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Abstract

This study investigatethe impacs of brush packs on landscape function, focusing on nutrient cycling
at a degraded, heavily grazpdddockwith a temperate, mesic climate in southeastern Austialia.
addressed a gap in the existing research which has largely focused on the ahpaeth packs in
semtarid and arid environmentBrush packs, constructed frotreptospermunbranches, were
established in 2018uring a period of drougltb restore function at a dysfunctional, heavily grazed,
mostly bare groundite.

The impacs$ of brush packs on functionereassessedt both the landscagszale and finescale using

the Landscape Function Analysis (LFA) method, and direct measurements of nutrient cycling: soil
respiration and carbon leveBoil chemical properties, pH and electrical conductivity (E&ye also
measured taeterminef brush packs had any influence on these important soil properties. Based on
previousresearchit was expected that brush packs would increase LFA scores in all three indices:
stability, infiltration, and nutrient cycling, as well as increase soil respiration rates and carbontevels.

was also expected that brush packs would not change pH or EC levels.

A total of wenty brush packs were establishetidomly acrossfive transectswith six additional
transects established as contr@lBA measurements were taken in 2pt8th before and after brush
pack establishmenaind again in 2019 and 2024 2024, measurements dfilsrespiration, carbon
levels, and chemical properties wéaken with carbon and chemical properties compared across four
depth intervalg0-1, 1-3, 35, and 510cm)and carbon fractionated into three fractigparticulate
organic carbon, aggregate carbon, and miresabciated organic carbon)

Unexpectedlybrush packgave ndmprovements in function at the landscagoale relative to control
(pasturetransectsAt the finescale they showed improvements in all three indices relative to control
interpatchesHowever brush packs did nainprove soil respiration and carbon levels relative to control
patches.During the study both brush pack and control patches experiesgeificant functional
improvements due to substantial pasture growth driven by a rareygrae&aNifia event. The natural
recovery across the site likely overshadowed any additional benefit provided by the brusiNpacks.

significant differencein pH or EC levels were observed.

These findingsndicatebrush packs may have limited utility as a rehabilitation techniquesifient,
mesiclandscaped_FA datacollectedone year after the brush packs were established and before the
threeyear LaNifia event drove natural recovery suggests brush packs likely had a head start in terms
of functional recoverylIf conditions were to shift towards dysfunction, such as during a period of
droughtandintensegrazingthe relative functionality of the brush paaksyincrease, if they persist.
Therefore future research could explore whether the brush packs in this studjastfeg benefits to

landscape function under drought conditions

Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia



vi

Tabl e of Content s

Candidate's DeClaration............cooiii i rrre e e e e e e e e e e e e e e e e e e e e e e e eenerennnnnnnas i
F o [0 1V =T [ =T 1T £ RSSO iii
Y 01 1 = T SRRV
TabIE Of CONENTS.....iiiiiiiiieeeeeeee et mmme e e e e e e e eeeeeeeeees Vi
LiSt Of FIQUIES....ciiiiiiiiiiie et emme e e nrnenee e e e e s s e e e e e nnnnnenee e s M
LISt OF TADIES ...t e e e e e e e e e e e e e e e e e e X.
IS o =T [0 F= 1 To g =S X
List of acronyms and abbreviations.............coo e X.
L] (o FSTST= A= (o I =1 T Xii
Chapter 1: INtrOAUCTION .....coiiiiiiiiiiiiiie e eeee et e e e e e e e e e e e e e s smmme e e e e e 1
1.1 Research Aims and HYpothesSes.............oooo e 1
O L o £ PP 2
L1.1.2  HYPOINESES...coiiiiiiiiiiiiitiit i eeee e e e e e e e e e e e e eeeet e mmmr e e e e e e e e ee s 2

1.2 THESIS OULINE.......iiiiiiiiiiiee ettt e e et e e e e e s s n e e eeeees 2
Chapter 2: LILErature REVIEW............oviiiiiiieeeeeeeeees et e e eeeeae e r s nnne s 4
2.1 Landscape DegradatiQnl.............ccuuirriiiieeeiieeee e e e et eeeer e e e 4
2.1.1  Problem INtrOdUCHION.........ooeiiiiiiiieee e e a e e e 4
2.1.2 Defining and Assessing Landscape Degradation.............ccccceeeviaeceeeeeeiniinnnne 4

2.2 Restoring Landscape FUNCHON.........couiiiiiiiiiiireeiiii e e enseee e e e e 6
2.3 How Brush Packs Restore FUNCHON...........couiiiiiiiiiieee i 8
2.4 Justification of Approach to Measuring Landscape Function..............cccceeeeeeeee... 14
Chapter 3: Methodology and MethodS........cccooeiiiiiiiii e 15
3.1l SHUAY SIS eiiiiiiiii ittt ettt e e e e e e r e aner et e e e e e e e aane 15
0 I A /- 1] 0 | (= PR 15
3.1.2  REEIENCE St .. iii i rrre e e e e e e e e e e e e e e e e e aaeeeeanenreannes 15

3.2 EXPErMENTAl DESION. ... .uuueiiiiiieeiiiieiieeers ettt e e e e e e s s e ee b e e e e e e e e s annnane 17
TG T D - 1 = W @ ]| [=Tox 1o R 18
3.3.1 Landscape FUunction ANAIYSIS..........ouuiuiieiiiiiiimeeeeeee e 18
3.3.2  SOil RESPIFALION. ....eeiiiiieiiiiiiiiee e ieeee et eree e e e e e s s e e eneee s 21
3.3.3 Soil Nutrient and Chemical Properties..............uuuueueeiiieeeeeeeeeeeeeeeeeee e 21
3.3.3.1 SOOIl CarbON....coeieiiieeee e 22
3.3.3.2 Soil pH and Electrical CONAUCTIVILY...........uuviiriiiiiiiiiceee e 24

3.4 DaAA ANAIYSIS. .. .eiiiiiiiiieiii it erei e et e e e e e e rnenta e e eeeeeas 25
Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia



3.4.1 Landscape FUNCON ANAIYSIS..........uuiiiiiiiiiiiiiiemn e ee e 25
3.4.1.1 Transecevel ANAIYSIS.... oo 26
3.4.1.2 ZONEIEVEl ANAIYSIS......uuuriiiiiiiiiiiiiiiimmmr et ee e e et eeer e 26

3.4.2  SOIl RESPIFALION. ....ceiiiiieiiiiiitiee e ieeet et e eere e e e e e e eeneneees 27

3.4.3 Soil Nutrient and Chemical Properties.............ueeeiiiiiccnniiiciiieeeeee e eees 28
3.4.3.1 SOOIl CArbON.....ci it mnne s 28
3.4.3.2 Soil pH and Electrical Conductivity Levels............cccccooiiiiiimmmniiiiineneeeenn. 29

Chapter 4: RESUITS......eiiiiiiiii ittt e e e e e e s e bbbt e anere e e e eeeeeeeaaans 30
4.1 Overview of Site Changes and Environmental Context............cccuvvivieeeneeeenenenns 30
4.2 Landscape FUNCLION ANAIYSIS.......cccooiiiiiiii it rree e e e e e e e e e e e e 32

4.2.1 Transectlevel ANAIYSIS.........cooiiiiiiiiii e 32

4.2.2  Z0NEIEVEI ANAIYSIS......ccoiiiiiiiiiiiei et 36

4.3 Direct Measurements of Nutrient Cycling................cooo e e 39
4.3. 1  SOil RESPIFALION . ....eeiiiieeiiiiiitieieieeee et e e e e eeene e e e e e e s e s e e eeeeeees 39
V2 FZ A Yo T I = T o o ] o 1SR 42
4.4  Soil Chemical Properties........ccoooeiiiiii i mrne e e e e e e e e e e e e e e e e e e e e ee e 45

4.4.1 Soil pH and Electrical CoNAUCIVILY............uuuuiiiiiiiiiiimmneeeeeeeeeeeeeeeeeee e ceeeaannd 45

Chapter 5: DISCUSSION.......cci i e e e e e e e e e e e e e e s e eeee s s e s e e e e e e 47
5.1 Impact at the LandSCafBEAIE. ...........eevvieiiiiiiiiiiinn e eeeeee e e e e e e e eeeeeeree s 48

5.1.1 Landscape FUNCtion ANalYSIS...........cooiiiiiiiiiiieeeiccse s 48

5.2 Impact at the FINBCAIE..........oooiiiiii e 49

5.2.1 Landscape FUNCLON ANAIYSIS .......oiiiiiiiiiiiiiieeeiieee e eese e 49

5.2.2 Direct Measurements of Nutrient CyCling..........ccccceeeiiiiiiimcneeiieeiieeeeeeeeeeeee, 50
5.2.2.1 SOil RESPIFALION. ......uiiiiiiiieiiiiiiitree et e e eenas e e e e e e e seneeee s 51
I A To 1| I - 15 o o o 52

5.2.3  S0il Chemical PrOPEIIES........ccccvviiiieiieeiiteeei et eeeer s 54

LG TN (10T o] TTr= o] 1 PP 55
L I o 1 7= 1o 3PP 56
5.5 FULUIE RESEAICK......ciiiiiiiiiiiiii ettt e e e e e e e e et eennseeeeeaeees 57

Chapter 6: CONCIUSION......cciiiiiiiiiiiiii ettt e e e e e s ememe e e e e e e e 58

L] (=T = o == PP 59

Appendix 17 Home Farm Climate Data............oeuuieiiiiiiiiiiimimeeeeeeee e 67

Appendix 27 Chain of Custody (SOil SAMPIES).....cccoiiiiiiiiiiiiiiiiceeeee e 68

Appendix 37 LFA Data & EditS RECOI .......ccoooiiiiiiiiiiiiiicceeeeee e 69

Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia

Vii



viii

Appendix 471 Soil Respiration Raw Data and R Code.............ooooeiiiiiiiiiccceies 71
ApPeNndix 5T All Site PhOtOS.......ccoiiiiiiiieeeeeeeeeeees et eea s 72
Appendix 61 Carbon Summary Datal............ccooeeeiiiii i 84

List of Figures

Figure 2.1The TriggerTransferReservePulse (TTRP) Model is a conceptual framework for understanding
general landscape systems. It illustrates the flow of resources into, out of, and within a landscape. It
consists of four components: (1) Trigger events that irggdurces, (2) Transfer processes that direct
resources into storage or losses, (3) the Reserve where resources are stored in the system, and (4) Pulse
events generated from the resources stored in the reserve. Gains (green arrows) represent resource
captue and retention, while Losses (red arrows) represent resource loss or leakage. The balance
between Gains and Losses determines whether a landscape is functional or dysfunctional. Modified
from Figure 2.12; Tongway and LUAWIQ (2011).......ccceeiiiiiiiiiiiieemr e e e e e s e erees e e e e eaeeennens 9

Figure 2.2 ong-term balance of TTRP Model. A landscape system shown in states of (a) balance and proper
function when gains and losses are equal. And (b) imbalance and dysfunction when losses outweigh
gains, and the landscape is leaking resources. Modified fromneFR) Ludwig and Tongway (200Q)L

Figure 2.3Landscape function exists on a continuum. Subtle fluctuations in resource flows due to varying
conditions and disturbances cause gradual shifts toward function or dysfunction. Modified from Figure

3; Ludwig and ToNGWaY (2000)........ccuuritieeiiirrtieaeieeeeeeaaiteeeeeesssibbsenesseee e e e s anbeeeeee s s ansnsenanseneeeas 12
Figure 2.4Conceptual diagram illustrating the continuum of landscape function with three states: (1) fully
functional, (I1) degraded but functional, and (11

tipping point beyond which the landscape loses itaciéypfor unassisted recovery. Once this threshold
is crossed, passive restoration becomes ineffective, active restoration is required, resource capture
efficiency is low, restoration cost is high, and the relative value of resagmenulating patches is
high. Modified from Figure 1.1; Whisenant (1999) & Figures 3 and 4; (Tongway & Hindley, 2000).

Figure 3.1Site map. The Main Site and Reference Site are located in Mulloon, NSW, just a few kilometres from
(1o TS 1o 772 2SS 16

Figure 3.2 The soil surface assessment (SSA) indicators that contribute to the calculation of each of the three
indices: Stability, Infiltration, and Nutrient Cycling. Grey boxes indicate that the SSA indicator
contributed to the corresponding index, whilkite boxes indicate no contribution. Modified from
Tongway and HINAIEY (2004).........ueeii ittt e 20

Figure 3.3Flowchart of soil carbon fractionation method used in this study. The soil sample was separated into
four fractions: particulate organic carbon (POC), aggregate carbon (AggC), néesoaiated organic
carbon (MAOC), and dissolved organic carbon (DOC)dNed from Buss et al. (2021). Notable
deviations in this study from the method outlined by Buss et al. (2021) include initially sieving the soil

to <1mm instead of <2mm, and not performing the rapid recalcitrance.test................ccccceu.... 24
Figure 4.1Transect at Main Site in 2018 pbeush pack placement. Same transect as in Figures 4.2 and 4.3.
Photo courtesy of David FreUdeNDEIger. ... ..uuu it eeeee et e e e e e aeaeaans 30
Figure 4.2Transect at Main Site in 2018 pdstush pack placement. Same transect as in Figures 4.1 and 4.3.
Photo courtesy of David Freudenberger. ... 31
Figure 4.3Transect at Main Site in 2024. Same transect as in Figures 4.2 and 4.3. Photo courtesy of David
L E=TU o =T ol o 1=t o = PR PRP 31

Figure 4.4Annual rainfall in millimetres recorded from 2013 to 2024, covering five years before and six years
after the installation of brush packs in 2018. The 2024 value represents rainfall for only the first six
months. Data was sourced from the weather statiddudoon Home Farm (200@uly 2020) and the
new Weather Maestro station (from August 2020), with any data gaps filled from nearby stations. Data
kindly compiled by Chris Inskeep, (TMI). Data available in AppendixHome Farm Climate Dat82

Figure 4.5Percentageontributionof different zone groups (interpatch, other patches, and brush pack) to
Landscape Function Analysis (LFA) index scores2@t8 and 2024 brush pack transects. Each bar
shows each of the three indices: stability (yellow), infiltration (blue), and nutrient cycling (green) and is
stacked by zone groups. Each bar is stacked by zone group, interpatch at the top, followed by other
patches, and brush pack at the bottom. Each bar represents the proportional contribution of these zones
to the overall LFA score for a given index. Significance testing was not conducted due to the nature and
SEUCIUE OF the GALA.......oi ittt e e e e st eee e e nes 33

Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia



Figure 4.6Transectievel changes in Landscape Function Analysis (LFA) index scores across thre€0d#&;s
2019, and 2024¢omparing control and brush pack transects. The scores are stacked by the three
indices: stability (yellow), infiltration (blue), and nutrient cycling (green). Error bars represent the
standard error of the mean. Significant differences between tramstdgtsthe same year, determined
by ANOVA, are indicated by colecoded asterisks with corresponding lines: yellow for stability, blue
for infiltration, and green for nutrient cycling. The number of asterisks indicates the significance level:
*=p <0.05** =p <0.01, ** =P <O.00L.....coiiiiieiiiiiiiie e rreeee e 34

Figure 4.7Transecllevel Landscape Function Analysis (LFA) index scores for brush pack and reference
transects in 2024. The scores are stacked by the three indices: stability (yellow), infiltration (blue), and
nutrient cycling (green). Error bars represent the standard errae ofeghn. Significant differences
between transects within the same year, determined by ANOVA, are indicated byad#drasterisks
with corresponding lines: yellow for stability, blue for infiltration, and green for nutrient cycling. The
number of asteris indicates the significance level: * = p < 0.05, ** = p < 0.01, *** = p <0.001.35

Figure 4.8Zonelevel Landscap&unction Analysis (LFA) index scores for interpatch and brush pack patches
across three years (2018, 2019, and 2024). The scores are stacked by the three indices: stability
(yellow), infiltration (blue), and nutrient cycling (green). Error bars reprebenstandard error of the
mean. Significant differences between patches within the same year, determined by ANOVA, are
indicated by coloicoded lines with corresponding asterisks: yellow for stability, blue for infiltration,
and green for nutrient cyclinghe number of asterisks indicates the significance level: * = p < 0.05, **
e I O 0 i o T 100 PP EPRR 36

Figure 4.9Zonelevel comparisons of the four key Soil Surface Assessment (SSA) indicators between interpatch
and brush pack patches across three years (2018, 2019, and 2024). The bar plots show scores for soil
cover (max score = 5), soil surface roughness (maxsed), and litter cover (max score = 1@)th
error bars representing the standard error of the nféenheatmap shows the litter incorporation
scores, categorised as nil (n), slight (s), and moderate (m) incorporation, displayed as percentages of the
total number of observations for that year. Extensive (e) incorporation was omitted for clarity, as there
were no observations with extensive incorporation. Significant differences between interpatch and

brush pack patches within the same year, determiped BN OV A, or by Fisherds exa
incorporation, are indicated by asterisks. The number of asterisks indicates the significance level: * = p
<0.05, ** =p <0.01, ¥* = P <O.00L.....cciiiiiiiiiiiee e iiitiirrr e e s st e e e s e erna e e s e e e e e e 38

Figure 4.1CEstimated marginal means (EMMs) of E€fflux (umol mm si) for control (red, EMM = 5.04)

and brush pack (blue, EMM %57) treatments, with individual measurements shown as transparent

background points (ranges: control = 9183, brush pack = 3.18.11). Solid vertical lines represent

95% confidence intervals (4.&.71 for control and 4.86.28 for brush pack). EMMwere calculated

from a linear mixeeeffects model for each treatment at the average moisture level of 17.64 (%VWC)

across all data points. A pairwise comparison of the EMMs revealadu@ of 0.2710, indicating

that the difference between treatments neisstatistically significant...............ccccvvvviiicccniiivnnnnn. 40
Figure 4.11The predicted relationship between E&flux (umol @ si@) and moisture levels (%VWC) for

control (red) and brush pack (blue) treatments, based on a linear-effgets model, is plotted across

the range of recorded moisture levels for all data points. The centre of the plot aligns with the average

moisture leel across all data points of 17.64 %VWC, and the lines intersect, before this point, at 15.74

%VWC. The shaded regions represent 95% confidence intervals.............cccoo v 41
Figure 4.12Unfractionated soil total carbon content as a percentage of total soil (% soil) by dépth,(®

3cm, 35cm, and §10cm) for control (red) and brush pack (blue) treatments. Error bars represent the

standard error of the mean. No significant differenega/ben treatments within a depth interval were

Lo 0151 Y=o S UP P P 42
Figure 4.13ractionated soil total carbon contents as a percentage of total soil (% soil) across different depths

(0-1cm, 23cm, 35cm, and 510cm) for control (red) and brush pack (blue) treatments. Fractions

include (A) particulate organic carbon (POC), (B) aggregarbon (AggC), and (C) mineral

associated organic carbon (MAOC). Significant differences between treatments within the same

fraction and depth interval, as determined by ANOVA, are indicated by asterisks. The number of

asterisks indicates the signifiaanlevel: * = p < 0.05, ** = p < 0.01, ** = p <0.001............veu..... 44
Figure 4.14Soil pH across different depths-{@m, :3cm, 35cm, and 510cm) for control (red) and brush pack

(blue) treatments. Box plots show the median, interquartile range, and outliers. Significant differences

between treatments within a depth interval, deteechimy ANOVA, are indicated by asterisks. The

number of asterisks indicates the significance level: * = p < 0.05, ** = p < 0.01, *** = p <0.0045
Figure 4.15Electrical conductivity (uS/cm) across different depthd.¢tn, 23cm, 35cm, and 510cm) for

control (red) and brush pack (bluedatments. Box plots display the median, interquartile range, and

outliers. No significant differences between treatments within a depth interval were observed46

Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia



List of Tables

Table 2.1Summaryof similar terms irthe literature for brush padke rehabilitation techniques that use fine
medium woody debris teestore landscape function. Terms are grouped by primary objective, but there
is some overlap in planned or unintended secondary objectiveshaenedits where techniques may
serve additional purposes iN Various CONEXIS..........oouiiiiiiiiiieeeeee e e e s e e s sessscceneeee s s e s s e snnnnrnnes 6

Table 3.1Summary of measurements conducted across years at the study sites. Measurements include
Landscape Function Analysis (LFA), soil respiration, and soil nutrient and chemical properties

including carbon (C), pH, and electrical conductivity (EC)...........uuviiieiiiiiimeniiiiee e 18
Table 4.1Average dimensions and area of brush pack patches in 2018 and 2024, based on measurements from
20 INAIVIAUAL PAECNES......ceeiiiiiiiiee ettt e e et e e e e s aab e et e e e e e e s e nbnneeeeeeaa 33

Table 4.2Results of transedevel significance testing for changes in Landscape Function Analysis (LFA) index
scores over time (2018 to 2019 and 2019 to 2024) for control and brush pack transects. The indices
assessed include stability, infiltration, and nutrigyitling. The number of asterisks indicates the
significance level: * = p < 0.05, * = p < 0.01, *** = p <0.00L........cceerriiiiiiiiiiiir e 34

Table 4.3Results of zondevel significance testing for changes in Landscape Function Analysis (LFA) index
scores over time (2018 to 2019 and 2019 to 2024) for control and brush pack patches. The indices
assessed include stability, infiltration, and nutrient cygglithe number of asterisks indicates the
significance level: * = p < 0.05, ** = p < 0.01, *** = p <O.00L.......coouiiiieieiiiiiiieeeee e 37

Table 4.4Results of zondevel significance testing for changes in Soil Surface Assessment (SSA) indicator
scores over time (2018 to 2019 and 2019 to 2024) for interpatch and brush pack patches. The indicators
assessed include soil cover, litter cover, soil surfaaghness, and litter incorporation. The number of
asterisks indicates the significance level: * = p < 0.05, * = p < 0.01, ** =p < 0.001.............. 38

Table 4.5 Summary table of the fixed effects estimates from the linear-effests model. Includes the
estimated coefficients (Estimate), standard errors (Std. Error), degrees of freedom (df), 95% confidence
intervals of the estimated coefficient (Estim&l 2.5% and Estimate Cl 97.5%), angglues (p
value) for the intercept (representing the control treatment at moisture = 0), brush pack treatment
(TreatmentB), moisture (Moisture), and the interaction between treatment and moisture
(TreatmMeNtB:IMOISTUE)..........utuii e eee e e eeee et s e s e eeea s e s e e e e e eeeeeeaesta s mnmeeessrnnnnanaaeeeeas 40

Table 4.6Summary table of the random effects estimates from the linear rafk@tts model. Includes the
variance (Variance), standard deviation (Std. Dev.), and 95% confidence intervals of the standard
deviation (Std. Dev. ClI 2.5% and Std. Dev. Cl 97.5%) for #melom effect of site (SiteName) and
residual variability (RESIAUAL..........ooiuuiiiiiiiieee e 42

List of Equations

Equation 3.1ITotal organic carbon (TOC) from total carbon (TC) and total inorganic carbon (TIC) calcu8tion

Equation 3.2 Percentage carbon in sample CalCulation..............coooivieeeiiiiiiii e 28
Equation 3.3ercentage weight of fraction calculation.................ooouiiier e 28
Equation 3.4Percentage carbon of soil calculation................cooviiieei e 28

List of acronyms and abbreviations

NSW New South Wales
ANU Australian National University
TMI The Mulloonlinstitute
TTRP TriggerTransferReservePulse(model)
LFA Landscape Function Analysis
SSA Soil surfaceassessmer(indicators)
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Glossary and Terms
Brush pack The term é6brush pack6é broadly
technique which aims to stabilise soil, reduce erosion, and promote
vegetation regrowth by creating a favourable environment for plants
involves placing and packing branches or brush along the contours
bare, gently sloping areas to capture and retain resources such as ¢
water, and plant detritus

Landscape Function: Landscape function refers to the fundamental processes that enable
landscape to capture, store, and retain resources such as soil, wate
organic matterThis definition isfurtherexplored and expandegbon in
Chapter 21 iterature Review

Landscapsescale: Effects that extend beyond the brush packs to influence the surrour
landscapeexaminedat a resolution suitable for evaluatiting overall

landscape.

Fine-scale: Direct, localised effects occurring immediately beneath the brush,pz
examined at aesolutionsuitable forthe evaluationof individual brush

packs.

Main Site TheMain Site for this studyis in a68-hectarepaddock located in
Mulloon, NSW, at coordinates: 35.267461H, 149.61894167E.

Reference Site The Reference Site is located in an area of least disturbed woodlan
approximately Xkilometres west of the Main Site, on the west side of
Mulloon Creek in Mulloon, NSW, at coordinaté§.2607611° S,
149.58511111E
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Chapterl:l nt roducti on

This studyexaminel the impacs of brush packs on landscape function with a specific focus on nutrient
cycling at a degraded, heavily grazed, mostly bare ground site with a temperate, mesic climate in
southeastern Australia. It follew a study byTongway and Ludwig (1996)ho found brush packs
restored function in degraded seanid woodlands of eastern Australia. Given the potential of brush
packs to improve landscape function, tstigdyaimedto see if similar outcome®uld be achieved in

a temperate, mesic grazing landscape which differs significantly from theasemionditions
previously studied bfongway and Ludwig (1996)

Brush packing involves packing branches or brush along the contours of bare, gently sloping areas to
capture and retain resources such as soil, water, and plant detritus. Im20t8prush packs were
established at a heavily grazed and mostly bare ground sheep camp within a paddock located in
Mulloon, NSW. The brush packs were constructed with material sourced from the routine clearing of
nearbyLeptospermunspecies. Thdrush packs were constructbd Australian National University
students in collabation with The Mulloon Institute through a formal partnership as part of their
Mulloon Rehydration InitiativéPeel et al., 2022)

Improvements in function were assessed using the Landscape Function Analysis (LFA) method
(Tongway & Hindley, 2004)n 2018, 2019, and finally in 2024. Initial LFA results in 2024 indicated
brush packs had improved thetrientcycling index.To investigate this in detaiflirectmeasurements

of soil respiration and carbon levels, two key indicators of nutrient cydimggway & Hindley, 2004)

were takenMeasurements of soil pH and electrical conductivity (B€)e also taketo assess any

potential impacts of brush packs on the chemical properties of the soil.

Tongway and Ludwig (1996pund brush packs improved stability, infiltration, and nutrient cycling,
with increasd soil respiration and carbon levels. They also foundhamgesn pH or EClevels Based
on these resuliswasexpectedhatbrush packs would improve LFA scores, soil respiration, and carbon

levels, even in a temperate, mesic climatel thg would not impact pH or EC levels.

1.1 Research Aims and Hypotheses

This studyaimed to assess the impaof brush packen landscape function (and hence their potential

to restore degraded landscapes), with a specific focus on nutrient cycling, at a degraded, heavily grazed,
mostly bare ground site with a temperate, mesic climate in southeastern AustiaksLidyexaminel

both the finescale and landscayseale impacts of brush packs. At the fseale, it examingthe direct

localised effects occurring immediately beneath the brush packs. At the landsabpie examines

whether these localised effects extend beyond the brush fmairhpact the surrounding landscape.

While positive impacts at the firgcale level are beneficial, their overall impact is limited if these
effects do not extend throughout the broader lands&penderstanding both scaldhjs research

Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia



aims to provide a comprehensigssessient ofthe effectiveness dbrush pack as arehabilitation

techniquen restoring landscape function within the context of this degraded site.

At the landscapscale LFA scores for brush pack transects were compared with control transects (at
the O0#rard &9t -scllelFA shoeesardidireet measuremer(soil respiration, carbon,
pH, EC)for brush pack patches were compared to interpatches @otheleveld.

Based on the results dbngway and Ludwig (1996brush packingvas expected tomprove LFA
index scores ofandscape function dioth the landscapescaleand finescale.Improvements in soail
respiration and soil carbon levels underneath brush packs were also expected, with no expected changes

in thechemical properties of the soil.

1.1.1 Aims

1. Assess the landscageale impact of brush pasn landscape function

1.1. Evaluate changes in LFgcoresat the transedevel.

2. Assess the finscale impact of brush pagkn landscape function
2.1. Evaluate changes in LF#coresat the zondevel.
2.2. Evaluate changes imutrientcycling by directly measuring:
2.2.1Soil respiratiorrates
2.2.2Soil carbon levels.
2.3. Evaluate changes in soil pH and EQels

1.1.2 Hypotheses
1. Brush packwill improve landscape function at thendscapescale
1.1. Brush packsvill improve LFA scores at the transeeivel.

2. Brush packwill improve landscape function at tfiee-scale
2.1. Brush packs will improve LFA scores at the zoeeel.
2.2. Brush packs wilimprove nutrient cycling through increased
2.2.1Soil respiratiorrates
2.2.25o0il carbon levels.

2.3. Brush packs will not change pH or EC levels.

1.2 Thesis Outline

This thesis is organised into the following chapters:
Chapter 2: Literature review

1 Exploresand definesandscapelegradatiorand landscape function
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)l
T

Defines andynthesises the literature on brush packs

Explains the choice of method

Chapter 3: Methodology and Methods

1
1

Details the study sites and research design

Describes the methodsedto collect and analyse data

Chapter 4: Results

1

Presents the results

Chapter 5: Discussion

1
T
1
1

Discusses the results
Draws upon literature
Considers implicationand limitations

Suggests directions for future research

Chapter 6: Conclusion

1

Summarises key findings
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Chapter2:Li t erature Revi ev

2.1 Landscape Degradation

2.1.1 Problem Introduction

Landscape degradati is a significant global issue. It leads tdegline or los®f ecosystem processes

that support biodiversity, land productivity, and ultimately human-teithg (Dobson et al., 1997;

El dridge & Delgado Baquerizo, 2017; .THeecause®gfz & Kr
landscape degradation stem from both natural and himdaced factors, including severe climate

events (often intensified by hum&duced climate change), agricultural expansion, deforestation, and
unsustainable land use practio@ai et al., 2008; Blaikie & Brookfield, 2015) As t he Ear't
population continues to grow, pressures on landscapes will intensify, further exacerbating landscape
degradation linked to land use changes and human a¢fikiiy& Bawa, 2006; Meyer & Turner, 1992)

In Australia, extensive areas of land are dedicated to livestock grazing. The introduction and expansion
of grazing has had many impacts primarily due to poor grazing managkaeiny toovergrazing

(El dri dge & Del g aTtis haSed tp s ddgradation, erdsibri/ gompaction, and
significant declines in natural vegetation cover, all of which reduce landscape functibiorrags
production(Eldridge et al., 2016; Mcintyre & Tongway, 2009hese issues are further exacerbated
during periods of drougtiMcKeon et al., 2004)

In some cases, if grazing disturbances are remdaadscapes can gradually recover due to their
partially intact function or regenerative capa¢byewry, 2006) However, if disturbance continues or
intensifies (e.g. through ongoing grazing from both domestic livestock and wild herbivores or
compounding events such as grazing plus drought) the damage to regenerative capacity may push the
landscape across a criladhreshold where it enters a new degraded gateffman et al., 2006; Lopez

et al., 2011)In this new state, the landscape lacks the capacity to heal itself and return to its previous
state. To repair function after this threshold has been crossed, costly restoration efforts are necessary
(Groffman et al., 2006; Hobbs & Harris, 2001; Mcintyre & Lavorel, 200Rerefore, intervention

before this threshold is essential to avoid more costly restoration later.

To address these challenges, strategies that restore landscape function in grazing lands before
landscapes cross a critical threshold of degradatiemecessaryHowever, developing résration

strategies requires a clear understanding of how landscape degradation is defined and assesse

2.1.2 Defining and Assessing Landscape Degradation
There is considerable variation in how landscape degradation is defined and afSéssmts &
Freudenberger, 2006; Hobbs, 2016; Riaen & Aide, 2005; Tongway & Ludwig, 2011y general,

most authors use one or more of the following three aspétte biotic (e.g. vegetation) and abiotic

Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia



(e.g. soil) elements of the landscafi®) composition,(2) structure, and3) function (Eldridge et al.,
2016; Noss, 1990; RuiZaen & Aide, 2005; Society for Ecological Restoration International Science &
Policy Working Group, 2004; Thackway & Lesslie, 2008)

Composition includes theaxonomic array(speciescomposition)and diversity of speciegspecies
richness)presentin the landscapestructure includes the type and spatial arrangement of vegetation
cover in the landscape; and function, as described in the previous section, includes the capacity of the
landscape to capture and retain resoufSesiety for Ecological Restoration International Science &
Policy Working Group, 2004)Each of these aspects overlap and are interconnesttadtural and
compositional shifts often impact function, e.g. vegetation covgratchinessncreasedandscape
function, and different specieanfunction differentlysuch as seasonal differences between annual and
perennial plantgBriske et al., 2005; Eldridge et al., 2018he assessment and prioritisation of these

three aspects often depemafsthe values or goals applied to the landscape.

The definition of landscape degradation is heavily vaegendent as it inherently involves a
comparison: degraded relative to wh@Ebbons & Freudenberger, 2006his definition depends on

the value systemapplied which isinfluencedby many factors including intended land use and
ecological contexfHobbs, 2016)For example, a pasture used for grazing may be considered heavily
degraded from a compositional perspectiveanpared to a Nature Resergige to limited species
diversity, however, from a functional perspective it may be performingaselpastoral systerii it is
successfully capturing and retaining resources. Therefore, the prioritisation or weight given to each

aspect; composition, structure, and function, ultimately depends on the applied value system.

This study focusg on the functional aspect of landscape degradatierbrush packs aim testore
landscape functiarLandscape function refers to thendamentaprocesses that enable a landscape to
capture, store, and retain resoursesh as soil, water, and organic maffesngway & Ludwig, 2011)
These processgemcluding stability, infiltration, and nutrient cycling, are driven by the biotic (e.g.
vegetation) and abiotior physical(e.g. soil) elements of the landscdpengway & Hindley, 2004)
Landscape function provides the capacity for landscapes to proidncassincluding vegetatiojfrom
rainfall and other resource inpyBastin et al., 1993)Thus, when a landscape is functional, it is-self
renewing or autogeni¢Society for Ecological Restoration International Science & Policy Working
Group, 2004)hence function is equated with ttegienerativeapacityof the landscapélhackway &
Freudenberger, 20l6Re st ori ng a | andscapeds ability to
disturbance is the first step in rehabilitating a degraded landéEapgway and Ludwig, 2011, Hobbs
and Harris, 2001, Whisenant, 1998rush packs aim teestorethis landscape functionalitgand
regenerative capacity, helping to kickstart the natural regeneration of strootapmsition and further

improvementsn function
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Although assessing all three aspects (composition, structure, and function) provides a morameliable
comprehensive assessment of landscape degradRtionJaen & Aide, 2005; Society for Ecological
Restoration International Science & Policy Working Group, 20@4jlso increases the complexity,
time, and costFocusing solely on functioneducestime and cost whd still assessinghe most
fundamental processesa landscapérongway & Ludwig, 2011)

Reference sites provide useful benchmarks domparison wherevaluating landscape function
(Gibbons & Freudenberger, 2006; Society for Ecological Restoration International Science & Policy
Working Group, 2004)They are ideally undisturbed or minimally disturbed landscapes that represent
a bestcase scenario, in terms tdndscapehealth (Ruiz-Jaen & Aide, 2005) To appropriately
contextualise assessments of degradation andlsailitationgoals reference sites shotidin close
proximity toand exposed to similar conditions as the site being asgg¢#sigios & Harris, 2001; Ruiz

Jaen & Aide, 2005; Society for Ecological Restoration International Science & Policy Working Group,

2004) The Reference Site usedry study meetshese criterigSection 31.2).

2.2 Restoring Landscape Function

Efforts to restorelandscape function have a long history, with people intuitively attempting to fix
eroding landscapes long before formal documentation existeede, 1976; Trimble, 1985kor at
least the past few centurjesmple practices such asingrock or brush structusgo control gully
erosionhave beencommorty employedworldwide (Gellis et al., 1995; Guyassa et al., 2018pre
sophisticatedechniquesncluding contour ripping in the United States and live fascindsramce and
Chinahave also beeapplied(Didier et al., 2023; Gifford et al., 1977)

One suchechnique that has beased to restore function is the brush pddie term brush pack broadly
refers to a landscape rehabilitation technique which aims to stabiliseesloite erosion, and promote
vegetation regrowth by creating a favourable environment for plants. It involves placing and packing
branches obrush along the contours of bare, gently sloping areampgmve landscape function by
captuing and retaiing resourcessuch as soil, water, and plant detrifisngway & Ludwig, 1996)

Similar terms in the literaturdescribe various typed erosion barries, includingi c-a hr ub barri er
Acontour branch barrierso, nHdndotherAnsteidisl& hsilikie s 0, Ak
2015; Eichmanns et al., 2021; Fernandez et al., 2011; Marques & Mora, $888) of these barriers

are strikingly similar to brush packs, some share a few key characteristics, and some différalastly.
2.1displaysthe range of termgsedfor similartechniquesind highlights thénconsistenhomenclature

in the literature

Table 2.1 Summary of similar terms in the literature for brush pack-like rehabilitation
techniques that use fine-medium woody debris to restore landscape function.
Terms are grouped by primary objective, but there is some overlap in planned or
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unintended secondary objectives or co-benefits where techniques may serve
additional purposes in various contexts.

Primary Objective Similar Terms Used References
Interception of overland f Abranch bund (Kimitetal., 2017; Milton &
flows, trapping of soail, f Abranch pi |l e Coetzee, 2022; Naude, 2017;
water, and litter ¢ ibrush fenci Pelser,2017; Tongway &
T fibrush packs Ludwig, 1996; vanden Berg &
1 fibrpabksod Kellner, 2005)
T Abrushpackin
Grazing exclusion f Aibrush packs (Kochetal,2021; Kwaza et
al., 2020)
Postfire erosion control f Abranch pil e (Aristeidis & Vasiliki, 2015;
f Abrushwood d Fernandezetal, 2019;
f icontour br a Fernandezetal, 2011;
f ficehrub bar r Marques&Mora, 1998;
9 ferosion bar Myronidisetal,2010)

from branches)

Riverbank and T Abrush | ayer (Didieretal, 2023; Petrone &
oversteepened slope 1 Afascines?o Preti, 2010; Polster, 2002; Soi
stabilisation f filive pal i sa &Fischenich, 2001)

1 Awattle fenc

The brush packs used in this stwdgre not designeaislarge-scale robust structureaimed atraping
large amounts of sediment in the context of fibeterosion controbr riverbank and oversteepened
slope stabilisationsee examples iMable 2.1). Nor were they designed exclusivelys grazing
exclosures,such asthose established withparsely arranged, thorny brancheih no ability in
themselves to trap sedimgsee examples imable2.1). Instead theywere designetb act assmalt
scale, simplsemipermeable barriers gieves that gently intercegtapture and retain resources from

overland flowqLudwig et al., 1994; Tongway & Ludwig, 1996)

In semiarid landscapesponcentrating resources in patches is essential due to their limited avajlability

if rainfall and nutrients were evenly spread, overall productivity would be lower than if these resources
were concentrated in patch@gsidwig et al., 1994; Tongway & Ludwig, 1994 ecause of this, most
subsequent studies on brush packs have focused on restoring functionanidemarid grazing lands,

where limited resources make resource capture and retention egbéitital& Coetzee, 2022; Naude,
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2017; Pelser, 2017; van den Berg & Kellner, 208®)wever, it isunclearwhether this technique will
be equally effective in other landscapes, particularly those where resources are less limited and more
abundant.To address this uncertaintihis researchconductedin collaboration with The Mulloon
Institute, investigated the use of brush packstemperatemesic landscape Boutheastern Australia.

Beyond their primaryobjective of interceptingnd capturing resources frooverland flows,brush
packs also offer several ancillary benefits to landscape fun@ande, 2017; Smith et al., 2007;

Tongway & Ludwig, 1996)They provide:

1 Immediate soil cover and protection against rainsplash erosion when placed on bare ground.
9 Organic matter input by dropping litter.

91 Protection from grazing, preventing grass from being grazed back to bare ground.

1

Shelter and food for macroinvertebrates.

2.3 How Brush Packs Restore Function

A landscape can be viewed as a system where resourcegyflot@, out of, and withirit are mediated

by ecological processe.hes e processes and f | oandlossegandehusni ne t |
its overall landscape functioBrush packs aim to restore landscape function by increasing the capacity

of a landscape to capture and retain resources such as soil, water, and organic matter, thereby increasing
gains within the systerfTongway & Ludwig, 1996, 2011Yhis concept is illustrated bBhe Trigger
TransferReservePulse (TTRP) ModdlFigure2.1), presented iTongway and Ludwig (2011jhich

is a useful conceptual framework for understanding general landscape systems.
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Trigger
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Resource input

Physical Outflow
Storage Depletion
Biological Reserve
Feedback
Response 1
Feedback Offtake

Pulse events

Figure 2.1: The Trigger-Transfer-Reserve-Pulse (TTRP) Model is a conceptual framework
for understanding general landscape systems. It illustrates the flow of resources
into, out of, and within a landscape. It consists of four components: (1) Trigger
events that input resources, (2) Transfer processes that direct resources into
storage or losses, (3) the Reserve where resources are stored in the system,
and (4) Pulse events generated from the resources stored in the reserve. Gains
(green arrows) represent resource capture and retention, while Losses (red
arrows) represent resource loss or leakage. The balance between Gains and
Losses determines whether a landscape is functional or dysfunctional. Modified
from Figure 2.12; Tongway and Ludwig (2011).

The core of the TTRModel is divided into four main components:

(1) Trigger eventswhich provideresource inpuinto the system (e.g. rainfall). These trigger various

(2) Transfer processesvhich are either lost througtutflow (e.g. runoff) or gained anstoredin the

(3) Reserve(e.g. infiltration). The reserve is the reservoir of resources stored in the landscape and
includes resources stored in both thetic (e.g. vegetationgand abiotic(e.g. soil)elements of the
landscapeResourceganbe lost from the reserve througepletiontransfer processes (e.g. erosion),

or if sufficiert resources and other favourable conditions are present, they can genesatenae/ia

(4) Pulseevents (e.g. vegetation growthjome of what is produced by a pulse event is lost through
offtake (e.g. grazing), but some is cycled back through the landscape thieedibackprocesses.

Feedback processes includmlogical feedback such as gains in biomass and composition which
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remain in the reseryeand physical feedbacksuch as increased vegetation patches, structure, and

function which increase the capacity of the reserve.

Bookending the TTRP core are the gains and losses of resources from the system. Gains (represented
by green arrows) show the successful storage and retention of resources within the landscape, whereas
losses (represented by radows) show the transfer of resources out of the landsGapes and losses

from a landscape system fluctuate over fidrven by varying conditions and disturbances such as
droughts and periods of high precipitatibma functional landscape, these fluctuations balance out over

the longterm (Figure 2.28). However, in a dysfunctional landscape they become imbalanced, with

losses outweighing gainEkigure2.2b).

Disturbances such as overgrazing aareasdosses through offtakes out of the landscape system.
This, in turn reduces the feedback and gains back intothesystech di mi ni shes t he | an
to capture and retain resources during future trigger evewer the longerm, this leads dysfunction

through the imbalance of gains and losses in the system.

Brush packs aim to restore this balance by improving physical feedhtnik the systemprimarily
throughinterceptingand capturing resources from overland floWhich in turn increases the feedback
and gains back into the system and increases the ability of the landscape to redptné trigger
events such as rainfall. This can help prevent the-dlemg imbalance of gains and losses which leads

to dysfunction.
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& TTRP Core
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Offtake &
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Figure 2.2 Long-term balance of TTRP Model. A landscape system shown in states of (a)
balance and proper function when gains and losses are equal. And (b) imbalance
and dysfunction when losses outweigh gains, and the landscape is leaking
resources. Modified from Figure 2; Ludwig and Tongway (2000).
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The Continuum of Landscape Function

B S B e p me e oy
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Figure 2.3 Landscape function exists on a continuum. Subtle fluctuations in resource flows
due to varying conditions and disturbances cause gradual shifts toward function
or dysfunction. Modified from Figure 3; Ludwig and Tongway (2000).

It is important to not¢hatlandscape function exists on a continuum. Multiple ecological processes and
opportunities for resource flows contribute to landscape fun(figure2.1). Each of these processes
fluctuate at different rates and magnitugtesesponséo varying conditions and disturban¢@engway

& Ludwig, 2011) These fluctuations can cause subtle shifts in landscape function, resulting in a
continuum of landscape function. HenEgure2.2aandFigure2.2b do not represent a binasystem

instead they exist at opposite ends of a sliding scale from functional to dysfun¢kanak 2.3).
Recognising landscape function as a continuum allows for the monitoring of these subtle shifts either
towards dysfunction from disturbancesch as overgrazingr progress towards function through

rehabilitationeffortssuch as establishing brush pa¢ksngway & Ludwig, 2011)

While recognising that landscape function exists on a continuum accurately reflects its nature and
provides a scale by whigkhabilitationprogress can be measured, it is also useful to recognise critical
thresholds or tipping points along this continuum. Thresholds represent changes or transitions between
states, which, once crossed, are often difficult and costly to ref@rséman et al., 2006; Hobbs &

Harris, 2001; Mclintyre & Lavorel, 2007The most significant threshold is where landscape function

has deteriorated to such an extent that regenerative capacity is c(fmoleer & Stokes, 2000; Briske

et al., 2006; Hobbs & Harris, 2001; Tongway & Hindley, 2000) A t this 6functional
disturbance is removed, the landscape lacks the capacity to heal itself or spontaneously return to its
former functional statgArcher & Stokes, 2000; Hobbs & Harris, 2001; Tongway & Hindley, 2000;
Whisenant, 1999Understanding threshold points allows managers to anticipa&vaididifficult-to-
reversechange(Groffman et al., 2006 Brush packs cahelp restore functionality in landscapes that

have crossed this threshold, but they can also be used as a preventative measure to avoid crossing it.
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Figure 2.4 Conceptual diagram illustrating the continuum of landscape function with three
states: (I) fully functional, (Il) degraded but functional, and (lll) dysfunctional. The
6functional threshol dd marks the tipping poin
its capacity for unassisted recovery. Once this threshold is crossed, passive
restoration becomes ineffective, active restoration is required, resource capture
efficiency is low, restoration cost is high, and the relative value of resource-
accumulating patches is high. Modified from Figure 1.1; Whisenant (1999) &
Figures 3 and 4; (Tongway & Hindley, 2000).

Figure2.4illustrates the continuum of landscape function with three main states: a fully functional state

(1), an intermediate state with degraded but intact functlo) &nd a dysfunctional statdl(). The
6functional thresholdd is the tipping point bef .
has |l ost the capacity to spontaneously return to
widely recognised in the literatu¢Arnalds & Archer, 2000; Briske et al., 2006; Hobbs & Harris, 2001;

Li etal., 2013; Lopez et al., 2011; Tongway & Ludwig, 2011; Whisenant, 1999)

After this threshold:

1 Resource capture efficiency is l@agross the landscapé/hisenant, 1999)

1 Restoration cost is high, and passive restoration is ineffective leaving only active restoration
(Briske et al., 2006)

1 The relative value of resour@ecumulating patches high(Whisenant, 1999With landscape
function severely compromised, the relative value any single patch that captures and retains
resources increases. Whereas in a functional landscape where resource capture efficiency is
high, the relative value of each patch is proportilgrialver. This also applies to brush packs

which act as resouregccumulating patches.

If disturbances at a landscape in Statecontinue or intensify, the landscape will cross the threshold

and transition int&tate Ill., a dysfunctional state. This transitiorhighly undesirableTongway and
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Hindley (2000)suggest two management options for landscapes in Btateither remove the
disturbance until the ecosystem can heal itself back to Gtatantroduce a mechanism to improve
resource capture efficiencyongway and Ludwig (1996Jemonstratedne such mechanism is brush
packs.

2.4 Justification of Approach to Measuring Landscape
Function

The LFA methodTongway & Hindley, 2004)which specifically examines landscape functiwas

selectedas theprimary approactfor this studybecause its rapid, inexpensiveandrequires minimal

technical expertisélhis made it especiallyell-suitedfor the studented data collection in 2018\so,

as this method doesiot involve samplingor laboratory analysis, large amounts of data could be

collectedwhile minimisingbothtime and cost expenditure.

Furthermorethe LFA method is webstudiedand widelyacceptedltsthree indices and 11 soil surface
indicators are shown to correlate with soil function across a wide range of envirorfEldritdge et

al., 2020; Ludwig et al., 2023; Maestre & Puche, 2009; Mcintyre & Tongway, 2005; Read et al., 2016;
Tongway & Hindley, 2004; Zucca et al., 2018Jumerousother studies havelso applied the LFA
methodto assess landscape rehabilitation eff¢dis Luna et al., 2022; De Simoni & Leite, 2019;
McDonald et al., 2018; Munro et al., 2012; Pelser, 2017; Read et al., P&téils onthe application

of LFA in this study are provideid Section 31.1

Direct measurements of soil respiration and carbon levels were selected to further investigate
differences observeid the LFA nutrient cycling indexThese measures were usedTlmngway and
Hindley (2004)o verify the nutrient cycling indexn their study on brush packengway and Ludwig
(1996)alsomeasuredsoil respiration and carbon levebdlowing for comparison with their findings
Numerous other studies have also employed these direct measurenmerassesslandscape
rehabilitation effort§Banning et al., 2008; Ingram et al., 2005; Oelbermann et al., 2015; Santini et al.,
2019; Shi et al., 2020; Wen et al., 201Bptails onthe measuremermtf soil respiration and carbon

levelsare provided irBections 3.2and3.3.3.], respectively
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Chapter3: Met hodol ogy and Met

3.1 Study Sites

3.1.1 Main Site

The Main Site for this study wa# a 68-hectarepaddocklocated in Mulloon, NSW, at coordinates:
35.26746111S, 149.61894167 E (Figure 3.1). It has a temperate, mesic clima@ver the past 10
years it has had mean annual rainfall 332mm, ranging from a minimum of 21.0mm to a maximum
of 1253mmMWith average monthly temperatgifieom ranging froml11i 27 °C in January aneli 11°C

in July Appendix 1i Home Farm Climate Da}aThe site has a gentle slope Givsith awestfacing
aspect(280). In 2018, theMain Sitewas a heavily grazed, mostly bare ground sheep camp showing
severe signs of erosion in some plagdgure4.1). At the present day, 2024, thMain Siteshows no
signs of erosion and has no bare gro@fdure 4.3). It has a mix of perennial and annual grasses
includingDanthoniaspecies anBothriochloa macrawith somesparseeucalyptuspeciedreesacross

the site

The grazing pressure has changed significantly over the duration of the study. From the 1970s until
2021, the paddock supported a consistent flock of 300 sheep, this number was maintained through
lambing.After 2021 the size of the flock gradually decreased to 100 in early 2024, after which all sheep
were removedCattle were introduced to the site in 2@21d have been there since. Thadtleherd size
hasvaried,at minimuma dozenput up to 30(Cantwell, pers comm 2024).Therewas evidence of

cattle activity at theMain Sitein 2024 There was some activity from wildlifand feral animals
including kangaroos, rabbits, pigs, and wombats visible at and around the site over the timespan of the

study. Overall, the grazing pressfirem domestic stocklecreaseduringthe study.

The soil isderived from a granite bassith a sandy loam texture and is classified a Kurosol according
to the Australian Soil Classificatiofstate Government of NSW and NSW Department of Climate
Change, 2024)Throughout the site small fragments of charcoal were present in the soil up to a depth
of 10cm. These are likely remnants of weed control burns ffemyears ag¢Cantwell, pers. comm.
2024).

3.1.2 Reference Site

The ReferenceSite was establisheth 2024,to serve as a benchmark of a functional, least disturbed
landscapdo compare witithe Main Site The importance of reference sites is discusseSeition
21.2

The Reference Sitis locatedin an area ofeastdisturbedwoodlandapproximately Xilometreswest
of the Main Siteon thewestside of Mulloon Creek in Mulloon, NSW, at coordinatds:2607611°
S,149.58511111E (Figure3.1). It has the same climatic conditioasd soil & the Main Site though
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the soil at the Reference Site is derived from a mixed sedimentar{&taseeGovernment of NSW and
NSW Department of Climate Change, 202 e site has gentle slope of Sandaneastfacingaspect
(90°). A mix of treeandgrassspecies are present, wHucalyptus manniferas the dominant tree and
Rytidosperma pallidumas the dominant grass that aregThackway, 2019)While it hasnot been
subject to clearing divestockgrazing since the 1980s, it has a history of clearindie@stockgrazing

spanningat leasthe past centurfHazell pers. comm. 2024

N
SCALE: 1:50000
KILOMETERS
0 1 2 3 =2}
_-_i
852 Manar
King® W \\;g f
ulioon ‘
® Main Site
“‘ Reference Site

Figure 3.1 Site map. The Main Site and Reference Site are located in Mulloon, NSW, just a

few kilometres from Kings Highway.
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3.2 Experimental Design

This research wasonducted through a formal partnership between tisrAlianNationalUniversity
(ANU) and The Mulloon Institute(TMI) as part of their Mulloon Rehydration InitiatiyPeel et al.,
2022)

In 2018,at theMain Site 6 transects were established by ANU students under the guidance of David
Freudenberge¢ANU) and Luke Pee{TMI). Each transect was 50m long, running downslope, and
spaced approximately 10m from each other to minimise differences caused by landscape Jusition
start andinish of each transect was marked with a hardwood peg and aluminium numbetreitiahg.
(prebrush pack) LFA measurements were conducted on all 6 trandsites. these initial
measurements, 5 of the 6 transects were designated to receive brusiinpakal (postbrush pack)

LFA measurements were taken from the 5 transebtsrdmaining transect remained untreated to serve
as a control

Between3 to 5brush packs werestablishedt randompointsalong each brush pack transe&ttotal

of 20 individual brush packs were installed at the site. The material used consisted of freshly pruned
branches collected from the routine clearing of nedtbgtospermunspecies, which were then
transported approximately 100m by foot to the ditee brush packs were packiatb the ground and
secured wittwoodenstakes They were also constructedth the branches layingerpendicular to the
transector dong the contouto maximise interception of overland flowihey had heights of 480cm,

widths (perpendicular tdhe transect) of 6.0m, andengths(along the transect) of 2Zm. Due to
installation being carried out by students, there was minor variatitime heightswidths, lengths

number, and spacing of brush packs along each transect.

In 2018, at theMain Site 6 control and 5 brush pack transects, a total of 11 transects, were measured
by ANU Fenner studentsained inLFA during the Environmental Field School courEd{yS2018)

In 2019,at theMain Site David Freudenberger and Luke Peel took LFA measurementslfoamtrol,

and 3 brush pack transects.

In 2024 at theMain Site Alexander Harrison and David Freudenberger, establBlaeditionaktontrol
transectsalong with 6 reference transects atRa&ference SitéAll transects newly established in 2024
maintained theame50 metre lengthl0 metrespacing, andownslopeorientation agn 2018.1n 2024,
the study included a total of 6 control, 5 brush pack, and 6 reference tranBAatseasurements were

taken aeach transecEurther details of the LFA measurements are provid&eation 3.3.1

Al so i n 20 2patcheé2 Owedrceo negtodbl i shed at random poin
control transects to match the 20 individual brush packs placed at random points along brush pack
transects in 2018. Each brush pack was classified as itpaieh These patchesere establishefbr

fine-scale measurements.total therewere 20 control and 20 brush pagitchess part of this study,

all located at th&lain Site Measurements of soil respiration and nutrient and chemical properties were
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randomlytakenfrom 10 control and 10 brush paphtchesFurther details on tlsemeasuremestare

provided inSections 3.3.2nd 3.3.3respectively

Measurementsvere talen in 2018, 2019, and 2024 able 3.1). Personnel availability limited the
frequency breadth and deptlof these measuremenfsarticularly in 2019 where only 4 transects were

measured

Table 3.1 Summary of measurements conducted across years at the study sites.
Measurements include Landscape Function Analysis (LFA), soil respiration, and
soil nutrient and chemical properties including carbon (C), pH, and electrical
conductivity (EC).

Date  Measurement Type  Details Fieldwork Personnel
Sep, LFA 1 6x control transects ANU students, David
2018 1 5x brush pack transects Freudenberger, Luke Pee
May, LFA {1 1x control transect David Freudenberger,
2019 1 3x brush pack transects Luke Peel
Apr, LFA f 6x control transects Alexander Harrison,
2024 1 5x brush pack transects David Freudenberger

1 6x reference transects

(located aReferenceSite)

Jul, Soil Respiration 1 10x controlpatches Alexander Harrison
2024 1 10x brush packatches
Aug, Soil Nutrient and 9 10x controlpatches Alexander Harrison
2024 Chemical Properties f 10x brush packatches Peter Sharp

(C, pH, EC)

3.3 Data Collection

3.3.1 Landscape Function Analysis

Measuring and interpreting soil properties can be labour intensive, technically demanding, and costly,
often requiring specialised knowledge, sampling, and laboratory analysis. This problem was addressed
by using the Landscape Function Analysis (LFA) méthas it offers a rapid, inexpensive assessment
that requires minimal technical expertiSeongway & Hindley, 2004; Tongway & Ludwig, 2011)
making it especially welsuited for the studesieéd data collection in 201&eeSection 24 for further

justification of this approach.
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The LFA method uses 11 simple soil surface assessment (SSA) indicators to calculate 3 synthetic soll
surface indices: (13tability; the ability to resist erosion and reform after disturbancdn{iration;

the capacity of the soil tabsorband retain water, and (B)utrient Cycling; how efficiently organic

matter is cycled back into the safeeFigure 3.2 (Tongway & Hindley, 2004; Tongway & Ludwig,

2011)

Each transectvas divided intandividual zoneswhich wereidentified based ora distinct change in
functionascompared tdhe prior zoneZones weralso therclassified as either patch or interpatch,
following the definitions offongway and Hindley (2004fPatch zones are areas that capture and retain
resources like sediment, detritus, and water, while interpatch zones allow these resources to flow
through or escape. In this study, patch zones incledgdorush packs and coarse woody debris,

whereas interpatch zones consisted.gfbare ground, litter, and sparse grass.

The width, start, and end points of each zalo@g the transect were recorded to estimate the area each
zone occupied-oreachzone, all 11 SSA indicators wemeasureat least three timewhere possible
to capture natural variabilityThesemeasurements were taken fr@ml metre querareathat was

representative of theroaderzone beingneasured
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Soil Cover

Perennial Vegetation Cover

Litter Cover

Litter Cover, Origin, Incorporation

Cryptogam Cover

Crust Broken-ness

Erosion Type & Severity

Deposited Materials

Soil Surface Roughness

Surface Resistance to Disturbance

Slake Test

Soil Texture

Figure 3.2 The soil surface assessment (SSA) indicators that contribute to the
calculation of each of the three indices: Stability, Infiltration, and Nutrient
Cycling. Grey boxes indicate that the SSA indicator contributed to the
corresponding index, while white boxes indicate no contribution. Modified
from Tongway and Hindley (2004).

After completing the analyses of the 2024 LFA data, results shee@@s for the nutrient cycling
index were significantly higher at brush pack patches compared to interpatEigsd4.8). This
difference was found to be driven by a few IESA indicatorssoil surface roughness, litter cover, and
litter incorporation(Figure4.9). All of which contribute to the nutrient cycling indéigure3.2). To
explore this difference in nutrient cycling further, soil respiration and carbon leeetsinvestigated
following Tongway and Hindley (2004yvho used these measures to verify the nutrient cycling index.
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3.3.2 Soil Respiration

Soil respiration was measured throughis | car bon di daindludes thé Ckeledsede f f | u x
from microbial and root respiratidivaier etal., 2011) Soil respiration was measured in this study due

to differences in SSA indicators contributing to the nutrient cycling index, such as litter cover and
incorporation, observed in the initial LFA measurements. Numerous studies have also demonstrated a
correlgion between the LFA nutrient cycling index, litter input, and saipiration (Bréchet et al.,

2018; Han et al., 2015; Maestre & Puche, 2009; Setyawan et al., 2011; Tongway & Hindley, 2004; Wei

& Man, 2021)

Soi l co e f f linwmits ofn@iccomotes pes sguare oheter per segumdolm | ) using T

a LI-COR  LI-6400So0il C O Flux ChambeBystem The ambien€ O level was set at 410ppm, as this

was what was consistently measured at the site,
Wind-induced pressure changesn impact theCO; efflux reading(Healy et al., 1996)to minimise

this, the device was shieldachilst taking measurements. One month before data collegadyvinyl

chloride (PVC) collars 6¢cm long, 11cm diametewere inserted into theoil to prevenC O flushing
caused by soil disturban@®/ang et al., 2005y ariations incollarinsertion depth can affe€O; efflux
readingqHui-Mei et al., 2005)to prevent this, the PVC collars were inserted consistently 2cm into the

soil. 10 random control and 10 random brush paaticheswere selected from the 20 available for
measurement. All measurements were taken between 10am and 3pm to minimise the influence of
diurnal fluctuations on soil respiration. Control and brush patghesvere alternated throughout each

day to reduce the risk of confounding thoieday effects on the comparison between treatments. Data
collection occurred over three consecutdleeys (July 2B25) under consistent climatic conditions
including temperatures and time since rainfall to minimise environmental variability and its impact on

COy efflux measurements. Each day measurements were takerpatch@s 10 control and 10 brush

pack, with three collars per site and three cycles or repetitions per collar. Off iieJ28/ one brush

packpatchwas missed due to power supply failure.

Soil temperatureand moisture weralso measuredas covariates using @pectrum Technologies
FieldScout TDR350 Soil Moisture Metas they are known to influen@0; efflux (Maier et al., 2011;
Moyano et al., 2012)For each sitetemperature and moistureererecordedas the average ofiree
separate measurements takeitnin 10cm of each collar to account for spatial variabilltgmperature
was recorded in degrees CelsitS)( and moisture was recorded @ercentvolumetric water content
(%VWC).

3.3.3 Soil Nutrient and Chemical Properties
To analyseand comparé¢he nutrient and chemical properties of the adibtal of 10controland 10
brush packpatcheswvere randomlyselectedrom the 20 available sites for each treatment type. Soil

samplesvere taken at depth intervals 6fl01-3, 3-5, and 510cmto capture the distribution of carbon
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throughout theopsoil profile. Samples were taken from such shallow depths based on the assumption
that any change in carbon levels over the timeframe of this stodid occur near the soil surface
following Tongway and Ludwig (19965amples were collected carefully using a 75mm flat paint
scraper. Each depth interval was collected by making a square shape and then scraping off a couple of
millimetres of soil at a time, with care to keep the corners and middle of the square at aveyas |

to not collect material from another depth intervati.each site, threeamples were collected at each

depth, spaced 1 metre apaithin each patchThese samples were theombined (bulked) together to
account for spatial heterogeneity, reducing the significance of random spatial vafiagosamples

were collectedvertwo days, 29 July and % August,spacedwithin a week of each othes control

and 5brush paclpatchesveresampled on each day. This samplingthod aimed teinimise the risk

of confounding effects due to differing sample dates.

After field sampling the soil samples were refrigerated overnight to slow microbial processes that could
alter nutrient and chemical properties. The next day, they were dried at 40°C for at least fgealays
Appendix 2i Chain of Custodysoil samples)Thiswas done t@revent further microbial activityntil

thesamples could be analysed.

Oncedry, the soil samples were ground and sieved to <1mm. Although <2mm sieving is standard
practice, the high plant matter content (e.g., sticks, leaves, and pawtgjularlyin brush paclsoilsat

the B1cm depthnecessitated a finer siev@ieving to <1mm helped reduce thisnrepresentative

plant matterwhich would otherwiseontribute to sample heterogeneity skeythe results ohutrient
andchemical analysislhisapproach also meant the samples were more representative of the soil itself,
which is what wasthis studyintended to measur@hese samples were then used for subsequent

analysis, the methods of which are described in the folloggggons

3.3.3.1 Soil Carbon

Soil carbon was measured in this study due to differences in SSA indicators contributing to the nutrient
cycling index, such as litter cover and incorporation, observed in the initial LFA measurements.
Numerous studies have also demonstrated a correlation between the LFA nutrient cycling index, litter
input, and soil carbon leve(gldridge & DelgadeBaquerizo, 2018; Eldridge et al., 2020; Reynolds et

al., 2018; Setyawan et al., 2011; Tongway & Hindley, 2004; Xu et al., 2013; Xu et al., 2021)

Soil samples were fractionatéallowing the methodlescribed byuss et al. (2021%0il was separated
into three carbon pools: particulate organic carbon (POC), aggregate carbon (Aaggljineral
associated organic carbon (MAQQhese pools have different levels of carbon stabijth POC
beingthe least stablasit consists primarily of easily decomposable plant matter, Atgpihg medium
stability as it includes carbon storedaggregates and somewlpaibtectedfrom decompositionand

MAOC being the most stable as it includes carbon that is bound to mineral partitiesotected from
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decompositiorfAbramoff et al., 2018; Georgiou et al., 2022; Hemingway et al., 2019; Peng et al., 2017;
Robertson et al., 2019)

The purpose of fractionation was to isolatant matter (e.g., sticks, leaves, and rooisthe POC
fraction, which hasvery high carbon levels that could otherwise skew overall carbon measuramgnts
overshadow smaller but meaningful differences in the soil carbon of the other more stable pools (AggC
and MAOC) Also, analysing the carbon levels in the AggC and MAOC fractions provides insight into
the stability or longevity of the carbon stored in the @ilss et al., 2021 hetotal carbon content of

the original (unfractionated) soil watsomeasured

The start weight of the original soil affical weights of each fractiowererecorded each time the
fractionation wasompleted There werewo minor deviations from the original methdd) the soil

was sieved to <1lmm instead ofmi, and(2) the rapid recalcitrance test to further separate AggC and
MAOC into labile and recalcitrant fractions was not perfornteeFigure 3.3 for an outline of the
method with deviationkom Buss et al. (2021)Jnfortunately thetotal carborof thedissolved organic

carbon(DOC) fraction could not be measured due to untimely equipment failure

Soil total carbon was analysed using a Skalar, PRIMACENG-100 combustion analyseBoth the
original (unfractionated) soil samples and three fractionated pools were asdesskdime the

combustion analyser was run, the original sample mass and detected carbon mass was recorded.

To halvethe time and cost associated with the analysis,totdy carborwas measured his is because
the combustion analyser cannot measure total organic carbon aloneecprickstwo separate
measurements dbtal carbonand total inorganic carbon to calculatgal organic carboEquation

3.1).

Equation 3.1 Total organic carbon (TOC) from total carbon (TC) and total inorganic carbon
(TIC) calculation

YO 6 Y6 "YOO

The soil at the Main Site is nazalcareouswith no expected inputef inorganic carbon during the

study, as there are no inputs from the chemical or physical weathering of a calcareous parent material
(Lorenz & Lal, 2022) Therefore,any doserved changes in total carbswiely reflect changes in total
organic carbondriven by organic carbon inputs from brush packs and other decaying plant matter in

the landscape

Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia



24

Soil drying at 40°C and
sieving <lmm

Y

Soil agitation in water with glass
beads, followed by a short vortex

Wet-sieving (70 um)

MW

Density separation Centrifuge 3000rpm
at 1.8g cm™ for 30 mins
li ight/\ieavy supematar:/\illet
AggC MAOC

(not measured)

Figure 3.3 Flowchart of soil carbon fractionation method used in this study. The soil sample
was separated into four fractions: particulate organic carbon (POC), aggregate
carbon (AggC), mineral-associated organic carbon (MAOC), and dissolved
organic carbon (DOC). Modified from Buss et al. (2021). Notable deviations in
this study from the method outlined by Buss et al. (2021) include initially sieving
the soil to <1mm instead of <2mm, and not performing the rapid recalcitrance
test.

3.3.3.2 Soil pH and Electrical Conductivity

Soil pH andEC were measured to see if there were any differences in the chemical properties of the
soil between control and brush pagatchespH and ECwere measured using a TPS WP pH,
Conductivity, and Temperature Kit, following the method outlined by Rayment and Lyons (2010). The
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soil samples were thoroughly mixed with Mild ultrapurewaterat al:5 soil-to-water ratio. EC was

recorded in microsiemens pagntimetreg(uS/cm).

3.4 Data Analysis

All data was initially compiled and organisesh Microsoft Excel version 241Q where summary
statistics for LFA measurements, such as means and standard errors, were also caltalateolex
dataanalygsincludingmodelling andsignificance testingvereperformedusing R Statistical Software,
version 4.4.1R Core Team, 2024 he following packagewere usedddplyrg &statixy @gplot
dme4 emmeang and@erformancé(Bates et al., 2015; Kassambara, 2023; Lenth, 2024; Lidecke et
al., 2021; Wickham, 2016; Wickham et al., 2023)

To test for significant differences all dateres ubj ect ed t o an ANOVA using t
in R(R Core Team, 2024bue to the nature of the soil respiration and litter incorporation different
approachs for significance testingvere required These aredetailed inSections 3.4.2nd 3.4.1.2

respectivey.

Significance levels from all tests are indicatedhy number ofisterisks* = p < 0.05 ** = p < 0.01,
and** =p < 0.001

3.4.1 Landscape Function Analysis

Before any calculations were madkerte were a few errors in the 2018 student dataréuatired
amendnent These includedinor adjustmentsuch as changing soil cover scdi@ditter zonefrom

5/5 to 1/5 following the method laid odtty Tongway and Hindley (2004)vhich stateteaf litter should

not contribute to the soil cover scorklajor correctionswere also madesuch asaddresmg
inconsistencies between the zones recorded on control and brush pack transects which undermined the
comparabilityof the two transect typeBurther details on these amendments can be foulygdandix

31 LFA Data & Edits Record

Once the dat a had,theenany differert zometyped that leafl beenrecondees
also aggregatedrhisinvolved grouping terms such as bare growamti scaldas just bare grounar
grassy tussock and grass sward as just grass sward. These changte rdatiefroneach transect

comparableAll aggregated zones can be foundhpppendix 3i LFA Data & Edits Record

Overall LFA index scoregincluding averages and standard errdos)each transect and zone were
calculated using the 11 SSA indicators and zone dimensions measured in tHén&sklcalculations

were performed in Microsoft Excakingthe formula detailedy Tongway and Hindley (2004)

To assess whether brush packs improved function at the landszpéhe data was analysed at the
transeclievel. And to assesshether brush packs improved function at fine-scale the data was

analysed at theonelevel.
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3.4.1.1 Transect-level Analysis
Each transect waseatedas one repetition for that transect typata was grougd by transect type
(control, brush pack, referencand yeameasured4018, 2019, 2024

To assesthecontribution oforush packs compared to other zooeshe transeedcalethe zones were
aggregated into three groups: interpatch, brush pack, and other patolretheaverage percentage
contribution of each zone grotp the LFA indicesvas compared between 2018 and 2024 brush pack
transectsKigure4.5). The average exteneasured in length (m), width (cm), and are3 @hbrush

pack patchesvas also compared between 2018 and 2024 to better understand their contribution to
transectievel function(Table4.1). The 2019 data was excluded fronesecomparisos as the same
number of transectsnd brush packaere not measuredue to the structurand contexof the data,

statistical significance testingasnot performed.

To assess whether brush packs improved function at the trdeselctaverage LFA index scores were
compared between control and brush pack transects across all three Fygairs 4.6). And to
investigate hovithe function of both transectshangedover the yearsaverage LFA index scores for
control and brush pack transects were compacedssconsecutive years (2018 to 2019 and 2019 to
2024 (Table4.2). An ANOVA was performed to test for significant differences.

To assess whether brush packs improved function at the trdeselatelative to that of the Reference
Site, average LFA index scores were compared between reference and brush pack transects in 2024
(Figure4.7). An ANOVA was performed to test for significant differences.

3.4.1.2 Zone-level Analysis

Each SSA entry for every zofwith multiple entries per transeatias treated as one repetition for that
zone type Data was grougd by zonetype (interpatch brush packand yeameasured3018, 2019,
20249).

To assess whether brush packs improved function at thelewgleaverage LFA index scores were
compared between interpatch and brush peefchesacross all three year&igure 4.8). And to
investigatehow the function ofthe areaschangé over the years, average LFA index scofes
interpatch and brush pack patches were compared across consecutive years (2018 to 2019 and 2019 to
2024 (Table4.3). An ANOVA was performed to test for significant differences.

It was observed that the significant differences in LFA index scores at théexehevere being driven

by only a select few SSA indicators. These inclustgiticover, soil surface roughness, litter cover, and

litter incorporation The average values and standard errors of these four indicators were compared
between interpatch and brush paetchesacross all three yea(Bigure4.9). To investigate how these

four indicators changed over the years, scores in each indicator for interpatch and brush pack patches
werecompared across consecutive years (2018 to 2019 and 2019 jo(2aBk 4.4). An ANOVA
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was performed to test for significant differengethe soil cover, soil surface roughness, and litter cover
indicators However, de to the nature of the litter incorporation data being categorical rather than
guantitative an ANOVA could not be performed | nst ead, Fwas useglasot &s bettera ct  t €
suited for small sample sizes and data with uneven distributions as it does not make assumptions about

the underlying distribution of the data, unlike other options ss@thi-squaredc?) test This test was

performed usi ng (Kadsambara, 2023t i X6 package

3.4.2 Soil Respiration

The CO; efflux datawas first&leaned During the initial stages of data analysertaincycles (each

cycle being one measurement repetition or datapwiet removed due to abnormality and extreme
deviations from the rest of the daf&hesecyclesexhibited unusually larg€Q; efflux values with

some exceedindOumol m | Tke L6400 measures three cycles per collar, and significant
deviations within these short cycles, which are otherwise expected to remain mostly consistent, indicate
measurement errorheseabnormalitiesvere attributedo poor connections between the-6#00and

the collaror potential leaks in the collatself, which would artificially spikethe CO; efflux readings.

To avoid possible pseudoreplication, all measurement cycles for eachveelamaveragedandthe

resulting meanvas treate@s a single repetition or datapoint.

After cleaning and organising the data, the effects of brush packs on soil respiexanalysedising

a linear mixeeeffects model (LMM) to account for covariateMultiple models with different
combinations of fixedtandom, and interaction effeatse r € made usi ng (Batkset 61 me 4
al.,, 2015) Al | model s were compar e(ideckeierah, 202edthé per f or
model with the lowest Akaike information criterioras selectedl'he final modeincluded treatment,

moisture, and the interaction between treatment and moisture as fixed effects, ttditneasured

as a random effect to account fpatialvariationin respiration Temperature wadroppedas a fixed

effect because it did not significantly improve model fit with the .dBtés approach was based on

consultation with an advisor from the ANU Statistical Support Network.

To compare soil respiratiobetweencontrol and brush packatches estimated marginal means

(EMMs) were calculatedigure4.10) usi ng t he O6(kemth @GR4 Fhé EMMVE weiea g e
calculated with 95% confidence intervals at the averagisture level of all datapoint3.o test for
significant difference between the EMMs, a pairy
packaggLenth, 2024) Then the predicted relationship between,€fflux and moisture was plotted

with 95% confidence interval§igure4.11).

To determine the significance of each fixed efiadthe model p-values werealculatedfrom t-tests
on thar respectiveestimated coefficientéTable 4.5). The degrees of freedomsed were calculated
usingSattert hwaiteds approxi mati on,abiecommoo practice f or

with LMMs. Standard deviations of the random effects were calculated to quantify the variability
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attributed to differences between sites and assess the contributionle¥aiteariation to the overall
model (Table 4.6). These calculations were performadingt he base 6dsdmiaoynf) nt (
functionsin R (R Core Team, 2024in conjunction withthé | me 4 6 (Patesek ad.,R@15)

When the analysis wagpeated without excluding the abnormal datapoints, the interpretation of the
resultsdid not differ The resultsof t he 6 un c | e am éenduedid AppendixsAeé Soil

Respiration Raw Data and R Code

3.4.3 Soil Nutrient and Chemical Properties

3.4.3.1 Soil Carbon

Following Buss et al. (2021}o standardise the resultegpercentagearbon in samplevascalculated
based off the initial sample weigand theotal milligrams (ng) of carbondetected by the combustion
analyseEquation3.2).

Equation 3.2 Percentage carbon in sample calculation

"YE OG0 Q @BV DE R

60l ASREEDE N Q
d "0¢ Q6 Q6 LI "Q

pTT

For the unfractionated soil the carborsample(%) is equal to thearbon insoil (%). This is not the

case for the three soil fractiongo further standardise the resulise carbon in sample (%pr each
fractionwas convertedb carbon in soil (%as well using their percentage weighteeEquatiors 3.3

and3.4. This allows for a more straightforward comparison across fractions and with the unfractionated

soil.

Equation 3.3 Percentage weight of fraction calculation

QG DL O O OPOE & D @i Ghooneé &
W I WWOPQE ¢ LR
O Qeoti i QO an®Q P

Equation 3.4 Percentage carbon of soil calculation

O QMR Wi o oPQE &
pTT

60l REEE A 6 OI GREEGANEQ
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The data was grouped by treatment, fraction and depth intéesinsand standard errorsvere
calculatedand @ ANOVA was performedbetween treatments the same fractioand depth interval
to determine if there were any significant differences between groups.

3.4.3.2 Soil pH and Electrical Conductivity Levels

No transformation of the pH and EC data was necesBheydata was grouped by treatment and depth
interval. Means and standard errors were calculasedlan ANOVA was performedo determine if
there were any significant differences betwéeatmentsat the same depth intervautliers were
calcul ated usi ng(Wickman, 2006gpl ot 26 package
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Chapter4:Resul t s

4.1 Overview of Site Changes and Environmental Context
Conditions at thélain Siteimproved considerably over the study period, as showigures4.1, 4.2,
and4.3, which display photosf the same transeitt 2018 poth pre- and postrush pack placement)
and from 2024.

Figure 4.1 Transect at Main Site in 2018 pre-brush pack placement. Same transect as in
Figures 4.2 and 4.3. Photo courtesy of David Freudenberger.
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Figure 4.2 Transect at Main Site in 2018 post-brush pack placement. Same transect as in
Figures 4.1 and 4.3. Photo courtesy of David Freudenberger.

Figure 4.3 Transect at Main Site in 2024. Same transect as in Figures 4.2 and 4.3. Photo
courtesy of David Freudenberger.
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Additional photos of the Main Site over the years can be fourgppendix 5i All Site Photos

Over the study -tiep @Nibddgent accurred fram Adigust 20Q0 te March 2023.
This led toalarge amount of rainfall at tidain Site significantly higher than in the years leading up
the study Figure4.4).
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Figure 4.4 Annual rainfall in millimetres recorded from 2013 to 2024, covering five years
before and six years after the installation of brush packs in 2018. The 2024 value
represents rainfall for only the first six months. Data was sourced from the
weather station at Mulloon Home Farm (20067 July 2020) and the new Weather
Maestro station (from August 2020), with any data gaps filled from nearby
stations. Data kindly compiled by Chris Inskeep, (TMI). Data available in
Appendix 1 7 Home Farm Climate Data.

The large amount of raiffrigure4.4) and the reduced grazing pressuBedtion 31.1) has resulted in
significant pasture growth at the Main Sikégure4.3).

4.2 Landscape Function Analysis

4.2.1 Transect-level Analysis

The functionality of the interpatch zones had the greatest influence on trevatctunction,
contributing most to the overall LFA scor@sgure4.5). Although interpatch zones had lower LFA
scores than brush pack or other patch zones, their larger area across therésuisstinhe greatest

impact.
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Figure 4.5 Percentage contribution of different zone groups (interpatch, other patches, and
brush pack) to Landscape Function Analysis (LFA) index scores for 2018 and
2024 brush pack transects. Each bar shows each of the three indices: stability
(yellow), infiltration (blue), and nutrient cycling (green) and is stacked by zone
groups. Each bar is stacked by zone group, interpatch at the top, followed by
other patches, and brush pack at the bottom. Each bar represents the
proportional contribution of these zones to the overall LFA score for a given index.
Significance testing was not conducted due to the nature and structure of the

data.

Brushpacks persisted over the duration of the study showing some shrinkagdentas they decayed
and broke downTable4.1).

Table 4.1 Average dimensions and area of brush pack patches in 2018 and 2024, based on
measurements from 20 individual patches.

Average length (m) Average width (m)

Average area (M)

2018

1.73

8.03

13.93

2024

1.27

7.39

9.36

No significant differences were found in any LFA indetween control and brush pack transeuty
2018, 2019, and 2024, except for thiélitration index in 2019 (p < 0.05yeeFigure4.6.
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Figure 4.6 Transect-level changes in Landscape Function Analysis (LFA) index scores
across three years (2018, 2019, and 2024) comparing control and brush pack
transects. The scores are stacked by the three indices: stability (yellow),
infiltration (blue), and nutrient cycling (green). Error bars represent the standard
error of the mean. Significant differences between transects within the same year,
determined by ANOVA, are indicated by color-coded asterisks with
corresponding lines: yellow for stability, blue for infiltration, and green for nutrient
cycling. The number of asterisks indicates the significance level: * = p < 0.05, **
=p <0.01, *** = p <0.001.

Over the study period, function improved significarjy=<0.05 to <0.001jor both control and brush
pack transects, with an increase in the overall LFA scores for all ingicept forthe infiltration and
nutrient cycling indices focontrol trarsectsacros2018 and 2019, and 2019 and 2(Q24ble4.2).

Table 4.2 Results of transect-level significance testing for changes in Landscape Function
Analysis (LFA) index scores over time (2018 to 2019 and 2019 to 2024) for control
and brush pack transects. The indices assessed include stability, infiltration, and
nutrient cycling. The number of asterisks indicates the significance level: * = p <
0.05, ** = p < 0.01, *** = p <0.001.

Transect Type Comparison LFA Index p-value

Stability 0.03 *

2018 to 2019 Infiltration 0.42
NutrientCycling 0.53

Control

Stability <0.001 ***

2019 to 2024 Infiltration <0.001 ***
NutrientCycling <0.001 ***
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Stability <0.001 ***
2018 to 2019 Infiltration 0.02*
NutrientCycling 0.01*
Brush pack
Stability <0.001 ***
2019 to 2024 Infiltration 0.005 **
NutrientCycling 0.008 **

In 2024, compared to brush pack transects at the Main, 8aesectsat the Reference Sitead
significantlyhigher LFA index score@ < 0.05)for infiltration and nutrient cycling compared to brush
pack transectgFigure 4.7). There was no statistical evidence that the stability index scores were

different.

250 *
*
200
e
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(& ]
v
x " )
g O Nutrient Cycling
c ) .
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< 100
- O Stability
50 85 81
0
Brush pack Reference
2024

Figure 4.7 Transect-level Landscape Function Analysis (LFA) index scores for brush pack
and reference transects in 2024. The scores are stacked by the three indices:
stability (yellow), infiltration (blue), and nutrient cycling (green). Error bars
represent the standard error of the mean. Significant differences between
transects within the same year, determined by ANOVA, are indicated by color-
coded asterisks with corresponding lines: yellow for stability, blue for infiltration,
and green for nutrient cycling. The number of asterisks indicates the significance
level: * = p < 0.05, * = p < 0.01, *** = p <0.001.
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4.2.2 Zone-level Analysis
As shown abee in the transeetevel analysis, brush pagkatcheshad minimal influencen overall
LFA scores Figure4.5), and there wre few significant difference between control and brush pack

transect®ver the yearéFigure4.6 andTable4.2).

However, at the zonkevel, brush packatcheslemonstrated greatiemction compared to interpate
In 2018, brush pagiatchesad significantly greater stability index scores compared to integs(fch
< 0.001). In both 2019 and 2024, significant differences were observed across all three indices (all p <

0.001), with brush pacgkatcheshowing greater function in each caBay(ire4.8).
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Figure 4.8 Zone-level Landscape Function Analysis (LFA) index scores for interpatch and
brush pack patches across three years (2018, 2019, and 2024). The scores are
stacked by the three indices: stability (yellow), infiltration (blue), and nutrient
cycling (green). Error bars represent the standard error of the mean. Significant
differences between patches within the same year, determined by ANOVA, are
indicated by color-coded lines with corresponding asterisks: yellow for stability,
blue for infiltration, and green for nutrient cycling. The number of asterisks
indicates the significance level: * = p < 0.05, ** = p < 0.01, *** = p <0.001.

Over the study period, function improved significar{py< 0.001)for bothinterpatchand brush pack
patcheswith increasg LFA scoresacross2018and2019 and 2019 and 2024 able4.3). However,
the stability score for interpatches between 2018 and 2019 wamardynally significant (p = 0.048).
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Table 4.3 Results of zone-level significance testing for changes in Landscape Function
Analysis (LFA) index scores over time (2018 to 2019 and 2019 to 2024) for control
and brush pack patches. The indices assessed include stability, infiltration, and
nutrient cycling. The number of asterisks indicates the significance level: * = p <
0.05, ** = p < 0.01, *** = p <0.001.

Zone Type Comparison LFA Index p-value
Stability 0.048 *
2018t0 2019 Infiltration <0.001 ***
Nutrient Cycling <0.001 ***
Interpatch
Stability <0.001 ***
2019t0 2024 Infiltration <0.001 ***
Nutrient Cycling <0.001 ***
Stability <0.001 ***
2018 to 2019 Infiltration <0.001 ***
Nutrient Cycling <0.001 ***
Brush pack
Stability <0.001 ***
2019 to 2024 Infiltration <0.001 ***
Nutrient Cycling <0.001 ***

Upon further investigatioaf the dataonly a fewkey SSA indicators were found to drive the differences

in LFA index scores betweeanterpatch and brush pack patchBse key indicators included soil cover,

soil surface roughness, litter cover, and litter incorporation, which together cover all three of the LFA
indices Figure3.2). These indicat@ were the only ones thdiffered significantly between interpatch

and brush pek patcheswhile the others showed minimal differea¢Eigure4.9).

Soil coverwas the only SSA indicator tthange sigificantly (p < 0.001) immediatelgfter the brush

packs were establishéad 2018 Soil coverremained at a constantax score of 5/5 for brush pack
patches across all three yearsl wasstill significantly higher than at interpatches in 2@ 0.001)

but not in 2024Brush pack patches had significantly (p < 0.001) higher scores than interpatebiés in
surface roughness in 2019 and 2024, litter cover in 2019 and 2024, and litter incorporation in 2024 only
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Figure 4.9 Zone-level comparisons of the four key Soil Surface Assessment (SSA) indicators
between interpatch and brush pack patches across three years (2018, 2019, and
2024). The bar plots show scores for soil cover (max score = 5), soil surface
roughness (max score = 4), and litter cover (max score = 10), with error bars
representing the standard error of the mean. The heatmap shows the litter
incorporation scores, categorised as nil (n), slight (s), and moderate (m)
incorporation, displayed as percentages of the total number of observations for
that year. Extensive (e) incorporation was omitted for clarity, as there were no
observations with extensive incorporation. Significant differences between
interpatch and brush pack patches within the same year, determined by ANOVA,
orbyFi sher 6s exact t estarefiricated bytadteeisks. Thec or por at i
number of asterisks indicates the significance level: * = p < 0.05, ** = p < 0.01,
** = p <0.001.

Over the study perio@|l four of these SSA indicators improved significanfly«<0.05 to <0.001for
both interpatch and brush pack patctiesble4.4). Except for soil cover for brush pack patches which
showed no change as it was already at the max score (5/5) in 2018.

Table 4.4 Results of zone-level significance testing for changes in Soil Surface Assessment
(SSA) indicator scores over time (2018 to 2019 and 2019 to 2024) for interpatch
and brush pack patches. The indicators assessed include soil cover, litter cover,
soil surface roughness, and litter incorporation. The number of asterisks indicates
the significance level: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Alexander Harrison 21/11/2024 3:46 PM

The Impacts of Brush Packs on Landscape Function in a Paddock in Temperate, Mesic Southeastern Australia



Zone Type Comparison SSA Indicator p-value

Soil Cover <0.001 ***

Soil Surface Roughness <0.001 ***
2018 vs 2019

Litter Cover <0.001 ***
Interpatch Litter Incorporation 0.01*
Soil Cover <0.001 ***
Soil Surface Roughness <0.001 ***
2019 vs2024
Litter Cover <0.001 ***
Litter Incorporation <0.001 ***
Soil Cover No change

Soil Surface Roughness <0.001 ***
2018 vs 2019

Litter Cover <0.001 ***
Brush pack Litter Incorporation 0.001 **
Soil Cover No change

Soil Surface Roughness <0.001 ***
2019 vs 2024

Litter Cover <0.001 ***

Litter Incorporation <0.001 ***

4.3 Direct Measurements of Nutrient Cycling

Initial LFA measurements revealedush pack patches had significantly highearss in the nutrient
cycling index and for SSA indicators such as litter cover and incorpordiofurther investigate this
difference soil respiration and carbon measurements were takérthe expectatiothat they would
both be higher at brush pack patchiss followsTongway and Hindley (2004yvho used thesdirect
measurmentsto verify the nutrientycling index.

4.3.1 Soil Respiration

Soil respiration was measured throughis| C O ef fl ux

A linear mixedeffects model was used &malyseCO; efflux, accouning for the covariate moisture.
Surprisingly, hedifference inCO; efflux between treatments was not statistically significamivever,

variability in CO; efflux was higher atontrol patchegFigure4.10).
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Figure 4.10 Estimated marginal means (EMMs) of COFefflux (umol m s@) for control (red,
EMM = 5.04) and brush pack (blue, EMM = 5.57) treatments, with individual
measurements shown as transparent background points (ranges: control = 1.48-
9.13, brush pack = 3.16-8.11). Solid vertical lines represent 95% confidence
intervals (4.37-5.71 for control and 4.85-6.28 for brush pack). EMMs were
calculated from a linear mixed-effects model for each treatment at the average
moisture level of 17.64 (%VWC) across all data points. A pairwise comparison of
the EMMs revealed a p-value of 0.2710, indicating that the difference between
treatments was not statistically significant.

All the fixed effects used in the model had statistically significant effects (estimated coefficients), see
Table4.5. The main effect of both the brush pack treatment and moisture was negative. However, there
was a large, positive interaction effect between the brush pack treatment and moisture. Together, the
main effects and this interaction effect result in highemedgdCO; efflux at brush packatchesinder

high moisture conditions and lower under low moisture conditions.

Table 4.5 Summary table of the fixed effects estimates from the linear mixed-effects model.
Includes the estimated coefficients (Estimate), standard errors (Std. Error),
degrees of freedom (df), 95% confidence intervals of the estimated coefficient
(Estimate Cl 2.5% and Estimate Cl 97.5%), and p-values (p-value) for the
intercept (representing the control treatment at moisture = 0), brush pack
treatment (TreatmentB), moisture (Moisture), and the interaction between
treatment and moisture (TreatmentB:Moisture).

Fixed effects: Estimate  Std. Error df Estimate  Estimate p-value
Cl25% CI97.5%
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(Intercept) 8.72 1.25 21.25 6.34 11.15 <0.001***
TreatmentB -4.39 1.80 26.66 -7.89 -1.01 0.02*
Moisture -0.21 0.06 21.27 -0.33 -0.09 0.0 **
TreatmentB: 0.28 0.10 28.96 0.09 0.48 0.01*
Moisture

Figure4.11 shows the predictegelationship betwee@0O; efflux and moisture levels for control and

brush pack treatment3he interaction effect frorfiable4.5 is visible with CO; efflux increasing as

moisture rises ibrush packpatcheswhile the opposite occurs in contnehtches The 95% Cls for

both treatments largelyoverlsapu ggest i ng t her e i s rCOteffluaatdiffergmi f i can

moisture levels.

15 20 25
Volumetric Water Content (%)

Figure 4.11 The predicted relationship between COFefflux (umol m sud) and moisture levels
(%VWC) for control (red) and brush pack (blue) treatments, based on a linear
mixed-effects model, is plotted across the range of recorded moisture levels for
all data points. The centre of the plot aligns with the average moisture level across
all data points of 17.64 %VWC, and the lines intersect, before this point, at 15.74
%VWC. The shaded regions represent 95% confidence intervals.

The model ds resi dual ,rslatizenodhe range af efflux vallebservedanda s | ar ¢
statistically significant, with confidence intervals not crossing £€able 4.6). This indicates some
variability was not explained by the mod&he residual standard deviation is also larger than that of

site (patch)this indicates a greater variability withgatcheghan betweeipatches
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Table 4.6 Summary table of the random effects estimates from the linear mixed-effects
model. Includes the variance (Variance), standard deviation (Std. Dev.), and 95%
confidence intervals of the standard deviation (Std. Dev. Cl 2.5% and Std. Dev.
Cl 97.5%) for the random effect of site (SiteName) and residual variability

(Residual).
Random effects: Variance Std. Dev. Std. Dev. Cl 2.5 % Std. Dev. Cl 97.5%
SiteName 0.66 0.81 0.43 1.11
Residual 1.74 1.32 1.18 1.48

4.3.2 Soil Carbon
Soil carbon was measured across four depth intervalspiure the distribution of carbon throughout

the soil profile.

Surprisingly, m significant differences in the unfractionated soil carbon were observed between control

and brush pacgatchegFigure4.12). Carbonlevels generally decreasadth depth.

-
o

Carbon Content (% soil)

0-1cm 1-3cm 3-5cm 5-10cm

[ Control B Brush pack

Figure 4.12 Unfractionated soil total carbon content as a percentage of total soil (% soil) by
depth (0-1cm, 1-3cm, 3-5cm, and 5-10cm) for control (red) and brush pack (blue)
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treatments. Error bars represent the standard error of the mean. No significant
differences between treatments within a depth interval were observed.

Soil was fractionated to isolate plant material which could skew overall carbon measurantents
provideinsight into the stability of carbon in the soil.

Significant differences in carbon content were observed for the AggC fraction at depiusd3s
10cm, where contrglatchesad more carbon (p < 0.08jigure4.13). No significant differences were
observed iranyother fractions or depth intervafSarbon generally declined with depth in the POC and
AggC fractions, while it increased with depth in the MAOC fraction. The POC fraction exhibited the
greatest variability. Althougthe difference wasot statistically significant (except for the two AggC

depths)carbon levels were generally higher at control than brushpmtckes

Summary table presenting the means, standard errors, andlyes for the carbon data, grouped by

treatment, fraction, and deptireprovided inAppendix 6i Carbon Summary Data
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Figure 4.13 Fractionated soil total carbon contents as a percentage of total soil (% soil)
across different depths (0-1cm, 1-3cm, 3-5cm, and 5-10cm) for control (red) and
brush pack (blue) treatments. Fractions include (A) particulate organic carbon
(POC), (B) aggregate carbon (AggC), and (C) mineral-associated organic carbon
(MAOCQ). Significant differences between treatments within the same fraction and
depth interval, as determined by ANOVA, are indicated by asterisks. The number
of asterisks indicates the significance level: * = p < 0.05, ** = p < 0.01, ** =p
<0.001.
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4.4 Soil Chemical Properties

4.4.1 Soil pH and Electrical Conductivity
Soil pH and EC were measured to see if there were any differences in the chemical properties of the

soil between control and brush pgzches

A significant difference in pH was observed at th8cin depth, where brush papltchesshowed
slightly a higher(less acidicpH (Figure4.14). No significant differences were found at other depths.
pH variability was generally greater at confpaltchesas indicated by a wider interquartile range and
the presence of an outlier at thd@m depth interval.
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Figure 4.14 Soil pH across different depths (0-1cm, 1-3cm, 3-5cm, and 5-10cm) for control
(red) and brush pack (blue) treatments. Box plots show the median, interquartile
range, and outliers. Significant differences between treatments within a depth
interval, determined by ANOVA, are indicated by asterisks. The number of
asterisks indicates the significance level: * = p < 0.05, * = p < 0.01, **=p
<0.001.

No significant differences in EC were found at any dépthure4.15). Greater variability in EC was
generallyobservedor control patchesas indicated by wider interquartile rangesnpared to brush
pack patchesand multiple outliers Two control patchesexhibited particularly high EC values,

corresponding to thievo outliers visible across all four depth intervals.
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Figure 4.15 Electrical conductivity (uS/cm) across different depths (0-1cm, 1-3cm, 3-5cm,
and 5-10cm) for control (red) and brush pack (blue) treatments. Box plots
display the median, interquartile range, and outliers. No significant differences
between treatments within a depth interval were observed.
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Chapter5:Di scussi on

Landscape degradation is a significant global issue which leads to a decline of essential ecosystem
processes or landscape function. These losses compromise the capacity of landscapes to support
biodiversity, maintain productivity, and provide essentiaisgstem services. One technique aimed at
restoring landscape function is the use of brush packs.

Brush packscan helpto restore function in degraded seanid woodlands of eastern Australia, as
demonstrated byfongway and Ludwig (1996Most subsequent studidgave also examined brush
packs in semarid or arid grazing landdilton & Coetzee, 2022; Naude, 2017; Pelser, 2017; van den
Berg & Kellner, 2005)However, they are yet to be studied in higher rainfall environments. This study
addressethis gap by investigating whether brush packs can achieve similar outcomes in the temperate,

mesic climate of southeastern Australia.

Brush packs were established by ANU students in 2018 at the Main Site during a period of severe
drought, where thedite was heavily grazed and mostly bare gro(ffigure4.1). Data on simple soil
surface indicators were collected in 2018, 2019, and 2024, alongside more sophisticated measurements

of soil propertiesincluding soil respiration and carbon levetken in 2024.

This researclaimed to assess the impaof brush packs on landscape function, with a specific focus

on nutrient cycling, at a degraded, heavily grazed, mostly bare ground site with a temperate, mesic
climate in southeastern Australia.altsessed both landscagmale and finescaleimpacts, comparing

brush packs to control transects and patches. By understanding bathitsgadgides acomprehensive
assessmermtf whether localised effects beneath brush packs extend to the surrounding landscape

Unlike in the study byTongway and Ludwig (1996pver the course of thistudy the functionality of
the landscape improved dramaticalljven largely byclimatic conditions The increased rainfall from
the threeyear LaNifia event between August 2020 and March 2G2®stantially improved ground
cover across thandscapgand in @rallel grazing pressure within the property ws®reducedFigure

4.4 and Section 31.1). This improvement is evident in the site photographs, where pasture growth
increased substantially between 2018 and 2BRjufes 4.1 and4.3). While the landscape was initially
degraded, it clearly did not cross the functional threstasdt retained sufficient capacity from natural
recover Figure 2.4). As functionalityincreasesalong a continuumthe relative value of resource
accumulating patches such as brush patsaeasegFigure 2.4). The improvement of the entire
landscape, including the interpagghlikely overshadowedr reduced the significance of any potential
benefit from the brush packs in termsfanctionality. This is discussed in detail with respect to each

measure of functionality in the following sections.
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5.1 Impact at the Landscape-scale

5.1.1 Landscape Function Analysis

To assess whether brush padknproved function at the landscagmale, LFA scoresvere first
examinedat the transedevel. It wasexpectedhatbrush packs would improve all three LFA indices
(stability, infiltration, and nutrient cyclingyt the transedevel.

The landscapéevel LFA dataalso suggests the functionality of the whole landscape improved over the
course of this study.ow LFA scoresn 2018 reflects the initial poor functionality at the Main Site
(Figures 4.6 and 4.1). By 2019, someimprovementwas observed for both control and brush pack
transect although the Main Site was still in drougkidure4.4). Control transects, however, did not
improve significantly in terms of the infiltration and nutrient cycling indices, while brush packs showed
statistically higher infiltration index scores compared to control trans€atsg4.2 and Figure 4.6).

By 2024, significant improvements were observed across both trariBabls4.2), largely driven by

the high rainfall input from a rare thrgearLa Nifia eventand reduced grazing pressiFégure4.4
andSection 31.1). Thesefindings align with other studies that have identified rainfall as a strong driver
of LFA scores, with increased precipitation leading to significantly higher scores across all three indices
(Adel et al., 2022; Read et al., 201BurthermoreAdel et al. (2022Joundthe total number and area

of resourceaccumulating patches was significantly higher with increased precipitati@ationship

reflected in the dramatic pasture growttserved in this study.

Interpatch zones contributed the most to LFA scorebrush pack transects, both in 2018 and 2024
(Figure 4.5). Although brush pack patches received higher LFA scores than interpatch thaies,
smaller area meant their overall contribution to the LFA scores was lirkitech 2018 to 2024 the
proportional contribution of interpatch zones increasbile brush packs patches decreasetlecting

T as Whisenant (1999kuggeststhat in functional landscapes the relative value of each resource
accumulating patch is proportionally lowerlgo see fgure 2.4). This was also partly due to a slight
reduction in the extent of brush pack patches as they decomposed and shrank over fhayedd (

These findings suggest that brush pasikiser did not cover a sufficiently large area or the difference

in LFA scores between interpatch zones and brush pack patches was not great enough to significantly
improve function at the landscagsealecompared to theate at which function improved across the

entirelandscape.

The Reference Site was established to evaluate whether brush packs enhanced function at the transect
level relative to a minimally disturbed, functional landscdpespite significant improvements in
functionality at the Main Sitat was still less functional in terms of infiltration and nutrient cycling
compared to the Reference Sisdthough there was no significant difference in stabffigure4.7).

Over the last four decades, the Reference Site has experienced significantly less offtake through grazing,
allowing the soil to accumulagnd incorporatenorelitter leading tosignificantly higher infiltration
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and nutrient cycling scorelt is alsoimportant to note, the lack of a significant difference in stability
cannot besolelyattributed to the brush packes it also reflectthesignificantlyincreased functionality

across the entire Main Siver the course of the studn a study alsoconducted in temperate
southeastern Australidunro et al. (2012joundthatbetween gaddock site (analogous to the Main

Site) and a remnant woodland (analogous to the Reference Site), there was no significant difference in
the stability index, but higheinfiltration and nutrient cycling indices in the remnant woodland.
Furthermore, the numerical valukiinro et al. (2012jound for all three indicest the paddock and

remnant woodland sitere comparable tihve MainSiteand Reference Site, respectively, in this study.

5.2 Impact at the Fine-scale

5.2.1 Landscape Function Analysis
To assess whether brush packs improved function fibthecale LFA index and SSA indicator scores
wereexaminedat the zondevel. It wasexpectedhatbrush packsvouldimprove all three LFA indices

(stability, infiltration, and nutrient cycling) at the tranststel.

Despite theminimal influenceof brush paclpatchest the transedevel, there weranany significant
differences observead LFA scoredhetween interpatch and brush paeitchesat the zondevel. These
differences were driven by four key SSA indicatars! cover, soil surface roughness, litter cover, and
litter incorporationThese differences align with tlhenefits of brush pacKdlaude, 2017; Smith et al.,
2007; Tongway & Ludwig, 1996as outlined irBection 22:

Soil cover: Brush packs provide immediageil cover angrotection from rainsplash erosion.
Soil surface roughnessBrush packs act as filters which intercept overland flows and capture
detritus such as soil and litter

9 Litter cover and incorporation: Brush packs provide a direct source of litter input and trap
additional litter washed down from upslog&dditionally, they provide shelter anidod for

macroinvertebrates which helps incorporate this material into the soil

In 2018, soil covemwas significantly higher at brush pack compared to control pathedo the
immediaterainsplash protection provided by brush pa@fkgure4.9). Soil cover contributesnly to

the stability index Figure 3.2), which explains the significant increase in stability observed in brush
zones relative to interpatch in 20@Egure4.8). No other SSA indicators differed significantly as the
brush packs had not yet integrated with the Silerefore there were no significant differences
observed for the infiltration and nutrient cycling indicéSigure 4.8). Despite no immediate
improvements in soil surface roughness and litter cagethe brush packs became integrated with the
ground and dropped littgit is likely the scores would have improved shortly after the brush packs were

placed well before the second round of measurements in 2019.
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By 2019 brush packsadtime to integrate with the sahd drop and trap littethis led to significary
higher score#n soil surface roughness and litter coeempared to control patcheshile the initial
difference in soil cover persist€Bligure4.9 and Table4.4). These three SSA indicators collectively
contribute to all three LFA indicg&igure 3.2), leading to significantly higher scores at brush pack
compared to control patch@sigure4.8).

By 2024,brush packs had even more time to integrate and drop and trap litter. This led to an additional
significant difference in litter incorporatiomvhile soil surface roughness and litter covemained
significantly greater at brush pack patclieigure4.9). While soil coveremainedunchangeé at brush

pack patches, it increassigjnificantlyat interpatchedue to substantigdasture growth over the course

of the study(Table4.4). As a resultbrush packpatcheso longer had significantly higher soil cover
scorescompared tdnterpatchegFigure 4.9). Interpatches also showed significant increases in soll
surface roughness, litter cover, and litter incorporatoml all three of the LFA indicegeflecting the

overall functionaimprovement across the sif€ables 4.4 and 4.3). Together, soil surface roughness,

litter cover, and litter incorporation collectively contribute to all three LFA indi€ggire3.2), leading

to significantly higher scores at brush pack compared to control pdkibase4.8). These differences

over the years suggest brush packs can have lasting benefits in rainsplash protection, intercepting
overland flows, and providing organic matter infgutesebenefits also improve certain resource flows
leading to more gains within the landscape system, as described by the TTRPR#pdael(1):

1 Depletion: Soil cover reduces soil lost from the reserve through depletion processes such as
rainsplash erosion.

9 Physical feedback:S o i | surface roughness increases the
retain resources from transfer processes, such as overland flows, in the reserve.

9 Resource input and StoragelLitter input contributes resources to the reserve.

All theselastingbenefitscan help preverd long-term imbalance in resource gains and losadsch
canleadto dysfunction Figure2.2).

Few studis report the LFAscoresat the zondevel, as most focus otine overall transeetevel scores
(Adel et al., 2022; de Luna et al., 2022; Kellner et al., 2022; Pelser, 2017; Zhao et al.HpdaR)er,
among the studies thiadve reportetlFA scores at theanelevel, patch zonesonsistently score higher
thaninterpatches across all three indiffdeDonald et al., 2018; Read et al., 2016; Tongway & Hindley,

2004) similar to the results found in this study

5.2.2 Direct Measurements of Nutrient Cycling
Direct measurements of nutrient cycling were taken due to initial LFA measurements suggesting brush

packs had significantly improved nutrient cycling at the-Boale.Soil respiration and carbon levels
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were measured followingongway and Hindley (2004yho used theseeasureso verify the nutrient

cycling index.

5.2.2.1 Soil Respiration

To directly assess the impact of brush packs on nutrient cycling, soil respiration was measured through
soil CQ efflux. It was expected that brush packs would increase the rate of spitateon Soil
temperatur@nd moisture weralsomeasure@s covariates as they are known to influe@ee efflux

(Maier et al., 2011; Moyano et al., 201RBowever,only soil moisture was included in the analyss

it hada significant effect ol€O; efflux in this study whereasoil temperature did not.

The CO; efflux values observed in this study are comparable in magnitude and variability with those
observed in studies of soil respiration in temperate grasglapdstolakis et al., 2022; Bremer & Ham,
2002; Joos et al., 2010; Reinthaler et al., 20Zbntrol patchedisplayed higher variability €O,

efflux values compared to brupackpatchegFigure4.10). This may reflect a greater diversity amongst
control compared to brush pap&tchesvhich were mostly homogenous.

A linear mixedeffects model was used to analyse the datddived a large positive interaction effect
between brush pack treatment and mois{liedle4.5). This suggests brush packs incre@sk efflux
under higher moisture leveldowever,acrosghe range of moisturevelsobserved in this study, the
differences inpredictedCQO; efflux betweenbrush packand controlpatcheswere not statistically
significant(Figure4.11).

The literature suggests that the relationship between soil respiration and moisture follows a parabolic
pattern, with an optimal moisture level at whick, efflux peaks(Hursh et al., 2017; Moyano et al.,

2012; Reichstein et al., 2003) is unclear whether the range of data in this study has crossed this
optimal moistureCO; efflux peak. The main effect of moisture was negafheble4.5), soCO; efflux

at controlpatchesdecreased with moisture, whif@QO; efflux at brush packpatchesincreased with
moisturedue to the large positive interaction eff@igure4.11). This contrast means we cannot say

with certainty thatorush packsill increaseCQ; efflux under higher moisture levepast the range
sampled in this studyMore data across a broader range of moisture lesekscessary to adequately

assess this relationship.

Brush packs did not significantly improve soil respiratiatescompared to contrgbatchegFigure

4.10). This result was unexpected, as humerous studies have shown correlations between the LFA
nutrient cycling index, litter input, and soil respirati@réchet et al., 2018; Han et al., 2015; Maestre

& Puche, 2009; Setyawan et al., 2011; Tongway & Hindley, 2004; Wei & Man, 28&# because

Tongway and Ludwig (1996pund brush packsignificantly improved soil respiration rates.
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Over the study period, the substantial pasture growth across the entire site, led to significant
improvements in soil cover, litter cover, and litter incorporation scores at control pafgna® 4.9

and Table 4.4). The literature suggestsoil respiration rates arpositively related to vegetation
productivity, primarily driven by increased root respiratifidursh et al., 2017; Raich & Schlesinger,
1992; Reichstein et al., 20Q3)jut also due to increased litter ing@8réchet et al., 2018; Han et al.,
2015; Wei & Man, 2021)This substantial growth may hageershadowed or reduced the significance

of any impact of brush packs on soil respiration rates.

Unfortunately, without baseline soil respiration data from 2018, it is not possible to determine how
significantly these rates have changed over time. Also, data from 2019 henedhelped assess
whether brush pack patches had an initial advantage before the high rainfall input from tyeahree

La Nifiaeventthat began in 2020.

5.2.2.2 Soil Carbon
To directlyassesshe impact of brush packs on nutrient cyclisgil carbon levels were measuréd
was expected that brush packs would increase soil carbon levels.

Carbon vas measuredat four depth intervalg0-1, 1-3, 35, and 5-10cm) to capture distribution
throughout the soil profil&Such shallow depths were sampteded orthe assumption that any change
in carbon levels over the timeframe of this study would occur near the soil stofloxeing Tongway
and Ludwig (1996)Sampleswvere also fractionated inthree different fractiongparticulate organic
carbon, aggregate carbon, and minassociated organic carbdn)isolate plant material and provide

insight intocarbonstability in the soll

It is difficult to compare the results of this study to the literature bedhase ardew reports where
samping wasacross such shallow deptttervals,and naresearctnas combinedhiswith fractionation.
Also, the soil was sieved to <lmprior to analysiswhich differs fromthe standard 2mm used in

most studiesandsoil carbon is highly variable across different land uses and climates.

Unfractionated soil carbon was particularly high in this study, especially inlaenOntervas, where
levelsexceeded 10%F-igure4.12). This was due to large amounts of plant matter at this depth, however,

it is possible that some of the root mat was inadvertently included in samples at this depth interval.
These results are comparable to a study conducted in temperate grazing lands of eastern Australia by
Gibson et al. (2023Wwhere soil organic carbon was found to be 3.68% owngle 0-15cm depth

interval. In this study the-50cm intervad had similar carbon leve(Figure4.12). Small fragments of
charcoal were found throughout the site and across all depth intervals, which may have artificially
enhanced carbon levels, these fragments would have been isolated in the particulate organic carbon

fraction.
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General depth trends were obseraedossunfractionated and fractionated sseimpleqFigures 4.12
and4.13). Carbon levels in the unfractionated soil decreased overiler® range. This occurs due to
reduced organic matter input with depth. This trend corroborates with the literature, which although
mostly looks at broader depth intervals, shows a declineilicadon with depti{Balesdent et al.,

2018; Dietzel et al., 2017; Roman Dobarco et al., 2023)

Particulateorganic carbon levelsdecreased with depttiFigure 4.13a), as this fraction is primarily
derived from plant material, whichas lessnput at depth(Abramoff et al., 2018)The particulate
organic carboffraction alsohadthe highest variability in carbon contelikely because it includes a
wide variety of organic materia{gbramoff et al., 2018)Aggregatecarbon levels also decreased with
depth(Figure4.13b), due tareducedsoil aggregate stability with deptbe Bissonnais et al., 2018; Pan
et al., 2023)However,mineralassociated organic carbtevels increased with dep{Rigure4.13¢),

as this fraction takes time to be transformed or decomposed from organic (Rattém Dobarco et
al., 2023) These patterns align with the relative stability of the carbon fractions, massatiated
organic carbon is the most stable fraction, while particulate organic carbon and aggregate carbon are
more vulnerable to decompositigAbramoff et al., 2018; Georgiou et al., 2022; Hemingway et al.,
2019; Peng et al., 2017; Robertson et al., 2019)

Two significant differences in theggregate carbdinactionwere observedvhere contropatcheshad
higheraggregatearbon levels than brush paglitchesat the3-5 and 510cm depth interval@~igure
4.13b). These differences were unexpected, particuéstigeyoccurredatthe deepst of the four depth
intervals. Any difference in carbon levelgasexpected to occur near the surface. Unfortunately, without
baseline carbon dateom 2018,it is impossible to determine whether these differences resulted from
changing conditions over the course of the study or if the cqudtohessampled started with higher
aggregate carbdevels.

Brush packs did nasignificantly improve soil carbon levelsompared to control patcheBhis was
unexpecteatonsidering nmerous studies have demonstrated a correlation between the LFA nutrient
cycling index, litter input, and soil carbon levéddridge et al., 2020; Reynolds et al., 2018; Setyawan
et al.,, 2011; Tongway & Hindley, 2004; Xu et al., 2013; Xu et al., 20&21d becaus€ongway and

Ludwig (1996)found brush packs significantly improved soil carbon levels

Over the study perigdhe entire site experiencatdbstantial pasture growtbontrol and brush pack
patches saw significant improvements in soil cover (only control patches), litter cover, and litter
incorporation score€Table4.4). This substantial growth led tmcreaseditter productionand root
derived carbon inputdoth of whichcan contribute to higher soil carbon levéf®eplau et al., 2021;

Xu et al., 2021)As a result, soil carbon leveleneath both control and brush pack patches may have

approached saturation.
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Carbon saturation occurs when the capatfity soilto store additional organic carbon is limited due to
inherent physicochemical characteris(is et al., 2002)Once this limit is reached, additional carbon
inputs may not lead to further increases in soil caf@nng et al., 2008; Chung et al., 2010; Six et

al., 2002; Stewart et al., 200T)cannot be asserted that carbon saturation was reached. This could have
been assessed by measuring carbon levels over time and observing whether they tapered off
Unfortunately carbon levels were not measured in 2018 or 2019. However, as soils approach carbon
saturation, the efficiency of carbon storage froew carboninputs decrease¢Chung et al., 2010;
Stewart et al., 2007)Therefore, evelfull saturation was not reached, being close to saturation may
have slowed the rate at which the soil could store additional carbhis may have reduced the

significance ofany impact that the brush packs had on soil carbon levels.

Contrary to the hypothesisontrol patches generally exhibited higher carbon levels than brush pack
patches(Figures4.12 and 4.13), although this trend was not statistically significant (except for the
aggregate carbon fraction ab3and 510cm depth intervalsYhis may be due tsignificant variation

in the amount of material used for the brush paskt somepacked quite denselililton and Coetzee
(2022)suggest dense brush packs can exclude ligtibiting grassgrowth.Becausegrass growth leads

to increasd litter production and roederived carbon input$actorswhich can lead to increasesbil
carbon levelgPoeplau et al., 2021; Xu et al., 202hjs may have led to generally higher carbon levels
at controlpatches

5.2.3 Soil Chemical Properties

Soil pH and EQevelswere measured to see if there were any differences in the chemical properties of
the soil between control and brush paekcheslit was expected that brush packs would not change pH
or EC levels.

The magnitude and variability of pH and EC levels observed in this study are compar&aento
(2016) who conducted a study d¢he pH and EC of soilacrossmultiple siteswithin the Southern
Tablelands of NSWThis region shares similar environmental conditions with the Main Site in this
study.However, it is important to note, in this study soil samples were sieved to <1mm not the standard

<2mm which may limit this comparability.

ThepH levelsshowed no significant differences¢cept forthe 23cm depth intervalvhere brush pack
patches had a higher (less acidic). pHis was unexpected, as any influence of brush packs on pH we
would expect to se¢he differences in the uppermost-16m) interval first and then potentially
extending down to other intervals. The absence of a difference in-lloen dnterval means the
significant difference at-Bcm cannot be solely attributed ¢hange driven byrush packsThis

difference could bettributed to randonpH variability which washigher at control patches

EC valueshowed no significant differenceSontrol patches exhibited higher EC variabilitycluding
two controlpatcheswith particularly high EC levels. These two sitge visibleoutliersacross all four
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depth intervalsThe higher variability of pH and EC at control patches may reflect a greater diversity

amongst control patches suggested with the soil respiration results.

High spatial variability in pHand EC is weldocumentedn southeastern Australia, with bare areas
often exhibiting the most extreme variation in both pH and EC I€alen, 2016; de Caritat et al.,
2011; Semple et al., 2006 C generally decrease as vegetation cover increases, with more vegetated
areagypically showing lower EC level@ann, 2016; Barrettennard et al., 2003; Semple et al., 2006)
Brush packs may have initially increased pasture growth, as in 2019 they had significantly higher
infiltration andnutrientcycling LFA indices whichmay have led to less extreme EC levélsere may
alsobe a legacy effecwith control patches starting with higher EC levels and more variable pH and
EC levelsUnfortunatelywe cannot asseeither ofthese ideawithout pH and EC data from 2058d

2019 An analysis of the pH and salt levels in tieptospermurbranches used to construct brush packs

could clarify if they arelikely to influence pH and&C.

5.3 Implications

This study expands the range of climatic conditions under which brush packs have been studied. While
previous research focused semiarid and arid climatesthis studyexamined brush packs in a
temperate, mesic climatémprovements in functionality driven by natural recovery and significant
pasture growth are comparable to improvements from brush packs in this study. As landscape function
increases, the relative value of resoetsiceumulating patches, such as brush padezreases
(Whisenant, 1999)Therefore, brush packs may have limited utility as a rehabilitation technique in

resilient mesiclandscapewhere grazing is sustainable

Although climatic conditiondikely mased some of the impacts, this study demonstrates that brush
packs constructed frolreptospermurbranchesarenewable resource that was already being routinely
cleared can persist for over six years throughgnificant rainfall and continuedrazing. This
persistence is important, asieandrush packs continue improve landscape functiday interceping
overland flows andaptuing and retaiing resources such as soil, water, and plant detiitus longer

lasting an intervention is, the more laboand costeffective it becomes.

The 2019 LFA data suggests that brush packs likely had a head start in téamiohalrecovery

beforet he r a«dé p6t Liap NHelithtad natwat nedoveryurthermorealso in 2019the

property manager observed a reduction in erosion at, and downslope from the site compared to other
areag Cantwell, pers. comm. 2024t the finescale brush packs were found to significantly improve
several indicator®f function. They provided immediate soil cover and protection from rainsplash
erosion.They increased soil surface roughness, filtering overland flows and capturing dé&tngys

also increased litter cover and incorporation drgviding litter input through decomposition and
trapping mataal from upslopeand creating habitat for macroinvertebrates, which helped incorporate

organic matter into the soifhese improvements in functionality suggest a rehabilitation technique,
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the brush packs mayrovide lasting benefit, if they persistyen if conditions were to shift back into a

period of drough&ind heavy grazing were tesume

5.4 Limitations

There was some variation in the construction of the brush packs, including their height, width, and
length. There was also variation in the number and spacing bifukle packslong each transecthis

limited the comparability of each brush pachknsect angbatch particularly for the 2019 LFA data
where not all brush pack transects and patches were measured.

The lack of baselinand shorterm soil respiration and carbon data from 204@& 2019makes it
challenging tadistinguish between the impaaif brush packs and natural recovery. It also makes it
difficult to contextualise the current datparticularly consideringthe significant pasture growth
observedas we do not knoor certainor to what degresoail respiration and carbon levels improved
significantly over the study period.

A significant limitation of this study is that the soil respiration measurements capture only a single
shapshot in time. Soil respiration is known to vary significantly across seasons and due to climatic
conditions(Bremer & Ham, 2002; Raich & Schlesinger, 199R¢cause of this, it cannot heserted
that the results of this study will persist throughout the year. Taking @0sefflux measurements
over an entire year and under different climatic conditions would provide a more comprehensive

understanding of the relationship between brush pack€@gndfflux.

There werealso some issues with the model and data used to assess soil respiration in this study.
Relative to the range @0O:; efflux values observed, the model had a high residual standard deviation
which indicates significant random variationd®; efflux was not explained by the mod@&laple4.6).

This could be due to the highly variable natur€@g efflux, or that there is another covariate driving

this variability that was not included in the modébyano et al. (20123uggest several soil properties

such as bulk density, clay content, and organic contauiltdldmpact soilCO; efflux measurements.

Some soil properties that differed, such as pH and EC, or likely differed such as bulk density, were not
included in the model. Both pH and EC, although not significantly different, showed greater variability
in control patches, similar theé greater variability observed for soil respiratibig(res4.14, 4.15, and

4.10). Bulk density may also have varied, although it was not measured, particularly if the brush packs
excluded livestock during the study, thereby reducing soil compaction. Future models should consider

incorporating bulk density, pH, EC, anther soil properties as additional fixed effects.

This study directly measured nutrient cycling du®@4 LFA data indicating this was improved at
brush pack patches. However, the three SSA indicators which lead to this improvement also contribute
to the infiltration indexln 2019 at the transedevel, brush pack transects have significantly higher

infiltration index scores compared to control transetisfortunately, direct measurements of
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infiltration could not be completed due to weather condit(saturated soils)rhis limitedthe ability

of the study to assess the infiltration aspect of landscape function.

5.5 Future Research

This study found that aen the surrounding landscape is functionalrét&tivefunctionality of brush
packs iscomparableHowever, if conditions were to shifsuch as during a period of drought, and
landscape functionality was to decrease, the rel&divetionality of brush packsnayincreaseif they
persist. This leads tothe question:Will the brush packs in this study providesting benefitsto
landscape functioonder drought conditions?

Brush packs were found to have a minimal proportional contribution to landscape function at the
transectievel, this limits their impact on function at the landscapale The LFA method calculates

this contribution based on two factors: the average LFA scores of all the patches assessed on the
transect, andhe proportion of the transect area which they occupy. While the average LFA scores
cannot be directly alterethcreasing the area or extent occupied by brush packs should increase their
proportionalcontribution. This leads to the question: Does increasing the number or physical extent of

brush packs increase the significance of their impact on function and the larsisal®e

A diverse range of materials have been used to construct brush paekistush packs used in this

study were constructed frofocally sourced_eptospermuniorancheswhile Tongway and Ludwig
(1996)usedlocally sourcedAcacia aneurebranchesOther studies on brush padikave also utilised

various locally sourced materiglKimiti et al., 2017; Milton & Coetzee, 2022; Naude, 2017; Pelser,
2017; van den Berg & Kellner, 200%jowever, there has been no analysis of whether these different
materialsvary in their durabilityor impacs on function This leads to the questiodow do different
construction materials, such as branches from various species, influence the durability and effectiveness

of brush packs in restoring landscape function?

Tongway and Ludwig (1996¥ound brush packssupported significantly higher numbers of
macroinvertebrates compared to control treatméitser studies have also showdifferent forms of

woody debriscan increasenacroinvertebrate abundan(®arton et al., 2011; Grodsky et al., 2018;
Parkhurst et al., 2022Brush packpatches had significantly higher LFA scores in litter cover and
incorporation in this studyLitter provides shelter and contributes organic matter as a food source for
macroinvertebratesvhich in turnincrease thautrient cycling into the saillhis leads to the question:

What impact do brush packs have on macroinvertebrates, and does this impact influence landscape

function?
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Chapter6:Concl usi on

This study aimed tassesshe impacs of brush packs otandscape functigrwith a specific focus on
nutrient cyclingat a degraded, heavily grazed, mostly bare ground site with a temperate, mesic climate
in southeastern Australi#f.addresse@ gap inthe existing researctwhich has largely focused on the
impacs of brush packs in senrairid and arid environmentBoth landscapacale (transedevel) and
fine-scale (zondevel)impacts were assessed to provide@ecomprehensivassessment.

Landscape function was first assessed using Landscape Functional Andtysibe expectation that

they would improvescores in all three of the indices: stability, infiltration, and nutrient cycBngsh

packs showed no significant improvements in function at the landscaferelative to control
transect$ years after establishmehtowever, at the finscale they showed improvements in all three
indicesrelative to control patche\fter this initial assessment revealed significant differences in
nutrient cycling, direct measures of soil respiration and carbon levels were taken to further investigate
this. Chemical propertieqgH and ECwere also measured to see if brush packs had any influence on

these soil properties

Contrary to expectations based ompous studies, brush packs did not significanithyprove soil
respiration and carbon levaislative to contropatchesHowever, during the study both brush pack
and control patches experiedaggnificant functional improvementiue to substantial pasture growth
driven bya rare thregrear LaNifiaevent.The natural recovery across the site likely overshadowed any
additional benefit provided by the brush padksexpected, the brush packs did not influence chemical

properties.

These findings suggeshat brush packs may have limited utility as a rehabilitation technique in
resilient mesiclandscapedata taken one year after the brush packs were established and before the
threeyear LaNifia event drove natural recovery suggests brush packs likely had a head start in terms
of functionrecovery If conditions were to shift towards dysfunction, such as during a period of drought
the relativefunctionality of the brush packsayincrease, if they persistherefore, brush packs could

offer lasting benis to landscape function under drought conditiand heavy grazing
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AppeindiHome Farm Cl i mat e

This includes all the raw data kindly compiled by Chimskeep (TMI). It also includes the
transformations | madd.he full dataetis too large to be attached to this document@bemade
availableuponrequest.
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Appendiit&ha2 n of (Csucsitlo dsya mp |

This includes the sites and dates of where | sampled fksrwell as the initial time spent drying in the

oven and subsequent drying times once the soil was fractionated for the carbon analyses. It also includes
dates of some of the analys&be full dataset is too large to be attached to this document and can be
made available upon request.
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AppendiilxFAat aeEd&i t s Record

LFA Data:

The LFA data includean Excel file for each transect measured in 2018, 2019, and PB24efiles

are too large to be attached to this docuraedcan be made available upon request.

LFA Edits record:

This includes some of the edits | made to the LFA data and the rationale behind them. It also includes

how | aggregatedll the different zone typabkat wererecorded.

Edits to 2018student data:

- Students did not record some zones on their second day of measurements so there were
erroneous differences between control and brush pack transects when the only difference
there should have been was the addition of the brush packs. This significanttyeohize
calculation of each index. To solve this problem. | took all the distance, width, and SSA
measurements from the po$irush pack data and inserted these as new zones into the pre
brush pack or control data. This meant the only difference betwesendhtrol and brush
pack transect LFA data was the brush pagkih was the differencewanted to measure

- Al Litter rainsplash/soil cover changed to

- All CWD zones rainsplash/soil cover changed to 5. CWD counts as rainsplash protection

- Studentsecorded inconsistent textures. All textures changed to 3

- Group 4 transect 221 forgot to finish filling out the SSA indicators for one of their BP
measurements. So, | finished filling it out based on what they had for previous BP
measurements (which were all the exact same).

- Group 2 randomly had soil cover as 4 for sparse grass/scale in their pre brushpack data. Their
pre and post data for sparse grass/scald was exactly the same except for this erroneous
number. So, | changed it to 2 to make their data the same and bedausdikely that a
sparse grass/scald zone would have such high sail cover.

- Group 2 made an error in their p@&® data. 70cm width BP patch should be CWD, not BP
believe they just saw CWD that was already on the ground and decided to call it a brush pack.

- Changed group 3 slake test from 0 to 1 for Litter in post and pre BP as this matches their
other data and slake should not have been 0. This also helps the spreadsheet function properly
by not ignoring slake test when calculating the indices.

- Fixed group 5 who incorrectly entered landscape organisation data, they had their starts and
ends mixed up.

- Surface resist. to disturb. Values that were 2.5 changed to 3 so the spreadsheet would function

properly.

Edits to 2019 David and Lukedata:
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- Transect 2221.In the landscape organisation sheatagped 22.3 with 21.7 because they
were in wrongprder, larger distance number should not be above smaller distance number.

Zones aggregated:

Oold New
SCALD Bareground
Bareground Bareground
bare with litter Bareground

Unchanged:
Litter Litter
Rock Rock
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AppendiiXoid Respiration Ra
RCode

This includes the raw data from the-840Q the cleaned and formatted dataset | fed into R, the
uncleaned dataset, and the code used to generdieedremixedeffects modelnd graphs presented

in this thesisThe full dataset and codeetoo large to be attached to this document and can be made
available upon request.
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AppendiiA I5 Site Phot os

This includes all of the photos | have of the M8ite and Reference Sitéost of themare courtesy

of David Freudenbergel have attached a few of them héveshow the change in site over the years,
all of these were taken by David Freudenbefgee if you can spot yourself if you were one of the
students!)But there are too many to attach to this docundmetrest of the photos can be made available

upon request.

Same Transect piterush pack 2018, pebrush pack 2018, and in 2024
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Examples of interpatch 2018 vs 2024:
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