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Abstract 7 

Long-running eddy covariance flux towers provide insights into how the terrestrial carbon cycle 8 

operates over multiple timescales. Here, we evaluated variation in net ecosystem exchange 9 

(NEE) of carbon dioxide (CO2) across the Chequamegon Ecosystem-Atmosphere Study 10 

(ChEAS) AmeriFlux core site cluster in the upper Great Lakes region of the USA from 1997-11 

2020. The tower network included two mature hardwood forests with differing management 12 

regimes (US-WCr and US-Syv), two fen wetlands with varying levels of canopy sheltering and 13 

vegetation (US-Los and US-ALQ), and a very tall (400 m) landscape-level tower (US-PFa). 14 

Together, they provided over 70 site-years of observations. The 19-tower CHEESEHEAD19 15 

campaign centered around US-PFa provided additional information on the spatial variation of 16 

NEE. Decadal variability was present in all long-term sites, but cross-site coherence in 17 

interannual NEE in the earlier part of the record became weaker with time as non-climatic 18 

factors such as local disturbances likely dominated flux time series. Average decadal NEE at the 19 

tall tower transitioned from carbon source to sink to near neutral over 24 years. Respiration had a 20 

greater effect than photosynthesis on driving variations in NEE at all sites. Declining snowfall 21 

offset potential increases in assimilation from warmer springs, as less-insulated soils delayed 22 

start of spring green-up. Higher CO2 increased maximum net assimilation parameters but not 23 

total gross primary productivity. Stand-scale sites were larger net sinks than the landscape tower. 24 

Clustered, long-term carbon flux observations provide value for understanding the diverse links 25 

between carbon and climate and the challenges of upscaling these responses across space. 26 

Plain Language Summary 27 

The terrestrial biosphere features the largest global sources and sinks of atmospheric carbon. 28 

Changes in growing season length, disturbance frequency, human management, increasing 29 

atmospheric CO2 concentrations, amount and timing of precipitation, and warmer air temperature 30 

all influence the carbon cycle. Observations from the global eddy covariance flux tower network 31 

have been key for diagnosing these changes. However, data from most sites are limited in length. 32 

Here, we explore how multi-decadal carbon flux measurements from a cluster of flux towers in 33 

forests and wetlands in the upper Midwest USA respond to environmental change. Despite the 34 

proximity of the sites, year-to-year variation in carbon fluxes was rarely similar between sites. 35 

Surprisingly, warmer winters promoting earlier snowmelt led to later spring green-up because 36 

soil temperature was colder. Impacts of higher CO2 and warmer temperature on annual carbon 37 

fluxes were limited but did influence factors linking carbon flux sensitivity to climate. 38 

Differences in flux magnitudes from a very tall tower flux to the network show that the whole 39 

does not seem to be simply a sum of its measured parts. More elaborate approaches may be 40 

needed to understand the processes that control carbon fluxes across large landscapes.  41 
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Key Points  42 

1. Multi-decadal eddy covariance flux tower site cluster provides insight into variation of 43 

regional carbon cycling 44 

2. Variation of carbon exchange in two forests, two wetlands, and a tall tower responded 45 

differently to weather, phenology, and disturbance 46 

3. Challenges in upscaling fluxes indicate need for advances in aquatic observations, 47 

disturbance mapping, and flux footprint decomposition 48 

Keywords 49 

Carbon fluxes, AmeriFlux, CHEESEHEAD19, eddy covariance, forests, wetlands 50 

AGU Index Terms 51 

0428 Carbon cycling, 0439 Ecosystems, structure and dynamics, 0438 Diel, seasonal, and annual 52 

cycles, 0497 Wetlands, 0426 Biosphere/atmosphere interactions  53 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

5 

 

1. Introduction 54 

The terrestrial ecosystem carbon cycle responds to and contributes to ongoing global 55 

changes (Friedlingstein et al., 2020). Increasing CO2 concentrations, longer growing seasons, 56 

changing frequency of extreme climate, weather events, and shifts in disturbance regimes – 57 

among other factors – are leading to variations and trends in net carbon uptake from ecosystem 58 

to global scales (Luo, 2007). For mid-latitude temperate and boreal ecosystems, documented 59 

drivers of carbon cycle change include shifts in photosynthetic efficiency, decomposition rate, 60 

temperature sensitivities, leaf phenology, water table depth, and plant mortality rates (Grimm et 61 

al., 2013; Kasischke et al., 2013; Keeling et al., 1996; Luo et al., 2004). Given the complexities 62 

of these drivers and their interactions, the terrestrial carbon cycle is a major source of uncertainty 63 

in future climate change projections (Friedlingstein et al., 2014, Meehl et al., 2007).  64 

  One of the critical observing systems that can directly monitor ecosystem carbon cycling 65 

is the eddy covariance (EC) flux tower (Baldocchi, 2014). Since their advent, and especially with 66 

the establishment of monitoring networks such as AmeriFlux and FLUXNET, eddy covariance 67 

has held promise as a reliable benchmark for interannual to decadal changes to carbon cycling 68 

(Stoy et al., 2009) and for linking those changes to processes and mechanisms (Novick et al., 69 

2018). As a result, hundreds of formally registered sites and thousands of other sites now record 70 

carbon fluxes around the world (Burba, 2019). However, most direct observations of ecosystem 71 

carbon flux are rarely of sufficient length to disentangle and partition the driving factors by which 72 

the carbon cycle responds to environmental change (Hollinger et al., 2021). Sites with more than 73 

ten years of public data are still relatively few, as sites have come online and gone offline with 74 

vagaries of funding availability, research questions, and data sharing policies. New long-term 75 

focused projects with eddy covariance observations such as the U.S. National Ecological 76 

Observatory Network (NEON) or the European Union Integrated Carbon Observing System 77 

(ICOS) are still relatively recent innovations (Loescher et al., 2022). 78 

Among long-running sites, an even smaller subset includes a set of co-located towers 79 

spanning gradients in land use and species composition, and virtually none have co-located 80 

replicate sites. The Chequamegon-Ecosystem Atmosphere Study (ChEAS) was established in the 81 

mid-1990s in a northern Wisconsin USA mixed forest and wetland landscape, representative of 82 

many temperate ecosystems (Davis et al., 2003). ChEAS started with the establishment of eddy 83 

covariance observations on the WLEF-TV transmitter (US-PFa) in 1996 (Berger et al., 2001), 84 

and subsequently expanded with towers in hardwood forests (US-WCr in 1998 and US-Syv in 85 

2001) and wetlands (US-Los in 2000 and US-ALQ in 2014), making it one of the few sets of co-86 

located towers in operation. Several shorter-term studies led to additional single-year 87 

deployments of towers at sites in the surrounding wetlands, forests, and lakes (Desai et al., 88 

2008a; Xiao et al., 2011, 2014; Gorsky et al., 2021). The Chequamegon Heterogenous 89 

Ecosystem Energy-balance Study Enabled by a High-density Extensive Array of Detectors 2019 90 

(CHEESEHEAD19) four-month study recently included a large deployment of 19 towers in a 10 91 

x 10 km domain surrounding US-PFa for four months in summer 2019. These were used to 92 

compare carbon fluxes in similar sites and upscale fluxes from individual ecosystems 93 

(Butterworth et al., 2021). 94 

As a result of this investment in multi-tower, long-term fluxes, we can investigate 95 

interannual to interdecadal variation in carbon assimilation and respiration across ecosystems 96 

experiencing the same climate, and how those relate to meteorological and biological forcings 97 

(Desai, 2010). Further, we can then link this to shorter-term extensive tower networks to assess 98 
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how representative the long-term towers are of the landscape and how spatial variability differs 99 

from the temporal variability of the carbon cycle.  100 

Interannual variability in ecosystem-atmosphere carbon fluxes might result from changes 101 

in weather patterns, ecosystem composition, and phenology (Fu et al., 2019; Marcolla et al., 102 

2017; Piao et al., 2020) and is poorly resolved in terrestrial ecosystem models (Keenan et al., 103 

2012). To determine the causes of this variability in CO2 fluxes, it is necessary to study the terms 104 

that determine the net ecosystem exchange (NEE) of CO2: gross primary photosynthesis (GPP) 105 

and autotrophic and heterotrophic respiration, combined as ecosystem respiration (Reco) 106 

(Baldocchi et al., 2018). Interannual variations in NEE arise from the influence of meteorology, 107 

land use, and physiology on GPP and Reco. For example, drought can inhibit ecosystem 108 

productivity by reducing the strength of the terrestrial carbon sink and changing soil respiration 109 

rates (Piao et al., 2019b). Similarly, climate change-driven trends in water deficiency can 110 

promote forest tree species to alter leaf structures by increasing the percentage of defoliation 111 

(Carnicer et al., 2011).  112 

Moisture impacts can also extend beyond the soil to changes in atmospheric dryness 113 

arising from global warming (Grossiord et al., 2020; Novick et al., 2016). Diel temperature 114 

differences between day and nighttime temperature can decrease due to increasing cloud cover, 115 

humidity, and rainfall at night (Cox et al., 2020), and can lead to changes in the timing of leaf 116 

senescence (Wu et al., 2018). Vapor pressure deficit (VPD) has also been shown over longer 117 

timescales to be a strong modulator of tree growth in many ecosystems (Fu et al., 2022; Restaino 118 

et al., 2016).  119 

Some of these ecosystem functions and their impact on interannual variation in carbon 120 

fluxes may also be captured by simple parameters, including maximum realized productivity, 121 

water-use efficiency, and carbon-use efficiency (Ballantyne et al., 2021; Migliavacca et al., 122 

2021). Briegel et al. (2020) demonstrated that late winter and spring air temperature and summer 123 

precipitation indirectly influenced NEE. Seasonal and short-term conditions were found to be a 124 

better determinant of GPP and ecosystem respiration (Reco) interannual variability than annual 125 

climate variability (Zscheischler et al., 2016). Of the two components, GPP has a stronger impact 126 

over the interannual variability of NEE than Reco (Piao et al., 2019b). Precipitation patterns and 127 

their resulting influence on longer-term soil moisture and elevated seasonal ecosystem metabolic 128 

rate (NEE, GPP, Reco) have been demonstrated in multiple studies (Jenerette et al., 2008; Scott et 129 

al., 2012; Vargas et al., 2018). Other studies found that indirect effects of soil moisture explained 130 

90% of the carbon uptake variability at the global scale, suggesting a strong soil water-131 

atmosphere feedback, which was shown to be mainly driven by photosynthetic activity 132 

(Humphrey et al., 2021). Furthermore, another study emphasized how temperature emerges as a 133 

leading factor for annual fluxes (Jung et al., 2017). 134 

Past studies found similar impacts on forest and wetland productivity over periods of 135 

time from five years to a decade in our northern Wisconsin studyregion (Desai, 2010; Desai et 136 

al., 2010; Desai, 2014; Sulman et al., 2009). Analysis of the carbon flux at US-PFa tall tower 137 

demonstrated the large GPP and equally large Reco at the tall tower relative to stand-scale towers, 138 

contributing to a near-neutral NEE (Davis et al., 2003). Leaf-out, leaf-fall, and soil freeze and 139 

thaw caused a strong seasonal pattern of NEE of CO2, supported by Cook et al. (2004). GPP was 140 

not dependent on VPD unless it surpassed a high-level indicative of drier air. 141 

Spatially co-located “cluster” sites also allow for tests of upscaling for regional fluxes, 142 

improving our understanding of drivers and magnitudes of spatial variability of fluxes (e.g., 143 

Katul et al., 1999). Aggregation of CO2 fluxes from a collection of sites in and around the 144 
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Chequamegon-Nicolet National Forest in the summers of 2002 & 2003 demonstrated that 145 

footprint-weighted NEE, Reco, and GPP at the tall tower were within 11% of the combined fluxes 146 

from 13 surrounding towers (Desai et al., 2008a). Forest structure and age distribution strongly 147 

impact these fluxes, reflecting the history of land management and canopy complexity on 148 

modulating regional carbon cycle responses in forests (Desai et al., 2005; Desai et al., 2007; 149 

Murphy et al., 2022). Wetlands and other aquatic landscapes (lakes, rivers, ponds) form more 150 

than a quarter of the landscape and have been shown to have unique responses to hydrologic 151 

change (Buffam et al., 2011; Gorsky et al., 2021; Pugh et al., 2018; Turner et al., 2021). These 152 

spatial scaling studies imply that the tower network should be sufficient for understanding stand 153 

and regional scale interannual variations in CO2 flux. 154 

Here, we take advantage of the opportunity of having up to a quarter-century of quasi-155 

continuous flux observations from a series of co-located plots and regional scale towers, to better 156 

understand drivers of the terrestrial carbon cycle. We ask: 1) can we identify systematic trends or 157 

decadal variability in long-term regional NEE, GPP, Reco observations and their relationship to 158 

meteorological drivers? 2) Are there systematic factors that link climate variation to site and 159 

landscape photosynthesis and ecosystem respiration, and are these trends coherent across sites? 160 

And finally, 3) is site-level NEE representative of landscape-level flux in interannual variability? 161 

By answering these questions, we can evaluate the temporal length and spatial extent of 162 

observations required to understand drivers of modes of variation in the terrestrial carbon cycle 163 

at scales relevant for Earth system modeling, landscape ecology, and global change. 164 

2. Methods 165 

2.1 Study region 166 

We investigated long-term variation in terrestrial carbon exchange and their drivers 167 

across a mixed upland-lowland landscape located in the central part of North America in the U.S. 168 

state of Wisconsin (Fig. 1). Northern Wisconsin is a heterogeneous and seasonally snow-covered 169 

landscape in the Dfb (warm-summer humid continental) Köppen climate zone. The mosaic of 170 

ecosystems ranges from old-growth, clear-cut, thinned forests, non-forested wetlands, lakes, and 171 

open fields, including agriculture, with minimal urban/built-up land cover classes. The work here 172 

extends throughout much of northern Wisconsin, primarily within the confines of the 173 

Chequamegon-Nicolet, Ottawa National Forests, and surrounding public and private lands and 174 

Tribal Nations. The state’s northern half is heavily forested and subject to active management 175 

(primarily northern hardwoods).  176 

European settlement had an almost immediate, powerful impact on Wisconsin’s 177 

vegetation through extensive timber harvest (Rhemtulla et al., 2009). As a result, less than one 178 

percent of Wisconsin’s original old-growth forests remain today. The landscape is now 179 

dominated by mid to late successional even-aged northern hardwood forest stands consisting of 180 

aspen (Populus sp.) and birch (Betula sp.) in younger forests (~10% of the landscape), and maple 181 

(Acer sp.), ash (Fraxinus sp.), basswood (Tilia americana), eastern hemlock (Tsuga canadensis), 182 

and oak (Quercus sp.) in older forests (~20%). Drier sites can be dominated by evergreen stands 183 

such as red pine, balsam fir, or jack pine (~13%). Remnant old-growth stands of white pine 184 

(Pinus strobus) or eastern hemlock are present in smaller quantities. Among lowlands, an equal 185 

mix of shrub or grassy fens, fed by groundwater or streams, and nutrient-poor bogs cover nearly 186 
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30% of the landscape, generally blanketed in peat, with a canopy comprised of black spruce 187 

(Picea mariana, ~15% of wetland area), white cedar (Thuja occidentalis, ~12%), tamarack 188 

(Larix sp.) (~19%), or black ash (Fraxinus nigra). Sedges (e.g., Carex sp.), reeds and grasses, 189 

and sphagnum mosses are some examples of dominant understory vegetation in Wisconsin fens 190 

and bogs. Lakes and aquatic features cover 8.5% of the study region (Wisconsin Department of 191 

Natural Resources, 2016). Approximately 65% of the soils within the region are classified as 192 

deep, well-draining gravelly sands and moderately fine soils, with ~30% of soils categorized as 193 

having low and high infiltration rates when water levels are high and low, respectively. (Soil 194 

Survey Staff, 2022). 195 

2.2 Flux tower sites 196 

Long-term net ecosystem exchange and meteorological observations were made at five 197 

research sites that are part of the Department of Energy AmeriFlux Network Management 198 

Program Chequamegon Ecosystem-Atmosphere Study (ChEAS) core site cluster (Table 1). 199 

These sites span a very tall regional flux tower (US-PFa), a managed and unmanaged forest (US-200 

WCr and US-Syv), and two fen wetlands of differing spatial extent (US-Los and US-ALQ). 201 

Additionally, CHEESEHEAD19, a short-term experiment conducted in summer 2019 with a 202 

larger number of towers, is incorporated here to place carbon cycle variability in context, and is 203 

described below. Individual site citations provide detailed descriptions, which are summarized 204 

here. Photos and ancillary metadata can also be accessed at https://flux.aos.wisc.edu/fluxdata. 205 

Regional fluxes are observed from the Park Falls WLEF (US-PFa) tall tower. WLEF is a 206 

447 m television tower surrounded by a mixed hardwood upland forest, wetlands and pine 207 

forests. The tower was instrumented by the National Oceanic and Atmospheric Administration 208 

(NOAA) for greenhouse gas observations in 1995 (Bakwin et al., 1998) and since the middle of 209 

1996, has been operating nearly continuously as an eddy covariance flux tower (Berger et al., 210 

2001). Here, US-PFa is assumed to be an estimate of the regional CO2 flux, given its mean 211 

footprint size of 5-10 km (Davis et al., 2003; Desai et al., 2015b). The tower has matching flux 212 

instruments at three height levels: 30 m, 122 m, and 396 m. The three systems were updated with 213 

new instrumentation in 2019. The current configurations include ATI Type-K sonic 214 

anemometers, LI-COR, Inc. LI-7200 infrared gas analyzers, and Vaisala, Inc. HMP155 215 

temperature and relative humidity sensors. Previous systems used LI-COR LI-6262 infrared gas 216 

analysers to measure CO2 and H2O. Surface meteorological measurements include incoming 217 

solar, photosynthetically active radiation (PAR), 2 m air temperature and humidity, and 218 

precipitation. CO2 mole fraction profile measurements were made by NOAA Earth System 219 

Research Laboratories using LI-COR LI-7000 infrared gas analyzers (Andrews et al., 2014).  220 

The forest sites cover a representative managed mature hardwood forest (US-WCr), 221 

located typically outside the tall tower footprint, and an old-growth unmanaged forest 222 

representative of pre-settlement mesic stands (US-Syv) in Michigan’s western Upper Peninsula. 223 

US-WCr is a deciduous broadleaf forest dominated by basswood, sugar maple (Acer saccharum 224 

Marsh.), and green ash (Fraxinus pennsylvanica Marsh.), with an average stand age approaching 225 

90 years (clear-cut in 1930s) and was established as a flux tower site in late 1999 (Cook et al., 226 

2004; Cook et al., 2008). The lower canopy consists of sugar maple and ironwood (Ostrya 227 

virginiana) saplings, leatherwood maidenhair (Dryopteris marginalis), bracken ferns, and blue 228 

cohosh (Caulophyllum thalictroides). The elevation above sea level and flux footprint are 229 

approximately 515 m and 0.6 km, respectively. Average canopy height is 24 m and leaf area 230 

https://flux.aos.wisc.edu/fluxdata


A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

9 

 

index is 5.3. The 30 m tower has flux measurements at 29.6 m using a Campbell Scientific (CSI) 231 

CSAT-3 sonic anemometer and LI-COR, Inc. LI-7200 gas analyzer. The tower also includes 232 

profile measurements for PAR, temperature, humidity, winds, and CO2. Surface measurements 233 

include soil moisture, soil temperature profiles and heat flux. Soil temperature was measured at 234 

four depths within the soil profile at US-WCr; 2 cm, 5 cm, 10 cm, and 30 cm. In 2013, a 235 

commercial thinning harvest occurred in the area including the tower footprint, leading to 236 

removal of 30% of biomass over the course of two winters. 237 

The Sylvania wilderness site (US-Syv) is an old-growth primary forest in the upper 238 

peninsula of Michigan, established with eddy covariance flux measurements in mid-2001 (Desai 239 

et al., 2005). It consists of trees aged up to 350 years old. Dominant overstory tree species are 240 

eastern hemlock (Tsuga canadensis) and sugar maple. Other trees in the tower footprint include 241 

basswood, yellow birch (Betula alleghaniensis), and ironwood. Average elevation is ~540 m. 242 

The tower measures fluxes at 37 m (recently lowered to 33.5 m due to tree mortality damage to 243 

the tower) using a CSAT-3 sonic anemometer and LI-7200 gas analyzer. Meteorological and soil 244 

profile measurements are similar to US-WCr. 245 

The two wetland sites are both fen wetland sites representative of stream or groundwater 246 

fed wetlands across the region. Lost Creek (US-Los) is a stream-fed wetland with eddy 247 

covariance observations established in 2000 (Sulman et al., 2009). Lost Creek is dominated by 248 

shrub species at an elevation of ~480 m. The site experiences significant peat accumulation due 249 

to the consistent source of water provided by the creek and associated floodplain. Vegetation 250 

comprises Alnus, Salix, and sedge species. This wetland shares many of the characteristics of a 251 

typical minerotrophic wetland in the Great Lakes region. The 10 m flux tower measures 252 

CO2fluxes using a Campbell Scientific, Inc. CSAT-3 sonic anemometer, and LI-COR, Inc. LI-253 

7500 gas analyzers. Meteorological measurements include air temperature, relative humidity, net 254 

radiation, PAR, and precipitation. 255 

US-ALQ is a peat and sedge fen near Allequash Creek (elevation ~ 500 m), part of the 256 

Flambeau River Basin in the Northern Highlands region and is also a North Temperate Lakes 257 

Long Term Ecological Research study site (Benson et al., 2006; Turner et al., 2019; Turner et 258 

al., 2021). The wetland is predominantly peat and covers 32 hectares of the Trout Lake basin. 259 

The soil consists of highly conductive outwash sand on top of crystalline bedrock, promoting 260 

groundwater discharge to Allequash Creek. The creek flows downstream through the wetland 261 

and drains into Allequash Lake. The vegetation is dominated by tussock sedge (Carex stricta), 262 

leatherleaf shrub (Chamaedaphne calyculata), and sphagnum moss, with black spruce (Picea 263 

mariana), balsam fir (Abies balsamea), alder (Alnus incana), and tamarack (Larix laricina) 264 

adjacent to the hillslope bordering the wetland (Creswell et al., 2008; Desai et al., 2015b; Lowry, 265 

2008). Here, the tower is a 2 m tripod located within the wetland near the stream. CO2 fluxes are 266 

measured with CSAT-3, and LI-7500, instruments. Air temperature, relative humidity, and net 267 

radiation meteorological measurements are also made.  268 

In June to October 2019, 19 additional flux towers were deployed in a quasi-random 269 

sampling of a 10 x 10 km box around the US-PFa tall tower as part of the CHEESEHEAD19 270 

experiment. Each temporary eddy covariance flux tower had similar instrumentation. These sites 271 

sample a broader range of forests, wetlands, and lakes in the landscape that contributed to the 272 

scaling goals of the CHEESEHEAD19 study (Butterworth et al., 2021), and included recent 273 

clear-cuts to older established forests. Site descriptions are provided at http://cheesehead19.org 274 

with further details in Butterworth et al., (2021), Murphy et al. (2022), and Desai et al. (2021) 275 

and in the official data repository. 276 

http://cheesehead19.org/
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Additional daily and monthly meteorological data on regional precipitation and snowfall 277 

were acquired from the Minocqua, WI cooperative weather station and historical climate 278 

observing site (USC00475516) as accessed from the Midwest Regional Climate Center 279 

(https://mrcc.purdue.edu/). 280 

2.3 Phenology observations 281 

The timing of phenological events such as leaf-on and leaf-off as well as the span of time 282 

between these events capture the influence of a suite of climatological drivers and plays a 283 

significant role in determining carbon cycle dynamics. These include the uptake of atmospheric 284 

carbon through primary productivity and the movement of carbon between storage pools through 285 

leaf senescence and decomposition (Piao et al., 2007) while also influencing processes related to 286 

plant water use (Fisher et al., 2017; Mathias & Thomas, 2021; Raupach et al., 2005). To relate 287 

interannual carbon flux observations to phenology, we integrated indicators of leaf emergence, 288 

maximum cover, and senescence as derived from cameras mounted at three sites as part of the 289 

PhenoCam Network (Richardson et al., 2018).  290 

Phenology data were collected at US-WCr, US-Los, and US-Syv using high-frequency 291 

half-hourly visible wavelength digital time-lapse imagery from a camera (referred to as a 292 

‘PhenoCam’) mounted on the EC flux towers. Cameras are set to a fixed white balance above the 293 

level of the vegetation canopy for a landscape-level field of view. The cameras are positioned at 294 

a slight decline (between 20°–40°) and are north-oriented to minimize lens flare, shadows, and 295 

forward scattering of light from the vegetation canopy. Observations are sent to a central server 296 

every half hour for processing and archival (Seyednasrollah et al., 2019). These images are then 297 

masked by region of interest (ROI) for dominant land cover vegetation components. From the 298 

masked images, a green chromatic coordinate (GCC) is calculated. GCC is a dimensionless index 299 

that corresponds to the ratio of green in an image composed of red, green, and blue color 300 

channels (Keenan et al., 2014). As an indicator of canopy greenness, a time series of GCC 301 

displays a progression of rising and falling greenness in ecosystems with an annual phenological 302 

cycle; leaves begin to emerge, gradually reach peak greenness at the height of the growing 303 

season, and progress towards senescence. This curve can be evaluated to determine the timing of 304 

phenological events as well as growing season length (Richardson et al., 2018), and is a robust 305 

indicator of ecosystem productivity (Bowling et al., 2018). For US-Syv, two ROI’s were applied 306 

to separate evergreen from deciduous cover. Here, we focus on the deciduous ROI. 307 

Growing season length and seasonal start and end dates were estimated from the 308 

PhenoCam imagery. Growing season start and end dates were estimated based on the GCC 309 

running three-day average. Using a threshold crossing approach, we identified start and end of 310 

season for 10% of the rising or falling maximum amplitude of average GCC values, respectively 311 

(Richardson et al., 2018). Growing season length was calculated as the difference of end of 312 

season and start of season. 313 

2.4 Data Analyses 314 

Flux data were processed according to standard conventions. Raw data corrections and 315 

quality control were based mostly on algorithms for calibration, sonic rotation, lagged 316 

covariance, spectral correction, and data filtering as detailed in Berger et al (2001), with 317 

additional processing through EddyPro (LI-COR, Inc.) software. Hourly (US-PFa) or half-hourly 318 

https://mrcc.purdue.edu/
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(US-WCr, US-Los, US-Syv, US-ALQ, CHEESEHEAD19) averaged flux and meteorological 319 

observations output from these algorithms were then quality controlled for spikes, shifts, 320 

spurious trends from sensor degradation and calibration changes, and reviewed and passed 321 

through the AmeriFlux data quality assurance and quality control process (Pastorello et al., 322 

2020). Net ecosystem exchange (NEE) observations of CO2 flux were storage-corrected with 323 

CO2 concentration profiles. 324 

To be consistent with the Fluxnet2015 data product (Pastorello et al., 2020), gap-filling of 325 

missing observations and those removed by friction velocity thresholds were consistently filled 326 

at all sites using marginal distribution sampling (MDS) as implemented in REddyProc (Wutzler 327 

et al., 2018). The nighttime partitioning method (Reichstein et al., 2005) was used to partition 328 

NEE into components Gross Primary Productivity (GPP) and Ecosystem Respiration (Reco). 329 

Consistent gap-filling, variable selection, and partitioning ensure robust cross-site comparisons 330 

(Desai et al., 2008b).  331 

Monthly, seasonal, and annual totals of NEE, GPP, and Reco were then calculated for each 332 

site, along with average air temperature, vapor pressure deficit, shortwave incoming radiation, 333 

precipitation (including snowfall), and soil temperature. Years where the tower was completely 334 

offline for a significant portion of the year or ended prior to completion of the growing season 335 

were not included in the analysis. Uncertainties for NEE were calculated using the variable u* 336 

approach used for the FLUXNET2015 database, which involves calculating systematic and 337 

random uncertainty and then reporting the 25th and 75th percentile threshold of NEE as the 338 

uncertainty range. Uncertainty of GPP and Reco were assumed to be 20% of the mean flux 339 

equally distributed around mean, a range based on comparison of gap-filling and partitioning 340 

method uncertainty reported in Desai et al. (2008a). 341 

To see if we could explain interannual variation in NEE from its component fluxes and 342 

the parameters that drives those fluxes at canopy scale, we estimated monthly parameters of 343 

photosynthetic activity and respiration using Equation 1, which links the relationship of 344 

maximum photosynthetic activity (Amax in µmol m-2 s-1)), quantum yield (ɑ in µmol PAR µmol-345 
1 C), dark respiration (Rd in µmol m-2 s-1), and photosynthetic active radiation (PAR in µmol m-2 346 

s-1), as well as via Equation 2 regarding the relationship of respiration temperature sensitivity 347 

Q10 (unitless), air temperature (Tair), and base respiration at 10 ℃ (R10 in µmol m-2 s-1)) to 348 

respiration as follows: 349 

 350 

𝑁𝐸𝐸 =  
𝛼×𝑃𝐴𝑅×𝐴𝑚𝑎𝑥

𝛼×𝑃𝐴𝑅+𝐴𝑚𝑎𝑥
− 𝑅𝑑        (1) 351 

and 352 

𝑅𝑒𝑐𝑜 = 𝑅10 × 𝑄10
(

𝑇𝑎𝑖𝑟−10

10
)
        (2) 353 

 354 

All parameters were estimated using nonlinear models via the ‘nls’ function in R (R Core Team, 355 

2021) which fits nonlinear least-square estimates to observations of NEE and partitioned 356 

estimates of Reco. 357 

To estimate the effects of climate drivers on fluxes, we conducted a regression analysis 358 

on the monthly fluxes and on the parameters of the flux partitioning, including values of 359 

maximum light-saturated CO2 assimilation (Amax) for photosynthesis and respiration temperature 360 

sensitivity (Q10) for each site-month. We also tested whether growing season length affected 361 

carbon fluxes and physiological variables, however this analysis was only possible for the sites 362 

US-WCr, US-Los, and US-Syv, as these were the only sites equipped with PhenoCams.  363 
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We used annual and seasonal averages of above-canopy air temperature (Tair) at each tower as 364 

well as a regional temperature estimate from the 396 m level of the tall tower (TA). In addition to 365 

temperature, we also extracted VPD, precipitation, snowfall, and annual values of CO2 366 

(measured at the top level of the tall tower), as drivers of annual averages of NEE, GPP, and 367 

Reco. To evaluate whether these drivers are consistent across sites, we compared separate 368 

regression models for each site and a pooled model across all sites, by adding ‘Site’ as a factor to 369 

the non-linear regression. 370 

 Data was analyzed via segmented regression (Muggeo, 2003), as linear mixed models 371 

were not able to properly fit the non-linear response to temperature. Accordingly, we determined 372 

a breakpoint with Tair for each of the models via the ‘segmented’ function from the ‘segmented’ 373 

package in R (Muggeo, 2008). Significant drivers were determined based on p-values (<0.05) 374 

and fit (r2 and AIC). Accordingly, non-significant drivers were excluded on a consecutive basis. 375 

All linear and mixed models were analyzed via R using the ‘nlme’ (Pinheiro et al., 2022) and 376 

‘emmean’ packages (Lenth, 2022). 377 

3. Results 378 

3.1 Multi-decadal observations of regional climate and carbon 379 

All study sites were in a single climatic region, though some variance occurs from 380 

differences in elevation and proximity to Lake Superior primarily influencing total snowfall. As 381 

noted from the US-PFa tower and nearby weather station observations, mean temperature 382 

reflected humid continental climate (Köppen classification DFb) with mean annual temperature 383 

(TA) of 5.24 ℃ and annual precipitation of 852 mm including a mean annual snowfall of 226 cm 384 

(Table 2). However, interannual variation in those climatic values is large, with more than 4.5 ℃ 385 

range (maximum minus minimum) in mean annual temperature, 66% range in mean annual 386 

precipitation, and 124% range in snowfall over the 24-year record. Overall, these variations were 387 

distributed evenly through the record and multi-year or decadal cycles were not evident (Fig. 2). 388 

After 2006, a shift is observed toward generally wetter and cloudier conditions, but with less 389 

snowfall and warmer summers. Over the entire time, CO2 mole fraction increased by 13.7% 390 

(from 367.2 ppm to 418.7 ppm) in line with global trends. 391 

Beyond the strong trend in CO2 mole fraction increase of 2.11 ppm yr-1 [Theil-Sen slope 392 

95% confidence 2.06-2.16, Kendall τ=1, p<0.01], other trends, including significant trends in 393 

climate, were less evident. At the tall tower (US-PFa), summer air temperature (TA) significantly 394 

increased 0.056 ℃ yr-1 [95% confidence 0.028,0.077, τ=0.30, p=0.037]. Mean decadal average 395 

summer (May-September) TA at the start of the record (1997-2006) of 16.14 +/- 0.61 ℃ 396 

increased to 16.9 +/- 0.77℃ during the final 10 years (2011-2020). This increase was coincident 397 

with a significant increase (p=0.03) in summer VPD from 4.88 +/- 0.90 kPa +/- to 5.88 +/- 0.78 398 

kPa over the same time periods.  399 

Precipitation and total snowfall also had significant trends. Total annual precipitation 400 

increased 13.1 mm yr-1 [8.1,17.4, τ=0.33, p=0.02], leading to 23% greater precipitation in the last 401 

10 years [964 +/- 165 mm] compared to the first 10 years [783 +/- 109 mm]. Meanwhile, total 402 

snowfall declined -7.2 cm yr-1 [-9.8,-3.94, τ=-.30 p=0.04], leading to 43% decline in mean total 403 

snowfall from the first 10 years [314 +/- 46 cm] to the last 10 years [179 +/- 71 cm]. While 404 
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decreasing snowfall was distributed through fall, spring, and winter seasons, increasing 405 

precipitation was only significant in the autumn.  406 

At US-WCr, where soil temperature time series are available, spring soil temperature 407 

decreased across all four measurement depths, with an average temperature change of -1.30 °C 408 

between 1998 and 2020. The most pronounced change in spring soil temperature was closest to 409 

the surface at 2 cm depth, where temperature decreased on average by 0.08 °C year-1 for a total 410 

cooling of 1.93 °C across the measurement period. The rate of temperature change at 5 cm, 10 411 

cm, and 30 cm depths during spring were all around -0.04°C year-1. 412 

Over this time, the five long-term flux towers showed a large range of mean annual NEE 413 

(Table 4). The tall tower (US-PFa) regional NEE estimate averaged to near zero (-3.74 g C m2 414 

yr-1) over the 24-year period. In contrast, all of the stand scale towers exhibited far more years as 415 

carbon sinks, and generally had a modest to large mean net annual uptake of carbon, with the 416 

largest in the mature hardwood forest (US-WCr, -253 g C m-2 yr-1), followed by the old-growth 417 

forest (US-Syv, -118 g C m-2 yr-1), and smallest in the two wetland sites (US-Los, -91.1 g C m-2 418 

yr-1 and US-ALQ, -84.6 g C m-2 yr-1). Gaps in these records reflect years without continuous data 419 

due to sensor malfunction or lapses in funding. The discrepancy in site to regional NEE is most 420 

evident in mean annual GPP, which is lower at the regional scale (877 g C m-2 yr-1) than any of 421 

the stand-scale sites. The old-growth forest showed largest mean GPP (1340 g C m-2 yr-1) 422 

followed by the managed mature forest (1174 g C m-2 yr-1), while the wetlands were smaller 423 

(US-Los, 963 g C m-2 yr-1 and US-ALQ, 997 g C m-2 yr-1). Reco for the region (878 g C m-2 yr-1) 424 

was similar to the wetlands (962 to 997 g C m-2 yr-1) and mature forest (918 g C m-2 yr-1), all of 425 

which were lower than the old-growth forest (1278 g C m-2 yr-1).  426 

3.2 Changing leaf phenology 427 

PhenoCam observations at the two forest sites (US-WCr and US-Syv) and one wetland 428 

(US-Los) revealed a few interesting trends that potentially explain interannual variations in 429 

carbon fluxes (Fig. 3). Growing season length decreased at all three sites (US-WCr, US-Los, US-430 

Syv), with an average shortening of 4.1 days since the earliest PhenoCam record in 2012 (Table 431 

2), with a significant decrease of 6 days at US-Los (p < 0.05) and a weaker decrease of 4.6 days 432 

from 2016 to 2020 at US-Syv, though the trend was not statistically significant (p = 0.0626). 433 

Similarly, while the observed decrease in growing season length at US-WCr from 2012 to 2020 434 

was not significant (p = 0.99), there is an observed change from 2016 to 2020 of a decrease of 435 

4.3 days (p = 0.0651). Interannual variability in growing season length was similar across all 436 

three sites, with an average standard deviation (SD) of 10.5 days. Over the record, US-Los had 437 

the longest growing season at 153 days on average, followed by the US-Syv cohort (142 days), 438 

and US-WCr (140 days).  439 

The shortening of the growing season observed at sites US-WCr and US-Los was driven 440 

primarily by a later start to spring leaf out, with a significant average yearly shift of 2.63 days. 441 

However, leaf off dates also occurred earlier in the growing season, with a significant average 442 

yearly shift of 0.79 days. At US-Syv, changes in growing season length were fairly equally 443 

driven by a later start to leaf out and an earlier start to leaf off with a significant average yearly 444 

shift of 2.5 and 2 days, respectively.  445 

Leaf out at US-WCr began 12 days later in 2020 than it did in 2012 when the data record 446 

began, with an average yearly change in leaf out date of 1.5 days later in the season. The 447 

transition to senescence began 3 days earlier in 2020 than it did in 2012, with an average yearly 448 
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change of 0.38 days. US-Los leaf out began 15 days later in 2020 than it did in 2016 when the 449 

data record began (no leaf out data was available for 2015), with an average yearly change in leaf 450 

out date of 3.75 days later in the season. The transition to senescence began 6 days earlier in 451 

2020 than it did in 2015, with an average yearly change of 1.2 days. Leaf out began at US-Syv 452 

10 days later in 2020 than it did in 2016 when the data record began (no leaf out data was 453 

available for 2015), with an average yearly change in leaf out date of 2.5 days later in the season. 454 

The transition to senescence began 10 days earlier in 2020 than it did in 2015, with an average 455 

yearly change of 2 days.  456 

Shifts in timing of spring also led to shifts in timing of maximum GCC. The timing of 457 

maximum annual GCC generally occurred between late May and mid July depending on the 458 

dominant vegetation type, but at all three sites the date of maximum GCC shifted later in the 459 

season over the observation record, with an average yearly shift of 4.64 days. This shift aligns 460 

with the later start to leaf-out observed at all three sites. Temperature was also significantly 461 

correlated with GCC across the sites, with increases and decreases in temperature corresponding 462 

to increases and decreases in GCC, respectively. 463 

3.3 Response of the carbon cycle 464 

Interannual variation reflecting responses of the carbon cycle to climate variation and 465 

disturbances was present for all fluxes across all sites, though in varying degrees of magnitude 466 

and patterns (Fig. 4). At the regional scale (US-PFa), annual NEE was near-zero to a modest 467 

source through 2005 (68.8 +/- 59.4 g C m-2 yr-1). The following years from 2006 through 2012 468 

featured primarily modest sinks (-98.9 +/- 52.5 g C m-2 yr-1) of similar magnitude to the prior 469 

source. The last eight years feature 2-3 year periods where net fluxes oscillated between source 470 

and sink, leading to a near neutral but high variance magnitude of annual NEE (-3.29 +/- 95.0 g 471 

C m-2 yr-1). The increasing sink from 2006 appears to have occurred despite a decrease in GPP 472 

over the same period, reflecting an even greater drop in Reco, to as little as half the annual value 473 

observed in earlier years. GPP and Reco both reached a nadir in 2009, and both slowly increased 474 

with high interannual positive correlation throughout (r=0.93), a correlation much weaker (r = 475 

0.38 to 0.67) at the other sites excluding US-ALQ. The wetland site with decadal observations 476 

(US-Los) experienced less carbon interannual variability (SD: 4.47 g C m-2 day-1) relative to the 477 

forest sites (US-Syv and US-WCr; SD: 5.75 g C m-2 day-1 and SD: 6.55 g C m-2 day-1).  478 

Across all sites, interannual variation was more driven by Reco than GPP, as both 479 

absolute and relative variation in Reco exceeded GPP (Fig. 4). Sites had relatively similar 480 

interannual variation in GPP with relative variations ranging from 14-18% excluding the shorter-481 

term record of US-ALQ while Reco variations ranged 15-28%, largest at old-growth forest and 482 

the tall tower. However, there was little relationship in annual variations in NEE, GPP, or Reco 483 

between the tall tower and the stand-scale towers, or amongst the stand-scale towers, with the 484 

exception of the old-growth forest (US-Syv) and the shrub wetland (US-Los), where a weak 485 

positive correlation of NEE (r=0.52) is supported by a stronger correlation of GPP (r=0.79) over 486 

Reco (r=0.58). 487 

US-WCr, as a closed-canopy mature hardwood forest, had the largest carbon sink that 488 

increased in magnitude with time outside of a few unique years. The unique years reflect events 489 

specific to US-WCr (Table 5). The late spring of 2001 included complete defoliation and 490 

reflushing of the canopy in June as a result of a forest tent caterpillar outbreak (Cook et al., 491 

2008), followed by a warm summer. This outbreak was also noted in the footprint of US-PFa. As 492 
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a result of high Reco from that event, US-WCr was a carbon source. The site also had a reduced 493 

sink to small source from 2014-2015. During this period, a commercial thinning harvest occurred 494 

in the tower footprint, leading to removal of approximately 15% of the overstory biomass in the 495 

winter of 2012-2013 and a similar amount in winter of 2013-2014, as reflected in the large drop 496 

in GPP, followed by canopy release and an increase in GPP. Changes in Reco are muted in 497 

comparison. The years following the harvest and recovery, after 2017, led to some of the largest 498 

carbon sink years in the record. Though shoulder season disturbances led to some of the largest 499 

interannual changes, the variance of seasonal cycle (Fig. 5) demonstrates that the largest driver 500 

of year-to-year variance is the middle of the summer growing season. 501 

While mature forests have the largest carbon sinks, the old-growth forest had the larger 502 

GPP and Reco, consistent with overall higher per area density of biomass and soil organic matter 503 

at the site. The seasonal cycle of NEE shows that while US-WCr has higher carbon emissions 504 

(positive NEE) in the shoulder seasons, US-Syv shoulder season NEE is partly offset by earlier 505 

photosynthetic activity in conifer species, followed by overall significantly higher respiration 506 

through the summer (Fig. 5). As a result, both large variation in respiration in summer and 507 

greater variation in GPP in spring had a stronger influence on interannual variability compared to 508 

US-WCr (Fig. 5) While annual NEE at US-Syv was variable, it maintained a carbon sink in most 509 

years. The increased carbon source in 2004-2005 was primarily a consequence of increasing non-510 

growing-season Reco. After the tower resumed data collection in 2011, NEE magnitudes were 511 

similar, but GPP and Reco magnitudes were both larger. The site became a stronger sink for 512 

carbon after 2013, as Reco declined faster than GPP, but switched back to a source in 2020. In 513 

2019, the tower was struck by a large overstory tree in the tower footprint, leading to significant 514 

data outage for half of the year. The resulting drop in GPP and increase in Reco likely reflected 515 

the impact of that mortality event. Other mortality events include overstory tree mortality in late 516 

spring 2017 and the fall of a standing dead tree in November 2018 (Table 5). 517 

The two wetland sites (US-Los and US-ALQ) both were steady carbon sinks throughout 518 

the record, though typically smaller in magnitude than the forests. In the three overlapping years, 519 

both sites had remarkably similar NEE magnitudes, and for two of those years, virtually the same 520 

GPP and Reco, though seasonality varied (Fig. 5), with US-ALQ maintaining a small level of 521 

GPP throughout earlier and later in the growing season, reflective of greater sedge species 522 

activity. Total GPP and Reco at both sites were lower than the forests. A slight increasing trend in 523 

Reco and GPP is noted in US-Los from 2002-2008, during a period of significant water table 524 

decline. After the tower was restarted in 2014, magnitudes of GPP and Reco were similar to the 525 

earlier period of the record, consistent with an increase in the water table comparable to previous 526 

years.  527 

The CHEESEHEAD19 study affords an opportunity to evaluate how representative the 528 

long-term towers were with respect to quasi-randomly placed towers in forests, wetlands, lakes, 529 

and fields within the 10 x 10 km domain surrounding US-PFa. Hence, this experiment can also 530 

show to what extent these interannual variations compare to spatial variations (Fig. 6). Over the 531 

June-Sept 2019 period when all towers were operating, spatial variability in carbon uptake across 532 

similar vegetation types is evident. The long-term US-WCr site had uptake in June-Sept 2019 533 

that was larger (more negative) than any of the CHEESEHEAD19 deciduous forests and only 534 

eclipsed by one evergreen site. However, interannual variations at US-WCr across all other 535 

observed June-Sept spans the entire range of spatial variability in forest CHEESEHEAD19 NEE. 536 

Meanwhile US-Syv 2019 NEE was near the median of CHEESHEAD19 sites, which spanned 537 

successional stages, with more muted interannual variation relative to spatial variation. Both US-538 
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WCr and US-Syv had lower GPP and lower Reco than all CHEESEHEAD19 forests (Table S1). 539 

Long-term wetland site US-Los had larger (more negative) NEE than the CHEESEHEAD19 540 

wetlands in June-Sept, and like US-WCr, the long term June-Sept interannual variability at US-541 

Los spans the range of CHEESEHEAD19 observed wetland NEE. Unlike the forests, US-Los 542 

and US-ALQ GPP and Reco were of similar magnitude. Lakes had NEE closer to neutral or a 543 

source compared to the wetlands. 544 

3.4 Drivers of carbon cycle variability 545 

 No major trends are found and signals of climate warming or CO2 fertilization of NEE, 546 

GPP, Reco are not immediately evident, though some are present in the driver sensitivities. Only 547 

a few environmental factors were found to explain a proportion of interannual variation in NEE 548 

across the sites (Table 3). An increase in winter precipitation and air temperature (Tair) 549 

significantly increased NEE to more positive (reduced ecosystem carbon uptake and enhanced 550 

emission), whereas greater summer air temperature significantly decreased NEE to more 551 

negative (enhanced ecosystem carbon uptake and reduced emission). For annual average GPP, 552 

we found a significant increase in GPP with greater summer VPD, while all other environmental 553 

variables in the model were not significant (p>0.05). Annual Reco significantly increased with 554 

greater annual Tair and an increase in average winter VPD. However, greater summer Tair 555 

significantly decreased Reco. Growing season length did not significantly affect NEE, GPP, or 556 

Reco. No significant linear trends or relationship to atmospheric CO2 were found for NEE, GPP, 557 

or Reco at any site (Table 3).  558 

Interannual variation in NEE is contributed by both GPP and Reco. GPP variation was 559 

driven by changes in annual maximum photosynthetic rate (Amax), which significantly increased 560 

in magnitude with greater summer Tair (Fig. 7), where a more negative Amax value corresponds to 561 

greater uptake of atmospheric CO2. Both higher CO2 and growing season length also 562 

significantly increased the magnitude of Amax (to more negative) and Rd. Growing season 563 

length did not affect 𝛼. 564 

Interannual variations in Reco were influenced by changes in temperature sensitivity (Q10). 565 

Q10 significantly increased with greater winter precipitation and annual average VPD. Base 566 

respiration (R10) significantly increased with winter precipitation, while greater winter 567 

temperature decreased R10. Dark respiration (Rd) significantly increased with greater winter 568 

snowfall and summer air temperature. For Q10, season length and CO2 were not significant 569 

drivers. Season length significantly increased R10 without significant contributions from Tair and 570 

precipitation. Season length and CO2 significantly increased Rd.  571 

4. Discussion 572 

4.1 Annual to decadal variability in northern forests and wetlands 573 

Across our tower network in mixed upland-lowland managed ecosystems, we find a 574 

variety of responses of interannual carbon flux variation to climate, phenology, and disturbance. 575 

At the regional scale, we observed substantial interdecadal variability at the very tall tower, one 576 

of the longest continuous flux tower records on the globe. Over the initial 16 years (1997-2013), 577 

the measured landscape carbon uptake switches at three breakpoints from a small source (during 578 
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1997-2005) to a small sink (during 2005-2012). Finally, the measurements over the last decade 579 

(2013 - 2020) indicate a highly interannually varying source to sink oscillation that averages to 580 

near neutral. However, the pattern of variation observed at the tall tower was not correlated with 581 

variability at the other towers, reflecting the strong influence of local processes related to 582 

disturbance at the site-level towers. The lack of coherence contrasts with that initially reported 583 

within the same study domain by Desai (2010), who reported high correlation among the sites in 584 

the first half of the record, connected through phenology and temperature. This finding implies 585 

differential responses of the sites to a changing climate or an increased frequency of disturbances 586 

in several sites. 587 

There were also differences in the absolute magnitude of interannual variations in NEE, 588 

GPP, and Reco across the sites. Both forests had consistently higher interannual variability in 589 

NEE, partly reflecting the larger magnitude of NEE, but also the greater frequency of 590 

disturbances and management. Even after removing years where those effects are prominent, the 591 

overall year-to-year variability in forests still exceeds the wetlands. High variation in respiration 592 

rates in mature and older forests is perhaps not surprising given the greater rates of stand-scale 593 

mortality and high soil organic carbon content (Tang et al., 2008).  594 

The low interannual variability of carbon fluxes in wetlands had been previously 595 

documented (Sulman et al., 2009; Pugh et al., 2018). The relative insensitivity for wetlands 596 

appears to be a result of contrasting impacts of water table depth on GPP and Reco, though the 597 

effect works differently in bogs and fens (Sulman et al., 2010). GPP and Reco variations are 598 

strongly correlated and linked to water table, thus canceling out when applied to NEE, except in 599 

warm years or extreme water table departures. This effect is consistent with prior experimental 600 

studies on northern peatland water table manipulation (Strack & Waddington, 2007). 601 

There are limited related studies on long-term interannual carbon uptake from eddy 602 

covariance. The closest is a recent study by Hollinger et al. (2021) which evaluated the NEE of 603 

the Howland forest (US-Ho1) over a 25 year period. That tower, similar to our forest sites, was a 604 

moderate sink of NEE but with smaller interannual variability. Unlike our study, they noted a 605 

trend of a slight increase in net carbon uptake despite an increase in climate extremes. Finzi et al. 606 

(2020) also evaluated a 23-year period of flux measurements at Harvard forest (US-Ha1 and 607 

related). Like our network, significant interdecadal variability is present, but unlike our network, 608 

this was embedded within a strong trend of a larger carbon sink by 93%. Nearly a third of the 609 

interannual variability at this site could be explained by changes in mean annual temperature and 610 

growing season length, leading to increases in red oak biomass and extension of growing season 611 

in spring and autumn. The increase in the magnitude of NEE at this site is not smooth, but rather 612 

a larger jump from a range around -200 to -300 g C m-2 yr-1 to one closer to -500 g C m-2 yr-1, 613 

which Keenan et al. (2012) demonstrated is difficult to capture in models and not easily 614 

accounted for in carbon stock changes. A recent study from Beringer et al. (2022) notes a few 615 

long-term (> 20 year) Australian tower sites records, including a temperate mixed Eucalypt 616 

forest (AU-Tum) and a tropical savanna (AU-How). These sites experienced increasing water 617 

use efficiency with time in response to rising CO2 and significant resilience in carbon uptake 618 

post-disturbance. 619 

This sense of decadal “breakpoints” in long-term NEE found at US-Ha1 and also noted in 620 

our record of US-PFa is further confirmed in Foken et al (2021), which considered several long-621 

running (minimum 20 years) eddy covariance sites in Europe (FI-Hyy, DE-Hai, De-Bay) in 622 

addition to US-Ha1. That manuscript noted that abrupt or step changes in annual fluxes were 623 

common and linked to potential “regime transitions” associated with step changes in drivers, 624 
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pointing to the non-smooth trends typical in climate change outside CO2, such as the reported 625 

regime shift in the 1980s related to cascading effects from episodic events like volcanic eruptions 626 

(Reid et al., 2016). For some sites, like FI-Hyy, these step changes were occurring within a 627 

longer-term trend of larger (more negative) NEE from increasing GPP partially promoted by a 628 

forest thinning event (Launiainen et al., 2022). Likewise, we saw a relatively large response in 629 

enhancement of uptake from thinning of US-WCr in 2013-2014, though that effect weakened 630 

after several years. At US-PFa, the shifts may likely be related to decreasing forest management 631 

in the region, and perhaps an increasing effect of climate variability toward the end of the record. 632 

Clear CO2 fertilization effects were difficult to delineate in all studies despite those inferred from 633 

earlier syntheses of mostly shorter-term flux towers (Chen et al., 2022) or through incorporation 634 

of leaf-level findings into global models (e.g., Haverd et al., 2020). 635 

4.2 An intriguing role for leaf phenology 636 

As with many biological processes, the timing of phenological events is generally 637 

accepted to be a function of temperature (Badeck et al., 2004; Schwieger et al., 2019), though 638 

recent studies also point to a role of precipitation (Wang et al., 2022) as well as photoperiod, 639 

particularly in higher latitudes (Way & Montgomery, 2014). With temperature increasing 640 

globally in response to enhanced atmospheric radiative forcing (IPCC, 2021), it follows that 641 

growing seasons would be extended and phenophases such as spring leaf emergence would occur 642 

earlier in the year, as winters become milder and spring is ushered in more quickly (Badeck et 643 

al., 2004; Menzel et al., 2006; Piao et al., 2015; Polgar & Primack, 2011). However, while this 644 

trend is observed in many places across the globe, it is by no means ubiquitous.  645 

Surprisingly, the PhenoCam observations of vegetation deciduous greenness at our sites 646 

suggests that growing season length is decreasing at all three sites examined in this study (US-647 

WCr, US-Los, US-Syv), with an average shortening of 4.1 days since the earliest PhenoCam 648 

record in 2012. The observed growing season shortening is predominantly driven by spring leaf 649 

out occurring at a later date, with an average yearly shift of 2.63 days. We did not find a direct 650 

link of growing season length to annual carbon uptake. Instead, it appears that climate warming 651 

factors indirectly influence phenology and carbon uptake, perhaps in a counterintuitive way. 652 

Unfortunately, the records are not long enough to link these to the observed breakpoints at US-653 

PFa in source to sink to neutral transitions of NEE, but it is plausible to hypothesize these as 654 

linked. 655 

Two factors we found potentially driving this observed divergence from global 656 

phenological trends are declining annual snowfall and warmer than average autumn air 657 

temperature. Reduced snowpack depth due to declining annual snowfall diminishes the insulative 658 

properties of snow cover, leading to a reduction in spring soil temperature (Groffman et al., 659 

2001). Snow serves as an insulating barrier between the underlying soil surface and the 660 

atmosphere, buffering soil temperature from temporary fluctuations in air temperature and 661 

reducing heat loss to the surrounding atmosphere. The presence of snowpack impacts the soil 662 

radiative balance by serving as a physical barrier between the soil and the surrounding air, 663 

reducing heat loss through convection (and at certain thicknesses reducing bulk airflow enough 664 

that any exchanges of temperature must occur through diffusion), altering albedo, minimizing 665 

long wave emission from the soil, and creating a vertical temperature gradient, resulting in 666 

conductive heating of the colder upper soil layers by the warmer soil below (Cohen & Rind, 667 

1991). The insulative properties of snow are highly variable depending on snowpack thickness, 668 
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but soil temperature generally increases with increasing snow depth (Ge & Gong, 2010). Spring 669 

snow cover has been declining in the Northern Hemisphere since the 1950’s, a trend that is 670 

expected to continue under further warming (IPCC, 2021).  671 

Within the study domain, mean total snowfall decreased by 43% from the first 10 years to 672 

the last 10 years of the record. Decreasing snowpack thickness and thus reduced thermal 673 

insulation has had a cooling effect on spring soil temperature across all four measurement depths 674 

(2 cm, 5 cm, 10 cm, and 30 cm) at US-WCr, with the most substantial cooling observed closest 675 

to the soil surface at a depth of 2 cm. The reduction in spring soil temperature could impact the 676 

timing of spring phenology. The snow effect is explained by interactions between plant 677 

phenology, soil moisture, and soil temperature (Piao et al., 2019a). Snow begins to melt in early 678 

spring, when the snowpack becomes isothermal in response to increased incoming shortwave 679 

radiation. The early season moisture supplied by snowmelt percolates down into the layers of 680 

insulated soil below, stimulating soil microbial activity and increasing water availability to trees, 681 

triggering root phenology (Yun et al., 2018, Maurer & Bowling, 2014). However, decreased soil 682 

temperature in response to reduced insulation has the potential to result in less active winter and 683 

early spring soil microbial communities (Cooper et al., 2011), decreased soil respiration 684 

(Morgner et al., 2010), reduced root hydraulic conductivity (Bowling et al., 2018) and fine root 685 

production (Schwieger et al., 2019), and a muted spring phenological signal, contributing to a 686 

delayed onset of spring leaf emergence and limiting photosynthesis (Zhu et al., 2022, Bowling et 687 

al., 2018), even when water is readily available. However, the synchrony of physiological 688 

coupling between below and above ground phenology are poorly understood, as few 689 

phenological studies have paired observations of root phenology with observations of above 690 

ground phenological processes (Piao et al., 2019a, Schwieger et al., 2019).  691 

In addition to snowfall reductions in winter, we note that average seasonal air 692 

temperature increased from 1997-2020 across all four seasons, with the most substantial increase 693 

for Tair observed in autumn. Warmer spring temperature often lead to earlier spring leaf 694 

emergence, but warmer temperature in autumn and the subsequent shortening of winter can have 695 

the opposite effect in high latitude temperate regions, delaying spring leaf out (Beil et al., 2021; 696 

Heide, 2003; Roberts et al., 2015, Way & Montgomery, 2014). Trees have biological controls on 697 

flushing to ensure that leaves flush at the correct time, regardless of temporary fluctuations in air 698 

temperature. Part of this control system is the dormancy period, where buds formed towards the 699 

end of summer remain in a shallow paradormancy before transitioning to a deep endodormant 700 

state through fall senescence and winter (Sutinen et al., 2009). To end this dormancy period, 701 

temperature must be maintained below a certain level for a duration of time, referred to as the 702 

chilling period (Piao et al., 2015; Polgar et al., 2014), before sustained warmer temperature in 703 

the spring can trigger dormancy release (Polgar & Primack, 2011; Sutinen et al., 2009). 704 

Insufficient chilling during the dormancy period due to warmer temperature during winter and 705 

autumn can delay dormancy release (Yun et al., 2018, Coville 1920). Warmer than average fall 706 

temperature can also delay the establishment of bud dormancy (Beil et al., 2021), which 707 

typically occurs between September and October in temperate regions. Temperate tree species 708 

are highly sensitive to thermal forcing in the spring that determines leafing and flowering, and 709 

some temperate species have a commensurate sensitivity to chilling. Vernal wetland and 710 

European tree species such as birch, maple, oak, and ash are particularly responsive to 711 

temperature during the preceding fall (Roberts et al., 2015), and are abundant within the study 712 

domain. 713 
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Furthermore, in high latitude ecosystems where phenology is closely linked to 714 

photoperiodic cues, changes in seasonal air temperature can lead to asynchrony in temperature 715 

and photoperiod signaling, potentially resulting in different phenological outcomes than what is 716 

observed at lower latitudes (Way & Montgomery, 2014, Rollinson & Kaye, 2012). This effect 717 

appears to be more pronounced in relation to changes in fall and winter air temperature than for 718 

changes in spring temperature. This is likely because spring phenology is dominated by 719 

temperature and less constrained by photoperiod for many temperate and boreal tree species 720 

(Laube et al., 2014), whereas photoperiod is the dominant cue impacting bud set and thus 721 

dormancy (Way & Montgomery, 2014, Howe et al., 1995). 722 

The shifts in phenological trends presented here represent a reporting of general 723 

observations and should be evaluated with caution considering the relatively short phenological 724 

data records. Interannual variability in the timing of phenological events is generally large, 725 

especially in temperate regions due to the dependence of phenology on highly variable climatic 726 

factors such as air temperature (Badeck et al., 2004). Considering this, formal statistical trend 727 

analyses of phenological time series need to be conducted across timescales longer than ten years 728 

due to the strong correlation between time series length and trend estimates, which can produce 729 

misleading results (Post et al., 2018). 730 

4.3 Drivers of long-term landscape C variation  731 

Surprisingly, we found a strong role for winter precipitation over growing season climatic 732 

variables on interannual variability of NEE, though similar findings were shown for Harvard 733 

Forest by Barford et al (2001). Greater winter precipitation increased NEE (made it more 734 

positive), which was likely due to an increase in Reco in response to greater moisture availability. 735 

We found similar trends in R10, Q10 and Rd, which all increased with greater precipitation, 736 

particularly when temperature were below 0 ℃, thus linked to snow accumulation. The increase 737 

in Q10 and Rd resulted in greater ecosystem respiration, particularly during the non-growing 738 

season. Similar to what other studies found (Wang et al., 2011), annual average R10 increased 739 

with lower non-growing season temperature. While the declining trend in non-growing season 740 

temperature was not significant, we observed an increase in temperature extremes in the growing 741 

and non-growing season, which could affect site variability directly, via controlling 742 

physiological parameters and enzymatic activity, and indirectly by altering moisture availability 743 

due to changes in snow and rainfall. For example, changes in water availability can affect 744 

resource reallocation and redistribution of primary and secondary metabolites within plants, 745 

particularly during leaf out (Rosell et al., 2020; Tixier et al., 2019), which in turn may lead to 746 

reduced growing season lengths.  747 

For GPP, we counterintuitively found increases with greater VPD, which was likely a 748 

function of changes in atmospheric moisture demand driving greater transpiration (via greater 749 

LE) and stomatal conductance. This is consistent with findings of Desai (2014) for US-PFa and 750 

with covarying increase in Rg and PAR from earlier reports of strong control of interannual 751 

variability by a small number of high-productivity days during the growing season (Zscheischler 752 

et al., 2016). Because we only found a significant increase in Amax with VPD at two out of the 753 

five sites, as well as no significant effect of environmental variables on ɑ, we hypothesize greater 754 

stomatal conductance (transpiration) resulted in greater GPP at most sites, though the covarying 755 

effect of increased PAR with greater VPD cannot be ruled out as a contributing factor. A recent 756 

study also confirms that many central US ecosystems’ interannual variability in carbon uptake is 757 
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driven by plant and soil hydraulics (Zhang et al., 2022). Despite this enhancement of GPP, 758 

respiration dominated interannual NEE variability across sites, thus offsetting any CO2 759 

fertilization effect (Bugmann & Bigler, 2011; Yu et al., 2021).  760 

Interestingly, ɑ was also not affected by environmental parameters and further did not 761 

differ by site when Tair was below 3.2 ℃ (data not shown), indicating a temperature threshold for 762 

photosynthetic activity, or average temperature at which leaf out occurs (Aalto et al., 2015; 763 

Donnelly et al., 2019), for the different plant species present at all sites. Similarly, Amax did not 764 

increase for temperature < 7.4 ℃, which is similar to temperature limitations of photosynthesis 765 

found in a high-elevation conifer forest (Stettz et al., 2022). With warming temperatures, we 766 

found a significant increase in ɑ with temperature, independent of site, suggesting that enzymatic 767 

activity (i.e., RuBisCo) increased with greater temperature (Moore et al., 2021).  768 

Many remote sensing products estimate changes in carbon dynamics across the globe 769 

based on differences in ɑ by different plant functional types (i.e., MOD17; Running et al., 2015; 770 

Xiao et al., 2004). Yet, here we show that ɑ was largely independent of site and environmental 771 

variables consistent with Hilton et al. (2013), with the exception of Tair, and further did not 772 

significantly drive NEE variability, while Amax was affected by incoming radiation, as well as 773 

VPD. These results suggest that remote sensing GPP and NPP products should incorporate plant 774 

physiological parameters that describe maximum photosynthetic capacity, in addition to 775 

parameters which describe differences in the relationship of carbon uptake to radiation by plant 776 

functional types. The discrepancy between remote sensing GPP (i.e., MOD17 and 777 

MOD17A2/A3) and eddy covariance estimates (Heinsch et al., 2006; Wang et al., 2020; Zhang 778 

et al., 2020) may be a result from the exclusion of physiological parameters that better describe 779 

this response to environmental variables. 780 

When it comes to Reco, an increase in Tair increased Reco, suggesting higher enzyme 781 

activity within plants (Moore et al., 2021), as well as microbes, thereby increasing soil 782 

respiration as a function of substrate availability (García-Palacios et al., 2021). We also found a 783 

significant decrease in Q10 with VPD at the regional scale (for Tair > 2.2 ℃), suggesting water 784 

limitations on enzymatic processes (Yan et al., 2019). Furthermore, precipitation significantly 785 

increased Q10, further suggesting greater enzymatic activity because of increased moisture 786 

availability. In contrast, on the regional scale, Q10 decreased with greater VPD, which was 787 

indicative of a feedback of water limitation on microbial respiration (Yuste et al., 2003).  788 

Somewhat in contrast to what other studies found, we found decreasing trends of average 789 

annual Q10 with VPD (Niu et al., 2021), while Tair was not significant in the model. However, 790 

VPD and Tair were correlated at the annual scale (0.36), which likely resulted in an interactive 791 

effect on Q10. We observed lower Q10 at the wetland sites US-ALQ and US-Los, particularly for 792 

low VPD and high Tair, which can be attributed to water availability, soil type and water table 793 

variations in wetlands (Mackay et al., 2007). This effect would dampen the response of Q10 to 794 

changes in temperature and VPD (Atkin et al., 2005; Chen et al., 2018; Chen et al., 2020; Miao 795 

et al., 2013).  796 

While the effect of CO2 is muted in GPP and NEE, we do note that with an increase in 797 

CO2 by 10 ppm, Amax and Rd increased significantly (by 40% and 45%), which is within the 798 

range of what other studies have found as a result of CO2 fertilization (Chen et al., 2022; 799 

Dusenge et al., 2018). Greater increases in Rd relative to Amax indicate light limitations on the 800 

photosynthetic efficiency, as well as higher expenses to maintain the Calvin-Benson Cycle, with 801 

likely greater production of 2-phosphoglycolate requiring higher rates of redox reactions (and 802 

thus Rd) (Dusenge et al., 2018). We found similar trends for increases in summer air 803 
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temperature, which could be an indirect effect of CO2 fertilization and rising global temperature 804 

on photosynthetic capacity (Sikma et al., 2019).  805 

Phenological changes also interacted with Amax and Rd. A 10 day reduction in season 806 

length resulted in reductions in Amax and Rd by 12% and 18.5%, which is likely an indirect effect 807 

of changes in shortwave radiation (particularly during the non-growing season as a result of 808 

greater precipitation), reducing the energy available for photosynthesis (Durand et al., 2021), 809 

Season length and CO2 described the interannual variability in light-response parameters better 810 

(Amax and Rd), overriding the influence of environmental drivers like air temperature.  811 

Nonetheless, given that these parameters are derived from regression models on monthly 812 

fluxes, where equifinality may be an issue in parameter solutions (Zobitz et al., 2011), care 813 

should be taken in overly interpreting the specific mechanisms behind these parameter changes. 814 

Rather the larger scale trends and differences across sites help explain some of the coherence and 815 

lack of coherence in how climate influences interannual variations of NEE. 816 

4.4 Scaling carbon fluxes to the region  817 

The combination of the tall tower and the stand-scale towers affords us the opportunity to 818 

evaluate approaches to scaling site level observations to the landscape. Consistent with earlier 819 

efforts (e.g., Desai et al., 2008a), a naive upscaling of sites, even 23 of them in this study during 820 

the summer 2019 period, does not add up to the US-PFa tall tower NEE, GPP, or Reco no matter 821 

the assumptions made about what percentage of the landscape each individual tower represents. 822 

Only 32% of variations in CHEESEHEAD19 flux towers could be explained by the first-823 

principal component, implying large site level effects. This effect is not limited to this single 824 

summer. Even with a sufficiently long time series of observations from the long-term towers, site 825 

and landscape-level fluxes are not in agreement.  826 

Several hypotheses have been presented on reasons for this. From the sampling side, this 827 

includes a strong role of stand age on net uptake, which was seen in the Desai et al. (2008a) 828 

study where a 17-tower upscaling noted tower fluxes scaled with stand age and canopy height, 829 

and undersampling of early successional stands that can often be large carbon sources (Amiro et 830 

al., 2010). Xiao et al. (2011) estimated gridded scaled fluxes with a parameter constrained 831 

ecosystem model in this region using 17 towers. That study noted significant variation within 832 

plant functional type parameters, especially when neglecting stand age. The assumptions that go 833 

into such a data assimilation consequently generates a large source of uncertainty for upscaling. 834 

Recent work from CHEESEHEAD19 also highlights the legacy of a century of land management 835 

leaving behind a significant imprint on stand structure and linkages to carbon and water use 836 

efficiency (Murphy et al., 2022). 837 

Another line of thinking on the scaling mismatch relates to the role of aquatic 838 

ecosystems, including wetlands, lakes, and streams, which are also undersampled generally 839 

across eddy covariance networks (Desai et al., 2015a) and further complicated by lateral 840 

transport and emissions (Buffam et al., 2011). The CHEESEHEAD19 observations across 841 

wetlands in addition to US-Los and US-ALQ suggests that it is unlikely that undersampled 842 

wetlands are the problem for CO2 upscaling, though it may be more likely for methane fluxes 843 

(Desai et al., 2015b). While lakes are sources of carbon on average (Buffam et al., 2011), the 844 

total contribution and areas of water bodies in the footprint is likely too small to be the dominant 845 

drivers. 846 
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One thing that is clear is that the mismatch of NEE is driven by Reco over GPP. The 847 

stand-scale towers have lower Reco, which would be consistent with a regional contribution from 848 

earlier successional forests and water bodies. The region’s forests are heavily managed for wood 849 

products and subject to regular wind-blown disturbances, which may only re-visit a single tower 850 

site at low frequency, but when scaled to a regional footprint, may be a common feature. Lateral 851 

fluxes from wetlands may also be missed by stand-scale towers (Buffam et al., 2011). 852 

Looking beyond the site-level to the region, we might also question whether US-PFa is 853 

actually a good proxy of the “landscape” or whether its footprint is over or under represented by 854 

certain ecosystems. The tower NEE time series is based on a standardized algorithm to combine 855 

fluxes from three heights (30, 122, and 396 m) relying on incorporating levels with boundary-856 

layer connectivity to the surface (Berger et al., 2001; Davis et al., 2003). A result of this is that 857 

the footprint can be complicated and may vary from day to night. In particular, the relatively 858 

large clearing around the tower may over-represent the flux measurements especially in the 859 

daytime (Xu et al., 2017). Early upscaling work attempted to account for this footprint difference 860 

and found a larger carbon sink at the tall tower using a variety of “rectification” approaches (e.g., 861 

Wang et al., 2006; Desai et al., 2008a), which also made the tall tower fluxes more consistent 862 

with upscaling performed with the Ecosystem Demography dynamic vegetation ecosystem 863 

model (Desai et al., 2007) and with top-down tracer transport inversions (Desai et al., 2010). 864 

Interestingly, footprint differences do not seem to be a significant issue for upscaling either 865 

evapotranspiration flux (Mackay et al., 2002) or methane fluxes (Desai, et al., 2015a), though the 866 

limited number of measurements in the latter prevents a clear conclusion on that. Challenges in 867 

linking tall tower to stand scale fluxes were also noted in a study in Siberia (Winderlich et al., 868 

2014). 869 

Recent attempts to apply more advanced scaling techniques have further supported the 870 

importance of footprint-based correction of eddy-covariance flux measurements, especially for 871 

heterogeneous footprints (Chu et al., 2021; Metzger et al., 2013; Metzger, 2018; Xu et al., 2017; 872 

Xu et al., 2020) and further imply caution in using the US-PFa time series as a proxy for 873 

“regional”. Rather the site serves a representative tower of a mixed footprint. The Environmental 874 

Response Function (ERF) approach attempts to attribute individual footprint to component 875 

fluxes and drivers from the landscape. For US-PFa, ERF does indicate an over-representation of 876 

the clearing around the tower and a significant difference in land cover for nighttime and 877 

daytime (Xu et al., 2017). The corrected gridded fluxes from ERF fall closer in line to the stand-878 

scale towers. Nonetheless, hot-spots of fluxes still persist and warrant further consideration for 879 

reconciling stand, tall tower, and regional flux estimates. 880 

The findings here suggest a concentrated effort is required to resolve scaling mismatches 881 

so as to better relate regional and stand-scale drivers of variations in carbon fluxes. While some 882 

issues may be unique to our study area, top-down and bottom-up differences in estimates of the 883 

terrestrial biosphere carbon flux are routine and widespread (Hayes et al., 2012). The global 884 

eddy covariance tower network oversamples pristine undistributed or rarely disturbed expansive 885 

ecosystems often within protected lands, mature established forests, productive grasslands, and 886 

mid-latitude ecosystems, all typically large carbon sinks, while undersampling wetlands and 887 

lakes, early successional forests, managed or frequently disturbed systems, land cover transitions 888 

and edges, and anthropogenic land covers (Jung et al., 2020). While there have been successful 889 

upscaling efforts (e.g., Xiao et al., 2014; Jung et al., 2020), studies using dense networks of 890 

towers such as CHEESEHEAD19 and application of advanced scaling approaches provide a 891 

future opportunity for refinement and reconciliation. 892 
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5. Conclusion 893 

Eddy covariance flux towers are a mature technology (Baldocchi, 2020). The growing 894 

number of long-term records has challenged our estimation of trends, sensitivities, and models 895 

(Foken et al., 2021; Keenan et al., 2012). Insight from tower clusters sampling key gradients or 896 

representative ecosystems has helped resolve spatial variation in carbon cycle-climate sensitivity 897 

(e.g., Biederman et al., 2017) or regional upscaling (e.g., Xiao et al., 2011). Here, we have the 898 

luxury of combining long-term records within a single cluster established by a team of 899 

researchers over the past quarter century. While a large fraction of flux towers lack the necessary 900 

tenure to study decadal fluxes (Novick et al., 2018), a growing number will reach those 901 

milestones soon (Baldocchi, 2020), further supported by the rise of sustained operations and 902 

long-term observing infrastructure (e.g., NEON). It is likely that our understanding of processes 903 

like CO2 fertilization, disturbance impacts on carbon uptake, and ecosystem temperature 904 

sensitivity will be significantly revised, with ramifications for Earth system model evaluation 905 

and parameterization. 906 

In our case, our findings are not straightforward, and the longer records even challenge 907 

findings of earlier studies from co-authors here. Towers that were once highly correlated in 908 

interannual variations in NEE, GPP, or Reco, as reported in Desai (2010), no longer are. A nearly 909 

14% or 50 ppm rise in atmospheric CO2 appears to have had no clear effect on GPP, though it 910 

has affected parameters that determine GPP light-limited assimilation and dark respiration rate, 911 

with little change in maximum quantum yield and these results are site specific. Earlier studies 912 

pointing to a strong role for atmospheric dryness, despite relative lack of moisture limitation in 913 

the region (Desai, 2014), were confirmed but we found the effect more on increasing GPP and on 914 

lowering the temperature sensitivity of respiration. Most surprisingly, the earlier end of winter 915 

was not extending growing season length, but rather we link the reduced snowpack to reduced 916 

soil insulation. This phenomenon, combined with the interaction between warmer autumn 917 

temperature and photoperiod, ultimately delayed the start of leaf out, a finding in contrast with 918 

most global studies on spring warming, leaf-out, and carbon uptake. These findings suggest a 919 

potential constraint on the future magnitude of carbon sequestration in high latitude forests as the 920 

climate changes.  921 

Meanwhile, our results also show the limits of simple approaches to upscaling and 922 

relying on very tall towers as proxies for regional fluxes. Nineteen quasi-randomly placed towers 923 

within 10 km of the tall tower, along with the other four stand-scale long-term towers, show 924 

ranges of NEE that do not add up to the tall tower regional flux regardless of what assumptions 925 

are made about land cover fraction or relative representation of sites. Some of this may be in our 926 

understanding of the footprint representation from the tall tower, while others may be in the 927 

importance of hot-spots and hot-moments in the landscape that contribute disproportionately to 928 

the flux but are difficult to sample with traditional flux tower techniques. Emerging approaches 929 

that account for footprint variation and landscape drivers of extreme fluxes (e.g., Xu et al., 2017) 930 

are essential to advance scaling fluxes needed for landscape ecology (Desai et al., 2022), natural 931 

climate solution verification (Novick et al., 2022), and global carbon budgeting and comparisons 932 

to top-down estimates (Desai et al., 2010). 933 

Our results also provide some guidance to improving models. There appears to be a 934 

common control on photosynthetic light response to VPD, while maximum assimilation rates are 935 

limited by CO2 and moisture availability. Phenology and soil models need to capture the 936 

insulation effect of snow on soil temperature and the link of soil temperature on leaf out. 937 
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Benchmarking of regional fluxes from models or tracer-transport inversions against flux towers 938 

needs to consider footprint variability and site biases. No site or region is as homogenous as 939 

typically assumed.  940 

The terrestrial biosphere carbon cycle is a highly non-linear and coupled system that 941 

leads to extraordinary variance in space and time. Drawing inferences about a region from a 942 

single tower for periods of record less than a decade should be done with caution and with 943 

appropriate accounting for uncertainty and surprises. Our results and open-access data should be 944 

complemented with addition of more networks of long-term co-located sites coupled with 945 

ancillary data on composition, phenology, respiration, and physiology. Such efforts will be 946 

essential for new insights into landscape carbon-climate coupling and for improving our 947 

projections and management of the biosphere in a changing climate.  948 
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Tables 1629 

 1630 
Table 1. Description of the long-term flux tower sites. 1631 
 1632 

Site ID US-PFa US-WCr US-Syv US-Los US-ALQ 

Name Park Falls WLEF Willow Creek Sylvania Wilderness Lost Creek Allequash creek 

Latitude 45.9459 45.8059 46.242 46.0827 46.0308 

Longitude -90.2723 -90.0799 -89.3477 -89.9792 -89.6067 

Description Regional tall tower 

Mature managed 

hardwood forest 

Old-growth 

unmanaged forest Shrub fen Sedge fen 

PFT MF DBF MF WET WET 

Years (full 

years) 1997-present 

1999-2006, 2011-

present 

2002-2006, 2012-

2018, 2020-present 

2001-2008, 2010, 

2014-present 2016, 2019-present 

AmeriFlux 

DOI 

10.17190/AMF/124

6090 

10.17190/AMF/1246

111 

10.17190/AMF/12461

06 

10.17190/AMF/12460

71 

10.17190/AMF/1480

323 

Key 

publications 

Berger et al., 2001; 

Davis et al., 2003; 

Desai, 2014; Desai, 

Xu et al., 2015 

Cook et al., 2004; 

Cook et al., 2008 

Desai et al., 2005; 

Tang et al., 2006; 

Tang et al., 2008 

Sulman et al., 2009; 

Pugh et al, 2018 

Turner et al., 2019; 

Turner et al., 2021 
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Table 2. Average, maximum, and minimum climate variables representative of the study domain. Meteorological 1634 
variables (excluding snow and precipitation) were calculated using data from the tall tower (US-PFa) shown in Fig. 1635 
1. Snow and precipitation data were supplied by the nearby Minocqua, WI cooperative weather station. 1636 
Representative statistics were calculated using annual data, with the meteorological record spanning 1996 - 2020. 1637 
Phenological variables were calculated using pooled annual data from the three sites equipped with PhenoCams 1638 
(US-Los, US-WCr, and US-Syv); the earliest phenological record began in 2012.  1639 
 1640 

Variable Units Mean Min Max 

Air temperature degrees C 5.24 2.99 7.54 

Precipitation mm 852 585 1146 

Snowfall cm 226 98.8 378 

VPD Pa 328 221 433 

CO2 ppm 392.6 368.5 418.7 

Incoming Shortwave W m-2 153 133 167 

Start of Season day of year 132 126 141 

Peak Gcc  day of year 153 141 163 

End of Season day of year 272 264 278 
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Table 3. Sign of significant correlation between meteorological and phenological variables on annual NEE, GPP, 1642 
and derived GPP and REco parameters across all sites. Both annual and seasonal (GS = growing season, NGS = non-1643 
growing season) drivers are compared to annual variation in CO2 (NEE), Gross primary productivity (GPP), 1644 
ecosystem respiration (Reco), maximum photosynthetic capacity (Amax), dark respiration (Rd), quantum yield (ɑ), R10 1645 
and temperature sensitivity (Q10). Plus signs indicate a positive relationship, and negative sign the opposite, the star 1646 
(*) indicates a significant difference in strength of relationship by site and empty cells indicate no significant change 1647 
across all sites. Green colors denote significant trends at the 95% level.  1648 
 1649 

  NEE GPP Reco Amax Rd ɑ R10 Q10 

VPD               + 

VPDGS   +             

VPDNGS     +           

Tair     +           

TairGS     - + +       

TairNGS +           -   

TAGS +               

TANGS                 

RainGS                 

RainNGS +           + + 

SnowNGS         +       

GSlength       + +   +   

CO2       + +   +   

Site * * * * * * * * 
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Table 4. Mean annual total NEE, GPP, Reco for the long-term sites. 1651 
 1652 

Fluxes  Region Forests  Wetlands  

  US-PFa US-WCr US-Syv US-Los US-ALQ 

NEE Mean -3.7 -253 -118 -91 -84 

g C m-2 yr-1 Min -170 -478 -271 -162 -124 

 Max 163 62.7 109 -9.2 -41 

GPP Mean 878 1174 1339 909 1077 

g C m-2 yr-1 Min 550 962 1012 712 990 

 Max 1098 1552 1619 1070 1223 

Reco Mean 874 920 1220 818 992 

g C m-2 yr-1 Min 449 705 818 657 893 

 Max 1191 1154 1473 1058 1181 

       

Years n 24 18 13 16 3 
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Table 5. Major disturbance or climatic/weather events that may have impacted the carbon cycle across the region 1654 
 1655 

Year Event 

1998 ENSO+, warm/dry summer 

2001 

Forest tent caterpillar defoliation at US-WCr and footprint of US-PFa, 

June 

2002-2008 Water table decline at US-Los 

2010 Water table rises at US-Los 

2012 Early, warm spring, summer Midwest drought 

2013 Winter thinning harvest 15% biomass US-WCr 

2014 Winter thinning harvest 15% biomass US-WCr 

2016 ENSO+ 

2017 Overstory live tree mortality US-Syv, May 

2018 Overstory dead tree mortality US-Syv, Nov 

  1656 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

46 

 

Figures 1657 

Figure 1. Map of long-term and CHEESEHEAD19 eddy covariance flux towers. Shapes represent land cover type. 1658 
Symbol colors indicate seasonal NEE [g C m-2] for the period June 20th - September 30th, 2019 for all sites.  1659 
 1660 
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Figure 2. Average a) annual and growing season (Jun-Sept) air temperature (red, right axis), b) annual total 1662 
precipitation and snowfall (blue, right axis), c) annual average incoming shortwave radiation, d) annual average 1663 
vapor pressure deficit, and e) annual average CO2 mole fraction based on hourly gap-filled measurements made at 1664 
the US-PFa very tall tower at 30 m (air temperature, vapor pressure deficit, CO2) or surface (shortwave radiation), 1665 
or Minocqua Dam site (precipitation, snowfall) from 1997-2020. 1666 
 1667 
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Figure 3. PhenoCam derived leaf off, leaf on, and maximum GCC day of year (DOY) for sites US-Los (blue), US-1669 
Syv (deciduous component, yellow), and US-WCr (red). 1670 
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Figure 4. Annual gap-filled total a) net ecosystem exchange and partitioned b) gross primary productivity and c) 1672 
ecosystem respiration for the regional (US-PFa, black), forests (US-WCr and US-Syv) and wetlands (US-Los, US-1673 
ALQ) from 1997-2020. Estimated uncertainty shown in shading for each. 1674 
 1675 
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Figure 5. Five-day smoothed ensemble daily average NEE, GPP, and Reco for the five long-term study sites across 1677 
all years of record. Shading represents 25th and 75th percentile interannual variation (not included for US-ALQ, 1678 
since < 4 years of data) 1679 
 1680 
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Figure 6. Comparison of 2019 June-September mean daily NEE for the long-term (A) and CHEESEHEAD19  (B) 1682 
sites. Bars bracket maximum to minimum range of June-September NEE observed in other years for the long-term 1683 
sites. For forest sites, light green, green, and dark green show young, middle, and late stand ages respectively. 1684 
Percentages indicate the coverage of specific ecosystem types within the CHEESEHEAD19 domain.  1685 
 1686 
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Figure 7. Relationship of weekly a) the photosynthetic maximum assimilation parameter (Amax) and b) the 1688 
respiration temperature sensitivity parameter (Q10) to VPD (x-axis) and temperature (color) for the five tower sites, 1689 
including best fit lines for each site. 1690 
 1691 
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