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			ABSTRACT

		

		
			Diet selection can be influenced by many factors and is crucial for survival. In this study, we measured the diet selection (Ei index) of plateau zokors (Eospalax baileyi) by comparing the composition of plant species present in overwinter caches and inside nearby quadrats of zokor burrow systems on the Qinghai-Tibet Plateau. Based on human volunteer taste-testing, or assignment using the Chinese Materia Medica Monographs, we divided the collected plant species into four different taste groups (sweet, bitter, other-taste, and tasteless) and then compared Ei values to determine whether plant taste can affect zokor diet selection. A total of 124 burrow systems were analyzed and 103 plants were used in the analyses. Kruskal-Wallis tests revealed statistically significant deviations (from the mean) in Ei values among the four taste groups (χ2 = 199.033, df =3, p = 0.000). Pairwise Mann-Whitney U tests showed that, at the p = 0.05 or higher significance level, the Ei values of the four taste groups could be ranked as: sweet > bitter = other-taste > tasteless. Using bootstrapping analyses, we detected ten sweet and five bitter plants that were positively selected by zokors (p < 0.05). Taken together, these findings indicate that plant taste plays an important role in the dietary choices of plateau zokors. Moreover, our results suggest that there were obvious trade-offs between choosing to gain nutrients and avoiding disadvantageous secondary plant metabolites.
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			Diet selection underlies all aspects of the ecology of animal species (Hughes, 1993). In herbivores, the relationship between plant nutrient content and preference is believed to be the major behavioral mechanism that leads to diet choice. How herbivores overcome plant defenses to gain access to their nutrients has been the subject of significant research attention (Ginane et al., 2005). Herbivores are thought to learn about the nutrient and toxic properties of food plants by associating sensory characteristics (e.g. taste and smell) with post-ingestive consequences (Provenza, 1995), and this is considered to be an important mechanism influencing diet selection (Provenza and Balph, 1990). Many experiments have shown that the taste of sweet or umami is related to a high content of sugar and protein, while a bitter taste is related to the presence of toxins (Nelson and Sanregret, 1997). As such, the preference for a food item is often related to its hedonic taste perception. The intake of food items with sweet or umami tastes can increase after their infusion with sources of energy or protein (Villalba and Provenza, 1997a, b), or decrease after their infusion with toxins (Provenza, 1995, 1996). However, such research has mainly been conducted on cattle, mice and humans. Little information is available for wild small mammals, especially subterranean rodents.

			The plateau zokor (Rodentia, Spalacidae, Eospalax baileyi) is a typical subterranean rodent species. Its subterranean life style has three characteristics: high energy budget, burrow-limited elbow room, and seasonal limited foraging time. Limited by these three characteristics, subterranean rodents must collect all relevant food species to survive (Heth et al., 1989). While some studies suggest that subterranean rodents are dietary generalists, examples of selective foraging have also been documented (Xie et al., 2014). Indeed, our previous studies have shown that plateau zokors demonstrate obvious diet selection when collecting overwintering food materials. However, the behavioral mechanisms leading to diet choice are not clear. 

			In this study, we collected plant species from overwinter caches and in nearby quadrats of the burrow systems of plateau zokors and measured their composition. We then measured taste and calculated the food selection indices of each plant species, and subsequently tested the relationship between diet selection and plant taste.

			Materials and methods

			The study was conducted in Datong County, Qinghai, China (37°6’ N, 101°36’ E, elevation 3,025m above sea level). During October 1st-20th 2012, we excavated zokor caches and collected all food items in each of the burrow systems. Caches collected in the same burrow system were merged. In addition, along each burrow system, three 50cm×50cm quadrats were sampled. The three-quadrat samples were in locations where zokors had recently foraged. Plants, along with the soil from each quadrat, were dug up and packed into fiber bags. All plants were washed and air-dried. Plant samples obtained from the three quadrats of the same burrow system were merged. Each plant was identified according to Flora Qinghaiica (Liu et al., 1997), dried at 60ºC, and weighed using an analytical balance with a readability of 0.01 g. The biomass of each plant species sampled from the quadrats of a burrow system was referred to as ‘available plants in the vicinity’, and the total biomass cached in the same burrow system was referred to as selected plants. In order to derive more robust conclusions, we also included the data and plant materials collected from another 57 burrowing systems obtained from Menyuan County, Qinghai, China (37°30’N, 101°13’E, elevation 3200m above sea level) during our previous studies (which were conducted in another location but with the same collection processes) (Xie et al., 2014).

			The taste of most of the plants collected was determined according to Chinese Materia Medica Monographs (China Pharmacopoeia Committee, 2000). For those plant species not recorded in the monographs, their taste was determined by a taste test: each plant was independently tasted by five healthy human volunteer subjects without a history of smoking or alcohol abuse, and the taste with the highest frequency was termed as the “true” taste. Tastes were classified into 4 groups: sweet, bitter, other-tastes (including pungent taste, sour taste, and other difficult tastes to describe) and tasteless.

			As in our previous studies (Xie et al., 2014), we applied Ivlev’s electivity index (Ei) (Ivlev, 1961) to measure diet selection. Ei was defined as:
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			Where ri is the relative abundance of a plant species in a zokor’s diet and Pi is the plant species’ relative abundance in the burrow system. According to Ivlev’s selection index, Ei ranges from -1 to +1, and Ei in the interval of -1 to 0 means negative selection, while Ei in the interval of 0 to +1 means positive selection.

			In order to test the selection status of each plant species based on Ei, we performed bootstrap descriptive statistics, with 1000 bootstrap replications, and used 90% confidence intervals to distinguish the preferred food items from the avoided food items, based on Ei. Using this method, if the lower limit of the 90% confidence interval of a given plant’s Ei is greater than 0, this species is recognized as positively selected dietary material at a 5% statistical significance level (one-tailed test). Similarly, if the upper limit of the 90% confidence interval of a given plant’s Ei is less than 0, this species is recognized as negatively selected dietary material at a 5% statistical significance level. Other species with a 90% confidence interval of Ei passed through the line Ei = 0 and were referred to as diets lacking a definite preference by zokors. 

			We first tested the normality of the data using the One-Sample Kolmogorov-Smirnov Test and found that the dependent variable (Ei) data significantly deviated from normality (Kolmogorov-Smirnov Z = 13.085, N = 3,019, p = 0.000). Therefore, we used non-parametric statistical methods for our analyses. We then divided the sampled plants into four groups according to the taste of each plant: sweet, bitter, other-taste, and tasteless. Kruskal-Wallis tests were used to show if there were significant universal deviations of Ei values from the mean value among the four taste groups. Finally, the Mann-Whitney U Test was applied to compare the pairwise difference between each set of two groups. All statistical analyses were executed in SPSS 20.0.

			Results and discussion

			A total of 67 burrow systems were found to have been newly excavated and caches from these were collected. In addition to the 57 samples formerly collected in our previous studies, there were therefore a total of 124 burrow systems to be analyzed. We found a total of 103 different plant species in the caches and vicinity, 89 of which were found in the caches alone. Bootstrap descriptive statistics based on a total of 70 plant species (33 plant species having been excluded from testing because their sample sizes were n < 10), revealed 15 positively selected and 37 negatively selected plants. A further 18 lacked a definite preference. About 1/3 of the 31 sweet plants and 1/5 of the 26 bitter plants were positively selected, while none of the 6 other-taste plants nor any of the tasteless plants were positively selected (Fig. 1 and Supplementary Table S1).

			Of the original 103 plants, 38, 43, 13, and 9 were determined to be sweet, bitter, other-taste and tasteless, respectively. The Kruskal-Wallis Test revealed statistically significant universal deviations of Ei values from the mean among the four taste groups (χ2 = 199.033, df = 3, p = 0.000). The sweet group had the largest mean rank, followed by other-taste, and bitter (these two groups had a similar mean rank value), while the tasteless group had the smallest mean rank (Table I). The pairwise Mann-Whitney U Test showed that, at the p = 0.05 or higher significance level, there were statistically significant differences between each two-paired comparison group, except for the comparison between the bitter and other-taste groups where there was no significant difference (Table II). Taken together, the Ei values of the four groups could be ranked as sweet > bitter = other-taste > tasteless.
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			Fig. 1. Bootstrap descriptive statistics for the derived Ei values (a measure of dietary preference for the food) for each plant species, with associated 90% confidence intervals (red: positively selected; blue: not definitely preferred; green: negatively selected). A, B, C and D are sweet plants, bitter plants, other-taste plants and tasteless plants, respectively. The scientific names and detailed descriptive statistics of each of the sampled plants are seperately shown in Supplementary Table S1.

			Table I. Kruskal-wallis test comparing Ei values among the taste groups.
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							Mean rank

						
					

					
							
							Sweet

						
							
							1282

						
							
							1712.81

						
					

					
							
							Bitter

						
							
							1067

						
							
							1454.66

						
					

					
							
							Other-taste

						
							
							189

						
							
							1511.32

						
					

					
							
							Tasteless

						
							
							481

						
							
							1091.70
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							3019

						
							
							χ2 =199.033, p= 0.000

						
					

				
			

			Our findings indicate that plant taste plays an important role in the diet selection of plateau zokors. Zokors preferred sweet plants, followed by bitter or other-taste plants, and rejected plants in the tasteless group. As a general rule, molecules that serve as energy carriers, such as sugars, are perceived as sweet by humans and tend to be favored by both humans and animals (Pfaffman, 1975). Many experiments have shown that the taste of sweet or umami is related to a high content of sugar and protein (Nelson and Sanregret, 1997). Meanwhile, sweet plants are excellent forage (Guo et al., 1987) are reported to be nutritious and to tend to be innocuous or have low toxicity (Wang, 1998). As a typical subterranean rodent, the majority of the plateau zokors’ activities (foraging, migration, mating, etc.) are often accompanied by a large number of excavation activities. Digging for food and shelter is an energetically demanding process, utilizing more energy than that required by above ground animals (Vleck, 1979). Therefore, it is not surprising that sweet plants containing high-energy nutrients are preferred by zokors.

			

			Table II. Mann-whitney test comparing pairwise difference between taste groups.
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							Sweet vs. bitter

						
							
							-6.947
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							Sweet vs. other-taste

						
							
							-2.911

						
							
							0.004

						
					

					
							
							Sweet vs. tasteless

						
							
							-14.380
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							Bitter vs. other-taste

						
							
							-0.805

						
							
							0.421

						
					

					
							
							Bitter vs. tasteless

						
							
							-7.163

						
							
							0.000

						
					

					
							
							Other-taste vs. tasteless

						
							
							-5.803

						
							
							0.000

						
					

				
			

			Interestingly, zokors preferred bitter and other-taste plants to tasteless plants. Previous studies have shown that a bitter taste is generally related to the presence of toxins (Nelson and Sanregret, 1997). Most of the bitter or pungent and sour plant species tend to be unnourishing, fibrous or lignified, or poisonous (Galef, 1996). However, in this study, many bitter and other-taste plants were not rejected by zokors. In fact, five bitter plants were positively selected. For example, Stellera chamaejasme, an important poisonous plant of the alpine meadow habitat (Shi, 1997) that causes cattle to vomit, scour, or even die (Song et al., 2008), was found (through bootstrap analysis) to be the favorite food item among the 26 bitter tasting plants. Polygonum viviparum, which is high in phenols and tannins (Zhang et al., 2008) that reduce nutritional digestibility (Foley et al.,1999), was also found to be positively selected by zokors. In contrast, Gramineae plants, which are foraged by most herbivores (e.g. ungulates, rabbits, etc.), were found to be largely rejected by zokors in our study. It should be mentioned that a few of the bitter or other-taste plants, such as P. viviparum and S. chamaejasme, have thick and succulent roots, indicating that they are more nutritious and more easily collected and stored. However, all the tasteless plants are slender and shriveled with a high content of cellulose and lignin, indicating that they contain little energy and are not easily collected and stored. Hence, we hypothesize that zokors select diets based on trade-offs between the nutritional quality and the avoidance of disadvantageous secondary plant metabolites. Of note, previous studies have shown that zokors have a considerable ability to deal with toxic (terpenes) and digestion-reducing (tannins) secondary metabolites (Lin et al., 2012).

			It should also be mentioned that zokors are blind. They collect food by digging in dark underground burrows and therefore (in addition to plant odor) taste must be an important cue for food recognition. Tasteless plants give weak flavor profiles and may be difficult to distinguish from inorganic substances, which would help explain why plateau zokor almost totally rejected tasteless plants in this study. It should be noted that in the current study the different plant tastes were identified by humans, not by the zokor themselves (i.e. the “human tastes” may not be equal to the “zokor tastes”). Whilst we may not ever know which tastes are truly recognized by zokors, there are many similarities between the taste systems of humans and other mammals. Most mammals have relatively conserved systems of the five basic tastes: sweet, salty, sour, bitter, and umami (Li and Zhang, 2014). For instance, rats detect similar taste dimensions compared to humans (Burn, 2008). Moreover, although there are considerable differences in bitter plant selection among mammals, a recent study from our laboratory has revealed that there are approximately 26 intact bitter taste receptor (tas2r) genes in plateau zokor (unpublished) that are very similar the 25 intact tas2r genes found in humans (Li and Zhang, 2014). We therefore suggest that the effect of “human taste” on zokor diet selection in this study mimics to some degree the real relationships between “zokor tastes” and zokor diet selection. 
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Diet selection underlies all aspects of the ecology of
animal species (Hughes, 1993). In herbivores, the
relationship between plant nutrient content and preference
is believed to be the major behavioral mechanism that
leads to diet choice. How herbivores overcome plant
defenses to gain access to their nutrients has been the
subject of significant research attention (Ginane ef al.,
2005). Herbivores are thought to learn about the nutrient
and toxic properties of food plants by associating sensory
characteristics (e.g. taste and smell) with post-ingestive
consequences (Provenza, 1995), and this is considered
to be an important mechanism influencing diet selection
(Provenza and Balph, 1990). Many experiments have
shown that the taste of sweet or umami is related to a
high content of sugar and protein, while a bitter taste is
related to the presence of toxins (Nelson and Sanregret,
1997). As such, the preference for a food item is often
related to its hedonic taste perception. The intake of food
items with sweet or umami tastes can increase after their
infusion with sources of energy or protein (Villalba and
Provenza, 1997a, b), or decrease after their infusion with
toxins (Provenza, 1995, 1996). However, such research

has mainly been conducted on cattle, mice and humans.
Little information is available for wild small mammals,
especially subterranean rodents.

The plateau zokor (Rodentia, Spalacidae, Eospalax
baileyi) is a typical subterranean rodent species. Its
subterranean life style has three characteristics: high energy
budget, burrow-limited elbow room, and seasonal limited
foraging time. Limited by these three characteristics,
subterranean rodents must collect all relevant food species
to survive (Heth ef a/., 1989). While some studies suggest
that subterranean rodents are dietary generalists, examples
of selective foraging have also been documented (Xie et
al., 2014). Indeed, our previous studies have shown that
plateau zokors demonstrate obvious diet selection when
collecting overwintering food materials. However, the
behavioral mechanisms leading to diet choice are not clear.

In this study, we collected plant species from
overwinter caches and in nearby quadrats of the burrow
systems of plateau zokors and measured their composition.
We then measured taste and calculated the food selection
indices of each plant species, and subsequently tested the
relationship between diet selection and plant taste.
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