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1 | INTRODUCTION

| Margarita Brandt?>*>©® | Michael J. Kingsford?3

Abstract

In marine ecosystems, environmental conditions shape important ecological pro-
cesses. The equatorial Galdpagos Marine Reserve (GMR) is known for great spatial
variation in the upwelling of cold nutrient-rich waters and the input of warm
Panamanian waters. Differences in oceanography influence the structure of benthic
communities. There is, however, a paucity of knowledge on the spatial scales of
exposure to cool and warmer waters. Here we analysed the elemental chemistry of
otoliths in the territorial yellow-tail damselfish (Stegastes arcifrons) to identify pat-
terns of elemental signals across a gradient from warm to upwelled waters. Contrast-
ing patterns of elemental ratios (Ba/Ca, Mg/Ca, Mn/Ca and Sr/Ca) were found in
whole otoliths of adult fish at spatial scales of kilometres to 10 s of kilometres; there
was also high variation among fish within some sites. A positive correlation was
detected between temperature and Sr/Ca ratios. We conclude that variation in envi-
ronmental conditions influenced fish elemental incorporation into otoliths, highlight-
ing the oceanographic heterogeneity of shallow rocky reef environments in the

Galapagos.
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approximately 5% of global marine primary production and 20% of

global marine fisheries (Messié & Chavez, 2015). In addition, there are

In natural ecosystems, the prevailing environmental conditions shape
local ecological processes. Changes in water temperature and food
provisioning affect organismal physiology and life-history patterns for
marine organisms (Macpherson et al., 2009; Sponaugle et al., 2006;
Walther et al., 2010). Upwellings, the flow of cold, nutrient-rich deep
waters to the photic zone via surface winds or currents (Sigman &
Hain, 2012), can have an important influence on marine communities.
Worldwide, upwelling systems are considered among the most biolog-
ically productive regions (Thomas et al, 2004), supporting

several studies that highlight the importance of the effects of nutrient
supply by different upwelling intensities on intertidal communities
(Menge et al., 2003; Menge & Menge, 2013), fish assemblages
(Ritter, 2009) and fish growth (Fuentes et al., 2017).

The eastern tropical Pacific Ocean is one of the most productive
areas in the world because both coastal upwelling along eastern
boundaries and oceanic upwelling along offshore divergences occur in
this region (Chavez & Messié, 2009; Fiedler et al., 1991). The Galépa-

gos Islands are located at the equator in this region where the
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confluence of several major cold and warm water oceanic currents
occurs (Schaeffer et al., 2008; Sweet et al., 2007). The warm Panama
current flows from the northeast and affects the northern and central
islands. In addition, cool water flows from east to west carried by the
South Equatorial Current. This current is influenced by the Panama
current in the northeast and by the Humboldt Current in the south-
east, the latter is generated in the Peru upwelling zone, affecting the
central and southern areas of the Galapagos. Additionally,
the eastward-flowing subsurface Equatorial Undercurrent (EUC, also
known as the Cromwell current), brings cold, nutrient-rich waters to
the surface by means of topographically induced upwelling and mainly
affects the western section of the archipelago (Palacios, 2004), with
some influence in the central archipelago as well (Witman
et al,, 2010). These currents vary in intensity with El Nifio Southern
Oscillation (ENSO) events (Tarakanov & Borisova, 2013). Furthermore,
they show great seasonal variability and short-term variability (days to
weeks) and are influenced by trade winds and other atmospheric pro-
cesses that change the water mass properties in terms of salinity, pH
and temperature (Fiedler & Lavin, 2017; Sweet et al., 2007). These
distinctive geographic and oceanographic settings around the archi-
pelago make these oceanic islands unique in terms of diversity and
endemism, where tropical and subtropical/temperate species can be
found, sometimes near one another (Edgar et al., 2004; Schaeffer
et al., 2008). Species composition for macroinvertebrates and reef fish
differs in areas with contrasting oceanographic conditions (Edgar
et al., 2004).

Several studies in the Galapagos suggest that sites that support
high upwelling intensity are very important as a frequent source of
nutrients and food availability, which shows a strong linkage between
oceanographic conditions and ecosystem dynamics, both in intertidal
rocky shores (Vinueza et al, 2014) and subtidal ecosystems
(Krutwa, 2014; Witman et al., 2010). Further, these studies show great
spatial variation in environmental conditions at sites located within the
same biographic region or even around the same island. Understanding
how the higher productivity due to upwelling supports local diversity
and ecological processes has been studied mostly for benthic organ-
isms; however, the importance of upwelling and warm water intrusions
on the ecology of most reef fish remains understudied in the Galapa-
gos. Some studies have demonstrated different demographic patterns
for reef fish living in different regions of the islands (Ruttenberg
et al., 2005) and differences in reef fish assemblages with contrasting
levels of upwelling and warm water input (Kingsford et al., 2023).

Vessel-based measurements of oceanographic conditions (water
flow, temperature, in situ chlorophyll-a and dissolved oxygen concentra-
tions) can be complemented with satellite imagery of chlorophyll-a con-
centrations and sea surface temperature (SST) over broader spatial
scales. Although satellite-derived ocean colour observations have trans-
formed our interpretation of oceanic productivity (Thengade &
Agale, 2014), metrics from satellite detection are limited to surface
waters. Accordingly, images are likely to provide only approximate esti-
mates of environmental conditions that impact local communities below
the surface, especially where the water column is highly stratified

(Kingsford et al., 2023). Living organisms can also provide time-integrated

records of historical environmental conditions. Many sessile organisms,
such as scleractinian corals and bivalves, produce carbonate skeletons
that are useful for reconstructing temporal and spatial variation in envi-
ronmental conditions in marine systems (Walther et al., 2013).

Teleost fishes have aragonite otoliths located in the inner ear cav-
ity that are used for balance and hearing (Campana, 1999; Campana &
Thorrold, 2001). New material is deposited periodically to the exterior
surface of this structure forming annual increments of opaque and
translucent zones (Campana, 1999; Fowler, 1990). Otoliths are acellu-
lar and metabolically inert; therefore, once ions are incorporated into
the calcareous material, they are not subject to reabsorption, which
means the chemical composition of each layer remains constant over
time (Campana & Thorrold, 2001; Walther & Thorrold, 2006). Further-
more, environmental variables such as temperature, salinity and water
chemistry influence how elemental incorporation takes place
(Elsdon & Gillanders, 2002; Elsdon & Gillanders, 2004). This allows the
use of some elements as natural tags (Elsdon et al., 2008), which are
likely to offer an accurate indicator of the chemical and physical prop-
erties of the water mass. However, there has been only a limited num-
ber of studies that used otolith elemental chemistry in the Galapagos
(Cavole et al., 2020; Ruttenberg & Warner, 2006).

Territorial reef fish are ideal for detecting environmental variation
at a specific location because they stay within a small area as juveniles
and adults (Kingsford et al., 2009). The focus of our study was the
yellow-tail damselfish Stegastes arcifrons (Heller & Snodgrass 1903),
an abundant territorial species that has a widespread distribution in
the Galdpagos archipelago's shallow reefs (Allen et al., 2010; Allen &
Woods, 1980). In addition to being territorial species, S. arcifrons was
particularly useful for this study because it is relatively long-lived
(25+ years), and signals of environmental events, such as the 1982-
1983 El Nifio event, have been found in their otoliths (Meekan
et al., 1999), strongly suggesting that environmental conditions have a
significative effect on these structures. However, Meekan et al.
(1999) did not measure temporal or spatial variation in elemental
ratios. S. arcifrons inhabits shallow waters in all the bioregions (Edgar
et al., 2004; Kingsford et al., 2023) that experience contrasting tem-
peratures and food availability within and among bioregions. This vari-
ation in environmental conditions has the potential to influence
patterns of the elemental chemistry of otoliths.

The main goal of this study was to determine how time-
integrated (years) elemental chemistry of S. arcifrons otoliths varied
among sites in areas with different environmental conditions. A men-
surative sampling design was used to determine how elemental loads

in otoliths of fish vary among sites across a temperature gradient.

2 | MATERIALS AND METHODS

21 | Selection of study sites, sample design and
collection of specimens

We predicted that patterns of elemental chemistry would vary among

sites located in waters of different temperatures and historical accounts
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Sites where adult Stegastes arcifrons were collected in the Galapagos Marine Reserve, arranged based on sea surface temperature
(SST) in ascending order.

Site Island
1 Punta Mangle Fernandina
2 La Botella Floreana
3 North Tijeretas San Cristobal
4 Punta Suérez Espanola
5 Cerro Brujo San Cristébal
6 Champion Floreana
7 Pinzén west Pinzén
8 Pinzén east Pinzén
9 Bahia Gardner Espariola
10 North Baltra Baltra
11 Bahia Cartago Isabela
12 Beagle Rocks Santiago
13 Cabo Chalmers Pinta
14 Cabo Ibbetson Pinta

Bioregion

Western
Central-southeastern
Central-southeastern
Central-southeastern
Central-southeastern
Central-southeastern
Central-southeastern
Central-southeastern
Central-southeastern
Central-southeastern
Central-southeastern
Central-southeastern
Northern

Northern

SST (°C)

Mean Range 10% percentile
22.74 18.07-28.43 19.98
22.95 17.84-28.02 19.99
23.21 17.63-28.25 20.49
2341 17.96-28.59 20.66
23.51 18.74-27.84 20.98
23.53 18.58-28.49 20.69
23.59 18.18-28.34 21.03
23.61 18.51-29.40 21.02
23.62 18.02-28.72 20.81
23.88 18.79-28.78 21.37
23.92 18.87-28.52 21.26
23.92 19.30-28.95 21.38
24.30 17.63-28.52 21.85
24.48 19.43-29.09 2191

Upwelling regime
High

High

High

High
Intermediate
Low
Intermediate
Intermediate
Intermediate
High
Intermediate
Low

Low

Low

Note: 10% = mean of the lowest 10% of all values. Upwelling regime categorization was based on studies that measured upwelling events (Witman
et al,, 2010), and established patterns were based on satellite imagery over time (Kingsford et al., 2023; Liu et al., 2013; Palacios, 2004; Schaeffer

et al., 2008; Sweet et al., 2007).

FIGURE 1 Study sites in
alphabetical order: Bahia Cartago
(¢ BC), Bahia Gardner (@ BG),
Cabo Chalmers (@ CC), Cabo
Ibettson (@ Cl), Cerro Brujo

( CB), Champion (@CH), La
Botella (@ LB), Pinzon east
(@PN), Pinzén west (@PZ), Punta
Suarez (¢ PS), North Baltra
(®NB), Punta Mangle (- PM),
Beagle Rocks (@BR) and North
Tijeretas (¢ NT) in the Galapagos
Marine Reserve (GMR). External
broken line shows the 40-nm
boundary of the protected area.
Bathymetry is shown in 100-m
intervals; darker colouration
around islands shows shallow
waters.
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of upwelling. Fourteen sites in the Galapagos Marine Reserve (GMR)
were chosen based on the average environmental conditions that var-

ied based on the level of upwelling and warm water intrusion.
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Additional consideration with site choice included known areas of
upwelling regimes and satellite imagery of SST (Schaeffer et al., 2008;
Sweet et al., 2007; Witman et al., 2010; Table 1; Figure 1).
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TABLE 2 Mean age and standard

Age (years) Standard length (mm) length of Stegastes arcifrons for a
Site Island Mean Range SE Mean Range SE subsample group corresponding to eight
1 PuntaMangle  Fernandina 74  3-12 083 1132 99-125 237 sites.
2 La Botella Floreana 12.11 8-23 1.50 121.2 110-127 2.23
3 North Tijeretas San Cristébal 8.55 5-16 1.06 120.5 107-133 2.06
4 Cerro Brujo San Cristébal 6 4-9 0.71 120.4 110-129 1.89
5 Champion Floreana 6.9 4-16 1.18 110.7 103-119 1.66
6 North Baltra Baltra 6.13 3-8 0.61 122.9 116-128 1.46
7 Beagle Rocks Santiago 9.4 4-19 1.74 118.9 114-124 1.28
8 Cabo Ibbetson Pinta 6.73 3-10 0.69 104.7 80-119 3.57

Abbreviation: SE, standard error.

Fish were collected in May and October 2015 using hand
spears; all fish were in the adult size range [>100 mm standard
length (Ls) (n = 10 fish per site, Table 1). Fish were only aged from
eight sites [La Botella (LB), Punta Mangle (PM), Cerro Brujo (CB),
North Baltra (NB), North Tijeretas (NT), Champion (CH), Cabo
Ibettson (Cl), Beagle Rocks (BR)], but these sites captured the full
range of temperature variation in the archipelago (Table 2). All
aged fish were in the adult size range of 102-166 mm Ls [x
+ standard error (SE) = 145.62 + 0.87 years, n = 76], and their ages
ranged from 3 to 23 years (x + SE = 7.9 £ 0.43 years, n = 76). The
mean age at the eight sites ranged from 6 to 9.4 with one outlier
at 12.11 years. Age did not confound our interpretation of spatial
variation in Ba/Ca and Sr/Ca, as there were no significant relation-
ships for all fish between both Ba/Ca and Sr/Ca and age (Ba/Ca
r> = 0.05), analysis of variance (ANOVA) for slopes df =15,
F=0.56, NS; Sr/Ca r*=0.06, ANOVA for slopes df =15,
F=0.27, NS.

Specimens were processed as soon as possible after collec-
tion, either on the boat or stored in ice and processed in the lab-
oratory on the same day. Fish were collected with the support of
research permit PC-47-15 granted by the Galdpagos National
Park Authority. All fish were euthanized as soon as they were

collected.

2.2 | Otolith extraction

For extracting the otoliths, we followed the methods of the following
studies: Kingsford et al. (2009); Sih & Kingsford (2015): Pomacentrus
amboinensis; and, Walther et al. (2010): Acanthochromis polyacanthus.
Before dissection, all fish were measured for standard length (Ls), fork
length (Lf) and total length (L7) to the nearest millimetre. Then, the
largest pair of otoliths (sagittae) was removed, cleaned with Milli-Q
water to remove any tissue left, dried and placed into 1.5-mL Eppen-
dorf tubes. They were transported to James Cook University
(Townsville, Australia) where otolith preparation and chemical ana-

lyses took place.

2.3 | Otolith preparation

One sagittal otolith was used for ageing the fish, from 76 randomly
selected individuals from eight sites with a range of SST values
(Table 1). Sagittae were sectioned transversally, placed in Crystalbond
resin on a glass microscope slides, grounded and polished with lapping
film. Mounted otoliths were viewed under a Leica DMLB compound
microscope using a cold light source. Images were taken with the
attached Leica DC300 camera and processed using IM50 software.
The pictures were used for ageing the fish (Campana &
Thorrold, 2001; Kingsford et al., 2019).

Sectioned otoliths were examined at 200x, and annual incre-
ments (composed of opaque and translucent zones) were identified
and counted from the nucleus to the edge of the sagittae. One reader
made three readings of every otolith, with an interval of 5 days
between readings. The identification and size of each fish were
unknown to avoid potential bias when interpreting the otolith. The
three readings were recorded independently and compared. In
the cases where readings did not match, a second reader made at
least two independent readings before age was determined, and a
consensus was reached between the two readers. Otoliths (5%) were
rejected if no consensus could be made.

24 |
adult fish

Elemental chemistry analysis with all

One otolith from each pair was randomly selected and weighed using
a Sartorius Genius microbalance to the nearest 0.00001 g. Otoliths
were then cleaned in 1% HNO3 (65% Merck Suprapure) for 5 to 10s,
rinsed thrice with Milli-Q water and allowed to dry inside a positive-
flow Class-100 laminar flow cabinet (AS 1807). Samples were dis-
solved in 500 pL of HNO3 (20%), and the solution was then made up
to a final volume of 5 mL with Milli-Q water; otoliths were previously
partitioned into groups by weight category for appropriate dilution
factor. Samples were analysed using a Varian 820 inductively coupled

plasma mass spectrometer (ICP-MS). Blank samples (without otoliths)
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were prepared in the same fashion and were used for ‘blank correc-
tions’ to calculate the limits of detection (Kingsford et al., 2009). We
focused our study based on the elemental concentration of Ba/Ca,
Mg/Ca, Mn/Ca and Sr/Ca.

2.5 | Statistical analyses
2.5.1 | Otolith elemental chemistry of adult fish
(mensurative design)

It was hypothesised that individual elemental loads would vary
among sites. Variation among sites was tested with a one-way
ANOVA using the procedures of Underwood (1997). Raw data
were tested for homogeneity of variances with a Cochran test; in
the few cases where Cochran's was significant and data were het-
erogeneous, the analysis was completed as ANOVA is robust to
the heterogeneity of variances (Underwood, 1997). In most cases,
this Cochran's tests were not significant. Some of the otoliths were
lost due to poor quality; in these cases, the lost replicates of the
original 10 fish were replaced with the mean of remaining values
to maintain a balanced design; a degree of freedom was subtracted
for each loss, a maximum two per site. A principal component
analysis (PCA) was used to compare elemental fingerprints. The
elemental values for each fish were based on those above the
detection limits for Bal37/Ca43, Mg25/Ca43, Mn55/Ca43 and
Sr88/Ca43.

To determine how elemental loads related to the spatial
spread of sites, time-averaged temperatures, highly accurate esti-
mates of SST were obtained from NASA's Giovanni platform
(https://giovanni.gsfc.nasa.gov/giovanni). Mean surface tempera-
ture (SST) values for each site were derived from square of
4 x 4 km pixels. Monthly averages were used to estimate a grand
mean by year for the period of 2002-2015 (92.8% of fish were
less than 13 years old). Values for each month included those col-
lected both day and night. Other satellite data were available for
longer periods from IRI/LDEO Climate Data Library (http://ingrid.
Idgo.columbia.edu) but had a much larger pixel size, and therefore
did not provide the spatial resolution required for site
comparison.

Where regressions have been presented, we provide the good-
ness of fit () and the results of ANOVA to determine if the slopes
were significantly different from zero. The data are presented as the
grand mean and range for 13 years along with the average of the
lowest 10% of values. The latter was to allow for short-term varia-
tion in temperature change. Satellite imagery only detects tempera-
tures in surface layers, which is a weakness if the water column is
stratified (e.g., Kingsford et al., 2023). However, our fish were gener-
ally sampled in less than 6 m of water. SST data are the only spatially
explicit data available at the Galapagos over multiple years. Minitab
Statistical Software 17.0 was used for all statistical analysis and

plots.

s FISHBIOLOGY |

3 | RESULTS

3.1 | Whole otolith elemental chemistry

All elements showed significant differences among sites (Ba/Ca,
Mg/Ca, Mn/Ca and Sr/Ca). These reflected strong spatial variation in
environmental conditions (Figure 2; Table 3). Clear patterns relating to
a positive temperature gradient were found for Mn/Ca and Sr/Ca,
whereas more variable patterns were found for Ba/Ca and
Mg/Ca. Relationships (r?) generally explained more variation when the
age of fish was known (Table 4).

There was a significant relationship between SST and mean
values of Ba/Ca, which was for all 14 sites but improved greatly
where fish were aged (Table 4). Ba/Ca ratios varied among sites
with cool water [i.e.,, PM to Punta Suarez (PS), Figure 2]. At PM,
the values were low, whereas at LB, known for EUC upwelling
(Whitman et al, 2010), the values were higher (means = 3.47
vs. 15.38 umol/mol) but still well below values at warmer sites.
Further, Cabo Chalmers (CC) and Cl, two sites in the northern
region, bathed by warm, nutrient-poor waters, had the highest
loads of Ba/Ca (means 39.30 and 48.09 umol/mol, respectively).
Similarly, CH, classified as a low upwelling regime (Krutwa, 2014;
Witman et al,, 2010), exhibited a high mean Ba/Ca load (mean-
= 39.61 umol/mol). High spatial variation in Ba/Ca was observed
at some sites within the same island, including Espafiola [Bahia
Gardner (BG) and PS] and two sites in San Cristobal (CB and NT).
At some sites, there was high variation among replicate fish from
the same site (e.g., NT, PS and ClI).

Spatial variation for Mg/Ca was also considerable (Table 3). In
contrast to Ba and Sr, there were no significant relationships with
SST (Table 4). The highest mean loads were found at Pinzodn,
although with great variation among individuals [Pinzéon east (PN),
Pinzén west (PZ), means 130.7 and 209.6 umol/mol, respectively].
The spatial variation of Mg/Ca load was also evident between sites
for other islands such as Espafola (BG and PS, means 49.16 and
58.07 umol/mol, respectively). In contrast, the sites in Pinta had
similar mean values (means: CC: 94.5; Cl: 91.26 umol/mol). Particu-
larly high variation was found among fish from Pinzon west
(Figure 2).

Mn/Ca ratios also varied significantly among sites (Table 3), with
a positive but variable relationship between temperature and loading
of Mn/Ca; again the relationship was strongest where fish were aged
(Table 4). The highest ratios were found in the two northern sites in
warm waters at Pinta (Figure 2) followed by the sites in Pinzéon (PZ:
X = 2.64 pumol/mol; PN: x = 2.64 umol/mol). The sites in Floreana
had contrasting loads; however, sites in Espafola and San Cristébal
were similar. Differences among replicate fish within sites were some-
times high [e.g., Bahia Cartago (BC)].

There were significant differences in Sr/Ca among sites
(Table 3; Figure 2). With a positive relationship between SST and
elemental load but variable for Sr/Ca ratios, the relationship

explained more variation at the sites where the age of fish was
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FIGURE 2 Variation in metal-to-calcium ratios in otolith of adult fish (with standard error bars) at 14 sites in the Galapagos Marine Reserve
(GMR), from left to right, Punta Mangle (PM), La Botella (LB), North Tijeretas (NT), Punta Suarez (PS), Cerro Brujo (CB), Champion (CH), Pinzén
west (PZ), Pinzdén east (PN), Bahia Gardner (BG), North Baltra (NB), Bahia Cartago (BC), Beagle Rocks (BR), Cabo Chalmers (CC) and Cabo Ibettson
(Cl); the order of sites corresponds with the mean sea surface temperature of each site from lowest to highest. For Mn55/Ca 43, there was not a
detectable amount by the inductively coupled plasma mass spectrometer (ICP-MS) at PM. Asterisks represent outliers.

TABLE 3 One-way analysis of
variance (ANOVA) for elemental ratios in

otoliths of adult Stegastes arcifrons.

Ba137/Ca43 Mn55/Ca43
Source df MS F p df MS F p
Site 13 1959.9 12.10 0.000** 13 5.59 25.04 0.000**
Error 105 161.9 105 0.22
Total 118 118
Mg25/Ca43 Sr88/Ca43
Source df Ms F p df Ms F p
Site 13 18,753.1 6.98 0.000** 13 55.61 24.56 0.000**
Error 105 2686.3 105 226
Total 118 118

Note: Statistically significant values are presented in bold.

known (Figure 3; Table 4). The four coolest sites had the lowest
values of Sr/Ca and the lowest variation among replicate fish
within sites (Figures 2 and 3). For some islands there was high spa-
tial variation between sites, as evident for Pinzén and Pinta. Fur-
ther, at most sites where the average SST was above 23.5°C,

there was high variation among replicate fish.

3.2 | Elemental fingerprints

There was great variation in the elemental fingerprints based on the
combination of elements for each fish among individual fish within
sites (Figure 4). PC1 explained 44.7% of the variation and was charac-
terised by a high contribution of Mn/Ca and Sr/Ca values. PC2
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TABLE 4 Relation between element . .
. 14 sites 8 sites

concentration and average sea surface

temperature (SST). Element R? F p Trend R? F p Trend
Ba137/Ca43 0.18 29.51 0.000** Positive 0.37 42.6 0.000** Positive
Mg25/Ca43 0.17 2.43 0.122 Positive 0.05 3.94 0.051 Positive
Mn55/Ca43 0.34 71.85 0.000** Positive 042 71.85 0.000** Positive
Sr88/Ca43 0.28 54.17 0.000** Positive 0.49 70.04 0.000** Positive

FIGURE 3 Correlation between sea
surface temperature (SST, averaged over
from 2002 to 2015) and Sr/Ca ratios of
otoliths of adult fish: (a) (* = 0.28) at

14 sites and (b) (> = 0.49) at eight sites
where fish were aged, and age was
related to SST data for those years only.
All samples were from the Galapagos
Marine Reserve (GMR).

accounted for 24.2% of the variation and presented high positive 4 |

Note: The eight sites refer to those where fish were aged, and age was related to SST data for those
years only. Statistically significant values are presented in bold.
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DISCUSSION

Ba/Ca values and high Mg/Ca negative loads. The sites with the cool-
est waters, including PM (Fernandina), LB, NT and PS, clustered
together with negative values of PC1. In contrast, warmer sites, such
as Cl (Pinta), had higher values for both PC1 and PC2.

Our time-integrated elemental ratios effectively determined fish's life-
time environmental exposure. We have provided evidence that fishes

collected at sites with great variation in environmental conditions
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FIGURE 4 Principal components analysis score plot of elemental
loads in otoliths of adult fish pooled by site. Each point represents an
otolith from a single fish. PC1 loads are (from higher to lower) 0.563
Mn55/Ca43, 0.520 Sr88/Ca43, 0.488 Mg25/Ca430 and 0.418
Ba137/Ca43, whereas PC2 ratios are —0.719 Ba137/Ca43, —0.260
Mn55/Ca43, 0.355 Sr88/Ca43 and 0.537 Mg25/Ca43. Study sites
are in alphabetical order: Bahia Cartago(< BC), Bahia Gardner (@ BG),
Cabo Chalmers (@ CC), Cabo Ibettson (@Cl), Cerro Brujo ( CB),
Champion (@ CH), La Botella (@ LB), Pinzén east (@ PN), Pinzon west
(®PZ), Punta Suarez (¢ PS), North Baltra (@NB), Punta Mangle

(- PM), Beagle Rocks (@ BR) and North Tijeretas (@NT) in the
Galapagos Marine Reserve (GMR).

have different patterns of elemental chemistry of their otoliths. These
conclusions were based on a broad-scale mensurative sampling design
that included large (10-100s of kilometres) and small spatial scales
(<10 km). Generalised knowledge of patterns of upwelling and warm
currents (especially the Panama current) could partly explain the pat-
terns we found. The most robust patterns for elemental chemistry ver-
sus average SST were for Sr/Ca where the lowest values were found in
cool waters and the highest in warm waters. More of the variation in
the relationship was explained when elemental ratios were calibrated to
the age of fish. These spatial differences suggest that small-scale varia-
tions in temperature affect elemental concentration in the water col-
umn. The fish themselves, therefore, were sentinels of environmental
change in that strong inference on the environmental regime that fish
experienced could be deduced from time-integrated elemental chemis-
try without site-specific historical environmental measurements. Varia-
tion in SST at the Galapagos is generally a good predictor of warm
tropical currents and/or upwelling (Liu et al., 2013). Elemental chemistry
therefore is another tool for predicting local oceanographic conditions.
In contrast to cool water sites, there was great variation within and
between sites within islands, especially where SSTs were highest. At
cool water sites, variation among individuals was low. When all elements
above the detection limits were included in a multivariate comparison,
differences were also detected among fish from sites that varied in SST.

4.1 | Elemental chemistry

Throughout the archipelago, different current systems cause great
spatial variation in oceanographic conditions (Liu et al., 2013), and

thus we suggest that the use of elemental chemistry in territorial fish
can provide a useful predictive tool to identify areas with contrasting
temperature and related primary productivity regimes. Shallow rocky
reefs in the Galdpagos experience high spatial variability in environ-
mental conditions that can affect habitat structure (Kingsford
et al,, 2023) and in our case environmental signals in fish. Our results
contrast with another study that analysed elemental chemistry in
juveniles of two predator species (Lutjanus argentiventris and Myctero-
perca olfax) in mangrove areas in different islands of the archipelago
where no significative differences in elemental loads were detected,
although differences in elemental loads were found for
L. argentiventris, when the Galdpagos was compared to distant Baja
California (Cavole et al., 2020). Patchiness in elemental signatures on
different scales from hundreds to tens of kilometres has been found
in other studies. In French Polynesia, the elemental signatures were
significantly different between islands and within sites, and such dif-
ferences were evident in sites 200 m apart. Mn concentrations were
the stronger predictor of site identity (Lo-Yat et al., 2005). On the
Great Barrier Reef, Kingsford et al. (2009) found that variation in ele-
mental chemistry for A. polyacanthus was largely explained by varia-
tion at the site level: higher Ba/Ca ratios among sites related to
upwelling. In contrast, in the GMR, there was no simple relationship
between Ba/Ca ratios and cool upwelled waters. Our findings concur,
to some extent, with the experiment conducted by Walther et al.
(2010), where they reported significant interactive effects between
life-history stage, temperature and food quantity. A. polyacanthus
reared with low-quality food had higher Ba/Ca concentrations than
those with a high-quality diet. We suggest that poorer feeding condi-
tions (i.e., low algal biomass and perhaps composition) at areas with
high SST (e.g., Kingsford et al., 2023) and low chlorophyll-a concentra-
tions, like the sites in Pinta or CH (identified as a low productivity
site), could explain this. This pattern is likely to be responsible for the
high variation in Ba/Ca ratios we found among individuals that could
be explained by competitive interactions between these territorial
herbivores where food is limited (e.g., Holbrooks & Schmitt, 1989). In
areas with abundant fish and scarce resources, herbivorous fish may
consume less-optimal food than those in productive waters with
better-quality sources (Catano et al., 2014). In Galadpagos rocky reefs,
high fish densities likely intensify interspecific competition, forcing
territorial fish to consume available resources. We propose that com-
petition drives elemental chemistry variation among replicate fish
within a site. Low upwelling areas, characterised by warm waters and
habitats dominated by short filamentous algae, support high herbivore
numbers (Kingsford et al., 2023). Vinueza et al. (2014) described a
strong top-down effect on algal cover in low-productivity intertidal
zones, where high-quality algae are scarce. This mechanism is likely to
occur in the shallow subtidal zone, increasing resource-based
competition.

Furthermore, we found a positive trend between Ba/Ca ratios
and temperature at the two extremes of our temperature gradient.
Our findings partly align with research on juvenile Acanthopagrus
butcheri, where Ba/Ca concentrations increased with temperature but
the upper and lower temperature treatments showed no significant
differences (Elsdon & Gillanders, 2002). Considering that upwelled
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waters in the Galapagos and incursions of the warm Panama current,
our results suggest that the environmental conditions at a local level
are quite heterogeneous contributing to the elemental and habitat
patchiness (Kingsford et al., 2023). Spatial patterns of elemental ratios
were not confounded by the age of fish, as we did not detect any sig-
nificant relationships between Ba/Ca and Sr/Ca and age.

A positive relationship between Sr/Ca and temperature explained
48% of the variation in our study. This concurs with studies on corals
(Fallon et al., 2003), but the relationship can be more complex among
species of fishes. For juvenile black bream (A. butcheri) Sr/Ca ratios
were significantly greater at low (12°C and 16°C) and high (28°C) tem-
peratures, respectively (Elsdon & Gillanders, 2002), whereas signifi-
cant interactions between stage and food were observed for Sr/Ca in
A. polyacanthus (Walther et al., 2010). Barnes et al. (2013) demon-
strated experimentally that the incorporation of Sr varied based on
the interactive effects of genetics, salinity and temperature, whereas
the incorporation of Ba varied with salinity and the genetics. These
more complex interactions may influence the incorporation of ele-
ments and could also affect the variation we found at the individual
level, but in the Galapagos, individual-based variation within sites was
lowest in coolest waters.

Variation in otolith elemental composition is thought to reflect
physiological controls, likely modulated by ambient temperature
(e.g., European plaice Pleuronectes platessa; Sturrock et al., 2015).
Strong environmental signals have been found in otoliths of rockfish
(Sebastes caurinus, Sebastes flavidus and Sebastes melanops). Wheeler
et al. (2016) determined that changes in Ba/Ca and Sr/Ca ratios were
proportionally similar to the elemental concentrations in seawater
being at a minimum during upwelling and increased when relaxation
and weak upwelling conditions were present. Our study aligns in that
Ba/Ca and Sr/Ca ratios were highest at sites with warmer waters.

When evaluating the combined effects of ambient water concen-
tration, salinity and temperature on elemental chemistry incorporation
in the otoliths of juvenile Dicentrarchus labrax, it was reported that
Sr/Ca and Ba/Ca values were positively correlated with water density
(Sigma-t), where both temperature and salinity appeared to have posi-
tive effects (Reis-Santos et al., 2013). We had no data on salinity at the
relevant spatial scales; however, variation in salinity is only a few milli-
grams per litre at the Galapagos, the Cromwell current has been
described as a cold and salty water mass (Schaeffer et al., 2008; Sweet
et al., 2007), whereas the coastal waters of the islands are not prone to
large input of freshwater where great changes in salinity would equate
with the findings of the D. labrax study (10, 20 and 30 mg L™2).

In conclusion, we demonstrated there were major differences in
single element and multielement chemistry in olotiths from fish
among sites throughout the Galdpagos archipelago, where individ-
uals had experienced contrasting regimes of temperature that likely
relates to the input of tropical waters via the Panama current and
upwelling. Differences for individual elements and elemental finger-
prints sometimes varied between sites located at the same island,
most likely indicating small-scale differences in exposure to cold and
warmer waters and diet. This may explain the habitat patchiness of

many reefs, for which the Galdpagos are known. Strong time-

integrated environmental signals in whole otoliths can assist in pre-

diction and the identification of localised areas with different

temperatures.
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