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Abstract

:

Farmland species face many threats, including habitat loss and malnutrition during key periods of their life cycle. This is aggravated in conventionally managed monocultures, leading to nutrient deficiencies that impair the survival and reproduction of farmland wildlife. For instance, protein deficiencies in wheat or vitamin B3 deficiency in maize reduce by up to 87% the reproductive success of the critically endangered common hamster (Cricetus cricetus), a flagship species of European farmlands. It is urgent to identify and implement agricultural practices that can overcome these deficiencies and help restoring hamsters’ reproductive success. As part of a conservation program to diversify farming habitats in collaboration with farmers, we tested whether associations between wheat or maize and three supplemental crops (soybean, sunflower and fodder radish) supported hamsters’ performance during hibernation and reproduction. We observed that maize–sunflower, maize–radish and wheat–soybean associations minimized hamsters’ body mass loss during hibernation. The wheat–soybean association led to the highest reproductive success (N = 2 litters of 4.5 ± 0.7 pups with a 100% survival rate to weaning), followed by maize–sunflower and maize–radish. These crop associations offer promising opportunities to overcome nutritional deficiencies caused by cereal monocultures. Their agronomic potential should promote their implementation on a large scale and benefit farmland biodiversity beyond the common hamster.
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1. Introduction


Current biodiversity loss [1,2] is especially pronounced in farmlands, where bird populations have decreased by more than 50% since the 1970s [3]. Although less studied than birds, populations of farmland invertebrates and mammals are also drastically declining [4,5,6], although the severity of the decline may have been overestimated [7,8]. Among mammals, the common hamster (Cricetus cricetus) is a flagship species of European farmlands [9], classified as critically endangered by the IUCN [10]. In Europe, its distribution area has decreased by 74% in only 50 years [11]. In France, this area has been reduced by 94% since the 1960s [12].



Intensive agriculture is considered one of the main causes of hamsters’ decline, along with habitat fragmentation and climate change [11,13,14,15]. In Western Europe, agriculture intensification has led to landscape homogenization and a lack of protective and nutritional cover during most of the year [14,15,16]. In Alsace, the only French area of presence of this species, wheat (Triticum aestivum) and maize (Zea mays) alone can cover more than 80% of arable land some years [17]. These two crops are deficient in essential nutrients, which can reduce hamster reproduction by up to 87% [18,19]. Maize is especially deficient in tryptophan and vitamin B3, leading to reproductive and behavioral disorders [18]. We thus urgently need to identify sustainable agricultural practices that can compensate for such deficiencies, while being of agro-economic interest for farmers to guarantee their implementation on a large scale.



The common hamster is a hibernating species, which uses torpor (i.e., phases of hypometabolism and hypothermia) to cope with the reduction in food resources and temperatures in winter [20]. In small mammalian hibernating species, individuals with the best body condition emerge earlier in spring and have more time to reproduce, leading to a greater number of litters for females and more mating opportunities for males (Cricetus cricetus [21]; Spermophilus citellus [22]; Cynomys ludovicanus [23]). Some species store internal fat reserves (“fat-storers”), whereas other species hoard large amounts of food in their burrow (“food-hoarders”) [20]. In all cases, hibernation quality and reproductive success depend on the quantity and the quality of the reserves amassed during the pre-hibernation stage (reviewed in [24]). Common hamsters are food-hoarding hibernators [25], and the composition and quality of their hoards can have a strong impact on their hibernation quality and subsequent reproduction [26,27]. Global protein and lipid content of the diet can, for instance, shape hibernation patterns [26]. In addition, polyunsaturated fatty acids (PUFAs) are crucial for hibernation, as they modulate the duration and depth of torpor bouts [28,29,30]. Food-hoarding hibernators can modulate their PUFA intake when their hoards allow them to do so [29,31,32,33]. While the nutritional needs of animals for optimal hibernation and reproduction are well known [20,24,29,33], we know little about how hibernating species respond to the reduced diversity of food and the dominance of crops in their environment.



We sought to understand how storable crop-based food (e.g., seeds) might affect hamsters’ hibernation and subsequent reproduction while identifying crops that could be associated with the main monocultures of Western Europe, i.e. maize and wheat, to improve hamsters’ reproductive success in farmlands. We thus investigated the effects of six crop-based diets on the hibernation and subsequent first reproduction of 42 pairs of captive-reared hamsters. Diets were composed of wheat or maize seeds (main food) and supplemented with seeds of one of the following crops: sunflower (Helianthus annuus), soybean (Glycine max) or fodder radish (Raphanus sativus oleiformis). Considering that farmers are more inclined to implement innovative practices when there is a two-way exchange and when their concerns are considered from the initiation of research projects [34,35], the crops were selected through oral communications with farmers and conservation practitioners.



We predicted that sunflower, followed by radish, would reduce the use of torpors [26,29,31,36] since they have higher lipid and PUFA contents than soybean [36,37]. Soybean, on the other hand, should promote longer torpor bouts and be favorable for reproduction based on its protein, tryptophan and vitamin B3 content [18,26,36,37]. Finally, we did not predict differences between wheat- and maize-based diets given that grains of these two crops have similar macronutrients and energy values and that the supplemental crops should prevent the incidence of the vitamin B3 deficiency caused by maize consumption [18].




2. Materials and Methods


2.1. Selection of Supplemental Crops Based on Consultation with Farmers


As part of a LIFE+ Nature and Biodiversity Project, i.e., projects supported by the EU that develop and implement environmental and nature conservation solutions, oral communications were initiated with farmers in 2013 to identify innovative crops that may be favorable for common hamsters (LIFE+ ALISTER). Following the discovery of the negative impact of maize [14,18] and monocultures [19] on hamsters’ body mass, reproduction and survival, results were presented on several occasions to most stakeholders between 2013 and 2016. Stakeholders included farmers (from the AFSAL and CUMA de la Plaine, Alsace, France), agronomists (Chambre d’Agriculture d’Alsace) and conservation practitioners from France (French Biodiversity Agency, OFB) and 5 other countries (Germany, The Netherlands, Austria, Ukraine, Poland). All of them were invited to provide suggestions of crops of ecological or agro-economic interest to be associated with maize and wheat. Based on the suggestions that emerged from those oral communications, we considered both the number of farmers that mentioned a similar crop and whether this crop provided complementary nutrients to wheat or maize (e.g., crops that were suggested but had similar nutritional values to wheat or maize, such as other cereals, were not included). Soybean was selected for its economic interest for farmers, being suggested by most farmers surveyed. Sunflower was selected as a historically common crop in the region and because it was previously identified as a proper supplemental crop to maize and wheat in exclosures [19]. Moreover, sunflower and soybean were considered for their high tryptophan and vitamin B3 contents, as well as for their respective PUFA and protein contents (see Table S1; [36,37]). Regarding fodder radish, high and stable populations of hamsters were recorded in those fields (La Haye M.J.J, The Netherlands, personal communication). Moreover, radish is a good intercultural crop for wheat and especially favorable for invertebrates and farmland birds [38]. It is also used as a cover crop for soil decompaction [39]. Furthermore, lipid and PUFA contents are relatively high in radish, though lower than in sunflower [40].




2.2. Study Species and Housing Conditions


This study was carried out on 84 one-year-old hamsters (42 ♂ and 42 ♀) from November 2015 to the beginning of June 2016 in our captive breeding unit (CNRS, IPHC-DEPE, Strasbourg, France). Animals were maintained under photoperiodic and thermal conditions that mimicked an annual cycle [26] in three different rooms, ensuring an equal distribution of hamsters in each diet group in each room. Hamsters were housed individually (W ×H × D: 265 × 237 × 420 mm) for the entire period except for reproduction, during which they were housed as breeding pairs for two weeks in larger cages (W × H × D: 380 × 257 × 590 mm) equipped with a shelter box (W × H × D: 140 × 230 × 230 mm) and paper to make a nest.




2.3. Diet Composition


A total of 6 diets were tested, with 14 individuals in each group (7 ♂ and 7 ♀) that had access to wheat or maize seeds (main food) and a supplemental seed type (radish, soybean or sunflower) as follows: maize–soybean (Msoy), maize–sunflower (Msunf), maize–radish (Mrad), wheat–soybean (Wsoy), wheat–sunflower (Wsunf) or wheat–radish (Wrad; Table 1). Animals had free access to water and food (both the main food and the supplement) throughout the experiments. To meet hamsters’ requirements for proteins during reproduction [18,26], and considering that they are omnivorous [16], they were supplemented with 5g of earthworm (Lumbricus terrestris) every other day from 8 March to 10 June.




2.4. Macronutrient Content of the Diets


We recorded the total protein, lipid, mineral, and energy content of each of the six diets. Grains were freeze-dried to constant mass and ground to obtain a homogenous powder for analysis. Just before analysis, the powder was freeze-dried again for 48 h to eliminate any remaining traces of water. Nitrogen content was determined in triplicate using 150–200 mg aliquots according to the Kjeldahl method [41]. Protein content was calculated as nitrogen content × 6.25 [42]. Lipid content was determined in duplicate using 1 g aliquots according to a procedure adapted from the Folch method [43] with a chloroform/methanol (2/1, v/v) solution as extraction solvent. Mineral content was determined gravimetrically in duplicate from 1–2 g samples ignited in a muffle furnace at 400 °C for 24 h. Total seed water was then calculated by subtracting total dry seed mass from fresh seed mass. Finally, energy content was determined on dry 0.7–1.4 g aliquots by using an isoperibol bomb calorimeter Parr 6200, with benzoic acid as a standard. The carbohydrate ratio was equal to 100% of the dry matter value minus the lipid, protein, and mineral percentages.




2.5. Hamster Body Mass, Food Intake and Food Preferences


Adult hamsters were weighed at the onset of hibernation (between 25 November and 9 December) and post-hibernation (23–25 March). These data were used to calculate changes in hamsters’ body mass during hibernation (hereafter referred to as Δbody mass), often used as a proxy of body condition and hibernation quality [26,33]. During hibernation, cages were cleaned only when hamsters were awake to avoid any disturbance. The litter was collected and sieved to collect uneaten food that was subsequently dried and weighed to calculate hamsters’ food intake over hibernation. This information was then used to estimate different parameters of hamsters’ daily food intake (g·day−1 of dry matter, water, proteins, lipids, carbohydrates, minerals and kJ·day−1 of energy intake) and food preferences.




2.6. Geometrical Representation of Nutrient Intake


We represented nutrient consumption in a geometric space whose different dimensions correspond to various macronutrients (lipids, proteins and carbohydrates), following the framework proposed by Raubenheimer and Simpson [44,45]. We then represented the macronutrient intake and the ratio between each macronutrient for each hamster in the six diets. This geometric representation enabled to represent the ratio of macronutrients contained in each type of seed, i.e., the lines on the nutrient space, called “food rails”. If a hamster ate only one of the two foods in the diet, the macronutrient intake point would be on the food rail of the considered food. The further the point is from the origin of the graph, the higher the consumption.




2.7. Activity Index


Over the entire hibernation period, the use of torpor was estimated three times a week between 3 and 5 p.m., starting on the 21 December and ending on the 8 March. A score was attributed to each hamster according to its breath movements and position in the cage, as adapted from [46]. A score of 1 was assigned to hamsters with a tightly curved body and displaying less than 1 breath per 30 s (i.e., considered being in deep torpor). A score of 2 was assigned to hamsters with a curved body and breathing 1–7 times in 30 seconds (i.e., in shallow torpor or in a deep sleep). Finally, a score of 3 was attributed to hamsters that were either moving in the cage or displaying more than 7 breaths in 30 seconds (i.e., not in torpor, either active or in a light sleep). Over the entire hibernation period, we calculated an index of activity for each hamster by averaging raw scores (see analyses below), ranging from 1 (mostly inactive, in torpor) to 3 (mostly active, never in torpor). This activity index was used in graphical representations, while raw scores were used in statistical analysis.




2.8. Reproductive Success and Litter Size


We monitored the number of females that initiated parturition and the litter size twice a day (at 8:00 a.m. and 7:00 p.m.) from the end of April to the end of May. We recorded pups’ body mass (±0.01 g) at 8 and 30 days of age [18,26]. We also recorded the presence of dead pups at parturition. Females whose litters were stillborn were not considered to have successfully delivered.




2.9. Data Analyses


Activity index: We looked at the effect of the diet on the hamsters’ activity scores between December and the end of March. Because these scores are ordinal quantitative variables, we used the cumulative link model (CLM) with a logit link for non-binary data (R, v.3.4.3.). The main food (wheat or maize), the supplement (radish, soybean or sunflower), the sex, the mass of each hamster and all two-way interactions between these variables were included as fixed effects. The identity of the individuals, the room and the date were included as random effects. We applied a model selection procedure based on the lowest AICc (Akaike information corrected for small samples) [47]. The complete model was the model including the additive effects of the fixed effects, as well as all 2-way interactions between them, plus the random effects. Model selection was performed on this complete model based on the lowest AICc, conserving the same random effect structure (i.e., only fixed effects varied). Nelder’s marginality principle was also applied, which implies that once a factor is included in an interaction, its simple effect will not be discussed [48]. Multiple comparisons were analyzed via a test of ordinal regression by pairs (R 3.4.3).



Food intake, food preferences and body mass loss: We investigated how the diet influenced both the average daily food intake (model 1), the daily intake of each seed type (food preferences; model 2) and Δbody mass during hibernation (model 3). The effect of the diet on these variables was respectively analyzed using linear mixed models (LMMs, daily food intake and daily intake of each seed type) and a linear model (LM, Δbody mass; IBM SPSS software for Windows, version 21.0. Armonk, NY, USA: IBM Corp.). Normality of the residuals was tested using the Kolmogorov–Smirnov test, and variance homogeneity was checked using the Levene test. The sex, the main food (maize or wheat), the supplement (soybean, radish or sunflower), and two-way interactions were included as fixed effects in both models 1 and 3. In model 2, we included the sex, the diet, the seed type and diet*seed type interaction as fixed effects. We included body mass at the onset of hibernation and the activity index as covariates in all three models. The identity of the individuals was included as a random effect for repeated measurements of the same individual in all three models.



Reproductive success: We used a generalized linear model to analyze the effect of the diet on the success of parturition (GLM, binomial, logit). We included the diet, the mother’s body mass upon emergence from hibernation and the interaction between these two variables as fixed effects. We then ran a second model to analyze the effect of the diet on the litter size using a generalized linear mixed model (GLMM; we used a quasi-Poisson distribution, as overdispersion was observed; log-link; R 3.6.1, MASS package). The full model included the diet, the body mass upon emergence from hibernation, the period (parturition or weaning) and the diet*period interaction as fixed effects. We included the identity of the mother as a random effect. Model selection was conducted on this full model and followed the same protocol as the one described above for the activity index. Multiple comparisons were conducted using the emmeans package (R 3.6.1).



The significance threshold was set at α < 0.05. Figures were prepared using GraphPad Prism software (version 5, La Jolla, CA, USA) or R 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria, 2019).




2.10. Ethics


The experimental protocol followed EU Directive 2010/63/EU guidelines for animal experiments and the care and use of laboratory animals. It was approved by the Ethical Committee (CREMEAS) under agreement numbers 00624–01 and 17484–2018103016124862.





3. Results


3.1. Macronutrient Content of the Diets


The seeds of all 5 types of crops contained less than 9% of water (from 4.1 ± 0.2% for sunflower to 8.8 ± 0.5% for wheat; Table 2). The main foods (wheat and maize) were essentially composed of carbohydrates (nearly 85%; Table 2). Supplemental seeds had greater contents in proteins, lipids and energy than the main food: soybean seeds had the highest protein content (41.4 ± 0.3%) while sunflower had the highest lipid and caloric contents (62.2 ± 0.3% and 31.4 ± 0.2 kJ per gram of DM), respectively, (Table 2). The lowest lipid and protein contents were found in wheat (3.1 ± 0.1%) and in maize (8.3 ± 0.1%), respectively, (Table 2).




3.2. Activity Index during Hibernation


All hamsters displayed torpor (activity index of 1) during hibernation, except one female from the Mrad group that remained active throughout hibernation (proportions of each index per diet and sex are presented in Table S2). After model selection based on AICc and on the relative weight of each variable (see models and selection in Table S3), the best model to analyze the activity index was the model including the sex and the interaction between the main food (maize or wheat) and the supplement (soybean, sunflower or radish) as fixed effects. The activity index was significantly influenced by the sex (z = −2.79; p = 0.005), with males having a lower activity index than females (mean difference = 0.21 ± 0.02). It was also influenced by the main food*supplement interaction (Msoy, z = −2.38; p = 0.017, Mrad, z = 0.21, p = 0.83): hamsters in the Wsoy, Mrad and Msunf diet groups displayed a greater activity index than those in the Wrad, Wsunf and Msoy groups (Figure 1A, p < 0.001). In terms of proportions, hamsters in the Wrad, Wsunf and Msoy diet groups displayed a high proportion of index 1 (55–58.3%) and less than 40% of index 3, whereas hamsters in the three other diet groups (WSoy, Mrad and Msunf) displayed between 43.3–48.2% of index 1 and 46.9–50.3% of index 3 (see Table S2).




3.3. Food Intake and Body Mass Loss during Hibernation


Hamsters ingested between 2.1 ± 1.1 and 6.6 ± 1.0 g of food (dry matter) per day throughout hibernation (Figure 1B). Their total daily food intake was influenced by diet (see Figure 1B; F5,43 = 2.8, p = 0.029) and activity index (R2 = 0.69; F1;43 = 93.5, p < 0.001). However, we found no effect of sex (F1;43 = 0.47, p = 0.5) or sex*diet interaction (F5;43 = 0.70, p = 0.6). Overall, hamsters from the Mrad and Wsoy groups ingested significantly more food than hamsters from the other groups (see Figure 1B, p < 0.05).



Hamsters’ body mass loss during hibernation (Δbody mass) was significantly affected by sex (F1;70 = 27.5, p < 0.001), diet (F5;70 = 2.9, p = 0.021; Figure 1C), activity index (F1;70 = 69.5, p < 0.001, R2 = 0.34) and body mass at the onset of hibernation (F1;70 = 83.8, p < 0.001; R2 = 0.33) but not by sex*diet interaction (F5;70 = 1.2, p = 0.3; see Table S4 for means ± SEM at each period and for both sexes). Hamsters from the Msunf, Mrad and WSoy groups had a reduced Δbody mass compared to hamsters from the Wrad and Msoy groups during hibernation, whereas hamsters from the Wsunf group displayed an intermediate Δbody mass (Figure 1C).




3.4. Food Selection and Macronutrient Intake


We found a significant effect of the two-way interaction on hamsters’ food intake during hibernation (diet*seed type, Figure 2; F1;97 = 6.3, p < 0.001). In four diet groups (Msoy, Msunf, Wsoy, Wsunf), hamsters ingested a larger proportion of the supplement (intake of 69–78% soybean and 79–83% sunflower, Figure 2) compared to the main food (21–31% maize and 17–22% wheat), whereas in the two radish-supplemented diets, they ingested similar amounts of the main food and the supplement (Figure 2).



The resulting macronutrient consumption for each individual can be plotted in tridimensional space (see Figure 3), where each dimension represents a single macronutrient (see methodology for details).



As shown in Figure 3, wheat and maize food rails were close (Figure 3A) or very close (Figure 3B,C) in each diet, indicating that these two seed types had a similar ratio of the three macronutrients, that is, carbohydrates, lipids and proteins. The consumption of 10g of supplements (soybean, sunflower or radish) provided more lipids and proteins, whereas more carbohydrates were provided by maize and wheat. As seen in Figure 3A, the lipid/protein intake ratio of hamsters followed the lipid/protein ratio of their respective food supplement. For ratios including carbohydrates (Figure 3B,C), the macronutrient intake of each hamster did not match the food rails. This is due to the high carbohydrate content of wheat and maize, driving the macronutrient ratio toward their respective food rails. Hamsters had the possibility of diversified nutrient consumption, represented by the area between the two food rails for each diet. However, macronutrient intake was highly variable between individuals in terms of quantity in all diets, but the proportion of fat, proteins and carbohydrates was very similar between individuals on the same diet. This shows a food selection based on macronutrients by hamsters, which was consistent across individuals.




3.5. Female Reproductive Success


Not all females successfully bred, as in some cases, major attacks on males, or from males, occurred, leading to significant injuries, which reduced the sample size from N = 7 females/diet group to N = 5–6 females/diet group, as shown in Figure 4A. Births were, however, recorded in all six groups, and the parturition rate ranged from 20% (Wrad diet) to 83% (Msoy and Msunf diets, Figure 4A). We found no effect of the diet (Χ2 = 6.91, p = 0.23, Figure 4A), the body mass after hibernation (Χ2 = 0.78, p = 0.38) or the diet*body mass interaction (Χ2 = 7.81, p = 0.17) on the parturition rate (considering only successful parturitions, thus females that gave birth to at least one living pup; model and output are presented in Table S5).



Regarding the litter size, model selection revealed three models with equivalent AICc (ΔAICc < 0.6) and weight (GLMM, quasi-Poisson, model 1: period + body mass as fixed effects; model 2: period; model 3: period + diet). Hereafter, we discuss model 3, which included both the period (birth and weaning) and the diet as fixed effects (other models can be found in Table S6). Model 3 revealed an overall effect of the diet (Χ2 = 19.39, p = 0.002) and the period (Χ2 = 18.39, p < 0.001) on the litter size (model 3, Table S6). On average, females had more pups at birth than at weaning (estimate: 1.13 ± 0.29, t = 3.87, Figure 4B,C). Regarding the diet, litters of females from the Wsoy group were larger than those from the Wsunf, Msoy and Mrad groups (estimates for Wsoy–Wsunf: 1.50 ± 0.51, t = 2.95, p = 0.011; Wsoy–Msoy: 1.24 ± 0.39, t = 3.16, p = 0.008 and Wsoy–Mrad: 1.50 ± 0.51, t = 2.95, p = 0.011; see Table S7), but not larger than litters from the Msunf group (p > 0.05; Figure 4B,C). Multiple comparisons were not possible with the Wrad group, as only one female gave birth, and none of her pups survived. The diet*period interaction was excluded from the three best models (Table S6). However, although no pups survived in the Msoy, Wrad and Wsunf diet groups, a total of nine, five and four pups were weaned in the Wsoy, Mrad and Msunf groups, respectively (Figure 4C).





4. Discussion


Results of this study emphasized that there was no single crops meeting the nutritional requirements of hamsters during hibernation and reproduction, but rather favorable crop associations. Wsoy, Msunf and Mrad associations were overall more adapted than the three other associations tested. We also found that common hamsters used two different strategies during hibernation. They either (1) remained mainly active and relied on their food hoards or (2) spared energy using torpor and relied less on their hoards. The composition of these hoards influenced the adoption of one or the other strategy, given that hamsters were significantly more active and ingested overall more food in the Wsoy, Mrad and Msunf groups compared to the maize–soybean, Wsunf and Wrad groups (see Figure 5 in Section 4.4 below for a synthesis of the results). In terms of body mass, the first strategy appeared to be associated with a reduced loss of mass throughout hibernation compared to the second strategy, a parameter that was positively associated with subsequent reproductive success. In all cases, females from the diet groups with the greatest activity and lowest loss of mass during hibernation (Wsoy, Msunf and Mrad) displayed higher success of reproduction, with the greatest reproductive success being recorded in the Wsoy diet group.



4.1. Activity Index and ΔBody Mass: Sex and Diet Effects


We found sex differences in both the activity index and Δbody mass during hibernation: on average, females were more active and lost more mass than males. Similar sex differences have been recorded in other species [49], including the common hamster [50,51]. Females usually hibernate for shorter periods than males [50]. When supplemented with food, however, the trend is reversed, and males hibernate for shorter periods and display fewer torpor events during hibernation than females [51]. Thus, while males’ hibernation patterns are influenced by the presence and the size of their hoards, females do not seem to respond to additional food [51]. Our results, however, highlight that, beyond the size of the hoards [33], their composition seems to be of major significance, even for females. We indeed found that the diet had a strong effect on hamsters’ activity index and Δbody mass, emphasizing that hamsters on the Wsoy, Msunf and Mrad diets were more active and lost less mass than hamsters on the Msoy and Wrad diets, independent of sex. Interestingly, the Msunf group responded differently from the five others during hibernation: hamsters displayed a reduced loss of mass (small Δbody mass) despite a lower food intake than in the other diet groups. This could be explained by the high energy value of sunflower or its high PUFA content [27]. In the two latter diet groups, hamsters lost approximately 25% of their initial body mass (i.e., body mass at the onset of hibernation). Such loss of mass is severe and could have important consequences for hamsters’ survival and reproduction in the wild [15,27,50,51]. As such, the Msoy and Wrad diets seem unsuitable to slow down the decline in body mass upon emergence from hibernation, which has been recorded in farmlands since 1937 [15], while Msunf, Mrad and especially Wsoy seem more appropriate. Nonetheless, when looking at Δbody mass compared to the amount of food ingested (Figure 3B,C), the Mrad diet seems to be less “efficient” than the Wsoy and Msunf diets. Hamsters from this diet group ingested the largest amounts of food but did not reduce their Δbody mass compared to hamsters from Wsoy and Msunf; they tended to lose more mass than individuals from these two diet groups, although the difference was not significant. In addition, signs of cartilage atrophy were observed in the ears of hamsters on the Mrad diet (see Figure S1), suggesting the presence of a nutritional deficiency in this association. Taken together and considering that hamsters would not necessarily have access to ad libitum food in the wild, the Wsoy and Msunf associations seem to be the most appropriate.




4.2. Diet Effect on Reproduction


Regarding hamsters’ reproductive success, the three crop associations that were favorable for hibernation (Wsoy, Msunf and Mrad) were also the most favorable for reproduction, considering that pups were weaned only in these three diet groups. In the Wsoy group, females had litters of 4.5 ± 0.5 pups, which is within the average recorded in other studies [18,19,26], but only 40% of females gave birth. We did not find significant differences in the parturition rate between the diets, potentially due to a lack of statistical power associated with our low sample size at reproduction. However, in the Msunf and Mrad groups, 80% and 67% of females gave birth, respectively. These females had smaller litters at birth (4.0 ± 0.0 and 2.5 ± 0.9, respectively) than females of the Wsoy group (4.5 ± 0.5). At weaning, this difference in litter size increased: it became 4 to 5 times higher in the Wsoy than in Msunf and Mrad groups (Figure 4B,C). This resulted in nine, five and four pups being weaned in the Wsoy, Mrad and Msunf diet groups, respectively, and no pups in the three other diet groups (Msoy, Wsunf and Wrad; see summary Figure 5 in Section 4.4 below). This success of reproduction remains relatively low compared to other studies conducted in captive or semi-captive conditions [18,19,26]. However, it echoes the recorded decline in reproductive success over the distribution range of the species [11]. The reduced reproductive success recorded in some diet groups could be due to seeds lacking proteins [26] or other nutrients essential for reproduction [26]. The protein intake on the Wsoy diet was, for instance, higher than that on Msunf and Mrad, which may have contributed to the 100% pup survival in this diet group.



Interestingly, diet effects on hamsters’ hibernation and reproduction are unlikely to be solely explained by the macronutrient or protein contents of the diets. For example, the two protein-rich diets (Msoy and Wsoy), from which hamsters ingested approximately the same proportion of soybean (see Figure 2 and Figure 3), had very different outcomes regarding both hibernation and reproduction. Furthermore, in the Msoy diet group, we recorded a 100% maternal infanticide rate (similarly to what was previously observed and related to a vitamin B3 deficiency in maize-based diets [18]), suggesting an imbalance leading to vitamin B3-like deficiencies in this association. Soybean thus does not appear to be an appropriate crop to counteract the nutrient deficiencies in maize. In the wild, hamsters will likely supplement their diet with invertebrates and weeds [16,19]. However, when emerging from hibernation in early spring, such food items remain relatively rare, especially in intensively managed farming landscapes, and hamsters thus largely rely on their hoards for their first reproduction [15,16,52].



Taken together, our results thus suggest that the quantity of proteins or lipids per se were not the sole predictor of successful hibernation and reproduction in this species, which would also be modulated by the quality of proteins (e.g., representativeness and ratio between all essential amino acids [53]) and fatty acids (e.g., representativeness and ratio between different fatty acids [34,54,55]) or the content of vitamins/antioxidants [18,56].




4.3. Favorable Crop Associations and Recommendations


Our results highlight that no crop alone can be considered as a favorable food that meets hamsters’ nutritional requirements during hibernation and subsequent reproduction. Soybean was beneficial when associated with wheat but not when associated with maize. On the contrary, sunflower and radish were unfavorable when associated with wheat but not with maize. It is thus important to consider the complementarity of crops when suggesting associations beneficial for the species, as monoculture-based diets are not suitable for hamsters’ hibernation and reproduction [18,19]. However, associating wheat with soybean, or maize with sunflower and radish, seems to provide a promising avenue to increase diversity and heterogeneity in agroecosystems where hamsters are found. A study conducted in exclosures highlighted that associating maize, wheat, sunflower and a fodder crop (alfalfa) provided the appropriate diversity of food for hamsters’ reproduction compared to maize and wheat alone [19]. It thus seems that a way to improve hamsters’ habitats in Western Europe would be to include an oilseed crop such as sunflower and a fodder crop such as radish or alfalfa within agroecosystems while ensuring extensive management of crops [14,57,58]. Taken together, these plants seem to provide food with the required nutrients to support hamsters’ hibernation and reproduction. However, achieving such crop diversity in intensive farmlands may be a long and complex process, and crop associations such as wheat–soybean and maize–sunflower may offer solutions that are easier to implement and more adapted to farmers’ constraints. Other crop associations that meet those two parameters are likely to be beneficial for hamsters and should be the focus of future studies.




4.4. From Knowledge to Action


We used different approaches to disseminate these results and new knowledge to farmers, conservation practitioners, researchers and policymakers as part of the LIFE+ ALISTER project. These included summary presentations of our results to general assemblies of farmers and distribution of synthesized information in general and specialized media and newsletters to conservation practitioners and policymakers (see Figure 5).



Before any recommendation was officially made following the dissemination of these synthesized results (Figure 5), the best innovation came from farmers. Some of them started to spread sunflower within maize fields (Figure 6A) or integrated sunflower and fodder crops within summer intercrop covers sown after wheat harvest (Figure 6D) [59]. Another immediate response came from the French Office for Biodiversity (OFB), which diversified parcels where captive-bred hamsters are released every year as part of a conservation effort to sustain wild populations [59,60,61]. These parcels were previously composed of unharvested wheat [57]. Since 2017, they have been composed of unharvested wheat diversified with strips of flowers, including a fodder crop and sunflower (Figure 6B) [59]. Other farmers developed double-cropping systems such as rye–pea (Figure 6C) or wheat–pea (Figure 6E); such associations were implemented because they are similar to the wheat–soybean association and naturally provide nitrogen to the soil. While these innovations and responses are not proof of success (their durability and benefits for hamster populations remain to be determined), they offer opportunities for real-time monitoring, allowing the quick adaptation of strategies through policymaking [62]. Indeed, once knowledge on an endangered species is acquired, it can take years for measures to be implemented through policymaking, if implemented at all [63]. However, species facing risks of extinction often require urgent measures to be taken [64,65]. Collaboration and communication with all stakeholders from the initiation of research programs thus offer interesting avenues to implement science-based solutions more quickly.



Wildflower strips, vegetables and fodder crops are known to have a positive impact on hamster populations, increasing burrow density [58,66,67]. However, the benefits of fodder crops depend on their management [14,57]. The benefits of sunflower for hamster survival and reproduction when associated with wheat, maize and a fodder crop were previously confirmed [19]. Thus, in 2021, sunflower, fodder crops and the wheat–soybean association were included as favorable crops for hamsters as part of the new collective agri-environmental measures for the species in France. Such agri-environmental measures for hamsters are likely to benefit other species, as similar agri-environmental measures implemented for pollinators appeared to be beneficial for hamsters [66]. By enhancing the diversity and heterogeneity of agroecosystems, it is expected that measures implemented for hamsters will be suitable for other farmland species or will even provide extended services in such systems [9]. Sunflower has, for instance, many benefits for biodiversity and agriculture [68,69,70]. It attracts birds, some of which reduce pest populations [68,69]. It also provides key benefits for pollinators, considering its major medicinal values for bees [70,71]. Its implementation in maize-dominated landscapes thus appears to be a simple way to improve habitat heterogeneity. Crop associations with complementary nutritional values for common hamsters are also likely beneficial for agroecosystems as a whole; for instance, double-cropping systems such as the wheat–soybean association, which is largely generalized in the US and in Asia, seem to provide benefits in terms of resistance and resilience to climate change compared to single cropping [72].





5. Conclusions


The main conclusion of this study is that there is not one “favorable” crop for hamsters, but rather favorable crop associations. Indeed, sunflower and radish were overall (i.e., when considering hibernation and reproduction) beneficial when associated with maize, whereas they were unfavorable when associated with wheat. In contrast, soybean was beneficial when associated with wheat but not when associated with maize. The implementation of such crop associations will only be possible with the implementation of innovative agricultural practices that should integrate farmers from the onset of the initiation of research projects. Such conservation measures implemented for the common hamster may help to transition toward more biodiversity-friendly and sustainable agricultural practices in areas where intensive conventional farming prevails.
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Figure 1. Hamsters’ hibernation parameters according to crop associations. Each bar represents the mean value of all animals (males and females) for a given diet, +/− SEM. (A) Activity index, (B) food intake (in grams of dry matter per day) and (C) Δbody mass (average loss of mass during hibernation in grams) are represented. Different letters highlight significant differences between the diets, p < 0.05. W = wheat (light gray), M = maize (dark gray), Rad = fodder radish (circles), Soy = soybean triangles) and Sunf = sunflower (squares). (A) This graph should be considered only as a representation of the results, as the CLM approach is not based on averaging. 
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Figure 2. Consumption of each type of seed during hibernation in the 6 diet groups. W = wheat, M = maize, Rad = fodder radish, Soy = soybean and Sunf = sunflower. See methodology and Table 2 for details on the diets. 
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Figure 3. Daily macronutrient intake. Mean daily macronutrient intake (lipid, protein and carbohydrate in grams) by each hamster during hibernation. (A) Lipid versus protein intake, (B) carbohydrate versus protein intake and (C) carbohydrate versus lipid intake. Food rails, i.e., the ratio of macronutrients contained in each seed type, are represented by lines. The asterisks on each food rail represent the macronutrient intake that would result from the consumption of 10g of the associated seeds. Symbols represent food consumption of each hamster according to their diet, as follows: ▴ Msoy, ▴ Wsoy, ⬥ Mrad, ⬥ Wrad, ■ Msunf, ■ Wsunf. If a hamster ate only 1 of the 2 foods in the diet, the macronutrient intake point would be on the food rail of the considered food. The further the point is from the origin of the graph, the higher the consumption. 
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Figure 4. Female reproductive traits according to their diet. (A) Parturition success (representing females that successfully delivered; no significant diet effect, p > 0.05). Mean litter size is presented (B) at birth and (C) at weaning. Sample sizes (N females) are indicated in brackets. Mean litter size is shown separately at birth and weaning for representative purposes only, as we found no diet*period interaction effect but identified an overall diet effect on this trait (p < 0.05): litters of females from the Wsoy group were significantly larger on average than those from the Wsunf, Msoy and Mrad groups (p = 0.011, p = 0.008 and p = 0.011, respectively, as represented by *), but not larger than litters from the Msunf group (p > 0.05). Multiple comparisons were not possible with the Wrad group, as only one female gave birth, and none of her pups survived. W = wheat, M = maize, Rad = fodder radish, Soy = soybean and Sunf = sunflower. See methodology and Table 2 for details. Maize-based diets are represented in light gray, whereas wheat-based diets are represented in dark gray (Means ± SEM). 
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Figure 5. Summary figure regrouping the main results of our study under the two strategies of hibernation (more torpid or more active). This figure aims to provide a bigger picture to assess the effects of each diet and both strategies on hamsters’ hibernation and reproductive traits and can be used to inform conservation actions. Details about statistics can be found in the Results section of the manuscript, in Figure 1, Figure 3 and Figure 4 and in Table S3. 
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Figure 6. Examples of innovative approaches from farmers, conservation practitioners and researchers to implement sunflower, protein crops and fodder crops to diversify agroecosystems dominated by maize and wheat. (A) Sunflower sown by a farmer within a maize field in 2018 (broadcast seeding) © Charlotte Kourkgy (OFB), (B) strips of fodder crops and wildflowers, including sunflower, sown on parcels where captive-bred hamsters are released every year, with fields of maize and wheat © Charlotte Kourkgy (OFB), (C) association between a spring cereal (rye) and a protein crop (pea) © Florian Kletty, (D) intercrop cover including fodder crops and sunflower, sown after wheat harvest in July 2018 © Caroline Habold, (E) wheat–pea association implemented in the area where the common hamster is found in Alsace, France © Germain Schmidt. 
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Table 1. Timetable and details of the experimental design and diets. The natural photoperiods followed the Ephemerides of Strasbourg, France (Lat: 48°34′48.0072″ N, Long: 7°45′0.0000″ E).
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	Date
	Period
	Photoperiod
	Ta
	Humidity





	10–16 December
	Food habituation
	Natural (fall, winter)
	10 ± 1 °C
	55–65%



	16 December–8 March
	Hibernation
	Natural (winter)
	10 ± 1 °C
	55–65%



	8 March–10 June
	Reproduction
	Natural (spring, summer)
	20 ± 1 °C
	50–60%
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Table 2. Nutrient composition of seeds. Dry matter (DM) and water content are expressed in percentage of fresh matter (FM), ashes and macronutrients are expressed in percentage of DM, and energy is expressed in kilojoules per gram of DM. Values are given ± SEM.
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	Food Item
	DM

(% of FM)
	Water

(% of FM)
	Minerals

(% of DM)
	Lipids

(% of DM)
	Proteins

(% of DM)
	Carbohydrates

(% of DM)
	Energy

(kJ/g of DM)





	Maize
	92.87 ± 0.43
	7.13 ±0.43
	1.17 ± 0.13
	6.03 ± 0.27
	8.25 ± 0.10
	84.54 ± 0.24
	18.21 ± 0.10



	Wheat
	91.17 ± 0.47
	8.83 ± 0.47
	1.77 ± 0.05
	3.10 ± 0.09
	10.56 ± 0.12
	84.57 ± 0.17
	17.55 ± 0.13



	Radish
	94.37 ± 0.27
	5.63 ± 0.27
	5.32 ± 0.03
	38.42 ± 0.46
	27.78 ± 0.15
	28.48 ± 0.37
	26.40 ± 0.23



	Soybean
	93.88 ± 0.49
	6.12 ± 0.49
	5.47 ± 0.17
	22.89 ± 0.18
	41.36 ± 0.33
	30.28 ± 0.36
	23.53 ± 0.11



	Sunflower
	95.87 ± 0.15
	4.13 ± 0.15
	3.49 ± 0.08
	62.21 ± 0.32
	19.08 ± 0.14
	15.21 ± 0.32
	31.38 ± 0.15
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