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The shelterbelt component of Canada’s whole-farm model Holos was upgraded from an age-determined to a circumference-determined (at breast height) calculation using a multi-stem averaging approach. The model interface was developed around the idea that a shelterbelt could have multiple rows, and a variable species composition within each row. With this, the model calculates the accumulated aboveground carbon in the standing biomass and a lookup table of modeled tree growth is used to add estimates of the belowground carbon. Going from an initial interface that asks for the current state, the model also incorporates an option of past and future shelterbelt plantings. In order to test the model’s suitability, we measured diverse shelterbelts (evergreen, deciduous, shrub type) in southern Saskatchewan, Canada representing commonly planted woody species. By making use of Caragana, Green Ash, Colorado Spruce, Siberian Elm, and a mixed Caragana/Green Ash tree row, we tested how many tree circumference measurements would be required to yield a representative average. Later, these results were incorporated in the Holos model to estimate the accumulated above- and below-ground carbon in each shelterbelt type.
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INTRODUCTION

Global food consumption causes roughly one third of the global human induced greenhouse gas emissions (GHG), with agriculture directly contributing 23% (Intergovernmental Panel on Climate Change [IPCC], 2019), with the latter splitting approximately equally into CO2 (from deforestation and other land use change), CH4 (peatlands, rice cropping, and ruminant livestock), and N2O (from crop production). With growing food demand and a still increasing global population at about ∼1% per year in 2015–2020 (United Nations [UN], 2019), these contributions are expected to continually increase (European Environment Agency, 2015). In Canada, the national inventory report (following IPCC guidelines) estimates that agriculture contributes 8.4% to the national GHG budget, with N2O from cropping contributing 5.3% of the total national emissions and CH4 contributing 13% of the total, since the fugitive emission from oil and gas, as well as from landfills, also contribute to the latter share (Baah-Acheamfour et al., 2017; Environment and Climate Change Canada [ECCC], 2019).

Due to the commitments in the Paris climate accord (United Nations Framework Convention on Climate Change [UNFCCC], 2019), Canada is committed to reducing its emissions from 730 Mt CO2 eq. in 2005 to 511 Mt CO2 eq. by 2030 (a reduction of 304 Mt CO2 eq. from an unmitigated emissions scenario of 815 Mt CO2 eq.), with an estimated contribution from agriculture of −2 Mt CO2 eq. (Environment and Climate Change Canada [ECCC], 2020). Yet, the apparent temperature driven decomposition of soil carbon (Gregorich et al., 2017) calls into question the ability of Canadian soils to store more carbon in the future.

Regardless, planting and growing trees is touted as one of the most viable options to capture CO2 from the atmosphere (Bastin et al., 2019), as they pose a longer-term storage of atmospheric carbon with the potential for further processing and carbon sequestration. Canada’s agriculture landscape stretched over 158.7 million acres in 2016 (∼64.2 million ha) (StatsCan, 2019), and 1.7 million acres have planted shelterbelts (Toensmeier, 2016). Udawatta and Jose (2012) reported that shelterbelts could sequester up to 105 Mg C/ha in the aboveground shelterbelt biomass. When belowground biomass and soil carbon are added, shelterbelts have the potential to sequester a significant amount of atmospheric carbon per unit of land compared to other agricultural practices (despite some potential initial losses in soil carbon). In fact, the Canadian federal government once invested heavily into the planting of field, livestock, and farmyard shelterbelts which were intended to reduce wind speed and wind-derived soil erosion (Howe, 1986; Kulshreshtha et al., 2011) and enhance microclimate for crops (Kort, 1988; Kort et al., 2012) and animal production (Prairie Farm Rehabilitation Administration [PFRA], 1980; Poppy, 2003). Most of these shelterbelts have reached the end of their lifetime (Waldron and Hildahl, 1974; Rural Development Institute Shelterbelt Survey, 2014) and are removed for the sake of mechanization and production maximization (Waldron and Hildahl, 1974; Schroeder et al., 2011; Rempel, 2013; Rural Development Institute Shelterbelt Survey, 2014; Ha et al., 2019).

While many scientists have pointed out the various advantages of shelterbelts (Agriculture and Agri-Food Canada [AAFC], 2018), the question remains how Canadian landowners can be encouraged to maintain existing shelterbelts and increase their numbers beyond the current state (Rempel et al., 2017). A common pathway is regulatory or incentivizing policies, but information provision and education are important possibilities as well (Agriculture and Agri-Food Canada [AAFC], Agri-Environment Service Branch [AESB], and Agroforestry Development Centre [ADC] (2010). Stange and Jackson, 2015; Ward and de Gooijer, 2017; Stevenson, 2018). Simulation models are frequently used to test the accuracy and applicability of our gained scientific understanding of natural processes, and yet, such models, when packaged in appropriate software solutions, can be used to educate learners and practitioners in- and outside of academia. This is especially pertinent as the impact of our land use is increasingly felt in the environment (see for instance DiBartolomeis et al., 2019) and the importance of learning the complexities of land use/environment interactions for better decision-making wanes in comparison to perceived economic forcing. However, to gain an understanding of interactions, trade-offs, and the ripple effect of the various greenhouse gas sources and sinks (where the management of one can alter the other), interdisciplinary collaboration is required, to cover each and every aspect of farming systems and their potential interactions with the environment. Subsequently, a systems analysis approach has to be applied to ensure that identified impacts and benefits are not offset through some other, not considered, process or farming system component. For Canada and its farming systems, an initial step has been accomplished with the (whole-farm) Holos model (Little et al., 2008).

The Holos model, Agriculture and Agri-Food Canada’s whole-farm model, is based on the conceptualization of a virtual farm approach proposed by Janzen et al. (2006), and was published in its first iteration as Holos Classic (Little et al., 2008). That first iteration aimed to educate Canadian farmers about the magnitude of GHG emission sources on their farm, and about potential mitigation options they could employ, one of which was the planting of shelterbelts as a way to use sequestered carbon (in tree and shrub biomass and select surface and soil C pools) as an offset against the emissions of other GHG. User feedback triggered the development of a subsequent research version of the model (Holos version 2 and 3), which added management flexibility to the interface, making the model’s results more locally specific.

The Holos model has been utilized in several exemplary whole-farm analyses, ranging from understanding the general GHG impact of representative beef and dairy farm systems (Beauchemin et al., 2010; McGeough et al., 2012), while others tested real farm data (Church et al., 2015; Alemu et al., 2017a), or evaluated the effect of management practices on the whole-farm emissions (Alemu et al., 2017b; Guyader et al., 2017; Little et al., 2017). The model was utilized to investigate it’s capability for calculating tree biomass in farming systems (Amadi et al., 2016; Mayrinck et al., 2019), and was also adopted to assess farming systems in Norway (Bonesmo et al., 2012, 2013; Skjelvåg et al., 2012; Gülzari et al., 2017, 2018; Samsonstuen et al., 2019) and Bulgaria (Petkova, 2012).

A renewed effort in model development followed (Kröbel et al., 2012), and the addition of a new carbon modeling approach (Kröbel et al., 2016) required a ground-up rebuild of the model and thus offered the opportunity to update algorithms and processes in the model, and to redesign the interface in a (non-scientific) user-friendly fashion. As part of this renewal, we started updating the old shelterbelt calculations methods which used allometric calculations based on age (Kort and Turnock, 1999) with the findings of Amichev et al. (2017), who redesigned the allometric calculations based on tree diameter/circumference. These are being incorporated in the new Holos model version 4, together with a stakeholder driven interface design. This paper reports on the practical testing of the interface, parameter requirements, and the underlying equations, which is being conducted using measurements from actual shelterbelts in the vicinity of Indian Head, SK, Canada.

The goal of this manuscript was to:


(i) update the carbon accumulation calculations for tree biomass in the Holos whole-farm model using circumference instead of age driven algorithms, as suggested by Amichev et al. (2017);

(ii) develop a user friendly software interface that is simple to use and yet offers sufficient flexibility to reflect the diversity and complexity of existing shelterbelts;

(iii) test the model’s applicability by estimating the carbon storage of existing (measured) shelterbelts and determine the minimum requirements for model inputs;

(iv) compare the model’s outputs with literature derived measurements or modeled outputs from process models.





MATERIALS AND METHODS


Site Description

We measured five field shelterbelts consisting of four single and one mixed species near Indian Head, SK, Canada (Figure 1). These sites are part of a larger project where the role of shelterbelts and other field boundary habitats (such as, natural field boundaries and road allowances, wetlands, etc.) on crop yield and quality as well as biodiversity and soil health are examined in large-scale monoculture agricultural landscape in Saskatchewan.
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FIGURE 1. Physical location map of measured shelterbelts near Indian Head, SK, Canada. Inset-map of Canada with a green asterisk showing geographical location of Indian Head, SK, Canada.


For the Holos model interface, we only used planted field shelterbelts to calculate the accumulated carbon in these shelterbelts. The shelterbelts consist of Caragana (Caragana arborescens), Green Ash (Fraxinus pennsylvanica), Colorado Spruce (Picea pungens), Siberian Elm (Ulmus pumila), and mixed Caragana/Green Ash tree plantings. The details including shelterbelt age and characteristics, soil classification, soil texture, and adjacent crop rotations are provided in Table 1.


TABLE 1. Shelterbelt age, characteristics, soil classification and texture of studied shelterbelts near Indian Head, SK, Canada.

[image: Table 1]


Measurement Data

We measured tree stem circumference at 1.3 m height aboveground for single stem trees (Colorado Spruce). When multiple stems are present per single tree (Green Ash and Siberian Elm), a cumulative circumference was estimated using:

[image: image]

where,

Cumulative circumference is the calculated circumference of all stems together (cm).

DBHi is the diameter (cm) of a stem at breast height (1.3 m).

Pi is the mathematical constant 3.14159.

For Caragana, we measured circumference of all stems of the shrub at 30 cm height aboveground and then calculated the cumulative circumference using the same formula as described above. For both trees and Caragana shrubs, we measured the circumference of every tree and/or shrub for 100 m length starting at one end of the shelterbelt. We recorded missing and dead trees for the shelterbelt mortality calculation (Table 2).


TABLE 2. Calculated circumference on the basis of cumulative basal area (mm), using measurements from different shelterbelts near Indian Head, SK, Canada.

[image: Table 2]To establish a recommendation in the model’s interface as to how many woody plants would have to be measured by the model user to achieve a representative average, we applied two methodologies. Using the thinnest and thickest stem of each shelterbelt, we calculated the variance and the average for use in the Student’s t-test for each respective shelterbelt. With this, we identified the number of required samples for being within a range of 5, 10, 15, and 20% of the actual measured mean with a probability of 80, 90, 95, and 99%, respectively. However, as potential model users (e.g., landowner) are more likely to measure groups of trees in close vicinity rather than observing statistical necessities, we further investigated how closely a rolling average of 3, 5, 10, 15, and 20 trees would approach the average of all measured trees.



The Holos Model (v. 4)

The Holos model is Agriculture and Agri-Food Canada’s whole-farm model, designed to answer “what if?” questions with respect to a landowner’s management decision effects with regards to the farm’s overall GHG budget. For this purpose, the model includes (in version 3) 18 major crops, as well as detailed estimates for beef, dairy, swine, and poultry, and more rudimentary estimates for other livestock. For the calculations of GHG from the different farm components, IPCC Tier 1 emission factors were employed initially, but for soil carbon, soil N2O, as well as beef and dairy enteric CH4 emissions, Tier 2 factors were implemented based on peer-reviewed publications. The model’s methodology (used equations and publication sources) is freely available upon request1.

The model’s underlying principle of the ‘virtual farm’ was initiated by Janzen et al. (2006), and resulted in the development of Holos Classic (available upon request) and subsequently Holos version 3 (download2). Both models simulate the emissions of a whole farm for 1 year, with the first version offering pre-defined mitigation strategies, and the latter offering a monthly time step for better livestock herd management input. In the outputs, the model lists emissions of N2O, CH4, and CO2, and also converts all emissions into CO2-equivalents. In the CO2 emissions, rough estimates for machinery use and irrigation are incorporated; however, the bulk of CO2 emissions come from upstream emissions (emissions created outside of the systems for inputs that are required for the operation of the system) in fertilizer, pesticide, and electricity production. Agricultural soils are considered to remain in equilibrium until certain management practices occur that cause pre-determined carbon changes (reduction of tillage or summer fallow, and switching from annual to perennial cropping), subsequently output as carbon offsets (negative CO2 emissions). The offsets also include user defined planted shelterbelts [aboveground C accumulation estimates based on Kort and Turnock (1999)].

Kröbel et al. (2012) argued that a whole-farm model should consider more than just GHG emission estimates, as many practices that aim to lower greenhouse gas emissions may inadvertently cause other impacts on the environment that may be as or even more undesirable. Starting with the implementation of a carbon budget module (Kröbel et al., 2016), the model is undergoing a transformation toward multi-year simulations, and many of its components (cropping, pasture, beef, dairy, and shelterbelts) are being updated in the process. The model is being written in C# (C Sharp) using an agile software development approach, and accordingly, the interface development is being stakeholder driven (through online meetings with potential end users who provided feedback on multiple iterations of the interface).

As the model’s primary users are scientists (the model is used in several AAFC and university led projects), farmers (small enterprises have used the model to direct-market their product as carbon neutral), and policy makers (the carbon credit program of Alberta province is based on Holos), a versatile interface is needed to fit the different requirements by the users and their potential knowledge level of the required inputs. For farmers, time requirements and simplicity are important factors. Regardless, for some operations they prefer a lot of detail to represent their farm as best as possible (e.g., beef producers asked for more detailed herd management inputs). The level of details required is similar to scientists who will use specific measurements to feed into the model. In both cases, however, in order to conduct a whole-farm analysis, some input requirements may be missing, which is where the model database attempts to provide representative average values to the model users. These are then also required by policy makers who do not have access to any farm level data, and who use the model to assess the effect of policy initiatives onto average (representative) farm systems.

Therefore, the interface of Holos version 4 is structured into three main stages: a current state, a timeline (for past and future states), and a detail input. The first stage provides an estimate of current GHG emission and potential offsets, while the timeline allows looking back (and forward) to see how patterns evolved over time (Kröbel et al., 2016), this includes the emissions estimates of nitrous oxide, methane, carbon dioxide, and ammonia, as well as leaching of nitrate. Both stages ask for long-term averages to ease user requirements and to better demonstrate the effect of management choices. The last stage allows the input of annually specific values (e.g., based on measurements) for more detailed investigations.

With respect to the shelterbelt component (Figure 2), the model asks for the number of rows, the species within each row, the length of each row, and the number of trees/shrubs in each row to calculate the present carbon storage in the shelterbelt as a way to ‘offset’ other emission sources. In the ‘timeline’ stage, additional input parameters are required: the planting year of the shelterbelt and the number of trees planted. Thus, the user can explore how carbon was accumulated in the shelterbelt over time, and the user can explore which species to plant in a new (renewed) shelterbelt when, for instance, focusing on carbon capture. In the detail input, number of trees, their circumference, and the row length can be adjusted for each individual year, which would allow for more locally specific and accurate estimates (if available).


[image: image]

FIGURE 2. Screenshots of the Holos model interface.


Throughout the development, model stakeholders were engaged during online meetings to review the progress on the interface development, with a total of 4 online meetings taking place. Only the final results (Figure 2) are shown.



Equations and Calculation Procedures of the New Shelterbelt Component

To update the allometric equation from Kort and Turnock (1999), we adopted the relationships identified by Amichev et al. (2017), derived from a dataset of measured shelterbelts in the province of Saskatchewan, Canada. The updated relationships use the circumference of the tree trunk (measured at 1.30 m height outside tree bark) to calculate the aboveground accumulated carbon in the living tree biomass (Amichev et al., 2017), rather than using the age of the tree (Kort and Turnock, 1999), a much less reliable method and a difficult to ascertain value in hindsight.
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where,

Ctree Above-ground C stocks per tree (kg C tree–1).

Carbonconcentration(trees) Carbon concentration of all tree parts (kg kg–1) set to 0.5 kg kg–1 (Kurz et al., 2009).

a Coefficient a (Table 3).


TABLE 3. Coefficients for above-ground biomass estimation for shelterbelt tree species.

[image: Table 3]b Coefficient b (Table 3).

tree circumference cumulative tree stem circumference (cm) at 1.30 m tree height (breast height) measured outside tree bark.

circumferencei circumference (cm) at breast height of each individual stem i (i = 1,2,…,n) of a tree with multiple stems.

Using Eqs 2 and 3 to calculate the carbon accumulation in a single tree, row length and planting density will provide the number of trees to be considered (Table 3). To drive the model’s calculations, our team attempted to limit inputs to data that every-day-users can easily obtain. To start assessing the current state, the row length, number of trees (or average spacing), and average circumference (at 1.30 m breast height for trees and 30 cm height for Caragana) are required. With this information, the model calculates the currently accumulated carbon in the aboveground biomass of a single tree, which is used for a series of look-up values in the shelterbelt database.



Lookup Database for Past and Future Shelterbelt Growth and C Additions

As the allometric equations cannot be used to calculate the belowground biomass of a tree, we are relying on previous (3PG) model simulations (Amichev et al., 2016) for an estimate of tree age specific above-/below-ground biomass fractions to estimate the total tree biomass. This total tree biomass is used to calculate the total shelterbelt biomass, and using tree mortality (the ratio, as percentage, of missing/dead over planted trees) and age, are compared to a lookup table of average shelterbelt biomass amounts. The derived fraction of actual (at the time of observation) versus predicted carbon accumulation is used to back-estimate how the carbon accumulation progressed over time in the past, as well to forecast carbon accumulation into the future.

The average shelterbelt biomass and carbon amounts in the lookup table were previously determined with the tree growth (3PG model) and carbon dynamics (CBM-CFS3 model) models which were adapted for shelterbelt systems by Amichev et al. (2016). In that study, historic climate data were used along with extensive field data to parameterize both models for shelterbelt systems (Amichev et al., 2016). For carbon accumulations in the future, a high (A2) climate forcing scenario was used for the period 2016–2075 (Canadian Centre for Climate Modelling and Analysis [CCCMA], 2017, third generation Coupled Global Climate Model). The values in the lookup tables were used to interpolate the biomass and carbon amounts for any farm’s unique shelterbelt design, based on previously generated data for different tree species, ages (1–60 years), spacing (2.0, 3.5, and 5.0 m), and mortality levels (0, 15, 30, and 50%) (Amichev et al., 2017).

The lookup tables in the database also used for mixed shelterbelts through simulated ‘mortalities.’ For example, the correct number of live trees for the first species (N1 = 43) was calculated by modifying the total number of shelterbelt trees (NT = 188) by a simulated ‘mortality’ of 77.6%, and for the second species (N2 = 145) it was modified by a simulated ‘mortality’ of 24.5%. Two of the measured tree species in our measurement dataset are not covered by the database. We hence decided to summarize the estimation methods to create average estimates for coniferous and deciduous trees, respectively. This was done by using data looked up for White Spruce and Scots Pine individually, and then calculate the average between the two for an average coniferous tree (to be used here for Colorado Spruce). Likewise, Manitoba Maple and Green Ash data were looked up and then were averaged for an average deciduous tree (to be used here for Siberian Elm).

The database contains shelterbelt data of each ecodistrict3 of Saskatchewan (EcoRegions Working Group, 1989). We assorted and averaged these data according to the established Canadian plant hardiness zones4 (McKenney et al., 2001) in order to allow the appropriate utilization in other provinces of Canada (with an assumed increase in error that cannot be corrected until more specific data become available). These established averages will serve as a representative growth curve that will be used in estimates over time to (back-) calculate the circumference over time as a fraction determined by the user-supplied current state (e.g., if the current circumference is 50% of the representative growth curve, all past carbon accumulation estimates looked up from the data tables will be reduced accordingly).



RESULTS AND DISCUSSION


Model Input Recommendations

In order to calculate the carbon accumulation in a present shelterbelt, the model requires the user to measure circumference(s) of their tree(s) as an input into the model. While measuring the whole length of a shelterbelt would certainly reacquaint anyone with the state and health of their shelterbelt, it appears an overly expansive ask for the use of a model. We hence set out to investigate what is the minimum required number of tree trunks that would be needed to be measured in order to properly assess the carbon accumulation in the shelterbelt with a degree of certainty (Tables 4, 5).


TABLE 4. t-Test determined required number of samples for a representative estimation of average circumference for different shelterbelt species, based on measured shelterbelts from near Indian Head, SK, Canada.

[image: Table 4]
TABLE 5. Estimating the accuracy of representative measurements of circumference (and derived averages) for different shelterbelt species, using measurements from near Indian Head, SK, Canada.

[image: Table 5]The statistical analysis suggests that the inherent variability of tree growth within shelterbelts would require a large number of tree measurements to create a close estimate to the real average with a high confidence (Table 4). The requirements were much higher for Caragana and Siberian Elm, but considerably lower for Colorado Spruce and Green Ash. Thus, with an expectation that a maximum of 10 trees would be measured by a user on their own volition, an 80% probability would be achieved to be within 15 and 10% of the average for Caragana and Siberian Elm, respectively, while for Green Ash and Colorado Spruce the same number of measurements would give a 90% confidence estimate that is within 10 and 15% of the real mean (Table 4).

Assuming that a user would rather measure groups of trees than properly random sampled trees of within a shelterbelt, we calculated the rolling mean of cumulative circumferences within each shelterbelt dataset to see how often a randomly selected group would approximate the real average. Rolling means met the average of the measured tree shelterbelts within a 15% error range quite reliably with seven trees measured (Green Ash, Siberian Elm, and Colorado Spruce in 100, 81, and 100% of the cases), while for Caragana the error range increased to 30% (Table 5). Increasing the number of measured trees from 7 to 10 allowed to fit within the above mentioned error ranges more reliably, but did not effectively decrease the error range of the circumference. By increasing the sample size to measuring 15 or 20 trees for an estimation of the average shelterbelt circumference, would decrease the error range to 10% for Green Ash, Siberian Elm, and Colorado Spruce, while for Caragana, the error range would stay at 25%. Based on the findings observed in this study, we recommend that a user would need at least seven trees to measure circumferences of their trees as an input into the model.



Carbon Accumulation Estimates

When assessing the accumulation of carbon in the planted trees and their respective environment, it needs to be taken into account that their respective age is unequal (Caragana shelterbelt being the youngest at 24 years, and the Colorado Spruce shelterbelt being the oldest at 38 years). Furthermore, the single tree growth has to be put into the context of the complete shelterbelt, which requires considering trees that have not survived, carbon deposited through leaf litter, as well as the continuous loss of carbon from the soil (see Figure 5). Furthermore, different species have different growth rate patterns and their management (or lack thereof) determines how much of that potential can be realized (Table 6). In this sense, however, the results of these estimates are not representative, but rather meant to demonstrate the models capability to assess individual landowner’s shelterbelts with sufficient certainty.


TABLE 6. Carbon accumulation estimates for different shelterbelt of varying age and mortality on a 100 m row length, using measurements from near Indian Head, SK, Canada (Note: the mixed shelterbelt has simulated “mortalities” used to avoid double-counting of live trees of the two species for one and the same planting location).

[image: Table 6]The Siberian Elm shelterbelt accumulated the most carbon of all shelterbelts, double than the mixed Caragana/Green Ash shelterbelt, triple of the Colorado Spruce shelterbelt, and more than 10 times the carbon accumulation of the pure Caragana shelterbelt (Figure 3). The growth rate of the Siberian Elm also caused to diminish the early growth carbon loss seen for other trees, thus turning the system quickly into a carbon sink after already 3 years (Figures 4, 5). It is remarkable in this sense that the Siberian Elm had, in the total budget, the smallest aboveground fraction contributing to the total (68% of TEC), and the largest dead organic matter accumulation (19% of TEC).
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FIGURE 3. Estimated carbon accumulation in the living biomass of trees grown near Indian Head, SK, Canada, using adjusted values from the representative estimates of Cluster BLK 3 (Amichev et al., 2017).
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FIGURE 4. Estimated carbon change in the dead organic matter underneath trees grown near Indian Head, SK, Canada, using adjusted values from the representative estimates of Cluster BLK 3 (Amichev et al., 2017).
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FIGURE 5. Estimated Total Ecosystem Carbon (TEC) accumulation through different shelterbelts (of different age) near Indian Head, SK, Canada, using adjusted values from the representative estimates of Cluster BLK 3 (Amichev et al., 2017).


The only shelterbelt somewhat competing with the Siberian Elm was the Caragana/Green Ash shelterbelt (Table 6), even though better management (tree survival) and thus realized growth potential meant that the Caragana in mix with Green Ash accumulated double the carbon of the pure Caragana shelterbelt (albeit with six additional growth years, and closer spacing), while the Green Ash accumulated roughly 30% more than the pure shelterbelt stand (Table 6). For Caragana, this difference was purely on the basis of surviving shrubs, as the actual carbon accumulation per shrub was equal (Figure 3). With respect to TEC, the Green Ash showed similar contributions patterns as the Siberian Elm (70 and 17% for aboveground and dead organic matter), but for the Caragana, a distinctly larger fraction of carbon is in the aboveground biomass (84%) and a much smaller fraction in the dead organic matter (9%).

For the Colorado Spruce shelterbelt, which was the oldest, but also the shelterbelt with the fewest trees, a considerable amount of carbon was still accumulated (Table 6). However, downscaled on a per tree basis, a Siberian Elm tree stored about 25% more carbon than a Colorado Spruce (which had 8 years more to grow) (Figure 3). The Colorado Spruce also requires 15 years to become a carbon sink (Figure 5). This may be due to the fact that almost all the TEC is located in the living above- and below-ground biomass (84 and 15%, respectively), while there is almost no dead organic matter accumulated (Figure 4). In general, it takes a much longer time for dead organic matter of coniferous shelterbelts (i.e., fallen needles, branches, bark) to decompose and be added into the soil carbon pool, compared to deciduous shelterbelts; this prolonged time for the soil under a Colorado Spruce shelterbelt to act as carbon source is reflected in Figure 4.

All the shelterbelts measured in this study were from black soil zones in Saskatchewan, Canada, and were within 100 km distance. Crop management practices are representative of the region; however, there are noticeable differences in the management of shelterbelts among the sites studied. Based on the TEC measured per shelterbelts, Siberian Elm showed the highest potentials of carbon sequestration in this study. If carbon sequestration is the sole objective of a user, then this species would be the best candidate among the species studied. However, shelterbelts provide many other benefits that should not be ignored. While Caragana shelterbelt is found the least potential in terms of TEC, the species provides added benefits by fixing atmospheric nitrogen and a dense vegetation boundary line to protect the crops and soils from wind damage. Another shelterbelt, Colorado Spruce, is a tall evergreen tree and not only protects crops from wind damage but also provides essential habitat for wildlife. Regardless, based on the findings of this study, we are confident of the capability of the model to assess individual landowner’s shelterbelts with sufficient certainty.



Biomass Contributions and Other Benefits of Shelterbelts

Historically shelterbelts were planted in the Canadian Prairies since 1903 to protect the soils and crops from wind damage and wind erosion as well as to provide shelter for livestock and farmyards from strong wind during cold winter and hot summer months (Mayrinck et al., 2019). However, with the changes in production technologies, such as adoption of zero tillage and cover crops, the emphasis on the benefits of shelterbelts has declined. Many large landowners view shelterbelts as a barrier in maneuvering large machinery. Large equipment takes a longer time to go around these non-crop areas during the short window of spring and fall farm operations (seeding, spraying, and harvesting). Small landowners, though more likely to retain shelterbelts than larger landowners, may view these areas as non-productive areas and often cleared and converted them into croplands to increase production areas. Such activities are responsible for decreasing shelterbelts in the prairie region.

Although shelterbelts may not seem important to many landowners for protecting soils and crops from strong winds, there is still a need to examine other benefits provided by these areas before removing them from farmlands. In a recent study, shelterbelts are shown to improve crop yield by modifying microclimate in the adjacent crops (Osorio et al., 2019). The increase in yield compensated for the footprint of the shelterbelt and yet boosted yield in soybeans and wheat. Shelterbelts provide critical semi-natural habitats to pollinators and other beneficial insects, birds, mammals, and other wildlife within large monoculture fields of agricultural crops (reviewed in Dix et al., 1995; Mize et al., 2008). Alongside the benefits mentioned above, shelterbelts can have a significant effect on mitigating GHG emissions from Canadian agricultural activity (Ward and de Gooijer, 2017). For agroforestry to be successful as a mitigation tool, the plant materials comprising the agroforestry practice must themselves have adaptive capacity to future shifts in conditions due to climate change (Lengnick, 2015). To optimize the potential of agroforestry as a GHG mitigation tool, species selection (e.g., growth speed and lifespan) will be important (Amadi et al., 2016).

Tree species currently used and potentially available for use in agroforestry have potential to be susceptible to erratic and extreme weather events, as well as climate-induced fluctuations in insects and pathogens (Fuhrer, 2003; Allen et al., 2010). For example, a primary species that was historically used in agroforestry plantings, Siberian Elm, is no longer recommended because it is a host for the banded elm bark beetle (Scolytus schevyrewi) (Negron et al., 2005) while the recommendation of Green Ash is becoming questionable with the emergence of the emerald ash borer (Agrilus planipennis) moving into new ecosystems across Canada.

On the other hand, hybrid poplar (Populus spp.) are widely planted as shelterbelts in the Canadian prairies (>5.68 million trees, 4144 km in length; Amichev et al., 2017) selected to be cold hardy, drought tolerant, pest and disease resilient. At age 60 years, hybrid poplar attain 15–17 m in height with a mean aboveground biomass ranging from 397 to 634 OD Mg km–1 and DBH of 52–63 cm. In the current study, we did not measure the circumference of hybrid poplar for use in the Holos model due to the reason that all the shelterbelts included are field shelterbelts. The hybrid poplar shelterbelts available in the region are farmyard shelterbelts that serve a different function, such as protect farmhouse and livestock from wind and cold. For consistency purposes, we compared five field shelterbelts in this study. In the future we plan to include hybrid poplar in a broader context because when compared with the five shelterbelt tree/shrub species tested in the Holos model, hybrid poplar display inherent capacity to grow fast with the largest potential to sequester carbon (average aboveground biomass for Green Ash – 32 Mg km–1; White Spruce – 41 Mg km–1; hybrid poplar – 105 Mg km–1; Kort and Turnock, 1999).

It will be essential to determine vulnerability of tree species under modeled climate change scenarios in order to position the necessary production and delivery of suitable plant materials and to provide science-based guidance for plant selection (Ward, 2016). Therefore, a key need is to test a range of woody plant germplasm to identify sources of germplasm that is adapted to both current and future conditions in Canada (Silim, 2004; Johnston et al., 2009). However, since research on climate change adapted plant materials is limited and due to the longevity of woody species one is at the mercy of using diversity as a key principle in developing climate change adapted agroforestry plantings (Schoeneberger et al., 2012) which is fundamentally selecting a variety of plant species that will succeed under shifting weather and climate change conditions. Equally, tree breeding programs can expand selection options, such as the trait-assisted selection from diverse set of germplasm collection (Soolanayakanahally, 2010; Keller et al., 2011) to generate woody feedstocks with high resource-use efficiencies (particularly, water and nutrients) for present and future climates.



CONCLUSION

The whole-farm model Holos was updated with a new allometric equation for its shelterbelt component to more accurately estimate the carbon accumulation in Canadian shelterbelts. Using measured shelterbelts near Indian Head, SK, Canada, the model calculated that a Siberian Elm shelterbelt accumulated most carbon, followed by a mixed Caragana/Green Ash shelterbelt, while single stands of Caragana, Green Ash or Colorado Spruce had poor carbon accumulation in comparison. However, these results are in dependence of actual shelterbelt management (and age) more so than the species selection.

Trees that have excelled in carbon accumulation in the past, may not perform as well in a changing climate, and are already under threat due to invading species. If shelterbelts are to be an active component in our Canadian climate commitments, investment will be needed both to build the genetic potential for continuing tree growth and the distribution of new cultivars across the Canadian landscape. The Holos model can be of assistance to showcase the carbon storage potential to model users, either in farming or policy making.

Going forward in an attempt to utilize shelterbelts as a potential ‘negative emissions’ sink for Canadian GHG reduction targets, the selection of species needs to be reassessed based on other factors than just the potential carbon accumulation. There has been little documented research on the ecological and economic benefits of shelterbelts in promoting crop productivity and ecological diversity in intensely cropped agricultural landscapes in Saskatchewan. There is a need to measure the benefits or services provided by field shelterbelts, such as increased pollination from native bees and predation of harmful pests by beneficial insects and birds, to determine whether it is advantageous for landowners to maintain these habitat areas on the landscape.
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(DOM) Dead Org. Matter C —0.1 0.3 1.8 0.0 0.2 0.6 0.7
(TEC) Total Ecosystem C 0.8 2.6 9.3 32 1.8 3.3 5.1
Results *Farm Potential (to projected average of % —45.9 20.9 125.6 —43.8 —21.4 277.7 n/a

the respective provincial cluster)

*Farm potential is estimated from existing shelterbelts as percent increase (positive %) or percent decrease (negative %) of carbon stocks in the farm’s shelterbelt, compared to the average shelterbelt carbon stocks for
that location (i.e., cluster/soil zone look-up table values). It is estimated as: Potential (%) = 100 * (C_farm — C_cluster)/(C_cluster).
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Tree type

Colorado Spruce

Green Ash

Caragana (C)/

Green Ash (GA)

Siberian EIm

Caragana

Shelterbelt description

Year planted
Shelterbelt length (m)
Shelterbelt width (m)
Average DBH (cm)
Mortality rate (%)
Year planted
Shelterbelt length (m)
Shelterbelt width (m)
Average DBH (cm)
Mortality rate (%)
Year planted
Shelterbelt length (m)
Shelterbelt width (m)
Average DBH (cm)
Mortality rate (%)
Year planted
Shelterbelt length (m)
Shelterbelt width (m)
Average DBH (cm)
Mortality rate (%)
Year planted
Shelterbelt length (m)
Shelterbelt width (m)
Average DBH (cm)
Mortality rate (%)

1982
716
7.7
27.4
14.8
1992
706
4
18.8
35.7
1990
1293
5
13 (C)* 19.1 (GA)*
24.5 (C)* 77.6 (GA)*
~1990
1109
3
31.8
15.8
1996
752
5
11.0
18.1

Soil classification and texture

Ih6T Black soil (Rego Black Chernozem). Clay
to heavy clay surface texture

Eg1 Black soils (Orthic Black Chernozem).
Loam to clay loam surface textures.

Eg1 Black soils (Orthic Black Chernozem).
Loam to clay loam surface textures.

Ox10 Black soil (Orthic Black Chernozem).
Loam surface texture.

Ba4 Black soils (Rego Black Chernozem) with
clay loam surface textures.

*A simulated ‘mortality’ was used to modify the total number of shelterbelt trees/shrubs.

Notes

Healthy and dense with occasional gaps
due to mortality from past flooding.

Poor health condition due to spray damage
caused by application of glyphosate in the
adjacent crop; high porosity on lower half.

Caragana created a dense understory and
formed a healthy contiguous mixed species
shelterbelt.

The trees are pruned heavily and
understory vegetation is mostly cleared.
Trees are healthy with occasional gaps
throughout the length.

The shelterbelt is healthy and contiguous.
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a b 2Diameter (cm) Spacing (m) Mortality (%)

Minimum Maximum
White Spruce (Picea glauca) 0.0066 3.1832 1.3 38.0 0.54.0 0-66
Scots Pine (Pinus sylvestris) 0.43264 1.887 17.5 63.0 1.0-3.2 0-50
Manitoba Maple (Acer negundo) 0.29428 1.898 3.2 43.6 1.0-5.0 0-47
Green Ash (Fraxinus pennsylvanica) 0.20637 21217 10.9 37.0 1.0-5.0 0-68
Caragana (Caragana arborescens) 0.0284 2.576 5.3 24.2 0.4-2.4 0-29

aDjameter is the estimated cumulative stem thickness of a multi-stem shelterbelt tree, accounting for the stem thickness of all individual stems, measured at 1.3 m height
(breast height) along the stem (from ground level) for all tree species, except for Caragana, for which cumulative stem thickness is estimated from diameters measured at
30 cm height along the individual stems (from ground level), derived from Amichev et al. (2017).
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Within % of mean 20% 15% 10% 5%

Probability level (%)
Caragana (Caragana arborescens) — Average circumference: 345.1 mm — SD: 182.3 — Variance: 17490.3

99% 98 162 229 396
95% 25 41 58 a9
90% 11 18 26 44
80% 7 11 15 25
Green Ash (Fraxinus pennsylvanica) — Average circumference: 59.2 mm — SD: 12.6 — Variance: 158.9

99% 30 50 71 121
95% 8 13 18 31
90% 4 6 8 14
80% 2 4 5 8
Siberian EIm (Ulmus pumila) — Average circumference: 99.8 mm — SD: 33.2 — Variance: 1108.7

99% 69 113 161 277
95% 18 29 41 70
90% 8 13 18 31
80% 5 8 11 18
Colorado Spruce (Picea pungens) — Average circumference: 86.0 mm — SD: 16.7 — Variance: 280.0

99% 43 7 101 174
95% 11 18 26 44
90% ! 8 12 20
80% 3 5 7 11
Mixed Caragana/Green Ash — Average circumference: 451.1 mm — SD: 188.0 — Variance: 35328.8

99% 116 191 271 468
95% 29 48 68 117
90% 13 22 31 53

80% 8 12 17 30
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