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Abstract

Little is known about the impact of the Mediaeval Warm Period (MWP: 950-1250 CE) and the Little Ice Age
(LIA: 1250-1850 CE) on high-altitude agro-pastoral practices and the vertical mobility of human communities in
the mountain regions of interior Southwest Asia. Although the area experienced significant socio-political changes
during the last millennium, the socio-environmental interactions during these climatic periods remain poorly
understood. This study presents a geochronologically well-constrained, multi-proxy geochemical and
palaeoecological record from a high-altitude (2500 m) wetland in the Karkas Mountains, located on the central
Iranian desert plateau. All proxies, including bioindicators (pollen, non-pollen palynomorphs, fossil insects) and
X-ray fluorescence (XRF) intensity variations, reveal two contrasting patterns of hydroclimatic conditions and
agro-pastoral practices during the MWP and the LIA. While the MWP is characterised by intensive cereal
cultivation and the probable establishment of permanent agricultural communities, the LIA shows intensified
grazing pressure on mountain steppe vegetation, suggesting a shift towards a more mobile pastoral lifestyle—one
that persisted into the 20th century. Interestingly, this shift coincides with the Mongol invasion of the Iranian
plateau, though it may not necessarily be related to it. Based on the Gahak wetland record and regional
palacoclimatic data, we conclude that the MWP in the mountainous areas of central Iran was marked by milder
winters and possibly shorter summer droughts, in contrast to the LIA, which had harsher winters and longer-
lasting snow cover. Our findings highlight the significant role of high-altitude agro-pastoral communities in
supplying food to the lowland urban centres of mediaeval Persia, at least during the MWP.

Keywords: Mediaeval Climate Anomaly, Little Ice Age, Cereal cultivation, Climate impact, Southwest Asia

Introduction:

The last two millennia have witnessed frequent climatic fluctuations recorded in both
continental and marine archives (McGregor et al., 2015; PAGE2k Consortium, 2017). These
fluctuations have impacted the mean annual and seasonal patterns of temperature and
precipitation (Bilintgen et al., 2016), the extent of glaciers and snow cover (Koch and Clague,
2011; Hughes, 2014; Kokh, 2015; Rowan, 2017; Kjer et al., 2022), peat accumulation (Magnan
et al., 2018), lake and wetland water levels (Del Socorro Lozano-Garcia et al., 2007), and
drought dynamics (Flohr et al., 2017; Fleitmann et al., 2022). They have also impacted human
societies by affecting agricultural production (e.g. Pfister, 1981; Pfister and Brazdil, 2006;
Peregrine, 2020; Waldinger, 2022).

Although there is a consensus on the global nature of these climatic fluctuations, their
hydroclimatic consequences (e.g. glacier mass balance) appear to have varied regionally
(Matthews and Briffa, 2005). The social vulnerability to the economic impacts of these
hydroclimatic variations could thus have differed even over short geographical distances, as
evidenced in central Europe where two adjacent regions with differing social organisations,
topographic setting, and microclimatic conditions reacted very differently to the Little Ice Age
(LTA) fluctuations (Pfister and Brazdil, 2006). Such spatial variations highlight the need for
multiple case studies to understand the spatio-temporal variations in socio-environmental



interactions related to these significant late Holocene climatic phases (Matthews and Briffa,
2005; Pfister and Brazdil, 2006).

In Europe and North America, numerous studies have investigated the effects of the
Mediaeval Warm Period (MWP) and LIA on human socio-economy (Thomson and
MacDonald, 2020; Waldinger, 2022). However, little is known about the extent of their impacts
on societies in other parts of the world, including interior Southwest Asia. Both intervals have
left visible ecological and geological fingerprints in various sedimentary archives of the region
(Kroonenberg et al., 2007; Ramezani et al., 2008; Djamali et al., 2009; Ramezani, 2013; Leroy
et al., 2013; Haghani et al., 2015; Flohr et al., 2017; Bayer Altin and Kayan, 2020). Indeed, the
interior of Southwest Asia, including the Iranian plateau, is among the most water-stressed
regions of the world (Barlow et al., 2015; Emadodin et al., 2019), where the climatic anomalies
of the Common Era have repeatedly impacted societies throughout history (Biintgen et al.,
2016; Gurjazkaite et al., 2018; Fleitmann et al., 2022). However, the potential of natural and
documentary archives in this region has not yet been fully explored to investigate how these
frequent climate variations, characterised by numerous extreme events, may have affected
human socio-economy during times of large-scale migrations, invasions, and conflicts in
mediaeval Persia.

In this study, we present a multi-proxy record of geochemical, palynological, and
entomological data with a robust chronology from a high-altitude (>2500 m), low-latitude
(33°N) mountain site, with the aim of understanding the socio-environmental interactions
inferred from variations in the proxy data. Our specific objectives are as follows:

1. To reconstruct the climatic variations of the last two millennia and their impacts on
wetland hydrology and sedimentation,

2. To track vegetation dynamics and floristic changes in the mountain steppes
surrounding the wetland in response to these climatic variations and the dynamics of
agro-pastoral practices, and

3. To discuss the socio-cultural implications of the reconstructed climatic and ecological
changes.

Study area

Gahak wetland is a semi-permanent shallow wetland located in the Karkas Mountains of central
Iran (Figs. 1 & 2). The wetland (33°38'8.31"N; 51°29'50.78"E; 2517 m a.s.l.), with a catchment
basin of approximately 21 km?, is surrounded by high mountains reaching up to 3224 m (Mt
Kolah Barfi) and receives water from snowmelt, run-off, and numerous small springs. Traces
of a qanat system can be identified at the western end of the wetland (Fig. 2B). The wetland’s
surface area can vary substantially on a seasonal and inter-annual basis depending on the
amount of annual precipitation. The wettest part of the wetland, in the east, is waterlogged
almost all year.
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Figure 1 Location of Gahak wetland in the Karkas Mountains (grey dotted line “KM?”) in western central Iranian
plateau is marked with a red star. Black stars denote the regional paleoclimate records referred to in this study.
Climate diagrams of the city of Kashan in the desert and the Abyaneh village in the mountain show marked



changes in annual/seasonal precipitation and temperature as well as the duration of dry season along the desert-
mountain gradient. Red horizontal bars show the number of dry months (8 for Kashan and 6 for Abyanch).
Temperature values in bold to the top-left of the diagrams correspond to the mean of the maxima of warmest
month of the year. Temperatures to the bottom-left of the diagrams represent the absolute minimum temperature
of the whole period (bold italic) and mean of the minima of coldest month (narrow italic).

Climate. Gahak is close to meteorological station of the mountain village of Abyaneh (Fig. 1,
lower right panel) with 213 mm/yr and 11.9°C of annual precipitation and mean annual
temperature, respectively. Although located at high elevations (>2500 m.a.s.l.), the dry season
lasts for six months from May to October. Four months of the year (December to March)
experience frosts. The peak of precipitation happens in late winter, early spring. There is a
steep climatic gradient from the high mountains to the desert environments surrounding Karkas
Mts. In Kashan (Fig. 1, lower left panel), the duration of dry season increases to eight months,
annual temperature goes up to 19.1°C and annual precipitation is 138 mm/yr far below the
defining limits of a true desert environment (Quinn, 2009). In Global Bioclimatic Classification
system, Kashan falls within Mediterranean desertic-continental while the high mountain areas
of Karkas display a Mediterranean xeric to pluviseasonal-continental bioclimate with shorter
dry seasons (Djamali et al., 2011).

Vegetation. The upland vegetation in the 2000-3500 m elevation range is covered by a typical
species-rich Irano-Turanian Mountain steppe dominated by Artemisia cf. aucheri, Cousinia
spp., Euphorbia spp., Bromus spp., Stipa turkestanika, Eryngium sp., Astragalus spp.,
Acantholimon sp., Acanthophyllum sp., Achillea sp., and Echinops sp. (Fig. 3). Submitted to
increasing grazing pressure at lower elevations, Astragalus spp. become the dominant plant
and together with Artemisia aucheri form a community. This Artemisia species is different
from A. sieberi which is widely distributed in desert areas surrounding Karkas Mountains
(Djamali et al., 2020). Some large and old trees are cultivated including Populus and Salix
which timber are found in the ruins of unknown-age stone buildings around the wetland.

Three vegetation zones can be respectively distinguished within the Gahak wetland
which is indeed a mountain fen: open permanently-waterlogged zone (easternmost corner of
the wetland), semi-permanently wet peatlands, and seasonally flooded peripheral zone. The
open waters of the eastern part of the wetland are surrounded by emergent Phragmites australis
followed by submerged aquatic plants of Ranunculus trichophyllus, Zannichellia palustris, and
Chara sp. The peat surface is mainly dominated by Carex orbicularis subsp. kotschyana,
Trifolium pratense, Agrostis stolonifera, Blysmus compressus, Pedicularis sibthorpii,
Dactylorhiza umbrosa, Festuca rubra, Poa pratensis, Eleocharis quinqueflora, E. uniglumis,
Cirsium sp., Triglochin palustris, Juncus gerardii, Plantago maritima, P. lanceolata, and
Scorzonera sp. In the hygromorphic soils close to surrounding upland dry steppes, the
following plants are frequently observed on the peripheral zone: Hordeum cf. violaceum,
Plantago maritima, Mentha longifolia, Glaux maritima, Trichophorum pumilum, Medicago
spp., Bolboschoenus affinis, Alopecurus pratensis, Juncus articulatus, Carex songarica and
Juncus inflexus. The latter zone is currently (July 2018) overgrazed and it is expected that
livestock grazing will advance to the peatland at the end of the dry season.



Geology. The geology of the Gahak drainage basin is dominated by both carbonate and
siliciclastic rocks ranging from Triassic to Tertiary (Fig. 2A). The immediate slopes have
outcrops composed of Jurassic to Cretaceous conglomerates, sandstones and limestones.
However, the Eocene volcaniclastics (andesites and tuffs) constitute the largest surface
outcrops of geological formations in the catchment.

Agro-pastoral practices. Today, the wetland surroundings form the summer highland pasture
(‘yaylak’) for the semi-nomadic people of Kashan area who practice transhumance and high
elevation agro-pastoralism during the summer months. The grazing of highland pastures by
livestock (sheep and goat) starts from April to October when the mobile agro-pastoral
communities of Kashan suburbs are present on the site. No rain-fed wheat farming is currently
practiced because of the insufficient spring rainfall. The winter wheat is sown in October-
November and the germinated plants are left the whole winter covered under snow for several
months. The wheat fields need to be irrigated three or four times in late spring and early summer
to compensate for the long dry season of the area lasting six months (Fig. 1). The wheat grains
are harvested from August to September. In late spring and summer, many vegetables including
eggplants, cucumber, and tomatoes are also cultivated and irrigated using water from the
wetland and surrounding springs.



51:25' 51°30'

\:| Recent alluvium A

Contact metamorphic
rock

T Mio-Pliocene graite &
LIRS granodiorite
Oligo-Miocene
limestone

Eocene red
conglomerate

Eocene conglomeratic
& nummulitic limestone

A
\ m Eocene pyroclastics

Eocene green marl &
tuffaceous shale/limest.

33°39'

Eocene calcareous
shale

Eocene nummulitic
limestone/sandstone

Eocene tuff, shale,
marl & limestone

Cretaceous
conglomerate

33°38'

Cretaceous
limestone

.............................. - Jurassic conglomerate
\N Jurassic organic shale
& sandstone

Permian limestone
& dolomite

Fault  Ephemeral stream
s

\— -7

/

A Peak B
71\ Slope
\ 4~ Crest

7 Intermittent stream

33°37"

A
v

I

‘[/ M}//// i/ 7 \ \Al\uvia\ fan
P 2 )
/] . Spring

[ Wetland extension
in October 2020

[] Max. wetland expansion

7 Cultivated land

b Shelters/ruins

- Road
-

" Qanat

© Coring site
0 150 300 m
C .

33°38'

51°30'

Figure 2- Geological (A) and Geomorphological (B) maps for Gahak Wetland area with the location of the coring
site. Panel B is a zoom on the inset rectangle to the right of panel A. Geology map is based on the 1:100.000
geological map of Kashan (Radfar, 1993). Geomorphological map is based on Google Earth images and field
observations.



Cbre location

Figure 3 Gahak wetland photographed in Spring 2018 as viewed from the North. Coring site is located in the
water-logged area to the left of the photo (arrow).

Materials and Methods

Field works. Three sediment cores were extracted with stratigraphy intact using a Russian peat
borer. They were labeled Gahak 1, Gahak 2, and Gahak 3 each in two drives not exceeding 130
cm in total. We selected the most completely retrieved sister core sections (Core 2-1 and 3-2)
to create a composite section of 120 cm length that we analyzed in this study. The cores were
taken from the peat surface in the eastern part of the wetland which remains wet most of the
year (Fig. 2B). A red soil horizon located at 120-130 cm horizon marked the base of all cores
and possibly the beginning of wetland sedimentation. The cores were sealed in non-reactive
plastic sheets, placed within halved PVC core liners and stored in a cold chamber. In July 2018,
a botanical excursion/survey was also conducted around the Gahak Wetland to prepare a
checklist of main aquatic and semi-aquatic plants colonizing the wetland and its peripheral
area.

X-Ray Fluorescence (XRF) and magnetic core scanning. The Gahak 2-3 composite section
was subsampled longitudinally by U-channels with a 20 mm x 20 mm cross-sectional area. A
high-resolution, non-destructive XRF core scanning was performed at 5-mm resolution using
an ITRAX scanner (Cox Analytical Systems; Croudace et al., 2006) to measure the relative
abundance of Si, K, Ca, Ti, Mn, Fe, Rb, Sr, Zr, and incoherent/coherent scattering ratio
(hereafter inc/coh, indicator of organic matter and pore water content). The Mo tube was used
as an X-ray source at 30 kV, 45 mA with 15 s of counting. The U-channels were then scanned
with a recently-developed high-resolution magnetic scanner to measure the variations in the
intensity of artificially-induced isothermal remanent magnetization (IRM) (Demory et al.,
2019). This new technique is more performant in detecting more subtle changes in magnetic
properties of sediments compared to the commonly measured magnetic susceptibility. XRF
measurements were performed at Inorganic Geochemistry Unit and magnetic field (IRM)
measurements were performed at Rock Magnetic Laboratory at CEREGE (Aix-en-Provence,
France).



Chronology. A total of seven samples (3 peat and 4 organic mud) were selected along the core
and sent to Poznan Radiocarbon Laboratory for “C analysis. Ages and their associated errors
were calibrated using IntCal20 calibration dataset (Reimer et al., 2020) in OxCal version 4.4
program (Bronk Ramsey, 1995) and age-depth models were established using both CLAM and
Bchron R packages (Blaauw, 2010; Parnell et al., 2008). Ages and their associated uncertainties
were reported in both 1-sigma and 2-sigma ranges in calendar years after Common Era (cal yr
CE).

Palynological sample preparation. A total of 24 subsamples for pollen analysis were taken
every 5 cm along the core each presenting one to two cm®. Samples were prepared for pollen
and (NPPs) Non-Pollen Palynomorphs analysis using standard extraction technique (Moore et
al., 1991). Pollen percentages were calculated using Pollen Sum (sum of upland plants
excluding aquatics/subaquatics) for terrestrial plants and Total Pollen Sum (sum of upland
plants including aquatics and sub-aquatics) for aquatic plants. The distinction between the
above ecological categories was based on both botanical literature and our field observations.
Non-Pollen Palynomorphs (NPPs) (and Triticum-type pollen) were quantified as
concentrations (true number of objects per cm® of sediment). To calculate pollen and NPP
concentrations, Lycopodium tablets (Batch no. 1030, University of Lund) were added to
samples and the formula presented by Stockmarr (1971) was used. Pollen percentage and NPP
concentration diagrams were created in Tilia/TGView (Grimm 2004/2005). Pollen
identifications were assisted using pollen atlases of Europe and the Mediterranean (Reille 1992,
1995, 1998; Beug, 2004; van Zeist and Bottema, 1977) and the Pollen Reference Collection of
Persia and Arabia hosted at IMBE (Aix-en-Provence, France). NPP identifications were
assisted by a number of publications (van Geel and Aproot, 2006; Cugny, 2011; Shumilovskikh
and van Geel, 2020, among others).

Fossil insects. The whole core was cut into 10-cm thick slices for extraction of fossil insect
remains. The fossil insect extraction was performed following the method recommended by
Coope (1986). In summary, samples were wet-sieved at 300 pum mesh, the residues were floated
on paraffin and sorted under a binocular microscope at low magnification. The insect remains
were then preserved in alcohol or glued to cardboard pieces. Taxonomic identifications were
made by direct comparison with modern specimens of a reference collection. Definition of the
ecological groups of the fossil coleopteran assemblages is based on the modern literature,
mainly Koch (1989a, b, 1992).

Statistical analyses

A constrained sum-of-squares cluster analysis (CONISS; Grimm 1987) was used with the Rioja
R package (Juggins 2022) to identify zones in the stratigraphy for XRF elemental abundances
and entomological data. The significance of each zone was tested with the broken stick model
(Bennett 1996) which revealed seven significant zones. However, we slightly modified the
CONISS modeled zonation and reduced the number of zones from seven to five by taking into
account the downcore variations of elements and their geochemical response to various
environmental conditions. CONISS analysis for pollen and NPP diagrams was performed



using the ‘coniss’ program included in Tilia/TGView (Grimm, 1977). We refer to pollen zones
by “P-" and to NPP zones by “NPP-" (e.g. P-A1 & NPP-A1 zones).

In order to compare data with other regional paleoclimate records, a Loess smoothing
procedure (Local Polynomial Regression) was applied between age and each variable such as
Ti XRF intensity data from Gahak (this study) and Neor (sharifi et al, 2015) as well as §'%0
from Gejkar (Flohr et al., 2017). The smoothing parameter is equal to 0.05 which represents
the proportion of observations used to local regression. Loess smoothing procedure (Cleveland
et al., 1992) was performed in R.

And finally, a one-way non parametric ANOVA of Kruskal-Wallis and related Post Hoc test,
the Conover’s all-pairs test (Conover and Iman, 1979), was performed on Ti intensity
variations, sum of farming-associated pollen, and pastoral pollen indicators. The objective was
to test difference between the main time intervals represented in Gahak record; the Mediaeval
Warm Period, the Little Ice Age, and the two episodes pre-dating and post-dating these phases.
Results are classically represented with box-plot and letters that summarize significant
difference or similarity between groups per periods.

Spectral and Wavelet Analysis

To track the degree of coherence between elemental pairs from the XRF measurements as a
function of time, wavelet semblance analyses were performed based on the continuous wavelet
transform method (Cooper and Cowan, 2008) using a modified MATLAB script. Time series
were detrended by subtracting the least-square best-fit line from the original data using the
built-in MATLAB command. Furthermore, time series were linearly interpolated at an equally
spaced time step prior to the analysis.

Dominant periodicities within an unevenly spaced time series were identified by utilizing the
Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982) approach using PAST software
(Hammer et al., 2001) version 3.22. Prior to the analysis, the data was detrended using the
built-in MATLAB command.

Results and interpretation

Sedimentary facies

Based on sediment textural properties, five sedimentological units can be recognized (Fig. 4).
The lowest sedimentary unit (S-U1) is a massive gray clay with no visible layering and very
few organic debris and pale mottling that occupies the depth of 94 to 120 cm. It seems to show
a seasonally-inundated topographic depression marking the ‘pre-wetland environment’. The
unit is overlaid by a 22-cm gray organic mud layer, containing a significant amount of
siliciclastic minerals (S-U2). The organic mud layer is composed of lacustrine carbonate mud
and contains intact aquatic snail shells and ostracods and is rich in plant debris. It indicates the
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deposition in a low-energy shallow wetland to lake environment and corresponds to the
‘wetland formation phase’. The organic mud layer gradually changes into a carbonate mud with
white color and without significant fossil content. This sedimentary unit (S-U3) is most
probably deposited in an oligotrophic freshwater shallow water body and marks a phase of
‘lake formation’ (S-U4). The upper part of the core from 58 cm to the surface comprises a
fibrous peat accumulation that contains a sandy peat layer around the depth of 10 cm. The
contact with S-U3 is sharp and shows an abrupt change in hydrological conditions.

Radiocarbon chronology and age-depth model

Results of the seven radiocarbon dates and their associated uncertainties are presented in Table
1.

Table 1 Detailed radiocarbon age results.

14C posterior calibrated ages (cal CE)

Calibrated 4C Median
Sample Depth (cm) | **Clab code = material 14C age (yr BP) ages (cal yr CE) (cal yr CE) = HPD (cal yr BP)
Gahak3-26 | 67 P0z-118150 Peat 127.63 +0.37 1837 + 66 1860 1803-1931 (79%)
Gahak 3-2-38 | 38-39 Poz-118149 Peat 2401 30 1704 £ 93 1655 1516-1822 (91%)
Gahak 3-2-49 | 49-50 P0z-104459 Peat 405+ 30 1497 + 56 1464 1430-1628 (95%)
Gahak 3-2-74 | 74-75 P02-104458 Organicmud | 715+ 30 1294 +32 1283 1257-1387 (95%)
Gahak 3-2-76 | 76-77 Poz-154221 Organicmud | 945130 1100 £ 41 1128 1026-1168 (95%)
Gahak 3-2-83 | 83-84 P0z-154222 Organicmud | 965+ 30 1094 + 41 1115 1022-1161 (95%)
Gahak 3-2-90 = 90-91 P0z-118148 Organicmud | 550+ 30 1380 + 37 1407 1316-1435 (95%)

11
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Figure 4 Sedimentary log and age-depth model of Gahak 2/3 sediment core. The excluded age is colored in red.

The age-depth model was generated based on smoothing spline regression (Fig. 4). We also
generated an age-depth model based on Bayesian inference (not shown here), as we have
previously demonstrated the effectiveness of such age models in identifying age outliers in
anthropogenically disturbed small wetlands in semi-arid Iran (Djamali et al., 2021). The
Bchron Bayesian model automatically excluded the age of 1380 &= 37 cal yr BP at 91-90 cm
depth, which we also excluded from the Clam smooth-spline model (highlighted in red in Fig.
4). In the absence of radiocarbon ages (due to the lack of organic sediment) for the lower 40
cm of the core, we retained the down-core extrapolation based on the linear regression model
proposed by Clam. The robustness of the record (e.g., between 85 and 65 cm depth) is presented
as the age uncertainties, shown by the grey-filled curve, to the left of the proxy panels (Fig. 5
and Figs. 8-10).
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Elemental proxies

The sedimentary profile against down-core variations in IRM field values and XRF-based
relative abundance of a selection of elements including Si, Ti, Fe, K, Ca, Sr, and three elemental
ratios (Zr+Rb)/Sr, Si/Ca, and Fe/K are illustrated in Fig. 5. The vertical scale is based on depth
with corresponding calibrated radiocarbon ages marked for each Scm depth intervals (both in
BP and CE).

Several episodes of enhanced elemental intensities were identified along the core. Overall, the
XRF zones obtained through stratigraphically-constrained zonation (SCZ) show a good
correlation with major sedimentary units. The abundances of refractory elements (Si and Ti;
€a), redox-sensitive element (Fe), and mobile elements (K, Sr and Rb) show down-core
covariations. The correlation is inverse between Ca and Sr intensities with the rest of the
elements from the beginning of the record at 480 CE to 1470 CE. The correlation between
element pairs is also evident in the cross-wavelet transform (CWT) analyses for the elemental
pairs (Fig. 6 A-D) and their corresponding semblance wavelet analysis. These correlations
suggest a single mechanism for Ti, Si, Fe, and K input to the Gahak wetland.

XRF-U1 (Depth: 120-94 cm / Age: 480-910 CE): Pre-wetland environment. Throughout
this unit, the refractory lithogenic elements (Si and Ti) show a decreasing trend while Ca and
Sr abundances show increasing values (Fig. 5). The unit is completely fit with the lowest
sedimentary unit (S-U1), comprising massive gray clay possibly deposited in a poorly drained
floodplain.

XRF-U2 (Depth: 94-70 cm / Age: 910-1301 CE): Wetland formation and first erosion
events. This unit corresponds to the organic mud sedimentary unit. High (Zr+Rb)/Sr and Si/Ca
ratios reflect the balance between clastic and carbonate components where high values
typically reflect coarse grained siliciclastic terrigenous intervals (Dypvik and Harris 2001; Lo
et al. 2017). The ferromagnetic minerals (see IRM curve) show significantly high values with
two remarkable peaks centered around 76 and 90 cm depth (970 and 1140 CE). These peaks
are interpreted as evidence of intensive and rapid soil erosion events that could be related to
agro-pastoral events (see next sections).

XRF-U3 (Depth: 70-55 cm / Age: 1301-1467 CE): Lake formation. The unit corresponds to
a lacustrine facies. The sediment is composed of lacustrine carbonate mud rich in plant debris
and aquatic snail shells and ostracods. The transition of the XRF-U2 to XRF-U3 unit is very
sharp and reflected in almost all element intensity curves well seen in downcore variation in
elemental z-scores Fig. S2). Ca and Sr abundances attain their highest values in the entire
record. Carbonates and calcium-rich rocks are frequently available for weathering in the
catchment basin of the Gahak wetland (Fig. 2A). It seems that carbonate deposition happened
through biogenic mediation and/or concentration through evaporation (Gierlowski-Kordesch,
2010). Fe/K curve shows significant peaks during this period, suggesting abrupt terrigenous
input to the basin either through riverine or aeolian input (Martins et al. 2007; Mulitza et al.
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2008; Lupker et al. 2010; Govin et al. 2012; Burone et al. 2013; Perez et al. 2016). The Mn/Fe
curve also present the same abrupt peak during this time frame pointing toward more oxic water
column and high detrital input due to either lower lake levels or increase in riverine input of
oxygenated water (Makri et al., 2021). Aeolian input and inflow of water-borne clastics are
other mechanisms for deposition of carbonates in such environments (Gierlowski-Kordesch,
2010). The (Zr+Rb)/Sr and Si/Ca ratios are very low and Fe/K as well as Mn/Fe ratios are high
during this time interval. Since the Ca and Sr reached their highest values and the Sr-Ca plot
(Fig. S1) shows a dichotomy during this time period it can be speculated that Ca and Sr were
most likely transported in dissolved form through riverine input while the fine-grained
terrigenous particles may have been transported via aeolian input.
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Figure S1 Variation of Sr versus Ca showing different trend for 650-480 B.P. time frame compared to the rest of
the record.
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panels represent the 6-degree polynomial trend line. The inc/coh ratio is plotted to the left as a proxy for relative
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organic content (peat) in sediment. Sedimentary log and magnetic field (IRM) are also plotted to compare to
XREF elemental variations.

XRF-U4 (Depth: 55-15 cm/Age: 1467-1809 CE): Peat accumulation. The lake environment
is replaced with a peat bog during the transition of XRF-U3 to XRF-U4. The peat would have
lasted for the rest of the record until today. The peat formation and accumulation is recorded
by coherent/incoherent XRF scattering ratio (inc/coh) curve (Fig. 5) even if inc/coh value is an
indicator of relative abundance of lighter elements relative to heavier elements, not a direct
indicator of organic matter (Chawchai et al., 2016). The upper part of the Unit XRF-U4 is
characterized by a significant peak of IRM values centered around 1750 CE and major peaks
of Si/Ca and (Zr+Rb)/Sr values around 1640 CE and after 1750 CE. These peaks are related to
significant inputs of coarser grained siliciclastic terrigenous materials to the wetland.
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Figure S2 Downcore variation in elemental z-scores.

XRF-US (Depth: 15-0 cm/Age: 1809-1934 CE): Anthropogenic disturbance of the peat.
The unit is characterized by extremely high values of IRM field related to high content of
eroded siliciclastic sands which can visually be observed intercalated in the fibrous peat.
Accordingly, intensity of all refractory lithogenic elements as well as redox-sensitive, and
mobile elements show peaks in this unit. Except for a small peak at the top of the record, no
visible change is observed in the Fe/K ratio which corresponds with an abrupt decline in Si/Ca
and (Zr+Rb)/Sr ratios potentially suggesting terrigenous input were dominated by fine grained
particles.
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Figure 6 Cross-wavelet transform (CWT) for elemental pairs (A-D) and their corresponding semblance wavelet
analysis capture covariations in elemental abundances over time (note that in Fig. 5, the XRF records are plotted
by depth). Red areas in the CWT panels indicate positive amplitude, while dark blue indicates negative amplitude.
In the panels referring to semblance analysis, the degree of correlation between the relative abundances of two
elements is shown in red, corresponding to a semblance of +1 (positive correlation), cyan for a semblance of zero,
and dark blue for a semblance of -1 (negative or inverse correlation). For most of the record, the relative
abundances of refractory and mobile elements show significant agreement (+1), except for calcium (Ca), which
shows an inverse correlation. These correlations suggest a single source of elemental input to the Gahak wetland.
However, the correlation between Ca and Ti is disrupted at some point after 300 years before present.
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Dominant periodicities in the Gahak elemental ratio (Zr+Rb)/Sr(Zr+Rb)/Sr, using the Lomb-
Scargle periodogram (Lomb, 1976; Scargle, 1982), revealed several periodicities centred
around 220, 98, 63, 48, and 22 years B.P. The 220-year periodicity aligns well with the Suess/de
Vries cycle, which corresponds to 190 to 230-year solar excursions (Steinhilber et al., 2012;
Ma and Vaquero, 2020). The 98-year periodicity is close to the 84- to 92-year Gleissberg cycle
(Peristykh and Damon, 2003). Peristykh and Damon (2003) also confirmed that the Gleissberg
cycle is modulated by the 208-year Suess/de Vries cycle, which is reflected in their
combination tones, including the ~61-year cycle. They also identified a well-resolved 44.9-
year periodicity as the second harmonic of the 84- to 92-year Gleissberg cycle. These cycles
are close to the 63-year and 48-year periodicities observed in the Gahak record. Finally, the
22-year periodicity corresponds to the sunspot activity cycle caused by a 22-year magnetic
dynamo cycle known as Hale Cycle (Mursula et al. 2002). The correlation between the results
of the spectral analysis on Gahak record and well-known solar cycles suggests that the climate
of uplands of the central Iranian plateau is highly sensitive to the variations in solar irradiance.
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Figure 7 Lomb-Scargle periodogram for Gahak using downcore XRF (Zr+Rb)/Sr ratios.

Pollen and Non-Pollen Palynomorphs (NPPs)

In total, 80 pollen taxa and 17 NPP types were identified, counted, and transformed into
percentages and concentrations (grains per cm?), respectively. A simplified percentage pollen
diagram with major pollen taxa attributed to different ecological groups, is illustrated in Fig. 8.
NPP concentrations and their ecological groups are also illustrated in Fig. 9. Stratigraphically-
confined vertical zonation schemes of both diagrams are remarkably similar and suggest almost
the same subdivision of pollen and NPP records. Although, the broken stick test suggests three
major zones for each diagram, we defined five major zones by giving special importance to
some key pollen and NPP indicators (e.g., Triticum).
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All pollen spectra show the predominance of an open landscape (tree percentages remaining
constantly under 10%). Quercus (oak) pollen has a continuous curve but displays the
background values reflecting the Zagros deciduous forest in western Iran (based on our
unpublished data from modern pollen traps of Kashan). Traces of cultivated trees in lower
elevations (Juglans and Platanus) and desert shrubs (Calligonum group: Calligonum and
Pteropyrum spp.) growing in central Iranian plateau are also observed. Overall, pollen
assemblage composition suggests an Irano-Turanian mountain steppe dominated by Artemisia,
Cousinia, Fabaceae, and Plumbaginaceae constituted the regional vegetation during the last
millennium (Djamali et al., 2012). However, the subtle changes in relative abundance of
herbaceous pollen and particularly those pollen and NPPs associated with agro-pastoralism and
wetland environment reveal remarkable changes in the landscape and in the anthropogenic
activities.

P-A1/NPP-A1 (Depth: 120-97 cm/Age: 480-860 CE):

Pre-wetland environment. The vegetation record starts with high values of Cichorioideae and
Asteroideae associated with significant amounts of Cyperaceae all suggesting a seasonally-
flooded poorly-drained flat alluvial plain colonized by plants characteristics of hydromorphic
soils (zone Al). Water table may have slightly raised at the P-A1 to A2 transition (Fig. 8) as
evidenced by slightly increased pollen of Typhaceae and Potamogeton/Triglochin. These
changes accompanied with the first peak of Cyperaceae at the same transition indicate the
beginning of the wetland formation also correlated with a marked change in sediments.

Cereals and ruderals Taxa with multiple habitats  Wetland taxa
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Figure 8 Percentage diagram for a selection of pollen and spores from Gahak sediment core.
P-A2/NPP-A2 (Depth: 97-72 cm/Age: 860-1272 CE):
Wetland formation and establishment of a sedentary farming community. Significant

amounts of Cyperaceae pollen and their associated fungi Entorrhiza sp., a peak of
Botryococcus, and increasing values of Rhabdocoela during P-A2/NPP-A2 together suggest a
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permanently waterlogged ecosystem with high organic productivity. Entorrhiza is a genus of
fungi whose species are mostly obligate parasites of Cyperaceae and Juncaceae and cause galls
on root tips of these families worldwide (e.g., Bauer et al., 2015; Chater and Smith, 2018; Reiss
et al., 2019).

The most spectacular feature of the Gahak pollen record is a continuous peak of Triticum
(wheat) pollen along the P-A2 to P-A3 (NPP-A2 to B1). The identification of the wheat pollen
is based on morphological criteria presented in the seminal work of Beug (2004). Wheat pollen
percentages and concentrations reach exceptionally high values exceeding 28% and 21000
grains/cm?, respectively (Figs. 8 and 12). The almost continuous curve (although with low
values) of Solanaceae and Polygonum aviculare-type during the same phase is noteworthy
because the species of Solanum (i.e., S. nigrum and S. villosum) and to some extent Polygonum
aviculare subspecies are mostly weeds in farms and gardens of most of Iran from 0 to 2400 m
a.s.l. (Mosaferi et al., 2015; Eskandari et al., 2019; Eskandari et al., 2022).

Spores of several phytopathogenic fungi also show significant peaks almost correlating with
Triticum pollen curve (cf P-A2 to A3 with NPP-A2 to B1). Of particular interest is the almost
continuous curve of the hyphopodia of Gaeumannomyces, a genus of sac fungi (ascomycetes)
with several species well-known to cause the take-all disease infecting root system of many
Poaceae and particularly the cereals (Ritz, 2005). Different former varieties of the species
Gaeumannomyces graminis (Walker, 1972), now split into several new species including G.
graminis, G. avenae, and G. tritici which are host-specific pathogens of cereal crops including
wheat, barley, and oat (Hernandez-Restrepo et al., 2016). Gaeumannomyces hyphopodia
appear simultaneously with wheat cultivation strongly suggesting its association with the
cereals cultivated in Gahak.
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Figure 9 Concentration diagram for 17 non-pollen palynomorphs. Concentrations are in spore numbers per cm?
of sediment.

Another significant correlation of a non-pollen palynomorph with the Triticum curve is
observed in Thecaphora spore curve (Fig. 9). Although we could not find any evidence of
Thecaphora species directly infecting the wheat in modern literature, the genus belongs to a
group of smut fungi commonly pathogens of cereal crops including the Triticum (Ram and
Singh, 2004; Arias et al., 2021). Thecaphora species are reported as pathogens of several crops
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all around the world but mostly the crops originated from South America. Common examples
are 7. frezii infecting peanuts and 7. solani infecting potato. In the Old World, most of the
phytopathogenic Thecaphora are found in Asteraceae, Caryophyllaceae and Polygonaceae
families. In Iran, 7. schwarzmaniana has recently been reported as a pathogen of wild rhubarb
species Rheum ribes, a wild plant used as vegetable and in traditional medicine (Vasighzadeh
et al., 2014). However, unlike other pollen records of Iran e.g. that of Lake Urmia (Djamali et
al., 2008), we did not find R. ribes pollen in the Gahak record. Similarly, 7. dahuangis has
more recently been reported to infect Chinese rhubarb R. palmatum (Arias et al., 2021). The
co-occurrence of Thecaphora curve with agricultural phase of Gahak suggests the possibility
that this smut fungi was associated with a crop or crop-associated weed in the past.

P-A3/NPP-B1 (Depth: 72-61 cm/Age: 1272-1405 CE):

Decrease of cereal cultivation and formation of a lake system. The cereal cultivation
continues with lower intensity during the P-A3 zone (NPP-B1) zones and Artemisia pollen
starts increasing, heralding a major change in the vegetation and anthropogenic activities in
Gahak which will culminate during the next pollen assemblage zone. The pollen concentration
values of Triticum show more drastic fall compared to the pollen percentages (Figs. 8 and 12)
suggesting that agricultural activities abruptly declined around 1250 CE following the most
commonly accepted chronology of MWP to LIA climatic transition (e.g. Matthews and
Rebuffa, 2005). The near absence of Botryococcus and lowest values of aquatic pollen, both
indicate the oligotrophic conditions with lower organic productivity and substantially reduced
aquatic vegetation. This is in accordance with the deposition of lacustrine a carbonate mud of
S-U3 sedimentary unit (Fig. 4).

P-B1/NPP-B2 (Depth: 61-47 cm/Age: 1405-1559 CE):

Development of pastoralism and seasonal occupation of the site. During the P-B1 (NPP-
B2), Artemisia became very important in the steppe vegetation dominating the pollen
assemblages for about 160 years (Fig. 7). This remarkable Artemisia increase in the landscape
is contemporaneous with a peak of the green algae Pediastrum showing an open water
lacustrine environment (Fig. 9). Nowadays, Artemisia (A. aucheri) grows in well-drained soils
which receive a high amount of snow-melt water during spring. Indeed, Artemisia aucheri
currently forms a well-established community in the subalpine zone of Karkash Mountains
with frequent snowfall. High amount of Artemisia pollen, peak of Pediastrum, and a lithology
dominated by a lacustrine mud together suggest a significant amount of snowfall and reduced
annual evapo-transpiration in Gahak environment during the period almost corresponding to
the 15th-16th centuries CE (1400-1580 CE). Significant peaks of Sporormiella and some other
dung-associated fungal spores (NPP-B2; Fig. 9) suggest a clear transition from sedentary
agriculture to mobile pastoral life-style during the transition of the P-A3 to P-B1 (NPP-BI to
NPP-B2) transition at the very beginning of the 15th century CE.

Anthropogenic pollen indicators of pastoralism which were present with low values from the
beginning of the record, start increasing from the P-B1 pollen zone until the end of the pollen
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diagram (Fig. 8). In the context of the Karkas Mountains, our floristic observations of high
elevation mountain steppes suggest that Plantago lanceolata-type, Rumex, Verbascum-type,
Cousinia, and Salvia pratensis-type all indicate grazing activities. A significant increase in
Trifolium pollen from the P-B1 onwards is noteworthy. The Trifolium-type pollen in the Gahak
sequence seems identical to the pollen of the red clover (Trifolium pratense) widely cultivated
in Eurasia as a fodder crop and has contributed to the feeding the livestock during the seasonal
occupation of the site in summer months which is still practiced nowadays. It is one of the
major plants found in the wet meadows around the Gahak wetland. Combined together, both
coprophilous NPPs and coprophagous beetles (see next section) are continuously present
during the upper half of the Gahak sequence suggesting a continuous intensive pastoral
pressure on the ecosystems in the area since the beginning of the 15th century.

P-B2/NPP-B3 (Depth: 47- ca 10 cm/Age: 1559-1861 CE): Intensification of pastoral
pressure on the mountain steppe.

The pollen indicators of grazing observed in P-B1/NPP-B2, increase and form continuous
curves in the P-B2 pollen zone (Fig. 8). Significant presence of coprophagous fungi
corroborates the strong pastoral pressure on the steppe vegetation during the NPP-B3 subzone
(Fig. 9). A peak of Cyperaceae and presence of Pedicularis, suggest a densely vegetated
wetland with relatively high-water tables. Pedicularis is currently found on the peat surface in
the eastern part of the wetland. Towards the end of the subzone, a peak of the fungal cells
belonging to NPP type HdV-200 correlate with a decline of Cyperaceae. The HdV-200 is
mostly associated with biological decomposition of desiccated plant remains and helophytes
(van Geel et al., 1989) suggesting seasonal dry conditions in Gahak at the mid- to late 19%
century.

P-B3/NPP-B4 (Depth: ca 10-0 cm/Age: 1861-1952 CE):

The uppermost 5 cm of the Gahak record is particularly characterized by explosion of
coprophagous fungal spores and high values of pollen indicator of grazing. Artemisia which
currently dominates the subalpine zone of the area reaches its highest peak in the entire record.
The peak of Caryophyllaceae most probably corresponds to the thorny cushion species of
Acanthophyllum which are dominant in surrounding mountain steppes. All the evidence
suggests a very high pastoral pressure on the environment of the Gahak wetland during the last
one and half century.

Entomological data

31 taxa were identified based on a total of 259 fragments and 137 individuals, mostly belonging
to Coleoptera (90%) with only two taxa belonging to Heteroptera and one taxon to
Hymenoptera (Fig. 10). Identifications were limited to genus and family levels due to the lack
of reference materials from the region. The coleopteran assemblages were relatively poor with
average 13 taxa per sample. The two lowest samples (120-100 cm depth) were completely
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devoid of insect remains. The richest sample in terms of number of fragments (n=58) was
between 50-40 cm depth and the richest sample in terms of number of individuals (n=26) was
between 80-70 cm depth. The taxa were clustered under five ecological groups based on their
common habitats and one group of uncertain ecological affinity; phytophagous, aquatic,
riparian, coprophagous, and uncertain (Fig. 10). The grouping is based on literature (see
methodology section) and our field observations. Stratigraphically-confined vertical zonation
of the entomological diagram suggests two major assemblage zones referred to as Ent-A and
Ent-B (Figure 9). The lower assemblage zone Ent-A (100-50 cm: 810-1522 CE) is
characterized by high abundance of both aquatic and riparian taxa and with low abundance but
almost constant presence of coprophagous taxa. The upper zone Ent-B assemblage zone (50-0
cm: 1522-1952 CE) is characterized by lower abundance of aquatic and riparian taxa but higher
abundance and more continuous presence of phytophagous and coprophagous taxa.

HETEROPTERA COLEOPTERA

COLEOPTERA

LIA

MWP

Figure 10. Palacoentomological record of Gahak with the number of fragments and inferred individuals for each
10-cm thick sample. Identified taxa were put into five ecological groups.

The absence of insect remains in the lower 20 cm of the core suggest less water-logged
conditions and/or more frequent subaerial exposure of the site causing the decaying of the fossil
materials. This part corresponds to the pre-wetland phase of the site revealed in pollen and NPP
diagrams. For the rest of the diagram, aquatic and riparian taxa are mostly present indicating
that the wetland and water-logged conditions have existed at least since 800 CE. Continuous
presence of abundant remains of aquatic beetle genera Ochthebius and Enochrus (Fig. 11)
further suggests that the Gahak wetland did not undergo complete seasonal desiccation until
very recently. These permanent water-logged conditions correspond to the MWP and most of
the LIA. The above beetle taxa can thus be considered as bioindicators for the seasonality of
wetland’s moisture or water table because they can attest to the year-round water-logged
conditions.
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Figure 11. Four key beetle genera frequently encountered in Gahak palacoentomological record. a. Ochthebius
sp. (1.7 mm long), b. Enochrus sp. (5.9 mm long), c¢. Carpelimus sp. (3.6 mm long), and d. Aphodius sp. (6 mm
long). a and b are indicators of high wetland water tables with no seasonal desiccation. c is a typical riparian taxon
growing on wet mud flats, and d is a dung beetle suggesting the abundance of livestock around the site.

Coprophagous taxa are present almost all along the core suggesting that pastoral activities were
practiced around the Gahak wetland since the beginning of the record. The upper half of the
Gahak record displays more abundant fragments and individuals of dung beetles (Aphodius
spp. and Onthophagus spp.). This can be linked to two environmental factors, the taphonomic
processes and changes in the intensity of grazing activities. Contrary to the lower half of the
diagram in which the wetland had higher water tables, the upper half of the diagram is
characterized by organic sediment build-up and by lower water-tables and/or gradual
terrestrialization of the wetland. This may have made the wetland floor more accessible to the
livestock grazing and direct dropping of animal dung onto the sediment surface in shallow
water. More abundant dung beetles are also compatible with ever increasing values of pollen
indicators of grazing (see Plantago lanceolata-type), nitrophilous taxa (see Trifolium-type
pollen) and coprophilous fungal spores (Ponel et al., 2011) (Figs. 7 and 8). As far as the
agricultural activities are concerned, only the presence of Chaetocnema sp. is noted, a genus
which can occasionally be a pest of Poaceae including cereals. In the record, it is found in three
intervals with cereal cultivation (compare Figs. 8 and 10).

The more noticeable occurrence of Heteroptera in the lower half of the diagram is also
interesting and may indicate relatively higher temperatures. The diversity and abundance of
this thermophilous group of insects would have thus increased during the Mediaeval Warm
Period.

Discussion

MWRP and LIA thermal and moisture variations reflected in Gahak record
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High elevation wetlands and peat accumulations are invaluable sedimentary archives that can
record changes in snow cover extension, alpine/subalpine flora and vegetation, agro-pastoral
practices, and erosional events (Miehe et al., 2009; Djamali et al., 2009; Bell et al., 2021). On
dry slopes of the Iranian mountains in the vicinity of desert areas, they form ‘green islands’
harboring a unique plant biodiversity (Naqginezhad et al., 2009; Naqginezhad et al. 2021) and
providing an important source of drinking water for livestock and small-scale farming
activities. Gahak wetland is one of these wetlands whose multi-proxy record provides a wealth
of information on the combined effects of high frequency climatic variations and anthropogenic
agro-pastoral practices on lake’s hydro-sedimentary environment and surrounding montane
steppes. Not only the MWP and LIA are clearly recorded in Gahak sequence but their internal
fluctuations are also traceable in both bioindicator and geochemical records (Figs. 5, 8-10).
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Figure 12. The wheat cultivation phase (a) and Ti intensity variations (b) in Gahak record (this study) compared
to a selection of regional and global proxy records of climate and solar activity. (c) Ti intensity variations in Lake
Neor (Sharifi et al., 2015), (d) cereal pollen in Lake Almalou (Djamali et al., 2009a), (¢) Lake Maharlou
desiccation intervals (Brisset et al., 2019), (f) Caspian Sea level changes (Naderi-Beni et al., 2013 & Leroy et al.,
2022), (g) Lake Urmia precipitation reconstruction (Sharifi et al., 2023), (h) Oxygen isotope record of Gejkar cave
in Kurdistan (Flohr et al., 2017), (i) wet and dry events in Mesopotamia (Vogt et al., 2011), (j) spring/summer
temperatures based on dendro-climatological data from Russian Altai, (k) Total solar irradiance (TSI) based on
cosmonuclides production record (Bard et al., 2000). The Gahak agricultural phase during the MWP correlates
with a warm but relatively wet period in the Iranian plateau as suggested by frequent desiccations of the Maharlou
playa lake in SW Iran (e: Brisset et al., 2019) and more negative values of §'30 of speleothem records in northern
Zagros (h: Flohr et al., 2017) as well as the climate historical data from Mesopotamia (g: Vogt et al., 2011).

The MWP in Gahak is almost perfectly correlated with Lake Maharlou’s (SW Iran) most
important desiccation phase over the last four millennia (Fig. 12e; see also Brisset et al., 2019).
Previously, Sharifi et al. (2015, 2018, and 2023) demonstrated how the downcore variation in
Ti abundances during the Holocene can be related to the episodes of dry conditions over the
interior of SW Asia. They concluded that the episodes of high Ti abundances in high-elevated
Neor Lake (Sharifi et al. 2015, and 2018) are correlated to the episodes of high dust flux to the
region during the dry periods. They also used lake sediment Ti/Al ratio from Lake Urmia in
NW Iran along with the paleo-rainfall reconstruction (Fig. 12g) to show the correlation between
periods of low precipitation-low lake levels with the dry episodes (Sharifi et al, 2023). The
high values of XRF-measured Ti intensities of Gahak (Fig. 12b) during the MWP are also well-
correlated with those from Lake Neor (NW Iran) (Fig. 12c) and low precipitation values over
the Lake Urmia basin (Fig 12g) suggesting relatively warm and dry conditions or at least less
effective moisture over Western Asia. These trends are in line with the sudden shift in elemental
z-scores (Fig. S2) from MWP to LIA indicating a significant change in elemental input and
sedimentary regime of Gahak wetland corresponding to climatic shift from MWP to LIA. This
climate shift is also correlated with the variation in total solar irradiance (TSI) where the
observed dry episodes in Gahak, Neor Lake and Urmia Lake during the MWP are well
correlated with higher solar irradiance values (Fig. 12k). The box plots and one-way ANOVA
test for the Gahak Ti intensity variations further shows the significant difference between the
MWP and LIA periods. The same hydroclimatic shift is characterized by dramatic rise of the
Caspian Sea levels (Fig. 12f) after a lowstand during the MWP (Naderi Beni et al., 2013; Leroy
et al., 2022). The non-pollen palynomorphs of Almalou peat bog (NW Iran) also suggest lower
wetland moisture during the MWP compared to the LIA (not shown in Fig. 12) (Djamali et al.,
2009). All these correlations suggest relatively low effective moisture during the MWP in
central Iran. However, a speleothem record from northern Mesopotamia (Flohr et al., 2017)
that shows a general drying trend starting from the beginning of the MWP onwards, indicates
that the average effective moisture during the MWP was relatively higher and more stable
compared to LIA (Fig. 12h). A historical climatological analysis of Arabic written sources of
the Mediaeval Middle East also suggests wetter winters for 900-1100 CE although it shows
drier winters for 1100-1250 CE (Vogt et al., 2011). It can thus be deduced that the Mediaeval
Warm Period in the interior SW Asia was warm with relatively low effective moisture.
However, our study shows that it was wet enough to maintain a sustainable agriculture lasting
over three centuries. Indeed, almost all geochemical and biological proxies provide evidence
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for a permanent wetland system during the MWP even if mean water levels were lower than
the onset of the LIA. Water resources were thus available to perform irrigated agriculture
during the MWP. In the next section, we try to infer the MWP climatic conditions based on
agro-climatological requirements of wheat.

Titanium variations

a b C d | 2
o
—_— ™
: 2
L S &
C . - I
[ — 1 —_— N o
. ! ! E
L ! —— [ 8 F
' o
1
[— R—
- O
\ I l
Farming pollen indicators
2
ab a b b LS
< @
— o
Lo S
o C
! (]
R — E
Lo O
—_ B N O
! : 5
- - o 2
1 | — 0
. : o
- o
I I [
Pastoral pollen indicators
| &2
a a b b 2w
@
o
—_— | % E
(]CJ
: — o
28
L ___ c
—_ K
— =
| | |

I I | |
Pre-MWP MWP LIA Post-LIA

Figure 13. Box plots for Conover’s all-pairs comparison test results applied to Ti intensity variations, farming-
associated pollen, and pastoral pollen indicators corresponding to four main time intervals represented in Gahak
record. The one-way ANOVA (Kruskal-Wallis H test) shows significant differences (p<0.001) between the MWP
and LIA periods for all tested variables.

Mobility of agro-pastoral communities during the MWP and LIA

The MWP has frequently been associated with a major agricultural transformation in
continental Europe and the so-called ‘cerealization’ of northwestern Europe when the grain
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production was largely increased and diversified, contributing to mediaeval economic growth
(Schroeder, 2023). Bread wheat (Triticum aestivum), rye (Secale cereale), and oat (Avena
sativa), became increasingly adopted and replaced spelt wheat (7. spelta) and barley. In the
Alps and the Mediterranean mountains, higher temperatures of the MWP permitted the
establishment of permanent settlements and expansion of agricultural landscapes in higher
elevations (Mensing et al., 2016; Brandolini et al., 2023). Gahak record provides undisputed
evidence of a three-century long intensive cultivation of cereals and possibly other crops in the
uplands of the central Iranian plateau during the Mediaeval Warm Period (Fig. 8). Due to the
quasi-absence of high-resolution pollen and archaeobotanical evidence from similar high-
altitude contexts of the region, it is not currently possible to generalize this farming pattern into
the whole region as an indicator of the beneficial effects of the MWP climatic change for
mediaeval agriculture. Nonetheless, the beginning of the MWP in a high-resolution pollen
record from Lake Almalou (NW Iran; 2400 m) is also characterized by a peak of cereal
cultivation although it starts decreasing earlier than the Gahak sequence at around 1100 CE
(Djamali et al., 2009).

Our findings suggest that sedentary farming communities settled the area from 950 CE for
more than three centuries. Fossil pollen and entomological assemblages suggest that by the
onset of the LIA, the sedentary agriculture and wheat cultivation became increasingly difficult
to sustain and gave way to mobile seasonal agro-pastoralism which continues until today. This
contrasted pattern of farming versus pastoralism during the MWP and the LIA is distinctly seen
in the box plots of percentage values of anthropogenic pollen indicators (Fig. 13).

In general, the winter wheat is sown in autumn and harvested in summer of the next year. It
needs moderately wet autumns, cold winters, and warm and wet springs and its yield
particularly suffers from dry and cold springs and extended snow-cover, two conditions that
were frequent during the LIA (Pfister, 2007; Pfister and Brazdil, 2006) but not during the
MWP. In the highlands of the interior West Asia and Central Asia, wheat is grown as both
irrigated and rain-fed grain crops with the highest percentage of dry-farmed wheat belonging
to Iran in areas with mean annual precipitation exceeding 210-230 mm (Ballan and Bazin,
2012). When rain-fed, the wheat is sown in autumn to be harvested in June to October
according to the elevation. When irrigated, it is also sown in autumn but will be harvested
earlier from April (e.g., in lowlands of Khuzestan Province) to August. Irrigated winter bread
wheat grows only on fertilized fields in rotation with summer crops (Ballan and Bazin, 2012).
Bioclimatic characteristics of the winter bread wheat, predominantly 7. aestivum, are helpful
to estimate the seasonal patterns of temperature and precipitation of Gahak mountain site
during MWP and LIA. A synthesis of many experimental works has estimated that lethal
minimum and maximum temperatures for winter wheat are -17.2 and 47.5°C, and the optimal
temperature range is 17-23°C (Porter and Gawith, 1999). These agro-meteorological data on
winter wheat suggest several facts on the conditions of agroecosystems of the site during both
MWP and LIA. First, they suggest that during the MWP, the seasonal pattern of precipitation
was different. Although the annual precipitation amount could have been lower than today, the
spring was most probably warm and wet and snow-cover extension was limited. The winter
temperature minima stayed above the lethal temperatures of -17.2°C. These conditions changed
dramatically at the onset of the LIA when dry and cold springs became more frequent with
devastating biophysical effects on grain crops (Pfister, 2006). When snow cover lasts for a long
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time in spring, there is not enough time to sow spring wheat because the needed time for grain-
filling will be too short. The LIA was thus most probably characterized by an unsuitable
combination of seasonal agro-meteorological factors for both irrigated and dry cereal farming.
Nowadays, the annual precipitation (213 mm in a close weather station in Abyaneh; Fig. 1)
seems not sufficiently high to sustain a rain-fed wheat cultivation even if the average of
minimum temperatures of coldest month (-3.9°C) remains well above lethal temperature limit.
It is thus more probable that farming communities of Gahak practiced irrigated wheat farming.
The availability of water all year round in the Gahak basin as inferred by the permanent water-
logged conditions, reinforces this possibility. The presence of modern qanat systems around
the wetland (Fig. 2) suggests that this system could also have been used to supply irrigation
water in the mediaeval time. The ganat system is an efficient groundwater exploitation system
invented somewhere in the Iranian plateau and along the alluvial fans (Goblot, 1979).

The transition from MWP to LIA is clearly indicating the decline of agricultural practices at
the expense of the intensification of pastoralism and grazing pressure on mountain steppe
ecosystems. Frequent extreme temperature events are considered the most important factor
negatively impacting the wheat yield (Porter and Gawith, 1999). Such events were definitely
more frequent during the LIA (Pfister and Brazdil, 2006) and made the high elevation cereal
farming unsustainable. It can naturally be concluded that sedentary farming was replaced by
the nomado-pastoral lifestyle in the middle of 13th century CE in Gahak. Judging from
bioindicators, the mobile seasonal agro-pastoralism with limited subsistence agriculture would
have continued through the LIA until today. Small peaks of cereal cultivation centered around
1580 CE and 1725 CE (Fig. 12a), may reflect short spells of the relative climate warming
during the LIA.

Historical and geopolitical context of the Mediaeval Warm Period and Little Lce Age
climatic changes in the central Iranian plateau

The agricultural expansion phase in Gahak corresponds to the reign of the Buyid, Ghaznavid,
Seljuk, and Khwarazmian dynasties (Fig. 12), which successively took control of central Iran
(Bosworth, 1968). The Buyid domination of the region (947 to 1029 CE) is particularly
important because the Buyid era (934-1062 CE) marks a period of economic prosperity on the
Iranian plateau (Busse, 1968). For instance, in the Fars region (‘Persis’) in SW Iran, large-scale
hydraulic projects supported extensive agricultural activities (Saeidi Ghavi Andam et al.,
2020). The Buyids, a Shi’i dynasty, gave particular favour to cities dominated by Muslim Shi’i
populations, including Qum, Kashan, and surrounding areas (Amanat and Mottahedeh, 2018).
Less is known about the history of the Kashan region under the Ghaznavids, who ruled from
1029 to 1051 CE. However, the region witnessed the peak of its economic prosperity during
the Seljuk dynasty from 1051 CE and became a major centre for ceramic production (Amanat
and Mottahedeh, 2018). At this time, increased demography and demand for food would have
resulted in agricultural expansion in the highlands of Kashan and surrounding regions.

The end of the Mediaeval Warm Period agricultural phase in Gahak is remarkably well
correlated with the Mongol invasion of western Asia (Fig. 12). The Mongols defeated the
Khwarazmian army in 1219-1221 CE and invaded mainland Persia, including central Iran, in
1220-1240 CE (Boyle, 2007). The Mongol invasion also perfectly correlates with the beginning
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of the Little Ice Age. There seems to be no conclusive evidence on the real impact of this
invasion on the socio-economy of the Kashan area (Amanat and Mottahedeh, 2018).
Nevertheless, a quote from the Persian historian Zakariya al-Qazvini, dated to 1283 CE,
suggests that 50 years after the arrival of the Mongols and under the Ilkhanate rule, Kashan
was still maintaining its important position as a major centre for the production and
transportation of utensils and vessels (quoted in Amanat and Mottahedeh, 2018, pp. 406-407).
A close look at wheat pollen curves shows that while pollen percentage values start decreasing
from 1200 CE, concentration values remain relatively high for the next 150 years during the
Ilkhanates and early Timurids (Fig. 12). Hence, it is most probably the severe climatic
conditions of the LIA that ended the MWP agricultural phase and favoured a nomadic seasonal
pastoral lifestyle for the following centuries. Similar to our conclusion, a recent study suggests
that the decline of Central Asian irrigation-based urban societies was more related to a long-
term drought regime rather than the mere Mongol invasion and destruction of cities in 1219
(Toonen et al., 2020).

For more than two centuries (1501-1736 CE) during the Little Ice Age, central parts of Persia
experienced a period of political stability under the Safavid Empire. The near absence of
agricultural activities in Gahak during the Safavid era is thus more logically attributed to severe
climatic conditions rather than socio-political factors. The following quote from the book
entitled History of Kashan (mid-18th century) suggests abundant snow and névés in the Karkas
Mountains west of Kashan during the last decades of the Little Ice Age (early to mid-18th
century):

“The winding road leads to the quaint village of Rahagh, nestled among the Sardsir
(‘highland pasture”) Kashan hills to the west of Kashan, eight parasangs (approximately 48 km)
away from the city. Beyond the village lies a majestic mountain with numerous valleys, each
boasting its own water sources, lush trees, crimson barberries, and verdant fields. The mountain
is two parasangs from the village (approximately 12 km), and its lofty peak remains snow-
capped for years on its right flank, while on its left side, a road descends past the Gadok pass
and joins the Wasaf river” (Zarrabi, 2000).

Conclusions

The alpine/subalpine wetlands of arid and semi-arid Southwest Asia are unique archives of
hydroclimatic variations, ecosystem dynamics, and anthropogenic activities during the
Holocene. The information obtained from these archives can be compared and contrasted with
documentary and historical-climatological proxy data, especially for the pre-instrumental
period. However, sources on mediaeval and pre-industrial human activities in Southwest Asian
mountain areas are scarce compared to European mountain systems, highlighting the
significance of sedimentary archives in uncovering the modality and intensity of these
activities.

Our case study demonstrates that climatic shifts and their associated impacts on agro-pastoral
practices, lifestyle changes, and the mobility of human communities have been clearly recorded
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in these archives. Our data suggest that the Mediaeval Warm Period would have favoured high-
elevation agricultural activities, while the Little Ice Age increased seasonal agro-pastoral
practices in the highlands of Southwest Asia. Such information may be missing in written
sources available to historians and ethno-archaeologists. These archives can refine our
understanding of the role of small farming communities living in remote mountain areas in the
economy of Mediaeval Persia and surrounding regions.

Many high-elevation wetlands and their sedimentary records are threatened by overgrazing,
man-made drainage for land reclamation, and erosion. It is highly recommended that
conservation measures be rapidly implemented to protect these high-elevation wetlands. The
sedimentary sequences of the most endangered and eroding deposits should be systematically
sampled, and the sediment cores deposited and kept in appropriate natural repositories for
future research, similar to the current efforts for retreating mountain glaciers worldwide
through the Ice Memory Initiative https://www.ice-memory.org.
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