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Summary

Prosopis species were introduced into South Africa in the late 1800s and had been widely planted for fodder in the semi-arid and arid interior by the 1930s.  A recent survey estimated that the total area invaded by Prosopis was about 1.8 million ha (equivalent condensed area 173 150 ha), most of which is situated in the Northern Cape (Versfeld et al. 1998).  The water-use was estimated to be 192 million m3 per year or about 1 100 mm per year for a dense stand.  Prosopis species are capable of developing extensive and deep root systems which can easily reach water tables at depths of 10-15 m and more.  The maximum recorded was an extraordinary 53m.  Prosopis is not dependant on groundwater - it is very adaptable and can survive and grow without it by using ground and deep soil water where this water can be reached by its root systems.  In areas with shallow soils it develops long lateral roots.  The transpiration rates of Prosopis are directly related to water availability and limited by depth to water so that its transpiration will be less than the potential evaporation (> 2 350 mm per year) in the arid and semi-arid areas it has invaded. Water-use estimates for Prosopis vary from 135 to 930 mm per year, with the typical water-use probably being from 350-500 mm per year.  Catchment-scale studies have shown that clearing Prosopis can increase runoff in vegetation types where grass and herb cover does not increase and use all, or even more than, the water ‘released’ by clearing.  This is the case in most areas invaded by Prosopis in South Africa because the vegetation is mainly karroo shrubland or sparse grassland.  Groundwater recharge in these areas is roughly 8-30 mm per year (4% of mean annual rainfall) so the probable water-use rates are not sustainable.  A pilot study to estimate groundwater use under typical local conditions is recommended.

1. BRIEFtc \l1 "BRIEF
· To do a literature survey and desktop study to determine what is known about Prosopis and groundwater. 

· To produce a report that summarises what is known, with an emphasis on experiments (if any) that have looked at the effects of clearing, and a comprehensive literature list. 

2. INTRODUCTIONtc \l1 "INTRODUCTION
There is growing concern about the impacts of Prosopis invasions in South Africa both on the agricultural productivity of the land, generally for livestock production, and on water resources, particularly groundwater.  This review summarises the available information on this species and its likely interactions with groundwater.  There are two ways in which plants can interact with groundwater: indirectly by altering recharge rates and directly by extracting water from the capillary fringe (tension saturated zone) or saturated zone (water table) (Scott and Le Maitre 1997).  This review will focus on the evidence for direct interactions with groundwater but includes information on the possible impacts on recharge.

The first section of the review provides background information on the introduction, biology, occurrence and impacts of Prosopis and a brief description of aquifers in the Karoo geological system.  The next section summarises the evidence for interactions with groundwater.  The final section provides information on the potential amounts of water that could be used if invading  Prosopis trees were using groundwater.  Some additional information on the biomass and productivity of Prosopis which was collected during the course of this review is given in Appendix 1. A wide variety of literature on Prosopis was located during this review.  All the references have been included in the bibliography although many were on topics outside the scope of this review.  I have also included the full reference for studies cited in articles but not obtained for this review.  Abstracts of some of the papers are available on request from the author.

3. BACKGROUNDtc \l1 "BACKGROUND
The genus Prosopis contains some 44 species, most of which are found in the southern and central regions of the American continent and three species which are distributed from tropical Africa through to south-western Asia (Streets 1962, Pederson 1980).

3.1
History in South Africatc \l2 "3.1
History in South Africa
At least six Prosopis species have been introduced into South Africa to provide fodder for livestock and fuel, including Prosopis chilensis, P. glandulosa (var torulosa) and P. velutina (Poynton 1988).  These three species have hybridised and the hybrids have proved to be aggressive invaders which form extensive, impenetrable thickets (Poynton 1988, H. Zimmerman pers. comm. 1998).  The first record of introduction dates from 1879 when P. pubescens was established in the Vanwyksvlei area (Keet 1929, Poynton 1988).  By the 1930s Prosopis had been widely planted in the Karoo and southern Kalahari (Brown & Gubb 1986).

3.2
Biology tc \l2 "3.2
Biology 
Prosopis species are phreatophytic plants i.e. they obtain a significant fraction of their water requirements from the unsaturated soil zone (capillary fringe or vadose zone) above the water table (phreatic surface) (Meinzer 1927 in Jarrel and Virginia 1990).  They are not exclusively phreatophytic though and can grow in areas where there is no groundwater; thus they can be called facultatively phreatophytic.  The habitat of Prosopis has been described as areas with relatively deep soil with ground water close to the surface, river banks, pans and depressions or ‘leegtes’ (Harding & Bate 1991). It appears to be dependent on groundwater except for areas with >300 mm per year and it is not as drought tolerant as Acacia karoo (SJ Milton pers. comm. 1996, Scott & Le Maitre 1998). In the southern and Little Karoo, Prosopis appears to be restricted to the larger river systems which, perennial or non-perennial, flow relatively regularly and is generally absent from rivers which flow erratically (Brown & Gubb 1986; SJ Milton pers. comm. 1996). 

The invasive Prosopis hybrids in South Africa are generally too thorny to provide browse but they produce large quantities of fleshy pods which are good fodder for livestock (Poynton 1988).  The hard seeds pass through the digestive tract essentially unharmed and are deposited in the dung, often at considerable distances from the source (Glendenning & Paulsen 1955).  The pods are also readily dispersed by water because they float (Poynton 1988). 

Expansion of a Prosopis invasion on a farm in the Northern Cape was mapped and described by Harding & Bate (1991).  An analysis of the rate of spread (expansion) gave an exponent of 0.180 (r² = 0.92, n = 5) or about 18% per annum (Versfeld et al. 1998, Appendix 7) which is equivalent to a doubling in area about every 5 years. The transition from an open stand to a dense stand was estimated to take 10-24 years (Harding and Bate 1991). Invasions in the Britstown district grew from 6922 ha in 1974 to 27976 in 1992, or 400% in 17 years (Coetsee 1993). Population density increases of 5-10% per year (5-27 seedlings/ha/year) were recorded in a permanent sampling plot in the southeastern USA (Glendenning & Paulsen 1955).  Peaks in the number of plants per kilometre of river length corresponded with old well points but trends in densities indicate that it can disperse down river for distances of at least 20 km (Figure 1, Vinjevold et al. 1985).

Recruitment appears to be strongly dependent on the amount of rainfall (Glendenning & Paulsen 1955, Macdonald 1985, Harding & Bate 1991, Poynton 1988) and the mapped expansion included high rainfall periods (Harding & Bate 1991).  An extensive botanical survey of the Northern Cape in the 1960s (Leistner 1967) did not consider Prosopis worth noting in areas that are now densely invaded (Henderson 1991a). Macdonald (1985) noted significant increases in density between 1976/77 and 1985 which were thought to have been caused by the wet years of the 1970s (Macdonald 1985, Henderson 1991a).

3.3
Distributiontc \l2 "3.3
Distribution
Prosopis has successfully invaded large areas of the arid interior, particularly the western and central Nama Karoo and the southern Kalahari (Henderson 1995).  Records from the SAPIA database show that it occurs from the Western Cape to the Northern Province (L. Henderson pers. comm. 1997). Areas north of the Orange River and west of the Sakrivier were considered less vulnerable to invasion although the Kuruman and Molopo river systems are heavily invaded (Henderson 1991a).  In the OFS Prosopis was occasionally recorded in riparian and non-riparian areas in grasslands, but was more abundant in Karoo and thornveld in habitats other than the actual streamsides (Henderson 1991b). In the Eastern Cape Prosopis was only recorded in the karoo (Acocks 24-26, 30, 31) (Henderson 1992).  Harding and Bate (1991) estimated that about 180 400 ha in the north-west Cape had been invaded; classified satellite imagery indicated that there was about 930 000 ha of suitable habitat in the central and northern Cape. 

3.4
Current extent: national surveytc \l2 "3.4
Current extent: national survey
A recent survey of alien plant invasions found that Prosopis species had invaded about 1.8 million ha in total (Versfeld et al. 1998).  The average canopy cover in the invaded areas was 9.57% which gives an equivalent condensed area (i.e. with 100% cover) of 173 150 ha.  The main concentrations were in the Sak River system, Vanwyksvlei and the Britstown-De Aar area where large areas were mapped as medium to dense.  Most of the invaded area was in the Northern Cape with 1 047 135 ha (mean canopy cover 12.84%), followed by the North West Province with 210 968 hectares (mean cover 12.97%), mainly along the seasonal river systems found in the upper Limpopo and the lower Vaal River catchments.  A large area was mapped in the Western Cape (417 924 ha) but the mean cover is very low at 1.5% and most of the invasions are shown as very generalised polygons with a density class of rare (0.01% cover) at present.  Prosopis was also mapped in the Free State (116 606 ha) but no invasions were mapped in the Northern Province, Gauteng, Mpumalanga and KwaZulu Natal and no invasions in these provinces are indicated by Henderson (1995) either. 

The main vegetation types affected are (categories according to Low and Rebelo 1996):

(a) 
Nama Karoo Biome: the Bushmanland, Upper and Orange River Nama Karoo vegetation types where large areas are medium to densely invaded;

(b) 
Savanna Biome: the Kalahari Bushveld vegetation types which are generally sparsely invaded;

(c) 
Grassland Biome:  the Dry Sandy Highveld Grassland which is also sparsely invaded but has some dense invasions;

(d) 
Fynbos Biome: Prosopis occurs in the south-western Cape on the lowlands in the West Coast Renosterveld vegetation type, particularly in the Piketberg district, at low densities and is showing signs of invasiveness.

3.5
Current water-use: national surveytc \l2 "3.5
Current water-use: national survey
The total water use of Prosopis species was estimated from a biomass-based model (Le Maitre et al. 1996) to be 480.71 million m3 per year; when adjusted for potential constraints on water availability in the arid areas it invades, the revised estimate was 191.94 million m3 per year (Versfeld et al. 1998).  As expected, the greatest impacts were in the Northern Cape where seven of the 10 worst affected catchments were those invaded primarily by Prosopis.  These are the Modder (C52), lower Fish (D58), Sak (D54, D57, D58) and middle Orange River system (D71, D72).  Prosopis invasions in the Vanwyksvlei area (D62) also use the equivalent of more than 15% of the mean annual surface runoff.  Prosopis species accounted for 89% of the incremental water-use in the Northern Cape where it was estimated to use 997 m3 per densely invaded hectare per year (99.7 mm).  In the North West Province Prosopis species accounted for about 43% of the total water-use by alien invaders.  Calculations using the unadjusted biomass model suggest that Prosopis species in this province could be using as much as 380 million m3 per year or about 2 800 m3 per densely invaded hectare per year more than the natural vegetation (Versfeld et al. 1998). 

The adjusted water-use for Prosopis probably still overestimates the direct impact on surface runoff but the adjustments do not allow for groundwater use which could be much higher than that of the low shrubs and grasses they replace (Versfeld et al. 1998).  The groundwater resources are critical for the survival of many farmers and rural communities but no estimates have been made of the impacts and the potential consequences for humans and for the natural systems (e.g. riverine communities dependent on aquifers in riverbanks and beds) such as desertification.

3.6
Karoo aquiferstc \l2 "3.6
Karoo aquifers
Prosopis species in the Karoo and Kalahari regions are thought to be dependent on groundwater (Harding & Bate 1991).  The worst affected areas in the karoo are the leegtes or flat, low lying plains with relatively deep soils and shallow, unconfined aquifers. In general terms the aquifers in the Karoo can be divided into two types: hard rock types found in the shales of the Karoo Supergroup and those in depressions and other areas where deep soils have accumulated (Vegter 1995, Kirchner et al. 1991).  The aquifers in the shales occur primarily in the cracks in  horizontal fractures (bedding planes) of the shales and in areas where the low natural porosity of the shales has been altered by doleritic intrusions such as dykes (Botha et al. 1998).  Recharge of these aquifers seems to occur mainly along the dolerite intrusions (which have low permeability) and is characterised by preferential or rapid flow (Kirchner et al. 1991).  Water from these aquifers would become available to plants where bedding planes containing water reach the surface and along dykes.  The deep soil aquifers occur in areas where water accumulates gravitationally either via surface flow (and subsequent infiltration) or subsurface flow from uplands, rock outcrops and koppies (Kirchner et al. 1991, Botha et al. 1998).

Recharge for karoo aquifers was estimated from borehole data to be (Kirchner et al. 1991):

Recharge (mm) = 0.039(Precipitation-17) - Dewetsdorp aquifer

Recharge (mm) = 0.048(Precipitation-27) - De Aar aquifer

For different aquifers at De Aar the recharge was estimated to be as follows (Kirchner et al. 1991):

Recharge (mm) = 0.06(Precipitation-120) - shallow soil cover

Recharge (mm) = 0.023(Precipitation-51) - thick soil cover

Recharge (mm) = 0.12(Precipitation-27) - alluvial soil cover

In typical rainfall years the recharge at De Aar will amount to about 4.3% percent of the 287 mm of rainfall (±12 mm). These findings indicate that the depth of soil cover, particularly for alluvial soil, is an important factor controlling the quantity of recharge in shallow aquifers.  The observed preference of Prosopis for areas with deep soils and the estimates of water-use suggest that it could have a significant impact on the sustainability of these relatively shallow aquifers.

4. EVIDENCE FOR INTERACTIONS BETWEEN PROSOPIS AND GROUNDWATERtc \l1 "EVIDENCE FOR INTERACTIONS BETWEEN PROSOPIS AND GROUNDWATER
There are three main kinds of evidence that would confirm that Prosopis species are able to interact with groundwater: 

· deep root systems to reach aquifers which are frequently at depths of several metres below the surface;

· studies of plant water relations which indicate access to water supplies when surface soils are dry; and

· close associations between the distribution of Prosopis and groundwater at least in arid to semi-arid areas.

4.1
Root systems of Prosopistc \l2 "4.1
Root systems of Prosopis
Studies of root systems have shown that Prosopis species have among the deepest and most extensive root systems of all trees (Table 1) (Stone & Kalisz 1991, Jackson et al. 1996).  Roots which were identified with reasonable certainty as coming from Prosopis juliflora were found at a depth of 53 m (175 ft) in the cut face of an open cast mine on a hillslope near Tucson, Arizona (Phillips 1963).  The roots were found protruding from a gravel layer at this depth; subsequent excavations revealed a water table at a depth of 71 m (240 ft).  Felger (1985 in Garcia-Carreño et al. 1992) reported Prosopis roots at a depth of 50 m.  Prosopis roots were recorded at a depth of 12 m in a borehole at the farm ‘Humansdam’ in the Britstown area (Harding and Bate 1991).  In the Wahiba Sands of Oman, an area similar to the Namib sand dunes, P. pallida is reported to have roots reaching at least 18 m depth based on root material found during well excavations (Laurie et al. 1994).  This needs to kept in perspective though.  The record depth for roots is from boreholes where roots were found at depths of 68 m and 60 m in disused boreholes in the Kalahari (Jennings 1974).  The species involved were Boscia albitrunca and Acacia erioloba, respectively and A. mellifera and A. tortilis can reach depths of 15 m (Stone and Kalisz 1991).

The root system of this phreatophytic genus appears to be highly adaptable as it produces extensive lateral root systems where a groundwater table is lacking (Ansley et al. 1990).  The balance between tap and lateral roots seems to depend largely on the moisture profile: severing of lateral roots had a greater impact on a site where moisture was concentrated in the upper soil than on a site with greater moisture at depths greater than 1 m.  Excavation of the root systems of Prosopis glandulosa in areas with about 650 mm of rainfall per year showed that it had extensive lateral roots (>4.0 m from the stem, one >10 m) and tap roots extending to more than 1.3 m and 2.0 m deep at the two excavation sites (Heitschmidt et al. 1988).  About 43% of the roots were located in the upper 0.3 m, 80% in the upper 1.0 m and 4% at a depth of 2.0 m.  More than 90% of the root mass was found at depths greater than 0.5 m in a study of Prosopis in the Chilean desert site where roots reached at least 12 m depth (Freckman & Virginia 1989).  The density of roots at another site increased from about 5-12 m depth with peaks at 10 m and 12 m where soil moisture was higher (Jenkins et al. 1988). 

Prosopis glandulosa var. glandulosa seedlings show rapid seeding root development with well-defined tap roots: newly emerged seedlings (only cotyledons) roots reached 0.06 m, those with at least one true leaf 0.21 m and 4-month old seedlings 0.41 m but some had roots deeper than the 0.5 m excavation depth (Brown and Archer 1990).  In addition the seedlings developed lateral roots.  A partial sampling of roots gave a root : shoot ratio for newly emerged seedlings of 0.27 and 4-month old seedlings 0.52.  Another study found that Prosopis roots reached 0.33 m depth 3-weeks after emergence and 0.68 m at the end of the 2nd growing season (Paulsen 1950). Establishment of Prosopis articulata may require higher than average rains and seedlings can develop roots 1 m deep within a few months of establishment (Garcia-Carreño et al. 1992).  Plant physiological parameters were directly related to the groundwater chemistry even though the depth to the water table varied from 8-30 m at the different study sites and was >12 m at most sites. 

Mooney et al. (1980) suggested that the relatively high soil moisture levels and unusually dense root mat of Prosopis tamarugo in the upper soil layers could be explained by water transfer from the water table to the upper soil.  Soil moisture (water potential) was significantly greater under Prosopis glandulosa canopies than in the interspaces between trees in a savanna in Texas (MAP 770 mm, Franco-Pizaña et al. 1996).  These observations provide strong evidence for hydraulic lift in Prosopis trees i.e. the redistribution of water drawn from the water table into the surface soil via the shallow lateral roots during the night (Richards and Caldwell 1987, Caldwell et al. 1998).

A large scale die off of Prosopis velutina occurred at the Casa Grande monument in the early 1940s (Judd et al. 1971).  This was ascribed to lowering of the water table due to water abstraction: from 1902 to 1923 it was lowered by 10.4 m (34 ft) to about 13 m (42.5 ft) without dieback.  From 1931 to 1949 it declined a further 18.3 m (60 ft) this time with extensive dieback.  Heavy infestation by mistletoe also was believed to be a contributing factor (Judd et al. 1971) and this is likely because as mistletoes can extract large volumes of water from their hosts plants (JJ Midgely pers. comm. 1999).  Dieback of large Prosopis velutina trees and mortality of young trees was recorded where water tables were lowered by groundwater abstraction in Tanque Verde Creek in Tucson, Arizona (Stromberg et al. 1992).  At some boreholes the water tables were lowered from 12-15 m depth in 1986 to 26-32m depth by 1990 (3.7-6.5 m per year).  Tree dieback was strongly correlated with groundwater depth (r = 0.6), rate of groundwater decline (r = 0.63) and to the measured moisture stress both predawn and midday (r = 0.70 and 0.80 respectively).  Changes in groundwater depths to greater than 18 m below surface appeared to put the trees under severe stress in both case studies.

Little is known about the costs of root growth to the plant but it is likely that the amount of resources the roots use is greater than their proportion of the total biomass of the plant (Bowen 1985).  The carbohydrates and other compounds they use, may account for 20-66% of the photosynthates produced by the plant.  Most of these resources are used in the production of the fine roots which absorb nutrients and water and to maintain symbiotic organisms such as nitrogen fixing bacteria and mycorrhizal fungi.  The costs of root growth are one of the main factors determining the strong relationships between tree size and height and the depth to the water table (see the previous paragraph and section 4.4)

4.2
Direct interactions with groundwatertc \l2 "4.2
Direct interactions with groundwater
There are two forms of evidence of access to groundwater: the first is from poor relationships between measures of plant moisture stress or water-use and water availability, at least in the upper soil layers; and the second is from analyses of the isotopic composition of the water in the plants. This section concentrates on physiological relationships that influence water-use.  More detailed quantitative information on water-use is given in section 5.

4.2.1
Xylem water potential
tc \l3 "4.2.1
Xylem water potential


Moisture stress in plants can be measured by determining the tension in the water conducting tissue (xylem) of the plant.  This is normally termed the xylem water potential or plant water potential.  The tension is expressed as a negative pressure in Mega Pascals (MPa) or Bars (1 Bar = 0.1 MPa).
Studies of xylem water potential show that Prosopis species are  highly stress resistant and adaptable and can survive in areas without groundwater as long as the rooting depth is sufficient.  Even when using shallow groundwater Prosopis can experience high levels of stress at midday but will recover quickly during the night.

An analysis of the xylem water potential in Prosopis caldenia in the La Pampa province, Argentina found essentially no correlation with the soil moisture in the upper 0.50 m and full recovery from stress occurred overnight (Pelaez et al. 1994).  The roots of the plants penetrated a caliche (calcified soil) layer at a depth of 0.6 m and were not excavated beyond this depth.  A study of the impacts of irrigation on the xylem water potential of Flourensia cernua, Larrea tridentata and Prosopis glandulosa shrubs in the Chihuahuan Desert found that the mesquite showed the least response to irrigation and the lowest moisture stress when not irrigated (Montaña et al. 1995).  This was consistent with it having the greatest root density at 0.7 m and probably more roots at greater depths.  Prosopis trees in a riparian habitat showed the least moisture stress (pre-dawn xylem water potential -0.77 MPa, midday -2.35) compared with the ephemeral washes (-1.06 and -2.89 respectively) and upland habitats (-2.06 and -3.72 respectively) (Stromberg et al. 1993).  At the riparian sites the depth to groundwater was 3-7 m but reached 30 m at sites where groundwater was abstracted. Prosopis can survive a high degree of moisture stress with photosynthesis continuing at a water potential lower than -4.0 MPa (Strain 1970).  Leaf water potential was directly related to the vapour pressure deficit.  A study in semi-arid north-western Venezuela (< 400 mm per year) found that net photosynthesis and transpiration rates
 were not related to xylem water potential in Prosopis juliflora and only weakly related to surface soil moisture content, confirming its deep rooting habit and dependence on water available in deep soils or weathered regolith (Tezara et al. 1998).


On the other hand, xylem water potential in Prosopis glandulosa at a site in the Blackland Prairie (rainfall 990 mm per year) was found to be related to surface soil moisture and differed when the soil moisture levels were above and when at or near the permanent wilting point (Haas and Dodd 1972).  In this case the plants did not seem to access groundwater and were more responsive to surface soil moisture levels.

A comparison of the water stress (pressure bomb) of individual trees of Prosopis and Acacia erioloba over a single diurnal cycle in the Swakop River in Namibia showed that the Prosopis had markedly lower (less negative) water potentials (Vinjevold et al. 1985).  This could indicate freer access to water through, for example, deeper roots, but measurements of transpiration or sapflow would be needed to interpret these findings properly.  Recent observations of Acacia erioloba mortality in sections of the Kuruman River near Askam which have been invaded by Prosopis suggest that it may outcompete the Acacia for water (Zimmerman pers. comm 1999) or may be better at tracking drops in the water-table level.

4.2.2
Transpirationtc \l3 "4.2.2
Transpiration
Studies of transpiration rates of Prosopis show that, if the plant has relatively free access to water, it maintains high transpiration rates (>6.5 mm/sec).  Transpiration rates are primarily related to the moisture absorbing capacity of the air (vapour pressure deficit) rather than internal moisture stress. This is what is predicted for species with relatively easy access to water. The only isotope-based study to date confirmed that Prosopis will use groundwater and that it is adaptable.

Prosopis plants appear to maintain high leaf conductances even under very dry conditions and high levels of moisture stress.  Stomata in the leaves of Prosopis glandulosa only closed when the xylem water potential dropped below -4.8 MPa but transpiration was otherwise poorly correlated with the xylem water potential (Nilsen et al. 1981).  Leaf conductance was exponentially correlated (r = 0.95) with vapour pressure deficit
 suggesting that the stomata respond to the vapour pressure deficit more than to internal moisture stress.  The water table depth at this site was 5 m and the trees rapidly reduced water stress levels when stomata closed indicating easy access to water to compensate for the low rainfall (70 mm per year, Sharifi et a. 1982) as indicated also by Mooney et al. (1980).  Mean daily transpiration rates of Prosopis glandulosa over two summer growing seasons (May to September) ranged from 2-4 mmol/m² of leaf/sec, reaching a maximum of 6.5 in one growing season (Cuomo et al. 1992).  Transpiration generally did not differ between upland and lowland sites with a shallow water table (1.5 m deep), largely because of the high moisture contents of the upland soils.  These findings indicate that the trees could be relying more on extensive lateral root systems on the upland site compared with tap roots on the lowland site.  Photosynthesis and leaf conductance in one-year old seedlings was closely related to soil moisture in the 0.3-0.9 m depth and adult plants to >0.9 m depth (Brown and Archer 1990).  In plants without access to groundwater the maximum leaf conductance rates were found to be positively and linearly related to soil water content and to negatively to vapour pressure deficit (Wan and Sosebee 1991). 

The high transpiration rates apparently play an important role in cooling the leaves. Coating of the leaves of Prosopis cineraria growing in the Wahiba Sands, Oman, with an antitranspirant increased leaf temperatures and inhibited photosynthesis (Laurie et al. 1994).

When the water-table is accessible, Prosopis tolerates drought stress by adjusting its osmotic potential diurnally and seasonally and maintaining high leaf conductances (>6.5 mm/sec) at low water potentials even in midsummer (Nilsen et al. 1983, 1984).  But it is adaptable and under conditions of more limited moisture availability it can reduce its water-use.  

4.2.3
Isotopic studiestc \l3 "4.2.3
Isotopic studies
The ratios of stable isotopes of different elements (e.g hydrogen, oxygen) can differ between water coming from rain or streams and from groundwater (Griffiths 1991, Flanagan and Ehleringer 1991).  These differences can be used to determine whether and what proportion of the water in the plant tissues comes from one or other of these sources. Only one study using stables isotopes was found.  Snyder et al. (1998) found that Prosopis velutina primarily used groundwater along a perennial stretch of river but at a site with ephemeral flows it mainly used monsoon rain-derived soil water, particularly during the rainy season.

4.3
Indirect interactions with groundwatertc \l2 "4.3
Indirect interactions with groundwater
Interception of water by the tree canopy may: (a) decrease the amount of water reaching the soil but (b) stemflow may increase the volume of water and rate and depth of percolation.  Whether these factors would result in a net increase or decrease in soil or groundwater recharge would depend on the particular circumstances.

In the sense used here, indirect interactions between plants and groundwater involve those which reduce the quantity of water reaching the groundwater by: (a) drying out the upper soil layer so it can absorb more water and thereby reducing the amount of water left to percolate deeper down the profile; (b) increasing the amount of water intercepted and retained on the leaves and branches and then evaporated directly back into the atmosphere; and (c) changing water infiltration patterns and amounts by channelling rainwater through stemflow.  No specific studies were found of the first interaction but limited information was available on interception and stemflow. 

Interception in Prosopis laevigata was modelled using the Gash model in the Golfo Norte region of Mexico (mean annual rainfall 805 mm, potential evaporation 1150 mm) (Navar and Bryan 1994).  The mean tree height was 4.46 m, stem diameter 106 mm and projected canopy area 8.713 m².  Interception loss and stem flow were related to gross rainfall by the following equations:

Interception loss (mm) = 0.882+0.218Gross rainfall (mm) (r² = 0.71, P < 0.01)

Stemflow (mm) = -0.024+0.008Gross rainfall (r² = 0.90)

The total interception loss at this site was about 27% of the gross rainfall and stemflow 0.6%.  Mean canopy saturation (storage) was 0.85 mm and the free through fall coefficient was 0.25.  In this case the losses through interception are about 4.5 times the amounts channelled to the soil through stemflow.

Stemflow in Prosopis glandulosa increased with increasing rainfall to about 5% of precipitation according to the following relationship: Percent stemflow = [4.99-4.83exp(-rainfall {mm})]2 (r² = 0.65) (Martinez-Meza and Whitford 1996).  The threshold for stemflow was about 1.3 mm of rainfall.  Throughfall was about 63.5% (43-89) of summer and 62.1% (36-89) of winter rainfall i.e. when the trees were leafless.  Overall the percent throughfall = [8.58-8.37x exp(-rainfall {mm})]2 (r² = 0.72).  Dye tracers showed that stemflow was channelled into the soil along the root system and the depth of dye movement was directly related to the canopy size of the shrub.  This mechanism may, therefore, enhance the percolation of water and groundwater recharge.  It may or may not balance the losses through the first two interactions described and the net effect on recharge would depend largely on the particular circumstances in areas of interest.
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Prosopis species are highly adaptable and can grow in areas where there is no access to  groundwater.  Tree height and canopy size are directly related to the accessibility of groundwater.  Dense invasions in South Africa are primarily found in areas where groundwater is accessible but in higher rainfall areas (>250-300 mm per year) dense invasions may be independent of access to groundwater.

The information reviewed so far shows that Prosopis trees are highly adaptable and not exclusively dependent on groundwater except in arid areas (rainfall less than about 250-300 mm). There is evidence though that access to groundwater can affect the structure and distribution of Prosopis.  The structure of Prosopis velutina stands and plants was found to vary with moisture availability (Table 2, Stromberg et al. 1993).  The relationship between depth to groundwater and canopy height was: canopy height (m) = 10.9-0.24xdepth to groundwater (m) (r² = 0.43, df = 8, P < 0.05).  Trees were ≤8 m tall where the depth was >15 m and exceeded 12 m where the water table was shallow.  Harding & Bate (1991) recorded a soil depth of 15 m in the Carnarvon Leegte with a water table at 6.5-7.5 m below the surface.  Prosopis invasion corresponded with the extent of this shallow, unconfined aquifer. At another study site the groundwater table was at 3-5 m below the surface in Prosopis stands.  The strong association between groundwater and Prosopis does not hold everywhere though (H. Zimerman pers. comm. 1999).  Where the soils permit deep rooting (e.g. on talus or colluvium) or the rainfall is higher than about 250-300 mm, Prosopis can invade upland areas as well.  The occurrence of Prosopis along river courses where water may only flow ephemerally, at least on the surface, for example the Swakop River (Vinjevold et al. 1985, Brown and Gubb 1986), indicates that it can tap water stored in the banks and river bed aquifers as well.

There is also some evidence that Prosopis in its native habitat may not compete well with other species where the water table is shallow.  An analysis of the relationship between community composition in riparian vegetation and elevation above the water table found that mature Prosopis velutina occurred on river terraces where the mean depth to groundwater was 3.4 m (0.9-8.0 m) and dominated the highest terrace where the depth was 5-8 m (Stromberg et al. 1996).  Juveniles occurred in areas with a mean water table depth of 2.9 m (range 0.7-6.6 m).  
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Given that there is good evidence that Prosopis trees are able to extract and use groundwater from deep water tables (>10 m), the next question is: How much water can it use?  Some information on the relationships between transpiration (leaf conductance) rates and xylem water potential and climatic conditions were given in sections 4.2.1 and 4.2.2.  This section focuses on direct measurements of water use.  Various estimates of water-use are available from the literature, ranging from leaf level transpiration rates to catchment level (or scale) experiments. Leaf level measurements can be scaled up to the whole plant or stand (see Jarvis 1985) but the error increases with increasing transpiration rates (Ansley et al. 1994, Gutschick 1996) so the best data comes from tree (whole plant), stand or catchment level estimates.  As there have been a number of studies of leaf level transpiration, the results are summarised below.

5.1
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Leaf level
At the leaf level, conductance rates are slightly higher than those of eucalypts and conifers but this conclusion cannot simply be extrapolated to the whole tree canopy or stand level because of differences in leaf area, leaf shading, leaf deciduousness and other factors.

A wide range of leaf-level transpiration rates for Prosopis have been reported in the literature (Table 3).  Midday transpiration of a Prosopis glandulosa coppice community in the Chihuahuan Desert (mean annual rainfall 241 mm) was about 300 g/m² of leaf/hour while the potential evaporation
 ranged from 6.0-7.5 mm/day (Dugas et al. 1996).  The mean daily evapotranspiration, virtually all from Prosopis shrubs, was about 0.92 mm over the growing season.  The total shrub biomass was 3402 kg/ha with 547 kg/ha of leaves; leaf specific mass was 49 cm²/g and the leaf area index was 0.31 (Gibbens et al. 1996).  Plants with access to groundwater had much higher transpiration rates than those without (Table 3).  Water use efficiency of saplings of Prosopis glandulosa in greenhouse conditions was about 2.0 g dry matter per litre of water (Jarrel and Virginia 1990). 

Maximum transpiration rate in one study of Prosopis was 7.64 mmol/m² of leaf/second which was much lower than commercial crops (e.g. alfalfa) and reeds (Phragmites communis) in a moist habitat (Wan and Sosebee 1991).  The daily mean transpiration rate was 1.7 mmol/m² of leaf/second and was higher on clay soils with greater moisture holding capacity than on sandy soils.  Daily water-use of Prosopis at a site in the Sonoran Desert in California varied seasonally reaching a maximum of about 0.6 l/m² of leaf/day in August (1980 and 1981) and a minimum of about 0.12 l/m² in January 1981 (Sharifi et al. 1982). 

The maximum leaf conductances recorded for Prosopis (6.5-6.9 mm/sec) are comparable with those of other species with similar deep rooting (e.g. Acacia greggii) but much higher than those for evergreen, shallower rooted shrubs (e.g. Larrea tridentata) and summer deciduous species in the same environment (Nilsen et al. 1984).  The maximum rates are slightly higher than those from eucalypts (5.3 mm/sec) and conifers (5.7) but lower than those for grasslands (8.0) and agricultural crops (11.0-12.2) (Kelliher et al. 1995).  Although these results indicate that transpiration in Prosopis are quite high, they cannot simply be extrapolated to whole tree canopies or stands of trees because differences in leaf area per tree, leaf area index, leaf shading, leaf deciduousness and other factors must first be taken into account.

5.2
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Sap flow rates in different studies of Prosopis trees also vary widely, with different studies indicating water-use rates ranging from 1 to 108 litres per tree per day during the growing season with a crude average of about 50 litres.  This is a very wide range and is due to differences in sampling methodologies, tree species, tree sizes, leaf areas and site and climatic conditions.  These rates are about half those of commercial plantation species although the maximum rates are close to those of mature eucalypts in a plantation situation.  These findings must be interpreted with caution because of the significant uncertainties involved in extrapolating them to large areas and different sites and climatic conditions.

Measurements of sap flow rates in trees give an indication of the rates at which the whole tree is using water, especially when they are averaged over periods long enough to factor out fluctuations in the volume of water stored in the tree. Mean sap flow rates of mature trees of Prosopis pubescens in the Mojave Desert during a summer sampling period at a site with shallow groundwater (water table <3 m depth) were 464 g/m² of leaf area/hour or 2.2 g/g dry leaf mass /hour (Sala et al. 1996).  Daily water use was directly proportional to leaf area.  Sapflow measurements of trees in a 5-year old plantation of Prosopis pallida (96 trees, 2x2 m spacing, tree height 6 m, open canopy) with a water table 1.7-2.8 m deep gave an annual water-use of 524 mm (Khanzada et al. 1998).  Daily sapflow ranged from about 800-8500 l per m² of sapwood per day and stand water-use from 0.2-2.8 mm per day.  Rates of sapflow per unit sapwood area were similar to the larger trees of Acacia nilotica in a closed stand which transpired 2 225 mm over the same period, suggesting that Prosopis’ water-use could potentially be as high as this in older plantations.

Mean sap flow for trees in a Prosopis woodland was about 1.368 l/day (Dugas et al. 1993) and the estimated total sapflow was about 1 600 l/tree over the growing season compared with an estimated 2 000 l/tree from the energy balance.  Using the two-sided leaf area this was equivalent to 0.9 l/day/m² of leaf or 135 l/m² of leaf over the growing season.  The multi-stemmed trees had 1.88 m² of leaf per stem (two-sided) and a mean of about 8 stems per tree.  The rainfall over the entire period was 363 mm. Mean sapflow per stem in Prosopis glandulosa woodland (mean annual rainfall 665 mm, trees coppiced after chaining, 3.5 m high) was 270 g/hour for 10 hours per day, giving a daily transpiration of at least 108 l of water (Ansley et al. 1994).  This was much higher than the 30-75 l/day calculated by Ansley et al. (1991), partly because these trees had a far greater leaf area (leaf area per stem 0.2-1.5 m² and 40 stems per tree).  Stem flow was related to stem leaf area: Stem flow (g/stem/hour) = 304.2stem leaf area (m²) - 43.8 (r² = 0.50, two measurement periods pooled, June different from October) (Ansley et al. 1994).  Measurements of riparian plantation trees in South Africa have recorded daily sap flow volumes of 20-140, 20-125 and 20-400 litres per tree for eucalypts, pines and poplars respectively (Dye et al. 1996).  When converted to an annual basis the annual sap flow was about 665, 816 and 818 mm compared with an estimated annual evaporation of 781 mm for indigenous forest.  These figures must be interpreted with caution because of differing weather conditions, tree ages and sizes, assumptions involved in modelling and conversions to annualised amounts, unmeasured understorey water use and canopy interception losses in the plantation species studies.  The available data show that poplar water-use is high but this is partly compensated for by its being deciduous during the winter.
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Studies of the stand-level water-use of Prosopis also show a wide range in daily water-use, ranging from 0.8-12.2 mm per day depending on the stage of the growing season and characteristics of the stand and site.  Estimates of the annual water-use range from 190-881 mm with a reasonable range probably being about 350-500 mm per year.  The studies reviewed here also illustrate the importance of the dense understorey herbs whose additional water-use, when released from competition with the trees, more than compensated for the removal of the trees.  Most areas invaded by Prosopis in South Africa lack this dense understorey layer.

Lysimeter studies comparing bare soils, grass interspaces and Prosopis glandulosa var glandulosa clumps showed evapotranspiration to be similar and substantially higher than bare soil (Weltz and Blackburn 1993, 1995).  Roots in the grassland did not penetrate below 1.2 m but in shrub clumps root densities in cores were still 9.0 per 0.01 m² at 1.95 m depth although about 83% of the roots were in the upper 1.2 m of the profile. During 1984 there was 310 mm of rainfall and evaporation from the shrubs, grass and bare soil lysimeters was 330, 298 and 208 mm respectively.  During 1985 the rainfall was 887 mm and the corresponding evaporation was 881, 833 and 643 mm, deep drainage 0, 22 and 78 mm and surface runoff 19, 28 and 84 mm. Mean daily evaporation during 1985 was 2.4, 2.3 and 1.8 mm from the shrubs, grass and bare soil respectively.  This study clearly shows the adaptability of both Prosopis and the grasses as they increased their water-use 2.7 and 2.8 times, respectively, when the rainfall increased nearly 3-fold.

Above ground herbaceous biomass production was significantly higher in lysimeters where the Prosopis glandulosa var torulosa trees were killed and removed than in lysimeters with intact trees (349 g/m² versus 235 g/m², rainfall  680 mm per year) (Heitschmidt and Dowhower 1991).  Lysimeters with Prosopis & herbs lost 95% of the rainfall through evapotranspiration, 4.6% through runoff and 0.4% through deep drainage (% of rainfall reaching 3.05 m depth) (Carlson et al. 1990).  The corresponding figures for those without Prosopis were: 97.4, 1.6, 1.0 and with bare ground were 84.4, 14.3 and 1.3. Losses through evapotranspiration were 2.4% greater (95.0 vs 97.4%), surface runoff 3.0% less and deep drainage 0.6% greater in the lysimeters where mesquite was removed.

Daily fluctuations in the water table levels in boreholes were used to estimate daily transpiration by a stand of Prosopis juliflora in the Walnut Gulch River bed (80% cover, water table ca 4-5 m depth) (Tromble 1977).  The best estimates were that daily transpiration ranged from 0.79-2.04 mm/day in April (spring leaf flush) to 10.00-12.17 mm/day in June (midsummer).  These estimates compared well with others cited in Tromble (1977):

Anderson (1970) Agua Fria R Arizona: 3.8 mm/day May, 10.4 mm/day June

Gatewood et al. (1950) Safford valley Arizona: 2.5 mm/day May, 6.7 mm/day June

Qashu & Evans (1967) Walnut Gulch: 9.4 mm/day May-June.

Reliable and accurate measurements of stand level water-use also can be obtained from the Bowen Ratio / Energy Balance micrometeorological technique.  Evapotranspiration from native riparian woodland of Prosopis on the lower Colorado River was estimated by this method to be 488 mm per year (Ball et al. 1994 cited by Wiesborn 1996).  Evapotranspiration measurements for Prosopis thicket in the San Piedro riparian corridor were a nearly constant 1.9 mm per day from early May (ca Jday 130) to the first autumn freeze (ca Jday 285) of 1997, or about 380 mm for the year (Scott et al. 1998).  The moisture apparently was withdrawn from the deep vadose
 zone ( between 2 m and the 10 m deep water table).  The total evapotranspiration from mesquite woodland (380 trees/ha, height and crown diameter 1.99 m, canopy cover 15.5%) over the 150 day growing season was about 190 mm (Dugas and Mayeaux 1991). Clearing mesquite resulted in increased grass production: 891 kg/ha in the site where the mesquite was cut and treated with diesel versus 608 in the untreated area. Maximum daily evapotranspiration for the mesquite stand was about 5 mm and the mean was about 2 mm per day. Mesquite accounted for 38% of total evapotranspiration although the foliar cover was only 15%, partly because it continued transpiring when the grasses stopped in the dry periods.

Total evaporation from Prosopis dominated riparian woodland along the Santa Cruz River in Arizona from January to December 1995 was 848 mm compared with 157 mm from short grassland and fallow fields on the floodplain and 1707 mm from the open water of the river (based on the Penman equation) (Unland et al. 1998).  Daily evaporation rates varied from 2-4 mm for the Prosopis woodland over most of the growing season compared with 4-8 mm for the potential evaporation estimates from the Penman equation.

The findings of these studies clearly illustrate the importance of competition between grasses (and herbs) and trees in regulating the water-use of the whole stand.  In many cases the removal or killing of the Prosopis trees resulted in an increased growth of the grasses and the result was a net increase in water-use following the removal of the trees.  In most of the areas of South Africa which have been invaded by Prosopis the grass and herb layer is generally sparse although it may increase in years with above average rainfall.  In other areas, particularly the karoo, the ground layer is dominated by scattered low shrubs with a variable cover of annuals during the wet season.  In these situations it is highly unlikely that the natural vegetation would have used more water than the invading Prosopis.
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Only a few catchment scale studies involving Prosopis could be found.  Clearing of Prosopis was found to increase water-use in a catchment with relatively high rainfall (900 mm per year) and to decrease it in another set of catchments with lower rainfall (380-500 mm).  In the latter case compensatory increases in grass density apparently account for the increased water-use.  Taken together with the findings of the previous section, the result suggest that water-use by Prosopis at a catchment scale could be about half that of commercial plantations in higher rainfall areas (350-500 mm), but water-use by riparian Prosopis could be higher than this.

Clearing of mesquite in the Blackland Prairie region of Texas reduced evapotranspiration by 244 mm over a three year period and increased surface water runoff by 10% (Richardson et al. 1979).  The rainfall in this area is about 990 mm per year (Haas and Dodd 1972).  The mesquite dominated community utilised far more water from the subsoil than the grassland.  A second study found that the mean runoff was about 7.1% of the mean annual rainfall (range 358-505 mm) from watersheds in Arizona with live Prosopis (Martin and Morton 1993).  This was significantly less (P < 0.05) than the mean runoff of 5.5% of the rainfall from matched watersheds where the trees were killed by herbicides.  Mean grass densities (14.9 plants/m² vs 10.2) and density increases (11.24 plants/m² versus 8.31) were significantly greater in areas where Prosopis had been killed.  These increase in grass density seem to have resulted in increased overall water-use and thus a decrease in the catchment runoff following clearing of Prosopis.

The findings of these two studies illustrate the extremes that have been reported in the literature and the basic point that, at a catchment scale, clearing Prosopis will only have a significant impact where the remaining vegetation is not able to increase its water-use to take up the additional water.  

There is a limited amount of information for plantations and natural vegetation in South Africa. The increase in streamflow in the first year following the clearing of natural riparian forest in a high rainfall (1 600 mm per year) catchment near Tzaneen was about 544 mm/year and in a lower rainfall catchment (1 100 mm per year) near Sabie about 797 mm per year (Scott and Lesch 1995).  This is much less than clearing riparian pines which increased streamflow by about 1 150 mm per year, about three times that of non-riparian pines in the same catchment.  Evaporation from pines plantations is about 1050-1300 mm per year and in eucalypt plantations 1250-1600 mm per year (Bosch and von Gadow 1990, Dye 1996).  The catchment data combined with the stand-level estimates from the previous section suggest that water-use by Prosopis at a catchment scale is probably about half that of commercial plantations.  Water-use by riparian Prosopis will probably be higher than this amount particularly where groundwater tables are less than 5-15 m deep.
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The available evidence shows clearly that Prosopis species are capable of developing extensive and deep root systems which can easily reach water tables at depths of at least 15 m and, under certain circumstances, at extraordinary depths.  Studies of the relationship between water-use and soil moisture, isotopic analyses of plant water, and distribution patterns all suggest that invading Prosopis is able to use groundwater.  Prosopis species are also highly adaptable: they will use groundwater where it can be reached by their root systems but in sites without groundwater they will use the available soil water.  Transpiration rates will be related to soil moisture on sites without groundwater but on sites where there is access to groundwater they will maintain high transpiration rates despite high moisture stress levels. Research has also shown that Prosopis could be using more water than the vegetation it replaces, if that vegetation is not able to increase and compensate for the water used by the invader.  This would be particularly true in areas where the natural vegetation does not have access to that groundwater or has a relatively low cover compared with Prosopis - such as most of the areas it has currently invaded in the Karoo.  The extent to which it could be reducing groundwater recharge is uncertain at present, but it is likely that it may be doing so. At present, Prosopis invasions occur largely in the semi-arid and arid regions of the country.  This is mainly because these are the areas where it was planted historically as a fodder tree.  There is, however, no inherent reason why Prosopis could not invade regions with higher rainfall if seeds are available.  There are areas where it is already doing so: examples are the lowlands on the Cape west coast and in the western parts of the grassland biome (Henderson 1995, Versfeld et al. 1998), for example, near Kroonstad (H. Zimmerman pers. comm. 1999). 

How much groundwater could invading Prosopis trees be using?  Annual potential evaporation rates in much of the interior of South Africa are in excess of 2 286 mm (90") for A-pans (Schulze 1986).  The evidence from the studies of plant water relations and water-use suggests that (a) internal limitations on sapflow rates (e.g. hydraulic conductivity) keep transpiration rates in Prosopis to well below the potential rates; and (b) that the limits on the transpiration rates increase with increasing depth to the water-table. The results of large scale studies in its native habitat suggest that its water use could be somewhere between about 350 and 500 mm per year, much more than the 100 mm per year estimated by Versfeld et al. (1998).  Given the low rainfall in the worst affected areas (<250 mm), low groundwater recharge rates (±4%), and the high likelihood that Prosopis will use all the rainfall that infiltrates the soil, the net loss of 350-500 mm per year could be having a significant impact on the amount of water in these aquifers.  These estimates need to be tested under local conditions where Prosopis water use is less affected by factors such as herbivory and diseases and could, therefore, be higher than the 350-500 mm estimated above. Invading Prosopis not only use more groundwater than the natural vegetation they replace, they also replace valuable grazing land with impenetrable thickets that cost more to clear than the market value of the land (Coetsee 1993).  The possibility that Prosopis may be able to outcompete the agriculturally valuable Acacia erioloba for water, and kill it, indicates an additional way in which invasions could have significant economic and ecological impacts.

7.
RECOMMENDATIONS
The literature review clearly shows that Prosopis species have deep root systems and are highly likely to be using groundwater in areas where they can reach it.  There is insufficient information on the amount of water Prosopis can use to provide reliable estimates of its water-use under local conditions.  The only way to resolve these uncertainties is to carry out pilot study at one or more sites which can be used to develop a more robust model of its water-use.  The site, or sites, should preferably be located where the impacts of Prosopis on groundwater could have significant implications for the groundwater reserve and for groundwater users.  The study should be based on sapflow or on micro-meteorological methods (e.g. Bowen Ratio), or both, and combined with an analysis of the isotopes in the water in the plant tissue to determine how much of the water is being drawn from groundwater resources.
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POSTSCRIPT
At present most of the concern about water-using invaders in the semi-arid and arid interior of South Africa is directed towards Prosopis species, and correctly so.  A species that has generated less concern, to date, is Tamarix ramosissima (introduced from Europe and Asia) which has invaded sandy riverbeds in the central, southern and succulent Karoo and the dryer parts of the grassland biome (Henderson 1995, Versfeld et al. 1998).  Tamarix ramosissima (saltcedar) has become a major invader in the south-eastern USA where it is able to replace mixed riparian woodland, including Prosopis pubescens because it has greater drought tolerance and higher sap fluxes which allow it to dessicate these areas (Cleverly et al. 1997).  Evapotranspiration from native riparian woodland of Prosopis on the lower Colorado River was estimated by the energy balance (Bowen Ratio) method to be 488 mm per year compared with 700-762 mm for invasive T. ramosissima (Ball et al. 1994 cited by Wiesborn 1996).  These findings suggest that invading Tamarix could have a greater impact on water resources per unit area than Prosopis.  Invasions by Tamarix are still apparently relatively sparse and limited in extent and could probably be controlled relatively easily.  The use of biocontrol will be made more difficult because there is an indigenous species, Tamarix usneoides, which could severely limit the biocontrol options.  Clearing of T. ramosissima should be given a high priority to prevent it from becoming a significant problem.
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Table 1.  Records of the root systems of Prosopis species.  Data originally compiled by Stone and Kalisz (1991) and Canadell et al. (1996), supplemented with sources from this review.
	Species
	Height (m)
	Substrate, presence of a water table
	Maximum root depth and radius
	Evidence
	Source

	
	
	
	Depth (m)
	Radius (m)
	
	

	P. cineraria
	-
	-
	-
	27
	other observations
	Evenari 1938

	P. cineraria
	-
	-
	18
	-
	well excavations
	Laurie et al. 1994

	P. farcta
	-
	water table
	15
	-
	-
	Schmueli 1948

	P. farcta
	-
	river banks
	15
	-
	-
	Zohary and Orshan 1949

	P. glandulosa
	6
	clay
	>2.0
	>10
	excavation
	Heitschmidt et al. 1988

	P. glandulosa
	5
	clay, water table
	6
	-
	water uptake and core
	Nilsen et al. 1983

	P. glandulosa
	large trees
	clay
	13
	-
	core
	Jenkins et al. 1988

	P. glandulosa
	-
	sand / clay / torrifluvent
	11.0-12.0
	-
	core
	Freckman and Virginia 1989

	P. glandulosa
	-
	clay loam
	15
	-
	-
	Silva et al. 1989

	P. juliflora
	6
	sandy loam over clay
	3
	19
	water uptake
	Cable 1977

	P. spp
	-
	-
	12
	-
	borehole
	Harding and Bate 1991

	P. tamarugo
	-
	-
	> 3.5 (12)
	-
	core
	Mooney et al. 1980

	P velutina
	-
	coarse
	> 53.0
	-
	excavation
	Phillips 1963

	P. velutina
	-
	alluvium
	8
	15
	-
	In Cannon 1911

	P. velutina
	-
	water table
	14.9
	-
	other observations
	Minckley and Brown 1982


Table 2.  Stand structure and leaflet size and number for Prosopis velutina in three habitat types in the Sonoran Desert (from Stromberg et al. 1993).  Values are means  standard deviations.
	
	Riparian
	Ephemeral watercourse
	Upland

	Stand Structure
	
	
	

	Leaf area index (m2/m2)
	1.9  03
	0.6  0.2
	0.1  0.1

	Vegetation volume (m3/m2)
	1.8  0.3
	0.8  0.1
	0.5  0.1

	Canopy height (m)
	10.3  107
	6.2  0.8
	4.1  0.1

	Mesquite basal area (m2/ha)
	28.2  5.1
	7.5  5.0
	2.5  0.6

	
	
	
	

	Leaflet Characters
	
	
	

	Primary leaflet area (cm2)
	8.0  1.0
	7.4  0.3
	6.6  103

	Primary leaflet length (cm)
	6.4  0.6
	6.2  0.3
	5.4  0.7

	Secondary leaflet number
	36.5  2.3
	32.5  1.6
	31.3  0.5


Table 3.  Daily transpiration rates recorded during the growing season in studies of Prosopis glandulosa communities (from Dugas et al. 1996).
	Transpiration (mm/day)
	Location
	Comments
	Source

	1.9
	Texas
	2 growing seasons, Bowen Ratio
	Dugas and Mayeaux 1991

	1.4
	Arizona
	2.5 years, lysimeter
	Evans et al. 1981

	9.6
	California
	4 days, porometer measurements, access to water table
	Nilsen et al. 1983

	6.2
	Arizona
	3 years (April-June), water table depth fluctuations 4-5m below surface
	Tromble 1977

	2.4
	Texas
	2 years (Jan-Dec), water balance
	Weltz and Blackburn 1993

	0.9
	New Mexico
	2 growing seasons, Bowen Ratio
	Dugas et al. 1996
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Figure 1  Prosopis

Figure 2 Density of Prosopis in the Swakop River system in Namibia (from Vinjevold et al. 1986).  The trees were apparently established near the well points in the early 1900s.
Figure 1.  Density of Prosopis in the Swakop River system in Namibia (from Vinjevold et al. 1986).  The trees were apparently established near the well points in the early 1900s.

APPENDIX 1:tc \l1 "APPENDIX 1:  
Miscellaneous Notes on the Biomass and Biomass Relationships and Productivity of Prosopis Plants
Total plant leaf area of 1.5-3 m tall trees ranges from 14-46 m2 (one-sided) (Heitschmidt et al. 1988, Ansley et al. 1992).  Leaf area index was usually about 1.0-1.5.  The best relationship between leaf area (one sided) of 1-5 m tall Prosopis glandulosa var glandulosa trees (canopy diameter 1-7 m respectively) was with the canopy profile area (estimated from lateral black and white photographs) (Ansley et al. 1992):

Total leaf area (m²) = 2.07(Canopy profile area)1.19 r² = 0.92 (1987 season)

Total leaf area (m²) = 1.47(Canopy profile area)1.28 r² = 0.88 (1988 season)

Leaf area varied over the growing season with a minimum at the height of the summer (July-August) with a mean of about 14-17 m² and a range between plants of about 2.5-27.5 m².

The total above-ground biomass of Prosopis glandulosa var glandulosa trees at Harper’s Well in the Sonoran Desert (water table at 5 m depth) ranged from 98.5 to 760.5 kg; mean tree height 3.3 m, maximum 4 m (Sharifi et al. 1982).  The multi-stemmed shrub form was smaller with a biomass of 43.2-74.4 kg and a mean height of 2 m.  The relationships between stem diameter and total branch and leaf mass were as follows:

Tree - loge(branch mass) = loge 74.888 + 2.519  loge(diameter) (r = 0.944)

Tree - loge(leaf mass) = loge 13.371 + 2.234  loge(diameter) (r = 0.920)

Shrub - loge(branch mass) = loge 69.205 + 2.455  loge(diameter) (r = 0.944)

Shrub - loge(leaf mass) = loge 15.265 + 2.301 loge(diameter) (r = 0.944)

Leaf area index ranged from 1.44 to 3.50 in trees and 0.94 to 1.86 in shrubs with means of 2.3 and 1.3 respectively.  Annual production was 60.5 kg per plant for trees and 17.8 for shrubs; stand biomass was 13 973 kg/ha and annual production 3 695 kg/ha/year, about 52% being wood.  This was 2.8 times the productivity of P. velutina and 4.8 times the production of P. glandulosa at a site in Mexico (Klemmedson and Barth 1975 cited in Sharifi et al. 1982), probably due to the access to the water table, although 8 000 kg/ha/yr has been reported for plantations (Ahmed 1961 cited in Sharifi et al. 1982).

The biomass of Prosopis juliflora was sampled across a range of stands in the Sonoran desert near Tucson Arizona (Barth and Klemmedson 1982).  Roots were sampled using cores to a depth of 6 m. The mean number of stems per shrub was 2.8, crown area 20.90 m² and the height 3.3 m.  The total biomass per shrub was 129.58 kg with 2.5% in leaves, 85% in woody parts, 12% in roots and the remainder fruit and flowers.

Leaf area was related to shoot length in a Prosopis alba plant: total leaf area 1.46 m² (stem diameter 20 mm): leaf area (cm²) = 7.8  stem length (cm) - 36 (Levitt et al. 1995).

Sapwood area for Prosopis pallida was estimated using the following relationship:

Sapwood area = 0.18Diameter² + 3.03D - 6.07 (r² = 0.94) (Khanzada et al. 1998)

Pod production in Prosopis glandulosa var glandulosa was found to be significantly higher in a dry year (fruit set 23-33%) than in a wet year (13.5%) in accordance with anecdotal records (Lee and Felker 1992) and an earlier study (Nilsen et al. 1987).

�	Moisture stress in plants can be measured by determining the tension in the water conducting tissue (xylem) of the plant.  This is normally termed the xylem water potential or plant water potential.  The tension is expressed as a negative pressure in Mega Pascals (MPa) or Bars (1 Bar = 0.1 MPa).


�	Transpiration rates at the leaf level are measured by determining the leaf conductance i.e. the rate at which water is being lost through the stomata on the leaves.


�	Vapour pressure deficit is a measure of the moisture absorbing capacity of the atmosphere and is determined largely by the air temperature and relative humidity.


�	Potential evaporation is a measure of the moisture absorbing capacity of the atmosphere similar to the vapour pressure deficit although it is usually calculated differently. 


�	The vadose zone is the layer or section of the soil profile which is not saturated with water i.e. between the surface and the capillary fringe where there is a water table or an impermeable layer such as hard rock.  The vadoze zone can include the decomposed rock layer (regolith) beneath the soil layers which also holds water.





