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Age-related effects on whole-tree hydraulics are one of the key challenges to better predicting the production and growth of old-growth forests. Previous models have described the optimal state of stomatal behaviour, and field studies have implied on age/size-induced trends in tree ecophysiology related to hydraulics. On these bases, we built a Bayesian hierarchical model to link sap flow density and drivers of transpiration directly. The model included parameters with physiological meanings and accounted for variations in leaf-sapwood area ratio and the time lag between sap flow and transpiration. The model well-simulated the daily pattern of sap flow density and the variation between tree age groups. The results of parameterization show that (1) the usually higher stomatal conductance in young than old trees during mid-summer was mainly because the sap flow of young trees were more activated at low to medium light intensity, and (2) leaf-sapwood area ratio linearly decreased while time lag linearly increased with increasing tree height. Uncertainty partitioning and cross-validation, respectively, indicated a reliable and fairly robust parameter estimation. The model performance may be further improved by higher data quality and more process-based expressions of the internal dynamics of trees.
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INTRODUCTION


Hydraulic Dynamics in Trees

Hydraulic limitation is one of the key age-related effects restraining the production and height growth of old trees (Ryan and Yoder, 1997; Koch et al., 2004; Ryan et al., 2006). Modelling and physiological theories have suggested that hydraulic conductance in trees declines with increasing transport distance, although widened conduits compensate for this loss to a limited extent (West et al., 1999; Tyree and Zimmermann, 2002; Koch et al., 2004). This age/size-related loss of water transport efficiency has been observed in a wide variety of trees and is likely to contribute significantly to the reduction of the gross primary production (GPP) of old trees and stands (e.g., McDowell et al., 2002a; Martínez-Vilalta et al., 2007; Drake et al., 2010; Olson et al., 2014). Thus, the quantification of whole-tree hydraulic dynamics is important for accurately predicting the production and growth of old-growth forests.

Simultaneously controlling the influx of carbon dioxide (CO2) and the efflux of water, stomata are a critical nexus between trees and the environment for both hydraulic functioning and productivity. Modelling transpiration and assimilation associated with stomatal behaviour responding to light and atmospheric water conditions has been extensively studied (e.g., Jarvis, 1976; Cowan and Farquhar, 1977; Hari et al., 1986; Leuning, 1995; Mäkelä et al., 1996; Oren et al., 1999; Hari and Mäkelä, 2003; Medlyn et al., 2011; Dewar et al., 2018). Based on physical and plant physiological analyses, these optimization or empirical models have described transpiration as a function of vapour pressure deficit (VPD) and irradiance and performed well in simulation. However, these models usually implicitly assume that evaporative demand in leaf can be satisfied by water transport through the xylem, while less attention has been paid to modelling sap flow density at similar temporal and spatial scales of the leaf processes. This modelling is difficult for two main reasons as follow.

Firstly, leaf-sapwood area ratio (AL:ASW) that differs among trees (e.g., Mencuccini and Grace, 1995; McDowell et al., 2002b; Domec et al., 2012) introduces variability into the conversion between transpiration rate (water transpired per leaf area) and sap flow density (per sapwood area). Secondly, the time lag between evaporative demand and sap flow mainly due to transport time and storage processes must be quantitatively described for better model performance (Perämäki et al., 2001; Sevanto et al., 2002). Overcoming these challenges should help bridge spatial and temporal scales of tree ecophysiology because (1) whole-tree hydraulic dynamics, from sap flow to transpiration, can be more accurately predicted and (2) the daily patterns of these dynamics can be described more precisely in fine temporal units (e.g., minute).

Directly linking the drivers of transpiration and sap flow should also broaden the use of sap flow measurement to research on whole-tree scale. By the current methods, measurement of sap flow is easier technically and lower in costs than that of transpiration. The decades-long practice of sap flow measurements by different means has developed accurate and economical methods and adequate discussion on uncertainties (e.g., Cermák et al., 1973, 2004; Granier, 1987; Köstner et al., 1998; Oren et al., 1998; Clearwater et al., 1999; Burgess et al., 2001; Oishi et al., 2008; Steppe et al., 2010; Cermák and Nadezhdina, 2011; Hölttä et al., 2015; Berdanier et al., 2016). Should the two major challenges be overcome, sap flow measurements provide more insights into whole-tree hydraulic dynamics as well as tree age/size-related changes in stomatal behaviour and tree structure, whereas the scale-up of transpiration measurements are usually limited by the considerable heterogeneity among sample leaves or shoots and can hardly imply on ageing effects at whole-tree level. In consideration of these challenges and potentials, we developed a Bayesian hierarchical model to link environmental drivers and the sap flow density in Scots pine (Pinus sylvestris L.) trees, a dominant species of the Eurasian boreal forests, with the variabilities of AL:ASW and time lag being addressed. This Bayesian inference constitutes an inverse method for estimating stomatal conductance of the tree as a “big leaf” and quantifies its sensitivity to the driving forces, which cannot be measured by sampling individual shoots' transpiration rates. Using this model on young and old trees, we also intended to quantify the tree age/size-related effects on stomatal behaviour and structural features (AL:ASW and internal water storage) and to provide insights into the physiological reasons behind the differences in their stomatal conductance.



Bayesian Hierarchical Modelling and Hypotheses

The Bayesian hierarchical model in this study comprises three levels, namely, the process, data, and parameter models (Dietze, 2017). The process model defines at leaf level the optimum of net carbon gain constrained by water loss regulated by stomatal behaviour. The modelled stomatal conductance is compared with measured sap flow density at tree base in the data model to calculate the error, and therein AL:ASW and time lag are introduced as parameters for bridging the whole-tree hydraulic dynamics. The parameter model describes the variabilities of AL:ASW by a probability density function, of which the parameters are suggested by literature. Focussing on the age-related ecophysiological effects represented by the process and data models' parameters, we proposed and tested the following hypotheses on time lag, AL:ASW, and stomatal conductance.

Concerning the time lag between sap flow and transpiration dynamics, observations and models have suggested that whole-tree hydraulic resistance increases with tree height (Mencuccini and Grace, 1996a; Niklas and Spatz, 2004). Additionally, water storage should increase with tree size (Hölttä et al., 2009; Scholz et al., 2011). The larger resistance (R) and capacitance (C) in older/taller trees suggest that their hydraulic system requires a longer time to reach a steady state after fluctuation in evaporative demand, featured with a larger time constant (τ = RC; Jones, 2014).

Tree age/height-related declines in AL:ASW (ASW measured at breast height) and stomatal conductance in conifers have been considered as characteristics of conservative water use against increased evaporative demand and risk of embolism in the xylem (e.g., Whitehead et al., 1984; McDowell et al., 2002b, 2008; Ewers et al., 2005; Magnani et al., 2008; Steppe et al., 2011). In Scots pine, declining AL:ASW with tree height has been found in various environmental conditions (e.g., Mencuccini and Grace, 1995; Vanninen et al., 1996; McDowell et al., 2002b; Martínez-Vilalta et al., 2007; Poyatos et al., 2007). Also, declining stomatal conductance with tree age/height in Scots pine has been observed in previous studies (e.g., Niinemets, 2002; Martínez-Vilalta et al., 2009). Hence, we hypothesized that the parameterization of the model manifests higher AL:ASW and stomatal conductance and lower time lag in young Scots pine trees.




MATERIALS AND METHODS


Study Sites and Sample Trees

The study sites were located by the Hyytiälä Forest Station (61.8°N, 24.3°E), University of Helsinki, and Station II for Measuring Forest Ecosystem-Atmosphere Relations (SMEAR II; Hari and Kulmala, 2005) in southern Finland. The sap flow data were collected in July 2018. Scots pine is the dominant species in the area, and other common tree or tall shrub species include Norway spruce (Picea abies (L.) H. Karst.), silver and downy birches (Betula pendula Roth and B. pubescens Ehrh.), goat willow (Salix caprea L.), the Eurasian aspen (Populus tremula L.) and rowan (Sorbus aucuparia L.). The site of young Scots pine was a sub-xeric (site type VT; Lehto, 1964) monospecific stand clear cut for the last time at c. 1960, while that of old pine is a mesic grove-like (site type MT to OMT; Lehto, 1964) mixed stand with Norway spruce that had not been thinned since the 1920's. Sap flow density was measured in July 2018 on six sample trees in each of the sites (Table 1), but the data of one young sample tree were not used due to noises. The measurement was conducted in two rounds with trees O1 and Y1—Y5 in the first (day of year [DOY] 190−199) and O2−6 in the second (DOY 199−208). Tree ages were determined by coring at breast height. During 2009–2018, the summer (June and July) mean air temperatures at the heights of the young and the old canopies were 15.3 °C and 15.0 °C, respectively, and the summer mean cumulative precipitation was 190.9 mm (https://avaa.tdata.fi/web/smart/smear).


Table 1. Information on sample trees.
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Measurement of Sap Flow Density

The thermal dissipation method (Granier, 1987) was employed to collect the raw data of sap flow density. Four pairs of probes were mounted to each sample tree, each pair comprising a heated probe (HP; higher on the trunk) and a reference probe (RP; lower) with a c. 10-cm interval. Each HP and RP contains a Type T (copper-constantan) thermocouple. The probes were located on northwest, southeast (HP at c. 130 cm from ground), southwest and northeast (HP at c. 115 cm from ground), orientated by compass. The difference in mounting heights was to minimize thermal interference among the probes. Brass tubes filled with thermal grease in a diameter barely larger than the probes were applied to all of HP and RP to protect them and to facilitate thermal conductance. An increment core was obtained by each HP after the measurement to define the corresponding sapwood thickness. All pairs of probes were covered by aluminium foil to mediate the effects of direct sunlight.

A constant power of 0.2 W (Lu et al., 2004) was supplied to each HP during the measurement. The voltage difference between HP and RP (ΔU, mV) was read by data logger (Type DL2e by Delta-T Devices Ltd, UK) every minute, and the 10-min mean was recorded. Following Oishi et al. (2008), the time point(s) of baseline voltage (ΔU*, mV) of each pair of probes was defined as below:

(1) The 2-hour average VPD (Equation 2) is not larger than 50 Pa; AND

(2) The 2-hour standard deviation of ΔU is not larger than 5‰ of the mean of ΔU over the same period that fulfils (1).

The raw sap flow density (J, m s−1) was converted from voltage by Granier (1987); Lu et al. (2004)

[image: image]

The whole-tree sap flow density (Jm in mol m−2 SW s−1, where m denotes the ordinal number of the tree as in Table 1) was calculated from J with the locations of probes and the respective sapwood thickness considered (see Supplementary Material for details).



Data of Environmental Factors

The data of air temperature (T, °C) and relative humidity (hr, %) at heights of 16.8 and 33.6 m were collected from the SMEAR system (https://avaa.tdata.fi/web/smart/smear). These heights were close to those of the young and old canopies (Table 1), respectively, and referred to as the lower and the higher heights hereafter. The data of over-canopy photosynthetic photon flux density (PPFD, mol m−2 s−1; over the waveband 400–700 nm, at height = 35 m) and atmospheric CO2 concentration were also collected from the SMEAR system. VPD was calculated from T and hr by Jones (2014)

[image: image]

where the standard atmospheric pressure P0 = 101325 Pa. It was converted to the unit of mol m−3 by the ideal gas law to be in accordance with the process model (Equations 4, 5):

[image: image]

where the ideal gas constant R = 8.3145 J K−1 mol−1.

The original time interval of the data of VPD and PPFD was 1 min, and their 10-min means were calculated for the synchrony with the sap flow data. The data with D = 0 were removed as they are not allowed arithmetically in the current process model (Equation 4). The numbers of valid data points were 6,510 and 4,862 of the old and the young sample trees, respectively. D was very similar at the higher and lower heights, and positively correlated with PPFD at moderate level at both heights (Figure 1, Supplementary Table 1).


[image: Figure 1]
FIGURE 1. Ten-minute means of (A, top) vapour deficit (D) and (B, bottom) photosynthetic photon flux density (I) at the study sites during late June to late July 2018. (A) D near the canopy heights of the old (33.6 m, red) and the young (16.8 m, blue) sample trees' sites. (B) Measurement height 35 m. DOY, day of year. The period of sap flow measurement is demarcated by grey shades.




The Hierarchical Model

In the process model, the optimal steady state of gas exchange at stomata is defined as the maximum carbon gain constrained by water loss (Hari et al., 1986; Berninger and Hari, 1993). As such, the evaporation rate of water (E, mol m−2 s−1) at the stomatal aperture is proportional to the conductance to water vapour (g, m s−1) and D (mol m−3) (Hari et al., 1986; Jarvis and McNaughton, 1986; Jones, 2014). By Lagrangian optimization and introducing an irradiance (I, i.e. PPFD) response curve (Mäkelä et al., 1996, 2004; Hari and Mäkelä, 2003), the stomatal conductance at the optimal steady state can be solved, and thus transpiration rate can be modelled as

[image: image]

where 1.6 is the ratio of the diffusion rates of water vapour to CO2 in air (e.g., Lambers et al., 2008), Ca the atmospheric concentration of CO2 (mol m−3), λ marginal carbon gain per water loss (mol CO2 mol−1 H2O), and ι (m3 mol−1) and γ (m s−1) the initial slope and the saturation level, respectively, of the irradiance response curve (IRC). Ca was evaluated by the mean of the records at SMEAR II over the period of fieldwork (402.73 ± 8.11 ppm or (1.701 ± 0.034) × 10−2 mol m−3).

Two assumptions were made when parameterizing AL:ASW (noted ρ in the model) and the time lag between J and E: Through the measurement period, (1) the summed mass of the sap flow at tree base was equal to that of transpiration, i.e. ASW∫J(t)dt = AL∫E(t)dt [but see Hölttä et al. (2006) on the minor amount of translocated water via phloem with assimilates]; and (2) the time lag (χ) was constant in each sample tree. The first assumption allowed a tree-specific (all-sided) leaf to sapwood area ratio (ρm) being a multiplier to Equation 4 to model the sap flow density (J(M)) at a time (t) in one sample tree (m), i.e.

[image: image]

where AG denotes age group (young or old), and Ca, λ, ι and γ have the same meanings and units as in Equation 4.

In the data model, the tree-specific time lag (χm) between the modelled J(M) and observed J(O) was represented by linear interpolation of two nearest time points. Hence, the error (ε) between J(M) and J(O) at each time point with χm considered can be expressed as

[image: image]

where t0 and t1 are the earlier and later measurement time points (t1-t0 = 10 min, i.e., the time interval between two adjacent measurement points) in the observations, respectively, nearest to χm. The Laplace distribution was chosen to be the probability density function (PDF) of ε, of which the rate parameter differs between young and old trees. The openness of the young tree site might cause heteroscedasticity with J(M) as direct sunlight reached the bases of trunks, although aluminium foils were applied to mediate this effect. Correspondingly, the rate parameter of young trees' ε was in correlation with J(M) (and thus air temperature) with a positive initial slope (a) and an asymptote (b). In contrast, the canopy was closed in the old tree site, and the measurement error was considered random and constant over the measurement period. Hence,

[image: image]

where NmY and NmO denote the numbers of data points of trees mY (young) and mO (old), respectively, and a, b and c (all > 0) are parameters of the rates of the Laplace distributions; the upper bounds of the outer multiplication (5 and 6) refer to the numbers of young and old trees, respectively (Table 1).

The parameter model describes the variabilities of AL:ASW (noted ρ). Regarding the decline of this ratio with increasing tree height (H) in Scots pine (McDowell et al., 2002b), the young and the old trees were separated into two distributions of the same form, that is, a heavy-tailed Gaussian distribution following Sivia and Skilling (2006). The heavy-tailed distribution was chosen because at least one old sample tree likely presented an outlying estimated ρ. Hence, the joint posterior distribution of the parameters given the observations is

[image: image]

where ϑ = {λ, ι, γ, ρ, χ} are the parameters of the process and data models (Equations 5, 6), and μ = {μY, μO} and σ = {σY, σO} are the mean and the variance parameters of the heavy-tailed distribution of ρ of the young and old sample trees, respectively; p(ε) is given in Equation 7. All the parameters but ρ were assumed independently distributed and to follow the uniform distribution. Thus, their probabilities were omitted from the right-hand side of Equation 8. By this point, the hierarchical model was complete, and the parameters representing whole-tree hydraulic dynamics were nested into the same framework.



Model Parameterization, Parametric Uncertainty and Cross-Validation

The parameters were estimated by Markov chain Monte Carlo (MCMC) algorithm DREAM(ZS) (Vrugt et al., 2009). The estimation was performed by R 3.5.3 (R Core Team, 2019) with package “BayesianTools” (Hartig et al., 2019). The total number of parameters was 44 (see Table 2 for the meanings, units and initial ranges of λ, ι, γ, ρ and χ, and Supplementary Tables 2B, 3A for a full list of all parameters). The standard of convergence was [image: image] < 1.1, and only the second halves of the random walk chains were used for the convergence test and all the subsequent analyses (Gelman et al., 2014).


Table 2. Information on the hypothesis-related parameters of the model.

[image: Table 2]

The predictive uncertainty of the model was generated by Equation 7 and partitioned into parametric and measurement uncertainties. To determine the parametric uncertainty, 3,000 parameter vectors were randomly sampled from the joint posterior distribution (Equation 8) using MCMC. The measurement uncertainty was the difference between the predictive and parametric uncertainties, reflecting the distributions of sap flow density that could probably occur. These distributions were truncated at zero as negative values of sap flow density lack physical meaning.

An eight-fold cross-validation was performed. Within Days 1−8 of all trees, 1 day of data were removed in turn, and the remaining data were used to parameterize the model. The eight parameter estimations and their performances in simulating the removed day were compared with those by using the full data set for testing the robustness of parameterization. Considering the correlation between ι and γ suggested by Equation 4, the cross-validation was conducted twice with either ιY and ιO or γY and γO fixed to their maxima a posteriori (MAP) estimates with the full data.



Sensitivity of Stomatal Conductance to Environmental Factors

To clarify the cause of difference between stomatal conductance of young and old trees, we used the partial derivatives (∂g/∂D and ∂g/∂I) and a relative sensitivity coefficient to measure the sensitivities of g to D and I. The relative sensitivities [image: image] and [image: image] are defined as (Kacser and Burns, 1973; Kacser and Fell, 1995)

[image: image]

[image: image]

which were calculated from the process model (Equation 4) with the MAP estimates of λ, ι, and γ.



Statistical Analyses

To assess the performance of the model, the tree-specific and all-data root-mean-square error (RMSE) was calculated as

[image: image]

where N is the total number of data points of concern, and ε the same as in Equations 6, 7 calculated by the MAP estimates of the parameter vectors. RMSE was also calculated in the eight-fold cross-validation, in which each fold was treated as an independent model parameterization. The normalized RMSE (RMSE%) was defined as

[image: image]

where [image: image] is the mean of J(O) of the corresponding tree or the entire data.

Linear regression was performed on J(M) to J(O) as well as the MAP estimates of tree-specific ρ or χ to tree height (H) (by R 3.5.3).




RESULTS


Model Performance and Robustness

The model performed well on the full data, judged by the good linear fit between J(M) and J(O) (R2 = 0.758) with a slope = 1.01 (Figure 2). The tree-specific performance, however, differed between age groups, with RMSE% < 40% for all the old sample trees but RMSE% > 40% for the young ones (Figure 3). In all the sample trees, the measurement error was noticeably larger than the parametric error.


[image: Figure 2]
FIGURE 2. Modelled (J(M)) and measured (J(O)) sap flow density of all data points with a fitted line (solid) and the line y = x (dashed). Root-mean-square error (RMSE) = 1.85 mol m−2 SW s−1, fitted slope = 1.01, R2 = 0.755, P < 0.0001. SW, sapwood.



[image: Figure 3]
FIGURE 3. Measured sap flow density (J(O), dark green circle) and 95% intervals of parametric (λ, ι, γ, ρ and χ; red shade) and measurement (blue shade) uncertainties of modelled sap flow density (J(M)) of the sample trees. Each panel is titled with the tree's number (Table 1) and normalized root-mean-square error (RMSE%) by the mean of respective J(O). For visual clarity, the J(M) values with the maxima a posteriori (MAP) estimates of the parameter vectors are not shown because the parametric uncertainty is very small. DOY, day of year (marked at 00:00 of the day).


Most estimates of the parameter vector ϑ were robust in the cross-validation with, however, several exceptions including γY when ι was fixed and χY4 and χY5 when either ι or γ was fixed (Supplementary Figures 1A,B). The model performance was robust, judged by the fairly stable RMSE throughout the cross-validation.



Parameter Estimates of Stomatal Conductance

In the young trees, the MAP estimate of the initial slope of IRC (ι) is higher but the marginal carbon gain per water loss (λ) is also higher, while the saturation of IRC (γ) is insignificantly higher in the old trees (Table 3A and Supplementary Table 3B). Nevertheless, modelled stomatal conductance (g) is usually higher in the young than the old sample trees unless both D and I are very high (Figure 4). In the latter case, however, the difference (|gO−gY|) always remains lower than 0.1 mm s−1. In original units, the sensitivity of g to D under the same condition of I is similar in both age groups and stabilized at a constant level close to zero since low D, although the young trees are slightly more sensitive at very low levels of D (Figure 5A). Given the same D, gY is much more sensitive to I than gO at low to medium I but less sensitive to I when I increases to high levels, and both ∂gY/∂I and ∂gO/∂I responded to changes in I throughout the measured range (Figure 5B). The relative sensitivities of g to D and I ([image: image] and [image: image], respectively) show that when D and I were low both gY and gO were governed by I with [image: image] double of [image: image] (Figures 5C,D). All trees' [image: image] decreased with increasing D and I, but that of the young trees decreased faster. Correspondingly, the decline in [image: image] of the young trees was also faster than that of the old.


Table 3. Maxima a posteriori (MAP) estimates of (A) λ, ι, γ and (B) ρ and χ.

[image: Table 3]


[image: Figure 4]
FIGURE 4. Contour plot of the difference in stomatal conductance between the young and old sample trees (gY−gO, mm s−1) modelled with the maxima a posteriori (MAP) estimates of λ, ι, and γ (Table 3A), in relation to vapour deficit (D) and photosynthetic photon flux density (I). The colour legend of gY−gO (right) ranges up to the g value that allowed the maximum sap flow density during the measurement period, and the higher values are coloured in grey. The lowest value in the red area is −9.54 × 10−2 mm s−1.



[image: Figure 5]
FIGURE 5. Partial derivatives of stomatal conductance (g) with respect to (A, top left) vapour deficit (D) and (B, top right) photosynthetic photon flux density (I) and the relative sensitivity coefficients (C, bottom left) [image: image] (with reversed y-axis) and (D, bottom right) [image: image], calculated with the maxima a posteriori (MAP) estimates of λ, ι and γ of the young (red) and old (black) sample trees (Table 3A). Solid, dashed and dotted lines designate the conditions that the other variable [I in (A), D in (B)] is held constant at its level of 100, 50, and 10% maximum of the measurement period, respectively. Such maxima values are noted as Dmax and Imax in (C) and (D), respectively. Only limited ranges of D and ∂g/∂D are displayed in (A) for visual clarity, which correspond to the grey box in (C).




Leaf-Sapwood Area Ratio, Time Lag and Tree Height

Excluding one outlier (Cook's distance = 0.69 when used in linear regression), a significant decline in the MAP estimates of ρ (Table 3B) with increasing tree height (H) is shown (slope = −0.0123 m2 cm−2 m−1, R2 = 0.657, P = 0.004; Figure 6). This outlier (O3 in Table 1) was also the main reason why a heavy-tailed distribution was selected in the parameter model (Equation 8). Using standardized ρ and H by the respective maxima (McDowell et al., 2002b), the slope [i.e., d(ρ/ρmax)/d(H/Hmax)] is −0.70. Significant linear correlation was also found between the MAP estimates of χ and tree height (slope = 4.74 min m−1, R2 = 0.814, P < 0.0001; Figure 7).


[image: Figure 6]
FIGURE 6. Maxima a posteriori (MAP) estimates (circle) of leaf-sapwood area ratio (AL:ASW in m2 cm−2, i.e. ρ × 10−4; Table 3B) with posterior distribution (cyan shade) in relation to tree height. The dashed and solid lines, respectively, are linear fittings with and without an outlier (Cook's distance = 0.69 when used in the linear regression), which is marked by the empty circle with the shade in lighter colour. The fittings' forms y = −0.0087 x + 0.700 and y = −0.0123 x + 0.774, R2 = 0.339 and 0.657, P = 0.06 and 0.004, respectively.



[image: Figure 7]
FIGURE 7. Maxima a posteriori (MAP) estimates (solid circle) of the time lag between sap flow and transpiration (min; Table 3B) with posterior distribution (cyan shade) in relation to tree height. The fitting's form y = 4.74 x, R2 = 0.814, P < 0.0001.





DISCUSSION

The Bayesian hierarchical model performed generally well (Figure 2), and the parameter estimation was mostly robust in the cross-validation (Supplementary Figures 1A, B). The model suggests that the mid-summer stomatal conductance was usually higher in the young sample trees than in the old (Figure 4). Additionally, significant correlations were detected between tree height and (1) AL:ASW (ρ; Figure 6) and (2) the time lag between basal sap flow and transpiration (Figure 7). Thus, the hypotheses were supported.


Stomatal Conductance and Its Parameters

Many previous studies have reported tree age/height-related decline in stomatal conductance in several pine species, including Scots pine (e.g., Niinemets, 2002; Magnani et al., 2008; Tor-ngern et al., 2017). This decline has also been found associated with decreasing leaf area- and mass-based assimilation rate as tree height/age increased (Niinemets, 2002). Thus, declining stomatal conductance is believed to be a crucial factor underlying the declining production and growth of aged coniferous trees (Koch et al., 2004; Ryan et al., 2006; Martínez-Vilalta et al., 2007). However, the influences of VPD and irradiance on stomatal conductance of old and young trees have not been discussed as thoroughly as the generic age/size-related trends themselves. The current results on the sensitivities of g to D and I provide insights in this respect.

In this study, D and I showed typical daily patterns and a correlation at moderate level (Figure 1, Supplementary Table 1). Meanwhile, the near-constant ∂g/∂D in all trees since low D suggests that g in original unit was less sensitive to D than to I, to which ∂g/∂I responded throughout the measurement (Figures 5A,B). Hence, at low to medium levels of PPFD both gY and gO were mainly influenced by irradiance. As the young trees had a higher initial slope (ι) in their IRC, gY increased faster than gO at low to medium I (Equation 4, Table 3A). However, gY−gO was vanishing with increasing I and the relative sensitivity [image: image]declined faster in the young trees (Figure 5D), reflecting that their light saturation (γ) had values almost indistinguishable from each other (Table 3A). Correspondingly, the dominant factor of gY was shifted from I to D at a lower level of the factors than gO (Figures 5C,D). Consequently, when both D and I were high, gY was even slightly lower than gO (Figure 4). Hence, the young trees likely utilized the conditions of low to medium irradiance in their gas exchange better, whereas the old trees seemed less sensitive to close their stomata under high VPD and strong irradiance.

The higher sensitivity of stomatal control to VPD of the young trees may be due to three reasons. Firstly, previous homoeostatic analyses employing sap flow measurement have found that trees with higher stomatal conductance at low VPD are more sensitive to increasing VPD (e.g., Whitehead and Jarvis, 1981; Oren et al., 1999; McDowell et al., 2008). One simplistic theoretical explanation is that, because E = g(D)·D (Equation 4), the trees with higher g at low D (and I) need to decrease g by a larger magnitude with increasing D to avoid excessive transpiration (E) (Oren et al., 1999). Secondly, older/larger trees could be more resilient to short-time variations in D due to their larger internal water storage. Therefore, their sap flow is less coupled with these environmental factors, and their stomatal control is less sensitive to increasing D than young trees'. The third reason may lie in the environmental conditions; several daily maxima D were higher at the lower than the higher height in the study period (Figure 1), and the young trees' site was sub-xeric while that of the old was mesic. These drier conditions might have induced changes in water use strategies of the young trees, which would typically be age/size-related if the sample trees had been in same environmental conditions. Such changes might include more conservative gas exchange (Day and Greenwood, 2011) and higher water use efficiency (WUE) supported by the results of 13C-fractionation (e.g., Yoder et al., 1994; Drake et al., 2010; McDowell et al., 2011; the marginal WUE is represented by λ in the current study).

Apart from its impact on stomatal conductance, the difference between ιY and ιO is notable as such. The initial slope of IRC has typically not been found to vary within a photosynthetic pathway (e.g., C3) at leaf level (Kubiske and Pregitzer, 1996; Niinemets et al., 1999; Lasslop et al., 2010; Lang et al., 2013; Jones, 2014; Mayoral et al., 2015). However, it may vary on whole-plant scale due to differences in chlorophyll concentration or nutrient allocation (Lambers et al., 2008). For instance, whole-tree GPP is positively correlated with nitrogen concentration ([N]) at low PPFD already (Peltoniemi et al., 2012a), which is against the notion that [N] only matters at high PPFD suggested by leaf-level models (e.g., Ollinger et al., 2008). Lower [N] may explain the lower ι of the old sample trees to some extent, considering that [N] is expected to decrease when conifers increase in age, size and leaf mass-area ratio (LMA) (Steppe et al., 2011). However, the evidence of this trend in Scots pine is limited from field studies (Niinemets, 2002; Martínez-Vilalta et al., 2007). The potential explanation of chlorophyll concentration also needs further clarification. Although declining chlorophyll concentration with increasing height has been reported in very tall redwood (over 50-m-tall Sequoia sempervirens), especially when canopy openness is low (Ishii et al., 2008; Ishii, 2011), such evidence is unknown from boreal Scots pine. Thus, the ecophysiological reasons behind ιY > ιO are yet to be confirmed.



Tree Height-Related Trends in Leaf-Sapwood Area Ratio and Time Lag

The aforementioned major challenges in bridging transpiration and sap flow in modelling, namely the leaf-sapwood area ratio and the time lag between sap flow and transpiration, were adequately accounted for in the current study. Compared to the prior ranges given by literature, all except one (ρO3) tree-specific ρ and χ showed reasonable MAP estimates (Figures 6–8). A significant linear correlation was detected between ρ and tree height (H; Figure 6), and the slope between the standardized variables (−0.70) was close to the values reported previously in the same species in a similar environment (−0.67; Vanninen et al., 1996; McDowell et al., 2002b). Amid many coniferous trees, Scots pine has shown a declining AL:ASW (ASW measured at breast height) with increasing age and/or size in a variety of climates and environments (e.g., Mencuccini and Grace, 1995, 1996b; Mencuccini and Bonosi, 2001; McDowell et al., 2002b; Martínez-Vilalta et al., 2007; Poyatos et al., 2007). Although consensus has yet to be reached on the mechanisms underlying this trend on large spatial scales (Poyatos et al., 2007), adjusting AL:ASW has been widely considered as an adaptation to increased evaporative demand and a trade-off of transport efficiency for safety against embolism (Whitehead and Jarvis, 1981; Whitehead et al., 1984; Oren et al., 1999; McDowell et al., 2002b, 2008; Martínez-Vilalta et al., 2009). The current results support this conclusion. Combined with the results of g, we conclude that both lower AL:ASW and stomatal conductance are features of the more conservative water use strategy in old Scots pine (McDowell et al., 2002b, 2008, 2011; Martínez-Vilalta et al., 2009; Steppe et al., 2011; Tor-ngern et al., 2017). Nevertheless, the current model structure (Equations 4, 5) and dataset were insufficient to quantitatively partition the tree age/size-related variations in AL:ASW and stomatal conductance.


[image: Figure 8]
FIGURE 8. Prior (yellow) and posterior (red, old trees; cyan, young trees) distributions of λ, ι, γ, ρ, and χ. SW, sapwood.


Significant correlation was also detected between χ and H with a slope of 4.74 min m−1 (Figure 7). Shown by an analogy to electricity in simplified analysis, the time lag depends on the product of hydraulic resistance and capacitance (storage), namely the time constant (τ), and in a linear dynamic model it denotes the time taken to discharge or refill 63% of the total storage (Jones, 2014). Thus, the current study suggests that hydraulic resistance and/or capacitance increases with increasing tree height, and older/taller trees need a longer time to reach another steady state of hydraulics after environmental fluctuations in mid-summer. It also suggests, in terms that [image: image] (where f c denotes the cutoff frequency of low-pass filter), that the young trees could attenuate less high-frequency fluctuations in the environmental factors and thus showed less stable hydraulic dynamics than the old trees' (Figure 3). This may be a reason behind the young trees' noisier dynamics and higher RMSE. This analogy to electricity, however, is simplistic, and additional ecophysiological or technical factors include response lag of stomata, phloem flow and thermal sensitivity of the sap flow apparatus (Phillips et al., 1997, 2004; Perämäki et al., 2001; Sevanto et al., 2002; Hölttä et al., 2015). Their impacts should be clarified in the future by dynamic modelling on the time lag (cf. e.g., Phillips et al., 1997, 2004; Bell et al., 2015).



Merits and Limits of the Model

The current hierarchical model directly bridges sap flow and stomatal behaviour, and thus enables prediction of whole-tree hydraulic dynamics, including the estimation of AL:ASW and the time lag between the influx (sap flow) and efflux (transpiration), in a cohesive manner (Equations 5–8). Compared with earlier studies by Bayesian analysis on trees' hydraulics with empirical canopy conductance models (e.g., Samanta et al., 2008), the current model employed a more process-based structure (Equation 4) on stomatal behaviour. By this feature, the inverse method in the current study disentangled tree age/size-related effects on whole-tree hydraulic dynamics to some extent. The input data, VPD, PPFD and sap flow density, are widely accessible or measurable with low technical difficulty. The overall performance was good, but tree-specific errors differed considerably (Figures 2, 3). However, most of the uncertainties were due to measurement error, while the parametric uncertainty was very small (Figure 3). Meanwhile, most of the parameter estimates seemed robust although those of γY, χY4 and χY5 shifted in several occasions during the cross-validation (Supplementary Figures 1A,B). This indicates a fairly reliable parameterization with potential for better performance with improved measurements of sap flow density and/or environmental factors.

Besides the impacts of the smaller time constant of young trees, the noticeably higher uncertainties and measurement error in the young trees may be mainly due to their more open canopy and related to the lesser robustness of γY, χY4 and χY5. Their canopy structure occasionally allowed direct sunshine on the probes despite the shading aluminium foil. This should have caused extremely high values of J(O) with high error because of the shifted temperature gradient in the tree trunk and the transported water (Köstner et al., 1998). Such values should have particularly influenced the estimation of γ as it is the asymptote of the IRC (Equation 4). Higher measurement errors in the meteorological and/or sap flow data were also likely caused by the weather events bringing about low D and I during daytime (e.g., the rainfall on DOY 202 during the measurement on trees O2—O6; Figure 3). Yet another possible source of measurement error is the thermal sensitivity of the probes, which may have particularly influenced the estimation of χ (Hölttä et al., 2015). However, this artefact, if it occurred, should be systematic and could not explain the linear correlation between χ and H.

The total number of parameters was large (44), but the risk of over-parameterization was low. The first reason is that only 28 parameters (λAG, ιAG, γAG, ρm, χm) were employed directly for simulation, whereas the other 16 (amY, bmY, cAG, μAG, σAG; Supplementary Tables 2B, 3B) were to define the distributions of other parameters or ε. Moreover, the 28 parameters were either age group- or tree-specific, resulting in only five being directly used in the prediction of each sample tree. This allowed a high degree of freedom due to the sizeable data set of one tree (at least 882 valid observations). The main role of amY, bmY, cAG, μAG and σAG was regulating the disturbance from outlying observations, if there was any, judged by prior knowledge (Table 2), while they did not reduce the degree of freedom in simulation. The utilization of prior knowledge is a generic advantage of the Bayesian inference, and it allows future studies to treat the current one as prior knowledge and efficiently update for their needs. The Bayesian framework also enabled uncertainty partitioning (Figure 3), which helped draw conclusions on the reliability of parameter estimation and data quality.

The following warnings on the model design should be emphasized. Firstly, the linear structure of J, g, and ρ failed to partition quantitatively the tree age/size-induced effects on the latter two, albeit their modelled values or MAP estimates generally fell well into the prior ranges given by literature. Secondly, one single set of parameters were applied to one sample tree without accounting for the heterogeneity inside the canopy. This “big-leaf assumption” excludes direct comparison of the parameter estimates with the previous studies that employed similar models as the latter focussed on individual shoots (e.g., Hari and Mäkelä, 2003; Mäkelä et al., 2004). Also, canopy gaps, which were present at the young site in the current study, may result in a poorer performance of the Bayesian models based on the big-leaf assumption (Mackay et al., 2012). However, the tree-specific (rather than stand-specific) parameters in the current study may have mitigated this drawback to some extent. Thirdly, the time lag may differ between water storage discharge and refilling or between the increases and decreases of D and I, because hydraulic resistance and/or capacitance in trees may be dependent on the internal water content (Tyree and Zimmermann, 2002) rather than being constant. Additionally, the current study did not include a minimum limit of g, which would reflect stomatal leakage and cuticular conductance and is common in precedent works [e.g., Hari and Mäkelä, 2003; Mäkelä et al., 2004; and see e.g., Tuzet et al. (2003) and Peltoniemi et al. (2012b) for a similar design in different model structure]. It was not applied in this study because of the lack of experimental support on quantification in Scots pine. Finally, the MAP estimate of ιY fell on its initial maximum (Figure 8, Supplementary Table 3B), but we decided not to expand its initial range considering the physiological meaning and correlation with other parameters (Supplementary Table 2B, Supplementary Figure 2).

As we focussed on modelling hydraulic dynamics on the temporal scale of minutes, the applicability of this approach for longer-term studies should be treated with caution. Firstly, the assumption that the sums of whole-tree transpiration and sap flow equal over the study period, i.e. ASW∫J(t)dt = AL∫E(t)dt, which allowed the linear J = ρE (Equation 5), may fail due to changes in water content in tree canopy and/or soil on larger temporal scales. Also, the marginal water use efficiency (λ) may vary across time in long term, and thus a single estimate per tree should entail larger uncertainties than in the current study. Lastly, the non-process-based modelling of time lag limits its applicability when the physiological processes or traits (e.g., discharge and recharge of hydraulic capacitance) become time-variant on larger temporal scales.



Summary

By Bayesian hierarchical modelling, we bridged an optimization model of stomatal behaviour and sap flow measurement to simulate whole-tree hydraulic dynamics of Scots pine in mid-summer in southern Finland. The model's overall performance was good, although tree-specifically it was limited mainly by measurement error in the young trees. According to the model, stomatal conductance was usually higher in the young than the old trees, but the difference was very small at high VPD and PPFD. The results suggest that the young trees' gas exchange was more activated by low to medium PPFD and is slightly more sensitive to increasing VPD. The tree age-related weaker response to PPFD may be due to decreased nitrogen and/or chlorophyll concentrations. The young trees' slightly higher sensitivity to VPD was possibly impacted by the drier site conditions, but also accords with the larger internal water storage and/or lower leaf-sapwood area ratio (AL:ASW, ASW at breast height) found in old trees. AL:ASW and time lag were both well-correlated with tree height. The decrease in AL:ASW with tree height was likely to avoid excessive transpiration and embolism, and time lag increased with tree height due to longer transport, higher whole-tree hydraulic resistance and/or capacitance. Future work is expected in reducing measurement error, modelling in-crown heterogeneity of environmental factors and tree ecophysiological activities, and quantifying time lag by means of dynamic analyses.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

CL, TH, and AM designed the research. CL conducted fieldwork with FB advice. CL, TH, XT, and AM analysed data. CL wrote and TH, XT, FB, and AM edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

The fieldwork of this study was funded by the Finnish Society of Forest Science (No. 201810042) granted to CL and the Academy of Finland Strategic Council (No. 312559) to AM. The open access publication was financially supported by the University of Helsinki.



ACKNOWLEDGMENTS

We thank the staff of the Hyytiälä Forest Station, University of Helsinki, especially Janne Levula, Antti Uotila and Pauliina Schiestl-Aalto, for technical support of our fieldwork. We are also grateful to Yann Salmon, Ram Oren, Roderick Dewar and two reviewers for scientific advice and Carol Ann Pelli for revising the language of the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.579319/full#supplementary-material



REFERENCES

 Bell, D. M., Ward, E. J., Oishi, A. Ch., Oren, R., Flikkema, P. G., et al. (2015). A state-space modeling approach to estimating canopy conductance and associated uncertainties from sap flux density data. Tree Physiol. 35, 792–802. doi: 10.1093/treephys/tpv041

 Berdanier, A. B., Miniat, C. F., and Clark, J. S. (2016). Predictive models for radial sap flux variation in coniferous, diffuse-porous and ring-porous temperate trees. Tree Physiol. 36, 932–941. doi: 10.1093/treephys/tpw027

 Berninger, F., and Hari, P. (1993). Optimal regulation of gas exchange: evidence from field data. Ann. Bot. 71, 135–140. doi: 10.1006/anbo.1993.1017

 Burgess, S. S., Adams, M. A., Turner, N. C., Beverly, C. R., Ong, C. K., Khan, A. A., et al. (2001). An improved heat pulse method to measure low and reverse rates of sap flow in woody plants. Tree Physiol. 21, 589–598. doi: 10.1093/treephys/21.9.589

 Cermák, J., Deml, M., and Penka, M. (1973). A new method of sap flow rate determination in trees. Biol. Plant. 15, 171–178. doi: 10.1007/BF02922390

 Cermák, J., Kučera, J., and Nadezhdina, N. (2004). Sap flow measurements with some thermodynamic methods, flow integration within trees and scaling up from sample trees to entire forest stands. Trees 18, 529–546. doi: 10.1007/s00468-004-0339-6

 Cermák, J., and Nadezhdina, N. (2011). “Instrumental approaches for studying tree-water relations along gradients of tree size and forest age,” in Size- and Age-Related Changes in Tree Structure and Function, ed F. C. Meinzer, B. Lachenbruch, and T. E. Dawson (Dordrecht: Springer), 385–426. doi: 10.1007/978-94-007-1242-3_15

 Clearwater, M. J., Meinzer, F. C., Andrade, J. L., Goldstein, G., and Holbrook, N. M. (1999). Potential errors in measurement of nonuniform sap flow using heat dissipation probes. Tree Physiol. 19, 681–687. doi: 10.1093/treephys/19.10.681

 Cowan, I. R., and Farquhar, G. D. (1977). “Stomatal function in relation to leaf metabolism and environment,” in Integration of Activity in the Higher Plant, ed. D. H. Jennings (Cambridge: Cambridge University Press), 471–505

 Day, M., and Greenwood, M. S. (2011). “Regulation of ontogeny in temperate conifer,” in Size- and Age-Related Changes in Tree Structure and Function, ed. F. C. Meinzer, B. Lachenbruch, and T. E. Dawson (Dordrecht: Springer), 91–120

 Dewar, R., Mauranen, A., Mäkelä, A., Hölttä, T., Medlyn, B., and Vesala, T. (2018). New insights into the covariation of stomatal, mesophyll and hydraulic conductances from optimization models incorporating nonstomatal limitations to photosynthesis. New Phytol. 217, 571–585. doi: 10.1111/nph.14848

 Dietze, M. C. (2017). Ecological Forecasting. Princeton, NJ: Princeton University Press

 Domec, J.-Ch., Lachenbruch, B., Pruyn, M. L., and Spicer, R. (2012). Effects of age-related increases in sapwood area, leaf area, and xylem conductivity on height-related hydraulic costs in two contrasting coniferous species. Ann. For. Sci. 69, 17–27. doi: 10.1007/s13595-011-0154-3

 Drake, J. E., Raetz, L. M., Davis, S. C., and DeLucia, E. H. (2010). Hydraulic limitation not declining nitrogen availability causes the age-related photosynthetic decline in loblolly pine (Pinus taeda L.). Plant Cell Environ. 33, 1756–1766. doi: 10.1111/j.1365-3040.2010.02180.x

 Ewers, B. E., Gower, S. T., Bond-Lamberty, B., and Wang, C. K. (2005). Effects of stand age and tree species on canopy transpiration and average stomatal conductance of boreal forests. Plant Cell Environ. 28, 660–678. doi: 10.1111/j.1365-3040.2005.01312.x

 Gelman, A., Carlin, J. B., Stern, H. S., Dunson, D. B., Vehtari, A., and Rubin, D. B. (2014). Bayesian Data Analysis, 3rd Edn. Boca Raton, FL: Chapman and Hall/CRC. doi: 10.1201/b16018

 Granier, A. (1987). Evaluation of transpiration in a Douglas-fir stand by means of sap flow measurements. Tree Physiol. 3, 309–320. doi: 10.1093/treephys/3.4.309

 Hari, P., and Kulmala, M. (2005). “Station for measuring ecosystem-atmosphere relations: SMEAR,” in Physical and Physiological Forest Ecology. eds P. Hari, K. Heliövaara, and L. Kulmala (Dordrecht: Springer) 471–487. doi: 10.1007/978-94-007-5603-8_9

 Hari, P., and Mäkelä, A. (2003). Annual pattern of photosynthesis in Scots pine in the boreal zone. Tree Physiol. 23, 145–155. doi: 10.1093/treephys/23.3.145

 Hari, P., Mäkelä, A., Korpilahti, E., and Holmberg, M. (1986). Optimal control of gas exchange. Tree Physiol. 2, 169–175. doi: 10.1093/treephys/2.1-2-3.169

 Hartig, F., Minunno, F., and Paul, S. (2019). BayesianTools: General-Purpose MCMC and SMC Samplers and Tools for Bayesian Statistics. R package version 0.1.6. Available online at: https://CRAN.R-project.org/package=BayesianTools

 Hölttä, T., Cochard, H., Nikinmaa, E., and Mencuccini, M. (2009). Capacitive effect of cavitation in xylem conduits: results from a dynamic model. Plant Cell Environ. 32, 10–21. doi: 10.1111/j.1365-3040.2008.01894.x

 Hölttä, T., Linkosalo, T., Riikonen, A., Sevanto, S., and Nikinmaa, E. (2015). An analysis of Granier sap flow method, its sensitivity to heat storage and a new approach to improve its time dynamics. Agr. Forest Meteorol. 211, 2–12. doi: 10.1016/j.agrformet.2015.05.005

 Hölttä, T., Vesala, T., Sevanto, S., Perämäki, M., and Nikinmaa, E. (2006). Modeling xylem and phloem water flows in trees according to cohesion theory and Münch hypothesis. Trees 20, 67–78. doi: 10.1007/s00468-005-0014-6

 Ishii, H. (2011). “How do changes in leaf-shoot morphology and crown architecture affect growth and physiological function of tall trees?” in Size- and Age-Related Changes in Tree Structure and Function, eds F. C. Meinzer, B. Lachenbruch, and T. E. Dawson (Dordrecht: Springer), 215–232. doi: 10.1007/978-94-007-1242-3_8

 Ishii, H. T., Jennings, G. M., Sillett, S. C., and Koch, G. W. (2008). Hydrostatic constraints on morphological exploitation of light in tall Sequoia sempervirens trees. Oecologia 156, 751–763. doi: 10.1007/s00442-008-1032-z

 Jarvis, P. G. (1976). The interpretation of the variations in leaf water potential and stomatal conductance found in canopies in the field. Philos. T. R. Soc. B 273, 593–610. doi: 10.1098/rstb.1976.0035

 Jarvis, P. G., and McNaughton, K. G. (1986). Stomatal control of transpiration: scaling up from leaf to region. Adv. Ecol. Res. 15, 1–49. doi: 10.1016/S0065-2504(08)60119-1

 Jones, H. G. (2014). Plants and Microclimate: A Quantitative Approach to Environmental Plant Physiology 3rd Edn. Cambridge: Cambridge University Press

 Kacser, H., and Burns, J. A. (1973). The control of flux. Symp. Soc. Exp. Biol. 27, 65–104.

 Kacser, H., and Fell, D. A. (1995). The control of flux: 21 years on. Biochem. Sco. Trans. 23, 341–366. doi: 10.1042/bst0230341

 Koch, G. W., Sillett, S. C., Jennings, G. M., and Davis, S. D. (2004). The limits to tree height. Nature 428, 851–854. doi: 10.1038/nature02417

 Kolari, P., Chan, T., Porcar-Castell, A., Bäck, J., Nikinmaa, E., and Juurola, E. (2014). Field and controlled environment measurements show strong seasonal acclimation in photosynthesis and respiration potential in boreal Scots pine. Front. Plant Sci. 5:717. doi: 10.3389/fpls.2014.00717


 Korpela, I., Ørka, H. O., Maltamo, M., Tokola, T., and Hyyppä, J. (2010). Tree species classification using airborne LiDAR – Effects of stand and tree parameters, downsizing of training set, intensity normalization, and sensor type. Silva Fenn. 44, 319–339. doi: 10.14214/sf.156

 Köstner, B., Granier, A., and Cermák, J. (1998). Sapflow measurements in forest stands: methods and uncertainties. Ann. Scie. Forest. 55, 13–27. doi: 10.1051/forest:19980102

 Kubiske, M. E., and Pregitzer, K. S. (1996). Effects of elevated CO2 and light availability on the photosynthetic light response of trees of contrasting shade tolerance. Tree Physiol. 16, 351–358. doi: 10.1093/treephys/16.3.351

 Lambers, H., Chapin, F. S. I. I. I., and Pons, T. L. (2008). Plant Physiological Ecology, 2nd Edn. New York, NY: Springer. doi: 10.1007/978-0-387-78341-3

 Lang, Y., Wang, M., Zhang, G.-C., and Zhao, Q.-K. (2013). Experimental and simulated light responses of photosynthesis in leaves of three tree species under different soil water conditions. Photosynthetica 51, 370–378. doi: 10.1007/s11099-013-0036-z

 Lasslop, G., Reichstein, M., Papale, D., Richardson, A. D., Arneth, A., Barr, A., et al. (2010). Separation of net ecosystem exchange into assimilation and respiration using a light response curve approach: critical issues and global evaluation. Glob. Change Biol. 16, 187–208. doi: 10.1111/j.1365-2486.2009.02041.x

 Lehto, J. (1964). Käytännön Metsätyypit. Helsinki: Kirjayhtymä.

 Leuning, R. (1995). A critical appraisal of a combined stomatal-photosynthesis model for C3 plants. Plant Cell Environ. 18, 339–355. doi: 10.1111/j.1365-3040.1995.tb00370.x

 Lu, P., Urban, L., and Zhao, P. (2004). Granier's thermal dissipation probe (TDP) method for measuring sap flow in trees: theory and practice. Acta Botanica Sinica 46, 631–646

 Mackay, D. S., Ewers, B. E., Loranty, M. M., Kruger, E. L., and Samanta, S. (2012). Bayesian analysis of canopy transpiration models: a test of posterior parameter means against measurements. J. Hydrol. 432, 75–83. doi: 10.1016/j.jhydrol.2012.02.019

 Magnani, F., Bensada, A., Cinnirella, S., Ripullone, F., and Borghetti, M. (2008). Hydraulic limitations and water-use efficiency in Pinus pinaster along a chronosequence. Can. J. For. Res. 38, 73–81. doi: 10.1139/X07-120

 Mäkelä, A., Berninger, F., and Hari, P. (1996). Optimal control of gas exchange during drought: theoretical analysis. Ann. Bot. 77, 461–468. doi: 10.1006/anbo.1996.0056

 Mäkelä, A., Hari, P., Berninger, F., Hänninen, H., and Nikinmaa, E. (2004). Acclimation of photosynthetic capacity in Scots pine to the annual cycle of temperature. Tree Physiol. 24, 369–376. doi: 10.1093/treephys/24.4.369

 Markkanen, T., Rannik, Ü., Keronen, P., Suni, T., and Vesala, T. (2001). Eddy covariance fluxes over a boreal Scots pine forest. Boreal Environ. Res. 6, 65–78

 Martínez-Vilalta, J., Cochard, H., Mencuccini, M., Sterck, F., Herrero, A., Korhonen, J. F. J., et al. (2009). Hydraulic adjustment of scots pine across Europe. New Phytol. 184, 353–364. doi: 10.1111/j.1469-8137.2009.02954.x

 Martínez-Vilalta, J., Vanderklein, D., and Mencuccini, M. (2007). Tree height and age-related decline in growth in scots pine (Pinus sylvestris L.). Oecologia 150, 529–544. doi: 10.1007/s00442-006-0552-7

 Mayoral, C., Calama, R., Sánchez-González, M., and Pardos, M. (2015). Modelling the influence of light, water and temperature on photosynthesis in young trees of mixed Mediterranean forests. New Forests 46, 485–506. doi: 10.1007/s11056-015-9471-y

 McDowell, N. G., Barnard, H., Bond, B. J., Hinckley, T., Hubbard, R. M., Ishii, H., et al. (2002b). The relationship between tree height and leaf area:sapwood area ratio. Oecologia 132, 12–20. doi: 10.1007/s00442-002-0904-x

 McDowell, N. G., Bond, B. J., Hill, L. T., Ryan, M. G., and Whitehead, D. (2011). “Relationships between tree height and carbon isotope discrimination” in Size- and Age-Related Changes in Tree Structure and Function, ed. F. C. Meinzer, B. Lachenbruch, and T. E. Dawson (Dordrecht: Springer), 255–286. doi: 10.1007/978-94-007-1242-3_10

 McDowell, N. G., Phillips, N., Lunch, C., Bond, B. J., and Ryan, M. G. (2002a). An investigation of hydraulic limitation and compensation in large, old douglas-fir trees. Tree Physiol. 22, 763–774. doi: 10.1093/treephys/22.11.763

 McDowell, N. G., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N., Kolb, T., et al. (2008). Mechanisms of plant survival and mortality during drought: why do some plants survive while others succumb to drought?. New Phytol. 178, 719–739. doi: 10.1111/j.1469-8137.2008.02436.x

 Medlyn, B. E., Duursma, R. A., Eamus, D., Ellsworth, D. S., Prentice, I. C., Barton, C. V. M., et al. (2011). Reconciling the optimal and empirical approaches to modelling stomatal conductance. Glob. Change Biol. 17, 2134–2144. doi: 10.1111/j.1365-2486.2010.02375.x

 Mencuccini, M., and Bonosi, L. (2001). Leaf/sapwood area ratios in Scots pine show acclimation across Europe. Can. J. For. Res. 31, 442–456. doi: 10.1139/x00-173

 Mencuccini, M., and Grace, J. (1995). Climate influences the leaf area/sapwood area ratio in Scots pine. Tree Physiol. 15, 1–10. doi: 10.1093/treephys/15.1.1

 Mencuccini, M., and Grace, J. (1996a). Developmental patterns of above-ground hydraulic conductance in a Scots pine (Pinus sylvestris L.) age sequence. Plant Cell Environ. 19, 939–948. doi: 10.1111/j.1365-3040.1996.tb00458.x

 Mencuccini, M., and Grace, J. (1996b). Hydraulic conductance, light interception and needle nutrient concentration in scots pine stands and their relations with net primary productivity. Tree Physiol. 16, 459–468. doi: 10.1093/treephys/16.5.459

 Niinemets, Ü. (2002). Stomatal conductance alone does not explain the decline in foliar photosynthetic rates with increasing tree age and size in Picea abies and Pinus sylvestris. Tree Physiol. 22, 515–535. doi: 10.1093/treephys/22.8.515

 Niinemets, Ü., Oja, V., and Kull, O. (1999). Shape of leaf photosynthetic electron transport versus temperature response curve is not constant along canopy light gradients in temperate deciduous trees. Plant Cell Environ. 22, 1497–1513. doi: 10.1046/j.1365-3040.1999.00510.x

 Niklas, K. J., and Spatz, H.-,Ch. (2004). Growth and hydraulic (not mechanical) constraints govern the scaling of tree height and mass. Proc. Natl. Acad. Sci. U.S.A. 101, 15661–15663. doi: 10.1073/pnas.0405857101

 Oishi, A. Ch., Oren, R., and Stoy, P. C. (2008). Estimating components of forest evapotranspiration: a footprint approach for scaling sap flux measurements. Agr. Forest Meteorol. 148, 1719–1732. doi: 10.1016/j.agrformet.2008.06.013

 Ollinger, S. V., Richardson, A. D., Martin, M. E., Hollinger, D. Y., Frolking, S. E., Reich, P. B., et al. (2008). Canopy nitrogen, carbon assimilation, and albedo in temperate and boreal forests: Functional relations and potential climate feedbacks. Proc. Natl. Acad. Sci. U.S.A. 105, 19336–19341. doi: 10.1073/pnas.0810021105

 Olson, M. E., Anfodillo, T., Rosell, J. A., Petit, G., Crivellaro, A., Isnard, S., et al. (2014). Universal hydraulics of the flowering plants: vessel diameter scales with stem length across angiosperm lineages, habits and climates. Ecol. Lett. 17, 988–997. doi: 10.1111/ele.12302

 Oren, R., Phillips, N., Katul, G., Ewers, B. E., and Pataki, D. E. (1998). Scaling xylem sap flux and soil water balance and calculating variance: a method for partitioning water flux in forests. Annales des Sci. Forest. 55, 191–216. doi: 10.1051/forest:19980112

 Oren, R., Sperry, J. S., Katul, G. G., Pataki, D. E., Ewers, B. E., Phillips, N., et al. (1999). Survey and synthesis of intra-and interspecific variation in stomatal sensitivity to vapour pressure deficit. Plant Cell Environ. 22, 1515–1526. doi: 10.1046/j.1365-3040.1999.00513.x

 Peltoniemi, M. S., Duursma, R. A., and Medlyn, B. E. (2012b). Co-optimal distribution of leaf nitrogen and hydraulic conductance in plant canopies. Tree Physiol. 32, 510–519. doi: 10.1093/treephys/tps023

 Peltoniemi, M. S., Pulkkinen, M., Kolari, P., Duursma, R. A., Montagnani, L., Wharton, S., et al. (2012a). Does canopy mean nitrogen concentration explain variation in canopy light use efficiency across 14 contrasting forest sites?. Tree Physiol. 32, 200–218. doi: 10.1093/treephys/tpr140

 Perämäki, M., Nikinmaa, E., Sevanto, S., Ilvesniemi, H., Siivola, E., Hari, P., et al. (2001). Tree stem diameter variations and transpiration in Scots pine: an analysis using a dynamic sap flow model. Tree Physiol. 21, 889–897. doi: 10.1093/treephys/21.12-13.889

 Phillips, N. G., Nagchaudhuri, A., Oren, R., and Katul, G. (1997). Time constant for water transport in loblolly pine trees estimated from time series of evaporative demand and stem sapflow. Trees 11, 412–419. doi: 10.1007/s004680050102

 Phillips, N. G., Oren, R., Licata, J., and Linder, S. (2004). Time series diagnosis of tree hydraulic characteristics. Tree Physiol. 24, 879–890. doi: 10.1093/treephys/24.8.879

 Poyatos, R., Martínez-Vilalta, J., Cermák, J., Ceulemans, R., and Granier, A., Irvine, J., et al. (2007). Plasticity in hydraulic architecture of Scots pine across Eurasia. Oecologia 153, 245–259. doi: 10.1007/s00442-007-0740-0

 R Core Team (2019). R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna. Available online at: https://www.R-project.org/

 Ryan, M. G., Phillips, N., and Bond, B. J. (2006). The hydraulic limitation hypothesis revisited. Plant Cell Environ. 29, 367–381. doi: 10.1111/j.1365-3040.2005.01478.x

 Ryan, M. G., and Yoder, B. J. (1997). Hydraulic limits to tree height and tree growth. Bioscience 47, 235–242. doi: 10.2307/1313077

 Samanta, S., Clayton, M. K., Mackay, D. S., Kruger, E. L., and Ewers, B. E. (2008). Quantitative comparison of canopy conductance models using a Bayesian approach. Water Resour. Res. 44:W09431. doi: 10.1029/2007WR006761

 Scholz, F. G., Phillips, N. G., Bucci, S. J., Meinzer, F. C., and Goldstein, G. (2011). “Hydraulic capacitance: biophysics and functional significance of internal water sources in relation to tree size” in Size- and Age-Related Changes in Tree Structure and Function, eds F. C. Meinzer, B. Lachenbruch, and T. E. Dawson (Dordrecht: Springer), 341–361. doi: 10.1007/978-94-007-1242-3_13

 Sevanto, S., Vesala, T., Perämäki, M., and Nikinmaa, E. (2002). Time lags for xylem and stem diameter variations in a scots pine tree. Plant Cell Environ. 25, 1071–1077. doi: 10.1046/j.1365-3040.2002.00884.x

 Sivia, D., and Skilling, J. (2006). Data Analysis: a Bayesian Tutorial 2nd Edn. Oxford: Oxford University Press

 Steppe, K., De Pauw, D. J. W., Doody, T. M., and Teskey, R. O. (2010). A comparison of sap flux density using thermal dissipation, heat pulse velocity and heat field deformation methods. Agr. Forest Meteorol. 150, 1046–1056. doi: 10.1016/j.agrformet.2010.04.004


 Steppe, K., Niinemets, Ü., and Teskey, R. O. (2011). “Tree size- and age-related changes in leaf physiology and their influence on carbon gain” in Size- and Age-Related Changes in Tree Structure and Function, eds F. C. Meinzer, B. Lachenbruch, and T. E. Dawson (Dordrecht: Springer), 235–253. doi: 10.1007/978-94-007-1242-3_9

 Tor-ngern, P., Oren, R., Oishi, A. Ch., Uebelherr, J. M., Palmroth, S., et al. (2017). Ecophysiological variation of transpiration of pine forests: synthesis of new and published results. Ecol. Appl. 27, 118–133. doi: 10.1002/eap.1423

 Tuzet, A., Perrier, A., and Leuning, R. (2003). A coupled model of stomatal conductance, photosynthesis and transpiration. Plant Cell Environ. 26, 1097–1116. doi: 10.1046/j.1365-3040.2003.01035.x

 Tyree, M. T., and Zimmermann, M. H. (2002). Xylem Structure and the Ascent of Sap 2nd Edition. Heidelberg: Springer-Verlag. doi: 10.1007/978-3-662-04931-0

 Vanninen, P., Ylitalo, H., Sievänen, R., and Mäkelä, A. (1996). Effects of age and site quality on the distribution of biomass in Scots pine (Pinus sylvestris L.). Trees 10, 231–238. doi: 10.1007/BF02185674

 Vrugt, J. A., ter Braak, C. J. F., Diks, C. G. H., Robinson, B. A., Hyman, J. M., and Higdon, D. (2009). Accelerating Markov chain Monte Carlo simulation by differential evolution with self-adaptive randomized subspace sampling. Int. J. Nonlin. Sci. Num. 10, 273–290. doi: 10.1515/IJNSNS.2009.10.3.273

 West, G. B., Brown, J. H., and Enquist, B. J. (1999). A general model for the structure and allometry of plant vascular systems. Nature 400, 664. doi: 10.1038/23251

 Whitehead, D., Edwards, W. R. N., and Jarvis, P. G. (1984). Conducting sapwood area, foliage area and permeability in mature trees of Picea sitchensis and Pinus contorta. Can. J. For. Res. 14, 940–947. doi: 10.1139/x84-166

 Whitehead, D., and Jarvis, P. G. (1981). “Coniferous forests and plantations” in Water Deficits and Plant Growth, ed. T. T. Kozlowski (New York, NY: Academic Press), 49–152. doi: 10.1016/B978-0-12-424156-5.50008-1

 Yoder, B. J., Ryan, M. G., Waring, R. H., Schoettle, A. W., and Kaufmann, M. R. (1994). Evidence of reduced photosynthetic rates in old trees. For. Sci. 40, 513–527

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Liu, Hölttä, Tian, Berninger and Mäkelä. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_7.gif
. N g b e
]‘7[“]‘[‘ aplacE(O.t‘l+ 1"’:‘" @

Gy Jngs

Nong.
TT taplace 0,c0)

( b0,
ol + by )

L

|- Jemed| < ey
| T
I o fresiin)

()






OPS/images/math_6.gif
(tm = 10) Joni 1o + (B
10

Xom)

i






OPS/images/math_9.gif
©)





OPS/images/math_8.gif
—ny)






OPS/images/math_3.gif
VD
R(T+273.15) @)





OPS/images/math_2.gif
hr -
VPD = (1 - W) (10007 +3.46 x 107*Py)

18.678
[611.21 exp (W:“T’)] @





OPS/images/math_5.gif
wacyach
X o = 14 G ) taarch
= £l xon= “"-"'( Toho )lml:+ym

(5)





OPS/images/math_4.gif
G ol ()
()= - -
awm,,mnm,[u( RYI0) 1) = y]u(n

(4)







OPS/images/math_11.gif
an






OPS/images/math_10.gif
(10)

T+






OPS/images/math_12.gif
12)






OPS/images/logo.jpg
, frontiers
in Plant Science





OPS/images/inline_8.gif





OPS/images/inline_7.gif





OPS/images/math_1.gif
(AU‘— Av)un

i m





OPS/images/inline_9.gif





OPS/images/inline_4.gif





OPS/images/inline_6.gif





OPS/images/inline_5.gif





OPS/images/inline_14.gif
T £





OPS/images/inline_13.gif





OPS/images/inline_3.gif





OPS/images/inline_2.gif





OPS/images/inline_10.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Weaker Light Response, Lower Stomatal Conductance and Structural Changes in Old Boreal Conifers Implied by a Bayesian Hierarchical Model



		Introduction



		Hydraulic Dynamics in Trees



		Bayesian Hierarchical Modelling and Hypotheses







		Materials and Methods



		Study Sites and Sample Trees



		Measurement of Sap Flow Density



		Data of Environmental Factors



		The Hierarchical Model



		Model Parameterization, Parametric Uncertainty and Cross-Validation



		Sensitivity of Stomatal Conductance to Environmental Factors



		Statistical Analyses







		Results



		Model Performance and Robustness



		Parameter Estimates of Stomatal Conductance



		Leaf-Sapwood Area Ratio, Time Lag and Tree Height







		Discussion



		Stomatal Conductance and Its Parameters



		Tree Height-Related Trends in Leaf-Sapwood Area Ratio and Time Lag



		Merits and Limits of the Model



		Summary







		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/inline_1.gif
o8





OPS/images/inline_12.gif





OPS/images/inline_11.gif





OPS/images/fpls-11-579319-t003.jpg
Age group by f y
Young 2182 x 10 1.200 2594 x 108
oid 1.424 x 102 0520 2,625 x 108
@
Tree » x

vi 6,003 1045

v2 4774 105.1

v3 4,100 1042

va 6,493 743

Y5 5,551 704

o1 4172 165.8
02 4,084 1227
03 5926 164.7
o4 3728 174.7
05 3317 1655
3 2,564 1685

See Table 2 for units. See Supplementary Table 3B for the 95% credible intervals and
the results of the other parameters.





OPS/images/fpls-11-579319-t002.jpg
Spec.

x AG
. AG
¥ AG
» tree
X tree

Meaning
(unit)

Marginal carbon gain per water
cost

(mol CO, mol~* H,0)

Initial slope of PPFD response
curve

(m® mol-?)

Saturation level (asymptote) of
PPFD response curve

(ms™)

(All-sided) Leaf to sapwood area Y: 3,000, 6,500
0: 2,500, 6,000

ratio
(m? leaf m~2 SW)
Time lag between modelled

transpiration and measured sap

flow density
(minute)

Prior range References
(min., max.)

05 x 1073, 1
6.0 x 1073

01,12 1

1.6 x 103,
5.0x 108

2-4

56

1,18 7

Spec., specificity of parameter estimates, where AG and tree denote age group- and
tree-specific, respectively.

Y, young trees, and O, old trees, if initial ranges differed.

Ret., references of the initial ranges: (1) Hari and Meékelé (2003), (2) Mékela et al. (2004),
(3) Markkanen et al. (2001), (4) Kolari et al. (2014), (5) Vanninen et al. (1996), (6) McDowell
et al. (2002b), and (7) Philips et al. (1997). The maximum of the initial range of y was
tuned during this study because the value suggested by Ref. 2—4 truncated its posterior
distribution significantly.





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/fpls-11-579319-g005.gif
T

o5 o

7

)

a

S

o

& th b b o
8 Jow i) ovie

o





OPS/images/fpls-11-579319-g006.gif
.-

025 035 045 055 085

o 15 20 25 30 ds5 4o
Tree height (m)





OPS/images/fpls-11-579319-g003.gif
ol mSW sy
24338

20338

o (melm7SW )

24388 203388 20338 04333

O1.3814%

EEET Ty
oo

i [ETY

MMM | AAAMAA






OPS/images/fpls-11-579319-g004.gif
1 (mmolm™ sy






OPS/images/fpls-11-579319-t001.jpg
No.

Y1
Y2
Y3
\Z
Y5

Mean
(SD)

H, tree height; DBH, diameter at breast height; SD, standard deviation.

Young

Age
%)

52
52
50
50
52

51
(1.0)

H
(m)

181
209
16.0
174
20.4

185
a.n

DBH
(em)

205
239
185
17.3
223

209
@4

o1

02
03
04
05
08

Mean

(SD)

Age
(%]

161
177
133
182
137
154
149
(16.5)

old

H
(m)

333
31.0
36.8
33.7
35.9
348
343
(1.9)

DBH
(em)

486
430
473
492
466
515
a77
©@6)

H was measured by airborne LIDAR [as described by Korpela et al. (2010)]in 2016. Age
was counted at breast height in 2018.





OPS/images/fpls-11-579319-g007.gif
lime lag (min)
120 150 180

%0

60

4+

0 15_20 25 30 35 40
“Tree height (m)





OPS/images/fpls-11-579319-g008.gif
] i —
E iy

i






OPS/images/cover.jpg
’ frontiers
in Plant Science

Weaker Light Response, Lower
Stomatal Conductance and
Structural Changes in Old Boreal
Conifers Implied by a Bayesian
Hierarchical Model





OPS/images/fpls-11-579319-g001.gif
Lo, ot iy

2000 05 10 15

10

i

00

0 18 1 9 2 195 198 201 204 27 210
pritil





OPS/images/fpls-11-579319-g002.gif
LV (mAmTSW ™)
5 ™16 %15 20

0

)

i M0 15 20
I™ (ol m2 SW s





