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Introduction

Tropical northern Australia has a monsoonal climate with highly 
seasonal rainfall patterns. During the dry season  (typically May to 
September) trees experience periods characterized by high 
atmospheric demand for water. At the same time soils, which 
typically have a low water-holding capacity in this region 
(McKenzie et al. 2004), become very dry. Understanding histori-
cal and future variability in seasonal  rainfall patterns and potential 
impacts on the ecology and patterns of vegetation growth in the 
region is of increasing importance as climate  patterns in the 
Northern Territory (NT) become generally less predictable 
(Hennessey et al. 2004). In this context, the  tropical conifer 
Callitris intratropica R.T. Baker (Cupressaceae) is of interest as a 

regional  indicator species. Callitris  intratropica, and the closely 
related Callitris collumellaris F. Muell., have been shown to have 
significant dendrochronological potential, and to be useful for 
regional reconstruction of historic rainfall or drought (Ogden 
1981, Cullen and Grierson 2007, Baker et al. 2008, D’Arrigo 
et al. 2008, Cullen and Grierson 2009). In contrast, ring patterns 
in other species in the same environment are less predictable 
and more difficult to interpret (Ogden 1981, Cook et al. 2005, 
Brookhouse 2006). Callitris intratropica is widely distributed in 
the northern parts of the NT and occurs on a wide variety of soil 
types across northern Australia (Bowman and Panton 1993, 
Russell-Smith 2006). It tends to occur predominately in fire-pro-
tected habitats, such as rocky outcrops (Russell-Smith 2006).
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strong intra-specific competition. Different responses based on the ecological situations of the trees will affect their patterns 
of stem growth, and ultimately the climatic information that is incorporated in ring width variability.
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However, to maximize the potential tree ring chronologies of 
C. intratropica and other tropical trees for historical climate 
reconstructions, it is imperative to understand the prevailing 
environmental conditions that drive physiological responses, 
and ultimately growth (Rozendaal and Zuidema 2011). It is also 
important to understand how competition interacts with these 
processes to influence stem growth in C. intratropica. In this 
species, under conditions of infrequent fire, trees occur in 
dense stands of juveniles. But under frequent mild fires, forests 
develop with a mixture of seedlings, saplings and trees 
(Bowman et al. 2001). Trees in these two different situations 
can often be found in close proximity. Individuals in dense 
stands, usually under intense intra-specific competition, can 
survive for many years with very little growth (Ross et al. 
2008). Trees that experience different resource constraints as 
a function of varying levels of intra-specific competition will 
exhibit different relationships between climate and growth. 
Disentangling the relative effects of environment and competi-
tion on ring width patterns produced in trees growing in differ-
ent ecological situations is, therefore, a key to interpreting ring 
width chronologies correctly.

In most of northern Australia, seasonal water availability is 
the environmental variable most limiting to growth. Total annual 
growth is determined predominantly by the availability of water 
during the wet season, and the duration of this season is 
important (Prior et al. 2004). The manner in which trees expe-
rience an initial release of severe dry season drought, and the 
subsequent development of drought when the wet season 
ends, will be a critical determinant of annual growth patterns. 
The development of and release from growth-limiting drought 
is also likely to differ between trees experiencing severe intra-
specific competition and those that are not (Clayton-Greene 
and Ashton 1990). Such differences in drought sensitivity dur-
ing the onset and end of the wet season will lead to differences 
in ring patterns in trees growing in grove or isolated situations. 
Therefore, a measure of continuous tree water status is a 
 powerful means of understanding the extent to which drought 
conditions are limiting to the growth of the trees. To monitor 
the development, or breaking, of physiological drought in trees 
over the relatively brief period between wet and dry seasons, it 
is necessary to monitor tree water status frequently. This can 
be achieved by continuously measuring micrometre scale 
changes in stem size, an approach that has been shown to 
provide an excellent indication of tree water relations in a 
 number of tree species (Downes et al. 1999, Zweifel et al. 
2001, Deslauriers et al. 2007, Drew et al. 2008). Appropriately 
corrected stem size variations can be considered a measure of 
‘tree water deficit’, or the variation in tree water status relative 
to the situation where there is effectively no drought stress 
(Zweifel et al. 2005).

In this paper we use a dendrometer-based measure of tree 
water deficit as a means of determining plant water status in 

densely grown and isolated C. intratropica trees, particularly 
during the beginning and end of the wet season. Based on the 
hypothesis that tree water relations would differ between iso-
lated trees and trees growing in dense groves during these key 
periods of change in seasonal water availability, we consider 
the differences between groups of trees in the two situations. 
The aim of the work is to provide a basis for improved under-
standing of drought-induced differences in ring width variation 
in trees in different ecological situations, particularly during the 
transitions between the wet and dry seasons in northern 
Australia.

Materials and methods

Study site

The study site is located near Darwin, NT, Australia, in a patch 
of natural savanna within the campus of the CSIRO Tropical 
Ecosystems Research Centre (12.40°S; 130.92°E; 45 m above 
mean sea level (AMSL)). At the site, 90% of the mean annual 
rainfall of ~1700 mm falls during the wet season months of 
November to March. By contrast, the region receives little or 
no rainfall during most dry season months (May to September) 
(Cook and Heerdegen 2001).

Soils at the site are classified as PetroFerric Red 
Kandosols, with moderate water-holding capacity (Isbell 
2002). The soil has a 10 cm deep A horizon (sandy loam) 
and a B horizon that is >0.5 m deep (sandy clay loam). The 
soil pH is ~5.5, with 1.14% organic carbon and 0.06% nitro-
gen in the top 10 cm. For this particular soil type, soil clay 
content  generally varies from 14 to 22%, silt 2 to 7%, fine 
sand 44 to 49% and coarse sand 23 to 25% (McKenzie 
et al. 2004).

Study trees

Eight trees were selected from a population of C. intratropica 
that had self-seeded in ~1992 from a group of trees planted 
nearby (Table 1). Four of the selected trees had recruited in 
isolation in an open area (hereafter referred to as ‘isolated’ 
trees). The remaining four trees were selected from a grove 
(hereafter referred to as ‘grove’ trees) in which recruitment 
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Table 1. Summary of diameter at breast height (DBH) and height of 
study trees at the start of the study.

Treatment Tree number Start DBH (cm) Start height (m)

Grove 1 4.7 6.7
2 6.0 7.3
3 6.6 7.6
4 4.3 5.7

Isolated 5 10.5 8.3
6 8.7 7.2
7 6.0 5.3
8 9.9 9.3
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had been relatively dense with ~0.6 trees per m2. Because 
the grove trees were growing under conditions of greater 
 intra-specific competition, they had smaller stem diameters, 
on average, than the isolated trees. Isolated trees were 
selected based on diameter measurements taken over the 
previous 2 years showing that the trees were still actively 
growing, to ensure that adequate growth would be recorded 
during the study period. All study trees were located within a 
500 m2 area.

High-resolution measurements of changes in stem radius

A single electronic point dendrometer (Agricultural Electronics 
Corporation (AEC), Tucson, AZ, USA) was installed on each of 
the selected trees at ~1.3 m above ground level (breast height), 
on the south-west, south or south-east side, depending on the 
presence of branches. Dendrometers were mounted on 2 mm 
diameter stainless steel threaded rods inserted ~2 cm into the 
wood. Each dendrometer sensing head was placed at the bark 
surface with loose bark having been removed. Dendrometers 
were calibrated so that a 3 µm change in stem radius corre-
sponded to a change of about ~1 mV on the conditioned signal 
from the linear variable displacement transducer. Readings 
were logged at 15 min intervals for the period 19 January 
2009 to 25 January 2010.

Leaf water potential measurements

To establish a basis for using the dendrometer as a measure of 
tree water status, measurements of daily variation in leaf water 
potential (ΨL) were undertaken at the site between 21 and 23 
January (wet season) and 21 and 24 July (dry season). 
Measurements were made using a Scholander-type pressure 
chamber. Branchlets were cut from three trees on which 
 dendrometers were installed from each group at each mea-
surement occasion, and measured within 5 min of sampling. 
Measurements of ΨL were pre-dawn (designated ΨPD), 
 mid-morning (ΨMM), midday (ΨM), mid-afternoon (ΨMA) and 
late-afternoon/evening (ΨE) when possible.

Soil water content

Relative soil water content in the upper 10–20 cm of soil 
was measured using capacitance soil moisture sensors 
(AEC). Two sensors were placed in the open area and two 
were placed among the trees in the grove. The sensors, 
which are 4 cm in length, were inserted horizontally into 
undisturbed soil at a depth of ~10 cm. Measurements were 
made every 15 min. The sensor data were rescaled using 
expected dry season minimum (8%) and wet season maxi-
mum (30%) values for this soil type based on Duff et al. 
(1997) and values measured subsequently at the site 
(A. Richards, unpublished data; D.A.J. Lindsay, unpublished 
data). Soil water potential (ΨS) was then calculated using the 
function of Williams et al. (1983) (Eq. (1)). This equation 

assumes a soil texture of 22% clay, 43% fine sand and 16% 
coarse sand, which corresponds most closely to soil textural 
properties at the study site:

 
ln . . ln( )ΨS = − −3 3 4 7 θ

 
(1)

where ΨS is soil matric potential (kPa) and θ is volumetric soil 
water content (m3 m−3).

Weather data

Weather data used in the analysis were obtained from two 
sources. Temperature, humidity (RH) and solar radiation data 
were obtained from the Australian Bureau of Meteorology auto-
matic weather station at Darwin airport, about ~3 km from the 
study site (12.4239°S; 130.8925°E; 30 m AMSL). Daily rainfall 
data were measured at the site using a rain gauge.

Study duration

We conducted the study from January 2009 to January 2010. 
There were two brief periods when faults with the data logger 
meant no data were logged, one in May 2009 and one in 
January 2010. We analysed three blocks of data corresponding 
to the main seasonal variability. These time blocks were (i) late 
wet season 2008–09 (mid-January to late March), (ii) dry sea-
son 2009 (mid-May to September) and (iii) early wet season 
2009–10 (late October to mid-January). This last time point 
includes the transitional period from the dry to the wet season, 
which is known in the NT as the ‘build-up’ (October to 
November), during which humidity and temperature increase 
but typically little or no rain falls.

Tree water deficit

To distinguish changes in stem radius due to water content 
variability and growth, a de-trending approach was used as 
described in Zweifel et al. (2005) (Figure 1). By removing the 
over-bark growth trend, which is due to the accumulation of 
new xylem and phloem tissues, it is possible to obtain a mea-
sure of water influx- and efflux-related changes in stem size 
alone, which is an indication of tree water status. We have 
called this parameter tree water deficit (ΔD), following Zweifel 
et al. (2005), and define it as the difference in stem size 
under increasingly dry conditions relative to the stem size 
under fully hydrated conditions. That is, a zero value of ΔD 
would correspond to a situation in which the water storage 
compartment and cambial zone of the tree is fully hydrated 
and thus  indicative of negligible drought stress in the tree. 
Increasingly negative numbers indicate increasing stress. Our 
de-trending analysis assumes that at the start of the study 
when the  de-trending was normalized, trees were not under 
stress. At this point in time, ΨPD was higher than −0.15 MPa 
in all trees except one, which showed a value of 
approximately−0.2 MPa.

The development of seasonal tree water deficit in C. intratropica 955
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Models of tree water deficit

A model of daily ΔD was calculated using the linear models 
procedure in R (version 2.9.0; R Foundation for Statistical 
Computing, Vienna, Austria), stepped to remove variables that 
did not contribute to the model by minimizing the Akaike’s 
information criterion, a measure of goodness of fit. In addition, 
to estimate errors associated with model goodness-of-fit, the 
bootstrap procedure in R was used with 500 replications.

Results

Leaf water potential and dendrometer-derived tree water 
deficit

At the time of measurements in the wet season, there was 
very little variation in ΨPD among trees, with a mean ΨPD 
above −0.2 MPa (Table 2). The isolated trees did, however, 
generate a 40% (P = 0.004) and 30% (P = 0.03) higher 
water potential gradient (ΔΨ) during the day than the grove 
trees in January and July, respectively. There were some 

marked differences between trees, with one particular tree 
(tree 8; see Table 1) still exhibiting much higher (less nega-
tive) ΨPD in late July than the other isolated trees (−1.6 MPa 
compared with −3.4 to −3.8 MPa in the other trees). Overall, 
however, the trees  developed slightly higher ΔΨ (P = 0.02) in 
the wet season (1.7 MPa) compared with the dry season 
(1.2 MPa). There was a strong and significant relationship 
between ΔD and ΨPD (adjusted R2 = 0.92; P < 0.001) and ΨM 
(adjusted R2 = 0.87; P < 0.001) (Figure 2a). There was also a 
significant relationship between ΔΨ and the diurnal ΔD in 
both the wet season (adjusted R2 = 0.53; P = 0.040) and the 
dry season (adjusted R2 = 0.82; P = 0.002) (Figure 2b). The 
wet season relationship was strongly affected by one tree 
that showed abnormally high shrinkage. The average daily ΔD 
did not differ significantly between the wet season (in this 
case, January to March) and the dry season (June to August) 
(P = 0.99), with average ΔD of 0.24 mm during both periods. 
Importantly, however, overall ΔD did differ significantly 
between the wet and dry seasons (P = 0.021) when only the 
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Figure 1. De-trending the growth data of C. intratropica from January 2009 to January 2010. Measured stem size changes (black line) and 
 calculated growth trend line (grey line) are shown in (a). The tree water deficit is calculated as the difference between the measured stem radius 
at each point in time and the growth trend line (b).

Table 2. Mean leaf water potential measured in January (wet season) and July (dry season) 2009 in isolated and grove trees. Data are 
mean ±  standard error; n = 3–4 trees.

Grove Isolated

January 2009 July 2009 January 2009 July 2009

Average pre-dawn leaf water potential (MPa) −0.17 ± 0.04 −5.4 ± 0.04 −0.15 ± 0 −3.1 ± 0.51
Average minimum leaf water potential (MPa) −1.55 ± 0.13 −6.43 ± 0.02 −1.9 ± 0.21 −4.03 ± 0.58
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days on which water potential  measurements were taken 
were considered.

Seasonal development of tree water deficit

During the latter part of the 2008–09 wet season, neither the 
isolated nor the grove trees experienced sustained high levels 
of ΔD. Some trees experienced brief levels as high as 1 mm, 
but trees generally recovered during the night from ΔD gener-
ated during the day. Until at least late April, even the largest 
diurnal ΔD was always reversed (i.e., returned to zero) within 
about a week (Figure 3). However, by the end of April, after the 
last of the wet-season rainfall, and when ΨS in the upper por-
tion of the soil was showing a marked decline, both the iso-
lated and grove trees were showing signs of being unable to 
recover from day-time ΔD.

Between 17 April (the last day of rain) and the last logged 
value on April 24, ΔD in the grove and isolated trees was not 
significantly different (P = 0.134). This included a single grove 
tree (tree 1, see Table 1) that had already begun developing 
much higher ΔD than the other grove trees since 11 April 
(arrow in Figure 3). Then, by the time the data logger was 
repaired on 23 May, ΔD experienced by the grove and isolated 
trees had diverged significantly (P = 0.002), with the grove 
trees having higher ΔD. In isolated trees, the daily magnitude of 
the recovery was not significantly different from prior shrink-
age (ΔD increase) (P = 0.381; n = 3), but for grove trees it was 
significantly lower than prior shrinkage (by 0.05 mm), on aver-
age per day (P = 0.002; n = 4).

After 141 days without any rainfall, the maximum ΔD for all 
trees was significantly lower in isolated (0.9 mm) compared 
with grove trees (1.4 mm) (P < 0.001) (Figure 4). ΔD increased 

more gradually in the isolated compared with the grove trees 
as the dry season progressed. Isolated tree 8 was an excep-
tional case, maintaining a zero ΔD into July (arrow in Figure 4). 
In both groups of trees, small rainfall events on the 8th (5 mm) 
and 10th (10 mm) of September caused sudden increases in 
ΨS of 3.5–4 MPa (Figure 4). These increases in ΨS led to a 
decline in ΔD in both isolated and grove trees. The effect was 
only temporary however, and as the soil dried out, ΔD returned 
to the pre-rainfall value within 2 weeks.

In late September and early October, distinct rainfall events 
caused a substantial increase in ΨS, and an associated 
decrease in ΔD. This ΔD reduction was not, however, main-
tained, and as the soil dried the trees again returned to 
 pre-rainfall ΔD within 16 days (10 September) and 29 days 
(2 October). Interestingly, tree 8, which typically maintained 
the lowest ΔD of all the trees, temporarily became the isolated 
tree showing the highest ΔD for a period after both of these 
rainfall events (Figure 4).

Only when rainfall events became more frequent after 3 
November was ΔD consistently <1 mm in isolated and grove 
trees (Figure 5). This corresponded to ΨS, which remained 
higher than −0.1 MPa, and with higher minimum RH (>30%) 
than had been observed at the site during the dry season and 
build-up, when RH dropped as low as 10%.

As the wet season began in November, there was an impor-
tant difference between the nature of the initial recovery from 
maximum ΔD in the isolated and grove trees. The isolated trees 
returned to zero ΔD within 12 h of the rainfall on 3 November. 
The grove trees reached a minimum ΔD of 0.7 mm after the 
same period. Thereafter, the isolated trees achieved close to 
zero minimum ΔD each morning (generally at ~7 a.m.), and 
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Figure 2. The relationship between daily tree water deficit and pre-dawn (open symbols, dotted line) and midday (solid symbols, solid line) water 
potentials is shown in (a). The relationship between diurnal change in leaf water potential (pre-dawn to midday) and measured diurnal stem 
 shrinkage in the wet (open symbols, dotted line) and dry (solid symbols, solid line) seasons is shown in (b). Points represent averages of measure-
ments on individual trees in January and July 2009.
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also showed an increasing afternoon maximum ΔD (reaching 
0.45–0.60 mm on 8 November). The grove trees, on the other 
hand, exhibited a decreasing minimum and maximum ΔD over 
the same period, converging with the isolated trees to reach 
minimum ΔD of close to zero on 13 November (10 days after 
the 3 November rainfall event).

The environmental determinants of tree water deficit

A multiple regression model including ΨS, temperature and RH 
(Eq. (2)) was able to explain most of the variation in ΔD in the 
isolated (adjusted R2 = 0.81; P < 0.001) and grove (adjusted 
R2 = 0.92; P < 0.001) trees. Unit changes in RH and ΨS both 
led to 1.9 times greater increases in ΔD in the grove trees than 
in the isolated trees. The opposite effect was true of tempera-
ture, where unit changes in temperature led to larger changes 
in ΔD in isolated compared with grove trees (Table 3).

 ∆ ΨD a bT c d= + + +RH S  (2)

where ΔD is tree water deficit, RH is average daily relative 
humidity, T is average daily temperature, ΨS is soil matric 
potential and a, b, c and d are empirically derived coefficients.

The ΔD model predicted changes in ΔD less accurately dur-
ing the ‘dry-down’ period from April to June in the grove trees 
(Figure 6). It is important to note, however, that there were 
relatively few data points over this period against which to cali-
brate the model. The model also slightly underestimated ΔD in 
the grove trees in September 2009 following two rainfall 
events that occurred that month. ΨS was the most important 
contributor to variability in ΔD in the dry season, driving ≥ 50% 
of the variability from June to September. This was not the case 
during the ‘build-up’ and the wet season, however, when RH 
and temperature often had large but highly varied effects on 
the development of ΔD. The greatest effect of atmospheric 
demand on ΔD (considering the effects of temperature and 
RH) was seen in early October, when peak temperatures were 
high (28–29.5 °C), but the site received some rainfall and had 
overcast conditions. Following a significant rainfall event at the 
site on 3 October, there was an initial spike in the effect of 
temperature, followed by a prolonged period when RH was the 
most important driver of ΔD. Over this period, while the soil 
was relatively wet, ΨS contributed little to variation in ΔD. 
Temperature contributed more to variation in ΔD than both ΨS 
and RH for some periods during the wet season.

958 Drew et al.

Figure 3. Tree water deficit variability in the latter part of the 2008–09 wet season and the beginning of the 2009 dry season in individual isolated 
(a) and grove (b) trees with soil water potential (black line in a and b), relative humidity (grey points in c) and rainfall (bars in c). Arrow in (b) 
indicates tree 1, which began to experience relatively high water deficits sooner than other grove trees. Dashed lines indicate the interpolated trend 
of soil water potential decline.
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Discussion

Implications of seasonal tree water deficit for ring pattern 
variability

Callitris intratropica, which occurs in an environment dominated 
by eucalypts and other Myrtaceae species (Prior et al. 2007), 
has great potential as a climate indicator species. This is par-
ticularly so because C. intratropica shows a complete cessation 
of growth during the dry season, and as a result produces 
clear and easily interpreted growth rings compared with other 
species in the Australian monsoonal tropics (Ogden 1981, 
Brookhouse 2006, Baker et al. 2008). Variability in C. intratropica 
ring width has also been clearly correlated with annual rainfall 
(Ogden 1981, Baker et al. 2008). This is not surprising, as 
annual growth in trees growing in the tropical north of Australia 
is driven inevitably by the availability of water during the wet 
season (Prior et al. 2004). It does, however, highlight the par-
ticular importance of understanding changes in tree water sta-
tus, and the development of growth-limiting drought in Callitris, 
in improving our ability to use ring width variability to accu-
rately reconstruct and interpret past variability in climate.

A powerful component of growing season analyses is 
an understanding of differences in the development of, and 

 recovery from, severe ΔD each year. These phases of change 
in tree water status are a major determinant of the potential for 
extended growth into the dry season, or the early reinstatement 
of growth at the beginning of the wet season (Cook and 
Heerdegen 2001). Variation in the duration of wet season 
growth is a critical determinant of climate information incorpo-
rated into the rings. Accordingly, under the simplest scenario, a 
long wet season will produce a wider growth ring than a short 
wet season. However, the way in which plants interact and 
respond to their environment is rarely simple. It is also neces-
sary to explore, for example, how the effects of different levels 
of competition on trees will alter the onset and end of seasonal 
growth.

We found marked differences in the timing and patterns of 
the development of limiting levels of ΔD between isolated and 
grove trees at the beginning of the dry season. The isolated 
and grove trees also showed important differences in their 
 patterns of ΔD recovery when the wet season began. Following 
early rains, the isolated trees returned immediately to zero ΔD 
in contrast to the grove trees, which only managed to reduce 
ΔD partially, initially remaining at potentially limiting levels. 
The grove trees then recovered slowly over a period of ~10 

The development of seasonal tree water deficit in C. intratropica 959

Figure 4. Tree water deficit variability during the 2009 dry season and the ‘build-up’ in individual isolated (a) and grove (b) trees with soil water 
potential (black line in a and b), relative humidity (grey points in c) and rainfall (bars in c). Arrow in (a) indicates tree 8, which exhibited unusually 
low water deficit during the beginning of the dry season.
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days, while the isolated trees generally maintained zero ΔD. 
These results have important implications for palaeoclimatic 
reconstructions of local and regional hydroclimatic variability. If 
trees in high-density neighbourhoods experience longer and 
more intense water deficits than trees in low-density neigh-
bourhoods, then the former will likely provide a more sensitive 
measure of hydroclimatic variability. However, if neighbourhood 

density is sufficiently high or the hydroclimatic conditions are 
sufficiently prolonged or intense (or both), the grove trees may 
either not grow at all (i.e., no growth ring formed) or die. Trees 
growing in isolation or low density are less likely to experience 

such intense water deficits and should, therefore, be more 
 reliable for developing well-dated tree ring chronologies. 
Development of accurately dated Callitris chronologies that are 
highly sensitive to hydroclimatic conditions will likely be best 
achieved by combining tree ring series from individuals  growing 
at high and low density.

Callitris species are generally considered to be drought 
 tolerant (Ross et al. 2008). This was confirmed in our study, 
where all trees had a dry season ΨPD below −3.0 MPa. These 
data strongly suggest that the wilting point in these trees is 
lower than the level of −1.5 MPa so often assumed (Eamus and 
Prior 2001). Certainly, positive turgor in growing cells in shoots 
of C. collumellaris, a species closely related to C. intratropica 
(Farjon 2005), has been shown to be lost at water potentials 
below about −3.0 MPa (Clayton-Greene 1983). But in our study, 
ΔD values corresponding to water potentials substantially less 
than 3.0 MPa were generated earlier into the dry  season in 
grove compared with isolated trees. As positive  turgor above a 
 critical threshold is a requirement for plant cell growth (Oertli 
1976, Drew et al. 2010), we conclude that the grove trees were 
experiencing growth-limiting ΔD much earlier in the dry season 
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Figure 5. Tree water deficit variability in the early part of the 2009–10 wet season in individual isolated (a) and grove (b) trees with soil water 
potential (black line in a and b), relative humidity (grey points) and rainfall (bars in c). Blocked areas in (a) and (b) shown in more detail in (d) as 
hourly variation in tree water deficit during the beginning of the 2009–10 wet season in individual isolated (dark lines) and grove trees (grey lines). 
The dotted lines show the trajectory of the water deficit change over the critical period between 3 November and 13 November 2009. In the iso-
lated trees, this dotted line effectively shows the zero water deficit level.

Table 3. Estimated coefficients of the model of tree water deficit 
( )∆ ΨD a bT c d= + + +RH s .

Isolated trees Grove trees

a 4.86 8.99
b −45.08 −37.59
c 0.08 0.13
d 659.32 139.99
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than the isolated trees. Then, at the end of the dry season, fol-
lowing early wet season rains, the converse was true. Rapid cell 
growth and development would have been possible earlier in 
the isolated trees, as the grove trees experienced turgor-limiting 
ΔD for several days longer. This important distinction can be 
expected to have marked effects on the extent to which climatic 
information is incorporated into the rings of isolated and grove 
trees at a critical time in the growing season.

Dendrometer-derived tree water deficit as a measure 
of plant water status

The parameter ΔD, defined here as the outer stem tissue water 
content relative to a fully hydrated condition, integrates the 
plant’s response to the availability of and demand for water 
under a particular set of conditions. More specifically, it is a 
measure of the difference between the availability of moisture 
in the soil and the demand for moisture in the atmosphere, as 
modified by stomatal conductance and, critically, any capaci-
tance that may exist in living tissues (mainly phloem and bark) 
and/or cell walls (De Pauw et al. 2008, Steppe et al. 2008). At 
the seasonal scale, trees experience deficits over the longer 
term that will drive physiological adaptation, patterns of growth 
and morphological properties (Chaves et al. 2002, 2003). On 

a daily scale ΔD occurs in association with the phenomena of 
stomatal response to short-term changes in environmental 
conditions, the soil–plant–atmosphere water potential gradient 
and transpiration (Steppe et al. 2005). These two levels of 
consideration are not separate: daily increases in ΔD that are 
not reversed at night by the replenishment of water in the 
expandable tissues lead ultimately to longer-term increases in 
ΔD. In our study, we used dendrometers to measure short-term 
changes in ΔD, and showed that this approach provides an 
informative measure of overall tree water status. ΔD was par-
ticularly useful as a measure of drought stress under drier con-
ditions, which is when it is likely to be most informative and of 
greatest use. In the wet season, unusual patterns of diurnal 
tree water use during regular heavy rainfall events cause large 
growth responses during the day, and swelling in non-living 
bark tissue with high water content contributed to greater diur-
nal variability.

Daily variation in ΔD, in grove and isolated trees, was largely 
explained by changes in soil water availability, air temperature 
and RH, which would be expected in this savanna environment 
(Eamus and Prior 2001). The decline of surface soil water avail-
ability, particularly after April, was of primary importance in 
determining annual patterns of ΔD in these trees. However, 
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Figure 6. Model predicted (dashed line) and measured (solid line) tree water deficit in isolated (a) and grove (c) trees. Shaded areas in each plot 
show the relative contribution of RH, soil potential and temperature to each model. Normalized variation in temperature, RH and soil potential at the 
site is shown in (b).
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atmospheric changes became much more important deter-
minants of tree water status during the wet season, and also 
 during the transition between the wet and dry seasons. This 
provides useful insights into an additional driver of growing 
 season length, as determined by tree water relations. Even if soil 
water is not limiting, or is at least less limiting than in the dry 
season, atmospheric conditions in the ‘build-up’ can be expected 
to markedly impact on tree water deficits. If water deficits dur-
ing this period become sufficiently limiting, it can be expected 
that the onset of wet season growth would be inhibited.

Tree water relations in Callitris compared with other tree 
species in the same environment

Callitris spp. have been shown to exhibit very different water 
relations behaviour compared with other species growing in 
the same environment (Clayton-Greene 1983, Cullen and 
Grierson 2007). We have shown that the trees are capable of 
reaching exceptionally low midday and pre-dawn leaf water 
potentials during the dry season, in many cases well below 
−6 MPa and −5 MPa, respectively. In comparison, other spe-
cies in the same savanna environment have been widely shown 
to maintain dry season pre-dawn leaf water potentials above 
−2 MPa and midday leaf water potentials above −3 MPa (Duff 
et al. 1997, Myers et al. 1997, Prior et al. 1997, O’Grady et al. 
1999). These findings, considered in the light of the very low 
pre-dawn water potentials measured in the dry season in our 
study, suggest that C. intratropica trees, growing under the 
conditions at our study site, may maintain relatively shallow 
roots, compared with the eucalypts, which explore the soil pro-
file to much greater depth (Myers et al. 1997). If this is true, it 
has implications for how C. intratropica will experience sea-
sonal water deficits, and may offer a clue as to why it produces 
rings more clearly than other species in the same environment. 
If these patterns hold for Callitris species growing under more 
arid conditions, it would also provide a physiological explana-
tion for the observed differences in ring quality between trees 
growing in protected sites and those growing in exposed sites. 
Searson and Pearson (2001) demonstrated that crossdating of 
Callitris in arid sites in southwestern Queensland could only be 
achieved for individuals growing in relatively sheltered sites. 
Callitris growing in exposed sites appeared to have large 
 numbers of missing and false rings. Callitris in the protected 
sites would have better access to water and experience less 
harsh growing conditions, allowing them to form annual growth 
rings more consistently. In contrast, Callitris growing in exposed 
sites would experience greater water deficits for  longer periods 
and be more likely to completely cease growth for extended 
periods, resulting in missing rings.

The Callitris trees in our study also showed strong evi-
dence of what has been defined by Franks et al. (2007) as 
 ‘isohydrodynamic’ behaviour. In contrast to ‘anisohydric’ or 
‘isohydric’ species (Turner et al. 1984), ‘isohydrodynamic’ 

plants can be expected to allow ΨM to vary under conditions of 
varying water availability and/or demand. However, they do 
maintain a constant diurnal ΔΨ under drought or well-watered 
conditions. In our study, the differences between ΔΨ measured 
during field campaigns in the wet and dry seasons were not 
high (~0.4 MPa). This was despite the development of 
extremely low ΨM (as low as −6.5 MPa in some trees in the dry 
season). Species that exhibit anisohydric behaviour, such as 
Mediterranean shrubs, Erica multiflora and Globularia alypum or 
tropical xerophilous shrubs (such as Dodonaea viscosa), can 
show ΔΨ differences between the wet and dry seasons as 
high as 2 MPa (Llorens et al. 2003, Barradas et al. 2004). And 
although ΨM and ΔD measured over a brief window in each 
season did show seasonal differences between ΔΨ, averaged 
ΔD over longer periods did not. This result further supports the 
assertion that C. intratropica maintains a constant ΔΨ, even 
under extreme drought conditions. It also shows the value of 
using the dendrometer-based ΔD approach, as it makes a 
much higher sampling frequency possible, increasing the 
robustness of seasonal comparisons.

Conclusion

During the development of drought in the dry season, 
C.  intratropica trees growing in high-density groves developed 
larger and more rapid water deficits than isolated individuals. 
Conversely, isolated trees showed a more rapid recovery from 
severe water deficit than grove trees when drought was bro-
ken in the following wet season. These differences will impact 
on the ability of trees in these two situations to begin or main-
tain stem growth at the beginning and end of the wet season, 
by limiting the processes of cell growth and development in 
the xylem. Different patterns of early and late season growth 
will translate into distinctive patterns of ring width variation in 
trees experiencing different levels of intra-specific competi-
tion. The implications of this finding for palaeoclimatic recon-
structions are important. If water deficits in isolated trees are 
smaller and shorter than those in grove trees, then grove trees 
are likely to provide a more sensitive measure of hydroclimatic 
variability. However, given periods of prolonged intense 
drought, the isolated trees are likely to provide a more reliable 
chronology of tree growth. Ensuring that Callitris trees grow-
ing under both conditions are included in the chronology 
development will be necessary to develop highly sensitive 
and accurately dated palaeoclimatic reconstructions within 
the region.

In order to maximize the utility of C. intratropica for palaeo-
climatic analyses, it is necessary to separate, or at least under-
stand, these climatic and intra-specific competition effects. As 
an initial step, all future tree ring samples should be accompa-
nied by data about the context of the tree. Is it in a grove or 
isolated? If it is in a grove, is it an even-age cohort, or are most 
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trees likely to be descendants of the tree being sampled? If it 
is isolated, is there evidence that a grove was present in the 
past, and the tree in question is the only survivor?
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