
Hydrodynamic Model Used to Bridge Observations at 
Multiple Scales and Define Tree Hydraulic Traits 

Gil Bohrer, Ohio State University 
Golnazalsadat Mirfenderesgi, Ohio State University 
Ashley M. Matheny, University of Texas at Austin 

 
Key words:  eddy flux observations, sap flux, hydraulic traits, tradeoff, forest 

Introduction  

Hydraulic performance of plants is governed at the tissue level by traits that define properties of conductive tissues, 
such as xylem, and control structures, such as stomatal guard cells. At a higher level, the effects of these tissue-level 
traits integrate to emergent whole-tree traits that govern the apparent relationships between the tree hydrodynamics 
and soil and atmosphere environmental forcing. These emergent tree-level traits could be further upscaled across 
trees of similar structure to the canopy and forest plot scales. Provided a mechanistic description of plant 
hydrodynamics, these traits could be characterized using the parameters of the formulations describing the water 
flow through the integrated tree conductive system. Such traits include the characteristics of embolism resistance and 
xylem conductivity and capacitance, stomatal closure mechanisms in response to internal and external forcing, 
hydraulic architecture, and root properties. The diversity of such traits produces a wide range of response strategies 
to both short-term variation of soil moisture and VPD, and to long-term changes to climate and hydrological cycle, 
which affect water availability. Currently, there is a scale mismatch in our ability to observe hydrodynamic traits and 
their consequences. Eddy-covariance measurements observe the total consequence of plant hydrodynamics over a 
large-scale plot; sap flux and tree storage observations provide an observation of hydrodynamic consequences at the 
individual-tree scale; while direct observations of xylem and stomata traits provide information in the tissue level 
that does not directly integrate to the whole-tree level. 

Approach – Model-Based Trait Definition  

We propose a set of virtual experiments using FETCH2 [1, 2] – a tree-level hydrodynamic model – to determine the 
role of different hydraulic trait combinations that govern trees’ vulnerability to limitations in soil water availability. 
We use a quantitative hydrodynamic modeling framework [3], which permits analysis of the influence of each suite 
of plant hydraulic traits independently, and assesses how the different trait groups interact with each other to form 
viable hydraulic strategies in response to reduced soil moisture availability.  

FETCH2 simulates the integrated plant-level transpiration and water capacitance, provided hydraulic traits and 
environmental forcing. The simulations are structured so that they integrate to the plot level and could be directly 
evaluated with both tree-level sap and storage measurements, and plot-level eddy-covariance measurements of 
transpiration. We define a multi-dimensional hydraulic virtual “trait space” by considering a broad continuum of 
hydraulic traits at each of the leaf (Figure 1), stem, and root levels. We test the consequences of different strategies 
under a range of environmental conditions based on observations in a research forest in Northern Michigan, USA – 
the University of Michigan Biological Station Ameriflux plot (US-UMB). US-UMB has a long history of eddy 
covariance, radiation and meteorological observations (18 years), soil moisture observations at multiple depths and 
locations (9 years). For the past 6 years we have been monitoring sap-flow at a large number of trees that allow 
scaling tree-level sap-flow to plot-level transpiration [4, 5]. Recently, we developed and installed FDR-based 
capacitance sensors to continuously monitor the stem water storage [6]. 

We evaluate the degree to which simulated trees suffer hydraulic failure due to cavitation, resulting in loss of xylem 
conductivity, or carbon starvation, and measure the resulting xylem safety margin for each combination in the trait 
space. We demonstrate that only some regions in the multidimensional trait-space lead to viable consequences, 
indicating coordination between traits into distinct whole-tree hydraulic strategies. We demonstrate how the 
relationship between plant behavior at the iso/anisohydric continuum and hydraulic safety margin, which has been 
previously hypothesized and observed by others, emerges from this trait coordination and their tree-level outcomes. 
Finally, our results suggest that hydrodynamic models represent an exciting new possibility to define and study plant 
traits and hydrodynamics. 



 

Figure 1. Sensitivity analysis of the stomatal response curve describing leaf vulnerability to stem water potential. 
This curve is defined by the formulation: ( ) ( )( ) 
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transpiration (at canopy height, z, and time, t), NHL is the potential evaporative demand, referred to as Non-
Hydrodynamically Limited transpiration, Φ is xylem water potential and c3 and Ф50,stomata are two model-defined 

traits of stomata, describing the slope of stomata closure with response to decrease in xylem water potential, and the 
water potential at which stomata are 50% closed (respectively).  In this plot, c3 was allowed to vary between 1 and 

10 (within each of the colored curve bundles, solid black line marks c3 = 3) and Ф50,stomata was allowed to vary 
between 0.5 and 8 MPa (among the different colored curve bundles, light yellow for Ф50,stomata=-0.5 MPa gradually 
changing to dark blue for Ф50,stomata=-8 MPa). For water potentials larger than Ф50,stomata, larger c3 will lead to higher 

conductivity. For water potentials smaller than Ф50,stomata, smaller c3 leads to higher conductivity.  

Results  

Our framework predicted that a more risk-prone leaf strategy combined with a risk-adverse xylem trait may expose 
plants to the risk of hydraulic failure due to declining Фstem during periods of low soil moisture and high VPD. 
However, if this strategy is coupled with deep roots, the plant is less likely to experience water stress even during 
periods of low soil water availability and high evaporative demand. Alternatively, a risk-averse leaf strategy coupled 
with shallow roots may increase the risk of carbon-starvation, specifically under extended periods of drought. This 
illustrates the importance of considering coordination between stomatal, xylem, and rooting traits in analysis of tree 
response to environmental conditions. 
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