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a  b  s  t  r  a  c  t

Imagery  collected  from  Autonomous  Underwater  Vehicles  (AUVs)  provides  a  novel  means  of monitoring
changes  in  benthic  ecosystems  over  large  spatial  scales  and depth  ranges.  However,  for many  benthic
ecosystems  there  is  little  baseline  data  to  quantify  temporal  and  spatial  variance  for  key indicator  species.
This  information  is crucial  for isolating  background  “noise”  from  long-term  “signals”.  Here we  quantify
components  of  variance  for  five  key deep-water  sessile  invertebrate  species  across  four  long-term  benthic
monitoring  sites  in  a region  undergoing  strong  climate-driven  changes.  We  use  linear  mixed  models  to
estimate  the  contribution  of sources  of spatial  and  temporal  variance  in  species  covers  from  empirical
data.  We  then  combine  this  information  with  projected  long-term  climate-driven  changes  in  the  cover
of  these  groups  and test  the  power  of various  survey  designs  to  detect  change  through  time.  Large  short-
term  temporal  and  spatial  variability  in  the  cover  of  a  gorgonian  octocoral  results  in  high  components
of  variance  that  limit  the detectability  of the  projected  long-term  trend  for this  species.  Conversely,  for
ampling design three of the  sponge  species  high  power  is  achievable  with  revisits  to the  four  original  sites  every  two  years
until  2060.  By  including  more  sites  in  the  revisit  design,  high  power  can  be  achieved  with  less  frequent
revisits.  For the  fifth  species,  we  find  high  power  is unachievable  due  to  the  small  trend  predicted.  Overall,
we  highlight  how  examination  of  components  of variance  in  a  system  can  aid  in the selection  of  suitable
indicators  and  the  establishment  of  effective  monitoring  programs.

©  2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

Marine benthic ecosystems are under increasing pressure from
idespread threats such as climate change, over-fishing, pollu-

ion and invasive species (Jackson et al., 2001; Halpern et al.,
008; Hoegh-Guldberg and Bruno, 2010). These pressures can

nduce localised extinctions, changes in the distribution of species,
ncluding climate-driven range-shifts, and hence they affect local
ommunity composition (Poloczanska et al., 2013). Monitoring
rograms are essential to quantify the effects of these pressures
nd to assess the effectiveness of conservation measures such as
arine reserves. Studies that cover large spatial scales over long
ime periods are required to robustly detect ongoing large-scale
hanges, such as those related to climate change (Brown et al.,
011). However, baseline information on abundance and natural

∗ Corresponding author at: Institute of Marine and Antarctic Studies, Private Bag
9,  University of Tasmania, Hobart 7001, Australia.

E-mail address: Nicholas.Perkins@utas.edu.au (N.R. Perkins).

ttp://dx.doi.org/10.1016/j.ecolind.2017.02.030
470-160X/© 2017 Elsevier Ltd. All rights reserved.
levels of variation in key benthic species is often lacking, in partic-
ular for deeper-water marine systems below SCUBA diving depths,
which have been historically under-sampled.

Image-based methods provide a non-intrusive approach to sam-
pling natural systems, with modern technologies such as remotely
operated vehicles (ROVs) and autonomous underwater vehicles
(AUVs) allowing the routine surveying of deeper benthic commu-
nities over large spatial scales. These approaches generate a large
volume of imagery that has the potential to greatly enhance our
understanding of these environments and our ability to moni-
tor long-term changes. However, image-based underwater surveys
have challenges: image scoring is time-consuming, and the effec-
tiveness of AUV survey design (spatial and temporal replicates) to
detect long-term changes remain largely untested (but see Ling
et al., 2016).

Assessing approaches for appropriate sampling designs, and

sub-sampling of acquired imagery, has been an area of recent
research (Molloy et al., 2013; Foster et al., 2014; Perkins et al., 2016,
2017). This research has contained important messages regard-
ing the level of within site sampling likely to be required to bring

dx.doi.org/10.1016/j.ecolind.2017.02.030
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2017.02.030&domain=pdf
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ncertainty in percentage cover estimates down to an acceptable
evel. At a site-level this will involve consideration of the interplay
etween transect design (or number of transects), the image sub-
ampling approach, the scoring approach for individual images, and
he properties of target groups such as their mean cover and spatial
istribution (Perkins et al., 2016). Broad-scale long-term ecologi-
al monitoring programs will typically deploy a survey design that
nvolves multiple sites nested within regions of interest that are
evisited through time (Larsen et al., 2001; Urquhart, 2012). There-
ore, there is also a need to take into account variability introduced
nto the time-series of data that are produced across larger scales.
ndeed, spatial and temporal variation in ecological dynamics is
ypically large for most indicators (Skalski, 2012) and can com-
romise the ability of monitoring programs to detect long-term
rends in group abundance, or community composition (Urquhart
nd Kincaid, 1999; Larsen et al., 2001).

Monitoring programs generally have two concerns: (i) estimat-
ng status; and (ii) estimating trends. Information about status is
ained through gathering data on the geographical distribution of
iota, whereas information about trend requires repeat visits over
ime (McDonald, 2003; Urquhart, 2012). The best survey designs for
tatus estimation will cover the spatial extent of the survey area
ore effectively by including as many sites as is practical within

udgetary constraints. On the other hand, designs with the highest
ower for detecting trends include planned revisits to sites across
he entire survey period (Urquhart and Kincaid, 1999). Under a
estricted budget, program designers need to balance the trade-off
etween spatial replication and temporal revisits. Various designs,
ermed panel designs, exist that aim to provide a balance between
ncreasing the spatial extent of surveys for status estimation, and
he benefit of revisits to sites for trend estimation (Duncan and
alton, 1987). A panel in this sense is a set of selected units, such as
ites, that enter and leave the sample at the same time, for example
y being visited in the same year (for a review of different designs
ee McDonald, 2003). Regardless of the panel design employed,
nderstanding the components of variance across the system and
he influence they can have on survey outcomes is an essential ele-

ent in order to effectively design the monitoring program (Elston
t al., 2011).

When considering a long-term monitoring program with mul-
iple sites, the components of variance at a minimum include: (i)
ite-to-site differences (some sites have, on average, higher/lower
easurements than others for all measurement times); (ii) tem-

oral variance that is expressed at all sites for example due to a
rend; (iii) inter-annual differences, some years are higher/lower
han others for reasons not related to trend; and (iv) the residual
ariance (Larsen et al., 2001). Even for the best sampling schemes,
f there is high inter-annual variation in the response that is not
riven by the trend, then detecting the trend will be challenging
t best (Urquhart and Kincaid, 1999; Larsen et al., 2001; Urquhart,
012).

Here we use data collected from AUV imagery in the early stages
f a long-term deep-water benthic monitoring program in order
o quantify the components of variance and their influence on
he programs ability to detect climate-change-driven trend. Strong
limate-driven ocean changes in SE Australia over recent decades
Ridgeway, 2007) have resulted in a large range of species under-
oing a poleward redistribution in the region (Johnson et al., 2011;
obinson et al., 2015; Marzloff et al., 2016a,b). Given forecasts

or ongoing warming (Oliver et al., 2014), further range shifts are
xpected, with populations of sessile benthic invertebrates being
o exception. We  focus our study on five deep water benthic indi-

ator species with distributions that span at least the extent of the
ast coast of Tasmania (James et al., 2017). We  analyse the results
f repeat AUV surveys conducted to date at four deep-water mon-
toring sites in order to estimate the components of variance for
icators 77 (2017) 337–347

these indicators. We  then combine this information with predicted
changes in abundance until 2060 (Marzloff et al., 2016b) to examine
whether various revisit designs can detect the expected impacts of
climate driven trends in abundance. Monitoring designs that vary
in both the frequency of revisits and the number of sites included
are simulated. Using the example of five key species in our study
system, our aim is twofold: (i) to provide a baseline quantification
of the components of variance in our system, in particular aspects of
temporal variance, and (ii) to examine the power of various revisit
designs to detect the declining regional trend in abundance pre-
dicted from the SDMs. While our focus is on key species in our
study system, these species exhibit attributes common to many
benthic taxa, and our approach and results will be informative
for researchers aiming to establish benthic monitoring programs
elsewhere.

2. Methods

2.1. Overview

The percent cover of five key deep-water invertebrate species
was quantified in AUV imagery from repeat transects across four
sites on the east coast of Tasmania, Australia (Fig. 1). The com-
bined sessile invertebrate fauna below photic depth in this region
often constitutes up to 100% benthic cover, however, few individ-
ual species exceed more than 2% of overall cover at any one survey
location, and power to detect change is in part, a function of this
rarity (Skalski, 2012). The species utilised here are representatives
of the most abundant and readily recognised species in eastern Tas-
manian surveys. They typify the species that may  be monitored in
any long-term program examining change in deep reef assemblages
through time, and include a gorgonian, erect branching sponge,
palmate sponge, massive sponge and a cup sponge species. Data
on the percent cover of these species at four sites over two sam-
pling events were analysed with generalised linear mixed models
(GLMMs) in order to obtain estimates of the components of variance
within this system for each species. Current cover estimates and
predicted changes by 2060s derived from regional scale distribu-
tion models were combined to simulate scenarios of future changes
in cover for our species. A set of monitoring designs were tested
where the frequency of surveys and the number of sites revisited
in any given panel varied. For each species, power was  assessed by
testing whether the climate trend induced by the predicted trend
could be detected at any given point in time, or with any particular
revisit design.

2.2. Data collection

AUV imagery was collected by the Australian government
funded Integrated Marine Observing System (IMOS) program,
which includes the long-term deployment of an AUV to monitor
benthic ecosystems around Australia’s coastline (Williams et al.,
2012). This program was  launched in 2007, with the intent of regu-
lar revisits to national reference sites as part of ongoing long-term
benthic monitoring. We  focussed our study on four sites on the
east coast of Tasmania (Fig. 1) where repeat transects have been
conducted: the western boundary of the Flinders Commonwealth
marine reserve (CMR; 40036′S, 148035′E, mean depth 46 m),  a deep
water reef offshore from Bicheno in the Freycinet CMR  (41054′S,
148026′E, mean depth 74 m),  a site off the Lanterns on the Tasman
Peninsula (43008′S, 148000′E, mean depth 50 m)  and a site in the

Huon CMR  (43037′S, 146055′E, mean depth 62 m).  The Flinders site
was first surveyed in June 2011, and again in June 2013 (2 years
apart); the Bicheno site in June 2011, and again in June 2014 (3
years apart); the Lanterns site in May  2012, and again in June 2014
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ig. 1. The three sites and repeat transects on the east coast of Tasmania used for
riginal transects and blue lines the repeat transects. Blue shaded areas indicate Com
egend, the reader is referred to the web version of this article.)

2 years apart); and the Huon site in June 2010 and again in June
014 (4 years apart).

Five key ‘morphospecies’ were scored at each site across both
epeat transects in order to examine changes over time and quan-
ify components of variance. Morphospecies here refers to groups
dentified from imagery that have characteristically different mor-
hologies and/or colours than others within the same taxonomic
rouping. These morphospecies are characteristic in deep waters

>30 m)  across the region and were selected due to being distinc-
ive and having been identified in imagery across a large latitudinal
radient (see James et al., 2017). For example, taxonomic records
ndicate that the gorgonian species is likely to be Pteronisis plumacea
udy: (A) Flinders, (B) Bicheno, (C) the Lanterns and (D) Huon. Red lines mark the
ealth Marine Reserves. (For interpretation of the references to colour in this figure

(Alderslade, 1998), a species typically found in depths greater than
50 m (Andrew, 1999). Hereafter we will refer to these morphos-
pecies as species. It should be noted that these five species were
selected and scored prior to any knowledge of their predicted
responses under climate change (see Section 2.3 below).

Scoring of the imagery for each site was conducted using Tran-
sect Measure software, developed by SeaGIS (http://www.seagis.
com.au/transect.html). The AUV typically collects thousands of

images on each deployment. This imagery is then subsampled and
scored by overlaying random points on each image. The number of
points that fall on a species of interest within each image is recorded
and used to calculate percentage cover, which can then be sum-

http://www.seagis.com.au/transect.html
http://www.seagis.com.au/transect.html
http://www.seagis.com.au/transect.html
http://www.seagis.com.au/transect.html
http://www.seagis.com.au/transect.html
http://www.seagis.com.au/transect.html
http://www.seagis.com.au/transect.html


340 N.R. Perkins et al. / Ecological Indicators 77 (2017) 337–347

Table 1
Output from the species distribution model used to model climate-related changes in abundance of each of the five species over the four sites. Trends represent the change
in  probability of presence for each species and site between 2016 and 2060. Mean regional trend is simply the mean (and sd) of the three site values.

Site Species Site level trend in probability of
presence (2016–2060)

Mean (±sd) regional trend in
probability of presence (2016–2060)

Flinders Gorgonian sp. −0.408
Bicheno Gorgonian sp. −0.3 −0.237 ± 0.163
Lanterns Gorgonian sp. −0.216
Huon Gorgonian sp. −0.022
Flinders Erect sponge sp. −0.324
Bicheno Erect sponge sp. −0.342 −0.229 ± 0.128
Lanterns Erect sponge sp. −0.176
Huon Erect sponge sp. −0.072
Flinders Palmate sponge sp. −0.192
Bicheno Palmate sponge sp. −0.266 −0.235 ± 0.031
Lanterns Palmate sponge sp. −0.238
Huon Palmate sponge sp. −0.242
Flinders Massive sponge sp. −0.438
Bicheno Massive sponge sp. −0.406 −0.312 ± 0.231
Lanterns Massive sponge sp. −0.438
Huon Massive sponge sp. 0.034
Flinders Cup sponge sp. −0.052
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Bicheno Cup sponge sp. 0.044 

Lanterns Cup sponge sp. −0.132
Huon Cup sponge sp. 0.090

arised over the site. Previous work has shown that for the target
pecies, scoring 50 points within every 20th image along the tran-
ect should be sufficient to provide high precision in within site
stimates of cover (see Perkins et al., 2016, 2017).

.3. Predicted climate-driven trend

Projected climate-driven changes in probabilities of presence
ere contrasted across the five species and across the study sites,

llowing an examination of various climate-change effect sizes.
he expected change in the probability of presence for each of
ur species at each site until 2060 was obtained from the SDM
eveloped by Marzloff et al. (2016b). Briefly, this consisted of mod-
lling the current distribution of our 5 species (among others)
sing Random Forests models based on a set of environmental
ariables characterising local oceanographic and biogeochemical
limatology from a downscaled global ocean circulation model
Chamberlain et al., 2012; Oliver and Holbrook, 2014) and seafloor
eatures (e.g. depth, slope). Each model was fitted across a wide
atitudinal gradient (25◦S–45◦S) and cross validated overall clas-
ification error rates were 0.14, 0.25, 0.12, 0.14 and 0.43 for
orgonians, erect sponges, branching sponges, massive sponges
nd cup sponges, respectively. Local changes in the presence of
ach species were then estimated using the distribution models
nder projected climate-driven ocean changes by 2060 s based
n dynamically downscaled climate change projections from a
oupled ocean-atmosphere climate model taking account of CO2
ncreases according to the IPCC AR4 ‘business as usual’ A1B scenario
Table 1; Matear et al., 2013). Changes in the average predicted
robability of presence at each site were used as estimates of rates
f change in abundance by adjusting the site level binomial propor-
ions based on how far the sample was in the future for any given
pecies. Rates of change were assumed constant over time. For clar-
ty purposes, we  did not account for uncertainty around these mean
stimates of projected changes in probability of presence.

.4. Generalised linear mixed modelling and simulation to
etermine power
Power analysis provides a useful way of assessing different pos-
ible survey and sampling designs, as it provides a relative measure
f the ability of different designs to meet program objectives. Power
nalysis requires five components: (i) a number of samples over
−0.013 ± 0.099

time, (ii) measures of components of variation that are not the
trend of interest, (iii) the effect size to detect, (iv) the significance
level, and (v) the desired power (one minus the probability of mak-
ing a type II error). Conventionally, significance levels are set to a
default of 0.05, and power to 0.8. Here we  are interested in explor-
ing the components of variance not attributable to the trend and
their effect on power over time.

While a trend may  be non-linear over short time frames, longer
term declines or increases in abundance may  manifest a large lin-
ear component (Urquhart et al., 1993; Urquhart, 2012). Here, we
treat the changes in abundance due to climate change taken from
the SDM as acting linearly over time. To analyse our data we use
an approach similar to that outlined in Urquhart (2012), where a
linear mixed modelling approach is used to characterise the var-
ious components of variance. These components of variance can
then be utilised to test the effect of differing levels of variation, and
different temporal revisit plans on power to detect trend (see also
Urquhart et al., 1993).

It is likely, particularly when considering large spatial scales,
that individual sites will display deviations from the overall
regional trend due to localised factors interacting with the general
trend. This implies a situation where there will be a different
slope at each site. The output of the SDM used (Table 1) shows
that while most species are predicted to decline over the region
under climate change projections, different sites are indeed likely
to have different responses. In particular, expected declines were
generally smaller in the more southern sites (Huon and Lanterns,
Table 1) which are likely to act as a refuge for many species under
poleward redistribution. It was therefore necessary to incorporate
a site-specific trend term in our model for the individual site
response to the trend, as well as an overall regional trend.

As our data are binomial (i.e. the number of points out of 50 that
fall on a given species within an image), we use a generalised linear
mixed model, with a logit link function. Also, there are two sources
of residual variation: (i) image-to-image, that is, a within site resid-
ual variance for one survey, and (ii) transect-level residual variance,
which captures the variance between transects conducted at differ-
ent sites and at different times that is not accounted for by the site
or temporal effects. The following model was  used for each species:
Yijkl∼Binomial (n, p (i, j, k, l)) (1)

log
(

p (i, j, k, l)
1 − p (i, j, k, l)

)
= � + �i +  ̌ + j ∗  ̨ + Tj + Eij + eijk (2)



al Ind

W

e

e

l
a
(
e
e
i
c
p
v
d
a
r

r
m
t
t
s
m
o
t
s
t
i
w

e
r
c
b

1

2

(

N.R. Perkins et al. / Ecologic

here: i indexes site
j indexes year
k indexes transect
l  indexes image
� = mean parameter
�i = the site effect

 ̌ = the slope of the linear time trend over years for the region
� = deviations of each site from ˇ
Tj = random time effect not captured by the linear trend
Eij = random residual for transect-to-transect error
eijk = random residual for image-to-image binomial sampling

rror within a transect
and: Tj∼N

(
0, �2

YEAR

)
, Eij∼N

(
0, �2

RESID.TRANS

)
, and

ijk∼N
(

0, �2
RESID.IMG

)
.

All modelling was conducted using the glmer function in the
me4 package in R (Bates et al., 2015b). Site (�i) was treated as

 fixed effect in order to gain unbiased estimates of the intercept
i.e. mean percent cover for each species) at each site. The time
ffect (Tj) and the residual variance (Eij) were treated as random
ffects. Models were run for each species based on the scored data
n order to gain estimates of the intercepts (i.e. mean percentage
over for each species at each site), and the estimates of com-
onents of variance: time (�2

YEAR), and the transect-level residual
ariance (�2

RESID.TRANS). The initial models based on the empirical
ata excluded the trend effects  ̌ and � which corresponds to the
ssumption that any changes captured by our time component Tj

epresents inter-annual variation as opposed to long-term trend.
Our model and simulation based approach aims to incorpo-

ate the best information currently available. While more complex
odels, that allow better estimates of temporal or spatial correla-

ion (e.g. geostatistical random effects models) may  be appealing,
he current scope of our data does not support such analysis. It
hould also be noted that variance components are themselves esti-
ates, which have uncertainty, and several studies note the value

f incorporating the uncertainty of the variance components into
he power analysis (e.g. Sims et al., 2007; Elston et al., 2011). Our
imulation approach takes samples from the estimated distribu-
ion of variance values. In this way we incorporate the uncertainty
n our variance estimates, thereby integrating over this uncertainty

ith multiple simulations.
Temporal revisit plans tested were: every year, every 2 years,

very 5 years and every 10 years. Data simulated with various
evisit plans was then analysed with a GLMM to test whether the
limate change trend could be detected. Our simulations took the
elow steps:

 A design matrix was specified that delineated the panel revisit
plan between 2016 and 2060.

 For a given species, site and time in the future:

(a) Climate-driven changes in species abundance, as estimated by
the SDM until 2060, were calculated for the given site;

b) Random draws were taken from the relevant time (�2
YEAR)

and site-level residual variance (�2
RESID.TRANS) for the particu-

lar species. Each draw was taken from a normal distribution
with mean zero, and the standard deviation from the associated
component of variance from the initial model.

(c) The mean intercept at the starting time from the initial model
was added to the two random effects described in (b) to obtain
a linear predictor. This linear predictor was then inverse-logit
transformed in order to obtain the binomial proportion p (see

Eq. (1)). This proportion was multiplied by the expected change
in probability of presence calculated in (a) to gain the expected
binomial proportion for any given image and species at that
time.
icators 77 (2017) 337–347 341

(d) The new binomial proportion calculated in (c) was  used to gen-
erate the binomial outcomes for each image within the transect
for a given species (i.e. Yijkl). This was done by taking a ran-
dom binomial draw where n = 50 (the number of points used
to score each image), and p (i, j, k, l) is the binomial proportion
calculated in (c) (see Eq. (1)). In this way  eijk was incorporated.

3 A complete data set was built for each species, over all times and
sites by repeating steps 2 (a)–(d).

For each design matrix, 1000 simulations were conducted,
drawing new random components for each simulation. The output
of each simulation was analysed using the generalised linear model
outlined in Eq. (2). Power was  assessed as the proportion out of
1000 simulations where a significant effect (� = 0.05) was  detected
for the temporal effect ˇj . That is, power was assessed as a function
of the ability of the GLMM to detect the change. This procedure was
carried out for each panel design and for each species.

A separate simulation was conducted to examine power accu-
mulation with ongoing sampling through time. This simulation
employed steps 2 and 3 as outlined above. However, data was  gen-
erated based on annual revisits up until 2060. Power was assessed
at each 5 year time-step into the future (i.e. 5, 10, 15, 20, 25, 30,
35, 40 and 44 years from 2016). For each time interval, 1000 sim-
ulations were conducted for each species. Power was once again
assessed as the proportion of GLMM models run for each of the
1000 simulations where a significant trend for the region, ˇ, was
detected.

2.5. Power simulation with additional sites

Another factor influencing the power of a monitoring program
is the number of sites included in the revisit design (Urquhart,
2012). In order to test the effect of including more sites in the panel
we simulated a survey design with additional sites, approximately
equally spaced between the original four sites along the east coast
of Tasmania. Once again, predictions from the SDM were used to
model the linear decline at each site. The location of these addi-
tional sites and the predictions from the SDM  for these sites are
outlined in Appendix A. We  tested a design with all 21 sites and
a subset of 10 sites. Both designs included the original four sites.
For the simulated sites, 200 images were used as this represents an
average number of images scored in the real transects.

In order to create starting covers at each simulated site, a
weighted average based on the distance from the two closest of
the four scored sites was calculated. For example, the Ansons Bay
site (Appendix A), was assigned a cover that was forty percent of
the Flinders site cover and sixty percent of the Bicheno site cover
for any given species.

The same steps (1–3) outlined above were used, once again test-
ing revisit designs of every 1, 2, 5 and 10 years. Power was once
again assessed as the proportion of 1000 simulations where a sig-
nificant temporal trend effect ˇj was  detected.

3. Results

3.1. Estimates of components of variance in our study system

Percent cover of all four sponge species included in this study
proved to be reasonably stable over the two to four year period
between survey times (Table 2). The stability in the cover of the

sponge species over this time is reflected in the generalised lin-
ear mixed model estimate of temporal component T∗

j
over all sites

(�2
YEAR; Table 2) for the four sponge species, which were either

zero or extremely low except for the massive sponge sp. which
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Table 2
Empirical results from the scored transects at each site and estimates of the temporal and transect-level residual variance for each species from the generalised linear mixed
model  based on the scored data. Here the temporal variance (�2

YEAR
) refers to the short-term temporal variance, not the long-term trend.

Species Site Initial transect
cover (%)

Repeat transect
cover (%)

�2
RESID.TRANS

�2
YEAR

Flinders 0.03 0

Gorgonian sp. Bicheno 3.40 1.45 0.1778 0.0896
Lanterns 2.47 0.58
Huon 0.60 0.83
Flinders 1.63 2.26

Erect sponge sp. Bicheno 0.95 0.97 0.0039 0
Lanterns 1.67 1.53
Huon 0.36 0.34
Flinders 1.36 0.79

Palmate sponge sp. Bicheno 0.24 0.52 0.0456 0
Lanterns 0.62 0.82
Huon 0.14 0.17
Flinders 0.008 0.008

Cup sponge sp. Bicheno 0.42 0.32 1.0701e-13 2.4923e-14
Lanterns 0.25 0.29
Huon 0.23 0.21
Flinders 0.49 0.38

0.62
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Massive sponge sp. Bicheno 0.51 

Lanterns 0.39 

Huon 0.35 

ad a very small component of inter-annual variance. In contrast,
he time estimate for gorgonian sp. (�2

YEAR = 0.0896; Table 2), was
uch higher than for any of the sponge species reflecting the

hort-term variability in cover. A large decline in abundance was
bserved for the gorgonian species at three of the sites (Flinders
00% decline, Bicheno 50% decline and the Lanterns 75% decline)
nd a 40% increase was observed at the Huon site (Table 2).

The residual variance due to transects being conducted at sites
t different times (�2

RESID.TRANS; Table 2) varied among the species
y several orders of magnitude. The estimate for transect-level
esidual variance was an order of magnitude higher for the gor-
onian species than any of the four sponge species. This reflects
he afore-mentioned contrast in site level responses between
he initial and repeat transects. The palmate sponge sp. had a

uch higher transect-level residual variance than any of the other
ponge species, with fluctuations in cover between survey times
ecorded for Flinders (approx. 40% decline) and Bicheno (approx.
0% increase; Table 2).

.2. Simulation results: power to detect the regional climate
hange trend depending on revisit design

Our simulations treating the four original sites as a panel showed
hat high power (>80%) could be achieved in detecting a regional
rend for three of the sponge species (erect sponge sp., massive
ponge sp. and palmate sponge sp.), provided the panel of four orig-
nal sites were visited at least every 2 years up until 2060 (Fig. 2). We
rovide the outputs of one simulation in the Supplementary Mate-
ials, which highlights how the current variance estimates are likely
o influence long-term survey results over these four sites. Both
he erect sponge sp. and massive sponge sp. had low inter-annual
emporal variance and residual transect-level variance estimates
Table 2), and reasonably strong regional trends for declining abun-
ances (Table 1). For the erect sponge sp., >80% power could still
e achieved with repeat surveys conducted every 5 years. For the
almate sponge sp., which exhibited relatively high transect-level

esidual variance, power declined markedly when sites were vis-
ted less frequently than every two years. This is despite the palmate
ponge sp. having a zero estimate for unexplained temporal vari-
nce. For the gorgonian species, which exhibited high inter-annual
0.0046 0.0005

variance and high residual transect-level variance, greater than 50%
power could not be achieved, even when visiting the four sites every
year until 2060. Power also remained very low regardless of the
revisit design for the cup sponge sp., which had low and varied pro-
jected site-level trends and hence an extremely low mean regional
trend, making detection problematic.

Including more sites in the panel increased power for all species
when equivalent temporal revisit designs were employed (Fig. 2).
For the erect sponge sp. and massive sponge sp. >80% power was
achieved with revisits of every 10 years with both 10 and 21 sites
in the panel. However, 21 sites were required to reduce the revisit
frequency to every 5 years for the palmate sponge sp. Adding more
sites had the most pronounced effect on power for the palmate
sponge sp., for which high power could be achieved with a revisit
design of every 5 years with 21 sites, and every 2 years with 10
sites. For the cup sponge sp., even with 21 sites and annual visits
the small regional trend could not be detected with high power.
For the gorgonian species, only with the most intensive panel and
revisit design (annual revisits and 21 sites) could the regional trend
be detected with power >80%.

When considering the accumulation of power over time with
annual revisits for each species (Fig. 3), power accumulated rela-
tively quickly for the erect sponge sp. and massive sponge sp., with
>80% power being achieved in a shorter time frame when more
sites were employed (e.g. approximately 15 years with 21 sites as
opposed to 25 years with 4 sites). For the palmate sponge sp., power
accumulated more slowly, and >80% power was not reached until
after approximately 25 years, regardless of the number of sites.
For the gorgonian species power accumulated very slowly over the
survey period and required the largest number of sites tested (21
sites) in order for >80% power to be achieved. For the cup sponge sp.
power remained low across the entire survey period for all number
of sites, although it did accumulate more rapidly with more sites.

4. Discussion
Given the rapid increase in the effects of climate change on
ecosystems globally, there has never been a more important time
to establish question-driven, statistically designed monitoring pro-
grams (Field et al., 2007; Lindenmayer and Likens, 2010). An
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ig. 2. Power of various revisit designs to detect the regional climate change trend
n  the original 4 sites; (b) A panel design based on 10 sites; and (c) A panel design b

ssential early component of an effective monitoring program is the
etermination of sample sizes that take into account both spatial
nd temporal replication as well as within-site measurement error
Skalski, 2012). Here we  build on previous work examining the level
f within site sampling required (Perkins et al., 2016, 2017). We
urn consideration to temporal aspects of variation in our data and
he potential influence that these components of variance have on
he power to detect predicted climate-change driven trends (see

arzloff et al., 2016b). Our results provide the first assessment of
he temporal variability in deeper water ecosystems in our study
egion. We  find that the four sponge species assessed all display
elatively low levels of short-term temporal variance, whereas the
orgonian species showed a high variability in cover over the survey
eriod, and a corresponding larger temporal variance. Our simula-
ions show that the temporal variance in cover of the gorgonian
pecies combined with a large residual variance across the tran-
ects is likely to have a large detrimental impact on power, and
etecting long-term predicted trends for this species will be prob-

ematic. The temporal revisit plan necessary to deliver >80% power
or the sponge species varied, with the predicted regional trend
nd site-deviations from this trend, and the residual variance all

laying important roles in determining the revisit design neces-
ary for high power. These findings indicate that early and rigorous
tatistical assessment of a monitoring program can aid in both the
ch of the five species when surveying from 2016 to 2060. (a) A panel design based
on 21 sites. The dashed line marks 80% power.

selection of suitable indicators and the survey design necessary to
adequately monitor them.

4.1. Estimates of components of variance in our study system

Our results regarding the levels of temporal variance across the
four sites studied provides the first assessment of shorter-term (2–4
years) stability in the cover of five key deep-water species. These
results therefore not only provide interesting ecological insights
into the dynamics of our study system, but also vital baseline data
for long-term monitoring. Monitoring designs for deep water reef
systems must ensure adequate within-site sampling for taxa which
typically have very low cover (<2%; Perkins et al., 2017), as well as
incorporating information about larger-scale spatial and temporal
variability. Deeper meso-photic and sub-photic marine ecosystems
are often thought to show considerable stability compared to shal-
lower ecosystems, in particular due to the less dynamic nature
of physical factors such as exposure and temperature anomalies
in deeper water (e.g. Slattery et al., 2011). However, very little is
known about the temporal variability of sponges and many other
invertebrates, even in shallower ecosystems (Berman and Bell,

2016). Some studies indicate a high degree of stability in abundance
and slow growth rates (e.g. Hughes, 1996), while other studies have
found dynamic seasonal cycling in composition and abundance
(e.g. Berman and Bell, 2016). All of our four sites were surveyed in
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Fig. 3. Power accumulation over survey time for each of the five species, with (a)
4
a

T
m
d
i
H
s
o
c
a
s

s
a
g
s
i
2
l
H
a
o
i
m
c
e

 sites; (b) 10 sites; and (c) 21 sites in the panel. Power was  calculated based on
nnual revisits. The dashed line indicates 80% power.

asmanian winter, and therefore our results are likely to display
inimal amounts of within-year seasonal fluctuations in abun-

ance of our selected species if they do occur. We  found differences
n abundance of some of the sponge species between survey years.
owever, some of this difference is likely to be accounted for by

ampling variability. The lack of any time effect found for two  of
ur sponge species, and small effects found for the other two, indi-
ate a high degree of annual stability in the cover of these species
cross the region. Whether this pattern holds true for other sponge
pecies in our study system requires further research.

We observed a large variability in the cover of the gorgonian
pecies (likely to be Pteronisis plumacea) included in our study over
ll our sites. There is currently nothing in the literature regarding
rowth or reproductive rates for this species, although a biodiver-
ity survey of Bathurst Harbour in Tasmania noted a marked decline
n cover of this species between surveys conducted in 2002 and
010 (Barrett et al., 2010). Our results suggest that this species is

ikely to have a life cycle in the order of years rather than decades.
owever, our findings are based on only two survey times, and until

 longer time-series is established it is unclear to what extent the
bserved variability represents typical natural short-term variabil-

ty. Research elsewhere has suggested that temperate gorgonians

ay  be susceptible to thermal stress, with anomalous temperatures
ausing mass mortalities (e.g. Santangelo et al., 2015). However,
xamination of fine-scale model temperature predictions for our
icators 77 (2017) 337–347

sites (Eric Oliver, personal communication) didn’t indicate any
events that would amount to a ‘marine heatwave’ (Hobday et al.,
2016) at our sites over the time-period of the study.

4.2. Power of an image-based monitoring program to detect
long-term regional trends in deep-water benthic species

Ensuring sufficient statistical power is the cornerstone of an
effective monitoring program, as without it changes of interest can
go by without being detected, or past points where critical inter-
vention thresholds have already been met  (Field et al., 2007; Hewitt
and Thrush, 2007). For survey and sampling designs to have suffi-
cient power, rigorous statistical assessment of the program needs to
occur early and be ongoing (Lindenmayer and Likens 2009, 2010).
We provide here an important assessment of the IMOS AUV benthic
monitoring program, and direct feedback to managers regarding
the level of future sampling likely to be required to ensure an
effective program. We  find that given our current knowledge, at
a minimum the four sites in our study would need to be visited
every 2 years until 2060 to detect projected climate change driven
changes for 3 of the 5 species. Including more sites within the panel
design allowed increased power with less frequent revisits for all
species. By including a larger number of real sites, as opposed to
our simulated sites, an improved characterisation of the regional
spatial distribution and temporal variance of our indicator species
could be achieved. However, programs must act within budgetary
constraints, and additional sites are not always feasible. Given our
current knowledge, adequate power for two  of the species may  be
unachievable by 2060 given the predicted changes and estimates
of variance. Designing an effective monitoring program to detect
change in deep water benthic ecosystems in this region, which
is characterised by high biodiversity with low cover of individ-
ual species, will require informed and adaptive decision making
regarding the temporal and spatial replication necessary.

When designing a long-term monitoring program, researchers
must balance the desire to survey more sites in order to better
understand status, with the need to ensure sufficient temporal
replication to detect trends (Rhodes and Jonzén, 2011). We  found,
in concordance with research by Urquhart (2012), that increasing
the number of sites in a panel will generally increase power for
all indicators, but will have the most pronounced effect on power
for indicators with the highest residual variance (the gorgonian sp.
and palmate sponge sp. in our case). However, for the gorgonian sp.
the monitoring design required to provide high power is likely to
be prohibitively high given our current knowledge. Also, increasing
the number of sites is unlikely to provide sufficient power for indi-
cators that exhibit small trends (e.g. the cup sponge sp.). Indeed, if
a priori knowledge exists that a species is unlikely to show a strong
response to the trend of interest, then it is unlikely to be selected as
an indicator. In the case of the present study, species were selected
for scoring prior to knowledge of their responses under the SDM.
For the remaining 3 species tested, a relatively small panel of just
4 sites, if visited at least every 2 years could provide high power.
Increasing the number of sites decreased the frequency of tempo-
ral revisits required, but where variances are relatively high such as
for the palmate sponge sp., the number of additional sites required
to reduce revisit frequency may  be significant. Balancing the num-
ber of sites and the revisit frequency will ultimately be defined by
program goals and budgets, with the length of the program being
of particular importance.

Ecological monitoring programs that are designed to detect
chronic impacts such as the impacts of climate-change are likely

to require a commitment that spans decades in order to accumu-
late sufficient data (Lindenmayer et al., 2015). Regardless of other
effects, power to detect trend will increase with the number of
years included in the survey, which can be increased by either
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ncreasing the frequency of revisits or extending the length of the
urvey (Urquhart, 2012). We  find that revisits that are more fre-
uent increased the power to detect change for all species, and
hat power increased for all species the longer the survey carried
n. However, even for species that had high power with less fre-
uent visits, the program would need to run for at least 15–20 years
ntil >80% power was achieved to detect the climate change trend.

.3. Selecting indicator species

Indicators of ecological change must be sensitive to the pres-
ure of interest, and the natural cycles in the indicator must also
e able to be separated from the trend due to that pressure (Noss,
990). However, ecologists are becoming increasingly aware of the

imited knowledge regarding temporal changes in ecological com-
unities (Magurran et al., 2010). For monitoring programs, this

ituation must be remedied, as it is well known that components of
ariance in a system such as large short-term temporal variance or
arge residual variances in indicators can have a large impact on the
ower to detect trend (Urquhart et al., 1993; Urquhart and Kincaid,
999; Skalski, 2012). We  show that 3 out of the 5 species tested
re likely to be suitable indicators given the projected changes
nd current estimates of variance, provided sufficient revisits are
ndertaken. Improving the baseline data regarding the natural tem-
oral and spatial variability of other potential indicators is likely to
rove essential in narrowing down suitable indicators by ruling
ut those that cannot be monitored effectively within budgetary
onstraints.

Previous work has shown that a number of other species are
apable of being surveyed with similar levels of precision to the 5
pecies used here (Perkins et al., 2017). We  therefore suggest the
xpansion of the present study to cover other species, or poten-
ially community groupings, and incorporating as frequent revisits
s possible to the sites included here in the next 5–10 years to
mprove on the estimates of variance. Elston et al. (2011) note the
mportance of frequent visits in the initial stages of monitoring
o provide good baseline estimates. Program designers can then
otentially reduce the frequency of visits as time goes on allowing
ore sites to be included in the network. In this way, rotating-panel

esigns can be created that allow greater coverage of the region
nd better estimation of the regional status of species in question
s well as detecting any climate change driven trend.

Consideration of the spatial scale of the monitoring program
nd how this relates to indicator species distributions and climate
hange trends is another essential component of designing an effec-
ive program (Bates et al., 2015a). Our study has focussed on the
bility to detect regional trends in indicators on the east coast of
asmania. However, AUV surveys have been conducted far more
xtensively, and climate driven trends are affecting other regions

n SE Australia. The three indicators we were able to detect trends

ith a reasonable monitoring effort all had truncated distributions
f latitudes >350S (James et al., 2017), and show general trends
f poleward re-distribution. Indicator species whose distributions
icators 77 (2017) 337–347 345

are more closely tied with that of a region of interest are likely to
make better indicators for change than those with broader distri-
butions (Butler et al., 2012). However, further consideration of the
relationship between distributional shifts and the monitoring effort
required across these distributions will be an ongoing requirement
for long-term monitoring programs (Bates et al., 2014).

5. Conclusion

Long-term monitoring programs are crucial for the effective
management and conservation of the environment. For monitoring
programs to be successful, sampling designs need to be under-
pinned by ongoing rigorous statistical evaluation, and refinement
of the design where necessary based on the findings (Field et al.,
2007). We  show that when monitoring to detect change, there
is a need to factor in the effects of relevant components of spa-
tial, temporal and residual variance in the early stages of planning
(Urquhart and Kincaid, 1999; Skalski, 2012; Urquhart, 2012). Doing
so will allow the determination of where sampling effort should
be directed in both space and time. This need is particularly acute
in the case of deep-water marine ecosystems, where little is cur-
rently known about important components of variance. In such
cases, assessments such as outlined here may  not only aid in deter-
mining necessary sampling designs and panel revisit plans, but also
in determining likely candidate species or groups that are suitable
indicators. Simulation based approaches such as conducted here
are an important tool for monitoring program design, and can pro-
vide researchers with the ability to assess various design aspects
and their impact on power to detect trends of interest. As data accu-
mulates, ongoing assessments of sampling design, panel-revisit
schemes and expected changes can be incorporated and power and
the suitability of indicators reassessed.
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Fig. A1. Map  showing the east coast of Tasmania and the survey sites used for the power simulation. Bar plots show the output from the species distribution model used
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