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Forests provide several critical ecosystem services that help to support human society. Alteration of forest infrastructure by changes in land use, atmospheric chemistry, and climate change influence the ability of forests to provide these ecosystem services and their sensitivity to existing and future extreme climate events. Here, we explore how the evolving forest infrastructure of the Midwest and Northeast United States influences carbon sequestration, biomass increment (i.e., change in vegetation carbon), biomass burning associated with fuelwood and slash removal, the creation of wood products, and runoff between 1980 and 2019 within the context of changing environmental conditions and extreme climate events using a coupled modeling and assessment framework. For the 40-year study period, the region’s forests functioned as a net atmospheric carbon sink of 687 Tg C with similar amounts of carbon sequestered in the Midwest and the Northeast. Most of the carbon has been sequestered in vegetation (+771 Tg C) with more carbon stored in Midwestern trees than in Northeastern trees to provide a larger resource for potential wood products in the future. Runoff from forests has also provided 4,651 billion m3 of water for potential use by humans during the study period with the Northeastern forests providing about 2.4 times more water than the Midwestern forests. Our analyses indicate that climate variability, as particularly influenced by heat waves, has the dominant effect on the ability of forest ecosystems to sequester atmospheric CO2 to mitigate climate change, create new wood biomass for future fuel and wood products, and provide runoff for potential human use. Forest carbon sequestration and biomass increment appear to be more sensitive to heat waves in the Midwest than the Northeast while forest runoff appears to be more sensitive in the Northeast than the Midwest. Land-use change, driven by expanding suburban areas and cropland abandonment, has enhanced the detrimental heat-wave effects in Midwestern forests over time, but moderated these effects in Northeastern forests. When developing climate stabilization, energy production and water security policies, it will be important to consider how evolving forest infrastructure modifies ecosystem services and their responses to extreme climate events over time.
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1 INTRODUCTION
Forest ecosystems are a dominant component of the nature-based infrastructure (NBI) in both the Northeastern and Midwestern regions of the United States. The wooded ecosystems provide society with a range of services that affect the energy and water balances of the two regions. These ecosystem services include sequestration of atmospheric carbon dioxide (CO2) into vegetation biomass and soil organic matter to help mitigate climate change (Anderson-Teixeira et al., 2021; Canadell et al., 2021; Defries et al., 2022); the provision of vegetation biomass for fuel, paper products and construction materials (Birdsey and Lewis, 2003; FAO, 2019); and regulation of water supplies (Ellison et al., 2012; Khand and Senay, 2021; McNulty et al., 2021; Singh and Basu, 2022; Yu et al., 2022) for human use.
Forest ecosystem services are interlinked such that management designed to promote one service may have unintended consequences on others. The availability of biomass depends on the ability of vegetation to create new biomass (i.e., sequester carbon in vegetation) when the creation of new tissue by photosynthesis is greater than the loss of biomass from tissue death, consumption, and mortality or removal associated with human and natural disturbances (e.g., fire, wind). The loss of vegetation biomass as litterfall or mortality can lead to carbon sequestration in soils when these carbon inputs are greater than the loss of soil organic carbon to the atmosphere from decomposition. While the decomposition of soil organic matter returns carbon back to the atmosphere to possibly enhance global warming, this decomposition also releases nutrients, like nitrogen, that ultimately can support tree growth. Because the carbon:nitrogen ratios of woody tissues are significantly higher than those for soil organic matter (Melillo, 1996), the vegetation uptake of nitrogen released by decomposition can lead to larger amounts of carbon sequestered by vegetation than is lost from soil organic matter through decomposition (Melillo et al., 2011). The structure of soil organic matter also enhances the ability of vegetation to obtain water and nutrients for growth (Hoffland et al., 2020). As the characteristics of forest vegetation and soils vary across a region, the ability of forests to provide ecosystem services will also vary. In addition, these ecosystem services can change over time as forests mature after disturbances (Margalef, 1963) or evolve in response to changes in land management, atmospheric chemistry, and climate (Swanston et al., 2018; Canadell et al., 2021). These changes in forest NBI may also affect the sensitivity of ecosystem services to extreme climate events (Frank et al., 2015).
Ecosystem services associated with forest NBI supplement services provided by traditionally-engineered infrastructure (TEI, e.g., buildings, bridges, electrical grids, dams, water treatment plants, sewage treatment plants). However, competition for land between forest NBI and TEI can affect the ability of these infrastructures to provide services to society. Improved understanding of the ecosystem services provided by forests and their sensitivity to extreme climate events can inform policymakers on how to more effectively integrate maintenance of forest NBI with TEI as “policy levers” to help meet societal needs, including climate stabilization and energy and water security, as well as avoid conflicts between the use of these infrastructures to meet these needs.
In this study, we focus on how the NBI and ecosystem services associated with forests in the Midwest and Northeast United States have evolved from 1980 to 2019. The forest NBI of both regions has been heavily impacted by humans for centuries, but the regions have different land-use histories (Lu et al., 2015). Beginning in the last half of the 1800s, farmers abandoned large areas of cropland to forests in the Northeast (Compton and Boone, 2000) and moved to take advantage of better soils in other regions, particularly the Midwest. As a result, most of the Northeast is currently covered with secondary forests, whereas most of the Midwest is covered by agriculture (Figure 1E). Interestingly, the two regions have similar areas of forests in 1980 (Table 1) even though the total area of the Midwest is about 2.5 times larger than the Northeast (Supplementary Table S1). Thus, forests cover about 59% of the land area in the Northeast and only 22% of the land area in the Midwest. In our analyses, we examine: 1) how forest NBI varies among states in the Midwest and Northeast at the beginning of the study period; 2) how forest NBIs and ecosystem services in the Midwest and Northeast United States have change from 1980 to 2019; 3) the relative roles of various environmental factors (Figure 1) in causing these changes; 4) how the changes in forest NBI influence the responses of ecosystem services to extreme climate events; and 5) how the representation of forest NBI affects estimates of ecosystem services provided to human society by forests.
[image: Figure 1]FIGURE 1 | Temporal variations in (A) atmospheric CO2 concentrations, (B) air temperature, (C) AOT40 ozone index, (D) precipitation, and (E) land cover for the Midwest and Northeast United States used as inputs to TEM. The entire C-FEWS region experience the same temporal variations in atmospheric CO2 concentrations (black line in A). Note the difference in scale of land cover area between the Midwest and Northeast regions. Vertical dashed line in (E) represents the 1980 beginning of the 40-year study period.
TABLE 1 | Distribution of forested area and carbon stocks in the C-FEWS region during January1980 based on Baseline stand ages.
[image: Table 1]2 MATERIALS AND METHODS
To create a more comprehensive approach for evaluating the costs and benefits of NBI and TEI to provide services to sustain food, energy, and water for human society and to identify potential conflicts between these infrastructures, we have developed the C-FEWS modeling framework [Vörösmarty et al., this issue (a)]. In this study, we use a modified version of the Terrestrial Ecosystem Model (TEM 4.4) within the C-FEWS modeling framework to quantify the ecosystem services provided by forest NBI in the Midwest and Northeast United States. Ecosystem services estimated by TEM 4.4 include net carbon sequestration as represented by net carbon exchange, biomass increment, the production of paper and lumber products, and water yield. In addition, we quantify the carbon emissions from land conversion or rotational timber harvest that might be managed with carbon capture and storage to further mitigate climate change. All monthly carbon and water fluxes and pools are estimated at a spatial resolution of 0.1° latitude by 0.1° longitude for the 14,648 grid cells that comprise the Midwest and the 6,120 grid cells that comprise the Northeast. The gridded estimates are then aggregated to state and regional levels for analyses to provide inputs to the economic valuation model of the C-FEWS framework, which requires input data at this scale. Aggregation can also reveal macro-level FEWS responses to climate and other forcings, which can be obscured by a focus on the individual grid cell basis. In fact, our analysis can provide both perspectives. The Midwest United States covers Illinois, Indiana, Iowa, Michigan, Minnesota, Missouri, Ohio, and Wisconsin. The Northeast United States covers Connecticut, Delaware, Maine, Maryland, Massachusetts, New Hampshire, New Jersey, New York, Pennsylvania, Rhode Island, Vermont, Washington D. C., and West Virginia. The combined regions of the Midwest and Northeast United States are referred as the C-FEWS region as currently defined in the C-FEWS framework.
Below, we briefly describe modifications to TEM 4.4 and how the modified TEM 4.4 estimates the output variables used in this study; the gridded input data sets used to drive TEM 4.4 including the development of the land cohort time-series data set used to represent land-use history; the simulation protocol used by the model to determine the simulated initial conditions for January of 1980 and the monthly estimates for the study period from 1980 to 2019; and four sets of simulation experiments. The first set of simulation experiments is used to assess the relative importance of land-use change, CO2 fertilization, ozone pollution, and climate on net carbon exchange, biomass increment, and water yield. The second set is used to assess the effects of extreme climate events on annual net carbon exchange, biomass increment, and water yield over the study period. The third set is used to assess how an increased frequency of heat waves may have affected net carbon exchange, biomass increment and water yield during the decade of the 2010s. The fourth set is used to assess how the representation of forest NBI affects carbon sequestration, biomass increment and ecosystem carbon storage.
2.1 Terrestrial ecosystem model (TEM4.4)
The TEM 4.4 is a process-based biogeochemistry model that uses spatially referenced information on atmospheric chemistry, climate, elevation, soil texture, and land cover to estimate monthly fluxes and pool sizes of carbon, nitrogen, and water among vegetation, soils, and the atmosphere. The model is well documented and has been used to examine patterns of land carbon dynamics across the globe including how they are influenced by multiple environmental factors such as CO2 fertilization, ozone pollution, climate change and variability, and land-use change (Felzer et al., 2004; Felzer et al., 2005; Reilly et al., 2007; Sokolov et al., 2008; Melillo et al., 2009; Galford et al., 2010; Galford et al., 2011; Reilly et al., 2012; Kicklighter et al., 2014; Melillo et al., 2016; Sokolov et al., 2018).
This version of TEM has been modified to account for how urban and suburban areas affect regional carbon, nitrogen, and water dynamics. Urban and suburban areas are represented as time-varying mosaics of impervious surfaces, lawns, and trees (Supplementary Material S1). Similar to Lu et al. (2013), lawns and urban/suburban trees are allowed to gain and lose carbon, but no such fluxes are assumed to occur in areas covered by impervious surfaces. Urban areas contain more impervious surfaces per unit area than suburban areas because of their higher population density. In contrast, suburban areas contain more open spaces covered by grasses and trees than urban areas. The relative proportion of these subcomponents of the urban and suburban mosaics vary spatially as prescribed by land cover data sets as described in Supplementary Material S1.
Below, brief descriptions are provided on how the modified TEM 4.4 estimates land carbon sequestration; biomass increment; carbon emissions from land conversion or rotational forestry; the production and fate of paper products, and construction materials; and water yield.
2.1.1 Forest carbon sequestration and vegetation biomass availability
In this study, TEM 4.4 estimates forest carbon sequestration (∆ForC) as follows:
[image: image]
The amount of carbon sequestered or lost from the vegetation over a specified time period (∆VegC) is defined as biomass increment. Similarly, the amount of carbon sequestered or lost from soil organic matter over a specified time period (∆SOC) is soil organic matter increment or SOM increment. The amount of carbon sequestered in the forest vegetation and soil organic matter can be estimated from the net balance of the TEM-simulated carbon fluxes into and out of each of these pools for a specified time period:
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where NPP is net primary production (g C m−2 mo−1), EC is the carbon emissions associated with rotational timber harvests or the conversion of natural land to agricultural or urban/suburban land and includes emissions from burning slash and fuelwood (i.e., burned biomass, g C m−2 mo−1), LtrfalC is litterfall carbon (g C m−2 mo−1); SlashC is the amount of carbon in slash transferred to soil organic matter during rotational timber harvests or the conversion of natural land to agricultural land or urban/suburban land (g C m−2 mo−1); WoodProdC is the amount of carbon in wood transferred during rotational timber harvests or the conversion of natural land to agricultural land or suburban/urban areas to paper products and construction materials (g C m−2 mo−1); and RH is heterotrophic respiration (g C m−2 mo−1) associated with decomposition.
Vegetation biomass availability depends on standing stocks of vegetation. Biomass increment (∆VegC) indicates year-to-year changes in vegetation biomass. New biomass is determined as the accumulated amount of annual biomass increments that occur since January of 1980 (e.g., January 1980 through December 2019).
2.1.2 Fate of vegetation biomass from timber harvest and land conversion
In addition to carbon sequestration in forest ecosystems, TEM 4.4 keeps track of the fate of the wood products derived from the timber harvested from forest ecosystems. Wood products are stratified into annual cohorts of paper products and construction materials. All wood products are assumed to remain in the grid cell where the timber was harvested for these products. Carbon in these wood-product cohorts is assumed to be released back to the atmosphere at a linear rate based on the amount of carbon created for that cohort (McGuire et al., 2001). Thus, carbon stocks of these cohorts are diminished implicitly from both decomposition and burning of wood products. The monthly change in carbon stored in wood products (∆WoodProdC, g C m−2 mo−1) is estimated as follows:
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where PaperProdC is the TEM-simulated transfer of carbon in wood to paper products from timber harvest (g C m−2 mo−1); LumberProdC is the TEM-simulated transfer of carbon in wood to construction materials from timber harvest (g C m−2 mo−1); PaperDecayC is the TEM-simulated carbon emission to the atmosphere associated with the decomposition and burning of paper products (g C m−2 mo−1); and LumberDecayC is the TEM-simulated carbon emission to the atmosphere associated with the decomposition and burning of construction materials (g C m−2 mo−1).
When timber harvests occur either from rotational forestry or the conversion of forested land to agricultural or urban/suburban lands, prescribed proportions of the harvested tree biomass are allocated (McGuire et al., 2001) as follows: 1) 33% of tree biomass is left as slash (SlashC) that enters the soil organic carbon pool; 2) 40% of tree biomass is emitted to the atmosphere as carbon from burned slash or fuelwood (EC); 3) 20% of tree biomass is removed to create paper products (PaperProdC); and 4) 7% of tree biomass is removed to create construction materials (LumberProdC). The amount of forest carbon lost to EC and the various carbon pools depends on the amount of carbon in tree biomass at the time of the timber harvest.
SlashC is assumed to enter the soil organic carbon pool and decomposes over time at the rate of soil organic matter decomposition (RH), which is influenced by the local climate conditions. As some slash and fuelwood require time to dry out before burning properly, SlashC and EC are assumed to be linearly transferred each month for a year. Although EC is an aggregated flux of carbon from both burned slash and fuelwood, it represents a quantity of carbon that could be redirected toward the production of biofuels (Lippke et al., 2011). SlashC might also be considered as a resource for biofuel production, but most of this slash is underground as roots, which would be more difficult to exploit than the aboveground portions of slash, which are mostly assumed to be part of EC.
Paper products are assumed to have a lifetime of 10 years. In TEM, carbon in paper products is assumed to be linearly released to the atmosphere monthly from decomposition and burning over the 10-year period as PaperDecayC. Similarly, construction materials are assumed to have a lifetime of 100 years with carbon linearly released to the atmosphere monthly from decomposition and burning over the 100-year period as LumberDecayC. The relatively long decomposition times of paper products and construction materials contribute to the legacy effects of land-use change on carbon source/sink dynamics in addition to the effects of regrowing forests.
Net carbon exchange of forest ecosystems and their wood products with the atmosphere (NCE) is determined as follows:
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All of the carbon fluxes (g C m−2 mo−1) in Sections 2.1.1, 2.1.2 have been described in detail in previous publications (Raich et al., 1991; McGuire et al., 1992; McGuire et al., 1997; Tian et al., 1999; McGuire et al., 2001; Tian et al., 2003; Felzer et al., 2004; Sokolov et al., 2008).
2.1.3 Water availability for human use
Humans depend on both surface water and groundwater to support their water resource systems. In this study, we examine how historical changes in forests influence the availability of surface waters as affected by runoff. Runoff is the result of precipitation inputs, losses of water back to the atmosphere from evapotranspiration, and any changes in water stored on land.
Evapotranspiration depends on the atmospheric demand for water and the supply of soil water available to satisfy that demand. In TEM 4.4, the monthly atmospheric demand for water is represented as monthly potential evapotranspiration (PET), which is estimated as a function of mean monthly air temperature and mean monthly solar radiation (Jensen and Haise, 1963). The supply of soil water available to satisfy the atmospheric demand depends on rainfall, snowmelt recharge, and changes in soil moisture. Monthly evapotranspiration is assumed to be equal to PET during wet months and is estimated as a function of available soil water during dry months (Vörösmarty et al., 1989).
Monthly runoff is estimated as water yield (mm mo−1) based on algorithms of the Water Balance Model (WBM) by Vörösmarty et al. (1989). To determine the potential available water supply for humans, we aggregate TEM water yield estimates across area and time to estimate runoff in units of billion cubic meters.
2.2 Input data
To develop gridded estimates across the C-FEWS region, TEM 4.4 uses gridded data sets of elevation and soil texture, and gridded time-series data sets of monthly solar radiation, air temperature, precipitation, an index of accumulated hourly ozone over a threshold of 40 ppbv (AOT40), and annual land cover from 1699 to 2019. The input data before 1980 is used by TEM 4.4 to determine the initial forest NBI conditions at the beginning of the study period (1980–2019). All gridded TEM estimates and input data are organized at a spatial resolution of 0.1° latitude × 0.1° longitude. This spatial resolution has been chosen based on the spatial detail available in the source data used to develop the input data sets and the computational resources required by the various models of the C-FEWS framework to conduct simulations. In addition, TEM uses a time series of annual mean global atmospheric carbon dioxide concentrations. Below, we describe the development of the gridded time-series input data.
2.2.1 Elevation
Gridded elevation data (meters) for the globe are based on Lehner et al. (2008), which has a spatial resolution of 30 arc-seconds (0.0083°). Nearest neighbor remapping is used to aggregate the data to the 0.1° resolution based on the Earth System Modeling Framework (Hill et al., 2004).
2.2.2 Soil texture
Gridded soil texture data (fraction sand, fraction silt, fraction clay) for the globe are based on Shangguan et al. (2014). The original data is at a spatial resolution of 30-arc-seconds (0.0083°). Nearest neighbor remapping is used to aggregate the data to the 0.1° resolution based on the Earth System Modeling Framework (Hill et al., 2004).
2.2.3 Climate
Gridded time series data for monthly air temperature (°C), precipitation (mm mo−1) and net solar radiation (W m−2) are based on North American Land Data Assimilation System (NLDAS-2) climate data (Xia et al., 2012). The NLDAS-2 data are originally available at the 0.125° spatial resolution and covers North America from 1 January 1979 to present. The NLDAS-2 data is re-gridded to the 0.1° resolution using the Earth System Modeling Framework (Hill et al., 2004). The air temperature (K) and downward solar radiation (W m−2) are bilinear interpolated to the 0.1° spatial resolution and then aggregated to the monthly resolution by determining monthly means. The units for air temperature are converted from Kelvin to degrees Celsius by subtracting 273.15 from the NLDAS-2 air temperature data. The first-order conservative method is used for regridding precipitation (mm hr−1) to the 0.1° spatial resolution, and then summed to obtain units of mm mo−1 for input into TEM.
Climate data from the Climate Research Unit of the University of East Anglia (CRU 4.04, Harris et al., 2020) is used to backcast the NLDAS-2 data back from year 1980 to year 1699. First, the CRU data for air temperature, precipitation, and cloudiness between 1901 and 2019 is extended back to year 1700 based on repeating a detrended climate from 1901 to 1930. This data has a spatial resolution of 0.5°. Second, the CRU climate data for 1699 is determined as the mean monthly climate data of the 30-year detrended data. Third, the twenty five 0.1° resolution within each 0.5° grid cell is assigned the same monthly value as the 0.5° grid cell for the extended CRU climate data from 1699 to 2019. Fourth, a net incoming solar radiation data set is estimated from the 0.1° CRU cloudiness data (Pan et al., 1996). Fifth, the mean monthly values for both the CRU-derived 0.1° data and the NLDAS-2 0.1° data are determined for the years 1980–2019. Sixth, monthly anomalies from the mean monthly CRU data are determined for years 1699–1979 as differences for air temperature and as ratios for net incoming solar radiation and precipitation. The resulting monthly air temperature anomalies are added to the mean monthly NLDAS-2 data to extend the NLDAS-2 data back to 1699. The resulting monthly precipitation anomalies are multiplied by the respective mean monthly NLDAS-2 data to extend the NLDAS-2 data back to 1699.
2.2.4 Atmospheric chemistry
Gridded time series data for monthly AOT40 (ppbv-hr) to 1699 to 2019 across the globe are based on ozone estimates from simulations by the Massachusetts Institute of Technology (MIT) Integrated Global System Model linked to the National Center for Atmospheric Research (NCAR) Community Atmospheric Model (IGSM-CAM, Monier et al., 2013). The original data is at a spatial resolution of 0.5°. For this study, the twenty-five 0.1° resolution grid cells within each 0.5° grid cell is assigned the same monthly value as the 0.5° grid cell.
In addition, TEM uses a time series of annual mean global atmospheric carbon dioxide concentrations (ppmv) based on Meinshausen et al. (2011) from 1860 to 2005 and Dlugokencky and Tans (2021) for years 2006–2019. Carbon dioxide concentrations before 1860 are assumed to be the same as during 1860.
2.2.5 Land cover
Land cover is represented as a gridded time-series data set of land-cover cohorts at the 0.1° spatial resolution from 1699 to 2019. A disturbance cohort approach (Reilly et al., 2012; Lu et al., 2013) is used to track the effects of land-use change on terrestrial carbon, nitrogen, and water stocks and fluxes from 1700 to 2019. Before 1700, the C-FEWS region is assumed to have been covered by minimally disturbed natural vegetation or potential vegetation. Starting from the potential vegetation map, which represents the land cover distribution assumed for the year 1699, land-cover cohorts within each 0.1° grid cell are created or modified (divided) from 1700 to 2019 according to the timing of land conversions or timber harvests. These land-use changes are determined from net changes in annual land cover distributions, which in turn, are developed by using a rule-based priority approach (Meiyappan and Jain, 2012) to combine information from Ramankutty and Foley (1999), Lu et al. (2013), Hurtt et al. (2020), the National Land Cover Database (NLCD, Homer et al., 2020), MODIS (Friedl et al., 2002), and the Cropland Data Layer (NASS, 2022) as described in Supplementary Material S2. The resulting cohort data describes land-use changes among primary vegetation (i.e., undisturbed natural vegetation), secondary vegetation (i.e., human-disturbed natural vegetation), and intensively managed lands (i.e., croplands, pastures, urban and suburban areas). These changes include the conversion of natural lands to intensively managed lands, the abandonment of intensively managed lands to natural lands, and changes in management (e.g., croplands to suburban areas). With disturbance, the age of a new cohort (e.g., a forest stand) is initially set to zero but then increases annually until the next disturbance, when its age is reset to zero. For secondary forests, a rotational timber harvest is assumed to occur every 160 years if no other disturbance is estimated to occur to that cohort within that time frame. This rotation age is consistent with the average life-span of 130–200 years for forests in this region (Pan et al., 2011). In the cohort data set, the original potential vegetation of each cohort is also tracked through time.
2.3 Simulation protocol
To develop regional estimates during a TEM simulation, carbon, nitrogen, and water dynamics are first initialized to equilibrium conditions based on the initial potential natural vegetation cohorts in a grid cell using the input data for year 1699. Then, after a disturbance associated with creating the land use distribution in 1700 is introduced, a spin-up period of 150 years occurs to allow the carbon, nitrogen, and water dynamics of the newly created cohorts to come back into a dynamic equilibrium with a simulated environment that includes variable climate conditions, but constant atmospheric chemistry and no additional disturbances. After the spin-up period, transient carbon, nitrogen, and water dynamics are simulated for a growing number of cohorts from year 1701–2019, as prescribed by the cohort data sets, under a simulated environment that includes variable climate and atmospheric chemistry conditions. Details of this simulation protocol are given in the Supplementary Material S3.
2.4 Simulation experiments
2.4.1 Relative effects of environmental and management factors
A series of TEM simulations is conducted to evaluate the relative importance of various environmental and management factors on forest NBI and ecosystem services. These simulations include: 1) a baseline simulation where all environmental conditions, except elevation and soil texture, are allowed to change over time (Baseline); 2) a simulation similar to the Baseline simulation, but no land cover changes occur after 1980 (Const LULC); 3) a simulation similar to the Baseline simulation, but atmospheric carbon dioxide concentrations remain at the 1980 level after 1980 (Const CO2); and 4) a simulation similar to the Baseline simulation, but the monthly AOT40 index values remain at the 1980 levels after 1980 (Const AOT40).
The effects of various environmental factors on ecosystem services are determined from the results of the above TEM simulations as follows. The land-use change effects are determined by subtracting the results of the Const LULC simulation from the corresponding results of the Baseline simulation. The CO2 fertilization effects are determined by subtracting the results of the Const CO2 simulation from the corresponding results of the Baseline simulation. The ozone pollution effects are determined by subtracting the results of the Const AOT40 simulation from the corresponding results of the Baseline simulation. Finally, climate effects are determined by summing the corresponding land-use change effects, the CO2 fertilization effects, and the ozone pollution effects and then subtracting this sum from the corresponding results of the Baseline simulation.
2.4.2 Effects of historical extreme climate events
To examine how the impacts of extreme climate events on forest NBI and ecosystem services may have changed over the 40-year study period, 3 years containing an extreme climate event have been chosen: 1 year towards the beginning of the study period, 1 year in the middle of the study period, and 1 year towards the end of the study period. Each calendar “year” is analyzed as a 5-year event consisting of the target year plus the prior 2 years and the following 2 years, as detailed below. Four types of extreme climate events are considered: heat waves, cold waves, drought, and extreme precipitation events, which may differ in timing between the Midwest and Northeast United States. For heat waves, 1988, 2003, and 2012 have been chosen for the extreme years in the Midwest and 1988, 2002, and 2016 for the extreme years in the Northeast based on the area-weighted number of 3-day events between April and September where the maximum air temperature is greater than the 95th percentile and the heat index is greater than 35°C [Vörösmarty et al., this issue (a)]. For cold waves, 1983, 1995, and 2015 have been chosen for the extreme years in the Midwest and 1990, 1997, and 2016 for extreme years in the Northeast based on the area-weighted number of 3-day events where the air temperature is less than or equal to −6.7°C [Vörösmarty et al., this issue (a)]. For extreme precipitation events, 1982, 2002, and 2015 have been chosen for the extreme years in the Midwest and 1983, 1996, and 2009 for the extreme years in the Northeast based on the area-weighted number of days when precipitation exceeds 5 cm day−1 [Vörösmarty et al., this issue (a)]. For droughts, 1988, 2000, and 2011 have been chosen for the extreme years in the Midwest and 1989, 1999, and 2017 for the extreme years in the Northeast based on a newly developed Drought Intensity Score [Vörösmarty et al., this issue (a)], which is defined by the area-weighted 3-month Standard Precipitation Index (SPI-3). The SPI-3 is the number of standard deviations by which the observed anomaly deviates from the long-term mean over a 3-month duration (Guttman, 1999; World Meteorological Organization, 2012). A DIS score greater than 4 indicates a severe drought whereas a DIS score less than 2 indicates a very mild drought or no drought at all [Vörösmarty et al., this issue (a)].
To evaluate the impact of each extreme climate event on an ecosystem service (XClmeff), the value of an ecosystem service during a year containing an extreme event (Ycd) is compared to the mean of the ecosystem service value for the “non-extreme” year that is 2 years before the extreme climate event ([Yb2]) plus the ecosystem service value for the “non-extreme” year that is 2 years after the extreme climate event ([Ya2]):
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XClmeff estimates are then compared among the three time periods to look for temporal trends in extreme climate effects. Trends in extreme climate effects are considered for the following ecosystem services estimated by TEM 4.4: net carbon exchange, biomass increment, and water yield.
2.4.3 Effects of increasing frequency of heat waves
Heat wave frequency appears to be increasing and may continue to increase in the future (USGCRP, 2017). To explore how an increasing frequency of extreme heat waves might affect forest NBI and associated ecosystem services of the Midwest and Northeast United States in the future, we have developed the following simulation experiment. First, new air temperature, precipitation, and solar radiation data sets have been developed to represent a climate with increased heat wave frequency during the decade of the 2010s by replacing the Baseline climate conditions for this decade with the climate conditions of 2012–2014 for the Midwest and the climate conditions of 2016–2018 repeated three times [Vörösmarty et al., this issue (a)]. Then, the new climate data containing the three heat wave events in each region (Figure 2) are used to drive TEM 4.4.
[image: Figure 2]FIGURE 2 | Temporal variations in annual (A) air temperature, (B) net solar radiation, and (C) precipitation for the Midwest and Northeast United States used as inputs to TEM to explore the effects of increased frequency of heat waves on forest infrastructure and associated ecosystem services.
To evaluate the potential impact of an increased heat wave frequency on an ecosystem service (Heateff) in the future, the mean value of an ecosystem service during the decade of the 2010s estimated from the Baseline simulation (Baseline2010s) is subtracted from the mean value of the ecosystem service during the decade of the 2010s estimated from the simulation using the climate with the three extreme heat wave events (Heat2010s):
[image: image]
The effects of increased heat wave frequency on the following ecosystem services estimated by TEM 4.4 are considered in this analysis: net carbon exchange, biomass increment, and water yield.
2.4.4 Effects of forest NBI
The representation of forest NBI has been shown to influence forest carbon sequestration and represents a mechanism by which past disturbances to forests may influence contemporary carbon dynamics (Lu et al., 2013; Lu et al., 2015). Forest NBI changes based on the time since the last disturbance to a forest ecosystem occurred (i.e., stand age) as trees regrow. When the stand age distributions of forests in our land cover data set for the year 2005 are compared state by state to the corresponding data developed by Lu et al. (2015) to match the high-resolution (1 km2) forest stand age distribution of Forest Inventory and Analysis (FIA) data (Pan et al., 2011), a large proportion of our forest cohorts in most states are found to be older than that indicated by the FIA data. Illinois and Iowa are the exceptions where our land cover data sets indicate younger forests in these states than the FIA data. The older forests stands may be a result of our approach of implementing a timber harvest whenever a secondary forest stand becomes 160-years old, which probably did not account for all the human and natural disturbances (e.g., fires) that occurred to that forest stand. To account for these potential additional disturbances, a new land cover data set has been developed by implementing additional timber harvests on secondary forest cohorts of different stand ages on a trial-and-error basis until the stand age distribution of state forests in the new data set approximately matches the corresponding distribution described by the Lu et al. (2015) FIA-corrected data.
The new FIA-corrected land cover data set is then used with other Baseline input data sets to drive TEM 4.4 to estimate vegetation carbon, reactive soil organic carbon, net carbon exchange, biomass increment, soil organic matter increment, wood products, and burned biomass. To assess how the representation of forest NBI influences ecosystem services, the FIA-corrected estimates are compared to the corresponding Baseline estimates.
3 RESULTS
3.1 Initial characteristics of forest NBI
At the beginning of the study period (January, 1980), TEM estimates that forests in the C-FEWS region contained 17.3 Pg C with about equal amounts of carbon stored in forests of the Northeast (8.8 Pg C) and the Midwest (8.5 Pg C). The carbon associated with the forests of the C-FEWS region is distributed mainly between vegetation and soils, with much smaller amounts contained in wood products derived from previous timber harvests. About one-half of the initial carbon stocks in these forests is in vegetation biomass (8.2 Pg C or 133.3 Mg C ha−1), with similar amounts stored in vegetation of the Northeast (4.15 Pg C or 131.3 Mg C ha−1) and the Midwest (4.03 Pg C or 135.4 Mg C ha−1). About a quarter of the initial carbon stocks is in reactive soil organic matter (4.6 Pg C or 74.6 Mg C ha−1), with similar amounts stored in the Northeast (2.34 Pg C or 74.1 Mg C ha−1) and the Midwest (2.24 Pg C or 75.1 Mg C ha−1). In addition to reactive soil organic matter, we assume there is about an equal amount of carbon stored as non-reactive soil organic matter that is distributed between the Midwest and Northeast similarly to the reactive soil organic carbon. This non-reactive soil organic carbon is assumed to be stable and does not contribute either to land carbon source/sink dynamics or to nutrient availability to affect vegetation growth. To determine total carbon stocks in the forest ecosystems, we sum the carbon stocks in vegetation, reactive soil organic matter, and non-reactive soil organic matter. Within each region, the larger states tend to contain more carbon in forests than the smaller states even though forests in smaller states may have a higher carbon density (Table 1). In addition to the total amount of carbon stored in the forest ecosystems, we keep track of the amount of carbon stored in paper products and construction materials offsite in the grid cell. The amount of carbon stored in paper products is 0.02 Pg C in 1980 and the amount stored in construction materials is 0.35 Pg C. The Midwest stored about three times the paper products and twice the lumber products as the Northeast.
3.2 Changes in forest NBI and ecosystem services
Forests influence the carbon balance between land and the atmosphere (Figure 3) by changes in carbon stocks of vegetation and soil organic matter and the eventual fate of wood as fuel or wood products (i.e., paper, construction materials). During the 40-year study period (1980–2019), changes in environmental and management conditions (Figure 1) modified the distribution of carbon among forest components in the C-FEWS region. Overall, the forest ecosystems of the C-FEWS region gained 798 Tg C of “new” carbon by sequestering carbon dioxide from the atmosphere during the study period. The Northeastern forests gained a little bit more carbon (414 Tg C) than the Midwestern forests (384 Tg C). Although the vegetation in Midwestern forests gained more carbon (459 Tg C) than the Northeastern forests (312 Tg C), the Midwestern forests lost soil organic carbon (−75 Tg C) whereas the Northeastern forests gained soil organic carbon (102 Tg C) during this time.
[image: Figure 3]FIGURE 3 | Cumulative net carbon fluxes and net changes in carbon storage (Tg C) among the atmosphere, forest vegetation, forest soils, and wood products for the 40-year study period (1980–2019) for (A) the Midwest United States, (B) the Northeast United States, and (C) the C-FEWS region.
In contrast to the carbon sequestered by forest ecosystems in the C-FEWS region, the amount of carbon stored in wood products from these forests declined by 111 Tg C over the 40-year study period with 63 Tg C lost from the Midwest and 48 Tg C lost from the Northeast (Figure 3). The decomposition of wood products represents legacy effects on contemporary land-atmosphere carbon balance from timber harvests that occurred up to 100 years ago. The decrease in the carbon stocks of these wood products suggests that the frequency and/or area of timber harvests have diminished over the last 100 years. As a result, TEM estimates of net carbon exchange indicate that forests of the C-FEWS region are responsible for sequestering 687 Tg C from the atmosphere over the 40-year study period with similar amounts of carbon sequestered in the Midwest (321 Tg C) and Northeastern forests (366 Tg C).
Based on data from the U. S. Energy Information Administration (USEIA, 2022), a total amount of 23,426 Tg C of energy-related fossil fuel emissions is estimated to be released from the C-FEWS region during the 40-year study period with 13,304 Tg C released from Mideastern states and 10,122 Tg C released from Northeastern states. When compared to energy-related fossil fuel emissions (Eff, USEIA, 2022), cumulative forest net carbon exchange of the C-FEWS region over the 40-year study period offsets only 3% of the corresponding cumulative fossil fuel emissions from the region. The corresponding fossil fuel offsets (NCE/Eff) provided by Northeastern forests (4%) are about twice as beneficial to climate mitigation as the offsets provided by Midwestern forests (2%).
Conversion fluxes associated with biomass burning (EC) also influence the carbon balance between land and the atmosphere. Unlike the decomposition of wood products, conversion fluxes from timber harvests immediately release carbon to the atmosphere. Overall, conversion fluxes have caused the loss of 813 Tg C from the C-FEWS region with fluxes from forests of the Midwest twice as large as the corresponding fluxes in the Northeast (Figure 3).
In addition to ecosystem services associated with carbon dynamics, runoff from forests of the C-FEWS region have also provided 4,651 billion m3 of water for potential use by humans during the 40-year study period. The wetter condition of the Northeast (Figure 1) allows these forests to provide more water for potential human use (3,279 billion m3) than Midwestern forests (1,372 billion m3) over this time period.
3.3 Effects of environmental and management factors
By affecting forest NBI, environmental and management factors can influence its associated ecosystem services. Below, we focus on the effects of changes in environmental and management factors on three ecosystem services: net carbon exchange which affects efforts to mitigate climate; biomass increment which affects the availability of biomass for fuel and wood products; and runoff which affects available water supplies for potential human use. Environmental and management factors have had both positive and negative effects on forest NBI and ecosystem services (Table 2). Overall, climate and CO2 fertilization enhanced forest NBI by increasing net carbon exchange and biomass increment in both Midwestern and the Northeastern forests, while land-use change and ozone pollution diminished forest NBI by reducing net carbon exchange and biomass increment in both regions.
TABLE 2 | Cumulative effects of environmental and management factors on forest ecosystem services over the study period (1980–2019).
[image: Table 2]The relative role of these environmental and management factors on ecosystem services varies between the Midwest and Northeast and among states within these regions. For net carbon exchange and biomass increment, climate and land-use change effects are relatively more important in Northeastern forests than Midwestern forests, while CO2 fertilization and ozone pollution effects are relatively more important in Midwestern forests than Northeastern forests (Table 2). Larger impacts on net carbon exchange and biomass increment generally occur in states with larger forest areas (Figure 4). However, there are some notable exceptions. While land-use change generally decreased forest biomass increment in most states, this factor enhanced biomass increments in Illinois and Iowa. The enhanced biomass increments are the result of regrowing forests accumulating biomass on an increasing area of abandoned cropland in these states. Except for land-use change, the magnitude of the effects of various factors on soil organic matter increment (i.e., SOM increment) was less than biomass increment.
[image: Figure 4]FIGURE 4 | Relative effects of environmental and management factors on (A) net carbon exchange, (B) biomass increment, and (C) soil organic matter increment (SOM increment) of forests among states in the Midwest and Northeast United States during the 40-year study period. Factors include: 1) land-use change (∆ Land-use), 2) carbon dioxide fertilization (∆ CO2), 3) ozone pollution (∆ Ozone), and 4) climate variability and change (∆ Climate). Baseline represents overall effects of all environmental and management factors on forest carbon gains and losses. Positive values of Baseline net carbon exchange represent a forest carbon sink of atmospheric carbon dioxide whereas negative values represent a forest carbon source to the atmosphere. Positive values of factor effects represent an enhancement of carbon sequestration (reduction of carbon loss) by forests whereas negative values represent a reduction of carbon sequestration (enhancement of carbon loss). Midwestern states are Illinois (IL), Indiana (IN), Iowa (IA), Michigan (MI), Minnesota (MN), Missouri (MO), Ohio (OH), and Wisconsin (WI). Northeastern states are Connecticut (CT), Delaware (DE), Maine (ME), Maryland (MD), Massachusetts (MA), New Hampshire (NH), New Jersey (NJ), New York (NY), Pennsylvania (PA), Rhode Island (RI), Vermont (VT), Washington DC (DC), and West Virginia (WV). States with more forested areas in each subregion are positioned toward the left.
Runoff from forests is mostly determined by climate (Table 2) with land-use change causing minor, but compensating effects between the cumulative runoff from Midwestern forests (+51 billion m3) and Northeastern forests (−9 billion m3) over the 40-year study period. The land-use change effects are related to changes in forest area that occurred during the study period. Forest area increased in the Midwest by 8% and decreased in the Northeast by 4%. Similar to the ecosystem services related to carbon dynamics, states with larger areas of forests provide more runoff than states with less forest areas.
In addition to spatial variations, the relative importance of environmental and management factors on annual net carbon exchange, biomass increment and SOM increment varies over time with some similarities and some differences in temporal trends between forests of the Midwest and the Northeast United States (Figure 5). For annual biomass increment, the detrimental effects of ozone pollution and the beneficial effects of CO2 fertilization grow stronger in both Midwestern and Northeastern forests over the 40-year study period. Land-use change also initially diminishes biomass increment in both Midwestern and Northeastern forests, but after the year 2000, land-use change enhances biomass increment in the Midwest while continuing to diminish biomass increment in the Northeast. Land-use change effects on SOM increment also grow stronger over time in Midwestern forests but have almost no effects on SOM increment in Northeastern forests.
[image: Figure 5]FIGURE 5 | Comparison of the effects of environmental and management factors (land-use change, CO2 fertilization, ozone pollution, and climate) on (A) net carbon exchange, (B) biomass increment, and (C) soil organic matter increment (SOM increment) of forests over the 40-year study period among the Midwest, Northeast, and C-FEWS region. Solid black line represents the overall net effects of these factors as estimated in the Baseline simulation.
In both the Midwest and the Northeast, climate variability appears to have the dominant effects on both biomass increment and SOM increment. The climate-induced variability in biomass increments masks any subtle trends imposed by the other factors on biomass increment in the Midwestern and both biomass increment and SOM increment in Northeastern forests. A decreasing trend caused by land-use change is only discernable for SOM increment of Midwestern forests. The relative importance of environmental and management factor effects on net carbon exchange basically mimics those for biomass increment except for land-use change effects in the Midwest where enhanced annual biomass increments after year 2000 are compensated or overwhelmed by diminished annual SOM increments. Thus, there is no discernable trend in net carbon exchange over the 40-year study period and net carbon exchange appears instead to be much more sensitive to climate variability. Relatively large increases in net carbon exchange, biomass increment, and SOM increment occur during favorable climate conditions and large decreases of these variables occur with unfavorable conditions. Thus, carbon sequestration or loss from these forest ecosystems appear to be more sensitive to the frequency of “good” weather conditions versus “bad” weather conditions rather than any general trends.
The changes in biomass increment over the 40-year study period have allowed the gradual accumulation of 459 Tg C of new biomass in Midwestern forests and 312 Tg C of new biomass in Northeastern forests since 1980 (Figure 6). The biomass of Northeastern forests appears to have stabilized after year 2010 whereas Midwestern forests continue to accumulate biomass over this decade. Thus, the Northeastern forests appear to be at a dynamic equilibrium with the effects of climate variability and other environmental and management factors (including legacy effects from previous land-use change) on carbon dynamics whereas the Midwestern forests appear to be in disequilibrium and may continue to increase carbon sequestration in vegetation in the future. The new biomass represents increases in vegetation biomass availability that quantifies the potential trade-offs for the use of this new resource among fuel, wood products, and climate mitigation in the future. The amount of biomass removed each year for biomass burning and wood products appears to be a small proportion of this new resource (Figure 6). However, when these carbon losses are aggregated over the 40-year study period, as biomass increment has been to determine “new biomass,” these losses are greater than the amount of new biomass (Figure 3).
[image: Figure 6]FIGURE 6 | Comparison of the availability of new biomass (i.e., above the standing vegetation carbon stocks in 1980) for potential human use over the 40-year study period among (A) the Midwest United States, (B) the Northeast United States, and (C) the C-FEWS region. New biomass is determined by the accumulation of biomass increment after 1980. Burned biomass and wood products represent the additional biomass that has been created by forests in a particular year that would have enhanced vegetation standing stocks if it had not removed that year for these human uses. The burned biomass and wood products are derived from timber harvests associated with both rotational forestry and the conversion of forest land to agriculture or urban/suburban areas.
During the 40-year study period, the amount of biomass removed by timber harvests (Figure 6), either from rotational forestry or land conversions, for biomass burning and wood products has increased over time with larger contributions from Midwestern forests than Northeastern forests. While a relatively steady amount of biomass has been derived from forests by rotational forestry (Figure 7), an increasing amount of biomass is derived from land conversions of forests to croplands, pastures, suburban and urban areas, particularly in the Midwest during the 1990s and 2010s. As the area of croplands has decreased and the area of suburban areas and forest areas increased during the study period (Figure 1E), it appears that at least some of the land conversion to cropland is a result of displacement of croplands by expanding suburban areas.
[image: Figure 7]FIGURE 7 | Comparison of the trends in annual (A) burned biomass and (B) removal of biomass for wood products among the Midwest, Northeast, and C-FEWS region between 1980 and 2019 as a result of timber harvest from both rotational forestry and the conversion of forests to agriculture and urban/suburban areas.
The spatial and temporal variability in net carbon exchange and fossil fuel emissions (USEIA, 2022) is reflected in the ability of forest carbon sequestration to offset fossil fuel emissions at the state level (Figure 8A). Cumulative net carbon exchange of state forests over the 40-year study period provides the largest carbon offsets of the corresponding cumulative state fossil fuel emissions in Maine (53%), Vermont (35%), New Hampshire (17%), and Missouri (10%). In contrast, the cumulative 40-year net carbon exchange of Illinois forests supplements the state’s fossil fuel emissions by 0.4% rather than offset these emissions. The offsets of decadal state fossil fuel emissions provided by corresponding decadal net carbon exchange also varied over the study period with the notable reduced offsets or enhanced emissions associated with land conversions during the 1990s and 2010s in Missouri, Ohio, Indiana, and Illinois in the Midwest and Pennsylvania and West Virginia in the Northeast.
[image: Figure 8]FIGURE 8 | Comparison of the potential decadal benefits of bioenergy carbon capture and storage (BECCS) of burned biomass emissions from forests on offsets to fossil fuel emissions among states in the C-FEWS region. Decadal offsets based on net carbon exchange (A) are enhanced by BECCS of (B) burned biomass emissions to obtain (C) potential offsets based on net carbon exchange and BECCS. Midwestern states are Illinois (IL), Indiana (IN), Iowa (IA), Michigan (MI), Minnesota (MN), Missouri (MO), Ohio (OH), and Wisconsin (WI). Northeastern states are Connecticut (CT), Delaware (DE), Maine (ME), Maryland (MD), Massachusetts (MA), New Hampshire (NH), New Jersey (NJ), New York (NY), Pennsylvania (PA), Rhode Island (RI), Vermont (VT), Washington DC (DC), and West Virginia (WV). States with more forested areas in each subregion are positioned toward the left.
Similar to net carbon exchange and biomass increment, no general trends are discernable in annual runoff, represented as water yield, for either Midwestern or Northeastern forests over the 40-year study period (Figure 9A). Instead, annual water yield is dominated by the effects of climate variability. The lack of response of water yield to increasing precipitation (Figure 1D) over the study period is because concurrent increases in evapotranspiration (Figure 9B) return the additional water from higher precipitation back to the atmosphere rather than contributing to additional runoff. Although precipitation increased by about 2.5 mm yr−1 during the study period in both the Midwest (R2 = 0.12, p = 0.03) and the Northeast (R2 = 0.05, p = 0.17, n.s.), concurrent increases of 0.04° yr−1 in air temperature (Figure 1B) in both the Midwest (R2 = 0.26, p = 0.0008) and the Northeast (R2 = 0.42, p < 0.0001) enhance evapotranspiration by 2.0 mm yr−1 in the Midwest (R2 = 0.15, p = 0.01) and 2.2 mm yr−1 in the Northeast (R2 = 0.12, p = 0.03) to compensate for most of the higher precipitation rates during the study period.
[image: Figure 9]FIGURE 9 | Comparison of annual (A) water yield (WYLD) and (B) evapotranspiration (ET) of forests in the Midwest United States, Northeast United States, and the entire C-FEWS region over the study period (1980–2019).
3.4 Response to extreme climate events
After exploring the potential impacts of several types of extreme climate events (heat waves, cold waves, drought, and extreme precipitation) on ecosystem services, we find that only heat waves have consistent diminishing effects on net carbon exchange, biomass increment, and water yield throughout the 40-year study period (Table 3). The effects of the other extreme climate events on forest ecosystem services appear to be confounded with other changing environmental conditions to provide consistent effects throughout the study period. While there is a tendency for the impacts of heat waves on ecosystem services to become stronger over the study period, the effects of heat waves also appear to be influenced by other environmental conditions. Larger detrimental heat wave effects occur with regard to net carbon exchange and biomass increment in Midwestern forests than Northeastern forests, while larger effects on runoff occur in Northeastern forests than in Midwestern forests. Changes in forest NBI from land-use change also appear to have enhanced these detrimental heat-wave effects in Midwestern forests over time but tend to have moderated these effects in Northeastern forests.
TABLE 3 | Effect of land-use change on the annual responses of forest ecosystem services to heat waves in the Midwest and Northeast United States.
[image: Table 3]For net carbon exchange and biomass increment, differences in regional responses appear to be related to land-use change effects on biomass increment, which enhance the amount of forest biomass in the Midwest but diminish the amount of forest biomass in the Northeast (Figure 5B). Heat waves enhance rates of plant and microbial respiration. Thus, the additional biomass in Midwestern forests enhance plant respiration to enhance the detrimental impact of heat waves on net carbon exchange and biomass increment while the smaller total biomass of Northeastern forests would diminish plant respiration to moderate detrimental impacts of heat waves.
For water yield, the differences in regional responses appear to be related to land-use change effects on forest area. In the Midwest, the forest area increased by 8% to enhance the contribution of forests to water yield while forest area decreased in the Northeast to diminish water yield.
3.5 Response of ecosystem services to increased frequency of heat waves
As climate variability has a dominant effect on net carbon exchange (Figure 5A), biomass increment (Figure 5B), and water yield (Figure 9A), one would expect a scenario depicting increased frequency of heat waves (Figure 2A) to diminish these ecosystem services. While an increased frequency of heat waves does diminish net carbon exchange and biomass increment in forests of both the Midwest and Northeast, and diminish water yield in Midwestern forests, the increased frequency enhanced water yield in Northeastern forests (Table 4). This increase occurs because the three sequential heat waves are also associated with high rates of precipitation (Figure 2C), which increases antecedent soil moisture before the subsequent heat waves.
TABLE 4 | Effects of increased frequency of heat waves on mean annual rates of forest ecosystem services in the Midwest and Northeast United States during the 2010s.
[image: Table 4]3.6 Effect of forest NBI
The representation of forest NBI has a large influence on estimated forest carbon stocks and fluxes. However, this influence varies between the Midwest and the Northeast and among states. The FIA-corrected stand ages cause less carbon to be stored in forest vegetation and soil organic matter (Table 5) than the Baseline stand ages (Table 1). In contrast, the younger forests of the FIA-corrected land cover sequestered almost twice as much carbon in the Midwest (597 Tg C) and Northeast (686 Tg C) than the Baseline land cover over the 40-year study period. The FIA-corrected stand ages stored twice as much carbon in vegetation (629 Tg C) as the Baseline stand ages in the Northeast, but only 1.6 times as much carbon (713 Tg C) in the Midwest. The FIA-corrected stand ages lost less soil organic carbon (−15 Tg C) than the Baseline stand ages in the Midwest over the study period and gained 1.8 times as much soil organic carbon (179 Tg C) in the Northeast. The enhanced forest carbon sequestration rates using the FIA-corrected stand ages suggest that this mechanism would have offset about 5.5% of the fossil fuel emissions from the C-FEWS region rather than the 3% offset using the Baseline stand ages with larger offsets in the Northeast (7%) than the Midwest (4.5%). The largest carbon offsets of the corresponding cumulative state fossil fuel emissions are still in Maine (70%), Vermont (58%), New Hampshire (19%), and Missouri (15%).
TABLE 5 | Distribution of forested area and carbon stocks in the C-FEWS region during January 1980 based on FIA-corrected stand ages.
[image: Table 5]With the increase in timber harvests, a greater amount of carbon stored in wood products has been lost using the FIA-corrected stand ages in the Northeast (122 Tg C) and the Midwest (101 Tg C) over the study period. These losses are 2.5 times and 1.6 times, respectively, more than those using the Baseline stand ages. The greater losses from wood products indicates that more wood products were created from timber harvest in the past using the FIA-corrected stand ages, but the frequency and/or area of timber harvests have still diminished over the last 100 years as these wood product stocks decline.
In addition, conversion fluxes using the FIA-corrected stand ages in the Midwest (590 Tg C) and Northeast (322 Tg C) over the study period are 1.1 times and 1.3 times, respectively, the corresponding fluxes using the Baseline stand ages.
4 DISCUSSION
Management of forests to sustain or enhance their ecosystem services requires understanding how environmental and management factors influence these services and how these effects may vary over a region through time. To date, many studies of forest carbon dynamics have attempted to quantify forest carbon sequestration to assess their potential role in offsetting fossil fuel emissions (e.g., Niu and Duiker, 2006; McKinley et al., 2011; Lu et al., 2015; Domke et al., 2020) or its relationship to wood production (Birdsey and Lewis, 2003). Few studies have examined how these ecosystem services are generally affected by various environmental and management factors (Felzer et al., 2004; Pan et al., 2009; Nunery and Keeton, 2010; Dangal et al., 2014; Lu et al., 2015). For forest water dynamics, previous studies have examined how timber harvests or land conversions have influenced runoff (Khand and Senay, 2021; McEachran et al., 2021). This study is the first to examine how extreme climate events influence these ecosystem services and how changes in forest NBI from these factors influence the response of forest ecosystems to later extreme climate events.
Like Pan et al.’s (2009) analyses for Mid-Atlantic forests, our analyses of Midwestern and Northeastern forests indicate that climate variability has a dominant effect on forest NBI and associated ecosystem services that affect the use of forests for climate mitigation, biomass availability for fuel and other wood products, and water supply. Land-use change, CO2 fertilization, and ozone pollution do influence forest NBI and associated ecosystem services, but these effects are currently more subtle than the corresponding climate variability effects in the C-FEWS region.
While the beneficial effects of CO2 fertilization and the detrimental effects of ozone pollution on net carbon exchange are consistent with the results of previous studies, the detrimental effects of land-use change in our study appear, at first glance, to be at odds with these previous studies (e.g., Lu et al., 2015) where forest regrowth from the abandonment of croplands cause these forests to sequester atmospheric carbon dioxide. The difference results from our analyses focusing on the effects of factors on net carbon exchange since 1980. During the study period, the expansion of suburban areas causes a loss of forest land such that land-use change diminishes forest carbon sequestration during this period. In contrast, most of the forest regrowth during the study period is a result of timber harvests that occur before 1980. As described in a companion paper [Vörösmarty et al., this issue (b)], the rates of carbon sequestration from the legacy effects of past timber harvests overwhelm the loss of carbon from the expansion of suburban areas so that forests in both the Midwest and Northeast sequester carbon overall during the study period, which is consistent with previous studies. Because substantial land-use change occurs before 1980, the legacy effects of forest regrowth and its interactions with other factors that affect net carbon exchange are incorporated in the various effects attributed to climate including CO2 fertilization, and ozone pollution during the study period. The regrowth from legacy timber harvests on forest carbon sequestration is thus partly responsible for the large effects of climate variability on net carbon exchange.
While forests in both the Midwest and Northeast sequester carbon overall during the study period, regional differences in environmental conditions and land use trends cause geographic and temporal differences in how that carbon is stored. Although the two regions have about the same amount of forest area, vegetation in the Midwest sequestered more carbon than in the Northeast. One reason for this is associated with the drier conditions in the Midwest (Figure 1D). Under drier conditions, TEM assumes that relatively more elevated atmospheric CO2 is taken up by vegetation than under wetter conditions (Pan et al., 1998) leading to higher rates of carbon sequestration. Another reason is associated with differences in the character of forest NBI. The Midwest has a larger area of younger forests than the Northeast (Figure 1E). As shown by the forest NBI simulation experiment, younger forests represented by the FIA-corrected stand ages sequester more carbon in vegetation than the corresponding older forests represented by the Baseline stand ages. This occurs because NPP is generally higher in younger forest stands than older stands (Pregitzer and Euskirchen, 2004).
In contrast to vegetation, Midwestern forests lost soil organic carbon during the study period while Northeastern forests gained soil organic carbon. This difference is related to differences in land-use change trends between the two regions during the 40-year study period (Figure 1E). After a disturbance, forests will initially lose carbon for the first few years as the rate of soil organic matter decomposition overwhelms the rates of vegetation productivity, but then regrowth of these forests will begin to sequester carbon as the rates of vegetation productivity overcome decomposition and vegetation respiration rates (Pregitzer and Euskirchen, 2004). Eventually, litterfall rates from the enhanced vegetation biomass also overcome decomposition rates such that forests will begin to gain soil organic carbon during the later stages of regrowth. A similar process occurs during forest regrowth on abandoned agricultural land. In the Midwest, more cropland is continually abandoned to forests than in the Northeast during the study period (Figure 1E). Thus, a larger proportion of the Midwestern forests are experiencing the earlier stages of forest regrowth, where more soil organic carbon is lost to decomposition than is being supplied by litterfall inputs to diminish stocks of soil organic carbon. In contrast, a larger proportion of Northeastern forests is experiencing the later stages of regrowth, where litterfall inputs to soil organic carbon are greater than losses to decomposition, thus elevating stocks of soil organic carbon. In the forest NBI experiment, the younger forests represented by the FIA-corrected stand ages in the Midwest lost less soil organic carbon and the corresponding forests in the Northeast gained more carbon than the older forests represented by the Baseline stand ages. Although timber harvest diminishes litterfall inputs to soils during the early stages of regrowth, a large amount of carbon is assumed to be transferred from vegetation to soils as slash during the harvest itself to enhance stocks of soil organic carbon. Thus, the effect of land-use change on forest NBI and associated ecosystem services will depend on the type of land-use change that occurs.
Forests are known to be large consumers of water for evapotranspiration (e.g., Ellison et al., 2012; Khand and Senay, 2021; McNulty et al., 2021; Yu et al., 2022). Although precipitation has increased in both regions over the 40-year study period, the concurrent 1.6°C increase in air temperature over the study period has enhanced forests evapotranspiration by about 10% in both the Midwest and Northeast. The enhanced evapotranspiration provides additional water to the atmosphere that may enhance precipitation in downwind areas (Ellison et al., 2012). In our analyses the enhanced evapotranspiration has limited the benefits of the enhanced precipitation on runoff suggesting a resiliency of these forest ecosystems to climate change. It also indicates the importance of considering evapotranspiration dynamics in addition to precipitation dynamics when assessing the impacts of global change on potential water supplies for human use. Based on the ratio of water yield to precipitation (WYLD/P), consideration of forest evapotranspiration on potential water supplies appears to be more important in the drier Midwest (WYLD/P = 0.12) than in the wetter Northeast (WYLD/P = 0.23).
4.1 Effects of extreme climate events
As extreme climate events contribute to climate variability, these events could have large effects on forest NBI and associated ecosystem services, but this influence depends on the intensity, timing, duration, frequency, and spatial extent of these events (Frank et al., 2015; He et al., 2018; Arain et al., 2022). In addition, different types of extreme events may occur simultaneously (e.g., drought and heat wave) or successively to enhance the impacts of these events (Mazdiyasni and AghaKouchak, 2015; Arain et al., 2022). In their review of the effects of climate extremes on the terrestrial carbon cycle, Frank et al. (2015) identifies four categories of impacts: direct concurrent impact, direct lagged impact, indirect concurrent impact, and indirect lagged impact. Direct concurrent impacts begin during the event itself and may continue after the event ends. Direct lagged impacts begin in the year or years immediately following the extreme event. For indirect concurrent impacts, the event itself increases the susceptibility to an external trigger, such as fire, that enhances the impact of the event during the event. For indirect lagged impacts, the extreme climate event increases the susceptibility to an external trigger (Schlesinger et al., 2016), but the trigger does not occur until after the event. An example of an indirect lagged impact would be the accumulation of down woody detritus after a blowdown (Meigs and Keeton, 2018) facilitating a later fire. On the other hand, forest NBI may also help buffer these ecosystems against these extreme events, such as the ability of tree roots to access deep soil water or groundwater during a drought so they are more resistant to these events (Fan et al., 2017). The complexity of the impacts of extreme climate events and the potential resistance of forest NBI to these events could make it difficult to discern the effects of extreme climate events on forest ecosystem services.
In our analyses of historical extreme climate events, our approach attempted to quantify direct concurrent impacts of heat waves, cold waves, droughts, and extreme precipitation events that occurred toward the beginning, middle, and end of the study period. Our approach also attempted to examine if the response to these extreme events changed during the study period from changes in forest NBI resulting from the legacy of direct lagged impacts of extreme climate events and trends in the impacts of atmospheric chemistry, climate and land-use change. Potential indirect impacts of extreme climate events on ecosystem services were not considered in our analyses. From our second set of simulation experiments, the effects of cold wave, drought, and extreme precipitation events on net carbon exchange, biomass increment, and water yield of forests in the Midwest and Northeast United States appeared to be confounded with the effects of antecedent conditions, successive extreme events, and lagged forest responses to the events such that consistent direct responses to these extreme climate events were difficult to discern as noted for other regions (Knapp et al., 2008; Frank et al., 2015; Rammig et al., 2015). In contrast, heat waves were found to consistently diminish net carbon exchange, biomass increment, and water yield of forest ecosystems of both the Midwest and Northeast United States during the 40-year study period. Further, the evolution of forest NBI from land-use change effects altered the responses of forest ecosystem services to heat waves over the study period.
When examining the potential impacts of an increasing frequency of heat waves (Mazdiyasni and AghaKouchak, 2015) on forest ecosystem services, we find that the responses depend on whether the heat waves are accompanied by dry or wet conditions—a compound effect. For forests of the Midwest United States, a tripling of extreme heat waves events during the 2010s, which are accompanied by drier conditions (Figure 2), enhances the loss of carbon from these forests by almost 8.5 times, diminishes the accumulation of tree biomass by 68%, and diminishes water yield by 8% during the 2010s. In contrast, the tripled heat waves in the Northeast, which are accompanied by wetter conditions (Figure 2), diminishes forest carbon sequestration by 16%, diminishes the accumulation of tree biomass by 6%, and enhances water yield by 5% during this time period. Thus, ecosystem services of forests in the generally drier Midwest are more at risk from increasing heat waves than the forests of the wetter Northeast.
4.2 Climate mitigation by forests
Based on our estimates of net carbon exchange, we estimate that carbon sequestration by forests in the C-FEWS region offset about 3%–5.5% of the fossil fuels emitted from the region from 1980 to 2019. The forests of the Northeast have been able to offset about twice its fossil fuel emissions (4%–7%) than the Midwestern forests (2–4.5%). Our estimates of fossil fuel offsets by forest carbon sequestration are less than the corresponding offsets estimated by Lu et al. (2015) for all land covers in the C-FEWS region (18% offset in the Midwest; 14% offset in the Northeast) for the years 2001–2005 with forests being the major carbon sink (59 ± 11 Tg C yr−1 for the Midwest; 43 ± 10 Tg C yr−1 for the Northeast). Part of the difference may be a result of the longer time frame considered in our study (1980–2019), which would incorporate the impacts of more adverse environmental conditions on our estimates of forest carbon sequestration than the Lu et al. (2015) estimates. However, our estimates of forest net carbon exchange for the years 2001–2005 range from 14.8 ± 35.1 Tg C yr−1 to 22.3 ± 31.3 Tg C yr−1 for the Midwest and 5.9 ± 23.8 Tg C yr−1 to 10.5 ± 19.1 Tg C yr−1 for the Northeast depending on the forest NBI assumed. In addition, a comparison of our net carbon exchange estimates to corresponding estimates of changes in total carbon stocks of forests (Birdsey and Lewis, 2003) also indicate that our analyses underestimates forest carbon sequestration in the Midwest and Northeast from 1987 to 1997 (Table 6). While the use of the FIA-corrected stand ages generally improved estimates of land carbon sequestration compared to Birdsey and Lewis (2003), there were states where the use of these stand ages worsened the comparison (Pennsylvania, Maine). Thus, there are other factors affecting forest carbon sequestration that need to be considered. One issue may be the representation of ozone pollution. In our analysis, we used a simulated projection of ozone where the concentrations may have been too high and diminished our estimates of net primary production and carbon sequestration in forests.
TABLE 6 | Comparison of mean land carbon sequestration as represented by net carbon exchange and biomass increment estimates (Tg C yr−1) by TEM 4.4 using Baseline stand ages and FIA-corrected stand ages to Birdsey and Lewis (2003) (B and L) for forests in the Midwest and Northeast during 1987–1997. Standard deviations are in parentheses.
[image: Table 6]Besides sequestering carbon to mitigate climate change, our analyses indicate that forests of the C-FEWS region also produce about an equal amount of carbon in biomass that is burned either as fuelwood or slash removal with about twice as much biomass burned in the Midwest as in the Northeast United States. This bioenergy could be redirected to facilities for heat and power generation followed up with carbon capture and storage in geological formations (BECCS, Gough and Upham, 2011; Vaughan et al., 2018) to replace some fossil fuel use (Lippke et al., 2011) and increase the carbon sink attributed to forests. If all the burned biomass is captured and stored with 100% efficiency, then net carbon exchange and BECCS of the C-FEWS region would offset 6%–9% of the CO2 emissions associated with fossil fuels depending on the forest NBI assumed. With BECCS, forests of the Midwest would have a maximum fossil fuel offset of 7%–9% while forests of the Northeast would have a maximum fossil fuel offset of 6%–10%. However, our analysis appears to have also underestimated biomass increment when compared to the Birdsey and Lewis (2003) estimates of changes in vegetation carbon stocks (Table 6). As the accumulation of biomass increment indicates the additional amount of vegetation biomass (Figure 6) potentially available for bioenergy, our estimates of the maximum offset from the BECCS component have also been underestimated. Given that our analyses have underestimated both forest carbon sequestration and BECCS, the maximum fossil fuel offset may be higher.
Carbon emissions associated burning biomass during timber harvest from rotational forestry and land conversion vary among states and over the study period (Figure 8B). States with larger areas of forests in each region tended to have higher carbon emissions from burned biomass than states with less forest cover. In addition, higher carbon emissions occur during those decades with higher rates of land conversion during the 1990s and 2010s for Missouri, Michigan, and Wisconsin in the Midwest and Pennsylvania in the Northeast. The states of Missouri, Michigan, Wisconsin, and Minnesota would appear to have the largest offset benefits from the application of BECCS to carbon emissions from burned biomass (Figure 8C).
The use of tree boles and harvest residues for bioenergy, however, may have some unintended consequences (Achat et al., 2015; Birdsey et al., 2018; Ranius et al., 2018). Wood has a low “energy density” (16 MJ kg−1) compared to 55 MJ kg−1 for natural gas (see Table 2 in Hore-Lacy, 2018). Thus, more wood would be needed to generate the same amount of electricity as natural gas and result in more CO2 emissions that would then have to be captured and stored. Reduced nutrient availability for tree growth may occur with: 1) the removal of nutrients in exported biomass; 2) reduced microbial activity and mineralization as affected by soil compaction, and modified soil temperatures and moistures; and 3) increased stream export of nutrients and dissolved organic carbon, which also degrade water quality of receiving rivers and streams. Removal of harvest residues may also lead to soil acidification from the depletion of base cation stocks. Because a large portion of forest biodiversity is dependent upon dead wood, removal of woody debris and harvest residues causes the loss of potential habitat for some species to reduce biodiversity.
If the frequency of heat waves increases in the future, our analyses indicate that forest carbon sequestration will diminish, and less biomass will be available for bioenergy to help mitigate further climate change. These detrimental effects of heat waves will be greater in forests of the generally drier Midwest than the wetter Northeast.
4.3 Future directions
In our analyses, heat waves are shown to diminish the ability of forests to mitigate climate change by sequestering atmospheric CO2, to provide wood resources for fuel and wood products by creating new biomass, and to provide water supplies for human use from runoff. Land-use change has enhanced the effect of heat waves on ecosystem services in the Midwest but moderated these effects in the Northeast. While land-use change includes the effects of human disturbances on forest NBI and ecosystem services, it does not include the effects of natural disturbances such as wildfires, insect infestations, flooding, landslides, ice storms, or blowdowns on this NBI or services. These natural disturbances, which often occur with extreme climate events, may have similar impacts on forest NBI and ecosystem services. Similar to the effects of land-use change, the modifications of forest NBI from natural disturbances may also alter the sensitivity of forests to future extreme climate events and represent the indirect impacts of extreme climate events as described by Frank et al. (2015). While the use of gridded data set of forest stand age (Pan et al., 2011) help to improve the representation of forest NBI by implicitly accounting for the effects of natural disturbances, these stand ages still need to be attributed to various natural disturbances to better understand the indirect impacts of extreme climate events on forest NBI and associated ecosystem services.
In our study, we have been unable to detect consistent direct effects of cold waves, droughts, and extreme precipitation events on forest ecosystem services. This may have been a result of the ability of forest NBI (e.g., deep roots) to resist the impacts of the duration, timing, or intensity of some of these rare extreme climate events. Alternatively, the confounding effects of different types of concurrent or consecutive extreme climate events may have hidden such impacts. It may be that the indirect impacts of these extreme events (e.g., fire with drought, ice storms with cold waves, floods and landslides with extreme precipitation) may be more important than the direct impacts on forest NBI and ecosystem services and should be examined in future studies.
Overall, our analyses indicate that climate variability, as influenced by extreme climate events (particularly heat waves), has a dominant effect on the ability of forest ecosystems to sequester atmospheric CO2 to mitigate climate change, create new wood biomass for future wood products or fuelwood, and provide runoff for potential human use. Heat waves have a larger effect on forest NBI and associated ecosystem services in the Midwest than in the Northeast United States. Human disturbance from land-use change can alter the sensitivity of these forest ecosystem services to extreme climate events. When developing policies, it will be important to consider the fate of wood from forests as burning biomass and the decomposition of wood products can have large effects on assessing the ability of forests to provide carbon offsets to fossil fuel emissions. In addition, for accurate accounting of carbon sequestration potential, the effects of expanding urban/suburban areas on regional carbon balances cannot be ignored.
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