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Tracking the response of forest ecosystems to climate change demands large (1 ha) monitoring plots that are repeatedly measured over long time frames and arranged across
macro-ecological gradients. Continental scale networks of permanent forest plots have
identified links between climate and carbon fluxes by monitoring trends in tree growth, mortality and recruitment. The relationship between tree growth and climate in Australia has
been recently articulated through analysis of data from smaller forest plots, but conclusions
were limited by (a) absence of data on recruitment and mortality, (b) exclusion of non-eucalypt species, and (c) lack of knowledge of stand age or disturbance histories. To remedy
these gaps we established the Ausplots Forest Monitoring Network: a continental scale network of 48 1 ha permanent plots in highly productive tall eucalypt forests in the mature
growth stage. These plots are distributed across cool temperate, Mediterranean, subtropical
and tropical climates (mean annual precipitation 850 to 1900 mm per year; mean annual
temperature 6 to 21°C). Aboveground carbon stocks (AGC) in these forests are dominated
by eucalypts (90% of AGC) whilst non-eucalypts in the understorey dominated species
diversity and tree abundance (84% of species; 60% of stems). Aboveground carbon stocks
were negatively related to mean annual temperature, with forests at the warm end of the
temperature range storing approximately half the amount of carbon as forests at the cool
end of the temperature range. This may reflect thermal constraints on tree growth detected
through other plot networks and physiological studies. Through common protocols and
careful sampling design, the Ausplots Forest Monitoring Network will facilitate the integration of tall eucalypt forests into established global forest monitoring initiatives. In the context
of projections of rapidly warming and drying climates in Australia, this plot network will
enable detection of links between climate and growth, mortality and carbon dynamics of
eucalypt forests.
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Introduction
Forests play a central role in the global carbon cycle and understanding how carbon stored in
forest ecosystems responds to changes in climate, land use and atmospheric composition is a
key challenge confronting land managers, scientists and policy makers [1,2,3]. Globally, significant changes in carbon stocks have been documented for forests spanning the boreal, temperate and tropical regions through the examination of changes in tree growth, recruitment
and mortality in permanent monitoring plots distributed across macro-ecological gradients
[4,5,6,7,8]. For example, forests measured by large (1 ha) monitoring plots in African (AfriTRON; [6]) and Amazonian tropical forests (RAINFOR; [9]) exhibited an increase in biomass
over recent decades, whereby biomass increment through tree growth and recruitment
exceeded biomass losses through mortality. These pan-tropical trends were linked to variation
in resource availability, with an increase in atmospheric CO2 a plausible driver [9].
There are some indications, however, that the forest carbon sink in these systems may be
weakening. Recent drought events in the Amazon drastically increased mortality rates and may
have caused a switch of the Amazon rainforest from a net carbon sink to a carbon source
[10,11]. Indeed, pervasive increases in tree mortality are becoming increasingly recognised as
consequence of a changing climate worldwide [12]. Forest monitoring plots have revealed links
between increases in tree mortality rates and widespread drought or temperature stress in the
Western United States [13,14] and Canada’s boreal forests [15]. Worryingly, these widespread
climate-triggered mortality events may alter the structure, function and composition of ecological communities in ways that are distinct from other natural forest disturbances [16], and
have the potential to trigger transitions to non-forest ecosystems, especially when coupled with
wildfire [17].
Until recently, Australian eucalypt forest ecosystems have been conspicuously absent from
global analyses of changes in forest productivity and biomass (e.g. [2,4]). This represents a
clear knowledge gap for one of the key global forest systems given that eucalypt forests dominate (75%) the vast forest estate of the Australian continent (124 million ha; [18]). Prior et al.
[19] recently compiled a continental dataset of 2409 forestry inventory plots (average 0.15 ha)
in the Australian production forest estate (i.e. forests that are primarily managed for timber
harvesting), enabling examination of tree growth patterns in relation to macro-climatic gradients and stand structural attributes [20,21,22]. They showed that tree growth is constrained by
a warmer and drier climate, particularly for large trees, and that projected warmer temperatures will probably reduce rates of productivity and carbon sequestration in Australian eucalypt
forests [20,21]. Based on these findings, and the narrow thermal range of most eucalypt species
[23,24], Bowman et al. [20] also predicted that projected long term changes in climate will lead
to widespread declines in the abundance of many eucalypt forest species. Unfortunately, incorporating stand-level recruitment and mortality processes into their analysis was not possible
due to (a) small plot sizes; (b), methodological inconsistencies amongst state forest agencies
that collected the data; and (c) insufficient metadata relating to recruitment and mortality
within plots [19]. Furthermore, this dataset did not consistently include non-commercial tree
species, thus largely excluding key elements of the diverse non-eucalypt understorey. Therefore, our understanding of the effect of a changing climate on carbon storage and the structure
and composition of eucalypt forests remains incomplete.
Here we describe the establishment of the Ausplots Forest Monitoring Network: a longterm forest monitoring plot network that aims to examine the effect of current and future
climate on the dynamics (growth, mortality and recruitment) and carbon fluxes of the tall
eucalypt forests of Australia. The aim of this paper is to: (1) outline the sampling design and
methodological approach of the plot network; (2) present baseline data describing the climatic
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profile, stand structure, floristic composition and aboveground carbon stocks of 48 forest plots;
(3) contextualise the plot network within the wider eucalypt forest ecosystem; and (4) demonstrate the power of the network for macro-ecological studies by analysing the relationship
between three climatic variables and aboveground carbon storage in tall eucalypt forests across
the Australian continent. Long term monitoring projects must be underpinned by clear and
coherent background information and thorough, accessible documentation [25,26, 27,28,29].
Thus, an underlying intention of this paper is to provide open access reference material to
inform and encourage the utilisation of the plot network now and into the future.

Methods
Sampling Design
The plot network focusses on the tall eucalypt forests—the subset of the Australian forest estate
that includes eucalypt dominated forests >30 m tall [18]. Tall eucalypt forests occupy around
4% of the Australian forest estate [18] and are a useful case study for macro-ecological studies
because they are widely distributed in a discontinuous arc across southern and eastern Australia, including cool temperate, Mediterranean, subtropical and humid tropical climates [30].
Tall eucalypt forests are renowned for their diversity [31], gigantic size (up to 70 m tall;
[32,33]) and high carbon density [34]. These forests are central to native timber production
[18] and provide important ecosystem services such as water catchments [35]. Preliminary
analyses by Wood et al. [36] indicated that the predicted reductions in productivity for the
wider eucalypt forest estate [20] were especially relevant to the tall eucalypt forest ecosystem
and that this would have consequences for this globally significant and economically valuable
forest ecosystem.
The overall aim of the Ausplots Forest Monitoring Network is to investigate the effects of a
continental-scale climatic gradient on the growth and dynamics of tall eucalypt forests. To
achieve this, we sought to minimise the effects of variation in forest type, growth stage and site
quality on forest growth and dynamics, whilst sampling plots across a wide climatic range. We
targeted forest stands that were: (1) arranged within regions that span a large macroclimatic
gradient; (2) dominated by archetypal tall forest species belonging to the Eucalyptus genus
(Eucalyptus regnans, E. obliqua, E. delegatensis, E. diversicolor, E. jacksonii, E. pilularis, E. fastigata, E. grandis); (3) dominated by a cohort of mature trees regenerated following a disturbance
event approximately 75–160 years ago; (4) on highly productive sites with canopy dominants
>45 m height. We also prioritised forest stands on secure tenure (i.e. National Parks, Forest
Reserves) with minimal harvesting history and—where possible—existing permanent inventory plot infrastructure or a history of forest ecology research.
We sought to hold growth stage constant by targeting stands that were dominated by a
cohort of trees of similar age. Stands in different growth stages (i.e. juvenile, sapling, pole,
mature, old growth) are likely to have markedly different growth and turnover rates, which
would confound our investigation of the effects of the macroclimatic gradient. We therefore
explicitly targeted stands dominated by trees in the mature growth stage, defined here as trees
>70 years old that have reached (or are approaching) maximum height with crowns that have
reached (or are approaching) full lateral development. Stands dominated by young regrowth
trees exhibiting strong apical dominance or very large trees with signs of senescence such as
hollows, burls, distorted branches and broken tops were not considered. The ecology of the tall
eucalypt species targeted by the Ausplots Forest Monitoring Network is tightly coupled to high
or medium intensity fire [30,36]. Such fires tend to be strongly dominated by single or multiaged cohorts of trees [37,38,39,40,41]. Where possible, we targeted stands dominated by at
least one cohort of tall eucalypt trees that regenerated after known fire events between 1852
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and 1939 (e.g. 1850’s, 1917 and 1937 in Western Australia; 1898 and 1934 in Tasmania; 1898
and 1939 Victoria). In regions where stand replacing fire events are relatively rare and/or
poorly documented (Far North Queensland, Northern and Southern NSW) we targeted stands
that were dominated by at least one cohort of trees in the mature growth stage that were structurally analogous to stands of known age in Western Australia, Tasmania and Victoria.

Sampling Protocols
The Ausplots Forest Monitoring Network uses consistent and repeatable sampling protocols
that enable robust comparisons of forest dynamics across Australia and integration into other
established forest plot networks around the world. We based tree measurements and coding
protocols on the RAINFOR, AfriTRON and GEM plot methodologies [27,6,42,43]. These protocols have many overlaps with those used in monitoring plots maintained by Australian State
Forest management agencies, allowing direct comparisons with existing Australian forest
inventory data such as the Permanent Growth Plot Network dataset compiled by Prior et al.
[19].
The field protocols are outlined in detail in the Ausplots Forest Monitoring Network Survey
Protocols Manual (S1 Text) and are summarised briefly here. All plots are 100 m x 100 m
(1 ha)–divided into twenty five 20x20m subplots—with the corners demarcated with steel
posts. Geospatial information was acquired using a GPS and ancillary information about
the landform, geology and disturbance history was recorded. Within the 1 ha plot all live
stems  10cm diameter are: (a) identified to species level; (b) measured for diameter at 1.3m
(diameter at breast height, DBH), unless buttressed or deformed, where strict rules determine
an alternative point of measurement; (c) tagged with a permanent, unique identifier; (d)
assigned a stem form (e.g. broken top, double leader, etc.); (e) assigned a position in the canopy
(e.g. suppressed, dominant, co-dominant, emergent) and a growth stage (e.g. regrowth, regenerating, mature, senescent); and (f) attributed a X and Y co-ordinate between 0 and 100 in relation to a georeferenced corner of the plot (0,0). Dead trees are measured as above and assigned
with codes describing the physical mechanism for mortality according to RAINFOR coding
[27,42]. Tree height is measured for a subset of overstorey and understorey trees across the
observed diameter range using a rangefinding digital hypsometer. Hemispherical photographs
of the canopy are collected at sixteen internal fixed posts at intervals of 20 m within the plot.
All field measurements were conducted under scientific research permits (S4 Text) on reserved
land tenures with some degree of protection. Protected flora species were not sampled.
The initial set of plots were measured between 2012 and 2015. Plots will be remeasured on a
3–5 year cycle, although impromptu censuses may be made following extreme weather events
or fire.

Data Analyses
To demonstrate that our plot network spans the climatic range of the tall eucalypt forest ecosystem we examined the distribution of our plots within the climate envelope of the tall eucalypt forest estate. The WORLDCLIM climate dataset [44] was used to obtain mean annual
temperature (MAT) and mean annual precipitation (MAP) data for each plot in the Ausplots
Forest Monitoring Network, and to define the climate envelope for the mapped extent of tall
eucalypt forests [18] (MPIG 2013). Pan evaporation was also derived for each plot in the Ausplots Forest Monitoring Network from ANUCLIM 6.1 [45] from which the ratio of precipitation and evaporation was calculated (P:E; an index of water availability; [21]). We also
contextualised the plot network in relation to the agro-climatic bioregions of Hutchinson et al.
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[46]. These agro-climatic bioregions reflect major patterns in plant growth, temperature and
moisture indices and seasonality across Australia (see S3 Table).
We contextualised the stand structure of the Ausplots Forest Monitoring Network within
the wider eucalypt forest estate by comparing basal area and diameter-height curves of the Ausplots Forest Monitoring Network in relation to the Permanent Growth Plot (PGP) Network of
Prior et al. [19]. We first partitioned the PGP Network into height classes (25–35 m, 35–45 m,
>45 m) based on a predictive model relating tree height to climatic data (see S3 Text). We then
calculated average basal area for each of the predicted height classes for both plot networks.
We generated diameter-height curves for the two plot networks using a linear model of the
form height ~ log(DBH). Tree height is an effective integrator of the key determinants of tree
growth [47] and we used the relationship between diameter and height as a proxy for site productivity: trees in highly productive forests will be taller for a given diameter compared to trees
in low productivity forests.
To describe the floristics of the Ausplots Forest Monitoring Network we calculated the
Importance Value of each species [48,49]. The importance value ranks the relative dominance
of species in a forest community based on their relative frequency, relative density and relative
size [48]. Relative frequency is the percentage of plots occupied by a species. Relative density is
the number of individuals per area as a percent of the number of individuals of all species. Relative size is the total basal area of a species as a percent of the total basal area of all species. Each
of these values is expressed as a percent ranging from 0 to 100. The Importance Value is the
sum of these three measures, and can range from 0 to 300. We ranked the most important species for each region in the plot network. We also calculated the importance of three species
guilds commonly recognised in tall eucalypt forests: (1) Eucalyptus species; (2) wet sclerophyll
species and (3) rainforest species. Species were classified into these guilds (S1 Table) based on
the literature (e.g. [50,51,52,30]) and online resources [53].
We used sixteen hemispherical canopy photographs to calculate baseline canopy cover for
each plot. We calculated percent canopy cover for each photograph using the ECBTOOLS
package in the R statistical program [54]. This program partitions each photo into canopy and
sky based on the contrast between the colour and light intensity of each pixel. We used a cutoff value of 125 to delineate canopy from sky.
We calculated aboveground live biomass carbon (tC ha-1) for each plot to provide baseline
carbon density estimates for the Ausplots Forest Monitoring Network. Because there are insufficient high-quality species-specific allometric equations to calculate the biomass (and subsequently the mass of carbon) for each tree species, we used generic allometric equations
developed by Keith et al. [55]. The general equation for eucalypts averages a range of equations
developed for common eucalypt species growing in native forests [55], including those targeted
by the Ausplots Forest Monitoring Network (E. obliqua, E. delegatensis, E. pilularis, E. regnans).
The general equations for rainforest combine equations for world-wide tropical forests (wet,
moist and dry tropical) and site-specific equations from Australia (temperate and subtropical).
The biomass of all eucalypt and non-eucalypt trees was calculated from diameter measurements using the general eucalypt and rainforest equations, respectively [55]. The individual
biomass of eucalypt and non-eucalypt trees was summed to estimate plot level live aboveground biomass (AGB; t ha-1) and multiplied by 0.50 to convert to live aboveground carbon
density (AGC: tC ha-1). Biomass and AGC were not presented for two plots in Western Australia (WAFWAR005 and WAFWAR008) that were dominated by E. jacksonii trees with pronounced buttressing. In these plots, over-inflated diameter measurements on the buttressed
trees resulted in conspicuously large biomass estimates when using diameter-based allometric
equations.
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Fig 1. Continental (centre) and regional (a-j) distribution of 48 plots in the Ausplots Forest Monitoring Network. Grey shading indicates mapped tall
eucalypt forests (>30 m MPIG 2014). Anticlockwise from left: (a,b) Western Australia (WA), Eucalyptus diversicolor, E. jacksonii; (c,d) Victoria (VIC), E.
regnans; (e,f) Low and high elevation Tasmania (LTAS,HTAS), E. obliqua, E. regnans, E. delegatensis; (g) Southern NSW (SNSW), E. fastigata, E. obliqua;
(h,i) Northern NSW (NSW), E. pilularis, E. grandis; (j) Far North Queensland (FNQ), E. grandis.
doi:10.1371/journal.pone.0137811.g001

To explore the effect of climate on carbon storage in tall eucalypt forests we investigated the
relationships between AGC and three climatic variables: MAT, MAP and P:E. We used linear
models to test these relationships using model selection based on the Akaike Information Criterion, AIC (the lower the AIC value the better the model), which balances model fit and parsimony [56]. The R statistical program was used for all analyses.

Results
Climate
The Ausplots Forest Monitoring Network consists of 48 1 ha plots within seven regions distributed across Australia (Fig 1; Table 1; S2 Text and S1 File; S1 and S2 Tables). The plot network
spans the climatic space of the very tall (> 45 m) eucalypt forest estate (Fig 2), with a MAT
range of 6.6 to 20.5°C and a MAP range of 853 to 1895 mm. The plot network includes tropical,
sub-tropical, temperate and Mediterranean climates and spans five agro-climatic bioregions:
(1) cold, (2) cool/wet, (3) warm, seasonally dry, (4) warm/wet and (5) hot/seasonally dry.
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Table 1. Details and environmental parameters of the Ausplots Forest Monitoring Network summarised by seven regions which represent distinct
target eucalypt species and/or climatic groupings. The means (and range) of climatic variables and elevation are presented for each region.
MAT = Mean Annual Temperature. MAP = Mean Annual Precipitation. Plot-level details are presented in S2 Text, S1 File and S1 Table.
Region

No.
Plots

Census
Date

Target
Species

Growth
Stage^

Stand
Establishment
Date

IBRA
Bioregion+

Climate
Bioregion$

MAT

MAP

Elevation

(°C)

(mm)

(m)

Northern NSW
(NNSW)

8

2013

E. pilularis, E.
grandis

Mature

Unknown

NNC

Warm, wet

16.3
(15.3–
18)

1533
(1323–
1895)

418 (75–
683)

Southern NSW
(SNSW)

5

2014

E. fastigata, E.
obliqua

Mature

Unknown

SEC

Cool, wet

11.3
(10–
13.1)

927
(853–
1000)

739 (420–
955)

Victoria (Vic)

8

2014

E.regnans

Mature

1898, 1939

SEH

Cool, wet

11.1
(10.3–
11.7)

1624
(1445–
1869)

578 (337–
863)

Far North
Queensland
(FNQ)

4

2014

E. grandis

Mature

Unknown

WET

Hot,
seasonal

19.6
(18.9–
20.5)

1609
(1376–
1732)

1012
(795–1148)

Western
Australia (WA)

9

2012

E.diversicolor,
E. jacksonii

Mature
+ OG

1852–
1857,1917,1937

WAR

Warm,
seasonal

14.8
(14.8–
15.3)

1114
(1006–
1204)

153 (93–
239)

Low Elevation
Tasmania
(LTAS)

9

2012–
2014

E. obliqua, E.
regnans

Mature

1898,1920,1934

KIN,TNS,
TSR

Cool, wet

11.1
(9.7–
12.4)

1337
(1139–
1477)

201 (49–
560)

High Elevation
Tasmania
(HTAS)

5

2015

E.
delegatensis

Mature

Unknown

BEL,TNS,
TSR

Cold

7.8
(6.6–
8.7)

1424
(1309–
1723)

797 (691–
910)

Ausplots
Network

48

2012–
2015

-

-

-

-

13.0
(6.6–
20.5)

1364
(853–
1895)

476 (49–
1148)

$ Hutchinson Agro-Climate Classiﬁcations are presented in S3 Table
+ IBRA Interim Biogeographic Regionalisation for Australia: BEL = Ben Lomond; KIN = King; NNC = NSW North Coast; SEC = South East Corner;
SEH = South East Highlands; TNS = Tasmanian North Slopes; TSR = Tasmanian Southern Ranges; WAR = Warren; WET = Wet Tropics.
^ Growth stage of the dominant cohort of trees was classiﬁed as Regrowth, Regenerating, Mature or Old Growth (OG)–see text.
doi:10.1371/journal.pone.0137811.t001

Stand Structure
The Ausplots Forest Monitoring Network currently includes 20931 individually tagged stems,
censused between 2012 and 2015. The forest stands included in the network are characterised
by the presence of at least one cohort of very tall trees with the mean height of dominant and
co-dominant canopy trees across the plot network being 50 m (Table 2). Most stands had
emergent eucalypt trees that extended above the forest canopy with over 50% of plots having at
least one tree >60 m and 30% of plots having at least one tree >70 m (Table 2; S2 Table). The
tallest trees were found in the E. regnans forests of Victoria (72–89 m) and the shortest trees
were found in the E. grandis forests of Far North Queensland (40–56 m; Table 2). Non-eucalypt
trees formed a distinct understorey layer with maximum heights shorter than the eucalypt canopy for all 48 plots (Table 2). Canopy cover ranged from 48% to 84%, with the highest values
recorded in Victorian and Tasmanian forests (Table 2).
In each region the dominant and co-dominant canopy trees consistently formed distinctive
cohorts of mature trees with DBH of 50–100 cm (Fig 3A–3H; black bars). For 23 plots in Victoria, Low Elevation Tasmania and Western Australia, these cohorts can be attributed to regeneration following stand replacing fires between the 1850’s and 1939 (Table 1; S1 Table). Very
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Fig 2. Distribution of 48 plots in the Ausplots Forest Monitoring Network within the climate envelope of tall eucalypt forests. Tall eucalypt forests are
defined as eucalypt dominated forests with trees >30 m tall (MPIG 2014) and are shown geographically in Fig 1. Plots are represented as symbols that
coincide with seven regions with distinct species and/or climatic attributes (see Table 1). Coloured ellipses represent the climate envelope of Hutchinson
et al. [46] agro-climatic classes (see S3 Table).
doi:10.1371/journal.pone.0137811.g002

large diameter trees >150 cm DBH (Fig 3) were uncommon in the Ausplots Forest Monitoring
Network (n = 138, 0.7% of all trees; 1.8% of eucalypts; Fig 3). Non-dominant E. regnans and E.
obliqua trees currently growing below the canopy formed peaked distributions in Victoria and
Tasmania (Fig 3B–3D; grey bars), consistent with pulsed recruitment, whereas non-dominant
trees in Western Australia, Far North Queensland, Southern NSW and Northern NSW had a
left-skewed distribution (Fig 3E–3H; grey bars), suggesting prolific recent recruitment.

Floristics
There were 185 tree species recorded in the 48 plots, including 30 eucalypts, 47 wet sclerophyll
species and 108 rainforest species (S4 Table). The target tall eucalypts species clearly dominated
the forest stands within their respective regions, with markedly higher importance values than
other eucalypt and non-eucalypt species (Table 3). Eucalypts were clearly the most important
forest community across the plot network (Fig 4). Wet sclerophyll species dominated the noneucalypt understorey in most regions, although Far North Queensland, Northern NSW and
Tasmania included several plots with a distinct tropical, subtropical and temperate rainforest
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E. pilularis, E.
grandis

E. fastigata, E.
obliqua

E.regnans

E. grandis

E.diversicolor, E.
jacksonii

E. obliqua, E.
regnans

E. delegatensis

-

Northern NSW
(NNSW)

Southern NSW
(SNSW)

Victoria (Vic)

Far North
Queensland
(FNQ)

Western Australia
(WA)

Low Elevation
Tasmania (LTAS)

High Elevation
Tasmania (HTAS)

Ausplots Network

Eucalypt

All Trees

71 (48–84)

73 (72–74)

78 (71–84)

69 (62–82)

66 (55–78)

77 (68–84)

63 (56–71)

50 (28–74)

40 (33–43)

48 (39–54)

65 (40–65)

36 (28–41)

66 (60–74)

45 (40–50)

53 (45–59)

(m)

(%)

70 (48–80)

Height Dominants

Canopy Cover

63 (40–89)

48 (40–52)

61 (57–66)

64 (53–77)

48 (40–56)

82 (72–89)

56 (49–64)

70 (57–77)

Eucalypt

(m)

28 (8–52)

29 (23–37)

36 (24–49)

20 (15–28)

28 (17–46)

36 (22–52)

12 (8–21)

31 (19–44)

Non-Eucalypt

Maximum Height

172 (47–381)

290 (184–381)

158 (60–310)

116 (47–226)

130 (100–199)

160 (80–246)

215 (121–318)

187 (86–336)

Non-Eucalypt

257 (0–1561)

519 (87–1561)

394 (170–787)

71 (26–218)

150 (42–280)

266 (6–573)

12 (0–40)

351 (227–627)

50 (17–85)

61 (48–85)

51 (24–70)

46 (28–61)*

24 (17–32)

56 (49–66)

60 (50–64)

48 (38–68)

Eucalypt

(m2 ha-1)

(stems ha-1)
Eucalypt

Basal Area#

Stocking density&

Non-Eucalypt

9 (0.1–32)

14 (2–33)

15 (8–22)

5 (0.3–14)

6 (1–15)

9 (0.1–22)

0.3 (0.1–0.8)

9 (5–17)

274 (77–426)

310 (232–426)

294 (113–400)

270 (155–380)*

117 (77–170)

289 (232–351)

324 (279–354)

260 (169–399)

Eucalypt

(tC ha-1)

30 (0–90)

44 (6–90)

50 (25–82)

11 (1–43)

21 (2–53)

30 (0–80)

1 (0.1–3)

30 (15–58)

Non-Eucalypt

Live Aboveground Carbon#@

doi:10.1371/journal.pone.0137811.t002

& Includes all stems associated with multi-stemmed trees, thus overestimates the number of individual trees in the plot.

@ Live tree biomass (t ha-1) was calculated using generic allometric equations for eucalypt and non-eucalypt species developed by Keith et al. [55]–see text.

severe overestimates of AGC derived from diameter measurements.
# Calculated using diameter measurements at 1.3m, with the exception of (a) trees measured above a prominent buttress or (b) deformed trees at 1.3m.

* Aboveground carbon (AGC) of two plots in Western Australia (WAFWAR005 and WAFWAR008) was not included because prominent buttressing of Eucalyptus jacksonii led to

Target Species

Region

Table 2. Stand structural attributes of the Ausplots Forest Monitoring Network, summarised by seven regions which represent distinct target eucalypt species and/or climatic groupings. The means (and range) are presented for each region for eucalypt (including Eucalyptus spp. and Corymbia spp.) and non-eucalypt species. Plot-level details are
presented in S2 Text and S2 Table.
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Fig 3. Diameter distribution of target tall eucalypt species in the Ausplots Forest Monitoring Network and for each region. Trees are grouped into 10
cm diameter bins. Stand structures are shown for all trees (grey bars) and for a subset of trees classified into ‘dominant’ or ‘co-dominant’ canopy position in
the field (black bars). The number of plots and target eucalypt species for each region are indicated.
doi:10.1371/journal.pone.0137811.g003
PLOS ONE | DOI:10.1371/journal.pone.0137811 September 14, 2015
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Table 3. The five most important tree species in each region calculated using the Importance Index. Target eucalypt species are indicated with an
asterisk (*). Community guilds are eucalypts (Euc), wet sclerophyll (Scl) and rainforest (RF). Frq = relative frequency, RDe = relative density, RDo = relative
dominance, IV = Importance Value.
Species

Guild

Frq

RDe

RDo

IV

Western Australia
Eucalyptus diversicolor

Euc

25.7

38.1

61.8

125.6

Allocasuarina decussate

Scl

17.1

25.0

7.7

49.8

Trymalium odoratissimum

Scl

5.7

10.5

25.6

41.8

Eucalyptus jacksonii

Euc

20.0

11.5

0.5

32.0

Corymbia colophylla

Euc

14.3

6.3

1.3

21.9

Victoria
Eucalyptus regnans*

Euc

12.9

35.5

85.4

133.8

Acacia melanoxylon

Scl

11.3

19.5

7.9

38.8

Nematolepis squamea

Scl

4.8

16.6

3.1

24.5

Olearia argophylla

Scl

8.1

11.5

1.5

21.1

Pomaderris aspera

Scl

8.1

7.0

0.7

15.8

Low Elevation Tasmania
Eucalyptus obliqua*

Euc

9.0

19.8

61.5

90.2

Pomaderris apetala

Scl

6.7

27.9

4.6

39.3

Acacia melanoxylon

Scl

9.0

9.0

8.9

26.9

Eucalyptus regnans*

Euc

4.5

6.3

13.4

24.3

Nothofagus cunninghamii

RF

6.7

9.6

3.6

20.0

High Elevation Tasmania
Eucalyptus delegatensis*

Euc

9.8

26.9

65.5

102.2

Pomaderris apetala

Scl

3.9

22.0

3.8

29.8

Acacia dealbata

Scl

7.8

6.0

4.8

18.6

Nothofagus cunninghamii

RF

7.8

7.2

2.7

17.8

Leptospermum lanigerum

Scl

7.8

6.4

2.7

16.9

SNSW
Eucalyptus fastigata*

Euc

15.2

33.4

36.6

85.2

Eucalyptus obliqua*

Euc

12.1

23.4

29.7

65.2

Eucalyptus cypellocarpa

Euc

12.1

14.6

17.4

44.1

Eucalyptus viminalis

Euc

6.1

11.0

10.1

27.1

Eucalyptus radiata

Euc

6.1

9.9

3.4

19.3
63.2

Northern NSW
Eucalyptus pilularis*

Euc

4.4

10.7

48.0

Allocasuarina torulosa

Scl

5.0

18.5

8.2

31.7

Eucalyptus grandis*

Euc

1.3

6.1

12.5

19.9

Syncarpia glomulifera

RF

3.8

6.6

7.8

18.2

Eucalyptus microcorys

Euc

3.1

5.5

7.6

16.3

Far North Queensland
Eucalyptus grandis*

Euc

5.6

26.6

62.5

94.8

Allocasuarina torulosa

Scl

2.8

16.6

12.4

31.8

Corymbia intermedia

Euc

5.6

15.7

10.1

31.5

Acacia melanoxylon

Scl

4.2

20.0

3.4

27.6

Syncarpia glomulifera

RF

1.4

3.1

4.7

9.2

doi:10.1371/journal.pone.0137811.t003

flora, respectively (Fig 4). Important wet sclerophyll species include Allocasuarina torlosa
(NNSW, FNQ), Allocasuarina decussata (WA), Acacia melanoxylon (LTAS, VIC, FNQ),
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Pomaderris apetala (LTAS, HTAS) and Trymalium odoratissimum (WA) and important
rainforest species include Nothofagus cunningamii (TAS) and Cryptocarya rigida (NNSW)
(Table 3).

Fig 4. Importance Value of three community guilds (Eucalypt, Rainforest, Wet Sclerophyll) in the Ausplots Forest Monitoring Network and for each
region. Calculations of the Importance Value are presented in S5 Table.
doi:10.1371/journal.pone.0137811.g004
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Representativeness
The Ausplots Forest Monitoring Network is broadly representative of eucalypt forests classified
as >45 m height, based on our height-climate relationship (Fig 5). Median basal area for the
Ausplots Network was higher than forests classified as >45 m height, although their ranges
had substantial overlaps (Fig 5A). For a given diameter, trees in the Ausplots Network achieved
similar heights to those growing in highly productive forests classified as >45 m height and
were considerably taller than trees growing in lower productivity forests classified as 25–35 m
and 35–45 m (Fig 5B).

Aboveground Carbon
AGC across the Ausplots Forest Monitoring Network was 302 tC ha-1 and ranged from 79 tC
ha-1 in the E. grandis forests of Far North Queensland to 470 tC ha-1 in the E. delegatensis forests of Tasmania (Table 2; S2 Table). AGC was dominated by the eucalypts, which made up
90% of AGC (Table 2). For the eucalypts, most (49%) of the AGC was found in the 50–100 cm
diameter range which dominated the stand structure of these forests (Fig 3), with the remainder in the 10–50 cm (9%), 100–150 cm (27%) and >150 cm (15%) trees (S1 Fig). The strongest
climatic explanator for AGC was MAT (r2 = 0.36, AIC = 528, compared with AIC = 546 for the
null model) (Fig 6). According to the linear model, AGC steadily decreases from approximately
400 tC ha-1 in cool climates with a MAT of 6°C to approximately 200 tC ha-1 in warm climates
with a MAT of 20°C (Fig 6). There was very little support for the relationship between AGC
and MAP (r2 = 0.01, AIC = 548) or P:E (r2 = 0.04, AIC = 546) (Fig 6).

Discussion
Through the establishment of the Ausplots Forest Monitoring Network, the Eucalyptus forests
that dominate the forests of the Australian continent now have the infrastructure and baseline
measurements to facilitate their integration into global networks of forest monitoring plots.
Relatively small numbers (n = 50–100) of carefully measured large (1 ha) monitoring plots
have detected changes in tree growth, mortality and recruitment in the world’s forests, and
have been used to understand how carbon fluxes, mortality events and compositional changes
are controlled by spatial and temporal trends in climate (e.g. [5,9,14,15,27,57]). The plot network introduced here is of a similar scope to these well-established plot networks and by
closely following their measurement protocols we have provided an unprecedented opportunity to compare the dynamics of tall eucalypt forests with forests on other continents. Tall
eucalypt forests are strongly fire-driven ecosystems [36], and provide a model system for
exploring the relative influence of climatic factors and post-fire successional stage on forest
growth and dynamics (e.g. [58,59]). Thus, the Ausplots Forest Monitoring Network provides
an important counterpoint to well-studied tropical forests that function largely independently
of landscape scale disturbance events [9,29,60].
The Ausplots Forest Monitoring Network currently focusses on the very tall (>45 m) eucalypt forests of Australia. By standardising the network for forest type (tall forest species from
the genus Eucalyptus), growth stage (mature forests; Fig 3) and site quality (high basal area on
productive sites; Fig 4) this new plot network has maximised the potential to identify the effects
of a wide macroclimatic gradient (Fig 2) on forest dynamics and carbon fluxes. The Ausplots
Forest Monitoring Network complements the existing Australian continental-scale Permanent
Growth Plot network (which only includes eucalypts monitored within small plots and is limited to analyses of tree growth; [20,21]) by allowing for the comprehensive tracking of all
aspects of forest dynamics (including mortality and recruitment) for all tree species (eucalypt
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Fig 5. (a) Stand basal area and (b) diameter-height relationships for eucalypts the Ausplots Forest Monitoring Network (n = 48) compared to plots
in the Permanent Growth Plot Network (PGP: n = 2409) assembled by Prior et al. [19]. Permanent Growth Plots were assigned height classes based on
modelled relationships between maximum height and climatic variables (see S3 Text). Diameter-height relationships for both plot networks are based on
measured (not modelled) heights. The Permanent Growth Plot Network included only eucalyptus species and therefore all non-eucalypt species were
excluded from the Ausplots Forest Monitoring Network for this analysis.
doi:10.1371/journal.pone.0137811.g005

and non-eucalypt) within a relatively large area of forest (1 ha) appropriate to investigating
stand-level forest dynamics.

Eucalypt mortality
The Ausplots Forest Monitoring Network will deliver robust estimates of background mortality
rates for mature eucalypt forests and is well placed to investigate the relationship between climate and trends in mortality over time. The mature forest system targeted by the plot network
is likely to be at the tail end of the self-thinning process [61] and background eucalypt mortality
rates in the short term are likely to be low and limited to suppressed trees growing below the
forest canopy. In the long-term, mortality rates may increase (e.g. [62]) as the canopy dominants approach their maximum age (~350–500 years; [40,63]). Widespread mortality associated with periodic intense fires is extremely important in these systems but inherently difficult
to quantify through plot-based monitoring because of their rare and highly episodic nature
[47]. These infrequent landscape scale events are best quantified through remote sensing (e.g.
[64,65,66]) and post-hoc ecological studies (e.g. [38,67,68]). However, opportunities may arise
to characterise variation in post-fire responses of individual trees and forest stands if a regional
subset of plots are burned at different intensities within a single fire event.
Studies using permanent plot networks have shown that rising temperatures and drought
over the past few decades are driving increases in the background mortality in tropical [10],
temperate [14] and boreal systems [15]. The importance of monitoring background mortality
is highlighted by observations that increased background mortality rates could be symptomatic
of forests that are stressed and vulnerable to abrupt and widespread mortality and dieback
[69,12]. Eucalypts have a limited adaptive capacity [23,24,70], and Bowman et al. [20] speculated that in the long term, decreases in growth rates associated with a warming, drying climate
could render eucalypts less resilient to climate induced stressors and disturbance events. The
localised dieback recorded for tall eucalypt species such as E. delegatensis in Tasmania [71],
together with widespread drought-induced mortality in E. marginata forests (~30 m height)
in south-western Australia [72,73], provide considerable motivation for using the Ausplots
Forest Monitoring Network to detect upward trends in mortality rates in tall eucalypt forests in
response to climate.

Understorey Dynamics
Tall eucalypt forest stands in the plot network consist of a distinct overstorey of 30–70 m tall
eucalypt trees over a second stratum of 10–40 m high wet sclerophyll or rainforest trees
(Table 2). Whilst the non-eucalypt species play only a minor role in the aboveground carbon
stocks of tall forest stands (10% of AGC, Table 2), they form an important component of tree
biodiversity (84% of tree species; S4 Table) and overall tree abundance (60% of all trees;
Table 2). Little is known of the long term growth rates or compositional turnover of understorey trees in eucalypt forests and especially how they relate to climate. Wet sclerophyll species
(e.g. Acacia spp.; Allocasuarina spp.) may be the most dynamic components of the tall forest
system. Their relatively short life spans and shade tolerance are likely to translate to relatively
high rates of mortality and recruitment, respectively. On the other hand, long-lived and
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Fig 6. Relationships between aboveground carbon in living trees (AGC, tC ha-1) and (a) mean annual temperature (MAT; r2 = 0.36), (b) mean annual
precipitation (MAP; r2 = 0.01) and (c) precipitation:evaporation ratio (P:E; r2 = 0.02). Linear models were fitted to the data and 95% confidence intervals
are shown. AGC of two plots in Western Australia (WAFWAR005 and WAFWAR008) was not included because prominent buttressing of Eucalyptus
jacksonii led to overestimates of AGC derived from diameter measurements.
doi:10.1371/journal.pone.0137811.g006

continuously regenerating rainforests that occur in all tall forest environments (except Western
Australia) may be less dynamic, but are ecologically important because they have the capacity
to succeed the eucalypt overstorey in the absence of fire [63,33]. In the long-term the Ausplots
Forest Monitoring Network will be able to quantify the magnitude and direction of the changes
in carbon storage associated with this transition from eucalypt to rainforest across the macroecological gradient [74,75].

Aboveground Carbon
Our estimate of mean AGC (302 t ha-1) is at the lower end of estimates for tall eucalypt forests
(199–1053 t ha-1; reviewed by [34]; see also [75,76,77]). The considerable variation in estimates
of AGC reflects the natural variability within the tall eucalypt forest system, and it is possible
that relatively low estimates for the Ausplots Forest Monitoring Network may reflect a lack of
very large trees >150 cm that dominate carbon budgets in higher biomass forests [34,76]. Considerable uncertainty in the magnitude of AGC is also introduced by the choice of allometric
equations used to predict AGB [78,79]. Our baseline estimates of AGB (and therefore AGC)
were derived from general equations for eucalypt and rainforest trees and will be improved as
region- and species-specific allometric equations from new or existing data becomes available.
For example, allometric equations using both diameter and height as predictors of AGB based
on large numbers (up to 98) of directly weighed trees are currently being developed for very
tall E. regnans and E. pilularis forests within regions targeted by the Ausplots Forest Monitoring Network [80].
AGC is strongly negatively correlated with MAT in tall eucalypt forests, whereby forests
experiencing cool climates have approximately double the carbon stocks of those in warm climates. This is supported by other macro-ecological analyses that have reported maximum
AGC in cool, wet environments [34,81,82]. Liu et al. [82] also found that AGC decreased along
a temperature gradient ((MAT 8°C—30°C) across the world's mature forests. However, there
may be regional exceptions to this relationship [82], such as the temperate forests of the Americas [81] and some tropical biomes [83,81]. The implication of a strong negative relationship
between AGC and MAT is that a predicted warming climate in Australia may reduce carbon
storage in tall eucalypt forests [20,82]. However,this relationship is merely correlative at this
stage and the mechanisms that determine this relationship require closer examination.
The negative relationship between AGC and MAT may be partly explained by thermal constraints on individual tree growth. Bowman et al. [20] showed that eucalypt growth rates are
maximal in forests experiencing a MAT around 11°C and that growth rates decreased in both
cooler and warmer climates. These trends were also apparent in growth rates of individual tall
eucalypt species [36], and were especially pronounced in larger trees that dominate this forest
type [21]. However, MAT effects on growth rates do not explain the increase in biomass as
MAT falls from 11° to 6°C. This could be explained by (a) macro-climatic differences in
recruitment and mortality rates that have yet to be elucidated from long-term tree measurements; (b) differences in disturbance histories; (c) site-specific factors such as soil quality or
landscape setting; or (d) other climatic drivers or untested interactions between climatic variables. Importantly, the high quality data required to test many of the scenarios we put forward
here will become available through future censuses of the Ausplots Forest Monitoring Network
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and as more detailed information on site-based parameters (e.g. soil nutrition, fire history, climatic variables) become available.

Future Opportunities
The current set of 48 plots provides a framework around which a more comprehensive network
can be developed. Expansion of the plot array could focus on other growth stages within the
tall eucalypt forest system (e.g. young regenerating regrowth <70 years old or old growth >250
years old) to test the relative importance of climate and disturbance history on forest dynamics
(e.g. [58]). Alternatively, the plot network may extend to other forest types at the wetter (e.g.
rainforest) or drier ends of the climate spectrum (e.g. dry sclerophyll forest, savannah and
woodlands). Additional measurements can also be made within each plot to contribute to our
understanding of potential feedbacks between a warming climate, increased mortality and the
build-up of fuels in these inherently flammable forests [33]. We are currently (a) collecting soil
samples (to quantify soil nutrition) and forest micro-climate data as additional explanatory factors in models of forest dynamics, (b) collecting data on other components of the carbon pool
(i.e. litter and coarse woody debris) and (c) measuring seedlings and saplings <10 cm DBH to
generate a more comprehensive picture of stand dynamics and carbon stocks.
The high resolution spatial mapping of all trees within each plot (S2 Text) provides opportunities for exploring the effect of intraspecific and interspecific competition in shaping the
ecology of tall eucalypt forests. For instance, Prior and Bowman [22] showed that the strength
of inter- and intra-specific competition amongst eucalypts is particularly high given these species are strongly light-demanding, resulting in two tiered canopies described as ‘hyper-emergence’ by Tng et al. [33]. Mapped locations of individual trees provides an opportunity to
develop detailed indices of tree competition and use the rapidly developing techniques of spatial pattern analysis [84,85] to analyse how dominant eucalypt tree species in a forest compete
and partition space in relation to other eucalypt species and their non-eucalypt understorey
neighbours (e.g. [86,87]). Spatial maps of trees will also be crucial for validation of aerial and
ground based remote sensing (e.g. light detection and ranging; LIDAR) that is becoming
increasingly important in providing landscape scale structural information on forest ecosystems [88].

Conclusions
We have established a network of 48 1 ha forest plots across a macro-climatic gradient in the
tall eucalypt forests of Australia. By carefully standardising vegetation type and growth stage,
the plot network is well placed to track trends in tree growth, mortality and recruitment of forest trees to elucidate the effects of climate on forest structure, composition and carbon dynamics over large spatial scales. Measurement protocols closely follow those established for well
established, state-of-the-art forest monitoring networks elsewhere in the world (e.g. RAINFOR,
AfriTRON) allowing for the inclusion of eucalypt dominated forests into global meta-analyses.
The plots have already yielded useful baseline data that have been used to demonstrate a strong
negative relationship between AGC and MAT, whereby tall eucalypt forests in warm climates
store approximately half the amount of carbon in live aboveground biomass than those growing in cooler climates. In the long term, the Ausplots Forest Monitoring Network will be particularly important for determining whether drought and temperature induced increases in
background mortality found elsewhere in the world are occurring in the tall eucalypt forest
ecosystem.
The success of long term monitoring initiatives is contingent on robust design, easily relocatable infrastructure, thorough documentation and the accessibility of data [25,26]. We have
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outlined the design and rationale for the Ausplots Forest Monitoring Network including
detailed metadata on each plot (S2 Text and S1 File; S1 and S2 Tables) and a comprehensive
survey protocols manual (S1 Text). The dataset is publically available through the Australian
Ecological Knowledge and Observation System Data Portal (AEKOS; [89]).

Supporting Information
S1 Text. Ausplots Forest Monitoring Network Survey Protocols Manual. Protocols for plot
establishment, tree survey, voucher specimen collection, canopy photography, soil sampling
and fuel surveys (90 pages).
(PDF)
S2 Text. Ausplots Forest Monitoring Network Plot Establishment Report. Location, configuration, stand attributes and baseline data for 48 forest plots (115 pages).
(PDF)
S3 Text. Predicting eucalypt height as a function of climate for the Prior et al. (2011) Permanent Growth Plot Network. Description of methodology and analysis undertaken to classify the Prior et al. (2011) Permanent Growth Plot network into three height classes based on
mean annual temperature and mean annual precipitation.
(PDF)
S4 Text. Scientific Research Permits issued during the establishment of the Ausplots Forest
Monitoring Network 2012–2015.
(PDF)
S1 Table. Summary of the details and environmental parameters of 48 plots in the Ausplots
Forest Monitoring Network. The means (and range) of climatic variables and elevation are
presented. MAT = Mean Annual Temperature. MAP = Mean Annual Precipitation.
(PDF)
S2 Table. Stand structural attributes of 48 plots in the Ausplots Forest Monitoring Network. The means (and range) are presented for eucalypt (including Eucalyptus spp. and Corymbia spp.) and non-eucalypt species.
(PDF)
S3 Table. The Hutchinson agro-climatic classification and its relationship to the global
Koppen-Geiger climate classification. Only those classificatons relevant to the Ausplots Forests Monitoring Network are shown.
(PDF)
S4 Table. List of species censused in the Ausplots Forest Monitoring Network and their
respective community guild. Euc = Eucalypt, Scl = Wet Sclerophyll, RF = Rainforest. Unidentified species are prefixed with UNN and have been vouchered for identification by local herbaria.
(PDF)
S5 Table. Importance Values for forest community guilds (Eucalypt, Rainforest, Wet Sclerophyll) for each region and for the Ausplots Forest Monitoring Network. RDe = relative
density, RF = relative frequency, RDo = relative dominance, IV = Importance Value.
(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0137811 September 14, 2015

19 / 24

Macroecology of Australian Tall Eucalypt Forests

S1 Fig. Distribution of live aboveground carbon (AGC; tC ha-1) in Eucalyptus species across
diameter classes in the Ausplots Forests Monitoring Network.
(PDF)
S1 File. Google Earth file (.KMZ) of the location of 48 plots in the Ausplots Forest Monitoring Network. Geolocation of each corner (0,0), (0,100), (100,0), (100,100) of the 100 m x 100
m plot with an accuracy of ±10 m.
(KML)

Acknowledgments
We thank technical staff for conducting the field work required for plot establishment and the
various land managers and forest researchers for access to their land and research infrastructure. Mike Perring provided useful comments to improve the manuscript. Jeff Foulkes, Ian Fox
and Ben Sparrow contributed the development of the Ausplots Forest Monitoring Network.

Author Contributions
Conceived and designed the experiments: SW DB LP. Performed the experiments: SW HS.
Analyzed the data: SW LP DB. Wrote the paper: SW DB LP HS.

References
1.

Dixon RK, Solomon AM, Brown S, Houghton RA, Trexier MC, Wisniewski J. Carbon pools and flux of
global forest ecosystems. Science. 1994; 263: 185–190 PMID: 17839174

2.

Pan Y, Birdsey RA, Phillips OL, Jackson RB. The structure, distribution, and biomass of the world's forests. Annu Rev Ecol Evol Syst. 2013; 44: 593–622

3.

Fahey TJ, Woodbury PB, Battles JJ, Goodale CL, Hamburg SP, Ollinger SV, Woodall CW. Forest carbon storage: ecology, management, and policy. Front Ecol Environ. 2009; 8: 245–252

4.

Pan Y, Birdsey RA, Fang J, Houghton R, Kauppi PE, Kurz WA, Hayes D. A large and persistent carbon
sink in the world’s forests. Science. 2011; 333: 988–993 doi: 10.1126/science.1201609 PMID:
21764754

5.

Phillips OL, Malhi Y, Higuchi N, Laurance WF, Núnez PV, Vásquez RM, Grace J. Changes in the carbon balance of tropical forests: evidence from long-term plots. Science. 1988; 282: 439–442

6.

Lewis SL, Lopez-Gonzalez G, Sonké B, Affum-Baffoe K, Baker TR, Ojo LO, Comiskey JA. Increasing
carbon storage in intact African tropical forests. Nature. 2009; 457: 1003–1006 doi: 10.1038/
nature07771 PMID: 19225523

7.

Popkin G. Climate change: Weighing the world’s trees. Nature 2015; 523: 20–22. doi: 10.1038/
523020a PMID: 26135431

8.

Fang J, Chen A, Peng C, Zhao S, Ci L. Changes in forest biomass carbon storage in China between
1949 and 1998. Science 2001; 292: 2320–2322 PMID: 11423660

9.

Phillips OL, Lewis SL, Baker TR, Chao KJ, Higuchi N. The changing Amazon forest. Philos Trans R
Soc Lond B Biol Sci. 2008; 363: 1819–1827 doi: 10.1098/rstb.2007.0033 PMID: 18267900

10.

Phillips OL, Aragão LE, Lewis SL, Fisher JB, Lloyd J, López-González G, Andrade A. Drought sensitivity of the Amazon rainforest. Science 2009; 323: 1344–1347 doi: 10.1126/science.1164033 PMID:
19265020

11.

Lewis SL, Brando PM, Phillips OL, van der Heijden GM, Nepstad D. The 2010 Amazon drought. Science. 2001; 331: 554–554

12.

Allen CDD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, et al. A global overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests. For
Ecol Manag. 2010; 259: 660–684

13.

van Mantgem PJ, Stephenson NL. Apparent climatically induced increase of tree mortality rates in a
temperate forest. Ecol Lett. 2007; 10: 909–916 PMID: 17845291

14.

van Mantgem PJ, Stephenson NL, Byrne JC, Daniels LD, Franklin JF, Fulé PZ, et al. Widespread
increase of tree mortality rates in the western United States. Science. 2009; 323: 521–522 doi: 10.
1126/science.1165000 PMID: 19164752

PLOS ONE | DOI:10.1371/journal.pone.0137811 September 14, 2015

20 / 24

Macroecology of Australian Tall Eucalypt Forests

15.

Peng C, Ma Z, Lei X, Zhu Q, Chen H, Wang W, Zhou X. A drought-induced pervasive increase in tree
mortality across Canada's boreal forests. Nat Clim Chang. 2011; 1: 467–471

16.

Anderegg WR, Kane JM, Anderegg LD. Consequences of widespread tree mortality triggered by
drought and temperature stress. Nat Clim Chang. 2013; 3: 30–36

17.

Williams AP, Allen CD, Macalady AK, Griffin D, Woodhouse CA, Meko DM, et al. Temperature as a
potent driver of regional forest drought stress and tree mortality. Nat Clim Chang. 2013; 3: 292–297

18.

Montreal Process Implementation Group for Australia and National Forest Inventory Steering Committee. Australia’s State of the Forests Report 2013. Australian Bureau of Agricultural and Resource Economics and Sciences, Canberra, December 2013.

19.

Prior LD, Williamson G, & Bowman DM. Using permanent forestry plots to understand the possible
effects of climate change on Australia's production forest estate. Department of Agriculture, Fisheries
and Forestry, Canberra, December 2011

20.

Bowman DM, Williamson GJ, Keenan RJ, Prior LD. A warmer world will reduce tree growth in evergreen broadleaf forests: evidence from Australian temperate and subtropical eucalypt forests. Glob
Ecol Biogeogr. 2014; 23: 925–934

21.

Prior LD, Bowman DM. Big eucalypts grow more slowly in a warm climate: evidence of an interaction
between tree size and temperature. Glob Chang Biol. 2014; 20: 2793–2799 doi: 10.1111/gcb.12540
PMID: 24469908

22.

Prior LD, Bowman DM Across a macro-ecological gradient forest competition is strongest at the most
productive sites. Front Plant Sci. 2014; 5: DOI = 103389/fpls201400260

23.

Hughes L, Cawsey EM, Westoby M. Geographic and climatic range sizes of Australian eucalypts and a
test of Rapoport's rule. Glob Ecol Biogeog. 1996; 5: 128–142

24.

Butt N, Pollock LJ, McAlpine CA. Eucalypts face increasing climate stress. Ecol Evol. 2013; 3: 5011–
5022 doi: 10.1002/ece3.873 PMID: 24455132

25.

Condit R, Lao S, Singh A, Esufali S, Dolins S. Data and database standards for permanent forest plots
in a global network. For Ecol Manag. 2014; 316: 21–31

26.

Lindenmayer D, Likens G. Effective ecological monitoring. Canberra: CSIRO publishing; 2010

27.

Malhi Y, Phillips OL, Lloyd J, Baker T, Wright JA, Almeida S, et al. An international network to understand the biomass and dynamics of Amazonian forests (RAINFOR). J Veg Sci. 2002; 13: 439–450

28.

Haberle SG, Bowman DM, Newnham RM, Johnston FH, Beggs PJ, Buters J, et al. The macroecology
of airborne pollen in Australian and New Zealand urban areas. PloS One. 2014; 9(5), e97925 doi: 10.
1371/journal.pone.0097925 PMID: 24874807

29.

Bradford MG, Metcalfe DJ, Ford A, Liddell MJ, McKeown A. Floristics, stand structure and above
ground biomass of a 25 ha rainforest plot in the Wet Tropics of Australia. J Trop Sci. 2014; 26: 543–553

30.

Ashton DH, Attiwill PM. Tall Open Forests. In: Groves RH editor. Australian Vegetation. Cambridge
University Press; 1994. pp. 157–196.

31.

Williams J, Woinarski J. Eucalypt ecology: individuals to ecosystems. Melbourne: Cambridge University Press; 1997

32.

Sillett SC, Van Pelt R, Koch GW, Ambrose AR, Carroll AL, Antoine ME, et al. Increasing wood production through old age in tall trees. For Ecol Manag. 2010; 259: 976–994

33.

Tng DYP, Williamson GJ, Jordan GJ, Bowman DM. Giant eucalypts–globally unique fire‐adapted rain‐
forest trees? New Phytol. 2012; 196: 1001–1014

34.

Keith H, Mackey BG, Lindenmayer DB. Re-evaluation of forest biomass carbon stocks and lessons
from the world's most carbon-dense forests. Proc Natl Acad Sci USA. 2009; 106: 11635–11640 doi:
10.1073/pnas.0901970106 PMID: 19553199

35.

Vertessy RA, Hatton TJ, Benyon RG, Dawes WR. Long-term growth and water balance predictions for
a mountain ash (Eucalyptus regnans) forest catchment subject to clear-felling and regeneration. Tree
Physiol. 1996; 16: 221–232 PMID: 14871766

36.

Wood SW, Bowman DM, Prior LD, Lindenmayer D, Wardlaw T, Robinson R. Tall eucalypt forests. In:
Lindenmayer D, Burns E, Thurgate N, Lowe A editors. Biodiversity and Environmental Change.
CSIRO Publishing; 2014. pp. 531–581

37.

Attiwill PM. The disturbance of forest ecosystems: the ecological basis for conservative management.
For Ecol Manag. 1994; 63: 247–300

38.

Lindenmayer D. Forest pattern and ecological process: a synthesis of 25 years of research. Canberra:
CSIRO Publishing; 2009.

39.

Turner PA, Balmer J, Kirkpatrick JB. Stand-replacing wildfires? The incidence of multi-cohort and single-cohort Eucalyptus regnans and E obliqua forests in southern Tasmania. For Ecol Manag. 2009;
258: 366–375

PLOS ONE | DOI:10.1371/journal.pone.0137811 September 14, 2015

21 / 24

Macroecology of Australian Tall Eucalypt Forests

40.

Bradshaw FJ, Rayner ME. Age structure of the karri forest: Defining and mapping structural development stages. Aust For. 1997; 60: 178–187

41.

Florence RG. Ecology and silviculture of eucalypt forests. Canberra: CSIRO Publishing; 2004

42.

Phillips O, Baker T, Feldpausch T, Brienen R. RAINFOR field manual for plot establishment and remeasurment; 2009. Available: http://www.rainfor.org/en/manuals. Accessed 17 March 2015.

43.

Marthews TR, Metcalfe D, Malhi Y, Phillips O, Huaraca Huasco W, Riutta T, et al. Measuring Tropical
Forest Carbon Allocation and Cycling: A RAINFOR-GEM Field Manual for Intensive Census Plots
(v2.2). Manual, Global Ecosystems Monitoring Network; 2012, Available http://gem.tropicalforests.ox.
ac.uk/. Accessed 17 May 2015.

44.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. Very high resolution interpolated climate surfaces for global land areas International. J Clim. 2005; 25: 1965–1978

45.

Xu T, Hutchinson M. ANUCLIM Version 6.1 User Guide. Fenner School of Environment and Society,
Australian National University. 2014. Available: http://fennerschool.anu.edu.au/research/products/
anuclim-vrsn-61. Accessed March 17 2015.

46.

Hutchinson MF, McIntyre S, Hobbs RJ, Stein JL, Garnett S, Kinloch J. Integrating a global agro‐climatic
classification with bioregional boundaries in Australia. Glob Ecol Biogeog. 2005; 14: 197–212

47.

Weiskittel AR, Hann DW, Kershaw JA Jr, Vanclay JK. Forest growth and yield modelling. Oxford: John
Wiley & Sons; 2011

48.

Curtis JT. The vegetation of Wisconsin: an ordination of plant communities. Madison: University of
Wisconsin Press; 1959

49.

Mueller-Dombois D, Ellenberg H. Aims and methods of vegetation ecology. London: Wiley Publishing;
1974

50.

Kirkpatrick JB, Peacock RJ, Cullen PJ Neyland MG. The Wet Eucalypt Forests of Tasmania. Tasmanian Conservation Trust, Hobart; 1988

51.

Tng DY, Jordan GJ, Bowman DM. Plant traits demonstrate that temperate and tropical giant eucalypt
forests are ecologically convergent with rainforest not savanna. PloS ONE. 2013; 8(12): e84378 doi:
10.1371/journal.pone.0084378 PMID: 24358359

52.

Harrington GN, Bradford MG, Sanderson KD, Irvine AK, Thomas MR. Structure and plant species dominance in North Queensland wet sclerophyll forests. Proc Roy Soc Qld. 2000; 109: 59–74.

53.

Atlas of Living Australia; www.ala.org.au: Accessed March 17 2015.

54.

Williamson G. Environmental Change Biology Toolbox for R. 2014. Available: https://github.com/
ozjimbob/ecbtools/. Accessed 17 March 2015.

55.

Keith H, Barrett D, Keenan R. Review of allometric relationships for estimating woody biomass for New
South Wales, the Australian Capital Territory, Victoria, Tasmania and South Australia. National Carbon
Accounting System Technical Report No. 5b, Australian Greenhouse Office, Canberra; 2000

56.

Burnham KP, Anderson DR. Model selection and multimodel inference: a practical information-theoretic approach. New York: Springer-Verlag; 2002

57.

Malhi Y, Baker TR, Phillips OL, Almeida S, Alvarez E, Arroyo L, et al. The above‐ground coarse wood
productivity of 104 Neotropical forest plots. Glob Chang Biol. 2004; 10: 563–591

58.

Bond‐Lamberty B, Rocha AV, Calvin K, Holmes B, Wang C, Goulden ML Disturbance legacies and climate jointly drive tree growth and mortality in an intensively studied boreal forest. Glob Chang Biol.
2014; 20: 216–227 doi: 10.1111/gcb.12404 PMID: 24115380

59.

Bond-Lamberty B, Peckham SD, Ahl DE, Gower ST. Fire as the dominant driver of central Canadian
boreal forest carbon balance. Nature. 2007; 450: 89–92 PMID: 17972883

60.

Lewis SL, Malhi Y, Phillips OL (2004) Fingerprinting the impacts of global change on tropical forests.
Philos Trans R Soc Lond B Biol Sci. 2004; 359: 437–462. PMID: 15212095

61.

Burgman MA, Incoll W, Ades PK, Ferguson I, Fletcher TD, Wohlers A. Mortality models for mountain
and alpine ash. For Ecol Manag. 1994; 67: 319–327

62.

Monserud RA, Sterba H. A basal area increment model for individual trees growing in even-and
uneven-aged forest stands in Austria. For Ecol Manag. 1996; 80: 57–80

63.

Wood SW, Hua Q, Allen KJ, Bowman DM. Age and growth of a fire prone Tasmanian temperate oldgrowth forest stand dominated by Eucalyptus regnans, the world's tallest angiosperm. For Ecol Manag.
2010; 260: 438–447

64.

Hammill KA, Bradstock RA. Remote sensing of fire severity in the Blue Mountains: influence of vegetation type and inferring fire intensity. Int J Wild Fire. 2006; 15: 213–226

65.

Cochrane MA, Laurance WF. Synergisms among Fire, Land Use, and Climate Change in the Amazon.
Ambio. 2008; 37: 522–527 PMID: 19205173

PLOS ONE | DOI:10.1371/journal.pone.0137811 September 14, 2015

22 / 24

Macroecology of Australian Tall Eucalypt Forests

66.

Cruz MG, Sullivan AL, Gould JS, Sims NC, Bannister AJ, Hollis JJ, Hurley RJ. Anatomy of a catastrophic wildfire: the Black Saturday Kilmore East fire in Victoria, Australia. For Ecol Manag. 2012; 284:
269–285

67.

Bowman DM, Murphy BP, Neyland DL, Williamson GJ, Prior LD. Abrupt fire regime change may cause
landscape‐wide loss of mature obligate seeder forests. Glob Chang Biol. 2014; 20: 1008–1015 doi: 10.
1111/gcb.12433 PMID: 24132866

68.

Keith H, Lindenmayer DB, Mackey BG, Blair D, Carter L, McBurney L, et al. (2014) Accounting for biomass carbon stock change due to wildfire in temperate forest landscapes in Australia. PloS ONE. 2014;
9(9), e107126 doi: 10.1371/journal.pone.0107126 PMID: 25208298

69.

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice RG, et al. Regional vegetation die-off in
response to global-change-type drought. Proc Natl Acad Sci USA. 2005; 102: 15144–15148 PMID:
16217022

70.

Crous KY, Quentin AG, Lin YS, Medlyn BE, Williams DG, Barton CV, et al. Photosynthesis of temperate
Eucalyptus globulus trees outside their native range has limited adjustment to elevated CO2 and climate warming. Glob Chang Biol. 2013; 19: 3790–3807 doi: 10.1111/gcb.12314 PMID: 23824839

71.

Horton BM, Glen M, Davidson NJ, Ratkowsky D, Close DC, Wardlaw TJ, et al. Temperate eucalypt forest decline is linked to altered ectomycorrhizal communities mediated by soil chemistry. For Ecol
Manag. 2013; 302: 329–337

72.

Brouwers N, Matusick G, Ruthrof K, Lyons T, Hardy G. Landscape-scale assessment of tree crown dieback following extreme drought and heat in a Mediterranean eucalypt forest ecosystem. Landsc Ecol.
2013; 28: 69–80

73.

Matusick G, Ruthrof KX, Brouwers NC, Dell B, Hardy GS. Sudden forest canopy collapse corresponding with extreme drought and heat in a mediterranean-type eucalypt forest in southwestern Australia.
Eur J For Res. 2013; 132: 497–510

74.

May B, Bulinski P, Goodwin A, Macleod S. Tasmanian Forest Carbon Study. CO2 Australia Limited for
the Tasmanian Department of Premier and Cabinet (DPAC) Tasmanian Climate Change Office.
Hobart, Tasmania; 2012

75.

Fedrigo M, Kasel S, Bennett LT, Roxburgh SH, Nitschke CR. Carbon stocks in temperate forests of
south-eastern Australia reflect large tree distribution and edaphic conditions. For Ecol Manag. 2014;
334: 129–143

76.

Dean C, Fitzgerald NB, Wardell-Johnson GW. Pre-logging carbon accounts in old-growth forests, via
allometry: An example of mixed-forest in Tasmania, Australia. Plant Biosyst. 2012; 146: 223–236

77.

Keith H, Lindenmayer D, Mackey B, Blair D, Carter L, McBurney L, et al. Managing temperate forests
for carbon storage: impacts of logging versus forest protection on carbon stocks. Ecosphere. 2014; 5:
75. http://dx.doi.org/10.18890/ES14-00051.1

78.

Keith H, Mackey BG, Berry S, Lindenmayer D, Gibbons P. Estimating carbon carrying capacity in natural forest ecosystems across heterogeneous landscapes: addressing sources of error. Glob Change
Biol. 2010; 16: 2971–2989.

79.

Sileshi GW. A critical review of forest biomass estimation models, common mistakes and corrective
measures. For Ecol Manag. 2014; 329: 237–254

80.

Murphy S, Bi H, Volkova L, Weston C, Madhavan D, Krishnaraj SJ, Fairman T, et al. Validating aboveground carbon estimates of eucalypt dominated forest in Victoria. Report to Victorian Centre for Climate
Change Adaptation Research (VCCCAR) and Department of Environment and Primary Industries;
June 2014

81.

Stegen JC, Swenson NG, Enquist BJ, White EP, Phillips OL, Jørgensen PM, et al. Variation in above‐
ground forest biomass across broad climatic gradients. Glob Ecol Biogeog. 2011; 20: 744–754

82.

Liu Y, Yu G, Wang Q, Zhang Y. How temperature, precipitation and stand age control the biomass carbon density of global mature forests. Glob Ecol Biogeog. 2014; 23: 323–333

83.

Raich JW, Russell AE, Kitayama K, Parton WJ, Vitousek PM. Temperature influences carbon accumulation in moist tropical forests. Ecology. 2006; 87: 76–87 PMID: 16634298

84.

Illian J, Penttinen A, Stoyan H, Stoyan D. Statistical analysis and modelling of spatial point patterns.
John Wiley & Sons; 2008

85.

Wiegand T, Moloney KA. Handbook of Spatial Point-Pattern Analysis in Ecology. Boca Raton: CRC
Press; 2013

86.

Getzin S, Dean C, He FA, Trofymow J, Wiegand K, Wiegand T. Spatial patterns and competition of tree
species in a Douglas‐fir chronosequence on Vancouver Island. Ecography. 2006; 29: 671–682

87.

Lutz JA, Larson AJ, Swanson ME, Freund JA. Ecological importance of large-diameter trees in a temperate mixed-conifer forest. PLoS ONE. 2012; 7(5), e36131 doi: 10.1371/journal.pone.0036131 PMID:
22567132

PLOS ONE | DOI:10.1371/journal.pone.0137811 September 14, 2015

23 / 24

Macroecology of Australian Tall Eucalypt Forests

88.

Popescu SC, Nelson RF. Special Issue–LiDAR remote sensing for characterizing forest vegetation:
foreword. Photogramm Eng Remote Sensing. 2011; 77: 217–218

89.

Wood SW, Bowman DMJS, Stephens HC. AusPlots Forest Monitoring Network Dataset (2015). TERN
AusPlots Forest Monitoring Network—Large Tree Survey—2012–2015, Version 1. 10.4227/05/
552486484985D. Available from Australian Ecological Knowledge and Observation System Data Portal (ÆKOS, http://www.portal.aekos.org.au/). Accessed 09 July 2015.

PLOS ONE | DOI:10.1371/journal.pone.0137811 September 14, 2015

24 / 24

