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Abstract

:

Forage plants, as primary producers, play an essential role in maintaining populations of large herbivores. The availability and quality of these forage plants can affect the health and viability of these animals. Seasonally dry forests of Huai Kha Khaeng Wildlife Sanctuary and Huai Thab Salao-Huai Rabum Non-Hunting Area are recognized as one of the largest contiguous pieces of forests in mainland Southeast Asia and serve as a home to many large herbivore species, particularly banteng (Bos javanicus birmanicus). However, our understanding of forage plants and their dynamics is still limited. Therefore, the current study was undertaken to understand the dynamics of forage plants, prescribed burning effects, and the associated environmental factors. During 2018–2019, the results showed that the highest forage availability was in June after the prescribed burns at 156.2–252.6 kg ha−1 and the lowest in February before the burning at 16.8–39.8 kg ha−1. Environmental factors that impacted the forage availability include canopy cover, tree density, tree basal area, soil bulk density, soil pH, and topography. However, the impacts of these factors varied among the studied plant life forms, suggesting the importance of active habitat management through prescribed burns and stand improvement to maintain sufficient forage for large herbivores in the future.
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1. Introduction


Deciduous forests can be found throughout the tropics, including continental Southeast Asia [1,2]. Unlike other tropical forests, these deciduous forests have a distinct and long dry period (5–6 months) almost every year [3]. Therefore, common species in these forests are deciduous tree species that shed their leaves during the driest time of the season [4]. Distinct dry periods, combined with a large volume of fuels from deciduous trees, lead to annual low-intensity, short-lived surface fires in these forests, and all are human-caused fires consisting of prescribed burning (early burning) and burning for crop preparation by local people along the forest edge [5,6]. One consequence of the frequent, low-intensity burns is the annual supply of fresh herbaceous plants for large herbivores, including Bos javanicus birmanicus (banteng, an endangered species to these deciduous forests in mainland Southeast Asia [7,8]), Rusa unicolor (sambar deer), Rucervus eldii (eld’s deer,) and Muntiacus muntjak (red muntjac) etc. (Figure 1).



Some of the largest pieces of tropical deciduous forests are located in Huai Kha Khaeng Wildlife Sanctuary, part of the largest contiguous protected areas in Southeast Asia [9]. A large lowland deciduous dry forest in the valley of the Thab Salao watershed covers more than 17,000 ha and serves as one of the core habitats for many herbivores [8]. It is also suspected to host the largest banteng population in Thailand and the world [7]. This forest has been undergoing natural succession since 1992 after unregulated logging [10]. During 1992–2002, fire suppression was strictly enforced in this area as part of a newly established wildlife sanctuary. The continuous fire suppression resulted in high canopy cover and tree density, which are uncharacteristic of deciduous dipterocarp forests and potentially reduce forage food for large herbivores in this area [11]. Currently, no information on available forage for herbivores has been systematically collected, making it difficult to make an informed decision about wildlife management in this vulnerable habitat.



Wildlife habitat management has a central goal of increasing carrying capacity within a particular habitat [12] by providing appropriate plant species composition and sufficient water sources to sustain the animals throughout the year. More importantly, the number of resources should be enough to keep the animals from going into farmland and human settlements, which often result in human–wildlife conflicts [13]. Various management techniques have been proposed to increase the abundance of forage food. For example, prescribed burning is a popular method in many countries [14] to increase the productivity of grasses and forbs [15], as well as to preserve the structure of deciduous forests [16,17]. Permanent clearing of the land to allow regeneration of grasses [18,19] and cultivation of nutritious forage species have also been applied in wildlife management [20,21]. A combination of these methods has been shown to effectively maintain viable wildlife populations and keep animals within the protected areas [22].



Despite the continuous effort to manage wildlife habitats through prescribed burns and water source management, Huai Kha Khaeng Wildlife Sanctuary continues to see an increase in animal sightings in the farmland at the edges of the Sanctuary, intensifying the tension between the villagers and the protected areas. The problem suggests that the current management practice may not provide enough or appropriate forage plants for the large herbivore populations in this particular forest. Several studies have been conducted to describe the diversity of forage plant species in the area [23,24]. However, we still lack the data for the dynamics of these plants through the seasons, which will be critical to the success of the habitat management of this area.



Therefore, this study aimed to determine the temporal variation of forage availability for large herbivores throughout the season, particularly in deciduous forests that experience low-intensity surface fires, by collecting biomass of forage plant species from a set of semi-permanent plots in the area. The influences of various abiotic factors (fire intensity, soil property, and topology) on the forage availability were also analyzed to gain an insight into the availability and variation of forage for the animals in this area. The information of this study will allow wildlife managers to implement more effective habitat management in the future.




2. Materials and Methods


2.1. Study Site


The study was conducted in the 17,000 ha buffer zone, northeast of Huai Kha Khaeng Wildlife Sanctuary and Huai Thab Salao-Huai Rabum Non-Hunting Area, Lansak District, Uthai Thani Province, Thailand (Figure 2) from December 2018 to October 2019. The study area covers part of the Thab Salao watershed, the name of the primary water source in the area. The plant community of the area consists of mainly Deciduous dipterocarp Forests (DDF) interspersed with Mixed Deciduous Forests (MDF) and Mixed Deciduous Forests with bamboo (MDFB) that experience annual surface fires.The study area had undergone unmanaged logging before the establishment of the wildlife sanctuary in 1992 [10]. During this study, the HKK wildlife sanctuary issued an annual prescribed burning between 22 February to 31 March 2019. Our study took place during a dry period (annual precipitation = 863.70 mm/year), and we compared that with a mean of annual precipitation which was 1448.65 mm/year from 2001 to 2019) (reported by the Huai Kha Khaeng Forest Fire Research Station, about 1–2 km away from study area). Since it was the year of a “Weak El Niño” [25], this study could explore the food availability during dry years (Figure S1).




2.2. Data Collection


2.2.1. Sampling Plot Design


A set of points (1 km from each other) were systematically chosen from the map to represent the heterogeneity of the whole study area. Forty-eight points were randomly chosen from these points to place a 30 × 30 m2 plot for the sampling times. Each plot was monitored for trees and forage plants every two months from December 2018 to October 2019, resulting in six time points (December 2018, February 2019, April 2019, June 2019, August 2019, and October 2019) to determine the temporal variation of forage availability for browser and grazer. Within each 30 × 30 m2 plot, three 2 × 5 m2 subplots (Figure 2) were systematically placed to determine all herbaceous plants and utilized plants by browsers and grazers with the twig count method [26,27], while 1 × 1 m2 (within 2 × 5 m2) were used estimation of grass proportion. Therefore, this study has 144 subplots from 48 plots per sampling times. A total of 48 sampling plots (Figure 2) were located in three forest types: (1) DDF (n = 23), (2) MDF (n = 11), and (3) MDFB (n = 14) (Figure S2). In this study, we performed a systematic sampling to cover the study area. The forest types of the systematic plots were determined after the plots were designated. Because of the heterogeneity within the study site, the unequal numbers of plots for the three forest types were detected. This research was conducted with permission from the Department of National Parks, Wildlife and Plant Conservation and has been complied with IUCN policy for research on plants in protected areas.




2.2.2. Forage Availability


In this study, the forage plants were classified into four categories according to the life forms and animal utilization: grasses, forbs, shrubs, and tree seedlings [24] (Figure S3). Grasses are monocot plants or grass-like plants including Poaceae (grasses), Cyperaceae (sedges), Juncaceae (rushes), Juncaginaceae (arrow-grasses), and Isoetaceae (quillworts). Forbs are vascular plants without ostensibly woody tissue above or at the ground. Forbs and herbs may be annual, biennial, or perennial but always lack significant thickening by secondary woody growth and have perennating buds borne at or below the ground surface. Shrubs are a multi-stemmed woody plant that is usually lower than 4 to 5 m. Shrubs typically have several stems arising from nearly ground, but may be taller than 5 m or single-stemmed under certain environmental conditions. Overall, shrubs are perennial plants. Tree seedlings are perennial, and are woody with a single stem (trunk) and are not higher than 1.30 m. Some tree species may develop a multi-stemmed or short growth form [28].



The animal utilization of these plants at each time interval was determined using the twig count method without specifying the species of animals. For the twig count method, all twigs with a diameter greater than 0.5 mm and less than 2 m tall in the plot were counted and measured. The twigs with the traces of animal browsing were measured for the diameter as a reference size for consumed twigs. We searched a twig that had the same diameter as the reference size for each species outside the plot to avoid disturbance and weighted this twig. For shrubs, forb, and tree seedlings, forage availability was estimated by multiplying the weight of the reference twig with the number of all available twigs of that species in the plot [26]. Each 2 × 5 m2 plot was divided into six 1 × 1 m2 plots to estimate grass cover at each time point. For grass availability, we searched in the 1 × 1 m2 plots for the trace of grazing. If we found the evidence of grazing, we found another 1 × 1 m2 outside the sampling with similar grass cover as a reference plot. The length of grazed grass blades was estimated by comparing it to the intact grass in the reference. We then cut the grass to the same length as in the reference to obtain the fresh weight. The weight of the consumed portion was divided by the percent cover, and we used this number as a reference unit for calculating grass availability in the other plots [29,30]. For each time point, three subplots were sampled within each 30 × 30 m2 plot. This study did not include bamboo because it occurred sporadically in our sampling sites. At the same time, we weighted both wet and dry twigs and grass blades to calculate the percent of water content for comparing the life forms differences.




2.2.3. Environmental Factors


Additional environmental factors were also determined for each 30 × 30 m2 plot, including (1) topographical factors, (2) biological factors, (3) edaphic factors, and (4) fire frequency.



Topographical factors, including slope, and elevation, were retrieved from 30 × 30 m2 resolution raster data [31]. Biological factors mainly refer to the forest structure, including tree density, basal area, canopy cover, and forest types. All trees with a diameter at breast height (DBH at 130 cm aboveground) greater than 4.5 cm were identified and measured for the forest structure. Forest type was determined using the composition of dominant species in each plot.



The soil samples from the plots were analyzed at the Department of Soil Science, Faculty of Agriculture, Kasetsart University. The following parameters were determined: soil pH, bulk density (bd), and available phosphorus (P) [32]. The fire frequency was based on the fire index, calculated from the available satellite imagery data from the study area between November 2007 to April 2019 (13 years) [33]. The fire index was reported to affect forage availability in various studies [34,35] and was therefore included in this study.





2.3. Data Analyses


The Kruskal–Wallis test and the subsequent Tukey’s honest significant difference test (Tukey’s HSD) were performed to determine the forage part characteristics of the different lifeforms that were utilized by large herbivores, including diameter (except grass), total length, fresh weight, dry weight, and water content.In the same way, we used the above statistical analyses to determine how the total forage availability differed significantly with respect to life forms and forest types (at  α  = 0.05), while the Wilcoxon signed ranks test were performed for different sampling times.



In order to study the effect of environmental factors on the forage availability, the zero-inflated negative binomial model was applied to the dataset for each of the four life forms using the package MASS in R program [36]. The model was chosen because of a large number of zeros in the dataset, indicating non-usage of plants by animals in the plot [37,38]. The explanatory variables included topographical factors, biological factors, edaphic factors, and fire frequencies described in the previous sections. All of the variables were standardized to have the mean of zero and standard deviation of one (z-score) to ensure that the resulting coefficients from the models accurately represent the relative effect size of each factor.





3. Results


Out of 486 species found during the sampling times, only 87 species (72 genera from 39 families) of plants had traces of consumption by large herbivores. These plants included 29 species of forbs, 2 species of grasses, 22 species of shrubs, and 34 species of tree seedlings (see Table S1 for a species list). The forage plant species accounted for 17.9% of all herbaceous plant species found in the area.



The twig count showed that herbivores consumed branches of similar diameters, but the length of consumed plant parts (of branches and grass blades) varied among the life forms (Table 1). More than 20 cm of the plant parts were consumed with forbs, while less than 20 cm were consumed in the other life forms (Table 1). The weights of the available twig of forbs, shrubs, and tree seedlings did not differ significantly, but the water content of forbs at 73.9% was significantly higher than the other life forms (p < 0.05). The weight of the grasses was not compared against the other life forms (forbs, shrubs, and tree seedlings) because they were harvested and measured with a different method from the others (Table 1).



3.1. Temporal Variation of Forage Availability


A substantial amount of variation in forage availability was observed throughout the year at the study site. At the beginning of the dry season, about 121.8 ± 31.1 kg ha−1 (mean ± 1 S.E.) of forage was available with more than 50% as shrubs. Then, forage availability reached the lowest point in February 2019 (28.1 ± 11.3 kg ha−1), with forbs as the dominant life form. This point coincided with the lowest monthly rainfall (49.2 mm/month) (Figure 2). Then, the prescribed burn occurred in March 2019, and the rainy season had begun as indicated by the increased rainfall. The forage availability increased to 59.7 ± 21.0 kg ha−1 with the shrubs as the dominant life form. The highest availability was observed between May and June 2019 (208.5 ± 51.8 kg ha−1). Most herbaceous plants started to produce new branches and leaves during this period, which contributed to the observed increase. The following sampling (August 2019) observed older plants and lower forage availability (105.5 ± 57.6 kg ha −1) with grasses as the main life form. Finally, forage availability remained low at 106.1 ± 29.1 kg ha−1 in the last sampling at the end of the rainy season (October 2019), with shrubs and tree seedlings as the main life forms (Figure 3 and Figure 4).



Temporal trends of forage availability varied among the four life forms. Shrubs were the most available form of forage in the study area, followed by tree seedlings, grasses, and forbs. Availability of shrubs decreased significantly between December 2018 and February 2019 (p < 0.001) and increased significantly after the prescribed burn (April, p = 0.009) until reaching a peak in June 2019 (103.7 ± 21.2 kg ha−1) before decreasing again. A similar temporal trend was observed for tree seedlings with the maximum availability at 80.3 ± 13.4 kg ha−1 in June 2019. Forb availability was not significant between December 2018 and February 2019 (p = 0.092), increased significantly after the prescribed burn (April, p < 0.001) until reaching a peak in June 2019 (20.4 ± 3.6 kg ha−1), and decreasing again in August 2019 and October 2019 (p < 0.001). Grass availability appeared to track the pattern of monthly precipitation more than other forms, as it increased four months after forest fire, reached its maximum in the middle of the rainy season (August 2019), and decreased toward the end of the rainy season (Figure 3 and Figure 4, Table S2).




3.2. Forage Availability by Forest Types


Forage availability also varied among the forest types in the study area (Figure 5). During the peak time (June 2019), plots in the Mixed Deciduous Forest (MDF) had the highest average of forage availability at 349.3 ± 85.5 kg ha−1, followed by the Deciduous dipterocarp Forest (DDF, 203.9 ± 27.6 kg ha−1), and the MDF with bamboo (MDFB, 135.1 ± 27.6 kg ha−1), respectively. However, later in the season (August 2019), the DDF had the highest average forage 195.3 ± 58.5 kg ha−1, with grasses as the primary life form at this time (182.4 ± 106.5 kg ha−1). It should be noted that grasses were only found in the DDF (Figure 5), while the MDF produced the highest available forage in the forms of shrubs and tree seedlings. Plots in the MDF with bamboo had the highest forb availability at 50.1 ± 31.8 kg ha−1 in October 2019, which was the end of the rainy season in the area (Figure 5, Tables S3 and S4).




3.3. Forage Availability and Environmental Factors


The zero-inflated negative binomial model showed significant effects of environmental factors on forage availability in each of the life forms. For forbs, the availability increased significantly with increased soil bulk density (p = 0.04) but decreased significantly with increased tree density (p < 0.001). Grass availability decreased significantly with increased slope, canopy cover, basal area, soil bulk density, and soil pH (p ≤ 0.02). For shrubs, fire frequency and soil pH positively affected the availability (p≤ 0.002), whereas the tree density and slope negatively affected the availability (p≤ 0.01). Finally, the availability of tree seedlings increased significantly with soil pH and bulk density but decreased significantly with slope (Figure 6).





4. Discussion


In the study area, the Mixed Deciduous Forest (MDF) provided the highest forage availability for all life forms, except for the grasses, which were found mainly in the Deciduous dipterocarp Forest (DDF). The results suggest that the MDF plots are the main source of available browse forage for large mammals, while grasses, their preferred food source, appeared to be limited to the DDF. The modeling results (Figure 6) showed that tree density and tree canopy negatively impact the biomass of grasses, as the tree canopy prevented light from penetrating the forest floors and subsequently limited the growth of the light-demanding understories [39]. While many herbaceous plants thrive in a low-light environment, these species are not always consumed by wildlife. The frequent ground fires in the study area might also limit the growth of the useable forage without affecting the canopy structure [11].



The tree density had no significant effect on the number of tree seedlings, probably because seedlings also had to compete with the other life forms in the understory layer. The research [40] found that tree seedlings could not grow under the canopy of denser shrubs, as the shrubs generally had a faster growth rate and tended to outgrow similarly aged tree seedlings [41]. The low density of tree seedlings in this area will result in a low density of saplings and mature trees, subsequently altering the age structure and forest dynamics, making the habitat unsuitable for foraging of large mammal species.



Prescribed burns have different effects on different life forms of forage. Availability of forage shrubs increased significantly with increased fire intensity. The results were consistent with many research [35] findings, which showed that the areas with low-intensity fire had three times more shrub growth than the fire suppressed areas. Most regenerating shrubs were perennial and fire-resistant [42,43] (Figure 4). Even after frequent natural and prescribed burns, these plants can almost immediately produce new branches [34,44], making them a more productive life form than the other herbaceous plants that are annual [45]. During the dry season, annual herbaceous plants are dried out and normally burned with forest fires, leaving only seeds for their annual regeneration.



Given that they have woody stems like shrubs, tree seedlings should have a similar set of responses to fires. However, the seedlings grow more slowly than the shrubs and are often outcompeted by the shrubs [41]. These woody life forms were shown to be sensitive to small differences in microclimates [46] and are likely to respond differently to conditions of post fires. Nonetheless, the increase of forage availability was observed during the rainy season after the fire, followed by the lowest availability right before the next prescribed burn, suggesting an annual pattern of forage availability. It is possible that prescribed burns in this area are responsible for the increased availability that followed and can be used as a way to enhance the productivity of forage plants for large mammal herbivores [15,35,47].



Among soil properties, soil pH appeared to have a significant impact on forage availability. The study area mainly had acidic soils (pH 4.6–7.4). Among the studied life forms, grasses were found in the most acidic soil of the DDF, while the other life forms tended to decrease with the increased acidity. The results were consistent with previous studies that showed higher resistance of grasses to acidic soils [48]. Acidic soils are often considered “poor soils,” as they are less likely to maintain required nutrients, such as calcium, magnesium, and phosphorus, for plant growth [49]. The low forage availability from low nutrients appeared to be in our study area, as the phosphorus concentration positively impacted the forage availability. Phosphorus is one of the macronutrients for plants [50,51], as well as a critical element for animals, particularly female mammals during lactation [52]. Therefore, the forage food grew better and became more nutritious in the high phosphorus areas, and the herbivores might prefer these plants to the less nutritious ones in the DDF. Associations between soil characteristics and food quality will require further studies to gain a complete picture of the study area.



Our study revealed that shrubs were the most available life form of forage plants, followed by tree seedlings, forbs, and grasses, which may not serve the need of the current and expected wildlife populations in the area. Not all consumed forage plant species are equally nutritious. Therefore, several forage species, especially those with high energy and high protein, should be actively managed to be available throughout the landscape and seasons [53]. Some of the notable mammal species in this area, such as banteng, require a large amount of food to sustain the population, as they foray in a herd. The habitat may need a silvicultural intervention to create more forest gaps, which will allow better regeneration of more nutritious life forms (grasses and forbs). Such management may be necessary for the wildlife, particularly during the dry season when food is most scarce [54].



Annual low-intensity ground fires in this area can increase the availability of forage plants, especially the shrubs that can resprout more effectively after the fire [44]. These new “springtime” branches [55] are a good food source for browsing mammals because they contain more protein and less fiber than the older ones. The higher quality food sources allow the animals to digest and convert the plant biomass to energy more effectively [47,56]. In addition, forest fires can help maintain deciduous species and low density in the forest stand [16,17]. Therefore, a habitat manager often uses “prescribed burns” as an easy and economical way to manage the habitat for wildlife [57]. Nonetheless, fire does not always succeed in controlling the density of small trees and shrubs because the fuel loads and fire intensity may not be sufficient to clear out the understory layers [58].



At Huai Kha Khaeng Wildlife Sanctuary, prescribed burns have been regularly administered as part of habitat management for large mammal herbivores. Despite the continuous effort, the current forest structure does not appear to produce enough forage for a large population of animals, particularly in a dry season. This forest was left primarily intact after many years of logging. Many of the sub-canopy and understory plants started to colonize the area and alter the forest structure substantially. For example, as pioneer species, Cratoxylym spp. and Croton spp. are growing at a staggering rate, but they are commonly avoided by herbivores. These species also contribute to the denser canopy cover and lower soil quality. Deciduous dipterocarp Forests in the area has a density of over 1000 stems per hectare, much higher than other typical Deciduous dipterocarp Forests in Thailand at 440–823 stems per hectare [17,59].



Moreover, the Deciduous dipterocarp Forests in the study area contain mostly even-aged stands of smaller stems, a typical stand structure of a secondary forest after logging. The altered forest structure and acidic soil can lead to colonization of other non-dipterocarp species and increase canopy cover, which will affect the productivity of grasses, a significant forage life form for wildlife in this area [60]. In order to ensure that the forest stands remain productive for large mammal herbivore populations, applications of various silvicultural techniques should be considered to manage these forests [61]. For example, stand improvement by selective cutting can remove competing saplings and maintain source trees [62]. Alternatively, some forest stands dominated by Cratoxylym spp. or Croton spp. can be managed with silviculture practices such as clearcutting or seed-tree cutting (by leaving seed trees of Shorea spp.) to provide open space for optimal growth of grasses [18].



Another alternative to altering the forest structure is to create “wildlife food plots” [21] where sources of food and water are actively managed to meet the demands of wildlife [22]. These food plots can be particularly useful during low forage availability (October–April, right before annual fires). Plants for these plots should have high productivity and nutrition to feed the wildlife. These plants include many of the livestock feed, such as Congo grass (Brachiaria ruziziensis), Napier grass (Cenchrus purpureus), and Stylo (Stylosanthes sp.), as well as agricultural crop plants, such as green beans, soybeans, corns, and oats [63]. Maintaining the food plots allow herbivores to have sufficient food all year round. However, the design of food plots and management of wildlife habitats vary with the context of the areas. A manager should consider all the relevant environmental factors before making food plots in the habitat.




5. Conclusions


Forage availability varied considerably across the study area and sampling times. While the Mixed Deciduous Forests produced the highest available forage, the Deciduous dipterocarp Forests yielded more available grasses than any other forest type. The amount of rain and prescribed burn showed significant impacts on forage availability. The negative binomial zero-inflated model showed that different sets of environmental variables significantly affect different life forms of forage plants. Our results indicated that October to February was the time period with low forage availability in the natural forest, which will be helpful for the surrounding villages and farmlands to be on the lookout for the increased wildlife presence in the agricultural areas. These data also can inform the authorities to manage the natural forests in a way that ensures sufficient forage availability for wildlife all year round to reduce the impacts to the surrounding areas. Understanding the factors involving available forage is crucial for habitat management of the buffer area of the Huai Kha Khaeng Wildlife Sanctuary, as it was recently designated as a non-hunting area. The area will need to provide sufficient food for wildlife, particularly large herbivores that require a large amount of food at the right time to sustain a viable population in the future.
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Figure 1. Large herbivores found in the study area: (a) banteng (Bos javanicus); (b) sambar deer (Rusa unicolor); (c) eld’s deer (Rucervus eldii) and (d) red muntjac (Muntiacus muntjak). 
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Figure 2. (a) Map of the study area in Huai Kha Khaeng Wildlife Sanctuary and Huai Thab Salao-Huai Rabum Non-Hunting Area, Uthai Thani, Thailand; red squares indicate the location of the forty-eight 30 × 30 m2 sampling plots; (b) diagram of sampling scheme at each of the 30 × 30 m2 sampling plots. All of the environmental factors were quantified at the 30 × 30 m2 plot. The forage availability was calculated from destructive samplings at two scales: (1) The 2 × 5 m2 sub sampling plot for forbs, shrubs, and seedlings with the Twig Count method, and (2) The 1 × 1 m2 sub sampling plot for grass with the direct harvest; (c) climate graph of the study area. The blue line shows daily precipitation (mm/day), and the red line shows mean daily temperature (°C). 
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Figure 3. Forage availability for the different life forms over six sampling times. The dashed vertical red line shows the period of prescribed burning (22 February to 31 March 2019). The black dots represent data points that are beyond 1.5 times of the interquartile range (IQR) away from the mean. The asterisks (*) indicate a significant difference from the pairwise comparison with the Wilcoxon rank-sum test. 
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Figure 4. The season changing of forest in the Huai Kha Khaeng Wildlife Sanctuary and the Huai Thab Salao-Huai Rabum Non-Hunting Area. (a) During December–February, all forest condition is in the dry period, and plants drop all leaves. (b) The dry biomass (leaves, branches, and stems) on the forest floor was burned by prescribed burns during March–April. (c) After prescribed burns (begin rainy season, during May–July), most plants resprout more effectively, therefore leaves and branches of plants are new and higher quality food sources for animals. The time called “springtime”. (d) Mid rainy season, during August–October the parts of the plants are old and lower quality for herbivores. 
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Figure 5. Forage availability for the different life forms and forest types over six sampling times. The dashed vertical red line shows the period of prescribed burning (22 February to 31 March 2019). The black dots represents data points that are beyond the 1.5 times of interquartile range (IQR) away from the mean. The asterisks (*) indicate a significant difference, and “NS” indicate a non-significant difference from the pairwise comparison with the Wilcoxon rank-sum test. 
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Figure 6. Coefficient plot showing the relative effect sizes of each environmental factor on forage availability in different life forms (denoted by different colors). The squares represent the mean of the coefficient estimate, and the lines represent the 95% confidence intervals. The red dashed line indicates no effect (coefficient = 0). 
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Table 1. Characteristics of forage plant parts utilized by large herbivores. The numbers are means ± 1 standard error. The letters in superscript indicate significantly different groups based on Tukey Honest Significant Differences ( α  = 0.05).






Table 1. Characteristics of forage plant parts utilized by large herbivores. The numbers are means ± 1 standard error. The letters in superscript indicate significantly different groups based on Tukey Honest Significant Differences ( α  = 0.05).





	
Life Form

	
Diameter     *   

	
Total Length     +   

	
Fresh Weight      + +    

	
Dry Weight      + +    

	
Water Content




	
(n = Number of Samples)

	
(mm)

	
(mm)

	
(g)

	
(g)

	
(%)






	
Forbs (n = 68)

	
1.8    a   ± 0.1

	
238.2    a   ± 60.6

	
1.9    a   ± 0.2

	
0.4    a   ± 0.05

	
73.9    b   ± 1.49




	
Shrubs (n = 60)

	
1.9    a   ± 0.1

	
197.8    a   ± 13.0

	
2.3    a   ± 0.3

	
0.8    a   ± 0.1

	
66.5    a   ± 0.98




	
Tree seedlings (n = 92)

	
2.0    a   ± 0.1

	
178.1    a   ± 9.0

	
2.7    a   ± 0.3

	
0.8    a   ± 0.1

	
66.4    a   ± 0.95




	
Grasses (n = 9)

	
NA

	
162.8    a   ± 59.3

	
10.0 ± 2.5

	
2.96 ± 6.71

	
63.7    a   ± 4.99








* Diameters were measured from the consumed plant parts. This measurement was not available for grasses. + Total lengths were estimated by comparing them to the nearby intact plants. ++ Fresh and dry weights of twigs were measured from the intact plant parts of similar sizes to the consumed ones. The weight of grasses was estimated from the consumed amount per 1 m2 and not used in the multiple comparisons with the other life forms.
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