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Abstract

Coastal geologic records allow for the assessment of long-term patterns of
tropical cyclone variability. However, the accuracy of geologic reconstructions of
tropical cyclones is limited by the lack of modern analogues. We describe the
microfossil (foraminifera and testate amoebae) assemblages contained within
overwash sediments deposited by Typhoon Haiyan when it made landfall on the
islands of Leyte and Samar in the Philippines on 7 November 2013 as a category

5 super typhoon. The overwash sediments were transported up to 1.7 km inland

© 2016. This manuscript version is made available under the Elsevier user license
http://www_.elsevier.com/open-access/userlicense/1.0/
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at four study sites. The sediments consisted of light brown medium sand in a
layer <1 to 8 cm thick. We used Partitioning Around a Medoid (PAM) cluster
analysis to identify lateral and vertical changes in the foraminiferal and testate
amoebae data. The presence of intertidal and subtidal benthic, and planktic
foraminifera that were variably unaltered and abraded identify the microfossil
signature of the overwash sediments. Agglutinated mangrove foraminifera and
testate amoebae were present within the overwash sediments at many locations
and indicate terrestrial scouring by Haiyan’s storm surge. PAM cluster analysis
subdivided the Haiyan microfossil dataset into two assemblages based on
depositional environment: (1) a low-energy mixed-carbonate tidal flat located on
Samar Island (Basey transect); and (2) a higher-energy clastic coastline near
Tanauan on Leyte Island (Santa Cruz, Solano, and Magay transects). The
assemblages and the taphonomy suggest a mixed provenance, including
intertidal and subtidal sources, as well as a contribution of sediment sourced

from deeper water and terrestrial environments.
Keywords

Tropical cyclone; Overwash; Foraminifera; Testate amoebae; Sediments;

Paleotempestology

1. Introduction

Landfalling tropical cyclones pose a hazard to the concentrations of
population, economic production, and static infrastructure along the coastlines
of the Philippines. The Philippines are in close proximity to the Main
Development Region (MDR) in the North Pacific (Pun et al., 2013), which is the
most active tropical cyclone region in the world (Lin et al., 2013). Numerous
tropical cyclones have made landfall on the Philippines (e.g., Typhoon Agnes in
1984, Typhoon Mike in 1990, Typhoon Thelma in 1991, and Typhoon Hagupit in
2014; e.g.,, Garcia-Herrera et al, 2007; Ribera et al, 2008; NDRRMC, 2014),
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including Typhoon Haiyan, which was one of the most intense storms on record.
Despite the history of typhoon activity in the Philippines, we lack an
understanding of the role of recent warming on tropical cyclone activity because
of the length of the instrumental record (Landsea et al., 2006). Fortunately,
proxy records of overwash sediments are transforming our ability to detect and
analyze the underlying climatic forcing for tropical cyclone activity over the last
several millennia (Lane et al., 2011; Brandon et al., 2013; Denommee et al., 2014;

Donnelly et al., 2015).

Storm surges associated with past tropical cyclones deposit overwash
sediments that become preserved in the geologic record. The identification of
overwash sediments is commonly based on the recognition of anomalous sand
layers in otherwise low-energy coastal settings (e.g., Liu and Fearn, 1993, 2000;
Donnelly et al.,, 2001) supported by microfossils, which can indicate provenance
of sediment (e.g., Collins et al., 1999; Hippensteel and Martin, 1999; Scott et al,,
2003; Hippensteel et al.,, 2005; Hawkes and Horton, 2012). Marine microfossils,
such as foraminifera, are often present in overwash sediments due to the
landward transport and deposition of coastal and marine sediment during a
tropical cyclone’s storm surge (e.g., Hippensteel and Martin, 1999; Scott et al,,
2003; Lane et al, 2011). Testate amoebae are commonly found in freshwater
environments (e.g.,, Ogden and Hedley, 1980; Charman, 2001; Smith et al., 2008)

and have potential as indicators of terrestrial scouring by a storm surge.

An obstacle in identifying past tropical cyclones in the geologic record is
the lack of a modern analogue. However, the microfossil signature of modern
tropical cyclone overwash sediments can provide insight into their long-term
preservation in the fossil record (Otvos, 1999; Scott et al., 2003; Hippensteel et
al, 2005), and can be directly compared to similar studies of overwash
sediments deposited by tsunamis (Dominey-Howes et al., 2000; Hawkes et al,,
2007; Clark et al., 2011; Goff et al., 2011; Pilarczyk et al., 2012). The majority of
studies that employ foraminifera to document tropical cyclone sediments have

been conducted in temperate environments from the Atlantic Ocean (Scott et al.,
3
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2003; Kortekaas and Dawson, 2007; Hippensteel et al., 2013) and Gulf of Mexico
(Williams, 2009; Hawkes and Horton, 2012; Rabien et al, 2015), with little
research in tropical or semi-tropical environments (Strotz and Mamo, 2009;

Pilarczyk and Reinhardt, 2012) such as the Philippines.

In this paper we document the microfossil assemblages of the Typhoon
Haiyan overwash sediments, collected less than two months after the storm
made landfall on 7 November 2013. A series of trenches and cores was obtained
at four sites from two contrasting environments (one mixed-carbonate site and
three clastic sites) along the northwestern Leyte Gulf coastline (Fig. 1). Haiyan
sediments were discriminated from underlying pre-storm sediments by the
presence of intertidal and subtidal benthic, and planktic foraminifera. The
unaltered (i.e., pristine) and abraded nature of the foraminifera within the
Haiyan overwash sediments point to a mixed provenance, including terrestrial,
intertidal, subtidal, and deeper sources. Evidence of terrestrial scour by the
storm surge is indicated by the presence of agglutinated mangrove foraminifera
and freshwater testate amoebae. The microfossil signature of the overwash
sediments deposited by Typhoon Haiyan serves as the only modern analogue of
a landfalling typhoon in the Philippines, and may be important to the recognition
and interpretation of older storm sediments preserved in coastal sequences at

this location, as well as other tropical settings worldwide.

2. Typhoon Haiyan

Typhoon Haiyan (locally known as Yolanda) was the thirtieth named
storm in the 2013 Pacific typhoon season. Haiyan began as a westward-tracking
low-pressure system on 2 November that developed into a tropical storm by
0000 UTC on 4 November and rapidly intensified to typhoon intensity eight
hours later (Joint Typhoon Warning Center, 2014; Fig. 1a). By 7 November, the
Joint Typhoon Warning Centre (JTWC) reported gusts of up to 314 km/h three

hours before initial landfall and declared the storm a Category 5, designating
4
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Typhoon Haiyan as one of the most intense tropical cyclones. At 2040 UTC on 7
November, Haiyan made its first landfall over Guiuan, Eastern Samar and
continued west-northwest across the Leyte Gulf where it made its second
landfall over Tolosa and the Greater Tacloban area at 2300 UTC (Fig. 1b).
Following six landfalls in the Philippines (Guiuan and Tacloban in Leyte;
Daanbantayan and Bantayan in Cebu; Concepcion in Iloilo; and Busuanga in
Palawan), Haiyan weakened to a Category 2 before striking northeastern
Vietnam at 0000 UTC on 8 November, after which the storm tracked northeast

and dissipated over China (Fig. 1a).

Typhoon Haiyan was associated with severe rainfall (491 mm) and high
wind speeds (10 minute sustained wind speed of 230 km/hr), but most of the
damage was caused by the 5 to 7 m high storm surge (Mori et al., 2014; Nguyen
et al., 2014; Tajima et al., 2014; Soria et al., 2016b). The coastlines of the Leyte
Gulf sustained the greatest impact, with destruction centered near Tacloban,
which sits less than 5 m above mean sea level (MSL). Storm surge heights
(elevation of terrain + flow depth above terrain) and inundation distances
(inland extent of marine incursion) from coastlines surrounding the Leyte Gulf

(including our four study sites) are presented in Soria et al. (2016b).

3. Site description

The Leyte Gulf, ~580 km southeast of the capital city Manila, is bordered
by two islands separated by the narrow San Juanico Strait, Leyte Island to the
west, and Samar Island to the north and east (Fig. 1). The seismically active
Philippine Fault bisects Leyte Island, which is made up of Pliocene-Quaternary
volcano cones and Tertiary volcaniclastic rocks and sediments (Allen, 1962;
Duquesnoy et al, 1994). Quaternary alluvium, consisting of unconsolidated,
poorly sorted sands (Travaglia et al., 1978; Suerte et al., 2005) characterizes the
Leyte Gulf side of Samar Island. Sediment inputs to the northern Leyte Gulf
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include biogenic sediments in reef areas, littoral sediment transported by waves,
terrigenous material transported by high rainfall through rivers (e.g., clastics and
volcanic residuals; Hart et al, 2002), and deeper offshore sediment carried

landward by storms.

Our study focused on a series of four transects from two islands: Basey
(Ba) on Samar Island; and the Tanauan transects (Santa Cruz, Sc; Solano, So; and
Magay, Ma) on Leyte Island (Fig. 1 c,d). The coastline at Basey is characterized by
a low-energy mixed-carbonate tidal flat. A gently sloping, narrow sandy beach is
present, but was heavily eroded by Typhoon Haiyan. Coconut groves and rice
fields are found landward of the beach. The Tanauan coastline is characterized
by a higher-energy, wave dominated system. The coastline is a broad, gently
sloping coastal plain that is drained by the Embarcadero River (Fig. 1d) and
consists of a mixture of siliciclastic and volcaniclastic sediments. The beach at all
three Tanauan transect sites was also heavily eroded by Typhoon Haiyan, with
coconut groves, ponds, and rice fields occurring farther landward (Fig. 1d;
Supplementary Fig. S1). At Magay, Nypa fruticans Wurmb, a species of palm
adapted to mangrove environments, is found in water-logged and densely

vegetated patches that are associated with incised intertidal channels.

The transects at Samar and Leyte Islands were located in regions that
were impacted by high storm surges (Soria et al, 2016b) and experienced
minimal anthropogenic alteration in the weeks following Haiyan’s landfall.
Three closely spaced transects near Tanauan were chosen to assess variability
within the overwash sediments. The transects extend from the shoreline to the
landward limit of the Haiyan overwash sediments. We attempted to sample the
full coastal gradient from the shoreline to the Haiyan inundation limit, however,
storm damage (e.g., flooding, destroyed roads) prevented the survey team from

accessing certain areas.
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4. Methods

In January 2014, we collected sediments from our four transects (Fig. 1b).
A detailed lithostratigraphic investigation was completed along each transect
from a series of sampling stations. Samples were collected using a hand gouge
corer or by excavating shallow trenches. The location of all sampling stations
was determined by handheld GPS. At each station we collected one sediment
sample from the midpoint (if available) of the Haiyan sediments and one sample
from the underlying sediment. At three stations (spaced 50 m apart) within the
Nypa forest at Magay (transect Ma), where the Haiyan sediments were exposed
at the surface, we dug shallow trenches (Ma4, Ma6, and Ma9; Fig. 1d). The
trenches were sampled every 1 cm within the Haiyan sediments and two
samples were obtained from the underlying sedimentary layer. Samples were

sealed in plastic wrap, and held in refrigerated storage until processing.

At Basey on Samar Island, we collected sediments along a shore normal
transect (Ba) consisting of 15 gouge cores (Bal to Bal8; Ba 6, 16, and 17 were
not sampled) from the beach (0 - 30 m along the transect), coconut grove (30 -
210 m) and rice field (210 - 360 m) environments (Fig. 1c). At the Santa Cruz
site we collected sediments along a shore normal transect (Sc) consisting of 8
gouge cores (Scl to Sc8) that extended from the beach (0 - 10 m), to a low-lying
grassy area with ponds (10 - 530 m), to a rice field (550 - 890 m). At Solano,
sediments were obtained from a shore normal transect (So) that consisted of 13
gouge cores (Sol to So13) from several environments including: an extensive,
low-lying grassy area interspersed with shallow ponds (260 - 1400 m), a rice
field (1400 - 1600 m), and a coconut grove (21600 m). At Magay we collected
sediments along a shore normal transect (Ma) consisting of 5 gouge cores (Mal,
MaZ2, Ma10-12) and three trench sections (Ma4, Ma6, Ma9) that extended from
the shoreline (0 - 20 m), to a low-lying grassy area (20 - 120 m), to a fringing
Nypa forest (120 - 540 m), to a rice field (1100 - 1690 m; Fig. 1d). The transect
extended through the village of Magay (between 540 m and 1100 m), which
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consisted of several dozen homes and buildings before the typhoon made

landfall.

We conducted microfossil analysis on all core and trench samples. For
microfossil analysis, 5 cm3 sediment samples were washed over a 32 um sieve to
retain foraminifera (intertidal to marine organisms) and testate amoebae
(freshwater organisms) tests, and wet split to obtain counts of ~300 specimens.
Foraminiferal taxonomy followed Loeblich and Tappan (1987), Debenay (2013),
and Hayward et al. (2004), and species identification was confirmed using the
Cushman Collection of Foraminifera at the National Museum of Natural History,
Smithsonian Institute. We interpreted the foraminiferal data in relation to
studies by Glenn-Sullivan and Evans (2001), Hewins and Perry (2006), Lacuna et
al. (2013), and Lacuna and Alviro (2014), that examined modern foraminifera
from select coastal zones throughout the Philippines. Testate amoebae were
identified to the genus level using Ogden and Hedley (1980). Foraminifera (both
calcareous and agglutinated species) were divided into small (<250 pum) and
large (>250 um) test sizes by means of sieving. Calcareous species were
categorized using the same taphonomic criteria defined by Pilarczyk et al.
(2011), which includes: unaltered, abraded (including corroded and edge
rounded specimens), and fragmented forms (Fig. 2). An individual foraminifera
can be both abraded and fragmented. The taphonomic condition of individual
foraminifera has previously been used to interpret overwash sediments by
assessing depth of scour and origin of sediment (e.g., Goff et al., 2011; Pilarczyk

et al., 2012). All microfossil results are listed in Supplementary Tables S1 - S4.

We used Partitioning Around a Medoid (PAM) cluster analysis (Kaufman
and Rousseeuw, 1990) of the relative abundance of foraminiferal and testate
amoebae assemblages and taphonomic characteristics to discriminate the
Haiyan overwash sediments from underlying sediment. PAM cluster analysis
was also used to identify lateral changes in overwash sediments at Basey and
Tanauan. Only categories with a minimum abundance of 5% in at least one

sample were used in cluster analysis. Abundances were then used to calculate z-
8
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scores. Z-scores are a means of standardizing datasets by assessing how many
standard deviations a value is from the mean. A z-score of 0 indicates the value
is the same as the mean; whereas, a positive or negative score indicates how
many standard deviations the value is above (positive score) or below (negative
score) the mean. We performed PAM cluster analysis following the methods of
Kemp et al. (2012), using the ‘cluster’ package in R (Maechler et al., 2005).
Silhouette plots generated by PAM range in width from -1 to 1 and are an
estimate of a sample’s classification, where values close to -1 are those that are
incorrectly classified, and those close to 1 indicate assignment to an appropriate
cluster. We used the maximum average silhouette width to determine the

number of clusters within each of our cluster scenarios.
5. Results
Basey Transect (Ba)

The Typhoon Haiyan surge height at Basey was up to 6.5 m above MSL
(Soria et al, 2016b). Inundation reached at least 1 km inland, whereas the
corresponding overwash sediments were only found up to 360 m. The Haiyan
overwash sediments consist of medium to fine sand and, where present, range
in thickness from 8 cm closest to the shoreline to <1 cm in the rice fields
(Supplementary Table S1). The overwash sediments are light brown (10 YR 7/2)
in color and carbonate-rich, containing foraminifera and fragments of corals and
mollusks that are similar to those found in modern nearshore and beach
sediments. The Haiyan sediments overlie either coconut grove or rice field soils
with a sharp stratigraphic contact. However, at the time of sampling, post-
typhoon vegetation growth in the rice fields (i.e., Supplementary Fig. S1c) had

already begun to obscure the contact.

The Haiyan overwash sediments at Basey contain abundant foraminifera.
Concentrations of foraminifera are highest at sample sites closest to the

shoreline (up to 6320 foraminifera per 5 cm3), and begin to markedly decrease
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beginning at ~100 m inland, where concentrations decrease to 45 foraminifera
per 5 cm3 (Fig. 3; Supplementary Table S1). The Haiyan assemblage consists
exclusively of calcareous species such as Ammonia tepida (Cushman, 1926; 4 -
47%), Ammonia convexa Collins 1958 (0 - 22%), and Pararotalia sp. (2 - 20%;
Fig. 2). Planktic foraminifera are present in the overwash sediments at all
sampled locations (<2%) except where total concentration is very low (Ba9,
Bal8, and Bal). Unaltered deeper-dwelling species such as Eponides repandus
(Fichtel and Moll, 1798; up to 13%) and Cibicides tabaensis Perelis and Reiss
(1976; 0 - 2%) are also present, but in lower abundances. Testate amoebae are
absent from the overwash sediments except at sites landward of Ba3 (190 m
from the shoreline), where Difflugia spp. are present (3 - 63%). The taphonomic
condition of foraminifera within the Haiyan sediments includes unaltered,
abraded, and fragmented forms. Samples within 150 m of the shoreline are
generally dominated by abraded individuals (29 - 66%; Supplementary Table
S1) with a large test (>250 um) size (43 - 71% of tests). Beginning at ~170 m
inland (Ba7), unaltered individuals (38 - 64%) with a small test (<250 pm) size
(59 - 100% of tests) generally dominate the assemblage.

Foraminifera were absent from underlying soil units at all sites except
Bal3, Bal4, and Bal8 in the coconut grove. The total concentration of
foraminifera in these soils was lower than in the overlying Haiyan sediments
(e.g., 125 foraminifera per 5 cm3in underlying soils vs. 6320 foraminifera per 5
cm? in Haiyan sediments at Bal4). The taxonomic assemblage of the soil
consists of nearshore species including A. convexa (18 - 26%), Ammonia
parkinsoniana (d’Orbigny, 1839; 6 - 25%), and Elphidium striatopunctatum
(Fitchel and Moll, 1798; 25 - 36%). Testate amoebae (Difflugia spp.) are found
at Ba3 (inland extent of the coconut grove) and the rice fields (145 - 1110 per 5
cm?3). Foraminifera within the soil units are dominantly abraded (82 - 100%)

and small sized (79 - 95%).

10
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Santa Cruz Transect (Sc)

The surge height recorded at Santa Cruz on Leyte Island reached 5.1 m
above MSL and inundated up to 3 km inland (Soria et al., 2016b), however, we
could only trace the corresponding sedimentary deposit up to 890 m. The
Haiyan overwash sediments at Santa Cruz were characterized by a patchy,
medium to fine sand (Soria et al., 2016a), variable thickness (<1 - 7 cm;
Supplementary Table S2), a light brown color (10 YR 7/2), and the presence of
siliciclastic and volcaniclastic sediments. The overwash sediments overlie either
grassy soil, pond sediment, or rice field soil with a gradational contact resulting

from post-typhoon bioturbation.

Foraminiferal concentrations within the overwash sediments at Santa
Cruz are lower than those observed at Basey (e.g., 5 - 35 individuals per 5 cm3 at
Santa Cruz vs. 45 - 6320 individuals per 5 cm?3 at Basey; Fig. 4a; Supplementary
Table S2). Similar to Basey, concentrations of foraminifera are highest at sample
sites closest to the shoreline (e.g., 25 - 35 foraminifera per 5 cm?3 within 20 m of
the shoreline), and lowest at the furthest inland sites (5 - 20 foraminifera per 5
cm?3 from 440 - 890 m). The Haiyan assemblage at Santa Cruz is dominated by
benthic and planktic calcareous foraminifera. Ammonia convexa (0 - 33%), and
A. parkinsoniana (0 - 31%) are the most dominant benthic species (Fig. 4a).
Planktics (9 - 24%) are present at all sites except Scl located closest to the
shoreline. In general, testate amoebae, including Difflugia spp. (up to 73%) and
Centropyxis spp. (up to 30%), are abundant within the overwash sediments (Fig.
2). The taphonomic condition of foraminifera within the overwash sediments
includes unaltered (22 - 73%), abraded (17 - 78%), and fragmented (16 - 51%)
forms. The concentration of unaltered individuals at Santa Cruz exceeded
abraded and fragmented individuals at all locations except Scl and Sc5. In
contrast to Basey, the abundance of unaltered individuals was unrelated to
distance inland. Similarly, there was no observable relationship between test

size and distance inland. Larger foraminifera dominate sites Sc1l - Sc2 and Sc5 -

11
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Sc6 (57 - 66%), whereas smaller foraminifera dominate sites Sc3 - Sc4 and Sc7 -

Sc8 (57 - 68%).

Foraminifera were absent in all underlying soils. However, pond
sediment (120 testate amoebae per 5 cm3), as well as grass (25 - 75 testate
amoebae per 5 cm3), and rice field (1025 - 1270 testate amoebae per 5 cm3) soils
contained abundant in situ testate amoebae. The soil underlying the grassy area
at Scl and Sc2, closest to the shoreline, is dominated by Centropyxis spp. (54 -
75%). At a distance of 440 m inland, the assemblage switches to one that is

dominated by Difflugia spp. (85 - 93%).
Solano Transect (So)

We were unable to measure the Typhoon Haiyan surge height at Solano,
however it would have been similar to the surge heights measured a few
hundred meters shoreward at Santa Cruz (5.1 m above MSL) and Magay (5.4 m
above MSL). At Solano, the overwash sediments reached a distance of 1.6 km
inland, which is less than the 2.8 km inundation distance reported by Soria et al.
(2016b). The overwash sediments at Solano consisted of a patchy fine to
medium sand (Soria et al, 2016a) with variable thickness (<1 - 4.5 cm;
Supplementary Table S3), a light brown color (10 YR 7/2), and the presence of
siliciclastic and volcaniclastic sediments. A sharp contact between the overwash
sediments and the underlying soil was observed at all sites except those located
within the rice fields where bioturbation by roots has resulted in a gradational

contact.

The total concentration of foraminifera within the overwash sediments at
Solano is similar to concentrations observed at Santa Cruz (ranging from 10 - 80
individuals per 5 cm3; Fig. 4b; Supplementary Table S3). Similarly, the species
contained within the overwash sediments are similar at both sites, where
shallow intertidal to subtidal benthics as well as planktics dominate the

assemblage. Ammonia convexa (0 - 27%) and A. parkinsoniana (0 - 20%) are

12
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generally the most dominant benthic species (Fig. 2; Fig. 4b). Planktics are found
throughout the overwash sediments (4 - 33%), including at So13 (10%) located
at a distance of 1.6 km inland. Testate amoebae are also present within the
overwash sediments at Solano (up to 93% of the Haiyan assemblage). The
foraminiferal taphonomic assemblage within the overwash sediments switched
at 460 m inland from one that is generally dominated by fragmented individuals
(e.g., 54% at So5) to one that is dominated by unaltered individuals (e.g.,, 100%
at So13, 1.6 km from the shoreline). At Solano, test size generally decreased with
increasing distance inland (e.g., 45% of foraminifera were small at So1 compared
to 82% at Sol2). Small foraminifera were more abundant in the overwash
sediments than larger ones except at So1, closest to the shoreline (45% small vs.

55% large), and So6 in the coconut grove (37% small vs. 63% large).

The underlying soils at Solano are devoid of foraminifera, but contain
testate amoebae, except at the coconut grove sites (So12 and So13). Total
concentrations of testate amoebae are generally higher in the soils of rice fields
(5960 - 11,475 per 5 cm3) than in the soils/sediments associated with grassy
areas (135 - 280 per 5 cm3), ponds (1250 per 5 cm3), and coconut groves (0 - 65
per 5 cm3). Centropyxis spp. dominates the grassy area between 260 m and 290
m (58 - 70%), and beginning at 290 m inland, the assemblage switches to one

that is dominated by Difflugia spp. (60 - 93%).

Magay Transect (Ma)

The surge height recorded at Magay on Leyte Island reached 5.4 m above
MSL and 2.0 km inland (Soria et al., 2016b). However, we could only trace the
deposit up to 1.7 km. The overwash sediments at Magay are characterized by a
patchy, medium to fine sand (Soria et al., 2016a), variable thicknesses (<1 - 7
cm; Supplementary Table S4), a light brown color (10 YR 7/2), and the presence

of siliciclastics and volcaniclastics. The contact between the overwash sediments
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and the underlying soil was sharp in the Nypa forest, but gradational at all other

locations due to bioturbation by roots.

Foraminiferal concentrations within the overwash sediments at Magay
are similar to those from Santa Cruz and Solano and range from 15 to 150
individuals per 5 cm? (Fig. 5a,b; Supplementary Table S4). The overwash
sediments consist of benthic and planktic foraminifera that are both calcareous
and agglutinated. In general, Ammonia parkinsoniana (6 - 57%), and planktic
species (0 - 87%) dominate the Haiyan assemblage. In contrast to all other sites,
the Haiyan assemblage at Magay also contains agglutinated mangrove
foraminifera. Agglutinated foraminifera are limited to sample locations within
the Nypa forest (Ma4, Ma6, and Ma9; Supplementary Table S4) and include
Trochammina inflata (Montagu, 1808; 0 - 29%), Miliammina fusca (Brady, 1870;
0 - 27%), Haplophragmoides wilberti Andersen, 1953 (0 - 23%), Entzia
macrescens (Brady, 1870; 0 - 22%), and Ammobaculites sp. (0 - 17%). Testate
amoebae are also found within the overwash sediments at sites within the rice
field, where Difflugia spp. dominate (37 - 50%), as well as Ma9 (Nypa forest),
where the testate amoebae assemblage of the overwash sediments is comprised
exclusively of Centropyxis spp. (up to 27% of the total microfossil assemblage;
Fig. 2). The taphonomic assemblage of the overwash sediments is dominated by
unaltered individuals (29 - 82%) up to a distance of 1.4 km inland, at which
point the assemblage switches to one that is dominated by abraded forms (e.g.,
75% of foraminifera at Mal2 are abraded). In general, the test size of
foraminifera observed at Ma decreased with increasing distance inland (e.g.,

64% large sized foraminifera at MaZ2 vs. 14% at Ma12).

Soils underlying the Nypa forest (Ma4, Ma6, and Ma9) contained
agglutinated foraminifera that comprised 90 - 100% of the total microfossil
assemblage (Fig. 5). Testate amoebae are present within underlying soils from
the grassy area (69 - 100% Centropyxis spp.), the rice fields (74 - 76% Difflugia
spp.), and to a lesser extent, within the Nypa (e.g., 4 - 9% testate amoebae at
Ma9). The trench stations at Ma4, Ma6, and Ma9 (sampled every 1 cm) show no
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relationship between total concentration and depth within the overwash
sediments (Fig. 5b; Supplementary Table S4). However, concentrations were
significantly lower in the overwash sediments compared to the underlying soil
(e.g, 35 - 70 vs. 325 - 905 foraminifera per 5 cm3 respectively at Ma9). The
Haiyan assemblage in trench samples was dominated by planktic foraminifera
(up to 87%), with agglutinated mangrove species found at the lower and upper
contacts of the deposit. The taphonomic assemblage of the overwash sediments
within trench sections was dominated by unaltered individuals (e.g., 50 - 69% of
the assemblage at Ma4), but did not show any relationship with depth. Test size
showed a relationship with depth at trench Ma4, where larger foraminifera
(>250 pm) were concentrated at the base of the overwash sediments (66% large

at the base vs. 30% large at the top).

Cluster analysis

We used PAM cluster analysis to classify the microfossil signature of the
overwash sediments and to assess lateral changes in the foraminiferal (relative
abundance, total concentration, taxonomy, taphonomy, and test size) and testate
amoebae data. PAM cluster analysis distinguished Haiyan sediments from the
underlying soil (Fig. 6a). Cluster Al (average silhouette width = 0.005) generally
consisted of Haiyan sediments that are composed of calcareous foraminifera (5 -
6320 foraminifera per 5 cm3); whereas cluster A2 (average silhouette width =
0.737) contained only underlying soil samples that were generally devoid of
calcareous foraminifera. The underlying soils at Ba13, 14, and 18 clustered in Al
due to the presence of low abundances of calcareous foraminifera, which are

common in Haiyan sediments (45 - 6320 foraminifera per 5 cm3 at Ba).

PAM cluster analysis recognized two clusters corresponding to the
overwash sediments derived from the mixed-carbonate environment of Basey
(cluster B1) and the three clastic (cluster B2) transects from Tanauan (Fig. 6b).

Cluster B1 (average silhouette width = 0.232) consists exclusively of Basey
15



429
430
431
432
433
434
435
436
437

438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456

457

samples, which have high concentrations of calcareous foraminifera (45 - 6320
foraminifera per 5 cm3) that were variably abraded and unaltered (19 - 66% and
26 - 64% respectively). Cluster B2 (average silhouette width = 0.140) generally
contained only Haiyan sediments derived from the clastic coastline near
Tanauan. These samples are characterized by lower concentrations of
calcareous foraminifera (5 - 80 foraminifera per 5 cm3) that were generally
more unaltered (e.g., 20 - 82% at Ma) than those from cluster B1. The Haiyan
sediments in Bal, Ba2, and Ba12 clustered in B2 because of higher abundances of

testate amoebae (63%, 35%, and 30% respectively).

Two clusters within the overwash sediments at Basey (Ba) were defined
based on their distance along the transect (Fig. 6c). Cluster C1 (average
silhouette width = 0.261) corresponds to stations within 140 m of the shoreline,
and cluster C2 (average silhouette width = 0.414) corresponds to samples from
distances ranging from 160 - 340 m. The clusters were generally defined by the
presence of testate amoebae (0 testate amoebae per 5 cm3 in C1 vs. up to 535 per
5 cm3 in C2), and small foraminifera (29 - 57% (average = 41%) in C1 vs. 39 -
100% (average = 82%) in C2). PAM cluster analysis of the three Tanauan
transects (Sc, So, and Ma) produced two clusters: D1 (average silhouette width =
0.040) corresponding to stations within 180 m of the shoreline, and D2 (average
silhouette width = 0.350), corresponding to distances ranging from 400 to 1540
m (Fig. 6d). The overwash sediments at stations in cluster D1 are characterized
by the presence of agglutinated foraminifera (up to 97 individuals per 5 cm3), the
absence or low abundance of testate amoebae (absent except at Ma9 where, up
to 15 individuals of Centropyxis spp. were found), and large foraminifera (39 -
66%; average = 53%). In contrast, the overwash sediments at stations in cluster
D2 are characterized by a paucity of agglutinated foraminifera, higher
concentrations of testate amoebae (10 - 440 testate amoebae per 5 cm3), and

higher abundances of small foraminifera (37 - 86%; average = 64%).
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6. Microfossil characteristics of the Haiyan overwash sediments

The sediments deposited by Typhoon Haiyan on coastlines of the Leyte
Gulf were discriminated from underlying sediments (e.g., clusters A1 and A2 on
Fig. 6a) based on the presence of intertidal and subtidal benthic, and planktic
foraminifera. At three of the four sites (Basey, Santa Cruz, and Solano),
calcareous species were the main constituents of the foraminiferal assemblage
(up to 6320 foraminifera per 5 cm3), but were generally absent in underlying
soils. This was especially clear with samples collected from the Tanauan
transects where there was a paucity of calcareous foraminifera in underlying
soils (except at Ma4), but up to 97 individuals per 5 cm3 in the overwash
sediments. This trend is in agreement with other studies that have documented
overwash sediments in coastal settings and have found influxes and increased
diversity of marine foraminifera within storm deposits (Hippensteel and Martin,

1999; Cochran et al., 2005; Hawkes and Horton, 2012).

Although the Haiyan overwash sediments could be easily discriminated
from the underlying soils at all sites, the contrasting environments between
Basey and the Tanauan transects resulted in differing microfossil assemblages
and two distinct PAM-defined clusters (B1: Haiyan overwash sediments from
Basey, B2: Haiyan overwash sediments from Tanauan; Fig. 6b). For example, in
the Tanauan transects (Sc, So, and Ma), the foraminiferal assemblage consists of
35 - 100% calcareous species, with A. parkinsoniana and planktics dominating
(at Ma, up to 57% and 87% respectively). At Basey (Ba), a protected carbonate
tidal flat, the overwash sediments contained abundant and diverse foraminifera
that are exclusively calcareous and include typical intertidal (e.g, A.
parkinsoniana, A. tepida), subtidal (e.g., Cibicides sp. Pararotalia sp.), and
planktic species. Mixed assemblages, containing nearshore benthics as well as
offshore planktics, have been reported in association with storm and tsunami
sediments (e.g.,, Dahanayake and Kulasena, 2008; Uchida et al., 2010; Hawkes
and Horton, 2012; Pilarczyk et al., 2012). For example, Uchida et al. (2010)

found a mixture of shallow- (0 - 30 m water depth) and deep-dwelling (>170 m
17
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water depth) benthics, and planktic foraminifera within tsunami sediments from
Japan. Similarly, overwash sediments associated with the 2004 Indian Ocean
tsunami were composed of a mixed foraminiferal assemblage containing shallow
intertidal, nearshore, and planktic taxa (Nagendra et al.,, 2005; Hawkes et al,,
2007). At all sample locations, planktic species are a main constituent of the
Haiyan overwash sediments, with highest abundances found in Haiyan
sediments from Tanauan (e.g., up to 87% at Ma). Planktic foraminifera are
commonly found in overwash sediments and have previously been used to
identify and interpret storm deposits (e.g., Hippensteel and Martin, 1999;
Hawkes and Horton, 2012). The presence of planktic foraminifera up to the
landward limit of the overwash sediments may be related to their small size and
chamber arrangement, which is designed for floatation in the water column

(BouDagher-Fadel et al., 1997).

In addition to influxes of calcareous foraminifera, the Haiyan overwash
sediments could be identified by the presence of intertidal agglutinated species
(up to 97 per 5 cm3) at Magay. Agglutinated intertidal foraminifera (e.g., E.
macrescens, M. fusca, and T. inflata), characteristic of salt marsh and mangrove
environments (Culver, 1990; Woodroffe et al., 2005), were sourced from the
soils underlying the Nypa forest and incorporated into the overwash sediments
at Magay. Agglutinated mangrove foraminifera, such as those found within the
Haiyan overwash sediments, have also been found in association with tsunami
sediments elsewhere (Onuki et al,, 1961; Nagendra et al., 2005; Hawkes et al,,
2007) and indicate scour of coastal sediments by large waves. In trench
sections, the concentration of agglutinated taxa within the overwash sediments
peaked in the upper 1 cm, possibly indicating rapid recolonization of

foraminifera following the typhoon (Horton et al., 2009).

Although testate amoebae have been used to identify freshwater
environments (e.g., Charman, 2001, Scott et al., 2001), they have not been used
to distinguish overwash sediments. Within our study area, testate amoebae are

abundant in underlying rice field soils (up to 11,475 individuals per 5 cm3),
18
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ponds (up to 1250 individuals per 5 cm3), and grassy areas (up to 280
individuals per 5 cm?3), with coconut groves being nearly devoid of them. Taxa
such as Difflugia spp. and Centropyxis spp. were a component of the Haiyan
assemblage at locations where the underlying soil contained abundant testate
amoebae (e.g., Bal - Ba4, Bal0 - Bal2; Fig. 3a,b). Species of Difflugia are
common in sediments from freshwater environments such as lakes, bogs, and
ponds (Medioli and Scott, 1983). Species of Centropyxis often have a higher
salinity tolerance and their ecological niche spans both freshwater and brackish
environments (e.g, Scott et al., 2001). In general, Difflugia spp. dominated inland
rice field soils at our sites. Abundances of Centropyxis spp. increased in grassy
soils and pond sediments that were located closer to the coastline and influenced

by periodic marine inundation and salt spray.

Calcareous foraminifera within the overwash sediments were generally
larger in size (up to 71% of the assemblage was >250um) compared to those
from the underlying soils. The size of individual foraminifera can be used to
assess the transport history of coastal sediments (e.g., Li et al., 1998; Yordanova
and Hohenegger, 2007; Pilarczyk and Reinhardt, 2012). This technique has
recently been applied to overwash sediments (e.g., Hawkes et al.,, 2007; Uchida et
al,, 2010) on the basis that test size, similar to sediment grain size, is an indicator

of change in energy and distance of transport (e.g., Weiss, 2008).

Changes in the abundance of large and small test sizes contributed to
defining two clusters corresponding to distance from the shoreline (Fig. 6¢, d).
In general, the test size of calcareous foraminifera within the overwash
sediments varied with distance inland. This trend was most pronounced at
Basey where an assemblage shift from large tests (>250 pum) to small tests
occurred at ~150 m (Fig. 3; Supplementary Table S1). Similarly, test size
decreased with increasing distance inland at Solano and Magay (Figs. 4, 5;
Supplementary Tables S2- S4). For example, the assemblage decreased from
56% large foraminifera closest to the shoreline at Magay to 14% at the landward

limit of the overwash sediments. This is similar to a study by Pilarczyk et al.
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(2012) that documented a landward decrease in test size within the Tohoku
tsunami sediments from Sendai, Japan. The decrease in test size within the
Tohoku tsunami sediments coincided with the introduction of mud into the sand
deposit, which was a result of the waning energy and sustained pooling of
marine water. At Santa Cruz, test size decreased from 66% closest to the
shoreline to 36% at the most landward extent of the transect. However,
anomalously high abundances of large tests were found at Sc5 - Sc6 (57% and
61% respectively) and may be the result of pooling storm surge water in low-

lying areas within the rice field.

7. Provenance of the Haiyan overwash sediments

Sediments deposited by Typhoon Haiyan on coastlines of the Leyte Gulf
contain microfossils of subtidal, intertidal, and freshwater origin. This is to be
expected, because as typhoons approach a coastline, they erode, transport, and
deposit marine, coastal, and terrigenous sediments (Hawkes and Horton, 2012;
Hippensteel et al., 2013; Pilarczyk et al., 2014). The presence of foraminifera of
intertidal to subtidal origin suggests that a major component of the overwash
sediments was derived from shallow nearshore locations, with the possibility of
a deeper source. For example, at Basey, the overwash sediments were sourced
predominantly from intertidal to subtidal (A. parkinsoniana, A. tepida) sediments
along a protected mixed-carbonate coastline. However, the overwash sediments
also contained up to 13% of unaltered deeper-dwelling (up to 60 m water depth;
Javaux and Scott, 2003) E. repandus, C. tabaensis, and planktics. The presence of
these taxa indicates that the storm surge scoured not only the nearshore, but
also potentially deeper sediments. Deeper-dwelling microfossils have previously
been found in overwash deposits (e.g., Hawkes et al., 2007; Uchida et al., 2010;
Lane et al,, 2011; Sieh et al,, 2015) and assist to understand the sources for both
storm and tsunami sediments. Lane et al. (2011) used offshore surface transects

to assess the species ecology of foraminifera from northwestern Florida to
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estimate a minimum depth of scour by storm for overwash sediments within a
sinkhole. Offshore species of foraminifera have been reported in nearshore
sediments, however, they are typically abraded and corroded and not unaltered
like those found within the Haiyan overwash sediments (e.g., Glenn-Sullivan and

Evans, 2001; Pilarczyk et al., 2011).

Intertidal agglutinated foraminifera (ranging from 0 - 65% of the
assemblage) and testate amoebae (ranging from 0 - 93% of the assemblage)
were also found within the overwash sediments. Due to their extensive habitat
range (Scott et al.,, 2001), which spans intertidal and virtually all inland aquatic
environments (e.g., Charman, 2001), testate amoebae, combined with intertidal
agglutinated foraminifera, can assist to identify storm overwash sediments
because their presence indicates terrestrial scour, transport, and mixing by the
storm surge. For example, Hawkes et al. (2007) used agglutinated mangrove
foraminifera contained within the 2004 Indian Ocean tsunami sediments to

identify backwash.

The taphonomic (or surface) character of individual foraminifera (e.g.,
size and patterns of abrasion, corrosion and fragmentation) has been used to
assess sediment provenance (e.g., Pilarczyk and Reinhardt, 2012) and, when
applied to overwash sediments, can provide insight into depth of scour and size
of event (e.g., Sieh et al, 2015). Storm and tsunami sediments often contain
relatively high abundances of unaltered foraminifera (e.g., Satyanarayama et al.,
2007; Goff et al,, 2011; Pilarczyk et al.,, 2012; Sieh et al,, 2015) because they scour
and deposit marine sediment from protected subtidal locations. Foraminifera
within the Haiyan overwash sediments are predominantly unaltered (e.g., up to
64% at Basey and up to 100% at Solano), suggesting that their main source was
not from an exposed beach or shallow intertidal areas, which would be
dominated by corroded and abraded individuals (Glenn-Sullivan and Evans,
2001; Pilarczyk et al., 2012). In an example from a carbonate reef coastline in
the Philippines, Glenn-Sullivan and Evans (2001) found that abraded

foraminifera were twice as abundant as unaltered individuals in the shallow
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areas (<5 m of water depth). Given the shallow, gently-sloping tidal flat at Basey,
and the high abundances of unaltered foraminifera (up to 64% of the
taphonomic assemblage) within the overwash sediments, the storm surge must
have scoured and transported sediment from farther offshore where water

depths exceed 5 m.

8. Conclusions

In January 2014, two months after Typhoon Haiyan made landfall on the
Philippines, we documented the microfossil assemblages within the resulting
overwash sediments. Foraminiferal assemblages were used to distinguish the
overwash sediments from underlying soils based predominantly on the presence
of calcareous foraminifera such as shallow benthic species and planktics. In
general, underlying soils did not contain calcareous foraminifera, but rather,

were characterized by higher abundances of testate amoebae.

The Haiyan microfossil assemblage also provided information regarding
sediment provenance. PAM cluster analysis subdivided the Haiyan microfossil
dataset into two assemblages based on depositional environment: (1) a low-
energy mixed-carbonate tidal flat located on Samar Island (Basey transect); and
(2) a higher-energy clastic coastline near Tanauan on Leyte Island (Santa Cruz,
Solano, and Magay transects). Testate amoebae (e.g., Centropyxis spp., Difflugia
spp.) and foraminifera (e.g., A. parkinsoniana, A. tepida) contained within
overwash sediments at each of the transects reveal up to three dominant sources
for the overwash sand: terrestrial, intertidal, and subtidal sources. At Basey, we
infer a fourth source, subtidal locations deeper than 5 m, based on the presence
of taphonomically unaltered deeper-dwelling species such as E. repandus, C.
tabaensis, and planktics. The presence of agglutinated mangrove foraminifera
and freshwater testate amoebae within the overwash sediments indicates
scouring, mixing, and transport of terrestrial and brackish intertidal sediments

by the storm surge.
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The addition of taphonomic and test size data confirmed taxonomic
results that indicate a mixed source for the Haiyan overwash sediments. High
abundances of unaltered foraminifera within the overwash sediments suggest
that the main source of sediment was not from exposed intertidal areas, but

rather, from protected subtidal locations in excess of 5 m of water depth.
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Figure captions

Fig. 1. (a) Location map of the Philippines showing track of Typhoon Haiyan
(blue dotted line). Major changes in typhoon intensity are indicated in blue and
are expressed as Saffir-Simpson categories. (b) Map of the Leyte Gulf indicating
location of Tacloban (blue shaded area), transects Ba - Ma, and Typhoon
Haiyan’s track (JTWC, 2014). (c - d) Detailed map of Ba (Basey), Sc (Santa Cruz),
So (Solano), and Ma (Magay) indicating sample locations and major

geomorphological features.

Fig. 2. Scanning Electron Microscope (SEM) images of dominant taxa and
taphonomic characters. All scale bars are equal to 100 um. (1-2) Ammonia
convexa, (3-4) Ammonia parkinsoniana, (5-6) Ammonia tepida, (7) Elphidium
striatopunctatum, (8) Pararotalia sp., (9) Trochammina inflata, (10) Entzia
macrescens, (11) Centropyxis spp., (12) Difflugia spp. Taphonomic states of
Ammonia: unaltered (13), abraded (14-15), and fragmented (16).

Fig. 3. Changes in the microfossil assemblage with increasing distance inland for
Ba (Basey). (a) Elevation profile indicating major geomorphological features,
location of sample sites (black circle), and thickness of the overwash sediments.
(b) Presence vs. absence of testate amoebae and foraminifera (calcareous and

agglutinated) for each sample location. (c) Concentration of foraminifera per 5
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cm3. (d - e) Relative abundances of dominant foraminiferal species within the
overwash sediments. (f) Taphonomic condition of calcareous foraminifera. An
individual foraminifera can be both abraded and fragmented. (g) Abundances of
small and large tests within the overwash sediments. Bar graphs are stacked

histograms.

Fig. 4. Changes in the microfossil assemblage with increasing distance inland for
(a) Sc (Santa Cruz) and (b) So (Solano). (i) Elevation schematic indicating major
geomorphological features, location of sample sites (black circle), and thickness
of the overwash sediments. (ii) Presence vs. absence of testate amoebae and
foraminifera (calcareous and agglutinated) for each sample location. (iii)
Concentration of foraminifera per 5 cm3. (iv - v) Relative abundances of
dominant foraminiferal species within the overwash sediments. (vi)
Taphonomic condition of calcareous foraminifera. An individual foraminifera
can be both abraded and fragmented. (vii) Abundances of small and large tests

within the overwash sediments. Bar graphs are stacked histograms.

Fig. 5. (a) Changes in the microfossil assemblage with increasing distance inland
for Ma (Magay). (i) Elevation schematic indicating major geomorphic features,
locations of surface (black circle) and trench (thick black line) sample sites, and
thickness of the overwash sediments. (ii) Presence vs. absence of testate
amoebae and foraminifera (calcareous and agglutinated) for each sample
location. (iii) Concentration of foraminifera per 5 cm3. (iv) Relative abundances
of dominant foraminiferal species within the overwash sediments. (v)
Taphonomic condition of calcareous foraminifera. An individual foraminifera
can be both abraded and fragmented. (vi) Abundances of small and large tests
within the overwash sediments. The spatial gap between Ma9 and Mal0
corresponds to the village boundary where storm sediments accumulated over
paved surfaces, but did not preserve (b) Trench sections (Ma4, Ma6, and Ma9) in
the Nypa forest. Bar graphs are stacked histograms.
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Fig. 6. Results of PAM cluster analysis indicating average silhouette width of
clustered data. For each scenario, two clusters produced the highest average
silhouette width (indicated by dashed vertical line) indicating the data can be
reliably divided into two clusters. (a) Discriminating between the overwash
sediments and underlying sedimentary layer. Overwash sediment samples are
indicated in yellow and underlying “pre-storm” sediments are indicated in
brown. (b) Distinguishing between the overwash sediments at a mixed-
carbonate site (Ba) and a clastic site (Sc, So, and Ma). Distance controlled
clusters within overwash sediments at Ba (c) and the Tanauan transects (d).

Distances from the shoreline for each cluster are indicated.
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Figure 4

a) Santa Cruz transect (Sc) b) Solano transect (So)
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Figure 5

a) Magay transect (Ma)
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