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Abstract. In eastern Australia, the availability of water is occurring high intensity events, and (or) prolonged seasonal
critical for the successful rehabilitation of post-mining land- drought were primary indicators of sites having greater sen-
scapes and climatic characteristics of this diverse geographitivity to climate — as found among the semi-arid central-
cal region are closely defined by factors such as erratic raininland sites. Overall, the manner in which these climatic fac-
fall and periods of drought and flooding. Despite this, spe-tors are identified and ultimately addressed by land managers
cific metrics of climate patterning are seldom incorporatedand rehabilitation practitioners could be a key determinant of
into the initial design of current post-mining land rehabilita- achievable success at given locations at the planning stages
tion strategies. Our study proposes that a few common rainef rehabilitation design.

fall parameters can be combined and rated using arbitrary

rainfall thresholds to characterise bioregional climate sen-

sitivity relevant to the rehabilitation these landscapes. This

approach included assessments of annual rainfall depth, ad Introduction

erage recurrence interval of prolonged low intensity rainfall,

average recurrence intervals of short or prolonged high inAS elsewhere worldwide, rehabilitation of post-mining sites
tensity events, median period without rain (or water-deficit) In the semi-arid and subtropical environments of eastern
and standard deviation for this period in order to addresgiustralia have a general objective to establish specific types
climatic factors such as total water availability, seasonality©f native vegetation communities as defined in mine clo-
and intensity — which were selected as potential proxies ofure plans (DEHP, 2012; DRET, 2006; Bell, 2001; Bradshaw,
both short- and long-term biological sensitivity to climate 1997). Given the size and severity of mining disturbances,
within the context of post-disturbance ecological develop-these environments often require extensive and costly reha-
ment and recovery. Following our survey of available cli- bilitation of fundamental components of landscape complex-
mate data, we derived site “climate sensitivity” indexes andity (Green and Sadedin, 2005). This typically involves the re-
compared the performance of 9 ongoing mine sites: Weipaconstruction of landform, lithology and soil toward the devel-
Mt. Isa and Cloncurry, Eromanga, Kidston, the Bowen BasinoPment of vegetation communities from early-establishment
(Curragh), Tarong, North Stradbroke Island, and the Newne$tages to long-term succession — which are all central themes
Plateau. The sites were then ranked from most-to-least sens{0 this special issue on “Ecosystems in transition” by Huttl,
tive and compared with natural bioregional patterns of vegeHinz, Kogel-Knabner, Schulin, Gerwin, and Subke (Eds.).
tation density using mean NDVI. It was determined that reg-'” general, the in / ability to achieve an intended rehabilita-
ular rainfall and relatively short periods of water-deficit were tion outcome is frequently attributed to the radical and poten-
key characteristics of sites having less sensitivity to climatetially irreversible differences between the physico-chemical
— as found among the relatively more temperate inland min-Starting point of the post-disturbance environment compared

ing locations. Whereas, high rainfall variability, frequently t© that of the intended post-rehabilitation outcome (Do-
ley et al., 2012; Doley and Audet, 2013). Adding to these
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circumstances, an emerging scenario suggests that global clor accounted for in mine closure plans) comparing rainfall
matic factors should represent a further overarching chal-conditions found at 9 ongoing mine sites in which our re-
lenge toward rehabilitation schemes, particularly in an erasearch centre has been engaged in environmental monitoring.
of climate change (Harris et al., 2006; Hobbs et al., 2009;A central objective of this analysis is to emphasise notions
Jones et al., 2012). Critical to and in many situations pre-of climate sensitivity as a rapid early-detection tool to better
dominant for the success of post-mining land rehabilitationaccount for potential rehabilitation challenges among these
is the availability of water and hence the climatic charac- ecosystems. Ultimately, we envisage that similar climate as-
teristic of geographic regions. Echoing concerns by otherssessments could be tailored for other geographic locations
(Hinz et al., 2006; Hodgkinson et al., 2010), climatic factors with similar climatic conditions and undergoing equally se-
such as the regional seasonality and frequency of extremeere disturbance impacts to optimize their rehabilitation out-
rainfall and drought events represent inextricably interwovencomes.
components of landscape complexity which influence the de-
velopment and survival of post-disturbance ecosystems at all
stages of recovery. Still, specific metrics of site climate or
seasonality are surprisingly seldom accounted for in mined .
land rehagilitation gesigr?.yWhen climate factors are taken2 Materials and methods
into consideration, the selected parameters (e.g., typically
surrounding mean annual rainfall) tend to over-simplify any 2.1  Site selection and climate data
assessment of regional climatic obstacles. For these reasons,
this analysis seeks to identify some of the climatic bound-Eastern Australian sites considered in our analyses — located
aries (i.e., primarily relating to rainfall) relevant to rehabili- at Weipa, Mt. Isa and Cloncurry (Ernest Henry), Eromanga,
tation development and to determine the relative sensitivityKidston, Bowen Basin (Curragh), Tarong, North Stradbroke
of ongoing mine sites to climate across different geographidsland, and Newnes Plateau (Fig. 1) — were selected on the
locations in eastern Australia. Overall, the manner in whichbasis of being locations for extensive mining activities that
these climatic factors are identified and ultimately addressedre also under environmental monitoring by the Centre for
by land managers and rehabilitation practitioners could be aMined Land Rehabilitation (CMLR), providing us a field-
key determinant of achievable success at given locations devel familiarity with their respective climatic conditions and
the planning stages of rehabilitation design. rehabilitation challenges. Each site (detailed in Table 1) had
The eastern Australian context for post-mining land reha-been significantly disturbed typically to the extent of affect-
bilitation provides a special backdrop for examining the ef-ing abiotic landform attributes and, under this pretext, had
fects of climate characteristics on the potential trajectoriesundergone or will soon undergo significant post-mining land
of post-disturbance landscapes (Tibbett et al., 2012), havrehabilitation aiming toward the re-establishment of self-
ing many relevant parallels with other geographic locationssustaining natural vegetation communities. Together, these
(e.g., regions affected by monsoonal activity) in land distur-sites also provided an appropriate range of geo-climatic con-
bance and similar characteristic in the extent of seasonalitgitions (e.g., “dryness / wetness”, rainfall periodicity, rain-
and variability of climate. It holds an astonishing array of re- fall extremity / intensity) and sufficient data for examining
gional ecosystems — spread across equatorial, tropical anldroad-scale climate parameters across eastern Australia and
subtropical, desert, grassland, and temperate environment®mparing climate sensitivity criteria relevant to the recov-
— with a diversity of flora and fauna deemed to be mega-ery native ecosystems. A summary of the site-specific cli-
diverse and containing biodiversity hotspots of internationalmatic zones and predominant vegetation classes for each site
significance (Williams et al., 2002; Myers et al., 2000). More is shown (cf. Table 1) according to Williams et al. (2002) and
significantly, it also holds vast mineral and metal resourceghe Interim Biogeographic Regionalisation for Australia clas-
and has an economic dependence on mining and minerdification system (IBRA (2012). Climate data were collected
processing (particularly coal, iron ore, and bauxite) result-from and made available in the public domain by the Govern-
ing in a range of anthropogenically disturbed landscapesment of Australia’s Bureau of Meteorology (Bureau of Mete-
Unlike post-mining rehabilitation activities conducted in re- orology, 2012d). As described in further detail below, the pri-
gions having rather stable and / or moderate seasonal varimary data parameters (Table 2) along with respective indica-
ation (e.g., temperate North America and Europe), the retion of ecological significance included: mean annual rainfall
habilitation of these affected landscapes can be significantlylepth (mmyr1), average recurrence intervals (years) of se-
affected by erratic rainfall and sequential periods of droughtlected rainfall events based on Intensity-Frequency-Duration
and flooding which cause further challenges for rehabilita-design rainfall charts (Bureau of Meteorology, 2013), and
tion schemes (e.g., dryland salinity, erosion and rapid degramedian period without rainfall (days) along with its standard
dation of soil fertility) (Williams et al., 2002). Following our deviation, as well as the length of the data capture. Data were
survey of available climate data, this study presents climatecollected from weather stations nearest to the given mine
sensitivity indexes (that are otherwise currently not availablesites having the closest climatic similarity to these locations.
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Fig. 1. Climate parameters (average monthly temperature and rainfall) for selected mine sites in eastern Australia.

2.2 Rainfall metrics and analyses of specific climate
patterns in Eastern Australia
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events as proxies for associated problems of erosion or inun-
dation. Likewise, the median period without rain (or water-

_ - _ deficit) and standard deviation for this period were indicators
Site-specific values of long-term rainfall parameters and vegof water limitation and its inherent seasonal variability (i.e.,

etation density are shown in Table 3 and form the core find-the degree to which rainfall events were either regular or er-
ings for all subsequent index analyses. From these data, eaghtic).

of the sites’ climate parameters was rated qualitatively in re-

lation to a series of rainfall criteria (cf. Table 2) which also 2.3 Determination of data thresholds

included a description of the given parameter’s intended in-

dication of biological significance. Based on available dataData thresholds were determined by calculating the sensitiv-
from (Bureau of Meteorology, 2012d) and (Bureau of Mete- ity of certain climatic patterns leading to success or failure
orology, 2013), annual rainfall deptiR§) and average recur- of revegetation attempts. The results were rated as either (a)
rence interval of prolonged events with low intensity rain- less sensitive (ideal), (b) moderately sensitive (adequate), or
fall (ARIenap Were selected to be indicators of the sites’ (c) highly sensitive (potentially problematic) and all 6 of the
general level of water availability (i.e., total available water climate parameters in Table 3 were categorised for all of our
in the system). Meanwhile, the average recurrence intervalginalyses. Therefore, the criteria and range values for rating
of short (ARktorm) and prolonged events with high intensity the data (Table 2) were selected according to a thorough re-
(ARI¢yclo) were selected as indicators of storm and cycloneview of the literature and expert opinions based on available

www.biogeosciences.net/10/6545/2013/ Biogeosciences, 10, &8-2013
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Table 1.Biogeographic characteristics for each post-mining site.

Climate? Major Vegetation Typ@ Site Name Location Primary
Commaodity
Desert/ Scrub and Heathland Eromanga 264011S Oil and Gas
Semi-Arid Interior 143 16'11E
Temperate Highlands Shrubland and Newnes Plateau 32823S Coal
Swamps 15(° 9'33E
Wet Subtropical Open-forest and N. Stradbroke 27°3000S Mineral Sands
Coast Woodland Island 153 2500E
North-east Wet/ Tropical Shrubland Weipa 123744'S Bauxite
Dry Tropics and Savannah 141°5244'E
Kidston 185246’S Gold
1440 912'E
Semi-Arid Tropical/ Semi-Arid Woodland Mt. Isa 20°44'S Lead, Silver,
Subtropical Plains and Savannah Grassland 13930 E Copper, Zinc
Cloncury 20°2620S Copper, Gold,
Ernest Henry Mine 140° 4247E Iron Ore
Subtropical Slopes/ Humid Woodland Bowen Basin 23°2815S Coal
Plains (Curragh) 148 5315E
Tarong 26 4834S Coal
151°54'13E

& (Hutchinson et al., 2005; Williams et al., 2002).
b (IBRA 7, 2012)

agricultural and environmental management assessments fwovided a general depiction of site sensitivity to weather
provide arbitrary classification thresholds (or data cut-off which currently is not accounted for in land rehabilitation
values) relevant to both short- and long-term vegetation deassessments.

velopment (DERM (2010) and Fraser et al. (2010)). For ex-

ample, according to Pessarakli's (2001) guidelines for plant2-4 Designation of un/favourable criteria and

and crop stress (among others), it was generally assumed ~ @gdgregation of indexes

that very low Ry values as well as very high values of me- L e .
y d y g A quantitative sensitivity index (Sl) depicting the frequency

dian period without rain Kp), standard deviation of period ; g
'an period without rain Ko) viat pert of favourable (S) and unfavourable (SP) rainfall conditions

without rain Srg and ARlenap (i.€., infrequent recurrence) . e .
generally impose sub-optimal plant growth conditions due towas calculated from the site-specific climate ratings assessed
based on criteria in Table 2 and data parameters in Table

the risk of water deficit. That being said, the contrary (i.e.,

frequent recurrence of storm and cyclone events (very IO\AI?'”Mr?re speqfl‘cally, the t?ta: nu(;ntl)::er 3f favgurable rfalbn- h
values of ARkiorm and ARkycio)) would also result in sub- all characteristics were calculated based on the sum of bot

optimal conditions due to the risk of inundation / water log- f\:e Iesshglentsr:tlvtest() Iand rrt;ode;ate:cy sen&g\l/érﬁr)] rat|r1tg§. i
ging or soil erosion. Within the context of post-mining land eanwnile, the ofal number of Unfavouraole characteristics
were calculated based on the sum of highly sensitive crite-

rehabilitation, any such sub-optimal growth conditions was " ) )
y b g for each site (SP). Sl values were then combined to de-

presumed to be detrimental to landscape revegetation Ieadinr%a . i d index defined b lculating th
to our classification of sites being deemed either more or lesS/MINe @ linear aggregated index defined by calculating the

sensitive to climate. Although specific site parameters anodlfferepce between the favoqrable crngr&{r S.m) gnd the.
landform characteristics are known to result in some finer-pOtent'a"y problematic and highly sensitive criteria (SP):

scale variation, the classification thresholds applied here stilBl; = S + S, — SP, 1)

Biogeosciences, 10, 6546557 2013 www.biogeosciences.net/10/6545/2013/
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Table 2. Rainfall parameters for climate sensitivity criteria and their biological or morphologic significance.

Sensitivity criterig?P-©)
Measure Less Sensitive  Moderately Sensitive Highly Sensitive Indication of ...
(Ideal) (Adequate) (Potentially Problematic)

Rg (mm yr—l) >1000 1000-500 <500 Level of water availability
(co-classifier biogeographic regionalisation)

ARl ¢yl (years) >100 20-100 <20 Frequency of intense cyclone events
(sensitivity to erosion & inundation)

ARlstorm (years) >100 20-100 <20 Frequency of intense storm events
(sensitivity to erosion)

ARlenap(years) <1 1-2 >2 Water availability

Rp (days) <5 5-10 >10 Duration of water deficit
(water limitation)

SRo (days) <10 10-20 >20 Ir/regularity of water deficit

(intensity of water limitation)

Rq: annual rainfall depth.

ARl ehap average recurrence interval of rainfall event with intensity of 2 mmh and duration of 48 hr.
ARIstorm: average recurrence interval of rainfall event with intensity of 100 mnd land duration of 30 min.
ARl cyclo: average recurrence interval of rainfall event with intensity of 10 minttend duration of 24 hr.
Ro: median period with no rainfall.

sro: standard deviation of period with no rainfall.

2 (DERM, 2010)

b (Fraser et al., 2010)

C(IBRA7,2012)

Different aggregate weightings (e.g., emphasising less sensetation patterns was assessed using the remotely sensed nor-
tive (2Sh) or highly sensitive (2 SP) or both) were then ap- malised difference vegetation index (NDVI). This is com-
plied to determine whether the ranking of site sensitivity to monly used as a spatial estimate of vegetation density and
climate would change when certain parameters were over provides an arbitrary determinant of biozones and seasonal

under-emphasised: change (e.g., arid zones low biomass and vegetation den-
sity; temperate zones high biomass and vegetation den-
Slp =25 +Sn—SP, ) sity). Average NDVI values for two selected time periods

(referring distinct periods of el Nifio and la Nifa climate

extremes; see Appendix A for details) and their associated
Sk=S+Sn—2SP (3) coefficients of variation (NDVI-CV) were derived from the
Global Inventory Modelling and Mapping Studies (GIMMS)
dataset (Pinzon et al., 2005; Tucker et al., 2005). As de-
scribed in Appendix 1, the two events were chosen to rep-
Sl =25+Sn—2SP () resent the most recent of the 12 strongest el Nifio and la Nifia
While it was anticipated that site sensitivity to climate €vents identified in an analysis by Bureau of Meteorology
should align with general biogeographic parameters (e.g.(Bureau of Meteorology, 2012e, c) within the period where
coastal vs. inland sites), the application of different aggregaté3IMMS data is available (Table Al) to capture the annual
weightings (as above) was applied to further discriminate beirends in weather such as wet and dry season. Site specific
tween more subtle climate variations. Ultimately, these datdNDVI were then plotted against all of the aggregated sensi-
were plotted in ascending / descending order of the site indeXiVity indexes as well as the mean annual rainfall, median pe-

values which closely corresponded to the same order acroddod without rain and standard deviation of the period without
all analyses. rain (described above) to determine the strength of correla-

tion between each parameter; but not the average recurrence
2.5 Estimates of vegetation density (via remote sensing) intervals since these are not continuous values. This was done
and data analysis to determine the most significant climatic / rainfall predic-
tors of bioregional vegetation density, and which of the cri-
The relationship between the ecological sensitivity to cli- teria were most well correlated with long-term / broad-scale
matic factors and natural biogeographic regionalisation veg-

www.biogeosciences.net/10/6545/2013/ Biogeosciences, 10, &8-2013
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Climate Sensitivity Indexes 3 Results

7 A summary of all site-specific rainfall metrics for selected

6 — = mine sites across eastern Australia is shown (Table 3). Values
deemed to be less sensitive or highly sensitive (i.e., (ideal)
vs. (potentially problematic)) according to the given climate
47 u [ Less Sensitive sensitivity criteria (as defined in Table 2) are highlighted. On
- | [ Vodetately Sensitive their own, there were no clearly defined data trends regarding
[Adequatel the incidence of less sensitive vs. moderately sensitive crite-

2
H ria among the sites (Fig. 2a). Yet, when combined, the final

_—
QO
~

Frequency (S, +S,)

sensitivity index incorporating both (ideal) and (adequate)
0 values indicated a pattern whereby the relatively more tem-
perate central-coastal sites (such as Newnes Plateau, Tarong,
Bowen Basin (Curragh), and N. Stradbroke Island) had more
5 favourable rainfall conditions than the central-inland sites.
Conversely, the highly sensitive index (Fig. 2b) showed the
49 m opposite trend whereby Eromanga had the most potentially
problematic characteristics, though other arid central-inland
1 sites (Mt. Isa and Cloncurry (Ernest Henry)) had no ideal
e emate rainfall characteristics (Fig. 2a). Interestingly, upon closer
analysis of Table 3, it is apparent that sites deemed ideal
. in relation to climate sensitivity analyses were not primarily
H linked to the regularity of water availability (i.e., high values
of Rg and / or low values of ARénap. For example, for the
less sensitive sites values Bf ranged from 578.1 mm y#
in the Bowen Basin (Curragh) to 786.9 mnmyrin Newnes
Plateau; values that are much lower compared to the coastal
site at N. Stradbroke Islandkf = 16038 mmyr-1) and the

b

~

Frequency (SP)

—_
o
~
o
|

8 tropical location in Weipa Rq = 1787 mmyr?l). On the

@ 6 other hand, sites deemed potentially problematic were linked

é 4~ s to thglr propensity for drought and irregularity / seasonality

z 27 [ 25,+5,)-sP of rainfall (e.g.,Rq <500mmyr?', and Ry >6 days orSro

2 0+ B (s s,)-25P >20 days).

3 27 [0 @8+ 8.)- 257 That being said, Kidston and Weipa — which are located
Z ] among the northeast wet / dry tropics and showed adequate
el s annual / daily water availability — were consistently found to

&Q%%\)@m e \‘\\Q\Q‘e\e 005 ‘o@\eﬁ be intermediately sensitive due to their prominently seasonal
& 6\‘,&621@0"‘8 \@me wet / dry rainfall distribution. From these findings, the ag-
Sox® gregated indexes based on the combination of all index val-

. o . ues (Fig. 2c) then provided a unifying value for these trends
Fig. 2. Frequency ofa) favourable criteria (both ideab)+ mod- 54 various positive / negative weightings of (ideal) vs. (po-

er.ately sensitivity §m)) and.(b) unfavourable potentlgl_ly_ pr.ObIem' tentially problematic) values further emphasised the most /
atic (SP) that eventually buil@) the aggregated sensitivity indexes.
least favourable climate conditions among each site. Over-

Threshold values used to determine these sensitivity criteria are Il th Ki f f I d val f
shown in Table 2. all, the ranking of sites for all aggregated values from most-

to-least sensitive (or from most-to-least problematic) was:
Eromanga < Cloncurry (Ernest Henry) and Mt. Isa <Kidston
vegetation activity. All of the Spearman non-parametric cor-and Weipa and N. Stradbroke Island <Bowen Basin (Cur-
relation coefficientsr(), degrees of freedom (df), andvalue  ragh) and Tarong and Newnes Plateau. Despite each site
estimates were calculated using SigmaPlot for Windows vhaving very different values of annual rainfall depth, this
12.0 (Systat Software Inc., San Jose, USA). order of sites also appeared to coincide with the general
pattern of monthly rainfall seasonality (Fig. 1a—h). In this
regard, Newnes Plateau, Tarong, Bowen Basin (Curragh),
and N. Stradbroke Island indicated more consistent rainfall
availability across all months of the year, meanwhile Kid-
ston, Weipa, Mt. Isa and Cloncurry (Ernest Henry) indicated

Biogeosciences, 10, 6546557 2013 www.biogeosciences.net/10/6545/2013/
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Individual Rainfall Criteria
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Fig. 3. Mean NDVI in relation to aggregated sensitivity indexes (shaded) and individual rainfall parameters (précis;g. Refer to
Fig. Al for spatial distribution of NDVI across eastern Australia.

distinct periods of drought / water-deficit. Eromanga indi- (Tarong, Newnes Plateau, N. Stradbroke Island and Bowen
cated no apparent rainfall seasonality, but had the lowest totaBasin (Curragh)) and northeast wet / dry tropics (Weipa
rainfall among all locations. and Kidston) which indicated higher total vegetation den-
The relationship between the ecological sensitivity to cli- sity. From these spatial distribution data, mean NDVI values
matic factors and “natural” or biogeographic regionalisation were plotted in relation to each of the aggregated sensitivity
vegetation patterns was assessed using the remotely sensiediexes (App. 1) described above. Significant positive cor-
“normalised difference vegetation index” (NDVI). Spatial relations were found for all weighted indexes according to
distribution patterns are shown in Appendix 1 whereby Spearman’s Rank test (Fig. 3a= 0.74, p < 0.01; Fig. 3b:
NDVI values generally corresponded with the desert / semi-r = 0.74, p < 0.014; Fig. 3cir =0.94, p < 0.001; Fig. 3d:
arid interior zones (including Eromanga, Mt. Isa and Clon-r = 0.91, p < 0.001). When plotted in relation to the varia-
curry (Ernest Henry)) having lower total vegetation den- tion of NDVI (CV-NDVI), the aggregated sensitivity indexes
sity vs. the temperate / wet subtropical coast and highlandshowed no such correlations (data not shown) suggesting

www.biogeosciences.net/10/6545/2013/ Biogeosciences, 10, &8-2013
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that these indexes were stable / constant in relation to sedeast sensitive, we then determined that the basic distribution
sonal changes —i.e., even in regions of high rainfall seasonef site sensitivities to climate coincided closely with existing
ality, variation in rainfall did not result in significant annual bioregional classification boundaries. As supported by natu-
changes in NDVI. ral vegetation patterns estimated using the mean NDVI, the
Lastly, the individual rainfall parameters used through- relatively more temperate coastal sites indicated lesser sensi-
out all of the analyses are also plotted in relation to meartivity than arid central-inland sites (Hutchinson et al., 2005;
NDVI to determine the climate metrics most strongly cor- IBRA 7, 2012; Williams et al., 2002). This is an indication
related with natural vegetation patterns (Fig. 3e—g, précis)that the outcomes of our climate rankings (which were based
Here, only the mean annual rainfall deptRq{ showed a  on finer-scaled parameters) still aligned with existing broad-
significant positive correlation (Fig. 3e=0.75, p < 0.01), scale patterns and processes. The importance of these out-
whereas correlations with the median period without raincomes could appear somewhat trivial for land planners and
(Ro) (Fig. 3f:r = —0.84, p < 0.001) and standard deviation rehabilitation practitioners assessing potential boundaries to
of period without rain §zo) (Fig. 3g:r = —0.82, p < 0.005) rehabilitation in locations where climate patterns are more
were significantly negative. This outcome suggests that thespredictable (i.e., less erratic) and / or express very little vari-
three parameters were most closely related to the broad-scalgion within growing seasons, namely temperate regions in
natural / native vegetation density and total biomass acrosslorth America and Europe. However, in eastern Australia as
each bioregion. well as other locations with comparable climatic variability,
these factors could contribute in identifying the sometimes
narrow window of challenge and opportunity which deter-
4 Discussion mine the range of achievable outcomes in certain environ-
ments (Hinz et al., 2006; Hodgkinson et al., 2010). For this
Our study demonstrates that a few common rainfall param+eason, we consider that the general approach could be ap-
eters can be combined and classified using arbitrary rainfalplied as a preliminary site assessment for identifying some
thresholds to characterise bioregional climate sensitivity patof the broad-scale climate boundaries affecting revegetation
terns relevant to the rehabilitation of highly disturbed land- schemes. Since general public expectations are that mining
scapes. Given the role that climate should hold in the revegproponents rehabilitate affected lands fairly soon after dis-
etation of rehabilitated and recovering environments world-turbance (Burton et al., 2012), even under less than optimal
wide (Harris et al., 2006; Hobbs et al., 2009; Jones et al.conditions, it is necessary to identify as soon as possible af-
2012), such readily computed metrics can contribute a benter the event of disturbance both subtle and obvious factors
eficial first-step toward hypothesising climate boundaries ofthat could favour or hinder the early-establishment of plants
the post-disturbance environment and the likelihood of sub(e.g., frequency of various rainfall events, and duration and
/ optimal conditions for plant growth and revegetation at variation of periods of water-deficit). As discussed below in
broad-scale. Although these criteria (or similar) are seldomfurther detail, the formulation of any such preliminary as-
if at all taken into consideration among many post-mining sessments could represent a necessary hypothesis-building
planning strategies, a notable advantage of this approach wamponent in support of future investigations or optimisation
that selected rainfall parameters could be chosen to represeatrategies seeking to address finer-scaled effects associated
multiple indicators of both short- and long-term biological with unfavourable climate conditions, such as erosion con-
and morphologic sensitivity to climate, especially regardingtrol, management of soil fertility and matrix structure, main-
ecological development and recovery. For example, mean artenance of seed / ling viability and survivorship, etc.
nual rainfall (applied as a gross metric of water availability)
is often used as a typical co-classifier of biogeographic re4.1 What criteria cause sites to be more or less
gionalisation. Yet, it alone cannot account for the propensity sensitive?
and / or sensitivity of sites for erosion, non-disruptive water
supply, water limitation or most of all the regularity and sea- At their extremes, the manner in which the post-mining sites
sonality of these parameters. Therefore, in our study, alternawere deemed most-to-least sensitive across eastern Australia
tive parameters were selected to more effectively determindias provided a rather predictable depiction of how broad-
the seasonality, regularity, and intensity of weather, such ascale rainfall patterns shape climate boundaries among arid
the frequency of various rainfall events (e.g., low vs. high central-inland vs. temperate coastal-hinterland locations. Ev-
intensity rainfall events) combined with both median and idently, regular rainfall and relatively short periods of water-
standard deviation of periods with no rain (i.e., length anddeficit are common characteristics of favourable climate con-
variation of drought). Overall, these parameters provided alitions, whereas prolonged seasonal drought with high vari-
more complete picture of site sensitivity and the potentialation and frequently occurring intense rainfall events (storm
challenges arising as a result. That being said, by first rator cyclone events) are primary characteristics of site sensi-
ing and combining these parameters and then ranking thévity. The integration of alternative indicators of seasonal-
sites using aggregated metrics of sensitivity from most-to-ity and intensity has provided further criteria to discriminate

Biogeosciences, 10, 6546557 2013 www.biogeosciences.net/10/6545/2013/



P. Audet et al.: Site-specific climate analysis elucidates revegetation challenges 6553

Table 3. Site-specific values of long-term rainfall parameters.

Site Name Tops(years) Rg (mm yr 1 ARlcycio (years)  ARktorm(years) ARJenan(years) Ro(days) . (days)
Bowen Basin (Curragh) 100 578.1 >100 10-20 1-2 6 15.2
Cloncurry (Ernest Henry) 44 476.1 50-100 20-50 1-2 7 37.7
Eromanga 122 267.8 >100 50-100 2-5 13 30.3
Kidston 87 704.7 50-100 10-20 <1 5 28.4

Mt. Isa 79 429.3 50-100 20-50 1-2 6 25.7
Newnes Plateau 134 786.9 >100 >100 1-2 2 3.3

N. Stradbroke Island 57 1603.8 10-20 10-20 <1 4 6.4
Tarong 15 656.4 >100 20-50 1-2 4 7

Weipa 95 1787.0 10-20 1-2 <1 2 13.6

Values deemed to Bess sensitive” (ideal)and“highly sensitive” (potentially problematicire highlighted based on the climate sensitivity criteria (Table 2).
Tobs length of dataset.

Rq: annual rainfall depth.

ARl ehas average recurrence interval of rainfall event with intensity of 2 mrHand duration of 48 hr.

ARlstorm average recurrence interval of rainfall event with intensity of 100 nind kand duration of 30 min.

ARl cyclo: average recurrence interval of rainfall event with intensity of 10 mmttemd duration of 24 hr.

Ro: median period of consecutive days with no rainfall.

sro: Standard deviation of period of consecutive days with no rainfall.

site sensitivity to climate that can be used to differentiateical development. By contrast, rehabilitation development of
the sensitivity of regionally related sites, such as: Mt. Isaarid central-inland sites deemed most climate sensitive and
and Ernest Henry vs. Eromanga; or, Kidston vs. Weipa vstherefore potentially problematic, such as Eromanga, Mt. Isa
N. Stradbroke Island. These fundamental relationships camnd Cloncurry (Ernest Henry), has indicated lower rates of
be illustrated conceptually in our climate sensitivity matrix vegetation establishment — even for native species that are
(Fig. 4) which identifies a range of climate scenarios (includ-well adapted to drought —and a propensity for seasonal flood-
ing moderately sensitive outcomes) in relation to the com-ing (Gravina and Grigg, 2004; Vickers et al., 2012). Here, the
bined effects of differential rainfall availability and seasonal combination of seasonal periods without rainfall followed by
variation. Within the context of mine site rehabilitation, the frequently occurring high intensity rainfall events has con-
range of un / favourable climatic conditions found among tributed to a high risk of impacting success in plant establish-
these sites should undoubtedly define (and perhaps even erment during periods with and without rain. Periods of high
acerbate) the challenges of revegetating reconstructed landmount and intensity rainfall may lead to elevated runoff in-
scapes, particularly at the stages of plant early-establishmentreasing the sensitivity to erosion and loss / leaching of top-
That being said, our onsite experience (albeit anecdotal dusoil fertility, and thereby representing a substantial abiotic
to differences in site-specific metrics used between eaclimpediment to vegetation establishment. Similar patterns of
project) tends to support these more vs. less climate senssite sensitivity to climate are also found for intermediately
tive site scenarios through ongoing environmental monitor-classified locations, such as tropical Weipa and Kidston,
ing of the post-mining sitésn regards to sites deemed most which indicated adequate water availability yet highly pro-
favourable (or less climate sensitive) such as the Newnesounced seasonal rainfall (Fig. 1a, d). In this case, intensive
Plateau, Tarong, the Bowen Basin (Curragh), and N. Stradsoil stabilisation, drainage and irrigation were required to
broke Island (Audet et al., 2013; Gravina et al., 2012; Grav-achieve adequate revegetation levels (Bao et al., 2012; Grav-
ina et al., 2011; McKenna and Baiquni, 2011), rehabilita- ina and Grigg, 2007). And so, even in cases where annual
tion development has achieved sufficient levels of vegetatiomrainfall appears to be adequate (e.g., Weipa or N. Stradbroke
structure and (morphologic) stability over a seemingly shortlsland), the seasonal intensity of rainfall patterns can have
period of time (approx. 10—15years post-rehabilitation). Insevere consequences for rehabilitation development over the
terms of biological significance, rainfall patterns in favour short term.

of relatively lower seasonal variation and fewer large vs.

small intensity events have corresponded to conditions con-

ducive to the stabilisation of the growth substrate and early> Conclusions and considerations for rehabilitation
establishment of plants. Under these relatively more temper- . . . o ) .
ate environmental conditions, climate does not appear to rep” Main consideration of our analysis is that the regional in-

resent a significant abiotic threshold or boundary for ecolog-€nsity, seasonality, and extremity of rainfall should repre-
sent a primary determinant of rehabilitation success among

IMonitoring of the Newnes Plateau is still in its early stages, post-.disturban(_:e Iandsca_lpes. In this regard, _the rehabilitation
therefore long-term data collection was insufficient to assess ecodf mine sites is expensive, and so strategies that can op-
logical development at present time. timise implementation of rehabilitation in locations having
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Less Sensitive Table Al. Average values of SOI (Southern Oscillation Index) for
Regular/ . . .
Consistent [deal] twelve La Nifia and El Nifio events, respectively
La Nifia events El Nifio events
Year Average SOI Year Average SOI
- Regular Rainfall & Short 1910 16.3 1905/06 —-8.0
Drought 8 Periods of Water-Deficit 1916 11.9 1914/15 -84
E 1917 25.0 1940/41 —18.2
E 1938 11.9 1941/42 —-8.4
2 1950 16.1 1965/66 —4.8
Low Annual $ High 1955 15.8 1972/73 —-9.5
Average R - x:::a'e 1956 9.4 1977178 -12.7
ainfall Availabilty s 1971 10.0 1982/83  —28.4
Prolonged Water-Deficit Risk of Elevated Runoff 1973 14.3 1987/88 —35
i i [ ket ot | 174 68 100192 17
ariability 1975 18.6 1994/95 —-6.1
1988 13.0 1997/98 -17.3
Highly Sensitive '™l
[gro)llalematic] Inconsistent

formance of rehabilitation in relation to these conditions.
Fig. 4. Conceptual matrix of site-specific sensitivity to climatic fac- This could include pre-emptive mitigation strategies applied
tors in the context of rehabilitation development. to overcome abiotic barriers of site sensitivity such as soil-
cover designs that trigger water availability. For instance,
deep soils and low compaction to increase water holding ca-
pacity; or, silty / clayey soils to increase plant available wa-

sub-optimal environmental conditions would have direct im- ter. Likewise, landform designs can be applied that minimise

pact on current_ operat_lon_s (Burton et al., 2012). Base_zd “The effects of highly impactful rainfall events. For instance,
the common rainfall criteria used here, the strategy of iden-

e . e o : : .- gentle slopes that minimise runoff, facilitate infiltration, and
tifying a given site’s characteristic regarding rainfall avail- > "~ . ; L
. R . . minimise erosion; or, aspect design that minimises evapo-
ability and temporal distribution could be readily applied to o ) )
. ) . " .~ transpiration. By extension, these rather simple and precau-
other locations which are similarly affected by climate / rain- . : : . - L
7 T . _tionary design considerations could hold significant implica-
fall extremes and used to guide initial rehabilitation planning .. : 2 L
. . - o : tions, for example, when attempting to maintain seed viabil-
while adding no significant additional time or costs to reha- . . : - :
A . . . I ity during unfavourable climate conditions and later reducing
bilitation design. It is our view that rehabilitation expecta- ’ ! . . -
. . . .. ecophysiological stress / strain on seedlings to facilitate the
tions and the amount of investment required for rehabilita- 0 . - o
. : S L ; stabilisation of the soil. Nevertheless, the effective identifica-
tion of sites within different climatic zones should, in part, . - . »
. . ; : tion of potential climate challenges should represent a critical
be driven by an understanding of potential climate bound- . e : .
i . . .. step for identifying suitable ecological management strate-
aries — even in temperate locations and not necessarily lim=. - . .
. . . . ies and thereby avoiding potentially divergent and (or) un-
ited simply to rainfall depth. Since these components are? . oo : .
. ; productive rehabilitation outcomes — particularly during the
generally lacking from most planning assessments, we bef. . o
; ighly dynamic and initial phases of early-ecosystem devel-
lieve that approaches such as those presented here shougogment
represent a necessary starting point for further experimen- P '
tal investigations, which could then feedback and improve
upon current monitoring activities, including bioregional cli- Appendix A
mate and vegetation modelling. Although it would be impru-
dentto make site-specific recommendations concerning landspatial patterns of NDVI and extended description of
management strategies based only on such broad-scale clagmote sensing analyses
sifications, the determination of climate sensitivity should
still provide value-added for hypothesizing potential abiotic NDVI values for two selected time periods and their as-
boundaries affecting ecological development and a genersociated coefficients of variation (CV-NDVI) were derived
alised prognosis for rehabilitation development. For exam-from the Global Inventory Modelling and Mapping Studies
ple, in cases of high site sensitivity to climate, rehabilitation (GIMMS) dataset (Tucker et al., 2004). The GIMMS global
planning could identify a need for extended commitments todataset is derived from imagery acquired from the Advanced
rehabilitation through intensive monitoring of ecological per- Very High Resolution Radiometer (AVHRR) instrument on-
formance in relation to seasonal climate patterns and (wheiboard the NOAA satellite series 7, 9, 11, 14, 16 and 17

required) progressive land management to optimise the percTucker et al., 2004). It is available for a 25 year period from
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Fig. A1. Mean NDVI and coefficient of variation for the most extreme weather events across eastern Auataaiii) (La Nifia and b and
d) El Nifio.

1981 to 2006 as bimonthly NDVI averages. The dataset has Two one-year periods were chosen to represent extremes
been radiometrically corrected for calibration, view geome-in climate found within Australia. Each time period is repre-
try, volcanic aerosols, and other effects not related to vegesented as an aggregate of 24 scenes within a one year period
tation change (Tucker et al., 2005). It is ideal for this study describing NDVI during an EI Nifio and La Nifia Southern
due to its continental extents with high temporal replication Oscillation period. El Nifio/La Nifia—Southern Oscillation, is
and sufficient historical data to observe trends in vegetatiora quasi-periodic climate pattern that occurs across the tropi-
at decadal scales at which climate operate. Furthermore, theal Pacific Ocean approximately every five years. They cause
radiometric correction allows for the comparison of NDVI extreme weather such as floods and droughts in many re-
values at multiple locations found within different AVHRR gions of the world. These two extreme weather years were
scenes. The pixel size of the AVHRR GIMMs dataset wasused to represent NDVI within the study rather than averag-
7.4km, however, the spatial resolution is much larger be-ing the NDVI values for the complete datasets (1981 to 2006)
cause of smoothing that results from point density functionin which the start and end dates are arbitrary in relation to
of the sensor and the processing methods. The environmenweather conditions.

tal conditions surrounding the mines will be a key driver of  The two events chosen represent the most recent of the 12
the pixel value as opposed to the mine itself. The impact ofstrongest El Nifio and La Nifia events identified in an analysis
pixel size was qualitatively assessed through comparing surby Bureau of Meteorology (Bureau of Meteorology, 2012e,
rounding pixel values to the pixel value for the mine. This c¢) within the period where GIMMS data is available (Table
assessment was important as the NDVI values were used tA1). The El Nifio begun in April 1997 and the La Nifia pe-
measure bioregional vegetation patterns not the condition ofiod begun in April 1988 (Bureau of Meteorology, 2012b, a).
the vegetation on the mine. For each of the periods a whole year of data was captured,
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as the El Nifio/La Nifia weather events lasted approximatel\Bureau of Meteorology: El Nifio — Detailed Australian Analy-
the entire period. The La Nifia event lasted from April 1988 sis, Australian Government, available attp://www.bom.gov.
to July 1989 and the El Nifio event lasted for April 1997 to ~ au/climate/enso/enlistiast access: 19 November 2012d.
March 1998. This was to capture the annual trends in weatheluréau of Meteorology: La Nifia — Detailed Australian Analy-
such as wet and dry season. It was important to capture a SIS: Australlan Govgrnment, available attp://www.bom.gov.
whole year of data as rainfall in temperate areas fall in win-_ 2J/climate/enso/eniistast access: 19 November 2012e.

ter months and tropical areas in the summer months. Thus i?ureau of Meteorology: Australian Government: Design Rain-
P ’ ' falls: http://lwww.bom.gov.au/water/designRainfalls/index.shtml

we are truncating the dataset to a period of less than a year | <t access: 15 April, 2013, 2013.

based on the length of the El Nifio and La Nifia events, wegrton, M., Jasmine Zahedi, S., and White, B.: Public preferences

potentially could have biased the data to include rainfall pe-  for timeliness and quality of mine site rehabilitation. The case

riods only for the temperate or only for the tropical areas. of bauxite mining in Western Australia, Resour. Polic., 37, 1-9,

The average and the coefficient of variation (mean / standard http://dx.doi.org/10.1016/j.resourpol.2012.01.0P@12.

deviation) was calculated for the two time periods. DEHP: Guideline Mining — Rehabilitation requirements for min-
ing projects, Department of Environment and Heritage Protec-
tion, Queensland Government, availabletdtp://www.ehp.qgld.

gov.au/ 2012.
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