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• DrylandMiscanthus × gigantus yield was 12–15 Mg ha−1 in the southeastern USA.
• Carbon budgets indicated that both miscanthus and maize fields lost carbon.
• Miscanthus water use efficiency was comparable to maize when not under drought stress.
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Second generation biofuels, such as perennial grasses, have potential to provide biofuel feedstockwhile growing
on degraded land with minimal inputs. Perennial grasses have been reported to sequester large amounts of soil
organic carbon (SOC) in theMidwestern United States (USA). However, there has been little work on biofuel and
carbon sequestration potential of perennial grasses in the Southeastern US. Biofuel productivity for dryland
Miscanthus × gigantus and irrigated maize in Georgia, USA were quantified using eddy covariance observations
of evapotranspiration (ET) and net ecosystem exchange (NEE) of carbon. Miscanthus biomass yield was
15.54 Mg ha−1 in 2015 and 11.80 Mg ha−1 in 2016, while maize produced 30.20 Mg ha−1 of biomass in 2016.
Carbon budgets indicated that both miscanthus and maize fields lost carbon over the experiment. The
miscanthus field lost 5 Mg C ha−1 in both 2015 and 2016 while the maize field lost 1.37Mg C ha−1 for the single
year of study. Eddy covariance measurement indicated that for 2016 the miscanthus crop evapotranspired
598 mm and harvest water use efficiencies ranged from 6.95 to 13.84 kg C ha−1 mm−1. Maize evapotranspired
659 mmwith a harvest water use efficiency of 19.12 kg C ha−1 mm−1. While biomass yields and gross primary
production were relatively high, high ecosystem respiration rates resulted in a loss of ecosystem carbon. Rela-
tively low biomass production, lowwater use efficiency and high respiration forMiscanthus× gigantus in this ex-
periment suggest that this strain of miscanthus may not be well-suited for dryland production under the
environmental conditions found in South Georgia USA.

© 2019 Elsevier B.V. All rights reserved.
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ET, evapotranspiration; EWUE, ecosystem water use efficiency; G, ground heat flux; GPP, gross primary production, estimated
); H, sensible heat; HWUE, harvest water use efficiency; IRGA, infrared gas analyzer; IRGASON, integrated infrared gas analyzer
em carbon balance (NECBb0 denotes net ecosystem carbon uptake); NEE, net ecosystem exchange, measured by the EC system
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espiration); Rnet, total radiation; Rs, shortwave radiation; SOC, soil organic carbon; u*, shear velocity;WUE,water use efficiency.
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1. Introduction
1 Mention of trade names or commercial products in this publication is solely for the
purpose of providing specific information and does not imply recommendation or en-
dorsement by the U.S. Department of Agriculture.
Second-generation biofuels are among the several types of advanced
biofuels that include sources of fuel other than ethanol derived from
corn starch and have lifecycle greenhouse gas emissions that are at
least 50% less than baseline greenhouse gas emissions (Energy
Independence Security Act [EISA], 2007). The use of second-
generation biofuels is mandated in EISA to increase from 3 to 16 billion
gallons between 2015 and 2022. The southeastern region of the USA is
projected to contribute approximately half of the feedstocks required
to meet the EISA goal (USDA, 2010). This region is highly suited to feed-
stock production (Bouton, 2002; Lowrance et al., 2010) where warm-
season perennial grasses, including giant miscanthus, have shown po-
tential for high yields (Behrman et al., 2014; Coffin et al., 2016; Na
et al., 2015). Lignocellulosic feedstocks have the potential to reduce
some of the negatives of current biofuel sources by way of requiring
less intensive agriculture practices with reduced inputswhilemaintain-
ing beneficial ecosystem services (Coffin et al., 2016; Heaton et al., 2008;
Zhuang et al., 2013).

Miscanthus is a perennial, C4 photosynthetic pathway plant that has
the potential for greater photosynthetic efficiency, water use efficiency,
and nitrogen use efficiency than other crops. In European systems,
miscanthus has been reported to yield 23–38 Mg dry biomass ha−1-

year−1 under ideal conditions and 14–15 Mg ha−1 year−1 under poor
conditions (Lewandowski et al., 2000), making it a promising candidate
for production on marginal land with reduced inputs. Miscanthus ×
gigantus is a sterile hybrid used as a biofuel feedstock in Europe (Jones
andWalsh, 2001) that has performedwell in Europe and in the USMid-
west (Heaton et al., 2010) indicating potential biomass productivity
greater than maize or switchgrass (Zhuang et al., 2013). When pro-
duced under rainfed conditions in the Midwestern USA, miscanthus
was reported to have greater water use efficiency per unit of produced
biomass than maize (VanLoocke et al., 2012; Zeri et al., 2013) and to
store organic carbon in soil as a net carbon sink (Zeri et al., 2011).

Although some studies conducted in the southeastern USA have
shown low yields (Burner et al., 2015; Fedenko et al., 2013), measure-
ments were only taken during the first few years following establish-
ment and may have underestimated yield potentials (Lewandowski
et al., 2000, 2016). In addition, early reproductive conversion (Clifton-
Brown and Lewandowski, 2000; Ings et al., 2013; Nunn et al., 2017)
and sensitivity to drought and heat stress (Clifton-Brown et al., 2001;
Lewandowski et al., 2000, 2016) are factors that may decrease biomass
productivity in the region.

The objectives of this study are to evaluate changes in biomass
productivity, carbon exchange, and soil organic carbon (SOC) change
and water use efficiency in fields under miscanthus production in
South Georgia and compare to traditionally cropped maize. Unique
features of this study include measurements in a mature (3–5 yr.)
miscanthus stand that was harvested twice a year to overcome issues
of reproductive conversion early in the growing season. The non-
destructive and non-invasive eddy covariance (EC) technique,
which has been widely used to assess environmental controls on bio-
fuel production (Anderson et al., 2015;Wagle et al., 2015;Wagle and
Kakani, 2014a, 2014b; Zeri et al., 2011, 2013), was used in combina-
tion with soil and plant sampling to estimate net above ground pri-
mary plant productivity, water use efficiency, carbon respiration
and change in SOC.

2. Materials and methods

2.1. Experimental site and management

Two EC towers were established in farm fields near Tifton, Georgia,
USA (Fig. 1). One site at (31°26′22.24″ N, 83°35′29.24″ W, elevation
= 101 m) (Fig. 1a) was managed to produce miscanthus (Miscanthus
× giganteus IL Clone). The site was planted in May 2012 under minimal
management practices and a rainfed water regime. The growing season
for miscanthus on this location is from March through October. Yield
measurements were taken 3 years after establishment in 2015 and
2016. Prior to 2012, the field was used for a mixture of vegetable and
row crop production. The EC system was established in the field July
2015, with data collected through 2016.

The second site (31°30′39.19″ N, 83°37′04.61″ W, elevation =
96 m), was managed for row-crop production by a local farmer and
monitored by Southeast Watershed Research Laboratory (Fig. 1b). The
EC system was established in this field August 2015. Cotton
(Gossypium hirsutum) was produced in 2015 and maize (Zea mays) in
2016. The data presented here are for the 2016 maize crop. The maize
farm is irrigated via center-pivot.

Average annual precipitation for the area is 1200 mm, and maxi-
mum and minimum mean monthly temperatures are 33 °C and 2.6 °C
(1981–2010 Climate Normal from NCDC). The study area is located
within the Tifton Upland portion of the Southeastern Plains ecoregion
of Georgia, USA. Soils in the area are well drained acidic loamy sands
in which the sandy topsoil extends about 40 cm and is underlain by a
clay sublayer. Soils are predominantly a Tifton loamy sand (6.5% clay,
84.1% sand, 9.4% silt, 0.73% SOC) with smaller areas comprised of a
Stilson loamy sand, a Carnegie sandy loam and an Alapaha loamy sand
(from Web Soil Survey online: https://websoilsurvey.sc.egov.usda.
gov/; accessed 03/30/2018). The soil at the miscanthus site is well
drained and does not retainwater, most of the plantedmaize site is sim-
ilar except for a portion of the north part of the field near the irrigation
pond which remains saturated much of the year (Fig. 1b).

Fields (13.9 ha) were prepared for miscanthus planting by
harrowing and laying of beds on 90 cm spacing. Miscanthus rhizomes
were planted in three rows per bed at 30 cm spacing with a target pop-
ulation of 35,800 rhizomes ha−1. After initial establishment irrigation
and pesticides were not used and crops were maintained under mini-
mal management, without irrigation. Fertilizers were applied based on
spring soil sampling andUniversity of Georgia Extension Service recom-
mendations for hybrid millets (Table 1). From 2015 through 2016
miscanthus was harvested twice a year after reaching reproductive se-
nescence, once in early June after approximately 50% of the miscanthus
had produced seed heads, and again in September or October. All bio-
mass was baled and removed from the fields (Table 1). Weed competi-
tion was observed in 2016 with substantial stand loss in some portions
of fields in 2017.

The maize (Zea mays) field was prepared early march with no-till
and the application of chicken litter (4.5 mg ha−1) and nitrogen fer-
tilizer (22 kg ha−1). Maize was planted March 14, 2016 in double
rows at 1 plant per 25 cm with 25 cm spacing between rows
(Table 2). Space between double rows alternated with 50 and
81 cm spacing, for a plant population of 88,889 ha−1. Irrigation of
292 mm was applied through center-pivot during the growing sea-
son March–July 2016. Nitrogen was applied through irrigation at
56 kg ha−1 four times April – May 2016 (Table 2) for a total of
247 kg ha−1 of nitrogen applied to the crop. The maize crop was har-
vested August 8, 2016.
2.2. Biophysical measurements

Miscanthus biomass measurements were taken from twenty-one
sample points determined to fall near the EC tower footprint (see
Fig. 1a and c). At each harvest interval, the research farm was mowed
using a mower (Wintersteiger - Cibus TRM Silage Plot Harvester, Salt
Lake City, UT, USA)1 except for a circular area having a 9.1 m radius

https://websoilsurvey.sc.egov.usda.gov/;
https://websoilsurvey.sc.egov.usda.gov/;


Fig. 1. Eddy Covariance sensor filter boundary and footprints. Sensors were located in Tift County, Georgia, USA (red point on inset map). Sensor filter boundary at (A) miscanthus site of
100 m radius with area behind tower of 350°–20° (azimuthal values with north = 0°) removed (sensor placed facing 190°). Sensor filter boundary at (B) maize site. Boundary for center
field location is at 100 m and radius and at the edge of field 300 m. A section of 250°–100° is filtered from the sensor data (sensor placed facing 170°). Average wind direction was 190°.
Points indicate sample locations for biomass and soils; white points were additionally sampled for root mass. Sensor footprint models (C) and (D) were generated by the Kljun model
(Kljun et al., 2015). Footprint contour lines representing mean contributions to the cumulative flux distribution are shown in steps of 10% from 10 to 90% (80% bold). The basemaps for
(A) and (B) are from aerial imagery captured on 14 June 2017 (A), and 2 October 2017 (B) using an unmanned aerial vehicle. The basemaps for (C) and (D) are from google maps
(image date 11 December 2014) (projection: UTM17N, NAD83). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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around each sampling point. A 2.4 m swath was cut through the stand-
ing biomass at each sample point andweighed. Five grab samples of bio-
mass were then collected for moisture and nutrient analyses. Maize
biomass was estimated from fifteen sample points determined to fall
near the EC tower footprintwhere the plantmaterial from 1.5m of dou-
ble planted rowwas gathered up (Fig. 1b and d). All plant material from
both sites wasweighed and then dried at 60° C until reaching a constant
weight to determine moisture content. Maize kernels were separated
from the cob, weighed and processed separately. Dried material was
then ground to pass a 1mm screen (WileyMill Model 4; Thomas Scien-
tific, Swedesboro, New Jersey, USA) prior to analysis for total carbon and
nitrogen content by combustion (Vario EL III; Elementar Americas Inc.,
Mt. Laurel, NJ, USA).

Soil carbonwasmeasured at themiscanthus site in May 2012, De-
cember 2016 and May 2017 and from the maize site in May 2017 at
the same points used for biomass sampling. Soil cores were taken
using a tractor mounted Giddings probe fitted with a clear plastic
sleeve inside the sampling tube (Giddings Machine Company,
Windsor, Colorado; 5.8 cm diameter core). Each core was plugged
with paper towels to minimize disturbance of the soil surface layer,
capped, transported to the lab, and stored at 4 °C until processed.
Cores were sub-sampled by depth increment (0–15 cm, 15–30 cm,
30–45 cm, 45–60 cm) for analysis. Depth increment samples were
air-dried 48 h followed by the disruption of clods with a wooden
rolling pin. Roots were removed by hand, and the remaining sample
was sieved (#10; b2 mm). Sieved material was dried 24 h at 105 °C
and the mass remaining above the sieve recorded as stones. Three
sub-samples (~10 g) of material passing the sieve were taken to de-
termine an average soil oven dry mass (105 °C) and water content.
Soil samples were dried, pulverized in a roller mill and analyzed for
carbon and nitrogen content (Vario EL III Elementar Americas Inc.,
Mt. Laurel, New Jersey, USA).



Table 1
Management of miscanthus fields.

Date Management activity

5/15/2012 Miscanthus planted
11/2012 Roundup herbicide applied by roller to kill grasses
01/30/2013 Miscanthus harvested, remainder mowed and left in field
3/15/2013 NPK applied 112-56-56 kg ha−1

1/15/2014 Miscanthus mowed and material baled and removed from field
10/7/2014 Miscanthus mowed and material baled and removed from field
3/4/2015 Lime applied at 4.5 Mg ha−1

3/23/2015 NPK applied 84-10-21 kg ha−1

6/5/2015 Miscanthus mowed and material baled and removed from field
6/22/2015 NPK applied 84-10-21 kg ha−1

9/11/2015 Miscanthus mowed and material baled and removed from field
3/22/2016 NPK applied 22-22-22 kg ha−1

3/23/2016 Gypsum applied at 4.5 Mg ha−1

6/7/2016 Miscanthus mowed and material baled and removed from field
6/22/2016 NPK with Agrotain™ applied 149-64-149 kg ha−1

6/24/2016 Spread Lime at 2.5 Mg ha−1

10/3/2016 Miscanthus mowed and material baled and removed from field
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Root samples were collected December 2016 at the miscanthus site
at six locations near the EC tower in the same manner as the soil cores.
Samples were stored overnight in 5% sodium hexametaphosphate solu-
tion to loosen the soil. Sampleswere thenwashed through a 1mmsieve
and rhizomes and roots separated visually by hand. Roots were dried at
60 °C. Dry root and rhizome samples were weighed on a microbalance
and carbon and nitrogen content measured on the Vario EL III as
above. Root samples were grouped into the mass collected from 0 to
30 cm and that from 30 to 90 cm.

2.3. Eddy covariance flux measurements

The EC system was installed at the miscanthus site on July 10, 2015
and at the maize site on August 13, 2015. Continuous measurements
were collected with some interruptions during harvest and for instru-
ment maintenance. The two EC sites were equipped identically. Flux
measurements were taken with an integrated, three-dimensional,
sonic anemometer and open path infrared gas analyzer (IRGA)
(IRGASON; Campbell Scientific Inc., Logan, Utah, USA). Shortwave and
longwave radiation was measured with a four-component net radiom-
eter (NR01; Hukseflux Thermal Sensors B.V., Delft, The Netherlands).
Air temperature and relative humidity (Rh) were measured with an in-
tegrated probe (HygroClip2; Rotronic Instrument Corp., Hauppauge,
NewYork, USA). Canopy temperaturewasmeasured via infrared sensor
(SI-111; Apogee Instruments, Inc., Logan, Utah, USA). Near surface soil
heat flux (G) was measured by a pair of heat flux plates (HFP-01;
Hukseflux Thermal Sensors B.V., Delft, The Netherlands) buried at
8 cm along with soil temperature probes (TCAV; Campbell Scientific,
Logan, Utah, USA) at 2 and 6 cm. Near surface soil moisture was mea-
sured at 3 cmwith awater content reflectometer (CS650; Campbell Sci-
entific, Logan, Utah, USA). Soil temperature and radiation variableswere
measured at 1min intervals and averaged to 30min intervals. The IRGA
Table 2
Management of maize field.

Date Management activity

2/1/2016 Monoammonium Phosphate applied N 22 P 120 kg ha−1

3/10/2016 Chicken litter applied 4.5 Mg ha−1

3/10/2016 Nitrogen applied 22 kg ha−1

3/14/2016 Maize planted
4/6/2016 Nitrogen applied 56 kg ha−1

4/11/2016 Roundup applied 1.4 kg ha−1

4/11/2016 Atrazine 2.3 L ha−1

4/19/2016 Nitrogen applied 56 kg ha−1

5/3/2016 Nitrogen applied 56 kg ha−1

5/19/2016 Nitrogen applied 56 kg ha−1

8/8/2016 Maize harvest
and sonic anemometer were sampled at 10 Hz, and covariance fluxwas
computed at 30 min intervals. The equipment was mounted on site on
two towers, the IRGASON alongwith the controller, barometer and tem-
perature probeweremounted on one tower and the radiometer and in-
frared sensor on the second. The EC sensor at the miscanthus site was
mounted at 2 m in the middle of the field and adjusted up to a height
of 4 m to maintain a sensor clearance at least twice the crop height.
The footprint was filtered to remain within 100 m fetch (see data pro-
cessing procedures and Fig. 1a). The EC sensor at themaizefieldwas ini-
tially located in themiddle of thefield and constrained to a height of 2m
due to the necessity of clearing the irrigation rig (1/1/2016–5/19/2016);
because of this constraint, when the maize crop growth exceeded 1 m
the system was relocated to the edge of the field and placed at a height
of 4.2 m (5/19/2016–12/30/2016) (Fig. 1b). There were two large gaps
in the EC data collected at the maize field during which the EC device
was removed for maintenance (3/3/2016–3/30/2016, and 8/5/
2016–10/18/2016). These gaps were outside the growing season and
filled usingnearbymeteorological data applied to the gapfillingmethod
described in Section 2.4.

2.4. Data processing procedures

EC data were collected at 10 Hz and processed to 30-min time steps
using EddyPro software (version 6.1.0) (LI-COR Inc., Lincoln, NE, USA)
(Fratini and Mauder, 2014). Default settings and statistical tests data
screening were used for the software. The following standard correc-
tionswere all applied in EddyPro: Raw data was screened using statisti-
cal tests and spike removal (Vickers and Mahrt, 1997). Anemometer
coordinates were aligned using the double rotation method for tilt cor-
rection (Wilczak et al., 2001). Linear trends were removed from each
30 min set of data using block averaging and linear detrending (Gash
and Culf, 1996). Density fluctuations were accounted for by applying
the Webb-Pearman-Leuning terms (Webb et al., 1980). The resulting
30 min fluxes were used to calculate variance and covariance for sensi-
ble heat (H), CO2, andH2O. Turbulence quality checkwas done using the
Mauder and Foken 0-1-2 rating system for stability and turbulence
(Foken et al., 2004). Data flagged with a rating of 2 using the Mauder
and Foken system (indicating instability or low turbulence) were
discarded in analysis. Random flux uncertainty due to sampling error
was calculated according to integral turbulence time-scale (Finkelstein
and Sims, 2001). Footprint estimation was based on crosswind-
integrated flux footprint model (Kljun et al., 2004, 2015) (Fig. 1c and
d). Data were filtered by 30 min average wind direction and footprint
so that at least 90% of the cumulated flux came from within the target
area (Kljun et al., 2004).

The REddyProc package (Reichstein et al., 2005) in R (CRAN;
https://CRAN.R-project.org/) was used for determining a range of
u* scenarios, gap filling fluxes and partitioning NEE into ecological
respiration (Reco) and gross primary production (GPP). Random
error, gap filling error, and 5–95 percentiles of the data distribution
were calculated with the REddyProc software according to the
methods in Wutzler et al. (2018). U* scenarios were calculated in
REddyProc using the relation of nighttime NEE verses u* according
to the method of Papale et al. (2006). Flux partition was done with
the REddyProc software using the nighttime flux partitioning
method of Reichstein et al. (2005).

For the EC instrument at themaize field there were 17,568 observa-
tions with 28% of the data marked missing and 8% removed in footprint
filter. U* scenario ranges were between 0.03 and 0.12. After u* filtering
between 51 and 57% of the total measurements were gap filled. For the
EC instrument at the miscanthus site 3% of the data were marked miss-
ing and 8% of the data was removed by the footprint filter. U* scenario
range was between 0.07 and 0.13. After u* filtering 53–58% of the total
data was marked as gaps to be filled. All fluxes were corrected for en-
ergy closure, balancing daily total radiation (Rnet) by the daily summed
values of H, latent heat (LE) soil heat flux (G) and plant metabolic

https://CRAN.R-project.org/


Fig. 2. Daily meteorological data for study site (a) total monthly precipitation, (b) total daily net radiation (Rnet), (c) monthly mean of mean daily air temperature (air T), (d) monthly
mean of mean daily vapor pressure deficit (VPD). Total monthly precipitation and mean daily temperature for study site. Data from station at miscanthus field.
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process (Qm). Qmwas determined from observations of net carbon flux
(Meyers and Hollinger, 2004). H and LEwere then adjusted to close the
energy balance and the gas flux was corrected (Anderson and Wang,
2014; Leuning et al., 2012).
Fig. 3. Energy balance closure for 2016 growing season atmiscanthus site for net radiation (Rnet
(Qm) (a) before and (c) after energy balance adjustment. 2016 growing season at maize site (
linear regression fit.
2.5. Crop and biome net carbon

Carbon exchange and water use were calculated on both a harvest
and annual basis. The purpose was to quantify the contribution based
) vs. sensible heat (H), latent energy (LE), groundheatflux (G), and plantmetabolic energy
b) before and (d) after energy balance adjustment. Lines indicate 1:1 relationship and the



Table 4
Soil % carbon measured at EC tower location.

Depth (cm) Miscanthus Maize

May 2012 Dec. 2016 May 2017 May 2016

Mean
% C

SEM Mean
% C

SEM Mean
% C

SEM Mean
% C

SEM

0–15 0.73 0.03 0.51 0.06 0.78 0.04 0.50a 0.03
15–30 0.65 0.04 0.45 0.06 0.55 0.03
30–45 0.52 0.07 0.39 0.05 0.43 0.04
45–60 0.36 0.05 0.39 0.05 0.28 0.03

The data represent mean and standard error of the mean (SEM) (n = 21).
a Samples taken from 0 to 30 cm.

Table 3
Dry weight silage biomass and carbon content for miscanthus and maize.

Date Silage
(Mg ha−1)

Seed
(Mg ha−1)

Total carbon
(Mg ha−1)

Carbon removed at harvesta

(Mg ha−1)

Miscanthus 1st 4/5/2015–6/09/2015 5.93 – 2.59 2.08
Miscanthus 2nd 7/10/2015–9/22/2015 9.61 – 4.25 3.40
Miscanthus Annual 2015 (total) 15.54 – 6.84 5.48
Miscanthus 1st 4/5/2016–6/09/2016 3.65 – 1.60 1.28
Miscanthus 2nd 7/1/2016–10/3/2016 8.15 – 3.64 2.91
Miscanthus Annual 2016 (total) 11.80 – 5.23 4.19
Maize 3/14/2016–8/12/2016 13.54 16.66 12.61 6.83

Mean of 21 samples for miscanthus and 15 samples for maize.
a Estimated as silage harvested multiplied by baling efficiency (80%).
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on the crop growth versus dormant (miscanthus) and fallow (maize)
seasons (Kutsch et al., 2010; Zeri et al., 2013). Carbon exported from
the field was calculated by multiplying the harvested biomass by the
measured carbon fraction. Net ecosystem exchange (NEE) of CO2 was
measured by the EC technique. Net ecosystem carbon balance (NECB)
was calculated by taking the difference between the measured NEE
and the carbon exported during harvest; these values are integrated
over the total period of measurement.

2.6. Water use efficiency calculations

Evapotranspiration (ET) was measured by the EC system as latent
heat flux and converted to mass units. Water use efficiency (WUE)
was calculated as the amount of carbon fixed by the crop/ecosystem
for a given amount of ET. Parallel to crop and ecosystem net carbon de-
termined above, the crop harvest water use efficiency (HWUE)was cal-
culated as the harvest weight (estimated by sampling) (kg C) per mm
ET per ha and ecosystem water use efficiency (EWUE) as the NEE (kg
C) per mm ET per ha.

3. Results and discussion

3.1. Meteorological measurements

Annual precipitation at the miscanthus field was 1200 mm for 2015
and 1250 mm for 2016. Annual precipitation at the maize field was
1309mm in 2016 with an additional 292 mm added via center pivot ir-
rigation. The monthly precipitation pattern at both sites differed be-
tween years with 2015 being wetter in July, August, October and
November while 2016 was wetter in September and December
(Fig. 2). Winds were predominantly from the south and west with the
average wind direction being 190°. Average annual air temperatures
were similar between years, 19.4 °C in 2015 and 19.5 °C in 2016 (Fig. 2).

3.2. Energy balance

A calculation of the daily energy balance indicated that 16% of the
net energy was unaccounted for at the maize site and 18% at the
miscanthus site. These imbalances are within the range reported across
EC tower networks (Leuning et al., 2012; Wilson et al., 2002). The daily
gas flux and heat flux were adjusted at both sites by these amounts
(Fig. 3).

3.3. Carbon inventory measurements

Miscanthus was harvested twice per year in 2015 and 2016with the
first harvest in June and the second in September–October (Table 1).
The second harvest for each year was almost twice as large as the June
harvest (Table 3). Annual harvested miscanthus biomass was
15.54Mgha−1 in 2015 and 11.80Mgha−1 in 2016 (Table 3). This is sim-
ilar to other reported dryland miscanthus harvests in various locations
of the Southeast USA (Burner et al., 2015; Fedenko et al., 2013) however
it is much lower than the yields of 22–44 Mg ha−1 that have been re-
ported in the Midwestern USA (Dohleman et al., 2012; Dohleman and
Long, 2009). This high variability in miscanthus biomass has been re-
ported as being due in large part to the sensitivity of miscanthus bio-
mass production to climate, water and nitrogen supply (Arundale
et al., 2014; Heaton, 2004; Ings et al., 2013; Joo et al., 2016; Song et al.,
2015). The miscanthus biomass harvest was lower in 2016 than 2015
(Table 3), possibly due to heavy weed competition and low rainfall in
July and August of 2016 (Fig. 2).

The maize harvest was substantially higher than the regional aver-
age; the expected average seed yield for irrigated corn in Georgia is
about 12.6 Mg ha−1 (Lee, 2016), while this harvest was
16.66 Mg ha−1. Total biomass harvest for the maize, silage and seed,
was 30.20 Mg ha−1. This indicates the maize was grown under a man-
agement regime with relatively high water and nitrogen inputs for
maximized yield.

Soil carbon in the top 15 cm of soil of the miscanthus field increased
betweenMay 2012 and May 2017 but tended to decline in depths from
15 to 60 cm (Table 4). Overall mean values decreased over the five-year
study, but due to the high variation in measured samples mean values
were not significantly different across years for the miscanthus experi-
ment (one-way ANOVA α = 0.05).

As a perennial crop, a significant amount of miscanthus biomass is
stored below the ground. About half of the biomass is below ground
with 65–89% of the below ground mass in rhizomes (Kahle et al.,
2001). The total root and rhizome carbon content measured in Decem-
ber 2016 was 24.6 Mg ha−1 (Table 5). Although root samples were col-
lected at a subset of only six sites proximate to the EC tower and had a
large variation, the observed below ground dry matter of
59.7 Mg ha−1 is substantially higher than the 14.1–27.1 Mg ha−1 re-
ported by Dohleman et al. (2012; Table 2) for five study locations
north of 40° latitude. The ratio of harvested biomass to end of season
root biomass has been reported at about 1:1 (Dohleman et al., 2012;
Kahle et al., 2001) in our case we find root to shoot ratio of 6.1:1 for bio-
mass and 5.6:1 for carbon (ratio of December root biomass to annual si-
lage harvested for 2016 at six sample points). The lowharvest relative to
the high below ground matter is an unusual observation but may be



Table 5
Root mass and carbon content at the miscanthus field in December 2016.

Dry matter
(Mg ha−1)

SEM C content
(Mg ha−1)

SEM

Rhizome 51.5 11.1 21.5 4.8
Roots 0–30 cm 6.4 1.0 2.5 0.5
Roots 30–90 cm 1.9 0.9 0.6 0.3
Total 59.7 12.1 24.6 5.2

The data represent mean and standard error of the mean (n = 6).
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related to miscanthus responding to the double harvest or the heat and
drought stress with carbon partitioning favoring below ground
accumulation.
3.4. Annual and seasonal flux measurements

Seasonal fluxes differed across years and crops. The hourly carbon
exchange flux for the entire year is illustrated in Fig. 4. Negative num-
bers indicate carbon entering the study area during daily photosynthe-
sis. Nighttime hours are characterized by positive numbers as carbon is
released through plant and soil respiration.

The second growth miscanthus had a greater NEE in 2015 than in
2016 (Fig. 4a–b and Table 6). Observed NEE differences were particu-
larly dramatic in July but continued through the second growing season
(Fig. 4a–b). Gross productivity and silage harvested is similar between
seasons, but respiration is two times higher in 2016 than in 2015
(Table 3 and Table 6). The reduction in soil carbon between 2012 and
2017 measurements suggests a loss of carbon over the span of 5 years
(Table 4) and supports the EC measurements of high respiration com-
pared to productivity (Table 6). The observation that root biomass in
the top 90 cm of soil was 5.6 times greater than the miscanthus har-
vested in 2016 from the six sites nearest the EC tower suggests that
roots may account for substantial ecosystem respiration in addition to
the net soil C loss. In 2016 low rainfall in June likely led to drought stress
and lower productivity, a wet September in 2016 led to higher produc-
tivity in that month but also disproportionally higher respiration.
Fig. 4. Fingerprint plots of 30-minute NEE fluxes for (a) misc
Miscanthus has a longer growing season (April–September) (Fig. 4)
than maize (April–August) and hence a potential for greater productiv-
ity, but maize had higher productivity in its growing season than the
miscanthus as measured by vegetative biomass at harvest (Table 3). A
significant factor in this difference was the greater water available to
the maize supporting higher evapotranspiration of the maize crop
(659 mm over 3/14/2016–8/12/2016) than for the miscanthus
(598mmover 4/5/2016–10/3/2016) (Table 6). Although harvested bio-
mass was greater for maize than miscanthus, miscanthus had higher
productivity as measured by GPP for 2016 (Table 6). The high GPP for
miscanthuswas offset by higher respiration resulting in a net loss of car-
bon for 2016 as measured by NEE of 0.8 Mg C ha−1.

Maize had a greater absolutemeasured annual carbon uptake (NEE)
compared to miscanthus (Fig. 5 a–b), indicating greater carbon fixation
in maize relative to miscanthus. While the 2016 total annual GPP for
miscanthus was greater than maize (30.73 Mg ha−1 vs.
26.43 Mg ha−1) the respiration for miscanthus was much greater than
for maize (31.54 Mg ha−1 vs. 20.96 Mg ha−1) leaving a very small cu-
mulative NEE for miscanthus (Table 6 and Fig. 5). Miscanthus showed
positive cumulative NEE trends, indicating respiration higher than
GPP, over the period October–April with sharp increases after mowing
particularly after the June 2016 harvest (Fig. 5a). The respiratory re-
quirements of new shoot development, the exposed soil and the plant
matter left in the field, and increased solar radiation at the soil surface
following mowing may have contributed to the high respiration and
the net loss of carbon at this time.
3.5. Net ecosystem carbon balance

Total NEEwas negative for both crops overmost of the study periods,
except for the miscanthus field for 2016, indicating a gain of ecosystem
carbon for the growing season (Table 6). However, once biomass re-
moved with harvests is accounted for (NECB), both fields show a net
loss of carbon (Table 6). Carbon lost from the miscanthus field was par-
ticularly large, with NCEB of 5 Mg ha−1 in both 2015 and 2016. Carbon
lost from the maize field was 1.37 Mg ha−1 in 2016 (Table 6). Prior
anthus 2015, (b) miscanthus 2016 and (c) maize 2016.



Table 6
Seasonal and annual fluxes measured by EC.

Date NEE
(Mg ha−1)a

value range

GPP
(Mg ha−1)a

value range

Reco
(Mg ha−1)a

value range

ET (cm)a

value range
carbon removed
at harvest
(Mg ha−1)

NECB
(Mg ha−1)

Miscanthus 1st 4/5/2015–6/09/2015 NA – NA – NA – NA – 2.08 –
Miscanthus 2nd 7/10/2015–9/22/2015 −3.20 0.03 13.59 0.03 10.39 0.05 30.70 0.06 3.40 0.20 0.03
Miscanthus annual 2015 −0.45 0.11 16.55 0.0 16.10 0.11 39.73 0.10 5.48 5.03 0.11
Miscanthus 1st 4/5/2016–6/09/2016 −0.97 0.06 8.08 0.03 7.11 0.03 22.99 0.04 1.28 0.31 0.06
Miscanthus 2nd 7/1/2016–10/3/2016 −1.19 0.26 15.08 0.38 13.89 0.63 36.80 0.09 2.91 1.72 0.26
Miscanthus annual 2016 0.81 0.34 30.73 0.36 31.54 0.70 88.62 0.21 4.19 5.00 0.34
Maize 3/14/2016–8/12/2016 −6.49 0.18 20.58 0.02 14.09 0.19 65.94 0.15 6.83 0.34 0.18
Maize annual 2016 −5.47 0.29 26.43 1.41 20.96 1.70 94.76 0.28 6.83 1.37 0.29

Negative numbers indicate carbon entering the field.
Calculations of carbon removed assume 80% bailing efficiency.

a EC data is followed by the range of the data between the 5% and 95% of the distribution obtained by varying the u* cut off.
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studies in Europe and northeastern United States have indicated
miscanthus would store carbon in the soil (Clifton-Brown and
Lewandowski, 2000; Clifton-brown et al., 2007; Dohleman et al., 2012;
Heaton et al., 2010; Zatta et al., 2014). The failure of miscanthus in our
study to store carbon may be due to a combination of factors.
Lewandowski et al. (2016) show that clones ofmiscanthus can have var-
iable response to abiotic stress; this Illinois clone may not be not well
adapted to the climate or soils of the southeast. The southeast United
States experiences a moist subtropical climate; even with relatively
plentiful rainfall, relatively high daytime temperatures and solar radia-
tion lead to drought stress in plants and high plant respiration. At this
study site well-drained soils above a clay hardpan limit the water
Fig. 5. Cumulative CO2 flux from (a) miscanthus and (b) maize. Cumulative GPP and Reco from
indicate the 50th percentile of the data distribution while gray area indicates the 5th and 95
and harvest date. Miscanthus data is from July 2015 to December 2016 and maize data is from
available to the plants. Well aerated and sandy soils of the study area
can support high rates of biotic respiration.

3.6. Water use efficiency for miscanthus and maize

The water use efficiency as measured by the EWUE was always
lower than the HWUE, because in all seasons and years the fields lost
carbon (Table 7). Annual EWUEwas always lower than growing season
EWUE, because the annual EWUE includes late fall andwinter precipita-
tion when the vegetation is dormant. Comparing the fall 2015 and 2016
miscanthus harvests the EWUE and HWUE were lower in 2016 (3.23
and 9.88 kg C ha−1 mm−1) than in 2015 (10.42 and 13.84 kg C
(c) miscanthus and (d) maize. Cumulative ET from (e) miscanthus and (f) maize. Lines
th percentiles. Vertical lines indicate miscanthus harvest dates and maize planting date
January–December 2016.



Table 7
Water use efficiency.

Date EWUE
(kg C ha−1

mm−1)

HWUE
(kg C ha−1

mm−1)

Miscanthus 1st 4/5/2015–6/09/2015 NA NA
Miscanthus 2nd 7/10/2015–9/22/2015 10.42 13.84
Miscanthus annual 2015 1.13 NA
Miscanthus 1st 4/5/2016–6/09/2016 4.22 6.95
Miscanthus 2nd 7/1/2016–10/3/2016 3.23 9.88
Miscanthus annual 2016 0.91 5.91
Maize 3/14/2016–8/12/2016 9.84 19.12
Maize annual 2016 5.77 13.30
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ha−1 mm−1) and can likely be attributed to low rainfall in July and Au-
gust of 2016 (Fig. 2). Irrigated maize achieved a higher EWUE and
HWUE (9.84 and 19.12 kg C ha−1 mm−1) compared to the miscanthus
in 2016 but was similar to the second crop of miscanthus in 2015. Dur-
ing the fall of 2015 rainfall was adequate leading to less of a benefit due
to supplemental irrigation. In 2016 a greater difference between the ir-
rigated and non-irrigated crops was observed due to lower rainfall dur-
ing the growing season (July and August) (Fig. 2).

3.7. Comparisons between miscanthus in southeast and Midwest

Comparisons were made to miscanthus grown in Georgia and in the
Midwestern US (Table 8). Locally grown Miscanthus had similar yield
but higher respiration and lower water use efficiency than miscanthus
grown in the Midwest as reported by Zeri et al. (2013). Miscanthus in
Tifton had GPP nearly twice as high as miscanthus in Urbana, Illinois,
US; however, respiration was almost three times higher, leading to an
annual positive NEE at Tifton (environmental carbon loss) and an an-
nual negative NEE balance at Urbana (environmental carbon gain)
(Table 8).

4. Conclusion

Biomass production, carbon balance and water use efficiency were
examined for dryland miscanthus (2015–2016) and irrigated maize
(2016) in South Georgia USA. The observed miscanthus yields where
on the low end of what have typically been found in the Midwestern
USA and Europe. We believe that high temperatures, periods of water
stress, early reproductive conversion, weed pressure and harvest before
senescence all played a part in reducing the productivity of the
miscanthus stand, but the incorporation of a second harvest mitigated
yield reduction resulting from early reproductive conversion. In addi-
tion, although we sampled below ground biomass at only six sites in
2016, it is possible that the high root:shoot ratios we observed (6.1:1
for biomass and 5.6:1 for carbon) are a physiological resource allocation
response to stress from drought, heat, double harvests or some combi-
nation thereof. Inclusion of root:shoot measurements in future studies
may provide valuable insight into management and breeding strategies
to improve yield.

This study found a loss of carbon over the 17-month period for the
drylandmiscanthus counter towhat has been observed in theMidwest.
This carbon loss may be due to several factors including well drained
Table 8
Miscanthus in Midwesta vs. Southeast.

Harvest
(Mg C ha−1)

NEE
(Mg C ha−1)

Reco
(Mg C ha−1)

GPP
(Mg C ha−1)

ET
(cm)

Urbana, IL 2011 4.76 −7.48 10.90 18.46 56
Tifton, Ga 2016 5.23 0.81 31.54 30.73 88.62

a Midwest harvest example and data from (Joo et al., 2016; Zeri et al., 2013) used for
comparison purposes.
sandy soil, the effect of high temperatures and associated diurnal
drought stress experienced by the more temperate-adapted Illinois
miscanthus clone, exposed soil and decomposition of residue following
the Juneharvest, and physiological shifts driving substantial increases in
plant respiration as resources were shifted to the production of new
shoot biomass. However, periods of positive NEEwere observed outside
the growing season September – March and particularly large positive
fluxes in June 2016 after mowing indicating that exposed soils after
mowing and dormant fields were contributors to the loss of soil carbon.
Weedpressure inmiscanthus likely also contributed to yield reductions,
more robust research designs are needed to evaluate the complex inter-
actions among these system components.

The combination of relatively low biomass production and net eco-
system C losses suggests that this strain of miscanthus may not be
well-suited for dryland production under the environmental conditions
found in South Georgia USA. However, improvedmanagement practices
and breeding programs targeted to better adapting miscanthus to the
Southern USA may greatly increase productivity. We measured carbon
balance of both crops using standard eddy covariance carbon budget
methods, and we did not account for carbon sequestered in the root
mass, which would presumably be quite different for maize and
miscanthus. While this provides a correct balance for carbon flux in
both crops, it does not account for carbon sequestered beyond the pe-
riod of measurement in miscanthus rhizomes, nor does it touch upon
the added potential ecosystem services of a rhizomatous root mat. A
suggested practice of managing miscanthus along riparian buffers and
grass waterways may prove ideal for this crop (Coffin et al., 2016).
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