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Abstract

Tall fescue (Festuca arundinacea Schreb.) is naturally infected with a fungal endophyte, Neotyphodium
coenophialum, which produces toxic ergot alkaloids that negatively affect herbivores and that may alter soil
organic matter dynamics. A 60-week mesocosm study with a factorial arrangement of soil type (clay loam
and loamy sand) and endophyte infection (with and without) was conducted to determine potential changes
in soil C and N fractions. Forage and root dry-matter production were greater with than without endo-
phyte infection, while forage C and N concentrations were unaffected. Total, particulate, mineralizable, and
aggregate-associated C and N fractions increased several fold during the course of the experiment due to
large rhizosphere inputs in all treatments. The fraction of total C and N in water-stable macroaggregates
(>0.25 mm) was initially 0.43+0.10 and 0.46 £0.16, respectively, and increased during the course of the
experiment to 0.68 £0.06 and 0.56 +0.15 when averaged across soil type and endophyte infection level as a
result of organic matter cycling and deposition in this active biophysical fraction. Changes in soil C and N
fractions due to endophyte infection were minimal. The lack of detectable changes in soil C and N fractions
due to endophyte infection may have been a result of the overwhelming input of C from roots and/or the
relatively short-term nature (60 weeks). Greater plant productivity of endophyte-infected tall fescue is likely
a contributing mechanism for eventual changes in total and active C and N fractions that have been
observed in long-term pastures.

Abbreviations: E— — endophyte free; E+ — endophyte infected

Introduction

Tall fescue (Festuca arundinacea Schreb.) is an
important grass grown around the world for for-
age and turf and is considered the most important
perennial, cool-season grass for cattle production
in the southeastern USA. It is naturally infected
with a fungal endophyte, Neotyphodium coenophi-
alum, which resides in the above-ground portions
of the plant and produces a variety of alkaloids
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that have been shown to be toxic when consumed
in large quantities by grazing cattle, sheep, and
horses (Stuedemann and Hoveland, 1988). Endo-
phyte-free (E-) tall fescue pastures can be devel-
oped by planting seed that has had the fungus
killed during prolonged storage. However, endo-
phyte-free pastures have not been widely devel-
oped for long-term grazing systems, because
stands are not persistent due to overgrazing and
lower disease and pest resistance (Hoveland,
1993). The funal endophyte of tall fescue (E+),
therefore, is considered an important component
in the agroecological fitness of tall fescue (Clay,
1997).
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One of the positive ecological consequences
of endophyte infection can be found in the soil.
Total soil organic C and N contents were found
to be greater under high- than under low-endo-
phyte-infected pastures (Franzluebbers et al.,
1999). One reason for the difference in soil or-
ganic C and N could be related to greater fitness
of E+ tall fescue, in which seedling dry matter
production can be greater than under E— tall fes-
cue (Cheplick et al., 1989; Clay, 1993). Greater
plant production capability could lead to greater
C input to soil resulting in greater soil organic C.
Another reason for the difference in soil organic
C and N contents could be due to altered soil
microbial dynamics. Per unit of soil organic C,
potential C mineralization was lower under high-
than under low-endophyte-infected tall fescue
pastures that were 8—15 years old (Franzluebbers
et al., 1999). Further, E+ ryegrass (Lolium multi-
florum Lam.) leaf litter decomposed slower than
E— leaf litter in a 12-week outdoor microcosm
(Omacini et al., 2004). During a 32-day decom-
position experiment, C mineralization and micro-
bial biomass C were slightly inhibited by E+ tall
fescue leaves compared with E— leaves, but net
N mineralization and microbial biomass N were
enhanced by endophyte infection (Franzluebbers
and Hill, 2005). Both greater C input and altered
microbial processing of leaf litter appear to be
possible mechanisms for greater soil organic C
and N accumulation in long-term E+ than E-
tall fescue pastures. Further research is needed to
understand the dynamics and pathways of how
soil organic C and N can be affected by the tall
fescue-endophyte association, where both short-
term soil biological alterations and long-term soil
C and N changes have been observed.

Plant residues returned to the soil are exposed
to a variety of decomposition steps and processes,
contributing to a gradient in soil biochemical
potential from active to passive (Paul and Clark,
1996). Microbial biomass and mineralizable C
and N are active components of soil that can be
used to characterize biochemical availability of
organic resources in soil (Wander, 2004). One of
the intermediate stages of decomposition can be
characterized with the physical separation of soil
as particulate organic matter (Cambardella and
Elliott, 1992). Particulate organic C was greater
under long-term tall fescue pastures with high
than with low endophyte infection (Franzluebbers

and Stuedemann, 2002), suggesting that reduced
decomposition is possible due to exposure of soil
to endophyte-infected tall fescue. Another physi-
cal fraction of soil, in which significant storage of
soil organic C and N can occur, is water-stable
macroaggregates (Tisdall and Oades, 1982). In
long-term tall fescue pastures, greater storage of
soil organic C and N due to high endophyte
infection was found preferentially in water-stable
macroaggregates compared with microaggregates
(Franzluebbers and Stuedemann, 2005). Organic
matter stored in macroaggregates can become
physically protected from decomposition by iso-
lating organic matter resources from the activity
of soil fauna and microorganisms (Beare et al.,
1994; Elliott, 1986).

A mesocosm experiment was conducted to
determine the fraction of soil most susceptible to
change in response to short-term exposure of soil
to E+ and E- tall fescue plants. Should aggra-
gate-associated soil be one of the fractions most
affected by endophyte infection, two soil types
with different particle-size distributions were
evaluated to discern the influence of particle size
on changes in aggregate dynamics. A semi-con-
trolled experiment with multiple evaluations of
soil was employed to overcome large inherent
spatial variability in soil properties in typical pas-
tures and to help discern temporal changes. The
working hypothesis was that E+ tall fescue
would inhibit soil biological activity throughout
the experiment and eventually lead to enhanced
organic C and N compared with E- tall fescue.

Materials and methods
Experimental setup

An outdoor mesocosm study consisting of 48
experimental units was conducted from March
2002 until April 2003 near Watkinsville GA
(33°52" N, 83°25" W). Climatic conditions during
the experiment are shown in Figure 1. The experi-
mental design consisted of three randomized rep-
lications of a factorial arrangement of soil type
(clay loam and loamy sand) and endophyte infec-
tion (E— and E+) placed in four blocks that were
sequentially harvested at 8, 20, 36, and 60 weeks
of growth. Particle size distribution in the clay
loam was 325+ 5 mg g~! clay, 213+2 mg g ' silt,
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Figure 1. Mean monthly air temperature (based on minimum and maximum values for each day) and precipitation in Watkinsville

GA during the course of the 60-week incubation.

and 463+3 mg ¢! sand and in the loamy sand
was 240+3 mg g~ ! clay, 125+ 14 mg g~ ! silt, and
635+ 12 mg g~ sand. Soil was collected locally
from a field dominated by Cecil-Pacolet-Appling
series (clayey, kaolinitic, thermic Typic Kanhap-
ludults) at an excavated site representing subsoil
at ~1-m depth (clay loam) and at a drainage way
representing alluvial wash (loamy sand).
Containers were 15 cm in diameter and height,
enclosed at the bottom with a double layer of
vinyl cloth with 1-mm openings, and placed on
a wooden frame covered with hardware wire
mesh to allow air to desiccate roots that reached
the bottom. Tillers of 2- to 3-year-old ‘Jesup’ tall
fescue plants were excavated the morning of the
start of the experiment (5 March 2002) from two
adjacent pastures containing E— and E+ and wa-
shed free of soil. Endophyte-free pastures were
established with seed that did not contain the
endophytic fungus by subjecting it to long-term
storage conditions. Ergot alkaloid concentration
of forage harvested at the end of the experiment
was below detection limit under E— in both soils
and 16.7+0.8 ug g~' under E+ (no difference be-
tween soils), which verified the absence and pres-
ence of the endophyte. Five tillers were placed in
2.5 kg of the clay loam and 2.7 kg of the loamy
sand, which represented initial bulk density of 1.1
and 1.2 Mg m™, respectively. Containers were
irrigated (1) twice weekly with 0.4 L pot™ with a

nutrient solution containing 7.5 mg NH4N,
7.5 mg NO;-N, 35mg urea—N, 50 mg P,Os,
50 mg K50, 0.5 mg chelated Fe, 0.25 mg chelated
Mn, 0.25 mg chelated Zn, and 1.25 mg humic
acid L™" and (2) when needed with tap water to
avoid desiccation. From December 2002 to Feb-
ruary 2003, containers were moved into an un-
heated greenhouse to avoid complete dormancy
during the winter. All containers remaining in the
experiment received the same amount of supple-
mental irrigation, which varied depending upon
rainfall and temperature throughout the year.

At 8, 20, and 36 weeks of growth, those
experimental units not removed for plant and
soil analyses had the forage clipped ~3 cm above
the soil and placed on the soil surface to decom-
pose. This protocol allowed some return of
above-ground plant material to the surface, but
did not mimic natural pasture dynamics closely
where grazing and dung deposition are the major
pathway and ungrazed plant material senesces
without clipping prematurely.

Plant and soil sampling and analyses

At each of the four sampling dates, 12 experimen-
tal units were removed for analysis. Above-ground
plant matter was clipped at the soil surface, chop-
ped into 2- to 3-cm long segments, mixed, and di-
vided into two portions: (1) a 5-g subsample dried
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at 55 °C for 48 h, weighed, ground to <1 mm,
and analyzed for total C and N concentration with
dry combustion and (2) the remaining sample
stored for a few days at 4 °C until freeze-dried,
then extracted for ergot alkaloid determination
with an enzyme-linked immunosorbance assay
(Hiatt and Hill, 1999). Soil was separated from
roots by hand-working contents over a screen with
8-mm openings. Roots were washed, dried at
55 °C for 3 days, and weighed. Soil was separated
into two subsamples: (1) kept field-moist at 4 °C
until microbiological analyses could be conducted
(not reported here) and (2) dried at 55 °C for
3 days and passed through a screen with 4.75-mm
openings prior to all analyses reported here.

Total organic C and N of soil were deter-
mined by dry combustion (Leco Tru-Spec)' fol-
lowing ball-milling of a subsample to a fine
powder for 5 min. Particulate organic C and N
were determined by dry combustion following
ball-milling of the dried (55 °C, 72 h), sand-sized
fraction (>0.053 mm) obtained from a soil sub-
sample (65 g) dispersed in 100 mL of 0.01 M
Na,4P->0; by shaking overnight (Cambardella and
Elliott, 1992; Franzluebbers et al., 1999). Miner-
alizable C and N were determined from the
CO,—C trapped in an alkali trap and inorganic N
accumulated during incubation of soil at 25 °C
for 24 days. Two soil subsamples (65-g each)
were wetted to 50% water-filled pore space in
graduated bottles and placed in a 1-L sealed,
canning jar along with a vial of 10 mL of 1 M
NaOH to trap CO, and a vial of water to main-
tain humidity during incubation. Alkali traps
were replaced at 3 and 10 days. At 10 days, one
of the subsamples was removed, fumigated with
CHCI; for 24 h, vapors removed, and placed in a
separate canning jar along with an alkali trap for
10 days. Soil microbial biomass C was calculated
from the CO,—C released during incubation of
the fumigated sample without subtraction of a
control (Franzluebbers et al., 1999; Voroney and
Paul, 1984). Inorganic N was determined at 0
and 24 days from a filtered extract of a 10-g sub-
sample of dried (55°C, 48 h) and sieved
(<2 mm) soil shaken with 20 mL of 2 M KCI
for 20 min wusing salicylate-nitroprusside and
Cd-reduction autoanalyzer techniques (Bundy
and Meisinger, 1994).

Dry aggregate distribution was determined by
placing a 100-g subsample of soil on top of a nest

of sieves (20-cm diam), shaking for 1 min at Le-
vel 6 on a CSC Scientific Sieve Shaker (Catalogue
No. 18480), and weighing soil retained on 1.0-,
0.25-, and 0.05-mm screens and that passing the
0.05-mm screen (Kemper and Koch, 1966). Wa-
ter-stable aggregate distribution was determined
from the reconstituted sample used for dry aggre-
gate distribution placed on top of a nest of sieves
(17.5-cm diam with openings of 1.0 and
0.25 mm), immersed directly in water, and oscil-
lated for 10 min (20-mm stroke length, 31 cycles
min~"). After removing the two sieves and placing
them in an oven to dry, water containing soil
passing the 0.25-mm sieve was poured over a
0.05-mm sieve, soil washed with a gentle stream
of water, and the soil retained transferred into a
drying bottle with a small stream of water. The
<0.05-mm fraction was calculated as the differ-
ence between initial soil weight and summation of
the other fractions. All fractions were oven-dried
at 55 °C for 3 days and a subsample analyzed for
total C and N concentration with dry combus-
tion. The >1-mm fraction was ball-milled prior
to C and N determination. Mean-weight diameter
of both dry- and water-stable aggregates was cal-
culated by summing the products of aggregate
fractions and mean diameter of aggregate classes.
Stability of mean-weight diameter was calculated
as water-stable mean-weight diameter divided by
dry-stable mean-weight diameter. Macroaggre-
gates from both dry and wet sieving procedures
were defined as >0.25 mm. Stability of macroag-
gregates was calculated as water-stable macroag-
gregates divided by dry-stable macroaggregates.

Statistical analyses

Endophyte treatment effects within a sampling
period and soil type were considered significant
at P <0.1. Since many plant and soil properties
changed dramatically with increasing growth
stage, linear regression with time (i.e., single
degree of freedom) was used to determine if the
effects of soil type, endophyte, and soil type x
endophyte were altered with time.

Results

Cumulative dry matter production of tall fescue
forage under these well-irrigated and well-fertil-



ized conditions reached an average of 62 g pot™
by the end of 60 weeks of growth (Figure 2).
This was equivalent on an area basis to 35 Mg
ha™', which would be several times greater than
expected under normal field conditions in this re-
gion. Under these ideal conditions, soil type had
little influence on above- or below-ground dry
matter production, but endophyte infection did
(Table 1). With increasing time, both above- and
below-ground dry matter production became
greater with E+ than with E- (Figure 2).

Forage C and N concentrations were only af-
fected by sampling period (Table 1), in which C
concentration and C:N ratio increased with time
and N concentration decreased with time (Fig-
ure 3). Neither soil type nor endophyte infection
had an effect on forage C and N concentration.

Total soil organic C and N concentrations
were affected primarily by soil type and sampling
period (Table 1). In both soil types, total organic
C increased by ~3mgg ' during 60 weeks,
which nearly doubled the C concentration in the
loamy sand and more than tripled the C concen-
tration in the clay loam (Figure 4). Total soil
C:N ratio varied relatively little with time in the
loamy sand, but increased with time in the clay
loam. Although strong endophyte effects were
not apparent in the overall analysis of total C
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and N (Table 1), there were occasional differ-
ences due to endophyte infection in a particular
soil on a particular sampling date (Figure 4).
These included lower total organic C concentra-
tion under E+ than E— in the clay loam at 36
and 60 weeks, lower total N concentration under
E+ than E- in the loamy sand at 36 weeks, and
higher total N concentration under E+ than E—
in the clay loam at 8 weeks.

Particulate organic C and N concentrations
were mostly affected by sampling period, but
were also affected by soil type and endophyte
infection (Table 1). Like total C concentration,
particulate organic C increased dramatically with
time in both soils (Figure 4). Particulate organic
N increased with time, but relatively less than
particulate organic C. The increase in particulate
organic C with time was greater in the clay loam
than in the loamy sand, both on a relative basis
(27 vs. 2 times greater) and an absolute basis (1.5
vs. 1.3 mg g”' greater). The increase in particu-
late organic C with time was also lower under
E+ than under E—, when averaged across soil
types (1.3 vs. 1.5 mg g '). Averaged across sam-
pling periods, there was a significant interaction
between soil type and endophyte infection for
particulate organic N, in which E+ was rela-
tively greater than under E— in the clay loam
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Figure 2. Cumulative dry matter production of forage, roots, and total plant as affected by endophyte infection (E— is endophyte-
free, E+ is endophyte-infected) in two soils harvested at different times during a 60-week growth period. * indicates difference be-
tween endophyte infection means within a soil type and sampling period at P=0.1. Error bars denote least significant difference
among all means (sampling period, soil type, and endophyte infection) within a plant-part component at P=0.1.



'S01LF0ISTE S[qEIS-10)eM, LIRJOWRID JYSIOM-UBIIA,
'soInSY Ul UMOYS UONIPUOD [I0S [BNIUI dPN[OUL JOU OP SISK[BUY 210N

€70 €20  100°0> 100°0 > 8€°0 90  100°0> vl 060 (N ,_803%) oner N:D VSM WW-67'0-50°0
LEO 60°0 61°0 600°0 95°0 LSO 68°0 ST €€0 (jros | 8 N Swr) ySM WW-6z'0-50°0 Ul N
0€°0 1T0  1000> 100°0 > vL'0 890 T00°0> ST 980 (jros |_8 D Sur) ySM WwW-6z'0-60"0 Ut O
£€0°0 0r"0 90°0 100°0 > zro 9.0  100°0> 1T To (N ;-8 D 9) oner N:D VSM WW-1-67°0
$1°0 0r°0 $€0 100°0 > 070 1L0  1000> 1T 980 (jros | 3 N Swr) ySM Wur-[—¢7°0 ul N
660 1o 2000 1000 > $8°0 €0  1000> 91  $60 (jros |_8 D Suwr) ySM ww-[—z°0 ut
50 920 S0°0 10070 > 18°0 ¥$°0 700 ST 8L0 (N |8 D 9) oner N:D VSM W-| <
$6°0 §S°0 69°0 100°0 > 9L°0 €60 LSO 8¢ 190 (Jros | _3 N Swr) ySm ww-[ < ur N
¥9°0 $6°0 LY'0 1000 > ¥9°0 060 wo LE L0 (jros | 3 D Suwr) YSM Ww-{ < ur )
LSO 1€°0 L6°0 £00°0 0S°0 85°0 10°0 0z L¥0 (TP _ww DM Amqess . amMIN
9L°0 8T°0 790 20°0 89°0 v9°0  100°0> 8 180 (wur) VS Jo Iojewerp JySom-uedy
Lo 170 LEO 100°0> 6v°0 $S°0 100°0> 11 80 (topl, 8 1eMIg) fyiqess oyeSarsseooey
8T°0 €€°0 85°0 700 780 07’0  1000> v 860 (,_3 8) soyegeI5FROIORW O[qRIS-IOJEA\
6v°0 §T0 €1°0 2000 wo 810 €000 §s  To (N ,_8 D 8) oner N:D d[qezI[eloury
L0 wo  1000> 100°0 > 6L°0 SLO 81°0 LT 680 (;_K®ep g 110s |3 N 8) N o|qezi[erourjy
98°0 8S°0 S1°0 100°0 > £€8°0 1870 1T0 ve 890 (;_&ep pT [10s |_8 D 81) D s[qezi[eIoUly
09°0 €8°0 S0°0 10070 > €L°0 80 91°0 0T €90 (jros | _8 5 8n) O ssewolq [EIGOIIA
€0 §S°0 £€0°0 €0°0 60°0 1€0  1000> LE 650 (N -8 D 9) oner N :D demanied
010 €L°0 68°0 100°0 > 200 L8°0 vLO YT 190 (fros |_§ N Sur) N druesio ajenonred
SLO €0°0 $0°0 100°0 > 1870 810 T100°0> I 960 (fros |_8 D Swr) D o1uEsIO SjR[MONIE]
68°0 990 100°0> 1000 > LTO 980 100°0> 0l 160 (N ,_8 D 8) onex N:D [®I0L
LTO 90 L0 100°0 > 170 €60  T00°0> 0l €80 (jros | _8 N Suw) N [e10L
LEO €70 61°0 100°0 > 780 980 100°0> I $60 (jros |,_8 O Sur) D omwesIo (L0,
8%°0 €0 S¥'0 100°0 > ¥5°0 080 SL'O 6 160 (N ;8 O 8) onexr N:D a5e10q
LLO €60 96°0 100°0 > 0L0 89°0 080 IT 680 (98er0j | _8 N Sw) N o810
LLO 60 €L0 10070 > 080 8L0 €8°0 I 820 (98er0y | _§ O Sw) O oFeioq
§€°0 £€0°0 91°0 100°0 > e v1°0 €8°0 0T 180 (;-10d 5) ssewr juerd [e03 2AnEMWNY
LTO 90°0 910 100°0 > 170 61°0 89°0 0¢  6L°0 (;_10d 8) ssewr Joo1 dADEMWNY
€0 200 81°0 1000 > 760 vT0 0S°0 €1 L60 (;-10d 8) ssew oFeI0§ OANER[NWNYD
d<1d
(ds) (Ls)
porg (opug) adA 1, (9,) uoneLeA
dSXOpUug X 1S dSxopuyg dSXLS WQ:QENm Opuyg X LS OH%QQO—UEM [10S JO JUddYJR0DH NWN d[qeLIeA OmEOQmOM

SUONORIAUI I PUB (SYI9M ()9 PUR ‘9¢ ‘0T ‘8 JO UOISSaIFal

® 1eour]) porrad Surduwes ‘(yym pue noym) uonossjur ALydopud ‘(pues Kwreo] pue weo] Ae[o) ad4) 10s 03 asuodsor ur sontedouid [1os pue jueld jo soueLIeA Jo SISA[eUY "7 2/gV[
—



159

Carbon Nitrogen C:N Ratio
450 30 50
—fl-Clay Loam (E+)
T —E}- Clay Loam (E-)
Z: 440 —@-—Loamy Sand (E+) 24
é —©-Loamy Sand (E-) I
.5 430 1 18 b b
®
= "N
& 420 12 g 1 .
o
c
3
— 410 6 4 10 | B
c
<
o
400 1 1 1 0 1 1 1 0 1 1 1
0 20 40 60 0 20 40 60 0 20 40 60

Time (weeks)

Figure 3. Above-ground plant concentration of C and N as affected by endophyte infection (E— is endophyte-free, E+ is endo-
phyte-infected) in two soils harvested at different times during a 60-week growth period. * indicates difference between endophyte
infection means within a soil type and sampling period at P=0.1. Error bar denotes least significant difference among all means
(sampling period, soil type, and endophyte infection) within a panel at P=0.1.

and relatively lower in the loamy sand. Most of
this interactive effect occurred early in the
growth of tall fescue (Figure 4), as indicated by
the significant soil typexendophytexsampling
period effect (Table 1). Due to the lower particu-
late organic N concentration under E+ than E—
in the loamy sand, particulate C:N ratio was
greater under E+ than E- in the loamy sand at 8
and 36 weeks of growth (Figure 4).

Mineralizable C and N were mostly affected
by sampling period, but also by soil type
(Table 1). Endophyte infection had no overall
effect on mineralizable C and N, nor on microbial
biomass C. Both mineralizable C and N increased
with time, more so in the loamy sand than in the
clay loam. Mineralizable C:N ratio decreased
with time in both soils and endophyte infection
levels, but was higher throughout the evaluation
period in the clay loam than in the loamy sand.
The only endophyte effect on mineralizable C or
N occurred at 8 weeks with reduced C:N ratio
under E+ than E—- in the clay loam. This effect
disappeared during the remainder of the study.

Soil aggregation characteristics were mostly
affected by soil type, but also by sampling period
(Table 1). Macroaggregate stability and mean-
weight diameter stability were greater in the loamy
sand than in the clay loam (Figure 5). The overall
endophyte interaction with sampling period was
not significant. However at 36 weeks, mean-
weight diameter stability was greater under E+

than E— in both soils. At 8 weeks, mean-weight
diameter stability and macroaggregate stability
were lower under E+ than E— in the loamy sand.
Total C and N concentrations in water-stable
aggregate fractions were always affected by sam-
pling period and sometimes by soil type
(Table 1). Increases in C and N concentration
occurred with time similar to the results for
whole soil. A greater portion of the increase in
whole-soil organic C and N occurred in macro-
aggregates (>0.25 mm) than in microaggregates
(<0.25 mm). An overall endophyte effect and its
interaction with soil type or sampling period
were not significant, except for N concentra-
tion in microaggregates (0.05-0.25 mm) and C:N
ratio of small macroaggregates (0.25-1 mm).
Nitrogen concentration of microaggregates
became greater with time under E+ than E—,
independent of soil type (Figure 6). The C:N
ratio of small macroaggregates increased less
with time under E+ than E- in the clay loam.
Initially, distribution of total organic C among
aggregate soil fractions was 8+4% in large
macroaggregates (1-4.75 mm), 35+ 14% in small
macroaggregates (0.25-1 mm), 33+5% in micro-
aggregates (0.05-0.25 mm), and 24+4% in free
primary particles (<0.05 mm) when averaged
across soil types and endophyte infection. At
the end of the 60 weeks, this distribution shifted
to a greater portion of the C in larger aggregate
sizes, e.g., 28+3, 4015, 22+4, and 10+3%,
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Figure 4. Total, particulate, and mineralizable C and N fractions in response to endophyte infection (E— is endophyte-free, E+ is
endophyte-infected) in two soils harvested at different times during a 60-week growth period. * indicates difference between endo-
phyte infection means within a soil type and sampling period at P=0.1. Error bar denotes least significant difference among all
means (sampling period, soil type, and endophyte infection) within a panel at P=0.1.

respectively. Distribution of C among aggregate
fractions was not influenced by endophyte inf-
ection nor its interactions with soil type or sam-
pling period. A different distribution dynamic
occurred for N, where initial and final percent-
ages, respectively, were 6+ 1 and 15+ 2% in large
macroaggregates, 40+ 17 and 41+16% in small
macroaggregates, 43+ 13 and 29 = 6% in microag-
gregates, and 11+ 10 and 15+ 11% in free primary

particles when averaged across soil type and endo-
phyte infection. In addition, endophyte infection
interacted significantly with soil type and sampling
period to influence N distribution among all
aggregate fractions <1 mm. At the end of
60 weeks, the percentage of total N in small mac-
roaggregates was greater under E+ (48%) than
under E— (33%) in the clay loam, but lower under
E+ (32%) than under E— (51%) in the loamy
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Figure 5. Stability of macroaggregates and mean-weight diameter in water in response to endophyte infection (E— is endophyte-
free, E+ is endophyte-infected) in two soils harvested at different times during a 60-week growth period. * indicates difference be-
tween endophyte infection means within a soil type and sampling period at P=0.1. Error bar denotes least significant difference
among all means (sampling period, soil type, and endophyte infection) within a panel at P=0.1.

sand. At the end of 60 weeks in microaggregates,
N distribution was greater under E+ than E— in
both the clay loam (32 and 13%, respectively) and
in the loamy sand (40 and 31%, respectively). At
the end of 60 weeks, the percentage of total N in
primary particles was lower under E+ (5%) than
under E— (37%) in the clay loam, but greater un-
der E+ (15%) than under E—- (2%) in the loamy
sand.

Discussion

This short-term, semi-controlled mesocosm study
confirmed that tall fescue dry matter production
was positively affected by the presence of the fun-
gal endophyte, Neotyphodium. This positive effect
of endophyte infection on dry matter production
has been demonstrated previously in several stud-
ies (Belesky et al., 1989; Clay, 1987). The positive
effect of endophyte infection on productivity has
been observed primarily with high fertility, as
both Cheplick et al. (1989) and Arachevaleta
et al. (1989) found increasingly greater dry matter
production due to endophyte infection with
increasing nutrient additions. The positive endo-
phyte effect on plant dry matter production under
high fertility conditions in this study was consis-
tent with the findings of previous studies.
Endophyte effects on the various soil C and N
fractions measured in this study were surprisingly

few. It was hypothesized that relatively short-
term exposure of soil to the tall fescue-endophyte
association could possibly increase total organic
C and N as was observed in long-term pastures
(Franzluebbers et al., 1999; Franzluebbers and
Stuedemann, 2005), primarily in response to al-
tered soil microbial activity as was observed in
short-term incubations (Franzluebbers and Hill,
2005; Omacini et al., 2004). Several reasons for
the lack of endophyte effects on soil C and N
fractions are possible. First, the conditions for
altering soil C and N fractions due to the pres-
ence/absence of endophyte may not have been
ideal in this study. Although forage was returned
to the soil surface and allowed to decompose
during this study, it may have been too little or
too isolated from the soil processes that were
being more dominated by large root contribu-
tions to soil C and N fractions. The fact that few
endophyte effects occurred in the dominating
presence of tall fescue roots suggests that roots
may not play a major role in the endophyte effect
on soil C and N fractions.

Whether ergot alkaloids, other alkaloids, or a
combination of chemical compounds might be
responsible for potentially altering soil C and N
fractions is not known. It may be possible that
ingestion of forage and subsequent excretion by
grazing animals may be an important intermedi-
ate process to fully express the responsible mech-
anisms.
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Figure 6. Total C and N in water-stable aggregate fractions in response to endophyte infection (E— is endophyte-free, E+ is endo-
phyte-infected) in two soils harvested at different times during a 60-week growth period. * indicates difference between endophyte
infection means within a soil type and sampling period at P=0.1. Error bar denotes least significant difference among all means
(sampling period, soil type, and endophyte infection) within a panel at P=0.1.

It is possible that alterations in soil C and
N fractions due to endophyte infection of tall
fescue may have required >60 weeks to be
detectable, especially in light of the rapid and
dramatic overall changes in soil C and N frac-
tions that occurred simply due to abundant
plant growth. Detection of an endophyte effect
should have been possible with the experimental
setup employed, since the average rate of C
accumulation observed in 8- to 15-year-old tall
fescue pastures (Franzluebbers et al., 1999)

would have been equivalent to 0.124+0.08 mg C

g~ ! soil. The rate of C accumulation observed in

this study was 3.0+04mg C g™ soil year™,
which could have overwhelmed the mechanistic
endophyte effect on soil C and N cycling. The
rate of total C and N accumulation observed in
this study was equivalent to 4.17+0.57 Mg C
ha™! year™' and 250+59 kg N ha™' year™',
which would be in the high range of values
reported even for grass management systems

(Follett et al., 2001).



The fraction of total C and N that was particu-
late organic C and N increased during the course
of this study as a result of abundant rhizodeposi-
tion. The fraction of total C as particulate organic
C at initiation was 0.20+0.01 and at the end of
60 weeks was 0.34£0.05. The fraction of total N
as particulate organic N increased from
0.19+0.07 at initiation to only 0.23+£0.02 at the
end of 60 weeks. Although particulate organic C
and N contributed to the increase in total C and
N with time, they accounted for only a small
portion of the total change that occurred. Why
the rate of particulate organic C accumulation
was lower under E+ than E- is curious, since
previous observation from long-term pastures
indicated greater accumulation of particulate
organic C with high than with low endophyte
infection (Franzluebbers and Stuedemann, 2002).
The interaction of soil type and sampling period
with endophyte infection on particulate organic N
was also a result that is not easily explained. Early
accumulation of particulate organic N with E+
than E— in the clay loam was counteracted with
lower accumulation with E+ than E— in the loa-
my sand. Lemons et al. (2005) found interactions
between endophyte infection and soil invertebrate
populations. Since our study was conducted out-
doors, changes in soil invertebrate populations
could have occurred during the course of the
study and modified endophyte responses.

This study demonstrated the overwhelming
influence of plant root production of this peren-
nial, cool-season grass on the accumulation of
active and slow fractions of soil C and N. Al-
though aggregate stability indices did not change
dramatically in this study, there was some fluctu-
ation with time and endophyte infection suggest-
ing that root activity and soil water content may
have interacted with microbial dynamics respon-
sible in cementing soil particles. Deposition of C
and N occurred in all water-stable aggregate
fractions, but was not consistent with observa-
tions in a 20-year-old pasture experiment, where
high endophyte infection led to greater C and N
in macroaggregates (>0.25 mm) and no differ-
ence in microaggregates (<0.25 mm) (Franzlueb-
bers and Stuedemann, 2005). In contrast, this
mesocosm study indicated that E+ increased C
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and N accumulation in microaggregates more so
than E—. It is likely that soil C and N distribu-
tion in aggregates will be temporally dependent
upon soil water and microbial activity fluctua-
tions, as well as faunal perturbations that could
shift resources from stable macroaggregate
assemblages of microaggregates into free micro-
aggregates (Six et al., 2002).

Conclusions

Endophyte-infected tall fescue resulted in greater
above- and below-ground dry matter production
than endophyte-free tall fescue. This greater
plant productivity response to endophyte infec-
tion was not accompanied by significant and
consistent changes in short-term soil C and N cy-
cling among various active, slow, and aggregate-
associated fractions. Large accumulation of soil
C and N fractions occurred with time due to
plant root-derived contributions, which could
have overwhelmed any mechanistic endophyte
effects on soil C and N fractions. This study
suggests that greater plant productivity of endo-
phyte-infected tall fescue is likely a contributing
mechanism for eventual changes in total and
active C and N fractions that have been observed
in long-term pastures.

Note

Mention of trade names or commercial products in this
article is solely for the purpose of providing specific infor-
mation and does not imply recommendation or endorse-
ment by the USDA.
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