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ABSTRACT

Northern peatlands store nearly one third of terrestrial carbon (C) stocks while covering only 3% 
of the global landmass, yet the drivers of C cycling in these often-waterlogged ecosystems are different 
from those that control C dynamics in upland forested soils. To explore how multiple abiotic and biotic 
characteristics of bogs interact to shape microbial activity in a northern, forested bog, we added a labile C 
tracer (13C-labeled starch) to in situ peat mesocosms and correlated heterotrophic respiration with natural 
variation in several microbial predictor variables such as enzyme activity and microbial biomass, as well 
as a suite of abiotic variables and the proximity of vascular plants aboveground. We found that peat 
moisture content was positively correlated with respiration and microbial activity, even as moisture levels 
surpassed total saturation, suggesting that microbial activity may be limited by access to organic matter 
substrates in drier environments. Close proximity to black spruce trees decreased total and labeled 
heterotrophic respiration. This negative relationship may reflect the impact of tree evapotranspiration and 
peat shading effects– as peat dries and cools near trees, microbial activity may decline. Here, we isolated 
the response of heterotrophic respiration in order to explore variation in and interactions among multiple 
abiotic and biotic drivers that influence microbial activity. This approach allowed us to reveal each 
driver’s relative influence on C respiration in these globally important C sinks.
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INTRODUCTION

Northern peatlands are an important terrestrial carbon (C) sink, storing nearly one-third of 

terrestrial soil C while covering only 3% of the global landscape (Gorham et al., 1991; Bridgham et al., 

2006; Yu et al., 2011). Despite relatively low productivity given the cooler climate, northern peatland 

ecosystems are able to store enormous amounts of C belowground because of low decomposition and 

respiration rates (Moore, 1998).  Decomposition in these ecosystems is primarily limited by cooler 

temperatures (Gorham, 1991; Preston et al., 2012; Gill et al., 2017) as well as low oxygen availability in 

water-saturated conditions (Bridgham et al., 1998; Freeman et al., 2001; Preston et al., 2012). However, 

climate change is expected to bring warmer and drier conditions to northern peatlands (IPCC, 2013), 

facilitating the encroachment of vascular plants into bogs (Holmgren et al., 2015; McPartland et al., 2018) 

and creating a positive feedback as microbial activity is freed from oxygen limitation in aerobic 

conditions. These changes to bog dynamics could reduce C storage in northern, forested bogs (Bridgham 

et al., 2008; Dorrepaal et al., 2009; Gill et al., 2017; Jiang et al., 2018; McPartland et al., 2018) and 

elevate the influence of other drivers of bog C dynamics, such as the belowground  C allocation in plants 

and other bog edaphic properties beyond oxygen availability in a warmer ecosystem with abundant 

oxygen (Weltzin et al., 2003; Wilson et al., 2016).

Microbial communities are responsible for the flux of C from bogs to the atmosphere through their 

role in decomposing organic matter inputs. In order for microbes to access C and nutrients, microbes 

excrete extracellular enzymes that target specific organic compounds for degradation (Sinsabaugh et al., 

2008). Similar to decomposition in well-aerated forested upland soils, decomposition in bogs through the 

activity of extracellular enzymes is influenced by peat chemistry and litter quality (Bayley et al., 2005; 

Bragazza et al., 2008; Turetsky et al., 2008), peat nutrient status (Moore et al., 2008; Karhu et al., 2010; 

Fenner and Freeman, 2011), peat moisture content (Turetsky et al., 2008; Xiang and Freeman, 2009), plant 

community composition (Janssens et al., 2001; Ward et al., 2015), microbial community composition 

(Hattenschwiler et al., 2005; Jaatinen et al., 2007; Allison and Treseder, 2008), and temperature (Bragazza 

et al., 2008; Moore et al., 2008; Xiang and Freeman, 2009). Microbial activity in bogs is further 

influenced by anaerobic conditions because the high water table in bogs can reach the bog surface. The 

absence of oxygen leads to the buildup of phenolic compounds that inhibit the activity of the hydrolytic 

extracellular enzymes responsible for C mineralization and respiration, a phenomenon referred to as the 

“enzymic latch” responsible for trapping C in water-logged bogs (Freeman et al., 2001). While lower peat 

moisture content and greater aeration may boost microbial activity, drier, denser peat can in turn limit 

microbial activity by decreasing access to C substrates and the diffusion of C compounds throughout the 

peat horizon (Dorrepaal et al., 2009; Levy et al., 2012). The presence of fine roots, too, stimulates 



microbial activity in the rhizosphere, leading to release of stored C in peatlands and greater respiration in 

proximity to a steady supply of simple sugars from root exudates (Walker et al., 2016). While experiments 

have defined the relationships between individual isolated bog ecosystem properties and their influence on 

C cycling, much uncertainty still exists concerning how multiple bog characteristics will interact to 

influence the flux of C from different C pools, especially in the face of climatic change (Jiang et al., 

2018).

Predicting the future of bog C stocks requires a basic understanding of the relative importance of 

the many drivers and biotic interactions that shape microbial activity in forested bogs. Unravelling the 

drivers of decomposition is complicated because many of the bog characteristics that influence microbial 

decomposition also influence bog hydrology by impacting evapotranspiration. However, peat respiration 

in bogs is uniquely influenced by the synergies between drivers that dually affect microbial activity 

directly and indirectly through water table fluctuations (Waddington et al., 2015). To improve our 

understanding of the abiotic and biotic drivers of microbial activity in a forested, ombrotrophic bog, we 

attempted to manipulate the presence of roots and mycorrhizal fungi using mesh-covered mesocosms and 

measured total peat respiration rates, labile C respiration (using an isotopic tracer), and extracellular 

enzyme activity in response to both the rhizosphere manipulation and natural variation in bog biotic and 

abiotic characteristics. We used measurements of bog physical and chemical properties and the 

aboveground plant community to contextualize our microbial activity results and to identify bog properties 

that influenced both total respiration and the respiration of more labile C pools (i.e. labeled starch). By 

providing insight into how abiotic and biotic conditions interact to affect microbial activity and its 

consumption of different C stocks, we provide a more comprehensive understanding of the complexities of 

C respiration in bogs.

METHODS

Site description

We conducted our study in the S1 bog at the Marcell Experimental Forest (47° 30’ 17” N, 93° 28’ 

97’’ E) of Bovey, Minnesota, U.S.A. The bog is a forested ombrotrophic bog, where all water inputs come 

from precipitation. The dominant tree species at our site were black spruce (Picea mariana) and tamarack 

(Larix laricina). Four ericaceous shrubs, Labrador tea (Rhododendron groenlandicum), swamp laurel 

(Kalmia polifolia), wild blueberry (Vaccinium angustifolium), and leatherleaf (Chamaedaphne calyculata) 

were the dominant species among the understory vegetation (Largent et al., 1980; Malloch and Malloch, 

1981; Dalpé, 1989, Iversen et al., 2018). A bryophyte layer of Sphagnum species covered the bog surface, 

dominated by three species: Sphagnum magellanicum Brid., Sphagnum angustifolium (Warnst.) C.E.O. 



Jensen, and Sphagnum fallax H. Klinggr (Iversen et al., 2018). From 2010 to 2014, mean annual air 

temperatures at the bog ranged from 1.6 °C to 5.1 °C and mean annual precipitation ranged from 586 mm 

to 662 mm over the same period (Hanson et al., 2015). During the sampling period, mean daily air 

temperatures were 18°C with an average daily high of 27°C and low of 10°C. Soils were classified as 

Typic Haplohemist, characterized by poorly drained soils with thick “mucky peat” organic horizons 

punctuated by occasional woody fragments (USDA, 1998), and were overlain by approximately 2.5 m of 

Sphagnum peat (Boelter and Verry, 1977; Nichols, 1998). 

Experimental design and implementation

In our original experimental design, we aimed to isolate the effect of roots and mycorrhizae on 

microbial activity and labile C respiration. However, mycorrhizae and roots did not grow into our 

chambers. Thus, we treated all mesocosms, regardless of rhizosphere exclusion treatment, as individual 

replicates of heterotrophic respiration across an observational gradient of bog abiotic and biotic 

characteristics. Following the protocol outlined in Moore et al. (2015), we constructed mesocosms out of 

PVC pipe (15 cm long × 5 cm diameter). We cut 10.5 cm × 8 cm rectangular windows into two sides of 

each mesocosm and covered the windows as well as the bottom of the PVC pipes with stainless steel 

mesh. We used mesh with openings of three different widths to control root and mycorrhizal access to the 

mesocosms, where the finest mesh (5 µm) excluded both roots and mycorrhizae from the mesocosms, the 

intermediate mesh (55 µm) allowed only mycorrhizae to access the mesocosms, and the mesh with the 

largest openings (1.45 mm) allowed both roots and mycorrhizae to grow into the mesocosms (see Moore 

et al., 2015). Surface-level peat is often proliferated by fine roots (Iversen et al., 2018), thus to ensure that 

the peat within each mesocosm was initially root-free and chemically and physically consistent across all 

replicates, we filled the mesocosms with 300 cm3 of dry, non-fertilized, horticultural Sphagnum peat (Sun 

Gro Horticulture, Agawam, MA, U.S.A.) (Bhuiyan et al., 2017). In total, 60 mesocosms (20 mesocosms 

for each rhizosphere exclusion mesh type) were installed in bog hummocks by carefully moving aside the 

bryophyte layer and inserting the mesocosms so that the windows cut into the sides of the mesocosms 

were completely submerged in the bog. Mesocosms were installed on November 7, 2014. While 

mesocosms were initially installed in bog hummocks to control for the effects of bog microtopography, 

some mesocosms sunk lower into the bog over the 7-month experiment due to the relative weight of the 

mesocosm structure and as peat hummocks moved with bog surface dynamics.

To explore if microbial degradation of labile C pools differed from general respiration among our 

treatments, we added a tiny amount (5 mg) of highly enriched (99 atom %) 13C-labeled starch to half of the 

mesocosms (n = 30). This approached enabled us to see if the labile (here, starch) C pool was being 



decomposed at a different rate than the total pool (unlabeled respiration) without priming the community 

(e.g., Moore et al., 2015). We suspended the labile starch in 30 mL of DI water and injected half of the 

mesocosms with this mixture using a syringe; the other half of the mesocosms (30) received only 30 mL 

of DI water. We anticipated that root or mycorrhizal fungi would increase labile starch degradation, but 

we were unable to explore this question due to lack of root and mycorrhizal growth into the cores.

Sample collection and analysis

From June 17 to June 21, 2015, we collected gas samples from the mesocosms to measure labile C 

respiration, measured as. the relative abundance of 13CO2 in respired CO2 stemming from the metabolism 

of the 13C-labeled starch. To collect gas samples, we capped each mesocosm with a 5-cm PVC cap 

containing a rubber septum. After waiting 20 minutes to allow for gas to build up within the headspace of 

the mesocosm, we collected a 15-mL gas sample using a syringe and injected the sample into a 12-mL 

Exetainer vacuum vial (Labco Limited, Lampeter, Ceredigion, U.K.). To assess the background relative 

abundance of 13CO2, we collected two 15-mL ambient air samples on each day. All 60 mesocosms were 

sampled on each of the five consecutive sampling days following the 13C-starch addition. All gas samples 

were analyzed for 13CO2 relative abundance (UC Davis Stable Isotope Facility, Davis, CA) using a 

ThermoScientific Precon-GasBench system coupled with a ThermoScientific Delta V Plus isotope ratio 

mass spectrometer (ThermoScientific, Bremen, DE). We report the relative abundance of 13CO2 in CO2 

captured in our gas samples as δ13C values with units of per mil (‰), calculated according to the formula 

below:

‰δ13C =  ( (13𝐶
12𝐶)

𝑠𝑎𝑚𝑝𝑙𝑒

(13𝐶
12𝐶)

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

― 1) ×  1000 

In this formula, we use the established international standard for 13C work, the Pee Dee Belemnite (13C/12C 

= 0.011202), as the standard isotopic ratio.

On four of the five sampling days, we also measured overall peat respiration in each mesocosm 

using a LI-6400XT with a LI-COR 6400-09 soil CO2 flux chamber attachment and a PVC collar that seals 

the flux chamber over the top of each PVC mesocosm (LI-COR Instruments, Lincoln, NE). We took peat 

respiration measurements using the automated LI-COR program for CO2 flux measurements over three 

draw-down cycles. Peat respiration rates are reported in units of μmol CO2 m-2 s-1. We did not measure 

peat respiration on June 20, the fourth sampling day, due to inclement weather. We chose to use 

respiration measurements from the fifth sampling day, the day that the mesocosms were harvested, in our 

models that relate respiration to other bog properties to minimize time between respiration measurements 



and characterization of peat physical, chemical, and microbial properties within each mesocosm. To 

contextualize our peat respiration measurements, peat temperature (0 – 10 cm) was recorded using a 

temperature probe in five randomly selected mesocosms on each day that we measured peat respiration.  

To explore the link between vascular plant proximity and microbial respiration and activity, we 

measured the distance from each mesocosm to the closest black spruce and blueberry shrub. All 

mesocosms were located within 10 cm of a Labrador tea stem so proximity to this ubiquitous shrub was 

not considered as a variable in our study. In contrast, only 7 of the 60 mesocosms were located within a 10 

m radius of a tamarack tree, creating insufficient variation in proximity to tamarack across our study; as a 

result, distance from tamarack was also excluded from our C mineralization models. On June 21, after 

collecting gas samples for the fifth sampling day, we removed the mesocosms from the bog, making sure 

to keep the peat intact within each mesocosm, and transported them back to the laboratory on ice in 

individual plastic bags. Peat was then emptied from each mesocosm into separate plastic bags and stored 

at 4°C.

We conducted all laboratory measurements on sieved peat (2 mm) from within each mesocosm to 

remove any roots or coarse woody debris from peat analyses. We measured the peat moisture content of a 

subsample of peat from each mesocosm by determining gravimetric water content (GWC) of the sample 

relative to GWC of fully-saturated peat. We determined sample GWC by weighing field-moist samples, 

then oven-drying the samples at 105 ºC for 48 h, and reweighing dried samples (Robertson et al., 1999). 

We then determined the average GWC of fully-saturated peat by soaking 12 replicates of 100 g of 

commercially-available Sphagnum peat (Sun Gro Horticulture, Agawam, MA, U.S.A.) in DI water for 8 h 

at room temperature and repeating the same GWC measurement as stated above. We expressed peat 

moisture content for each sample as a percentage relative to the average GWC of fully saturated peat. 

We characterized peat chemical properties by measuring pH and C:N in each mesocosm. We 

measured pH by suspending 10 g of peat in 20 mL of a 0.01 M CaCl2 solution, agitating the suspension 

every 10 minutes for 30 minutes, and then allowing it to settle for 1 h before measuring pH with a probe 

meter (Carter and Gregorich, 2007). To measure the C:N content, we oven-dried peat samples at 70 ºC and 

ground them into a fine powder. Approximately 0.2 g of ground sample were analyzed for total C and N 

on a LECO TruSpec elemental analyzer (LECO Corporation, St. Joseph, MI, U.S.A.).

We measured microbial biomass C (MBC) using the chloroform fumigation extraction method 

(Jenkinson and Powison, 1976; Vance et al., 1987). We collected paired samples of 15 mL of field-moist 

peat from each mesocosm, and in the first sample, established the initial dissolved organic C (DOC) pool 

by adding 50 mL of 0.5 M K2SO4 to the sample and extracted organic C compounds on a reciprocal shaker 

(Eberbach Co., Ann Arbor, MI, U.S.A.) for 1 h. We fumigated the second 15 mL sample in each pair with 

30 mL of chloroform for 5 days at room temperature, then extracted organic C as described above. We 



measured organic C content of leachate from both the initial sample and the fumigated sample on a total 

organic C analyzer (TOC-V CPH, Shimadzu Scientific Instruments, Columbia, MD, U.S.A.). We 

calculated DOC as the organic C content extracted from the unfumigated sample, and MBC was 

calculated as the organic C content of the fumigated sample minus the organic C content of the 

unfumigated initial sample, divided by a process efficiency correction factor of 0.38 (Voroney et al., 

1993). 

To measure microbial activity and microbial investment in resource acquisition, we measured the 

potential activity of a suite of C- and nutrient-acquiring enzymes. We measured the activities of C-

degrading enzymes cellobiohydrolase (CBH), β-glucosidase (BG), and α-glucosidase (AG) that 

breakdown cellulose and two different glucans, respectively. We also measured the activities of N-

acquiring enzymes N-acetylglucosaminidase (NAG) that breaks down chitin and leucine aminopeptidase 

(LAP) that degrades peptides as well as a phosphorus-mining enzyme, acid phosphatase (PHOS) 

(Nanniperi et al., 2002; Sinsabaugh et al., 2008). All enzyme activities were assayed according to the Bell 

et al. (2013) protocol.

Briefly, for each mesocosm, we createda slurry by adding 2.75 g of field-moist peat to 91 mL of 

50 mM sodium acetate buffer (pH 5). We combined 800 L of the slurry and 200 L of enzyme substrate 

in a 96 deep well plate, plates were shaken by hand, and the slurry and substrate mixture were allowed to 

incubate at 10°C (to mimic field temperatures) for 8 h in the dark. After 8 h, we transferred 250 L of the 

solution to a separate plate where fluorescence was measured on a fluorimeter/spectrophotometer 

(Synergy HT, Biotek Inc, Winooski, VT, U.S.A.). We measured fluorescence using an excitation 

wavelength of 365 nm and an emission wavelength of 450 nm. To determine the concentration of substrate 

that was degraded by the enzymes over the incubation period in each sample, we compared the 

fluorescence from each peat slurry sample to a standard curve of fluorescence from solutions of known 

concentrations (0, 2.5, 5, 10, 25, 50, and 100 μM) of methylcoumarin (MUC), the compound linked to 

LAP substrates, or methylumbelliferyl (MUB), the compound linked to the five remaining enzyme 

substrates. Degraded substrate concentrations are used to calculate enzyme activity rates by dividing the 

amount of degraded substrate by the length of the incubation and then standardizing this activity 

measurement by the mass of dry peat (g) used to create the slurry. We expressed potential enzyme activity 

in units of nmol h-1 g-1 dry peat. 

Statistical analyses

We conducted all statistical analyses in R version 3.4.2 (RStudio Team, 2017) with packages cited 

where applicable. To investigate whether we could detect an increase in the relative abundance of 13CO2 in 



respired CO2 captured from mesocosms to which we added the 13C-labeled starch addition, we conducted 

a t-test (n = 30) that analyzed the difference between 13CO2  relative abundance in gas samples collected 

from labeled cores versus non-labeled cores. Then, to investigate whether the 13C-starch addition had any 

unintended effects that stimulated the microbial community, we used independent t-tests (n = 30, Welch 

Two Sample t-test) to compare total C respiration, microbial biomass, enzyme activity, and physical 

properties in mesocosms labelled with 13C-starch and unlabeled mesocosms. Next, we explored the effects 

of plant proximity, peat physical and chemical properties, and microbial activity (i.e. extracellular enzyme 

activity) on respiration using a multiple regression framework with forward and backward step-wise 

model selection. We regressed predictive variables relevant to microbial activity and the bog environment 

against respiration in all mesocosms (n = 48) and separately for 13CO2 respiration (n = 22). 𝛿

 To compute best-fit models that predicted total respiration, and separately,  13CO2, we built a 𝛿

fully parameterized model including: peat moisture content, distance from nearest spruce tree, distance 

from nearest blueberry, AG enzyme activity, BG enzyme activity, CBH enzyme activity, NAG enzyme 

activity, PHOS enzyme activity, LAP enzyme activity, MBC, DOC, pH, and C:N. Using the stepAIC 

function (MASS package, version 7.3-47, Venables and Ripley, 2002) with steps progressing in both 

forward and backward directions. Model selection progressed by either adding or removing predictive 

parameters from an initial, fully-parameterized model until the lowest AIC score was reached, resulting in 

the ‘best-fit’ model. For model selection, all parameters were ordered in the initial model by decreasing R2 

values produced by regressing respiration or δ 13CO2 against that predictor. We explored the individual 

relationships between parameters included in the best-fit model and respiration as well as δ 13CO2 using 

linear regressions. 

RESULTS

We detected an elevated 13CO2 signal from the mesocosms that received the labeled starch 

addition (P < 0.001, t = -9.20, Figure S1). In mesocosms where 13C-starch was added, the relative 

abundance of 13CO2 in respired CO2 (δ 13CO2) was, on average, 134 ‰ ± 83 ‰ compared to -8 ‰ ± 7 ‰ 

in water-control mesocosms. We were able to use all 60 mesocosms, regardless of starch addition, in our 

investigation of respiration because the addition of 13C-starch did not affect respiration rates (P = 0.53) or 

any other parameter, barring 13CO2 analyses, investigated in this study (Table S1). As found in other 

studies, the small amount of starch added to the mesocosms had undetectable effects on respiration and 

microbial dynamics (e.g., Moore et al., 2015). The relative abundance of 13CO2 in respiration peaked on 

the fourth and fifth day following the 13C-starch addition (Figure 1). In order to minimize the time lag 

between respiration measurements and the physical and chemical analyses, we chose to use the relative 



abundance of 13CO2 in respired CO2 captured in gas samples taken on the fifth day when the mesocosms 

were harvested in the multiple linear regression framework.

Our rhizosphere manipulation treatment using different sizes of mesh to cover each mesocosm to 

manipulate root and mycorrhizal access the mesocosms was unsuccessful, as roots and mycorrhizal 

hyphae were absent from all 60 mesocosms. A total lack of root in-growth is at least partially explained by 

the results from Iversen et al. (2018) that showed that the majority of fine root growth in this bog likely 

occurred later in the growing after mesocosm harvest, and root growth was concentrated in a thin layer at 

the surface of bog hummocks. While disappointing, this lack of response enabled us to combine the 

treatments (60 mesocosms) as replicated observations of heterotrophic respiration in the absence of roots 

and mycorrhizae that are responsible for autotrophic respiration. The mesh treatment also did not impact 

other bog parameters such as microbial biomass (P = 0.204, F = 1.646) and peat moisture content (P = 

0.094, F = 2.470) (Figure S2). Mean bog characteristics across all mesocosms (n = 59) are provided in 

Table 1. Peat temperature on the fifth gas sampling day when we harvested the mesocosms ranged from 

10.3 °C to 14.5 °C across five randomly selected mesocosms. Peat temperature ranges for all days on 

which respiration measurements were taken are listed in Table S2.

The strongest predictors of labile C respiration included in the best-fit model were proximity to 

spruce trees and the potential enzyme activities of BG and PHOS (Table 2). The model explained 54% of 

the variation in δ 13CO2 starch respiration (AIC = 248.96, P = 0.001, R2 = 0.54, Table 2). Our linear 

regressions showed that labile starch respiration (δ 13CO2) increased with greater distance between the 

mesocosm and the nearest spruce tree (P = 0.002, R2 = 0.35; Figure 2A) and also increased with 

heightened BG enzyme activity (P = 0.010, R2 = 0.25, Figure 2B) and PHOS enzyme activity (P = 0.048, 

R2 = 0.14, Figure 2C). Correlations between all six enzymes and labile C respiration are depicted in Figure 

S4. 

Total heterotrophic respiration was best explained by a model that included parameters for peat 

moisture content, proximity to spruce trees, potential enzyme activity of BG, and DOC, together 

explaining 54% of the variation in total heterotrophic respiration (AIC = 157.72, P < 0.001, R2 = 0.54, 

Table 2). Our linear regressions showed that heterotrophic respiration was positively correlated with peat 

moisture content (P < 0.001, R2 = 0.41, Figure 3A). Like labile C respiration, heterotrophic respiration 

increased with greater distance between the mesocosms and the nearest spruce tree (P = 0.007, R2 = 0.13; 

Figure 3B). Respiration was also positively correlated with BG enzyme activity (P = 0.007, R2 = 0.13, 

Figure 3C). Correlations between the activities of all six enzymes and heterotrophic respiration rates are 

depicted in Figure S5. Though DOC was identified as an important predictor of heterotrophic respiration, 

we did not detect a significant correlation between DOC and respiration, but the pattern appears to be a 

negative correlation (p = 0.160, R2 = 0.02, Figure 3D).



DISCUSSION

A complex set of abiotic characteristics as well as above- and below-ground biotic variables 

interact to shape labile C respiration in bogs. Our results found that peat moisture content exerted the most 

influence on microbial activity and labile C respiration, with total heterotrophic respiration increasing with 

peat moisture content even when moisture content in the mesocosms surpassed saturation. The mechanism 

underlying the relationship between moisture content and respiration is unclear, but our results allow us to 

rule out the idea that covariation in pH and moisture content may confound the peat moisture and 

respiration correlation. While there was a negative relationship between peat moisture content and pH (P = 

0.026, F = 5.244), this relationship did not confound the strong correlation between peat moisture content 

and respiration, as there was no measured impact of pH alone (P = 0.087, F = 3.035) or an interactive 

effect between pH and peat moisture content on heterotrophic respiration (P = 0.983, F = 12.87). Greater 

microbial activity in wetter mesocosms may indicate that microbial activity is regulated by the 

accessibility of dissolved substrates that is promoted by the creation of an aqueous environment in highly 

saturated conditions (Blodau, 2002; Levy et al., 2012). It should also be noted that our measurement of 

peat moisture content is a snapshot of saturation conditions at a single time point in a temporally and 

spatially dynamic hydrological system (Waddington et al., 2015).

We found that heterotrophic respiration and mineralization of 13C-labelled starch was highest in 

mesocosms that were farthest away from spruce trees, and without data to conclusively identify a specific 

mechanism underlying this correlation, we present two speculative theories that could explain this 

relationship. First, trees can create shaded microhabitats with cooler temperatures beneath the crown of the 

tree (Kettridge et al., 2013). These cooler environments closest to tree trunks could kinetically limit the 

production of extracellular enzyme activity and heterotrophic respiration overall, creating a gradient of 

increasing microbial activity with greater distance from tree trunks. Second, enhanced evapotranspiration 

in proximity to trees drives fluctuations in the water table locally on a diurnal time scale (Sarkkola et al., 

2010; Lewis et al., 2013; Limpens et al., 2014). These daily changes in peat moisture content and oxygen 

availability create an unstable, abiotically stressful environment that could perhaps have consequences for 

the stability of microbial community structure and function. Moving farther away from spruce trees and 

the diurnal water-table drawdown effects stemming from heightened evapotranspiration near trees, more 

consistent hydrologic conditions create a stable environment that would support regularity in microbial 

activity and greater C mineralization over the course of the growing season. While our measurements of 

peat moisture content are simply a snapshot of moisture conditions at a single timepoint in an a 

hydrologically dynamic ecosystem, our data do show that peat water saturation increases by 8.35% with 



every meter of distance between the mesocosms and the nearest spruce tree (Figure S3, P = 0.043, R2 = 

0.054).  In contrast, we found no effect of proximity to woody shrubs on microbial activity, respiration or 

decomposition. This suggest that shrubs have a relatively small effect on local water table levels because 

of their shallower rooting depth (Lafleur et al., 2005), the low potential for hydraulic lift, and/or their 

effects were masked by the ubiquitous presence of shrubs across the landscape. 

While the absence of roots in our mesocosms prevents us from understanding the drivers of total 

respiration, we can compare our observation of heterotrophic respiration rates to peat C flux rates that 

were measured in hummocks across the same bog during the summer of 2014 by Gill et al. (2017). Total 

C flux rates in June of 2014, including autotrophic respiration, varied between 6.0 to 9.0 μmol CO2 m-2 s-1 

(Gill et al., 2017). As these C fluxes incorporate both heterotrophic and autotrophic respiration, our 

estimate of heterotrophic respiration indicates that heterotrophic respiration accounts for roughly half of 

CO2 emitted from the bog surface.

Adding to the many parameters, both above- and below-ground, that influence respiration, our 

results indicate that heterotrophic respiration and labile C respiration are both influenced by extracellular 

enzyme activity. Higher activity of C-degrading enzymes led to higher overall total heterotrophic 

respiration as well as the respiration of labile C substrate. Respiration of labile C substrates was further 

influenced by the activity of nutrient-acquiring enzymes. These results indicate that metabolism of labile C 

may be regulated by levels of accessible phosphorus and nitrogen, possibly because constraints on 

microbial biomass stoichiometry must be met in order to maintain higher levels of C-degrading activity 

(Buchkowski et al., 2015; Nannipieri et al., 2002). A negative, though not significant, relationship existed 

between heterotrophic respiration and DOC, a parameter that model selection indicated was an important 

predictor of total heterotrophic respiration. The causal relationship is unclear here, though it is possible 

that DOC, as a readily accessible pool of C, is constantly depleted when the microbial activity is high, and 

this increased activity leads to higher rates of peat respiration (Delarue et al., 2014). This process could be 

tested in future studies by comparing microbial growth and maintenance respiration relative to levels of 

DOC.

Bog ecosystems are large C sinks, thus much work has elucidated the drivers of C dynamics, 

especially in the context of climate change (for example: Gallego-Sala et al., 2018; Alison and Treseder, 

2008); yet, the future of peatland C stocks and the functioning of these ecosystems in the future remains 

uncertain (Moore et al., 1998; Blodau, 2002; Bridgham et al., 2006; Roulet et al., 2006; Belyea and 

Malmer, 2008; Griffiths et al., 2017). Our study lends insights to how several of the most important 

drivers of C mineralization, namely the presence of trees in forested bogs, peat moisture content, and 

microbial activity, affect the respiration of C from these C sinks. The absence of roots and mycorrhizae in 

our mesocosms serendipitously allowed us to isolate the indirect impacts of tree presence on microbial 



activity in bogs and also allowed us to specifically study heterotrophic respiration in exclusion of the plant 

rhizosphere. Together, these results inform our understanding of how multiple abiotic and biotic properties 

of forested bogs interact synergistically to influence C mineralization in a crucial component of the 

terrestrial C cycle.
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TABLE 1.— Site-level characteristics of peat samples collected from mesocosms in an ombrotrophic bog at 

Marcell Experimental Forest in June, 2015 (n = 59).

Bog Characteristic Site Level Mean Standard Deviation
Distance to nearest blueberry shrub (m) 2.01 3.64
Distance to nearest spruce tree (m) 0.98 0.57
Percent peat water saturation (%) 62.4 18.0
pH 3.07 0.12
peat C:N (mass ratio) 30.3 1.4
Dissolved Organic Carbon (DOC, mg C g-1 dry peat) 2.2 0.4
Microbial Biomass Carbon (MBC, mg C g-1 dry peat) 2.3 0.6
Potential AG enzyme activity (nmol g-1 dry peat h-1) 25 8
Potential BG enzyme activity (nmol g-1 dry peat h-1) 611 225
Potential CBH enzyme activity (nmol g-1 dry peat h-1) 409 139
Potential NAG enzyme activity (nmol g-1 dry peat h-1) 147 59
Potential PHOS enzyme activity (nmol g-1 dry peat h-1) 450 158
Potential LAP enzyme activity (nmol g-1 dry peat h-1) 31 11



TABLE 2.— Model selection criteria for the response of heterotrophic respiration (µmol CO2 m-2 s-1) (n = 

48) and δ13C, or the relative abundance of 13CO2 in respired CO2 (‰) (n = 22). Akaike Information 

Criterion (AIC) was used to determine which model fit the data best. Parameters included in the best 

model for heterotrophic respiration include percent peat moisture content (% water saturation), BG 

enzyme activity (nmol g-1 dry peat h-1), distance (m) from in situ mesocosms to the nearest spruce tree, and 

DOC (mg C g-1 dry peat). Parameters included in the best fit model for labile carbon respiration include 

distance to the nearest spruce tree (m), BG enzyme activity (nmol g-1 dry peat h-1), and PHOS enzyme 

activity (nmol g-1 dry peat h-1). An addition sign (+) indicates how the addition of another model parameter 

affects the model fit statistics. 

Response Parameter AIC Δ AIC Adjusted R2

Total Respiration Peat Water Saturation 166.42  0.41
+ BG Enzyme Activity 159.20 – 7.22 0.50

 + Distance to Spruce 158.37 – 0.83 0.52
 + DOC 157.72 – 0.65 0.54

δ 13C in Respired CO2 Distance from Spruce 254.87  0.35
+ BG Enzyme Activity 252.41 –2.46 0.44

 + PHOS Enzyme Activity 248.96 –3.45 0.54
 



FIG. 1.– Relative abundance of 13CO2 (δ 13CO2) from mineralization of 13C-labeled starch in gas samples 

collected from peat-filled mesocosms. Gas samples were collected for five consecutive days following the 

addition of the 13C starch label, and the relative abundance of 13CO2 in respired CO2 peaked on the fourth 

and fifth days after starch addition.



FIG. 2.— Parameters included in the ‘best fit’ model to explain variation in the relative abundance of 13C-

CO2 in respired CO2. The relative abundance of 13C-CO2 from mineralization of the 13C-starch substrate 

respiration was positively correlated with distance to the nearest spruce tree (A; P = 0.002, R2 = 0.35), 

potential BG enzyme activity (B; P = 0.010, R2 = 0.25), and positively correlated with potential PHOS 

enzyme activity (C; P =0.048, R2 = 0.14). The solid black line shows a significant line of best fit, and the 

shaded area indicates a 95% confidence interval of the best-fit line (n = 22).



FIG. 3.— Parameters included in the ‘best fit’ model to explain variation in heterotrophic respiration. 

Respiration was positively correlated with peat moisture content (percent water saturation) (A; P < 0.001, 

R2 = 0.41), distance to the nearest spruce tree (B; P = 0.007, R2 = 0.13), and BG enzyme activity (C; P = 

0.007, R2 = 0.13). Dissolved organic carbon (DOC) was retained as a parameter in the best fit model 

despite the non-significant relationship between DOC and respiration (P = 0.16, R2 = 0.02), though this 

pattern shows a slightly negative trend. The solid black line shows a significant line of best fit, and the 

shaded area indicates a 95% confidence interval of the best-fit line (n = 48).



FIGURE S1.— The 13C-starch addition resulted in a significantly higher relative abundance of 13CO2
 ( δ13C) 

in respiration captured from labelled mesocosms as compared to control (water-injected) mesocosms (P < 

0.001, t = -9.20, n = 30).



FIGURE S2.— The wire mesh treatment used to cover windows cut in the mesocosms as part of an ongoing 

rhizosphere manipulation experiment did not affect A) microbial biomass (P = 0.204, F = -1.646, n = 48) 

or B) peat moisture content (percent water saturation) (P = 0.094, F = 2.470, n = 59). 

 



TABLE S1.—The results of a series of Welch Two Sample t-tests show that 13C-starch addition treatment 

had no effect on microbial community dynamics or non-labelled respiration (n = 29).

Parameter t P
Heterotrophic Respiration -0.63 0.53
Microbial Biomass Carbon (MBC) -0.98 0.33
AG Enzyme Activity 0.43 0.67
BG Enzyme Activity -1.37 0.18
CBH Enzyme Activity -1.42 0.16
NAG Enzyme Activity 0.91 0.37
LAP Enzyme Activity -0.58 0.57
PHOS Enzyme Activity -1.42 0.16
pH -0.16 0.87
Dissolved Organic Carbon (DOC) 1.3 0.2
Peat C:N -0.11 0.92
Peat Water Saturation -1.27 0.21



TABLE S2.—Variation in peat temperatures (0-10 cm) across five randomly selected mesocosms measured 

on each of the five days of gas sampling. On the fourth sampling day, June 20, peat temperatures and peat 

respiration were not measured due to inclement weather.

Date Median Peat 
Temperature (°C)

Minimum Peat 
Temperature (°C)

Maximum Peat 
Temperature (°C)

Peat Temperature 
Range (°C)

6/17/15 10.3 6.6 11.1 4.5
6/18/15 10.1 8.2 11.5 3.3
6/19/15 7.3 5.9 7.7 1.8
6/20/15 Inclement weather, temperature not measured.
6/21/15 11.2 10.3 14.5 4.2



FIGURE S3.— Peat moisture content in mesocosms increases with increasing distance from the nearest 

spruce tree (P = 0.043, R2 = 0.054, correlation coefficient = 8.35).
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FIGURE S4.— Correlations between labile C respiration (δ 13CO2) and the activities of six extracellular 

enzyme activities. Where significant relationships exist, enzyme activity is generally positively correlated 

with δ 13CO2: AG activity (A, P = 0.054, R2 = 0.131, coefficient = 4.09), BG activity (B, P = 0.010, R2 = 

0.252, coefficient  = 0.160), CBH activity (C, P = 0.025, R2 = 0.190, coefficient = 0.247), NAG activity 

(D, P = 0.135, R2 = 0.064, coefficient = 0.419), PHOS activity (E, P = 0.048, R2 = 0.141, coefficient = 

0.187), and LAP activity (F, P = 0.040, R2 = 0.154, coefficient = 3.427).



FIGURE S5.— Correlations between total heterotrophic respiration and the activities of six extracellular 

enzyme activities. Where significant relationships exist, enzyme activity is generally positively correlated 

with heterotrophic respiration: AG activity (A, P = 0.939, R2 = -0.022, coefficient = -0.002), BG activity 

(B, P = 0.007, R2 = 0.129, coefficient  = 0.003), CBH activity (C, P = 0.016, R2 = 0.100, coefficient = 

0.004), NAG activity (D, P = 0.061, R2 = 0.054, coefficient = 0.008), PHOS activity (E, P = 0.001, R2 = 

0.211, coefficient = 0.005), and LAP activity (F, P = 0.001, R2 = 0.187, coefficient = 0.081).


