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Over 1/3 of the Earth’s human population relies on dryland ecosystems for food and water resources. While these ecosystems are highly sensitive to changes in climate, we lack observational data as to how changes in hydrology influences plant communities. Paleoecological data for southern Arabia show woodland communities transitioned to more dry-adapted herbaceous plants, which suggests rainfall decreased across the Holocene. To assess relationships between hydrology and ecology, we employed leaf wax n-alkane distributions, δ13Cwax, and δDwax records from rock hyrax (Procavia capensis) middens in Dhofar, Oman. The biomarker properties allowed reconstruction of changes in C3/C4 vegetation and local moisture availability, in tandem with community changes represented by a published pollen record. To constrain interpretations, n-alkane analyses were conducted on herbarium specimens of leaves collected in Dhofar. For the modern specimens, xeric plants typically contained longer homologues than mesic plants. Across the fossil middens (4,038–109 cal yrs BP), the proportions of plant-wax homologues do not show major changes, and thus do not suggest a shift between xeric versus mesic plants. Similarly, δ13Cwax values indicate little or no change in the distributions of C3 and C4 vegetation. Limited δDwax data from the middens confirm overall drying occurred into the late Holocene, punctuated by a wetter pulse at ∼1.6 ka. Taken together, plant wax distributions and isotope data indicate changes in moisture availability across the late Holocene did not alter the structural composition of the plant communities and that the proportion of C3/C4 vegetation remained stable. We infer vegetation changes associated with late Holocene drying involved reshuffling of community composition and not major changes in vegetation structure. Additionally, this study demonstrates that leaf wax n-alkanes from rock hyrax middens provide a method to reconstruct changes in climate and vegetation in dryland ecosystems where other archives are scarce.
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1 INTRODUCTION
Drylands are regions where potential evaporation outpaces annual precipitation by at least 1.5-fold. These arid landscapes are found on every major continent and support over 40% of the Earth’s population. Global climate models predict an overall increase in aridity globally due to changes in rainfall as well as increased evapotranspiration from higher temperatures (Asner et al., 2004; Maestre et al., 2016; Dahinden et al., 2017; IPCC, 2022). Predicted higher variability in rainfall as well as an increase in extreme events such as droughts are expected to also stress dryland ecosystems (Asner et al., 2004; Maestre et al., 2016; IPCC, 2022). Decreases in rainfall have a significant impact on vegetation density in arid places (Maestre et al., 2016). Studies suggest 10%–20% of drylands are already severely degraded, and as aridity intensifies with climate warming, the resulting altered species composition and reduced vegetation cover will impact the availability of food, fodder and lumber to hundreds of millions of people (Asner et al., 2004; Maestre et al., 2016; Ball and Tzanopoulos, 2020).
The Dhofar region of Oman is a biodiverse dryland that is home to cloud forest woodlands, which rely on moisture from dense fog brought in seasonally by the Indian Monsoon (Fleitmann et al., 2007; Hildebrandt et al., 2007; Friesen et al., 2018). These woodlands are both ecologically and economically important; they serve as a critical resource for both people and animals (El-Mahi, 2011; Hildebrandt et al., 2007; Ball and Tzanopoulos, 2020). More broadly, vegetation across Dhofar provides grazing resources for domesticate animals, particularly camels (McCorriston et al., 2020). This region is expected to enter novel climate space by the end of this century (Dahinden et al., 2017), and large-scale changes in vegetation have already occurred in this region over the last few decades. For example, cloud forest woodlands have contracted in space and have been degraded over the last few decades due to increased human land use (El-Mahi, 2011; Ball and Tzanopoulos, 2020; McCorriston et al., 2020).
Modern observational data are too brief to assess long-term trends in climate change and vegetation response. While modern data can assess the impacts of extreme events on vegetation, which generally occur in a timeframe of months to a few years, anthropogenic climate change will occur over decades to centuries, thus more data are needed to capture these long-term dynamics (Dietl et al., 2014; Afuye et al., 2021). Paleoenvironmental records can be used to understand these relationships over long periods of time. Regional paleoclimate studies generally agree that rainfall decreased across the Holocene in northern Africa and southern Arabia as the Indian Monsoon system weakened (Morrill et al., 2003; Renssen et al., 2003; Fleitmann et al., 2007; Böll et al., 2014; Lézine et al., 2014; Nicholson, 2018). However, there are currently very few paleoecological records investigating climate-vegetation dynamics in southern Arabia (Lézine et al., 2002; Lézine et al., 2017; Ivory et al., 2021; Hoorn and Cremaschi, 2004).
In southern Arabia from the mid to late Holocene, vegetation responses to increased aridity are described by pollen records that are patchy in both space and time. Pollen studies from paleolakes and hyrax middens from nearby Yemen suggest a contraction of semi-arid woodlands inland across the Holocene (Lézine et al., 2017; Ivory et al., 2021). Most paleoenvironmental data from Oman comes from speleothem records or sediment core records from the coast (Hoorn and Cremaschi, 2004; Fleitmann et al., 2007; Lippi et al., 2007; Bellini et al., 2022; Horisk et al., 2023). Omani mangrove records demonstrate an increase in xeric, saline-tolerant taxa on the coast over this time frame (Lézine et al., 2002). Oxygen isotopes from the speleothems indicate an overall trend of decreasing rainfall across the Holocene, while sedimentological information from the estuarine records highlights wetter pulses that punctuate this long-term trend, characterized by higher sediment inputs from more surface runoff (Hoorn and Cremaschi, 2004; Fleitmann et al., 2007; Lippi et al., 2007; Bellini et al., 2022). Given the sparse data, the impact of long-term changes in precipitation on vegetation further inland in this region is not well-understood.
Rock hyrax middens serve as a powerful paleoecological archive in arid regions which lack more traditional archives such as lakes or bogs. Pollen studies from hyrax middens in both Africa and Arabia have successfully reconstructed ancient vegetation change across the Holocene and late Pleistocene (Scott and Cooremans, 1992; Chase et al., 2012; Ivory et al., 2021; Horisk et al., 2023). A pollen record from rock hyrax middens in Dhofar demonstrated changes in vegetation in the inland desert (Nejd) across the late Holocene (Horisk et al., 2023), indicating an overall shift to more xeric, herbaceous taxa at ∼1.6 ka. More recent explorations of geochemical tools within the middens have demonstrated the efficacy of bulk stable isotopes in assessing past changes in vegetation and moisture as well as leaf wax biomarkers (Carr et al., 2010; Chase et al., 2012; Carr et al., 2016). Herein lies an opportunity to develop a long-term paleoecological record to disentangle climatic drivers of vegetation change in an inland, biodiverse dryland community.
1.1 Modern environment
The Dhofar region is semiarid on the coast (∼120–150 mm/yr) to hyperarid further inland in the desert (∼30 mm/yr). The vegetation is highly biodiverse: at least 817 species have been documented in Dhofar alone, many of which are endemic, and this represents over half of the total flora in the county (Patzelt, 2015). Moreover, it is estimated that nearly 14% of the total vegetation in Oman is range-restricted, and thus at increased risk under changing climate conditions (Patzelt, 2015). The vegetation is highly dependent on the annual precipitation, which comes mainly from the Indian Monsoon system (Miller and Morris, 1988; Fleitmann et al., 2007; Hildebrandt et al., 2007; Ball and Tzanopoulos, 2020).
The vegetation in the Dhofar region is composed of four ecological zones from the Arabian Sea inland: the coastal plain, the escarpment, the plateau, and the Nejd (Figure 1; Miller and Morris, 1988). The coastal plain today is sparsely vegetated due to grazing of domesticate animals and other human land use such as urbanization and infrastructure (Miller and Morris, 1988; El-Mahi, 2011). Near estuaries, vegetation is dominated by grasses (Poaceae), some sedges (Cyperaceae), Salvadora persica trees, and semi-aquatic plants such as Typha (Ghazanfar, 1999; McCorriston et al., 2018). The escarpment sharply increases in elevation and is home to a semiarid cloud forest (Miller and Morris, 1988; Patzelt, 2015; Ball and Tzanopoulos, 2020). This unique woodland can intercept fog brought in by the Indian Monsoon and flourishes seasonally (Hildebrandt et al., 2007; Friesen et al., 2018). This community consists of trees that require seasonal moisture such as Terminalia dhofarica, Maytenus dhofarensis, Boscia arabica, and Ziziphus spina-christii (Miller and Morris, 1988; El-Sheikh, 2013; Patzelt, 2015; McCorriston et al., 2018). Taxa affiliated with this zone are considered more mesic for this region, as they have access to more rainfall annually and are nearer to permanent freshwater sources.
[image: Figure 1]FIGURE 1 | Map of the Dhofar region indicating the four ecological zones. Black squares are modern samples, white circles represent fossil samples. The stars denote the weather stations in Salalah and Thumrait. Modified from Horisk et al. (2023).
The plateau is a flat, high-elevation band that is mainly grassland (Poaceae) with isolated tree taxa such as Senegalia and shrubs (e.g., Euphorbia spp.; Miller and Morris, 1988; McCorriston et al., 2020). The Nejd lies furthest inland and is mainly desert, with isolated trees and shrubs that dot the cliff sides and dry wadi riverbeds. Notable taxa in this zone are frankincense trees (Boswellia sacra) and Senegalia, as well as herbs like Cleome and Heliotropium (Miller and Morris, 1988). Cadaba heterotricha is a shrub which is rare in this region today, but typically found in drier wadi beds in the Nejd (Miller and Morris, 1988; Abbas et al., 2010; McCorriston et al., 2018). Most taxa in the Njed, with the exception of those that grow surrounding freshwater springs in oases are considered xeric and exist in hyperarid conditions beyond the reach of the monsoon.
1.2 Leaf wax n-alkanes
n-Alkanes are long-chain hydrocarbons that are a component of plant leaf waxes (Chibnall et al., 1934; Killops and Killops, 2013). Those sourced from higher terrestrial plants show a strong odd over even preference for number of carbon atoms and tend to form longer chains (C25–C35) (Chibnall et al., 1934; Eglinton and Hamilton, 1963; Eglinton and Hamilton, 1967; Killops and Killops, 2013; Bush and McInerney, 2015). These biomarkers are insoluble in water and preserve well over long periods of time, and the isotopes of both carbon and hydrogen within these compounds record past changes in vegetation and rainfall, respectively (Pedentchouk et al., 2006; Eglinton and Logan, 1991; Peters et al., 2005; Sessions and Hayes, 2005; Sachse et al., 2012; Bush and McInerney, 2015). This makes n-alkanes a useful biomarker that can be extracted from geological materials for paleoecological analyses (Bush and McInerney, 2015; Eglinton and Eglinton, 2008).
Compound-specific δ13Cwax is sensitive to the isotopic composition of atmospheric CO2, the photosynthetic pathway of the plant (C3, C4, or CAM), as well as moisture availability (Ehleringer et al., 1997; Sage, 2004; Eglinton and Eglinton, 2008). In C3 plants, lower δ13Cwax values, as for plant biomass, occur under higher humidity (Rao et al., 2017; Diefendorf et al., 2010). The C4 photosynthetic pathway is mostly found in grasses and sedges and evolved to limit water loss via transpiration, thus, these plants are better adapted to warmer and more arid climates (Ehleringer et al., 1997; Keeley and Rundel, 2003; Sage, 2004; Feakins et al., 2020). Crassulacean acid metabolism (CAM) is used in plants that conduct CO2 fixation at night and is most predominant in succulents (Keeley and Rundel, 2003).
Lower δ13Cwax values (avg. −36‰) are associated with C3 vegetation, while higher values (avg. −21.5‰) are associated with C4 plants (Castañeda et al., 2009; Rao et al., 2017). Fractionation of carbon isotopes occurs during plant uptake and fixation of atmospheric carbon (Farquhar et al., 1989; Diefendorf et al., 2010). The degree of fractionation can vary based on precipitation and other environmental conditions, as well as plant functional type (Farquhar et al., 1989; Diefendorf et al., 2010). Overall, however, δ13Cwax values reflect the relative proportions of C3/C4 vegetation (Chikaraishi and Naraoka, 2007; Rao et al., 2017; Liu and An, 2020).
The hydrogen in n-alkanes is ultimately sourced from meteoric water, thus the isotopic composition is generally controlled by environmental factors such as latitude, humidity, and temperature (Dansgaard, 1964; Rozanski et al., 1993; Liu and Yang, 2008; Feakins et al., 2018; Polissar and Freeman, 2010). The amount effect summarizes the change in δD of precipitation (δDp): as the amount of rainfall increases, the δDp of precipitation decreases (Dansgaard, 1964). δDp also decreases as an air mass moves inland or higher up in altitude, preferentially raining out isotopically heavy water and leaving behind isotopically light vapor (Dansgaard, 1964; Rozanski et al., 1993; Herrmann et al., 2017). Meteoric waters enter soils, where evaporation can impact the isotopic composition of this new isotopic pool, especially in arid ecosystems (Feakins and Sessions, 2010).
Plants take up water from the soil, which does not cause any fractionation, and use it to synthesize leaf wax n-alkanes (Sachse et al., 2012; Tipple et al., 2013). The biosynthesis of these compounds causes significant fractionation to the hydrogen isotopes, which varies between C3/C4/CAM plants as well as between plant habits (Sachse et al., 2012). Because of this, δDwax values are often corrected using mixing-models which consider photosynthetic pathways and plant groups such as trees and herbs (Feakins, 2013). Transpiration of leaf waters can also impact resultant δDwax values, such that the n-alkanes will record an enrichment in deuterium relative to meteoric waters (Feakins and Sessions, 2010; Kahmen et al., 2013). Additionally, biosynthesis of these lipid molecules causes significant isotopic fractionation, which varies taxonomically (Sachse et al., 2012; Feakins, 2013). Overall, less negative values of δDwax indicate more arid conditions, making the δDwax and δ13Cwax records from n-alkanes complementary paleoenvironmental signals (Sachse et al., 2012; Rao et al., 2017). These compounds have been shown to preserve in rock hyrax middens over geologic timescales in South Africa and can be used to strengthen paleoecological studies in southern Arabia (Carr et al., 2010; Chase et al., 2012; Carr et al., 2016).
2 METHODS
2.1 Rock hyrax middens
Rock hyraxes use communal latrines that result in indurated masses of hyraceum (a urinary product) and fecal material. This material traps pollen and other paleoenvironmental indicators and can preserve them for thousands of years (Scott and Cooremans, 1992; Scott and Woodborne, 2007; Carr et al., 2010; Chase et al., 2012; Carr et al., 2014; Ivory et al., 2021). The samples used in this study represent thin (<5 cm) accumulations, which we assume represent decades to ∼100 years of deposition, based on investigations from Ivory et al. (2021) which obtained multiple radiocarbon ages from the same middens which were not significantly different. Radiocarbon dates obtain a single representative age. We interpret paleoenvironmental information from these samples as a “snapshot” of the landscape over ∼101–102 years (Horisk et al., 2023). Approximately 100 g of material from 14 hyrax middens were disaggregated in 1 L of deionized water for pollen analysis as presented in Horisk et al. (2023). The rehydrated urine was sieved at 500 μm to remove fecal pellets and other macrobotanicals, and 10 fecal pellets from each sample were homogenized and radiocarbon dated at the University of Georgia Center for Applied Isotope Studies via Accelerated Mass Spectrometry (AMS) radiocarbon dating. Calibrated ages were obtained using the IntCal Northern Hemisphere Radiocarbon Age Calibration C (Reimer et al., 2020). A standard 40 mL of the liquid <500 μm fraction was then used to obtain pollen data. The archived portion of this rehydrated hyraceum (unfiltered) was employed to extract leaf wax n-alkanes as well as to conduct δDwax and δ13Cwax analyses. The use of the liquid fraction ensures the two datasets are directly comparable.
To obtain the Total Lipid Extract (TLE), 50 mL of the liquid fraction was frozen and then freeze-dried in ashed 500 mL beakers. Approximately 20 mL of a 2:1 azeotrope of Dichloromethane (DCM) to Methanol (MeOH) was added to the beaker and sonicated for 30 min, and the extracted TLE was pipetted into 50 mL vials. This process was repeated three times. A portion of the TLE (∼8 mL) was archived before conducting further analysis. The TLE was separated into an acid and neutral fraction by adding water and salt through Bligh-Dyer separation, using the Wakeham and Pease (1992) protocol. Approximately 60 mL of TLE was added to a separatory funnel along with ∼20 mL of 5% NaCl solution. The separatory funnel was inverted and degassed 5–7 times, and the bottom fraction was collected into an ashed flask. This process was repeated an additional two times to obtain the neutral fraction. To collect the acid fraction, the remaining 5% NaCl solution was acidified using HCl to reach a pH of ∼2, then extracted three times using DCM.
The neutral fraction was separated into compound fractions via silica gel column chromatography. The column was constructed using a glass pipette and ashed silica gel and an ashed glass wool plug. The first fraction was eluted using hexane, and a second fraction was extracted using 2:1 DCM to MeOH. The hexane fraction (F1) was dried gently with N2 in a FlexiVap, then 200 μL of hexane were quantitatively added to the vial prior to Gas Chromatography-Flame Ionization Detector (GC-FID) analysis. n-Alkane peaks were identified and quantified on the GC-FID using a 2 μL injection volume and a calibration curve with 5, 10, 25, and 50, and 100 ng/μL standards, and the response curve was generated after each batch of samples. The standard deviation of the peak areas for the standards ranged from 0.15 to 1.3 pA*min, which is an error of approximately 7%.
The concentrations reported here are volumetric, since a liquid sample was used. However, we normalized abundance to a mass of organic material extracted, weighed some of the freeze-dried samples and conducted a unit conversion. These ranged from 0.20 to 1.8 μg/g of n-alkanes in relation to the mass of dried organic material. The middens analyzed by Carr et al. (2010) had average n-alkane concentrations of 0.005–0.157 μg/g. One explanation for this discrepancy would be higher fecal pellet concentration in the middens of this study, and thus more leaf material from hyrax browsing. Moreover, if the yield was incomplete, sample amount would be underestimated. However, when middens were processed via sonication extraction in 9:1 DCM:MeOH and silica gel column separation alone (without a Bligh-Dyer separation), our n-alkane yields were much lower (<0.02 μg/g), suggesting that the addition of the Bligh-Dyer step to the methodology improves yields for midden samples with low concentrations.
Ten of these samples were shipped to the University of California Davis Stable Isotope Facility for δ13Cwax analyses. The resulting dataset had a standard deviation of ±0.82‰ and an overall accuracy of ±0.29‰. We obtained δDwax measurements on five samples at Penn State in the Deines Stable Isotope Laboratory. For each sample, 4 μL/100 was injected into the GC open split to a Finegan Delta Plus XP isotope-ratio mass spectrometer (IRMS). The A6 standard (A.Schimmelmann, Indiana University) was used, and the lowest peak area that produced reliable values was ∼6 Vs. Due to this analytical constraint, only measurements above 6 Vs. were considered for analysis. The instrument δDwax measurements were converted to VSMOW scale and analytical uncertainty was calculated using the methods of Polissar and D'Andrea (2014). This includes calculating standard deviation of replicate measurements (n ≥ 4 for each sample), then propagating errors from measured and known values on the VSMOW scale (Polissar and D'Andrea, 2014). This uncertainty was estimated as the standard error of the mean and was between ± 4.1‰–6.2‰.
2.2 Modern herbarium specimens
Plant specimens from herbarium sheets collected in Dhofar in 2018 and housed in the Ohio State University Archeobotany Lab were sampled for geochemical analyses. For n-alkane analyses, 94–699 mg of leaf material was extracted using Accelerated Solvent Extraction (ASE), then separated into a hexane fraction and 1:1 DCM:MeOH fraction via the same silica gel column chromatography protocol used for the midden samples. The hexane fraction was evaporated using the FlexiVap, and 50 μL of hexane were quantitatively added to each sample for GC-FID analysis. A 2 μL injection was used and calibration standards of 5, 10, 25, 50, and 100 ng/μL were employed to create a calibration curve.
3 RESULTS
3.1 Modern herbarium specimens
The n-alkanes from leaves from herbarium specimens were identified and quantified on the GC-FID, and values ranged from 0.72 to 380 ng/μL. In six samples, concentrations of the long-chain odd n-alkanes were too low and not identified by the instrument (labelled “n/a” in Table 1). The proportions of the C27, C29, and C31 + C33 n-alkanes in each sample were plotted in a histogram and on ternary diagrams (Figures 2, 3).
TABLE 1 | n-Alkane chain length concentations for herbarium plant samples.
[image: Table 1][image: Figure 2]FIGURE 2 | Proportions of the C27, C29, and C31 + C33 n-alkanes in plant herbarium specimens. The C27 and C29 compounds are generally associated with trees, and the C31 + C33 with herbs and grasses. From left to right are the Trees: Terminalia dhofarica, Salvadora persica, Boscia arabica, Ziziphus spina-christii; Shrub: Cadaba heterotricha; Herbs: Cleome, Cenchrus ciliaria, Euphorbia granulata, Heliotropium fartakense, Cleome brachycarpa.
[image: Figure 3]FIGURE 3 | Ternary plots showing the proportions of the C27, C29, and C31 + C33 n-alkanes in plant herbarium specimens. The left panel is color-coded by plant habit (tree, herb, or shrub) and the right panel is color-coded based on ecological affinity in the region (more mesic or xeric).
The histogram in Figure 2 illustrates that the C27 and C29 n-alkanes were highest in relative abundance in comparison to the combined abundances of C31 + C33 homologues from tree taxa (Terminalia dhofarica, Salvadora persica, Boscia arabica, Ziziphus spina-christii) on average (C27 = 21.0%, C29 = 29.5%, C31 + C33 = 37.5%). The C31 + C33 homologues were most abundant (C31 + C33 = 76.8%) among the herbaceous taxa (Lasiurus scindicus [Poaceae], Cleome brachycarpa, Cenchrus ciliaris [Poaceae], Heliotropium fartakense) compared to the other two homologues (C27 = 8.1%, C29 = 9.3%). Amongst the trees, Ziziphus spina-christii had a higher proportion of the C31 + C33 n-alkanes (70.0%) in comparison to all other taxa (8.9%–60.0%). The highest abundance of the C31 + C33 homologues was in the shrub Cadaba heterotricha (∼99.5%).
In general, taxa with xeric affinities (Cadaba heterotricha, Lasiurus scindicus, Cleome brachycarpa, Cenchrus ciliaris, Heliotropium fartakense) had higher proportions of the C31 + C33 chains (>50%). Taxa with mesic affiliations (Terminalia dhofarica, Salvadora persica, Boscia arabica, Ziziphus spina-christii), except for Ziziphus spina-christii, were more abundant in the C27 and C29 chains (C27 + C29 > 50%).
3.2 Rock hyrax middens
The concentrations of n-alkanes from the hyrax middens ranged from 0.82 to 270 ng/μL (Table 2). One modern and five fossil samples had high enough concentrations of the C31 n-alkane to yield compound specific δ13Cwax values. These values ranged −34.72 to −28.14‰. Peak areas of the C31 n-alkane ranged from 2.42 to 40.56 Vs. The average δDwax values of the C31 n-alkane from one modern and three fossil middens ranged from −153.8 to −121.1‰ vs. VSMOW. Sample 103-2C (3,103 cal yr BP) did not yield any peaks above the analytical threshold, but samples 135-1, 146, 111-2 E, and 155-D (0, 706, 1,651, and 2,920 cal yr BP, respectively) yielded 2–4 replicates with a high enough peak area.
TABLE 2 | n-Alkane chain length concentrations and stable isotope results for the hyrax midden samples. Bulk δ13C values come from (Horisk et al., 2023).
[image: Table 2]4 DISCUSSION
4.1 Interpreting plant community change through n-alkane distributions
The proportions of the C27, C29, and C31 + C33 n-alkanes in the modern plant specimens largely reflect their plant habit, whether they are classified as herbs or trees/shrubs, which supports previous studies in other regions (Smith et al., 2007; Carr et al., 2014; Bush and McInerney, 2015). One notable exception, the shrub Cadaba heterotricha, had the highest proportion of C31 + C33 n-alkanes. This plant is found only in the drier wadis of Dhofar and has xerophyte characteristics such as trichomes (Miller and Morris, 1988). Xerophytic plants tend to produce a higher concentration of n-alkanes and are typically abundant in the C31 chain length (Boom et al., 2014; Carr et al., 2014). The taxon Ziziphus spina-christii had the lowest relative abundances of the C27 and C29 chains in comparison to other trees. This plant typically has an arboreal habit and is distributed mainly throughout the monsoon-affected (mesic) areas of Dhofar (Miller and Morris, 1988). However, it can also grow as a shrub, and like C. heterotricha this shrub habit may explain the higher relative abundances of the longer chains (Miller and Morris, 1988).
When modern plant specimens were distinguished by their ecological affinity, whether they are generally associated with more mesic (Terminalia dhofarica, Salvadora persica, Boscia arabica, Ziziphus spina-christii) or xeric habitats (Cadaba heterotricha, Lasiurus scindicus, Cleome brachycarpa, Cenchrus ciliaris, Heliotropium fartakense) (Figure 3). In Dhofar, xeric plants were also more abundant in C31 + C33 homologues (79.5% of total C-27, 29, 32, and 33 homologues). Plants that were affiliated with more mesic environments had a higher proportion of C27 and C29 chains (25.1% and 30.8%; Miller and Morris, 1988). These results indicate that in Dhofar, both plant habit and ecology impact the distribution of n-alkanes, which would then be preserved in paleoecological archives and can aid in interpretations of vegetation change (Smith et al., 2007; Boom et al., 2014; Carr et al., 2014).
4.2 Applications of leaf wax isotopes for hyrax middens
While previous studies have extracted high enough concentrations of n-alkanes from hyrax middens for compound specific carbon isotope analyses, there is yet no published δDwax data from fossil hyrax middens (Carr et al., 2010; Chase et al., 2012; Boom et al., 2014; Carr et al., 2014; Carr et al., 2016). The method used for this study has proven to yield higher concentrations of n-alkanes, and thus reproducible δDwax values. Published n-alkane concentrations from hyrax middens are as low as 0.0002 μg/g (Carr et al., 2010). In comparison, ocean cores and terrestrial sediments range from 0.4 to 1.3 μg/g (Carr et al., 2010). Compound specific hydrogen isotope values have been successfully measured on samples with low concentrations of terrestrial n-alkanes, but these were two orders of magnitude larger than the previous midden studies (Carr et al., 2014; Aichner et al., 2015).
4.3 Paleohydrology and vegetation change in the late Holocene
The n-alkane chain length proportions from fossil hyrax middens had some variability, but generally remained dominated by C31 + C33 chain lengths (Figure 4; ∼60%). Samples with higher proportions of the shorter chain lengths (C27 and C29) often correlate to high percentages of tree pollen. This revealed that overall, little change occurred in the predominant vegetation over this period from ∼4 cal yr BP to modern, and that the plant community remained dominated by herbaceous plants. Further, other indications of changes in the proportion of vegetation types, including bulk δ13C, and δ13Cwax values, do not indicate a notable shift. Taken together, this suggests that the overall structure of the ecosystem in relation to C3 and C4 plants and woody versus herbaceous taxa, did not significantly change. In contrast, the pollen data produced from the same middens implied considerable turnover in the plant community, and the composition of the pollen flora in each pollen zone was demonstrated to be statistically different through time (Horisk et al., 2023). In particular, the pollen record shows that from ∼4 to 3.1 ka, there were higher abundances of arboreal vegetation associated with escarpment woodlands and edaphically wetter locations like Terminalia, Maytenus, and Boscia (Horisk et al., 2023). After ∼1.6 ka, there was a large shift to predominantly herbaceous taxa, such as Poaceae and Heliotropium (Horisk et al., 2023).
[image: Figure 4]FIGURE 4 | From top to bottom: CONISS cluster analysis (Grimm, 1987) of the relative abundances of the pollen in each sample; the relative abundances of Tree, Herb, and Indeterminate pollen habits; proportions of n-alkane homologues in each sample.
Although the results of the pollen, n-alkane abundance patterns, and δ13C data from the same middens seem to disagree, we suggest that pollen and n-alkanes instead provide separate pieces of information about regional vegetation that represent different spatial and taxonomic scales. The pollen from the middens may represent a more regional signal, capturing vegetation changes on the plateau, while the n-alkanes more closely represent the local plant community. This suggests pollen deposition into the middens is primarily aeolian and represents a larger catchment area. This is supported by other midden studies which show their pollen spectra closely align with surface soil pollen spectra, and thus pollen is primarily deposited through environmental processes, such as aeolian deposition (Scott and Cooremans, 1992; Scott and Woodborne, 2007). In contrast, the bulk of the n-alkanes may have largely been deposited through dietary consumption of plant materials, which is supported by the previous study of Carr et al. (2010). Thus, the environmental signal would be geographically restricted to the smaller foraging range of the hyrax and represent local, rather than more regional, vegetation.
While the alkane data provide a broad picture of local abundances of xeric vegetation structure, they do not provide detailed information about the taxonomy of plants more regionally as revealed by pollen data. The significant changes in the pollen composition over this interval suggest there was turnover in the ecosystem composition over the late Holocene. At a course resolution, the vegetation structure, in terms of the distribution of herbaceous versus arboreal plants, did not shift significantly in the Nejd over the last 4,000 years. However, it is likely that there was a higher density of mesic, arboreal vegetation on the plateau and escarpment from ∼4 to 3 ka.
Further, we suggest that turnover in plant communities over the late Holocene in the Nejd was driven by variability in rainfall across the late Holocene, as revealed by the high-resolution oxygen isotope record (Fleitmann et al., 2007). Although only two samples were available prior to 1.6 ka, δDwax (−144.7‰ to −153.8‰) values were lower in comparison to the more recent values, indicating relatively higher moisture availability earlier in the record (Figure 5; Sachse et al., 2012). Sedimentological data and pollen evidence from Khor Rori estuary demonstrated increased surface water flow at ∼1.6 ka (Hoorn and Cremaschi, 2004), indicating a wetter pulse around ∼1.6 ka punctuated the overall drying trend across the late Holocene (Hoorn and Cremaschi, 2004; Fleitmann et al., 2007). The δDwax data from this time which indicate higher moisture availability are in line with this previously established hydrological record. In contrast, the two more recent δDwax samples at 706 and 0 cal yr BP were both higher than the older samples by ∼20‰–30‰, which suggests less moisture availability and modern-like conditions by ∼700 years ago.
[image: Figure 5]FIGURE 5 | Top panel: δDwax (blue) and δ13Cwax data (green) plotted against midden sample age (cal yrs BP). Bottom panel: δ18O data replotted from the Qunf cave speleothem record of Fleitmann et al., 2007. Blue bars represent periods where local and regional records indicate it is relatively wetter, compared to yellow bar which is a time frame that is generally accepted to be the driest time.
The δ13Cwax results suggest an admixture of C4 grasses and C3 woody plants, with a predominance of n-alkane homologues associated with C4 vegetation from ∼4 to 3 kyr. The δ13Cwax values at ∼1.6 kyr were more variable, with one lower value (111-2E; −31.78‰) and one higher value (151; −28.14‰). The variability between these two samples may be a product of some temporal and spatial heterogeneity between the two samples, but on average represent a mixed C3/C4 cover (Chikaraishi and Naraoka, 2007; Rao et al., 2017; Liu and An, 2020). The sub-modern sample (108-1b, 109 cal yr BP) has a similar value to the older samples, and one modern sample (48-1b) shows a 2‰ depletion in line with the Suess Effect (Keeling, 1979; Feakins et al., 2015).
Given the δ13Cwax results, we assume an average fractionation factor (ɛ) to make a tentative comparison to modern meteoric δD values. Feakins (2013) report an average ɛ value of −150‰ in C3 monocots and −134‰ in C4 monocots. Due to the mix of this vegetation in our record, we apply a simple average of these two values for an ɛ of −142‰. These values were plotted in comparison to modern measurements on both meteoric and groundwater in Dhofar (Figure 6; Al-Mashaikhi et al., 2012; Strauch et al., 2014; Friesen et al., 2018). These show that samples dated to 2,920 and 1,651 cal yr BP have lower values of the δDwax that are similar to modern Nejd groundwater (approximately −40 to −20‰). This could indicate groundwater recharge in the Nejd at this time, or perhaps more input from cyclone events. Modern meteoric water from cyclones is far more depleted in hydrogen and oxygen than monsoon precipitation (δD values −80 to −50‰; Al-Mashaikhi et al., 2012; Strauch et al., 2014; Friesen et al., 2018). These events originate in the Arabian Sea and occur generally once every 3 years, with a severe storm once in every five (Kwarteng et al., 2009). Cyclonic events cause increased runoff, which is indicated by sedimentological records from coastal estuaries at ∼1.6 kyr (Hoorn and Cremaschi, 2004).
[image: Figure 6]FIGURE 6 | δDwax data with applied ɛ value based on average of the C3 and C4 plant ɛ values described in the literature. Purple bar represents range of isotopic values from modern Nejd groundwater and the blue from modern monsoon rainfall and runoff, as presented by Strauch et al. (2014) and Friesen et al. (2018).
The younger samples (706 cal yr BP and modern) were in the range of modern monsoon rainfall values and runoff (approx. −5–20‰). Thus, higher values in the younger samples could indicate a change in water source to runoff from monsoon rainfall occurring on the escarpment and/or increased evapotranspiration. In comparison to cyclones, winds from the monsoon transport moisture from the southern Indian Ocean (Fleitmann et al., 2007). Due to this larger transport distance, the moisture that is released over Dhofar has a higher hydrogen isotope composition due to the latitudinal effect (Dansgaard, 1964; Fleitmann et al., 2007).
The speleothem record from Qunf Cave indicates decreasing rainfall across the Holocene through gradual δ18O enrichment (Fleitmann et al., 2007). Sedimentological data from Khor rori estuary, as well as the δDwax values suggest a wetter pulse. This may be indicative of groundwater recharge or an uptick in cyclonic events at ∼1.6 ka. All three records independently indicate it was dryer by ∼1 kyr–∼700 yr in Dhofar, and particularly locally in the Nejd (Smith and Freeman, 2006; Fleitmann et al., 2007; Sachse et al., 2012). This information suggests that despite an overall drying trend across the Holocene, we capture shorter-term variability in rainfall previously demonstrated by Hoorn and Cremaschi (2004).
While the pollen habits (trees, indeterminate, herbs) suggested large changes in community composition over the late Holocene, the geochemical data indicate there was little to no changes in local structure, and that arid and semi-arid desert scrub taxa dominated over the entire interval. This implies the Nejd vegetation communities may be resistant to large-scale changes in intensity and variability of hydroclimate and aridity, which global climate models predict will become more severe in the next century (Dahinden et al., 2017). However, substitutions within the major plant habit groups may result in the loss of species that are used as fodder for domesticate animals (e.g. Terminalia, Salvadora persica) or are economically important (e.g., Frankincense) across the vegetation zones, which could drastically impact economic resources, foodways, and timber (Asner et al., 2004; El-Mahi, 2011; Ball and Tzanopoulos, 2020). Overgrazing and other human activity could potentially intensify this, thus mitigating these impacts should be a focus of conservation efforts.
Finally, Rock hyrax middens are an invaluable resource for understanding dryland ecosystem dynamics through time. The methods used to extract leaf wax n-alkanes and obtain compound-specific isotopes from hyrax middens in this study can be used to reconstruct paleoenvironmental changes in dryland regions where traditional archives, such as lake sediments, are unavailable. Rock hyraxes are widely distributed in Africa and Arabia (Sale, 1966), and other studies have used pollen, stable isotopes, and n-alkanes to conduct paleoenvironmental studies in South Africa (Scott and Cooremans, 1992; Scott and Woodborne, 2007; Carr et al., 2010; Chase et al., 2012; Carr et al., 2016). However, the δDwax data represent the first of its kind generated from rock hyrax middens, and the geochemical techniques employed can be used to obtain additional local paleohydrological information in Oman and elsewhere on the African continent.
5 CONCLUSION
Dryland ecosystems are essential to nearly half of the Earth’s population but are also the most at risk under changing climate conditions (Asner et al., 2004; Maestre et al., 2016). Global anthropogenic climate change is accelerating, and paleoecological records allow us to determine long-term patterns in changing climate and vegetation response. These can help scientists constrain future predictions of climate change impacts (Asner et al., 2004; Maestre et al., 2016; Dahinden et al., 2017). Rock hyrax middens have proven a powerful archive of both pollen and geochemical indicators, such as n-alkanes, δDwax, and δ13Cwax, for paleoecological studies in arid regions (Chase et al., 2012; Carr et al., 2016). In Dhofar, a more complete picture of vegetation changes over the late Holocene and a link to changing hydroclimate was revealed by plant biomarkers and stable isotope records derived from middens.
δDwax data support that over the course of regional drying, driven by Indian Monsoon dynamics, there may have been a shorter wet period at ∼1.6 ka, as revealed by sedimentological data from a coastal estuary (Fleitmann et al., 2004; Hoorn and Cremaschi, 2004; Fleitmann et al., 2007). The leaf wax n-alkane distributions and δ13Cwax values, in comparison with the pollen record, indicated that these hydrological changes drove changes in the composition of the local vegetation, but not the overall structure of the plant communities. This suggests resilience of dryland vegetation to state-shifts under increasing aridity, which global climate models predict will be amplified by climate change (Dahinden et al., 2017). More work is necessary to fully constrain local paleohydrological change in this region, which can be achieved through the previously outlined midden processing methods that yielded reproducible δDwax data.
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Species Family Mass (1 C27 (ng/g) C29 (ng/q) C31 (ng/g)

1 Croton oblongifolius Euphorbiaceae 301 na n/a na nla

2 Pulicaria glutinosa Asteraceae 201 nfa nfa nfa nfa

3 Cadaba heterotricha Capparaceae 434 520 1100 180.00 24000
4 Euphorbia granulata Euphorbiaceae 84 15.00 30.00 100.00 20.00
5 Salsola rubescens Amaranthaceae 421 190 2.10 052 012
6 Terminalia dhofarica Combretaceae 91 20,00 3200 1200 079
7 Heliotropium fartakense | Boraginaceae 384 3.00 500 2400 230
8 Salvadora persica Salvadoraceae 404 220 3.00 240 030
9 Cleome sp. Capparaceae 102 250 18.00 21.00 7.80
10 Pluchea dioscoridis Asteraceae 423 nfa nfa nfa nfa
1 Halothamnus bottae Amaranthaceae 313 nla n/a na n/a
12 Cadaba farinosa Capparaceae 201 130 072 na nla
13 Cleome brachycarpa Capparaceae 239 13.00 27.00 270.00 330.00
14 Ziziphus spina-christi Rhamnaceae 284 7.30 2100 48.00 8.00
15 Fiscus cordata Moraceae 699 nla nla nla n/a
16 Boscia arabica Capparaceae 272 27.00 79.00 68.00 3.10
7 Cocculus pendulus Menispermiaceae | 100 nfa nfa nfa nfa
18 Indigofera coerulea Fabaceae 271 110 1.20 0.79 0.11
19 Lasiurus scindicus Poaceae 23 330 nla 5.90 14.00
20 Cenchrus ciliaris Poaceac 106 18.00 45.00 nfa 48.00
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Age

Latitude Longitude = (calyr
BP)
135-1 17°14.618'N 53°53.380'E 0 -2753 -1258 -324 1600 53.00 110.00 47.00
48-1B 17°25.431'N 54°29.385'E 0 -28.12 -347 084 220 5.00 037
108-1b 17°23.123'N 54229.767'E 109 -2565 -326 8.80 14.00 16.00 440
107-2b 17°23.110'N 54229.755'E 114 -25.96 430 690 13.00 150
146 17°23.523'N 54°31010'E 706 -24.86 16.00 49.00 150.00 47.00
155-2C 17°24.513'N 54°30.555'E 1,403 ~2549 7.10 9.00 13.00 3.00
147-1 17°23.331'N 54°30.724'E 1,466 -2632 13.00 29.00 78.00 19.00
151 17°23.305'N 54°30.724'E 1,574 -262 -28.1 082 110 140 140
145-4 17°23.733'N 54°30.996'E 1,638 -2569 9.00 13.00 25.00 8.60
1112E 17°23.142'N 54°29.869'E 1,651 -2694 -153.8 318 660 14.00 35.00 14.00
155-D 17°24513'N 54°30.555'E 2,920 -26.87 -1447 3100 83.00 270.00 130.00
103-2¢ 17°25.338'N 54°29.861'E 3,103 -2413 -121.0 770 16.00 34.00 15.00
149-2 17°23.298'N 54°30711'E 3,233 -25.82 -319 230 4.10 5.70 5.50
155-F 17°24513'N 54°30.555'E 4,038 -2585 -311 200 420 10.00 480
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