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n-Alkanes are one of the most used proxies in lake sediments to reconstruct past climate change. However, the distribution and concentration of n-alkanes are controlled by multiple factors, and their interpretation across northern China has revealed obvious discrepancies. It is therefore important to investigate the controlling factors of n-alkane proxies before using them for paleoclimate reconstruction. In this study, we collected fresh plant leaves, basin surface soils, lake surface sediments, and a short sediment core (DH20B) in the Daihai Lake basin to analyze the paleoclimate implications of n-alkanes. Our results show that long-chain (C27–C35) n-alkanes in Daihai Lake are dominated by allochthonous sources. The average chain length of long-chain n-alkanes (ACL27–35) and total long-chain n-alkane concentration (∑alklong-chain) of DH20B are significantly correlated with regional summer temperature (r = 0.54, p < 0.01) and summer precipitation (r = 0.41, p < 0.05) over the past 60 years. These results indicate that ACL27–35 and ∑alklong-chain from Daihai Lake sediments have the potential to reconstruct past summer temperature and summer precipitation, respectively, because higher summer temperature promotes the synthesis of longer-chain n-alkanes to reduce water loss (leading to higher ACL27–35) and increased summer precipitation promotes plant growth (leading to higher ∑alklong-chain). Moreover, we found that human activity significantly affected ∑alklong-chain through cultivation and grazing after 2005. Our findings may have broad significance for paleoclimate reconstruction of other hydrologically closed lakes, highlighting the importance of proxy validation studies.
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1 INTRODUCTION
n-Alkanes are a series of saturated straight-chain hydrocarbons (with a chemical formula of CnH2n+2) with different carbon numbers, which contain no active functional groups and are stable in natural environments (Eglinton and Hamilton, 1967). They are biosynthesized from long-chain fatty acids via the decarboxylation pathway from living organisms (Villanueva et al., 2014) and contain abundant information about biogenic sources and environmental changes (e.g., Castañeda and Schouten, 2011; Diefendorf and Freimuth, 2017; Huang et al., 2018). Given their advantages of chemical inertness, water insolubility, and high content, n-alkanes in lake sediments are widely used in paleoclimate research studies (e.g., Ficken et al., 2000; Castañeda and Schouten, 2011; Bush and McInerney, 2013; Zhang et al., 2020; Zhao et al., 2021).
Northern China is the birthplace of Chinese culture and awareness of the eco-fragile area (Chen et al., 2015; Shen et al., 2018), so n-alkane-based paleoclimate reconstruction in this region can provide an important method to understand past human habitats and environmental change. However, the average chain length (ACL) and the total n-alkane concentration (∑alk)—the two most used n-alkane-based proxies in paleoclimate research—are controlled by multiple factors, such as temperature, precipitation, and vegetation type (Bush and McInerney, 2013; Diefendorf and Freimuth, 2017; Kou et al., 2020), and the interpretations of them across northern China has revealed obvious discrepancies (e.g., Duan et al., 2014; Wang et al., 2018). For example, ACL was suggested to be a temperature indicator in a modern n-alkane study based on 357 plant leaves in northern China (Wang et al., 2018), and this conclusion was applied in Xijianhaizi Lake (Dong et al., 2022) and Hani peatland (Zhou et al., 2010). However, in Tianchi Lake (Sun et al., 2018), Xiaolongwan Lake (Sun et al., 2013), and Dabusu Lake (Sawada et al., 2020), ACL was more likely to be influenced by changes in plant type. Meanwhile, Zhang et al. (2019) used ∑alk in Beilianchi Lake to indicate the productivity of the lake basin, which was linked to precipitation changes. By contrast, researchers pointed out that temperature also influenced ∑alk in Xingkai Lake, (Sun et al., 2019), a conclusion that was also supported by studies of Wang et al. (2018).
Moreover, in addition to the climate drivers, human activity is also an important factor influencing n-alkanes. For example, He et al. (2020) pointed out that intense human activities (e.g., fuel combustion and intensive cultivation) significantly changed the odd-to-even carbon preference and the concentration of n-alkanes in Chaohu Lake, southern China. However, in most modern n-alkane studies in northern China, research has focused on the climate factors, and the influence of human activity has not been fully considered (e.g., Duan and Xu, 2012; Duan et al., 2014; Wang et al., 2018). In summary, detailed investigations of modern n-alkane processes are needed before paleoclimate reconstruction is undertaken in northern China.
Daihai Lake is the fourth largest lake in Inner Mongolia and is an ideal place for paleoclimate research in northern China (e.g., Wang et al., 1990; Zheng et al., 2010; Jin et al., 2013; Xiao et al., 2019). Here, to investigate the paleoclimatic interpretations of n-alkanes in Daihai Lake, modern plant leaves, basin surface soils, lake surface sediments, and a lake sediment core were collected in the region. Our objectives were: 1) to investigate the source of n-alkanes; 2) to assess the paleoclimatic interpretation of n-alkanes; and (3) to evaluate the impacts of human activity on n-alkanes.
2 STUDY AREA
The Daihai Lake basin is situated in Inner Mongolia, northern China (Figure 1A), with an area of 2,263.3 km2. It is the transition zone between semi-arid and semi-humid areas and is thus sensitive to climate change. The annual average temperature and precipitation in this region over the past 60 years are 5.9°C and 406.4 mm, respectively, with both maximums occurring in summer. The modern natural vegetation in the basin is temperate steppe, dominated by trees such as Betula platyphylla, Pinus tabulaeformis, and Salix, and grasses and herbs including Stipa krylovii, Artemisia sacrorum, Medicago falcata, and Potentilla chinensis as well as aquatic plants in Daihai Lake such as Ceratophyllum demersum, Vallisneria natans, and Stuckenia pectinata (Wang et al., 1990). Daihai Lake is a hydrologically closed lake, with a surface area of 68.67 km2 and a maximum water depth of ∼7.0 m (Figure 1B). The water sources of Daihai Lake are mainly fed by regional precipitation through six seasonal surface rivers (Gongba, Wuhao, Buliang, Tiancheng, Muhua, and Suodai).
[image: Figure 1]FIGURE 1 | Study site and sampling locations. (A) Location of Daihai Lake and other lakes cited in this study. (B) Map of land use in the Daihai Lake basin, modified from Liang et al. (2021). The diamonds and crosses indicate the basin soil and plant leaf sampling sites, respectively. (C) Daihai Lake area and sampling sites of DH20B and lake surface sediment.
Recently, human activities in the region have increased significantly, which has had a huge influence on the Daihai Lake basin. First, the land type has changed significantly, with 60% of the land area now arable and grass (Liang et al., 2021). Given the huge consumption of water for agriculture, the area of Daihai Lake has contracted sharply over the past decades (Liang et al., 2021). Second, the Daihai power plant was built on the southern shore of Daihai Lake in 2005 (Inner Mongolia Water Conservancy and Hydropower Survey and Design Institute, 2015). Since 2008, a large volume of lake water (∼1.192 × 107 m3 each year) has been used in the power plant to cool the facility, with the used water directly returned into Daihai Lake.
3 MATERIALS AND METHODS
3.1 Research Materials
All samples used in this study (Supplementary Table S1) were collected in the Daihai Lake basin in July 2020 (Figure 1C): 1) 19 fresh plant leaf samples (four submerged aquatic plants and 15 terrestrial plants); 2) 7 undisturbed basin surface soil (BSS) samples—to reduce the sampling error, mixed soils in the quadrat (with an area of 1 m2) were taken; 3) 21 lake surface sediment (LSS) samples from different lake water depths; and 4) a 70-cm long sediment core (DH20B) was retrieved from the center of the lake. DH20B was sliced at 0.5 cm intervals in the field. All samples were transported to the laboratory and stored at a temperature below 4°C. Then, all samples were freeze-dried for subsequent analyses.
3.2 Dating Method
The activities of 137Cs, 210Pb, and 226Ra of 45 samples were measured (Model GCW 3523, CANBERRA Industries Inc.) to determine the age control of DH20B (Figure 2). About 7 g of dry sediments were ground and packed in polyethylene tubes. Then all tubes were stored in a sealed container for 3 weeks to allow for radioactive equilibration. 137Cs was measured via gamma emission at 661.6 keV, and 210Pb was detected at its energy emission at 46.5 keV. 226Ra was determined by measuring the gamma ray spectrum peak area of 214Pb (241.9, 295.2, and 351.9 keV) and 214Bi (609.3 keV). The excess 210Pb (210Pbex) was calculated with the difference between the activities of 210Pb and 226Ra, which was used to assess the average sedimentation rates. The age–depth model of DH20B was calculated using the constant rate of supply (CRS) model (Appleby, 2001). The dating analysis was carried out at the Key Laboratory of Western China’s Environmental Systems, Lanzhou University.
[image: Figure 2]FIGURE 2 | Age–depth model for DH20B based on radionuclide dating results. (A) Stratigraphic plots of 210Pb and 226Ra in becquerels per kilogram (Bq/kg) dried sediment. (B) Stratigraphic plots of 210Pbex and 137Cs in Bq/kg dried sediment. (C) Age model for DH20B is based on the CRS model (Appleby, 2001).
3.3 Analysis of n-Alkanes
The subsamples were freeze-dried and homogenized, then ultrasonically extracted in dichloromethane: methanol (v:v = 9:1) for 15 min (4×). The combined extracts were concentrated to dryness and saponified with 1 N KOH in 95:5 (methanol: H2O, v:v) for 12 h and extracted with hexane (3×) after quenching the reaction with 5% NaCl solution. The neutral lipids containing n-alkanes were further extracted with silica gel column chromatography using hexane. n-Alkanes were measured using an Agilent 8,890 gas chromatography (GC) unit equipped with a flame ionization detector (FID) and a split-injector, DB-5 GC column (30 m × 0.32 mm × 0.25 μm), with an external C8-C30 standard (50 ng/μl) for quantification. The detailed oven program was as follows: hold at 40°C for 1 min, heat to 150°C at 10°C/min, ramp (heat) to 310°C at 6°C/min, and hold at 310°C for 10 min. The analyses were carried out in the Key Laboratory of Western China’s Environmental Systems, Lanzhou University.
We applied several indexes to present our n-alkane results in this study. The concentration percentage of short-, mid-, and long-chain n-alkanes to total n-alkanes (percentage of x-chain) is defined as formula (1). ACL is defined as formula (2). The carbon preference index (CPI) is defined as formula (3) (Naafs et al., 2019).
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In these formulas, n and Cn are the carbon number and the concentration of each n-alkane, and x-chain n-alkanes represent one of the short-chain, mid-chain, and long-chain n-alkanes, with carbon numbers of 16–20, 21–26, and 27–35, respectively.
4 RESULTS
4.1 Dating Results of DH20B
The depth profiles of 210Pb, 210Pbex, 137Cs, and 226Ra for DH20B are presented in Figure 2. There was a generally decreasing trend of 210Pb (Figure 2A) and 210Pbex (Figure 2B) activity in DH20B from the top (171.99 and 158.77 Bq/kg) to the bottom (38.47 and 30.00 Bq/kg), and they all reached the background levels. The peak of 137Cs was at the depth of 44 cm, indicating its age was around 1963–1964, because of atmospheric and underwater nuclear weapon testing (Figure 2B). Meanwhile, the zero 137Cs at 54 cm represented the onset of large-scale nuclear weapons testing in 1952 (Figure 2B). The CRS model (Appleby, 2001) based on 210Pbex activities showed the age of 44 and 54 cm to be 1964.13 and 1950.53, respectively, corresponding to the 137Cs activity results. Overall, DH20B covered at least the last 60 years, from 1960 to 2020 (Figure 2C).
4.2 The Concentration and Distribution of n-Alkanes
We analyzed C16-C35 n-alkanes for all samples (Supplementary Table S1), with concentrations from 0.01 to 200 μg/g (dry weight). All samples had the odd-to-even carbon preference for mid- and long-chain n-alkane concentrations (Figure 3). The ∑alk of aquatic and terrestrial plant leaves were 70.33 and 164.64 μg/g, respectively. There was a double-peak pattern of n-alkanes in aquatic plant leaf samples (with the peaks of C23 and C31 n-alkane; Figures 3A) and a single-peak pattern in terrestrial plant leaf samples (with the peak of C31 n-alkane; Figure 3B). Plant leaf samples all had a very low percentage of short-chain n-alkanes, at 1.3% (aquatic plant leaves) and 0.3% (terrestrial plant leaves) (Figure 4A). For the mid- and long-chain n-alkanes, aquatic plant leaves had a higher percentage of mid-chain n-alkanes (24.3% for aquatic plants and 3.9% for terrestrial plants; Figure 4B) and terrestrial plant leaves had a higher percentage of long-chain n-alkanes (95.7% for terrestrial plants and 71.6% for aquatic plants; Figure 4C). In addition, the average ACL27–35 value of terrestrial plant leaf samples was larger than that of aquatic plant leaf samples (29.80 vs. 28.03; Figure 4D).
[image: Figure 3]FIGURE 3 | Box-plots of n-alkane concentrations from different samples in the Daihai Lake basin. (A) Aquatic plant leaf; (B) terrestrial plant leaf; (C) BSS; (D) LSS; and (E) DH20B sediment. The y-axes are logarithmic coordinates.
[image: Figure 4]FIGURE 4 | Percentage of different chain length n-alkanes and ACL results from different samples. (A) Percentage of short-chain n-alkanes; (B) percentage of mid-chain n-alkanes; (C) percentage of long-chain n-alkanes; and (D) ACL of n-alkanes with carbon numbers from 27 to 35.
The soil and lake sediment samples had a lower ∑alk than plant leaf samples. The average ∑alk results for BSS, LSS, and DH20B samples were 3.13, 2.52, and 1.49 μg/g (Figures 3C-E), respectively. The distributions of n-alkanes for these samples were similar, with all exhibiting a single-peak pattern of n-alkanes (a typical sample with the peak of C31 is shown in Supplementary Figure S1). For both BSS and LSS samples, the percentages of different chain length n-alkanes were generally similar, at about 4.0%, 17.0%, and 79.0% for short-, mid-, and long-chain n-alkanes, respectively (Figure 4). For DH20B samples, the percentage of short-chain n-alkanes was nearly 3–5 times higher than BSS and LSS samples (13.8%; Figure 4A), and the percentage of long-chain n-alkanes was lower (65.5%; Figure 4C). The ACL27–35 values of BSS, LSS, and DH20B samples were 29.80, 29.79, and 29.76, respectively (Figure 4D).
5 DISCUSSION
5.1 Sources of n-Alkanes in Daihai Lake Sediments
The n-alkanes can be roughly divided into two groups: biogenic n-alkanes (e.g., plant leaf, phytoplankton, and bacteria, etc.) and anthropogenic n-alkanes (e.g., vehicle exhaust, petroleum pollution, and organic fuel combustion) (He et al., 2020). Given that there are now intense human activities in the Daihai Lake basin, it is necessary first to investigate the formation pathway of the n-alkanes. It has been proved that biogenic n-alkanes have a significant odd carbon preference, but that anthropogenic n-alkanes do not have such a pattern (Simoneit, 1989; He et al., 2020). Thus, the carbon preference index (CPI) is designed to evaluate the contribution of biogenic and anthropogenic n-alkanes. When CPI >3, it is thought that the n-alkanes are dominated by biogenic sources (Simoneit, 1989). We calculated CPI for all the lake sediment samples and found them all to be larger than 3 (Supplementary Figure S2), confirming their biogenic sources.
The sources of biogenic n-alkanes in the lake can be roughly divided into two parts: allochthonous sources (e.g., basin soils) and autochthonous sources (e.g., aquatic plants and algae). Many researchers have pointed out that there are significant discrepancies in different chain length n-alkanes between these two sources (Volkman et al., 1999; Castañeda and Schouten, 2011; Bush and McInerney, 2013; Naafs et al., 2019; Kou et al., 2020). For example, terrestrial plants preferentially synthesize long-chain n-alkanes, and aquatic plants produce a higher percentage of mid-chain n-alkanes. Our modern leaf results (Figure 4) indicated that 95.7% of n-alkanes produced by terrestrial plants belonged to long-chain n-alkanes and only 3.9% to mid-chain n-alkanes. But for aquatic plants, the percentage of mid-chain n-alkanes reached 24.3%, and the percentage of long-chain n-alkanes was 71.6%. Thus, based on the percentage of different chain-length n-alkanes, it might be possible to distinguish the sources of n-alkanes in Daihai Lake sediments. However, it should be noted that it was more reasonable to have used BSS as the allochthonous source of n-alkanes in the lake sediment, rather than terrestrial plants, since these were the direct inputs of allochthonous n-alkanes.
For the LSS samples, the percentages of short-, mid-, and long-chain n-alkanes were generally the same as the BSS samples (Figure 4), with about 4.0%, 17.0%, and 79.0%, respectively. This similar distribution indicated that the n-alkanes in LSS were dominated by allochthonous sources. For the DH20B samples, the percentage of mid-chain n-alkanes was generally the same as for BSS (20.0% vs. 17.4%). The most obvious difference between them was the percentage of short-chain n-alkanes (13.8% vs. 5.1%). To analyze the causes, the percentage of short-chain n-alkanes of DH20B is presented in Supplementary Figure S3, which shows the percentage was ∼9% (near BSS) before 2008 but ∼25% (much higher than BSS) between 2008 and 2018. We speculate that this significant change can be attributed to the Daihai power plant (built in 2005): the power plant used large volumes of lake water to cool the facility after 2008, and then the warmed water was directly poured into Daihai Lake (Inner Mongolia Water Conservancy and Hydropower Survey and Design Institute, 2015). This process would change both the nutritional status and lake water temperature. Many previous researchers have proposed that nutritional status is the main factor leading to the outbreak of algae, such as in Yanghe Reservoir (Wang et al., 2013) and Taihu Lake (Duan et al., 2009). In addition, the cooling water was specific to Daihai Lake compared with other sites, which could also significantly increase water temperature and induce algae bloom (Chen et al., 2018). Thus, we propose that nutritional status and water temperature induced by cooling water were the main factors leading to the outbreak of algae (leading to more short-chain n-alkanes) in Daihai Lake. After 2018, alongside the disuse of cooling water, the percentage of short-chain n-alkanes returned to a low level (Supplementary Figure S3). Thus, except between 2008 and 2018, the characteristics of DH20B sediments were also similar to those of BSS, which implied that n-alkanes in DH20B were mainly derived from allochthonous sources. In addition, ACL27–35 values of lake sediments (29.79 for LSS and 29.76 for DH20B) were closer to those of BSS (29.80) than to those of aquatic plant leaves (28.03) (Figure 4D), which also supported the proposition that n-alkanes in Daihai Lake sediments (dominated by long-chain n-alkanes) were mainly derived from allochthonous sources.
5.2 Implications for Paleoclimate Reconstruction
5.2.1 Paleoclimatic Interpretation of ACL
Interpretation of ACL in lake sediments can be roughly divided into the following two aspects: 1) temperature. Normally, a higher temperature can make higher plants synthesize longer chain compounds to preserve more water from intense plant transpiration (Xie et al., 2003; Castañeda and Schouten, 2011). A core premise of this mechanism is that the source of n-alkanes should be allochthonous (e.g., terrestrial plants) (Sikes et al., 2009). This hypothesis was supported by paleoclimate research in northern China, such as at Xijianhaizi Lake (Dong et al., 2022). 2) Vegetation type. Sun et al. (2013) found that aquatic plants produced non-negligible quantities of n-alkanes in Xiaolongwan Lake and significantly influenced the ACL proxy, and thus ACL can partly indicate the autochthonous inputs. Evidence from Tianchi Lake (Sun et al., 2018) and Dabusu Lake (Sawada et al., 2020) in northern China also pointed out that mid-chain n-alkanes produced by aquatic plants strongly affected ACL.
In Daihai Lake, based on the similar distributions of n-alkanes between BSS, LSS, and DH20B, we suggested that n-alkanes in Daihai Lake were dominated by allochthonous sources, which was also supported by other case studies such as Beilianchi Lake (Zhang et al., 2020) and Lugu Lake (Zhao et al., 2021). Meanwhile, only the long-chain n-alkanes (C27–C35) were chosen to calculate the ACL, excluding the influence of the mid-chain n-alkanes by aquatic plants (Volkman et al., 1999; Bush and McInerney, 2013). In addition, ACL27–35 of our LSS samples was 29.79, which was very similar to that of modern terrestrial plant leaves (29.80) and was significantly higher than that of aquatic plant leaves (28.03) (Figure 4D). These various lines of evidence indicate that the lake sediments recorded the signals of ACL27–35 from terrestrial plants, and thus the aquatic plant effect was not obvious in Daihai Lake when we used the ACL27–35 proxy. Admittedly, terrestrial plant types can also influence the ACL27–35 values (Bush and McInerney, 2013). For example, Diefendorf and Freimuth (2017) pointed out that angiosperms and gymnosperms had different ACL27–35 values at the same temperature, although they are all C3 woody plants. Nevertheless, we found the time series of ACL27–35 recorded by DH20B had a similar variation with regional summer temperature over the last 60 years (Figure 5). These had a significant correlation coefficient of 0.54 (p < 0.01; Figure 6A). In Daihai Lake, this positive correlation between ACL27–35 and summer temperature supported the view of temperature-controlled ACL (Sikes et al., 2009; Wang et al., 2018; Naafs et al., 2019).
[image: Figure 5]FIGURE 5 | Comparisons of climatic variables and n-alkane results over the last 60 years. (A) Summer temperature; (B) ACL27–35 record; (C) summer precipitation; and (D) ∑alklong-chain record (the y-axis is a logarithmic coordinate). Meteorological data are from the Hohhot Weather Station (www.cma.gov.cn).
[image: Figure 6]FIGURE 6 | Correlation coefficient results. (A) Summer temperature and ACL27–35; (B) summer precipitation and ∑alklong-chain.
5.2.2 Paleoclimatic Interpretation of ∑alklong-chain
∑alk is a proxy to indicate regional biomass and productivity, which are normally linked to vegetation coverage (Zhang et al., 2019). Precipitation and temperature are two main factors influencing this proxy (Wang et al., 2018; Shi et al., 2021). On the one hand, abundant precipitation can promote the growth of plants (Chen et al., 2015). Thus, there would be more biosynthetic n-alkanes due to the flourishing development of vegetation (Zhang et al., 2019; Shi et al., 2021). On the other hand, the temperature can also influence plant growth. As temperature increases (within physiological range), most plant processes (e.g., photosynthesis, transpiration, and respiration) can all intensify. This would also promote the production of n-alkanes by plants (Wang et al., 2018; Sun et al., 2019).
We found ∑alklong-chain had a positive correlation with summer precipitation (r = 0.41, p < 0.05; Figure 6B) except for the period after 2005, and it was not correlated with temperature (r = 0.08, p > 0.05; Supplementary Figure S4). The reason we used long-chain n-alkanes to calculate ∑alk is that long-chain n-alkanes can better represent the change of terrestrial vegetation in Daihai Lake. The high correlation between ∑alklong-chain and summer precipitation indicated that ∑alklong-chain in Daihai Lake is a proxy of summer precipitation. Previous studies also demonstrated that precipitation is the major limiting factor influencing plant growth in the Daihai Lake basin (e.g., Jin et al., 2013; Xiao et al., 2019). But in some other lakes, such as Xingkai Lake—which is further north than Daihai Lake—temperature seems to be the dominant factor, rather than precipitation, because of the influence of the short growing season and low annual temperature (Sun et al., 2019). One special issue to note is that, after 2005, ∑alklong-chain gradually increased, but summer precipitation did not follow such a trend (Figure 5). The poor correlation between them (r = 0.005, p > 0.05; Figure 6B) also demonstrated this. Obviously, some other factors influenced the changes in ∑alklong-chain in Daihai Lake after 2005.
5.3 Human Impacts on n-Alkanes in Daihai Lake Sediment
Human activity can strongly influence n-alkanes in lake sediments (He et al., 2020). To evaluate the potential effects of such activity, the population in the Daihai Lake basin (Liang et al., 2017) and livestock production in Liangcheng County (10 km from Daihai Lake, Sun et al., 2021) were used in this study. The results showed that regional human activity was relatively weak before 1996, gradually intensified after 1996, and reached a peak after 2005 (Figure 7). Notably, the Daihai Lake power plant was built in 2005 (Inner Mongolia Water Conservancy and Hydropower Survey and Design Institute, 2015). In order to use the lake water to cool the power generation units, an artificial channel was excavated. Evidently, human activity in the Daihai Lake basin had strengthened significantly after 2005.
[image: Figure 7]FIGURE 7 | Human impacts on n-alkanes in Daihai Lake over the last 60 years. (A) Population in the Daihai Lake basin (Liang et al., 2017). (B) Livestock production in Liangcheng County (Sun et al., 2021). (C) ACL27–35 record of DH20B. (D) n-Alkane concentration of DH20B: red, long-chain n-alkanes; blue, mid-chain n-alkanes; and green, short-chain n-alkanes. The curves were fitted by spline smoothing (with five points).
As discussed in the aforementioned section, neither precipitation nor temperature can explain the changes of ∑alklong-chain after 2005. Interestingly, we found the timings of increased ∑alklong-chain (Figure 7D) and intensified human activity (Figures 7A,B) were nearly synchronous. Thus, we speculated that human activity is the reason for the increased ∑alklong-chain: intensified human activity increased regional biomass through large areas of crops and pastures (Liang et al., 2017; Sun et al., 2021), and then basin soils with a high concentration of long-chain n-alkanes were transported into the lake through seasonal inflows and the artificial channel. Meanwhile, both ∑alkmid-chain and ∑alkshort-chain were found to have increased after 2005 (Figure 7D) because of the flourishing of aquatic plants (mid-chain n-alkanes) and the outbreak of algae (short-chain n-alkanes) due to changes in nutritional status and warming of water caused by intense human activities. Additionally, it was noted that human activity had a gradually increasing trend from 1996 to 2005, but that ∑alklong-chain did not show similar variations (Figure 7). It can be speculated that the overall decreased summer precipitation may have obscured the signals of human activity (Figure 5C).
However, unlike ∑alklong-chain, ACL27–35 seems not to have been influenced by intense human activity after 2005 (Figure 7C) and has been maintaining a good correlation with summer temperature since 1964 (Figure 6A). This is because, for each individual compound (C27, C29, C31, C33, and C35) of long-chain n-alkanes, human activity cannot further alter the proportion through farming and grazing, and only biochemical processes (such as the decarboxylation pathway) in living organisms can have influence (Sikes et al., 2009; Castañeda and Schouten, 2011; Villanueva et al., 2014), i.e., to reduce the transpiration of plant leaves in higher temperature conditions, terrestrial plants are more likely to synthesize longer n-alkanes in leaf cells. Based on the computational formula (Naafs et al., 2019), ACL27–35 is only influenced by the proportion of different individual compounds of long-chain n-alkanes and thus is less influenced by human activity.
In conclusion, human activity can greatly influence ∑alk and has little effect on ACL27–35. For this reason, care must be taken when using ∑alk in paleoclimate reconstruction, especially during a period with intense human activity, such as the late Holocene. Given that our records only cover 60 years, it is inevitable that some additional factors (e.g., degradation, deposition processes, and wildfire impacts) in the past would also have influenced the n-alkanes in the lake sediment, and thus more proxy validation studies are needed in the future.
6 CONCLUSION
A proxy validation study of n-alkanes in the Daihai Lake basin was carried out to investigate the implications for the interpretation of paleoclimate research. Our conclusions are as follows:
1) In Daihai Lake, the percentages of different chain n-alkanes in lake sediments were similar to those in the basin soil, which indicated that the n-alkanes were mainly derived from allochthonous sources. It should be noted, however, that the short-chain n-alkanes dramatically increased in the period ∼2008–2018. This is because warm water produced by the Daihai power plant promoted the growth of algae.
2) Based on the results of the DH20B sediment core, we found that ACL27–35 and ∑alklong-chain were correlated with regional summer temperature and summer precipitation over the last 60 years, except when ∑alklong-chain was affected by human activity after 2005. Thus, we propose that ACL27–35 and ∑alklong-chain in Daihai Lake are suitable proxies to represent summer temperature and summer precipitation, respectively. The reasons are that higher summer temperature promotes the synthesis of longer n-alkanes to reduce water loss (higher ACL27–35), and increased summer precipitation promotes plant growth and more n-alkanes can be synthesized (higher ∑alklong-chain). Our findings may have broad significance for paleoclimate reconstruction in other hydrologically closed lakes which are similar to Daihai Lake.
3) Since 2005, intense human activity dramatically has been increasing ∑alklong-chain in Daihai Lake through cultivation and grazing, but it did not have obvious effects on ACL27–35. Thus, human activity has to be considered if ∑alklong-chain is used in paleoclimate research. Given that our records only extended 60 years, some other contributing factors (e.g., degradation, deposition processes, and wildfire impacts) were not considered; thus further research is needed in the future.
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