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Abstract. Peat swamp forests are the second rarest forest
type found in South Africa while dune forests have been un-
der severe threat through mining and agriculture. Both forest
types exist in the conservation area, and World Heritage site,
known as the iSimangaliso Wetland Park on the East coast
of South Africa. The area is prone to severe droughts (Taylor
et al., 2006) and recent attempts to understand the local wa-
ter balance revealed that there was insufficient information
on the water use of the indigenous forests of the area. The
peat swamp forest and dune forest sites studied in this re-
search were located within close proximity to each other, yet,
are characterised by different landscape positions in terms of
water availability. The coastal dune forest soil profile was
generally dry and sandy and the tree roots did not have ac-
cess to the water table. In contrast the peat swamp forest is
located in an interdunal wetland where the trees have perma-
nent access to water. The climate at both sites is subtropical
with a mean annual precipitation of 1200 mmyr−1. However,
over 20 months of measurement, the first summer (October
2009 to March 2010) was drier (424 versus 735 mm) than the
second summer (October 2010 to March 2011) emphasising
the variability of the rainfall in the area and providing a wide
range of conditions measured.

The sap flow of an evergreen, overstorySyzygium cor-
datumand a semi-deciduous, understoryShirakiopsis ellip-
tica were measured in the peat swamp forest using the heat
ratio method. TheSyzygium cordatumwater use was not
highly seasonal and the daily maximum water use ranged
from approximately 30 Ld−1 in winter to 45 Ld−1 in sum-
mer whereas theShirakiopsis ellipticawater use was more
seasonal at 2 Ld−1 in winter and 12 Ld−1 in summer. The

water use of theSyzygium cordatumwas not influenced by
seasonal rainfall variations and was actually higher in the
drier summer (October 2009 to March 2010). Three trees of
different heights were monitored in the same way in the dune
forest and the water use found to be highly seasonal. Over the
entire measurement period, the water use was highest for an
emergentMimusops caffra(5 to 45 Ld−1), whereas the wa-
ter use of theEugenia natalitia(2 to 28 Ld−1) andDrypetes
natalensis(1 to 4 Ld−1) was lower. At the dune forest, the
water use was highest in the wetter summer due to the re-
liance of the trees on rainfall to recharge the soil water. A
split-line regression showed that on average, soil water lim-
ited tree water use 64 % of the time over the measurement
period at the dune forest. For modelling tree water use at the
dune forest, it was concluded that a two-stage model, tak-
ing soil water content into account (from multiple sampling
points), would be necessary.

1 Introduction

There has been extensive research on the comparative water
use of introduced trees and the indigenous vegetation they
replace in South Africa (Dye, 2001; Everson et al., 2008;
Gush and Dye, 2006, 2009). However, most of the work does
not extend to indigenous tree water use and there is a gen-
eral dearth of information around the subject (Dye et al.,
2008). Where information is available, climatic means, ge-
ographic location and soil water availability introduce doubt
as to the transferability of results from one area to the next.
Peat swamp forest (PSF) and dune forest (DF) transpiration
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rates measured in this research are the first of their kind in
South Africa and form a valuable contribution to the existing
indigenous tree water-use information. Indeed, the authors
are unaware of any comparable water-use estimates from ei-
ther of these vegetation types internationally.

The recent drive in South Africa to understand indigenous
water use stems primarily from the hydrologically extreme
change in land use that has taken place in South Africa since
the early 1900s. The result of this change has brought about
a shift in the water balance (Dye et al., 2008). For exam-
ple, in some areas shallow rooted, seasonally dormant grass-
lands were replaced by deep rooted, evergreen forest planta-
tions with high leaf areas. Commercial forestry plantations
of exotic species have been associated with increasing the
green water (water lost by evaporation) and decreasing the
blue water (water in rivers and dams) in areas across South
Africa (Calder, 1999; Jewitt, 2006). The first forest planta-
tions were established in 1875 in the high rainfall areas of
the country (Gush et al., 2002). During the course of the
1900s, the area under forestry grew to 1.5 million hectares,
approximately 1.5 % of the country’s land cover, as the de-
mand for wood increased. It was realised that forestry posed
a threat to the availability of blue water, and since 1968 there
have been recommendations and legal requirements associ-
ated with forestry as a result of its water use (Dye and Vers-
feld, 2007). Water-use licenses and monthly water costs asso-
ciated with forestry (DWAF, 2004) and strict environmental
legislation associated with riparian zones have been imple-
mented (FIEC, 1995).

The Eastern Shores area of the St. Lucia estuary, in the
Maputaland area of KwaZulu-Natal, was planted to exotic
commercial pine plantations in the 1950s (Dominy, 1992).
However, since the avulsion of the Umfolozi River from Lake
St. Lucia in 1952, the importance of groundwater recharge
and the dependence of the lake water levels and wetland areas
on groundwater became critical (Taylor et al., 2006). With
a growing understanding of the importance of the regional
ecology and the potential for tourism, the Greater St. Lucia
Wetland Park (the iSimangaliso Wetland Park since 2007 and
a RAMSAR and World Heritage Site) was protected from
dune mining proposals in the 1990s. However, the negative
impact of commercial forestry on water resources and specif-
ically the potential of the trees to deplete groundwater re-
sulted in a decision to remove the plantations from the East-
ern Shores area. This was successfully undertaken between
1991 and 2004 and the only evidence of commercial forestry
across the dunes and around wetlands are the remaining tree
stumps.

However, despite the removal of the commercial planta-
tions, lower than average rainfall near the lake exacerbated
the wider drought conditions since 2001, and salinity lev-
els in the Lake have been critically high at times and have
threatened species survival (Mackay et al., 2010). Cyrus et
al. (2010) stated that remedial action is required to enable
the proper functioning of the estuary and therefore proposed

the establishment of a permanent link between the Umfolozi
River and the lake to supply fresh water and reduce salin-
ity levels. The healthy functioning of the estuary is clearly
in the balance due to anthropogenic influences that have
severely affected the water balance of the system. A wa-
ter management strategy is therefore critical to the future
health of the estuary. In addition, of the indigenous forests
in KwaZulu-Natal, Eeley et al. (1999) particularly include
swamp and dune forests as being those most at risk due to
climate change. Even more so, peat swamp forests are at risk
of invasion or succession by upland species in response to
lowering of the water table, the drying out of peat and the in-
creased potential for peat fires. It was during the course of a
recent research project (Water Research Commission Project
K5/1704) to address the water management of the Eastern
Shores area and the implications of climate change to the
area that it was necessary to determine the water balance.
However, it was apparent that there is little or no informa-
tion on the actual water use from the natural vegetation types
of the area. Total evaporation (ET), which includes transpi-
ration and soil water evaporation, is a dominant component
of the water balance in South Africa (Linacre, 1976; Everson
et al., 2001, 2011). It was therefore determined that there is
a need to measure the tree transpiration, which dominates in
forests (Bosch and Hewlett, 1982), to better understand the
dynamics of these two important forest types found within
the area.

In terms of contribution to water-balance modelling, an
improved understanding of tree transpiration dynamics and
limits of individual (and dominant) species, was considered
more useful than an overall ET estimate of each forest type,
which is the sum of the water use from the trees, undergrowth
and soil. The dynamics of the tree transpiration (which dom-
inates in forests) can be lost in a single measurement of ET
due to the inclusion of the other components with their par-
ticular dynamics (undergrowth and soil). In addition, the ab-
solute results of ET from each forest type are site specific
and therefore not necessarily transferable to other forest ar-
eas, whereas an understanding of dynamics and limits of in-
dividual tree transpiration (hereafter referred to as water use)
provide concepts transferable to PSFs and DFs in other areas.
Therefore, the aim of this research was to determine daily
tree water use in a PSF and a nearby DF, to understand the
water-use dynamics in response to seasonal changes with ad-
ditional measurements of soil water fluctuations within each
forest type.

1.1 The study area

The study area (Fig. 1) was located in the Eastern Shores area
of the iSimangaliso Wetland Park, which was declared South
Africa’s first UNESCO World Heritage Site in 1999 (Taylor
et al., 2006). It lies adjacent to Lake St. Lucia and within the
St. Lucia Ramsar Site designated in 1986 (Taylor, 1991). It
is a premier tourist destination contributing to the economy
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Fig. 1. (a) Location of Lake St. Lucia and research area in South
Africa, (b) the Nkazana peat swamp forest site and the Dune Forest
site with the distribution of the vegetation on the Eastern Shores and
(c) a cross-sectional profile of transect A–A in Fig. 1b.

of the surrounding communities and the town of St. Lucia
(Whitfield and Taylor, 2009).

The iSimangaliso Wetland Park has a subtropical cli-
mate and lies in a summer rainfall area (Schulze et al.,
2008). There is a steep rainfall gradient from east to west
and at the coastline the mean annual precipitation exceeds
1200 mmyr−1 but drops to only 900 mmyr−1 10 km to the
west at Fanies Island (Taylor et al., 2006). Taylor et al. (2006)
further reported that the temporal variability of the rainfall
gives rise to severe wet and dry periods in Maputaland and
during this study there was a well-reported drought in the
region.

The Eastern Shores area is flanked by Lake St. Lucia to the
west and the Indian Ocean to the east (Fig. 1b). The coastal
dunes, where the DF site is situated, are among the tallest
forested coastal sand dunes in the world (Pooley, 2003);
to the west the lower, undulating Embomveni Dunes bor-
der Lake St. Lucia. An ancient interdunal drainage line that
forms the Mfabeni Mire lies between these two dune ar-
eas (Fig. 1c). The Mfabeni Mire is drained by the perennial
Nkazana Stream which flows freshwater into Lake St. Lu-
cia and is an important source during droughts (Vrdoljak and
Hart, 2007). Organic matter and sediment at times has accu-
mulated in the Mfabeni Mire over the past 45 000 yr, form-
ing one of South Africa’s largest peatlands and one of the
oldest active peatlands in the world (Grundling et al., 1998).
The Mfabeni Mire is approximately 8 km long (north–south

direction) and 4 km at its widest point (east–west direction).
The Nkazana PSF forms part of the Mfabeni Mire and runs
down the western side of the Mire (Fig. 1). The Nkazana PSF
and the DF fall within the Indian Ocean Coastal Belt Biome,
described as being a mixed, seasonal grassland community
(Mucina and Rutherford, 2006). The former is further clas-
sified by von Maltitz et al. (2003) and Mucina and Ruther-
ford (2006) as an Azonal Forest (AII: Swamp Forest) and
the latter a Northern Coastal Forest (VII1: KwaZulu-Natal
Coastal Forest).

1.2 The study sites

The Nkazana PSF site (28◦10.176′ S, 32◦30.070′ E) lies on
the western boundary of the Mfabeni Mire and runs in a
north–south direction for approximately 7 km. A detailed
vegetation survey of the PSF has been described by Ven-
ter (2003). Wessels (1997) classified the swamp forests of
the area into three logical subgroupings based on dominant
species, stand density and basal areas. TheSyzygium corda-
tumsubgroup is characterised by an irregular, broken canopy
of predominantlySyzygium cordatumtrees (known locally
as the Water Berry) of up to 30 m, emerging above an inter-
mediate canopy of approximately 6–15 m. The Nkazana PSF
site posed several challenges due to general inaccessibility
as well as the denseNephrolepis biserratafern that covers
the forest floor to a height of 2.5 m and theStenochlaena
tenuifolia (Blechnaceae) fern that festoons the tree stems.
The ground at the PSF site was wet and soft with a 0.3 m
layer of peat over sand. However, the peat is over 2 m thick
in places within the Nkazana PSF (hereafter referred to as
PSF only). The two trees instrumented for monitoring sap
flow were located within this widely spreadSyzygium cor-
datumsubgroup of the PSF at its broadest point (approx-
imately 1 km) to minimise edge effects. An overstory tree
(Syzygium cordatum) and a mid-canopy tree (Shirakiopsis el-
liptica) were instrumented.Syzygium cordatumis the most
common swamp forest tree across Maputaland, likely due
to its fire and hydroperiod tolerance (Wessels, 1997). Other
tree species found in the immediate vicinity of the moni-
tored trees included:Macaranga capensis, Bridelia micran-
tha, Tarenna pavettoidesand Stenochlaena tenuifolia. The
leaf area index (LAI) beneath the ferns and trees was approx-
imately 7.2 and below the trees approximately 3.3 (suggest-
ing a near-closed canopy) throughout the year (Fig. 2). The
depth to water table was<1.0 m and the trees had permanent
access to groundwater.

The coastal dunes are flanked to the east by the Indian
Ocean and to the west by the Mfabeni Mire. The dunes rise
steeply from the beach to an elevation of up to 80 ma.s.l.
and drop-off gradually to the Mfabeni Mire to the west
(Fig. 1c). The vegetation is mainly a mixed species DF
with isolated areas of grassland. The DF site (28◦12.017′ S,
32◦31.633′ E) has a rich diversity of tree species. Three dif-
ferent tree species (Drypetes natalensis, Eugenia natalitia
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Fig. 2. Leaf area index measured at the swamp forest (above the
ferns) and dune forest sites.

andMimusops caffra) were instrumented for monitoring of
sap flow. These trees were selected because they are com-
mon DF trees representative of the coastal dune forests of
Maputaland and due to their proximity to each other, which
was a limitation of the sap flow system installed. They
also represented different height categories within the DF
with the Drypetes natalensisbeing the shortest and there-
fore mainly shaded within the canopy (understory), theEu-
genia natalitiapartly shaded (mid-canopy), and theMimu-
sops caffraemergent or fully exposed to solar irradiance
(overstorey). Other dominant tree species found around those
instrumented includeStrychnos gerrardii, Garcinia living-
stonei, andCasearia gladiiformis. The LAI was between 2.3
in winter and 4.3 in summer (Fig. 2). The DF soils are well
drained and the tree roots did not have access to the water
table.

2 Methodology

An automatic weather station provided climatic data from
the nearby (3 km from the PSF site, 5 km from the DF site)
Mfabeni Mire where rainfall (TE525, Texas Electronics Inc.,
Dallas, Texas, USA), air temperature (HMP45C, Vaisala Inc.,
Helsinki, Finland), relative humidity (HMP45C, Vaisala Inc.,
Helsinki, Finland), solar irradiance (LI-200, LI-COR, Lin-
coln, Nebraska, USA), net radiation (NR-Lite, Kipp & Zo-
nen, Delft, the Netherlands) wind speed and direction (Model
03002, R.M. Young, Traverse city, Michigan, USA) were
measured. The raingauge was mounted so that the orifice
was at a height of 1.2 m above the ground and the remain-
ing sensors 2 m above ground level. Vapour pressure deficit
(VPD) was calculated from the air temperature and relative
humidity according to Savage et al. (1997). The climatic data
were averaged over 30 min intervals from observations made
every 10 s and stored on a data logger (CR1000, Campbell
Scientific Inc., Logan, Utah, USA). The FAO-56 grass ref-
erence evaporation (ETr) was calculated from the climatic

data according to Allen et al. (2006) at an hourly interval and
summed to a daily level.

A heat pulse velocity system (HPV) using the heat ratio
method as described by Burgess et al. (2001), was used to
estimate sap flow at various depths across the sapwood of se-
lected trees over 20 months from September 2009 to early
May 2011. The site for measurement in each forest was se-
lected based on trees that were representative in terms of
species, size, canopy height as well as proximity to each
other due to cable length limitations of the HPV system. Tree
species instrumented at each site are representative of either
PSFs or DFs in Maputaland (Boon, 2010). An assessment
of bark and cambium depth were made and suitable insertion
depths (Table 1) selected for optimal measurement within the
sapwood of the trees using an increment borer and Methyl
Orange. A line-heater probe, (8 cm long and of 0.18 cm
outside-diameter stainless steel tubing) enclosed a constan-
tan filament that, when powered from a 100 Ah, deep cycle
battery for 0.5 s provided a heat source. A pair of thermo-
couple (TC) probes (consisting of type T copper-constantan
thermocouples embedded in 0.2 cm outside-diameter PTFE
tubing) was used to measure temperatures 0.5 cm upstream
and downstream of the heater probe. Hourly measurements
(CR1000, Campbell Scientific Inc., Logan, Utah, USA) were
recorded from 4 September 2009 to 4 May 2011. Up to
24 TCs were multiplexed (AM16/32, Campbell Scientific
Inc., Logan, Utah, USA) allowing 12 measurements at vari-
ous sapwood depths and across tree species. The number of
trees monitored was limited due to equipment costs but a full
sap flow system allowing 12 measurement pairs was avail-
able for each forest type. At the DF the tree stem diameters
were all<0.17 m and four TC pairs in each tree was suitable
to measure sap flow at different depths across the sapwood.
However, at the PSF, theSyzygium cordatumstem diameter
was 0.43 m and sap flow was measured at four depths across
the sapwood on the eastern side of the stem and at four depths
across the sapwood on the western side of the stem in case of
differences in the thick stem of the tree. The remaining four
pairs were installed in a nearby mid-canopy tree (Shirakiop-
sis elliptica) which has a smaller stem diameter (0.081 m).

The automated hourly measurement sequence began by
measuring each thermocouple 10 times to provide an accu-
rate initial temperature. Following the release of a pulse of
heat, the downstream and upstream temperatures were mea-
sured 60 times between 60 and 100 s (Burgess et al., 2001).
The heat pulse velocity (Vh) was calculated from

Vh =
k

x
ln

(
v1

v2

)
3600, (1)

wherek is the thermal diffusivity of green (fresh) wood,x is
the distance (0.5 cm) between the heater and either upstream
or downstream thermocouple, andv1 and v2 are increases
in the downstream and upstream temperatures (from initial
average temperatures), respectively,x cm from the heater.
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Table 1.Tree sizes and probe measurement depths.

Nkazana Overbark Bark Sapwood Probe depths Tree height
Peat swamp diameter depth below outer (m)
forest site (m) (m) bark surface (m)

Syzygium cordatum 0.430 0.008 0.055 1= 0.020, 2= 0.035,
3 = 0.040, 4= 0.060
5 = 0.020, 6= 0.035,
7 = 0.040, 8= 0.060

22.5

Shirakiopsis elliptica 0.081 0.003 0.033 1= 0.006, 2= 0.012,
3 = 0.020, 4= 0.030

6.8

Dune forest site

Drypetes natalensis 0.069 0.002 0.030 1= 0.005, 2= 0.010,
3 = 0.015, 4= 0.025

4.5

Eugenia natalitia 0.132 0.002 0.047 1= 0.010, 2= 0.020,
3 = 0.030, 4= 0.045

7.5

Mimusops caffra 0.161 0.005 0.060 1= 0.010, 2= 0.020,
3 = 0.030, 4= 0.045

7.2

A thermal diffusivity (k) of 2.5× 10−3 cm2s−1 (Marshall,
1958) was used.

Probes were inserted into trees with single stems and at
a height of between 0.5 m and 1.4 m above the ground and
below any branches. A drill guide was strapped firmly to the
stem to ensure that holes were drilled with the correct spacing
and parallel alignment. However, slight misalignment was
assessed by checking for inconsistencies in the zero flux val-
ues. This was done by examining periods during which zero
sap flow (Vh = 0) was most likely to occur – such as pre-
dawn, rainfall periods, high relative humidity and low soil
moisture periods. TheVh values at these times may subse-
quently be adjusted to zero, and the average of these adjust-
ments provided the offset value applied to the whole data set.
For all probe pairs, the offset was<5 % of the midday sap
flow rates.

Wounding or non-functional xylem around the TCs (Ta-
ble 2) was accounted for using wound correction coefficients
described by Swanson and Whitfield (1981). Sap velocities
were then calculated by accounting for wood density and
sapwood moisture content (Table 2) as described by (Mar-
shall, 1958). Finally, sap velocities were converted to tree
water use or sap flow (Lh−1) by calculating the sum of the
products of sap velocity and cross-sectional area for individ-
ual tree stem annuli (determined by below-bark individual
probe insertion depths and sapwood depth). In this way, point
measurements of sap velocity were weighted according to the
amount of conducting sapwood they represent in the annulus.

Stem diameters were monitored at the probe installation
height of the tree trunk at monthly intervals to determine
sapwood area. A corer was used to determine the interfaces
between the bark, sapwood and heartwood (Table 1). These
were distinguished by colour, wood hardness and in some

Table 2.Tree specific data required for calculation of sap flow.

Peat Swamp Wood density Moisture Average
Forest site (m3 kg−1) fraction wounding (mm)

Syzygium cordatum 0.56 0.83 3.4
Shirakiopsis elliptica 0.53 0.73 3.7

Dune Forest site

Drypetes natalensis 0.54 0.89 3.2
Eugenia natalitia 0.73 0.47 3.2
Mimusops caffra 0.61 0.71 3.0

cases Methyl Orange was used to identify tyloses (Blanche
et al., 1984). Tree height was also measured monthly using
a tree height rod at the DF and hypsometer (VL402, Haglöf,
Sweden) at the PSF. The LAI was measured (LAI 2200, LI-
COR Inc., Lincoln, Nebraska, USA) at monthly intervals at
both sites. The measurement sequence of an above canopy,
four below canopy and an above canopy reading were per-
formed at each site in triplicate. However, due to the dense
ferns at the PSF, the LAI of the ferns and trees was measured
separately to the LAI of only the trees by measuring above
the ferns.

Soil profile water content at both sites was measured
(CR1000, Campbell Scientific Inc., Logan, Utah, USA) ev-
ery hour to be in sync with the sap flow measurements. A
time domain reflectometry system (TDR100, Campbell Sci-
entific Inc., Logan, Utah, USA) with multiplexer (SDMX50,
Campbell Scientific Inc., Logan, Utah, USA) and probes with
three waveguides (CS605, Campbell Scientific Inc., Logan,
Utah, USA) were installed at depths of 0.025 m, 0.075 m,
0.125 m, 0.250 m, 0.500 m and 1.000 m. The determination

www.hydrol-earth-syst-sci.net/17/2053/2013/ Hydrol. Earth Syst. Sci., 17, 2053–2067, 2013
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of volumetric water content by time domain reflectometry
(TDR) has been well established by Topp et al. (1980) and
Ledieu et al. (1986). The linear Ledieu conversion coeffi-
cients were used to convert the apparent probe length (mea-
sured by the TDR100) over the real probe length (known)
to volumetric water content. Probe cable lengths were kept
to a minimum to avoid distortion of the waveform caused
by cable (RG58) impedance. The soils do not have high
electro-conductivities which can cause signal attenuation due
to ionic conduction and were therefore suitable for measure-
ment with TDR methodology.

At the DF site, soil water potential sensors (Model 253,
Irrometer Company, Riverside, California, USA) were in-
stalled with the CS605 sensors. The data was also recorded
hourly using the same logger described above but a mul-
tiplexer (Am16/32, Campbell Scientific Inc., Logan, Utah,
USA) was used to extend the number of measurement chan-
nels. These sensors were included at the DF due to the dry
nature of the soils and a hypothesis that water was likely to be
a limiting factor at this site. The soil water potential against
which the trees extract water was therefore of interest at the
drier site. At the PSF site, the water table was close to the
surface (0.5–1.0 m) and it was unlikely that water would be
a limiting factor and therefore water potentials would be per-
manently low.

The watermark sensors used to measure water potential
at the DF site have a range of 0 to 125 kPa beyond which
the linear calibration has not been verified (Thompson and
Armstrong, 1987). Unfortunately, the conditions at the DF
were drier than expected and frequently out of this range.
Therefore, the water retention characteristics of the soils
were determined for the PSF and DF sites using undisturbed
cores analysed in the laboratory at pressures between 0 and
−1500 kPa following the methods and procedures of Klute
and Dirksen (1986). Particle size distribution was also deter-
mined in the laboratory using the methods described by Gee
and Bauder (1986).

The groundwater level (Solinst levelogger 3001, Ontario,
Canada) at the PSF was measured at hourly intervals to co-
incide with the sap flow measurements. A perforated PVC
access tube, lined with a geotextile was installed at the site
for the monitoring of groundwater levels to approximately
1.8 m. The DF groundwater level was measured (Solinst lev-
elogger, Ontario, Canada) approximately 3 km to the north
(28◦10.407′ S, 32◦32.115′ E) near the top of the dunes, also
at hourly intervals in a steel cased borehole.

Soil samples were collected (approximately 2 kg per sam-
ple) for the determination of root distribution at each site us-
ing a Eijkelkamp Edelman Extendible Auger for sand. Sam-
ples were collected from three different locations around the
sites from soil pits. The samples were oven dried (105◦C)
and weighed. The roots were separated from the soil with a
0.002 m sieve, oven dried and weighed again to determine
the mass of roots per mass of dry soil. All root sizes were
included in the measurement, which at the PSF included tree
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Fig. 3. The (a) monthly rainfall, (b) daily solar radiant density,
(c) monthly solar radiant density, and(d) daily maximum and min-
imum air temperatures at the Mfabeni Mire.

and fern roots. At the DF, only trees were present as there
was very little undergrowth around the measurement site.

3 Results

3.1 Weather conditions during the study period

The annual precipitation measured over the 2009–2010 hy-
drological year (October 2009 to September 2010) was
650 mm, well below the long-term average of 1200 mmyr−1.
The summer rainfall over the 2009–2010 period was par-
ticularly low (424 mm), contributing to the dry conditions.
The 2010 winter rainfall was characteristically low but was
augmented by frontal conditions in July and August provid-
ing 30 and 34 mmmonth−1 of rainfall, respectively (Fig. 3a).
The summer rains of 2010–2011 improved (735 mm) and
were evident from October onwards, with December and Jan-
uary experiencing 191 and 202 mmmonth−1, respectively,
compared with 84 and 85 mmmonth−1 in the previous year
(Fig. 3a). The long-term summer average at the nearby South
African Weather Services station (0339756W) was 738 mm
(Kunz, 2004; Lynch, 2004) showing that the 2009–2010
summer was drier and the 2010–2011 summer close to the
long-term summer average rainfall.

Daily solar radiant density was seasonal, peaking at
30 MJm−2 in summer and 12 MJm−2 in winter on clear days
(Fig. 3b). The daily solar radiant density was more variable
in summer due to cloud cover, which was particularly preva-
lent during the mornings until 11:00 LT. This cloud cover
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effect during summer is clear from the differences in the
year on year monthly solar radiant densities (Fig. 3c). Dur-
ing the summer of 2009–2010, December (661 MJ) had the
highest solar radiant density, whereas in 2010–2011 Febru-
ary (676 MJ) had the highest. This variability in cloud cover,
which is able to influence monthly solar radiation totals in
summer, is important to note as tree sap flow response to
energy is well documented (Landsberg and Waring, 1997;
Meiresonne et al., 1999; Granier et al., 2001; Williams et al.,
2001; Wullschleger et al., 2001; Meinzer et al., 2004).

The warm Mozambique Current from the north exerts a
warming influence on the coastal areas. Temperatures are
warm to hot in summer with maximums frequently above
30◦C (Fig. 3d). Winter months are mild to warm and maxi-
mum temperatures were generally around 25◦C. The average
daily minimum temperatures were around 20◦C in summer
and rarely below 5◦C in winter, although on 17 June 2010 the
temperature dropped to−1.2◦C indicating frost conditions,
which are considered extremely rare in the area (Meadows,
1985).

The humid and subtropical coastal conditions over the pe-
riod of measurement are best described by the average day-
time (Rn>0) VPD of 0.80 kPa (Fig. 4), which is low, indi-
cating a low atmospheric evaporative demand generally. The
monthly average VPD was lowest in October and highest in
February during both 2010 and 2011. The daytime standard
deviations were mostly below 0.30 kPa except in September
when the standard deviation of the VPD was>0.38 during
both 2010 and 2011.

The wind in the research area was seasonal with the
highest monthly average wind speeds experienced in Oc-
tober to December and the lower wind speeds in winter
(April to July). The average daytime (Rn>0) wind speed was
3.9 m s−1 over the measurement period (Fig. 4). The highest
monthly average was measured in October (5.4 m s−1) and
the lowest in May (3.2 m s−1).

3.2 Soil profile and water content

A surface organic horizon (peat) at the PSF site was approx-
imately 0.3 m deep and the roots were concentrated in this
horizon (Table 3). There was a sharp transition below the

Table 3. Dry root mass per unit volume of soil along a 1.0 m soil
profile at the peat swamp forest and dune forest sites.

Depth Dune Peat swamp
forest site forest site

(m) ( gm−3) (gm−3)

0.005 18.7 7.5
0.250 2.6 1.3
0.500 0.3 1.2
1.000 0.1 0.6

0

10

20

30

40

50

Sep-2009 Dec-2009 Mar-2010 Jun-2010 Sep-2010 Dec-2010 Mar-2011

Sw
am

p 
fo

re
st

 s
oi

l p
ro

fi
le

 
w

at
er

 c
on

te
nt

 (%
) 

0

5

10

15

20

D
un

e 
fo

re
st

 s
oi

l p
ro

fil
e 

w
at

er
 c

on
te

nt
 (%

)

Swamp forest Dune forest

Fig. 5. Total volumetric water content in the upper 1.5 m of the soil
profile at the dune forest and peat swamp forest sites.

organic horizon to a coarse (11 %), medium (36 %) and fine
(42 %) sand profile (by mass – the remainder being silt and
clay) that contained less root material but with some roots
extending below 1 m. The volumetric water content (θ) was
generally high at the PSF site. The incremental measure-
ments down the profile (data not shown) indicated that the
profile was drier near the surface (15 to 20 %) and wetter at
depth (40 to 50 %). At 0.5 m,θ only responded to rainfall
events over 15 mm (over a few h) while at 1.0 m,θ remained
unchanged between September 2009 and August 2010, when
the water table was above the soil water measurement probe.
From the beginning of September 2010 to mid-October 2010,
θ dropped 17 % from 39 % to 22 % indicating that the water
table had moved below the probe at 1 m. Following spring
rains (117 mm in October 2010),θ increased first rapidly and
later more slowly for the remainder of the measurement pe-
riod to levels (38 %) close to previous values (39 %). After
rainfall, the surface drained rapidly indicating low water re-
tention, characteristic of sandy soils. The total soil profile
volumetric water content (θPT) at the PSF site fluctuated be-
tween 30 % and 42 % over the 1.5 m depth profile (Fig. 5).
Despite the differences in the PSF site water retention char-
acteristic down the soil profile (Fig. 6a), it was clear that the
−1500 kPa wilting points (10 % at 0.8 m, and 30 % at 0.4 m)
were both below the driest limits reached inθPT (30 %). This
indicated that soil water was not a limit to tree water use, par-
ticularly considering that the water table level was generally
between 0.5 m and 1.0 m. Rainfall interception was likely to
have been relatively high (due to the high LAI) but was un-
likely to have been an important process in terms of limiting
water use as the vegetation had constant access to water at
this site.

At the DF site, there was a high root density near the sur-
face (Table 3) that decreased (8 % to 1 % root mass per soil
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mass) from 0.1 m to 0.2 m. The surface sands were water re-
pellant as determined by the Water Drop Penetration Time
test, as described by Dekker et al. (2001). The soil texture
did not change down the profile and was mainly medium
(46 %) and fine (45 %) sands (0 to 0.350 m). Rainfall in-
terception was likely to have been an important process at
the DF as only rainfall events (over a few h)>10 mm (or
rainfall on consecutive days) affected the upper soil water
profile (0 to 0.125 m). Smaller rainfall events (<4 mm) dur-
ing the beginning of December 2009 had no impact on the
surfaceθ . In some cases, rainfall events of approximately
10 mm (over a few h) resulted in small changes in surface
θ , yet large changes in soil water potential. For example,
from May 2010 to July 2010,θ at 0.075 m decreased from
8 % to 7 % (data not shown) whereas the measured water po-
tential decreased from−400 kPa to−700 kPa (Fig. 7). This
was supported by the water retention characteristics, which
showed that the sands drained rapidly beyond−400 kPa and
that small changes inθ caused large changes in water poten-
tial. TheθPT ranged from 5 % to 10 % but the wilting point
(−1500 kPa) of the sands was between 12 and 14 % (Fig. 6b).
The profile, or at least large parts of the profile, were outside
the plant available water range (0 to−1500 kPa) for extended
periods and water availability was certain to have limited tree
water use of the DF site.

The dry conditions at the DF site were frequently be-
yond the accurate operating range of the watermark sensors
(−125 kPa). However, the data do serve to show the relatively
dry conditions in the main rooting area of the profile (0 to
0.125 m). At 0.25 m the soil water potential fluctuated rapidly
but the water potential was generally lower (less negative)
than at 0.125 m. At 0.5 m and 1.5 m the water potential fluc-
tuated less but there was an increasing trend (more negative)

0
10
20
30
40
50

Sep-2009 Dec-2009 Mar-2010 Jun-2010 Sep-2010 Dec-2010 Mar-2011

Sa
pf

lo
w

 (L
 d

ay
-1

)

0

5000

10000

15000

20000

A
cc

um
ul

at
ed

w
at

er
-u

se
 (L

)Swamp forest - Syzygium Cordatum

0
10
20
30
40
50

Sep-2009 Dec-2009 Mar-2010 Jun-2010 Sep-2010 Dec-2010 Mar-2011

Sa
pf

lo
w

 (L
 d

ay
-1

)

0

1000

2000

3000

4000

A
cc

um
ul

at
ed

w
at

er
-u

se
 (L

)Swamp forest - Shirakiopsis elliptica

0
10
20
30
40
50

Sep-2009 Dec-2009 Mar-2010 Jun-2010 Sep-2010 Dec-2010 Mar-2011

Sa
pf

lo
w

 (L
 d

ay
-1

)

0

4000

8000

12000

A
cc

um
ul

at
ed

w
at

er
-u

se
 (L

)Dune forest - Mimusops caffra  

0
10
20
30
40
50

Sep-2009 Dec-2009 Mar-2010 Jun-2010 Sep-2010 Dec-2010 Mar-2011

Sa
pf

lo
w

 (L
 d

ay
-1

)

0

2000

4000

6000

8000

A
cc

um
ul

at
ed

w
at

er
-u

se
 (L

)Dune forest - Eugenia natalitia 

0
10
20
30
40
50

Sep-2009 Dec-2009 Mar-2010 Jun-2010 Sep-2010 Dec-2010 Mar-2011

Sa
pf

lo
w

 (L
 d

ay
-1

)

0

400

800

1200

A
cc

um
ul

at
ed

w
at

er
-u

se
 (L

)Dune forest - Drypetes natalensis(e)

(d)

(c)

(b)

(a)

Fig. 8. Daily water use (bars) and accumulated water use (dashed
line) over 20 months of the peat swamp forest trees(a) Syzygium
cordatum(b) Shirakiopsis ellipticaand dune forest trees(c) Mimu-
sops caffra, (d) Eugenia natalitiaand(e)Drypetes natalensis.

in water potential with depth indicating that the profile be-
came drier with depth beyond 0.25 m.

3.3 Tree water use

At the PSF site, the maximum water use of the evergreen,
overstory tree (Syzygium cordatum) ranged from approxi-
mately 30 Ld−1 in winter to 45 Ld−1 in summer. The to-
tal water use of the measurement period (20 months) was
15 800 L and the accumulated water-use line has a constant
gradient indicating a relatively constant water use through-
out the year (Fig. 8a). Of the two summer seasons ob-
served (October to March 2009–2010 and 2010–2011), the
water use was 16 % higher in the first summer (5402 L vs.
4643 L). The first summer was drier with a rainfall of only
424 mm vs. 735 mm in the following year. However, the
wetter year was no more cloudy and the difference in to-
tal solar irradiance between the two summer seasons was
within 4 % (3367 MJ vs. 3488 MJ), the average daily VPD
was similar (∼ 0.8 kPa) and the total accumulated reference
evaporation (ETr) 583 mm versus 601 mm in 2009–2010
and 2010–2011, respectively. The difference in water use
between the two summer periods therefore remains unex-
plained based on adequate soil water availability and simi-
lar atmospheric demands. The mid-canopy tree (Shirakiop-
sis elliptica) was a smaller, semi-deciduous tree. The water
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Fig. 9.The ratio of sap flow to reference evaporation versus the soil
water content (0.075 m) at the peat swamp forest site for(a) Syzy-
gium cordatumand(b) Shirakiopsis elliptica.

use was distinctly seasonal (2 Ld−1 in winter and 12 Ld−1

in summer) as shown by the s-shape of the accumulated
water-use line which totaled 3500 L over the measurement
period (20 months). The shaded mid-canopy tree therefore
used about 75 % less water than the overstory tree. In con-
trast to the overstory tree, the mid-canopy tree water use was
8 % higher in the wetter summer of 2010–2011 (1264 L vs.
1361 L).

The three evergreen DF trees (Fig. 8c to e) exhibited sim-
ilar seasonal patterns and a regression of sap flow between
the mid-canopy and overstory trees (Eugenia natalitiaversus
Mimusops caffra) indicated a similar response in sap flow at
a daily level (R2

= 0.81). The linear relationship between a
mid-canopy tree (Eugenia natalitia) and the smaller under-
story tree (Drypetes natalensis) was not as good (R2

= 0.71)
indicating a difference in water-use dynamics due to root-
ing depth or understory versus overstory light or VPD con-
ditions. The total water use of the overstory treeMimusops
caffra and mid-canopyEugenia natalitiawas 10 400 L and
6400 L, respectively, while the understory tree water use was
the lowest at 1100 L.

For all three DF trees, summer transpiration was higher
than in winter (shown by the s-shaped accumulated water
use in Fig. 8c–e), yet within the summer season there was
daily variation due to cloud and rain. The daily water use was
highest for the emergentMimusops caffra(5 to 45 Ld−1),
whereas for theEugenia natalitiaand Drypetes natalensis
daily water use was lower (2 to 28 Ld−1 and 1 to 4 Ld−1).
The summer (October to March) water use of the emergent
Mimusops caffrawas 3924 L during the drier summer of
2009–2010 and 4057 L in the wetter summer of 2010–2011.
The understoryDrypetes natalensisdisplayed the same pat-
tern with a lower water use (362 L) in the drier summer of
2009–2010 and higher water use (423 L) in the wetter sum-
mer of 2010–2011.
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Fig. 10.The ratio of sap flow to reference evaporation versus the soil
water content (0.075 m) at the Dune Forest site for(a) Mimusops
caffra, (b) Eugenia natalitiaand(c) Drypetes natalensiswith the
solid line representing the split-line regression.

The dependence of DF transpiration on soil water avail-
ability was clear from the increase in observed transpiration
from all three trees (Mimusops caffra: 3.8 to 13.7 Ld−1, Eu-
genia natalitia: 1.8 to 7.9 Ld−1 andDrypetes natalensis: 0.8
to 2.4 Ld−1) between 13 August and 15 September 2010,
following 45 mm of rainfall in the previous few weeks. This
corresponded to a positive response in the soil water potential
near the surface (0.125 m) from 8 August (Fig. 7) from−800
to −550 kPa. Following the increase in transpiration, the up-
per soil profile water potential increased again rapidly from
−550 kPa (at 0.125 m) to drier levels of−900 kPa (Fig. 7)
with a concomitant decrease in transpiration until the sea-
sonal spring rains arrived in October 2010.

In terms of climatic indicators of sap flow, the linear re-
gressions of sap flow with climatic variables were generally
poor. For example, VPD and solar radiation separately ac-
counted for 22 % and 47 %, respectively, of the variation in
emergentMimusops caffrasap flow in the DF. At the PSF
site, VPD and solar radiation accounted for 42 % and 47 %,
respectively, of the variation in the sap flow of theSyzygium
cordatum.

A split-line regression (also known as continuous two-
phase regression or breakpoint regression) is used to de-
scribe abrupt changes in the relationship between physiolog-
ical responses and environmental parameters that cannot be
described by a single regression equation (Perry, 1982). In
Figs. 9 and 10, a split-line regression using Genstat software
(VSN International, 2011) was applied to determine whether
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changes in the ratio (unitless) of tree water use to FAO-56
reference evaporation (ETr) were related toθ at a depth of
0.075 (θ7.5), where the highest root concentration existed at
both sites. A single significant regression would indicate a
constant relationship between tree water use over ETr against
θ7.5 and would suggest that as ETr increases (atmospheric de-
mand), tree water use increases with no limit imposed byθ7.5
or thatθ7.5 continuously imposes a constant limit on tree wa-
ter use. However, a split line regression would indicate that
ETr over tree water use is dependent onθ7.5 over a range but
reaches aθ7.5 beyond which it is independent – the break-
point. At the PSF site, there was no indication of aθ7.5 limit
imposed on water use (Fig. 9a and b). Theθ7.5 was mostly
between 36 % and 42 %, but drier at times, reaching 30 %;
yet, the ratio of water-use to atmospheric demand remained
>5 (Fig. 9a and b). However, at the DF site, the split-line re-
gressions (Fig. 10a to c) indicated thatθ7.5 imposed a severe
constraint on tree water use. On days when the profile water
content was below a breakpoint value, there was a concomi-
tant decrease in the ratio of water use to ETr indicating a two
stage relationship. The understoryDrypetes natalensisθ7.5
breakpoint was 5.6 % while the overstoryEugenia natalitia
andMimusops caffrawere 6.2 % and 6.1 %, respectively. The
soil water was a limit for 53 % (Drypetes natalensis), 68 %
(Eugenia natalitia)and 70 % (Mimusops caffra) of the mea-
surement period.

4 Discussion

There are no comparisons of water use for either forest type
in the research literature. In South Africa, the focus of DF
research has primarily been rehabilitation following min-
ing, which has been widespread on the east coast of South
Africa (van Aarde et al., 1996; Ruiz-Jaen and Mitchell Aide,
2005; Grainger and van Aarde, 2012). Dune forest biodi-
versity (Wassenaar et al., 2005) as well as water use and
the spread of some dune pioneer species including the shrub
Scaevola plumieriand exotic grassAmmophila arenariahave
been studied (Peter, 2000; Peter and Ripley, 2000; Peter et al.,
2003; Ripley and Pammenter, 2004).

Furthermore, PSF research in general is limited inter-
nationally. Much of the existing tropical peat swamp for-
est research stems from South East Asia (Anderson et al.,
1983; Rieley and Ahmed-Shah, 1996). Internationally, ex-
isting subjects include, amongst others, fires (Page et al.,
2002; Grundling and Grobler, 2005), species composition
studies (Wessels, 1997; Venter, 2003; Grobler, 2009), car-
bon flux measurements (Jauhiainen, et al., 2005) and culti-
vation (Grobler et al., 2004). Oren et al. (1999) provided in-
formation on transpiration rates ofTaxodium distichumtrees
flooded in an artificial impoundment; however, this swamp
Cyprus, found in Carolina in the USA, is deciduous and has
needle like leaves that are very different in structure to the
PSF trees of Maputaland. Some tropical forest research may

be applicable to the PSF’s of Maputaland, but in terms of
water use, it would be unreliable to use existing tree water-
use data from other countries due to differences in vegetation
structure, soil types and weather patterns. These results are
therefore unique internationally and will provide the basis
for further studies and modelling.

Page et al. (1999) state that tropical peat swamp forest
ecosystems have until recently received little attention as
they fall between the two disciplines of peatland ecology and
forest ecology. However, with the increased awareness of the
carbon stored in peatlands and the recognition of their role
in the global environmental change process, there has been
a renewed interest in peatlands. Yet, despite an understand-
ing of the influence of droughts and water levels on carbon
releases from peatlands (Suzuki et al., 1999; Hirano et al.,
2007; Wösten at el., 2008), together with impending climate
change, there remains little understanding of their vegetative
water use. This research therefore fills an important gap in
our understanding of PSFs vegetation. It provides some of
the first results of individual tree water use within a PSF as
well as the contrasting water use from trees in a nearby DF
and expands on the differences in the water-use dynamics
between the two forest types.

The proximity of the two sites (4 km) and the similar cli-
matic conditions experienced, allowed a comparison of wa-
ter use from two types of indigenous forest and showed the
importance of landscape position and site-specific conditions
such as soil water content profile. From the soil water data,
it was clear that the roots of the PSF trees have permanent
access to soil water, whereas the DF tree roots only have
access to soil water following rainfall that was temporar-
ily stored in the soil profile. Although large rainfall events
(>20 mmd−1) recharged the soil profile at depths of up to
1.5 m at the DF site, many rainfall events were<10 mm
(over a few h) and only recharged the shallow profile (0 to
0.125 m) where there was a high root density (Table 3). Rel-
atively small changes in volumetric water content translated
into larger changes in water potential due to the sandy tex-
ture of the profile at the DF. For example, from May 2010
to July 2010, a drop inθ of 1 % corresponded to a 300 kPa
decrease in water potential. However, during relatively small
rain events (>4 mm, but<10 mm over a few h) the soil wa-
ter potential increased (less negative) and the tree water use
increased correspondingly, as evidenced between 13 August
and 15 September 2010 (Fig. 8c to e). This adaptation of the
trees to dune locations allows the trees to survive extended
dry periods by opportunistically utilising water coming from
the numerous smaller rainfall events that only wet the shal-
low soil profile.

In the water limited environment of the dune forest, inter-
ception was important and it was found that rainfall events
<4 mm within a few h had no impact on the surfaceθ or wa-
ter potential if the antecedent conditions were dry. Research
by Bulcock and Jewitt (2012) also found that in precipita-
tion events of 4 mm or less, 100 % interception commonly
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occurred in forest interception studies depending on an-
tecedent conditions of the leaf litter and canopy. The variable
weather conditions and the type of rainfall experienced have
an effect onθ and therefore the water availability and DF
water use.

The complexity of soil water in dune sands was studied
by Ritsema and Dekker (1994), who found that the pattern
of soil water was irregular in dune sands. Due to a steep re-
lationship between hydraulic conductivity andθ in the dry
range, small changes inθ gave rise to large changes in hy-
draulic conductivity. These differences in hydraulic conduc-
tivity together with the water repellency of the surface sands,
induced soil water variability and preferential flow paths.
Similar processes are likely in the dune sands of Maputaland,
which explains some of the irregularities observed in the soil
water potential results down the profile, such as the rapid
fluctuations at 0.25 m but not above that level in the profile.
The relatively large changes in hydraulic conductivity and
soil water potential brought about through small changes in
θ means that plant water availability changes rapidly. This
emphasises the importance of the tree adaption to respond
quickly to changes in soil water conditions but also warns
of single site measurements to characterise the soil water
regime of dunes.

Tree water use was clearly not limited by soil water avail-
ability at the PSF site. The limits to transpiration of the over-
story tree were primarily radiation (due to prevailing cloud)
and VPD. At the DF however, soil water was found to play a
dominant role in limiting water use (Fig. 10a to c). Due to the
variable climate and well-documented droughts in the area,
this limitation was frequently imposed and affected the water
use of all three DF trees. Existing evaporation models such
as the Priestley–Taylor and Penman–Montieth that are mete-
orologically driven with moderating functions built on physi-
ological controls may provide good results for the estimation
of PSF water use, but are not suitable in applications such as
the DF. At the DF, supply was critical and detailed meteoro-
logical measurement and calculation of atmospheric demand
are likely to be largely irrelevant for a large proportion of the
time. Calder (1998) suggested that evaporation could be in-
terpreted in terms of six types of controls and limits on the
evaporation process depending on climate, namely: advec-
tion, solar radiation, raindrop size (influences interception
evaporation), soil water, tree size and physiology. The PSF
and DF sites are, however, only 4 km apart and rather than
separating the controls based on climatic areas in the Eastern
Shores; it would be most appropriate to consider landscape
position. The work by Calder (1998) was an important con-
ceptual step towards understanding limits and constraints to
evaporation but was limited to homogenous vegetation stands
and does not explain the complexity and heterogeneity of in-
digenous vegetation types and different landscape positions.

The seasonal water use at the DF site was dependent on the
rainfall, which in turn created a limit, imposed on water use
by soil water availability. It is logical that the tree water use at

the DF site was therefore higher during the wetter summer of
2010–2011, when more soil water was available. However,
at the PSF site, the summer water use of the overstory tree
was higher during the drier summer (2009–2010) by 16 %. It
was shown that soil water did not limit the tree water use and
it therefore seems a reasonable result if climatic parameters
supported a higher transpiration. However, this was not sup-
ported by the solar radiation, VPD or atmospheric demand
(ETr) which indicated little difference in the year on year re-
sults.

Modelling water use using a two stage model is a con-
cept understood by scientists in the past. Ritchie (1972) used
a two stage model to estimate soil evaporation, differenti-
ating between an energy limited constant stage and a sec-
ond stage where the soil evaporation is limited by the hy-
draulic properties of the soil. Federer (1979) found that sim-
ple functions of volumetric water content could be used to
determine the reductions in tree water use due to a soil wa-
ter limitation. More recently this has been included in the
FAO-56 reference evaporation and crop coefficient model
as a soil evaporation reduction coefficient and to the reduc-
tion in crop transpiration as a water stress coefficient. The
water-use and soil water results for the DF site indicated
that this type of two stage model, for growth or water use,
would have been applicable up to 70 % of the time (for the
Mimusops caffra) over the measurement period. However,
the FAO-56 reference evaporation model has been developed
for uniform canopies shorter than the DF and PSF canopies.
Forest canopy water use has in the past been modelled us-
ing the Penman-Montieth formula together with a stomatal
resistance model (Grip et al., 1989; Dolman et al., 1991).
Results over longer periods (annual) have been reasonable
but poor over shorter periods (less than a day). Roberts et
al. (1993) used a multi-layer approach to solve the Penman–
Montieth formula and measure canopy conductance at five
canopy levels in an Amazonian forest. A simplification of the
model using average values for the canopy were compared to
measured transpiration and resulted in overestimates of up to
50 %.

Peat swamp forests and dune forests are under extreme
pressure in South Africa (Grundling, 1998). Mining, agri-
culture, population expansion and poverty are amongst the
major threats and to their existence. Peat swamp forests in
particular, are targeted by informal community gardens due
to fertile soils and water availability. Grundling and Grob-
ler (2005) estimated that 60 % to 80 % of PSFs include crop
species such asMusa paradisiaca(bananas),Colocasia escu-
lenta(madumbes, also known as taros) andIpomoea batatas
(sweet potatoes). Governments are struggling to prioritise
the flow of funding for the protection of these ecosystems
(James et al., 2001). However, water neutral and water off-
set strategies are amongst the ideas and concepts to emerge
that will sustainably provide finance for the protection of
these critical ecosystems (Hoekstra, 2008). However, it is
necessary to understand and quantify the water use of these
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indigenous ecosystems so that these offset strategies can be
implemented. The water use of PSF and DF trees has un-
til now been poorly understood and received little attention
internationally. These results will therefore provide useful
baseline information for further measurement and modelling
studies.

5 Conclusions and future research

The two sites were in contrasting landscape positions but,
due to their proximity, under similar climatic conditions.
However, different limiting factors existed at the two sites,
controlling water use at times. The soil water limitation at the
DF site was clearly shown to reduce transpiration at the DF
and not at the PSF, however, linear regression with climatic
variables did not produce a good correlation at either site.
Regression modelling of water use against multiple climatic
variables and the soil water limits derived in this research
forms the focus of a follow-up research paper. This will pro-
vide information on the controlling variables of water use to
determine canopy conductance models for the PSF and DF.
At the DF for example, whenθ is not a limit then under-
standing the limits imposed by VPD or tree physiology for
the overstory or VPD and solar irradiance for the understory
trees are the next step towards providing a suitable model that
can be used to estimate forest water use.

Both sites were dominated by shallow-rooted trees. The
watertable was close to the surface during the measurements
at the PSF site and only briefly went below 1 m at the end of
the winter during an extended drought period. It is therefore
not necessary for the trees to have deep roots to access water
and a concentration of roots near the surface where nutrients
are available is more effective. In contrast, the roots of the DF
trees, on the 80 ma.s.l. high dunes, are not able to access the
watertable and are therefore concentrated near the surface to
optimise the uptake of through fall (Stone and Kalisz, 1991;
Laclau et al., 2001). Rainfall events affected the soil water
profile measurements at a depth of up to 1.5 m suggesting
that groundwater recharge from the DF takes place but it is
speculated that only extreme events (1 in 100 yr) such as the
Demoina floods of 1984 are able to penetrate the deep sands
of the dune.

The diversity of the vegetation and irregular spacing of the
trees within the forests adds complexity to the possibility of
up scaling the individual tree water use to forest community
water use. It would be necessary to understand the relation-
ships between tree water-use and tree height, stem diameter
or canopy area to investigate the reliability of up scaling sin-
gle tree water use. However, this still ignores soil evaporation
and undergrowth water use and in terms of understanding the
wider catchment hydrology it would therefore be beneficial
to derive the ET of the PSF and DF using eddy covariance or
scintillometry where appropriate. Analysis similar to those
presented in this research, but with ET in place of individual

tree water use (Figs. 9 and 10), would provide a useful in-
dication of how effectively ET of the PSF and DF could be
estimated from simple meteorological and soil water data.
These ET results would provide the ET information typically
used at catchment scales in hydrological modelling studies.

Within the DF in particular, the results presented were
from a site at the dune crest. Water use may be different on
lower slopes where the roots have access to groundwater. In
addition, the orientation of the dunes along the coast results
in east and west facing aspects. The DF trees facing the sea
on the east are exposed to salt spray which may affect the
process of transpiration (Sykes and Wilson, 1988; Robinson
et al., 1998). According to Pooley (2003), the high winds and
salt spray limit growth (and therefore water use) in the Ma-
putaland DFs. Further research to investigate the occurrence
of DF areas that potentially use groundwater on the lower
slopes and the influence of slope position on transpiration
would be beneficial particularly in terms of up scaling the
water use of the DF from individual tree water-use results.

At the PSF, the denseNephrolepis biserratafern that cov-
ers the forest floor and theStenochlaena tenuifolia(Blech-
naceae) fern which grows up the tree stems had a higher leaf
area than the tree canopy above, yet there is no information
on their water-use dynamics. The ferns remained actively
growing throughout the year and an understanding of their
water use, including interception, would be critical to under-
stand fully the long-term water use of the PSF as a whole.

The ecological and tourist value of the iSimangaliso Wet-
land Park have been acknowledged. In addition, the anthro-
pogenic impacts were discussed as well as the susceptibil-
ity of the area to prolonged dry and wet periods. However,
beyond the borders of the Park, the natural vegetation gives
way to large areas of commercial forestry (mainlyEucalyp-
tus) and sugarcane plantations. In terms of the current leg-
islation in South Africa, forestry is a streamflow reduction
activity, whereas sugarcane is not. Quantification of the wa-
ter use of these commercial vegetation types is necessary to
model the water balance of the wider catchment and deter-
mine more accurately the legislative allowance of streamflow
reduction and the resulting impacts on blue and green water
in the catchment.
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