South Africa region is Mediterra-
nean, with wet and cool winters (April to September) and dry and warm 
summers (October to March) and is classified as a winter rainfall zone 
(Chase and Meadows, 2007; Neukom et al., 2014). The winter rainfall 
zone is projected to be prone to future droughts and rising temperatures, 
with negative effects on agriculture and livelihoods (Archer et al., 2019). 

Woody growth in WICE was estimated to occur from October to 
March (Dunwiddie and LaMarche, 1980), but radial stem growth occurs 
also from February to June, at the start of the wet winter (February et al., 
2007) and it is shown that the trees show intra-annual bands or unclear 
ring boundaries which complicates dating on a significant portion of the 
samples (February and Stock, 1998). 

Other species of the Widdringtonia genus have been explored for their 
tree-ring potential (February and Gagen, 2003), but have not been 
proven to crossdate well (Therrell et al., 2006). The climate signal is 
weak in both the WICE TRW record (Dunwiddie and LaMarche, 1980; 
Zucchini and Hiemstra, 1983) and the δ13C record (February and Stock, 
1999), which warrants the investigation of additional WICE tree-ring 
parameters. 

Here we perform a multi-parameter dendroclimatic analysis 
including annual MND, TRW, MXD, MXBI, δ18O, and δ13C measurements 
from WICE cores from the Die Bos collection (Dunwiddie and LaMarche, 
1980). Our aim is to explore the strength of precipitation and temper-
ature signals in these various tree-ring parameters. We focus particularly 
on density parameters (MND and MXD), which offer great potential for 

high-resolution climate reconstruction in regions that were previously 
not considered suitable. We hypothesize that:  

1 MND, TRW, δ18O, and δ13C measurements contain a precipitation 
signal;  

2 MXD and MXBI measurements contain a temperature signal. 

Our multi-tree-ring parameter approach is aimed at investigating the 
potential of tree-ring data to reconstruct climate in the Mediterranean 
region of South Africa, which recently has experienced a strong multi- 
year rainfall deficit (Wolski et al., 2021). 

2. Material and methods 

2.1. Study area 

The “Die Bos” site (-32.4 ◦S, 19.22 ◦E) is located in the Cedarberg 
mountain range in South Africa at an altitude of 1330 m above sea level 
(Zucchini and Hiemstra, 1983) (Fig. 1A). The site is in a winter rainfall 
zone with mean annual temperature of 16.6 ◦C and mean annual pre-
cipitation of 355 mm. The majority of the annual precipitation falls in 
the winter months (May-August; Fig. 1B). The site is part of the fynbos 
biome (February et al., 2007) and the trees grow on rocky substrate. 

2.2. Tree-ring samples 

For the X-ray CT measurements (MXD and MND), we selected 20 
WICE cores from 10 trees collected at the “Die Bos” site in March 1978 
(Dunwiddie and LaMarche, 1980). These samples are archived in the 
University of Arizona Laboratory of Tree-Ring Research (LTRR). We 
based our selection of samples from the collection on the interseries 
correlation of the original (55) dated TRW series (Dunwiddie and 
LaMarche, 1980). 

As shown above, the growing season is from October to March 
(Dunwiddie and LaMarche, 1980) but recent intra-annual diameter 
measurements have shown growth from February to June (February 
et al., 2007). Cambial growing season of conifers at extratropical lati-
tudes (such as Die Bos) is primarily defined by daylength and photo-
period (e.g. Morino et al., 2021; Polgar and Primack, 2011). The cambial 
growing season of trees in similar SH Mediterranean climates (e.g. 
Mundo et al., 2010) is defined from approximately October until April 
and thus similar to the definition of our growing season. The actual 
growing season could potentially be longer than the October-March 
period. For instance, our samples were collected in March 1978 and 
the latewood of the most recent 1977–1978 ring was not fully formed 
yet (Figs. 2B, S1). This suggests that in March, the growing season was 
ending (latewood formed), but that the trees were not dormant yet. In 
addition, unclear tree-ring boundaries and intra-annual bands (February 
and Stock, 1998) confirm that there could indeed be resumption of 
growth due to favourable conditions in late summer/fall. 

To be conform with other paleoclimate reconstructions in southern 
Africa (e.g. Therrell et al., 2006), the Shulman shift (Schulman, 1956) 
was not applied, i.e. TRW values were assigned to the year when the 
growing season (October-March) starts. For MXBI measurements, we 
selected a subset of 10 cores from 7 trees with the best sanding quality 
and fewest resin ducts to avoid artefacts. Stable carbon and oxygen 
isotopes were measured on another subset of 4 cores. 

2.3. X-ray CT toolchain and blue intensity 

The 20 samples were X-ray CT scanned while still mounted. To allow 
for this, we reduced the size of the sample holders by cutting the section 
that contained the core (Fig. 2A) in order to fit into the sample holder. 
We extracted the samples in a Soxhlet apparatus for 24 h in ethanol to 
remove resins and extractives. We then scanned samples at 10 μm with 
the HECTOR scanning system (Van den Bulcke et al., 2019), which is a 
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high-energy CT scanner optimized for research, developed by the UGent 
Centre for X-ray tomography (Masschaele et al., 2013), controlled by a 
LabVIEW® based software platform (Dierick et al., 2010). The acquired 
projections were reconstructed to 3D volumes using Octopus Recon-
struction (Vlassenbroeck et al., 2007). Separate volumes were then 
stitched together using a custom-written macro routine in ImageJ, based 
on a stitching algorithm (Preibisch et al., 2009). Within the resulting 
digital volume of each sample holder that holds the cores (Fig. 2B), we 
labelled and cropped individual cores and further selected volumes to 
avoid having glue and support in the final 3D core with ImageJ (Fig. 2C) 
(Schneider et al., 2012). For some sections within the cores we were 
unable to measure density, as there was not enough core volume left due 
to excessive sanding (Fig. S2). 

We further treated the 3D images using the Densitometry Toolbox 
software (De Mil et al., 2016), available on www.dendrochronomics. 
ugent.be. First, we loaded the 3D images into the graphical user 

interface, where we measured the rings on the transversal and radial 
plane. After both correcting for ring and grain angle (Van den Bulcke 
et al., 2014), a density profile is obtained from this 3D image. Subse-
quently, MND and MXD are calculated as the minimal and maximal 
value of that profile within a given year (Fig. 2C). After verifying our 
ring indications made in the software with the years marked on the cores 
(Dunwiddie and LaMarche, 1980) and the TRW data from the ITRDB, we 
exported TRW, MND, and MXD series for further analysis. 

We measured MXBI at 1400 DPI (which equals ~ 18 μm resolution) 
using a flatbed scanner (EPSON 10,000 XL) using the Windendro 2014 
software (Regents Instruments). We measured MXBI for the most recent 
portion of the crossdated cores (1901–1978) and removed the MXBI 
measurement of the most recent ring, which often had very little late-
wood (due to sampling seasonality and adjacency to the bark) and hence 
artificially low MXBI values (Rydval et al., 2014) (Figs. 2A, S1). 

Fig. 1. (A) Study area with indication of the Die Bos site (indicated with dot) with a photograph of a Widdringtonia cedarbergensis tree (Valmore LaMarche Jr). (B) 
Average monthly temperature (bold line) and total monthly precipitation (bars) averaged over a wider region of the Die Bos Site in the cedarberg mountains (32.2- 
32.6 ◦S and 19.1.-19.3 ◦E) with mean annual precipitation sums (355 mm) and mean annual temperature (16.6 ◦C) for the period 1901 – 2018. The climate data were 
extracted from CRU TS4.03 0.5 ◦ gridded data set (Mitchell and Jones, 2005). 

Fig. 2. (A) A Widdringtonia cedarbergensis sam-
ple from the Die Bos site (sampled in March 
1978 and currently in the UA LTRR collection), 
where the mount was cut to fit into the X-ray CT 
foam sample holder (B) 3D rendering of an X- 
ray CT image stack, showing the sample holder 
with 6 cores (mount and glue still attached),. 
(C) Section of a sample, wherein a volume of 
core is selected that only contains WICE wood 
and no glue or mount (D) Transversal slice of an 
X-ray CT volume of WICE wood showing the 
ring boundaries (open triangles) and density 
variations in grey values. The corresponding 
density profile (in pale blue) with indication of 
minimum density (MND) and maximum density 
(MXD). Rendering was done in VGStudio Max 
(Volume Graphics). Resolution of the recon-
structed volumes is 10 μm.   

T. De Mil et al.                                                                                                                                                                                                                                  

http://www.dendrochronomics.ugent.be
http://www.dendrochronomics.ugent.be


Dendrochronologia 69 (2021) 125879

4

2.4. Isotope analysis 

For stable isotope analyses of C and O, a subset of four trees with high 
TRW inter-series correlations were selected. Because the tree cores were 
mounted with a water-soluble glue, a simple immersion in hot water was 
sufficient to remove the glue and process the tree cores for cellulose 
extraction and stable isotope measurements. Annual growth rings were 
manually separated using a razor blade. The wood samples were ground 
to 20 meshes and α-cellulose was extracted following the protocol 
described in Leavitt (1993), including the addition of NaOH to remove 
hemicellulose. The α-cellulose extracted from each sample underwent a 
sonication step to ensure homogenization. δ13C and δ18O were measured 
for 30 years (1948-1978 CE) from each tree (n = 4). Subsamples of 0.15 
and 0.30 mg of the resultant cellulose were measured for δ13C and δ18O, 
respectively, using an isotope-ratio mass spectrometer at the University 
of Maryland (Evans et al., 2016). Isotopic values were compared to the 
δ13C Vienna Peedee belemnite (VPD) ‰ and δ18O Vienna Standard Mean 
Ocean Water (VSMOW) ‰ reference standards. 

The overall precision of the isotope measurements based on replicate 
standard analyses was 0.11 and 0.31 for δ13C and δ18O respectively. The 
δ13C time series were corrected for the atmospheric δ13C decline 
following the procedure described in McCarroll et al. (2009) and using 
the compiled atmospheric δ13C data from Belmecheri and Lavergne 
(2020). In addition to this data, a pooled δ13C dataset from other Die Bos 
samples (February and Stock, 1999) was used to compare our series 
against. 

2.5. Chronology development 

We analyzed all series in R studio 1.2.1335 (Rstudio 2019) using the 
dplR library (Bunn, 2008). 

We then calculated the Expressed Population Signal (EPS) and the 
total mean interseries correlation (RBAR). We removed the age trend 
from individual TRW series using a negative exponential curve and 
using a spline of 30 years for the density and MXBI series (Cook and 
Peters, 1981). We developed the TRW, MND, MXD, and MXBI chro-
nologies by calculating bi-weight averages of the detrended individual 
series. We compared the chronologies of these parameters using a 
pairwise correlation matrix. 

2.6. Climate data and climate-correlation analysis 

The weather variables of interest are temperature and precipitation. 
In order to look at possible variations between weather stations, we 
compared the data with the CRU TS4.03 0.5 ◦ gridded data set (Mitchell 
and Jones, 2005). For precipitation, we compared the available weather 
station data being Clanwilliam (32.18 ◦S 18.90 ◦E), Algeria (32.37 ◦S 
19.06 ◦E), Citrusdal (32.59 ◦S 19.01 ◦E), Langgewens (33.28 ◦S,18.70 
◦E) and Wupperthal 32.28 ◦S 19.22 ◦E) and these covary significantly 
with the CRU data (r = 0.70− 0.96 (P < 0.001), Fig. S3 B, D). 

For temperature, there are only a limited number of stations in the 
wider region, and those nearby only cover a short period that is not fully 
overlapping with our tree-ring series. Temperature data were available 
from Cape Town (33.90 ◦S 18.50 ◦E), Okiep (29.60 ◦S 17.88 ◦E), 
Langgewens (33.28 ◦S 18.70 ◦E) and Calvinia (31.47 ◦ S 19.77 ◦E). 

These station temperature data covary significantly with the CRU 
TS4.03 0.5 ◦ gridded dataset (ranging from r = 0.58− 0.94, P < 0.05, 
Fig. S3 C, E). 

These sparse data often do not optimally represent climate variations 
at a regional scale. Therefore, monthly precipitation sums and temper-
ature averages were extracted from the CRU TS4.03 0.5 ◦ gridded data 
set (Mitchell and Jones, 2005) for a region covering the Die Bos site 
(− 32.2 – 32.6 ◦S, 19.1 – 19.3 ◦E) for the 1930− 1978 period, for which 
reliable temperature and precipitation data and tree-ring data overlap. 

We performed correlation analyses between the various tree-ring 
parameters (TRW, MXD, MND, MXBI, δ13C, and δ18O) and monthly 

and seasonal 3-month intervals (Meko et al., 2011) of precipitation and 
temperature data using the TreeClim package (Zang and Biondi, 2014). 
We expanded the dendroclimatic analysis from previous-season May to 
current-season June, to consider the full potential growing season of 
WICE. 

Additionally, we developed field correlation maps for each grid cell 
in the region using the KNMI Climate Explorer (Trouet and Van Old-
enborgh, 2013). Data and analysis scripts of the presented results are 
available through Mendeley Data https://doi. 
org/10.17632/gctzb4z348.1. 

3. Results 

3.1. Tree-ring width and density chronologies 

RBAR values were higher for TRW than for MND and MXD (Table 1). 
RBAR- and EPS-values were high for MXBI, despite the low number of 
samples. The MND and TRW chronologies were significantly negatively 
correlated with each other (r=-0.35; p < 0.01), whereas MXD and MXBI 
were significantly positively correlated (r = 0.67; p < 0.01) (Fig. 3; 
Table 2). The δ18O and δ13C series were significantly positively corre-
lated with each other (r = 0.69; p < 0.01) (Fig. 4; Table 2) and with the 
MXD series (r = 0.43, 0.48, resp.), but not with MXBI (Table 2). RBAR 
was acceptable and EPS-values exceeded the 0.85 threshold for the δ18O 
series, but not for the δ13C series. 

3.2. Dendroclimatic analysis 

We found that cell lumina were largest, and thus density was at a 
minimum, in the earlywood of WICE (Fig. S4). MND correlates signifi-
cantly negatively with previous-year autumn (June) and negative 
current-year spring (October to November) precipitation, but not with 
temperature (Fig. 5A, B). 

TRW, on the other hand, is positively correlated with current-year 
November precipitation (Fig. 5C, D) and negatively with November to 
December temperature (Fig. 5C). MXD is significantly negatively 
correlated with current summer (January-March) precipitation 
(Fig. 5E), as well as current May temperature. This temperature corre-
lation covers a large zone in southwestern Africa (Fig. 5F). MXBI has no 
significant temperature correlations, but is influenced by current 
January-May precipitation (Fig. S5). 

The δ18O chronology (the average of 4 individual-tree δ18O series) 
was generally positively correlated with temperature and negatively 
with precipitation, but correlations were weak, apart from a negative 
September and December influence of temperature and a positive 
September response to precipitation (Fig. S7). Due to low RBAR statistics 
(Table 1), the δ13C chronology was not considered in further analysis. 
Adding previous pooled measurements from δ13C on trees of the Die Bos 
site (February and Stock, 1999) only yielded a small increase in RBAR 
and EPS (0.28 versus 19 and 0.66 versus 0.49 respectively) (Fig. S8) and 
no conclusive dendroclimatic signal as well (data not shown). Spatial 
correlations for δ18O and δ13C with monthly precipitation and temper-
ature were insignificant (data not shown). 

Table 1 
Sample size (N) and mean interseries correlation (RBAR) and Expressed Popu-
lation Signal (EPS) for tree ring width (TRW), maximum latewood density 
(MXD), minimum density (MND), maximum latewood blue intensity (MXBI), 
and stable isotopes (δ18O and δ13C).  

Tree-ring parameter N cores (trees) Period RBAR EPS 

TRW 20 (10) 1930− 1978 0.393 0.891 
MXD 20 (10) 1930− 1978 0.174 0.736 
MND 20 (10) 1930− 1978 0.268 0.809 
MXBI 10 (7) 1930− 1977 0.627 0.949 
δ18O 4 (4) 1948− 1978 0.627 0.87 
δ13C 4 (4) 1948− 1978 0.19 0.484  
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4. Discussion 

The inverse relation between MND and October-November precipi-
tation (Fig. 5A, B) suggests that spring moisture availability stimulates 
the formation of large cell lumina (Camarero et al., 2014) and thus a 
lower wood density (Rathgeber, 2017). Spring precipitation response 
has also been reported in MND series of other conifer species from 
Mediterranean regions (Camarero and Hevia, 2020) and is thus expected 
here in the Mediterranean climate of the winter rainfall zone in South 
Africa, given the similarity of precipitation seasonality and average 
growing season temperature. The secondary response to previous sea-
sonal winter (June-August) precipitation (Fig. 5A) is often influenced by 
climate conditions prior to the actual growing season that influence 
carbon storage and availability at the start of the growing season (e.g. 
Szejner et al., 2018). 

The relationship between TRW and spring precipitation, on the other 
hand, is positive with more October-November precipitation resulting in 
wider rings (Fig. 5C, D). The inverse dendroclimatic signal in MND vs. 
TRW can thus be explained by the inverse relation between these tree- 
ring parameters (Table 2, Fig. 3A, B) and by the association between 
large lumina, resulting in low density, and wide rings (Hughes et al., 
1994). 

We found that the spring precipitation signal is stronger for MND (r- 
values up to 0.51 for October-November-December) than for TRW (r- 
values up to 0.41 for October-November-December), which is possibly 
related to the generally observed lower autocorrelation values in density 
series compared to TRW (Schneider et al., 2015) as shown in Fig. S6. On 
the other hand, the positive spring precipitation signal in TRW was 
complemented by a negative influence of spring temperature (Fig. 5C), 
which reflects a negative tree-growth response to high spring tempera-
tures and associated lack of precipitation. The dendroclimatic potential 
of WICE TRW has previously been shown by Dunwiddie and LaMarche 
(1980), who reported spring precipitation and temperature responses 
that were of the same sign but weaker (r-values up to ~0.2) than the 
responses in our study. This weaker climatic signal can be explained by a 
combination of a shorter correlation period, as well as temperature and 
precipitation data from different weather stations (data not accessible to 
us). 

MXD and MXBI are both estimates of cell wall thickness and lumen 
area in the latewood (Björklund et al., 2019; Reid and Wilson, 2020) and 
they are significantly positively correlated with each other in WICE 
(Table 2, Fig. 3C). The climatic signal of precipitation was similar 
(Figs. S5, 5 E; (Kaczka et al., 2018)), but was generally weaker for 
temperature in MXBI compared to MXD, which is in line with the results 
found in Reid and Wilson (2020). Possibly the resin ducts and the 
surfacing had an effect on the MXBI measurements whereas X-ray CT 
does not require surface treatment. In contrast to other MXD studies at 
high-elevation Mediterranean sites (Büntgen et al., 2010; Klesse et al., 
2015; Trouet et al., 2012), we found only weak negative correlations 
between MXD and May temperature (Figs. 5E, S1). Negative fall tem-
perature influence on MXD has also been recorded in other SH tree 

Fig. 3. (A) Minimum Density (MND) (B) Tree-Ring Width (TRW) (C) Maximum 
Latewood Density (MXD) (black), and Blue Intensity (BI) (grey) chronologies 
(1930-1978) of Widdringtonia cedarbergensis from the Die Bos dataset. Shaded 
area marks the sample depth. 

Table 2 
Pearson correlation values between the Minimum Density (MND), Tree-Ring 
Width (TRW), Maximum Latewood Density (MXD), and Maximum Latewood 
Blue Intensity (MXBI) chronologies of Widdringtonia cedarbergensis from the Die 
Bos dataset. Significant correlations are marked with * (P < 0.05) and ** (P <
0.01).   

MND TRW MXD MXBI δ18O 

TRW − 0.35**     
MXD 0.32** − 0.11    
MXBI 0.10 − 0.10 0.67**   
δ18O 0.27 0.43* 0.43* 0.33  
δ13C 0.34 0.20 0.48** 0.34 0.69**  

Fig. 4. Individual tree (n = 4) time series of δ13C (A) and δ18O (B) series of Widdringtonia cedarbergensis samples from the Die Bos collection.  
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species, for instance in Huon pine in Tasmania (Drew et al., 2013) and 
manoao (silver pine) in New Zealand (Blake et al., 2020) and was 
explained by higher fall temperatures reducing the duration of second-
ary cell wall thickening phase (which results in lower MXD values). 
Nevertheless, the temperature signal in MXD is weak in our study 
(Fig. 5E, F) and, like other low-latitude MXD temperature signals, likely 
insufficient for climate reconstruction (Esper et al., 2006), but could 
possibly be improved upon with higher sample replication (Cao et al., 
2020). Along with the negative relation with temperature, we found a 
negative influence of summer (January-March) precipitation on MXD, 
which could be due to favorable conditions for growth and associated 
wider lumina in the latewood. Similar influence can be found for the 
MXBI, but more pronounced and later in the season (January-May) 
(Fig. S5). A potentially prolonged growing season (see Fig. 5 A,C,E) 
could explain both the May temperature and January-March precipita-
tion influence on MXD as well as the January-May precipitation influ-
ence on MXBI. In addition to this, findings based on the growing season 

(February et al., 2007), unclear tree-ring boundaries and intra-annual 
bands (February and Stock, 1998) and observations from Fig. S1 
confirm that there could be resumption of growth after March due to 
favourable conditions. Given the limited annual woody increment of 
WICE trees from this study (+-1.001 mm in the given 1930–1978 
period) and a previous study (February et al., 2007), the winter rainfall 
could also have caused a swelling of the bark in June-August, more than 
the actual woody growth (e.g., (Zweifel and Häsler, 2001)). Additional 
ecophysiological studies, particularly using cambial xylogenesis and 
phenology techniques, might be necessary to precisely determine the 
cambial growing season. 

Time series of all tree-ring parameters, apart from δ13C, show strong 
common variance amongst individual samples, as reflected by accept-
able RBAR and EPS-values (Table 1), given the limited number of 
samples. The limited common variance of the δ13C time series (Fig. 4A, 
Table 1, Fig. S8) can be explained by the low sample size (n = 4), but can 
as well as be related to micro-climate and soil moisture (slope) status of 

Fig. 5. Pearson correlation coefficients (1930-1978) between monthly temperature (T) and precipitation (P) values (CRU TS4.03 for -32.4 ◦ S, 19.22) and (A) MND, 
(C) TRW, and (E) MXD chronologies. Spatial correlation maps (P < 0.1) between (B) MND and October-November precipitation, (D) TRW and November-December 
precipitation, and (F) MXD and April-May temperature (CRU TS.4.03). Significant correlations (P < 0.05) are marked in dark grey. Maps were generated using the 
KNMI explorer (Trouet and Van Oldenborgh, 2013). Sampling location is marked by dot and growing season is indicated with blue bar below the respective months. 
(For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article). 
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the individual trees, which would translate into different stress status 
and thus δ13C values. Nevertheless, the combined WICE δ13C series 
showed similar interannual variability to the δ18O series (Fig. 4, 
Table 2). Despite high RBAR, we found no relevant significant climate 
responses for δ18O (Fig. S7). The lack of significant climate response of 
tree-ring δ18O possibly stems from complex interplay between variations 
in source water δ18O (precipitation, soil water) and relative humidity 
effects on stomatal conductance and therefore evaporative enrichment 
at the leaf level (Roden and Ehleringer, 1999). However, further 
investigation using proxy forward modelling could be useful in order to 
assess the tree-ring δ18O sensitivity to variations in relative humidity (vs 
source water) (Belmecheri et al., 2018). A study on the δ 18O composi-
tion of xylem water from WICE show similar patterns of xylem water and 
precipitation δ 18O series that reflect a rainout source water from the 
nearby Atlantic ocean; small interannual variations indicate a constant 
source except for rain events related to cyclone activities originating 
from the East (February et al., 2007). This suggests that potential vari-
ation in tree-ring δ 18O would be driven by variations in evaporative 
enrichment in response to soil moisture and relative humidity status. 

Most WICE tree-ring parameters (MND, TRW, MXD, MXBI) are thus 
sensitive to precipitation in the spring, summer months (October to 
March), when the majority of woody tree growth is hypothesized to 
occur (Dunwiddie and LaMarche, 1980). The Die Bos site is located at 
mid-elevation and mid-latitude, where precipitation primarily falls as 
rain rather than as snow. In contrast to higher-elevation Mediterranean 
sites, such as the Sierra Nevada in California, or the Pyrenees and 
mountain ranges in the Balkans in southern Europe, winter precipitation 
at Die Bos is thus less stored in snow on the landscape and less available 
when the trees start growing in spring. This can explain why, unlike 
other high-elevation Mediterranean tree-ring chronologies (Büntgen 
et al., 2010; Klesse et al., 2015; Szymczak et al., 2020), our WICE 
chronologies are sensitive to spring and summer, rather than winter 
precipitation. 

The climatic signal in individual tree-ring parameters is relatively 
weak (up to r=-0.51 for October-December precipitation in MND), but 
could be improved by increasing sample replication and expanding the 
calibration period to more than the 30–47 years investigated here. 
Moreover, the seasonal confluence of responses across multiple param-
eters suggests potential for multi-parameter climate reconstruction, 
particularly of spring precipitation. Such multi-parameter climate re-
constructions have, for instance, been successfully developed for the 
Bighorn Mountains in the Western USA (Hudson et al., 2019). Our study 
focused on the twentieth century portion of an existing WICE sample 
collection, which extends back to the 16th century and could thus be 
used as a base for a 350+-year long, annually resolved precipitation 
reconstruction unique to southern Africa. To optimize such a climate 
reconstruction, the Dunwiddie and LaMarche (1980) sample set, which 
was collected in 1978, will have to be updated to the present to capture 
recent climatic changes and trends. The Mediterranean region of South 
Africa is particularly vulnerable to climate change and a precipitation 
reconstruction could contribute to placing current and projected 
anthropogenic change in the context of past natural climate variability. 
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Tom De Mil received a Léon Speeckaert Fund postdoctoral fellowship 
from the King Baudouin Foundation and the Belgian American Educa-
tional Foundation (BAEF). Matt Meko and Valerie Trouet were sup-
ported by a National Science Foundation CAREER grant (AGS-1349942) 
and by a grant from the College of Science at the University of Arizona. 
The Special Research Fund of Ghent University is acknowledged for the 
support to the UGCT Centre of Expertise (BOF.EXP.2017.0007). Thanks 

to Katie Marascio for isotope sample processing. Thanks to Hans 
Beeckman (Royal Museum for Central Africa) for providing wood 
anatomical information and microsections from the xylarium collection. 
Thanks to Stijn Willen (UGent-Woodlab, Ghent University) for sample 
preparation and to Ivan Josipovic (UGCT, Ghent University), who 
optimized the X-ray CT scanning process and 3D rendering. Thanks to 
Peter Brewer, Rika du Plessis, Jasper Slingsby, David Le Maitre, Louise 
Esterhuizen and Carl Pretorius for providing and checking information 
on the growing season of Widdringtonia cedarbergensis. Grateful to Amy 
Hudson, Guobao Xu, Diana Zamora-Reyes from the Trouet Lab and other 
colleagues, staff and faculty from the Laboratory of Tree-Ring Research, 
University of Arizona. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.dendro.2021.125879. 

References 

Ahmed, M., Anchukaitis, K.J., Asrat, A., Borgaonkar, H.P., Braida, M., Buckley, B.M., 
Büntgen, U., Chase, B.M., Christie, D.A., Cook, E.R., Curran, M.A.J., Diaz, H.F., 
Esper, J., Fan, Z.X., Gaire, N.P., Ge, Q., Gergis, J., González-Rouco, J.F., Goosse, H., 
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