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Abstract: 

 
The invasive emerald ash borer (Agrilus planipennis) poses an immediate threat to black ash 
(Fraxinus nigra) wetland forests across the U.S. Black ash is an important mediator of 
hydrological dynamics in such systems – they serve to lower the water table and prevent 
transition to cattail-dominated wetlands. Given their unique ecohydrological niche, black ash 
mortality via emerald ash borer stands to disrupt the hydrologic processes of these wetlands. 
This study aims to provide transpiration data on tree species that may potentially replace black 
ash to mitigate changes in the hydrology of these sites. This study employs Granier (1985) style 
thermal dissipation probes to measure sap flux density as it relates to transpiration. 
Transpiration was measured on black ash and several co-occurring tree species during the 
growing season. We found that black ash had sap flux rates similar to several other trees but, 
depending on the method used to calculate sap flux from raw data, the black ash transpiration 
may actually be much higher. The results from this study demonstrate the potential impact on 
hydrology from the loss of black ash but also the need for more intensive comparisons between 
black ash and potential replacement trees.  



Introduction 
 
The emerald ash borer (Agrilus Planipennis) is an invasive insect native to northeastern Asia. 
First detected in Michigan in 2002, it has rapidly spread outward and reached Minnesota in 
2009. The emerald ash borer is a phloem-feeding parasite that seeks ash trees and effectively 
girdles them, thereby killing the tree in the process. The insect has already caused extensive 
damage and remains a threat to all ash trees in North America with an estimated $10.7 billion 
in associated costs (Kovacs et al. 2010). The emerald ash borer poses an added risk to 
Minnesota due to the common occurrence of black ash (Fraxinus Nigra) dominated stands 
within poorly drained wetland areas. The loss of black ash in these stands would cause 
significant changes that compromise the utility of these landscapes. The effect on hydrology is 
expected to be one of the most significant changes from the loss of black ash, as experiments 
have shown that the removal of black ash causes an increase in soil water levels (Kolka et. al, 
2018). This change may limit the growth of other tree species, generating an even greater 
change in vegetation composition of these systems. A possible solution to rising water levels is 
to plant trees with transpiration rates similar to black ash that would maintain the hydrologic 
function of the affected watersheds. The goal of this study was to provide information on trees 
that could potentially be planted in place of black ash to avoid significant changes in the 
hydrology of these landscapes.  

To determine suitable replacement trees, this study focused on a comparison of sap flux 
density rates between black ash and several co-occurring tree species. Sap flux can be 
converted to volumetric sap flow rates per area of conductive sapwood, which directly relates 
to tree transpiration. These measurements were performed using Granier (1985) style thermal 
dissipation probes. These sensors operate by recording voltage differentials between paired 
probes that is related to sap flux density using an empirically derived equation from Granier 
(1985). This equation was derived for diffuse-porous trees and, due to structural differences 
between these and ring-porous trees such as black ash, its validity for use with ring-porous 
trees has been challenged and remains questionable. Due to these concerns, an alternate 
equation and correction for black ash are explored and compared with the results from the 
Granier (1985) equation. Overall, the goal of this study was to provide information on sap flux 
rates in various potential replacement trees, to compare these results, and to explore the 
implications of our findings. 
 
 

Methods 
Site Description 
 
This study was performed in Cloquet, MN on the Fond du Lac reservation beginning July 9th, 
2018. A single site was selected in a black ash dominated stand on a wetland area. At this site, 
ten trees were fitted with thermal dissipation probes. Tree species monitored include two black 
ash (Fraxinus nigra), two red maple (Acer rubrum), two paper birch (Betula papyrifera), two 



mountain ash (Sorbus americana), one balsam fir (Abies balsamea), and one mountain maple 
(Acer spicatum).  
 

Instruments and Installation 
 
Thermal dissipation probes were built following the Granier (1985) method and using the 
construction method set by Lu et al. (2004). The probes were adapted from these methods so 
that they were installed 7 cm apart and supplied with .05 W of power. 
 
Each tree was characterized and fitted with a thermal dissipation probe on the northeast side of 
the tree, with an additional probe facing southeast if the tree diameter at breast height (DBH) 
was greater than 10 cm. Holes were drilled into the trees that were approximately the same 
width and length as the probes. The holes were vertically separated by 7 cm. Probes were 
dipped in a thermal conductivity paste and inserted into the holes. The probes were then 
insulated with Styrofoam and wrapped in reflective insulation.  
 
Data from the probes were transmitted to a multiplexer (Campbell Scientific AM 16/32) and 
subsequently to a datalogger (Campbell Scientific CR1000X). Data were collected at one-minute 
intervals, with the average value over 15 minutes recorded by the datalogger.  
 
Sapwood Area 
 
Sap-flux data were scaled to whole-tree water use using sapwood area. Sapwood area was 
estimated using empirical formulas derived by Gebauer (Gebauer et al. 2008). Gebauer 
measured a variety of diffuse porous trees and created the following formula to correlate DBH 
to sapwood area. This equation was used to determine sapwood area in all trees except black 
ash for this study: 
 

AS = 1.151·DBH1.801                                                                      (1) 
 

where AS is the sapwood area (cm2) 
 

A second formula was derived by correlating DBH to sapwood area in European ash (Fraxinus 
excelsior). Ring porous trees such as black ash require a different equation to determine 
sapwood area because sap flow is confined to the outermost annual growth rings in these trees 
(Gebauer et al. 2008). This equation was used to determine sapwood area in the black ash 
trees. 
 

AS = .013·DBH2.671801                                                                   (2) 
 

 
 
 



Data analysis 
 
Raw data provided by the sensors was processed using Baseliner (Version4; Oishi, 2016). This 
software determines K (defined below) given raw voltage data from the sensors. 
 
Sap flux densities for the diffuse porous trees (all species excluding black ash) was determined 
using the equation defined by Granier (1987): 
 
 Fd = 118.9·10-6 K1.231                     (3) 
 
 where Fd is sap flux density (m3 m-2 s-1) and K is: 
 
 𝐾𝐾 =  ∆𝑇𝑇𝑀𝑀−∆𝑇𝑇

∆𝑇𝑇
                                                                                                                                   (4) 

 
 
where ΔTM is the temperature difference between the two probes at a time of no sap flow 
(usually in the evening) and ΔT is the temperature difference at any given moment. 

 
Sap flux density for black ash was calculated using the following equation derived by calibration 
with European ash:  

 
 Fd = 2.023·10-3·K2 + 4.28·10-4·K                                                                                                    (5) 

 
 where Fd and K are the same as above (Herbst et al. 2007). 
 
Once sap flux density was found using equations 3 or 5, daily sap flux density was calculated by 
finding the average sap flux density in m3 m-2 s-1 and multiplying by 86,400 to convert seconds 
into days. Daily sap flow was also determined by multiplying daily sap flux density by the 
sapwood area determined using equations 1 or 2. 
 
Corrections 
 

The anatomical structure of ring porous trees such as black ash is different from that of diffuse 
porous trees. Sapwood depth tends to be shallower in ring porous trees than diffuse porous 
trees. Because of this, it was determined that the sap flux probe length was greater than the 
sapwood depth in the black ash trees, with partial insertion into the non-water transporting 
heartwood. To compensate for a potential underestimation of daily sap flow, the following 
correction set forth by Clearwater et al. (1999) was used: 

 ∆𝑇𝑇𝑆𝑆𝑆𝑆 =  ∆𝑇𝑇−𝑏𝑏∆𝑇𝑇𝑚𝑚
𝑎𝑎

                                                                                                       (6) 



where a is the proportion of the probe in sapwood and b is the proportion in heartwood or 
inactive xylem while ∆𝑇𝑇𝑆𝑆𝑆𝑆 is the corrected sapwood temperature difference between the two 
probes. 
 

Statistical Analysis 

Mean daily sap flux was determined for each species by averaging values in each sensor when a 
tree had two sensors. Values were averaged across trees when more than one was studied in a 
species. Daily maximum sap flux (Figure 1) was determined by averaging the maximum value 
from a day in each sensor and in each tree for a species. Maximum daily flux was determined as 
the maximum value in any tree of a species averaged between the sensors in that tree (Table 
1). T-tests were performed to determine significance in data. 

 

Results 
 
Sap Flux Density 

Sap flux density using the Granier (1987) equation ranged from 1.02 m3 m-2 day-1 in balsam fir to 
1.72 m3 m-2 day-1 in mountain maple (Table 1). Black ash was slightly above average at 1.51 m3 m-

2 day-1  (α = .05). The corrections proposed by Herbst and Clearwater (Herbst et al. 2007; Clearwater 
et al. 1999) when used with black ash caused significant increases in mean sap flux density that 
ranged over large values. Maximum flux in a day values were significantly larger than mean sap 
flux density values and generally corresponded with them as well. 

 
 

Table 1. Mean sap flux density and maximum flux in a day for each species using the Granier (1987) 
equation and various methods for black ash (Herbst et al. 2007; Clearwater et al. 1999).  

 
Species n Mean Sap Flux Density 

m3 m-2 day-1 (S.D.) 
Maximum Flux in a Day 
m3 m-2 day-1 

Red Maple 2 1.21 (.26) 1.80 
Paper Birch 2 1.40 (.28) 2.15 
Mountain Ash 1 1.66 (.27) 2.00 
Balsam Fir 1 1.02 (.41) 1.60 
Mountain Maple 1 1.72 (.44) 2.74 
Black Ash (Granier) 2 1.51 (.24) 2.00 
Black Ash (Granier + 
Clearwater correction) 

1 8.19 (1.70) 11.26 

Black Ash (Herbst) 2 14.97 (3.20) 24.43 
Black Ash (Herbst + 
Clearwater correction) 

1 214.41 (68.77) 345.53 

 



Daily maximum sap flux values for each species varied over a range near an order of magnitude 
(Figure 1). Within each species, there was also significant day to day variation. These day to day 
variations were generally consistent in direction between species. Daily maximum sap flux 
values were similar in relative magnitude to mean sap flux density values for each species 
except for black ash which has slightly higher mean sap flux density values (α = .05) but low 
daily maximum sap flux values (α = .05). 

 

 
 

Figure 1. Daily maximum sap flux values for each species as determined by the Granier (1987) equation.  
 
 

Discussion 
 

After analysis of the data, several differences between species were found. Balsam fir had 
lower mean sap flux density values as expected for a conifer. Mountain maple had the highest 
mean sap flux density values., which may be due to the individual tree as opposed to species 
characteristics. The instrumented mountain maple was small and had a DBH of 5.8 cm which is 
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less than a typical full-grown mountain maple. Arkley (1963) demonstrated a significant positive 
correlation between plant growth rates and transpiration that may explain the high sap flux 
density values in mountain maple. Red maple had the lowest mean sap flux density of the 
deciduous trees. Paper birch, mountain ash, and black ash (using the Granier equation) all had 
relatively moderate mean sap flux densities.  

Daily maximum sap flux values exhibit some noteworthy patterns (Figure 1). First, it is apparent 
that changes in daily values are generally similar in direction between species suggesting similar 
transpiration response to environmental conditions. Second, it is apparent that daily changes in 
other species are generally greater than in black ash. Black ash typically had low daily maximum 
sap flux values. Near the beginning and end of the data collection period, the other species are 
rising or declining in value at a rate greater than black ash. We even see paper birch with a 
lower value at the beginning of black ash data collection. If these data were to be extrapolated, 
it may become apparent that black ash has higher daily maximum sap flux density values than 
the other species during periods of generally low sap flux. This would align with results found 
by Shannon (2018) who found significant increases in black ash mean sap flux with decreasing 
water levels relative to red maple and yellow birch (Betula Alleghaniensis) Additionally, relative 
mean sap flux density does not always correlate with relative daily maximum sap flux. This is 
seen in red maple which has a relatively lower mean sap flux density but moderate maximum 
sap flux values, while black ash shows relatively higher mean sap flux density and lower daily 
maximum sap flux values. These relationships highlight the unique characteristics of sap flux in 
black ash. 

Several studies have shown that the Granier (1987) equation dramatically underestimates 
transpiration in ring-porous trees by possibly two or three orders of magnitude (Herbst et al. 
2007; Bush et al. 2010; Taneda and Sperry, 2008). Many corrections to the Granier (1987) 
equation have been proposed with varying degrees of modification. This study explored the use 
of the equation set forth by Herbst et al. (2007) and the correction by Clearwater et al. (1999) 
which is meant to correct for sap flux probes which are not in full contact with conducting 
sapwood tissue, thereby underestimating sap flux. These two corrections were only applicable 
to the black ash trees in this study and, as such, were tried in different combinations yielding 
significant increases in sap flux value over a large range (Table 1). The sap flux value obtained 
when using both the Herbst et al. (2007) equation and the Clearwater et al. (1999) correction 
together was unreasonably large and was ignored, but the values obtained from each 
separately are reasonable but still greatly exceed values from the other tree species. Results 
from other studies that used the Herbst et al. (2007) equation have mixed results. Telander et 
al. (2015) found that the results from the equation when scaled to the stand level far exceeded 
potential evapotranspiration, while Shannon et al. (2018) did not make note of any issues with 
the equation. In this study, we recognize that the Granier (1987) equation is likely significantly 
underestimating sap flux values in black ash but that the Herbst et al. (2007) equation is not a 
very reliable indicator of sap flux either. We can suggest that from these findings, sap flux in 
black ash is likely to be greater than that of other tree species analyzed but that it is difficult to 
quantify how much greater it is due to the nature of the methods and equations used. Last, it 
should be noted that sapwood area in a ring-porous tree is generally several times less than 



that of a diffuse porous tree of comparable diameter (Gebauer et al. 2008). This means that the 
factor of ten difference in mean sap flux density between the Herbst et al. (2007) and Granier 
(1987) equations for black ash may only relate to a factor of difference of two or three when 
compared at the tree level. 
 

Conclusion 
 

This study highlights the similarities and differences in transpiration between black ash and 
other co-occurring species in black ash dominated stands. Of the diffuse porous trees, red 
maple, paper birch, and mountain ash all had similar levels of mean and max sap flux levels. 
Mountain maple had higher mean sap flux, but this may be due to the specimen’s growth. Black 
ash either had average or very high mean and max sap flux levels depending on the equation 
and corrections applied to it. Daily maximum sap flux levels showed that black ash was just 
below red maple, paper birch, and mountain ash but we suspect that under certain periods 
when water may be more limited that black ash may maintain its sap flux levels while other 
species decline below black ash levels. 

The way in which thermal dissipation probes operate and measure sap flux makes it difficult to 
compare the results obtained from them between ring and diffuse-porous trees. Several other 
studies have proposed equations for ring-porous trees that do not severely underestimate sap 
flux but have had only varying degrees of success in later studies. Given these findings, we 
reason that black ash sap flux is likely greater than the levels calculated using the Granier 
(1987) equation, but that it is difficult to say how much so without relying on equations shown 
to be flawed. These findings highlight the unique hydrologic role of black ash but also the 
difficulty therein of quantifying its role. Given this role, the loss of black ash is expected to have 
significant effects on the hydrology of black ash dominated stands and the utility in which these 
wetlands provide. Therefore, it is suggested that continued research be done on more suitable 
methods for quantifying transpiration in black ash so that it may be more precisely compared 
with transpiration in other species. Only with precise comparisons may precise 
recommendations be given for the replacement of black ash trees following their anticipated 
loss due to the emerald ash borer. 
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