’i} Check for updates

AUTHORS:
Jennifer M. Fitchett'
Stefan W. Grab'
Heinrich Portwig’

AFFILIATION:

'School of Geography, Archaeology
and Environmental Studies, University
of the Witwatersrand, Johannesburg,
South Africa

CORRESPONDENCE TO:
Jennifer Fitchett

EMAIL:
jennifer.m.fitchett@gmail.com

DATES:
Received: 20 Dec. 2018

Revised: 24 Mar. 2019
Accepted: 26 Mar. 2019
Published: 30 July 2019

HOW TO CITE:

Fitchett JM, Grab SW, Portwig

H. Progressive delays in the

timing of sardine migration in the
southwest Indian Ocean. S Afr J
Sci. 2019;115(7/8), Art. #5887,
6 pages. https://doi.org/10.17159/
52js.2019/5887

ARTICLE INCLUDES:

Peer review
O Supplementary material

DATA AVAILABILITY:

[ Open data set

O All data included

On request from author(s)
O Not available

[ Not applicable

EDITORS:
John Butler-Adam

KEYWORDS:

phenology; sardine run; sea surface
temperature; ENSO; mid-latitude
cyclones

FUNDING:
None

© 2019. The Author(s). Published
under a Creative Commons
Attribution Licence.

Research Article

https://doi.org/10.17159/sajs.2019/5887

Progressive delays in the timing of sardine
migration in the southwest Indian Ocean

Phenological shifts represent one of the most robust bioindicators of climate change. While considerable
multidecadal records of plant and animal phenology exist for the northern hemisphere, few noteworthy
records are available for the southern hemisphere. We present one of the first phenological records of fish
migration for the southern hemisphere, and one of the only phenological records for the southwest Indian
Ocean. The so-called ‘sardine run’ — an annual winter migration of sardines, northeast of their summer
spawning grounds on the Agulhas Bank off the coast of Durban, South Africa — has been well documented
in local newspapers given the importance placed on fishing and fishing-tourism in the region. An analysis of
the first arrival dates of sardines reveals a 1.3 day per decade delay over the period 1946-2012. Although
this phenological shift reveals a poor association with sea surface temperatures (SST), it coincides with
a poleward shift in the position of the 21 °C mean annual SST isotherm — the threshold temperature for
sardine populations. The timing of sardine arrivals near Durban corresponds closely with the number of
mid-latitude cyclones passing over the Durban coastline during the months of April and May. The strength
of the run is strongly associated with ENSO conditions. The complex suite of factors associated with this
phenological shift poses challenges in accurately modelling the future trajectory for this migratory event.

Significance:
*  The sardine run, a significant event for tourism and fisheries, is occurring progressively later in the year.
«  The incidence of failed sardine runs has increased in frequency over the period 1946-2012.

¢ These changes in fish migration phenology coincide with a poleward shift in the position of the 21 °C
mean annual SST isotherm.

¢ The strength in the sardine run is strongly associated with ENSO conditions.

Introduction

Shifts in the timing of floral and faunal phenological events are cited as one of the most robust bioindicators of climate
change." A substantial body of literature has highlighted both advances and delays in phenological events as a direct
response to global scale warming over recent decades.?® These meta-analyses have confirmed, most importantly,
that such shifts are both location and species specific in nature.® This in turn results in mismatches between flowers
and pollinators™®; predators and prey®'%; and food supply (or food peaks) and demand during breeding and feeding
young offspring'"'2. The importance of a high spatial resolution network of phenological observations spanning a wide
range of plant and animal species is thus magnified, both for the region and species, and for the global understanding
of phenological responses to climate change."

The timing of annual migrations and the extent of the range shifts captured therein represent an important phenological
record due to the interaction of intrinsic and extrinsic cues.'' Given the range shift boundaries that are posed by
anthropogenic infrastructural developments, overlapping predator ranges, and food availability, shifts in the timing
and extent of annual migration often cannot transpire to the extent required by the intrinsic temperature-related cue
of the species. Research on annual migration is hampered by the dynamic nature of the subject being observed.®
Unlike plants which remain in a fixed location throughout their lifespan, and which can thus be observed daily on an
individual basis, migratory events can often only be measured for the migrating population as a whole.”” Moreover,
unless tracking devices are used, the phenological record of the migration event is usually captured using proxies for
the appearance of the population at a destination along the migratory route, such as bird and frog calls or evidence of
nest construction.'® These proxies, captured over a longitudinal time span, are then compared against the climatic
conditions at that destination, to determine the phenological shifts under changing climatic conditions.>'®

The ‘sardine run’ is an annual eastward migration of sardines from the Agulhas Bank off the southern coast of South Africa
(Figure 1) in early (austral) winter.2?' Sardines are small pelagic fish belonging to the order Clupeiformes, with the
South African sardine Sardinops sagax being the focus of the current study. South African sardine subpopulations,
which thrive under ocean temperatures of 21 °C, are constrained to waters poleward of ~32°S during the summer
months, with the exception of the west coast which is influenced by cold, deep water upwelling through Ekman
transport, driven by the Benguela current.?’ In winter, as the 21 °C isotherm shifts northwards, the sardines’ range is
expanded up the east coast of the country.?? Evidence from coastal sampling suggests that the east coast region of
South Africa serves as a spawning ground during the winter months.?

This distinct seasonal migration is a feature of the geographical position of South Africa. Situated at the boundary of
the subtropics and mid-latitudes, South Africa is influenced by significant seasonal fluctuations. During winter months,
the climate of the southern half of the country is controlled by the frequent passage of mid-latitude cyclones, whereas
convective systems characterise precipitation in the northern interior during summer months.?? The latitudinal position
of the westerlies, and in turn the potential for the northern progression of mid-latitude cyclones?, more directly influences
the oceanographic conditions along the east coast of South Africa through responses in the Agulhas leakage?®. However,
factors encouraging their seasonal migration are poorly understood, particularly as the region remains populated by
predators such as sharks, and has a thermally restricted plankton abundance which limits food supply.2*?" Similar
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seasonal migration patterns, range shifts and population size changes in
sardines have been reported for Sweden®2, Chile®® and the Pacific Ocean
more broadly®'32. The role of climate change in altering these population
behavioural characteristics has been considered at both global and regional
scales®, including the importance of El Nifio Southern Oscillation (ENSO)
and the frequency and intensity of mid-latitude cyclones®.

The sardine run has received considerable media attention for more than
150 years in and near the city of Durban on the east coast of South Africa.
The sudden migration of sardines results in favourable fishing conditions
in a region otherwise too warm for this species, and the heightened shark,
dolphin and penguin activity in the region serves as a tourist attraction.?”
Newspapers contain a rich, temporally constrained record of the annual
sardine migration, which to date has not been explored. To this end, we
investigated this record for the region, over the period 1947-2010. In so
doing, we aimed to quantify the phenological shift of the sardine run over
the given period, and interrogate a range of ocean—atmospheric factors
that may explain any changes in the timing of this phenological event in the
context of global climate change related phenological shifts.

Materials and methods

The phenological record of annually northeastward migrating sardines
in early (austral) winter was constructed using articles from three
newspapers published in the Durban and South Coast region of KwaZulu-
Natal Province, South Africa: South Coast Sun (1999-2006), South Coast
Herald (1949-1998, 2006-2012) and the Natal Mercury (1852—1949).
These newspapers are archived in the National Library of South Africa,
and all issues of the newspaper spanning April to August each year were
consulted in the archive. The South Coast Sun and South Coast Herald
were weekly publications. Most records of sardine sightings were obtained
from the South Coast Herald, which was published every Friday. The Natal
Mercury was printed as a weekly to twice weekly publication until 1878;
from 2 January 1878 it became a daily publication (it has since become the
Mercury). These newspapers record specific days when the run occurred,
by referring to the event on a specific date. Given that the sardine run events
are notable ‘public’ or ‘social’ events of much interest on a given day, there
is a relatively high level of accuracy in the dates recorded. However, as with
any documentary source, an inherent margin of error exists in both the
specificity of the start date, and the reliability of annual recordings.

Early newspaper accounts of the sardine run spanning 1852-1945
are sporadic, and thus cannot be included in any meaningful statistical
analysis. These do, however, reflect the prolonged occurrence of this
phenological event in the region. More recent newspaper reports include
aricher array of descriptions, including the size of the shoal, the human
interest, and comparison between events:

Hundreds of cars from far and wide poured in and
out Port Edward looking for sardines, huge shoals
and thousands of birds spotted at Port Edward
on Sunday.

South Coast Herald, 30 June 1961

Our photographer was at Portobello beach last
weekend when the mammoth 1971 sardine run
began, already it has been the biggest sardine run in
8 years say some experts, others claim there haven’t
been so many of the fish since 1959.

South Coast Herald, 25 June 1971

From the newspaper records spanning 1946-2012, all but two years
contained mention of the sardine run. From these reports, the first report
of the sardine run for each year was captured, together with quotes
containing commentary relating to the size of the run. Calendar dates
were converted to Julian dates for analysis.'® The rate of change in the
timing of the sardine run was calculated using standard univariate linear
regression analysis in the form y=mx-+c.'® Commentary pertaining to
the size of the run was qualitatively grouped using content analysis.

To determine the role of climatic change in driving the phenological
shift, the annual dates of the first recorded sardine runs in Durban were
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compared against mean sea surface temperatures (SST) at Port St Johns
(Figure 1), acquired from the NOAA extended SST database (

), using Pearson’s
correlation coefficient.” Long-term trends in the latitudinal position
of the 21 °C SST isotherm, the threshold condition for sardine range,
were qualitatively explored through developing a composite plot of the
decadal mean annual sea surface isotherms from the NOAA Extended
V4 GrADS images (

). The 21 °C isotherm was extracted for each decade
and these were overlaid for the period 1941-2010.%5% To explore the
role of mid-latitude cyclone occurrence in determining the Julian date of
sardine arrival off the coast of Durban®, monthly counts of mid-latitude
cyclone incursion to, or over, the Durban region were captured from daily
synoptic maps produced by the South African Weather Service spanning
0-70°S, 60°W-80°E. A sum of mid-latitude cyclones for the months
of April and May was then compared statistically to the arrival dates
using Pearson’s correlation coefficient, and the range of arrival dates
per number of mid-latitude cyclones were compared using five-number
summaries (maximum, minimum, first and third quartiles, median
and outliers) produced in box-plot format. To explore the relationship
between the sardine arrival date and ENSQ%, Multivariate ENSO Index
(MEI) values were obtained (

) and compared to the arrival dates using Pearson’s correlation
coefficient. The mean annual MEI values were then displayed as a time
series, against which the newspaper-reported occurrences of ‘good’,
‘poor’ and ‘absent’ sardine migration events were plotted, to determine
concurrent ENSO and anomalous migration events.
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Figure 1:  Map of southern Africa indicating the east coast of South Africa
along which the sardine runs are sighted (see hashed zone
along the coast), and the winter mean trajectory of mid-latitude
cyclones (barbed line). The 200-m isobath indicates the extent

of the continental shelf.

Results

A progressive delay is noted in the first mention of annual sardine runs
in the Durban region, for the period 1947-2012 (Figure 2). This delay
in arrival date occurs at a mean rate of 0.13 days per year (r=0.23,
p=0.07, d.f.=64), or 1.3 days per decade, and represents a shift in
the arrival date from a mean Julian date of 161 (~June 10) for the first
decade of the data set to a mean Julian date of 173 (~June 22) for
the most recent decade of the data set. The latest arrival dates were
recorded for the years 1978 (JD=204) and 2006 (JD=203), while the
earliest arrival dates were recorded for 1949 and 1967 (both JD=146)
and 1984 (JD=147). The variability in the date of arrival has increased
over time (Figure 2), from a relatively low standard deviation for the
period 1947-1965 (0=6.2), with a 204% increase in variability for the
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Figure 2:

consecutive period 1966-2014 (0=12.7). The greatest variability in
sardine arrival date is observed for the period 1967-1984 (c=14.63),
with markedly lower variability thereafter, centred around a mean arrival
Julian date of 169 (0=11.77).

Statistically significant time trends in mean monthly SST for the Durban
region spanning 1946-2012 were calculated for the months of May, June
and July, and the mean winter period at a rate of 0.01 °C/year (Table 1).

Table1:  Time trend in mean monthly sea surface temperature (SST)
at Port St Johns for the months of May, June and July, and
Pearson’s correlation coefficient values for the comparison with
sardine arrival date (1946-2012, d.f. = 64)
May June July Winter mean
0.01°/year | 0.01°/year | 0.01°/year | 0.01°/year
SST Time trend r=0.8 r=0.64 r=0.55 r=20.65
p < 0.0001 | p < 0.0001 p < 0.0001 | p < 0.0001
Correlation with r=20.12 r=2021 r=10.32 r=20.24
sardine arrival date | p = 0.2 p=01 p=001 | p=005

Weak correlations were observed between the arrival dates of sardines
in the Durban region and local mean annual ocean temperatures for the
months of May (r=0.12, p=0.3361, d.f.=64), June (r=0.21, p=0.0932,
d.f.=64) and July (r=0.32, p=0.0087, d.f.=64) during which the sardine
run occurs, with no statistically significant correlation between mean
winter SST and the sardine run dates (r=0.24, p=0.05; Table 1). However,
concurrent with this phenological shift in arrival dates of migratory sardine
populations along the south and east coasts of southern Africa, is a
progressive poleward displacement of the 21 °C isotherm from 1951 to
2010 (Figure 3).

21°C SST Isotherm
2754 I 1941-1950
I 1951-1960
30S- I 1961-1970
[ 1971-1980
33S1 [ 1981-1990
1991-2000
36S1 I 2001-2010
15€  20S  25E  30E  35E
Isotherms extracted from NOAA Extended SST V4 GrADS images

Figure 3:  Poleward shift in the 21 °C mean annual sea surface temperature
(SST) isotherm over the period 1941-2010.
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Phenological shift in the start date of the sardine migration in the southwest Indian Ocean over the period 1946-2014.

This displacement is significant as 21 °C is the maximum threshold ocean
temperature for sardines. The isotherm has shifted 1.5° poleward since
1951, which equates to a 0.25° latitudinal shift per decade. Notably, the
21 °C isotherm for the period 1941-1950 is located ~0.6° south of the
21 °C isotherm for the periods 1951-1960 and 1961-1970 (Figure 3).
This finding may indicate a degree of interdecadal variability in the position
of the 21 °C isotherm, although the progressive poleward trend from 1951
onwards would suggest a continuous response to global scale warming
during this period.

On average, 10 mid-latitude cyclones affect the Durban region during the
months of April and May each year; 15 of the 58 years in the sample
were characterised by six mid-latitude cyclones in the region during
April and May. A statistically significant relationship exists between the
number of mid-latitude cyclones experienced during April and May and
the arrival date of sardines in the region (r=0.37, p<0.005, d.f.=67).
By classifying sardine arrival dates according to the number of mid-
latitude cyclones during the preceding months of April and May, the
effect of this discrete variable can be considered. A progressive delay in
arrival date corresponds with an increase in the number of mid-latitude
cyclones, at a rate of 2.4 days per additional cyclone (Figure 4).
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Figure 4:  Arrival date of sardines classified by the number of mid-latitude
cyclones. Central line represents the median value; crosses

indicate the mean score.

A particular exception to this relationship is the occurrence of 11 mid-
latitude cyclones in the region during April and May of 1980, with a
significantly later first arrival date. In addition, years with only two mid-
latitude cyclones in April and May, had notably earlier first arrival dates
(Figure 4). These exceptions at the extremes may be indicative of errors
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in the attribution of mid-latitude cyclone conditions, particularly in the
earlier records.

No statistical correlation exists between the first arrival date of
sardines and the MEI score (r=0.02, p=0.4256). However, a degree
of correspondence is observed when plotting the sardine run migration
events that were reported in the newspaper articles as explicitly ‘good’ or
‘strong’, ‘weak’ or ‘poor’, and the instances of no sardine run occurring
against mean annual MEI over the period 1946-2012 (Figure 5). Years
with a poor run or no run correspond with the majority of the positive
MEI scores (El Nifio events), whereas years with a good run correspond
in most instances with negative MEI scores (La Nifia events).

Multiple regression analysis to determine the combined effect of this
collection of variables on sardine arrival dates returned a statistically
insignificant model capable of explaining only 16.90% of the variance
(p=0.0783), defined by the equation:

Arrival date = 89.37 — 1.48[mid-latitude cyclone count] — 5.51[SST,
-3.80[SST, ] + 13.77[SST,, ] + 0.41[ENSO].

May]

June: July

Discussion and conclusion

Phenological shifts in the timing of first observation of migratory species
represent a key biometeorological indicator of faunal responses to
climate change.>' With the significance of migration timing to inter-
and intra-species overlap, it is also one of the phenological shifts most
likely to disrupt entire ecosystems following relatively small climatic
changes.' However, there remain relatively few studies exploring shifts
in the timing of migratory fish species®-’, and in particular that for
sardines. Given the importance of this species for global fisheries*'#2,
an improved understanding of the temporal and spatial variability
in the phenological response to warming atmospheric and oceanic
temperatures is imperative®. For the southern African sardine run in
particular, the poorly understood interannual variability in the timing of
the event is frequently cited as a threat to the sustained economic benefit
from the event through increased fishing opportunities and tourism.?1.2334
The long-term progressive delay in the sardine arrival date places this
interannual variability into context of longer-term shifts in the phenology,
which in turn facilitates better monitoring and modelling of this event.
However, the heightened variability in the timing over recent decades,
and, in particular, the recent failures of the event pose a concerning
outlook for sardine populations in the region.

Phenological shifts, for both plant and animal species, are often related
directly to changes in local air temperature.2''® For marine species, SSTs
and ocean—atmospheric interactions have a more direct impact?, although
the same impact can often be simulated using coastal atmospheric
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temperatures®. There has also been recent acknowledgement that
phenological shifts are often a response to a wider range of climatic
factors, including but not limited to frost, days above a certain threshold
temperature, ENSO, and rainfall in the case of terrestrial species*-, and
photoperiod*, upwelling dynamics, and lunar tidal cycles®, in addition to
a range of intrinsic factors, for oceanic species. This study demonstrates
poor correlation between the arrival date of sardines and SST. However,
the delay in arrival date occurs concurrently with a poleward shift in the
mean annual 21 °C isotherm. The poleward shift in this 21 °C isotherm,
representing the threshold temperature boundary for sardine range®,
could explain the trend towards a later migration date, and possible failure
of the event all together, along parts of the southeastern African coastline.
After such a date, the narrower temporal window of temperatures below
21 °C would be experienced northeast of the sardines’ summer habitat.

The association between later migration dates and lower numbers of
mid-latitude cyclones in the austral autumn months of April and May
further demonstrates the importance of secondary effects to the regional
scale warming in constraining sardine arrival dates. Mid-latitude cyclone
frequency apparently also controls the magnitude of the range shift
of sardines in the North Pacific Ocean, through coupled temperature
decreases and an enhanced overturning of surface waters.® Long-term
changes in the cyclogenesis of these systems through an expansion
of the Hadley cell region should be investigated further®, given the
significance of these systems for the sardine run. Although advances
in spring phenological events are commonly reported as a response to
climate change, delays in phenology have also been calculated among a
range of plant and animal species even where species and methodology
for data collection and analysis have been standardised.>® Menzel et al.5'
argue that the relatively low rate of reporting phenological delays in
scientific literature relates to biases in both the analysis and publication
of data sets that do not conform to the expected trend. Moreover, in the
case of autumn phenological events (which the sardine run represents),
recent analyses for the northern hemisphere indicate that a delay may be
the more common response, at least among plant species.®

While there is no statistical correlation between the arrival date and
the MEI, the occurrences of good and poor sardine runs coincide very
closely with El Nifio and La Nifia events, respectively — a similar result
to that found for sardine migration patterns in the Pacific Ocean® and
sardine recruitment off Chile®. It is notable, however, that not all of the
strongest El Nifio events correspond with the failed sardine runs, neither
do all of the instances of failed sardine runs correspond with peaks in
MEI scores. Thus, phenological shifts in the timing of faunal migrations in
the southwest Indian Ocean are driven by a more complex set of ocean—
atmospheric variables than that used to account for the more extensively
documented changes in plant phenology, including but not limited to a
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lagged ENSO effect, mid-latitude cyclones and SST, and are thus more
difficult to statistically quantify. An important avenue for future research
would include a detailed analysis of the sardine runs during strong
El Nino and La Nifia events, including total catch size, the experiences of
fishers in the region, and a comparison with sub-daily oceanographic and
meteorological data through the period of those runs.

Looking forward, three key factors are of concern. The first, in the short
term, is the variability in timing of the sardine run, and the consequent
lack of predictability which can have a detrimental effect on the fishing
and tourism sectors of the Durban region."3* While this study confirms
and quantifies the rate of delay in arrival date, this shift is coupled with
a significant increase in the variability in arrival dates and recent failure
of arrivals. Although a more comprehensive suite of ocean—atmospheric
factors driving this shift are presented in this study than in former
analyses of sardine run variability, this comprehensiveness does not
necessarily afford a greater predictive strength for the timing of migration.
Considerable environmental modelling would thus be required, coupled
with real-time input of mid-latitude cyclones and the associated surface
pressure fluctuations within the region, Agulhas current eddies, and MEI
data to provide reliable seasonal forecasting of the arrival date. In the
medium term, the increased incidence and last few years of failed runs
presented in this study is of concern.? It is unclear from the records
available whether these incidents of failed runs represent a year in which
the population did not migrate from the Agulhas Bank, a run in which
the migration did not extend as far northeast as the Durban region, or
a run which was thermally restricted to deeper waters, and thus not
visible from the coastline.2 However, should this trend continue, it would
heighten the probability that the run may have collapsed altogether, or
shifted considerably further south.5 The delayed timing in the short term
and possible collapse of the migration pattern in the long term present
a third concern at an ecosystem scale, which relates to the predator—
prey mismatches which may ensue.%?”5% Improved observation of the
concurrent phenological and range shifts among shark populations in
the region, and changes in the abundance of phytoplankton, should thus
be carefully monitored.?®

This record highlights the significance of indirect ocean—atmospheric
changes under conditions of global warming in constraining phenological
and range shifts. This result heightens the importance of understanding
phenological shifts among a diverse range of species, and across a large
range of terrestrial and marine environments, to better understand the
rate of phenological shifts, the intrinsic and extrinsic drivers, and the
prospects for the species under sustained warming.
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