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Project Context 
Tiwest Pty Ltd have identified and are seeking approval to mine minor extensions of 
the identified reserves currently being mined from tenement M268SA (Falcon 
extension). A draft mining assessment and application for Section 45C amendment 
(Tiwest, 2006) for submission to the EPA, included a preliminary vegetation mortality 
risk assessment using information from previous studies on Banksia woodland 
groundwater dependencies (Zencich and Froend, 2002). Risk categories were 
proposed and mapped without explanation of actual vegetation response or resilience. 
This proposal aims to refine the current vegetation risk assessment and provide advice 
during the approval process.  

Scope of Assessment 
The assessment essentially consists of a desktop evaluation and meeting attendance 
with the following objectives: 
·  Conduct a review of past research and investigations relevant to the identification 

of risk of drawdown impacts on phreatophytic vegetation. Emphasis will be 
placed on reviewing published and ‘grey’ literature specific to shallow sandy 
aquifers and Proteaceae and Myrtaceae dominated woodlands, as well as 
techniques currently used to determine ecological risk. 

·  Collate relevant site (Falcon extension) data from literature, Tiwest and other 
sources. 

·  Using the review and site data, provide comment on the appropriateness of 
previous risk assessments and complete an assessment of risk of drawdown to 
phreatophytic vegetation of the Falcon extension. 

·  Provide guidelines for phreatophyte management that will lessen the risk of 
impact. 

 
A planned site visit was cancelled due to access issues.  
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Introduction/ Background 
Many of the tree and deep rooted shrub species associated with Banksia woodland 
communities are phreatophytic, that is, capable of obtaining groundwater from the 
zone of saturation either directly or through the overlying capillary fringe (Meizner, 
1923). The phreatophytic nature of these ecosystems has been acknowledged since the 
early 1970s when groundwater abstraction first commenced in the area (Arrowsmith, 
1996). However, studies have often merely inferred phreatophytic behaviour from 
observations of deep root systems, response to groundwater declines and water 
balance studies.  
 
Root system excavations of Banksia woodland species identified deep rooting patterns 
and an associated ability to reach depths close to or penetrating the underlying water 
table (Dodd, Heddle, Pate & Dixon, 1984; Farrington, Greenwood, Bartle, Beresford 
& Watson, 1989; Matizke & and Associates, 1991; Nicoski, Groom & Froend, 1997). 
The inference drawn from these observations was that as deep rooted woodland 
species access groundwater they are also capable of using it.  

 
Vegetation mortalities have occurred across south-western Australia in areas of 
groundwater abstraction in response to altered groundwater regimes. Results of  early 
investigations into these deaths indicated that trees found growing in areas where the 
depth to groundwater was shallow, between 2 and 6 m, were most susceptible to 
changes in water level where declines had been too rapid to provide adequate time for 
root systems to respond (Water Authority of Western Australia, 1992). A study by 
Groom, Froend, Mattiske & Koch (2000) demonstrated the differences in responses 
between deep-rooted phreatophytes and shallow-rooted non-phreatophytes in Banksia 
woodlands. These studies provided further observational evidence of the association 
between groundwater dependence and terrestrial vegetation (Zencich & Froend, 
2001).  
 
Dodd and Bell (1993) were the first to demonstrate an association between plant water 
relations and proximity to the groundwater table. They measured seasonal and diurnal 
water relations in two terrestrial Banksia species. Their results indicated that both 
species had high rates of water usage throughout the year including the dry summer 
months, and must therefore be utilizing groundwater in the absence of soil moisture. 
Other studies of the same species (Grieve, 1955; Grieve & Hellmuth, 1968, 1970), 
however, showed low water usage in summer. Dodd and Bell (1993) concluded that 
these species were probably phreatophytes, relying on groundwater only where it was 
available.  
 
Dawson and Pate (1996) used stable isotope techniques to demonstrate phreatophytic 
behaviour in Banksia species experimentally. Using stable isotopes as tracers, this 
study demonstrated seasonal variations in water source usage by illustrating 
preferences for soil moisture uptake in winter and groundwater uptake in summer. 
Further studies (Zencich, Froend, Turner & Gailitis, 2002) supported the finding that 
temporal variations exist in water source usage and indicated that spatial variations 
also occur. Intraspecific variations have been demonstrated between individuals from 
different positions in the landscape, while interspecific variations occur primarily as a 
function of rooting morphology (Zencich and Froend, 2002).   
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Zencich and Froend (2002) determined seasonal water sources for species growing on 
a coastal dune system that overlies the Gnangara Mound. The plants studied grew 
over groundwater that ranged in depth from 2.5 to 30 m. The naturally occurring 
stable isotope of hydrogen (deuterium, d2H) was used to distinguish among potential 
water sources. Isotopic ratios from vascular water of the dominant species of the study 
area were compared with those of potential sources of precipitation, soil moisture and 
groundwater. A relatively shallow-rooted perennial shrub, Hibbertia hypericoides, 
was also included as an isotopic reference.  
 
Research undertaken to determine the water requirements of phreatophytic Banksia 
woodland vegetation identified classes of phreatophytic dependency based on the 
influence of groundwater depth (Froend & Zencich, 2002). Three phreatophytic 
categories were identified; 0-3 m, 3-6 m and 6-10 m. The greater the depth to 
groundwater, the lower the requirement for groundwater and the more tolerant 
Banksia are to groundwater decline due to the corresponding increase in alternative 
water sources. These alternative sources are primarily the larger volume of 
unsaturated zone (with increasing soil depth) exploitable by the plant’s root system.  
 
These dependence categories formed the basis for a desk-based approach developed to 
determine the dependence and susceptibility of phreatophytic terrestrial and wetland 
vegetation on various groundwater regimes (Froend and Loomes, 2004). This 
approach characterises vegetation communities at risk of impact from altered 
groundwater regimes. As it has been successfully applied across Western Australia in 
regions with differing climates and soil and vegetation types, it is suitable for 
application to the current Falcon study.  
 
Although the overarching management objective for native vegetation across the lease 
is to prevent permanent, long term, negative impacts to biodiversity within GDEs, 
comment in this report is often restricted to short-term changes in vegetation 
condition and vigour (measured as canopy health and fullness, and species density and 
abundance). These parameters, along with measurements of community and 
population structure, provide data required to assess changes in vegetation (see 
Section C.2 Impact Mitigation, pp. 23-28), and thereby biodiversity, in the long term.   
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Part A: Review of literature and data 
This component of the current study involved a desktop review of relevant measured 
environmental parameters including grey literature, meteorological parameters, 
hydrology, soil stratigraphy and vegetation.  

A.1 Literature  

Groundwater dependency 
Terrestrial vegetation ranges from obligate to facultative groundwater users (Hatton & 
Evans, 1998). At species level, obligate groundwater use is evident if all instances of 
that species presence is dependent upon continuous, seasonal or episodic access to 
groundwater (Eamus, Froend, Loomes, Hose and Murray, 2006). Even if groundwater 
is relied upon only very infrequently, or frequently but for short periods of time, 
groundwater dependency is still classified as obligate (Eamus et al., 2006). Examples 
of vegetative processes that may be dependent on groundwater availability include 
flowering, seed set and germination, seedling establishment and recruitment to 
reproductive age (Eamus et al., 2006). Dependency is deemed facultative when 
groundwater is used when available although its absence does not result in any 
adverse impacts to the vegetation (Eamus et al., 2006). Facultative dependency may 
also include individuals that access groundwater when at shallow depths and 
individuals that have not accessed groundwater throughout their lives (i.e. at higher 
positions in the landscape) (Zencich, Froend, Turner, & Gailitis, 2002).  
 
Determining the degree of dependence of an ecosystem on groundwater sources is an 
important step in describing the potential impacts of altered water regimes on 
dependent ecosystems. The underlying assumption in this process is that the closer the 
proximity of a plant’s rooting zone to groundwater, the greater the potential 
dependency (Hatton and Evans, 1998). This step is also recognised as a key 
requirement for the establishment of policy and management systems for GDEs 
(Clifton and Evans, 2001). Hatton and Evans (1998, p.1) considered that the 
“…degree of dependence was proportional to the fraction of the annual water budget 
that the ecosystem derived from groundwater”. They describe five levels of 
groundwater dependence in which ecosystems may be categorized as entirely 
dependent, highly dependent or proportionally dependent on groundwater, may use 
groundwater opportunistically, or may have no apparent dependency on groundwater 
(Hatton and Evans, 1998). It follows that the greater the level of dependence on 
groundwater the greater the potential impacts that may arise from altered water levels 
or changes in water quality.  
 
Eamus et al. (2006) review a number of approaches available to determine the degree 
of groundwater dependence of an ecosystem. Briefly, the first approach involves 
quantifying the proportion of annual water use derived from groundwater and the 
assumption that this represents a measure of dependency. It does not however 
differentiate between obligate and facultative GDEs and is unlikely to accurately 
reflect the degree of dependence on occasional or episodic groundwater (Eamus et al. 
2006). The second approach involves quantifying the relationship between patterns of 
change in groundwater availability (i.e. depth, rate of change, decline in depth, 
duration of excessive depths etc) and vegetation responses. This approach was used 
by Scott, Lines and Auble (2000) and Shaforth, Stromberg and Pattern (2000) to 
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quantify the relationship between patterns of change in groundwater availability and 
vegetation response, and applied by Froend, Rogan, Loomes, Bamford and Storey 
(2004) to Banksia woodlands and wetland vegetation of the Swan Coastal Plain, in 
order to ascertain phreatophytic vegetation response to separation from a groundwater 
source. This approach is particularly useful for determining individual species 
dependency on groundwater (Eamus et al., 2006).  A third approach examines 
temporal patterns in soil moisture, rainfall and vegetation attributes known to be 
influenced by these factors (i.e. leaf area index and vegetation water use), although 
deductions can only be made about the likely temporal dependency, rather than the 
degree of dependency of terrestrial vegetation on groundwater (Eamus et al., 2006).  
 

Water sources of Banksia woodland vegetation  
Possible water sources of terrestrial vegetation are comprised only of groundwaters 
(soil water and groundwater), directly recharged by precipitation.  The soil layer 
between the soil surface and water table is termed the unsaturated zone, as soil pore 
spaces are not saturated with water. The term ‘zone of saturation’ is designated to the 
subsurface water below the water table in which all voids between soil particles are 
filled with water (Freeze and Cherry, 1979). Immediately overlying the water table is 
the capillary fringe, also known as the tension-saturated zone (Freeze and Cherry, 
1979), as the micro-pores are saturated with water and are held above the water table 
by capillary forces. Deep-rooted species with a dimorphic root structure have a large 
root capture zone and are therefore capable of using (if available) unsaturated soil 
moisture (both shallow and at depth) and groundwater (at depth), either derived from 
the capillary fringe or directly from the water table. Shallow rooted species unable to 
reach deeper soil at the extent of their root capture zone benefit from increased water 
availability via hydraulic lift within the capillary fringe, during periods of water stress 
(Naumberg, Mata-Gonzalez, Hunter, McLendon and Martin, 2005). 

Dependency/ susceptibility categories were developed for previous investigations into 
the dependence of phreatophytic terrestrial, riparian and fringing tree species on 
various groundwater regimes (Froend and Loomes, 2004; Froend, et al., 2004; 
Froend, Loomes and Zencich, 2002; Zencich and Froend, 2002). Comparative data on 
mortality, species composition, groundwater depths before and after drawdown events 
as well as data from ‘control’ sites where groundwater drawdown had not occurred 
were utilised in this process. Figure 1 illustrates three of the four vegetation categories 
that have demonstrated phreatophytic behaviour to date: 
-  0-3 m 
-  3-6 m 
-  6-10 m 
-  >10 m (not pictured). 
 
The greater the depth to groundwater, the lower the requirement for groundwater and 
the more tolerant vegetation is to water table decline due to the corresponding 
increase in alternative water sources. The primary alternative source is the larger 
volume of unsaturated zone (with increasing depth) exploitable by the plant’s root 
system (Zencich and Froend, 2002). Quantitative information suggests reduced 
importance of groundwater to terrestrial vegetation existing at depths to groundwater 
of >10 m (Eamus et al., 2006).  It is assumed that at depths of 10-20 m there is a 
probability of vegetation groundwater use, although it is thought to be negligible in 
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terms of total plant water use, and that at depths of 20+ m this probability is 
substantially lower (Zencich and Froend, 2002).  
 
Within the categories of 0-3 m, 3-6 m and 6-10 m (Figure 1), tree species are assumed 
to be phreatophytic and to derive some water from groundwater throughout the year. 
Between these categories the degree to which groundwater is utilised is dependent on 
the proximity to groundwater, availability of moisture in shallower horizons in the soil 
profile, root system distribution, maximum root depth and groundwater quality. The 
highest proportion of groundwater (>50% of daily summer water use) is used by the 
0-3 m and 3-6 m depth to groundwater vegetation category. Given the apparent high 
dependency of trees in these shallow areas on summer access to groundwater, it is 
suggested that they are particularly susceptible to groundwater drawdown. Wetland 
plant associations, by definition, are within areas of very shallow depth to 
groundwater and therefore their response to drawdown is equivalent to that of the 0-
3m phreatophyte category vegetation. Vegetation in the 6-10 m category also uses 
groundwater however, it uses proportionally more water from the upper layers of the 
soil profile as it has a larger subsurface soil moisture store beyond the influence of 
direct evaporation (Zencich et al., 2002). 
 

 
Figure 1:  Categories of maximum depth to groundwater that have demonstrated phreatophytic behaviour in sandy 
soils. Clay soils may have more extensive capillary zone of up to 2 or 3 m. 

 
The depth to groundwater categories have been developed based on a gradient of 
vegetation types on the Swan Coastal Plain, ranging from fringing wetland species to 
dryland vegetation on upper slopes and dune crests. As a desk-based approach to 
initially characterise vegetation communities at risk of impact from altered 
groundwater regimes, this method can be applied to other regions with different soil 
types and vegetation types, providing these differences are taken into consideration.  
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A.2 Meteorological Parameters  
Annual rainfall data for Cooljarloo showed that although 2005 rainfall was well above 
the long-term average of 554 mm and the third highest since records commenced in 
1990, the average has only been exceeded twice since 1999 (Figure 2), with 2006 
representing the sixth driest year on record. To date (July 07), 2007 rainfall also 
remains below average. Figure 3 illustrates the below average monthly rainfall 
experienced during passed 14 months, high-lighting the very low falls of summer 
06/07. Evaporation rates during the summer months were higher than average with the 
exception of January, however, rainfall observed during the summer months is 
considered ineffective with respect to recharge of vadose moisture and/or 
groundwater recharge. Although a high intensity rainfall event will provide some 
plant available soil moisture, this will be rapidly depleted through evapo-transpiration 
and evaporation.  
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Figure 2 : Total annual rainfall (mm) at the Cooljarloo site for the period 1990-1996. 
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Figure 3 : Monthly and average monthly rainfall (mm) and evaporation (mm) during the rewetting and drying phases 
of the hydrological cycle, March 2006 to May 2007.  
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High daily temperatures were experienced between December 2006 and March 2007, 
with temperatures exceeding 40oC on December 17th and 28th preceding vegetation 
deaths and again on January 15th, 26th – 30th, February 3rd – 4th and March 6th – 9th 
(Figure 4).  
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Figure 4: Daily maximum temperatures (oC) April to May 2006/ 2007. Temperatures above the horizontal line are 
considered extreme (ie above 40oC). 

A.3 Hydrology 

Seven nested piezometer pairs and one shallow piezometer were installed across the 
Falcon lease between August and September 2006 to allow monitoring of 
groundwater levels in the vicinity of current and proposed mining operations (Tiwest, 
2007). Data collected to date indicates all bores occur in areas of shallow groundwater 
(0-6 m) (Figures 5A-G).  
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Figure 5 : OB series bores hydrographs Sept 06 to May 07. A) OB15d; B) OB16s and d; C) OB17s and d; D) OB18s 
and d; E) OB19s and d; F) OB20s and d; G) OB21s and d.  

 
Long-term monthly groundwater data (1998 to 2007) exists for two piezometers, 
MSBO1 in the southern area of the proposed mining operations, and MSBO2 (1988-
2007) south of the Falcon lease (Figures 6A and B). Groundwater levels in these bores 
have generally increased since monitoring commenced in 1998 despite declines 
recorded between 2001 and 2003. However, between the spring peak of 2005 and 
December 2006 groundwater levels fell 1.86 m and 1.37 m at MSBO1 and MSBO2 
respectively, with only a slight recharge during the winter/spring of 2006. It was noted 
in Froend and Loomes (2007) that abstraction during spring and early summer 2006 
was high whereas previously abstraction during the summer months has either ceased 
or was maintained at lower rates during the previous five summers.  
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Figure 6:  Hydrographs A) MSBO1 in the southern area of the proposed mining operations; B) MSBO2 south of the 
Falcon lease.  

A.4 Soil stratigraphy 

Exploration drilling data and geological cross sections of the Falcon lease indicated 
much of the area was underlain by clayey-sand of significant thickness (Parsons 
Brinckerhoff, 2006). This clay-rich horizon is thickest in the north-eastern area of the 
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lease in the vicinity of pit 18. It is thought that perching of the watertable above this 
layer will reduce impacts of mining-induced groundwater drawdown on vegetation.  
 
Hydraulic testing was undertaken on all monitoring bores within the Falcon lease to 
determine the range in hydraulic conductivity values for the underlying superficial 
aquifer (Parsons Brinckerhoff, 2007). Results indicated that the hydraulic conductivity 
of the clayey sand dominating the upper part of the aquifer in the south of the lease 
and throughout the aquifer in the north, ranged between 0.005 m/d and 0.2 m/d with 
an average of 0.05 m/d. Sand rich soils occurring in the southern and western areas of 
the lease in lower part of the aquifer had conductivities ranging from approximately 1 
m/d and 8 m/d. Soils underlying bores OB18, 19, 20 and 21 are dominated by clayey 
sands, bore OB15 is underlain by sandy soils and bores OB16 and 17 by soils of both 
types at various depths.   

A.5 Vegetation  

Woodman Environmental Consulting P/L was commissioned by Tiwest Pty Ltd to 
conduct detailed flora, vegetation and dieback studies of the Falcon tenements. 
Surveys recorded 373 plant taxa belonging to 53 families, two Declared Rare flora 
and 21 priority species (Woodman Environmental, 2007). Twelve plant communities 
were also described and mapped within the Falcon Lease. These consisted of four 
woodland communities, dominated by Banksia and Eucalyptus sp., four Melaleuca 
dominated thicket communities, three sandy heath communities and a creek line 
assemblage. Plant communities at risk from modelled drawdown are identified in 
Section B.5 of this report.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Cooljarloo Mine Falcon Extension: Vegetation Mortality Risk Assessment 

Froend, Bowen & Associates                                                                                                                 13 

Part B: Vegetation Risk Assessment 
This section of the report reviews previous risk assessments and provides a further 
determination of risk of drawdown to phreatophytic vegetation of the Falcon 
extension.  

B.1 Basis of approach to determining phreatophyte r esponse.  
Zencich and Froend (2002) noted that the most significant alteration to water regime 
experienced by Banksia woodland vegetation in the Cooljarloo area is drought, which 
involves prolonged periods of no precipitation, reduction of soil water in the 
unsaturated zone to below wilting point and lowered watertables to below mean 
levels. The most critical element of drought for phreatophytes is groundwater 
drawdown, particularly if it occurs during the drying phase of the year when 
dependence on this source is greatest and water availability in other parts of the 
profile is low.  
 
The process of plant response to reduced water availability is depicted in Figure 7. 
Stage 1 represents typical conditions during the early drying phase (ie. reduced 
precipitation, drying of the unsaturated zone and gradual lowering of the water table). 
Further lowering of the water table (stage 2) results in a loss of contact with the root 
zone of the plant. Beyond this point the magnitude of drawdown is irrelevant to the 
plant. Moisture reserves are still apparent in the deep layers of the unsaturated zone 
and now provide all the plants water requirements. In time predictions of vegetation 
response to watertable decline may include switching between water sources as 
groundwater becomes unavailable. Associated with decreased water availability is 
reduced water uptake by vegetation and consequent reduction in transpiration. It is 
expected in this scenario that plants would experience progressively lower xylem 
water potentials (indicative of water stress) as unsaturated soil water decreased. 
Sustained stress may see an approach towards a threshold in plant water potential 
values beyond (below) which would constitute a collapse of the water transport 
system of the plant (resulting in death). Prolonged (chronic) water stress manifests as 
poor vigour.  
 
The extent of vegetation response to decreased water availability (eg. acute or chronic 
water stress) is determined by the interval between drying and re-wetting. Low plant 
water potentials are reversed after substantial rainfall that re-wets the shallow soil 
layers. These reserves will become depleted without input from precipitation (stage 3) 
and at this stage the impacts upon the plant are dependent on the duration that the 
water table is suppressed. For example, a seasonal process of drying (short-term 
drawdown) from stage 1 to stage 2 (even 3), is followed by a recourse to stage 1 after 
the break of the dry season. However, if water stress is not alleviated, i.e. rise in 
groundwater levels or recharge of the unsaturated zone by rainfall, an extension (or 
persistence) of the process to (at) stage 3 may occur (long-term drawdown). During 
this stage senescence of fine roots and other plant parts increases, further reducing 
water uptake ability, and poor canopy condition (due to leaf senescence) may become 
apparent. Ultimately, thresholds of drought tolerance will be breached (stage 4), 
resulting in rapid decline of vegetation and sub-lethal levels of water stress 
(mortality). 
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Figure 7:  Process and timing of groundwater drawdown impacts at mid-slope sites. Mid-slope represents the 3-6 m 
depth to groundwater category.   

 
The effects of water table decline on phreatophytes are related not only to the duration 
and magnitude of decline but also to the rate of drawdown and antecedent conditions 
such as depth to groundwater. The rate at which a plant will be impacted by 
drawdown is proportional to the rate of drawdown. Rapid groundwater decline will 
result in the process of impacts (stages 1 to 4) to be accelerated. Gradual reduction of 
the water table means a slower progression of these stages with greater opportunity 
for recharge to occur and for plants to adapt (if possible) to the altered groundwater 
regime (i.e. root growth, physiological adjustments). 
 
A framework for estimating the risk of impact to phreatophytic terrestrial vegetation 
from groundwater drawdown was developed based on the findings described above 
(Froend and Loomes, 2004). The framework is depicted in Figures 8A-C. Rates of 
drawdown (m/yr) are read from the y axis and the magnitudes (m) from the x axis. 
Risk of impact can be scored and defined as low, moderate, high or severe risk of 
measurable impact from groundwater regime change.  
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Figure 8:  Risk of impact to phreatophytic vegetation in the different depth to groundwater grouping based on rate 
and magnitude of groundwater level change a) 0-3 m, b) 3-6 m, c) 6-10 m (Froend & Loomes, 2004). 
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B.2 Review of previous Falcon risk assessment 

The potential impacts of mining-induced groundwater decline on wetland and 
phreatophytic vegetation was assessed by Parsons Brinckerhoff (2006) following 
guidelines developed by Zencich and Froend (2002). In this approach a known 
drawdown tolerance limit, based on the current depth to groundwater (0-3 m: <0.75 
m; 3-6: <1.25 m; 6-10 m: <1.75 m) is subtracted from the mean summer/autumn 
minimum to determine a drawdown threshold. However, as piezometers had only 
been newly established at the time of the assessment, the groundwater levels recorded 
in September 2006 were substituted for a mean minimum. Although true minimum 
groundwater levels were therefore not available, levels at nearby piezometers MSBO1 
and MSBO4 reflected very low to no recharge during spring 2006 (as discussed in 
section A.4). As a result, September 2006 levels were very similar to minimum 
groundwater levels recorded in previous years, and are suitable as substitutes for 
average mean minimums in the absence of actual data.  
 
Following this approach it was determined that vegetation within 1 km of active 
mining operations within which drawdown was expected to exceed 0.75 m was at 
moderate to high risk of impact. To ascertain the spatial area of drawdown impacts, 
risk categories were overlain with modelled maximum drawdown contours within 
areas not underlain by a thick clay horizon. Areas were then calculated for each 
category of risk, low-high.  
 
Although this approach describes the spatial area of risk it provides no indication of 
the distribution of the vegetation. Therefore it is not possible to either identify the 
types of vegetation at various degrees of risk or to predict potential responses to 
groundwater drawdown spatially across the mining operation.  
 

B.3 Establishment of trigger levels 

Trigger levels were established for bores in the northern borefield south of the Falcon 
lease (Parsons Brinckerhoff, 2003). In response to declines in vegetation condition in 
summer 2006/07 at bores which had not breached triggers, the relationships between 
sudden vegetation decline and high rates and magnitudes of groundwater drawdown 
were further examined (Froend and Loomes, 2007). Although the magnitude of 
decline at a bore was often not considered severe, the rate of decline was too great for 
plants to adapt to resulting in sudden health declines and death. It was subsequently 
determined that both magnitude and rate of decline must be considered when 
establishing trigger levels.  
 
In this report revised drawdown thresholds (for each depth to groundwater category) 
based on rate and magnitude and representing a low and moderate risk of impact (see 
Figures 8A-C in Section B.1) were subtracted from September 2006 groundwater 
levels at each OB series bore and MSBO1 and MSBO2 (Table 1, Appendix 1). 
Revised minimum triggers levels were breached at all bores during summer/ autumn 
2006/07 (Appendix 1). Although vegetation monitoring has not been undertaken 
specifically at these sites, it is possible that impacts similar to those observed in the 
northern borefield over this time period have already occurred in the vicinity of the 
OB bores.   
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Table 1: Recommended trigger levels as mAHD and mb TOC (metres below top of casing) 
Bore 1DTGW (m)  

Sept 06 
DTGW 
category 

3Preferred minimum-
magnitude 

4Preferred minimum- rate 5Absolute minimum - 
magnitude 

6Absolute minimum - rate 

   mAHD m bTOC mAHD m bTOC mAHD m bTOC mAHD m bTOC 
MSBO1s 23.87 3-6 m  59.91 34.87 60.81 33.97 59.31 35.47 60.76 33.72 
MSBO2s 22.72 0-3 m 69.69 33.47 70.34 32.82 69.19 33.97 70.29 32.57 
OB15d 5.91 3-6 m 58.62 6.91 59.52 6.01 58.02 7.51 59.47 6.06 
OB16d 4.79 3-6 m 60.70 5.79 61.60 4.89 60.10 6.39 61.55 4.94 
OB16s 4.75 3-6 m 60.77 5.75 61.67 4.85 60.17 6.35 61.62 4.90 
OB17d 3.00 0-3 m 55.48 3.75 56.13 3.1 54.98 4.25 56.08 3.15 
OB17s 2.88 0-3 m 55.50 3.63 56.15 2.98 55.00 4.13 56.10 3.03 
OB18d 2.98 0-3 m 52.90 3.73 53.55 3.08 52.40 4.23 53.50 3.13 
OB18s 3.05 0-3 m 52.88 3.80 53.53 3.15 52.38 4.30 53.48 3.20 
OB19d 3.05 0-3 m 54.97 3.80 55.62 3.15 54.47 4.30 55.57 3.20 
OB19s 2.98 0-3 m 55.01 3.73 55.66 3.08 54.51 4.23 55.61 3.13 
OB20d 3.32 3-6 m 51.94 4.32 52.84 3.42 51.34 4.92 52.79 3.47 
OB20s 3.20 3-6 m 52.05 4.20 52.95 3.30 51.45 4.80 52.90 3.35 
OB21d 4.40 3-6 m 49.22 5.40 50.12 4.50 48.62 6.00 50.07 4.55 
OB21s 4.22 3-6 m 49.56 5.22 50.46 4.32 48.96 5.82 50.41 4.37 
1 Depth to groundwater.  
2 Mean min dtgw 2001-06. 
3Calculated from average annual minimum 2001-06 or Sept 06 level and max acceptable magnitude of drawdown under low risk of impact.  
4Calculated from average annual minimum 2001-06 or Sept 06 level and max acceptable rate of drawdown under low risk of impact after 1 year.  
5Calculated from average annual minimum 2001-06 or Sept 06 level and max acceptable magnitude of drawdown under moderate risk of impact.  
6Calculated from average annual minimum 2001-06 or Sept 06 level and max acceptable rate of drawdown under moderate risk of impact after 1 year.  
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It is preferable to have both preferred and absolute trigger levels (for both rate and 
magnitude) in the case of minimum groundwater levels in monitoring bores. A 
preferred minimum level may represent the level above which no or low risk of 
impact due to excessive drawdown is probable. A breach of the preferred minimum 
would estimate a higher risk, which should alert staff to take remedial action/caution 
or, the higher risk which may be acceptable under some circumstances. In the case of 
an absolute minimum, which could be represented by levels greater than low risk but 
less than severe risk, remedial management action should be taken before a breach 
occurs. 
 

B.4 Comparison of modelled Falcon drawdown and sugg ested trigger 
levels 

Groundwater drawdown modelling was undertaken using MODFLOW 2000, the most 
widely used groundwater flow modelling program and current industry standard 
(Parsons Brinckerhoff, 2007). Predicted response to mining in the upper part of the 
superficial aquifer for the time period December 2008 to January 2013 were produced 
in graphical form (Figure 9) and as contour maps. Modelling incorporated the timing 
of overburden stripping, mining, backfilling and groundwater recovery across the nine 
pits proposed for the Falcon lease (Parsons Brinckerhoff, 2007).  
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Figure 9: Simulated drawdown in Falcon monitoring bores Dec 08 – Jan 13. 

 
To determine if predicted drawdowns may breach the trigger levels recommended in 
Table 1, the level of drawdown for the time series represented on contour maps were 
compared to the preferred and absolute magnitude trigger levels from each OB series 
bore (deep only). Rate trigger levels were not considered as it is unclear when mining 
operations will commence in relation to the first time series modelled. It is also not 
possible to know what the actual groundwater levels will be when mining 
commences. 
 
Results show that trigger levels are unlikely to be breached at bores OB16d, OB20d 
and OB21d (Table 2). However, OB15d triggers may be exceeded from June 2009 to 
January 2013 when drawdown is at its greatest spatial extent. Both the preferred 
absolute minimums may also be breached at OB17d from December 2008 to January 
2013, at OB18d in April 2009 and at OB19d from April 2009 to January 2011.  
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Table 2: Potential breaches of magnitude trigger levels at OB series bores during mining drawdown. 
Bore Sept 06 g/w 

level (mAHD) 
Drawdown 
model 
scenario 

Modelled 
drawdown 
(m) 

Preferred  
min 
magnitude 

Trigger 
level 
breached 

Absolute  
min 
magnitude 

Trigger 
level 
breached 

OB15d 59.62 Dec 08 0.02 58.62 No 58.02 No 
  Apr 09 0.02  No  No 
  Jun 09 1.06  Yes  No 
  Sep 09 4.01  Yes  Yes 
  Nov 09 5.59  Yes  Yes 
  Jan 10 5.53  Yes  Yes 
  Jan 11 1.81  Yes  Yes 
  Jan 12 1.45  Yes  No 
  Jan 13 1.21  Yes  No 
OB16d 61.70 Dec 08 0.03 60.70 No 60.10 No 
  Apr 09 0.03  No  No 
  Jun 09 0.21  No  No 
  Sep 09 0.44  No  No 
  Nov 09 0.40  No  No 
  Jan 10 0.44  No  No 
  Jan 11 0.55  No  No 
  Jan 12 0.59  No  No 
  Jan 13 0.59  No  No 
OB17d 55.48 Dec 08 1.35 55.23 Yes 54.98 Yes 
  Apr 09 1.27  Yes  Yes 
  Jun 09 0.96  Yes  Yes 
  Sep 09 1.05  Yes  Yes 
  Nov 09 0.99  Yes  Yes 
  Jan 10 0.99  Yes  Yes 
  Jan 11 0.94  No  Yes 
  Jan 12 0.86  No  Yes 
  Jan 13 0.77  No  Yes 
OB18d 53.65 Dec 08 0.6 52.90 No 52.40 No 
  Apr 09 1.44  Yes  Yes 
  Jun 09 0.70  No  No 
  Sep 09 0.74  No  No 
  Nov 09 0.69  No  No 
  Jan 10 0.68  No  No 
  Jan 11 0.66  No  No 
  Jan 12 0.62  No  No 
  Jan 13 0.59  No  No 
OB19d 55.72 Dec 08 0.46 54.97 No 54.47 No 
  Apr 09 2.13  Yes  No 
  Jun 09 2.27  Yes  Yes 
  Sep 09 1.99  Yes  Yes 
  Nov 09 1.81  Yes  Yes 
  Jan 10 1.66  Yes  Yes 
  Jan 11 1.04  Yes  No 
  Jan 12 0.72  No  No 
  Jan 13 0.52  No  No 
OB20d 52.94 Dec 08 0.10 51.94 No 51.34 No 
  Apr 09 0.59  No  No 
  Jun 09 1.14  No  No 
  Sep 09 0.46  No  No 
  Nov 09 0.46  No  No 
  Jan 10 0.46  No  No 
  Jan 11 0.45  No  No 
  Jan 12 0.44  No  No 
  Jan 13 0.42  No  No 
OB21d 50.22 Dec 08 0.04 49.22 No 48.62 No 
  Apr 09 0.05  No  No 
  Jun 09 0.06  No  No 
  Sep 09 0.08  No  No 
  Nov 09 0.09  No  No 
  Jan 10 0.10  No  No 
  Jan 11 0.15  No  No 
  Jan 12 0.20  No  No 
  Jan 13 0.23  No  No 
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B.5 Risk of drawdown to phreatophytic vegetation  

In this section of the report drawdowns predicted for each mine pit under modelled 
scenarios  are compared to depth to groundwater contours to determine the risk of 
impact (ROI) (Figures 6A-C) to vegetation. Mapping of vegetation communities has 
also allowed the identification of specific community types at risk under each 
scenario.  
 
Results indicate that vegetation within the drawdown footprint of S18P1 may be at 
moderate-severe ROI from December 2008 to January 2010 falling to a low- 
moderate ROI to January 2012 as the drawdown footprint contracts (Table 3). A 
similar pattern of risk may occur in the footprint of S18P2 however, the level of risk 
falls to low-moderate by January 2011, one year earlier, with no risk predicted for 
2012 and 2013 as the footprint contracts. There is no ROI predicted from S17P2 until 
June 2009 when vegetation may be at a moderate-high risk. Under the following 
scenario, September 2009, the ROI increases to moderate-severe, falling to moderate-
high by January 2011 and then to low for 2012 and 2013. A similar pattern of risk 
may occur in the vicinity of S17P1, with no risk indicated until a moderate-high ROI 
by June 2009. This continues to September 2009 before increasing to a moderate-
severe risk by November 2009. The ROI falls back to moderate-high until January 
2011 and to low for January 2012 and 2013. 
 
Nine vegetation communities occur within areas identified as being at risk of impact. 
Of these, three are heath communities, three Melaleuca dominated woodlands, two 
Banksia/ Eucalyptus communities and one the creek line community. It is probable 
that the Melaleuca and heath communities occur in wetlands on clay-rich soils which 
may mitigate the impacts of groundwater drawdown. The species composition of the 
creek line community suggests it may be halophytic. It is also potentially dependent 
on surface water run-off rather than underlying groundwater. The Banksia/ Eucalyptus 
communities however, are likely to be highly groundwater dependent, based on the 
shallow depth to groundwater across most of their distribution on the Falcon lease. 
These communities are therefore likely to be at greatest risk of impact from mining-
induced groundwater drawdown. 
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Table 3: Depth to groundwater in proximity to mining voids, drawdown scenario, magnitude, 
ROI and veg communities at risk of predicted drawdown Dec-08 to Jan 2013.  
Mine void/ 
DTGW cat 

Drawdown 
model 
scenario 

Predicted 
drawdown 
(m) 

ROI -magnitude Vegetation 
communities  

Comments  

S18P1      
      0-3 m Dec 08 1-2 Mod - severe W3, HS1, T4  
         Apr 09 1-2 Mod - severe W3, HS1, T4, T2  
 Jun 09 1-3 Mod - severe W3, HS1, T4, T2  
 Sep 09 1-2 Mod - severe W3, HS1, T4, T2 Expanding footprint 
 Nov 09 1-2 Mod - severe W3, HS1, T4, T2 Expanding footprint 
 Jan 10 1-2 Mod - severe W3, HS1, T4, T2 Contracting footprint 
 Jan 11 0-1 Low - mod W3, HS1, T4, T2 Contracting footprint 
 Jan 12 0-1 Low - mod W3, HS1, T4 Contracting footprint 
 Jan 13 0 - - - 
S18P2      
     0-3 m Dec 08 1-3 Mod - severe W3, HS1  
 Apr 09 1-3 Mod - severe W3, HS1, T3, C1  
 Jun 09 1-3 Mod - severe W3, HS1, T3, C1  
 Sep 09 1-2 Mod - severe W3, HS1, T3, C1 Expanding footprint 
 Nov 09 1-2 Mod - severe W3, HS1, T3, C1 Expanding footprint 
 Jan 10 1-2 Mod - severe W3, HS1, T3, C1 Contracting footprint 
 Jan 11 0-1 Low - mod W3, HS1, C1 Contracting footprint 
 Jan 12 0 - -  - 
 Jan 13 0 - - - 
S17P2     North of OB15 
     3-6 m Dec 08 0 - - - 
 Apr 09 0 - - - 
 Jun 09 1-2 Mod - high HS1, W3  
 Sep 09 1-3 Mod - severe HS1, W3, T4, HS3  
 Nov 09 1-3 Mod - severe HS1, W3, T4, HS3 Expanding footprint 
 Jan 10 1-3 Mod - severe HS1, W3, T4, HS3 Expanding footprint 
 Jan 11 1-2 Mod - high HS1, W3, T4, HS3 Expanding footprint 
 Jan 12 0-1 Low HS1, W3, T4, HS3 Contracting footprint 
 Jan 13 0-1 Low HS1, W3, HS3  
S17P1      
     3-6 m Dec 08 0 - - - 
 Apr 09 0 - - - 
 Jun 09 1-2 Mod - high HS1, W3  
 Sep 09 1-2 Mod - high HS1, HS2, W3, W4  
 Nov 09 1-3 Mod - severe HS1, HS2, W3, W4 Expanding footprint 
 Jan 10 1-2 Mod - high HS1, HS2, W3, W4 Expanding footprint 
 Jan 11 1-2 Mod - high HS1, HS2, W3, W4 Expanding footprint 
 Jan 12 0-1 Low HS1, HS2, W3, W4 Contracting footprint 
 Jan 13 0-1 Low HS1, HS2, W3, W4 Contracting footprint 
HS1 – dense heath dominated by Banksia telmatiaea with mixed herbs on grey sand. 
HS2 – Heath dominated by X. ?drummondii, H. hypericoides and G. ?plicatum on grey sand. 
HS3 – Heath dominated by B. telmatiaea and Melaleuca viminea subsp. viminea on grey sand on lower 
slopes and valley floors. 
W3 – Low woodland of E. todtiana, B. menziesii and B. attenutata over mixed shrubs on grey sand. 
W4 – Open low woodland of B. ilicifolia, B. menziesii and B. attenuata over mixed shrubs in a swale. 
T2 – Thicket dominated by M. rhaphiophylla and M. viminea subsp. viminea over B. telmatiaea on grey 
sands.  
T3 - Thicket dominated by M. rhaphiophylla and M. viminea subsp. viminea over sedges on grey sands in 
drainage lines.  
T4 – Thicket dominated by Melaleuca sp. on grey sand in a basin. 
C1 – Minor creek line with sparse Halosarcia indica subsp. bidens, Drosera gigantean and Samolus 
junceus.  
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Part C: Guidelines for Phreatophytic Management 
 
This section provides recommendations on the timing of mining activity (season, 
longevity), vegetation and aquifer restoration and pre-, during and post-mining 
monitoring and management. Recommendations follow the control hierarchy applied in 
the Falcon Drawdown Management Plan (Tiwest, 2007) and consider recommendations 
made for the northern borefield by Zencich and Froend (2002). The control hierarchy 
consists of three levels; 

·  Avoid – modification of mining plan to prevent impact. 
·  Mitigate – minimise or prevent extent of impact. 
·  Repair/ restore – recovery and restoration to pre-impact conditions. 

 

C.1 Avoidance strategy 

Previous studies conducted to identify vegetation water stress risk demonstrated seasonal 
variations in water source usage illustrating that a high proportion of groundwater use 
was not maintained throughout all seasons (Zencich and Froend, 2002; Zencich et al., 
2002; Zencich, 2003). During summer, progressive drying of the surface soil results in 
increased use of groundwater and deep soil moisture. With the onset of winter rains 
plants can switch relatively quickly to using proportionally more water from the upper 
layers of the soil profile. Therefore as the degree of groundwater dependence of 
phreatophytic vegetation is greatest during the summer/ autumn drying phase, it is then 
that they are most susceptible to drawdown. This was further supported during a recent 
study of vegetation deaths/ decline across the Cooljarloo northern borefield (Froend and 
Loomes, 2007). It was suggested that high rates and magnitudes of groundwater decline 
over the 2006/07 spring/summer drying phase in combination with low winter recharge 
and continuous groundwater abstraction, including summer pumping, induced 
widespread mortalities. It is possible that impacts may have been avoided or minimised if 
abstraction had ceased over the summer months, especially in light of very poor winter 
rains.  
 
It is therefore recommended that the exposure of vegetation to operational drawdown be 
restricted to periods of non-peak groundwater demand where possible. Restricting mining 
operations to the winter/ spring recharge period when phreatophytic vegetation has 
switched from groundwater usage and is accessing soil water from upper layers of the 
profile, should ensure potential vegetation impacts are avoided. However, during low 
recharge winters, such as that experienced in 2006, vegetation is likely to still be 
proportionally dependent on groundwater, and may experience declining health and/ or 
death. However, it must be noted that due to the nature of mining operations this is an 
unlikely option. 
 
Although restriction of mining operations to winter/ spring months will reduce 
drawdown, groundwater will not recover to pre-mining levels over the summer/ autumn 
period. However, if the rate and magnitude of drawdown remain under or close to 
threshold or trigger levels, no negative impacts should occur over the first summer. If the 
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duration of drawdown extends to a second summer, impacts are more likely to occur, 
with the risk of impact increasing with subsequent summers of operational drawdown. 
 

C.2 Impact mitigation 

Tiwest (2007) identified a series of actions that could be taken to mitigate adverse 
impacts of operational drawdown as demonstrated through monitoring of groundwater 
levels and vegetation condition. These were; move operations to alternative pits, pumping 
of water into non-active voids, short-term cessation of operations and artificial recharge 
of affected areas. However, the question remains – what will trigger these actions? 
 
In Section B.2 (p. 17) acceptable rates and magnitudes of groundwater level decline 
(based on current depth to groundwater) were used to identify trigger levels representing 
a low or moderate risk of impact. Trigger levels were determined for the OB series of 
bores located across the Falcon lease and bores MSBO1 and MSBO2 towards the 
southern sector of the lease.  
 
For trigger levels to be effective in the context of this application, they should alert staff 
at a point prior to vegetation impact occurring and provide adequate opportunity for 
groundwater level mitigation to occur. This requires frequent monitoring of all bores, 
ideally monthly during the winter/ spring period and fortnightly during summer/ autumn, 
which should ensure identification of possible future breaches of trigger levels well 
before they occur. In addition, an assessment of previous winter recharge, considering 
rainfall, soil moisture and water table recharge should be undertaken prior to each drying 
phase. For example, winter rainfall falling below 60% of the Cooljarloo mean of 450 mm 
should provide an effective early warning of the possible need for impact mitigation. Low 
groundwater recharge can be identified using updated hydrographs from monitored bores. 
If levels rise minimally following winter or fail to rise at all, as was noted during 2006, 
recharge is insufficient and impact mitigation maybe required.  

Monitoring 
Monitoring is defined as the collection of specific information for management purposes 
in response to hypotheses derived from assessment activities, and the use of these results 
for implementing management (Finlayson, 2003). A number of reasons for the 
implementation of a monitoring program have been identified and include:  
·  To characterise variations in responses of ecosystems to natural variability in the 

environment;  
·  To collect baseline data on an ecosystem as part of the inventory process;  
·  To record ecological changes occurring as result of specific natural or anthropological 

events;  
·  To measure progress towards set objectives of a management program and;  
·  To audit performance of management agencies and land users (Bunn et al., 1997; 

Finlayson & Mitchell, 1999). 
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Parameters 

Monitoring parameters that reflect the ecological values, environmental condition and 
health of GDEs and have a defined relationship with groundwater levels, need to meet a 
number of criteria, namely that they:  

·  Consider the ‘lag’ effects between depressed groundwater levels and environmental 
condition and/or health:  

-  response of parameters influenced by depressed groundwater levels can take 
a long time and further reductions may be permitted before the impacts of 
previous changes are realised. As such, rapid response type parameters are 
favoured, as they provide advanced warning of significant stress or degradation 
on the system in question as well as providing the opportunity to determine 
whether intervention or further investigation is required (van Dam, Camilleri, & 
Finlayson, 1998). However, some GDE values may have to be measured through 
parameters with a greater ‘lag’ effect (e.g. phreatophytic vegetation community 
composition); 

·  Have a defined relationship with groundwater levels:  
-  there needs to be confidence that a measured response within a parameter 
reflects depressed groundwater levels rather than other influencing factors, such 
as long-term climatic variability, extended wet or dry periods, temperature effects 
and/or a myriad of other abiotic/biotic factors;  

·  Characterise risk to the environment:  
-  parameters should identify, where possible, whether impacts to 
environmental values are short term or long term, reversible or irreversible and/or 
minor or major; 

·  Are cost-effective and practical:  
-  parameters should be inexpensive enough to measure, and; 

·  Have early warning capabilities:  
-  the time from which a parameter indicates there is a potential change within 
a value, to the time that actual change occurs (lead-time), should be sufficient to 
provide the opportunity to implement appropriate management response (similar 
to the ‘lag’ effect of a parameter). Generally, the better the warning (the longer 
the period between potential change and actual change) the lower the accuracy of 
the parameter in portraying a response specific to a given stressor (i.e. depressed 
groundwater levels). A balance between these characteristics (lead-time and 
accuracy), should be considered to provide the most appropriate and cost-
effective parameters. Further characteristics of early warning indicators and 
considerations which need to be taken into account when deciding on 
environmental, physical and/or chemical indicators are detailed in van Dam 
(1998). 

 
Zencich and Froend (2002) provide details on specific parameters from which 
phreatophytic vegetation response to water regime can be correlated/ associated. The 
abundance (area), character (composition, floristic richness and structural diversity) and 
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condition (collective vigour) of phreatophytic terrestrial vegetation can be measured at a 
community level.  

Parameters which can be used to measure the above indicators for phreatophytic 
vegetation include: 

·  Species diversity of plant communities; 
·  Cover and abundance of indicator plant species; 
·  Species evenness over time; 
·  Weediness index overtime; 
·  Regeneration index over time; 
·  Canopy fullness/density of indicator species; 
·  Community distribution/zonation change or distribution of indicator plant species 

along a gradient; 
·  Size (height) and age structure (dbh) of a local population; 
·  Canopy health. 
 

When monitoring phreatophytic vegetation it is important to measure environmental 
variables that will influence vegetation communities, namely: 

·  Groundwater levels and fluctuating water regimes (duration of wet/dry phases, 
seasonality etc); 

·  Water quality (nutrient concentrations, salinity, toxicants);  
·  Soil water retention capacity and soil stratigraphy (water retention layers); 
·  Climatic information (rainfall and maximum temperatures during summer/early 

autumn); 
·  Frequency of fire disturbance (measured by recording the presence or absence of fire 

ephemeral native legumes). 

The relationship between the monitoring parameters and the parameter criteria are 
outlined in Table 4.  

Hypotheses 

The formulation of a testable hypothesis is critical to the effectiveness of a monitoring 
program. Finlayson and Mitchell (1999) explain that monitoring is underpinned by the 
assumption that there is a specific reason for the collection of data, and the assumption 
should be clearly stated and presented as a hypothesis, subsequently tested and the 
information assessed and fed back into the management process. Management 
performance and accountability are also critical to effective monitoring and should be 
monitored alongside ecological parameters (Finlayson & Mitchell, 1999). An iterative 
relationship between monitoring and management should exist, resulting in an adaptive 
management program, where monitoring data provides a check on the progress of 
management and if necessary, the management program can be amended to ensure 
objectives are being met (Bunn et al., 1997). A strong relationship between monitoring 
and research should also be encouraged in order to refine and extend scientific 
knowledge of the ecosystem (Bunn et al., 1997).  
 
The critical importance of monitoring objectives, stated as clear and testable hypotheses, 
to the effectiveness of a monitoring program, has been emphasised by number of authors 
(see Bunn et al., (1997); Finlayson and Mitchell (1999) and Finlayson (2003)). For each 
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monitored site clear identification and definition of monitoring objectives should be 
developed and expressed and testable hypotheses. These hypotheses should relate the loss 
of environmental values of a specific site to the groundwater regime and should 
incorporate monitoring parameters as compliance criteria. For instance, at a site 
supporting diverse vegetation in good condition, an appropriate hypothesis may be: 

Increasing depth to groundwater will lead to a change in the structure, 
condition and vigour of phreatophytic vegetation. 

The ‘change in structure, condition and vigour’ can be measured using relevant 
parameters (i.e. species diversity, species cover and abundance, vegetation structure, 
community distribution etc.). However, what constitutes a ‘change’ resulting in a loss of 
values will depend on the current condition of the vegetation.  
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Table 4: Relationship of monitoring parameters to parameter criteria. 
GDE Component 

 Monitoring parameter 
‘Lag’ effect  Relationship 

with GW levels 
Risks to environment characterised Cost-

effectiveness  
Early warning 

capabilities 

VEGETATION 
          

species diversity relatively long to very long partly related to 
strongly related 

long-term, reversible, minor to major 
impact 

high low 

species cover and 
abundance 

relatively long to very long partly related to 
strongly related 

long-term, reversible, minor to major 
impact 

high low 

species evenness relatively long to very long partly related long-term, reversible, minor to major 
impact 

high low 

weediness index relatively short to relatively 
long 

partly related short-term to long-term, reversible*, 
major impact 

high low 

regeneration index relatively short to relatively 
long 

partly related short-term to long-term, reversible*, 
major impact 

high low to high 

canopy fullness/ density of 
indicator species 

relatively short to relatively 
long 

partly related long-term, reversible, major impact high low to high 

community 
distribution/zonation or 
distribution change 

relatively short to very long partly related to 
strongly related 

short-term to long-term, reversible*, 
major impact 

high low to high 

canopy health annual species: very short to 
relatively short 
perennial/tree species: 
relatively long to very long 

strongly related annual species: short-term, reversible, 
minor impacts perennial/tree species: 
short-term to long-term, reversible*, 
minor to major impacts 

high annual species: 
high perennial/tree 
species: low 

ENVIRONMENTAL PARAMETERS   
        

groundwater levels very short to relatively short directly related short-term to long-term, reversible, 
minor to major impact 

high high 

water quality relatively short  strongly related short-term to long-term, reversible, 
minor to major impact 

high low to high 

soil moisture relatively short  strongly related short-term to long-term, reversible to 
irreversible, minor to major impact 

low to high low 

climatic information 
(particularly rainfall) 

relatively short to very long strongly related short-term to long-term, reversible to 
irreversible, minor to major impact 

low to high high 

records of past fire events na indirectly 
related 

short-term to long-term, reversible to 
irreversible, minor to major impact 

low to high na 
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A vegetation monitoring program was proposed in the Groundwater Drawdown 
Management Plan - Falcon (Tiwest, 2007). The monitoring schedule indicates that 
baseline monitoring will be undertaken in spring 2007 followed by an end-of-summer 
round in April 2008 to identify ‘natural’ seasonal stress prior to mining. Health 
rankings will then be undertaken each April during mining operations. Rapid visual 
assessments will also be undertaken by staff during routine monthly groundwater/ soil 
moisture monitoring (Tiwest, 2007).  
 
In addition to monitoring recommended in Tiwest (2007) an approach developed by 
Soil Water Consultants (2007) to determine the groundwater dependence of 
phreatophytic vegetation should also be considered. This approach uses plant water 
available content (PAWC) of the soil profile, over the total rooting depth, to 
determine the quantity of water that the soil profile can supply to the vegetation. 
Results can be applied to soil water balance models to determine the when during the 
year vegetation requires access to groundwater and allows the development of 
mitigation strategies (SCW, 2007). This represents an accurate and predictive 
approach that can be easily integrated into a monitoring program. 
 

C.3 Impact restoration 

Previous research on ecosystem resilience has shown that Banksia woodland can 
recover to a pre-groundwater drawdown state following an impact event of short 
duration (Groom, Froend and Mattiske, 2000; Broun, 2004; Froend and Bertuch, 
2007). It has been suggested that fire can assist this recovery by triggering 
germination and allowing plants to re-establish under different ecohydrological 
conditions. Increased frequency of controlled burns will also reduce 
evapotranspiration and allow increased recharge of shallow aquifers. However, this 
may raise the risk of fire escaping into wetlands and burning sediments. Ecologically, 
there may also be a loss of heterogeneity in vegetation as species intolerant of 
frequent fire are gradually lost and age class structures change to reflect 
predominately post-fire regeneration stages.   
 
Monitoring is required to assess the process of restoration, whether natural or assisted. 
McDonald (1996) examined resilience and restoration of differing Australian plant 
communities and recommended that qualitative and quantitative comparisons be 
undertaken. This could include percent similarity in species composition pre and post-
impact, monitoring of the flowering, fruit set and seed banks of indicator species or 
measurement of maturity in species that do no develop significant seed banks.  
 
Restoration of soil profiles and hydrological support mechanisms is imperative if 
phreatophytic vegetation is to re-establish following the cessation of mining 
operations. Following decommissioning Tiwest propose to re-contour and rehabilitate 
landforms and reconstruct soil profiles (Tiwest, 2007). Void backfilling will also be 
undertaken throughout the mining operation. It is expected that final rehabilitation 
will be completed within 3 years of the cessation of mining activities (Tiwest, 2007). 
Soil profile restoration should recreate pre-mining variations in soil stratigraphy, 
especially the high water retention capacity, shallow clay layers underlying wetland 
areas. However, the potential for clay to form relatively impermeable barriers, 
reducing water movement and root penetration (Jasper, Yibin, Yunming & Shen, 
2002), necessitates care in backfilling areas previously dominated by deep sandy soils. 
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Soil fertility is also crucial to vegetation rehabilitation, and is reflected in the soils 
capacity to form a seedbed, root penetrability, water infiltration and holding capacity 
and erosion resistance (Jasper, et al., 2002).   
 

Error and uncertainty in vegetation risk assessment  
Management recommendations are based on the best information available. There are 
however, errors associated with quantifying water requirements and recommending 
provisions to meet those requirements. These errors imply that even if conservative 
provisions are allocated, there is a risk that impacts may still occur. The sources of 
error/uncertainty are as follows: 
 

·  Poor hydrological baseline data – Incomplete, inaccurate and poor spatial 
coverage in groundwater data. It is difficult to identify the pre-abstraction 
depth to groundwater which represents the conditions under which the 
vegetation has established and survived. Without this information, an accurate 
determination of the degree of change in groundwater levels that resulted in 
current impacts is difficult to identify. Although it is not possible to collect 
data retrospectively, the greater the period over which data is available 
temporally the more accurate trigger levels and potential vegetation response 
will be.     

·  Poor vegetation baseline data – There is currently little information on the pre-
mining condition of phreatophytic vegetation across the Falcon lease reducing 
the accuracy of predicted levels of response. The establishment of permanent 
monitoring plots within close proximity to the monitoring bores would allow 
assessment of vegetation pre-, during and post mining, thereby enabling direct 
comparison of groundwater and trigger levels with vegetation condition and 
response.  

·  Limited knowledge of species water requirements – The water requirements of 
only key species (ie. Banksia) are currently understood, reducing the accuracy 
of predicted levels of response. 

·  Climate change – There may be a continuation of current low rainfall patterns 
or a possible return to wetter/ higher recharge conditions in the near future. 
Under a scenario of continuing drought, the climatic impacts will over-
ride/mask abstraction impacts, although abstraction will always exacerbate 
drought conditions. 
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Appendices 

Appendix 1: OB series bores hydrographs Sept 06 to May 07 with 
preferred and absolute minimum trigger levels based  on acceptable 
magnitudes and rate of drawdown. 
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