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ABSTRACT: Satellite-derived sea surface tem peratures (SSTs) are increasingly being used as a proxy 
for w ater tem perature in nearshore marine ecology, but there have been  very few evaluations of how 
accurately SSTs reflect actual tem peratures experienced by subtidal organisms. Here, we describe 
the benthic tem perature climatology of 4 coastal locations along a -1000 km latitudinal gradient in 
ocean tem perature in W estern Australia (WA), and com pare tem perature records from in situ  loggers 
at 10 to 12 m depth  w ith records from 2 independent satellite-derived SST datasets over 2 years. 
Satellite-derived SSTs w ere significantly correlated w ith in situ logger data at all locations, which 
dem onstrate their overall ability to detect general patterns of ecological importance. However, SSTs 
w ere also significantly different from benthic w ater tem peratures (usually 1 to 2°C higher), and they 
did not adequately detect ecologically im portant small-scale variability or provide reliable inform a­
tion on tem perature extrem es. Furtherm ore, rank orders of the study locations differed betw een the 
m ethodologies, especially in winter. We em phasize the need to carefully consider w hether the accu­
racy and resolution of satellite-derived SSTs are appropriate for the specific ecological hypothesis 
being tested in nearshore subtidal habitats, and advocate the use of in situ loggers otherwise. We also 
highlight the suitability of the WA coastline for experim ental work on the effects of tem perature (and 
synergistic factors) on marine organisms.

KEY WORDS: Benthic climatology • Satellite-derived SST • Tem perature gradient • Shallow w ater 
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INTRODUCTION

Considerable advances in rem ote sensing technol­
ogy over the past few decades have allowed 
researchers to map sea surface tem perature (SST) 
across the globe at ever increasing spatial and tem po­
ral resolutions. Satellite-derived SST data have b e ­
come a widely used tool for monitoring changes in 
ocean tem perature driven by climate change and have 
been incorporated into a myriad of biological models 
and studies (e.g. Littaye et al. 2004, Zainuddin et al.
2006, M uhling et al. 2008). Tem perature is a key factor 
controlling the distribution of species and physiologi­
cal processes (Schils & Wilson 2006, O 'Connor et al.
2007, Byrne et al. 2009, Staehr & W ernberg 2009), and 
easily accessible tem perature data  for the global ocean 
has facilitated considerable progress in our under­

standing of broad-scale biological patterns. As satel­
lite-derived SSTs are now collected at high spatial and 
tem poral resolutions and are readily available, their 
use as proxies for w ater tem perature in nearshore b en ­
thic habitats has becom e increasingly popular (Donner 
et al. 2005, Broitman et al. 2008, M auna et al. 2008). 
While this application of SSTs has been useful in 
explaining ecological patterns, there have been very 
few detailed comparisons of satellite-derived data and 
in situ tem perature data collected from shallow subti­
dal habitats. Yet, this information is critical in linking 
ecological patterns and environm ental variation in a 
m echanistic framework w ith predictive capacity.

Satellite-derived SST data are obtained by sensing 
ocean radiation in 2 or more w avelengths, usually in 
the infrared part of the electrom agnetic spectrum, 
which can then  be empirically related  to SST. How-
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ever, this m easurem ent is derived from the top 'skin' of 
seaw ater (-0.01 mm thick) and may not be rep resen ta ­
tive of seaw ater tem perature further down in the w ater 
column ('bulk' tem perature). The relationship betw een 
'skin' and 'bulk ' tem perature is strongly influenced by 
sea state, w eather conditions and local oceanography, 
and has been the focus of m any ground-truthing stud­
ies (Barton & Pearce 2006, Pearce et al. 2006). It is clear 
that, under certain conditions, SST values may be rep ­
resentative of w ater tem peratures to depths of a few 
m eters in the open ocean (Katsaros 2003). Such obser­
vations may have prom pted the use of satellite-derived 
SSTs in shallow-water ecological studies. However, in 
shallow coastal benthic habitats, factors such as tides, 
waves, w ater clarity and the therm al properties of the 
substratum, may influence tem perature profiles and 
possibly reduce the correspondence betw een SSTs and 
the tem peratures experienced by organism s living 
near the bottom. Given the severity of likely impacts, 
there is an increasing need  to understand how organ­
isms would respond to the current rate of global 
change, including ocean warm ing, and such an under­
standing is only possible if coupled with accurate envi­
ronm ental data. Here, we com pare tem peratures 
m easured in situ on subtidal reefs w ith 2 types of satel­
lite-derived SSTs, w ith particular reference to variabil­
ity over space and time, and within the context of 
nearshore m arine ecology. We em phasize that we did 
not aim to assess the accuracy or precision of satellite- 
derived SSTs; this would have required  in situ  m ea­
surem ents of tem perature from the sea surface, and 
such studies are num erous in the literature (Yokoyama 
& Tanba 1991, Pearce et al. 2006). Rather, this study 
evaluated the usefulness of SST as a proxy for actual 
tem perature in shallow subtidal habitats at w ater 
depths of -10 m.

The coastal environm ent of W estern Australia (WA) 
is unique in m any ways. The w est coast is very ex ten­
sive (ranging from 15° to 35° S) but sparsely populated, 
so that most marine habitats can be considered re la ­
tively pristine and largely shaped by natural forces. 
The coastline is heavily influenced by the Leeuwin 
Current (LC) (Cresswell & Golding 1980, Pattiaratchi & 
Buchan 1991, Pearce 1991) which, along with latitudi­
nal factors, drives a well-defined tem perature grad i­
ent. M any tem perate m arine species are at their north­
ern  (warm) distribution limit (W ernberg et al. 2003a, 
Tuya et al. 2008, W ernberg et al. 2008) and tropical 
species at their southern (cool) distribution limit (Bab­
cock et al. 1994, G reenstein & Pandolfi 2008) along this 
tem perate-trop ical transition zone. The region th e re ­
fore has great potential for the conduct of field studies 
on the effects of tem perature on the ecology and phys­
iology of m arine organisms. Despite num erous investi­
gations of the offshore oceanographic conditions, envi­

ronm ental data from the nearshore habitats of the 
region rem ain scarce. Our concurrent aim for this 
study was, therefore, to quantify the climatology and 
tem perature gradient in nearshore subtidal habitats 
along the coastline of tem perate WA.

MATERIALS AND METHODS

Study site. The study covered 4 locations evenly d is­
tributed across -6° latitude (-1000 km of coastline) of 
tem perate coastline in WA (Fig. 1). Despite consider­
able distance (-300 km) betw een them, these locations 
are broadly com parable w ith subm erged rocky reefs 
that run parallel to the coast at distances of <1 to 12 km 
from the shore (Searle & Sem eniuk 1985). These reefs 
are all exposed to heavy swells and persistent wind- 
induced waves (Lemm et al. 1999), and all support sim­
ilar benthic communities dom inated by a low standing 
canopy of the kelp Ecklonia radiata (W ernberg et al. 
2003b, Tuya et al. 2008, W ernberg et al. 2008).

In situ logger data. At each location, a 'TidbiT' 
self-recording tem perature logger (Onset Stow­
away logger, model TBI32-05+37, accuracy ±0.2°C) 
was m ounted on a stake -5  cm above the bottom at 10
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Fig. 1. M ap  of th e  4 s tu d y  locations a long  th e  so u th w est 
coastline  of W estern  A ustra lia
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to 12 m depth  at each of 3 reefs separated  by >1 km in 
a no rth -sou th  direction. All 12 loggers w ere installed 
by 24 April 2006 and from then  on continuously re ­
corded tem perature m easurem ents at hourly intervals 
for 2 yr.

Satellite-derived SST data. Two satellite-derived 
SST datasets w ere com pared with the logger data. The 
first dataset was obtained by the advanced very high 
resolution radiom eter (AVHRR) aboard the NOAA 
series of satellites. SSTs derived by AVHRR have been 
archived by the Australian Bureau of M eteorology 
since the 1970s and are now freely available on their 
w ebsite (www.bom.gov.au), w hich also includes 
details on the m ethodologies used to calculate SSTs 
(www.bom .gov.au/sat/SST/sst.shtm l). Daily SST maps 
of Australian w aters w ere used to m anually generate  a 
dataset for each of the 4 study locations. A single pixel 
(representing -20 x 20 km) was selected for each study 
location and, using a simple calibration curve, the 
colour intensity of the pixel was converted to a tem per­
ature value in °C. The same pixel for each location was 
selected from all images.

The second dataset was obtained from the m oderate- 
resolution im aging spectroradiom eter (MODIS) 
installed on the Terra and Aqua NASA-operated satel­
lites. This is a relatively new  instrum ent w hich pro­
vides highly accurate SSTs at spatial resolutions of 
<1 km. MODIS data w ere supplied as maximum SSTs 
within 4 d periods (bins) for each reef; in contrast to the 
AVHRR data, a value for SST above each reef was pos­
sible w ith MODIS due to the increased resolution of 
the data. The m ean maximum SST (± SD) for each loca­
tion was calculated from the 3 replicate reefs within 
each location. Data w ere again supplied by the A us­
tralian Bureau of Meteorology.

It is not possible to obtain satellite-derived SSTs d u r­
ing periods of thick cloud cover. Consequently, there 
w ere no data  for some days in the AVHRR datasets and 
for some 4 d bins in the MODIS dataset. This problem 
was most prevalent at Hamelin Bay, but even here data 
w ere available for >90%  of all sam pling occasions 
(pairwise tests w ere not conducted for days w hen 
satellite-derived SSTs w ere unavailable). The use of 2 
distinct satellite-derived SST datasets allowed us to 
com pare the 2 different instrum ents (AVHRR and 
MODIS) and 2 different data types (daily m ean tem ­
peratures and maximum values from 4 d bins).

Data analysis. Logger data  w ere initially used to 
characterize the therm al environm ent of our study 
locations and general patterns across seasons, years 
and the study region as a whole. Differences in daily 
m ean tem peratures, maxima and minima am ong loca­
tions (fixed) and reefs (random and nested  w ithin loca­
tions) w ere tested  w ith ANOVAs on untransform ed 
logger data for each year of study. Subsequently, for

comparisons w ith AVHRR-derived data, daily m eans 
from the in situ loggers w ere calculated and then  aver­
aged across the 3 replicate reefs at each location. This 
generated  a single value for each location and day of 
study. For comparisons w ith the MODIS-derived data, 
logger data w ere arranged into corresponding 4 d bins 
and the maximum values recorded by each logger 
w ere extracted. M eans (±SD) of the 3 loggers at each 
location w ere then  com pared w ith the MODIS data. 
Pearson's r values w ere used to indicate the strength of 
the correlation betw een  logger and satellite-derived 
data, while differences w ere tested w ith paired  t-tests.

Seasonal comparisons w ere conducted by averaging 
daily m ean tem peratures across the 4 seasons for both 
in situ and satellite-derived data. Finally, periods of 
tem perature maxima, w hich are thought to be of p ar­
ticular ecological importance, w ere analyzed from the 
logger data collected at each location. The proportion 
of the daily m eans that w ere greater than the upper 
range of tem peratures recorded in the study region 
(i.e. 18-25°C) w ere also calculated and plotted for each 
location.

RESULTS 

General climatology of study locations

Our 4 study locations ranged in m ean annual tem ­
perature by ~2°C (Table 1). Generally, sea tem perature 
on the subtidal reefs, as described by daily means, 
maxima and minima, increased w ith decreasing lati­
tude; hence, the study locations w ere arranged along a 
latitudinal/tem perature gradient (Fig. 2). As would be 
expected for a m id-latitude tem perate study region, 
patterns in sea tem perature w ere highly seasonal 
(Fig. 2). The daily m ean tem perature ranged by 6.9, 
7.8, 7.1 and 5.8°C at Kalbarri, Jurien  Bay, M armion 
Lagoon and Hamelin Bay, respectively. Overall, sea 
tem peratures ranged by >10°C, from a w inter m ini­
mum of 15.7°C at Jurien  Bay to a summer maximum of 
26.9°C at Kalbarri.

Interestingly, while the latitudinal/tem perature g ra ­
dient persisted for annual daily m ean tem peratures, 
maximum daily m eans and annual maxima, it was not 
as clear for minimum daily m ean tem peratures or 
annual minima. For instance, the minimum daily m ean 
recorded at M armion Lagoon was lower than  that at 
Hamelin Bay, and the absolute minimum reading 
obtained in 2006/2007 was lower at Jurien  than at 
either M armion Lagoon or Hamelin Bay (Table 1). 
N evertheless, overall daily m ean tem peratures, m ax­
ima and minima w ere strongly significantly different 
am ong locations, while no differences w ere observed 
am ong replicate reefs w ithin each location during both
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T able  1. Sum m ary  of tem p e ra tu re  d a ta  re co rd e d  b y  log g ers  a t e ach  of th e  4 locations for each  y ear of study. M e a n  v a lu es a re  av ­
erag es of 3 rep lica te  log g ers  a t e ach  loca tion  (±SD). M axim a an d  m in im a re p re se n t th e  h ig h es t a n d  low est tem p e ra tu re s  re co rd e d  
at any  lo g g er at each  loca tion  d u rin g  eac h  y ear of study. V ariability  am o n g  hourly  a n d  daily  lo g g er re ad in g s  a re  sh o w n  as CVs

T em p era tu re  (°C) -

A nnual
-D aily  m e a n -  

Max. M in.
A n n u a l 

M ax. Min.

M ax. CV b e tw e e n  
loggers (%) 

H ourly  Daily

A p r  2 0 0 6 - A p r  2007
K albarri 21.88±0.05 24.16±0.03 19.26±0.07 24.32 18.51 9.1 1.8
Ju rie n 20.73±0.04 23.71±0.07 17.13 ±0.82 24.31 15.67 6.3 6.0
M arm ion 20.27±0.02 23 .30±0.10 16.57 ±0.41 23.72 15.73 6.4 4.8
H am elin 19.49±0.03 21.62±0.07 16.81±0.07 21.97 16.48 4.8 2.8
A p r  2 0 0 7 - A p r  2008
K albarri 21.89±0.01 26.13±0.03 19.69±0.03 26.91 19.30 3.4 0.7
Ju rie n 20.93±0.12 24 .94±0.19 17.45 ±0.62 26.17 16.21 9.9 4.9
M arm ion 20 .14±0.10 23.73±0.14 16.81±0.16 24.10 15.89 5.7 4.2
H am elin 19.45±0.04 22.61±0.10 16.78±0.17 23.13 16.50 4.0 3.2
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years of study (Table 2). Subsequent post-hoc testing 
(Tukey's pairw ise tests) indicated that Kalbarri > 
Jurien  Bay > M armion Lagoon > Hamelin Bay with 
respect to daily m ean tem peratures, maxima and m in­
ima.

Kalbarri 
Jurien  Bay 
Marmion Lagoon 
Hamelin Bay

Daily maxima

Daily minima

1 6   1 1----1—   1------------------------- 1— ,— —  ------

May 06 Sep 06 Jan 07 May 07 Sep 07 Jan 08

Fig. 2. Daily m ean , m ax im um  a n d  m in im um  tem p e ra tu res  
for eac h  study  loca tion  th ro u g h o u t th e  p e rio d  of d a ta  collec­
tion  (2006-2008). V alues a re  m ean s of 3 rep lica te  loggers 

at e ach  site

All locations showed strong and similar seasonal 
variation, as annual minimum tem peratures w ere con­
sistently recorded during the austral w inter (June- 
August) and annual maxima w ere observed during the 
austral summer (D ecem ber-February) (Fig. 2). Sea­
sonal m ean tem peratures (both years combined) w ere 
considerably lower in w inter and spring than in sum ­
m er and autum n at all sites, as would be expected 
(Table 3). Within each site, maximum and minimum 
seasonal m ean tem peratures differed by 2.8, 2.5, 3.8 
and 2.1°C at Kalbarri, Jurien  Bay, M armion Lagoon 
and Ham elin Bay, respectively. The latitudinal/tem ­
perature gradient was apparent from the rank orders 
of seasonal m eans for spring (Septem ber-N ovem ber) 
and autum n (M arch-M ay), but not for w inter or sum ­
m er (Table 3). During winter, Hamelin Bay was slightly 
w arm er than M armion Lagoon, while M armion 
Lagoon was w arm er than Jurien  Bay during summer, 
despite the latter being -300 km further north.

Variation am ong loggers at replicate reefs within 
locations was generally minimal, as evidenced by low 
maximum coefficients of variation (CVs) (Tables 1 & 3). 
However, comparisons am ong locations showed that 
variability am ong replicate reefs (i.e. across daily or 
hourly m easurem ents) was consistently greatest at 
Jurien  Bay and consistently lowest at Kalbarri. Small- 
scale tem poral variability was also generally low. For 
example, diurnal variability was typically <1°C and 
variation in daily m eans for consecutive days was 
minimal (Table 1). However, w e observed occasional 
short-term  spikes in tem perature, w hich considerably 
increased tem poral variation. For example, in Febru-
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T able  2. R esults of n e s te d  ANOVA for d ifferences in  daily  
m ean , m in im um  a n d  m axim um  tem p e ra tu re s  (un transfor­
m ed) am o n g  locations a n d  reefs  w ith in  locations, for each  
y ear of study. KAL: K albarri; JUR: Ju rren ; MAR: M arm ion;

HAM: H am elin

Source df MS F P

Year 1 (Apr 0 6-A p r 07)
Daily m ean

Location 3 1099 1303 <0.001
R eef(location) 8 0.84 
Error 4368 1.99

0.42 0.908

Post-hoc com parison  of locations 
KAL> JUR > MAR > HAM

(p < 0.05):

Daily m ax.
Location 3 1072 1667 <0.001
Reef(location) 8 0.64 
Error 4368 2.00

0.32 0.958

Post-hoc com parison  of locations 
KAL> JU R > MAR > HAM

(p < 0.05):

Daily m in.
Location 3 1098 903 <0.001
R eef (location) 8 1.22 
E rror 4368 2.06

0.59 0.787

Post-hoc com parison  of locations 
KAL> JUR > MAR > HAM

Year 2 (Apr 07-A p r 08)
Daily m ea n

(p < 0.05):

L ocation 3 1211 464 <0.001
Reef(location) 8 2.60 
E rror 4368 2.67

0.97 0.454

Post-hoc com parison  of locations 
KAL> JU R > MAR > HAM

(p < 0.05):

Daily m ax.
L ocation 3 1190 477 <0.001
Reef(location) 8 2.49 
E rror 4368 2.71

0.92 0.497

Post-hoc com parison  of locations 
KAL> JU R > MAR > HAM

(p < 0.05):

Daily min.
Location 3 1236 408 <0.001
Reef(location) 8 3.02 
Error 4368 2.73

1.11 0.355

Post-hoc com parison  of locations 
KAL> JU R > MAR > HAM

(p < 0.05):

ary 2008, a noteworthy tem perature spike w as r e ­
corded at all 4 locations, to varying extents (Fig. 3). The 
signal was strongest at Kalbarri, as during a 3 d period, 
the tem perature at all 3 reefs increased by almost 3°C 
to >26.5°C, before returning and stabilizing at a more 
'usual' tem perature of ~24°C (Fig 3). Occasionally, d is­
crete therm al events w ere detected  at all study loca­
tions, and these often occurred simultaneously at all 
locations, perhaps suggesting that the same broad- 
scale drivers, such as storm events or sustained solar 
radiation on surface waters, affect the entire study 
region. For instance, over a 20 d period in Decem ber

2006, m ean daily tem peratures increased by ~2°C at 
all study locations, representing  a tem perature in ­
crease of ca. one-third of the total annual variation.

M easures of extrem e upper tem peratures also 
changed along the latitudinal gradient. For example,

Jurien Bay

25

24 id

23
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24

23

22
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24
Hamelin Bay

23

22

21

Logger 1 
Logger 2 
Logger 3

20

19 F—  
28/01/08 11/02/08

Fig. 3. S hort-term  tem p e ra tu re  sp ikes re co rd e d  at all locations 
in  F e b ru a ry  2008. Plots a re  hourly  m easu rem en ts  collected  

b y  e ach  lo g g er du rin g  th e  th erm al even t
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T able  3. D aily  m ean , m axim um  a n d  m in im um  tem p era tu res , a n d  m axim um  SDs 
am o n g  loggers a n d  b e tw e e n  consecu tive  days for each  seaso n  (2 yr com bined) 
at e ac h  of th e  s tu d y  locations. M e a n  v a lu es a re  av erag es of 3 re p lica te  loggers 
at e ach  loca tion  (±SD). M axim a a n d  m in im a re p re se n t th e  h ig h es t a n d  low est 
tem p e ra tu re s  re co rd e d  at any  lo g g er at e ach  loca tion  d u rin g  e ach  season. 
V ariability  am o n g  log g ers  a n d  b e tw e e n  consecu tive  days a re  show n  as CVs

T em p era tu re °C) M ax. CV b e tw e e n
loggers (%)

Seasonal daily Seasonal Seasonal H ourly Daily
m e a n  (rank) m ax. m in.

W inter (Jun-A ug)
K albarri 20.84 ±0.04 (1) 22.98 18.92 0.9 1.6
Ju rie n 19.51±0.18 (2) 21.93 16.21 5.8 5.2
M arm ion 18.40±0.06 (4) 21.61 15.73 4.5 4.1
H am elin 18.75±0.11 (3) 20.85 16.96 3.0 4.4
Spring (S ep -N ov)
K albarri 20 .48±0.03 (1) 23.41 18.99 0.7 2.4
Ju rie n 19.89±0.06 (2) 22.73 15.67 6.1 2.7
M arm ion 19.08±0.06 (3) 22.62 16.21 2.8 3.4
H am elin 18.32±0.07 (4) 21.11 16.48 1.6 3.0
Sum m er (Dec -Feb)
K albarri 23 .23±0.04 (1) 26.91 20.72 0.9 2.6
Ju rie n 22 .00±0.13 (3) 25.51 19.22 3.4 3.7
M arm ion 22 .07±0.20  (2) 24.01 19.80 4.3 3.4
H am elin 20.34 ±0.03 (4) 22.43 17.73 2.1 2.5
Autum n (Mar -M ay)
K albarri 22 .98±0.04 (1) 25.85 18.51 1.7 1.5
Ju rie n 21 .94±0.13 (2) 26.17 18.26 4.6 4.2
M arm ion 21 .28±0.04 (3) 23.84 18.34 2.5 2.8
H am elin 20.44 ±0.13 (4) 23.13 18.08 3.3 5.1

-45%  of daily m ean tem peratures w ere >22°C at 
Kalbarri, com pared with -23 % at Jurien  Bay and 
M armion Lagoon and only 2 % at Ham elin Bay (Fig. 4). 
Interestingly, a clear no rth -sou th  divide was evident 
in the num ber of daily m ean tem peratures >19°C 
(>90% of daily m eans at Kalbarri and Jurien, com ­
pared  with -60 % of daily m eans at M armion Lagoon 
and Ham elin Bay), w hich may be of ecological im por­
tance (see 'Discussion').

Satellite-derived vs. logger-derived data

The satellite-derived SST data  gathered  by the 
AVHRR instrum ent was significantly correlated with 
the in situ logger data at all locations, with the m ini­
mum correlation (Pearson's) of r = 0.85 being observed 
at Hamelin Bay (Fig. 5, Table 4). However, the datasets 
w ere also significantly different: the AVHRR-derived 
tem peratures w ere generally g reater than those 
recorded by the loggers (Table 4), as evidenced by 
AVHRR-derived annual m eans, which w ere 1-2°C 
greater at each location. However, the rank of locations 
by annual m ean tem perature did not vary betw een the 
rem ote and the in situ methodologies (Table 4).

Seasonal m eans derived by the 
AVHRR instrum ent were, overall, also 
slightly higher than those derived by 
the loggers, although the rank of loca­
tions based on tem perature did not 
differ betw een the 2 datasets for 
spring or autum n. However, differ­
ences in the rank order w ere observed 
for summer and w inter seasonal m ean 
tem peratures. While the satellite- 
derived SST data suggested that 
Jurien  Bay was the coolest location 
during winter, the logger data showed 
that the shallow subtidal M armion 
Lagoon was m arginally the coolest 
location. Similarly, M armion Lagoon 
w as ranked second based  on summer 
seasonal m ean tem peratures in the 
logger-derived dataset but ranked 
third in the AVHRR-derived dataset 
(Tables 3 & 4).

Com pared with the AVHRR data, 
da ta  collected by the MODIS instru­
ment, analyzed as maximum tem pera­
tures within 4 d bins, w ere less well 
correlated with in situ logger data 
(Fig. 6, Table 4). N evertheless, corre­
lations w ere significant and ranged 
from 0.90 at M armion Lagoon to 0.53 
at Ham elin Bay. As with the AVHRR- 

derived tem peratures, MODIS data  w ere significantly 
different from the logger data, and w ere higher at 
Kalbarri, Jurien  Bay and M armion but lower at 
Hamelin Bay (Table 4). Furtherm ore, SSTs w ere more 
variable in space than logger-derived tem peratures, as 
evidenced by significantly greater SDs am ong repli­
cate m easurem ents (-1 km apart) w ithin each location
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(Tables 3 & 4). Despite these differences in actual 
m ean tem peratures and in variability, there w ere no 
differences betw een  the 2 m ethodologies in term s of 
the rank of locations based on annual daily m ean tem ­
peratures (Table 4).

Seasonal m ean tem peratures derived by the MODIS 
instrum ent w ere again slightly higher than those 
derived from the loggers, w ith the exception of the 
Hamelin Bay location. Here, MODIS-derived m eans 
w ere ~1°C lower than the logger values during w inter 
and spring (Table 4). Interestingly, the rank of the loca­
tions based on seasonal m ean tem perature rem ained 
constant through the seasons in the MODIS dataset, in 
contrast to both the AVHRR and logger datasets.

D ISCU SSIO N  

General climatology oí study locations

The study region is strongly influenced by the 
Leeuwin C urrent (LC), which is a unique polew ard 
flowing eastern  boundary current that carries warm 
w ater along the coast of WA (Pearce 1991). As a result, 
the coastal w aters off WA are w arm er in w inter than 
eastern  boundary w aters at com parable latitudes off 
South Africa and South America. Moreover, the LC 
suppresses w ind-driven upw elling (Pearce 1991), so 
that surface w aters rem ain clear and comparatively 
nutrient-poor (Waite et al. 2007, Koslow et al. 2008).

This unique oceanography w as evidenced in the cur­
rent study in 2 ways. First, as a result of elevated w in­
ter tem peratures, seasonal variation in m ean daily 
tem peratures was low at all study locations, with dif­
ferences betw een  summer and w inter averages of 
~2°C. For instance, w inter tem peratures at Hamelin 
Bay (34° S) w ere 6 to 9°C w arm er than those recorded 
at the C ape of Good Hope (also at 34° S) on the west 
coast of South Africa (McQuaid & Branch 1984), again 
highlighting the considerable effect of the LC on the 
coastal system of WA.

Second, annual and seasonal tem perature minima 
did not vary along the latitudinal cline as predictably 
as the m ean tem peratures or the maxima. The lowest 
tem perature in the first year of study was recorded at 
Jurien  Bay and the absolute minimum for the second 
year of study was observed at M armion Lagoon, rather 
than Ham elin Bay. Although the daily minima still 
generally significantly decreased w ith latitude, the 
unintuitive pattern  of extrem e minima w ith latitude 
may be of ecological im portance and should be consid­
ered  in future ecological studies conducted in the 
region, particularly for species w ith tropical affinity. 
We observed a relative lack of depression in minimum 
tem peratures at Hamelin Bay, w hich was almost cer-
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tainly driven by the LC. The main flow of the LC runs 
some 18 km offshore from the Perth m etropolitan area 
(-12 km w est of M armion Lagoon), w hich increases 
offshore w inter sea tem peratures by up to 3 to 4°C 
(Pearce et al. 2006). Further south, the LC tracks closer 
inshore before deviating eastw ards along the Southern 
Australian coastline (Pearce 1991, Smith et al. 1991, 
Waite et al. 2007). Therefore, the LC may have had 
greater influence at Ham elin Bay than at M armion 
Lagoon, as evidenced by relatively elevated w inter sea 
tem peratures. What rem ains unclear, however, is the 
degree of inter-annual variability in these patterns and 
to w hat extent these observations w ere driven by 
small-scale eddies of the LC. The oceanographic and 
biological im portance of such deviations from the main 
flow of the LC has gained recognition in recent years 
(Koslow et al. 2008, M euleners et al. 2008).

Nonetheless, benthic climatology clearly shifted 
along the latitudinal gradient, in term s of both m ean 
w ater tem perature and extrem es of upper and (to a 
lesser degree) lower tem peratures. Periods of extrem e 
tem peratures (i.e. w inter minima and summer maxima) 
are of great ecological importance. For example, the 
kelp Ecklonia radiata, which is a key habitat-form ing 
species w ithin the w arm -tem perate ecosystem, is at 
the northern limit of its range at Kalbarri. Its growth 
and productivity are known to be adversely affected at 
tem peratures >19°C (Kirkman 1984, H atcher et al. 
1987), yet >90%  of daily m eans at both Jurien  Bay and 
Kalbarri w ere above this threshold. In addition, we 
observed short-lived spikes in tem perature of ~3°C at 
both locations, w hich raised w ater tem peratures on the 
subtidal reefs to >25°C. This suggests that the popula­
tion is therm ally stressed during extrem e events, and 
any increase in the frequency and/or duration of such 
events could affect the population's ability to grow, 
reproduce, and undergo post-disturbance recovery.

Similarly, minimum w inter tem perature may be a 
controlling factor in the polew ard range expansion of 
w arm -w ater species. For example, in Eastern A us­
tralia, a recent range expansion of the habitat-altering 
sea urchin Centrostephanus rodgersii into Tasm anian 
w aters has been partly driven by w inter sea tem pera­
tures exceeding the cold threshold for its larval devel­
opm ent (Ling 2008, Ling et al. 2008). More locally, 
studies on the physiology and historical distributions of 
w arm -w ater reef-building corals suggest that any 
polew ard m igrations along the WA coastline would be 
largely driven by increased w inter sea tem peratures 
and a strengthening of the LC (Greenstein & Pandolfi 
2008). Even today, there are many w arm -w ater reef 
corals found at high latitudes in WA (Greenstein & 
Pandolfi 2008), perhaps partly due to the relatively 
'warm ' w inter tem peratures experienced along the 
coastline. Therefore, the latitudinal cline in both

m eans and extrem es of tem perature in our study 
region will provide a valuable fram ework for detecting 
and investigating the effects of a w arm ing climate.

The 4 study locations w ere broadly distributed along 
a latitudinal/tem perature gradient, which ranged by 
~2°C in term s of m ean daily tem peratures. Crucially, 
other environm ental factors that may influence benthic 
assem blages at these locations, such as nutrient levels 
(Pearce 1991, Lourey et al. 2006), light (Staehr & W ern­
berg  2009), grazing pressure (Vanderklift & Kendrick 
2004, W ernberg et al. 2008), discrete therm al events 
(present study), the availability of hard  substrata and 
exposure to oceanic swells (W ernberg & Thomsen 
2005), do not co-vary substantially w ith latitude and 
tem perature. In addition, the locations are broadly 
similar in their ecology; they are characterized by 
patches of Ecklonia radiata and m any dom inant spe­
cies span the entire latitudinal cline (Tuya et al. 2008, 
Staehr & W ernberg 2009). Therefore, w ith the absence 
of confounding factors and the presence of key taxa 
throughout the region, the warm  tem perate coastline 
of WA represents an ideal natural laboratory for inves­
tigating the interactive effects of tem perature on com ­
plex ecological processes.

Satellite-derived vs. logger-derived data

Satellite-derived SSTs are undoubtedly a useful tool 
for m odern m arine ecologists. While they have been 
used to model and predict biological processes in the 
open ocean for many years, only recently have they 
been  applied as proxies for tem peratures influencing 
benthic organism s in subtidal habitats. In our study, 
both satellite-derived datasets w ere significantly cor­
related  w ith logger data  collected from hard  substrata 
at -10  m depth. Therefore, for broad-scale ecological 
studies, it may be acceptable to infer benthic climatol­
ogy from SSTs.

However, satellite-derived SSTs are collected from a 
thin boundary layer at the a ir-sea  interface, and 
increasingly deviate from actual sea tem peratures with 
increasing w ater depth  (Katsaros 2003). Therefore, as 
our study showed, satellite-derived SSTs are likely to 
be significantly different from actual w ater tem pera­
tures influencing shallow subtidal habitats. Within the 
context of our study, the rank order of our study loca­
tions was not consistent betw een the logger data and 
the satellite-derived datasets. Such deviations could 
have im portant implications for interpreting the results 
of comparative experim ents on the effects of am bient 
tem perature on the physiology or ecology of marine 
organism s in the region. For instance, if benthic clim a­
tology w ere described with satellite-derived data 
alone, the im portance of w arm er w inter tem peratures
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at Hamelin Bay would be under-appreciated and a cer­
tain degree of explanatory pow er would be lost.

In addition, linking physiology with ecology w ithin a 
changing climate will require accurate records of tem ­
perature minima and maxima, and of the duration of 
extrem e events, w hich are likely to be at least as 
im portant as m ean tem perature values. Describing 
benthic climatology solely w ith satellite-derived SST 
data negates an understanding of small-scale variabil­
ity in tem perature across both time and space. As d is­
cussed above, we detected  short-term  fluctuations in 
w ater tem peratures surrounding subtidal reefs that 
may have im portant ecological implications, but such 
fine-resolution information is only obtainable w ith in 
situ recorders, not w ith rem ote sensing technology.

To conclude, there is a current lack of experim ental 
field studies on the effects of tem perature and other 
climate change-related  variables on the structure of 
marine communities (Harley et al. 2006). Extensive, 
relatively hom ogenous coastlines w ith clearly defined 
tem perature gradients, such as in WA, provide excel­
lent opportunities for in situ  ecological m anipulations 
that will improve our understandings of tem perature- 
related  processes. Our results highlight the usefulness 
of satellite-derived SSTs as proxies for w ater tem pera­
ture in shallow benthic habitats, but also dem onstrate 
the im portance of the additional information gained 
from in situ tem perature loggers particularly in re la ­
tion to short-term  peak events. We recom m end that, 
rather than em ploying rem ote-sensing technology as a 
m atter of course, benthic ecologists consider w hether 
the accuracy of the information is actually appropriate 
for, and com m ensurable with, the ecological questions 
they ask.

A ckn o w led g em en ts . W e th a n k  M. S teber from  th e  Inform ation  
A ccess D ivision of L an d g a te , WA, for p ro v id in g  d a ta  from , an d  
in form ation  on, rem o te  sen sin g  sources. This s tu d y  w as 
fu n d ed  b y  A u stra lian  R esearch  C ouncil D iscovery  g ran t 
DP555929 to T.W.

LITERATURE CITED

B abcock RC, Wills BL, S im pson C J (1994) M ass sp aw n in g  of 
corals on a h ig h  la titu d e  coral reef. C oral Reefs 13:161-169 

B arton  I, P ea rce  A  (2006) V alidation  of GLI a n d  o ther sa tellite- 
deriv ed  sea  su rface  tem p e ra tu re s  u s in g  d a ta  from  th e  
R ottnest Island  ferry, W estern  A ustra lia . J  O cean o g r 62: 
3 0 3 -3 1 0

B roitm an BR, B lanchette  CA, M en g e  BA, L ubchenco  J  an d  
o thers (2008) Spatia l a n d  tem p o ra l p a tte rn s  of in v erteb ra te  
re c ru itm en t a lo n g  th e  w est coast of th e  U n ited  S tates. Ecol 
M onogr 78:403-421 

B yrne M, Ho M, S e lv ak u m arasw am y  P, N g u y en  HD, Dwor- 
jan y n  SA, Davis AR (2009) T em p era tu re , b u t no t pH , com ­
prom ises sea  u rc h in  fertilization  an d  early  d ev elopm en t 
u n d e r  n ea r-fu tu re  c lim ate ch an g e  scenarios. Proc R Soc 
Lond B 276:1883-1888

C ressw ell GR, G old ing  T J (1980) O b serva tions of a  south- 
flow ing  cu rren t in  th e  so u th e as te rn  In d ian  O cean . D eep- 
Sea  Res II 27 :449-466  

D onner SD, Sk irv ing  W J, Little CM , O p p en h e im er M, H oegh- 
G u ld b e rg  O (2005) G lobal a ssessm en t of coral b leach in g  
an d  re q u ire d  ra te s  of ad ap ta tio n  u n d e r c lim ate change. 
Glob C h an g e  Biol 11:2251-2265 

G reen s te in  BJ, Pandolfi JM  (2008) E scap in g  th e  heat: ra n g e  
shifts of re e f  coral tax a  in  coasta l W estern  A ustralia . G lob 
C h an g e  Biol 14:513-528 

H arley  CDG, H u g h es  AR, H u ltg ren  KM, M iner BG a n d  others 
(2006) T he im pacts of c lim ate  ch an g e  in  coasta l m arine  
system s. Ecol Lett 9:228-241 

H a tch e r BG, K irkm an H, W ood WF (1987) G row th  of th e  kelp  
E cklonia  radiata  n e a r  th e  n o rth e rn  lim it of its ra n g e  in  
W estern  A ustra lia . M ar Biol 95 :63-73  

K atsaros KB (2003) Satellite  ve rsu s in  situ  m easu rem en ts  at 
th e  a ir - s e a  in te rface . In: Po tter TD, C olm an  BR (eds) 
H an d b o o k  of w eath e r, c lim ate  a n d  w ater. Jo h n  W iley & 
Sons, N ew  York 

K irkm an H  (1984) S tan d in g  stock  a n d  p ro d u c tio n  of E cklonia  
radiata  (C.Ag.) J. A gardh . J  Exp M ar Biol Ecol 76:119-130 

Koslow JA S, P esan t S, F en g  M , P earce  A a n d  o thers (2008) 
T he effect of th e  L eeuw in  C u rren t on  p h y to p lan k to n  
b iom ass a n d  p ro d u c tio n  off S o u th w este rn  A ustralia . 
J  G eophys Res 113:C07050 doi:10.1029/2007JC 004102 

^  Lem m  A J, H e g g e  BJ, M asselink  G (1999) O ffshore w av e  cli­
m ate , P e rth  (W estern A ustralia), 1994-1996. M ar F reshw  
Res 50:95-102

L ing SD (2008) R ange  ex p an sio n  of a  h ab ita t-m od ify ing  
spec ies lea d s  to loss of taxonom ic diversity: a  n e w  an d  
im p o v erish ed  sta te . O ecolog ia  156:883-894 

L ing SD, Jo h n so n  CR, F ru sh er S, K ing CK (2008) R ep ro d u c­
tive  p o ten tia l of a  m arin e  ecosystem  e n g in e e r at th e  ed g e  
of a  n ew ly  e x p an d e d  ran g e . G lob C h a n g e  Biol 14:907-915 

L ittaye A, C a n n ie r  A, L aran  S, W ilson JPF  (2004) T he re la tio n ­
sh ip  b e tw e e n  sum m er ag g reg a tio n  of f in w h a le s  a n d  sa te l­
l ite -d eriv ed  en v iro n m en ta l conditions in  th e  n o rth w este rn  
M e d ite rran e a n  Sea. R em ote Sens E nviron  90:44-52  

Lourey M J, D u n n  JR, W aring  J  (2006) A m ixed-layer n u trie n t 
c lim atology of L eeuw in  C u rren t a n d  W estern  A u stra lian  
she lf w aters: sea so n a l n u trie n t dynam ics a n d  b iom ass. J  
M ar Syst 59 :25-51  

M au n a  AC, Franco  BC, B aldoni A, A cha  EM, L asta  ML, Irib- 
a rn e  OO (2008) C ross-front varia tions in  ad u lt a b u n d an ce  
a n d  re c ru itm en t of P a tag o n ian  scallop  (Z y g o c h la m ysp a ta ­
gonica) at th e  SW A tlantic  shelf b re a k  front. ICES J  M ar 
Sei 65:1184-1190 

M cQ uaid  CD, B ranch  GM  (1984) In fluence of sea  te m p e ra ­
tu re , su b s tra tu m  a n d  w av e  ex p o su re  on rocky  in te rtid a l 
com m unities: a n  analysis of fau n a l a n d  floral b iom ass. M ar 
Ecol P rog Ser 19:145-151 

M eu len ers  M J, Ivey GN, P a ttia ra tch i CB (2008) A n u m erica l 
s tu d y  of th e  ed d y in g  characte ris tics of th e  L eeuw in  C u r­
re n t System . D eep -S ea  Res II 55:261-276 

M u hling  BA, B eckley  LE, G a u g h an  DJ, Jo n es  CM, 
M iskiew icz AG, H esp  SA (2008) Spaw ning , larv a l a b u n ­
d an ce  a n d  g row th  ra te  of Sard inops sa g a x  off so u th w est­
e rn  A ustralia: in flu en ce  of a n  anam alous e a s te rn  b o u n d ­
ary  cu rren t. M ar Ecol P rog  Ser 364:157-167 

O 'C onnor MI, Bruno JF, G aines SD, H a lp ern  BS, Lester SE, Kin- 
lan  BP, W eiss JM  (2007) T em p era tu re  contro l of larv a l d is­
p e rsa l a n d  th e  im plications for m arin e  ecology, evolution, 
a n d  conservation . Proc N atl A cad  Sei USA 104: 1266-1271 

P attia ra tch i CB, B uchan  SJ (1991) Im plications of lon g -te rm  
c lim ate ch an g e  for th e  L eeuw in  curren t. J  R Soc W est A ust 
74:133-140



Sm ale & W ernberg : SST d a ta  as a  p roxy  for w a te r  tem p e ra tu re 37

P earce  AF (1991) E as te rn  b o u n d a ry  cu rren ts  of th e  so u th e rn  
h em isp h ere . J  R Soc W est A ust 74:35-45  

P earce  A, F ask e l F, H yndes G (2006) N earsh o re  sea  te m p e ra ­
tu re  variab ility  off R ottnest Island  (W estern A ustralia) 
deriv ed  from  sa te llite  da ta . In t J  R em ote Sens 27: 
2 503-2518

Schils T, W ilson SC (2006) T em p era tu re  th resh o ld  as a  b io ­
geo g rap h ic  b a rrie r  in  n o rth e rn  In d ian  O cean  m acroalgae. 
J  Phycol 42 :749-756  

S earle  DJ, S em en iu k  V  (1985) T he n a tu ra l sectors of th e  in n er 
R ottnest Shelf coast ad jo in ing  th e  S w an  C oasta l Plain. J  R 
Soc W est A ust 67:116-136  

►  Sm ith  RL, H u y er A, G odfrey  JS , C h u rch  JA  (1991) T he 
L eeuw in  C u rren t off W estern  A ustralia . J  Phys O ceanogr 
21:323-345

S taeh r PA, W ern b e rg  T (2009) Physiological re sp o n ses of E c k ­
lonia radiata  (Lam inariales) to  a  la titu d in a l g rad ien t in  
o cean  tem p era tu re . J  Phycol 45 :91 -99  

Tuya F, W ern b erg  T, T hom sen  M S (2008) T esting  th e  'a b u n ­
d an t cen tre ' h y po thesis on  endem ic  re e f  fishes in  so u th ­
w e s te rn  A ustralia . M ar Ecol P rog  Ser 372:225-230  

V anderk lift MA, K endrick  GA (2004) V ariations in  a b u n ­
d ances of h e rb ivo rous in v e rteb ra te s  in  tem p e ra te  su b tidal 
rocky  re e f  h ab ita ts . M ar F resh w  Res 55:93-103  

W aite AM , T hom pson  PA, P esan t S, F e n g  M  a n d  o thers (2007)

Editorial responsib ility: Elans H e im ich  Janssen, 
O ldendorf/L uhe, G erm a n y

T he L eeuw in  C u rre n t a n d  its eddies: a n  in troducto ry  
overview . D eep -S ea  Res II 54 :789-796  

W ern b e rg  T, T hom sen  M S (2005) T he effect of w av e  exposure  
on  th e  m orphology  of E cklonia  radiata. A q u a t Bot 83: 
61 -7 0

W ern b e rg  T, C o lem an  M, F a irh ea d  A, M iller S, T hom sen  M 
(2003a) M orphology  of E cklonia  radiata  (Phaeophyta: 
Lam inariales) a long  its geo g rap h ic  d istribu tion  in  so u th ­
w e s te rn  A u stra lia  a n d  A ustra lasia . M ar Biol 143:47-55 

W ern b e rg  T, K endrick  GA, Phillips JC  (2003b) R egional d if­
fe ren ces  in  k e lp -a sso c ia ted  a lga l a ssem b lag es on te m p e r­
a te  lim estone  reefs  in  so u th w este rn  A ustralia . D ivers Dis- 
trib  9:427-441

W ern b e rg  T, W hite M, V anderk lift M A (2008) P opulation  
s tru c tu re  of tu rb in id  gastropods on w av e-ex p o sed  su b tid a l 
reefs: effects of density , b o d y  size a n d  a lg ae  on grazing  
behav iour. M ar Ecol P rog  Ser 362:169-179  

Y okoyam a R, T an b a  S (1991) E stim ation  of se a  su rface  te m ­
p e ra tu re  v ia  AVHRR of N O A A -9 — com parison  w ith  fixed  
b u o y  da ta . In t J  R em ote Sens 12:2513-2528 

Z ain u d d in  M, Kiyofuji H, Saitoh  K, S aitoh  SI (2006) U sing 
m ulti-senso r sa tellite  rem o te  sen sin g  a n d  catch  d a ta  to 
d e tec t ocean  ho t spots for a lb acore  (T h u n n u s alalunga) 
in  th e  n o rth w e s te rn  N o rth  Pacific. D eep -S ea  Res II 53: 
4 19 -4 3 1

S u b m itted : M arch  26, 2009: A ccep ted : M a y  27, 2009  
Proofs re c e ive d  fro m  author(s): J u ly  18, 2009


