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Rainfall-driven variations in *13C composition
and wood anatomy of Breonadia salicina trees
from South Africa between AD 1375 and 1995
Elin Norström *, Karin Holmgren and Carl-Magnus Mörth
a

a

This study demonstrates the potential of deriving palaeoenvironmental information from carbon isotope composition (*13C)
and wood anatomy properties along the growth radii of two
Breonadia salicina trees from Limpopo province, South Africa. An
age model, based on AMS dating and ‘wiggle-match’ dating of the
wood, shows that the data series from the two trees span
AD 1375–1995 and 1447–1994, respectively. Shifts in the trees’ *13C
composition and wood anatomy resemble the indications of climate
change observed in regional palaeoclimatic studies, and the parts
of the B. salicina record from the last century show similarities with
the observed variations in annual rainfall in the region. We propose
that changes in carbon isotope composition and wood anatomy
indicate variations in regional rainfall during the period of tree
growth. Both the *13C and the wood anatomy records of B. salicina
signify dry conditions in the early 1400s, mid-1500s, 1700s and
early 1900s. The wettest conditions were during the late 1400s and
in the 1600s.

Introduction
According to climatic predictions by the IPCC,1 rainfall distribution in southern Africa will change during the next few
decades; tropical regions are expected to receive more rain and
subtropical regions less rain than today. However, there is a high
degree of uncertainty associated with climate prediction
models, as the inter-model variability is large for both tropical
and subtropical regions of southern Africa. Despite indications
of the significance of the tropics for global climate systems on
various timescales (for example, refs 2–4), the dynamics of past
climates of tropical and subtropical regions have not been
studied, nor understood, as thoroughly as the palaeoclimate of
temperate regions. During the last decade, however, the amount
of high-resolution palaeoclimatic data from southern Africa
covering the late Holocene has increased. Studies of speleothems,5,6 pollen,7 lake levels,8 and trees9 have contributed to
valuable knowledge about past climatic change in the region.
The spatial distribution of palaeoclimatic data is still sparse
compared to that of temperate regions and a denser pattern of
high-resolution data is needed in order to place regional climate
change in a global context and to produce trustworthy climatic
predictions.10
In dendroclimatology, different properties of annual tree rings
(mainly width and density) are measured in order to extract
palaeoclimate information with yearly resolution.11 In tropical
and subtropical regions, dendroclimatology is used to a lesser
extent than in temperate regions, because of the weaker temperature and day-length seasonality, which results in fewer trees
producing distinct annual rings. However, sometimes rainfall
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seasonality can trigger trees to produce annual growth structures
in the wood. In southern Africa this is observed in only a few,
mainly gymnosperm species, where ring formations are often
difficult to identify and interpret.12–14 In angiosperm trees, the
rings may sometimes be identified by thin bands of parenchyma
cells (thin-walled cells used mainly for storage and carbohydrate
transport) or by gradual changes in the size of vessel cells (ring
porosity).12 Attempts have been made to apply dendroclimatology in southern Africa, but only a few have overcome the
problem of cross-dating between trees.9,15,16 These studies
confirm that the use of dendrochronology and dendroclimatology in the tropics and subtropics is feasible, even though
much more complicated, and more restricted in its timeextension, than in temperate regions.
A method complementary to ring-width analysis is the study
of chemical properties, such as stable carbon, oxygen and hydrogen isotopes in tree rings. Using carbon isotope composition as a
proxy for climate in trees is based on fractionations of the stable
isotopes 13C and 12C during photosynthetic transpiration and
carbon fixation.17,18 The relation between 13C and 12C, expressed
as the *13C valuea, is fixed within each growth ring, and each year
a certain *13C signal is stored within the wood. As the magnitude
of fractionation during photosynthesis is influenced by factors
such as temperature, irradiation and soil moisture, the *13C
variations in the tree rings may be used as a proxy for these
climate-related parameters.19–23
Another way to retrieve climate information from trees is to
analyse changes in wood anatomy, as the size and density of the
water transporting cells (vessels) in certain angiosperm species
change as a result of soil moisture status (for example,
refs 24–26). This is an effective strategy for the tree, as only a
small change in vessel diameter will affect the water conductivity dramatically, since the relationship between the factors is
exponentialb. Gillespie et al.26 confirm a relationship between
precipitation amounts and vessel properties for the same tree
species investigated in this study, Breonadia salicina. This observation is promising for the use of this species as a palaeoclimate
indicator.
In the study reported here, we analysed variations in carbon
isotope composition and wood anatomy in two B. salicina trees
from northern South Africa (Fig. 1). At the start of this project,
our expectation was that the visible layers in the trees were
seasonal growth rings, and that data with annual resolution
could be extracted. AMS datings of the wood revealed, however,
that the tree was much older than the ring counts indicated.
Thus, although the possibility of obtaining data with annual
resolution was lost, the potential of obtaining a climatic record
spanning a longer time period was gained.
The relation between the isotopes 13C and 12C is often referred to as *13C, which expresses
the plant isotope composition in relation to the isotope composition in a reference material,
PDB. *13Cplant = [(Rplant – Rref)/Rref] × 1000, where Rplant = (13Cplant/12Cplant) and Rref =
(13CPDB/12CPDB).

a

b
The conductivity of water is proportional to the vessel diameter raised to the 4th power according to the Hagen-Poiseuille equation: Kcapillary = r4π/8η, where Kcapillary is the hydraulic
conductivity, r is the vessel radius, and η is the viscosity of the sap.27
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Fig. 1. Map of South Africa and neighbouring countries, showing major cities and
important localities mentioned in the text.

Material and methods
Our study included *13C analysis of two specimens of B. salicina.c The species is common along permanent streams and
rivers in riverine fringe forests from Tanzania in the north to
KwaZulu-Natal in South Africa, where it is a protected species.
This evergreen tree can reach 10–40 m in height and up to 2 m in
stem diameter.28 B. salicina requires large amounts of water and is
frost-sensitive, but can endure occasional cold spells. When conditions are optimal, it may grow quickly — up to 1 metre in
height per year.29 The species shows vague annual rings and
changes in xylem features are correlated with variations in
precipitation.26 As far as we know, there is no other detailed
study on how B. salicina adapts, structurally and in terms of
stomata-related responses, to external stimuli such as soil
moisture.
The trees used in this study grew in the summer rainfall region
of South Africa, in the eastern part of Limpopo province, 20 km
southeast of the village of Tzaneen (Fig. 1). The site is located in
the South African lowveld, in a riverine, subtropical savanna
environment situated at 650 m above sea level. The annual rainfall at the closest weather station (Polokwane) is approximately
500 mm, of which 90% falls between October and April. Temperatures vary between a daily mean maximum of 28°C in January
to a daily mean minimum of 4°C in July (South African Weather
Service). Some frost is experienced during the winter months.
The precipitation and temperatures may be slightly higher at the
B. salicina growth site than in Polokwane, because it is located at a
lower altitude than the weather station.
The first tree investigated (M1) grew in alluvial soil, approximately 100 m from the Murle Brooks River, which normally
flows all year round, but may dry up during extreme droughts.
The river plain is used for commercial fruit plantations, and M1
grew among sparsely planted mango trees, until it fell over
during a storm in 1994. The second tree (M2) grew on a hillside
approximately 1 km from the Murle Brooks River, close to a
smaller, seasonal river. The hillside is not used for any agricultural purposes. The tree was cut down in 1995.
We used one cross section, approximately 10 cm thick, from
each tree. The maximum distance from pith to bark was 670 mm
for M1 and 475 mm for M2. The visible rings along the radii of
c
Synonyms: Breonadia microcephala, Adina microcephala var. galpinii. Common names:
Matumi, Mingerhout, Water Matume, African teak, mohlomê, umHlume. Family: Rubiaceae
(Gardenia).
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both trees were counted and measured under a microscope. The
number of rings was also calculated by analysing changes in
density throughout the radius; this, however, resulted in a
different number of rings compared to the ‘visual’ ring counting
(Table 1). AMS radiocarbon dating of the piths of both trees
revealed that the number of rings did not match the age in years,
meaning that the visible rings were not produced annually or
seasonally. Therefore, instead of using the number of rings as an
estimate of age, we used ‘wiggle-match dating’ (WMD) for age
modelling. For this purpose, nine samples each from both M1
and M2 were taken for AMS dating (Table 1). In WMD, the fine
fluctuations in the 14C calibration curve are used in order to ‘calibrate’ a series of close radiocarbon dates.30 The uncalibrated 14C
dates’ best fit to the southern hemisphe calibration curve31 serves
as an age model. Post-1950 samples were calibrated from bomb
radiocarbon data.32 The growth pattern of the trees was also
taken into account when constructing the age model. The AMS
dating was performed at the Ångström Laboratory in Uppsala,
Sweden.
For *13C analysis, wood was extracted by hand using a corer
from the 90 outermost, visible rings in M1 and then every 5 to
10 mm (with a 2-mm and a 5-mm corer, respectively) along a
growth radius perpendicular to the growth direction. For very
thin rings, drilling was performed over two or more adjacent
rings. Samples from M2 were drilled every 5 mm (with a 2-mm
corer) from bark to pith, and cellulose was extracted from the
raw wood samples. This process involved the removal of oils
and resins by extraction in toluene and ethanol. The samples
from M1 were processed in a Soxtec HT2 (Perstorp Analytical
Tecator) instrument for 8 hours in toluene/ethanol (2:1) solution
followed by 8 hours in ethanol only. Samples from M2 were
processed in an ASE (accelerated solvent extractor) under high
pressure for 2 hours in toluene/ethanol and ethanol, respectively. After drying and placing in plastic tubes, the samples
were boiled in water for 5 hours in a water bath. This was
followed by oxidation of the lignin constituents in the wood
(bleaching), where samples were treated in a water/sodium
chlorate/glacial acetic acid solution at 70°C until they turned
completely white. After several rinses, the cellulose was oven
dried at 50°C and 1.5 mg of each sample was weighed for isotope
ratio measurements. The samples were analysed at the Department of Geology and Geochemistry, Stockholm University, using
a Finnigan Delta Plus mass spectrometer (equipped with a Carlo
Erba NC2500 and conflo interface), with a precision of ±0.2‰.
For the study of density and vessel properties, radial sections
were sawn from the discs, parallel to the samples taken for *13C
analysis. For density measurements, a 2.5-mm-thick strip of the
radial section was scanned by a gamma-ray densitometer at
continuous steps of 0.5 mm. The same strip was used in the
analysis of vessel properties. After saturation in water to soften
them, the strips were sectioned into 30-µm-thick transverse
slices and mounted in glycerine on glass slides. Vessel properties
were recorded continuously every 1 mm along the sections
using a fluorescent microscope and a Leica image analysis
system. The following parameters were measured: radial and
tangential vessel diameter, representing the mean averaged radial
and tangential diameter of all measured vessels within each
sampled area (1 ± 0.9 mm); vessel percentage, representing the
area occupied by vessels within the measured area; and vessel
frequency, representing the number of vessels within each
measured area. To translate density measurements into ring
counts, density changes greater than 0.01 g/cm3 were defined
as ring boundaries. Both density and vessel analysis were
performed at the CSIR laboratory in Durban, South Africa.
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Table 1. Radiocarbon ages and calibrated ages after WMD (wiggle match dating) of wood samples from radii of the two Breonadia salicina trees, M1 and M2. Different
14
14
numbers of rings were included for different C samples. The number of tree rings between C samples was counted from microscope studies (‘visible rings’) and from
14
density measurements (‘density rings’). ‘Missing rings’ indicate the difference between the number of years between C dates according to WMD, and the number of
‘visible rings’ between 14C dates. The final calibration dates lie within a 2σ intercept of the calibration curve, except for Ua–20757 in M1 and Ua-22056 in M2, which both lie
within the 3σ interval.
M1
14
C laboratory
Location
Rings per date
number
(mm fr. bark)

14

Ua–20758

30

2

148.5 ± 0.5*

Ua–20757
Ua–22870

100
142

3
1

60 ± 35
155 ± 40

Ua–20756

207

4

350 ± 35

Ua-20755
Ua-20754
Ua–19434
Ua–19435
Ua–20753

266
328
436
570
670

2
1
1
1
pith

465 ± 40
385 ± 35
365 ± 35
395 ± 35
435 ± 35

C age(yr BP)

14

C calibration
intercepts,
2σ (yr AD)

Wiggle match
date (yr AD)

Years between
dates**

1963

31

15

15

–16

1825
1700

138
125

22
16

29
15

–116
–109

1630

70

20

22

–50

1605
1585
1523
1498
1447

25
20
62
34
42

25
20
62
34
45

22
30
56
38
24

0
0
0
0
3

Total

547

259

251

–288

C calibration
intercepts,
2σ (yr AD)

Wiggle match
date (yr AD)

Years between
dates**

‘Visible rings’
between
14
C dates

‘Density rings’
between
14
C dates

1964
1968/69
1956/57
1700–1726
1808–1955
1675–1740
1800–1955
1715†
†
1814–1832
1885–1933†
1507–1587
1619–1667
1484–1648
1448–1510
1551–1559
1579–1622
1225–1297
1365–1377

1968

21

15

10

–11

1956
1895

16
31

25
17

23
14

12
–44

1840

55

5

7

–50

1715

125

14

13

–111

1640

75

17

19

–58

1565
1470

75
95

18
56

13
51

–57
–39

1375

95

70

58

–25

Total

620

237

208

–383

1963
1971/72
1824-1826†
1674-1742
1800–1955
1465
1483-1645
1463–1607
1457–1636
1461–1643
1455–1630
1447–1505
1590–1618

‘Visible rings’
between
14
C dates

‘Density rings
between
14
C dates

‘Missing rings’
between
14
C dates

M2
C laboratory
Location
Rings per date
number
(mm fr. bark)

14

14

Ua–22053

32

2

156.6 ± 0.7*

Ua–22054
Ua–22055

82
112

4
3

102.4 ± 0.5*
115 ± 35

Ua–21712

127

4

155 ± 35

Ua–22056

157

1

95 ± 30

Ua–22871

191

2

305 ± 40

Ua–22872
Ua–21711

222
332

2
2

345 ± 40
425 ± 40

Ua–20759

475

3 + pith

775 ± 40

C age(yr BP)

14

‘Missing rings’
between
14
C dates

*Percent modern carbon (pMC). Calibrated by bomb radiocarbon data.32
**According to dates calibrated by wiggle match dating.
†
3σ calibration intercept ranges.

Results
Age model for M1
The radius of M1 consisted of 259 visible rings and 251 rings
according to density measurements (Table 1). The ring structure
close to the pith was distinctive and easily visible to the naked
eye, while the structure was vaguer closer to the bark. Nine
samples from M1 were AMS dated (Table 1). The chosen age
model and concordant growth model are illustrated in Fig. 2.
The older, fast-growing (2.5 mm/yr) phase of the tree was dated
by placing the radiocarbon dates along the calibration curve at a
distance coinciding with the number of visible rings between the
dated samples. Hence, for this part of the tree the age model is
based on both ring counts and 14C dates. This phase was fixed by
the AD 1605 date, which must fit the peak in the radiocarbon
calibration curve at this time. At some stage between 1630 and
1700, growth slowed, to reach its minimum (0.3 mm/yr) between
1700 and 1825. It is possible that the tree actually stopped growing for a number of years during this period. After this, the tree

grew again, slightly faster, especially during the last 50 years
(0.9 mm/yr). During the phases of slow growth, the number of
visible rings between the 14C dates does not match the number of
years recorded from WMD. A total of 291 rings are missing
between 1630 and 1994. For this sequence, we interpolated
linearly between the 14C dates to obtain the age model.
Age model for M2
In the second tree, a total of 237 rings were counted from
microscope studies and 208 were identified from density
changes (Table 1). Nine samples along the radius were AMS
dated (Table 1). The growth pattern of M2 is similar to M1’s,
starting with high growth rates (1.5 mm/yr) during the early
stages of the tree’s life (Fig. 2). After AD 1565, the growth rate
decreased (0.3 mm/yr) and stayed low until the early 1900s,
when it increased again with a growth peak during the second
half of the century (2.3 mm/yr). The two oldest 14C dates were, as
for M1, adjusted to the number of visible rings between the
14
C-dated samples. The rings in this section of the tree are very
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radial section in M2, whereas major parts of the radius of the
other tree could not be analysed because of a marked spiral
pattern, due to non-vertical growth, of the fibres and vessels.
The results from M2 show a clear correlation between the radial
vessel diameter and tangential vessel diameter (r = 0.83 for M2
and 0.69 for the section of M1 that was successfully analysed).
Gillespie et al.26 suggest that the radial vessel diameter is a better
mirror of rainfall than tangential vessel diameter in B. salicina. We
therefore choose to discuss only the radial diameter in this
report. The radial vessel diameter and vessel frequency of M2 are
plotted in Fig. 3. Mean radial vessel diameter was 119 µm and
mean frequency was 18 vessels per mm2.

14

Fig. 2. Growth models (top) and C wiggle-match dating (bottom) for the two
Breonadia salicina trees, M1 and M2. The growth models show the calibrated dates
used in the final age model (■) and their 2σ intercepts (see also Table 1). The oldest
date for M2 has an additional intercept outside the presented scale, at AD
1225–1297. Two dates, Ua-20757 in M1 and Ua-22056 in M2, arrowed in the upper
graphs, lie within 3σ of the calibration curve, and for these dates the 3σ intercept
ranges are also presented (see also Table 1). A radiocarbon calibration curve for
31
the southern hemisphere was used for the wiggle-match dating, here plotted with
14
2σ. Felling dates (1994 and 1995) as well as the modern C samples (post-1955,
32
calibrated by using bomb radiocarbon data, see Table 1) are indicated as unfilled
squares (o) in both growth models and wiggle-match dating graphs.

clear and easily identifiable compared to the rings closer to the
bark. However, 25 rings are still missing between the two oldest
14
C dates. A best fit to the calibration curve and estimates of a
plausible growth model served as a basis for the final age model.
For the modern date, Ua-22053, which has two intercepts with a
4-year difference, the date corresponding to the smoothest
growth curve was chosen. This was also applied to Ua-20758 in
M1. A total of 383 rings are missing for the whole sequence, most
of them during the 1700s and 1800s, when growth was slowest.
Stable carbon isotopes and wood anatomy
Figure 3 shows the variation in *13C values for M1 and M2 and
the vessel properties for M2, plotted against the proposed age
model. The absolute *13C values for M1 varied between –25.1 and
–23.3‰, whereas the variation for M2 was greater, ranging
between –24.7 and –21.4‰. The mean *13C value was –24.1‰ for
M1 and –23.1‰ for M2. Because of the continuously more
negative *13C composition of atmospheric CO2 since approximately AD 1800, the *13C records for both M1 and M2 may be
corrected by approximately +1.4‰ since around 1800.33 For
both trees, this correction results in a slightly increasing trend in
*13C with time throughout the sampled period (grey curves in
Fig. 3).
Wood anatomy was successfully analysed throughout the

Discussion
The results from both the wiggle-match dating and the pattern
of growth structure demonstrate that the experimental trees did
not produce visible rings each year since they started growing in
the 15th and 14th centuries. During periods of rapid growth,
annual rings were formed, whereas a large number of rings are
missing in sequences represented by slow growth. It has been
shown13 that subtropical trees can survive episodes of dormancy
during times of environmental stress and then start to grow
again when conditions are more favourable. Whether the trees
in this study experienced significant periods of non-growth or
whether they grew continuously, but with such a slow rate of
growth that the seasonal rings are too thin for identification, is a
question that needs to be investigated further. The present age
model is thus more accurate for periods of rapid growth; in other
words, for the innermost parts of the trees that were produced
when the trees were young, e.g. the period dated to AD 1447–
1630 for M1. The age model is less precise during periods of slow
growth, found in the parts produced when the trees were older,
e.g. the post-1700 period for both M1 and M2.
In general, the *13C variations in M1 and M2 show similar
trends, although they differ in absolute values (Fig. 3). The
differences in absolute values may be a result of microenvironmental or genetic differences between the trees, but they
may also indicate that the carbon isotope discrimination in the
wood was influenced by the difference in water availability between the two growth sites. M2, which shows larger absolute
variations, grew on a hill slope, where soil moisture availability
probably varied in accordance with precipitation. M1 grew in a
cultivated riparian zone close to a river with an all-year-round
water supply. Consequently, the tree was probably not influenced
by changes in precipitation amounts to the same extent as M2.
Further, M1, which is thought to be the less moisture-stressed
tree, shows more-depleted *13C values than M2. However, a
study of South African pine trees growing at varying distances
from a river provides contradictory results; the trees growing
close to the river manifest higher *13C values than do trees
located on hilltops farther away from the river.16 Thus, more
negative *13C values, as found for M1 compared to M2, do not
necessarily indicate that a tree has been less water stressed.
However, all the pine trees in the study by Woodborne16
responded in a similar way in terms of the relative increase/
decrease of *13C between years, and these temporal *13C variations also corresponded with rainfall.
If the different ranges in absolute *13C values between trees are
ignored, the temporal changes in carbon isotope composition of
the two trees show many similar features (Fig. 3). Both trees
display depleted values at around AD 1475, followed by an
increase until the mid-1500s. (Note the reversed axis in the *13C
graph in Fig. 3; depleted *13C values are illustrated as peaks, high
values as troughs.) Depleted *13C values during the 1600s in both
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Fig. 3. Variations in carbon isotope composition and vessel properties for Breonadia salicina. From top: * C values for M1, * C values for M2, vessel frequency for M2 and
2
13
radial vessel diameter for M2. All parameters were plotted without filtering. Vessel frequency was measured as the number of vessels per mm . Grey curves indicate * Ctree
corrected for declining *13Catm since the 19th century.33 The low time resolution for B. salicina (M2) during the 18th and 19th centuries is due to the slow growth and/or
13
dormancy during this period. Note the reversed y-axis in the graphs for * C and vessel frequency.
13

records are followed by an increase starting at around 1700 and
culminating at around 1730 for M1 and at 1790 for M2. During
the 1900s, M1 and M2 also show similar trends, with less
negative *13C values during the first half of the century and
during its last decades, while more negative *13C values are
observed for the mid-1900s for both trees. These correlated
trends for both trees suggest that the variations in *13C composition in M1 and M2 result from an influence by a common source,
although the trees grew at different localities.
Figure 4a shows the *13C variations in M1 and M2 during the
last century, plotted together with a regional precipitation index
and the mean annual rainfall record for Polokwane, stretching
back to 1904. The different time-resolutions in the rainfall record
and the *13C records, together with the limits of the age model
during this time sequence, make it difficult to perform an ultimate comparative analysis between parameters on an annual
basis. However, some connections between the two parameters
can be noted. The *13C record covering the last century shows
that the highest values (troughs in graph) occur during the early
decades, and the most negative *13C values occur between 1960
and 1980 in both M1 and M2 (Fig. 4a). According to Polokwane
rainfall data, the first half of the 1900s was punctuated by several
extreme dry years in the region, especially 1904, 1918 and 1934,
while during the second half of the century the rainfall was less
variable with a higher annual mean and three extreme wet years
in 1955, 1958 and 1964. This supports a weak negative correlation
between *13C and annual rainfall. Even though a *13C series with
higher sample resolution would have been preferred, these
results suggest a stomatal response to water stress in B. salicina.
The water stress of the tree is regulated by the soil water availability, which in turn is influenced by rainfall.
In Fig. 4b the vessel properties of both trees during the 1900s
are plotted with the rainfall records. The correlation coefficient
between vessel frequency (grey curve) and vessel diameter
(black curve) is r = –0.31 for M1 and –0.27 for M2 during the
1900s. A response in vessel properties due to rainfall is evident at
least for M1. High water availability in the soil triggers the trees

13

to optimize the water conductivity in the stem by increasing the
size of the vessels and, for safety reasons, decreasing the number
of vessels in the wood. The major drought occasions during the
first half of the century is reflected in the tree as reduced vessel
diameter and higher vessel frequency (Fig. 4b). In M1, the
variation in the absolute values of vessel properties were greater
during this period than in the latter part of the century, when
annual rainfall also was less variable. The two occasions corresponding to increased vessel frequency that is evident during
this time were probably the result of the dry years of 1966 and
1982. The vessel properties of the second tree, M2, are more
difficult to relate to the precipitation record. The dry spells in
1912, 1918, 1934 and 1945 are relatively well-correlated with
changes in vessel properties, but the association appears weaker
after 1950, with the exception of the dry year of 1994, which
resulted in the vessel diameters of both trees being small.
Local anthropogenic environmental factors such as pesticides,
fertilizers and pollution may have contributed to the changes
in *13C during the last few decades. Increased CO2, ozone or SO2
concentrations in the air are known to increase *13C in plants,17,34
as is fertilization.35 These factors related to anthropogenic
activity may have enhanced the rise in *13C induced by the dry
conditions in the late 1900s. Another possible source of error in
the *13C record is the ‘juvenile effect’, that influences the *13C
composition during the first 50 years of a tree’s life.36 Because of
changes in canopy thickness, light exposure, leaf area or tree
stand density, for example, the wood produced in a young tree
may have a correspondingly reduced *13C value.37 The innermost *13C values from the B. salicina trees should therefore be
interpreted with this in mind.
Given the similar features of both *13C series, together with
indications of both structural and stomatal response to soil
moisture during the last century, we suggest that the *13C and
anatomy records indicate changes in rainfall. From this hypothesis, the *13C record (Fig. 3) indicates that major wet spells
occurred in the region around AD 1475, on several occasions
between 1600 and 1700, and around 1875. Major droughts
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the Makapansgat Valley (about 100 km southwest of the M1 site)
show a change from cold, dry conditions to warmer, wetter
ones.6 The trend towards a slow growth rate, smaller vessels and
enriched *13C values starting at around 1700 in B. salicina is
contemporary with changes in regional climate observed in
several studies from Africa.5–8,15,38 Makapansgat speleothems
indicate certain dry and cold conditions during the 1700s and a
tree-ring record from the Karkloof forest in KwaZulu-Natal
suggest lower rainfall levels in the region from early 1700 until
about 1800.38 During the 1800s, the *13C values in B. salicina
decreased again, followed by a rise in early 1900. Both the
Karkloof tree record and the Makapansgat speleothem record
indicate wet conditions in the 1800s. This close similarity with
other palaeoclimatic records from the region is an additional
indication that *13C composition is dominated by a stomatal
response to moisture stress, and that depleted *13C values, large
vessel diameter and high growth rate indicate regionally wetter
conditions, whereas enriched *13C values, small vessel diameter
and slow growth signify regionally drier conditions.

Fig. 4. Properties of M1 and M2 plotted together with rainfall variations at
Polokwane weather station and a regional rainfall index (P.D. Tyson, pers. comm.)
for the summer rainfall region of South Africa, expressed as a percentage of mean
rainfall 1960–90. Horizontal lines represent the mean *13C composition and mean
annual rainfall, respectively. a, Upper two graphs: *13C composition (raw values) for
Breonadia salicina. Lower graph: Annual mean precipitation (thin line) and 2-year
running mean of the regional rainfall index (bold). b, Upper two graphs: vessel properties of B. salicina. Vessel frequency plotted in grey (with reversed axis) and radial
vessel diameter plotted in black. The vessel frequency is expressed as the number
of vessels per mm2. Lower graph: annual mean precipitation (thin line) and 2-year
running mean of the regional rainfall index (bold).

occurred during years prior to 1475, and around 1540, 1575, 1720
and 1780. Unfortunately, we do not have a complete record of
wood anatomy for M1 — the tree that best correlated vessel data
with rainfall in the 1900s. The vessel diameter and frequency
data from M2 indicate that dry periods occurred at around
AD 1400, 1450, 1530, 1650, 1775 and 1850.
The B. salicina record shows similarities with other palaeoclimatic records for South Africa. In mid-1400, when the B. salicina record indicates small vessel diameter and enriched *13C
values, followed by increasing vessel diameter and depleted
isotope values at around 1500, speleothem isotope records from

Conclusions
By studying the subtropical tree Breonadia salicina, we retrieved
a greater than 600-year record of changes in moisture-sensitive
parameters, even though this tree does not reveal continuously
visible annual rings. Through closely spaced 14C dating and
wiggle-matching, a fairly good age model was obtained. The two
trees analysed span the period AD 1375–1995 and show variations in *13C values, vessel diameter, vessel density and growth
rate. The similarities between previous palaeoclimate records,
the instrumental rainfall record and our data support the
hypothesis that the changes in the B. salicina record regarding
*13C composition, vessel diameter and growth rate are governed
by changes in the trees’ access to water because of variations in
regional rainfall. We therefore interpret depleted *13C values,
large vessel diameter and fast tree growth as indicating
regionally wetter conditions; enriched *13C values, small vessel
diameter and slow growth correspond to regionally drier
conditions. Important features of the B. salicina record are the
occurrence of a drier than average phase during the mid-1500s,
followed by wetter conditions during the 1600s. A dry period in
the 1700s was followed in the 1800s by slightly wetter conditions.
A future study would benefit from the use of several B. salicina
trees as well as by closer sampling for both AMS dates and *13C
analysis. Such a study has the potential to produce an even more
detailed analysis, with a time resolution of up to a decade, of past
regional climate in northern South Africa, a region where long,
continuous and high-resolution climate records are rare.
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