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Abstract

:

Evapotranspiration (ET) is a key moisture flux in both the urban stormwater management and the urban energy budgets. While there are established methods for estimating ET for agricultural crops, relatively little is known about ET rates associated with plants in urban Green Infrastructure settings. The aim of this study was to evaluate the feasibility of using porometry to estimate ET rates. Porometry provides an instantaneous measurement of leaf stomatal conductance. There are two challenges when estimating ET from porometry: converting from leaf stomatal conductance to leaf ET and scaling from leaf ET to canopy ET. Novel approaches to both challenges are proposed here. ET was measured from three commonly occurring urban plant species (Sedum spectabile, Bergenia cordifolia and Primula vulgaris) using a direct mass loss method. This data was used to evaluate the estimates made from porometry in a preliminary study (Sheffield, UK). The Porometry data captured expected trends in ET, with clear differences between the plant species and the reproducible decreasing rates of ET in response to reductions in soil moisture content.
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1. Introduction


Cities are dominated by impervious surfaces, which lead to high volumes and rates of surface water flow following rainfall [1]. Stormwater runoff contributes to urban flooding and poor urban water quality [2]. At the same time, hard impervious surfaces (often dark in colour) and a lack of moisture (because of reduced vegetation coverage) also contribute to the Urban Heat Island (UHI) [3] associated with tall buildings and their reflective surfaces trapping incoming solar radiation. The UHI creates an added perturbation alongside global warming [3].



Internationally it is now recognised that urban resilience to climate change can be supported by the adoption of stormwater management techniques that aim to mimic the natural hydrological cycle, often using vegetated systems designed to encourage evapotranspiration. Within England, these approaches are referred to as Sustainable Drainage Systems (SuDS) [2]. SuDS are designed to efficiently manage the drainage of surface water in the urban environment by infiltrating, storing or re-using it at source. Examples include vegetated devices such as green roofs, rain gardens, swales and street trees [4]. Implementing SuDS enhances evapotranspiration (ET) within the urban hydrological cycle. This leads to a reduction in the volumes/rates of surface water flow and to a mitigation of urban heat stress through the absorption of incoming radiation by green surfaces [5,6].



ET is defined as water transpiring through pores and evaporating from the surfaces of green foliage, vegetation, growing plants and planting media surfaces (where there is not 100% coverage) [7]. Green surfaces intercept and retain rainfall, subsequently releasing water back into the atmosphere before it has a chance to enter drainage networks. ET restores the stormwater retention capacity of a city. In the process, it also uses incoming solar radiation to produce a latent heat flux (during evapotranspiration), thereby reducing temperature in the urban area [8].



For local authorities to implement SuDS and Green Infrastructure (GI) on a large scale, evidence that they will perform effectively is required. Stormwater engineers typically utilise hydrological/hydraulic models to estimate the impact that specific design interventions will have on downstream flood risk and on receiving water quality. Such models therefore need to properly capture all relevant hydrological processes. The amount of surface runoff generated by a rainfall event is dependent on the retention capacity of a SuDS device. Retention capacity (or initial losses) depends on moisture levels within the substrate, which are controlled by ET rates during the antecedent dry period [9]. In the context of green roof hydrological modelling, for example, Stovin et al. [10] proposed an approach to modelling ET as part of a validated rainfall-runoff model. Their work showed that ET can account for up to 50% of the annual water budget for a green roof. Stovin et al. [10] and Berretta et al. [11] both found that moisture loss rates (from GI) due to ET have an exponential decay in dry periods.



While there are established methods for estimating ET for agricultural crops [12], relatively little is known about ET rates associated with plants in urban Green Infrastructure settings. Compared with green roofs, many SuDS (e.g., roadside bioretention cells) incorporate trees and larger plants, for which ET estimates are not available. Attempts to quantify ET to date have focused on invasive, infrastructure heavy techniques, such as lysimetry and chamber methods [13]. Lysimetry is a water balance approach, in which incoming and outgoing moisture flows from a sample volume are monitored to estimate ET. Chamber methods enclose vegetation in a temporary environment to monitor changes in the local humidity due to ET [14]. These techniques provide useful data in controlled research experiments but cannot readily be transferred to field measurements in urban Green Infrastructure settings. Data are required from real field settings to understand how different plant assemblages and urban microclimates affect ET rates.



Shuttleworth [15,16] provides a comprehensive list of possible ET measurement methods. Of these methods, porometry appears to be potentially applicable in this context. Porometry is a characterisation technique based on the diffusion of water from leaf stomata. The technique measures leaf stomatal conductance through changes in humidity caused by a displacement of water from inside the stomatal cavity [17]. Stomatal conductance is defined as the rate of water vapour exiting the stomata (stomata are small pores or openings that are apparent on plants) [18]. It is an inherent physical property of a plant, providing an indication of the degree of the stomatal opening of a leaf. However, leaf stomatal conductance is not enough to make an estimation of ET; it does not provide specific information about the quantity of water leaving the stomata. The authors have been unable to find any published work that has used data directly from porometry to estimate ET. There are two challenges when estimating ET from porometry: converting from leaf stomatal conductance to leaf ET and scaling from leaf ET to canopy ET. Spinelli et al. [19] and Zhao et al. [20] have both provided relationships linking ET to canopy-scale stomatal resistance (the inverse of stomatal conductance). Spinelli et al. [19] also outlined a method to convert leaf stomatal resistance to canopy stomatal resistance, based on whether leaves were sunlight exposed or shaded.



The research aim is to investigate the feasibility of using Porometry to estimate ET from commonly occurring urban plants. There are two key research objectives: a method to transfer between the measurements of leaf stomatal conductance to leaf ET and the scaling of leaf ET to canopy ET.




2. Materials and Methods


2.1. Materials and Location


This experiment aimed to estimate ET from three commonly occurring urban plant species that would be found in green infrastructure such as green roofs and rain gardens. The experiment took place in the suburban garden environment setting of Crookes, North West Sheffield, UK (53.3860, −1.5046) at an altitude of 208 m. The experiment took place outdoors so that a natural relationship between plant ET and the local microclimate could be explored. The three plants chosen for this investigation were: Sedum spectabile, Bergenia cordfolia and Primula vulgaris (Figure 1). These plants were chosen because they are often found in urban landscape planting, including SuDS/Green Infrastructure, and because they were expected to demonstrate contrasting rates of ET (Table 1).




2.2. Obtaining ET from Mass Losses


Measurements of ET rates from each potted plant based on mass losses serve as a reference for the estimations of ET made via porometry from the same plants. The potted plant was considered a closed system in which mass losses are only a result of ET and mass gains only arise from controlled irrigation. Plant pots were brought indoors on rainy days to avoid unknown inputs of moisture. Changes in plant biomass can also affect system mass; regular photos were taken to account for this. Over a defined period, ET losses from a plant/soil system can be defined as the difference between incoming precipitation, P and irrigation, I and outgoing runoff, R and change in soil moisture content, ∆S over that time, as shown in Equation (1) [21].


  E T = P + I − R − Δ S  



(1)







The experiment ran over a 3-day period from 16–18 June 2020. A 3-day period was chosen to provide an opportunity to observe actual ET rates decay exponentially in response to reduced soil moisture content, whilst not allowing for the growing media to reach its Permanent Wilting Point (PWP).



At the start of each measurement period, each plant’s soil moisture content was at, or close to, its field capacity (θfc). Field capacity defines the condition when the soil can hold no more moisture under gravity after excess water has been drained from the macro-pores, i.e., not held in place by capillary action or hydrostatic forces. Each plant pot was placed in a bucket and irrigated by slowly filling the bucket with water up to the lip of the plant pot. This was done to bring the soil to saturation. After irrigation, the pots were placed on a drainage board over a collection vessel and allowed to drain for up to 2 h. The collection vessel was used to record the volume of water that had drained through the soil. The volume of drainage was recorded at 10-min intervals. When the collection vessel had recorded no change in drained water for 30 min, the plant pots were assumed to have reached field capacity and were placed on a balance and their mass recorded. It is not essential to be exactly at field capacity, but this method ensures that the plants will be close to θfc and therefore provides information about plant ET in plentiful moisture conditions. The method adopted here is comparable with the standard method recommended by the FLL for determining the maximum moisture holding capacity (field capacity) in green roof substrates [22]. In the subsequent days after irrigation, it may also be possible to observe ET effects in moderately moisture stressed conditions.



The irrigation process was completed by 10:00 a.m. on the first day of investigation. The mass of each plant pot was then recorded at 10:00 a.m., 1:00 p.m., 4:00 p.m. and 7:00 p.m. on that day and each subsequent day for three days. This allowed ET rates to be evaluated for three, 3-h periods each day. The mass changes in grams were converted into a volume in millilitres by assuming that the density of water is 1000 kg·m−3. Volumes were converted into depths of moisture change due to ET, in mm, by assuming that the mass loss occurred over the complete canopy one-sided leaf surface area of each plant. The recorded 3-h ET rate was divided by three to give an ET rate in mm·h−1.



The leaf canopy surface area of each plant was calculated using five representative leaves (from each plant) to find average leaf widths/lengths. The width and length of each representative leaf was measured and used to find an average leaf width/length for each plant. Assuming each leaf was rectangular, an assumed typical leaf area for each plant was calculated. The typical leaf area was multiplied by the number of leaves in each canopy to find the complete leaf surface area of each plant. The calculated total leaf surface areas for the S. spectabile, B. cordfolia and P. vulgaris species were 0.0546 m2, 0.0448 m2 and 0.0756 m2, respectively.




2.3. Using Porometry to Obtain Canopy Stomatal Conductance and ET


2.3.1. The Porometer


An AP4-Porometer (Delta-T Devices, Cambridge, UK) was used to obtain ET rates from the three plant pots. Porometry is a hands-on technique that uses a porometer to directly measure gaseous mass transfer through a plant’s stomata. It does this by recording stomatal conductance or resistance through the leaf of a plant [23]. All plants produce most of their transpiration from leaves, and this is why the measurements are concentrated here [18]. The porometer is a compact handheld device. The porometer creates a temporary chamber environment enclosing part of a leaf. The device measures the time elapsed for a section of the leaf to release a sufficient amount of water vapour to change the relative humidity inside the chamber by a fixed amount [18]. This value is directly compared to a prepared calibration plate of known resistance/conductance.



When the chamber’s relative humidity increases to a system-defined set point, dry air is pumped into and circulated within the chamber. The porometer records the time to produce the change in relative humidity, and measurements are repeated until a constant time elapsed for the same relative humidity rise is established [24]. This provides the basis of the stomatal conductance or resistance measurements, which are computed by the device in units of m·s−1 or s·m−1, respectively.



Once a dataset of leaf stomatal conductance has been recorded, the results are used to calculate representative ET rates. This is done using a method to scale measurements from the single-leaf to canopy level in combination with climatic measurements.




2.3.2. Calculating Single Leaf ET


ET is typically estimated on the scale of a vegetated canopy or larger. Attempting to quantify ET on the leaf scale is not an approach typically found in the literature. The studies highlighted in the introduction [19,20] explored ET on vegetated canopies, tens of metres in size. This study attempts to quantify ET in a novel way by quantifying the physiological properties on the leaf scale and working upwards to a complete definition of the canopy.



ET is a result of a close relationship between the physiological properties of a plant (the size and diffusivity of stomata) and the local micrometeorological properties. To use porometry to estimate ET, local estimations of leaf temperature, air temperature, relative humidity and wind speed are required. ET is the diffusion of water vapour between two mediums, from within the stomata to the immediate local air layer [25]. Fick’s law of diffusion states that the rate of diffusion is dependent on the gradient of concentration between the two mediums [26]. The local climate measurements are used to estimate a difference in water vapour concentration between inside the stomata and the adjacent air layer [27]. ET [m·s−1] is calculated via a difference in water vapour concentrations (Equation (2)).


  E T =    g s   g a     g s  +  g a     (   C s  −  C a   )   



(2)




where gs [m·s−1] describes leaf stomatal conductance measured using the porometer, ga [m·s−1] is the air boundary layer conductance and Cs [%] and Ca [%] are the concentration of water vapour within the stomata and air layer, respectively. gs and ga describe the resistance to movement experienced by water vapour molecules from inside the leaf to the bulk air. ga is a function of wind speed, u [m·s−1] and the characteristic dimension of leaf width, d [m], as shown in Equation (3) [26].


   g a  = 0.135    u  0.72 d      



(3)







The concentration of water vapour is a function of the saturation vapour pressure at local temperature, es(T) [Pa], and air pressure, P [Pa]. Air pressure can be found as a function of local altitude [26]. For concentration at the stomata level, leaf temperature, TL [°C], is used, and for within the boundary layer, air temperature, Ta [°C], is used. The concentration of water vapour in the air boundary layer is also a function of the local relative humidity, hr [%]. Concentration calculations are described by Equations (4)–(6) [26].


   C s  =    e s   (   T L   )     P     



(4)






   C a  =    e s   (   T a   )   h r   P     



(5)






   e s   ( T )  = 0.611   e x p  (    17.5   T   240.97 + T    )   



(6)







The specific formulation of saturation vapour pressure outlined in Equation (6) was chosen, as it describes vapour pressure resulting from changes in state (liquid to gas from inside to outside the leaf).



Data on leaf stomatal conductance and leaf temperature were obtained directly from the porometer. This investigation was completed as a home study during a National UK lockdown for the COVID-19 pandemic, and on-site climate measurements were not possible due restricted equipment access. The air temperature, relative humidity and wind speed data were provided by a nearby weather station as part of the Urban Flows Observatory network [28], situated 269 m away from, and at an elevated height of 15 m above, the test site. The conditions measured by the weather station were assumed equal to those at the test site during the investigation. The climate data were only available at an hourly temporal resolution, so values were assumed constant for each stomatal measurement in a single hourly period. This approach might not capture the changing interactions that are occurring temporally across the entire canopy surface between each leaf/stomatal cavity and the immediate air layer.




2.3.3. Scaling Single Leaf ET to Canopy ET


The process of converting single leaf ET to pot ET does not follow a standardised method. The objective is to use an appropriate method to obtain a mean value of leaf ET, weighted by a Leaf Area Index (LAI). LAI is a non-dimensional representation of the total one-sided area of leaf tissue per unit ground area of a vegetated canopy [29]. In making the transition to pot level ET, ET from different types of leaves was considered. These were grouped into ET from sunlight exposed leaves, shaded leaves, young leaves, old leaves, middle aged leaves and ET from the upper and lower surfaces of leaves. Based on the scaling methods identified in the literature [30,31,32], Equation (7) describes an original approach to scale between the leaf and canopy level. This builds on the work of Spinelli et al. [19], where leaves were only categorised by sun or shade. Investigations with the porometer have shown that leaf properties differ depending on their age and from which side of the leaf they transpire. These variables have been accounted for in this proposed formulation for canopy ET.


  E  T  c a n o p y   =   ∑  i  a l l   l e a f   t y p e s   L A  I i     (      E T  ¯     u i    +     E T  ¯     l i     )     



(7)







In Equation (7), canopy ET is found by summing the LAI of each leaf type multiplied by the sum of the average ET from the upper,       E T  ¯     u i     , and lower,       E T  ¯     l i     , leaf surfaces (again, for each leaf type). The sum over i leaf types considers six different groups: sunlight exposed leaves that are young, middle-aged or old and shaded leaves that are young, middle-aged or old. During this investigation, no part of any plant pot was in the shade in any measurement session. Therefore, only the first three terms (sunlight exposed) were relevant in the analysis. The three shaded terms will be important for future studies on a larger vegetated canopy.



The leaf area index for each group was found using a ratio between the leaf surface area of each type (young, old and middle aged) and the pot surface area. Counting the number of leaves in each group by eye, the fraction of surface area for each leaf type was found from the calculations of the total leaf surface area described in the mass-loss method calculations in Section 2.1. The one-sided surface area of each leaf type (from each plant) was then divided by the relevant pot surface area to find the leaf area index values presented in Table 2.



The start of each porometer measurement session coincided with the mass measurement of each plant pot. Each stomatal measurement session took place between 10:00–11:00 a.m., 1:00–2:00 p.m. and 4:00–5:00 p.m. (each day). This gives the pot level canopy ET at these hourly periods. The mass loss method provided the ET rates from each plant for 3-h periods between 10:00 a.m.–1:00 p.m., 1:00–4:00 p.m. and 4:00–7:00 p.m. ET rates are expected to vary during the day. These three time periods were chosen to discern whether porometry could capture this daily variation.






3. Results and Discussion


3.1. Comparison of Estimated ET between Porometric and Mass-Loss Measurements


The porometer recorded values of leaf stomatal resistance, rs [s·m−1]; this is the inverse of leaf stomatal conductance, gs [33].


   r s  =  1   g s     



(8)







The single leaf stomatal conductance data from each of the three plants from the porometer are shown in Figure 2. Eight leaves from each plant were used to sample representative stomatal resistance: four middle-aged leaves, two young leaves and two old leaves. Four middle-aged leaves were used in the sample (compared with two young and old leaves), as each plant canopy was dominated by this leaf type. A larger sample of middle-aged leaves provides a better representation of the canopy. One measurement of the stomatal resistance from each leaf was taken in each session.



Old-aged leaves recorded stomatal resistance values higher than middle-aged and young leaves. This implies that, comparatively, old-aged leaves do not significantly contribute towards canopy ET rates. The sampled data suggest that young leaves have similar rates of stomatal resistance to middle-aged leaves.



Figure 2 shows the S. spectabile leaves to have highest stomatal resistance and P. vulgaris leaves the lowest. There is greater restriction to water flow out of leaf stomata with greater resistance. Therefore, expected lower rates of ET (and vice versa) were demonstrated via Equation (2). A high rs describes a low concentration of water vapour within the stomatal cavity. Sedum spectabile leaves are shown to have high rs, which is also shown in the literature [34].



Figure 3 presents the hourly air and leaf temperature data, while Figure 4 presents the windspeed and relative humidity. The data in Figure 2, Figure 3 and Figure 4 were used to estimate single leaf ET in each measurement session, with Equations (2)–(6); the results are shown in Figure 5.



The data in Figure 5 corroborate the resistance data in Figure 2; S. spectabile has the lowest ET rates. The single leaf ET data also highlight a degree of regular diurnal variation over the 3-day period, peaking at 1:00–2:00 pm, which is to be expected. There is a noticeable increase in ET rates on day three compared with day two; this could be a result of an increase in temperatures (see Figure 3).



Canopy ET (pot level) was calculated for each hour using the model described in Equation (7). Nine values of canopy ET (three each day for three days) were calculated for each plant. The estimates found using the mass loss method are compared with the ET results from porometry in Figure 6. The comparisons are very encouraging; the basic physiological processes of a plant system undergoing losses via ET are highlighted in the data. Similar trends and variations over the 3-day period are observed, and it is encouraging to find that porometry can distinguish ET rates between different plants, confirming that S. spectabile plants have the lowest ET rates, with P. vulgaris having the highest.



It would be expected to find the highest ET levels in the middle of the day when there is greater exposure to the sun’s solar radiation [35]. This is only evident in the porometry data for S. spectabile. The results in Figure 6 are scattered with respect to time of day. This is not surprising for three days of data, as the interacting effects of temperature, radiation, wind and humidity could be very different with time. A larger dataset in a further study will be required to confirm these diurnal trends from all plants.



Figure 6 shows that porometry typically overestimates ET compared to the reference mass loss data. The average percentage difference is 43.3% (considering all three plants). There is scope for further work based on these initial findings. The methodology is able to capture some of the underpinning processes, even though many assumptions have been used.



In Figure 6, when both methods show similar results in a particular measurement session, this occurs for all plants. When results from both methods diverge in a particular session, they seem to diverge for all plants; this divergence could pertain to another consistent factor affecting the plant systems.



Figure 7 provides a direct comparison between the porometric estimates of ET and the baseline mass loss data. Sedum spectabile and B. cordfolia suggest a closer relationship between both sets of data than P. vulgaris. Sedum spectabile shows the strongest relationship between both sets of data; the line of best fit (lobf) almost extrapolates to the origin. The reason for this may be due to S. spectabile’s low ET rates in comparison to those of P. vulgaris. The level of scatter in the plots also highlights the variability in the data and provides reason for further study.




3.2. Uncertainty in Analysis


Understanding where the uncertainty lies requires consideration of the relationship between boundary/stomatal conductance, climatic factors and the resulting impact on ET.



One source of uncertainty is that exact measurements of the local climatic conditions (where the system is placed) have not been used. This does not take into account the effects of local microclimate. The yard space where this experiment took place is sheltered by tall buildings. Therefore, shading effects will have an impact on the air temperature. This would result in lowered ET rates, which correlates with the findings in Figure 7; porometric estimated ET is mostly overestimated.



Considering Equation (2), it is shown that this methodology is dominated by ET’s sensitivity to temperature (leaf and air). Equation (5) shows that ET is dependent on the exponent of temperature, whereas a linear relationship with relative humidity is found. This highlights that small discrepancies in temperature can have large impacts on the final calculations of ET, further signifying the importance of accurate temperature readings. Leaf temperature is provided by the porometer, highlighting that the uncertainty in the final results is most likely from the error in the air temperature readings.



Local wind speed is also affected by surrounding microclimate effects. Boundary layer conductance, and hence ET, have a positive proportionality with wind speed. ga is a function of the square root of wind speed, producing an exponential functionality. Due to the sheltered nature of the test site, wind speed measurements from the weather station will result in an over-estimation of ET. There is a high sensitivity to potentially non-representative readings of wind speed.



Characteristic leaf width is another variable that has an exponent relationship with boundary layer conductance and ET. In this analysis, a single average characteristic leaf width was used in the calculation for each plant. Each plant system has been viewed as having one type of interaction with the local atmosphere based on a single geometrical leaf size. An uncertainty regarding the final ET results has arisen by disregarding the individual relationship between each leaf and the local air layer. This is encapsulated by the exponent dependency on characteristic leaf width.




3.3. Considering Potential Evapotranspiration (PET) to Understand Decaying ET Rates


Figure 6 shows that ET rates decrease over three days. This is expected in a plant system with falling moisture content in the soil over the same period. Naturally, with lowered moisture content levels, there is less water to draw up through the plant during transpiration. However, it is important to verify whether this effect is starting to dominate the plant system over the duration of the three days. Lowered ET rates can also be influenced by climate conditions; the level to which the local microclimate is having an impact is found through estimating potential evapotranspiration (PET) across the three days. The formula for calculating PET is given by the FAO56 Penman-Monteith (FAO56PM) equation, as shown in Equation (9) [12].


  E T =   0.408 Δ  (   R n  − G  )  + γ   900   T + 273    u 2   (   e s  −  e a   )    Δ + γ  (  1 + 0.34  u 2   )     



(9)




where PET is potential ET [mm·day−1], Rn is net radiation [MJ·m−2·day−1], G is soil heat flux density [MJ·m−2·day−1], T is mean temperature [°C], u2 is wind speed [m·s−1], es is saturation vapour pressure [kPa], ea is actual vapour pressure [kPa], ∆ is the slope of the vapour pressure curve [kPa·°C−1] and γ is the psychrometric constant [kPa·°C−1]. The soil heat flux is assumed to be zero for this analysis.



PET is a reference value for ET from a common grass species and is only dependent on climatic variables [36]. es and ea are functions of both temperature and relative humidity, both of which have been recorded during the experiment, as well as wind speed. Equation (9) is recommended to be used for daily estimations of PET. However, for this analysis, it is assumed that this formulation of PET remains true for hourly estimations.



The values of PET for each 3-h period are shown in Figure 8 alongside ET rates (mass-loss method) and soil water content decrease (converted from grams to mm) at the end of each 3-h investigation period for each species. ET values here are shown for 3-h periods, in Figure 8, as this was the sampling rate for ET via the mass loss method and the measurements of soil water content. Figure 8 shows that there is a small decrease in PET between the start and end of the investigation. During the same period, soil water (SW) content gradually declines for each plant. Figure 8 highlights that P. vulgaris soil water content decreases at a faster rate than the other two plants, due to the greater ET losses for P. vulgaris (also shown in Figure 8). The evolution of PET and SW over time provides insight into why ET rates have fallen. On day 3, PET marginally rises at the beginning of the day, while ET rates seem to fall compared to the previous day. In this case, actual ET is controlled more by soil water content than by local climate conditions. There is a divergence of ET from PET as moisture becomes limited.



The ET results from the mass loss method are consistently lower than the PET results. This could be a consequence of the shady yard in which the investigations were carried out. The PET estimates are based on data from weather station sensors not located in shade. Another possible reason for the divergence is that the reference crop used for PET estimates is not physiologically similar to the plants used in this investigation. Porometry provides an opportunity to discern crop factors for the trialled plants here or in another study.



There are two steps in the Porometry method: defining ET at the leaf scale and scaling to canopy level. The climate data are used in the prior step. The climate data required for ET estimates are also used in the PET calculations. There is confidence that the raw climate data can provide reliable single leaf ET rates given that ET (from all plants) and PET are both of similar orders of magnitude. This suggests that errors in the Porometry ET data could pertain to issues with the scaling method proposed or with how the physiological properties of the plant have been defined. A further investigation could explore a sensitivity analysis that describes how ET is affected by differing methods of canopy scaling. In Spinelli et al. [13] there was a disparity between scaled stomatal conductance and the results found using the trusted eddy co-variance method. The results in Spinelli et al. [13] suggest there is an issue with the scaling method, which only consider leaves that are shaded or in direct sunlight. This highlights the importance of finding a reliable scaling method that captures variations in a plant canopy.





4. Conclusions


This investigation has demonstrated that it was possible to make reasonable estimations of ET from raw measurements of stomatal conductance made via porometry. This is only achievable with concurrent measurements of local climatic parameters. A clear understanding of the moisture flux near the stomatal cavity (of each leaf) is required.



There are two challenges when implementing porometry to estimate ET: (a) formalizing a clear relationship between leaf stomatal conductance and leaf evapotranspiration and (b) formalizing a method to scale from leaf evapotranspiration to plant canopy evapotranspiration. This study has presented solutions to tackle both of these challenges.



ET via porometry has captured the underpinning processes behind moisture losses from plants. The results from porometry have been found to overestimate ET consistently throughout the investigation but have captured ET trends during a single day and over the course of a 3-day period correctly. ET estimated via porometry is of the correct order of magnitude; this is promising given the complexity of the methodology.



ET estimated through porometry for S. spectabile shows a consistent peak in the day (less so for the other two plants). ET for all plants is also seen to reduce with decreasing soil moisture content (as expected). Further research should consider days when moisture availability from the soil becomes restricted to identify the functionality of porometry in these conditions.



Uncertainties have been attributed to the definition of the physiological properties of the plant, the exact formulation of the scaling process and/or the assumed constant ET rates over three hours (mass loss method). This investigation serves as a backdrop for a more complete and comprehensive study into porometry and has highlighted improvements that are needed for further research
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Figure 1. Left to right: Sedum spectabile, Bergenia cordfolia and Primula vulgaris. 
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Figure 2. Leaf stomatal resistance values from the S. spectabile, B. cordfolia and P. vulgaris species between 16 and 18 June 2020. 
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Figure 3. Average leaf temperature (TL) from S. spectabile, B. cordfolia and P. vulgaris species and local air temperature (Ta) over 9 hourly periods between 16 and 18 June 2020. 
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Figure 4. Wind speed and relative humidity measured in each hourly investigative period between 16 and 18 June 2020. 
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Figure 5. Single leaf ET rates found via porometry for S. spectabile, B. cordfolia and P. vulgaris species. Data shown are between 16–18 June in each measurement session. 
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Figure 6. ET rates found via porometry and the mass loss method for the S. spectabile, B. cordfolia and P. vulgaris species. Data shown are between 16–18 June. 
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Figure 7. Scatter plots comparing the ET results from the mass loss and porometry methods. 
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Figure 8. Calculated PET, measurements of ET (via mass loss method, for each plant) and soil water content decrease, SW, (for each plant) between 16–18 June 2020. 
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Table 1. Basic properties of Sedum spectabile, Bergenia cordfolia and Primula vulgaris.
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	Plant 1, Sedum spectabile
	Plant 2, Bergenia cordfolia
	Plant 3, Primula vulgaris





	Small ‘succulent species’ leaf type.

Drought tolerant.

Evergreen, flowering plant.

Dense canopy.

Expected low ET.
	Medium sized broad shape leaf.

Requires regular irrigation.

Evergreen, flowering plant.

Dense canopy.

Expected medium ET.
	Large, long broad shaped leaf.

Requires regular irrigation.

Evergreen, flowering plant.

Sprawling canopy.

Expected high ET.
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Table 2. Leaf area index values of Sedum spectabile, Bergenia cordfolia and Primula vulgaris.
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LAI

	
Plant Species




	
Sedum spectabile

	
Bergenia cordifolia

	
Primula vulgaris






	
LAImid

	
7.3

	
6.9

	
5.9




	
LAIold

	
0.4

	
1.4

	
0.6




	
LAIyng

	
1.5

	
0.7

	
0.9
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