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Abstract 10	

 11	
Seasonal climate variability can affect the availability of food, water, shelter and raw 12	
materials. Therefore, robust assessments of relationships between environmental change and 13	
changes in human behaviour require an understanding of climate and environment at a 14	
seasonal scale. In recent years, many advances have been made in obtaining seasonally-15	
resolved and seasonally-focused palaeoenvironmental data from proxy records. If these proxy 16	
records are obtained from archaeological sites, they offer a unique opportunity to reconstruct 17	
local climate variations that can be spatially and temporally related to human activity. 18	
Furthermore, the analysis of various floral and faunal remains within archaeological sites 19	
enables reconstruction of seasonal resource use and subsistence patterns. This paper provides 20	
an overview of the growing body of research on seasonal palaeoenvironmental records and 21	
resource use from archaeological contexts as well as providing an introduction to a special 22	
issue on the same topic. This special issue of Journal of Archaeological Science Reports 23	
brings together some of the latest research on generating seasonal-resolution and seasonally-24	
focused palaeoenvironmental records from archaeological sites as a means to assessing 25	
human-environment interaction. The papers presented here include studies on archaeological 26	
mollusc shells, otoliths, bones and plant remains using geochemical proxies including stable 27	
isotopes (δ18O, δ13C, δ15N) and trace elements (Mg/Ca). The geographical scope encompasses 28	
parts of Europe, North America and the Levant, whilst temporally the studies range from 29	
Palaeolithic to historical times.  30	
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1. Climate and seasonality 36	
 37	

Anthropogenic climate and environmental change is one of the most pressing issues in 38	
today’s world, yet our understanding of how human-induced environmental change fits into 39	
the Earth’s pre-industrial, natural climate variability is limited by the shortness of the 40	
instrumental record. Instrumental records of past climate rarely extend beyond AD 1860 41	
(Jones et al., 2001; 2009), yet many modes of climate variability operate on decadal to 42	
millennial timescales. Therefore, knowledge of past climate variability over longer timescales 43	
is essential to better understand the mode, scale and periodicity of natural climate variability 44	
and to establish a longer-term context from which to understand and interpret anthropogenic 45	
climate change. We can reconstruct climatic and environmental conditions prior to the 46	
instrumental record by analysing proxies preserved within palaeoenvironmental archives. It is 47	
essential to develop a broad range of proxy records of climatic and environmental change to 48	
enable an understanding of patterns of past climate and environmental change at various 49	
spatial and temporal scales (IPCC, 2013). Such data provide a framework of past changes, 50	
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offer baselines for environmental monitoring, and provide data that can be used in climate 51	
modelling scenarios to better predict anthropogenic impacts on the natural climate system 52	
(McCarroll, 2010; Schmidt et al. 2014; IPCC, 2013). 53	
 54	
Understanding seasonal variations in climate is of fundamental importance for understanding 55	
the dynamics of the Earth’s system as a whole (Luterbacher et al. 2004; Denton et al., 2005). 56	
Climate seasonality significantly influences mean climate and in many components of the 57	
climate systems, summer and winter variability can differ significantly. For example, 58	
instrumental data since 1861 in the northern hemisphere show increases in winter air 59	
temperature during the 20th century of ∼0.8˚C whereas summer temperatures only increased 60	
by ∼0.4˚C (Jones, 2001; Jones et al., 1999). In the past, these variations may have been more 61	
extreme. Additionally, the operation of many climate modes such as the North Atlantic 62	
Oscillation (NAO) is weighted towards a single season. However, many of the most widely 63	
studied palaeoenvironmental archives such as ice cores, marine sediment cores and lake cores 64	
generally only provide annual or lower resolution palaeoenvironmental proxies. Whilst these 65	
records enable an understanding of climate at the broader scale, their resolution is often too 66	
low to allow validation with instrumental data (Rutherford et al., 2005).  67	
 68	
Seasonally resolved palaeoclimate records enable a better understanding of the intricacies of 69	
the climate system, yet, there are comparatively few archives that capture the full range of 70	
seasonal variation (Denton et al., 2005; Ferguson et al., 2011; Prendergast et al. 2016a; 71	
2017). Speleothems and tree-rings can offer continuous terrestrial records at seasonal 72	
resolution (e.g. Abram et al. 2013; Orland et al. 2014; Wong and Breecker 2015; McCarroll 73	
and Loader, 2004), whilst archives such as terrestrial gastropods, pollen, microfauna and 74	
insects may provide seasonally weighted proxies of the terrestrial system (Colonese et al. 75	
2007, 2013; Ngomanda et al. 2009; Mignino et al. 2018; Prendergast et al. 2016b; Yanes et 76	
al. 2009, 2014). Corals (e.g. Gagan et al. 2000; Cobb et al., 2003, 2013; Tierney et al. 2015) 77	
and coralline red algae (Halfar et al., 2008, 2011; Kamenos et al., 2008; Herzinger et al. 78	
2009; 2011) can capture long, continuous records of marine seasonal variability, however, 79	
their growth is generally restricted to tropical waters. Other biogenic proxies such as bivalve 80	
shells (e.g. Goodwin et al., 2003; Grossman and Ku, 1986; Schöne et al., 2004, 2005; 81	
Versteegh et al. 2012), gastropod shells (e.g. Mannino et al. 2003, 2008; Schöne et al. 2007; 82	
Burman and Passe 2008; Surge & Barrett 2012; Wang et al. 2012; Prendergast et al. 2013; 83	
Prendergast & Schöne 2017), and fish otoliths (e.g. Müller et al., 2015; Surge and Walker, 84	
2005; Disspain et al. 2011) can provide high-resolution internally temporally well-85	
constrained palaeoenvironmental archives from aquatic ecosystems in both tropical and 86	
temperate regions. However, they offer only short time windows of climate reconstruction 87	
based on the longevity of the organisms from years to decades and occasionally, centuries 88	
(Schöne 2008). Other aquatic archives such as alkenones and ostracods may offer weighted-89	
seasonal reconstructions, generally biased towards either summer or winter reconstructions 90	
(Börner et al. 2013; Prahl et al. 2001; Timmerman et al. 2014).  91	
 92	
2. Seasonal records and human activity 93	
Understanding seasonal variability is of fundamental importance to reconstructing human-94	
environment interactions. Seasonal changes in climate and environment play a critical role in 95	
the interplay between humans and their environment. Changes in seasonality can affect the 96	
timing and availability of resources including food, water, shelter and raw materials. Many 97	
studies of human-environment interaction use regional-scale climate records or climate 98	
records that may be tens to hundreds of kilometres away from the archaeological sites used to 99	
reconstruct behavioural changes. The application of such records to understand human-100	
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environment interaction can be problematic because local climatic conditions may not 101	
necessarily mirror regional-scale changes and environments may change dramatically over 102	
kilometer scales due to factors such as local topographic changes. Furthermore, many 103	
regional-scale records of past climate have decadal to millennial resolution at best, whereas 104	
humans primarily respond to climate on seasonal to annual timescales (Denton et al. 2005; 105	
Shea et al. 2008; Prendergast et al. 2016b; Roberts et al. 2016). Robust assessments of the 106	
impact of climate change on human behaviour therefore require knowledge of climate at both 107	
local and seasonal scales. The best way to ensure that palaeoenvironmental records directly 108	
relate to human behavioural records is to get them directly from archaeological sites from 109	
which the human behavioural changes are interpreted. 110	
 111	
Seasonal information can be obtained from various biological material types routinely 112	
preserved in archaeological sites. Faunal material, such as mollusc shells, otoliths and 113	
mammalian skeletal elements, accumulated in archaeological deposits as a result of hunting 114	
and foraging activities, can provide insights into palaeoenvironments and seasonal site use, 115	
through traditional zooarchaeological studies and geochemical analyses. Meanwhile, 116	
macrobotanical and pollen remains, incorporated into archaeological sediments, can offer 117	
insights into seasonal temperature or precipitation variations and the length of growing 118	
seasons. 119	
 120	
Geochemical and growth pattern signatures from biogenic carbonates are being increasingly 121	
employed to understand seasonal palaeoenvironmental variability and resource use from 122	
archaeological sites (Prendergast et al. 2017). Mollusc shells, fish otoliths and faunal teeth in 123	
particular are routinely preserved in the archaeological record. Many archaeological sites 124	
contain freshwater, marine, terrestrial and estuarine mollusc shells, and freshwater, marine, 125	
and estuarine otoliths likely to be refuse from foraging and fishing activities (Andrus 2011; 126	
Colonese et al. 2011; Prendergast and Stevens 2014; Disspain et al. 2016; Twaddle et al. 127	
2016), and faunal teeth and antler likely to be the result of hunting activities (Hillson, 2005; 128	
Pryor et al. 2016; Reade et al 2016, 2018; Pilaar-Birch et al 2016; Stevens and O’Connell 129	
2016). These archives are particularly relevant to reconstructing human-environment 130	
interaction as their presence in archaeological sites is generally the result of foraging, fishing, 131	
and hunting activities (thus live-collection). Therefore, these archives can provide local 132	
palaeoenvironmental records that can be directly linked both spatially and temporally to 133	
records of human habitation and behaviour. Such data are crucial for generating robust data 134	
on human-environment interaction (Prendergast and Stevens 2014; Prendergast et al. 2016b). 135	
Biogenic carbonates also offer the additional advantage that they can be directly dated using 136	
methods such as radiocarbon (e.g. Magnani et al. 2007; Butler et al. 2009a; Reimer 2015; 137	
Bosch et al. 2015b; Hill et al. 2017), U-Th series (e.g. Magnani et al. 2007; Rowe et al. 138	
2015), or amino acid racemisation (e.g. Murray-Wallace et al. 2005; Demarchi et al. 2015). 139	
This allows the reconstruction of high resolution, time-series of palaeoenvironmental change.  140	
 141	
The incremental growth structures in many biogenic carbonate proxy archives such as 142	
mollusc shells, otoliths and teeth enable the reconstruction of chronologically-constrained, 143	
high-resolution records of palaeoenvironmental variability (Prendergast et al. 2017). The 144	
study of the structure and chemistry of the incrementally deposited hard parts of organisms is 145	
known as sclerochronology. This field has expanded exponentially in the past few decades 146	
(see Schöne and Surge, 2005; Gröcke and Gillikin, 2008; Oschmann, 2009; Wanamaker et 147	
al., 2011; Schöne and Gillikin 2013; Butler and Schöne 2017; Prendergast et al. 2017 for 148	
recent overviews). The time span and resolution that can be obtained for palaeoenvironmental 149	
records from sequentially deposited biogenic carbonates depends upon on the sampling 150	
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method used, and the growth rates and longevity of the organism (Schöne 2008). Physical 151	
and chemical analyses of the annual, and in some cases, fortnightly and daily increments 152	
allow the reconstruction of chronologically constrained records of palaeoenvironmental 153	
variability at unparalleled high temporal resolutions.  154	
 155	
Shelled bivalve and gastropod molluscs have been consumed by humans all over the world 156	
from Palaeolithic to recent times (Colonese et al. 2011; Twaddle et al. 2016). They can 157	
provide records of palaeoenvironmental change stretching over tens of thousands of years. 158	
Such records are particularly important in coastal regions where sea level changes may have 159	
obscured coastal records of human habitation and environmental change (Gutiérrez-Zugasti 160	
et al. 2016). These archives can cover both tropical and temperate regions in both the 161	
northern and southern hemispheres and allow reconstructions from terrestrial, marine, 162	
freshwater, and estuarine palaeoenvironments. They therefore offer the opportunity for high-163	
resolution palaeoenvironmental reconstructions across many time intervals, all over the globe 164	
(see Andrus 2011; Prendergast and Stevens 2014; Leng and Lewis 2015; Thomas 2015; and 165	
Twaddle et al. 2016; Butler and Schöne 2017; Prendergast et al. 2017 for recent reviews). 166	
The analysis of mollusc shells for palaeoenvironmental reconstruction has been growing 167	
steadily over the last couple of decades (Butler and Schöne 2017). Additionally, by analysing 168	
the pattern of geochemical variation in the terminal growth increments of archaeological 169	
mollusc shells, the season in which the shellfish were foraged can be determined. Combining 170	
such data with other archaeological subsistence data enables a more complete picture of site 171	
use patterns (e.g. Helama & Hood 2011; Mannino et al. 2007; Burchell et al. 2013; Jew and 172	
Fitzpatrick 2015; Prendergast et al. 2016a; Hausmann and Meredith-Williams 2016). 173	
 174	
Otoliths are small calcium carbonate structures found in the inner ear of teleost fish (Popper 175	
and Fay 2011). Otoliths have been used to determine the seasonality of archaeological site 176	
occupation and palaeoenvironmental conditions in both the northern and southern 177	
hemispheres (Higham and Horn 2000; Hufthammer et al. 2010). Although preservation in the 178	
archaeological record can be quite variable they can provide important seasonal 179	
palaeoenvironmental information. At some archaeological sites, only a few otoliths may be 180	
recovered, whereas at others large assemblages from multiple species may be present (Gabriel 181	
et al. 2012; Scartascini and Volpedo, 2013). Their aragonite structure makes them more 182	
susceptible to diagenesis than bone in certain burial contexts (Disspan et al. 2016).  Otoliths 183	
can provide several lines of seasonality evidence. First, as many species of fish move 184	
seasonally, the presence of otolith of a specific species at an archaeological site shows that 185	
people were exploited those species at a particular time of the year. The absence of certain 186	
species could however, be due to human choice rather them not being available for 187	
exploitation. Second, growth bands in the aragonite structure of the otoliths of temperate 188	
species coincide with seasonal variations in environmental conditions. Thus, the season of 189	
death and exploitation by humans can be established through examining a cross section of the 190	
otolith and recording whether the growth lines at the outer edge represent the faster growing 191	
warm season or slower growing cool season (Disspain et al. 2016). Third, geochemical 192	
analyses such as trace-element and stable isotope analysis of growth increments can be used 193	
to provide information on the seasonal changes in environmental conditions during the fish’s 194	
life and the season of fish exploitation (Andrus et al. 2002; Hufthammer et al. 2010; 195	
Scartascini et al. 2014). Furthermore, advances in high-resolution sampling and in situ 196	
analyses are enabling high resolution isotope profiles to be constructed which provide very 197	
detailed palaeoenvironmental data (Aubert et al. 2012, Disspain et al. 2016).  198	
 199	
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Teeth are readily preserved in the archaeological record due to the high crystallinity and low 200	
porosity of enamel hydroxyapatite (Hllison, 2005; LeGeros, 1991), thus offering the 201	
opportunity to extract seasonal data from a multitude of locations and time periods (e.g. 202	
Balasse et al., 2003; Julien et al., 2012; Hartman et al., 2016; Sharma et al., 2004). The 203	
application of stable isotope analysis to enamel (δ18O and δ13C) and dentine (δ13C and δ15N) 204	
provides seasonal data spatially resolved to the animal’s home range, related to seasonal 205	
variations in temperature, rainfall, landscape use, vegetation cover, resource competition, and 206	
in the case of domesticated animals, human-controlled management practices (e.g. Feranec et 207	
al., 2009; Makarewicz, 2017; Nelson, 2005). These archives can therefore provide seasonal 208	
climatic and environmental data at spatial-scales relevant to understanding seasonal 209	
landscape use and resource exploitation by past human populations. However, understanding 210	
the complex, often species-specific tooth formation processes, is key to the interpretation of 211	
these geochemical signals and to the development of appropriate sampling strategies. There is 212	
an ever-growing body of work that is contributing to this area of research (e.g. Bendrey et al., 213	
2015; Blumenthal et al., 2014; Guiry et al., 2016; Reade et al., 2015; Trayler and Kohn, 2017; 214	
Zazzo et al., 2005; 2012). While the geochemical signatures of enamel and dentine are set 215	
during the process of tooth growth, which occurs in early life, dental cementum can provide 216	
additional end-of-life information. Cementum incremental analysis, or cementochronology, 217	
uses the cyclic variations of cementum deposition to provide season of death and age 218	
estimations, offering a further proxy to explore the seasonality of human resource 219	
exploitation (e.g. Pryor et al. 2016; Jones, 2012; Niven et al., 2012; Schmaus et al., 2018). 220	
 221	
Animal bones can provide information on season of animal exploitation and animal 222	
management patterns. The presences of animals such as geese and duck, which migrate 223	
seasonally, provide evidence that people used an archaeological site at a particular time of the 224	
year (Serjeantson 1998; Yeomans and Richter 2018). Age estimate and season of death data 225	
can be obtained from foetal bone length, the sequence of epiphyseal fusion of bones, antler 226	
casting, tooth eruption sequences, crown height and tooth wear (Carden and Hayden 2015; 227	
Speiss 1979; Aaris-Sørensen et al. 2007; Greenfield et al. 2015). Individually these methods 228	
have their limitations, for example the epiphyseal fusion of bones does not provide a 229	
continuous record of growth once adulthood is achieved (Greenfield et al. 2015). 230	
Collectively, however, these techniques can build up a picture seasonality of human resource 231	
exploitation at specific sites, and more broadly of human presence or movement within a 232	
landscape. Nevertheless season of death determinations rely on the assumption that the 233	
timing of conception and birth, and rates of development were the same in past animal 234	
populations as today. This may or may not have been the case for wild animals, and in 235	
domestic animals season of birth is often manipulated by humans in order to extend the 236	
duration of availability of animal resources such as milk and meat (Balasse et al. 2017). 237	
 238	
Human and animal hair are formed of the protein keratin. Preservation of hair is best in very 239	
arid locations or cool, permafrost environments, and so the recovery of hair from 240	
archaeological settings is more limited than skeletal remains. Yet where hair is present its 241	
geochemical signatures can provide very high-resolution seasonal data as hair grows rapidly 242	
and does not remodel. Mammal hair growth patterns vary between species. Some have cycles 243	
of synchronous hair growth followed by seasonal molting, whereas others such as humans 244	
have a mosaic pattern of hair growth where different follicles are at different stages of the 245	
hair growth cycle (Thompson et al. 2015). Carbon, nitrogen, sulphur, oxygen and hydrogen 246	
isotopes analyses of sequential hair samples of ancient humans and animals can provide 247	
evidence for seasonal changes in diet, mobility, physiological state and climate (O’Connell 248	
and Hedges 1999; Iacumin et al. 2005; Williams et al 2011; Williams and Katzenberg 2012; 249	
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d’Ortenzio et al 2015, Britton et al. 2018). However, determining the geographical 250	
movements of an individual or climate variations through stable isotope analysis of hair can 251	
be confounded by a number of factors. These include differential incorporation of different 252	
elements such as oxygen and hydrogen, and differing seasonal variability in isotope 253	
signatures between locations (Reynard et al. 2015). 254	
 255	
 Various floral proxies are available for investigating seasonality of past human 256	
activities (Dark 2004). Palynological data may be recovered from contexts ranging from lake 257	
sediments (Kealhofer and Penny 1998) to coprolite samples (Reinhard and Bryant 1992; 258	
Shahack-Gross 2011) and can provide reconstructions of changing temperature and 259	
precipitation seasonality based on the changing vegetation composition through time (Peyron 260	
et al. 2011). Meanwhile, size variations in annual growth rings in woody taxa have been 261	
widely studied for decades for dendrochronological dating purposes (Schweingruber 1989), 262	
yet growth rings also encode useful information concerning seasonality in the proportion of 263	
early and late wood in each growth ring (Hughes et al. 2002; Marguerie and Hunot 2007). 264	
Alongside dendrochronological applications, growth features in wood and charcoal have 265	
therefore been used for seasonal palaeoclimatic reconstruction (Beresford-Jones et al. 2011) 266	
and understanding seasonal human activity via reconstructing the felling season of wood 267	
(Rocek 1988; Eckstein 2007). Analysis of carbon isotope ratios in fresh and charred plant 268	
remains has also been successfully applied in non-archaeological situations to recover useful 269	
palaeoenvironmental information (see review in McCarrol and Loader 2004; Bégin et al. 270	
2015), and less commonly to plant remains in archaeological contexts (Voltas et al. 2008; 271	
Hall et al. 2008).  272	
 273	
 274	
3. The papers in this special issue 275	
 276	
This special issue brings together some of the latest research on seasonal records from 277	
archaeological sites. Methodologically, this special issue encompasses geochemical 278	
approaches (stable isotopes, trace elements) as well as growth increment analyses. Some of 279	
the papers provide traditional palaeoenvironmental and palaeoseasonality reconstructions, 280	
whilst others offer more novel applications including the determination of collection 281	
environments. Geographically, the papers cover many regions of the northern hemisphere 282	
including North America, Europe and the Levant. The temporal scope of the studies ranges 283	
from Palaeolithic to historic times. The archives include mollusc shells, otoliths, plants and 284	
animal bones and the environmental proxies include δ18O, δ13C, δ15N, Mg/Ca, and growth 285	
increment analyses. This special issue stems from a session entitled “Seasonal 286	
palaeoenvironmental records from archaeological sites” held at the XIX INQUA Congress in 287	
Japan. The session attracted a wide range of presentations, some of which are included in this 288	
special issue, with additional papers arising from an open call for submissions. The papers in 289	
this special issue have been organised based on the environmental archives analysed. The 290	
first three papers focus on mollusc shell geochemistry (Bosch et al. 2018, this issue; Burchell 291	
et al. 2018 this issue; Mouchi et al. 2018, this issue). The next paper focuses on otoliths 292	
(Hesler et al. 2018, this issue); whilst the final two papers focus on bones and plants 293	
(Shishlina et al. 2018, this issue) and bones (Carlson et al. 2018, this issue). 294	
 295	
The first paper in this special issue (Bosch et al., 2018, this issue) uses δ18O analysis of 296	
marine gastropods to investigate the seasonality of shellfish exploitation during the 297	
Palaeolithic in the Levant. They focus on the archaeological assemblage from Ksâr ‘Akil, 298	
revealing year-round use of shellfish resources throughout most of the Upper Palaeolithic, 299	



	 7	

and use this data both as a proxy from the timing of site occupation and in the discussion of 300	
seasonal resource exploitation strategies. 301	
 302	
Burchell et al. (2018, this issue) reconstruct seasonality of shellfish consumption at an Inuit 303	
campsite in southern Labrador using stable oxygen isotope analysis of mussel shells. Their 304	
study includes some valuable method development work comparing two different methods 305	
for assessing season of death in mussel shells, namely stable isotopes versus seasonal growth 306	
line markers based on colour bands in the shell. Their results show that high-resolution 307	
isotopic sampling produces the most reliable indicator of season-of-death and thus harvesting 308	
seasonality, while the growth marker method failed to produce clear or consistent data and 309	
was often inaccurate for the mussel species they analysed. This is despite the fact that colour 310	
is a reliable method in other shellfish species in other parts of the world.  311	
 312	
Seasonal to sub-seasonal resolution analyses of biogenic carbonates from samples such as 313	
mollusc shells and mammalian teeth are useful for distinguishing the different types of 314	
environments these were collected from by ancient human foragers (e.g. Andrus et al. 2012). 315	
This has the potential to provide an extra layer of detail in the foraging practices of ancient 316	
humans. In this issue, Mouchi et al. (2018, this issue) use high-resolution Mg/Ca and stable 317	
isotope analyses from oyster shells (Ostrea edulis) to provide information on the 318	
environments in which the shells grew. They provide constraints on the environment of 319	
collection of oyster shells from Gallo-Roman sites in France. 320	
 321	
Geochemical analyses of otoliths are being increasingly used to obtain palaeoenvironmental 322	
records from archaeological sites (e.g. Disspain et al., 2011; 2016). Helser et al. (2018, this 323	
issue) report seasonally-resolved, high resolution measurements of δ18O in modern and 324	
archaeological Pacific cod otoliths recovered from the Pacific coast of Alaska. They quantify 325	
the relationship between seawater temperature and otolith aragonite δ18O in the modern 326	
samples. They then use this relationship to predict the themography of fish life history, 327	
enabling estimates of nearshore water temperature for the last 200 years. Their 328	
reconstructions indicate significant cooling of ocean waters during the Little Ice Age c. 1810 329	
to 1880, followed by a period of warming over the last 100 years. Helser et al. conclude by 330	
linking these changes to cultural transitions and altered settlement patterns visible in the 331	
archaeological record of coastal communities. 332	
 333	
The impact of seasonal extremes in climatic parameters including temperature and 334	
precipitation amount on the isotopic composition of tissues averaged over long time periods 335	
is becoming ever-more widely appreciated when interpreting datasets. In another 336	
demonstration of this, Shishlina et al. (2018, this issue) combine archaeological and 337	
contemporary data to demonstrate the effects of increased seasonality and particularly 338	
summer aridity on δ13C and δ15N values of plants and animals in the Bronze and Early Iron 339	
Ages of the North Caucasus and south Russian Plain. Variations in the isotopic compositions 340	
of contemporary plants between 2006-2015 are linked with changes in summer temperatures 341	
showing a particular increase in δ15N values in hotter summers. The impact on drought-342	
intolerant pasture-fed sheep is then presented and the results applied to refine the 343	
interpretation of seasonal grazing practises observed among the archaeological pastoral 344	
communities.  345	
 346	
Finally, Carlson et al. (2018, this issue) use analyses of bison bone as a proxy for 347	
environmental change during the Younger Dryas. They found a latitudinal grade of climate 348	
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intensity occurred across their study area and surmised that droughts occurred during both 349	
Bolling/Alerod and Younger Dryas phases. 350	
 351	
Conclusion 352	
Climate seasonality significantly influences mean climate and plays a critical role in the 353	
interplay between humans and their environment. Robust seasonal-resolution palaeoclimatic 354	
and palaeoenvironmental data are important for understanding the Earth’s climate system as a 355	
whole. Understanding past climate change at seasonal and sub-seasonal resolution allows 356	
current and future climate change to be contextualised. These high-resolution 357	
palaeoenvironmental records are useful for testing and refining global and regional climate 358	
models, enabling a better understanding of the overall climate system and an enhanced ability 359	
to predict future climate change. When these seasonal records are obtained from 360	
archaeological sites, they enable more robust interpretations of human-environment 361	
interaction. Providing environmental frameworks from which to understand the behavioural 362	
changes and interactions of past peoples with their environment. Furthermore, many of these 363	
palaeoenvironmental proxies along with other floral and faunal evidence preserved in 364	
archaeological assemblages also enable reconstructions of seasonal site use, resource use and 365	
subsistence patterns. This allows a more detailed and nuanced understanding of past resource 366	
use and human-landscape interaction through time, particularly where several different lines 367	
of seasonality evidence are studied from a single archaeological assemblage. The 368	
contributions in this volume provide several new records of seasonal palaeoenvironment and 369	
seasonal resource use directly associated with archaeological sites. These studies provide 370	
valuable data that allows a more thorough assessment of the complex interplay between 371	
humans and their environment.  372	
 373	
 374	
References  375	
 376	
Aaris-Sørensen, K. Mühldorff R., and  Petersen EB. 2007. The Scandinavian reindeer 377	
(Rangifer tarandus L.) after the last glacial maximum: time, seasonality and human 378	
exploitation, J. Archaeol. Sci. 34, 914-923. 379	
 380	
Abram, N. J., Wolff, E. W., and Curran, M. A. J. 2013. A review of sea ice proxy information 381	
from polar ice cores. Quat. Sci. Rev. 79,168-183. 382	
 383	
Andrus, F. T. & Thompson, V. D. 2012. Determining the habitats of mollusk collection at the 384	
Sapelo Island shell ring complex, Georgia, USA using oxygen isotope sclerochronology. J. 385	
Archaeol. Sci. 39, 215-228. 386	
 387	
Andrus, F. T. 2011. Shell midden sclerochronology. Quat. Sci. Rev, 30, 2892-2905 388	
 389	
Andrus, F. T., Crowe, D. E., Sandweiss, D. H., Reitz, E. J., Romanek, C.S. 2002. Otolith 390	
record of sea surface temperatures in Peru. Science, 295, 1508-1511. 391	
 392	
Aubert, M., Williams, I.S., Boljkovac, K., Moffat, I., Moncel, M.-H., Dufour, E., Grun, R., 393	
2012. In situ oxygen isotope micro-analysis of faunal material and human teeth using a 394	
SHRIMP II: a new tool for palaeo-ecology and archaeology. J. Archaeol. Sci. 39, 3184–3194. 395	
 396	



	 9	

Balasse, M., Smith, A.B., Ambrose, S.H., Leigh, S.R. 2003. Determining Sheep Birth 397	
Seasonality by Analysis of Tooth Enamel Oxygen Isotope Ratios: The Late Stone Age Site of 398	
Kasteelberg (South Africa). J. Archaeol. Sci. 30, 205-215. 399	
 400	
Balasse M, Tresset A., Bãlãsescu A., Blaise E., Tornero C, Gandois H. Fiorillo D. Nyerges 401	
É.Á., Frémondeau D., Banffy, E. and Ivanova M. 2017. Animal Board Invited Review: Sheep 402	
birth distribution in past herds: a review for prehistoric Europe (6th to 3rd millennia BC). 403	
Animal, 11, 2229–2236. 404	
 405	
Bégin, C., Gingras, M., Savard, M. M., Marion, J., Nicault, A. and Bégin, Y. 2015. Assessing 406	
tree-ring carbon and oxygen stable isotopes for climate reconstruction in the Canadian 407	
northeastern boreal forest. Palaeogeogr. Palaeoclimatol. Palaeoecol. 423, 91-101. 408	
 409	
Bendrey, R., Vella, D., Zazzo, A. Balasse, M., Lepetz, S. 2015. Exponentially decreasing 410	
tooth growth rate in horse teeth: implications for isotopic analyses. Archaeometry. 57, 1104-411	
1124. 412	
 413	
Beresford-Jones, D., Taylor, S., Paine, C., Pryor, A., Svoboda, J. and Jones, M. 2011. Rapid 414	
climate change in the Upper Palaeolithic: the record of charcoal conifer rings from the 415	
Gravettian site of Dolní Vĕstonice, Czech Republic. Quat. Sci. Rev. 30, 1948-1964. 416	
 417	
Blumenthal, S.A., Cerling, T.E., Chritz, K.L., Bromage, T.G., Kozdon, R., Valley, J.W. 2014. 418	
Stable isotope time-series in mammalian teeth: in situ δ18O from the innermost enamel layer. 419	
Geochim. Cosmochim. Acta, 124, 223-236 420	
 421	
Börner, N., De Baere, B., Yang, O., Jochum, K. P., Frenzel, P., Andreae, M. O., & Schwalb, 422	
A. 2013. Ostracod shell chemistry as proxy for paleoenvironmental change. Quat. Int. 313-423	
314, 17-37.  424	
 425	
Bosch, M. D., Mannino, M. A., Prendergast, A. L., Wesselingh, F. P., O’Connell, T. C., & 426	
Hublin, J-J. 2018. Year-round shellfish exploitation in the Levant and implications for Upper 427	
Palaeolithic hunter-gatherer subsistence. J. Archaeol. Sci. Rep. this volume. 428	
 429	
Bosch, M.D., Mannino, M.A., Prendergast, A.L., O'Connell, T.C., Demarchi, B., Taylor, S., 430	
Niven, L.B., van der Plicht, J., Hublin, J., 2015. New chronology for Ksâr ‘Akil (Lebanon) 431	
supports Levantine route of modern human dispersal into Europe. Proc. Natl. Acad. Sci. 112, 432	
7683–7688. 433	
 434	
Britton K, McManus-Fry E., Nehlich O, Richards M. Ledger P.M., Knecht R. 2018. Stable 435	
carbon, nitrogen and sulphur isotope analysis of permafrost preserved human hair from rescue 436	
excavations (2009, 2010) at the precontact site of Nunalleq, Alaska. 17, 950-963. 437	
 438	
Burchell, M., Stopp, M. P., Cannon, A., Hallmann, N., & Schöne, B. R. 2018. Determining 439	
Seasonality of Mussel Collection from an Early Historic Inuit Site, Labrador, Canada: 440	
Comparing Thin-Sections with High-resolution Stable Oxygen Isotope Analysis. J. Archaeol. 441	
Sci. Rep. this volume. 442	
 443	



	 10	

Burchell, M., Cannon, A., Hallmann, N., Schwarcz, H.P., Schöne, B.R., 2013. Refining 444	
estimates for the season of shellfish collection on the Pacific Northwest coast: applying high-445	
resolution stable oxygen isotope analysis and sclerochronology. Archaeometry 55, 258–276.  446	
 447	

Burman, J. and Passe, T. 2008. Oceanography in northwestern Europe during the last 448	
interglacial from intrashell δ18O ranges in Littorina Littorea gastropods. Quat. Res. 70, 121-449	
128. 450	
 451	
Butler, P. G. and Schöne, B. R. 2017. New research in the methods and applications of 452	
sclerochronology. Palaeogeogr. Palaeoclimatol. Palaeoecol. 465, 295-299. 453	
 454	
Butler, P.G., Scourse, J.D., Richardson, C.A., Wanamaker Jr., A.D., Bryant, C.L., Bennell, 455	
J.D., 2009a. Continuous marine radiocarbon reservoir calibration and the 13C Suess effect in 456	
the Irish Sea: results from the first multi-centennial shell-based marine master chronology. 457	
Earth Planet. Sci. Lett. 279, 230–241.  458	
 459	
Carden, R. F., Hayden, T. J. 2015. Epiphyseal fusion in the postcranial skeleton as an 460	
indicator of age at death of European fallow deer (Dama dama, Linnaeus, 1758). Recent 461	
Advances in Ageing and Sexing Animal Bones. Oxford, 227-36 462	
 463	

Carlson, J., Bement, L. C., Carter, B. J., Culleton, B. J., & Kennett, D. J., 2018. A Younger 464	
Dryas signature in bison bone stable isotopes from the southern Plains of North America. J. 465	
Archaeol. Sci. Rep. this volume. 466	
 467	
Cobb, K.M., Charles, C.D., Cheng, H., Edwards, R.L., 2003. El Niño/Southern oscillation and 468	
tropical Pacific climate during the last millennium. Nature 424, 271–276.  469	
 470	
Cobb, K.M., Westphal, N., Sayani, H.R., Watson, J.T., Di Lorenzo, E., Cheng, H., Edwards, 471	
R.L., Charles, C.D., 2013. Highly variable El Niño-Southern oscillation throughout the 472	
Holocene. Science 339, 67–70.  473	
 474	
Colonese, A.C., Mannino, M.A., Bar-Yosef Mayer, D.E., Fa, D.A., Finlayson, J.C., Lubell, 475	
D., Stiner, M.C., 2011. Marine mollusc exploitation in Mediterranean prehistory: an over- 476	
view. Quat. Int. 239, 86–103.  477	
 478	
Colonese, A.C., Zanchetta, G., Perles, C., Drysdale, R.N., Manganelli, G., Baneschi, I., 479	
Dotsika, E., Valladas, H., 2013b. Deciphering late Quaternary land snail shell d18O and d13C 480	
from Franchthi Cave (Argolid, Greece). Quat. Res. 80, 66-75. 481	

Colonese, A., Zanchetta, G., Fallick, A., Martini, F., Manganelli, G., Vetro Lo, D., 2007. 482	
Stable isotope composition of Late Glacial land snail shells from Grotta del Romito (Southern 483	
Italy): Palaeoclimatic implications. Palaeogeogr. Palaeoclimatol. Palaeoecol. 254, 550-560.  484	
Dark, P. (2004). "Plant Remains as Indicators of Seasonality of Site-Use in the Mesolithic 485	
Period." Env. Archaeol. 9, 39-45. 486	
 487	
Demarchi, B., Clements, E., Coltorti, M., van de Locht, R., Kröger, R., Penkman, K., and 488	
Rose, J. 2015. Testing the effect of bleaching on the bivalve Glycymeris: A case study of 489	



	 11	

amino acid geochronology on key Mediterranean raised beach deposit. Quat. Geochronol., 25, 490	
49-65. 491	
 492	
Denton, G. W., Alley, R. B., Comer, G. C. & Broeker, W. S. 2005. The role of seasonality in 493	
abrupt climate change. Quat. Sci. Rev. 24, 1159-1182. 494	

 495	
Disspain, M., Ulm, S., and Gillanders, B. M. 2016.  Otoliths in archaeology: Methods, 496	
applications and future prospects. J. Archaeol. Sci. Rep. 6, 623-632. 497	
 498	
Disspain, M., Wallis, L. A., Bronwyn M. Gillanders, B. M. 2011. Developing baseline data to 499	
understand environmental change: a geochemical study of archaeological otoliths from the 500	
Coorong, South Australia. J. Archaeol. Sci.  38, 1842-1857. 501	
 502	
D’Ortenzio L., Brickley M., Schwarcz H., Prowse T. 2015. You are not what you eat during 503	
physiological stress: Isotopic evaluation of human hair. Am. J. Phys. Anthropol. 157, 374-504	
388. 505	
 506	
Eckstein, D. 2007. Human time in tree rings. Dendrochronologia 24, 53-60. 507	
 508	
Feranec, R.S., Hadly, E.A., Paytan, A. 2009. Stable isotopes reveal seasonal competition for 509	
resources between late Pleistocene bison (Bison) and horse (Equus) from Rancho La Brea, 510	
southern California. Palaeogeogr. Palaeoclimatol. Palaeoecol. 271, 153-160. 511	
 512	

Feranec, R.S., Hadly, E.A., Paytan, A. 2009. Stable isotopes reveal seasonal competition for 513	
resources between late Pleistocene bison (Bison) and horse (Equus) from Rancho La Brea, 514	
southern California. Palaeogeogr. Palaeoclimatol. Palaeoecol. 271, 153-160. 515	
 516	
 517	
Ferguson, J.E., Henderson, G.M., Fa, D.A., Finlayson, J.C., Charnley, N.R., 2011. Increased 518	
seasonality in the Western Mediterranean during the last glacial from limpet shell 519	
geochemistry. Earth Planet. Sci. Lett. 308, 325–333.  520	
 521	
Gabriel, S., Prista, N., Costa, M.J., 2012. Estimating meagre (Argyrosomus regius) size from 522	
otoliths and vertebrae. J. Archaeol. Sci. 39, 2859–2865 523	
 524	
Gagan, M. K., Ayliffe, L.K., Beck, J.W. Cole, J.E., Druffel, E.R.M. Dunbar, R.B., and 525	
Schrag, D.P. 2000. New views of tropical paleoclimates from corals. Quat. Sci. Rev. 19, 45-526	
64. 527	
 528	
Goodwin, D.H., Schöne, B.R., Dettman, D.L., 2003. Resolution and fidelity of oxygen 529	
isotopes as paleotemperature proxies in bivalve mollusk shells: models and observations. 530	
Palaios 18, 110–125.  531	
 532	

Greenfield HJ, Moore NC, Steppan K. 2015. Estimating the age- and season-of-death for 533	
wild equids: a comparison of techniques utilising a sample from the Late Neolithic site of 534	
Bad Buchau-Dullenried, Germany. Open Quat. 1, 1–28.	535	



	 12	

 536	
Gröcke, D.R., Gillikin, D.P., 2008. Advances in mollusc sclerochronology and 537	
sclerochemistry: tools for understanding climate and environment. Geo-Mar. Lett. 28, 265–538	
268. 539	
 540	
Grossman, E.L., Ku, T.L., 1986. Oxygen and carbon isotope fractionation in biogenic 541	
aragonite: temperature effects. Chem. Geol. 59, 59-74. 542	
 543	
Guiry, E.J., Hepburn, J.C., Richards, M.P. 2016. High-resolution serial sampling for nitrogen 544	
stable isotope analysis of archaeological mammal teeth. J. Archaeol. Sci. 69, 21-28. 545	

 546	
Gutiérrez-Zugasti, I., Cuenca-Solana, D. Colonese, A. C., and Fernández-López de Pablo, J. 547	
2016. Time for the tide. New perspectives on hunter–fisher–gatherer exploitation of intertidal 548	
resources in Atlantic Europe and Mediterranean regions Quat. Int. 407, 2-5.  549	
 550	
Halfar, J., Steneck, R.S., Joachimski, M., Kronz, A., Wanamaker, A.D., 2008. Coralline red 551	
algae as high-resolution climate recorders. Geology 36, 463–466.  552	
 553	
Halfar, J., Hetzinger, S., Adey, W.H., Zack, T., Gamboa, G., Kunz, B., Williams, G., Jacob, 554	
D.E., 2011. Coralline algal growth-increment widths archive North Atlantic climate 555	
variability. Palaeogeogr. Palaeoclimatol. Palaeoecol. 302, 71–80.  556	
 557	
Hall, G., Woodborne, S. and Scholes, M. 2008. Stable carbon isotope ratios from 558	
archaeological charcoal as palaeoenvironmental indicators. Chem. Geol. 247, 384-400. 559	
 560	
Hartman, G.  2016. Hunted gazelles evidence cooling, but not drying, during the Younger 561	
Dryas in the southern Levant. Proc. Natl. Acad. Sci. 113, 3997-4002 562	
 563	
Hausmann, N., Meredith-Williams, M. 2016. Seasonal patterns of coastal exploitation on the 564	
Farasan Islands, Saudi Arabia. J. Island Coastal Archaeol. 12, 360-379.  565	
 566	
Helama, S., and Hood, B. 2011. Stone Age midden deposition assessed by bivalve 567	
sclerochronology and radiocarbon wiggle-matching of Arctica islandica shell increments. J. 568	
Archaeol. Sci. 38, 452 - 460.  569	
 570	
Hesler, T., Kastelle, C., Crowell, A., Ushikubo, T., Orland, I. J., Kozdon, R., & Valley, J. W. 571	
2018. A 200-year archaeozoological record of Pacific cod (Gadus macrocephalus) life history 572	
as revealed through ion microprobe oxygen isotope ratios in otoliths. J. Archaeol. Sci. Rep. 573	
this volume. 574	
 575	
Hetzinger, S., Halfar, J., Kronz, A., Steneck, R., Adey, W.H., Lebednik, P.A., Schöne, B.R., 576	
2009. High-resolution Mg/Ca ratios in a coralline red alga as a proxy for Bering Sea 577	
temperature variations from 1902 to 1967. Palaios 24, 406–412.  578	
 579	
Hetzinger, S., Halfar, J., Zack, T., Gamboa, G., Jacob, D.E., Kunz, B., Kronz, A., Adey, 580	
W.H., Lebednik, P.A., Steneck, R., 2011. High-resolution analysis of trace elements from the 581	
North Atlantic and North Pacific in encrusting coralline algae by laser ablation ICP-MS. 582	
Palaeogeogr. Palaeoclimatol. Palaeoecol. 302, 81–94.  583	
 584	



	 13	

Higham, T. F. G. & Horn, P. L. 2000. Seasonal dating using fish otoliths: Results from the 585	
shag river mouth site, New Zealand. J. Archaeol. Sci. 27, 439-448. 586	
 587	
Hill, E. Hunt, C. O., Prendergast, A. L. & Barker, G. 2017. Radiocarbon Ecology of the 588	
terrestrial mollusc Helix melanostoma in Northeast Libya. Radiocarbon. 59, 1521-1542. 589	
 590	
Hillson, S. 2005. Teeth. Cambridge University Press, Cambridge. 591	
 592	
Hughes, M. K. 2002. Dendrochronology in climatology – the state of the art. 593	
Dendrochronologia 20, 95-116. 594	
 595	
Hufthammer, A. K., Hǿie, H. Folkvord, A., Geffen, A. J. Anderson, C., & Ninnemann, U. S. 596	
2010. Seasonality of human site occupation based on stable oxygen isotope ratios of cod 597	
otoliths. J. Archaeol. Sci. 37, 78-83. 598	
 599	
Iacumin P., Davanzo S., and Nikolaev, V. 2005. Short-term climatic changes recorded by 600	
mammoth hair in the Arctic environment. Palaeogeogr. Palaeoclimatol. Palaeoecol. 218, 317–601	
324. 602	
 603	
IPCC, 2013. Fifth assessment report (AR5), climate change 2014: the physical science basis. 604	
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 605	
Panel on Climate Change, Cambridge, United Kingdom.  606	
 607	
Jew, N. P. and Fitzpatrick, S. F. 2015. δ18O analysis of Atactodea striata: evaluating a proxy 608	
for sea-surface temperature and shellfish foraging from a prehistoric rock shelter in Palau, 609	
Micronesia. J. Archaeol. Sci. Rep. 4, 477-486. 610	
 611	
Jones, P.D., New, M., Parker, D.E., Martin, S., Rigor, I.G., 1999. The air temperature and its 612	
changes over the past 150 years. Rev. Geophys. 37, 173–199.  613	

 614	
Jones, P.D., Osborn, T.J., Briffa, K.R., 2001. The evolution of climate over the last 615	
millennium. Science. 292, 662–667.  616	
 617	
Jones, P.D., Briffa, K.R., Osborn, T.J., Lough, J.M., van Ommen, T.D., Vinther, B.M., 618	
Lutherbacher, J., Wahl, E.R., Zwiers, F.W., Mann, M.E., Schmidt, G.A., Ammann, C.M., 619	
Buckley, B.M., Cobb, K.M., Esper, J., Goosse, H., Graham, N., Jansen, E., Kiefer, T., Kull, 620	
C., Kuttel, M., Mosley-Thompson, E., Overpeck, J.T., Riedwyl, N., Schulz, M., Tudhope, 621	
A.W., Villalba, R., Wanner, H., Wolff, E., Xoplaki, E., 2009. High-resolution 622	
palaeoclimatology of the last millennium: a review of current status and future prospects. 623	
Holocene 19, 3–49.  624	

Jones, J.R. 2012. Using gazelle dental cementum studies to explore seasonality and mobility 625	
patterns of the Early-Middle Epipalaeolithic Azraq Basin, Jordan. Quat. Int. 252, 195-201. 626	
 627	
Julien, M.A., Bocherens, H., Burke, A., Drucker, D.G., Patou-Mathis, M., Krotova, O., Péan, 628	
S. 2012. Were European steppe bison migratory? 18O, 13C and Sr intra-tooth isotopic 629	
variations applied to a palaeoethological reconstruction. Quat. Int. 271, 106-119 630	
 631	



	 14	

Kamenos, N., Cusack, M., Moore, P.G., 2008. Coralline algae are global paleothermometers 632	
with bi-weekly resolution. Geochim. Cosmochim. Acta 72, 771–779.  633	
 634	
Kealhofer, L. and Penny, D. 1998. A combined pollen and phytolith record for fourteen 635	
thousand years of vegetation change in northeastern Thailand. Review of Palaeobotany and 636	
Palynology 103, 83-93. 637	

LeGeros, R.Z. 1991. Calcium phosphates in oral biology and medicine. Monographs in Oral 638	
Science, Vol. 15. Karger, Basel. 639	
 640	
Leng, M. J. and Lewis, J. P. 2016. Oxygen isotopes in Molluscan shell: Applications in 641	
environmental archaeology. Env. Archaeol. 21, 295-306. 642	
 643	
Luterbacher, J., Dietrich, D., Xoplaki, E., Grosjean, M., Wanner, H. 2004. European seasonal 644	
and annual temperature variability, trends and extremes since 1500. Science 303, 1499-1503. 645	
 646	
Makarewicz, C.A. 2017. Winter is coming: seasonality of ancient pastoral nomadic practices 647	
revealed in the carbon (δ13C) and nitrogen (δ15N) isotopic record of Xiongnu caprines. 648	
Archaeol. Anthropol. Sci. 9, 405–418. 649	
 650	
Mannino, M.A., Spiro, B.F., Thomas, K.D. 2003. Sampling shells for seasonality: oxygen 651	
isotope analysis on shell carbonates of the inter-tidal gastropod Monodonta lineata (da Costa) 652	
from populations across its modern range and from a Mesolithic site in southern Britain. J. 653	
Archaeol. Sci. 30, 667–679.  654	
 655	
Mannino, M.A., Thomas, K.D., Leng, M.J., Sloane, H.J. 2008. Shell growth and oxygen 656	
isotopes in the topshell Osilinus turbinatus: resolving past inshore sea surface temperatures. 657	
Geo-Mar. Lett. 28, 309–325.  658	
 659	
Mannino, M.A., Thomas, K.D., Leng, M.J., M.J., Piperno, M., Tusa, S., Tagliacozzo, A. 660	
2007. Marine resources in the Mesolithic and Neolithic at the Grotta dell’Uzzo (Sicily): 661	
evidence from isotope analyses of marine shells. Archaeometry, 49, 117-133. 662	
 663	
Magnani, G., Bartolomei, P., Cavulli, F., Esposito, M., Marino, E.C., Neri, M., Rizzo, A., 664	
Scaruffi, S., Tosi, M. 2007. U-series and radiocarbon dates on mollusc shells from the 665	
uppermost layer of the archaeological site of KHB-1, Ra's al Khabbah, Oman. J. Archaeol. 666	
Sci. 34, 749-755. 667	
 668	
Marguerie, D. and Hunot, J.-Y. 2007. Charcoal analysis and dendrology: data from 669	
archaeological sites in north-western France. J. Archaeol. Sci. 34, 1417-1433. 670	
 671	
McCarroll, D. and Loader, M. J. 2004. Stable isotopes in tree rings. Quat. Sci. Rev. 23, 771-672	
801. 673	
 674	
McCarroll, D., 2010. Future climate change and the British Quaternary research community. 675	
Quat. Sci. Rev. 29, 1661–1672.  676	

 677	
Mignino, J., Izeta, A., & Cattáneo, R. 2018. Modern and archaeological owl pellets as 678	
paleoenvironmental and taphonomic markers in human occupation contexts in the Ongamira 679	



	 15	

Valley, Córdoba, Argentina. J. Archaeol. Sci. Rep. 18, 65-77.  680	

 681	
Mouchi, V., Briard, J., Gaillot, S., Argant, T., Forest, V. Emmanuel, L. 2018. Reconstructing 682	
environments of collection sites from archaeological bivalve shells: Case study from oysters 683	
(Lyon, France). J. Archaeol. Sci. Rep. this volume. 684	
 685	
Müller, P. Taylor, M. H., Klicpera, A., Wu, H. W., Michael, J., and Westphal, H. 2015. Food 686	
for thought: Mathematical approaches for the conversion of high-resolution 687	
sclerochronological oxygen isotope records into sub-annually resolved time series. 688	
Palaeogeogr. Palaeoclimatol. Palaeoecol. 440, 763-776. 689	
 690	
Murray-Wallace, C.V., Ferland, M.A., and Roy, P.S. 2005. Further amino acid 691	
racamisation evidence for glacial age, multiple lowstand deposition on the New South Wales 692	
outer continental shelf, southeastern Australia. Mar. Geol. 214, 235-250. 693	
 694	
Ngomanda, N., Neumann, K, Schweizer, A., Maley, J. 2009. Seasonality change and the third 695	
millennium BP rainforest crisis in southern Cameroon (Central Africa). Quat. Res. 71, 307-696	
318. 697	
 698	
Nelson, S.V. 2005. Paleoseasonality inferred from equid teeth and intra-tooth isotopic 699	
variability. Palaeogeogr. Palaeoclimatol. Palaeoecol. 222, 122-144. 700	
 701	
Niven, L., Steels, T.E., Rendu, W., Mallye, J.B., McPherron., S.P., Soressi, M., Jaubert, J., 702	
Hublin, J.J. 2012. Neandertal mobility and large-game hunting: The exploitation of reindeer 703	
during the Quina Mousterian at Chez-Pinaud Jonzac (Charente-Maritime, France). J Hum. 704	
Evol. 63, 624-635. 705	
 706	
O’Connell T.C. and Hedges R.E.M. 1999 Isotopic comparison of hair and bone: 707	
Archaeological analyses. J. Archaeol. Sci. 26, 661–665 708	
 709	
Orland, I. A., Burstyn, Y., Bar-Matthews, M., Kozdon, R., Aylon, A. Matthews, A. Valley, J. 710	
W. 2014. Seasonal climate signals (1990–2008) in a modern Soreq Cave stalagmite as 711	
revealed by high-resolution geochemical analysis. Chem. Geol. 363, 322-222.  712	
 713	
Oschmann, W., 2009. Sclerochronology: editorial. Int. J. Earth Sci. (Geol. Rundsch.) 98, 1–2.  714	
 715	
Peyron, O., Goring, S. Dormoy, I., Kotthoff, U., Pross, J., de Beaulieu, J., Drescher-716	
Schneider, R., Vannière, B., and Magny, M. 2011. Holocene seasonality changes in the 717	
central Mediterranean region reconstructed from the pollen sequences of Lake Accesa (Italy) 718	
and Tenaghi Philippon (Greece). Holocene, 21, 131-146. 719	
 720	
Pilaar-Birch S., O’Connell T.C., Stevens R.E., Miracle P.T. 2016 Late Pleistocene/Early 721	
Holocene migratory behaviour of ungulates using isotopic analysis of tooth enamel and its 722	
effects on forager mobility. PLOS One. 11 (6), e0155714.  723	

 724	
Popper, A.N., Fay, R.R., 2011. Rethinking sound detection by fishes. Hear. Res. 273, 25–36. 725	
 726	



	 16	

Prahl, F. G., Pilskaln, C. H., & Sparrow, M. A. 2001. Seasonal record for alkenones in 727	
sedimentary particles from the Gulf of Maine. Deep Sea Research Part 1: Oceanographic 728	
Research Papers, 48, 515-528 729	
 730	
Prendergast, A.L., Stevens, R.E., 2014. Molluscs (isotopes): analyses in environmental 731	
archaeology. The Encyclopedia of Global Archaeology. Springer, Berlin, pp. 5010–5019.  732	
 733	
Prendergast, A. L. and Schöne, B.R. 2017. Oxygen isotopes from limpet shells: Implications 734	
for palaeothermometry and seasonal shellfish foraging studies in the Mediterranean. 735	
Palaeogeogr. Palaeoclimatol. Palaeoecol. 484, 33-47.  736	
 737	
Prendergast, A. L., Versteegh, E. A. A. & Schöne, B. R. 2017. New research on the 738	
development of high-resolution palaeoenvironmental proxies from geochemical properties of 739	
biogenic carbonates. Palaeogeogr. Palaeoclimatol. Palaeoecol. 484, 1-6. 740	
 741	
Prendergast, A.L., Stevens, R.E., O'Connell, T.C., Fadlallak, A., Touati, M., Al Muzeni, A., 742	
Schöne, B.R., Hunt, C.O., Barker, G.W., 2016a. Changing patterns of eastern Mediterranean 743	
shellfish exploitation in the Late Glacial and Early Holocene: oxygen isotope evidence from 744	
Phorcus turbinatus shells in Epipaleolithic to Neolithic human occupation layers at the Haua 745	
Fteah cave, Libya. Quat. Int. 407, 80–93.  746	
 747	
Prendergast, A.L., Stevens, R.E., O'Connell, T.C., Hill, E., Hunt, C., Barker, G.W., 2016b. A 748	
late Pleistocene refugium in North Africa? Palaeoenvironmental reconstruction from stable 749	
isotope analysis of land snail shells (Haua Fteah, Libya). Quat. Sci. Rev. 139, 94-109.  750	
 751	
Prendergast, A.L., Azzopardi, M., O'Connell, T.C., Hunt, C., Barker, G., Stevens, R.E., 2013. 752	
Oxygen isotopes from Osilinus turbinatus as a proxy for sea surface temperature in the central 753	
Mediterranean: a case study from Malta. Chem. Geol. 345, 77–86.  754	

Pryor, A. J. E., Sázelová, S., Standish, C., Gamble, C. and Pike, A. W. G. 2016. Season of 755	
death and strontium/oxygen isotope data for seasonal mobility of three reindeer prey. In 756	
Svoboda, J. (Ed.). Dolní Vĕstonice II: chronostratigraphy, paleoethnology, 757	
paleoanthropology. Brno, Academy of Sciences of the Czech Republic, Institute of 758	
Archaeology at Brno: 147-159. 759	
 760	
Reade, H., Stevens, R.E., Barker, G., O'Connell, T.C. 2015. Tooth enamel sampling strategies 761	
for stable isotope analysis: Potential problems in cross-method data comparisons. Chem. 762	
Geol. 404, 126-135. 763	
 764	
Reade H., O’Connell T.C., Barker G., Stevens R.E. 2016. Pleistocene & Holocene 765	
palaeoclimates in the Gebel Akdhar estimated using herbivore tooth enamel oxygen isotope 766	
compositions. Quat. Int. 404, 150-162. 767	
 768	
Reade H., O’Connell T., Barker G., Stevens R.E. 2018. Increased climate seasonality during 769	
the late glacial in the Gebel Akhdar, Libya. Quat. Sci. Rev. 192, 225-235 770	
 771	
Reimer, P. J. 2015. Marine or estuarine radiocarbon reservoir corrections for mollusks? 772	
A case study from a medieval site in the south of England. J. Archaeol. Sci.  49, 142-146. 773	
 774	



	 17	

Reinhard, K. J. and Bryant, V. M. 1992. Coprolite Analysis: A Biological Perspective on 775	
Archaeology. Archaeological Method and Theory 4, 245-288. 776	
 777	
Reynard L., Burt N., Koon HEC, Tuross N. 2015. Limits and possibilities in the geolocation 778	
of humans using multiple isotope ratios (H, O, N, C) of hair from east coast cities of the USA. 779	
Isotopes in Environmental and Health Studies Volume 52, 2016 - Issue 4-5: Contributions to 780	
the IAEA International Symposium on Isotope Hydrology: Revisiting Foundations and 781	
Exploring Frontiers, 11–15 May 2015, Vienna, Austria. 782	
 783	
Roberts, P., Henshilwood, C. S., van Niekerk, K. L., Keene, P., Gledhill, A., Reynard, J., 784	
Badenhorst, S., Lee- Thorp, J. 2016. Climate, Environment and Early Human Innovation: 785	
Stable Isotope and Faunal Proxy Evidence from Archaeological Sites (98-59ka) in the 786	
Southern Cape, South Africa. PLoS ONE 11, e0157408.  787	
 788	
Rocek, T. R. 1988. The behavioral and material correlates of site seasonality: lessons from 789	
Navajo ethnoarchaeology. Am. Antiq. 53, 523-536. 790	
 791	
Rountrey, A.N., Fisher, D.C., Vartanyan, S., Fox, D.L. 2007. Carbon and nitrogen isotope 792	
analyses of a juvenile woolly mammoth tusk: Evidence of weaning. Quaternary International, 793	
169–170: 166-173. 794	
 795	
Rowe, P.J., Turner, J.A., Andrews, J.E., Leeder, M.R., van Calsteren, P. and Thomas, L. 796	
2015. Uranium-thorium dating potential of the marine bivalve Lithophaga lithophaga. Quat. 797	
Geochronol., 30, 80-89. 798	

Rutherford, S., Mann, M.E., Osborn, T.J., Bradley, R.S., Briffa, K.R., Hughes, M.K., Jones, 799	
P.D., 2005. Proxy-based Northern Hemisphere surface temperature reconstructions: 800	
Sensitivity to method, predictor network, target season, and target domain. J. Clim.  801	
 802	
Scartascini, F.L., Volpedo, A.V., 2013. White croaker (Micropogonias furnieri) 803	
paleodistribution in the Southwestern Atlantic Ocean. An archaeological perspective. J. 804	
Archaeol. Sci. 40, 1059–1066. 805	
 806	
Scartascini, F.L., Saez, M., Volpedo, A.V., 2014. Otoliths as a proxy for seasonality: The case 807	
of Micropogoniaas furnieri from the northern coast of San Matias Gulf, Rio Negro, Patagonia, 808	
Argentina. Quat. Int. 373, 136-142. 809	
 810	
Schmaus, T.M., Chsng, C., Tourtellotte, P.A. 2018. A model for pastoral mobility in Iron Age 811	
Kazakhstan. J. Archaeol. Sci. Rep. 17, 137-143. 812	
 813	
Schmidt, G. A., Annan, J. D., Bartlein, P. J., Cook, B. I., Guilyardi, E., Hargreaves, J. C., 814	
Harrison, S. P., Kageyama, M., LeGrande, A. N., Konecky, B., Lovejoy, S., Mann, M. E., 815	
Masson-Delmotte, V., Risi, C., Thompson, D., Timmermann, A., Tremblay, L.-B., and Yiou, 816	
P. 2014. Using palaeo-climate comparisons to constrain future projections in CMIP5, Clim. 817	
Past, 10, 221-250. 818	
 819	
Schöne, B.R., 2008. The curse of physiology — challenges and opportunities in the 820	
interpretation of geochemical data from mollusk shells. Geo-Mar. Lett. 28, 269–285.  821	
 822	



	 18	

Schöne, B.R., Gillikin, D.P., 2013. Unraveling environmental histories from skeletal diaries - 823	
advances in sclerochronology. Palaeogeogr. Palaeoclimatol. Palaeoecol. 373, 1–5.  824	
 825	
Schöne, B.R., Surge, D., 2005. Looking back over skeletal diaries — high-resolution 826	
environmental reconstructions from accretionary hard parts of aquatic organisms. 827	
Palaeogeogr. Palaeoclimatol. Palaeoecol. 228, 1–3.  828	
 829	
Schöne, B.R., Rodland, D.L., Wehrmann, A., Heidel, B., Oschmann, W., Zhang, Z., Fiebig, 830	
J., Beck, L., 2007. Combined sclerochronologic and oxygen isotope analysis of gastropod 831	
shells (Gibbula cineraria, North Sea): life-history traits and utility as a high-resolution 832	
environmental archive for kelp forests. Mar. Biol. 150, 1237–1252. 833	
 834	
Schöne, B.R., Fiebig, J., Pfeiffer, M., Gleß, R., Hickson, J., Johnson, A.L.A., Dreyer, W., 835	
Oschmann, W., 2005. Climate records from a bivalved Methuselah (Arctica islandica, 836	
Mollusca; Iceland). Palaeogeogr. Palaeoclimatol. Palaeoecol. 228, 130–148.  837	
 838	
Schöne, B.R., Freyre Castro, A.D., Fiebig, J., Houk, S.D., Oschmann, W., Kröncke, I., 2004. 839	
Sea surface water temperatures over the period 1884–1983 reconstructed from oxygen isotope 840	
ratios of a bivalve mollusk shell (Arctica islandica, southern North Sea). Palaeogeogr. 841	
Palaeoclimatol. Palaeoecol. 212, 215–232.  842	
 843	
Schweingruber, F. H. 1989. Tree rings: basics and applications of dendrochronology. 844	
Dordrecht, Kluwer Academic Publishers. 845	

Serjeantson D. 1998. Birds: A seasonal resource. Env. Archaeol. 3, 21-33. 846	
 847	
Shahack-Gross, R. 2011. Herbivorous livestock dung: formation, taphonomy, methods for 848	
identification, and archaeological significance. J. Archaeol. Sci. 38, 205-218. 849	
 850	
Sharma, S., Joachimski, M.M., Tobschall, H.J., Singh, I.B., Tewari, D.P., Tewari, R. 2004. 851	
Oxygen isotopes of bovid teeth as archives of paleoclimatic variations in archaeological 852	
deposits of the Ganga plain, India. Quat. Res. 62,19-28. 853	

Shea, J. J. 2008. Transitions or turnovers? Climatically-forced extinctions of Homo sapiens 854	
and Neanderthals in the east Mediterranean Levant. Quat. Sci. Rev. 27, 2253–2270.  855	
 856	
Shishlina, N, Sevastyanov, V., Kuznetsova, O. 2018. Seasonal practices of prehistoric 857	
pastoralists from the south of the Russian Plain based on the isotope data of modern and 858	
archaeological animal bones and plants. J. Archaeol. Sci. Rep. this volume. 859	
 860	
Speiss, A.E., 1979. Reindeer and caribou hunters: An archaeological study. New York: 861	
Academic Press pp 1-336.  862	
 863	
Stevens R.E., O’Connell T.C. 2016. Red deer bone and antler collagen are not isotopically 864	
equivalent in carbon and nitrogen. Rapid comm. mass spec. 30, 1969-1984. 865	
 866	
Stevens R.E., Balasse M., O’Connell T.C. 2011. Intra-tooth oxygen isotope variation as a 867	
climate seasonality indicator: A controlled study on red deer. Palaeogeogr. Palaeoclimatol. 868	
Palaeoecol., 301, 64-74. 869	
 870	



	 19	

 871	
Surge, D., Barrett, J.H., 2012. Marine climatic seasonality during medieval times (10th to 872	
12th centuries) based on isotopic records in Viking Age shells from Orkney, Scotland. 873	
Palaeogeogr. Palaeoclimatol. Palaeoecol. 350-352, 236–246.  874	
 875	
Surge, D., and Walker, K. 2005. Oxygen isotope composition of modern and archaeological 876	
otoliths from the estuarine hardhead catfish (Ariopsis felis) and their potential to record low-877	
latitude climate change. Palaeogeogr. Palaeoclimatol. Palaeoecol. 228, 179-191. 878	
 879	
Thomas, K., 2015. Molluscs emergent, part 1: themes and trends in the scientific investigation 880	
of mollusc shells as resources for archaeological research. Archaeol. Sci. 56, 133-140. 881	

Thompson A.H., Wilson A.S., and Ehleringer J.R. 2014. Hair as a geochemical recorder: 882	
ancient to modern. In: Turekian KK and Holland HD (Eds.) Treatise on Geochemistry. Vol 883	
14, 2nd ed. Amsterdam, Netherlands: Elsevier: 371-393. 884	
 885	
Tierney, J.E., Abram, N.J., Anchukaitis, K.J., Evans, M.N., Giry, C., Kilbourne, K.H., 886	
Saenger, C.P., Wu, H.C., and Zinke, J. 2015. Tropical sea surface temperatures for the past 887	
four centuries reconstructed from coral archives. Paleoceanography, 30, 226–252. 888	

 889	
Timmermann, A., Sachs, J., & Timm, O. E. 2014. Assessing divergent SST behavior during 890	
the last 21 ka derived from alkenones and G. ruber-Mg/Ca in the equatorial Pacific. 891	
Paleoceanography and Paleoclimatology, 29, 680-696. 892	
 893	
Trayler, R.B. and Kohn, M.J. 2017. Tooth enamel maturation reequilibrates oxygen isotope 894	
compositions and supports simple sampling methods. Geochim. Cosmochim. Acta, 198, 32-895	
47. 896	
 897	
Twaddle, R.W., Ulm, S., Hinton, J., Wurster, C.M., Bird, M., 2015. Sclerochronological 898	
analysis of archaeological mollusc assemblages: methods, applications and future prospects. 899	
Archaeol. Anthropol. Res. 8, 359–397.  900	
 901	
Versteegh, E.A.A., Blicher, M.E., Mortensen, J., Rysgaard, S., Als, T.D., Wanamaker Jr., 902	
A.D., 2012. Oxygen isotope ratios in the shell of Mytilus edulis: archives of glacier meltwater 903	
in Greenland? Biogeosciences 9, 5231-5241. 904	
 905	
Voltas, J., Ferrio, J. P., Alonso, N. and Araus, J. L. 2008. Stable carbon isotopes in 906	
archaeobotanical remains and palaeoclimate. Contributions to Science 4, 21-31. 907	
 908	
Wanamaker Jr., A.D., Hetzinger, S., Halfar, J., 2011. Reconstructing mid- to high-latitude 909	
marine climate and ocean variability using bivalves, coralline algae, and marine sediment 910	
cores from the Northern Hemisphere. Palaeogeogr. Palaeoclimatol. Palaeoecol. 302, 1–9.  911	
 912	
Wang, T., Surge, D., Mithen, S., 2012. Seasonal temperature variability of the Neoglacial 913	
(3300–2500 BP) and Roman Warm Period (2500–1600 BP) reconstructed from oxygen 914	
isotope ratios of limpet shells (Patella vulgata), Northwest Scotland. Palaeogeogr. 915	
Palaeoclimatol. Palaeoecol. 317-318, 104–113.  916	
 917	
William , L., White, C., Longstaffe F.J., 2011. Improving Stable Isotopic Interpretations made 918	



	 20	

From Human Hair Through Reduction of Growth Cycle Error. Am. J. Phys. Anthropol. 145, 919	
125-36 920	

 921	
Williams, J.S. and Katzenberg, M.A. 2012 'Seasonal fluctuations in diet and death during the 922	
late horizon: a stable isotopic analysis of hair and nail from the central coast of Peru', J. 923	
Archaeol. Sci. 39. 41-57. 924	
 925	
 926	
Wong, C. and Breecker, D. O. 2015. Advancements in the use of speleothems as climate 927	
archives. Quit. Sci. Rev., 127, 1-18.  928	

Yanes, Y., Romanek, C.S., Delgado, A., Brant, H.A., Noakes, J.E., Alonso, M.R., Iban~ez, 929	
M., 2009. Oxygen and carbon stable isotopes of modern land snail shells as environmental 930	
indicators from a low-latitude oceanic island. Geochim. Cosmochim. Acta 73, 4077-4099.  931	
 932	
Yanes, Y., Izeta, A.D., Cattaneo, R., Costa, T., Gordillo, S., 2014. Holocene (~4.5-1.7 cal. kyr 933	
BP) paleoenvironmental conditions in central Argentina inferred from entire-shell and intra-934	
shell stable isotope composition of terrestrial gastropods. Holocene 24, 1193-1205.  935	
 936	
Yoemans L. and Richter T. 2018. Exploitation of a Seasonal Resource: Bird Hunting During 937	
the Late Natufian at Shubayqa 1. Int. J. Osteoarchaeol.. 28; 95-108. 938	
 939	
Zazzo, A., Bendrey, R., Vella, D., Moloney, A.P., Monahan, F.J., Schmidt O. 2012. A refined 940	
sampling strategy for intra-tooth stable isotope analysis of mammalian enamel. Geochim. 941	
Cosmochim. Acta, 84, 1-13. 942	
 943	
Zazzo, A., Balasse, M., Patterson, W.P. 2005. High-resolution δ13C intratooth profiles in 944	
bovine enamel: Implications for mineralization pattern and isotopic attenuation. Geochim. 945	
Cosmochim. Acta, 69, 3631-3642. 946	
 947	


