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Abstract Critical transitions in ecosystem states are often sudden and unpredictable. Consequently, there
is a concerted effort to identify measurable early warning signals (EWS) for these important events. Aquatic
ecosystems provide an opportunity to observe critical transitions due to their high sensitivity and rapid
response times. Using palaeoecological techniques, we can measure properties of time series data to
determine if critical transitions are preceded by any measurable ecosystem metrics, that is, identify EWS.
Using a suite of palaeoenvironmental data spanning the last 2,400 years (diatoms, pollen, geochemistry, and
charcoal influx), we assess whether a critical transition in diatom community structure was preceded by
measurable EWS. Lake Vera, in the temperate rain forest of western Tasmania, Australia, has a diatom
community dominated by Discostella stelligera and undergoes an abrupt compositional shift at ca. 820 cal yr
BP that is concomitant with increased fire disturbance of the local vegetation. This shift is manifest as a
transition from less oligotrophic acidic diatom flora (Achnanthidium minutissimum, Brachysira styriaca, and
Fragilaria capucina) to more oligotrophic acidic taxa (Frustulia elongatissima, Eunotia diodon, and
Gomphonemamultiforme). We observe a marked increase in compositional variance and rate-of-change prior
to this critical transition, revealing these metrics are useful EWS in this system. Interestingly, vegetation
remains complacent to fire disturbance until after the shift in the diatom community. Disturbance taxa invade
and the vegetation system experiences an increase in both compositional variance and rate-of-change.
These trends imply an approaching critical transition in the vegetation and the probable collapse of the local
rain forest system.

1. Introduction

Environmental pressures or perturbations can erode the resilience of an ecosystem such that, in cases where
multiple stable states exist, a threshold is crossed and the system shifts into a new stable state (Bunting et al.,
2016; Carpenter & Brock, 2006; Wang et al., 2012). These critical transitions are a nonlinear ecosystem
response to a change in conditions, such as nutrient influx, climate, and/or land use change (Lenton, 2011;
Scheffer et al., 2001, 2009; Scheffer & Carpenter, 2003; Wang et al., 2012). Nonlinear ecosystem dynamics
and the existence of multiple stable states have profound implications; as state transitions can be sudden
and unpredictable. Once a state shift has occurred in response to a perturbation, internal feedbacks can
“fix” the ecosystem in the new stable state irrespective of continued perturbation—i.e. hysteresis (Fletcher
et al., 2014; Scheffer et al., 2009; Scheffer & Carpenter, 2003). Consequently, an important endeavor is the
attempt to detect “early warning signals” (EWS) that precede critical transitions in nature (Dakos et al.,
2015; Scheffer et al., 2009; Wang et al., 2012). While theory predicts that EWS should precede some types
of critical transitions detecting these signals remains challenging, particularly for ecosystems with long
generational timespans, such as temperate forests. Nevertheless, given the clear importance of critical transi-
tions for ecosystem function and monitoring, considerable attention has been paid to theorizing and
attempting to measure EWS to improve predictive power (Bunting et al., 2016; Carpenter & Brock, 2006;
Dakos et al., 2015; Scheffer et al., 2009, 2012; Seddon et al., 2016; Wang et al., 2012).

Critical transitions are often preceded by a reduction in resilience, the ability of a system to both resist and
recover from perturbations (Hodgson et al., 2015; Scheffer et al., 2009). These factors of lost resilience are asso-
ciated with increased recovery time and variance, and a concerted effort has been made to measure these
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components in an attempt to understand how resilience changes through time (Carpenter & Brock, 2006;
Dakos et al., 2012; Scheffer et al., 2009). A slowdown in recovery time, as a system approaches a critical
transition, is termed “critical slowing down” (Scheffer et al., 2009). It is this property that has received most
attention when attempting to measure changes in resilience and detect EWS (Scheffer et al., 2009; Wang
et al., 2012). During a critical slowing down, statistical properties of time series data can be quantified to mea-
sure an ecosystem state. Some examples of EWS include high autocorrelation at lag +1, increasing variance,
and skewness (Dakos et al., 2015; Scheffer et al., 2009, 2012; Wang et al., 2012). Additionally, rate-of-change
(ROC) can measure the change in state recovery for a critical transition, where increased ROC demonstrates
an EWS of longer recovery and a loss in resilience (Lim & Epureanu, 2011). Despite a well-established theore-
tical underpinning, actual measurements of EWS in natural systems are few, particularly in ecology where
species generational times often exceed observationwindows, thus, precluding directmeasurement. It is here
that high-resolution palaeoecological data are an important tool for testing the concepts underlying EWS.

Palaeoecological data can be used in the absence of monitoring data to comprehend long-term ecosystem
dynamics, allowing an understanding of how ecosystems change through time, and an appreciation of the
factors that can cause critical transitions and the formation of new stable states (Fletcher, Wood, &
Haberle, 2014; Wang et al., 2012; Willis et al., 2010). Importantly, palaeoecological data are rarely evenly
spaced in time; thus, data are usually manipulated (often via interpolation) prior to application of many of
the metrics of resilience, such as autocorrelation and skewness (e.g., Wang et al., 2012). Critically, the manip-
ulation of time series data can unintentionally cause false correlations and remove important trends
(Carstensen et al., 2013; Dakos et al., 2012; Schulz & Stattegger, 1997). In some cases, interpolation of data
can artefactually cause an increase in standard deviation (i.e., variance), autocorrelation, and broadening of
skew—all considered potential EWS that precede critical transitions (Carstensen et al., 2013). Thus, it is impor-
tant to select appropriate metrics when using palaeoecological data to measure resilience and EWS. Variance,
for example, has been a successfully employed measure for palaeoecological data without interpolation,
allowing an effective test for EWS and critical transitions (Bunting et al., 2016; Dakos et al., 2012). In addition,
ROC can be used to measure EWS, without interpolation, as an erosion of resilience before a critical transition
(Scheffer et al., 2012; Siteur et al., 2016).

Here we use a suite of palaeoecological data to understand the interconnection between changes in vegeta-
tion, nutrient cycling, sediment delivery, and diatom community structure through time. Our study site is
Lake Vera, southwest Tasmania, Australia, a mountainous cool temperate landscape in which fire activity
exerts a major influence over terrestrial ecosystem dynamics. Importantly, little is known about how fire-
driven landscape change in this region influences aquatic ecosystem dynamics. We present data on temporal
changes in diatom community composition, lake sediment geochemistry, pollen, and charcoal spanning the
last 2,400 years. Our objective is to test the response of the lentic ecosystem to changes in the local
catchment. We specifically ask the following: (i) What is the response of the diatom community to fire-driven
catchment change?; (ii) If changes in diatom community structure do occur, are they linear or nonlinear?; and
(iii) Can we detect EWS for any abrupt aquatic ecosystem change (i.e., critical transitions)?

1.1. Biogeography of Tasmania

Tasmania (40–44°S) is a continental island that has a cool temperate maritime climate (Gentilli, 1971). The
island is bisected by northwest-southeast trending mountain ranges that intercept the prevailing mid-latitude
westerly airflow, resulting in a steep west to east orographic precipitation gradient. The steep topography
and rainfall gradient results in two distinct bioclimatic regions: a dry (ca. 400 mm p/a) open Eucalyptus-
dominant savanna in the east of Tasmania and a wet (up to 3,500 mm p/a) west where moorland and rain
forest dominate (Fletcher & Thomas, 2010; Macphail, 1979). The uniformly nutrient poor bedrock (Jurassic
dolerite) and hyperhumid climate of western Tasmania results in the development of predominantly acidic
organosols under all vegetation types (Isbell, 2002; Pemberton, 1988, 1989). Lake characteristics also follow
this biogeographic divide, with acidic, oligotrophic to dystrophic waters in the west and turbid, less acidic,
(ultra)oligotrophic, saline lakes in the east (Tyler, 1974; Vanhoutte et al., 2004). Fire has shaped the regional
vegetation of Tasmania. In the west, this has resulted in a failure of rain forest to occupy its climatic niche,
and instead, the landscape is dominated by fire-promoting plant communities. Fires are climate-limited in
the west, where biomass is uniformly high, with interannual shifts in the strength and position of the westerly
winds the main control over fire activity (Mariani & Fletcher, 2016).
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1.2. Study Site

Lake Vera (42°16029″S, 145°52044″E) is a small moraine-bound lake formed in a glacial valley located near
Frenchman’s Cap, southwest Tasmania, Australia (Figure 1). The site lies within the region of strongest corre-
lation between interannual shifts in the midlatitude westerlies and rainfall anomalies on Earth (Gillett et al.,
2006; Hill et al., 2009). Lake Vera lies 550 masl, is dystrophic/oligotrophic and acidic with a maximum water
depth of 48 m. Annual mean precipitation is ~2,800 mm and mean annual temperature is ~8.7°C
(Bradbury, 1986; Macphail, 1979; Markgraf et al., 1986). Surrounding vegetation includes the following: rain
forest and related scrubland, heathland complexes, wet eucalypt forest and woodland, and noneucalypt for-
est and woodland. Dominant taxa within the local catchment consist of Atherosperma moschatum, Athrotaxis
selaginoides, Eucryphia lucida, Eucalyptus delagetensis, Lagarostrobos franklinii, Leptospermum nitidium, and
Nothofagus cunninghamii (Department of Primary Industries, 2017; Fletcher et al., 2018; Kitchener & Harris,
2013). Catchment geology, while not well described, contains mainly siliceous glacial deposits (Bradbury,
1986; Macphail, 1979).

2. Materials and Methods
2.1. Coring and Chronology

In 2011 a 105 cm core (TAS1108 SC1) was collected from 48 m depth in Lake Vera using the Universal coring
system (Aquatic Research Instruments, 2016). Radiometric analysis was performed at the Australian Nuclear
Science and Technology Organization (five 210Pb samples) and The National Ocean Sciences Accelerator
Mass Spectrometry (four radiocarbon samples) (Table 1). All radiocarbon samples were bulk sediment

Figure 1. Map of Australia (top), inset map of Tasmania (left) with site location (blue dot), and a photo of Lake Vera,
Tasmania (right).
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dried in a convention oven, rootlets removed, and pretreated with HCl to remove of any carbonates.
Radiocarbon dates were calibrated to calendar years with Southern Hemisphere calibration curve to 1
standard deviation—SHCal13 (Hogg et al., 2013). Samples for 210Pb dating were chemically processed and
analyzed by alpha spectrometry (Atahan et al., 2015). 210Pb ages were determined using the constant
initial concentration (CIC) 210Pb dating model (Robbins & Edgington, 1975), which estimated a constant
sediment accumulation rate of 0.009 g/cm2/year, approximately 0.036 cm/year. 210Pb ages were also
calculated using the constant rate of supply model (Appleby & Oldfield, 1978) and were in good
agreement with the CIC model ages down to 3 cm depth. Due to the deep anoxic nature of this lake, we
would expect a relatively constant sediment accumulation rate throughout Lake Vera’s history, and thus,
the CIC model 210Pb dates would be more appropriate to use for the age model (see supporting
information). A Bayesian age-depth model was developed in R v. 3.4.1 (R Development Core Team, 2014)
using the Bacon v. 2.2 package (Blaauw & Christen, 2013) (Figure 2).

2.2. Geochemical Analysis

Nondestructive geochemical data were obtained using an Itrax X-ray fluorescence (XRF) core scanner at
Australian Nuclear Science and Technology Organization at a resolution of 0.2 mm using a molybdenum
(Mo) tube set at 30 kV and 55 mA with a dwell time of 10s. The geochemical data (Fe, Mn, and Ti) were
normalized by the Mo Incoherence/Coherence ratio (Croudace & Rothwell, 2015), and the Fe/Mn ratio was
determined to demonstrate changes in redox conditions (Carignan & Tessier, 1988; Koinig et al., 2003;
Kylander et al., 2011), alkalinity increases, and Fe richness with fire disturbance (Ketterings et al., 2000;
Korhola et al., 1996). Fe oxides are released from soils into waterbodies with fire (Korhola et al., 1996) and
become soluble ferrous Fe that preservers in lake sediments when met with anoxic waters (Cohen, 2003).

Analysis for the percent Carbon (C%) and Nitrogen (N%) was performed at 0.5 cm intervals with an average
sampling resolution of ca. 12 cal yr BP. Samples were pretreated with 10% HCl, freeze-dried, and ground to
create a homogeneous composition then analyzed at the University of Waterloo on a Carlo Erba Elemental
Analyzer (CHNS-O EA1108—Italy). Results were corrected to Carbon (IAEA-CH6, EIL-72, and USGS-40) and
Nitrogen standards (IAEA-N1 and IAEA-N2) (Fry et al., 1992).

2.3. Diatom Analysis

Diatom analysis was performed at an average sampling resolution of ca. 45 cal yr BP, at ~2.0 cm intervals, using
0.5 mL of sediment and standard methods (Battarbee, 1986; Bradbury, 1986). Known concentrations of
residues were mounted using Naphrax® to determine diatom concentration. At least 300 diatom valves were
identified per slide using an oil immersion DIC objective at 1000X magnification. See supporting information
for authority names. Diatomconcentrationwas calculated using known sediment concentrations. Constrained
Incremental Sum of Squares (CONISS) cluster analysis (Grimm, 1987) was performed using Tilia v. 2.0.37
(Grimm, 2013). Taxa included in the cluster analysis occurred at least three times with an abundance greater
than 2%. To determine the significant number of zones (N = 4), a broken stick model was used (Juggins, 2016).

2.4. Palynology and Charcoal Analysis

Pollen analysis has an average sampling resolution of ca. 22 cal yr BP, at 0.5–2.0 cm intervals. More detailed
methods are in the supporting information and Fletcher et al. (2018). Percent fern taxa (Blechnum spp.,
Dicksonia spp., Histiopteris spp., Hymenophyllaceae, Microsorum spp., Phymatodes, and Polystichum spp.)
were summed to represent lower canopy density. Bauera rudioides and Urticaceae pollen percentages were
summed as an index for disturbance taxa. Cluster analysis (CONISS) was performed to identify pollen

Table 1
Radiocarbon Results for Lake Vera, Including NOSAMS Laboratory Identification Number, Sample Depth (cm), Sample Type, the F Modern and Error, the Radiocarbon Age
(BP) and Error (1σ), and δ13C (per mil)

ID # Depth (cm) Sample type F modern and error (1 σ) Radiocarbon age and error δ13C (per mil)

OS-92421 23–23.5 Sediment organic carbon 0.9222 ± 0.0028 650 ± 25 �27.72
OS-92422 50–50.5 Sediment organic carbon 0.8543 ± 0.0034 1,260 ± 30 �27.6
OS-92423 81–81.5 Sediment organic carbon 0.7758 ± 0.0029 2,040 ± 30 �27.55
OS-89128 103.5–104 Sediment organic carbon 0.7423 ± 0.0025 2,390 ± 25 �27.15

Note. NOSAMS = National Ocean 145 Sciences Accelerator Mass Spectrometry.

Journal of Geophysical Research: Biogeosciences 10.1002/2017JG004135

BECK ET AL. 498



assemblage zones. Terrestrial taxa included in the cluster analysis occurred at least three times with an
abundance greater than 2% to determine the significant number of zones (N = 4) using a broken stick
model (supporting information).

Macroscopic charcoal was processed at 0.5 cm intervals, an average sampling resolution of ca. 12 cal yr BP, for
the entire core length according to standard protocols (Whitlock & Larsen, 2001). A 1.5 cm3 sample was
soaked in household bleach then sieved (250 μm and 125 μm) for identification at 10–20X magnification.
Microscopic charcoal was also enumerated during pollen identification. Charcoal particle size is a product
of a range of factors including distance from fire, vegetation type, and fire intensity/severity (Mustaphi &
Pisaric, 2014; Whitlock & Larsen, 2001). To understand broad changes in fire activity irrespective of charcoal
particle size, we created a composite charcoal record by averaging the sum of microscopic and macroscopic
charcoal data after converting each charcoal series to z-scores using the entire sequence (i.e., 2,400 years).

2.5. Numerical Analyses
2.5.1. Rate-of-Change
ROC analysis was run on proportional diatom and pollen data using the square chord distance measure stan-
dardized by the age intervals between samples to produce the ROC (Birks, 2012) in R v. 3.4.1. This ROC
method does not require interpolation of data to even time steps, and we infer an increase in ROC as

Figure 2. Age model for Lake Vera, Tasmania. (a) Total and supported 210Pb activity concentrations with uncertainties,
(b) 210Pb chronology based on the CIC model, (c) Age model using Bacon, the blue symbols indicate probability
distribution of the 14C ages and the green symbols show the age probability of the 210Pb dates. The black dotted lines
demonstrate the 1,000 iterations of Bayesian statistic and potential depth ages in a 95% confidence interval (gray dotted
line). The red dotted line demonstrates the age model chosen by weighted mean ages.
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indicating a shift away from “equilibrium,” and a concomitant increase in
recovery time that signals a loss in resilience (Lim & Epureanu, 2011;
Scheffer et al., 2009, 2012; Siteur et al., 2016). ROC was performed on taxa
that occurred more than three times with a maximum abundance great
than 2% for both Lake Vera diatoms and terrestrial pollen.
2.5.2. Principal Curves and Generalized Additive Models
A principal curve (PrC) was estimated on percentage diatom species and
terrestrial pollen in analogue v. 0.17–0 (Simpson & Oksanen, 2016) using
R. PrCs are an alternative method to other ordination analyses for identify-
ing the most important trend in the sediment sequence. A PrC is a non-
linear curve fitted through data in multiple dimensions that, unlike the
linear methods used by Principal Component Analysis, can potentially
represent greater explained variance if there is a single dominant gradient
in the data (De’ ath, G., 1999; Felde et al., 2014; Hastie & Stuetzle, 1989;
Simpson & Birks, 2012). The PrC was initialized using the first correspon-
dence analysis axis and subsequently estimated by fitting smoothing
splines to abundances of individual taxa. The generalized cross-validation
criterion was used to determine the wigglyness of each taxon’s spline in
the PrC. To avoid overfitting, a penalty on the degrees of freedom of 1.4
was applied. The diatom and terrestrial pollen taxa included in the PrC
occurred more than three times with a maximum abundance over 2%.

Generalized additive models (GAMs) were fitted to the diatom and pollen
PrCs to identify the important trends in the community data using mgcv v.
1.8–15 (Wood, 2016) in R. GAMs are semiparametric models that use a sum
of smooth functions to model nonlinear relationships between covariates
and the response (Hastie & Tibshirani, 1990; Simpson & Anderson, 2009;

Yee & Mitchell, 1991). Models were fitted using penalized residual maximum likelihood, in which a penalty
controls the degree of wigglyness of the estimated trends (smooth functions) (Wood, 2011). Here we use a
location-scale Gaussian GAM, which enables simultaneous estimation of both the mean and variance of a
time series. See Bunting et al. (2016) for further details on the GAM modeling approach. We account for
the implicit nonconstant variance that arises due to each sample representing a different amount of time
by including this as a covariate in the linear predictor for the variance part of the model. This method is used
to show the change in resilience of the lentic and terrestrial systems.

3. Results
3.1. Coring and Chronology

A summary of the radiocarbon results is presented in Table 1. The age model shows somewhat linear sedi-
mentation with some variability throughout the sequence (Figure 2). Unsupported 210Pb activity reached
background at 5 cm. The Bayesian age model determined a mean accumulation rate of 20 yr/cm (Figure 2).
For more details on 210Pb results see supporting information.

3.2. Geochemical Analysis

The Fe/Mn ratio demonstrates dynamic variability in this record; increasing values occur at ca. 2,200 cal yr BP,
from ca. 1,550 to 1,400 and ca. 800 to 600 cal yr BP. Rising values occur from ca. 0 cal yr BP to present and are
likely the result of XRF sampling near the core end (Figure 3d). Ti shows similar trends as Fe/Mn with an
opposing decreasing trend from 0 cal yr BP to present (Figure 3e). A further summary of the XRF geochemical
results can be found in the supporting information.

Carbon and Nitrogen percentages show similar trends, while C/N has opposing trends (Figure 3). C/N (C% and
N%) increases (decreases) from ca. 2,400 to 2,100 cal yr BP, followed by a decline (incline) to ca. 1,400 cal yr BP
where a sharp peak (trough) occurs. Low (high) stable values occur until 880 cal yr BP where C/N (C% and N%)
increases (decreases) rapidly from ca. 880 to 720 cal yr BP, low (high) stable values resume when C/N (C% and
N%) rapidly increases (decreases) ca. 550 cal yr BP and slowly declines (inclines) until present (Figure 3).

Figure 3. A summary of Lake Vera geochemical results of (a) Carbon/
Nitrogen ratio, (b) Carbon percent, (c) Nitrogen percent, (d) Fe/Mn ratios
fitted with a weighted average (window width = 51), and (e) Ti ratios fitted
with a weighted average (windowwidth = 51). Gray dashed line indicates the
critical transition in the diatom community.
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3.3. Diatom Analysis

Diatoms show good preservation throughout this record with 255 taxa identified from 57 depth samples.
Four significant CONISS zones were identified in this record: Zone 1–2,427 to 1,939 cal yr BP, Zone 2–1,901
to 880 cal yr BP, Zone 3–820 to 506 cal yr BP, and Zone 4–448 cal yr BP to present (Figure 4).

Discostella stelligera dominates throughout the sediment record (>20%). In Zone 1 dominant taxa include the
following: Discostella stelligera (30–40%), Achnanthidium minutissimum (~15%), Stauroforma inermis (~5%),
Eunotia incisa (~5%), Achnanthes subexigua (~4%), Fragilaria capucina (~4%), and Gomphonema parvulum
(~3%) with high stability through this zone. Within this zone the total diatom valves are high, averaging
around 1.6 × 108 valves/mL yr�1. Zone 2 taxa are similar to Zone 1 with the exception of an increase in
Brachysira styriaca (~4%) and A. subexigua (~5–10%), while Discostella stelligera (~20%) declines in abun-
dance. In this zone, the total valves remain high, peaking at ca. 1,480 cal yr BP, before declining to the end
of the zone.

Zone 3 begins at ca. 820 cal yr BP with a sharp decline in A. minutissimum (~2%), A. subexigua (~1–5%), and B.
styriaca (~2%); and increased abundance of D. stelligera (40–50%), Eunotia diodon (5%), Frustulia elongatis-
sima (8–10%), and Gomphonema multiforme (4%). Total valves are very low throughout this zone and the
next. Zone 4 has a decrease in D. stelligera (~20%) and a slight increase in A. subexigua (~5%), Brevisira arentii
(~1–2%), B. styriaca (~4%), and E. incisa (~10%).

3.4. Palynology and Charcoal Analysis

We observe four significant CONISS zones from the percent terrestrial pollen taxa: Zone 4—2,429 to 2,098 cal
yr BP; Zone 3—2,078 to 802 cal yr BP; Zone 2—783 cal yr BP to 562 cal yr BP; and Zone 1—536 cal yr BP to
present (supporting information). Pediastrum spp. influx has low values from 2,440 to 1,250 cal yr BP followed
by an increase to peak at 900 cal yr BP. Pediastrum spp. sharply declines with a slight increase and variable
influx to present (Figure 5d). Total percent ferns remain low from ca. 2,430 cal yr BP to ca. 760 cal yr BP fol-
lowed by a sharp increase and high variability. Ferns remain high for the remainder of the record with a
decreasing trend (Figure 5b). Percent disturbance taxa (Urticaceae and Bauera rudioides) gradually increase
from 2,430 to 880 cal yr BP followed by a decline to ca. 745 cal yr BP. Disturbance taxa then increase in abun-
dance and variability for the remainder of the record (Figure 5a). A pollen stratigraphy summarizing themajor

Figure 4. Stratigraphy of the important Lake Vera diatom species presented as percentage composition. The PrC estimates trends in the diatom percentage data
(PrC explained variance = 60.0%). Red dashed lines show breaks in CONISS cluster analysis for diatom taxa above 2% abundance and that occur at least three
times (four significant zones). X axis scale varies by taxa.
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taxa and compositional transitions is included in the supporting
information. The charcoal sum z-scores show three time periods of
increased charcoal from ca. 2,400 to 2,000 cal yr BP, at ca. 1,500 cal yr BP
and from ca. 940 to 660 cal yr BP (Figure 5k).

3.5. Numerical Analyses
3.5.1. Rate-of-Change
Diatom ROC is very low (below 0.5) until ca. 1,070 cal yr BP where peak
values (3.5) occur until ca. 1,040 cal yr BP. Values decline again to below
0.5 for the remainder of the record (Figure 6a). The pollen ROC remains
below 0.5 until ca. 780 cal yr BP then increases to 2.9 and becomes highly
variable until present (Figure 6e).
3.5.2. Principal Curves and Generalized Additive Models
The PrC has an explained variance of 60.0% for diatoms and 60.7% for the
terrestrial pollen. Low values of the diatom PrC are associated with more
acidic taxa and high values with less acidic disturbance taxa. The diatom
PrC is fairly stable with a slight declining trend from ca. 2,430 to
1,900 cal yr BP followed by a rapid increase with high variability until ca.
880 cal yr BP. From ca. 820 cal yr BP to present, the diatom PrC gently
decline with low very stable values (Figure 6c). The pollen PrC, however,
demonstrates a decreasing trend throughout the record, with abrupt high
variability from ca. 750 cal yr BP to present (Figure 6g). Low pollen PrC
values are associated with disturbance taxa, middle values with wet rain
forest taxa and high values with low canopy cover taxa (Ericaceae,
Pomaderris spp., Proteaceae, Poaceae). Species abundance gradients for
both the diatoms and terrestrial pollen PrC are included in the
supporting information.

The diatom fitted GAM declines from ca. 2,430 to 1,940 cal yr BP and
increases to peak at ca. 1,450 cal yr BP then declines to low stable values
from ca. 500 cal yr BP to present (Figure 6c). The variance of the diatom
GAM residuals show a slight decline from ca. 2,430 to 1,780 cal yr BP fol-
lowed by an increasing trend peaking at ca.1,070 cal yr BP and declining
to low values from ca. 500 cal yr BP to present (Figure 6b). The pollen
GAM demonstrates a linear decreasing model through the PrC (Figure 6g).
The variance of the pollen GAM increases and plateaus between ca.
1,850 and 1,450 cal yr BP, followed by a decline. The pollen variance starts
to rapidly increase at ca. 820 cal yr BP, peaking at ca. 490 cal yr BP followed
by a small decline. The variance increases slightly from ca. 60 cal yr BP to
present (Figure 6f).

4. Discussion
4.1. Fire-Driven Changes in Aquatic Ecosystem Dynamics

The pivotal role of fire in the terrestrial ecology of western Tasmania is
well understood (Bowman et al., 2009; Fletcher et al., 2014; Jackson,
1968), yet little is known about how fire-driven vegetation change influ-
ences aquatic ecosystems within this landscape. The deep organic soils
that form under rain forest vegetation in this region are highly combustible
when dry (di Folco & Kirkpatrick, 2013; Pemberton, 1988, 1989). Indeed,
fires within the rain forest only occur under anomalously dry conditions
(Styger & Kirkpatrick, 2015), and the substantial available biomass in these
systems often results in high-intensity forest fires that can completely
incinerate the underlying organic soil profiles. Subsequent rainfall events
can strip the soil profile from the landscape (Bowman & Jackson, 1981; di

Figure 5. A summary plot of Lake Vera data. (a) Percent disturbance pollen
taxa (Urticaceae and Bauera rubioides) (brown), (b) total percent fern pollen
taxa (orange), (c) total diatoms valves (valves/mL × 108) (light green) fitted
with a generalized additive model (GAM) (black), (d) Pediastrum influx (×103)
(green), (e) Discostella stelligera percentages (blue) with a fitted GAM (black),
(f) Fe/Mn ratios (gray) fitted with a weighted average in dark green (window
width = 33), (g) Carbon/Nitrogen ratio (brown), (h) diatom variance (blue)
and confidence interval (gray dashed) of GAM residuals, (i) diatom PrC
(green) with fitted GAM (black) and confidence intervals (gray dashed),
(j) diatom ROC (orange), and (k) Charcoal sum z-scores (red) with a fitted GAM
(black). Gray dotted line indicates the timing of the diatom critical transition.
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Folco & Kirkpatrick, 2013; Jackson, 1968; Pemberton, 1988, 1989), depositing large amounts of terrestrially
derived material into aquatic systems (Townsend & Douglas, 2000). Increased input of terrestrial material
into lakes can result in less light penetration, less oxic conditions resulting from less mixing, and anoxic lake
bottom waters (Augustinus et al., 2012; Carignan & Tessier, 1988; Cohen, 2003; Koinig et al., 2003). Further,
burning of the catchment organic soil profile causes a release of organically bound Fe into watersheds
increasing preserved Fe in sediments (Ketterings et al., 2000; Korhola et al., 1996).

While a series of fire events within the rain forest-dominant Lake Vera catchment (ca. 2,200, 1,500 and
800 cal yr BP) initially fail to provoke a shift in the pollen record (Figures 5a, 5b, 6e, and 6g), these fire events
are associated with an influx of terrestrially derived carbon (Figure 5g), increases in the importance of the dia-
tom Discostella stelligera (Figure 5e) and changes in other sediment geochemical properties (such as an
increase in Ti and Fe/Mn; Figures 3e and 5f). Discostella stelligera (Figure 5e) is a planktonic diatom taxon with
broad ecological tolerances that is favored by relatively shallow mixing depths and increased nutrient avail-
ability (Korhola et al., 1996; Saros et al., 2012; Saros & Anderson, 2015). We, thus, interpret our data as reflecting
a lowering of lakemixing depth resulting from an increase in turbidity and less light availability following fire-
driven influxes of organic matter and Fe into Lake Vera (Fee et al., 1996; Korhola et al., 1996). Further, elevated
diatom productivity and high relative importance of disturbance diatom taxa, Achnanthidium minutissimum
and Fragilaria capucina, from ca. 2,430 to 880 cal yr BP (Figures 4 and 5i) are consistent with the effects of
fire-related increases in terrestrial organic matter inputs into the lake (Hodgson et al., 1996; Saunders et al.,
2013). Damage to terrestrial vegetation by fire can destabilize soil profiles, resulting in erosion of terrestrial
organic material (C/N; Figure 5g) and inorganic (Ti; Figure 3e) material into lakes that favors disturbance dia-
tom taxa (higher PrC values; Figures 5i). Additionally, increased ash deposition can increase the base cation
content buffering lake pH, also favoring these less acidic diatom taxa (Haberle et al., 2006; Korhola et al., 1996).

A sudden diatom compositional shift occurs at ca. 880 cal yr BP (Figure 4): from a less acidophilous commu-
nity (i.e., Achnanthidium minutissimum, Achnanthes subexigua, Achnanthidium rosenstockii, Psammothidium
subatomoides, Brachysira styriaca, B. microcephala, Fragilaria capucina, Staurosira construens, and

Figure 6. Critical transition statistical summary of the Lake Vera diatoms (left) and pollen (right) including: (a and e) ROC (orange), (b and f) GAM fitted variance (blue)
and confidence intervals (gray dashed line); (c and g) PrC (green), fitted GAM (black), and confidence intervals (gray dashed); (d and h) Charcoal (CHAR in red)
sum z-scores and fitted GAM (black). Vertical gray dashed lines indicate the timing of the diatom critical transition.
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Staurosirella pinnata) to a more acidophilous community (i.e., Brevisira arentii, Eunotia diodon, Eunotia incisa,
Eunotia spp., Frustulia elongatissima, Gomphonema multiforme, and Cocconeis placentula) (Bradbury, 1986;
Hodgson et al., 2000; Vyverman et al., 1996). This diatom shift is preceded by a decline in diatom productivity
(Figure 5c), low charcoal deposition (low fire activity; Figure 5k), decreased terrestrial carbon input into the
lake (Figure 5g), and an increase in Pediastrum (at ca. 1,420 cal yr BP; Figure 5d), a freshwater algae found
in the littoral zones of clear oligotrophic acidic lakes (Weckström et al., 2010). These trends suggest a pro-
longed low fire period (between ca. 1,460 to 960 cal yr BP) and an associated reduction in terrestrial
material inputs (organic soil products and ash) into Lake Vera that led to clearer and more oligotrophic
waters, lower diatom productivity, and increased acidification of the lake (Figure 5i).

The remainder of the sequence is characterized by the absence of disturbance taxa (A. minutissimum and F.
capucina) and a persistence of an oligotrophic/acidophilus diatom community (E. diodon, E. incisa, F. elonga-
tissima, and G. multiforme; Figure 4). While a fire event at ca. 940 cal yr BP drove an increase in terrestrially
derived carbon, Fe/Mn and D. stelligera, the diatom community appears complacent throughout the remain-
der of the sequence (Figure 5). The apparent permanence of this shift through the remaining ~820 years,
despite marked variability in catchment fire activity and the input of terrestrially derived material into the
lake, reveals a remarkably stable diatom community through this time (Figure 6).

4.2. Critical Transitions and Early Warning Signals
4.2.1. The Aquatic System
We observe a nonlinear diatom community state shift (i.e., critical transition) at ca. 820 cal yr BP that we inter-
pret as a response to the cumulative effect of fire-driven perturbations within the local catchment (Figures 5
and 6). This shift affords us the opportunity to test for the presence of EWS of this critical transition in our data.
Given the potential problems associated with data manipulation (i.e., interpolation), we focus on two mea-
surements of ecosystem resilience considered robust for palaeoecological data: variance and ROC (Lim &
Epureanu, 2011; Scheffer et al., 2012; Siteur et al., 2016). Ecological theory on critical transitions predicts that
increased variance occurs as a system approaches a critical transition (Scheffer et al., 2009, 2012). While ROC is
a measure of how rapidly a system state deviates from a stable steady state in response to a perturbation or a
change in external conditions. With critical transitions, ROC increases when a system is unable to cope with
the rapid changes (i.e., above some critical ROC threshold) and recovery slows (Dakos et al., 2012; Lim &
Epureanu, 2011; Scheffer et al., 2009, 2012; Siteur et al., 2016).

At Lake Vera, fire-driven changes in the delivery of terrestrially derived organic and inorganic sediment into
the lake had a profound influence on lake conditions and diatom community structure through the last
~2,400 years. These are manifest as shifts in lake water trophic status, pH, turbidity, and mixing conditions
that drove clear changes in diatom community dynamics. Importantly, we observe a clear increase in ecosys-
tem variance between ca. 1,780 to 1,070 cal yr BP in response to this suite of changes and prior to the critical
transition in the diatom community (Figures 5h and 6b). Further, we observe amarked decrease in variance of
the new diatom community state, suggesting a shift to a more resilient stable state, consistent with ecologi-
cal theory, indicating that variance is a valid and measurable EWS in this system (Carpenter & Brock, 2006;
Dakos et al., 2012, 2015; Scheffer et al., 2009, 2012).

Further, we observe a marked increase in the ROC in the diatom community between ca. 1,070 to 1,040 cal
yr BP (Figures 5j and 6a), reflecting rapid shifts in the system state away from equilibrium as it becomes
unstable close to a bifurcation point. The shift to low ROC values following the critical transition suggests
a shift to a new stable diatom community state, consistent with the reduction in variance following this
critical transition. These results suggest that variance and ROC are useful EWS metrics for detecting critical
transitions in this aquatic system and that monitoring programs designed to detect potential critical
transitions might benefit from measuring these variables. We conclude that the resilience of the diatom
community was likely eroded by the cumulative influence of fire-driven catchment disturbance (principally
via terrestrial organic matter inputs) over lake water trophic status, pH, turbidity, and mixing conditions.
While the diatom community state shift occurs in concert with a fire-driven influx of terrestrial organic
matter, the fact that both variance and ROC increase through a phase of low catchment fire activity and
low terrestrial matter influx (ca. 1,400 to 900 cal yr BP) implies that the loss of resilience of this system
occurred in response to the cumulative effect of repeated fire-driven changes within the catchment, rather
than in response to a discrete event.
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4.2.2. The Terrestrial System
Despite marked changes in the Lake Vera aquatic ecosystem driven by burning of the local catchment, the
pollen from Lake Vera shows a degree of complacency to fire (Figures 6e–6h). Indeed, the pollen PrC values
remain remarkably stable between 2,430 to 800 cal yr BP, despite clear fire-driven disturbance of the local
catchment (Figure 5). This complacency to fire of the local rain forest system stand contrasts the hypersensi-
tivity displayed by rain forest to fire in this landscape (Beck et al., 2017; Bowman & Jackson, 1981; Fletcher
et al., 2014; Kirkpatrick & Hardwood, 1980). It is important to note that the source area of airborne pollen
into a lake is often considerably larger than the local lake catchment (Bunting et al., 2004; Prentice, 1978;
Sugita, 1993). Consequently, the apparent complacency of the vegetation system to fire might reflect the dis-
crepancy between the size of burnt catchment area relative to the pollen source area (i.e., an insensitivity of
pollen data to the scale of fire events and associated vegetation change, Figures 5a, 5b, and 6g).

Importantly, we do observe a marked shift in variance and ROC of the pollen assemblage following the fire
event that occurred from ca. 940 to 660 cal yr BP (Figures 6e–6h), suggesting lost resilience within the local
rain forest. The fire event at ca. 840 cal yr BP is associated with an increase in forest taxa that thrive with dis-
turbance (Urticaceae and Baeura rubioides; Figure 5a) (Fletcher et al., 2018), ground ferns favored by
increased light penetration through a forest canopy (e.g., Blechnum spp.; Figure 5b) (Saldaña et al., 2010)
and a sustained increase in Eucalyptus, a plant with highly flammable foliage that can alter local fire regimes
and effectively remove fire-sensitive rain forest vegetation (Bowman, 1998, 2000; Fletcher et al., 2014;
Fletcher, Wood, & Haberle, 2014; Wood & Bowman, 2012). We interpret this suite of changes in the terrestrial
system as reflecting the cumulative effect of repeated fires on the resilience of this rain forest system via an
opening of the canopy and an invasion by fire-promoting species, thus increasing the probability of future
burning and localized rain forest extinction (sensu; Fletcher et al., 2014; Fletcher, Wood, & Haberle,
2014). Our evidence for an increase in both variance and ROC of the vegetation surrounding Lake Vera
demonstrates the efficacy of these metrics as potential EWS of the rain forest system around Lake Vera
and, importantly, implies that these EWS metrics might be relevant and measurable indicators across
a range of natural systems.

5. Conclusion

The diatom community demonstrates a nonlinear shift from less oligotrophic acidic taxa to more oligotrophic
acidic taxa at ca. 820 cal yr BP due to the cumulative effects of fire-driven changes in the amount and type of
terrestrial material deposited into the lake system. This critical transition is preceded by clear and measurable
EWS: increased system state variability and ROC. The new diatom state displays less variability and a
complacency to continued catchment disturbance by fire, suggesting a shift to a more resilient stable state.
The terrestrial vegetation, on the other hand, appears complacent to repeated burning through the early part
of the record, with a marked increase in variability and ROC following the diatom state shift suggesting that
this system is approaching a critical transition. We conclude that (1) the diatom community is highly sensitive
to fire-driven terrestrial ecosystem change; (2) that system state variance and ROC are useful EWS of nonlinear
aquatic and terrestrial ecosystem change; and (3) these metrics have the potential as EWS across a range of
natural systems.
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Erratum

In the originally published version of this article, several instances of text were incorrectly typeset. The
following have since been corrected and this version may be considered the authoritative version
of record.

Section 1. Introduction, 1st paragraph: "Once a state shift has occurred in response to a perturbation,
internal feedbacks can “fix” the ecosystem in the new stable state irrespective of continued perturbation—
that is hysteresis (Fletcher et al., 2014; Scheffer et al., 2009; Scheffer & Carpenter, 2003).” was changed to
“Once a state shift has occurred in response to a perturbation, internal feedbacks can “fix” the ecosystem
in the new stable state irrespective of continued perturbation—i.e. hysteresis (Fletcher et al., 2014;
Scheffer et al., 2009; Scheffer & Carpenter, 2003).”

Section 1. Introduction, 1st paragraph: “While theory predicts that EWS should precede some types of
critical transitions detecting these signals empirically remains challenging, particularly for ecosystems with
long generational timespans, such as temperate forests.” was changed to “While theory predicts that EWS
should precede some types of critical transitions detecting these signals remains challenging, particularly
for ecosystems with long generational timespans, such as temperate forests.”

Section 1. Introduction, 2nd paragraph: “A slowdown in recovery time as a system approaches a critical
transition is termed “critical slowing down” (Scheffer et al., 2009), and it is this property that has received
most attention when attempting to measure changes in resilience and detecting EWS (Scheffer et al.,
2009; Wang et al., 2012).” was changed to “A slowdown in recovery time, as a system approaches a critical
transition, is termed “critical slowing down” (Scheffer et al., 2009). It is this property that has received most
attention when attempting to measure changes in resilience and detect EWS (Scheffer et al., 2009;
Wang et al., 2012).”

Section 1.1. Biogeography of Tasmania, 1st paragraph: “The island is bisected by northwest-southeast
trending mountain ranges that intercept the prevailing midlatitude westerly airflow, resulting in a steep
west to east orographic precipitation gradient.” was changed to “The island is bisected by northwest-
southeast trending mountain ranges that intercept the prevailing mid-latitude westerly airflow, resulting
in a steep west to east orographic precipitation gradient.”

Section 1.1. Biogeography of Tasmania, 1st paragraph: “In the west, this has resulted in a failure of rain forest
to occupy its climatic niche, and instead the landscape is dominated by fire-promoting plant communities.”
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was changed to “In the west, this has resulted in a failure of rain forest to occupy its climatic niche, and
instead, the landscape is dominated by fire-promoting plant communities.”

Section 2.1. Coring and Chronology, 1st paragraph: “and pretreated in HCl to remove of any carbonates.”was
changed to “and pretreated with HCl to remove of any carbonates.”

The four citations “Fletcher, Wolfe, et al., 2014” found in Section 4.1 and Section 4.2.2 were changed to
“Fletcher et al., 2014”.

Section 4.2.1. The Acquatic System, 1st paragraph: “While ROC is a measure of how rapidly a system state
deviates from a stable steady state in response to a perturbation or a change in external conditions; with
critical transitions, ROC increases when a system is unable to cope with the rapid changes (i.e., above some
critical ROC threshold) and recovery slows (Dakos et al., 2012; Lim & Epureanu, 2011; Scheffer et al., 2009,
2012; Siteur et al., 2016).” was changed to “While ROC is a measure of how rapidly a system state deviates
from a stable steady state in response to a perturbation or a change in external conditions. With critical
transitions, ROC increases when a system is unable to cope with the rapid changes (i.e., above some critical
ROC threshold) and recovery slows (Dakos et al., 2012; Lim & Epureanu, 2011; Scheffer et al., 2009, 2012; Siteur
et al., 2016).”

Section 4.2.2. The Terrestrial System, 1st paragraph: “Despite marked changes in the Lake Vera aquatic
ecosystem driven by burning of the local catchment, the pollen from Lake Vera show a degree of
complacency to fire (Figures 6e–6h).” was changed to “Despite marked changes in the Lake Vera aquatic
ecosystem driven by burning of the local catchment, the pollen from Lake Vera shows a degree of compla-
cency to fire (Figures 6e–6h).”

Section 4.2.2. The Terrestrial System, 1st paragraph: “It is important to note that the source area airborne
pollen into a lake is often considerably larger than the local lake catchment (Bunting et al., 2004; Prentice,
1978; Sugita, 1993).” was changed to “It is important to note that the source area of airborne pollen into a
lake is often considerably larger than the local lake catchment (Bunting et al., 2004; Prentice, 1978;
Sugita, 1993).”

Section 4.2.2. The Terrestrial System, 2nd paragraph: “We interpret this suite of changes in the terrestrial
system as reflecting the cumulative effect of repeated fires on the resilience of this rain forest system via
an opening of the canopy and an invasion by fire-promoting species, thus increasing the probability of
future burning and the localized rain forest extinction (sensu; Fletcher, Wolfe, et al., 2014; Fletcher, Wood,
& Haberle, 2014).” was changed to “We interpret this suite of changes in the terrestrial system as reflecting
the cumulative effect of repeated fires on the resilience of this rain forest system via an opening of
the canopy and an invasion by fire-promoting species, thus increasing the probability of future burning
and localized rain forest extinction (sensu; Fletcher et al., 2014; Fletcher, Wood, & Haberle, 2014).”
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