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water CH4 concentrations among our 20 study sites. The only variables that significantly 

influenced the LMM for CH4 were % agriculture (-) and % forest (-) (Table 4).  Streams draining 

agricultural landscapes are often associated with elevated concentrations of N and other 

nutrients. Thus, the negative relationship between % agriculture and CH4 may be due to the 

presence of excess nutrients that should inhibit production of methane. The negative relationship 

with % forest suggests that as watersheds become more developed, higher amounts of CH4 can 

be expected. However, the relationships to land use do not allow us to assign specific drivers or 

inhibitors of CH4.  

Porewater as an indicator of CH4 production 

 Sediment porewater data provide evidence that variability in stream sediments may play 

an important role in controlling CH4 production. Our range of surface water to porewater ratios 

for CH4 shows that while some sites have higher concentrations in the surface water, many have 

considerably higher CH4 concentrations in the deeper sediments (Figure 7). To explore this 

potential relationship, we developed a depth profile from one of our study sites which shows the 

influence of redox conditions similar to what we expected to see in the surface water (Figure 8). 

Moving from the surface water (depth = 0 cm) to the deeper sediments, concentrations of NH4
+ 

and CH4 increase. In contrast to the increase in NH4
+ and CH4, our depth profile shows a general 

decline in concentrations of NO3
-, N2O, and SO4

2- (Figure 8). The concurrent depletion of NO3
- 

and N2O suggests that denitrification becomes limited by NO3
- availability. And although our 

sampling technique did not allow for measurements of oxygen at depth, increases in NH4
+ with 

concurrent declines in NO3
- can serve as an indicator of the extent of reducing conditions. The 

depletion of oxygen and other more thermodynamically favorable terminal electron acceptors 

(NO3
- and SO4

2-) creates conditions suitable for methanogenesis. In addition to the porewater 
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depth profile (which could only be explored at one site), CH4 concentrations were also predicted 

by porewater NH4:NO3 ratios (r2 = 0.82, p < 0.0001), with increased CH4 concentrations at 

higher ratios (Figure 9).  

Results from our porewater analysis suggest spatial segregation of biogeochemical 

processes (e.g. denitrification and methanogenesis) due to differences in solute, energy, and 

oxygen availability between the surface water and varying hyporheic depths, as has been 

proposed in previous studies (Crawford & Stanley, 2016). This could explain why relatively high 

CH4 concentrations and fluxes are observed in streams even when inhibitory conditions exist in 

the surface water (e.g. high NO3
- concentrations). These porewater results also explain the lack 

of expected predictive relationships with between CH4 and other surface water measurements. 
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CHAPTER 5: CONCLUSION 

We propose a conceptual framework for small streams in which N2O production is 

largely occurring in the surficial sediments, CH4 production happening in deep sediments, while 

CO2 concentrations are largely influenced by the surrounding landscape (Figure 10). The 

porewater depth profile in combination with the relationship between porewater CH4 and 

NH4:NO3 ratios confirms that the more reduced environment of the porewater and depletion of 

NO3
- in the deeper sediments creates hot-spots of CH4 generation. This supports the over-arching 

hypothesis of strong thermodynamic controls on CH4 in the sediments and is consistent with the 

lack of significant relationships within the surface water-based predictor variables. 

Our results suggest that CO2 concentrations are largely a result of metabolism, which 

may be happening in-stream or in the surrounding terrestrial landscape. Optical DOM data 

suggests that stream DOC is derived from an allochthonous source, highlighting the importance 

of the surrounding landscape in fueling CO2 dynamics. Additionally, many other studies have 

highlighted the importance of connectivity to the terrestrial landscape, as well as landscape 

features, in driving CO2 dynamics in small streams (Campeau et al., 2019; Hotchkiss et al., 2015; 

Rocher‐Ros et al., 2019). Our results corroborate previous work highlighting the importance of 

benthic-hyporheic N2O production in small streams (Marzadri et al., 2017), and identify the 

surficial sediments as particularly important, given the relationships to water chemistry in the 

overlying surface water. Lastly, the lack of expected controls on CH4 in the surface water yet 

tight thermodynamic controls observed in the porewater suggest that CH4 production dominates 

as we move deeper into the hyporheic zone. 
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TABLES 

Table 1. Stream and watershed characteristics across the 20 study sites. 

 Mean Minimum Maximum 

NO3
- (mg N L-1) 0.52 0.005 3.72 

DOC (mg C L-1) 6.69 1.08 26.96 

TDN (mg N L-1) 0.79 0.03 3.83 

NH4
+ (µg N L-1) 45.80 2.50 2000 

DON (mg N L-1) 0.24 0.00 1.58 

Cl (mg Cl L-1) 92.24 2.07 397 

SO4
2- (mg S L-1) 2.69 0.02 7.73 

Acetate (mg L-1) 0.12 0.03 0.69 

PO4
3- (µg P L-1) 15.42 0.50 337.54 

Na (mg Na L-1) 55.57 1.67 321.83 

K (mg K L-1) 2.86 0.01 11.14 

Mg (mg Mg L-1) 4.10 0.06 14.06 

Ca (mg Ca L-1) 18.72 0.10 64.31 

pH 6.7 3.8 8.6 

Specific Conductance (µs cm-1) 394.9 17.2 1658.0 

Dissolved O (% saturation) 85.0 18.8 108.3 

Temperature (ºC) 8.9 -0.1 25.5 

SUVA 3.90 0.01 5.97 

FI 1.36 1.24 1.62 

HIX 0.90 0.32 0.99 

Slope Ratio 0.86 0.62 2.01 

% Developed 21% 0% 54% 

% Agriculture 12% 0% 51% 

% Forest 54% 31% 99% 

% Wetland 7% 0% 34% 

% Impervious  17% 1% 33% 

Depth to refusal (cm) 10.9 0.0 38.0 

Sediment %C 1.0% 0.2% 5.6% 

Sediment %N 0.1% 0.0% 0.3% 

Sediment C:N 18.3 2.1 38.8 
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Table 2. Mean dissolved greenhouse gases at each site. Units are µatm. Standard deviations in 

parentheses. 

Site CH4 N2O CO2 

BDC 5.87 (2.78) 8.97 (4.74) 4994 (1976) 

BNR 1.1 (0.91) 0.76 (0.16) 1146 (105) 

BRB 27.19 (20.28) 0.66 (0.29) 7802 (1856) 

CSB02 8.11 (5.51) 3.23 (1.27) 6617 (1788) 

DCF03 4.88 (2.37) 0.33 (0.1) 1700 (455) 

FSB 3.47 (1.57) 0.57 (0.26) 2327 (632) 

GRBK 18.94 (12.48) 0.55 (0.27) 4709 (1552) 

HVH 47.69 (86.73) 0.39 (0.07) 4267 (2038) 

JMY 23.43 (24.45) 0.7 (0.15) 5418 (1678) 

MLB01 53.79 (20.31) 0.86 (0.2) 3886 (743) 

PB02.7 17.33 (5.79) 0.48 (0.13) 2604 (494) 

PIK 36.72 (15.54) 0.64 (0.13) 2322 (424) 

PKB 4.19 (1.94) 0.83 (0.54) 3339 (998) 

PST 14.93 (6.67) 1.04 (0.31) 3942 (1152) 

RMB04 6.28 (2.21) 0.48 (0.28) 2299 (893) 

SBM0.2 1.12 (1.02) 0.35 (0.14) 5182 (4403) 

TPB 9.15 (5.18) 0.4 (0.18) 1736 (387) 

TWB 5.3 (2.72) 2.08 (0.76) 3594 (873) 

WEB 17.99 (6.28) 0.42 (0.07) 5037 (1384) 

WHB01 3.42 (2.13) 0.83 (0.36) 2552 (2344) 

Mean 15.41 1.23 3771 

Atmospheric 

Concentration 
1.87 0.33 410 
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Table 3. Variable importance on projection (VIP) scores (≥ 0.8) of predictor variables for carbon 

dioxide (CO2), nitrous oxide (N2O), and methane (CH4) via partial least squares (PLS) analysis. 

Higher VIP scores represent a greater influence on the model.  

Predictor CO2 N2O CH4 

DO (%) 2.84* — 1.02 

DOC (mg C L-1) 1.44* — 0.91 

% Forest 1.06* 1.32* 1.27* 

NH4
+ (µg N L-1) 1.04* 0.88 1.44* 

FI 1.02* — — 

log PO4 1.02 1.18 0.89 

pH 1.02 0.99 0.95 

% Wetland 0.98 — — 

K+ (mg K L-1) 0.93 1.58* 1.08 

DON 0.87 — — 

SO4 (mg S/L) 0.86 1.16 0.99 

% Agriculture — 1.85* 1.68* 

NO3
- (mg N L-1) — 1.65* 0.86 

Temp (ºC) — 1.26* 0.94 

% Developed — 0.92 1.57* 

% N — 0.89 — 

C:N — 0.86 — 

Spec Cond — 0.83 1.32* 

% C — 0.82 — 

Slope ratio — — 0.83 

HIX — — 0.81 

Number of factors 4 13 5 

R2X 50.4 82.8 57.81 

R2Y 77.8 82.2 54.49 

*Asterisks and bold-face denote top five VIP scores for each model (see Table 4). 
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Table 4. Results from linear mixed-effects models (LMMs) with fixed effects and the random effect of site (not shown) for dissolved 

gas concentrations. The fixed effects included in each initial model were selected based on the five highest variable importance on 

projection (VIP) scores as identified through partial least squares (see Table 3). Fixed effects that did not significantly improve the 

model were dropped through pairwise deletion. β values provide a measure of how strongly, and in which direction, each predictor 

influences the model. Akaike information criterion (AIC) values estimate the relative quality of each model, with lower values 

indicating a better model. Marginal coefficient of determination (R2
m) shows variation explained by fixed effects alone, while the 

conditional coefficient of determination (R2
c) accounts for variation explained by both fixed and random effects. 

Response Initial Model Final Model βfinal AICinitial AICfinal 
R2

final 

R2
m R2

c 

CO2 

(µatm) 

DO (%) 

DO (%) 

DOC (mg C L-1) 

FI 

-0.01 

0.15 

0.40 

-173.7 -279.0 0.51 0.81 

DOC (mg C L-1) 

FI 

% Forest 

NH4 (µg N L-1) 

N2O 

(µatm) 

NO3
- (mg N L-1)  

NO3
- (mg N L-1) 

Temperature (ºC) 

% Agriculture 

0.28 

-0.05 

1.56 

-0.8 -192.5 0.54 0.88 

Temperature (ºC) 

% Agriculture 

K+ (mg K L-1) 

% Forest 

CH4 

(µatm) 

% Agriculture 

% Agriculture 

% Forest 

-2.27 

-1.71 
276.2 136.2 0.32 0.76 

% Forest 

% Developed 

Spec Cond (µS cm-1) 

NH4 (µg N L-1) 
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FIGURES 

 

Figure 1. Map of study streams located in southeastern New Hampshire. 
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Figure 2. Boxplot panels representing CO2 (A), N2O (B, log scale), and CH4 (C) concentrations 

across 12 months at 20 sites. Ordered by decreasing N2O concentrations. 
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Figure 3. Mean CO2 (A), N2O (B), CH4 (C), and concentrations across 20 sites over time. 

The dashed line represents standard error. 
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Figure 4. Linear regression between CO2 and dissolved oxygen (% saturation) across sites (r2 = 

0.70, p < 0.0001). 

 

 

Figure 5. Linear regression between N2O (log transformed) and NO3
- (square root transformed) 

concentrations across sites (r2 = 0.34, p < 0.0001). 
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Figure 6. Linear regression between N2O (log transformed) and K+ (square root transformed) 

concentrations across sites (r2 = 0.34, p < 0.0001). 
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Figure 7. Ratio of surface water to porewater concentrations for each gas (nsites = 9, for CO2 and 

CH4 nsamples = 25, for N2O nsamples = 23). Values above one indicate gas concentrations are higher 

in the surface water relative to the porewater and values below one indicate higher 

concentrations in the sediment porewater. 
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Figure 8. Depth profile of sediment porewater and dissolved gas concentrations at one site 

(PIK). Samples at depth 0 cm represent surface water samples. Greater depths represent sediment 

depth at which samples were extracted. 
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Figure 9. Linear regression between porewater CH4 concentrations and porewater NH4:NO3 

ratios (r2 = 0.82, p < 0.0001; nsites = 9). Lower ratios indicate a more oxidized environment (more 

NO3
-) while higher ratios indicate an environment more reduced (more NH4

+). 
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Figure 10. Conceptual framework for small streams. N2O production is largely occurring in the 

surficial sediments, CH4 production happening in deep sediments, while CO2 concentrations are 

largely influenced by the surrounding landscape.  
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APPENDIX A 

Coordinate locations and original WQAL identification number or abbreviation of all study sites. 

Site Original ID Latitude Longitude 

BDC BDC 43.09332 -70.98911 

BNR 38247 43.201438 -71.1747 

BRB 39258 43.035069 -70.768906 

CSB02 CSB02 43.133544 -70.970557 

DCF03 DCF03 43.136202 -71.181731 

FSB 39248 43.040584 -70.852712 

GRBK 39770 42.97225 -70.93027 

HVH 37787 43.27848 -70.90695 

JMY 37676 43.30098 -70.91571 

MLB01 MLB01 43.075449 -70.939182 

PB02.7 PB02.7 43.135112 -70.925128 

PIK 37816 43.26847 -70.966913 

PKB 39659 42.9949 -70.92521 

PST 39806 42.973495 -70.845501 

RMB04 RMB04 43.053432 -71.033041 

SBM0.2 SBM0.2 43.170400 -71.217305 

TPB TPB 43.317758 -71.167497 

TWB 39934 42.96217 -71.200988 

WEB 37598 43.31928 -70.68723 

WHB01 WHB01 43.122284 -71.004873 
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APPENDIX B 

Porewater δ13C-CH4 data. Porewater gas samples were analyzed for C isotopes using infrared 

absorption spectroscopy (Quantum Cascade Laser Spectrometer) in the University of New 

Hampshire Trace Gas Lab. 

UNH 

ID # 

Collection 

Date 

Sample 

Name 
Site δ13C-CH4 (per mil) CH4 (µatm) 

159043 16-Feb-18 GRBK_PW GRBK -51.6132 367.99 

161869 16-May-18 CSB02 PW CSB02 -61.0565 55.58 

161870 16-May-18 GRBK PW GRBK -57.3256 589.84 

161879 18-May-18 PIK PW 1 PIK -58.5971 971.75 

161880 18-May-18 PIK PW 2A PIK -55.6512 1137.93 

161881 18-May-18 PIK PW 2B PIK -58.4964 1448.42 

163291 18-Jul-18 CSB02 PW CSB02 -66.0115 44.14 

163292 18-Jul-18 GRBK PW GRBK -57.3608 1062.47 

163312 19-Jul-18 PIK PW 1 PIK -64.3192 5212.51 

163313 19-Jul-18 PIK PW 2 PIK -72.4261 3.68 

163651 02-Aug-18 DCF03 PW DCF03 -55.0967 18.01 

166701 26-Oct-18 CSB02 PW CSB02 -62.6721 70.13 

166702 26-Oct-18 BNR PW BNR -61.3274 756.02 

166704 26-Oct-18 PIK PW PIK -61.5076 626.58 
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APPENDIX C 

Land use percentages and watershed area for each site. 

Site % Developed  % Agriculture % Forest % Wetland % Impervious Watershed Area (km2) 

BDC 5% 51% 31% 8% 9% 0.29 

BNR 21% 25% 50% 0% 18% 0.51 

BRB 45% 0% 47% 4% 33% 0.39 

CSB02 5% 29% 53% 8% 7% 3.99 

DCF03 0% 6% 82% 4% 2% 7.03 

FSB 29% 24% 36% 2% 21% 1.09 

GRBK 32% 2% 46% 14% 21% 0.39 

HVH 30% 4% 53% 7% 13% 4.77 

JMY 17% 19% 49% 13% 11% 1.03 

MLB01 36% 3% 52% 0% 31% 0.89 

PB02.7 54% 3% 36% 3% 32% 1.42 

PIK 35% 5% 53% 3% 25% 2.49 

PKB 9% 23% 44% 18% 17% 4.85 

PST 42% 7% 32% 11% 29% 1.12 

RMB04 7% 13% 66% 7% 10% 4.92 

SBM0.2 0% 0% 99% 0% 1% 0.30 

TPB 0% 0% 89% 6% N/A N/A 

TWB 32% 4% 58% 3% 20% 1.14 

WEB 4% 7% 45% 34% 5% 17.54 

WHB01 17% 13% 62% 4% 17% 1.02 

 

  



 

 

4
3
 

APPENDIX D 

Mean water chemistry and dissolved gas concentrations across the twelve sampling months for each site. 

Site 
CH4 

(µatm) 

N2O 

(µatm) 

CO2 

(µatm) 

NO3
-  

(mg N L-1) 

DOC 

(mg C L-1) 

NH4
+ 

(ug N L-1) 

TDN 

(mg N L-1) 

SO4
2- 

(mg S L-1) 

PO4
3- 

(ug P L-1) 

K+ 

(mg K L-1) 

DO 

(% sat) 

BDC 5.87 8.97 4994 1.17 14.01 286.2 1.97 3.69 124.5 8.85 76.33 

BNR 1.10 0.76 1146 1.00 1.68 12.4 1.12 2.13 9.3 3.52 96.58 

BRB 27.19 0.66 7802 0.29 12.13 38.8 0.57 4.42 10.6 3.24 64.99 

CSB02 8.11 3.23 6617 0.60 6.29 30.5 0.85 2.72 14.0 2.72 77.37 

DCF03 4.88 0.33 1700 0.04 7.48 17.3 0.28 0.66 9.9 0.61 94.20 

FSB 3.47 0.57 2327 0.60 5.37 19.0 0.91 3.29 13.9 2.34 93.93 

GRBK 18.94 0.55 4709 0.43 6.47 33.1 0.72 2.85 8.8 2.50 80.27 

HVH 47.69 0.39 4267 0.08 5.56 20.9 0.28 2.14 3.7 1.96 80.53 

JMY 23.43 0.70 5418 0.48 8.24 49.4 0.80 2.35 13.5 2.81 76.81 

MLB01 53.79 0.86 3886 0.64 2.30 44.5 0.79 4.13 8.2 4.35 90.06 

PB02.7 17.33 0.48 2604 0.39 7.28 79.8 0.77 3.39 14.2 5.34 91.51 

PIK 36.72 0.64 2322 1.26 2.73 78.6 1.50 2.55 6.0 2.25 92.18 

PKB 4.19 0.83 3339 0.30 7.37 19.1 0.59 2.89 11.1 2.57 87.31 

PST 14.93 1.04 3942 1.37 5.19 28.7 1.74 3.99 7.7 3.37 85.53 

RMB04 6.28 0.48 2299 0.18 6.01 26.6 0.43 2.96 9.4 2.37 91.85 

SBM0.2 1.12 0.35 5182 0.09 1.83 13.9 0.08 1.31 5.1 0.51 72.73 

TPB 9.15 0.40 1736 0.04 4.41 17.7 0.16 0.83 5.1 0.17 93.96 

TWB 5.30 2.08 3594 0.66 7.16 30.8 0.96 3.34 7.5 4.31 88.07 

WEB 17.99 0.42 5037 0.09 16.29 25.9 0.51 1.10 10.4 1.05 70.57 

WHB01 3.42 0.83 2552 0.57 5.71 10.9 0.75 3.40 13.6 1.43 94.64 

 


