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WATER CHEMISTRY DYNAMICS IN FOUR
VERNAL POOLS IN MAINE, USA
By Lydia Kifner
Thesis Co-Advisors: Dr. Aria Amirbahman & Dr. Aram Calhoun
An Abstract of the Thesis Presented
in Partial Fulfillment of the Requirements for the
Degree of Master of Science
(in Civil Engineering)
December 2017
Vernal pools are small seasonal wetlands that are a common landscape feature that
contribute to biodiversity in northeastern North American forests. However, even basic
information about their biogeochemical functions, such as carbon cycling, is limited.
Dissolved gas concentrations (CH4, CO;) and other water chemistry parameters were
monitored weekly at the bottom and surface of four vernal pools in central and eastern
Maine, USA, from April to August 2016. The vernal pools were supersaturated with
respect to CH4 and CO; at all sampling dates and locations. Concentrations of dissolved
CH,4 and CO, ranged from 0.4 to 2.1x10* pmol L™ and 72 to 2.3x10* pmol L™,
respectively. Evaporative fluxes of CH4 and CO; into the atmosphere ranged from 0.2 to
73 mmol m~ d™, and 30 to 5.9x10* mmol m™ d', respectively. During the study period,
the vernal pools emitted between 0.1 to 5.8 kgC m™ and 9.6 to 1.2x10* kgC m™ of CH,
and CO», respectively. This is a carbon export of up to 2.4x10” kgC, which is less than
the estimated carbon leaf litter input. The production rates of CH4 and CO; ranged from -
2.4x10%t0 6.6x10™" and 4.0x10™" to 4.6 gC m™ d”, respectively, and increased
significantly over the season. Concentrations of CH4 and CO; covaried with alkalinity,

temperature, and dissolved oxygen. Our study pools were characterized by large



concentrations and effluxes of CH4 and CO, with respect to other permanently inundated
wetlands, indicating vernal pools may be important contributors to the global carbon
budget and are metabolically active sites.

In addition to dissolved gas concentrations, temperature, dissolved oxygen, pH,
ortho-P, NO;", NH,", CI', SO4*, Na", K", Mg*", Ca*", DOC, alkalinity, chlorophyll a,
speciated Al, speciated Fe, speciated Mn, and speciated Si were monitored from April to
August 2016 to establish general temporal trends in pool biogeochemistry. The pH in the
vernal pools generally decreased over the study period. Dissolved oxygen concentrations
fluctuated throughout the season but were generally lower in benthic samples than in
surface. The nutrients ortho-P and NH4" increased over the study period. Concentrations
of NO;™ were low throughout the study period, indicating denitrification was occurring.
Dissolved organic carbon concentrations and alkalinity both increased over the study
period. Concentrations of CI', and Na" decreased over the season. Concentrations of K
increased over the season. Concentrations of the metals Al, Fe, and Mn increased over
the study period. The pools in this study are diverse in their biogeochemistry, but do
exhibit trends in their aquatic chemistry during the open water season. These data can be

used as a jumping off point for future studies on vernal pool biogeochemistry.
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CHAPTER 1
METHANE AND CARBON DIOXIDE FLUX WITHIN

FOUR VERNAL POOLS IN ME, USA

1.1. Introduction

The increase in concentrations of atmospheric CH4 and CO; since the Industrial Era
(IPCC 2013) has highlighted the importance of understanding the global carbon budget.
Inland waters release between 1.0 and 2.1 PgC of CO, per year, (~0.001% of total
atmospheric COy; Cole et al. 2007; IPCC 2013; Raymond et al. 2013). Additionally,
wetlands account for 20 to 25% of global methane emissions and ~75% of total natural
emissions (Casper et al., 2000; Christensen et al., 2003; IPCC 2013; Mitsch et al., 2013;
Whalen, 2005). Rice paddies account for an additional 6-20% of global methane
emissions (Bloom et al. 2010; Whalen 2005), and reservoirs, such as those for
aquaculture, water supply, and recreation account for 7% of global warming potential
from anthropogenic sources (St. Louis et al. 2000).

Globally, small water bodies are estimated to comprise more surface area than
large lakes; ponds and lakes < 0.01 km” constitute ~31% of total lake and pond area in
the world (Downing et al. 2006), and small ponds < 0.001 km?, make up ~8.6% of all
freshwater surface area (Holgerson and Raymond 2016). Additionally, small water bodies
have relatively large contributions of CH4 and CO, emissions with respect to their size
(Bastviken et al. 2004; Holgerson 2015, Holgerson and Raymond, 2016; Kankaala et al.

2013; Raymond et al. 2013). Holgerson and Raymond (2016) estimate that although



small ponds < 0.001 km” make up < 10% of all freshwater surface area, they emit about
40% of total freshwater CH,4 and about 15% of total freshwater CO,. Small ponds have a
large impact on global carbon emissions, but as a result of their size they can be difficult
to quantify and map, and are commonly excluded from global carbon budgets (Holgerson
and Raymond 2016; Tiner et al. 2015; Verpoorter et al. 2014). Temporary wetlands are a
subset of small ponds that do not have permanent standing water and are often ephemeral
in nature (also called seasonal wetlands, vernal pools, gilgais, or temporary pools;
Calhoun et al. 2017).

Temporarily inundated wetlands have varied hydrologic regimes that result in
unique wetland ecosystem functions such as increasing biodiversity by providing habitat
for species adapted to waters with temporary hydroperiods (Calhoun et al. 2014; 2017;
Zedler 2003). Additionally, intermittently inundated wetlands are biogeochemical
hotspots for organic matter decomposition, denitrification, and water quality
improvement through sediment retention and absorption of aquatic pollutants. Temporary
wetlands have higher rates of these biogeochemical processes compared to adjacent
upland ecosystems, primarily because they have disproportionally large wetland edges
with respect to their size, which enhance the rate of biogeochemical transformations
(Calhoun et al. 2017; Capps et al. 2014; Marton et al. 2015; McLain et al. 2003). Water
table fluctuations in temporary wetlands stimulate microbial activity, resulting in faster
mineralization of organic matter (Corstanje and Reddy 2004; Rezanezhad et al. 2014).
Although they are difficult to quantify and map, temporary wetlands are a common

wetland globally (Calhoun et al. 2017).



In glaciated northeastern North America, vernal pools are a type of temporary,
ephemeral wetland, which are relatively small (generally < 0.002 km?; Calhoun et al.
2003). They occur in forested landscapes and range from open water wetlands to forested
wetlands (Campbell Grant 2005; Zedler 2003). Reported densities in New England range
from 0.1 to 49.5 pools per km? (Brooks et al. 1998; Calhoun et al. 2003; Faccio et al.
2013). Based on these densities, and using an average size of 0.001 km?, vernal pools
could comprise up to 4,536 km” of the area in the State of Maine. This is approximately
39% of the 11,750 km? of surface water, and approximately 5% of the total Maine area of
91,633 km? (United States Geological Survey, 2016). Vernal pools occur in a wide range
of surficial glacial deposits and range in hydrogeomorphic setting from perched,
precipitation-fed pools to pools strongly influenced by groundwater input and discharge
(Calhoun et al. 2014; Wingham and Jordan 2003; Zedler 2003). They are typically at
their highest water level in the spring, dry down by mid-summer, and re-fill in the
autumn, while some dry on cycles longer than a year (Calhoun et al., 2014).

Vernal pools are amphibian breeding habitat and seasonal habitat for other
wildlife. They have been widely studied as specialized breeding sites for species adapted
to life in temporary waters (Colburn et al. 2007; Faccio 2003; Regosin et al. 2005;
Semlitsch and Skelly 2007; Williams 1996). However, their biogeochemistry, including
carbon dynamics, is not widely quantified. Carbon cycling and greenhouse gas emissions
have been evaluated in peatlands, lakes, and ponds (Bastviken 2004; Holgerson and
Raymond 2016; Huttunen et al. 2003; Lansdown et al. 1992; Rask et al. 2002), however,

the role of seasonal wetlands, including vernal pools, in carbon dynamics is less known.



Consequently, they have been largely excluded in biogeochemical studies and global
carbon emission estimates.

Capps et al. (2014) focused on decomposition and denitrification in vernal pools
and found that material in seasonally flooded sections of vernal pools decomposed faster
than in the surrounding upland area. The inputs and outputs of carbon from vernal pools
in relation to pool hydrology were studied in Rhode Island (Ross 2017) by examining
different carbon pools throughout the vernal pool basin as well as CO, and CH4 flux from
the soil. Saturated zones of vernal pools emit CHy, while aerobic vernal pool
environments emit CO, and metabolize CHy in the water column. The potential CH4 and
CO; production from Massachusetts vernal pools with wet and dry conditions were
explored in a laboratory experiment (Kuhn 2015). Wetter conditions produced less
organic matter content but higher potential CH4 and CO, production rates than drier
conditions. Additionally, the environmental predictors of CH4 and CO; concentrations
were studied in small temporary ponds in Connecticut, where the main environmental
predictors for CH4 and CO; concentrations were found to be precipitation and dissolved
oxygen (DO), respectively (Holgerson 2015). These small temporary wetlands have
different characteristics than large lakes, such as high terrestrial carbon content, more
complete mixing, high perimeter to area ratio, and varying seasonal dynamics that may
influence unique carbon cycling (Calhoun et al. 2017; Holgerson 2015).

Vernal pool carbon emissions may play a significant role in global carbon
transformations, especially when considering their broad distribution across the North
American landscape. Carbon cycling in vernal pools needs further study in the context of

their water chemistry and surrounding ecosystem in order to understand the pools’



cumulative contributions to the global carbon budget. In this study, we examined
dissolved carbon dynamics in four Maine vernal pools with different geologic substrates
from ice-off until dry down in 2016. The specific objectives of this study were to (i)
quantify the dissolved concentrations and diffusive fluxes of CH4 and CO», (ii) identify
environmental covariates of CHs and CO, emissions in vernal pools, and (iii) estimate the

carbon turnover by comparing leaf litter carbon inputs to carbon emissions.

1.2. Methods

1.2.1. Study Area

We studied four vernal pools in Maine, USA (Figure 1.1.). P1 and P2 are located on the
Presumpscot Formation (Table 1.1.), a low permeability glacio-marine silt/clay. P1 and
P2 are in Bangor, Maine, ~200 m from surrounding areas of human activity and moderate
landscape modification. P1 is in a closed canopy, dominantly deciduous forest. P2 has an
open canopy, with shrubs and emergent aquatic vegetation as the dominant cover. Part of
the P2 watershed was in open fields and is now regenerating to forest. P3 is located on a
sand and gravel esker in a minimally modified landscape located ~100 m from a gravel
road used by logging trucks. P3 is very large and so is open canopy with a mixed
deciduous and coniferous forest surrounding the pool. P4 is located on thin till and is in a
managed forest ~1 km from routine human activity or development, but ~10 m from a
logging road. This site has closed canopy with dominantly deciduous forest cover. All

sites have been logged but P1, P2, and P3 have not been cut for at least 25 years.



Figure 1.1. Location of study area and vernal pool locations in Maine, USA



Table 1.1. Geologic, forest, and hydrologic characteristics for four Maine vernal pools. Concentrations are reported as means with
range in parentheses. Maximum surface area, maximum volume, groundwater recharge rates, and benthic temperature from Straka
(2017). Groundwater recharge rate, temperature and benthic temperature are from the study period, April 2016-August 2016.

Pool underlying dominant canopy drydown max max surf max groundwater  temp benthic
geology forest type cover (Julian depth area vol recharge (°O) temp (°C)
day) (m) (m?) (m’)  rate (m/s)
P1 Presumpscot deciduous closed 173 0.3 325 31 1.3x10° 17.4 12.3
Formation (1.1x10°- (14-22)  (8-16)
1.5x10)
P2 Presumpscot shrub open 216 0.3 260 58 0 21.0 15.7
Formation (15-30)  (10-21)
P3  sand and gravel mixed open 209 1.5 2930 1930  4.6x107 20.9 16.7
esker (3.4x107— (10-31)  (8-26)
6.4x107)
P4  thin glacial till  deciduous closed 209 0.5 510 126 2.2x107 14.3 11.5
(9.9x10%- (8-19)  (7-17)
3.0x107)




Spring 2016 was a relatively dry year. During the study period, Bangor, ME (near
P1, P2, and P4) and Osborn, ME (near to P3) received 6.1, 6.1, 9.2, and 13.2 cm of
precipitation in April, May, June, and July, respectively. The 1981 to 2010 normal
monthly precipitation is 9.2, 9.2, 9.6, and 8.8 cm in April, May, June, and July,
respectively (National Weather Service 2017). The four pools had varying hydroperiods.
In 2016, P1 had a maximum volume of 31 m® and P2 had a maximum volume of 58 m’
(Table 1.1.). P3 was the largest of the pools, with an estimated maximum high water
volume of 2930 m’. P4 had a maximum volume of 126 m® (Table 1.1.; Straka, 2017). All
four pools were at their greatest extent in March. P1 was dry by Julian day 173, P2 was

dry by Julian day 216, and P3 and P4 were dry by Julian day 209.

1.2.2. Field Methods
Water in all pools was sampled at the deepest point, with the exception of P3, which was
sampled at a depth of 1.25 m until later in the season when the deepest section was more
accessible. Sampling locations were marked with a stake. Two lengths of Tygon™ tubing
were attached to each stake, one fixed at ~5 cm from the bottom sediment of the pool,
and one floating ~5 cm below the water surface. The floating tube was attached to a
fishing bobber so that the tube inlet would fluctuate with the water level. These two tubes
allowed for sampling of benthic and surface waters of the pools. Water was sampled
through the tubes using a hand held vacuum pump to avoid disturbing the pool sediments
and water chemistry. Sample tubing was purged of any sitting water prior to taking
samples for analysis.

We collected samples from each pool at minimum every 10 days from ice-out in

late April until the pools dried completely in June or July. Aqueous samples for dissolved



carbon dioxide (CO,), dissolved methane (CHy), and dissolved nitrous oxide (N,O) were
collected every week. Additional samples collected included chlorophyll @ (chl a),
dissolved organic carbon (DOC), sulfate (SO,4%), dissolved oxygen (DO), ortho-
phosphate (ortho-P), nitrate (NO53"), ammonium (NH,"), closed cell pH, and alkalinity.
Samples from each pool were taken at approximately the same time of day to minimize
variation caused by diurnal fluctuations. Immediately after collection, all samples were
placed on ice in the dark prior to laboratory analysis.

We collected aqueous samples for CHs, CO; and N,O directly from the tubing
into a 60 mL syringe to prevent atmospheric air contamination. We extracted gases by
injecting 30 mL of helium (He) gas into 30 mL of each water sample and shaking the
sample vigorously for 5 min. The gas was then injected into a 25 mL crimp-sealed gas
vial that had been previously flushed with He and then evacuated. We analyzed gas
samples using gas chromatography on a Shimadzu GC-2014 with CTC AOC-5000
autoinjector and three detectors (FID, ECD, TCD) at the University of New Hampshire
Water Quality Analysis Laboratory.

We sampled dissolved oxygen (DO) directly from the tubing with a 100 mL
syringe preventing air contact. The 100 mL DO sample was transferred into a 60 mL
BOD bottle via a tube that extended to the bottom of the bottle. We measured DO using a
YSI 5100 Dissolved Oxygen Meter the same day as sample collection. We also sampled
pH directly from the tubing using a 60 mL syringe. These samples were measured by
passing them through a Cole-Parmer 800 pL closed flow-through cell equipped with a

Cole-Parmer combination, double junction pH electrode.



We collected ortho-P, NO; and NH," sampled in 50 mL centrifuge tubes. All
were filtered through a 0.45 um membrane (Whatman Puradisc 0.45 um polypropelyne).
Samples were analyzed at the Analytical Laboratory and Maine Soil Testing Service at
the University of Maine. Ortho-P concentration was determined by colorimetric ascorbic
acid method using ammonium molybdate and potassium antimonyl tartrate (O’Dell
1993). NOs concentration was analyzed conductimetrically by ion chromatography
(Dionex 2000i Ion Chromatograph). NH," concentration was determined colormetrically
by ion analyzer using the hypochlorite/salicylate method (Eaton et al. 1995).

We collected alkalinity samples in 125 mL Nalgene bottles and analyzed them
using the Inflection Point method. Samples for chl a were collected in 125mL glass
amber bottles, filtered through a glass fiber pre-filter (Sartorious, 13400 grade) and
frozen until analysis by hot ethanol extraction followed by spectrophotometric analysis
(Thermo Scientific Genesys 10UV).

We filtered samples for SO4* and DOC (Whatman Puradisc 0.45 pm
polypropelyne filters) into 60 mL Nalgene™ bottles. SO4> was analyzed using ion
chromatography (Dionex ICS1100), and DOC by high temperature catalytic combustion
with NDIR detection (Shimadzu TOC-L and NM-1 with ASI-L Autosampler). SO4>,
DOC, alkalinity and chl a were analyzed at the University of New Hampshire Water
Quality Analysis Laboratory.

Hydrologic data were provided by Straka (2017). Precipitation data were
collected from NOAA radar data (National Weather Service 2017). Precipitation for the

two weeks preceding the sampling day was considered.
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1.2.3. Gas Flux Calculations

We calculated dissolved gas concentrations in the samples by summing the extracted gas
concentration in He and the residual dissolved gas following extraction; the latter value
was calculated using Henry’s Law:

CHy(gas)XKy = CHy(aqueous) Eq. 1.1
where Ky is Henry’s constant (Weisenberg and Guinasso, 1979; Weiss, 1974) and was
temperature adjusted.

The dissolved gas concentrations immediately below the water surface were then
used to calculate the evaporative flux to the atmosphere:

F=k,(~C-C) Eq. 1.2.
where F is the flux (mol Lt d']), ki 18 the mass transfer velocity across the water
boundary layer (m d), C is the gas concentration (mol L) in the surface water sample,
and C; is the saturation gas concentration (mol L) calculated using Henry’s Law with
the atmospheric partial pressures (National Weather Service 2017) and the Ky values for
the ambient water temperature (Weisenberg and Guinasso, 1979; Weiss, 1974). k;,, was

calculated using the equation (Schwarzenbach et al. 2003):

-a
Sci
kl,w=( : ) kco,,20 Eq. 1.3.

Scco,,20
where S;, the dimensionless Schmidt number, is the ratio of the water kinematic viscosity
to the diffusion coefficient of a gas in water, both of which vary directly with
temperature; a is the constant that varies with wind velocity and is equal to 0.67 for a
smooth water surface; and Sccoz.20 and kco; 29 are the Schmidt number and the mass
transfer velocity across the water boundary layer for CO; at 20 °C, respectively. A value

of 0.56 m d”! was used for kcoz.20 as the recommended value for the case where wind
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velocity 10m above the surface is < 4.2 m s™ (Schwarzenbach et al., 2003). We assumed
the wind velocity at all four sites to be negligible, because the recorded average daily
wind speed at nearby weather stations was generally < 9.4 m s™ (Weather Underground
2017), and the closed canopy of the pools provided dampening of the wind. The range of
ki, values for CO, and CH, were 0.36-0.80 m d”' and 0.36-0.79 m d”', respectively, for a
water temperature range of 8-31 °C. Holgerson and Raymond (2016) used a 4;,, value of

0.36 m d' to estimate CO, and CH, fluxes for pools with a surface area < 0.001 km?.

1.2.4. Net Production Calculations

We used a mass balance approach to estimate the net production of CH4 and CO; in each
pool over the sampling period. Equation 4 expresses mass balance for a species in water
by assuming a well-mixed pool (e.g., Schnoor, 1996) and that the calculated

instantaneous fluxes are representative of fluxes between consecutive samplings:

awe)
at

QinCin — QoutCout — Rer + Rp Eq. 1.4.
where V is the average pool volume between two consecutive samples; Q (m® d') is the
flow rate of water in and out of the pool; R, (gC d") is the mass evaporation rate of each
gas into the atmosphere (obtained by multiplying the average weekly flux from Eq. 2 by
the average weekly pool surface area); and Rp (gC d') is the net mass production rate of
each gas. The left hand side of Eq. 4 expresses the mass accumulated in the pool water
between two consecutive sampling periods. Zero order mass production rates (gC m” d™')
were calculated by dividing Rp by the average area of the period between samplings.

In Eq. 4, the influence of overland and groundwater flow on the mass of gases
carried into the pool (Q;,Ci,) is neglected. We are assuming that the concentrations of

CH4 and CO; brought into the pools by groundwater are much less than the
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concentrations produced in the pools. Keeley and Zedler 1996 and Rains et al. 2008
showed that groundwater does not have large influence on the hydrology of vernal pools.
We are able to account for the CH4 and CO, export through groundwater (Q,,:Co.;) using
groundwater discharge velocities and bottom surface area data from Straka (2017).
During our sampling period, P1, P3, and P4 had downflow from the vernal pool into the

groundwater, but P2 did not.

1.2.5. Statistical Analysis

We log-transformed variables that were not normally distributed, such as CH4 and CO,
concentration, flux, net production, and production rate. Ortho-P, NH,", S04*, DOC,
surface area, depth, volume, surface temperature, benthic temperature, and chl a (as 1 +
chl a) were also log transformed prior to analyses. Precipitation and alkalinity were
square root-transformed. We performed linear regression and analysis of variance (R
version 3.3.3, R Core Team) to examine trends and variation among pools. Methane and
CO; concentrations were checked for autocorrelation using the timeSeries package in R
(Wuertz et al. 2015), and were determined not to be autocorrelated. Multiple linear
regression models were generated using the gmulti package in R (Calcagno 2013).
Response variables were assessed for collinearity using » > 0.35 or <-0.35 as a
disqualifier; if variables were collinear, they were selected based on simple linear
regression models and by previous findings in the literature (Badiou et al. 2011;
Bastviken et al. 2004; Holgerson 2015; Pennock et al. 2010; Rantakari and Kortelainen
2005; Roehm et al. 2009). The data were scaled using the scale() function in R. The top
models with AAIC values <2 were selected for inclusion. Linear mixed effect models

were generated using the Ime4 package in R (Bates et al. 2014), using pool as a random
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effect for further examination of the significant response variables. We used the MuMIn
package (Barton 2016) package to estimate marginal (associated with fixed effects) and
conditional (associated with fixed and random effects) R* values (Nakagawa and

Schielzeth 2013). Significance was considered to be p < 0.05.

1.3. Results

1.3.1. Pool Chemistry

The water chemistry of the four vernal pools in this study varied throughout the season
and among pools (Table 1.2). Benthic water temperature in the four pools ranged from
6.6 to 26.1°C (Straka 2017), and surface water temperature ranged from 8 to 31°C. The
temperature increased in benthic (R* = 0.65, p < 0.001) and surface water (R* = 0.39, p <
0.001) samples over the season. There were significant differences in benthic (p < 0.001)
and surface temperatures (p < 0.001) among pools. The pH of the four pools ranged from
4.4 10 6.0, and decreased from April to August (R*=0.17, p < 0.001), and varied
significantly among the four pools (p < 0.001). The DO concentrations ranged from 0.6
to 10.3 mg L', with a mean of 4.85 + 0.26 mg L. The DO concentrations among pools
were significantly different (p < 0.001), as well as the concentrations between benthic
and surface samples (p < 0.001), with the benthic samples almost always lower than the
surface samples. The chl a concentrations ranged from 0 to 189 pg L™, with a mean of
153 +31.1 pg L', suggesting trophic level ranging from oligotrophic to hypereutrophic
throughout the wet season in 2016. The chl a concentrations varied significantly among
pools (p < 0.001). Nitrate concentrations were near or below the detection limit (0.002

mgN L) for the duration of sampling. Ammonium concentrations ranged from below the
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detection limit (0.02 mgN L) to 2.9 mg L™, increased during the season (R” = 0.45, p <
0.001), and did not vary significantly among pools. Ortho-P concentrations ranged from
below the detection limit (0.016 mg L) to 0.76 mgP L™, increased throughout the season

(R*=0.39, p <0.001), and varied significantly among pools (p < 0.05).
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Table 1.2. Chemical characteristics for four Maine vernal pools. Samples collected April 2016-August 2016. Concentrations are

reported as means with range in parentheses.

Pool pH DO (mg ortho-P NH, SO, DOC alk chl a
LY (mgPLh)  (ugNL"h)  (ugSL)  (mgCL"Y)  (neqL™) (ngL™
P1 5.1 2.3 54.1 130.1 1113.7 13.4 88.6 10.3
benthic (4.8-5.4) (0.6-4.1) (18-85) (1-631) (25-4933)  (89-20)  (37-169)  (0-35)
P1 5.1 3.8 40.5 31.0 1225 13.0 65.5 12.6
surface (4.8-5.3) (2.9-4.9) (15-62) (1-62) (45-4989)  (8-20) (36-90)  (0-43)
P2 5.2 4.6 38.6 44 .4 64.6 209 172.3 4.4
benthic (4.9-5.9) (0.7-7.3)  (15-107) (4-222) (12-171)  (14-29) (56-296)  (0-20)
P2 5.3 6.7 38.1 58.6 61.8 20.6 170.6 29
surface  (4.9-5.9) (3.6-10.3) (11-121)  (11-314)  (9-181) (13-29) (99-261)  (0-8)
P3 49 5.8 121.5 345.1 187.0 12.7 83.7 38.0
benthic (4.6-5.5) (1.2-10.2) (8-757) (16-2944)  (28-330)  (6-20) (23-339)  (0-190)
P3 49 7.0 109.9 296.5 170.0 14.1 71.2 423
surface (4.4-5.7) (3.3-10.2) (9-229) (6-882) (64-298)  (6-29) (24-328)  (1-176)
P4 5.0 2.4 96.1 121.7 209.5 33.0 357.2 8.3
benthic (4.4-5.7) (0.8-8.5) (12-201)  (8-469) (36-488)  (16-148)  (235-482) (0-29)
P4 5.3 4.4 73.3 99.6 2445 19.3 271.5 4.5
surface  (4.6-6.0) (1.1-8.9)  (10-189)  (9-434) (69-377)  (10-28)  (212-333) (0-17)
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1.3.2. Greenhouse Gas Concentrations and Fluxes

Dissolved CH;4 concentrations ranged from to 3.9x107 to 2.1x10* mol L™, with an
overall mean of 2.7x107 £+ 4.6 x 10° mol L' (Figure. 1.2.). Methane was highly
supersaturated, with 75% of the samples > 787-fold, and 25% > 5,394-fold. There were
significant variations in dissolved CH4 concentrations among sites (p < 0.05). The CHy
concentrations had a weak but significant, positive relationship with time (R* = 0.09, p <
0.01).

Dissolved CO, concentrations ranged from 7.2x107 to 2.3x10™ mol L™, with an
overall mean of 4.2x10™ + 4.2x10” mol L' (Figure. 1.3.). Carbon dioxide
supersaturation was > 10-fold for 75% of the samples and > 25-fold for 25%. There were
significant variations in dissolved CO, concentrations among sites (p < 0.001). The CO,
concentrations had a weak but significant, positive relationship with time (R* = 0.05 p <
0.05).

Dissolved N,O concentrations were near or below the detection limit (2.3%10” mol L
" at each of the four pools throughout the entire sampling period.

The evaporative CHy flux in all pools ranged from 2.5x10™" to 73.1 mmol m~ d™,
with a seasonal average of 10.8 + 2.9 mmol m™ d”' (Figure. 1.2.). There were no
significant variations in CH4 flux among pools. The evaporative CO, flux in all pools
ranged from 30.1 to 5.9x10* mmol m™ d”', with a seasonal average of 1.7x10> + 18.6
mmol m™~ d”' (Figure. 1.3.). There were no significant variations in CO, flux among
pools. The fluxes of both CH4 and CO, increased over the season (R*=0.34, p<0.001;

and R* = 0.35, p < 0.001, respectively).
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1.3.3. Covariates of CH4 and CO,

To identify environmental covariates of carbon fluxes, multiple linear regression
models were created for CHy and CO; flux. Terms were removed if they demonstrated
correlation with an |r| > 0.35 to other inputs to the model. The final response variables
used for multiple linear regression model generation in both CH4 and CO, were DO,
alkalinity, precipitation, chl a, and water temperature. The models selected by AAIC <2
criterion were then used for linear mixed effects models, so that the variation with respect
to pool could be separated and examined.

Methane was significantly positively correlated to surface temperature, ortho-P,
NH,4", DOC, alkalinity, and precipitation, and significantly negatively correlated with
SO4*, pool volume, surface area and depth (Table 1.3). Alkalinity + temperature was the
best predictive model for CH,4 concentrations (Tables 1.4., Table 1.5.). The other top
models included precipitation and chl a. Alkalinity and temperature explained 34% of the
variance in CHy4 concentrations in the linear mixed effect model. Between-pool variation

did not explain any additional variance in CH, concentrations (Table 1.5.).
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Table 1.3. Pearson correlation coefficients between CH4 and CO, flux and environmental variables. Significance is shown as: p < 0.05

% p<0.01 ¥ p <0.00] ***,

pH DO log log (ben log log log log sqrt log (1+chl sqrt log log log log
(temp)  temp) (ortho- (NH4) (S0O4) (DOC) (alk) a) (precip)  (vol) (SA) (CH4) (CO2)
P)

pH 1 0.04  -0.54#=  -0.62#x* -0.44%x  -0.40%x 0.02 -0.11 0.25 -0.3350x -0.26 0.28+ 0.22 -0.23 -0.14
DO 1 -0.06 -0.03 -0.28«  -0.09 -0.25 -0.13% -0.27+=  0.09 -0.04 0.45 0.44x -0.02+ -0.24
log 1 0.90x 0.45%0x (.48 -0.42+0=  0.54 0.06 0.23x 0.19 -0.49%+  -0.48%=  0.46* 0.18
(temp)
log 1 0.55%  0.66%+ -0.34+x 0.53#= 0.12 0.19+ 0.28 -0.55%  -0.54%= 047 0.19
(ben
temp)
log 1 0.82xx -0.08 0.32x 0.44x0 0.21 0.29+ -0.56%x  -0.53%xx (.36 0.38xx
(ortho-
P)
log 1 -0.04 0.40xx 0.40=  0.17 0.43 -0.52%0%  -0.51%x  0.46%xx 0.40
(NH4)
log 1 -0.44 -0.24 0.02 0.28=  -0.02 0.02 -0.21+ 0.05
(SO4)
log 1 0.59=  -0.04 0.16 -0.48%xx  -0.51%x (.54 0.48xx
(DOC)
sqrt 1 -0.31+ 0.11 -0.37+ 0420 .47 0.55wx
(alk)
log 1 0.05 -0.07 0.01 0.14 0.05
(1+chl
a)
sqrt 1 -0.19 -0.18 0.32+ 0.36*
(precip)
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Table 1.3. continued.

pH DO log log (ben log log log log sqrt log (1+chl sqrt log log log log
(temp)  temp) (ortho- (NH4) (SO4) (DOC) (alk) a) (precip) (vol) (SA) (CH4) (CO2)
P)

log 1 -0.40%x  -0.40%
(SA)
log 1 0.7 75
(CH4)
log 1
(CO2)
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Table 1.4. Multiple linear regression models for CH4 concentration. AAIC < 2. Significance is shown as: p <0.05 *, p <0.01 **, p <
0.001 ***,

Model AIC  AAIC Weight R’

alk + temp 21135 0 0.34 0.32%**
alk + temp + precip 212.56 1.21  0.19 0.32%**
alk +temp + chla 213.08 1.73 0.14 0.32%**

Table 1.5. Linear mixed effect models for CH4 concentrations.

Model AIC  AAIC R® R  Pool Residual Est Est Est Est Est
marg cond variance variance intercept alk temp precip chla
alk + temp 2855 0 034 034 3.83x10"° 1.56 1725 0.17 1.27 - -
alk +temp + precip  286.5 1.0 035 035 0 1.54 -17.52 0.16 1.23 0.24 -
alk +temp +chla  287.0 1.5 035 035 0 1.54 -17.16 0.17 1.18 - 0.08

Table 1.6. Multiple linear regression models for CO, concentration, AAIC < 2. Significance is shown as: p <0.05 *, p <0.01 **, p <
0.001 ***,

Model AIC  AAIC Weight R’

alk + temp + DO 198.64 0 0.20 0.45%**
alk + temp 199.08 0.44 0.16 0.44%**
alk + temp + DO + precip 199.14 0.50 0.15 0.45%%*
alk + temp + DO + chl a 199.70 1.06  0.12 0.45%**
alk + temp + precip 199.80 1.16 0.11 0.44%**
alk + temp + DO + precip + chla 200.22 1.58  0.09 0.45%**
alk + temp + chl a 200.36 1.72  0.08 0.44%**
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Table 1.7. Linear mixed effect models for CO, concentrations.

Model AIC  AAIC R* R’  Pool Residual Est Est  Est Est Est Est
marg cond variance variance intercept alk temp DO precip chla

alk + temp 1439 0 0.45 0.48 0.02 0.28 -9.36 0.10  0.05 - - -

alk + temp + 144.0 0.1 047 047 0 0.28 -8.82 0.09  -0.04 -0.04 - -
DO

alk + temp + 144.1 0.2 0.46 0.49 0.02 0.27 -9.54 0.10  0.04 - 0.13 -
precip

alk + temp + 1442 03 048 048 0 0.28 -8.95 0.09  -0.07 -0.04 0.13 -
DO +
precip

alk + temp + 144.7 0.8 048 048 0 0.28 -8.74 0.10  -0.10 -0.04 - 0.05
DO +
chla

alk + temp + 1448 0.9 0.45 049 0.04 0.27 -9.28 0.10  -0.01 - - 0.05
chla

alk + temp + 1449 1.0 049 049 0 0.27 -8.87 0.09 -0.13 -0.05 0.13 0.05
DO +

precip + chl a
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Carbon dioxide was significantly positively correlated with ortho-P, NH4", DOC,
alkalinity, and precipitation, and significantly negatively correlated with DO, pool
volume, surface area and depth (Table 1.3). Alkalinity + temperature + DO was the best
multiple linear regression and linear mixed effect model for CO, concentrations (Table
1.6., 1.7.). Precipitation, DO, and chl a were also important in the models with AAIC < 2.
Alkalinity, temperature, and DO explained 45% of the variance in CO, concentrations
(Table 1.6.) in the top linear mixed effect model. Between-pool variation explained an
additional 3% of the variation in CO; concentrations in the top linear mixed effects model

(Table 1.7.).

1.3.4. Net Production of CH4 and CO,

We calculated the net production and the rate of production of CH4 and CO; in the vernal
pools by Eq. 4, using the calculated fluxes, the change in mass over time within the pools,
and the export through groundwater. This is a way to quantify the production and release
of CH4 and CO; in the pools while accounting for the changing water levels that are
characteristic of vernal pools. The mass accumulated in the pool (Am/At) could be either
positive or negative. The concentration of CH4 and CO; leaving through groundwater
(QoutCout) values were always positive in P1, P3, and P4, and were zero in P2 because of
the lack of downflow. Emissions of CH4 and CO, were always positive, a result of the
supersaturation of the pools. Net production in the four pools ranged from -3.5 to 1.5x10?
¢C d' and 8.5%10 to 8.2x10% gC d”' for CH, and CO», respectively (Table 1.8.). The rates
of production varied from -2.4x107 t0 9.9x10" gC m™ d' and 4.0x10™" to 4.6 gC m™> d’
for CH4 and CO», respectively. QouCout Was always smaller than Rer and Am/At was

almost always smaller than Rer. The majority of the CH4 and CO, that was produced left
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the pools through evaporative flux; it did not leave through groundwater or stay within
the pools.

There were significant differences in CH4 and CO; net production among sites
(Figure 1.2., Figure 1.3.; p <0.01, p <0.001, respectively). The net production of CHy
increased significantly over the season (R* = 0.19, p < 0.01), but the net production of
CO; did not. The rates of CH4 and CO; production, increased significantly over the
season (R*=0.57, p < 0.001, R* = 0.49, p < 0.001, respectively). There were no
significant differences among pools in production rates of CH4 and CO, (Figure 1.2.,

Figure 1.3.).
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Table 1.8. Mass accumulation, groundwater output, evaporative flux, net production, and zero order rates of CH4 and CO,. Average
values are reported with ranges in parentheses over the sampling season.

dm/dt [gC d™] QoutCout [2C d'] Rer [gC d'] R, [gC d| R, rate
[gC m™d']
CH,
P1  1.1x10" 7.4x107 ( 23 32 3.0x10™
(-1.1-8.6x10™) 1.2x10" —1.4) (9.1x10"-4.1) (9.7x107"-4.7) (1.9x10%-5.6x107?)
P2 6.0x10" -- 3.1x10 3.1x10 2.0x10"
(-3.9x10-2.9x10) (1.1-1.2x10%) (-3.5-1.5x10%) (-2.4x10%-9.9x10™")
P3  -3.0x10" 3.5x10" 3.8x10 3.8x10 1.5x107"
(-2.8-2.6) (9.3x107%-1.2) (8.8-1.4x10%) (7.3-1.4x10%) (3.0x107-6.6x10™)
P4  3.6x10" 2.8x10" 2.2x10 2.3x10 8.5%x107
(-3.0-5.4) (2.4x10%-7.9x10™) (5.3-6.5x10) (5.2-6.4x10) (1.3x10%-2.3x10™)
CO,
P1  9.8x10” 8.0 1.5x10° 1.6x10° 1.4
(-4.0-6.6) (4.1-1.0x10) (7.9x10-2.6x10%) (8.5%10-2.7x10%) (1.0-2.0)
P2 -8.9x10" -- 3.6x107 3.6x107 2.2
(-1.4x10-8.3) (1.5%10%-6.9x10%) (1.4x10%-7.0x10%) (9.7%x10"-4.6)
P3  -3.8x10 9.6 9.9x10? 9.6x107 1.8
(-1.4x10*-2.2x10) (4.5-1.7x10) (1.4x10%-2.1x10%) (1.4x10%-2.2x10%) (4.0x10"-4.4)
P4 20 5.8 6.2x107 6.2x107 2.4
(-5.4x10-8.4x10) (1.3-1.2x10) (3.5%10°-8.4x10%) (3.5%10°-8.2x10%) (1.1-3.8)
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Figure 1.2 CH4 average concentrations, fluxes, net production, and net production rates in 4 pools. Samples collected from April to

August 2016.
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Figure 1.3. CO, average concentrations, fluxes, net production, and net production rates in 4 pools. Samples collected from April to

August 2016.
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Figure 1.4. Time-series of CHy average concentrations, fluxes, net production, and net production rates in 4 pools. Samples collected

from April to August 2016.
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Figure 1.5. Time-series of CO2 average concentrations, fluxes, net production, and net production rates in 4 pools. Samples collected

from April to August 2016.
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Figure 1.6. Relationship between time and CH4 average concentrations, fluxes, net production, and net production rates in 4 pools.

Samples collected from April to August 2016.
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Figure 1.7. Relationship between time and CO, average concentrations, fluxes, net production, and net production rates in 4 pools.

Samples collected from April to August 2016.
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1.4. Discussion

1.4.1. CH4 and CO; Concentrations and Fluxes

The CH4 and CO; concentrations and fluxes in this study are of similar magnitude to
those in a study in Connecticut on small, temporary ponds with similar sampling design
(Holgerson, 2015), but higher CH4 than in a study of vernal pools in Massachusetts
(Kuhn 2015). Vernal pools in Rhode Island emitted similar amounts of CH4 during May
and June, and similar amounts of CO, (Ross 2017). The fluxes of CH4 and CO; from the
vernal pools were 1-2 orders of magnitude larger than those from lakes (Bastviken et al.
2004; Casper et al. 2000; Huttunen et al. 2003; Kankaala et al. 2013; Rantakari and
Kortelainen 2005). Salt marshes have CH4 and CO, fluxes in the same order of
magnitude as our study pools (Chmura et al. 2011; Magenheimer et al. 1996). These
vernal pools have some of the highest documented concentrations and fluxes of CH4 and

CO; for ponds, lakes, and wetlands (Table 1.9.).
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Table 1.9. Reported surface water CHy4 and CO; concentrations and emissions for a selection of ponds, wetlands, and lakes.

Concentrations and fluxes are reported as means with range in parentheses when more than one location was included or multiple
samplings of a location occurred. When fluxes are presented on a per year basis, they were converted to a per day basis, assuming
equal flux for all 365 days.

Location # sites CH, conc (umol L) CO, conc (umol L) CH, emission CO; emission Source
(mmol m? d™h (mmol m? d™h
Vernal pools, ME, USA 4 27.0 (0.4-211) 424 (71.8-2340) 10.8 (0.2-73.1) 167 (30.1-587) Present study
Vernal pools, RI, USA 4 (—1.4><10'24.6><10'2) (7.2-31.7) Ross 2017
Vernal pools, MA, USA 2 (2.0x102-0.1) Kuhn 2015
Small temporary ponds, 6 33.4 (21.0-58.9) 353.2 (273.3-553.4) 10.6+0.13 100.6+0.51 Holgerson 2015
CT, USA
Prairie potholes, SK, CA 62 (0.1-3.8) Badiou et al. 2011
Lakes, ponds, & 9 (9.0><10'278.3) (-1.8-73.0) Huttunen et al. 2003
reservoirs, FI
Lakes, WI, USA & 24 (0.1-2.32) (2.2><10'241.1) Bastviken et al. 2004
Sweden
Small lake, U.K. 1 1.3(0.31-4.8) 132 (27-326) (0-108.4) (3.9-101.6) Casper et al. 2000
Lakes, FI 12 (5.0x10°-1787) (11-2394) (8.2x107-1.1) (5.8-65.2) Kankaala et al. 2013
Boreal lakes, FI 37 (5.5-19) Rantakari and Kortelainen
2005
Microtidal, macrotidal salt 2 2.9x1072+8.7x102, 264.5+138.0, Chmura et al. 2011
marsh NB and NS, CA 5.3x102+0.1 217.1£109.6
Salt marsh, NB, CA 52 0.1 (1.3><10'270.7) 56.8 (6.8-84.1) Magenheimer et al. 1996
Temperate bog, WA, USA 1 6.1(0.1-31.7) 216.7(16.7-2000) Lansdown et al. 1992
Coastal meadow, fen, DK 2 8.0x107, Priemé 1994
0.4
Boreal fen, SK, CA 1 (0.5-6.2) Rask et al. 2002
Drained, flooded rice 1 805.1+137.5, Miyata et al. 2000
paddy canopy, JP 373.1x117.8
(nocturnal)
Afternoon, night rice 1 (6.5-7.0), Miyata et al. 2000
paddy canopy, JP (1.6-2.2)

(drained)
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The pools were supersaturated with CH4 and CO, across all surface samples and
dates, indicating that the pools were emitting CH4 and CO; across the air-water interface
at all pools and times. The atmospheric fluxes in this study were estimated using Egs. 2
and 3 which consider only diffusion across the water boundary layer. Due to the low
solubility of CH4 in water, ebullition can also be an important mechanism for its
atmospheric emission. CHy ebullition can be especially important in water bodies with
relatively shallow depths, such as vernal pools, because of the relatively low hydrostatic
pressure (Bastviken et al. 2004; Casper et al. 2000; Coulthard et al. 2009; Fendinger et al.
1992; Huttunen et al. 2003; Whalen 2005). Methane can also be released from the
sediment into the atmosphere through transport in plants (Bastviken et al. 2004; Sebacher
et al. 1985; Segers 1998; Whalen 2005). Therefore, the evaporative fluxes estimated in
this study are minimum values, especially for CHy.

Further, in this study CH4 and CO, evaporative fluxes were estimated only during
periods of inundation. When the pools dry down and the previously inundated sediment is
exposed to air, carbon dynamics do not halt. Water table fluctuations in wetlands
nfluence CH4 and CO; production zones (Boon et al. 1997; Fromin et al. 2010; Kettunen
et al. 1999; Nykédnen et al. 1998; Rezanezhad et al. 2014). A higher water level generally
leads to higher CH4 emissions (Kettunen et al 1996; Moore and Knowles 1989; Nykénen
et al. 1998; Rask et al. 2002), and a lower one leads to higher CO; emissions (Fromin et
al. 2010; Moore and Knowles 1989; Rezanezhad et al. 2014). Though influence of water
level on CH4 and CO; fluxes has been studied previously, there is little information on
emissions from a dried vernal pool basin. Ross (2017) found that vernal pools emitted

CO; continuously, but their soils absorbed CH4 for the ten months out of the year when
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they were dry. Methanogenesis may only occur in the wet areas of the pools, and only
during certain times of the wet-dry cycle. Vernal pools are dry and/or frozen for the
majority of the year, and CH,4 and CO, emissions (positive or negative) during these

times should be considered in an annual budget.

1.4.2. Covariates of CH4 and CO,

The primary covariates of CH4 and CO, concentrations in this study were
alkalinity and temperature. They appeared in every multiple linear regression model
(Table 1.4., Table 1.6.). The best model explaining CH4 concentration using both
multiple linear regression and linear mixed effects was alkalinity + DO (Table 4, Table
5). The best model explaining CO, concentration using multiple linear regression was
alkalinity + temp + DO (Table 6), and using linear mixed effect it was alkalinity +
temperature (Table 1.7.). Using linear mixed effects changed the best model for CO,
concentrations because it accounts for the random effect of pool. Including the random
effect of pool did not increase the conditional R” value for CHy, because the variance
among pools was negligible (Table 1.5.). However, for CO; the between pool variation
was not negligible for the top model and two other models, and therefore including the
random effect of the pool did increase the conditional R* value (Table 1.7.), and did alter
the models by reducing the variation in the residual. Similarly to this study, Holgerson
(2015) found that the random effect of temporary pond increased the conditional R* by
0.03 for CHy, and by 0.37 for CO; in their best model.

Alkalinity is significantly positively correlated with DOC, ortho-P, and NH,", and
significantly negatively correlated with DO (Table 1.3.). In general, aerobic respiration

has little effect on alkalinity, but the anaerobic processes of denitrification, nitrate
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reduction to NH,", and iron (Fe), manganese (Mn), and SO4> reduction all increase
alkalinity. Although methanogenesis does not affect alkalinity, an increase in other
anaerobic activities occurring in the sediments of the vernal pools can affect alkalinity. In
addition to generating CH4 and CO,, anaerobic reactions result in the production of DOC,
NH,', and release of P from the sediment (Stumm and Morgan, 1996). DOC has a
positive relationship with CO; in lakes (Bastviken et al. 2004; Roehm et al. 2009; Striegl
et al. 2001), and a negative relationship to CH4 (Bastviken et al. 2004). Total P and total
N have also been shown to have positive correlations with greenhouse gas fluxes
(Bastviken et al. 2004; Huttunen et al. 2003; Rantakari and Kortelainen 2005).

Sulfate had a weak, but significant negative relationship with CH4 concentrations
(Table 1.3.). In addition to contributing to alkalinity, SO4* serves as an alternative
electron acceptor to the SO4* reducing microbes that compete for organic substrate with
the methanogens, suppressing methanogenesis (Chmura et al. 2011; Segers 1998). As a
result of low SO4> concentrations in freshwater (typically 3.2-6.4 mgS L™,
methanogenesis is typically unaffected by SO4> as an alternative electron acceptor (Liu
and Whitman 2008). However, a negative relationship between SO4> and CH, occurs in
prairie potholes and lakes (Badiou et al. 2011; Bansal et al. 2016; Liikanen 2002;
Pennock et al. 2010).

CH4 and CO; production are influenced by temperature (Bergman et al. 1998;
Liikanen 2002; Marotta et al. 2014; Ross 2017; Whalen 2005), and CH4 and CO;
emission generally increase as soil temperature increases and microbial activity increases
(Allen et al. 2005; Bansal et al. 2016; Bastviken et al., 2004; Brinson et al. 1981;

Christiansen et al., 2016; Christensen et al., 2003; Huttunen et al., 2003; Kettunen et al.
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1996; Mitsch et al., 2013; Rask et al., 2002; Yavitt et al. 1997; Yvon-Durocher et al.
2017). The increasing concentrations and evaporative fluxes of both CH4 and CO, over
the 2016 field season can also be attributed to increasing temperature.

Dissolved oxygen was a covariate of, and was negatively related to, CO,
concentrations (Table 1.4.). Holgerson (2015) found that DO best predicted CO,
concentrations in small temporary pools, and also found a significant negative linear
relationship between CO; and DO. Similarly, in our study, the negative relationship
between CO, and DO was significant (Table 1.3.). A correlation between CO, and DO
indicates high rates of respiration and organic matter decomposition in the sediment
(Holgerson 2015; Jonsson et al. 2003; Rantakari and Kortelainen 2005). Methanogenesis
is an anaerobic process, but DO was not found to be a predictor for CH4 concentrations,
similar to Holgerson (2015).

Another covariate of CH4 and CO, emissions in this study was precipitation
(Table 1.4., Table 1.6.). Other studies have documented that CH4 and CO; increased with
precipitation (Einola et al. 2011; Kettunen et al. 1996; Natchimuthu et al. 2014; Rantakari
and Kortelainen 2005; Roehm et al. 2009). In lakes, precipitation is related to increased
carbon inputs from the watershed, which can increase substrate for CO; (Einola et al.
2011; Rantakari and Kortelainen 2005; Roehm et al. 2009) and possibly CH4 production.
In contrast to our study and those of others, Holgerson (2015) found that precipitation
was an environmental predictor of CH4 concentrations in small, temporary ponds. They
attributed the finding to dilution of biological and chemical parameters and increasing the

gas exchange rate at the surface of the pool.
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Chlorophyll a was a covariate in one of the CHy4 (Table 1.4.) and in three of the
CO; (Table 1.6.) multiple linear regression models. A positive relationship between CHy
and chl a has been found in other studies (Bastviken et al. 2004; Holgerson 2015), has
been attributed to the enhanced growth of periphyton and phytoplankton chl a with
increasing temperature (Holgerson 2015). Similarly, in our study chl a is significantly
positively correlated with temperature (Table 1.4.). It was also hypothesized that chl a
can provide organic substrate for methanogenesis, which could increase production
(Holgerson 2015). Chl a has been found to negatively correlate with CO, concentrations
(Holgerson 2015; Roehm et al. 2009). However, we did not observe this in our study; chl

a does not have a significant relationship to CO, concentrations (Table 1.3.).

1.4.3. Net Production of CH4 and CO;

The net production in the four vernal pools was almost always positive, meaning
that CH4 and CO, were being generated in the pools. The amount of CH4 and CO,
transported through groundwater flow was generally negligible compared to that
transported through evaporative flux. Total net production is dependent on pool area, but
the production rates are not. Thus differing pool area explains the differences in net
production among pools. For instance, a pool the size of P3 will produce more CH,4 and
CO; than a pool the size of P1, but the production rates were not statistically different
among the pools. The increase in production rates as the summer progresses can be

attributed to rising temperatures and higher rates of decomposition within the pools.
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1.4.4. The Role of Vernal Pools in Carbon Cycling

It is difficult to determine a representative system of vernal pools in Maine; the
only commonality among these sites is that they all have seasonal hydroperiod; the other
characteristics are challenging to generalize. If we view these pools as representative in
Maine because of their diversity in hydroperiod, geology, and forest type, we can
examine the potential large-scale impacts of vernal pools. The density of vernal pools
across Maine ranges from 1.4 to 49.5 pools per km? (Calhoun et al. 2003). Combining the
range of calculated evaporative fluxes in this study with the range of pool densities in
Maine, we calculate that vernal pools could potentially emit between 1.4x10™* and 1.2x10
TgC of CH, and between 1.7x107 and 5.3x10* TgC of CO, per year in Maine. These
estimates have a large range because of the variation in pool densities in Maine and the
variation of the calculated emissions of CH4 and CO; (Figure 1.2., Figure 1.3.), but they
indicate that vernal pools are important as biogeochemical reactors in Maine. Vernal
pools and other temporary wetlands are widely distributed across northeastern landscapes
(DiBello et al. 2016; Faccio et al. 2013; Wu et al. 2014; Van Meter et al. 2008), and
globally (Keeley and Zedler 1998; Calhoun et al. 2017), so these evaporative fluxes can
potentially constitute a large contribution to inland waters’ carbon emissions. Small water
bodies tend to have higher concentrations of CH4 and CO; than larger bodies of
freshwater (Bastviken et al. 2004; Holgerson, 2015; Holgerson and Raymond, 2016;
Kankaala et al. 2013), and therefore they can have a disproportionate effect with respect
to their size on carbon emissions.

Carbon is the energy currency that moves through ecosystems (Fernandez 2008),

and vernal pools are important for carbon transformations from leaf litter into nutrient
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forms that can be transferred to upland ecosystems. In order to understand the balance
between carbon emissions and carbon inputs to vernal pool systems, we must know the
carbon inputs to vernal pool systems. Leaf litter is the primary source of carbon for
undisturbed vernal pools (Capps et al. 2014; Earl and Semlitsch 2013). Simmons et al.
(1996) found annual mean litter mass ranging from 2.38x107 to 3.87x10% g m™ in
different regions of Maine, with an overall mean of 2.99x10* ¢ m™. They also found an
average carbon flux in litter of between 1.14x10” and 1.43x10* gC m™, with an overall
mean of 1.25x10% gC m™. The total input from litter mass was 3.01x10% g m™ and the
input from leaf litter carbon flux was 1.24x10? gC m™ in the region where our four vernal
pool sites are located (Simmons et al. 1996). These leaf litter fluxes were higher than
those found in Acadia National Park, ME (Sheehan et al. 2006), but lower than others in
other temperate deciduous forests (Morrison 1991; Nadelhoffer et al. 1983).

Applying the Simmons et al. (1996) mean estimate for litter flux, and assuming
the maximum recorded surface area of our four vernal pools in 2016, we estimate that
1.4x10° g of leaf litter fell into our study sites in 2016, and of that leaf litter, 5.6x10° gC
was carbon input into the four vernal pools. During the study period, each vernal pool
emitted between 1.4x10” to 5.8x10° gC and 9.6x10° to 1.2x10° gC of CH, and CO,,
respectively, for a total carbon export of maximum 2.4x10° gC from the four pools
during the study period. Therefore, the estimated carbon flux from leaf litter into the
pools is approximately twice as large as the maximum evaporative carbon flux from the
pools. This disparity between carbon input and outputs from the pools may be explained
by the immense amount of energy being transferred from wetlands to terrestrial

environments in the form of vertebrates (Gibbons et al. 2006). Additionally, wetlands
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have been shown to sequester carbon in soil and plant matter (Mitsch et al. 2013; Mitsch
and Gosselink 2015; Lal 2008).

Demonstrated by their high rates of CH4 and CO, production these vernal pools
have higher rates of decomposition, carbon mineralization, and nutrient cycling than
ponds and other permanently inundated wetlands. High CH4 and CO; emissions are a
measure of a very metabolically active system. Vernal pools are important in the
biogeochemical transformation of leaf litter into usable nutrient forms for aquatic and
terrestrial fauna. As a result of the broad distribution of these vernal pools and other
temporary wetlands across the world, their contributions to carbon emissions are not
insignificant. More research is needed to examine the carbon emissions in these pools
after dry down and during ice cover, and to further quantify the amounts of terrestrial

carbon outputs and carbon storage.
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APPENDIX A
CH4 AND CO;,

Table A.1.1. Methane flux. Table of methane flux calculations including the sampled methane in the gaseous and aqueous phase, the
Henry’s constant for the field temperature, and the supersaturation of CH4 with respect to the atmosphere.

ID | Date CH;meas | CHyaq n (mol) CH; g CH, T Ky (mol Sccna Kiw C, C flux super sat
(2016) | (ppm) (mol L (mol LYy | (mol L") | L atm™) (mol L) | (molL") | (mmol m?
dh

P1 | 4/25 4.98E+01 | 6.48E-08 | 6.15E-08 | 2.05E-06 | 2.11E-06 | 1.76E-03 | 8.44E+02 | 5.17E-04 | 3.24E-09 | 2.11E-06 | 9.43E-01 | 6.52E+02

P2 | 4/25 2.02E+02 | 2.63E-07 | 2.49E-07 | 8.31E-06 | 8.58E-06 | 1.68E-03 | 7.58E+02 | 5.56E-04 | 3.10E-09 | 8.58E-06 | 4.12E+00 | 2.77E+03

P3 | 4/25 3.48E+01 | 4.53E-08 | 4.30E-08 1.43E-06 | 1.48E-06 | 1.80E-03 | 8.91E+02 | 4.99E-04 | 3.32E-09 | 1.48E-06 | 6.36E-01 | 4.45E+02

P4 | 4/25 1.75+02 | 2.27E-07 | 2.16E-07 | 7.20E-06 | 7.42E-06 | 1.84E-03 | 9.41E+02 | 4.81E-04 | 3.40E-09 | 7.42E-06 | 3.08E+00 | 2.18E+03

P3 | 52 1.59E+01 | 2.06E-08 | 1.96E-08 | 6.53E-07 | 6.74E-07 | 1.94E-03 | 1.08E+03 | 4.39E-04 | 3.57E-09 | 6.74E-07 | 2.54E-01 1.89E+02

P4 | 52 5476+01 | 7.11E-08 | 6.76E-08 | 2.25E-06 | 2.32E-06 | 2.04E-03 | 1.17E+03 | 4.15E-04 | 3.76E-09 | 2.32E-06 | 8.32E-01 | 6.18E+02

P3 | 5/11 1.556+01 | 2.01E-08 | 1.91E-08 | 6.37E-07 | 6.57E-07 | 1.61E-03 | 6.78E+02 | 5.99E-04 | 2.97E-09 | 6.57E-07 | 3.38E-01 | 2.21E+02

P4 | 5/11 7.84E+01 | 1.02E-07 | 9.68E-08 | 3.23E-06 | 3.33E-06 | 1.89E-03 | 9.94E+02 | 4.63E-04 | 3.48E-09 | 3.33E-06 | 1.33E+00 | 9.55E+02

P1 | 5/12 1.01E+02 | 1.32E-07 | 1.25E-07 | 4.16E-06 | 4.30E-06 | 1.61E-03 | 6.78E+02 | 5.99E-04 | 2.97E-09 | 4.30E-06 | 2.22E+00 | 1.45E+03

P2 | 5/12 1.68E+02 | 2.18E-07 | 2.07E-07 | 6.90E-06 | 7.12E-06 | 1.61E-03 | 6.78E+02 | 5.99E-04 | 2.97E-09 | 7.12E-06 | 3.68E+00 | 2.40E+03

P3 | 5/19 327E+01 | 4.25E-08 | 4.03E-08 1.34E-06 | 1.39E-06 | 1.68E-03 | 7.58E+02 | 5.56E-04 | 3.10E-09 | 1.39E-06 | 6.65E-01 | 4.48E+02

P4 | 5/19 1.15+02 | 1.49E-07 | 1.42E-07 | 4.72E-06 | 4.87E-06 | 1.89E-03 | 9.94E+02 | 4.63E-04 | 3.48E-09 | 4.87E-06 | 1.95E+00 | 1.40E+03

P1 | 5/20 7.34E+01 | 9.54E-08 | 9.06E-08 | 3.02E-06 | 3.11E-06 | 1.49E-03 | 5.53E+02 | 6.87E-04 | 2.74E-09 | 3.11E-06 | 1.85E+00 | 1.14E+03

P2 | 5/20 3.07E+02 | 4.00E-07 | 3.80E-07 | 1.27E-05 | 1.31E-05 | 1.61E-03 | 6.79E+02 | 5.99E-04 | 2.97E-09 | 1.31E-05 | 6.75E+00 | 4.40E+03

P1 | 5/25 4.99E+01 | 6.49E-08 | 6.16E-08 | 2.05E-06 | 2.12E-06 | 1.55E-03 | 6.10E+02 | 6.43E-04 | 2.85E-09 | 2.12E-06 | 1.17E+00 | 7.44E+02

P2 | 5/25 1.92E+02 | 2.50E-07 | 2.37E-07 | 7.91E-06 | 8.16E-06 | 1.49E-03 | 5.53E+02 | 6.87E-04 | 2.74E-09 | 8.16E-06 | 4.84E+00 | 2.98E+03

P3 | 5/26 6.28E6+01 | 8.16E-08 | 7.75E-08 | 2.58E-06 | 2.66E-06 | 1.58E-03 | 6.43E+02 | 6.21E-04 | 2.91E-09 | 2.66E-06 | 1.43E+00 | 9.16E+02

P4 | 5/26 4.27E+02 | 5.55E-07 | 5.27E-07 | 1.76E-05 | 1.81E-05 | 1.72E-03 | 8.00E+02 | 5.36E-04 | 3.17E-09 | 1.81E-05 | 8.39E+00 | 5.72E+03

P1 | 5/31 9.60E+01 | 1.25E-07 | 1.19E-07 | 3.95E-06 | 4.08E-06 | 1.55E-03 | 6.10E+02 | 6.43E-04 | 2.85E-09 | 4.08E-06 | 2.26E+00 | 1.43E+03

P2 | 5/31 1.17E+02 1.53E-07 | 1.45E-07 | 4.83E-06 | 4.98E-06 | 1.41E-03 | 4.80E+02 | 7.55E-04 | 2.59E-09 | 4.98E-06 | 3.25E+00 | 1.92E+03
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Table A.1.1. continued.

P3 | 6/1 9 22F+00 1.20E-08 | 1.14E-08 | 3.79E-07 | 3.91E-07 | 1.43E-03 | 5.03E+02 | 7.32E-04 | 2.63E-09 | 3.91E-07 | 2.46E-01 1.49E+02
P4 | 6/1 4.56E+02 5.92E-07 | 5.62E-07 | 1.87E-05 | 1.93E-05 | 1.68E-03 | 7.58E+02 | 5.56E-04 | 3.09E-09 | 1.93E-05 | 9.29E+00 | 6.26E+03
P3 | 6/8 8 68E+01 1.13E-07 | 1.07E-07 | 3.57E-06 | 3.68E-06 | 1.46E-03 | 5.27E+02 | 7.09E-04 | 2.68E-09 | 3.68E-06 | 2.26E+00 | 1.37E+03
P1 | 6/9 3 556401 4.62E-08 | 4.39E-08 1.46E-06 | 1.51E-06 | 1.76E-03 | 8.44E+02 | 5.17E-04 | 3.23E-09 | 1.51E-06 | 6.72E-01 | 4.66E+02
P2 | 6/9 4.41E+02 5.73E-07 | 5.44E-07 | 1.81E-05 | 1.87E-05 | 1.72E-03 | 8.00E+02 | 5.36E-04 | 3.16E-09 | 1.87E-05 | 8.66E+00 | 5.92E+03
P3 | 6/13 1.08E+02 1.40E-07 | 1.33E-07 | 4.44E-06 | 4.58E-06 | 1.72E-03 | 8.00E+02 | 5.36E-04 | 3.16E-09 | 4.58E-06 | 2.12E+00 | 1.45E+03
P1 | 6/14 1.77E+02 2.30E-07 | 2.19E-07 | 7.29E-06 | 7.52E-06 | 1.76E-03 | 8.44E+02 | 5.17E-04 | 3.23E-09 | 7.52E-06 | 3.36E+00 | 2.33E+03
P2 | 6/14 227E+02 2.95E-07 | 2.80E-07 | 9.34E-06 | 9.64E-06 | 1.72E-03 | 8.00E+02 | 5.36E-04 | 3.16E-09 | 9.64E-06 | 4.46E+00 | 3.05E+03
P3 | 6/20 1 44FE+03 1.87E-06 | 1.78E-06 | 5.92E-05 | 6.11E-05 | 1.41E-03 | 4.80E+02 | 7.55E-04 | 2.59E-09 | 6.11E-05 | 3.98E+01 | 2.36E+04
P4 | 6/20 1.49E+03 1.94E-06 | 1.84E-06 | 6.15E-05 | 6.34E-05 | 1.72E-03 | 8.00E+02 | 5.36E-04 | 3.16E-09 | 6.34E-05 | 2.94E+01 | 2.01E+04
P2 | 6/21 2 90E+01 3.77E-08 | 3.58E-08 1.19E-06 | 1.23E-06 | 1.49E-03 | 5.53E+02 | 6.87E-04 | 2.73E-09 | 1.23E-06 | 7.28E-01 | 4.50E+02
P2 | 6/29 2.05E+01 2.67E-08 | 2.53E-08 | 8.45E-07 | 8.71E-07 | 1.58E-03 | 6.43E+02 | 6.21E-04 | 2.90E-09 | 8.71E-07 | 4.66E-01 | 3.00E+02
P3 | 7/5 1.48E-+02 1.93E-07 | 1.83E-07 | 6.11E-06 | 6.30E-06 | 1.36E-03 | 4.37E+02 | 8.04E-04 | 2.49E-09 | 6.30E-06 | 4.38E+00 | 2.53E+03
P4 | 7/5 8 32E+01 1.08E-07 | 1.03E-07 | 3.42E-06 | 3.53E-06 | 1.58E-03 | 6.43E+02 | 6.21E-04 | 2.89E-09 | 3.53E-06 | 1.89E+00 | 1.22E+03
P2 | 7/6 8 58E+02 1.12E-06 | 1.06E-06 | 3.53E-05 | 3.64E-05 | 1.38E-03 | 4.58E+02 | 7.79E-04 | 2.53E-09 | 3.64E-05 | 2.45E+01 | 1.44E+04
P3 | 7/13 1.84F+03 2.40E-06 | 2.28E-06 | 7.59E-05 | 7.83E-05 | 1.29E-03 | 3.64E+02 | 9.09E-04 | 2.37E-09 | 7.83E-05 | 6.15E+01 | 3.30E+04
P4 | 7/13 3 01E+02 3.92E-07 | 3.72E-07 | 1.24E-05 | 1.28E-05 | 1.58E-03 | 6.43E+02 | 6.21E-04 | 2.89E-09 | 1.28E-05 | 6.86E+00 | 4.42E+03
P2 | 7/14 2 11E+03 2.74E-06 | 2.60E-06 | 8.68E-05 | 8.95E-05 | 1.38E-03 | 4.58E+02 | 7.79E-04 | 2.53E-09 | 8.95E-05 | 6.03E+01 | 3.53E+04
P3 | 7/19 1.45E403 1.88E-06 | 1.79E-06 | 5.96E-05 | 6.15E-05 | 1.29E-03 | 3.80E+02 | 8.83E-04 | 2.37E-09 | 6.15E-05 | 4.69E+01 | 2.59E+04
P4 | 7/19 1.20E-+02 1.56E-07 | 1.48E-07 | 4.94E-06 | 5.10E-06 | 1.61E-03 | 6.79E+02 | 5.99E-04 | 2.95E-09 | 5.10E-06 | 2.63E+00 | 1.73E+03
P2 | 7/20 3 00E+03 3.90E-06 | 3.70E-06 | 1.23E-04 | 1.27E-04 | 1.52E-03 | 5.80E+02 | 6.65E-04 | 2.78E-09 | 1.27E-04 | 7.31E+01 | 4.58E+04
P2 | 7/28 5 63E+02 7.31E-07 | 6.95E-07 | 2.32E-05 | 2.39E-05 | 1.29E-03 | 3.80E+02 | 8.83E-04 | 2.37E-09 | 2.39E-05 | 1.82E+01 | 1.01E+04
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Table A.1.2. Carbon dioxide flux. Table of CO, flux calculations including the sampled methane in the gaseous and aqueous phase,
the Henry’s constant for the field temperature, and the supersaturation of CO, with respect to the atmosphere.

ID | Date CO,meas | CO,aq n (mol) CO, g CO, T Ky Sccoz Kiw Cs C flux (mmol | super sat
(2016) | (ppm) (mol L (mol LY | (mol L") | (mol L (mol LYy | (molL"y | m?d™)
atm'l)

P1 | 4/25 2.53E+03 | 8.84E-05 | 3.12E-06 1.04E-04 | 1.92E-04 | 4.70E-02 | 8.25E+02 | 5.25E-04 | 1.91E-05 | 1.92E-04 | 7.86E+01 1.00E+01

P2 | 4/25 2.37E+03 | 8.29E-05 | 2.92E-06 9.75E-05 | 1.80E-04 | 4.41E-02 | 7.39E+02 | 5.65E-04 | 1.80E-05 | 1.80E-04 | 7.93E+01 1.00E+01

P3 | 4/25 2.14E+03 | 7.49E-05 | 2.64E-06 8.81E-05 | 1.63E-04 | 4.86E-02 | 8.74E+02 | 5.05E-04 | 1.98E-05 | 1.63E-04 | 6.26E+01 8.24E+00

P4 | 4/25 5.70E+03 | 1.99E-04 | 7.03E-06 2.34E-04 | 4.34E-04 | 5.02E-02 | 9.82E+02 | 4.67E-04 | 2.04E-05 | 4.34E-04 | 1.67E+02 2.12E+01

P3 | 52 1.33E+03 | 4.65E-05 | 1.64E-06 5.47E-05 | 1.01E-04 | 5.34E-02 | 1.07E+03 | 4.41E-04 | 2.18E-05 | 1.01E-04 | 3.03E+01 4.65E+00

P4 | 52 3.96E+03 | 1.39E-04 | 4.89E-06 1.63E-04 | 3.02E-04 | 5.75E-02 | 1.17E+03 | 4.16E-04 | 2.34E-05 | 3.02E-04 | 1.00E+02 1.29E+01

P3 | 5/11 1.28E+03 | 4.48E-05 | 1.58E-06 5.27E-05 | 9.75E-05 | 4.15E-02 | 6.65E+02 | 6.07E-04 | 1.69E-05 | 9.75E-05 | 4.22E+01 5.76E+00

P4 | 5/11 3.11E+03 | 1.09E-04 | 3.83E-06 1.28E-04 | 2.37E-04 | 5.19E-02 | 9.82E+02 | 4.67E-04 | 2.12E-05 | 2.37E-04 | 8.70E+01 1.12E+01

P1 | 5/12 3.65E+03 | 1.28E-04 | 4.50E-06 1.50E-04 | 2.78E-04 | 4.15E-02 | 6.65E+02 | 6.07E-04 | 1.69E-05 | 2.78E-04 | 1.37E+02 1.64E+01

P2 | 5/12 4.48E+03 | 1.57E-04 | 5.53E-06 1.84E-04 | 3.41E-04 | 4.15E-02 | 6.65E+02 | 6.07E-04 | 1.69E-05 | 3.41E-04 | 1.70E+02 2.02E+01

P3 | 5/19 1.35E+03 | 4.73E-05 | 1.67E-06 5.56E-05 | 1.03E-04 | 4.41E-02 | 7.39E+02 | 5.65E-04 | 1.80E-05 | 1.03E-04 | 4.15E+01 5.72E+00

P4 | 5/19 4.07E+03 | 1.42E-04 | 5.02E-06 1.67E-04 | 3.10E-04 | 5.19E-02 | 9.82E+02 | 4.67E-04 | 2.12E-05 | 3.10E-04 | 1.17E+02 1.46E+01

P1 | 5/20 2.74E+03 | 9.58E-05 | 3.38E-06 1.13E-04 | 2.09E-04 | 3.91E-02 | 543E+02 | 6.95E-04 | 1.59E-05 | 2.09E-04 | 1.16E+02 1.31E+01

P2 | 5/20 4.49E+03 | 1.57E-04 | 5.54E-06 1.85E-04 | 3.42E-04 | 4.15E-02 | 6.65E+02 | 6.07E-04 | 1.69E-05 | 3.42E-04 | 1.70E+02 2.02E+01

P1 | 5/25 1.31E+03 | 4.59E-05 | 1.62E-06 5.39E-05 | 9.98E-05 | 3.91E-02 | 6.00E+02 | 6.50E-04 | 1.59E-05 | 9.98E-05 | 4.71E+01 6.26E+00

P2 | 5/25 2.18E+03 | 7.64E-05 | 2.69E-06 8.98E-05 | 1.66E-04 | 3.69E-02 | 5.43E+02 | 6.95E-04 | 1.50E-05 | 1.66E-04 | 9.07E+01 1.10E+01

P3 | 5/26 1.81E+03 | 6.35E-05 | 2.24E-06 7.46E-05 | 1.38E-04 | 4.03E-02 | 6.31E+02 | 6.28E-04 | 1.64E-05 | 1.38E-04 | 6.61E+01 8.41E+00

P4 | 5/26 5.68E+03 | 1.99E-04 | 7.01E-06 2.34E-04 | 4.32E-04 | 4.56E-02 | 7.80E+02 | 5.45E-04 | 1.86E-05 | 4.32E-04 | 1.95E+02 2.33E+01

P1 | 5/31 2.93E+03 | 1.02E-04 | 3.62E-06 1.21E-04 | 2.23E-04 | 3.49E-02 | 6.00E+02 | 6.50E-04 | 1.42E-05 | 2.23E-04 | 1.17E+02 1.57E+01

P2 | 5/31 2.95E+03 | 1.03E-04 | 3.64E-06 1.21E-04 | 2.25E-04 | 3.40E-02 | 4.70E+02 | 7.66E-04 | 1.39E-05 | 2.25E-04 | 1.39E+02 1.62E+01

P3 | 6/1 1.61E+03 | 5.63E-05 | 1.98E-06 6.62E-05 | 1.22E-04 | 3.49E-02 | 4.93E+02 | 7.41E-04 | 1.42E-05 | 1.22E-04 | 6.93E+01 8.62E+00

P4 | 6/1 5.97E+03 | 2.09E-04 | 7.37E-06 2.46E-04 | 4.54E-04 | 4.41E-02 | 7.39E+02 | 5.65E-04 | 1.79E-05 | 4.54E-04 | 2.13E+02 2.53E+01
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Table A.1.2. continued.

P3 | 6/8 1.97E+03 | 6.89E-05 | 2.43E-06 8.11E-05 | 1.50E-04 | 3.55E-02 | 5.18E+02 | 7.18E-04 | 1.44E-05 | 1.50E-04 | 8.41E+01 1.04E+01
P1 | 6/9 4.29E+03 | 1.50E-04 | 5.29E-06 1.76E-04 | 3.27E-04 | 4.70E-02 | 8.25E+02 | 5.25E-04 | 1.91E-05 | 3.27E-04 | 1.40E+02 1.71E+01
P2 | 6/9 4.60E+03 | 1.61E-04 | 5.68E-06 1.89E-04 | 3.50E-04 | 4.56E-02 | 7.80E+02 | 5.45E-04 | 1.85E-05 | 3.50E-04 | 1.56E+02 1.89E+01
P3 | 6/13 1.72E+03 | 6.03E-05 | 2.13E-06 7.09E-05 | 1.31E-04 | 4.56E-02 | 7.80E+02 | 5.45E-04 | 1.85E-05 | 1.31E-04 | 5.31E+01 7.08E+00
P1 | 6/14 4.32E+03 | 1.51E-04 | 5.33E-06 1.78E-04 | 3.29E-04 | 4.70E-02 | 8.25E+02 | 5.25E-04 | 1.91E-05 | 3.29E-04 | 1.41E+02 1.72E+01
P2 | 6/14 4.11E+03 | 1.44E-04 | 5.07E-06 1.69E-04 | 3.13E-04 | 4.56E-02 | 7.80E+02 | 5.45E-04 | 1.85E-05 | 3.13E-04 | 1.39E+02 1.69E+01
P3 | 6/20 1.18E+04 | 4.14E-04 | 1.46E-05 4.87E-04 | 9.01E-04 | 3.40E-02 | 4.70E+02 | 7.66E-04 | 1.38E-05 | 9.01E-04 | 5.87E+02 6.52E+01
P4 | 6/20 8.08E+03 | 2.83E-04 | 9.97E-06 3.32E-04 | 6.15E-04 | 4.56E-02 | 7.80E+02 | 5.45E-04 | 1.85E-05 | 6.15E-04 | 2.81E+02 3.32E+01
P2 | 6/21 3.26E+03 | 1.14E-04 | 4.02E-06 1.34E-04 | 2.48E-04 | 3.69E-02 | 5.43E+02 | 6.95E-04 | 1.50E-05 | 2.48E-04 | 1.40E+02 1.65E+01
P2 | 6/29 9.43E+02 | 3.30E-05 | 1.16E-06 3.88E-05 | 7.18E-05 | 4.03E-02 | 6.31E+02 | 6.28E-04 | 1.64E-05 | 7.18E-05 | 3.01E+01 4.38E+00
P3 | 7/5 2.93E+03 | 1.02E-04 | 3.61E-06 1.20E-04 | 2.23E-04 | 3.22E-02 | 4.27E+02 | 8.17E-04 | 1.30E-05 | 2.23E-04 | 1.48E+02 1.71E+01
P4 | 7/5 7.66E+03 | 2.68E-04 | 9.46E-06 3.15E-04 | 5.83E-04 | 4.03E-02 | 6.31E+02 | 6.28E-04 | 1.63E-05 | 5.83E-04 | 3.08E+02 3.58E+01
P2 | 7/6 3.90E+03 | 1.37E-04 | 4.82E-06 1.61E-04 | 2.97E-04 | 3.31E-02 | 448E+02 | 7.91E-04 | 1.34E-05 | 2.97E-04 | 1.94E+02 2.22E+01
P3 | 7/13 5.69E+03 | 1.99E-04 | 7.03E-06 2.34E-04 | 4.33E-04 | 2.91E-02 | 3.54E+02 | 9.26E-04 | 1.18E-05 | 4.33E-04 | 3.37E+02 3.68E+01
P4 | 7/13 8.41E+03 | 2.94E-04 | 1.04E-05 3.46E-04 | 6.41E-04 | 4.03E-02 | 6.31E+02 | 6.28E-04 | 1.63E-05 | 6.41E-04 | 3.39E+02 3.93E+01
P2 | 7/14 8.37E+03 | 2.93E-04 | 1.03E-05 3.45E-04 | 6.38E-04 | 3.31E-02 | 448E+02 | 7.91E-04 | 1.34E-05 | 6.38E-04 | 4.27E+02 4.77E+01
P3 | 7/19 6.10E+03 | 2.14E-04 | 7.53E-06 2.51E-04 | 4.65E-04 | 2.98E-02 | 3.70E+02 | 8.99E-04 | 1.21E-05 | 4.65E-04 | 3.51E+02 3.85E+01
P4 | 7/19 5.63E+03 | 1.97E-04 | 6.94E-06 2.31E-04 | 4.28E-04 | 4.15E-02 | 6.65E+02 | 6.07E-04 | 1.68E-05 | 4.28E-04 | 2.16E+02 2.55E+01
P2 | 7/20 7.78E+03 | 2.72E-04 | 9.60E-06 3.20E-04 | 5.92E-04 | 3.80E-02 | 5.71E+02 | 6.72E-04 | 1.54E-05 | 5.92E-04 | 3.35E+02 3.85E+01
P2 | 7/28 4.99E+03 | 1.75E-04 | 6.17E-06 2.06E-04 | 3.80E-04 | 2.98E-02 | 3.70E+02 | 8.99E-04 | 1.21E-05 | 3.80E-04 | 2.86E+02 3.15E+01
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Table A.1.3. Net production of CHy in P1. Production was calculated using the mass of carbon in the pool, the surface area,

groundwater area, pool volume, and groundwater velocity. Change in mass in the vernal pool, mass leaving through groundwater,
mass lost to evaporative flux, and net production was calculated.

date CH, pool flux week SA week GW area V week avg | velocity dm/dt QCoy R (gC d™) R, (gC d") | prod rate
avg (g C) avg (mmol avg (m2) week avg (m3) week avg (gC d'l) (gC d'l) (gC m? dh
m~d") (m?) (ms™)

4/25 6.86E-01

5/12 3.23E+00 1.58E+00 1.77E+02 2.24E+01 1.52E+01 -1.47E-06 1.50E-01 3.69E-01 3.36E+00 3.88E+00 2.19E-02
5/20 3.29E+00 2.03E+00 1.67E+02 2.04E+01 1.27E+01 -1.44E-06 7.38E-03 6.55E-01 4.06E+00 4.73E+00 2.84E-02
5/25 7.01E+00 1.51E+00 1.44E+02 1.64E+01 8.13E+00 -1.41E-06 7.44E-01 1.27E+00 2.61E+00 4.62E+00 3.21E-02
5/31 6.01E-01 1.72E+00 9.62E+01 1.17E+01 3.57E+00 -1.31E-06 -1.07E+00 1.41E+00 1.98E+00 2.32E+00 2.41E-02
6/9 7.28E-02 1.47E+00 5.15E+01 1.12E+01 3.06E+00 -1.15E-06 -5.87E-02 1.22E-01 9.06E-01 9.70E-01 1.88E-02
6/14 4.38E+00 2.02E+00 4.67E+01 1.33E+01 4.62E+00 -1.13E-06 8.61E-01 6.26E-01 1.13E+00 2.62E+00 5.60E-02

Table A.1.4. Net production of CO; in P1. Production was calculated using the mass of carbon in the pool, the surface area,

groundwater area, pool volume, and groundwater velocity. Change in mass in the vernal pool, mass leaving through groundwater,
mass lost to evaporative flux, and net production was calculated.

date CO; pool flux week SA week GW area V week avg | velocity dm/dt QCoy R (gC d™) R, (gC d") | prod rate
avg (g C) avg (mmol avg (m2) week avg (m3) week avg (gC d'l) (gC d'l) (gC m? dh
m (m’) (ms™)

4/25 4.09E+01

5/12 6.32E+01 1.08E+02 1.77E+02 2.24E+01 1.52E+01 -1.46E-06 1.32E+00 9.71E+00 2.29E+02 2.40E+02 1.35E+00
5/20 4.17E+01 1.26E+02 1.72E+02 2.04E+01 1.27E+01 -1.41E-06 -2.68E+00 1.03E+01 2.60E+02 2.68E+02 1.56E+00
5/25 3.04E+01 8.13E+01 1.44E+02 1.64E+01 8.13E+00 -1.31E-06 -2.28E+00 8.23E+00 1.41E+02 1.47E+02 1.02E+00
5/31 6.38E+00 8.22E+01 9.62E+01 1.17E+01 3.57E+00 -1.15E-06 -4.00E+00 5.98E+00 9.49E+01 9.69E+01 1.01E+00
6/9 1.67E+01 1.28E+02 5.15E+01 1.12E+01 3.06E+00 -1.13E-06 1.15E+00 4.12E+00 7.93E+01 8.45E+01 1.64E+00
6/14 4.95E+01 1.40E+02 4.67E+01 1.33E+01 4.62E+00 -1.21E-06 6.56E+00 9.93E+00 7.85E+01 9.50E+01 2.03E+00
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Table A.1.5. Net production of CHy in P2. Production was calculated using the mass of carbon in the pool, the surface area,

groundwater area, pool volume, and groundwater velocity. Change in mass in the vernal pool, mass leaving through groundwater,
mass lost to evaporative flux, and net production was calculated.

date CH, pool flux week SA week GW area V week avg | velocity dm/dt QCout R (gC d™) R, (gC d) | prod rate
avg (g C) avg (mmol avg (m2) week avg (m3) week avg (gC d'l) (gC d'l) (gC m? dh
m” d") (m?) (ms™)

4/25 4.28E+01

5/12 4.40E+01 3.90E+00 2.19E+02 2.54E+01 3.85E+01 0 6.98E-02 0.00E+00 1.02E+01 1.03E+01 4.71E-02
5/20 5.99E+01 5.21E+00 2.19E+02 2.54E+01 4.12E+01 0 2.00E+00 0.00E+00 1.37E+01 1.57E+01 7.17E-02
5/25 5.30E+01 5.80E+00 2.00E+02 2.43E+01 3.97E+01 0 -1.38E+00 0.00E+00 1.39E+01 1.25E+01 6.26E-02
5/31 1.67E+01 4.05E+00 1.73E+02 2.25E+01 3.51E+01 0 -6.06E+00 0.00E+00 8.39E+00 2.34E+00 1.35E-02
6/9 4.52E+01 5.96E+00 1.73E+02 2.25E+01 2.87E+01 0 3.17E+00 0.00E+00 1.23E+01 1.55E+01 8.98E-02
6/14 3.04E+01 6.56E+00 1.95E+02 2.40E+01 2.86E+01 0 -2.97E+00 0.00E+00 1.54E+01 1.24E+01 6.36E-02
6/21 3.87E+01 2.60E+00 1.79E+02 2.29E+01 3.38E+01 0 1.19E+00 0.00E+00 5.59E+00 6.78E+00 3.78E-02
6/29 2.20E+00 5.97E-01 1.46E+02 2.06E+01 2.96E+01 0 -4.57E+00 0.00E+00 1.05E+00 -3.52E+00 | -2.41E-02
7/6 9.80E+01 1.25E+01 1.40E+02 2.02E+01 2.12E+01 0 1.37E+01 0.00E+00 2.11E+01 3.48E+01 2.47E-01
7/14 1.95E+02 4.24E+01 1.45E+02 2.05E+01 1.95E+01 0 1.21E+01 0.00E+00 7.36E+01 8.57E+01 5.92E-01
7/20 3.70E+02 6.67E+01 1.51E+02 2.10E+01 2.08E+01 0 2.93E+01 0.00E+00 1.21E+02 1.50E+02 9.94E-01
7/28 5.57E+01 4.57E+01 1.33E+02 1.96E+01 2.26E+01 0 -3.93E+01 0.00E+00 7.30E+01 3.37E+01 2.53E-01
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Table A.1.6. Net production of CO; in P2. Production was calculated using the mass of carbon in the pool, the surface area,

groundwater area, pool volume, and groundwater velocity. Change in mass in the vernal pool, mass leaving through groundwater,
mass lost to evaporative flux, and net production was calculated.

date CO; pool flux week SA week GW area V week avg | velocity dm/dt QCout R (gC d™) R, (gC d") | prod rate
avg (g C) avg (mmol avg (m2) week avg (m3) week avg (gC d'l) (gC d'l) (gC m? dh
m” dh (m?) (ms™)

4/25 1.20E+02

5/12 1.70E+02 1.25E+02 2.19E+02 2.54E+01 3.85E+01 0 2.96E+00 0.00E+00 3.28E+02 3.31E+02 1.51E+00
5/20 1.57E+02 1.70E+02 2.19E+02 2.54E+01 3.98E+01 0 -1.69E+00 0.00E+00 4.46E+02 4.45E+02 2.03E+00
5/25 1.13E+02 1.31E+02 2.00E+02 2.43E+01 3.97E+01 0 -8.84E+00 0.00E+00 3.13E+02 3.05E+02 1.52E+00
5/31 9.31E+01 1.15E+02 1.73E+02 2.25E+01 3.51E+01 0 -3.25E+00 0.00E+00 2.39E+02 2.36E+02 1.36E+00
6/9 1.17E+02 1.48E+02 1.73E+02 2.25E+01 2.87E+01 0 2.61E+00 0.00E+00 3.06E+02 3.09E+02 1.79E+00
6/14 1.58E+02 1.47E+02 1.95E+02 2.40E+01 2.86E+01 0 8.26E+00 0.00E+00 3.45E+02 3.54E+02 1.81E+00
6/21 7.94E+01 1.39E+02 1.79E+02 2.29E+01 3.38E+01 0 -1.12E+01 0.00E+00 3.00E+02 2.89E+02 1.61E+00
6/29 1.96E+01 8.50E+01 1.46E+02 2.06E+01 2.96E+01 0 -7.47E+00 0.00E+00 1.49E+02 1.42E+02 9.69E-01
7/6 7.67E+01 1.12E+02 1.40E+02 2.02E+01 2.12E+01 0 8.16E+00 0.00E+00 1.89E+02 1.97E+02 1.40E+00
7/14 1.38E+02 3.10E+02 1.45E+02 2.05E+01 1.95E+01 0 7.62E+00 0.00E+00 5.39E+02 5.46E+02 3.77E+00
7/20 1.73E+02 3.81E+02 1.51E+02 2.10E+01 2.08E+01 0 5.81E+00 0.00E+00 6.89E+02 6.95E+02 4.61E+00
7/28 6.35E+01 3.10E+02 1.33E+02 1.96E+01 2.26E+01 0 -1.36E+01 0.00E+00 4.96E+02 4.83E+02 3.62E+00
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Table A.1.7. Net production of CHy in P3. Production was calculated using the mass of carbon in the pool, the surface area,

groundwater area, pool volume, and groundwater velocity. Change in mass in the vernal pool, mass leaving through groundwater,
mass lost to evaporative flux, and net production was calculated.

date CH, pool flux week SA week GW area V week avg | velocity dm/dt QCout R (gC d™) R, (gC d") | prod rate
avg (g C) avg (mmol avg (m%) week avg (m®) week avg (gCdh (gCdh (gCm?2d"
m” d") (m?) (ms™)

4/25 3.54E+01

5/2 2.81E+01 4.45E-01 2.69E+03 1.81E+02 1.46E+03 -3.74E-07 -1.04E+00 1.27E-01 1.44E+01 1.35E+01 5.00E-03
5/11 1.39E+01 2.96E-01 2.46E+03 1.73E+02 1.18E+03 -4.14E-07 -1.58E+00 1.10E-01 8.75E+00 7.28E+00 2.96E-03
5/19 1.38E+01 5.02E-01 2.09E+03 1.59E+02 8.81E+02 -4.31E-07 -1.02E-02 9.29E-02 1.26E+01 1.27E+01 6.06E-03
5/26 2.04E+01 1.05E+00 1.65E+03 1.41E+02 6.09E+02 -4.42E-07 9.42E-01 1.51E-01 2.08E+01 2.19E+01 1.32E-02
6/1 3.93E+00 8.37E-01 1.30E+03 1.25E+02 4.10E+02 -4.78E-07 -2.75E+00 1.53E-01 1.31E+01 1.05E+01 8.05E-03
6/8 8.53E+00 1.25E+00 1.03E+03 1.10E+02 2.70E+02 -5.77E-07 6.58E-01 1.27E-01 1.54E+01 1.62E+01 1.58E-02
6/13 4.92E+00 2.19E+00 7.92E+02 9.64E+01 1.69E+02 -6.42E-07 -7.22E-01 2.13E-01 2.08E+01 2.03E+01 2.56E-02
6/20 2.34E+01 2.10E+01 5.58E+02 8.01E+01 8.89E+01 -6.42E-07 2.64E+00 7.07E-01 1.41E+02 1.44E+02 2.58E-01
7/5 3.29E-01 2.21E+01 4.35E+02 4.66E+01 2.62E+01 -6.42E-07 -1.54E+00 1.17E+00 1.15E+02 1.15E+02 2.64E-01
7/13 1.15E+00 3.29E+01 5.17E+01 2.14E+01 2.41E+00 -6.42E-07 1.03E-01 3.64E-01 2.04E+01 2.09E+01 4.04E-01
7/19 1.08E+00 5.42E+01 4.79E+01 1.92E+01 1.82E+00 -6.42E-07 -1.28E-02 6.52E-01 3.12E+01 3.18E+01 6.63E-01
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Table A.1.8. Net production of CO; in P3. Production was calculated using the mass of carbon in the pool, the surface area,

groundwater area, pool volume, and groundwater velocity. Change in mass in the vernal pool, mass leaving through groundwater,
mass lost to evaporative flux, and net production was calculated.

date CO; pool flux week SA week GW area V week avg | velocity dm/dt QCout R (gC d™) R, (gC d") | prod rate
avg (g C) avg (mmol avg (m2) week avg (m3) week avg (gC d'l) (gC d'l) (gC m? dh
m~d") (m’) (ms™)

4/25 3.25E+03

52 2.27E+03 4.64E+01 2.69E+03 1.81E+02 1.46E+03 -3.74E-07 -1.40E+02 1.10E+01 1.50E+03 1.37E+03 5.09E-01
5/11 1.38E+03 3.62E+01 2.46E+03 1.73E+02 1.18E+03 -4.14E-07 -9.89E+01 9.54E+00 1.07E+03 9.81E+02 3.99E-01
5/19 9.59E+02 4.19E+01 2.09E+03 1.59E+02 8.81E+02 -4.31E-07 -5.24E+01 7.85E+00 1.05E+03 1.01E+03 4.81E-01
5/26 9.46E+02 5.38E+01 1.65E+03 1.41E+02 6.09E+02 -4.42E-07 -1.86E+00 8.41E+00 1.07E+03 1.07E+03 6.49E-01
6/1 6.33E+02 6.77E+01 1.30E+03 1.25E+02 4.10E+02 -4.78E-07 -5.22E+01 9.92E+00 1.06E+03 1.02E+03 7.80E-01
6/8 3.54E+02 7.67E+01 1.03E+03 1.10E+02 2.70E+02 -5.77E-07 -3.99E+01 1.01E+01 9.46E+02 9.16E+02 8.91E-01
6/13 1.79E+02 6.86E+01 7.92E+02 9.64E+01 1.69E+02 -6.42E-07 -3.51E+01 8.42E+00 6.52E+02 6.25E+02 7.89E-01
6/20 3.35E+02 3.20E+02 5.58E+02 8.01E+01 8.89E+01 -6.42E-07 2.23E+01 1.28E+01 2.14E+03 2.18E+03 3.90E+00
7/5 8.57E+00 3.67E+02 2.43E+02 4.66E+01 2.62E+01 -6.42E-07 -2.18E+01 1.69E+01 1.07E+03 1.07E+03 4.39E+00
7/13 9.86E+00 2.43E+02 4.79E+01 2.14E+01 2.41E+00 -6.42E-07 1.62E-01 4.53E+00 1.40E+02 1.44E+02 3.01E+00
7/19 1.25E+01 3.44E+02 3.99E+01 1.92E+01 1.82E+00 -6.42E-07 4.43E-01 6.54E+00 1.65E+02 1.72E+02 4.31E+00
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Table A.1.9. Net production of CHy in P4. Production was calculated using the mass of carbon in the pool, the surface area,

groundwater area, pool volume, and groundwater velocity. Change in mass in the vernal poop, mass leaving through groundwater,
mass lost to evaporative flux, and net production was calculated.

date CH, pool flux week SA week GW area V week avg | velocity dm/dt QCout R (gC d™) R, (gC d") | prod rate
avg (g C) avg (mmol avg (m2) week avg (m3) week avg (gC d'l) (gC d'l) (gC m? dh
m~d") (m’) (ms™)

4/25 8.09E+00

5/2 8.52E+00 1.96E+00 4.12E+02 3.52E+01 8.63E+01 -2.40E-07 6.16E-02 7.02E-02 9.68E+00 9.82E+00 2.38E-02
5/11 3.93E+01 1.08E+00 4.07E+02 3.50E+01 8.44E+01 -2.52E-07 3.42E+00 2.16E-01 5.28E+00 8.92E+00 2.19E-02
5/19 1.56E+01 1.64E+00 4.00E+02 3.46E+01 8.17E+01 -2.51E-07 -2.96E+00 | 2.53E-01 7.86E+00 5.16E+00 1.29E-02
5/26 5.33E+01 5.17E+00 3.65E+02 3.31E+01 6.95E+01 -2.76E-07 5.38E+00 3.91E-01 2.27E+01 2.84E+01 7.79E-02
6/1 5.77E+01 8.84E+00 3.24E+02 3.11E+01 5.61E+01 -2.96E-07 7.35E-01 7.88E-01 3.44E+01 3.59E+01 1.11E-01
6/20 1.53E+01 1.93E+01 2.81E+02 2.89E+01 4.39E+01 -2.96E-07 -2.23E+00 6.15E-01 6.53E+01 6.37E+01 2.26E-01
7/5 1.78E+00 1.56E+01 2.16E+02 2.51E+01 2.94E+01 -1.98E-07 -9.03E-01 1.25E-01 4.04E+01 3.96E+01 1.84E-01
7/13 1.90E+00 4.38E+00 1.43E+02 2.03E+01 1.58E+01 -1.18E-07 1.57E-02 2.41E-02 7.51E+00 7.55E+00 5.28E-02
7/19 4.29E-01 4.75E+00 1.06E+02 1.74E+01 9.64E+00 -1.37E-07 -2.46E-01 2.49E-02 6.01E+00 5.79E+00 5.49E-02
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Table A.1.10. Net production of CO, in P4 Production was calculated using the mass of carbon in the pool, the surface area,

groundwater area, pool volume, and groundwater velocity. Change in mass in the vernal pool, mass leaving through groundwater,
mass lost to evaporative flux, and net production was calculated.

date CO; pool flux week SA week GW area V week avg | velocity dm/dt QCout R (gC d™) R, (gC d") | prod rate
avg (g C) avg (mmol avg (m2) week avg (m3) week avg (gC d'l) (gC d'l) (gC m? dh
m”d") (m’) (ms™)

4/25 4.73E+02

5/2 6.75E+02 1.34E+02 4.12E+02 3.52E+01 8.63E+01 -2.40E-07 2.89E+01 4.85E+00 6.61E+02 6.95E+02 1.68E+00
5/11 8.90E+02 9.36E+01 4.07E+02 3.50E+01 8.44E+01 -2.52E-07 2.38E+01 7.06E+00 4.57E+02 4.88E+02 1.20E+00
5/19 4.55E+02 1.02E+02 4.00E+02 3.46E+01 8.17E+01 -2.51E-07 -5.43E+01 6.19E+00 4.88E+02 4.40E+02 1.10E+00
5/26 1.04E+03 1.56E+02 3.65E+02 3.31E+01 6.95E+01 -2.76E-07 8.35E+01 8.48E+00 6.82E+02 7.74E+02 2.12E+00
6/1 7.13E+02 2.04E+02 3.24E+02 3.11E+01 5.61E+01 -2.96E-07 -5.44E+01 1.24E+01 7.95E+02 7.53E+02 2.32E+00
6/20 2.15E+02 2.47E+02 2.81E+02 2.89E+01 4.39E+01 -2.96E-07 -2.62E+01 7.82E+00 8.35E+02 8.16E+02 2.90E+00
7/5 1.52E+02 2.94E+02 2.16E+02 2.51E+01 2.94E+01 -1.98E-07 -4.19E+00 | 2.68E+00 7.61E+02 7.60E+02 3.53E+00
7/13 7.40E+01 3.23E+02 1.43E+02 2.03E+01 1.58E+01 -1.18E-07 -9.79E+00 1.48E+00 5.55E+02 5.47E+02 3.82E+00
7/19 4.39E+01 2.77E+02 1.06E+02 1.74E+01 9.64E+00 -1.37E-07 -5.03E+00 1.26E+00 3.51E+02 3.47E+02 3.29E+00
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APPENDIX B
TEMPORAL TRENDS IN WATER CHEMISTRY FOR
FOUR VERNAL POOLS IN ME, USA

B2.1. Methods
B2.1.1. Study Area
We studied four vernal pools in Maine, USA (Figure 1.1). P1 and P2 are located on the
Presumpscot Formation (Table 1.1), a low permeability glacio-marine silt/clay. P1 and P2
are in Bangor, Maine, ~200 m from surrounding areas of human activity and moderate
landscape modification. P1 is in a closed canopy, dominantly deciduous forest. P2 has an
open canopy, with shrubs and emergent aquatic vegetation as the dominant cover. Part of
the P2 watershed was in open fields and is now regenerating to forest. P3 is located on a
sand and gravel esker in a minimally modified landscape located ~100 m from a gravel
road used by logging trucks. P3 is very large and so is open canopy with a mixed
deciduous and coniferous forest surrounding the pool. P4 is located on thin glacial till and
is in a managed forest ~1 km from routine human activity or development, but ~10 m
from a logging road. This site has closed canopy with dominantly deciduous forest cover.
All sites have been logged but P1, P2, and P3 have not been cut for at least 25 years.

Spring 2016 was a relatively dry year. During the study period, Bangor, ME (near
to P1, P2, and P4) and Osborn, ME (near to P3) received 6.1, 6.1, 9.2, and 13.2 cm of
precipitation in April, May, June, and July, respectively. The 1981 to 2010 normal
monthly precipitation is 9.2, 9.2, 9.6, and 8.8 cm in April, May, June, and July,
respectively (National Weather Service 2017). The four pools had varying hydroperiods.

In 2016, P1 had a maximum volume of 31 m® and P2 had a maximum volume of 58 m’
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(Table 1.1.). P3 was the largest of the pools, with an estimated maximum high water
volume of 2930 m’. P4 had a maximum volume of 126 m® (Table 1.1.; Straka, 2017). All
four pools were at their greatest extent in March. P1 was dry by Julian day 173, P2 was
dry by Julian day 216, and P3 and P4 were dry by Julian day 209.
B2.1.2. Field Methods
Water in all pools was sampled at the deepest point, with the exception of P3, which was
sampled at a depth of 1.25 m until later in the season when the deepest section was more
accessible. Sampling locations were marked with a stake. Two lengths of Tygon™ tubing
were attached to each stake, one fixed at ~5 cm from the bottom sediment of the pool,
and one floating ~5 cm below the water surface. The floating tube was attached to a
fishing bobber so that the tube inlet would fluctuate with the water level. These two tubes
allowed for remote sampling of benthic and surface waters of the pools. Water was
sampled through the tubes using a hand held vacuum pump to avoid disturbing the pool
sediments and water chemistry.

We sampled from each pool at a minimum of every 10 days from ice-out in late
April until the pools dried completely in June or July. Temperature was measured by a
glass thermometer from the edge of the pool. The measurements were taken at the shore,
progressing into the center of the pool as the water level decreased. Aqueous samples for
dissolved oxygen (DO), closed cell pH, ortho-phosphate (ortho-P), nitrate (NO3"),
ammonium (NHy4"), chloride (CI), sulfate (SO4>), sodium (Na"), potassium (K"),
magnesium (Mg?"), calcium (Ca®"), dissolved organic carbon (DOC), alkalinity,
chlorophyll a (chl a), speciated aluminum (Al), speciated iron (Fe), speciated manganese

(Mn), and speciated silicon (Si) were obtained from the surface and benthic tubes.
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Samples from each pool were taken at approximately the same time of day to minimize
variation caused by diurnal fluctuations. Immediately after collection, all samples were
placed on ice in the dark prior to their laboratory analysis.

We sampled dissolved oxygen (DO) directly from the tubing with a 100 mL
syringe with no air contact. The 100 mL DO sample was flushed into a 60 mL BOD
bottle via a tube that extended to the bottom of the bottle. We measured DO using a Y SI
5100 Dissolved Oxygen Meter the same day as sample collection. We also sampled pH
directly from the tubing using a sealable 60 mL syringe. These samples were passed
through a Cole-Parmer 800 pL closed flow-through cell equipped with a Cole-Parmer
combination, double junction pH electrode.

Samples for ortho-P, NO; and NH,4" were filtered through a 0.45 um membrane
(Whatman Puradisc 0.45 um polypropelyne) into a 50 mL centrifuge tube. Samples were
analyzed at the Analytical Laboratory and Maine Soil Testing Service at the University of
Maine. Ortho-P concentration was determined by colorimetric ascorbic acid method
using ammonium molybdate and potassium antimonyl tartrate (O’Dell 1993). NO5
concentration was analyzed conductimetrically by ion chromatography (Dionex 2000i
Ion Chromatograph). NH;" concentration was determined colorimetrically by ion
analyzer using the hypochlorite/salicylate method (Eaton et al. 1995).

We filtered samples for Cl, SO4*, Na', K, Mg*", Ca®", and DOC (Whatman
Puradisc 0.45 pm polypropelyne filters) into 60 mL Nalgene™ bottles. Anions (CI,, SO4*
) and cations (Na”, K, Mg®", Ca*") were analyzed using ion chromatography (Dionex
ICS1100), and DOC by high temperature catalytic combustion with NDIR detection

(Shimadzu TOC-L and NM-1 with ASI-L. Autosampler).
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We collected alkalinity samples in 125 mL Nalgene bottles and analyzed them
using the Inflection Point method. Samples for chl a were collected in 125 mL glass
amber bottles, filtered through a glass fiber pre-filter (Sartorious, 13400 grade) and
frozen until analysis by hot ethanol extraction followed by spectrophotometric analysis
(Thermo Scientific Genesys 10UV). Anions, cations, DOC, alkalinity and chl a were
analyzed at the University of New Hampshire Water Quality Analysis Laboratory.

Three types of trace metal samples were taken: total, dissolved, and organically
bound. The total metals sample was not filtered and includes particulate metals.
Dissolved metals samples were collected by filtering through a Whatman Puradisc 0.45
um polypropelyne syringe filter. Subtraction of dissolved metals from total metals yields
particulate metals. Lastly, raw sample was filtered through a Whatman Puradisc .45
micron polypropelyne syringe filter and passed through a Dowex HCR-W?2 cation
exchange to determine organically bound metals. The metals that were captured by the
ion exchange resin (organically bound metals subtracted from the dissolved metals) are
ionic metals. If the ionic metals were calculated to be negative, this meant that either
dissolved, organically bound values exceed dissolved metals (an impossibility), or some
particulate passed through the filter prior to ion exchange and passed through the resin, or
there were analytical errors. Such cases were rare. Metal samples were acidified with 1
drop of 50% HNOj; per 20 ml, put on ice, and transported to the Sawyer Water Research
Laboratory for analysis using ICP-MS (Thermo Element 2 high resolution).

B2.1.3. Statistical Analysis
Before statistical analysis, we transformed variables that were not normally distributed,

so that they more closely resembled a normal distribution curve. Temperature, ortho-P,
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NH4", CI, SO4*, Na', K', Ca*", DOC, unbound Al, total Fe, DOC bound Fe, unbound Fe,
total Mn, DOC bound Mn, and unbound Mn were log transformed. Chlorophyll a and
NOs’, were log transformed (as 1 + variable value) to account for zero values in the
datasets. Alkalinity and unbound Si were square root transformed. We performed linear
regression and analysis of variance (R version 3.3.3, R Core Team) to examine trends and

variation among pools. Significance was considered to be p < 0.05.

B2.2. Results

B2.2.1 Temperature

In P1, the water temperature in the four pools from ice off until dry down ranged from 14
to 22 °C. P2’s temperature ranged from 15 to 30 °C. The water temperature in P3 ranged
from 9.5 to 31°C. The temperature in P4 ranged from 8 to 19 °C. The temperature of the

four pools combined increased over the season (R” = 0.39, p < 0.001). There were

significant differences in temperature among pools (p < 0.001).
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temp °C

temp “C

date date

Figure B.2.1. Surface temperature in four vernal pools. Samples collected from April to

August 2016.

B2.2.2 Dissolved oxygen

The DO concentrations in the four pools ranged from 0.6 to 10.3 mg L™, with a mean of
4.85+0.26 mg L™ for the four pools. The DO ranged from 0.6 to 4.9 mg L™ in P1, from
0.7 to 10.3 mg L™ in P2, from 1.2 to 10.2 mg L™ in P3, and from 0.8 to 8.9 mg L™ in P4.
The DO concentrations among pools were significantly different (p < 0.001), as well as
the concentrations between benthic and surface samples (p < 0.001), with the benthic
samples almost always lower than the surface samples. DO concentrations were
hypothesized to decrease over the season as they do in lakes, because of temperature
increased and they became more metabolically active. There was no relationship between
DO and time. This could be a result of the changing water level of the vernal pools and

the shallow water level that allows oxygen to be mixed throughout the basin.
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Figure B.2.2. Dissolved oxygen concentrations in four vernal pools. Samples collected

from April to August 2016.

B2.2.3. pH

The pH in the four pools ranged from 4.4 to 6.0 within the four pools with an average of
5.1 £0.3. The pH ranged from 4.8 to 5.4 in P1, from 4.9 to 5.9 in P2, from 4.4 to 5.7 in
P3, and from 4.4 to 6.0 in P4. The pH in the four pools combined generally decreased
over the season (R*=0.17, p < 0.001). There were significant variations in pH among the

four pools (p <0.001), but not between the benthic and surface samples.
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Figure B.2.3. The pH in four vernal pools. Samples collected from April to August 2016.

B2.2.4. Nutrients

B2.2.4.1. Ortho-P

Ortho-P concentrations in the four pools ranged from below the detection limit (0.016 mg

L") to 0.76 mg P L™, with an average of 0.07 + 0.1 mg P L. The ortho-P concentration

ranged from below detection to 0.09 mg P L™ in P1, from below detection to 0.12 mg P

L in P2, from below detection to 0.76 mg P L™ in P3, and from below detection to 0.20

mg P L in P4. The concentrations combined increased throughout the season (R* = 0.39,

p <0.001), and varied significantly among pools (p < 0.05), but not between benthic and

surface samples.
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Figure B.2.4. Ortho-P concentrations in four vernal pools. Samples collected from April

to August 2016.

B2.2.4.2. Nitrate

Nitrate concentrations in the four pools were near or below the detection limit (0.002 mg
N L) for the duration of sampling. Nitrate concentration ranged from 0.0 to 0.05 mg L
with an average of 0.01 + 0.01 mg N L. The NO;™ concentration was always at or below
detection in P1, from below detection to 0.01 mg N L™ in P2, from below detection to
0.05 mg N L in P3, and from below detection to 0.04 mg N L in P4. These four vernal
pools were NO5 limited, based on the very low concentrations of NOs'. Nitrate had a
weak but significant increasing relationship with time (R* = 0.07, p < 0.01). There were

significant variations in NOs™ among pools (p < 0.05).
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Figure B.2.5. Nitrate concentrations in four vernal pools. Samples collected from April to

August 2016.

B2.2.4.3. Ammonium

Ammonium concentrations in the four pools ranged from below the detection limit (0.02

mg N L") to 2.9 mg L™, with an average of 0.14 + 0.41 mg N L. The NH,"

concentration ranged from below detection to 0.63 mg N L™ in P1, from below detection

to 0.31 mg N L in P2, from below detection to 2.94 mg N L' in P3, and from below

detection to 0.47 mg N L™ in P4. Concentrations of NH," increased during the season (R

=0.45, p <0.001), and did not vary significantly among pools or between benthic and

surface samples.
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Figure B.2.6. Ammonium concentrations in four vernal pools. Samples collected from

April to August 2016.

B2.2.5. Anions and Cations

B2.2.5.1. Chloride

The concentrations of CI” in the four pools ranged from 0.83 to 22.45 mg C1 L™, with an

average of 2.42 + 2.38 mg Cl1 L' The CI" concentration ranged from 2.14 to 22.45 mg Cl
L'in P1, from 0.83 to 3.58 mg Cl L'in P2, from 1.73 to 3.78 mg Cl L'in P3, and from
1.26 to 1.88 mg C1 L™ in P4. There was a significant decreasing linear relationship

between CI and time (R* = 0.14, p < 0.001). There were significant differences in CI

concentrations among pools (p < 0.001).

71



—

ClmgCIL™!

w

Cl'mg CI1L™

w
i

PRSBSOS s

e o0 9o 0% 80 ¢ © ¢ o o

\1'\1'-. J l'm ,I:xi
date

May Jun Jul
date

‘\:.-,-

Figure B.2.7. Chloride concentrations in four vernal pools. Samples collected from April

to August 2016.

B2.2.5.2. Sulfate

The concentrations of SO4* in the four pools ranged from 0.01 to 4.99 mg S L™, with an

average of 0.33 + 0.82 mg S L. The SO4> concentration ranged from 0.03 to 4.99 mg S

L' in P1, from 0.01 to 0.18 mg S L' in P2, from 0.03 to 0.33 mg S L' in P3, and from

0.04 to 0.49 mg S L™ in P4. There was no significant linear relationship between SO4*

and time. There were significant differences in SO4> concentrations among pools (p <

0.001).
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Figure B.2.8. Sulfate concentrations in four vernal pools. Samples collected from April to

August 2016.

B2.2.5.3. Sodium

The concentrations of Na* in the four pools ranged from 1.04 to 12.99 mg Na L™, with an
average of 1.97 + 1.32 mg Na L™'. The Na" concentration ranged from 1.78 to 12.99 mg
NaL'in P1, from 1.33 to 3.33 mg Na L'in P2, from 1.21 to 3.02 mg Na L'in P3, and
from 1.04 to 1.99 mg Na L in P4. There was a weak but significant negative linear
relationship between Na' and time (R* = 0.05, p < 0.05). There were significant

differences in Na™ concentrations among pools (p < 0.001).
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Figure B.2.9. Sodium concentrations in four vernal pools. Samples collected from April
to August 2016.

B2.2.5.4. Potassium

The concentrations of K™ in the four pools ranged from 0.16 to 4.16 mg K L™, with an
average of 0.84 + 0.58 mg K L. The K" concentration ranged from 0.31 to 1.92 mg K L
"in P1, from 0.16 to 1.41 mg K L in P2, from 0.23 to 4.16 mg K L' in P3, and from
0.41 to 1.17 mg K L™ in P4. There was a significant increasing relationship between K*

and time (R* = 0.24, p < 0.001). There were significant differences in K* concentrations
among pools (p < 0.001).
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Figure B.2.10. Potassium concentrations in four vernal pools. Samples collected from

April to August 2016.

B2.2.5.5. Magnesium

The concentrations of Mg”" in the four pools ranged from 0.21 to 1.90 mg Mg L™, with

an average of 0.96 + 0.45 mg Mg L™, The Mg”" concentration ranged from 0.72 to 1.54

mg Mg L™ in P1, from 0.97 to 1.81 mg Mg L™ in P2, from 0.21 to 1.69 mg Mg L™ in P3,

and from 0.26 to 1.90 mg Mg L in P4. There was no significant linear relationship

between Mg®" and time. There were significant differences in Mg”" concentrations

among pools (p < 0.001).
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Figure B.2.11. Magnesium concentrations in four vernal pools. Samples collected from

April to August 2016.

B2.2.5.6. Calcium

The concentrations of Ca”" in the four pools ranged from 0.58 to 10.78 mg Ca L™, with
an average of 3.55 + 2.62 mg Ca L. The Ca®" concentration ranged from 1.26 to 4.52
mg Ca L™ in P1, from 2.28 to 5.61 mg Ca L™ in P2, from 0.58 to 10.78 mg Ca L' in P3,
and from 1.03 to 9.89 mg Ca L™ in P4. There was not a significant relationship between

2+ . .. . . 2+ .
Ca™ and time. There were significant differences in Ca™ concentrations among pools (p

<0.001).
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Figure B.2.12. Calcium concentrations in four vernal pools. Samples collected from April

to August 2016.

B2.2.6. Dissolved Organic Carbon

The concentrations of DOC in the four pools ranged from 5.82 to 148.35 mg C L™, with

an average of 18.93 + 14.96 mg C L. The DOC concentration ranged from 8.40 to 20.32

mg C L in P1, from 13.20 t0 29.12 mg C L™ in P2, from 5.82 to 28.68 mg C L' in P3,

and from 9.65 to 148.35 mg C L™ in P4. There was a significant increasing linear

relationship between DOC and time (R* = 0.22, p < 0.001). There were significant

differences in DOC concentrations among pools (p < 0.001).
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Figure B.2.13. Dissolved organic carbon concentrations in four vernal pools. Samples

collected from April to August 2016.

B2.2.7. Alkalinity

Alkalinity ranged from 23.3 to 481.7 peq L™ in the four pools, with an average of 169.9 +
121.2 peq L. The alkalinity ranged from 35.9 to 169.5 peq L™ in P1, from 56.3 to 296.1
peq L in P2, from 23.3 to 338.7 peq L' in P3, and from 212.4 to 481.7 peq L™ in P4.
There was a significant increasing relationship between alkalinity and time (R*=0.11, p

<0.001). There were significant differences in alkalinity among pools (p < 0.001).
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Figure B.2.14. Alkalinity in four vernal pools. Sampled from from April to August 2016.

B2.2.8. Chlorophyll a

Chlorophyll & concentrations in the four pools ranged from ranged from 0 to 190 pg L™,
with an average of 15.3 + 31.1 pug L™, suggesting trophic level ranging from oligotrophic
to hypereutrohpic throughout the wet season in 2016. Chlorophyll a concentrations
ranged from 0 to 43 pg L in P1, from 0 to 20 pg L™ in P2, from 0 to 190 pg L™ in P3,
and from 0 to 29 pg L™ in P4. There was no significant relationship between chl @ and

time. The chl a concentrations varied significantly between pools (p < 0.001).
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Figure B.2.15. Chlorophyll a concentrations in four vernal pools. Samples collected from

April to August 2016.

B2.2.9. Metals

B2.2.9.1. Aluminum

The concentrations of totalaluminum (Al) ranged from 48 to 375 ug L', with an overall

average of 176 + 94 ug L. Total Al concentrations ranged from 111 to 353 ug L in P1,

from 200 to 375 pug L in P2, from 48 to 146 pg L in P3, and from 73 to 276 pg L™ in

P4. There was a weak, but significant increasing relationship between Al and time (R* =

0.07, p <0.01). There were significant differences in total Al concentrations among pools

(p < 0.001).
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Figure B.2.16. Concentrations of total Al in four vernal pools. Samples collected from

April to August 2016.

The concentrations of organically bound Al ranged from 33 to 259 pug L™, with an
overall average of 128 + 64 pg L™, Organically bound Al concentrations ranged from 48
to 243 ug L™ in P1, from 78 to 259 pug L™ in P2, from 33 to 49 ug L™ in P3, and from 62
to 227 ug L' in P4. There was a weak, but significant increasing relationship between
DOC bound Al concentrations and time (R* = 0.05, p < 0.05). There were significant

differences in organically bound Al concentrations among pools (p < 0.001).
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Figure B.2.17. Concentrations of organically bound Al in four vernal pools. Samples

collected from April to August 2016.

The concentrations of ionic Al ranged from 0 to 120 ug L™, with an overall
average of 30 + 25 ug L. Tonic Al concentrations ranged from 10 to 93 pg L™ in P1,
from 0 to 120 pg L™ in P2, from 0 to 9 pg L™ in P3, and from 0 to 68 pg L™ in P4. There
was not a significant relationship between ionic Al concentrations and time. There were

significant differences in ionic Al concentrations among pools (p < 0.001).

82



i a = —
ionic Alug L™
w

ionic Al ug L™ o

00 1
1{ o0 omeme oo o 8 oo 04 M‘o -8
; . Y \l'.xx ?1' _h'll

May Jun Jul Aug

Jun \::-,'
date date

Figure B.2.18. Concentrations of ionic Al in four vernal pools. Samples collected from

April to August 2016.

B2.2.9.2. Iron

Concentrations of total iron (Fe) ranged from 33 to 5664 pg L™, with an overall average
of 1252 + 1567 pg L. Concentrations of total Fe ranged from 607 to 4578 ug L in P1,
from 706 to 5664 pg L™ in P2, from 32 to 120 pg L™ in P3, and from 94 to 1027 ug L™ in
P4. There was a weak but significant increasing relationship between total Fe and time
(R*=0.04, p < 0.05). There were significant differences in concentrations of total Fe

among pools (p < 0.001).
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Figure B.2.19. Concentrations of total Fe in four vernal pools. Samples collected from

April to August 2016.

The concentrations of organically bound Fe ranged from 32 to 4107 pg L™, with
an overall average of 726 + 888 pg L™'. Concentrations of organically bound Fe ranged
from 324 to 2190 pg L™ in P1, from 415 to 4107 pg L™ in P2, from 32 to 80 pg L™ in P3,
and from 71 to 465 pug L™ in P4. There was a weak but significant increasing relationship
between organically bound Fe concentrations and time (R* = 0.06, p = 0.01). There were

significant differences in concentrations of organically bound Fe among pools (p <

0.001).
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Figure B.2.20. Concentrations of organically bound Fe in four vernal pools. Samples

collected from April to August 2016.

The concentrations of ionic Fe ranged from 0 to 3480 pg L™, with an overall
average of 250 + 525 pg L. Tonic Fe concentrations ranged from 73 to 3480 ug L™ in
P1, from 0 to 2415 pg L™ in P2, from 0 to 29 pg L™ in P3, and from 0 to 541 ug L™ in
P4. There was a weak but significant increasing relationship between ionic Fe
concentrations and time (R” = 0.064 p < 0.05). There were significant differences in ionic

Fe concentrations among pools (p < 0.001).
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Figure B.2.21. Concentrations of ionic Fe in four vernal pools. Samples collected from

April to August 2016.

B2.2.9.3. Manganese

The concentrations of total manganese (Mn) ranged from 18 to 675 pg L™, with an
overall average of 89 + 98 pg L. Concentrations of total Mn ranged from 63 to 165 pg
L' in P1, from 38 to 675 pug L in P2, from 20 to 41 pug L™ in P3, and from 18 to 112 pg
L' in P4. There was a significant increasing relationship between total Mn and time (R =

0.10, p <0.01). There were significant differences in total Mn concentrations among

pools (p <0.001).
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Figure B.2.22. Concentrations of total Mn in four vernal pools. Samples collected from

April to August 2016.

The concentrations of organically bound Mn ranged from 0 to 18 pg L™, with an

overall average of 2 + 3 pg L™, Organically bound Mn ranged from 0 to 2 ug L in P1,

from 0 to 18 ug L™ in P2, from 0 to 1 pg L' in P3, and from 0 to 3 pg L' in P4. There

was a significant increasing relationship between organically bound Mn concentrations

and time (R* = 0.38, p < 0.001). There were significant differences in organically bound

Mn concentrations among pools (p < 0.001).

87



—~ 6004 600

=0

=

=]

> 4004 -— 400 1

b~

=

g 200 200

S

20

= 04 o e o o9 " o0 04 e ¢ & oo o o8 o o 8 o0 o
May Jun Jul Aug May Jun Jul \ug

3 4

~ GO0 BUIE

20

3

=

‘; 4004 400

s~

g

2 2004 20

£

0

o N{ e e e e e oo @ o o o o h{ e @ e ® e o o9 o ¢ @ o o
May Jun Jul Aug May Jun Jul \ug

date date

Figure B.2.23. Concentrations of organically bound Mn in four vernal pools. Samples

collected from April to August 2016.

The concentrations of ionic Mn ranged from 16 to 651 pg L™, with an overall
average of 85 + 94 ug L. Tonic Mn concentrations ranged from 53 to 157 ug L™ in P1,
from 35 to 651 pg L™ in P2, from 17 to 31 ug L™ in P3, and from 16 to 101 pg L™ in P4.
There was a significant increasing relationship between ionic Mn concentrations and time
(R*=0.09, p < 0.01). There were significant differences in ionic Mn concentrations

among pools (p < 0.001).
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Figure B.2.24. Concentrations of ionic in four vernal pools. Samples collected from April

to August 2016.

B2.2.9.4. Silicon

The concentrations of total silicon (Si) ranged from 63 to 5207 pg L™, with an overall
average of 2173 + 1285 ug L. Concentrations of total Si ranged from 2402 to 4707 pg
L in P1, from 63 to 1701 pug L™ in P2, from 1467 to 3945 pug L™ in P3, and from 2027 to

5207 pug L in P4. There was no significant relationship between total Si and time. There

were significant differences in total Si among pools (p < 0.001).
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Figure B.2.25. Concentrations of total Si in four vernal pools. Samples collected from

April to August 2016.

The concentrations of organically bound Si ranged from 45 to 4537 ug L™, with
an overall average of 2017 + 1191 pg L. Organically bound Si concentrations ranged
from 2203 to 3953 ug L™ in P1, from 45 to 1441 pg L™ in P2, from 1250 to 3730 pg L™
in P3, and from 2002 to 4537 pg L™ in P4. There was no significant relationship between
organically bound Si and time. There were significant differences in concentrations of

organically bound Si among pools (p < 0.001).
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Figure B.2.26. Concentrations of organically bound Si in four vernal pools. Samples

collected from April to August 2016.

The ionic concentrations of Si ranged from 0 to 678 pg L™, with an overall
average of 149 + 157 pg L. Tonic Si concentrations ranged from 0 to 678 pg L™ in P1,

from 0 to 336 pg L™ in P2, from 23 to 489 pg L™ in P3, and from 0 to 543 pg L™ in P4.

There was a weak but significant increasing relationship between ionic Si and time (R
0.07, p <0.01). There were significant differences in concentrations of ionic Si among

pools (p <0.001).
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Figure B.2.27. Concentrations of ionic Si in four vernal pools. Samples collected from

April to August 2016.
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