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Summary 

Context 
Floodplain trees across the Murray-Darling Basin have experienced changes in their flooding regimes 
due to water resource development and drought. As a result, Black Box (Eucalyptus largiflorens) 
populations have been subjected to a reduction in flooding frequency, duration and extent, causing 
a decline in condition. Thus, there is concern about the long-term survival of some populations. The 
Living Murray (TLM) initiative is a river and floodplain restoration program designed to improve the 
health of the Murray River and its floodplain through targeted environmental watering events. The 
Hattah Lakes Icon Site is one of six locations in the TLM program selected for its significant 
environmental values (e.g. floodplain trees).  

Aims 
In 2014 The Living Murray Intervention Monitoring program established a monitoring program to 
evaluate the effectiveness of environmental watering in maintaining or improving Black Box health, 
reproduction and seed fall on the higher floodplain of the Hattah Lakes Icon site (across four 
watered and four unwatered monitoring sites). The program contributes to evaluation of the TLM 
overarching ecological objective: restore a mosaic of healthy wetland and floodplain communities to 
maintain the ecological character of the Ramsar site. 

Findings 
Project outcomes provide empirical data on the importance of environmental watering to maintain 
and improve the condition of Black Box tree communities at the Hattah Lakes Icon Site. Since 2014, 
three large environmental watering events have led to sustained improvements in Black Box tree 
health and reproductive output, that were not evident at the unwatered control sites. The main 
findings in relation to the four key evaluation questions were: 

1. Does Black Box tree health increase in response to environmental watering? 

• Overall tree health improved following environmental watering at the watered sites. 

• Most measures of tree health were largely unchanged at the unwatered sites. 

2. Does Black Box reproductive effort and success increase in response to environmental watering? 

• Following the first environmental watering event reproductive effort (e.g. flowering, seeds) 
increased until 2018, at the watered sites. 

• Most measures of reproductive effort were largely unchanged at the unwatered sites. 

3. Does Black Box aerial seed fall increase in response to environmental watering? 

• Seed fall increased during the spring/summer of the year after each watering event at the 
watered sites. 

• After December (mid-summer) seed fall appears to decline, entering a ‘wane phase’. 

• Seed fall was largely unchanged at the unwatered sites. 

4. Does Black Box recruitment (i.e. seedlings and saplings) increase, resulting in subsequent 
population structure change, in response to environmental watering? 

• Seedling recruitment improved from 2018 onwards at the watered sites. 

• Recruitment was largely unchanged at the unwatered sites.  

• Black Box population structure improved at the watered sites via an increase in young 
individuals. 

• The number of senescent and dead individuals increased at the unwatered sites. 

Therefore, this monitoring program has provided evidence that environmental watering over a 
seven-year period has improved Black Box tree health, reproduction and recruitment, which in turn 
has led to improved population structure in areas managed by environmental watering at the Hattah 
Lakes Icon site.  
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Management implications and recommendations 

Land managers can be confident that environmental watering at the Hattah Lakes Icon Site can be 
used to produce a sustained improvement in Black Box tree health, reproductive output, seed 
production and the subsequent recruitment of Black Box seedlings and saplings. Key management 
implications from this program for Black Box include: 

• Overall, one environmental watering event can improve tree health. 

• Tree health improves further in response to additional environmental watering events. 

• Initial tree health will influence recovery timeframes and flooding requirements. 

• Trees in poor health may require multiple flood events to improve in condition. 

• Tree condition maintenance requirements and recovery trajectories, critical aspects of the 
flooding regime, and climate interactions require further investigation. 

• Seed germination and seedling survival (in situ) remain key knowledge gaps in the Black Box life 
cycle. 

This monitoring program has demonstrated that the three large environmental watering events over 
a seven-year period has maintained or improved Black Box floodplain tree populations of the Hattah 
Lakes Icon Site.  However, many uncertainties about the best environmental watering strategies for 
the system remain.  For example, although the benefit of the last three environmental watering 
events were evident, the optimal timing of different flood regimes or aspects of the flood regime is 
unknown. Nor do we know how long the improvements in tree condition will last for under variable 
climates and flooding regimes. Recommendations are made below that could provide additional 
information to improve understanding and inform management decisions in relation to floodplain 
tree populations. 

• Periodic monitoring of the Black Box tree health and seed fall program to determine the long-
term effects of environmental watering scenarios. 

• Validate Black Box population maintenance and recovery requirements, at different condition 
states, in relation to aspects of the flood regime. This will build on the existing models (e.g. 
Overton et al. 2014) to provide more accurate environmental watering scenarios based on data 
to enable effective management of Black Box populations in a range of condition states and 
management scenarios at the Icon site. 

• Investigate factors that influence Black Box seed germination, seedling survival and time to 
maturity to enable accurate modelling of Black Box population sustainability through the 
Murray Darling Basin. 
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1 Introduction 

1.1 Background 

The Murray-Darling Basin (MDB) supports over 30,000 wetlands and rivers that provide important 
habitat for a wide variety of plants and animals (Ralph and Rogers 2011). However, in recent 
decades the health of the MDB has declined due to the combined effects of drought and river 
regulation (Adamson et al. 2009). As a result, floodplain tree populations have been subjected to a 
reduction in flooding frequency, duration and extent. The alteration to flood regimes has caused a 
decline in the condition of floodplain tree populations (Cunningham et al. 2009, MDBA 2012). As a 
result, there is concern about the long-term viability of some plant communities. Hence, the 
effective management of biodiversity across the MDB requires additional water resources – 
environmental watering – to restore ecosystem function (Reid and Brooks 2000).  

In 2003, the Australian Government implemented The Living Murray (TLM) program to restore the 
health of the Murray River ecosystems (a dominant feature of the MDB) through targeted 
environmental watering events. The Hattah Lakes Icon Site is one of six priority areas in the TLM 
program, selected for its significant environmental values and potential for effective restoration 
(MDBA 2013). The TLM program is co-ordinated by the Murray-Darling Basin Authority (MDBA) in 
partnership with national and state governments and has the long-term goal of achieving a healthy 
working MDB for the benefit of the environment and all Australians (MDBA 2013). 

The health of the two dominant floodplain trees, River Red Gum (Eucalyptus camaldulensis) and 
Black Box (Eucalyptus largiflorens), is integral to the ecology and public amenity of floodplain plant 
communities at the Hattah Lakes Icon Site (Overton et al. 2018). The health, reproduction and 
recruitment of both tree species is strongly influenced by the timing, frequency and duration of 
natural and environmental watering events (Rogers 2011). The majority of Eucalyptus research in 
south-eastern Australian floodplains has focussed on the commercially valuable River Red Gum 
(Rogers 2011), with the response of Black Box to environmental watering being relatively under-
studied (George 2004). Black Box communities vary in condition and health across the Hattah Lakes 
Icon Site, with the majority in poor or average health (Cunningham et al. 2009, Cunningham et al. 
2011; Overton et al. 2018). A key benefit of environmental watering events at Hattah Lakes has been 
a significant improvement in River Red Gum condition and germination (Walters et al. 2011). 
However, Black Box communities have been slow to respond (Walters et al. 2011, MDBA 2013). 
Preliminary studies have shown that environmental watering can improve Black Box health (Akeroyd 
et al. 1998). However, improvements in Black Box canopy condition and regeneration response has 
been relatively low, with TLM condition monitoring indicating low numbers of seedlings when 
compared with River Red Gum (Walters et al. 2011).  

1.2 Black Box life cycle  

Black Box is a small to medium sized long-lived (250 years; Snowball 2001) woodland tree to 20 m 
(Figure 1). Black Box trees prefers heavy-soil river flats and lake beds found in and around the 
Murray-Darling Basin (Cunningham et al. 1981). Typically, they inhabit the more elevated (i.e. drier) 
parts of the floodplain that are only periodically flooded (Cunningham et al. 1981).  
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Figure 1. Recently flooded Black Box (Eucalyptus largiflorens) trees.  

The survival and health of mature Black Box trees can be negatively impacted by a range of external 
drivers (e.g. climate, land use, hydrology, stochastic events; Figure 2). Flowering by mature Black Box 
trees can be prolific (hence the species name ‘largiflorens’; Cunningham et al. 1981) and occurs 
primarily between August and January (Brooker and Kleinig 1983, Roberts and Marston 2011, 
George et al. 2005), but can vary depending on geographic region. Flowering occurs between August 
and January in the lower Murray and from May to October elsewhere in the Basin (Roberts and 
Marston 2011, George 2004). Buds can be retained in the canopy for up to 12 months before 
flowering (Jensen et al. 2007). Similarly, seeds can be retained in the canopy for up to 24 months 
until conditions for seed fall occur (Dexter 1967, Jensen et al. 2007). Thus, Black Box trees have an 
aerial seed bank and no effective soil seedbank (Jensen et al. 2007). Seed fall can occur at any time 
of the year, but predominantly occurs from October to March in the lower Murray region (Jensen et 
al. 2007). Black Box trees produce large numbers of small seeds (484 germinants/gram of seed and 
chaff mixture; Gunn 2001).  

The factors inducing Black Box seed fall, and subsequent germination and seeding survival, are 
relatively unknown (George 2004) outside of the general external drivers (e.g. herbivore browsing 
and climate) that typically influence reproduction of most floodplain tree species (Figure 2). While a 
positive relationship between tree health and successful seed germination has been established 
(George 2004), little is known about the influence of watering events (both natural flooding and/or 
environmental watering) on the timing of seed fall, seed production, seed germination and seedling 
survival of Black Box. 
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Figure 2. Black Box life cycle including factors that facilitate and block and/or negatively impact survival of 
each life stage or process. 

 

1.3 Black Box tree health and seed fall monitoring program (2014 – 2020) 

Project objectives 

In 2014 The Living Murray Intervention Monitoring program established a monitoring program to 
evaluate the effectiveness of environmental watering on maintaining or improving Black Box health, 
reproduction and seed fall on the higher floodplain of the Hattah Lakes Icon site (Moxham et al. 
2014). The program contributes to evaluation of the TLM overarching ecological objective: to restore 
a mosaic of healthy wetland and floodplain communities to maintain the ecological character of the 
Ramsar site (MDBC 2006; MDBA 2012). 

This final report investigates the following key evaluation questions: 

1. Does Black Box tree health increase in response to environmental watering? 

2. Does Black Box reproductive effort (i.e. buds, flowers and fruits) increase in response to 
environmental watering?  

3. Does Black Box aerial seed fall increase in response to environmental watering? 

4. Does Black Box recruitment (i.e. seedlings and saplings) increase, resulting in subsequent 
population structure change, in response to environmental watering? 

This report summarises the monitoring program activities for the last seven years (2014 – 2020) and 
presents trends and analysis exploring the response of Black Box condition (e.g. health, reproductive 
effort, seed fall, recruitment, population structure) to a series of environmental watering events. 
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2 Black Box tree health and seed fall monitoring program 

(2014 – 2020) 

2.1 Background 

The Living Murray Hattah Lakes Intervention Monitoring program: Black Box tree health and seed fall 
was established at the Hattah Lakes Icon site in 2014. The monitoring program was initially 
implemented as a one-year pilot study to examine the effect of the 2014/15 large scale 
environmental watering event on Black Box tree health and seed fall, targeting those populations on 
the higher floodplain. The program was designed to require minimal financial investment, limited 
resources and be expandable over time to incorporate new sites and address relevant knowledge 
gaps.  

The pilot study established two monitoring sites (Mournpall Track South [watered] and Bitterang 
Stop Bank [unwatered]) in the northern Hattah Lakes system in 2014 (Figures 3 and 4).  

The monitoring program was renewed annually and following a second large scale environmental 
watering event in 2016/17 an additional two monitoring sites were added to the program in 2017 to 
increase replication (totalling two watered and two unwatered sites; Moxham et al. 2016; Figure 3).  

In 2018, after a third large scale environmental watering event an additional four monitoring sites 
(two of each treatment) were established in the southern Hattah Lakes system, to (1) increase 
replication and (2) increase spatial representation of the Hattah lakes Icon Site (Farmilo et al. 2018 
Figure 3). The additional sites increased the scientific rigor and turned the pilot study into a more 
comprehensive monitoring program. As recommended in the 2017/18 annual report, a single site 
(located on Bitterang Track) was relocated (~1 km to the east) late in 2018 to ensure the site was 
completely watered during subsequent environmental watering events (Figure 4). The decision to 
relocate the site ensured the aims of the monitoring program were upheld.  

Since the establishment of the monitoring program, a series of large environmental watering events 
have been implemented at this site, targeting not only the River Red Gum plant communities, but 
also the higher elevation (to 45 m) Black Box floodplain plant communities. Environmental watering 
events occurred in the Spring/Summer of 2014/15, 2016/17 and 2017/18 (Figure 3). The inundation 
event in 2016/17 was a natural flooding event (due to high rainfall; Figure 7) that was supplemented 
by additional environmental water. These environmental watering events represent the first time 
the higher floodplain (i.e. to 45 m) Black Box tree populations had been inundated since the 1990s. 

In addition, to investigating Black Box tree condition the monitoring program also briefly examined 
changes in understorey vegetation in response to environmental watering at the monitoring sites. 
The methods and outcomes of this complementary study are presented in Appendix 1. 
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Figure 3. Timeline of site establishment, watering and monitoring events (2014-2020). For a lookup table 
showing the evolution of site names see Appendix 2 Table A1.1. 

2.2 Methods 

A full description of the monitoring rationale and protocol is provided in Moxham et al. (2014). The 
monitoring history, sites, sampling method, monitoring schedule and approach to data analysis are 
briefly summarised below. 

Eight monitoring sites have been established at the Hattah Lakes Icon Site (Table 1, Figure 4) to 
examine the response of Black Box condition (e.g. health, reproductive effort, seed fall, recruitment, 
population structure) on the higher floodplain (45 m elevation) to a series of environmental 
watering events (Figure 3). The sites were divided into two treatment levels of flood inundation: 
complete inundation (i.e. watered treatment sites) and no inundation (i.e. unwatered control sites; 
Table 1). 

Black Box tree health was consistently poor across both the watered and unwatered sites when they 
were established in 2014 and this is characteristic of many sites across the floodplain.  

Table 1. Location, establishment and treatment details for the eight monitoring sites at the Hattah Lakes 
Icon Site. Colour codes relate to Figure 4. 

Lake Region 
 

*Site name Treatment 
Date 

established 
Zone Easting Northing 

Northern Lakes  Mournpall Track South Watered May 2014 54 624729 6163717 
  Mournpall Track North Watered November 2018 54 625451 6164284 
  Bitterang Stop Bank Unwatered May 2014 54 626906 6165206 
  Bitterang Track^ Watered February 2017 54 626530 6164151 
  Boolca Track Unwatered February 2017 54 623478 6169781 

Southern Lakes  Stockyard Track South Watered April 2018 54 627384 6152886 
  Stockyard Track North Watered April 2018 54 625652 6152586 
  Brockie Track Unwatered April 2018 54 628320 6152522 
  Nip Nip Track Unwatered April 2018 54 628502 6153036 

* Note: some site names have been modified to ensure they are informative and consistent. A lookup table showing the 
site names used in previous reports is in Appendix 2; Table A1.1. 
^ Bitterang Track was only partially watered and was relocated in October 2018 and renamed ‘Mournpall track North’.  
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Figure 4. Location of the eight monitoring sites at the Hattah Lakes Icon Site. For a key to site treatment and 
region see Table 1.  

2.3 Monitoring methods 

At each site a 0.5 ha monitoring plot was established, and two scales of assessment were 
undertaken: 

• Site level assessments of tree health and understorey floristics; and 

• Target tree level assessments (eight trees/site) of seed fall, reproduction and tree health. 

2.3.1 Site level assessments 

Site level assessments were undertaken annually to identify broad changes in tree health and 
understorey condition. Annual monitoring has occurred in April each year.  

Stand level tree health  
Stand level tree health assessments (i.e. all trees, n = 18 – 126, within each site) were undertaken to 
gain an understanding of the overall response of tree health to environmental watering. Each Black 
Box tree in the monitoring site was assessed based on the following criteria: tree status (alive or 
dead), diameter at breast height over bark (DBH) of the main trunk, number of main branches, broad 
tree health, and nine TLM tree health measures (MDBA 2010). Here, we report on three of the nine 
TLM tree health measures: crown extent, crown density and reproduction. 

 

Recruitment 
The total number of adult trees, juveniles/saplngs (5-10 cm diameter) and seedlings (< 5 cm 
diameter) were recorded across each site. 
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Site photo points  
Permanent photo points provide a useful visual representation of changes in tree stand health. At 
each site a permanent photo point was established from a central star picket located at the site edge 
orientated toward the centre (Figure 5). 

  

  

Figure 5. The Bitterang Stop Bank unwatered site (top) and the Mournpall Track South watered site 
(bottom), in 2014 (left) and in 2020 (right). Note the improvement in tree canopy and removal of litter at the 
watered site and the drying of the understorey at both sites.  

2.3.2 Target tree level assessments 

Target tree-level assessments were conducted on a monthly to quarterly basis (resource and access 
dependent; Figure 6; Appendix 3) to determine fine-scale changes in tree health and seed fall in 
response to environmental watering. Within each monitoring site, eight target Black Box trees were 
selected to monitor seed fall, reproduction (TLM reproduction extent score; Moxham et al. 2014) 
and tree health (broad tree health measure) in response to environmental watering. 

Seed fall traps 
Three seed fall traps were established at the canopy edge of each target tree. To maximise seed 
capture, the traps were located on the leeward side of the prevailing wind (south-westerly in this 
region; Bureau of Meteorology, Ouyen 2020). During each seed collection, the material from the 
three seed traps per tree was pooled. The number of buds, flowers and fruits were counted for each 
sample. Following this, samples were sieved (2 mm mesh) and seeds were counted under a 
dissecting microscope. Seeds were stored in paper envelopes at room temperature. 
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Figure 6. A target tree (watered site) with associated seed traps. 

Target tree photo points, health and reproduction 
During each seed fall collection, photo points and a broad tree health assessment were conducted. 
At each target tree, a permanent photo point was established (Figure 6). Target tree health 
assessment included recording the abundance of buds, flowers and fruits (i.e. TLM reproduction 
score; Moxham et al. 2014), and a broad assessment of tree health (based on a 1-4 scoring system). 

2.4 Rainfall 

Monitoring programs exploring temporal trends need to consider rainfall as an important influence 
on plant communities, particularly if they are prone to drought. If results are interpreted in the 
context of rainfall, the changes in response to the imposed treatment (e.g. environmental watering) 
become more powerful. Interpolated estimates of historical monthly rainfall data for the period 
2014-2020 were gathered from SILO Data Drill (2020) and estimates of annual rainfall for each site 
were generated. Annual rainfall was variable over the monitoring period (2014-2020) with a distinct 
peak in the 12 months prior to April 2017 (Figure 7). This period coincided with a natural flooding 
event. Peaks in monthly rainfall were also associated with this time period with 31% of the annual 
rainfall in 2016/17 falling in September 2016 (118 mm).   

 
Figure 7. Regional annual rainfall (black dots; 12 months prior to annual monitoring in April) and monthly 
(grey line) for the Hattah Lakes region based on gridded (i.e. modelled) data. Average annual rainfall (2010-
2020) at Hattah Lakes is 281.9 mm. Water symbols show when inundation events occurred (blue – 
environmental watering events; green – natural flooding event with environmental water top up to 45 m). 
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2.5 Statistical analysis 

Regression (ordinal, linear, logistic, beta) and ordination techniques were used to compare Black Box 
health, reproduction, recruitment and understorey composition in relation to the watering 
treatment (watered and unwatered) and time (both annual and monthly assessments; 2014-2020).  

Black Box health, reproduction and recruitment were measured using a variety of direct measures 
(i.e. those variables that are collected in the field) and a composite statistic (i.e. index that combines 
numerous direct measures). Black Box health was measured using a rapid method (i.e. Broad tree 
health; Moxham et al. 2014), TLM methods (e.g. TLM crown extent; Souter et al. 2010) and a 
composite statistic (i.e. Tree Condition Index; Wallace et al. 2020). Black Box reproduction was 
measured using TLM measures (e.g. TLM extent reproduction; Souter et al. 2010) and direct 
measures of seed and fruit production (i.e. seed trap collection; Moxham et al. 2014). Black Box 
recruitment was inferred from counts of individuals from each life stage. 

Due to the staged establishment of monitoring sites over the monitoring period two complementary 
approaches to data analysis were conducted: 

1) First, a case study (2014-2020; n = 1; one watered and one unwatered site) was used to 
describe long-term (i.e. 2014-2020) temporal patterns in Black Box health, reproduction and 
recruitment in relation to three watering events. 

2) Secondly, inferential modelling (2018-2020; n = 4; four watered and four unwatered sites) was 
used to explore temporal patterns in Black Box health, reproduction and recruitment since the 
most recent watering event (i.e. 2018). The data analysis was considered in relation to the 
watering treatment (i.e. watered and unwatered) for the same set of variables assessed in the 
case study. Estimates from inferential modelling were considered along with trends in the case 
study to back-cast (where appropriate) to periods prior to inferential modelling (i.e. 2018). This 
allows the program to explore the results of the monitoring program prior to 2018 with more 
rigour as the program was considered an under-replicated pilot study prior to 2018, and 
inferential modelling was not appropriate. 

All analyses were constructed in a Bayesian framework in the statistical program R (R Core Team 
2020) and using the packages ‘brms’ (Bürkner 2017) and ‘vegan’ (Oksanen et al. 2007). Where 
appropriate, statistical models were developed for all response variables. A detailed description of 
all data analyses is presented in Appendix 4. Descriptive statistics are provided in Appendix 5 and 
statistical model outputs in Appendix 6. 
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3 Results 

Since 2014, three large environmental watering events at the Hattah Lakes Icon site have led to 
sustained improvements in Black Box tree health, reproductive output, seed fall, recruitment and 
population condition, that were not evident at the unwatered control sites.  These findings are 
outlined in detail below in the context of tree health, reproductive output and population 
demography. 

The results are presented in the context of the two analysis design approaches: first long-term 
trends based on a case study (2014-2010 two sites: Mournpall Track South watered site compared to 
Bitterang Stopbank unwatered site) and then short-term trends analysis based on increased site 
replication (2018 -2020 eight sites: four watered and four unwatered sites). Most statistical outputs 
(figures and tables) appear in Appendices 5 and 6 for brevity.  

3.1 Black Box tree health in response to environmental water 

Black Box tree health improved at the watered site (Mournpall Track South) relative to the 
unwatered control site (Bitterang Stopbank), following the first watering event in 2014 (Figures 8 
and 9).  

 
Figure 8. The mean (± 95% confidence interval) Tree Condition Index for each year sampled at the 
unwatered (red circles) and watered (blue triangles) case study sites. Images show temporal changes in tree 

health (Mournpall Track South - Tree 7 pictured above chart; Bitterang Stop Bank - Tree 6 pictured below chart).  Individual 
points (jitter) and associated loess smooth lines show trends in the raw data based on watering (unwatered – red; watered 
– blue). Grey square symbols show the data from all the eight sites (i.e. filled squares – watered; unfilled squares – 
unwatered) to assist comparison with inferential modelling. Water symbols show when inundation events occurred (blue – 
environmental watering event; green – natural flooding events with environmental water top up to 45 m). 
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This improvement in tree health was maintained throughout the monitoring program and occurred 
for all measures of tree health (crown extent, crown density, Tree Condition Index, broad tree 
health) at both the stand (Figure 8; Table A6.1) and target tree levels (Figure 9; Table A6.2). Crown 
extent responded positively to environmental watering more quickly than crown density (Figure 
A6.1). 

 

Figure 9. The mean (± 95% confidence interval) Broad Tree Health (score) for each month sampled at the 
unwatered (red circles) and watered (blue triangles) case study sites. Generalised Additive Model (GAM) 
smooth lines show trends in the means based on watering (unwatered – red; watered – blue). Water symbols 
show when inundation events occurred (blue – environmental watering event; green – natural flooding events 
with environmental water top up to 45 m). The initial watering event (December 2014) is denoted by the 
vertical dashed line to save space on the x-axis. 

Modelled responses (2018-2020) of all eight sites indicated that tree health improved in 2019 
compared with tree health in 2018 (Figure 10; Table A6.1).  

 

Figure 10. Predicted model estimates of Tree Condition Index (2018-2020). Red circles represent estimates 
associated with unwatered sites, while blue triangles represent estimates associated with watered sites. Error 
bars indicate 95% credible intervals for estimates.  
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3.2 Black Box reproduction in response to environmental water 

Overall Black Box reproductive output (buds, flowers, fruits, and seed production) improved at sites 
receiving environmental water. For example, Black Box reproductive output (evidence of buds, 
flowers and fruits) improved at the watered site (Mournpall Track South) relative to the unwatered 
control site (Bitterang Stopbank), following the first watering event in 2014 (Figure 11). At the stand 
level, this improvement has generally been maintained throughout the monitoring program but was 
beginning to wane in 2019 (Figures 11 and 13).  

 
Figure 11. The mean (± 95% confidence interval) TLM extent of reproduction for each year sampled at the 
unwatered (red circles) and watered (blue triangles) case study sites. Individual points (jitter) and associated 
loess smooth lines show trends in the raw data based on watering (unwatered – red; watered – blue). Grey 
square symbols show the data from all the eight sites (i.e. filled squares – watered; unfilled squares – 
unwatered) to assist with comparison. Water symbols show when inundation events occurred (blue – 
environmental watering event; green – natural flooding events with environmental water top up to 45 m). 

Seed production was highest at the watered sites, with very low production at the unwatered sites. 
Distinct peaks in seed and fruit production occurred during the spring/summer of the year after a 
watering event (spring/summer 2015, 2017 and 2018) with seed fall numbers waning after this initial 
peak (Figures 12 and 13; Figure A6.4). No such peaks in seed or fruit production occurred in the 
target trees at the unwatered sites.  

 

Figure 12. The mean (± 95% confidence interval) number of seeds for each month sampled at the unwatered 
(red circles) and watered (blue triangles) case study sites. Generalised Additive Model (GAM) smooth lines 
show trends in the means based on watering (unwatered – red; watered – blue). Water symbols show when 
inundation events occurred (blue – environmental watering event; green – natural flooding events with 
environmental water top up to 45 m). The initial watering event (December 2014) is denoted by the vertical 
dashed line to save space on the x-axis. 
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Figure 13. Predicted model estimates of the number of seeds (2018-2020) and Black Box seed (right). Graph 
= red circles represent estimates associated with unwatered sites, while blue triangles represent estimates 
associated with watered sites. Error bars indicate 95% credible intervals for estimates. 
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3.3 Black Box demography in response to environmental water 

3.3.1 Recruitment 

Black Box recruitment (seedling and/or sapling) density improved at the watered site (Mournpall 
Track South) relative to the unwatered control site (Bitterang Stopbank), following the watering 
events (Figure 14). This trend was supported by the modelled responses (2018-2020) which 
suggested that the probability of a Black Box seedling being present was higher at watered sites than 
unwatered sites (Table A6.5). However, the number of saplings was not influenced by watering and 
exhibited no strong temporal response (2018-2020; Table A6.5) due to extremely high variability. 

 
Figure 14. The mean density of (a) seedlings and (b) sapling each year at the unwatered (red circles) and 
watered (blue triangles) sites. 

3.3.2 Population structure 

The number of senescent and dead individuals increased at the unwatered site from 2014 to 2019; 
while the number of alive and senescent and dead individuals did not change at the watered site. 
(Figures 15, 16 and 17). The number of seedlings increased over time at the watered site. 

 
Figure 15. Black Box population age class distribution at unwatered and watered sites in 2014 (red) and 2019 
(blue). Note large old benchmark trees (> 40 cm diameter) are defined according to Ecological Vegetation 
Classes benchmark (DSE 2004). 
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These changes in the age class distribution at the case study sites showed that the Black Box 
population structure changed substantially at the watered site, while remaining unchanged at the 
unwatered site (Figure 16a). The density plot on the right shows the modified pattern in population 
structure at the watered site (Figure 16b).  

  

Figure 16. Population structure of the case study sites based on (a) histogram and (b) density plot in 2014 
(red) and 2019 (blue; the most recent year with DBH measures).  

 

 

Figure 17. Black Box populations at an unwatered control site (top) showing senescent and dead individuals 
and at a watered site (bottom) where trees are healthier. 

(a) (b) 
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4 Discussion 

These findings provide empirical data on the importance of environmental watering to maintain and 
improve the condition of Black Box tree communities at the Hattah Lakes Icon Site. Since 2014, three large 
environmental watering events at the Hattah Lakes Icon site have led to sustained improvements in Black 
Box tree health and reproductive output, that were not evident at the unwatered control sites. The main 
findings in relation to the four key evaluation questions were: 

1. Does Black Box tree health increase in response to environmental watering? 

• Overall Black Box tree health improved following environmental watering at the watered sites. 

• Most measures of tree health were largely unchanged at the unwatered sites. 

2. Does Black Box reproductive effort and success increase in response to environmental watering? 

• Following the first environmental watering event, Black Box reproductive effort increased until 2018, 
at the watered sites. 

• Most measures of reproductive effort were largely unchanged at the unwatered sites. 

3. Does Black Box aerial seed fall increase in response to environmental watering? 

• Black Box seed fall increased during the spring/summer of the year after each watering event at the 
watered sites. 

• After December (early-summer) seed fall appears to decline entering a ‘wane’ phase. 

• Seed fall was largely unchanged at the unwatered sites. 

4. Does Black Box recruitment (i.e. seedlings and saplings) increase, resulting in subsequent population 
structure change, in response to environmental watering? 

• Seedling recruitment improved from 2018 onwards at the watered sites. 

• Black Box recruitment was largely unchanged at the unwatered sites.  

• Black Box population structure improved at the watered sites via an increase in young individuals (i.e. 
seedlings). 

• The number of senescent and dead individuals appears to have increased at the unwatered site. 

Therefore, this monitoring program has provided evidence that environmental watering has improved 
Black Box tree health, reproduction and recruitment, which in turn has led to improved population 
structure in areas managed by environmental watering. These findings are discussed in more detail below. 

4.1 Environmental watering improves Black Box tree health 

Following the first environmental watering event, all measures of Black Box tree health (e.g. crown extent, 
crown density, Tree Condition Index, broad tree health) were higher in the watered sites compared to the 
unwatered control sites in most years. This result highlights the importance of environmental watering in 
improving and maintaining tree health on the semi-arid floodplains of regulated rivers. These findings are 
supported by other studies that have shown environmental watering events can improve tree health, 
particularly for Black Box (Akeroyd et al. 1998, Doody et al. 2009, Holland et al. 2009, Moxham et al. 
2018a). Flooding is known to produce a pulse of growth that may last up to two years (George 2004), while 
in this monitoring program a sustained six-year improvement in tree health has occurred in response to 
three environmental watering events. The response was evident within a year of watering, which aligns 
with other studies that have reported that tree responses to flooding can take many months before 
becoming evident (Streeter et al. 1996). In addition, other monitoring programs at Hattah Lakes have 
reported a delayed response in Black Box stands, over the same three watering events (Moxham et al. 
2018b). This variation may be related to initial tree health as Moxham et al. (2019) found that individual 
trees in poor condition may require multiple flooding events, while trees in good condition may require 
fewer, or a single flood event to maximise tree health. This topic requires further investigation as outcomes 
would assist management in determining optimal flooding regimes and response trajectories for Black Box 
trees on the higher floodplain. 



 

TLM Hattah Lakes Intervention Monitoring: Black Box tree health      41 

A descriptive investigation of monthly trends in tree health suggest responses fluctuate throughout a year. 
These trends suggest that environmental watering has provided conditions for improved tree health 
particularly over summer and autumn. Whereas the trend was less evident during spring monitoring 
(represented by fewer monitoring events). Regardless, these temporal trends suggest that the multiple 
environmental watering events that have been implemented at the Hattah Lakes Icon Site had substantial 
positive benefits for Black Box tree health. However, the effect of the flooding regime (e.g. frequency, 
duration and timing) on Black Box health and reproduction requires further investigation, to determine the 
regime that will maximise tree health for the longest period, and when faced with substantial climatic shifts 
(i.e. drought). 

4.2 Environmental watering improves Black Box reproduction 

Following the first environmental watering event, all measures of Black Box reproductive output (e.g. 
reproductive extent, fruit fall and seed fall) were higher in the watered sites compared to the unwatered 
control sites in most years. This response mirrors that of overall tree health. Tree health is believed to be an 
important variable influencing seed production (Jensen et al. 2007), and this finding confirms that the 
increase in tree health in response to environmental watering leads to improved reproductive output 
(Akeroyd et al. 1998, George 2004, Walters et al. 2011).  

Seed production was very low at the unwatered sites, supporting other studies which have found that seed 
release in unhealthy Black Box trees can be nine-fold less than in healthy populations (Jensen et al. 2008). 
The duration of seed fall and the factors inducing seed fall are relatively unknown (George 2004), so the 
current study provides some important insights. At Hattah Lakes, Black Box seed fall fluctuated throughout 
the year, with seed fall increasing in the warmer months (spring/summer), which broadly aligns with other 
studies in the lower Murray region (Jensen et al. 2007). At the Hattah Icon Site, seed production increased 
in response to the environmental watering, and a spike in seed production occurred during the 
spring/summer a year after each watering event. This correlates with the expected delay period predicted 
for floodplain trees in response to flooding, with Black Box trees frequently exhibiting a one to two-year 
delay in the production of fruits and seeds (George 2004, Jensen et al. 2007).  

4.3 Environmental watering improves Black Box demography 

Following the environmental watering events, Black Box recruitment (seedlings and/or saplings) were 
higher in the watered sites compared to the unwatered control sites. This response was strongest from 
2018 onwards, following multiple watering events and inclusion of additional monitoring sites. Black Box 
populations that are regularly flooded are more likely to remain viable in the long-term, due to the 
presence of overlapping age classes (e.g. healthy adults, saplings and seedlings) and recruitment rates 
greater than mortality rates (Rooney et al. 2002, George et al. 2005). This was evident in the current study, 
where the recruitment of seedlings and saplings led to a considerable change in the age-class distribution 
resulting in improved population structure at the watered sites. This change did not occur at the unwatered 
sites. Thus, recruitment was associated with the occurrence of regular episodic flooding. The absence of 
regular episodic flooding contains risks, because if the interval between large floods becomes too big, 
recruits may not be able to survive until the next flood (Pettit and Froend 2001), particularly during drought 
periods. This warrants further investigation. 

4.4 Management implications 

TLM ecological objectives 

This monitoring program has provided empirical evidence that the use of environmental water has 
contributed to meeting the overarching TLM ecological objective for the Hattah Lakes Icon Site: to ‘restore 
a mosaic of healthy wetland and floodplain communities to maintain the ecological character of the Ramsar 
site’ (MDBA 2012, p. 16).  This monitoring program has demonstrated that the three large environmental 
watering events over a seven-year period have maintained or improved Black Box floodplain tree 
populations of the Hattah Lakes Icon Site.  However, many uncertainties about the best environmental 
watering strategies for the system remain.  For example, although the benefit of the last three 
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environmental watering events are evident, the optimal timing of different flood regimes or aspects of the 
flood regime is unknown. Nor do we know how long the improvements in tree condition will last for under 
variable climates and flooding regimes. 

Management implications 

TLM Hattah Lakes Intervention Monitoring program has demonstrated that Black Box tree health, 
reproduction and recruitment has improved in response to environmental watering. In addition, it has 
provided important evidence-based knowledge for managers of Black Box populations at the Hattah Lakes 
Icon Site. Land managers can be confident that environmental watering at the Hattah Lakes Icon Site can be 
used to produce a sustained improvement in Black Box tree health, reproductive output, seed production 
and the subsequent recruitment of Black Box seedlings and saplings.  

Key management implications from this program for Black Box include: 

• One environmental watering event can improve tree health. 

• Tree health improves further in response to additional environmental watering events. 

• Trees in poor health may require multiple flood events to improve in condition. 

• Tree condition maintenance requirements and recovery trajectories, critical aspects of the flooding 
regime, and climate interactions require further investigation. 

• Seed germination and seedling survival (in situ) remain key knowledge gaps in the Black Box life cycle. 

 

5 Future directions 

This monitoring program has enabled the statistical evaluation of the relationship of Black Box tree health 
and seed fall to environmental watering, as well as increasing our ecological knowledge base. However, 
long-term data sets will enable the description of longer-term patterns of flood (e.g. optimal flood volumes, 
duration, timing, frequency) and recovery cycles that are difficult to capture within short time frames, 
improving our ability to evaluate more refined management questions. Recommendations are made below 
that could further increase the capacity of land managers to produce accurate and informed management 
decisions in relation to floodplain tree populations. 

Recommendations: 

• Periodic monitoring of the Black Box tree health and seed fall program to determine the long-term 
effects of environmental watering scenarios. 

• Validate Black Box population maintenance and recovery requirements, at different condition states, 
in relation to aspects of the flood regime. This will build on the existing models (e.g. Overton et al. 
2014) to provide more accurate environmental watering scenarios based on data to enable effective 
management of Black Box populations in a range of condition states and management scenarios at the 
Icon site. 

• Investigate factors that influence Black Box seed germination, seedling survival and time to maturity to 
enable accurate modelling of Black Box population sustainability through the Murray Darling Basin. 
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5.1 Black Box tree health and seed fall monitoring program 

Ideally, monitoring of the sites should continue bimonthly, over a long-term cycle that considers multiple 
flood events, climatic variation and seasons of tree reproductive output. This enables a comprehensive 
investigation of Black Box tree health and flooding regimes to inform improved management. However, the 
monitoring options below provide a more realistic monitoring framework considering resources available. 

Monitoring program recommendations: 
1) Maintain the current bimonthly monitoring, over a long-term cycle to enable a comprehensive 

investigation of Black Box tree health and flooding regimes to inform improved management. 

TLM Hattah Lakes Intervention Monitoring sub-program thus far has been evaluating Black Box tree health 
responses on the higher floodplain (43-45 m ADH) on which this species typically occurs and only receives 
environmental water from large flood events. Most environmental watering events occur below this 
inundation level (e.g. to 43 m). No further large flood events (inundation to 43-45 m ADH) are scheduled for 
the next few years at the Hattah Lakes Icon Site. Therefore, it is recommended that monitoring continues, 
to generate information on the longevity of the flooding effects on Black Box tree health, reproduction and 
recruitment. This is particularly important as we suspect the longevity of watering effects varies for tree 
health (i.e. a more prolonged response; > 3 years) and reproduction (i.e. a shorter response; 2-3 years).  

2) Halt monitoring and reinstate monitoring one year before the next large-scale flood event for a three-
year period.  

Pause the monitoring program, leaving the site infrastructure in place, and recommence the program when 
future large environmental watering events are anticipated. If and when this occurs, it is essential that the 
sites are monitored, and seed collected, at least one year prior to the next flood event, and then for at least 
three years after the flood event, to ensure the program has the capacity to gain greater clarity about the 
duration of watering effects on tree health, reproduction and recruitment.  

5.2 Validate Black Box response trajectories to environmental watering 

This monitoring program has started to fill knowledge gaps in relation to Black Box tree responses to 
environmental watering; however, much more work needs to be undertaken in this complex area of 
ecology. The limitations of the current program also require validation. The improvements in Black Box tree 
health, reproduction and recruitment can be directly attributed to environmental watering. However, the 
exact flooding regime, or aspects of the regime, that influence this outcome requires further examination. 
For example, the findings here could also be attributed to adequate duration of the flooding events (not 
too long as to detrimentally impact tree health; not too short to prevent positive impacts on tree health), 
or the frequency of events (e.g. three flood events in six years). The best available information suggests 
that Black Box requires flooding approximately every five to eight years to maintain healthy trees (MDBC 
2006, Roberts and Marston 2011, MDBA 2012, Overton et al. 2014). However, this does not consider 
climate change and the impending drier climate of these semi-arid floodplains. In addition, the timing of 
the first environmental watering event occurred after Black Box trees had experienced one of the most 
severe droughts in recorded history (i.e. the Millennium drought), and initial tree health was generally low. 
Drought stressed trees may take longer to respond to flooding or may require repetitive flood events, as 
implemented in this instance, to improve tree health in the long term. Hence, the relationship between 
drought and environmental watering also requires further investigation. To fully understand the influence 
of flooding regimes on Black Box, longer-term studies are required to validate existing models. One priority 
investigation is to determine tree maintenance and recovery requirements, in different condition states, in 
relation to different aspects of the flood regime (e.g. frequency, timing, duration; Overton et al. 2014). This 
will provide more accurate information to improve effective management of Black Box populations which 
vary in condition across the Hattah Lakes Icon Site. 

Recommendation: Validate existing models of Black Box population maintenance and recovery 
requirements, in different condition states, in relation to different aspects of the flood regime. This will 
provide more accurate environmental watering scenarios to enable effective management of Black Box 
populations in a range of condition states and management scenarios. 
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5.3 Determine factors influencing long-term seedling survival 

To date, this monitoring program has started to fill knowledge gaps in relation to key phases of the Black 
Box life cycle (reproductive output through to seed viability). Recruitment is required to create and 
maintain healthy floodplain tree populations (George et al. 2004). The current monitoring program has 
determined that seed viability is not a limiting factor (Moxham et al. 2019). In unwatered sites, tree health 
and seed production appear to be the limiting factors. However, these life cycle attributes do not appear to 
be limiting factors in watered sites. To determine the factors that may potentially be limiting the success of 
recruitment at the watered sites (e.g. seed predation, herbivore browsing, germination microsites), the fate 
of seeds once released from the canopy should be investigated. 

Recommendation: Investigate factors that influence seed germination, seedling survival and time to 
maturity to enable accurate modelling of Black Box population sustainability through the Murray Darling 
Basin. 

5.4 Validate floodplain tree recovery trajectories 

The flood regime required to maintain floodplain tree health (e.g. River Red Gum and Black Box) and the 
expected recovery trajectories of those trees in poor health remains a key knowledge gap.  This information 
is essential to inform optimal management scenarios.  Although current monitoring programs are starting 
to fill these knowledge gaps, further work is required.  One priority investigation should be to determine 
tree health maintenance and recovery requirements, in different condition states, in relation to different 
aspects of the flood regime (e.g. timing, frequency, duration).  This could be undertaken utilising the 
existing TLM tree condition monitoring dataset. We propose developing a predictive statistical model for 
the TLM Condition monitoring tree condition data and incorporating accurate hydrological history for the 
site locations to model response trajectories. 

Recommendation: Use existing data to accurately model floodplain tree condition and hydrological 
regimes to determine floodplain tree maintenance requirements and recovery trajectories. 
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Appendices 

Appendix 1 – Understorey vegetation change 

 

Aim: Understorey floristic assessments were conducted to quantify the understorey composition of the 
monitoring sites and to monitor vegetation change in relation to environmental watering.  

Method: A floristic survey recording all plant species present and their relative abundance (direct percent 
live cover estimated to the nearest 5%) was undertaken within two 15 m x 15 m quadrats (225 m2) at the 
north-west and south-east corners of each monitoring site, each year. The direct percent cover of bare 
ground, litter, logs and biological soil crust were also estimated. 

Results: The case study (2014-2020) showed that understorey floristic composition was more dynamic at 
the watered site (Mournpall Track South) relative to the unwatered control site (Bitterang Stopbank), 
following the watering events (Figure A1.1a). While both the watered and unwatered sites followed a 
similar path in ordination space over time, the amount of change was greater at the watered site. This 
temporal dynamism was also reflected in the trends in plant cover (Table A5.2). 

Understorey floristic composition was also dynamic in the watered sites, compared with the unwatered 
sites based on the case study sites when all sites were ordinated (2018-2020; Figure A1.1b). However, there 
was a greater degree of overlap between sites according to watering treatment, when compared with 
trends in the case study sites (Figure A1.1a). In particular, floristic composition appeared to be quite 
different in 2020, with numerous quadrats being isolated in ordination space, irrespective of watering. 

  

Figure A1.1. (a) Ordination of samples of floristic plots for the case study sites (2014-2020). Each dot represents the 
average floristic composition from one site in each year. Lines indicate the temporal path between the years. Stress 
value = 0.17. (b) Ordination of samples of all floristic plots between 2018-2020 (one dot for each quadrat; two 
quadrats / site / year). Stress value = 0.16. 

Modelled responses (2018-2020) suggest that native vegetation cover was higher in the watered sites 
(irrespective of year) and that cover was dynamic over the monitoring period (Table A6.6; Figures A6.9 and 
A6.11). Compared to cover in 2018, native vegetation cover was lower in 2019 and higher in 2020 (Table 
A6.6). Exotic cover was unaffected by watering and exhibited no strong temporal changes (Table A6.6; 
Figures A6.10 and A6.12). 

Discussion: Understorey vegetation changes throughout the monitoring period reflected responses to 
flooding events and annual rainfall. As a result, understorey floristic composition was more dynamic at the 
watered site, relative to the unwatered control site, following the watering events. Overall, a decline in 
vegetation cover was recorded, reflecting both annual rainfall availability and inundation events. The region 
experienced below average rainfall between 2016 and 2019 (BOM 2020) which can have a strong influence 
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on understorey floristic composition (Pugnaire and Lázaro 2000). In addition, the recorded decline of 
terrestrial dry functional groups reflects the dynamics of the wet/dry floodplain cycle that results from 
inundation events (Blom and Voesenek 1996, Capon et al. 2009, Moxham et al. 2017). 

Understorey vegetation responses to environmental watering are difficult to determine, and in particular, 
are difficult to separate from the effects of annual rainfall. However, it has been the focus of associated 
studies at the Hattah Lakes Icon Site that have successfully modelled changes in understorey plant 
assemblages due to environmental watering and changes due to annual rainfall (Moxham et al. 2020, 
Gwinn et al. 2020 in prep.). Those studies found that the environmental watering events at Hattah Lakes 
have successfully increased average population growth rates for most riparian plant species (Gwinn et al. 
2020 in prep.). While this is a good outcome, it is salient to note that this benefit did not overcome 
systemic declines in plant-species occurrence and functional-group richness between 2014 and 2019 
(Gwinn et al. 2020 in prep.). As a result, refinement of existing management strategies may be necessary. 

 

 

Appendix 2 – Site names 

Table A1.1 Site names and codes lookup table for comparison with previous reports and datasets. 

Old Site Name Alternate Name Current Site Name Current Site Code 

Bitterang Stop Bank - Bitterang Stop Bank NL_Bitterang Stop Bank_UW 

Boolca dry - Boolca Track NL_Boolca Track_UW 

Southern Lakes Control 1 - Stockyard Track South SL_Stockyard Track South_UW 

Southern Lakes Control 2 - Stockyard Track North SL_Stockyard Track North_UW 

Bitterang 45m Mournpall Track Mournpall Track South NL_Mournpall Track South_W 

New Bitterang - Bitterang Track NL_Bitterang Track_W 

Southern Lakes Watered 1 - Nip Nip Track SL_Nip Nip Track_W 

Southern Lakes Watered 2 - Brockie Track SL_ Brockie Track_W 

- Bitterang Watered 2 Mournpall Track North NL_Mournpall Track North_W 

NL – Northern Lakes; SL – Southern Lakes; UW – Unwatered (Control site); W – Watered (Treatment site) 
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Appendix 3 – Seed trap monitoring schedule 

Table A2.1 Seed trap monitoring dates including the number days samples 
were collected and the number of sites that were monitored. 

Year Month Date collected Duration (days) Sites (n) 

2015 September 29/09/2015 31 2 

2015 October 21/10/2015 22 2 

2016 January 27/01/2016 98 2 

2016 March 4/03/2016 37 2 

2016 April 6/04/2016 33 4 

2016 May 7/05/2016 31 4 

2016 June 10/06/2016 34 4 

2016 October 16/10/2016 128 4 

2017 February 2/02/2017 109 4 

2017 April 4/04/2017 61 4 

2017 June 1/06/2017 58 4 

2018 January 30/01/2018 243 4 

2018 March 1/03/2018 30 4 

2018 April 17/04/2018 47 8 

2018 June 27/06/2018 71 8 

2018 August 27/08/2018 61 8 

2018 October 18/10/2018 52 8 

2018 December 17/12/2018 60 8 

2019 February 21/02/2019 66 8 

2019 March 8/04/2019 46 8 

2019 May 28/05/2019 50 8 

2019 July 7/08/2019 71 8 

2019 September 3/10/2019 57 8 

2019 November 19/11/2019 47 8 

2020 February 26/02/2020 99 8 

2020 May 19/05/2020 83 8 

 



 

TLM Hattah Lakes Intervention Monitoring: Black Box tree health      51 

Appendix 4 – Data analysis methods 

Modelling Approach 
The adaptive nature of the sampling design (where site replication increased over time) meant that it was 
not reasonable to conduct data analysis that incorporated all sites across all years. Instead, we use the 
original two sites included in the pilot study (Mournpall Track South and Bitterang Stop Bank) to represent 
a case study in which we describe long-term (i.e. 2014-2020) temporal patterns. The more recent data (i.e. 
2018-2020) represents a replicated study design (n=4) which includes the original pilot study sites. Here, we 
use this data to explore temporal patterns since the most recent watering event (i.e. August 2017 – January 
2018). We then combine the two approaches to data analysis (i.e. anecdotal case study and inferential 
modelling) to validate the contemporary findings and back-cast to periods prior to 2018.  

Modelling Software 
All analyses were constructed in a Bayesian framework in the statistical program R version 3.6.3 (R Core 
Team 2020) and using the package ‘brms’ (Bürkner 2017) for response models, or ‘vegan’ (Oksanen et al. 
2007) for NMDS ordinations. Where appropriate, statistical models were developed for all response 
variables. 

Response models 
Model Structure 
Model specification (see below) differed according to the nature of the response variable. All models 
explored the additive effects of the watering treatment (watered vs. unwatered) and the year of 
monitoring (month of monitoring replaces year for models of ‘monthly’ trends). All models include nested 
random effects ‘site’ and ‘region’ (i.e. northern vs. southern region of the Hattah Lakes Icon Site) to account 
for the repeated nature of monitoring and the spatial clustering of sites. Uninformative priors were used 
for all models. Each model used at least 2000 iterations (1000 burn in without thinning) across four chains. 
Delta and tree depth values were increased (delta to 0.99 and tree depth to 20) in cases where warnings 
about divergent transitions after warm up were identified, or where maximum tree depth was exceeded. 

Annual (2018-2020) models: tree condition index, TLM crown extent score, TLM crown density score, TLM 
extent reproduction, broad tree heath, native cover, exotic cover, seedling density, and sapling density.  

Monthly (2018-2020) models: seed density, fruit density and broad tree health. 

Model Diagnostics 
Convergence was defined as having all Gelman and Rubin’s convergence diagnostic potential scale 
reduction factors being less than 1.05 (Gelman et al. 2004). A parameter was considered to have sufficient 
evidence of an impact on the model if the lower and upper 95% credible interval for a parameter excludes 
zero. The lower and upper 95% credible interval is constructed from the posterior distribution for that 
parameter. 

Model Specification 
Data analysis was split (where possible) to show both annual and ‘monthly’ trends (note: monthly trends 
were often less frequent due poor access during inundation events and limited project resources). Annual 
trends are based on comprehensive assessments of the entire 0.5 ha monitoring plot, whereas ‘monthly’ 
trends are based on a subset of eight target trees.  

Tree health 
Tree Condition Index was used as the key measure of tree health as it has been shown by Wallace et al. 
(2020) to be the ‘best-practice’ approach to calculating a tree condition score from field data generated 
using the TLM method (Souter et al. 2010). The measure ‘Tree Condition Index’ combines both the TLM 
Crown Extent Score (1-7) and TLM Crown Density Score (1-7) to produce a new measure (1-14) which was 
modelled using a Beta distribution with a logit link function as the response variable more closely 
resembles proportional data rather than ordinal scores. 

Both TLM Crown Extent and Crown Density (ordinal values: 1-7; see Souter et al. (2010) for category 
descriptions) were modelled separately for consistency with previous reports (model outputs in Appendix 
6). Broad Tree Health Score (ordinal values: absent, poor, medium, high; see Moxham et al. (2014) for 
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category descriptions) were conducted for both annual and monthly assessments (2018-2020). All three 
response variables represent scores and were modelled using a stopping-ratio logit distribution (i.e. ‘sratio’; 
Agresti 2002) with a logit link. 

Reproduction 
Like other TLM measures, TLM Reproduction Extent (ordinal values: 0-3; see Souter et al. (2010) for 
category descriptions) was modelled using a stopping-ratio logit distribution (i.e. ‘sratio’; Agresti 2002) with 
a logit link. 

Seed and fruit density were standardised to represent the number of units (seeds or fruits) per unit time 
(i.e. week) per sampling area (i.e. metre squared). Standard linear regression (i.e. gaussian) requires that 
the response variable is continuous and positive. Therefore, a hurdle model (i.e. hurdle gamma with log 
link) was used to allow the response variable to take the value of zero. The gamma component of the 
model distribution is used as the response variable is also right-skewed and the variance is near-constant 
on the log-scale as is the case for both seed and fruit density data. 

Recruitment 
Seedling and sapling density measures were simplified to whether a site had seedling present to account 
for the wide variations and zero-inflation in the dataset that could not be adequately corrected using other 
model distributions (e.g. zero-inflated Poisson or zero-inflated negative binomial). Therefore, a bernoulli 
distribution of errors with a logit link was used to model these responses.  

Understorey 
Native and exotic cover is the summed cover of all native or exotic vascular plant species within each 
quadrat. No samples had cover of zero during the period being modelled (2018-2020). Also, while possible, 
no values exceeded 100%. Therefore, a Beta distribution of errors with a logit link was used to model these 
responses.  

 

NMDS ordination 
Non-metric multi-dimensional scaling (NMDS) was used to represent compositional differences among all 
surveys (watered and unwatered) at each site, based on a Bray–Curtis similarity matrix. Abundance data 
were used. All NMDS analyses were performed using the ‘vegan’ package in R. Average plant cover (across 
two floristic quadrats) of all species was used for the case study ordination (i.e. 2014-2020) to enable 
species composition to be easily tracked through time. Whereas, all floristic abundance data (i.e. each 
quadrat represents a single point in the ordination) for all species collected was used to analyse species 
composition in more recent years when site replication had increased (i.e. 2018-2020). 
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Appendix 5 – Descriptive statistics 

Table A5.1 Mean tree health scores (2014-2020) for eight monitoring sites in relation to the watering 
treatment. Scores represent means (± standard error). Note the number of sites increases over time. 

Treatment Year 
Broad tree 

health (score) 
TLM Crown 

Extent (score) 

TLM Crown 
Density 
(score) 

TLM 
Reproduction 
Extent (score) 

Unwatered 2014 2.43 ±0.11 3.5 ±0.16 3.5 ±0.15 1.1 ±0.12  
2015 1.56 ±0.12 2.71 ±0.16 1.65 ±0.13 0.74 ±0.11 

 2016 2.5 ±0.17 3.78 ±0.24 2 ±0.13 1 ±0.14  
2017 2.31 ±0.14 3.48 ±0.19 2.72 ±0.16 1.13 ±0.13  
2018 2.12 ±0.07 3 ±0.09 2.74 ±0.08 0.48 ±0.05 

 2019 2.96 ±0.08 4.32 ±0.09 3.69 ±0.1 0.42 ±0.06  
2020 2.07 ±0.05 3.55 ±0.08 3.06 ±0.07 0.04 ±0.02 

Watered 2014 2.1 ±0.15 3.37 ±0.21 2.9 ±0.16 1.17 ±0.14  
2015 1.96 ±0.15 3.31 ±0.17 2.31 ±0.17 2.46 ±0.11 

 2016 2.97 ±0.12 4.5 ±0.16 2.06 ±0.09 1.81 ±0.1  
2017 3.47 ±0.13 4.63 ±0.15 3.5 ±0.2 2.44 ±0.12  
2018 2.73 ±0.09 3.8 ±0.12 3.66 ±0.11 1.15 ±0.1 

 2019 3.55 ±0.05 4.79 ±0.06 4.22 ±0.08 1.14 ±0.06  
2020 2.6 ±0.09 3.78 ±0.11 3.4 ±0.11 0.67 ±0.06 

 

 

Table A5.2 Plant cover (2014-2020) for eight monitoring sites in relation to the watering treatment. 
Covers represent means (± standard error). Note the number of sites increases over time. 

Treatment Year Forb (%) Grass (%) Shrub (%) Tree (%) 

Unwatered 2014 79.25 ±35.75 10 ±2.5 53 ±1 7.5 ±2.5 

 2015 4.75 ±1.25 2.5 ±0.5 66 ±5 10 ±0 

 2016 3.25 ±2.25 0 ±0 31.5 ±1.5 12.5 ±2.5 

 2017 16.75 ±2.25 6.5 ±0.5 66.5 ±6 22.5 ±2.5 

 2018 8.94 ±2.95 2.19 ±1.17 27.06 ±2.82 12.13 ±1.48 

 2019 2.25 ±0.49 0.88 ±0.74 17.25 ±3.12 10 ±1.34 

 2020 41.19 ±7.89 6.94 ±3.54 28.56 ±1.72 6.75 ±1.6 

Watered 2014 63.5 ±15.5 13.25 ±7.25 49.75 ±5.25 12.5 ±2.5 

 2015 22.5 ±3.5 1.75 ±0.75 1.25 ±0.25 15 ±0 

 2016 8.75 ±4.25 2.75 ±0.25 6.75 ±0.25 12.5 ±2.5 

 2017 17.75 ±2.25 10.5 ±4.5 17.5 ±12.5 15 ±0 

 2018 8.67 ±3.94 0.58 ±0.2 13.58 ±4.69 20.92 ±2.38 

 2019 3.25 ±1.92 0 ±0 10.88 ±3.02 11.25 ±1.83 

 2020 21.5 ±4.7 7.38 ±4.33 14.06 ±6.47 10.25 ±1.71 
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Table A5.3 Species richness (2014-2020) for eight monitoring sites in relation to the watering treatment. 
Covers represent means (± standard error). Note the number of sites increases over time. 

Site name Year Native Exotic 

Unwatered 2014 18 ±2 4 ±1 
 

2015 11.5 ±1.5 NA 

 2016 10.5 ±0.5 NA 
 

2017 24.5 ±2.5 NA 
 

2018 45 ±4 6 ±1 
 

2019 8.25 ±0.84 NA 

 2020 24.38 ±2.34 4.25 ±0.65 

Watered 2014 23 ±1 2.5 ±1.5 
 

2015 13 ±3 2 ±1 
 

2016 12.5 ±0.5 NA 

 2017 14 ±3 NA 
 

2018 30 ±3 2 ±1 
 

2019 4.88 ±0.74 NA 

 2020 18.13 ±2.68 6.17 ±1.01 

 

 

Table A5.4 Ground cover (2014-2020) for eight monitoring sites in relation to the watering treatment. 
Covers represent means (± standard error). Note the number of sites increases over time. 

Treatment Year Bare Ground (%) Litter (%) Log (%) Soil Crust (%) 

Unwatered 2014 7.5 ±2.5 10 ±0 8 ±7 12.5 ±7.5  
2015 27.5 ±2.5 32.5 ±17.5 7.5 ±7.5 13.5 ±11.5 

 2016 45 ±5 22.5 ±7.5 11 ±9 NA  
2017 27.5 ±4.33 55 ±13.69 5 ±3.54 16.75 ±11.21  
2018 22.5 ±3.78 46.88 ±9.82 2 ±1.3 26.25 ±10.21 

 2019 44.38 ±6.08 24.38 ±6.58 4.13 ±2.38 25 ±5  
2020 13.13 ±2.3 12.13 ±2.68 NA 27.75 ±8.91 

Watered 2014 17.5 ±12.5 10 ±5 7.5 ±2.5 20 ±15  
2015 82.5 ±2.5 15 ±0 7.5 ±2.5 NA 

 2016 77.5 ±2.5 22.5 ±2.5 7.5 ±2.5 NA  
2017 70 ±0 30 ±0 10 ±5 NA 

 2018 43.33 ±13.02 53.33 ±11.67 2.5 ±0.92 5.83 ±3.27  
2019 76.25 ±3.98 22.5 ±4.43 4.88 ±1.84 1.5 ±0.8  
2020 31.88 ±8.13 33.13 ±5.26 5.4 ±1.29 20.71 ±7.59 

 



 

TLM Hattah Lakes Intervention Monitoring: Black Box tree health      55 

Table A5.5 Reproduction/Health scores (2014-2020) for eight monitoring sites in relation to the watering 
treatment. Scores represent means (± standard error). Note the number of sites increases over time. 

Treatment Sample 
month 

Buds (score) Flowers (score) Fruits (score) 

Unwatered June'14 NA NA NA  
Sept'15 NA NA NA  
Oct'15 NA NA NA 

 Jan'16 0.75 ±0.16 0 ±0 1.25 ±0.25 

 Feb'16 1.25 ±0.31 0 ±0 1.25 ±0.41 

 Mar'16 1.5 ±0.33 0 ±0 1.38 ±0.38 

 Apr'16 1.63 ±0.5 0.75 ±0.37 0.5 ±0.19 

 May'16 1.75 ±0.37 1.13 ±0.4 1 ±0.27 

 Sept'16 1.5 ±0.38 0.5 ±0.27 0.5 ±0.19 

 Jan'17 1.88 ±0.23 0.13 ±0.13 0.75 ±0.25 

 Mar'17 1 ±0.18 0.06 ±0.06 0.56 ±0.18  
May'17 1.75 ±0.21 0.25 ±0.19 0.63 ±0.2  
Jan'18 0 ±0 0 ±0 1 ±0.27  
Feb'18 0.13 ±0.09 0 ±0 1 ±0.24  
Apr'18 0.59 ±0.13 0 ±0 0.75 ±0.16  
June'18 0.63 ±0.14 0 ±0 0.81 ±0.16  
Aug'18 0.58 ±0.13 0.05 ±0.05 0.45 ±0.12  
Oct'18 0.13 ±0.06 0.06 ±0.06 0.72 ±0.16  
Dec'18 0.28 ±0.1 0.03 ±0.03 0.47 ±0.13  
Feb'19 0.34 ±0.12 0.06 ±0.04 0.53 ±0.13  
Mar'19 0 ±0 0 ±0 0.34 ±0.11 

 May'19 0.44 ±0.16 0 ±0 0.69 ±0.13 

 Aug'19 0.34 ±0.12 0 ±0 0.31 ±0.11 

 Oct'19 0.31 ±0.12 0.06 ±0.04 0.41 ±0.13 

 Nov'19 0.06 ±0.04 0 ±0 0.16 ±0.08 

 Feb'20 0 ±0 0 ±0 0.44 ±0.08 

 May'20 0 ±0 0 ±0 0.13 ±0.06 

Watered June'14 NA NA NA  
Sept'15 NA NA NA  
Oct'15 NA NA NA 

 Jan'16 0.63 ±0.26 0 ±0 1.88 ±0.13 
 Feb'16 0.5 ±0.19 0.5 ±0.27 2 ±0 
 Mar'16 0 ±0 0.63 ±0.26 2.63 ±0.18 
 Apr'16 0.5 ±0.19 0.25 ±0.16 1.75 ±0.25 
 May'16 0.5 ±0.19 0 ±0 2.38 ±0.26 
 Sept'16 1.88 ±0.23 0 ±0 0.25 ±0.16 
 Jan'17 2 ±0.19 0 ±0 0.13 ±0.13  

Mar'17 2 ±0.27 2.13 ±0.3 1 ±0  
May'17 0 ±0 0.88 ±0.23 2.75 ±0.16  
Jan'18 2.63 ±0.18 0 ±0 0.75 ±0.25  
Feb'18 2.88 ±0.13 0.13 ±0.13 0.63 ±0.18  
Apr'18 1.5 ±0.22 1.21 ±0.23 2 ±0.22  
June'18 0.42 ±0.12 0.46 ±0.13 2.42 ±0.15  
Aug'18 0.04 ±0.04 0.21 ±0.08 2.46 ±0.15 
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Oct'18 0 ±0 0 ±0 1.96 ±0.16  
Dec'18 0 ±0 0 ±0 1.56 ±0.14  
Feb'19 0.13 ±0.07 0 ±0 1.81 ±0.16  
Mar'19 0 ±0 0.06 ±0.06 1.34 ±0.14 

 May'19 0.13 ±0.07 0.06 ±0.04 1.5 ±0.15 

 Aug'19 0.13 ±0.06 0.06 ±0.04 1.53 ±0.17 

 Oct'19 0.06 ±0.04 0.06 ±0.04 1.68 ±0.18 

 Nov'19 0 ±0 0 ±0 1.06 ±0.17 

 Feb'20 0 ±0 0 ±0 1 ±0.09 

 May'20 0 ±0 0 ±0 1.03 ±0.14 

 

 

Table A5.6 Seedling abundance (2014-2019) for eight monitoring sites in relation to the watering 
treatment. Vales represent means (± standard error). Note the number of sites increases over time. 

Seedling 2014 2015 2016 2017 2018 2019 2020 

Unwatered 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 2.75 ± 2.75 5.75 ±5.75 

Watered 0 ±0 0 ±0 2 ±0 3 ±0 1.25 ±1.25 85.25 ±70.4 60.5 ±51.62 

 

Table A5.7 Sapling abundance (2014-2019) for eight monitoring sites in relation to the watering 
treatment. Values represent means (± standard error). Note the number of sites increases over time. 

Sapling 2014 2015 2016 2017 2018 2019 2020 

Unwatered 0 ±0 0 ±0 0 ±0 0 ±0 10.5 ±10.5 4.75 ± 4.75 0.5 ±0.5 

Watered 0 ±0 0 ±0 0 ±0 1 ±0 129.5 ±120.35 22.75 ±22.75 10.5 ±10.5 
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Appendix 6 – Statistical model outputs 

Tree Health 

Table A6.1 Statistical model estimates (‘Est’) and errors (‘LB’ – lower 95% credible interval; ‘UB’ – upper 
95% credible interval) for stand tree health models. Parameters include cut-off points for ordinal data 
(e.g. Minimal to Sparse cut-off) and predictor variables (i.e. Year, Treatment).  

Response variable Parameter Est LB UB 

Crown density Intercept[1] -2.785 0.797 -4.35 
 Intercept[2] -0.846 0.785 -2.431 
 Intercept[3] 0.262 0.785 -1.35 
 Intercept[4] 1.63 0.791 0.039 
 Intercept[5] 3.554 0.825 1.928 
 TreatmentWatered 1.372 1.103 -0.88 

 Year_f2019 0.976 0.132 0.718 

 Year_f2020 -0.136 0.124 -0.374 

Crown extent Intercept[1] -3.342 0.874 -5.08 
 Intercept[2] -1.181 0.853 -2.943 
 Intercept[3] -0.033 0.853 -1.773 
 Intercept[4] 1.011 0.856 -0.739 

 Intercept[5] 3.333 0.872 1.612 

 Intercept[6] 6.11 1.085 4.063 

 TreatmentWatered 1.306 1.214 -1.147 

 Year_f2019 1.533 0.137 1.275 

 Year_f2020 0.228 0.123 -0.012 

Tree Condition Index Intercept -0.251 0.354 -0.963 

 TreatmentWatered 0.558 0.503 -0.431 

 Year_f2019 0.483 0.044 0.397 

 Year_f2020 -0.005 0.044 -0.09 

Broad tree health Intercept[1] -1.132 1.069 -3.308 
 Intercept[2] 0.606 1.07 -1.535 
 Intercept[3] 1.936 1.072 -0.196 
 TreatmentWatered 2.239 1.546 -0.714 

 Year_f2019 1.541 0.147 1.257 

 Year_f2020 -0.419 0.134 -0.681 

^ 95% credible intervals indicate the strength for a difference between different level of predictor variables against 
the baseline levels (i.e. Year – 2018, Treatment – Unwatered). If 95% CI does not include 0, a strong case for a 
treatment difference can be implied. 

TLM Crown Extent and Density: 
Int[1] - Minimal to Sparse cut-off; Int[2] - Sparse to Sparse-Medium cut-off; Int[3] - Sparse-Medium to Medium cut-off; 
Int[4] - Medium to Medium-Major cut-off; Int[5] - Medium-Major to Major cut-off; Int[6] - Major to Maximum cut-off. 
Extent reproduction:  
Int[1] - Absent to Scarce cut-off; Int[2] - Scarce to Common cut-off; Int[3] - Common to Abundant cut-off. 
Broad tree health:  
Int[1] - <25% to 25-50% cut-off; Int[2] - 25-50% to 50-75% cut-off; Int[3] - 50-75% to >75% cut-off. 
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Table A6.2 Statistical model estimates (‘Est’) and errors (‘LB’ – lower 95% credible interval; ‘UB’ – 
upper 95% credible interval) for the target tree health model. Parameters include cut-off points 
for ordinal data (e.g. Minimal to Sparse cut-off) and the predictor variables (i.e. Treatment).  

Parameter Est LB UB 

Intercept[1] -2.544 1.259 -5.048 

Intercept[2] 0.01 1.248 -2.469 

Intercept[3] 2.525 1.264 0.058 

TreatmentWatered 2.952 1.765* -0.547* 

Feb’19 1.48 0.367 0.768 

Mar’19 0.341 0.345 -0.338 

May’19 -0.059 0.341 -0.72 

July’19 0.094 0.34 -0.569 

Sept’19 0.229 0.342 -0.445 

Nov’19 -0.89 0.336 -1.55 

May’20 -0.945 0.34 -1.626 

Broad tree health: Int[1] - <25% to 25-50% cut-off; Int[2] - 25-50% to 50-75% cut-off; Int[3] - 50-75% to >75% 
cut-off.^ 95% credible intervals indicate the strength for a difference between different level of predictor 
variables against the baseline levels (i.e. Time – Dec’18, Treatment – Unwatered). If 95% CI does not include 0, 
a strong case for a treatment difference can be implied. 
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Figure A6.1 The raw data tree health means (± 95% confidence interval) for each year sampled at the 
unwatered (red circles) and watered (blue triangles) case study sites. Individual points (jitter) and associated 
loess smooth lines show trends in the raw data based on watering (unwatered – red; watered – blue).  

 

 

 

Figure A6.2 Tree health ordinal model responses with 95% credible intervals at the unwatered (red circles) 
and watered (blue triangles) sites. 
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Reproduction 

Table A6.3 Statistical model estimates (‘Est’) and errors (‘LB’ – lower 95% credible interval; ‘UB’ – 
upper 95% credible interval) for the annual reproduction model (TLM Extent Reproduction).  

Parameter Est LB UB 

Intercept[1] 0.72 -1.239 2.674 

Intercept[2] 1.839 -0.093 3.816 

Intercept[3] 3.358 1.335 5.349 

TreatmentWatered 2.393 -0.125* 5.035* 

Year_f2019 -0.357 -0.644 -0.066 

Year_f2020 -1.65 -1.997 -1.322 

^ 95% credible intervals indicate the strength for a difference between different level of predictor variables 
against the baseline levels (i.e. Year – 2018, Treatment – Unwatered). If 95% CI does not include 0, a strong 
case for a difference from the baseline level can be implied. * marginal difference between treatment levels. 

 

Figure A6.3 The raw data reproduction means (± 95% confidence interval) for each year sampled at the 
unwatered (red circles) and watered (blue triangles) case study sites. Individual points (jitter) and associated 
loess smooth lines show trends in the raw data based on watering (unwatered – red; watered – blue).  

 

Table A6.4 Statistical model estimates (‘Est’) and errors (‘LB’ – lower 95% credible interval; ‘UB’ – 
upper 95% credible interval) for target tree reproduction models.  

Response variable Parameter Est LB UB 

Fruit density Intercept 1.015 0.099 1.868 
 

TreatmentWatered 0.553 -0.547 1.692 
 

Feb’19 0.747 0.237 1.243 

 Mar’19 0.752 0.214 1.268 

 May’19 0.039 -0.514 0.577 

 July’19 -0.316 -0.844 0.202 

 Sept’19 0.383 -0.129 0.882 

 Nov’19 0.813 0.299 1.313 

 Feb’20 0.134 -0.382 0.63 

 May’20 -0.026 -0.625 0.567 

Seed density Intercept 1.833 0.662 2.972 
 

TreatmentWatered 1.516 -0.094* 3.1* 
 

Feb’19 -0.592 -0.953 -0.229 

 Mar’19 -1.08 -1.477 -0.668 

 May’19 -0.997 -1.387 -0.59 



 

TLM Hattah Lakes Intervention Monitoring: Black Box tree health and seed fall     61 

 July’19 -1.258 -1.634 -0.884 

 Sept’19 -0.725 -1.095 -0.374 

 Nov’19 -0.379 -0.739 -0.018 

 Feb’20 -1.577 -1.951 -1.197 

 May’20 -1.434 -1.855 -1.008 

^ 95% credible intervals indicate the strength for a difference between different level of predictor variables 
against the baseline levels (i.e. Month – Dec’18, Treatment – Unwatered). If 95% CI does not include 0, a 
strong case for a treatment difference can be implied.* marginal difference between treatment levels. 

 

Figure A6.4 The mean (± 95% confidence interval) number of fruits for each month sampled at the 
unwatered (red circles) and watered (blue triangles) case study sites. Generalised Additive Model (GAM) 
smooth lines show trends in the means based on watering (unwatered – red; watered – blue). The initial 
watering event (December 2014) is denoted by the vertical dashed line to save space on the x-axis. 

 

Figure A6.5 Predicted model estimates of the number of fruits (2018-2020). Red circles represent estimates 
associated with unwatered sites, while blue triangles represent estimates associated with watered sites. Error 
bars indicate 95% credible intervals for estimates. 
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Figure A6.6 Reproduction ordinal model responses with 95% credible intervals at the unwatered (red circles) 
and watered (blue triangles) sites. 

Recruitment 

Table A6.5 Statistical model estimates (‘Est’) and errors (‘LB’ – lower 95% credible interval; ‘UB’ – 
upper 95% credible interval) for stand recruitment models.  

Response variable Parameter Est LB UB 

Seedling density Intercept -12.543 -53.586 3.305 
 

TreatmentWatered 43.056 7.845 129.627 

 Year_f2019 NA NA NA 
 

Year_f2020 0 -4.911 4.767 

Sapling density Intercept -0.807 -5.975 4.382 
 

TreatmentWatered 0.511 -1.463 2.561 
 

Year_f2019 -0.757 -3.411 1.653 

 Year_f2020 -0.782 -3.252 1.671 

^ 95% credible intervals indicate the strength for a difference between different level of predictor variables 
against the baseline levels (i.e. Year – 2018, Treatment – Unwatered). If 95% CI does not include 0, a strong 
case for a difference from the baseline level can be implied. NA – Year 2019 had insufficient data to model but 
has been included for consistency 

 

Figure A6.7 Predicted model estimates of probability seedlings being present (2018-2020). Red circles 
represent estimates associated with unwatered sites, while blue triangles represent estimates associated with 
watered sites. Error bars indicate 95% credible intervals for estimates. 
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Figure A6.8 Predicted model estimates of probability saplings being present (2018-2020). Red circles 
represent estimates associated with unwatered sites, while blue triangles represent estimates associated with 
watered sites. Error bars indicate 95% credible intervals for estimates. 

Understorey 

Table A6.6 Statistical model estimates (‘Est’) and errors (‘LB’ – lower 95% credible interval; ‘UB’ – 
upper 95% credible interval) for stand plant cover models.  

Response variable Parameter Est LB UB 

Native cover (%) Intercept 0.058 -4.008 4.261 
 

TreatmentWatered -0.673 -1.324 -0.031 

 Year_f2019 -0.584 -1.145 -0.01 
 

Year_f2020 0.954 0.395 1.506 

Exotic cover (%) Intercept -2.867 -8.233 2.06 
 

TreatmentWatered -0.139 -1.209 1.062 
 

Year_f2019 NA NA NA 

 Year_f2020 0.579 -0.057 1.211 

^ 95% credible intervals indicate the strength for a difference between different level of predictor variables 
against the baseline levels (i.e. Year – 2018, Treatment – Unwatered). If 95% CI does not include 0, a strong 
case for a difference from the baseline level can be implied.  

NA – Year 2019 had insufficient data to model but has been included for consistency 

 

Figure A6.9 The raw data native cover means (± 95% confidence interval) for each year sampled at the 
unwatered (red circles) and watered (blue triangles) case study sites (unwatered – red; watered – blue).  
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Figure A6.10 The raw data exotic cover means (± 95% confidence interval) exotic cover for each year 
sampled at the unwatered (red circles) and watered (blue triangles) case study sites (unwatered – red; 
watered – blue). 

 

Figure A6.11 Predicted model estimates of native cover (2018-2020). Red circles represent estimates 
associated with unwatered sites, while blue triangles represent estimates associated with watered sites. Error 
bars indicate 95% credible intervals for estimates. 

 

Figure 6.12 Predicted model estimates of exotic cover (2018-2020). Red circles represent estimates 
associated with unwatered sites, while blue triangles represent estimates associated with watered sites. Error 
bars indicate 95% credible intervals for estimates. 
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