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Abstract

:

How much transpiration water consumption varies between eucalyptus species is unknown, making the suitability of a particular eucalyptus species for large-scale planting in a given area, or whether interspecific differences need to be taken into account for eucalyptus water consumption estimates, uncertain. Here, Eucalyptus camaldulensis Dehnh. (Ec), Eucalyptus pellita F. v. Muell. (Ep), the most resistant species, and Eucalyptus urophylla S.T. Blake × Eucalyptus grandis Hill ex Maiden (Eug), the most widely planted species, were monitored for sap flow. Their stand transpiration was also estimated and its relationship to various influencing factors analyzed for the same stand age and site, and predictive models for daily transpiration (T) developed. The results showed that the T of all eucalyptus species was jointly influenced by meteorological factors, soil water content (SWC), and leaf area index (LAI), with great variation in the T response to each influencing factor among species. Accordingly, we developed species-specific transpiration prediction models that could adequately explain the changed T of each species (R2-values: 0.863–0.911). There were significant differences in the stand daily mean sap flow density (JC) and transpiration among the three species. Although Ec had a significantly lower JC than Ep, it was significantly higher than Eug on all timescales, where the mean annual JC of Ep (0.11 cm min−1) was 1.4 and 2.6 times that of Ec (0.08 cm min−1) and Eug (0.042 cm min−1), respectively. Transpiration of Eug was significantly less than Ep, but significantly greater than Ec on all timescales, where the annual transpiration of Ep (743.41 mm) was 2.4 and 1.5 times that of Ec (311.52 mm) and Eug (493.58 mm), respectively. These results suggest that interspecific differences cannot be ignored when estimating transpiration rates in Chinese eucalyptus plantations, whose amount of water use should be considered when choosing the most optimal species to plant regionally.
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1. Introduction


Eucalyptus is among the world’s most important tree species cultivated for timber, and over the last 20 years, its plantations in China have expanded to 5.6 million hectares due to its rapid growth performance, high wood yield and strong economic value [1]. However, there is widespread debate and concern in the public sphere and industry regarding the large-scale planting of eucalyptus because of its impact on the regional water cycle and groundwater [2,3,4]. Previous studies had proposed that the higher water consumption by eucalyptus would result in lower water yield in the watershed and the depletion of groundwater resources [5,6,7,8], while others argued that the water used by eucalypt plantations does not severely deplete the local water supply [9,10]. Such ongoing disputes have severely restricted the sustainable development of the eucalyptus industry in some parts of southern China. Therefore, it is imperative that the water use dynamics of eucalyptus be studied using rigorous science.



Transpiration by trees is the most important hydrological process in forest ecosystems and a major cause of water loss from forest ecosystems [11,12]. Therefore, accurate estimation of the transpiration of eucalyptus plantations is crucial for resolving the current debate about their impact on regional water resources [11,13]. Many studies done in China have estimated transpiration for eucalypts, but most of those focused on the main cultivar, Eucalyptus urophylla S.T. Blake × Eucalyptus grandis Hill ex Maiden (Eug) [3,14] or Eucalyptus urophylla S.T. Blake [15], leaving other eucalypt species understudied. With the expansion of eucalyptus plantations in China, the problems of instability and weak disease/pest resistance of monocultures have become increasingly prominent, hence, the diversification of eucalyptus species and popularization of highly resistant species has begun in China [16]. Nevertheless, the differences in transpiration between Eucalyptus species remain unclear. Only by clarifying these differences can we increase the accuracy of estimating regional water consumption by eucalyptus and accordingly assess the suitability of various species for planting.



Tree species identity largely determines the hydraulic structural properties, growth characteristics, leaf longevity, leaf area index, and sapwood area of a stand [17]. Specifically, a tree’s hydraulic structure influences water transport, beginning with root uptake and ending with water dissipation at its crown foliage [18]. The sapwood area determines the potential area of water conduction in the trunk [19], while leaf area index directly determines the transpiration capacity of a tree stand’s canopy [12,20]. Therefore, transpiration by forests tends to considerably vary depending on the tree species.



Because the estimation of transpiration and water consumption in forests on a large spatial scale often involves numerous complex tree species, it is meaningful to explore the differences in transpiration water consumption characteristics among different tree species to increase the accuracy of forest transpiration estimation and refine water use estimation models. In addition, the transpiration of trees is closely related to many environmental factors such as atmospheric temperature, relative humidity, wind speed, vapor pressure deficit, solar radiation, and soil moisture [21,22,23], as well as canopy structural characteristics such as leaf area index (LAI), as demonstrated by many studies [20,24,25,26,27]. Differences among tree species in the biological characteristics can also lead to large differences in the magnitude of their transpiration response to changes in various factors that influence it [28]. In the context of global climate change, it is also essential to clarify the relationship between transpiration and influencing factors across tree species and to predict future changes in their water use via modeling.



Eucalyptus camaldulensis Dehnh (Ec), a perennial single-stemmed tree which can reach heights of 20 to 30 m, has a vigorously growing, deep, and extensive root system which reaches depths of at least 10–30 m with lateral or fan roots and sinker roots extending from the lateral roots, as well as vertical tap roots [29], which makes it highly drought- and wind-tolerant [30]. Eucalyptus pellita F. v. Muell. (Ep) is a well-formed medium-size-to-tall tree species that can reach 40 m or more in height and 1 m in diameter, with the advantages of rapid growth and high resistance to pests and diseases [31,32]. Because of their robust resistance to various factors, both eucalyptus species are increasingly favored for commercial planting in China, and the plantation area dedicated to them is gradually expanding. However, the transpiration and water consumption characteristics of Ec and Ep are not yet known in China, which generates considerable uncertainty regarding their suitability for planting on a large scale and their effect on water security. Therefore, here, we studied the sap flow characteristics of Ec and Ep of the same stand age, under the same site conditions, to estimate their stand-level transpiration as well as analyzing the relationship between their stand transpiration and various influencing factors; for this, Eug, the species with the largest planted area, served as the control. Our study had three objectives: (1) to define the differences in transpiration and sap flow characteristics among the three eucalyptus species; (2) to determine how climatic variables differ in their effects on transpiration by the three species and to develop transpiration prediction models for each; and (3) to test whether it is necessary for regional eucalyptus transpiration estimates to take into account differences in transpiration characteristics between species when choosing what to plant. The results are expected to provide a timely reference for later assessment of the impact that changes to the planting structure of eucalyptus will have on regional water resources, the selection of tree species for regional eucalyptus planting plans, and the refinement of models for estimating how much water is consumed by eucalyptus transpiration.




2. Materials and Methods


2.1. Experimental Site and Plantation


This study was conducted at the Eucalyptus Plantation Ecosystem Research Station (latitude 21°16′ N, longitude 110°05′ E), located in Zhanjiang City, Guangdong Province, China, lying at an elevation of 80–220 m a.s.l. (Figure 1), and which has a typical maritime monsoon climate. The average annual temperature and precipitation at this site is, respectively, 23.1 °C and 1319.5 mm (23.6 °C and 1462.3 mm for the monitoring year) (Figure 1). The extreme minimum temperature was 1.4 °C, which occurred in January, while the extreme maximum temperature was 38.1 °C, which occurred in July. In addition, precipitation is highly concentrated between May and October (the rainy season), which accounts for 77%–85% of the annual precipitation [33]. The soil here is classified as Rhodi-Udic Ferralosols according to the World Reference Base for Soil Resources [34], having been developed from weathered deposits of basalt, and it is acidic (average pH of 4.9 at a depth of 0–80 cm).



The selected plantations of three eucalyptus species (Ep, Ec, and Eug) were all planted in 2008. Given the small distance (<1 km) between the three plantations, there is little difference in the meteorological conditions among them. Three experimental plots with an area of 20 m × 20 m were established in the center of each plantation for sap flow measurements. The trees in the plots were all numbered, and the height and the diameter at breast height (DBH) of each were measured. All three plantations had a flat topography. The details of the three experimental plantations of eucalyptus species are presented in Table 1.




2.2. Measurement of Environmental Factor Parameters


Meteorological parameters: The meteorological parameters were continuously measured in an open area near the experimental plantations. The air temperature (Ta, °C) and relative humidity (RH, %) were quantified using a thermo recorder (HMP155A, Vaisala, Helsinki, Finland); the solar radiation (Rs, W m−2) was measured by a photon sensor (LI-200R, LICOR, Lincoln, NE, USA); the precipitation (P, mm) was recorded with a tilting rain gauge (TE525MM, Campbell, Logan, UT, USA); and the wind speed (WS, m s−1) was measured with an anemometer (ATMOS 22, Decagon, Pullman, WA, USA). All measurements were recorded every minute, and the 10-min average value for each variable was stored in a data logger (CR3000, Campbell, USA). The vapor pressure deficit (VPD, kPa) was calculated from Ta and RH according to the following equation [35]:


   VPD = 0     . 611   ×   e        17  . 502 × Ta     ( Ta + 240   . 97 )         ×   ( 1 − RH )   



(1)







Soil water content (SWC): The SWC was measured using six soil moisture sensors (CS616, Campbell, USA) buried at soil depths of 10, 20, 40, 60, 80, and 100 cm near the sample trees in each stand. The measured SWC data included the soil volumetric water content (cm3 cm−3) and was recorded every 30 min by a data logger (CR1000, Campbell) that was synchronized with the monitoring of the trees’ sap flow rate, as described below.




2.3. Leaf Area Index (LAI) Measurement


The LAI was measured using a digital plant canopy analysis system (HemiView; Delta-T, Cambridge, UK). On a single day per week, more than 20 points were randomly selected in each experimental plantation to obtain an image of the upper canopy. Images were obtained using a camera with a fish-eye lens at sunset on a sunny day to minimize LAI measurement errors caused by strong light. Then, HemiView software, supported by the digital plant canopy analysis system, was used to analyze the forest canopy images and estimate the LAI at each location. Finally, the LAI for the three plantations was estimated for each day using an interpolation method.




2.4. Sap Flow Measurements


Based on the investigation of each tree in the experimental plots, 18 healthy trees representing the DBH size classes in each test plantation were chosen for the sap flow density measurements using thermal dissipation probes (SF-G, Ecomatik, Munich, Bavaria, Germany), carried out from January to December 2020. Each set of probes consisted of two sensors (S0: the heated probe, S1: the reference probe) that were 23 mm in length and 2 mm in diameter. Each thermal dissipation probe was inserted into the active xylem at breast height (1.3 m) on the north side of the trunk and covered with radiation-proof aluminum foil to not only avoid incurring direct solar radiation and physical damage, but also to reduce the effects of ambient temperature fluctuation and precipitation. The S0-S1 connection provided the temperature differences (ΔT), these recorded every 30 s and averaged over 30 min by the data logger (CR1000, Campbell). The recorded ΔT was then converted into sap flow density (Js) based on the calibration equation of Granier [36]:


    J s  =   0.714   ×        Δ  T   m a x       −    Δ T   Δ T            1   . 231     



(2)




where Js denotes the sap flow density (cm min−1), ΔTmax denotes the value of ΔT when the sap flow is nil or close to zero. However, because the sap flow density cannot reach zero every day, we recorded the maximum daily ΔT over 7–10 days (ΔTmax) to avoid underestimation [37].




2.5. Sapwood Area Determination


Under the assumption that the stem cross-sections were circular, individual values of sapwood area (SA, cm2) were calculated by measuring DBH, sapwood thickness, and bark thickness. To avoid damaging the sampled trees used for sap flow measurements, 18 non-monitored trees with different DBH classes outside the experimental plots were selected in each eucalyptus species plantation and felled, in order to obtain the cross-sectional at breast height. We identified the boundary between sapwood and heartwood by their visible wood color difference. Following Vertessy et al. [38], we used an allometric equation to relate SA to DBH:


  S A = a × D B  H b  ,  



(3)




where SA denotes the sapwood area (cm2), and a and b indicate the estimated equation parameters.




2.6. Estimation Methods for Individual Tree and Stand-Level Transpiration


Assuming a consistent sap flow rate throughout the sapwood, the individual tree transpiration Ei (g day−1) was estimated as the product of sap flow density and the sapwood area, according to this published empirical calibration equation [36]:


    E i  =  J d    ×   S A   ×   60   × 24  ,  



(4)




where Ei denotes the individual tree transpiration (g day−1), and Jd denotes the mean daily sap flow density of a monitored tree (cm min−1).



The daily transpiration (T, mm day−1) was calculated from individual trees to the stand level using the following equation [12]:


   T =  J C    ×      ∑ S A    S × 1000       ×   60   ×   24   



(5)




where T denotes the stand-level daily transpiration (mm day−1), ∑ SA (cm2) denotes the sum of the sapwood area of all trees in a given experimental plot, S (m2) denotes the ground area of an experimental plot, and JC (cm min−1) denotes the stand daily mean sap flow density (the sapwood area-weighted average of Jd for each DBH class). JC was calculated as:


   J C  =     ∑  i n   J  d i   × S  A i    ∑ S A    



(6)




where Jdi is the average Jd of the ith DBH class, SAi is the total sapwood area of the sample trees of the ith DBH class in a given experimental plot, and ∑ SA (cm2) denotes the sum of the sapwood area of all trees in an experimental plot.




2.7. Data Analysis and Statistics


One-way analysis of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) test was used to examine the differences in JC and T in different months or seasons among eucalyptus species. Regression analysis was used to examine the response of T to different environmental parameters and LAI, and the correspondence between the measured and predicted T values. Using regression, a power function curve was fitted to quantify the relationship between SA and DBH. Stepwise regression analysis was performed with 5% and 10% confidence levels as the threshold values for selection and rejection, respectively, to develop a multivariate linear model of T and f(X) (the relationship between the influencing factor and T is expressed by f(X)). The R v3.6.1 software platform (R Development Core Team 2019) was used to perform all statistical analyses and to draw the figures.





3. Results


3.1. Stands Structure and the Relationship between Sapwood Area and DBH


Despite the similarity in age and stand conditions of the three eucalyptus species, there were differences in the structural characteristics (Table 1). The DBH of Ep varied from 15.5 to 29.7 cm, whose mean value of 22.93 cm was similar to that of Eug (23.52 cm) (p > 0.05), but both were significantly greater than that of Ec (19.1 cm) (p < 0.05). The LAI of Eug stands (2.08) was significantly higher than that of Ec (1.87), but significantly lower than that of Ep (2.43). On average, Eug (27.1 m) was significantly taller than the other two eucalyptus species, whereas Ep and Ec were similar in height (Table 1).



The SA of each eucalyptus species was described well by a power function of DBH (Figure 2). Accordingly, the mean SA of Ep trees was 134.31 cm2, which was significantly greater than that of Ec (70.78 cm2), but significantly less than that of Eug (189.88 cm2) (Table 1). The total SA of the three plantations was 12.34 m2 ha−1 (Ep), 7.18 m2 ha−1 (Ec), and 21.49 m2 ha−1 (Eug) (Table 1).




3.2. Characteristics of Sap Flow Density of the Three Eucalyptus Species


There are many similarities in the sap flow density characteristics of the three eucalyptus species. In both dry and wet seasons, all species showed a typical single-peaked curve during sunny days. The times when the sap flow started to increase, reached its peak, and began to decrease remained consistent for the three species (Figure 3). The Jc of the three species followed the same seasonal pattern: undergoing a gradual increase from January to May, with high values maintained in May, June, and July, and then declining from August to December (Figure 4B). The mean Jc was significantly higher in the wet season than in the dry season for all three eucalyptus species. In addition, the CV (coefficient of variation) of Jc for three eucalyptus species was similar throughout the year, at approximately 40%.



However, many differences in sap flow density were evident between the three eucalyptus species. The daily peaks differed considerably on sunny days, with the highest daily peak found for Ep, followed by Ec, and least for Eug (Figure 3). The Jc over the entire year ranged from 0.0027 cm min−1 to 0.1937 cm min−1 for Ep, 0.0118 cm min−1 to 0.1394 cm min−1 for Ec, and 0.0049 cm min−1 to 0.0866 cm min−1 for Eug (Figure 4A). The annual mean Jc of Ec (0.080 cm min−1) was significantly lower than that of Ep (0.11 cm min−1), but significantly greater than that of Eug (0.042 cm min−1) (Figure 4E). The same hierarchical pattern of mean Jc values for the three eucalyptus species was likewise observed in the dry (Figure 4C) and wet seasons (Figure 4D).




3.3. The Water Use Characteristics of the Three Species of Eucalyptus Stands


The total transpiration during the monitoring period was 743.41 mm for Ep, 311.52 mm for Ec, and 493.58 mm for Eug; these, respectively, amounting to 50.8%, 21.3%, and 33.8% of the annual precipitation. Throughout the year, the mean T for Eug reached 1.35 mm day−1, which was significantly greater than Ec (0.85 mm day−1) but significantly less than Ep (2.03 mm day−1). This pattern also applied to the mean monthly transpiration and the mean T for all months, as well as for the dry and wet seasons except for April, August, and October, when no significant differences were found between the mean T of Eug and Ec (Table 2).



The T and monthly cumulative T for the three eucalyptus species’ plantations all followed the same seasonal pattern of gradual increases from January to May, with large values in May, June, and July, before decreasing again from August to December (Table 2). The total transpiration during the wet season (from May to October) was 456.52 mm for Ep, 192.00 mm for Ec, and 298.20 mm for Eug, which collectively accounted for approximately 60% of their total annual transpiration and 37.5%, 15.8%, and 24.5% of simultaneous precipitation, respectively. However, the total T of each species during the dry season accounted for 117.7% (Ep), 49.1% (Ec), and 80.1% (Eug) of the simultaneous precipitation.




3.4. Factors Influencing Transpiration by the Three Eucalyptus Species


To elucidate the relationship between T and meteorological parameters, the effects of Rs, VPD, Ta, RH, and WS on T of the three eucalyptus species were analyzed (Figure 5). This analysis revealed that the T of all species significantly increased as a convex parabolic function of Rs (R2 = 0.862 for Ep, 0.808 for Ec, and 0.764 for Eug, all p < 0.001) (Figure 5A) and VPD (R2 = 0.674 for Ep, R2 = 0.751 for Ec, and 0.639 for Eug, all p < 0.001) (Figure 5B), but significantly increased as a concave parabolic function of Ta (R2 = 0.546 for Ep, 0.392 for Ec, and 0.461 for Eug, all p < 0.001) (Figure 5C). Additionally, the T of each species was significantly related to RH in a convex parabolic function that first increased and then decreased at a threshold value of 70% (R2 = 0.392 for Ep, 0.407 for Ec, and 0.325 for Eug, all p < 0.001) (Figure 5D). The T showed a significant negative linear relationship with WS for each species (R2 = 0.138 for Ep, 0.079 for Ec, and 0.089 for Eug, all p < 0.001) (Figure 5E). Among the five meteorological parameters, Rs best explained the variation in T of each eucalyptus species, which indicates its dominant control over transpiration in eucalyptus plantations in the study area.



The relationships between T and SWC are also presented in Figure 5F, which shows that the T of the three eucalyptus species plantations was highly dispersed for any given SWC due to the strong influence of other factors. However, when the SWC fell below a certain threshold value (19.3% for Ep, 17.5% for Ec, and 18.6% for Eug), the upper boundary lines indicate a significant non-linear increase of T with rising SWC, which can be well characterized by a saturated exponential equation (R2 = 0.963 for Ep, 0.951 for Ec, and 0.970 for Eug, p < 0.001). Once the respective thresholds were exceeded, there was no longer a clear relationship between SWC and T.



The T and LAI data for the three eucalyptus species are plotted in Figure 6. Evidently, for any given LAI, the T of the three plantations showed a high degree of dispersion due to the strong influence of other factors. However, all species showed a clear Gompertz model curve for the upper boundary of T associated with LAI (R2 = 0.941 for Ep, 0.961 for Ec, and 0.948 for Eug, all p < 0.001), which represents the relationship between T and LAI when no other factors are limiting (Figure 6). These curves show that there was an initial non-linear increase in the T of all three species with an increasing LAI that finally stabilized after reaching their respective potential maximum; this suggested an LAI threshold exists for each eucalyptus species, beyond which LAI will no longer act as a limiting factor for their T.




3.5. Model to Estimate the Daily T of Each Eucalyptus Species


Our results showed that, for all three species, their T was influenced by the combination of Rs, VPD, Ta, RH, WS, SWC, and LAI. We established a relationship equation with T for each influence factor separately. Considering the interaction between many influencing factors and to further reveal their combined effect on T of the three stands, a stepwise regression model based on 10 months of data (one month of data from each of the dry and wet seasons was retained for model validation) was used to derive a multivariate relationship between T and f (Rs), f(VPD), f(Ta), f(RH), f(WS), f(SWC), and f(LAI). A final integrated model for predicting T for each eucalyptus species was constructed (Table 3).



The summed T for the omitted two months (set aside for validation) calculated using the predictive model was 82.13 mm for Eug, 124.30 mm for Ep, and 48.04 mm for Ec, which was 106.78%, 95.15%, and 96.50% of their actual measured values, respectively. The Nash and Sutcliffe coefficient was 0.897 for Eug, 0.938 for Ep, and 0.912 for Ec. Further, the slopes of the linear fit between the measured and predicted sets of values are 0.901 for Eug, 0.939 for Ep, and 0.915 for Ec, respectively, with corresponding R2 values of 0.917, 0.951, and 0.945, respectively (Figure 7), indicating excellent agreement between these two sets of values. These results thus provide ample evidence that respective predictive models built for the T of the three eucalyptus species are accurate.





4. Discussion


4.1. Sap Flow Density and Water Use of the Three Eucalyptus Species


The sap flow is a key indicator of a tree’s water use characteristics and the water transport mechanism [39,40]. Previous studies have reported that sap flow density is not only controlled by environmental factors [25,41,42], but is also closely related to the trees’ physiological structure as well as stand characteristics [11,43]. Here, the sap flow density of three eucalyptus species’ plantations showed a similar daily and seasonal variation pattern due to the same environmental conditions (Figure 3 and Figure 4). Nevertheless, pronounced differences in sap flow density among the three eucalyptus species were also evident.



The peak daily sap flow and the mean sap flow density of Ec on all time scales were significantly greater than Eug, but significantly less than Ep (Figure 3 and Figure 4). These differences were mainly caused by differing biological characteristics and stand structure among the three eucalyptus species. Applying a previous empirical formula [36], it was clear that sap flow density is proportional to canopy transpiration and inversely proportional to the area of trunk water transport. Being affected by LAI, the T of Ep was the greatest in this study, followed by Eug, and least for Ec (Table 2). However, Eug possesses the largest sapwood area and DBH, and its trunk harbors the largest water conduction area. These factors, coupled to its maximum height, results in the longest water transport path and the greatest resistance to the upward movement of water due to friction and gravity [44], but vice versa for Ec, resulting in a starkly lower sap flow density for Eug than Ec. Hence, due to the combined effects of LAI, DBH, tree height, and SA, the sap flow density of the eucalyptus species was ranked thus: Ep > Ec > Eug.



In addition, our results uncovered considerable differences in the transpiration characteristics of the three eucalyptus species. The annual transpiration of Ep was 743.41 mm, which was 2.4 and 1.5 times higher than that of Ec (311.52 mm) and Eug (493.58 mm), respectively. These were all within the range of other records for Eucalyptus plantations [3,45,46,47]. The same species pattern was also observed for T accumulation by month and during the dry and rainy seasons. The average daily transpiration on all time scales examined had this pattern of variation: the mean daily transpiration of Eug exceeded that of Ec, but less than that of Ep (Table 2). Although the research consensus to date is that the magnitude of tree transpiration is influenced by a combination of species [44,48,49], stand structural characteristics [12,48,50,51], and environmental factors [12,25,42,52], the differences in transpiration between the three eucalyptus species in this study mainly arose from differences in species and tree stand structural characteristics because their close proximity precluded any effects of meteorological conditions.



Many previous studies have reported positive relationships of tree growth characteristics (e.g., height, DBH, SA and above-ground biomass) and transpiration [11,43,50]. However, the transpiration of the three eucalyptus species in this study was not consistent with their DBH, tree height, or SA, perhaps because the conclusions drawn in previous studies were for the same species; that is, the pattern may not be consistent between species due to differences in their physiological characteristics. Work by Hatton et al. [53] confirmed that leaf water efficiency differed negligibly between various eucalyptus species in four disparate environments: tropical woodlands with distinct wet and dry seasons, forests with a Mediterranean climate, a woodland system with an even distribution of precipitation throughout the year, and a woodland growing on a saline gradient. This finding, combined with the fact that the magnitude of LAI of the three eucalyptus species’ plantations we studied remained consistent with the magnitude of measured transpiration, suggests that LAI may be the determining factor in the production of transpiration differences between the three eucalyptus species plantations.



From the previous analysis, it is clear that the differences in transpiration between eucalyptus species measured under the same climatic and stand conditions in this study are considerable, and such differences are mainly due to the species characteristics and the differences in stand structure under its influence. As such, it is necessary for regional eucalyptus transpiration estimates to take into account differences in transpiration characteristics between species. The annual transpiration of each eucalyptus species also differed significantly from that of other local species such as Cunninghamia lanceolate (Lamb.) Hook. (20 years old, 552.1 mm) [11], Pinus elliottii Engelm × Pinus caribaea Morelet (10 years old, 483.24 mm) [54] and Acacia mangium Willd. (19 years old, 244.5 mm) [55]; indeed, even the annual transpiration of Ep was much greater than theirs. Therefore, planting different tree species will have different effects on the water cycle processes in the planting area. Moreover, in this study, although the annual transpiration of Ep, Ec, and Eug amounted to only 50.8%, 21.3%, and 33.8% of the annual precipitation, respectively, the percentage increased to 117.7% (Ep), 49.1% (Ec), and 80.1% (Eug) in the dry season. This implies that Ep plantations will consume large amounts of soil water or groundwater to meet their evaporative demands during the dry season, which cannot be adequately supplemented by precipitation. This lower input of water than output during the dry season can place a large hydrological burden in the planting area. However, this hydrological burden will be attenuated in the Eug plantation, or even not occur in the Ec plantation. There are some limitations in this paper, including that we only measured the transpiration, not the total evapotranspiration, in plantations of three Eucalyptus species, which would reduce our ability to assess the impact of tree species selection on regional water resources. However, it is still possible to conclude from our results that it is necessary to take into account the differences in transpiration characteristics between species when selecting planting species. Of course, further studies on the total evapotranspiration of the three Eucalyptus species are needed to more completely assess the impact of species selection on regional water resources.




4.2. Factors Influencing Water Use by the Three Eucalyptus Species


Tree transpiration consists of a set of complex physiological responses to environmental change [56]. Therefore, the transpiration of a tree stand is mainly affected by meteorological factors [57,58] and available water [59]. In this study, the T of all three eucalyptus species clearly increased with an increasing Rs or VPD, but leveled off after reaching a certain threshold (Figure 5A,B). The threshold control of T by Rs and VPD has been observed in many studies [57,60,61] because the response of plant stomata to Rs and VPD is often the result of a trade-off between maximizing photosynthesis and minimizing transpiration [52,55]. As Rs and VPD exceed the thresholds, plants will prevent excessive water loss by closing their stomata. In addition, these threshold values can vary with time, environmental conditions, and tree species identity. For example, the thresholds for T corresponding to VPD and Rs in a coniferous forest in the Lesser Himalaya of Central Nepal were 0.4 kPa and 200 W m−2 [57], respectively, whereas in a Robinia pseudocacia L. plantation on the semi-arid Loess Plateau of China, they were 1.5 kPa and 250 W m−2, respectively [62]. Ma et al. [41] found the threshold for sap flow corresponding to VPD in a Robinia pseudocacia L. forest on the Loess Plateau of China to be 1.9 kPa in 2015, but this value decreased to 1.6 kPa in 2016. Here, the calculated thresholds for Rs differed among the three eucalyptus species, being 403 W m−2 for Ep, 321 W m−2 for Ec, and 382 W m−2 for Eug, whose corresponding thresholds for VPD were 1.77 kPa for Ep, 1.73 kPa for Ec, and 2.40 kPa for Eug.



For the three eucalyptus species, their T increased markedly with a rising Ta, a result consistent with findings of O’Brien et al. [63] and Han et al. [25]. We also found that the relationship between T and RH for each species differed from many other studies that reported a significant negative linear relationship between T and RH [11]. We found that below a certain threshold of RH (i.e., 69.7% for Ep and 66.4% for Ec and Eug), the T of the three species increased with an increasing RH, while above the threshold, it decreased instead. This result may be explained by the fact that RH below the threshold value principally occurs essentially during the dry season, when higher RH may represent an increased environmental water supply, which would promote transpiration. Furthermore, the T of the three eucalyptus species also showed a significant linear decrease with an increasing wind speed (Figure 5E), consistent with the findings of Asbjornsen et al. [64], but contrary to those of O’Brien et al. [63] and Han et al. [25]. Still, some studies have argued that WS has little effect upon T. There is no consensus as to how wind speed affects transpiration, although there are reports of stomatal closure in direct response to high wind speeds [65,66,67], as well as reports of wind speed contributing to transpiration in accordance with stomatal and boundary layer theory [68,69,70].



In addition to meteorological factors, soil moisture availability also has a pivotal influence on tree transpiration. Soil water deficits tend to reduce leaf water potential, which reduces stomatal conductance and ultimately limits transpiration by trees [59,71]. Therefore, the more severe the soil water deficit is, the greater the limiting effect on transpiration. Previous studies have found that tree transpiration increased non-linearly with more soil moisture under conditions of soil moisture deficit [12,72,73], as also found in our study. Initially, the T of the three eucalyptus species increased rapidly and almost linearly at first, with increasing soil moisture, and then became progressively flatter until a threshold value was reached (Figure 5F). Once that threshold is exceeded (indicating an adequate soil moisture supply), soil moisture is no longer a limiting factor, at which point there is no clear relationship between SWC and T; this finding was also consistent with that of many studies [12,74]. Additionally, there is considerable variation in plant–soil moisture thresholds, depending on tree species, soil type, and climatic conditions. For example, Ungar et al. [75] obtained a value of 15% for the SWC threshold of an Aleppo pine (Pinus halepensis Mill) stand in Israel. In the semi-arid areas of the Liupan Mountains, the SWC thresholds were 19% and 28% for 28- and 33-year-old pure larch (Larix principis-rupprechtii Mayr) plantations, respectively [12,74]. The soil moisture thresholds for the three Eucalyptus species in our study also differed, at 19.3% for Ep, 18.6% for Eug, and 17.5% for Ec, likely due to their biological characteristics. These thresholds are consistent with the drought-tolerant nature of Ec.



The transpiration of forest stands is also closely related to their LAI, as confirmed by numerous studies [12,20,76,77]. Canopy LAI directly influences the water-conveying capacity of the forest and determines its transpiration potential [12], and therefore, forest transpiration tends to be positively correlated with LAI in the absence of other limiting factors [20]. For example, Forrester et al. [78] found that the transpiration of a Eucalyptus nitens (H. Deane & Maiden) Maiden plantation increased with a higher LAI in the range of 1.0 to 6.0. However, forest transpiration of the forest does not increase indefinitely with an increasing LAI, but rather, there is a threshold beyond which transpiration can no longer increase [12]. For example, Di et al. [79] found a sigmoidal function relationship between transpiration and LAI in Populus tomentosa Carr, and that transpiration no longer increased with increasing LAI after the threshold of 1.6. Similar findings were also found in studies by Wang et al. [12] and Bucci et al. [80]. This is probably due to the fact that when LAI reaches a certain value, the branches and leaves inside and outside the canopy will shade each other, and the radiation received by the total canopy foliage will not increase further. Similar to the results above, the T and LAI of the three eucalyptus species in this study were well described by the Gompertz model curve (Figure 6). This suggests the T of each species was strongly influenced by LAI that had a species-specific threshold value, beyond which LAI would no longer be a factor influencing their transpiration.




4.3. Daily Stand Transpiration (T) Predictive Models for the Three Eucalyptus Species


Although the stand-level transpiration can be measured in several ways, it is not practical to do so in every stand, nor is it plausible to predict future changes in transpiration for a particular stand [81]. To overcome this problem, the development of transpiration predictive models has become essential [82,83]. From the analysis reported here, it is clear that stand transpiration is usually influenced by a combination of the meteorological factors, SWC and LAI, in tandem; hence, a highly accurate model for predicting stand transpiration depends on at least three prevailing factors: soil moisture, canopy structure, and meteorology [12,20,84]. Many studies introduced such models for various tree species, but most only consider one or two of those key factors. For example, Han et al. [25] developed a transpiration model for a Larix principis-rupprechtii Mayr plantation using only meteorological factors and SWC. Similarly, Jiao et al. [83] also developed a transpiration model for a Robinia pseudocacia L. plantation using only PET (potential evapotranspiration) and SWC. Neither of them considered the possible effect of LAI, which led to an inability to accurately predict transpiration when large changes in LAI occurred. Di et al. [79] built empirical models for predicting transpiration using LAI or LAI-coupled soil temperature for Populus tomentosa Carr plantations during periods of water abundance, but did so without taking into account the effect of soil moisture deficit. Thus, their models are no longer be applicable when soil moisture becomes a limiting factor. Many similar simplified models, which do not couple all the major influences (i.e., meteorological factors, SWC, and LAI), cannot be widely applied in the context of global climate change and under conditions where human management disturbances are changing the structure of forest stands.



In this study, the effects of the meteorological factors SWC and LAI on transpiration were fully considered, and models were accordingly developed to predict the transpiration of the three eucalyptus species. These models accurately predicted the daily transpiration of each species, with a predictive power of 91.1%, 87.2%, and 86.3% for Ep, Ec, and Eug, respectively (Table 3). These models could be used to reliably predict the transpiration following changes in canopy structure induced by forest growth and stand management practices, as well as the effects of future global climate change on stand transpiration, being more accurate with a wider range of potential applications than existing models that rely on only one or two of the three predominant factors [12,25]. Nonetheless, there are some limitations to our modeling, as it is based on data from only one test site, and the species-specific models still require optimization and enhancement with data from a wider range of areas and environments, which in turn will increase the reliability of their estimates and applicable areas [20,85]. Therefore, more research is needed to refine and improve the application of our models.





5. Conclusions


In plantations of eucalyptus in southern China, we found that the transpiration of all three species was influenced by a combination of the meteorological factors, SWC and LAI, and that how much T responded to each influencing factor differed among the three species. To understand and predict the variation in transpiration of the three eucalyptus species, we integrated meteorological factors, LAI and SWC to develop species-specific models for predicting their T, which explained 86.3%–91.1% of the highly dispersed variation in their daily transpiration. In addition, when controlled by the same environmental factors, all three eucalyptus species exhibited the same seasonal pattern of variation in sap flow density and transpiration. However, there were also significant differences in sap flow density and transpiration among the three eucalyptus species due to differences in their physiology and stand structural characteristics. We determined that the annual transpiration of Ep (743.41 mm) was 2.4 and 1.5 times higher than that of Ec (311.52 mm) and Eug (493.58 mm), respectively, while the mean annual sap flow density of Ec (0.08 cm min−1) was significantly lower than that of Ep (0.11 cm min−1), but significantly greater than that of Eug (0.042 cm min−1). Furthermore, although the percentage of annual transpiration to precipitation was small for all three eucalyptus species, it increased to 117.7% (Ep), 49.1% (Ec), and 80.1% (Eug) during the dry season, with Ep imposing the highest hydrological burden on the planted area during the dry season, followed by Eug, and Ec the least. The results of this study can assist in the prediction of eucalyptus trees’ transpiration, while the findings also imply that it is necessary to consider interspecific differences when estimating transpiration in Chinese eucalyptus plantations, and that evaluation of the impact of water use on regional water resources is necessary to select the most optimal regional eucalypt plantation species.
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Figure 1. Location of the study area, topography, and mean monthly temperature and precipitation during the monitoring period. 
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Figure 2. Variation in sapwood area as a function of individual trees’ DBH of three eucalyptus species. Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis and E. urophylla × E. grandis, respectively. The shaded bands denote the 95% confidence intervals. 
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Figure 3. Diurnal variation of sap flow density in the three eucalyptus species plantations on sunny days during typical months for the (A) dry and (B) wet season. Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. 
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Figure 4. Panels (A,B) show the (A) variation of JC and the (B) monthly mean for JC in three eucalyptus species’ plantations during the monitoring period. Panels (C−E) indicate the mean JC of each species during the (C) dry season, (D) wet season, and (E) throughout the year. Error bars indicate the standard error. Different lowercase letters indicate significant differences (p < 0.05). Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. 






Figure 4. Panels (A,B) show the (A) variation of JC and the (B) monthly mean for JC in three eucalyptus species’ plantations during the monitoring period. Panels (C−E) indicate the mean JC of each species during the (C) dry season, (D) wet season, and (E) throughout the year. Error bars indicate the standard error. Different lowercase letters indicate significant differences (p < 0.05). Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively.



[image: Forests 13 01544 g004]







[image: Forests 13 01544 g005 550] 





Figure 5. The relationships between the daily stand transpiration (T, mm day−1) and six environmental factors: (A) solar radiation (Rs, W m−2), (B) vapor pressure deficit (VPD, kPa), (C) air temperature (Ta, °C), (D) air relative humidity (RH, %), (E) wind speed (WS, m s−1), and (F) soil moisture content (SWC, %) during the experimental periods. Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. 
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Figure 6. Response of the daily stand transpiration (T, mm day−1) to the variation in canopy LAI for the three eucalyptus species (the red solid line is the upper boundary line). Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. 
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Figure 7. The predicted T (mm d−1) plotted against the corresponding observed T (mm d−1) for the three eucalyptus species. Note: The dotted line denotes the 1:1 relationship, and the solid line indicates the actual relationship between the predicted and observed values. Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. 
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Table 1. Summary of the stand characteristics of the three experimental plantations of eucalyptus species.
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	Index
	Ep
	Ec
	Eug





	Age (year)
	12
	12
	12



	Mean DBH (cm)
	22.93 ± 1.78 a
	19.01 ± 1.65 b
	23.52 ± 1.19 a



	Mean height (m)
	21.67 ± 1.99 b
	19.77 ± 0.93 b
	27.1 ± 0.32 a



	Stand LAI
	2.43 ± 0.13 a
	1.87 ± 0.05 c
	2.08 ± 0.05 b



	Stem density (plants/ha)
	950
	1050
	1175



	Mean sapwood area (cm2/plant)
	134.31 ± 18.15 b
	70.78 ± 7.85 c
	189.88 ± 12.02 a



	Stand sapwood area (m2/ha)
	12.34
	7.18
	21.49







Note: Some values in this table are expressed as the mean ± standard error. Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. Different lowercase letters indicate significant differences among eucalyptus species (p < 0.05). LAI: leaf area index.
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Table 2. Summary of stand-level canopy transpiration values for the three eucalyptus species plantations at different time scales.
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Species

	
Ep

	
Ec

	
Eug

	
Precipitation

(mm)




	
Time Scale

	
Monthly Water Use (mm)

	
Daily Mean Water Use (mm/d)

	
Monthly Water Use (mm)

	
Daily Mean Water Use (mm/d)

	
Monthly Water Use (mm)

	
Daily Mean Water Use (mm/d)






	
Jan

	
47.85

	
1.54 ± 0.07 cd/A

	
16.09

	
0.52 ± 0.03 d/C

	
35.73

	
1.15 ± 0.07 bc/B

	
27.6




	
Feb

	
48.97

	
1.69 ± 0.08 cd/A

	
18.84

	
0.65 ± 0.05 d/C

	
30.14

	
1.04 ± 0.06 bc/B

	
48.9




	
Mar

	
49.37

	
1.59 ± 0.11 cd/A

	
18.90

	
0.61 ± 0.05 d/C

	
32.81

	
1.06 ± 0.08 bc/B

	
46.6




	
Apr

	
45.63

	
1.52 ± 0.16 cd/A

	
21.13

	
0.70 ± 0.06 cd/B

	
31.41

	
1.05 ± 0.10 bc/B

	
112.3




	
May

	
85.00

	
2.74 ± 0.09 a/A

	
33.59

	
1.08 ± 0.04 ab/C

	
66.24

	
2.14 ± 0.07 a/B

	
58.8




	
Jun

	
84.76

	
2.83 ± 0.11 a/A

	
32.42

	
1.08 ± 0.04 ab/C

	
58.18

	
1.94 ± 0.09 a/B

	
121.6




	
Jul

	
91.92

	
2.97 ± 0.06 a/A

	
38.55

	
1.24 ± 0.03 a/C

	
56.29

	
1.82 ± 0.04 a/B

	
121.3




	
Aug

	
68.08

	
2.20 ± 0.18 b/A

	
28.66

	
0.92 ± 0.07 bc/B

	
40.57

	
1.31 ± 0.10 b/B

	
282.8




	
Sep

	
66.67

	
2.22 ± 0.11 b/A

	
27.85

	
0.93 ± 0.05 b/C

	
38.43

	
1.28 ± 0.07 b/B

	
373.3




	
Oct

	
60.09

	
1.94 ± 0.12 bc/A

	
30.93

	
1.00 ± 0.06 b/B

	
38.49

	
1.24 ± 0.08 b/B

	
260.7




	
Nov

	
55.26

	
1.84 ± 0.06 bc/A

	
26.78

	
0.89 ± 0.03 bc/C

	
38.23

	
1.27 ± 0.05 b/B

	
6.9




	
Dec

	
39.81

	
1.28 ± 0.08 d/A

	
17.78

	
0.57 ± 0.04 d/C

	
27.06

	
0.87 ± 0.05 c/B

	
1.5




	
Monthly mean

	
61.95 A

	
——

	
25.96 C

	
——

	
41.13 B

	
——

	
121.86




	
Annual total

	
743.41

	
2.03 ± 0.04 A

	
311.52

	
0.85 ± 0.02 C

	
493.58

	
1.35 ± 0.03 B

	
1462.3




	
Dry season total

	
286.89

	
1.58 ± 0.04 A

	
119.52

	
0.66 ± 0.02 C

	
195.38

	
1.07 ± 0.03 B

	
243.8




	
Wet season total

	
456.52

	
2.48 ± 0.05 A

	
192.00

	
1.04 ± 0.02 C

	
298.20

	
1.62 ± 0.04 B

	
1218.5








Note: Some values in this table are the mean ± standard error. Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. Different lowercase letters indicate significant differences between different months for each eucalyptus species (p < 0.05). Different capital letters indicate significant differences among eucalyptus species within the same month or season or year (p < 0.05).
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Table 3. The integrated model for predicting daily stand transpiration (T) of three eucalyptus species.
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	Eucalyptus Species
	Predictive Model of T
	R2
	n
	Sig.





	Ep
	T = −1.9 × 10−5Rs2 + 0.0153Rs + 2.05 × 10−3Ta2 − 0.0586Ta − 8.57 × 10−4RH2 + 0.119 RH + 1.03× 107exp(−SWC/0.9655) + 0.161exp(−exp(−4.35(LAI − 2.044))) − 3.515
	0.911
	305
	0.000



	Ec
	T = −9.19 × 10−6Rs2 + 5.91 × 10−3Rs − 0.224VPD2 + 0.78VPD − 6.22 × 10−4Ta2 + 0.016 Ta + 1.97× 109exp(−SWC/0.6893) + 0.514 exp(−exp(−7.45(LAI − 1.575))) − 0.568
	0.872
	305
	0.000



	Eug
	T = −1.01 × 10−5Rs2 + 7.76 × 10−3Rs − 0.202VPD2 + 0.97VPD + 5.85 × 108exp(−SWC/0.7999) + 0.822exp(−exp(−0.858(LAI − 1.561))) − 0.541
	0.863
	305
	0.000







Note: Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. T: daily stand transpiration (mm day−1), Rs: solar radiation (W m−2), Ta: air temperature (°C), RH: relative humidity (%), VPD: vapor pressure deficit (kPa), SWC: soil water content (%), LAI: leaf area index, n: data for the multiple linear regression model, Sig.: significance of the data.
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