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Abstract

:

Soil CO2 efflux (Fs) plays an important role in forest carbon cycling yet estimates of Fs can remain unconstrained in many systems due to the difficulty in measuring Fs over long time scales in natural systems. It is important to quantify seasonal patterns in Fs through long-term datasets because individual years may show patterns that are not reflective of long-term averages. Additionally, determining predictability of net patterns in soil carbon flux based on environmental factors, such as moisture and temperature, is critical for appropriately modeling forest carbon flux. Ecosystems in moderate climates may have strong CO2 efflux even during winter, and so continuous quantification of annual variability is especially important. Here, we used a 2008–2023 dataset in a lowland temperate forest ecosystem to address two main questions: (1) What are the seasonal patterns in Fs in a highly productive temperate rainforest? (2) How is average Fs across our study area predicted by average coincident temperature, soil moisture and precipitation totals? Data showed clear seasonality where Fs values are higher in summer. We also find Fs across our measurement network was predicted by variation in abiotic factors, but the interaction between precipitation/moisture and temperature resulted in greater complexity. Specifically, in spring a relatively strong relationship between air temperature and Fs was present, while in summer the relationship between temperature and Fs was flat. Winter and autumn seasons showed weak positive relationships. Meanwhile, a negative relationship between precipitation and Fs was present in only some seasons because most precipitation falls outside the normal growing season in our study system. Our data help constrain estimates of soil CO2 fluxes in a temperate rainforest ecosystem at ~14–20 kg C ha−1 day−1 in summer and autumn, and 6.5–10.5 kg C ha−1 day−1 in winter and spring seasons. Together, estimates suggest this highly productive temperate rainforest has annual soil-to-atmosphere fluxes of CO2 that amount to greater than 4.5 Mg C ha−1 year−1. Sensitivity of such fluxes to regional climate change will depend on the balance of Fs determined by autotrophic phenological responses versus heterotrophic temperature and moisture sensitivity. Relatively strong seasonal variation coupled with comparatively weak responses to abiotic variables suggest Fs may be driven largely by seasonal trends in autotrophic respiration. Accordingly, plant and tree responses to climate may have a stronger effect on Fs in the context of climate change than temperature or moisture changes alone.
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1. Introduction


Understanding variation in naturally occurring carbon fluxes is vital for better the understanding and management of global carbon budgets [1]. Forest ecosystems are fundamentally important in the global carbon (C) cycle [2,3,4] in both the uptake and release of C. Global rates of CO2 released by soils through both plant (autotroph) respiration and decomposition (heterotrophic respiration) are up to 10 times higher than anthropogenic emissions of CO2 through burning of fossil fuels and represent the dominant form of C release from soils to atmosphere pools [5,6]. Accordingly, even small changes in the release of CO2 from soils can be produce large values compared to other CO2 fluxes [7,8,9]. Estimating soil CO2 efflux (Fs) with greater precision is important in all terrestrial ecosystems [10,11], but especially forest ecosystems where C-flux and storage are large. In systems that contain large quantities of C, small flux changes can represent large C fluxes globally [10]. Temperate rainforests of the Pacific Northwest have the largest soil C stores of belowground carbon of any system in the contiguous United States [12,13], hence, documenting C-flux patterns in these ecosystems is of particular interest.



Multiple studies have described the relationship between Fs and abiotic factors of temperature and moisture worldwide [7,14,15,16,17,18]. Additionally, seasonality of Fs has been evaluated in multiple systems worldwide [8,19]. Interestingly, while forest ecosystems of the Pacific Northwest represent some of the most carbon-dense ecosystems on Earth [2], long-term studies of relationships between Fs and temperature and moisture in the region are relatively few [20,21,22]. Similarly, the seasonality of Fs fluxes in C-dense Pacific Northwest forests is not well understood, principally because mild winter temperatures extend the growing season for dominant conifers (accompanied by relatively high autotrophic and heterotrophic respiration), and dry summers may constrain heterotrophic respiration [23]. Isotopic analyses have also demonstrated interesting patterns where autotrophic versus heterotrophic sources and contributions to total soil CO2 efflux may vary by season [19,22]. Long-term (~6+ years) datasets have demonstrated seasonal patterns where soil CO2 efflux peaks in mature old-growth Pacific Northwest forests in mid to late summer, and strong relationships with temperature are possible during the growing season when moisture levels are neither too wet nor too dry [21]. Similarly, different biomes inherently differ in the strength of climatic signals for seasonal differences. Regardless, temperature, moisture, and vegetation activity all clearly influence soil CO2 efflux, and all can be affected by seasonal variation. Previous work has also demonstrated the importance of vegetation type in influencing Fs through effects on both subterranean autotrophic respiration and litter decomposition [7,14,24,25,26,27,28,29,30,31]. Forests with mixed deciduous and coniferous dominance may also exhibit patterns where Fs correlates with species composition and/or species diversity [30,32,33]. Stand diversity may also provide a stabilizing influence on Fs where diversity is correlated with reduced sensitivity to temperature [34].



Here, we examine two things: (1) average seasonal trends in Fs over a dataset spanning 2008–2023 in a lowland northwestern temperate rainforest in Washington state (USA) co-dominated by both coniferous and deciduous tree species; and (2) predictability of average Fs based-on average air temperature, precipitation and soil temperature and moisture values.




2. Materials and Methods


2.1. Site Description


Our study took place in The Evergreen State College forest reserve, located near Olympia, Washington, USA (47.0719° N, 122.9766° W; [30]; also, see study sites maps provided in Rex et al. [35]). Local climate is characterized by warm, dry summers and wet, temperate winters (https://weather.evergreen.edu/ last accessed 29 August 2022). The forest was last clear-cut between 1937–39 [30,35]), and is currently dominated by Pseudotsuga menziesii (Mirbel) Franco, Alnus rubra Bong., Acer macrophyllum Pursh, and Thuja plicata Donn ex D.Don. Other important, but less-common, species in the forest canopy include Tsuga heterophylla (Raf.) Sarg. and Abies grandis (Douglas ex D. Don) Lindley.



Our measurements were within a long-term permanent plot network designed for the regular measurement of aboveground forest C-flux and storage (EEON; http://sites.evergreen.edu/eeon; last accessed 1 December 2023). The plot network consists of 44 circular 314 m2 plots, arranged systematically on a 250 m grid across 380 ha [35]. The plots are mature lowland temperate rainforests typical of unmanaged forest in lowlands adjacent to the Puget Sound. The stands at this site best match associations in the G237 group (north Pacific red alder-bigleaf maple-Douglas-fir rainforest based on the United States National Vegetation Classification (https://usnvc.org/; last accessed 29 August 2022). Within each plot, all live trees, snags, and down woody debris have been permanently tagged and measured every 1–3 years since 2008. Stand structure is typical of a ~100-year-old closed-canopy forest on the west slope of the Cascades where average tree density is approximately 369 stems ha−1, (26 SE) and median tree diameter at 1.4 m height (DBH) is 34.5, and mean DBH is 41.3 cm (1.3 SE). Canopies are generally closed-canopy with over 80% tree canopy cover. A previous study [30] and measurements since 2008 estimate net aboveground annual C increment (net increases in aboveground biomass C) at ~1.95 Mg C ha−1 year−1, (0.87 SE). Litterfall biomass measurements from 2007/2008 [30] and again in 2014/2015 suggest that litterfall ranges from an average of 2.86 Mg ha−1 year−1 (0.44 SE) in 2007/2008 to 2.45 Mg ha−1 year−1 (0.31 SE) in 2014/2015.



Soils are represented by Alderwood gravelly sandy loam soils (USDA web soil survey; https://websoilsurvey.sc.egov.usda.gov; last accessed 11 November 2021). Sampling in 2014 suggests < 1 kg C m−2 within the litter layer, 2.5 (0.3 SE) kg C m−2 in the top 5 cm of soil, 4.2 (0.0.38 SE) kg C m−2 between 5 and 30 cm depth, and another 2.5 (0.29 SE) kg C m−2 between 30 and 50 cm soil depth (% C declines from 30%–40% in the litter layer, to 8% at the soil surface to 1.3% at 50 cm depth). Soil nitrogen (N) sampling suggests pool sizes of 0.04 (0.01 SE) kg N m−1 in the litter layer and 0.8 (0.42 SE) kg N m−1 in the top 50 cm of soil depth (declining from 0.36% to 0.1% N with depth).




2.2. Weather Data


Weather data in our study were compiled from the PRISM Climate Group climate data explorer (https://prism.oregonstate.edu/; last accessed 16 April 2023). Long-term averages of temperature and precipitation are also available from nearby weather stations, including a permanent weather station at the field site, maintained by The Evergreen State College, (publicly available at https://weather.evergreen.edu/; last accessed 26 November 2023). Similarly, other nearby NOAA cooperative weather stations have provided useful records in temperature and precipitation data through time (e.g., Olympia AP Station, 456114, https://wrcc.dri.edu/, last accessed 16 April 2023). Nevertheless, gaps in data availability at each station coincident with our measurements ultimately made PRISM-based estimates of temperature and precipitation more useful for a multi-year dataset. To validate the usefulness of the PRISM-based estimates, we conducted simple linear regressions for temperature and precipitation data for 60 measurement dates (the first day of each month) for five years during the study where local weather station data and PRISM data were simultaneously available. PRISM data accurately predicted both site-based measurements of daily temperature (r2 = 0.94, p < 0.0001) and annual precipitation (r2 = 0.80, p = 0.0267) several miles away at a long-term NOAA Cooperative Weather station.




2.3. Net Soil CO2 Efflux Measurements


Plots chosen for analysis varied haphazardly through time due to a combination of changing focal plots (focal plots were changed to avoid long-term trampling effects) and inaccessibility of two plots in 2023. We chose 11 plots for soil CO2 efflux (Fs) measurement between 2008–2011. Plots were randomly chosen from the 44 EEON permanent plots [30]. In 2014–2015, we expanded measurements to include ten additional plots within the larger EEON permanent plot network (20 total plots measured in 2014–2015), and nine from the old plots (two plots were unusable due to vandalism and soil trampling). In 2022, eleven plots (the ten new plots plus one randomly chosen plot from the 2008–2014 set) were remeasured, and in 2023, nine of the new plots were remeasured (two plots were again unusable due to accessibility issues). A simple Welch’s t-test of data from the overlapping sets of plots in 2014–2015 confirmed no significant difference between Fs in the old and new sets of plots (p > 0.05; new and old plot means were 2.12 and 2.17 μmol CO2 m−2 s−1, respectively; see below for methods details). Each plot measurement was averaged from four subplots located in each cardinal direction within each EEON plot, resulting in a total averaged set of 1612 plot measurements between 2008–2023.



We used an open-path IRGA (LC-pro+, ADC Bioscientific Ltd., Hoddesdon, UK) for all Fs measurements. The IRGA is attached to a 40.25 cm2 chamber with integrated fan to maintain air flow. Each measurement consisted of an average of three measures taken at two, three, and four minutes after the chamber was placed on the soil. Chamber placement ensured that the chamber was inserted approximately 1 cm below the soil for each measurement, such that there was no air exchange from the sides of the chamber with the surrounding air. Immediately following chamber placement, Fs was monitored to ensure measurements were stable before the measurements could be counted. If the measurements did not stabilize with 0.5 μmol CO2 m−2 s−1 within two minutes, the chamber was lifted, re-positioned, and measurements were restarted.



Diurnal trends in Fs data can influence scaling of Fs to annual values from daytime measurements [36]. We evaluated diurnal trends in the spring 2009, 2011, and 2012. Spring measurement periods were selected since diurnal temperature changes are at their greatest, and both deciduous and coniferous trees are in their active growth season. In each diurnal measurement event (24 h), Fs was repeatedly measured every three hours for eight sub-plots. The purpose of these measures was to determine if 24 h measurements differed significantly from average daytime measurements. Accordingly, an average of daytime measurements was compared (using a simple one-sample t-test) with measurements within the 24 h measurement that were taken during the normal period for Fs measurement throughout the rest of the study (between 1000 and 1500 h). In this comparison, average values over diurnal measurement periods did not differ significantly from daytime measurements (p = 0.551; mean diurnal and daytime measurement were both 1.267 μmol CO2 m−2 s−1).



For a subset of Fs plot measurements between 2014 and 2023 (2014 n = 15; 2015 n = 83; 2022 n = 33, and 2023 n = 10), soil temperature and moisture measurements were taken simultaneously. Soil temperature and moisture were not available for all data, representing a limitation in the current study. This subset included 141 measurements in winter (n = 44), spring (n = 75), and summer (n = 22). Soil temperature was also measured down to 10 cm depth immediately adjacent to the chamber using a digital thermometer. Soil moisture was measured using a lightweight SM150 Portable Soil Moisture probe (Dynamax, Houston, TX, USA).




2.4. Data Analysis


All subplot data were averaged by plot and month of measurements prior to analysis resulting in 402 average Fs measurements between 2008–2023. Monthly plot averages were analyzed using a REML approach using the lme4 package in R [37,38]. Fixed effects in the model included season (autumn, winter, spring, summer) and stand type (conifer, deciduous, mixed conifer, and deciduous). Average air temperature and precipitation totals were treated as continuous effects, and all interactions between season and stand type and season, temperature, and precipitation were included in the model. Year, month, and plot were all treated as random intercept effects in the model. An α value of p < 0.05 was used to denote significance where relevant.



A similar REML model analysis was used for the subset of measurements between 2014 and 2023 which included soil moisture and temperature. In this subset analysis, 141 measurements were included across all plots, during eight months in winter and summer seasons (autumn data was absent) and four years (2014, 2015, 2022, and 2023). Stand type and season were treated as fixed effects, soil moisture and temperature were treated as continuous effects, and year, month, and plot were treated as random intercept effects in the model. As above, R and the lme4 package were used for all analyses and an α value of 0.05 was used to denote significance.



Following the analysis above, a Q10 value was also calculated for significant soil temperature by Fs relationships. The measure Q10 gives an approximate value for the change in respiration associated with a 10 °C change in temperature [1,39]. Briefly, this analysis calculated Q10 within seasons after fitting the equation Fs = a × e(b×t), where a and b represent constants. Q10 is then calculated based on the equation Q10 = e(b×10), reflecting a multiplicative change in the value of Fs following a 10 °C change in temperature.





3. Results


Across all sub-plot measurements between 2008 and 2023, season and average monthly air temperature stood-out as the two strongest single effects in the model (marginal R2 = 0.343, conditional R2 = 0.790), but interaction effects were also significant for season by precipitation, season by air temperature, and season by temperature by precipitation (Table 1). Seasonally, average Fs (μmol CO2 m−2 s−1) was highly variable and peaked rapidly in summer, followed by autumn values, spring, and then winter (Figure 1). The overall average Fs value across all seasons and years was ~2.54 (95% CI: 2.4–2.68 μmol CO2 m−2 s−1). Average Fs in spring was 2.2 (95% CI: 2.03–2.35 μmol CO2 m−2 s−1), average values in autumn were 2.72 (95% CI: 2.53–2.92 μmol CO2 m−2 s−1). Summer averaged 3.92 (95% CI: 3.59–4.25 μmol CO2 m−2 s−1), and winter averaged only 1.25 (95% CI: 1.10–1.40 μmol CO2 m−2 s−1). In the random effects, year accounted for 36.9% of the total variance white plot accounted for only 7.2% (Table S1).



Comparison of the sums of squares (SS) indicated that air temperature alone accounted for ~8% of the variation in SS values, and 48% of the SS values when including all interaction effects (Table 2). Nevertheless, the analysis also suggested significant interactions with season and precipitation such that Fs was similar across a range of air temperatures in summer, showed the strongest positive relationship with air temperature in spring, and was also positively related to temperature in other seasons (Figure 2).



The interaction relationship was particularly complex in autumn, which is typified by droughty conditions with warm temperatures early in the season, and colder wet conditions late in the season. A negative relationship between 10-day precipitation and Fs was apparent in autumn, but inseparable from positive relationships with air temperature on Fs, and differences between seasons in Fs mirrored differences in precipitation and temperature (Figure 3).



Variation in stand type was surprisingly non-significant (Table 1), suggesting that overstory canopy type is not a strong predictor of Fs values in this system. A comparison of average values among stand types through the seasons shows strikingly similar values (Table 2). Average values were 2.43 (95% CI: 2.23–2.63) for conifer stands, 2.74 (95% CI: 2.38–3.10) for mixed conifer and hardwood stands, and 2.56 (95% CI: 2.33–2.80) for hardwood stands.



In the model developed for the subset of data where soil moisture and soil temperature data were also available, soil moisture, season, and season by soil temperature interactions were significant factors (Table 3; marginal R2 = 0.582, conditional R2 = 0.797). Soil moisture was a relatively strong negative effect (Fs declined with increasing soil moisture; Figure 4). Soil moisture increases from ~15% in summer (high Fs) to 30% in spring, and >30% in winter were associated with declining Fs. The interaction between soil temperature and season was due to a negative relationship between soil temperature and Fs in the summer (Figure 5). There were no significant interactions between soil moisture and season, but a strong negative correlation between soil temperature and soil moisture (r = −0.957) may have masked this interaction where declines in soil temperature from 16 °C (soil moisture from <10%) to 10 °C (soil moisture >20%) were associated with higher Fs. In the random effects, year accounted for 35.4% of the total variance while plot accounted for only 9.6% (Table S2).



Interactions with season and temperature may have also been reflected in seasonal calculations of Q10. The positive relationship between soil temperature and soil respiration yielded a maximum estimated Q10 value of 3.51 in spring measurements, and a minimum of 1.85 in winter measurements. A negative relationship between Fs and soil temperature, due to droughty conditions when the highest soil temperatures were recorded, resulted in a Q10 of only 0.46 for summer. Thus, while summer Fs values are higher than other seasons, very high soil temperatures may be associated with a decrease in Fs by a factor of 0.46 for every additional 10 °C increase in temperature.




4. Discussion


Over a decade of measurements, we found a clear and consistent seasonal pattern in mean values, where Fs was higher in the summer months and early autumn (Figure 1), and lower in other seasons. While this pattern should not be surprising given the expected abiotic controls over Fs (respiration often increases with temperature and moisture) [40,41], abiotic controls over Fs are not always so clear [42]. Other studies within productive forests of the Pacific Northwest have quantified seasonal trends and provide excellent comparisons with our work [43], even though we know of no similar studies in the lowland Puget Trough biological province. One of the earliest studies of CO2 evolution from forests soils in northwestern ecosystems [44] found evidence of clear seasonality and limited temperature dependence of soil respiration in P. menziezii and A. rubra-dominated forests at about 210 m elevation in Washington State. Similarly, a study along elevation gradients in Olympic National Park found clear predictability of Fs based on soil temperature, and length of growing season, while relationships with soil moisture were more elusive [45]. Other studies from northwestern US [46] have demonstrated seasonality in belowground CO2 flux which could drive higher soil respiration. In other long-term temperate forest studies, inclusion of season or day of year significantly improves models of soil CO2 efflux, reflective of a distinct seasonality in soil respiration [47]. Seasonal variation may be driven by relationships with temperature, but variation in heterotrophic vs. autotrophic respiration responses to temperature and soil moisture can also lead to complex outcomes [48]. For example, tree-root respiration is likely to increase with temperature, but may also increase with belowground activity that occurs outside the aboveground growing season. Here, we were not able to untangle autotrophic and heterotrophic sources, but we were able to document long-term trends in an important C-flux.



We note that while climate patterns in the Pacific Northwest (and other temperate forest biomes) currently conform to standard four-season patterns, climate change may result in more extensive summer droughts, or shorter winters, and hence the utility of a seasonal analysis is dependent on observed climate and weather patterns. Examination of Fs at broader spatial scales and longer time frames will obviously improve generalizable conclusions about spatial and temporal patterns, and will represent an important future research direction. New techniques will necessarily rely on larger data sets such as the one used here for ground-truthing. For example, remote sensing applications are currently under development that may be able to estimate soil respiration based on correlations between soil respiration and soil surface temperature [49,50], and studies such as ours can help parameterize such models more-realistically. Regardless, our data suggest clear seasonality, predictable across more than a decade of measurement, and some potentially important patterns with temperature that may be season and moisture dependent. Our data agree well with the results in global analyses showing clear seasonality in soil respiration in temperate forests, and especially analyses that parse ecosystems with dramatic dry seasons [5,8]. In the long run, such findings will need to be evaluated across changing climate and ecosystem conditions.



While soil respiration (especially heterotrophic Fs) is known to generally increase with temperature and is often quantified using a Q10 relationship [1,39], the exact nature of the relationship is not often understood in individual ecosystems due to the nuances of ecological interactions particular to a given ecosystem [48,51]. A study evaluating Fs across elevation gradients in the Olympic Mountains [45] found ranges in calculated Q10 between 1.6 and 4.9, consistent with our measurements in the present study (1.85–3.51). The mean Q10 calculated in the study (2.9) was also similar to the mean of winter and spring Q10 values from data presented here (2.7). However, we also observed data in which a negative relationship with temperature existed in the summer season and Q10 was below 1.0 (0.46). Our sampling for these values took place during a record drought in 2015 [52], and, while the results were not obvious in our data, excluding the 2015 data resulted in an over-all estimated Q10 of 2.5, close to the median value for Q10 from a broad review of C flux across terrestrial and wetland ecosystems (Q10 = 2.4) [7]. No evidence of Q10 values below 1.0 were reported in average values for the Olympic mountains study [45], but the authors of that study found weak moisture effects and it’s possible that moisture was not limiting in these mountainous sites over the limited one-year time frame of the study. Our estimates of Q10 are also well within the range expected for temperate forests based on global reviews of Q10 values [1].



We hypothesized that dominant tree canopy type would significantly predict patterns and rates of Fs. Our analysis of Fs did not indicate any evidence of distinct patterning among forests dominated by either coniferous, deciduous, or mixed tree species (Table 2). While plot identity accounted for a large amount of random effect variance measures, plot overstory was not a significant predictor of Fs. This result was somewhat surprising based on earlier work where Fs was found to vary positively with tree species diversity [30]. Our findings, however, are not inconsistent with this earlier work in that higher values of Fs were found in mixed stands (Table 2), even though stand type was not a significant factor in models. Additionally, over longer time periods, it is possible that diversity effects present in a single year may become more diffuse. Overall, these data suggest that even if significant differences in stand type can occur, long-term sampling produces similar estimates of CO2 flux from soils in adjacent stand types. We note that, although dominant stand type varied from coniferous to deciduous and mixed tree species dominance, all stands were similar in age and soil type [35].




5. Conclusions


Our long-term (~15-year) dataset suggests annual Fs fluxes (through CO2) of ~9.5 Mg C ha−1 year−1, with 1.16 Mg C ha−1 in winter, 2.04 Mg C ha−1 in spring, 3.84 Mg C ha−1 in summer, and 2.45 Mg C ha−1 in autumn seasons. Since more than 50% of Fs may represent heterotrophic respiration of CO2 [6,28,42], this suggests that this highly productive system may have annual heterotrophic soil respiration rates as high or higher than 4.75 Mg C ha−1 year−1. Complex interactions with soil moisture and temperature lead to variation in predictability of Fs based on abiotic factors throughout different seasons. Variability in summer and autumn Fs rates are particularly important for understanding changes in annual flux rates of C from soils to atmospheric pools since these seasons contain the highest Fs rates. Quantifying summer season responses to combinations of increasing temperatures and low soil moisture will be particularly critical in this bioregion for detecting changes in Fs in response to future climate change.
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Figure 1. Violin plots of soil CO2 efflux values (μmol CO2 m−2 s−1) by month throughout sampling period (2008–2023). Colors represent distinct seasons: winter (W; purple), spring (Sp; green), summer (Su; blue), and autumn (Au; orange). Black boxes represent the mean for each group, while colored shapes and points represent the data distribution and outlier values. 
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Figure 2. Scatterplot of average monthly Fs values (μmol CO2 m−2 s−1) by air temperature (°C) in all four seasons. Lines are fit to data independently within each season. Colors represent summative precipitation values (mm) for 10 days prior to measurements. Shapes represent different seasons for autumn (Au; circles), spring (Sp; triangles), summer (Su; squares), and winter (W; crosses). 
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Figure 3. Scatterplot of average monthly Fs values (μmol C m−2 s−1) by precipitation (mm) in all four seasons. Lines are fit to data independently within each season. Colors represent average temperature (°C). Shapes represent different seasons for autumn (Au; circles), spring (Sp; triangles), summer (Su; squares), and winter (W; crosses). 
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Figure 4. Scatterplot of average monthly Fs values (μmol CO2 m−2 s−1) by soil moisture (%) for a subset of data in in all three seasons where data were available. Lines are fit to data independently within each season. Colors represent soil temperature (°C). Shapes reflect seasons: spring (Sp; circles), summer (Su; triangles), and winter (W; squares). 
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Figure 5. Scatterplot of average monthly Fs values (μmol CO2 m−2 s−1) by soil temperature (°C) for a subset of data in in all three seasons where data were available. Lines are fit to data independently within each season. Colors represent soil moisture (%). Shapes reflect seasons: spring (Sp; circles), summer (Su; triangles), and winter (W; squares). 
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Table 1. Type III analysis of variance table for average plot Fs (μmol C m−2 s−1) values (significant p-values shown in bold).
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	Factor
	SS
	MS
	dfnum/dfden
	F
	p





	Season
	9.40
	3.14
	3/36.08
	4.47
	0.009



	Stand Type
	1.75
	0.87
	2/22.88
	1.25
	0.306



	Precipitation (10-day mm)
	0.62
	0.620
	1/63.28
	0.88
	0.351



	Temperature (°C)
	5.92
	5.92
	1/62.19
	8.44
	0.005



	Season: Stand Type
	8.89
	1.48
	6/355.86
	2.11
	0.051



	Precipitation: Temperature
	0.48
	0.48
	1/69.12
	0.68
	0.412



	Season: Precipitation
	17.00
	5.67
	3/102.31
	8.08
	<0.001



	Season: Temperature
	10.17
	3.39
	3/71.65
	4.83
	0.004



	Season: Precipitation: Temperature
	19.11
	6.37
	3/105.84
	9.08
	<0.001










 





Table 2. Average seasonal values for Fs (μmol C m−2 s−1) along with 95% confidence intervals in deciduous, coniferous, and mixed stand types.
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	Season
	Canopy Type
	n
	Average
	SE
	CV
	±95% CI





	Spring
	Conifer
	74
	2.16
	0.12
	49.61
	0.2



	
	Mixed Conifer and Hardwood
	37
	2.28
	0.21
	56.15
	0.4



	
	Hardwood
	49
	2.17
	0.13
	41.45
	0.3



	Summer
	Conifer
	49
	3.57
	0.21
	40.77
	0.4



	
	Mixed Conifer and Hardwood
	18
	4.76
	0.49
	43.41
	1.0



	
	Hardwood
	29
	3.99
	0.30
	39.94
	0.6



	Autumn
	Conifer
	35
	2.49
	0.16
	38.83
	0.3



	
	Mixed Conifer and Hardwood
	20
	3.07
	0.21
	30.85
	0.4



	
	Hardwood
	27
	2.77
	0.15
	28.29
	0.3



	Winter
	Conifer
	29
	1.13
	0.13
	61.52
	0.3



	
	Mixed Conifer and Hardwood
	17
	1.23
	0.15
	51.69
	0.3



	
	Hardwood
	24
	1.40
	0.12
	40.50
	0.2










 





Table 3. Type III analysis of variance table for average plot Fs values (μmol C m−2 s−1) for a data subset that included soil moisture and temperature in winter, spring, and summer seasons (significant p-values shown in bold).
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