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Abstract

Phenanthrene mineralization rates were found to vary widely among four soils; differences in soil nutrient lev-

els was one hypothesis to explain this variation. To test this hypothesis, phenanthrene mineralization rates were
measured in these soils with, and without, added nitrogen and phosphorus. Mineralization rates either remained
unchanged or were depressed by the addition of nitrogen and phosphorus. Phenanthrene degradation rates remained
unchanged in the soil which had the highest indigenous levels of nitrogen and phosphorus and which showed
the largest increase in phosphorus levels after nutrients were added. The soils in which degradation rates were
depressed had lower initial phosphorus concentrations and showed much smaller or no measurable increase in
phosphorus levels after nutrients were added to the soils. To understand the response of phenanthrene degradation
rates to added nitrogen and phosphorus, it may be necessary to consider the bioavailability of added nutrients and
nutrient induced changes in microbial metabolism and ecology.

Introduction degradation extent may be affected singly or as a group
by nutrient additions (Thorton-Manning et al. 1987;
Microbial activity in soil is generally considered to  Swindoll et al. 1988).
be limited by the amount of available carbon and not ~ Differences in the bioavailability of nutrients
by the levels of inorganic nutrients (Alexander 1994). added to soil may explain a portion of the observed
A large influx of carbon compounds, as occurs dur- differences in the response of degradation rates to ni-
ing an oil spill, can reverse this situation creating trogen and phosphorus supplements. Just as sorbed
an environment where biodegradation of the added carbon substrates are generally considered to be un-
carbon compounds is limited by nutrient availabil- available to soil microbes, sorbed inorganic nutrients
ity. Numerous studies have been published in which also may be less bioavailable than nutrients dissolved
nitrogen and/or phosphorus addition stimulated pol- in the soil solution. While nitrate is very soluble in
lutant degradation; however, the effects of nutrients Soil, ammonium is retained by soil cation exchange
on pollutant degradation rates in soil are not consis- Sites on clays (Bohn et al. 1985). When added to soll,
tent (Bossert & Bartha 1984; Alexander 1994; Baker phosphate is adsorbed quickly to iron and aluminum
& Herson 1994). Pollutant degradation rates in soil oxide surfaces and may form precipitates with iron,
may be unaffected by added nutrients or may actu- aluminum, manganese, and calcium (Brady 1990).
ally decline relative to controls (Manilal & Alexander The objective of this study was to determine
1991; Morgan & Watkinson 1992). Stimulation of pol-  the effect of added nitrogen and phosphorus on the
lutant degradation rates may not appear until days or biodegradation rates of low concentrations of phenan-
weeks after nutrients are added (Jobson et al. 1974;threne in four soils. These soils were selected from

Bossert & Bartha 1984). Different aspects of pollutant & set of seven soils for which phenanthrene degra-
degradation rates such as lag time, initial rate, and dation rates had been measured over a period of six
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months (Johnson 1997). One hypothesis proposed to  '2ple 1. Soil properties

explain the variation in phenanthrene degradationrates ¢,

Total carbon Texture class pH Percent moisture

was th_at Io_W nutrie_nt levels Iir_nited biodegr_adatio_n in (9 Kg1) at—0.033 MPa
the soils with low biodegradation rates. To investigate T
this hypothesis, four soils, Yolo, Scott, Aiken and ~ Yolo 11 loam 6.8 20.6

Aiken 54 sandy loam 5.2 45.7

Forbes, were selected which represented a range of
degradation rates. Of the seven soils tested, phenan-
threne degradation rates were the fastest in Yolo soil
and the slowest in Forbes soil. Scott and Aiken soils  10Organic carbon content calculated from organic matter mea-
exhibited intermediate phenanthrene degradation rates sured by Walkley-Black method. OC = OM/0.58.

(Johnson 1997). Phenanthrene degradation rates were

measured in these soils with, and without, supplemen- o i using a Carlo-Erba Carbon/Nitrogen An-

Fal mtrogden ;md p?hosphotgus. h;agdltlont of .nuttkrllentsll alyzer (C.S. Elantech Inc., Lakewood, NJ). Since the
Increased phenantnrene degradation rates in e solls, ;o analyzed were not calcareous, these two methods
with slow phenanthrene biodegradation rates, it would

. ) e .~ of measuring soil carbon should provide comparable
support the hypothesis that nutrient levels limited mi-

. oot . . ) results (Nelson & Sommers 1982). Available phos-
crobial activity in these soils. In addition to measuring

h th biod dati i i 4 oh phorus was determined by 0.5 N HgCextraction
phenanthreéne biodegradation rates, NIrogen and pnosyy 4 yeq by reduction and spectrophotometeric mea-
phorus levels were measured both in soils which did,

; . : . rement of the complex formed by orthophosphate
and did not, receive added nutrients to try to quantity su piex y PRosp

th i’ ability t ter nit d ohosph and molybdate in acidic solution (Olsen et al. 1954).
€ Soils ability to sequester nitrogen and phosphorus. Exchangeable ammonium and nitrate levels were de-

termined by potassium chloride extraction with sub-

) sequent measurement using a diffusion-conductivity
Materials and methods analyzer (Keeny & Nelson 1982; Carlson 1978). Soil
moisture content at0.033 MPa moisture tension was

Yolo soil was collected from an organic farm at the determined using a pressure plate (Klute 1986). The

University of California, Davis in July, 1993. Aiken  sqil percent moisture at0.033 MPa moisture tension
and Forbes soils were collected from conifer and oak will be referred to as the-0.033 MPa moisture con-

forests in the Tahoe National Forest, Placer County, tent. Soil pH was measured in a 1:1 (w:w) slurry.
CAinJuly 1994. Scott soil was collected from beneath Soj| properties are listed in Table 1.

an oak tree on a grassland in rural Yuba County, CA

in July 1994. It is not known whether any of these Bjodegradation studies

soils were previously exposed to polyaromatic hydro-

carbons. Soil names reflect the dominant soil series at The biodegradation rates of 50y [9-14C]-phenan-

the collection sites according to soil survey maps ex- threne per kg dry soil (Sigma Chemical Co., St. Louis,
cept for Scott soil which was collected from an areafor MO) were compared for Aiken, Forbes, Scott, and
a which a soil survey was not available (USDA 1972; Yolo soils with, and without, additional nitrogen and
National Forest Service 1986). Soil fractions passing phosphorus. Enough nitrogen and phosphorus were
through a 2 mm sieve were stored in sealed bags atadded so that, on a mass basis, the ratio between

Scott 36 loam 5.1 29.9
Forbes 40 loam 4.9 40.3

4 °C and maintained at field moisture levels. phenanthrene carbon and added nutrients was approx-
imately C:N 1:100 and C:P 1:1000. Phosphorus was
Soil analyses added at a rate of 47 mg P per kg dry soil as Ry

and KoHPOy, (ACS Certified, Fisher Scientific, Fair
Organic matter, total carbon, soil texture, exchange- Lawn, NJ). The ratio of KHPOs to KoHPO, was
able ammonium and nitrate, and available phospho- 0.8. Nitrogen was added as NMNO3 (Sigma Chem-
rus analyses were performed by the Department of ical Co.) at a rate of 4.7 mg N per kg dry soil. All
Agricultural and Natural Resources Laboratory, Uni- solutions were prepared using Q.2n filtered ultra-
versity of California, Davis (DANR). Organic matter pure (17 M-ohm) water. Each treatment was prepared
was measured for Yolo soil by the Walkley-Black in triplicate.
wet combustion method (Nelson & Sommers 1982). Forbes, Scott, and Aiken soils were brought to ap-
Total carbon was measured for the other soils by proximately—0.033 MPa moisture content four days



45

before phenanthrene was added. Three days beforeComparison of degradation rates
phenanthrene addition, nutrients were added in aque-
ous solution to the soils. Yolo soils were brought to Statistical analyses were conducted to determine if
—0.033 MPa moisture content and nutrients added phenanthrene mineralization rates in soils which re-
three days before adding phenanthrene. The soilsceived supplemental nitrogen and phosphorus differed
were spiked with phenanthrene three days after nu- significantly from rates in soils which did not. Phenan-
trient additions to allow fast nutrient conversion or threne degradation rate versus time data were used in
sequestration processes to occur before phenanthrenghis calculation. For experiments which measure car-
degradation began. Water and/or nutrients were thor- bon dioxide evolution as a function of time, fitting
oughly mixed with the soils which were then stored at equations to cumulative plots is not statistically valid
25°C in plastic bags in the dark. The evening before (Hess & Schmidt 1995). For each soil, mineralization
phenanthrene addition, all soils were passed throughrates between jars receiving nutrients and those micro-
a 2 mm sieve and samples were taken for moisture cosms which did not receive nutrients were compared
analysis. Soils were returned to the 25 incubator at each sampling point. A two-tailed Student3est
until the following day. was used to determine if mineralization rates for jars
For measurement of phenanthrene biodegradationwith, and without, nutrients differed at the 95% con-
rates, 20 g dry weight of each soil was added to a mod- fidence level (Microsoft Excel for Windows 95, ver
ified 0.473 L (1 pint) Mason jar. Phenanthrene min- 7.0a, Microsoft Corporation).
eralization rates were measured by trapping evolved
14C0, in base as described previously (Hoyle et al. Sil respiration
1995). Phenanthrene biodegradation experiments pre-
pared in this manner on separate days have beenThe total amount of carbon dioxide respired from each
found to produce results which were not significantly of the four soils was determined weekly for five weeks.
different as long as care was taken to duplicate experi- Aiken, Forbes, and Scott soils were brought to approx-
mental conditions and no shift occurred in soil nutrient jmately—0.0333 MPa moisture content and allowed to
or microbial content between experiments (Johnson equilibrate at 25C for one week. Soils were passed
1997). through a 2 mm sieve and 25 g dry weight of each soil
A radiochemical purity of 99% for the radiolabeled was placed in the same type of microcosms used to
phenanthrene was confirmed by thin-layer chromatog- measure phenanthrene mineralization rates. Yolo soil,
raphy. Each soil was spiked with [8!€] phenan-  previously passed through a 2 mm sieve, was used
threne dissolved in 10QL methylene chloride and  at a moisture content of 16%, approximately 78% of

thoroughly mixed by stirring. Adding phenanthrene to
soil dissolved in either hexane or methylene chloride
produced identical biodegradation kinetics in a prelim-
inary study using Tinker soil (Johnson 1977). To each
jar, 50 ug phenanthrene per kg dry soil was added ex-
cept for two of the three jars containing Aiken soil plus
nutrients. Due to evaporation of the spiking solvent,
these jars received g0y phenanthrene per kg dry soll
and 70ug phenanthrene per kg dry soil. Microcosms
were incubated at 25C in the dark.

Samples from the soils used in the biodegradation
experiment were collected for nutrient analysis imme-

diately before phenanthrene was added to the soils.

These soil samples were stored &t@ overnight. A

subsample was then taken for pH measurement. The

soils were then air dried for 48 hours and submit-
ted to DANR for nitrate, ammonium, and available
phosphorus analyses.

the —0.0333 MPa moisture content. Yolo soil was re-
moved from storage at 4C and 25 g dry weight soil
placed in a microcosm immediately before beginning
the experiment. Soils were spiked with 5@ non-
radioactive phenanthrene (Eastman Kodak, Rochester,
NY) per kg dry soil using the procedure described for
spiking soil with radioactive phenanthrene. Given the
low concentration of phenanthrene added, the majority
of the respiration was from biodegradation of organic
matter rather than metabolism of phenanthrene. Four
grams of a 0.45 M sodium hydroxide solution was
added to a vial in each microcosm. Three microcosms
without soil were prepared as described above to act
as blanks.

After each week, the base was removed from the
microcosms using a syringe and each base vial was
rinsed with 4 mL of freshly boiled, then cooled, ultra-
pure water. The contents of the base trap and rinse wa-
ter were combined with 5 mL 6 M Bagto precipitate
carbonate ions trapped in the base. The entire solution
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was titrated with 0.3 M HCI to a phenolphthalein end-
point. The amount of carbon dioxide respired by the
soil was calculated as described by Anderson (1982).
Total soil respiration measurements were performed
in March 1994, while the biodegradation experiment
described here were initiated in August 1995. Soils
were stored sealed in plastic bags in the dark &€4
between experiments.
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Results/Discussion

Nutrient additions did not result in faster phenan- ; :
threne biodegradation rates in any of the four soils T : 0 == Sl .
tested; thus, the experimental data did not support our 25 Lo ) 2 250 S N . —
hypothesis that nutrient levels limited microbial activ- 8 | L 2980 “°“um°ms i
ity in soils with slow phenanthrene degradation rates. el 741 A
Figures 1-4 present the cumulative amount of phenan-
threne mineralized versus time and the phenanthrene
mineralization rate versus time for the four soils.
Phenanthrene mineralization rates are expressed as
the percent of total phenanthrene radioactivity added 0
to the soil which is evolved as radiolabeled carbon Time (hrs)
dioxide per gram dry soil per hour. The cumulative o _ o
amount of phenanthrene mineralized is expressed asFl.gure 1. Phgnanthreng mineralization rates in Yo!o sm! Wlt.h, and
without, additional nutrients. (a) Phenanthrene mineralization rate
the percent of the total amount of phenanthrene ra- yersus time. Asterisks indicate time points at which soils with,
dioactivity added to the soil which has been evolved as and without, added nutrients exhibit mineralization rates which are
radiolabeled carbon dioxide. The cumulative amount Sstatistically different at the 95% significance level. (b) Cumulative
of phenanthrene mineralized is expressed as the per_amount of phenanthrene mineralized versus time.
cent of the total amount of phenanthrene radioactivity
added to the soil which has been evolved as radio-
labeled carbon dioxide. Times at which degradation levels either decreased or showed no change upon ad-
rates for nutrient amended soils are significantly dif- dition of ammonia and nitrate. Nitrate levels increased
ferent than rates for soils without added nutrients are in all soils. Nitrate levels may have increased not only
indicated by asterisks on Figures 1-4. Adding nitrogen because nitrate was added to the soils, but also be-
and phosphorus had no effect on phenanthrene min-cause nitrifying bacteria may have converted added or
eralization rates in Yolo and Scott soils. Forbes soil indigenous ammonia to nitrate (Paul & Clark 1989).
which received nutrients showed significantly slower Phosphorus levels were higher in Yolo and Scott soils
degradation rates in samples collected at 56, 136, andthan in Forbes and Aiken soils both before and after
216 hours after phenanthrene addition and in all sam- extra phosphorus was added. The increase in phospho-
ples collected later than 216 hours after phenanthrenerus levels was largest for Yolo soil, followed by Scott
addition. Aiken soil that received nutrients exhibited and Forbes soils. Aiken soil showed no increase in
significantly depressed degradation rates in samplesavailable phosphorus after phosphorus was added. For
collected 169 hours after phenanthrene addition and all soils, pH levels dropped by less that 0.1 pH units
in all samples collected later than 216 hours after upon nutrient addition, indicating that the nutrients did
phenanthrene addition. not significantly affect soil acidity.

Table 2 presents the results of the soil chemical Yolo soil may have had sufficient levels of nitrogen
analyses. The difference in nitrogen and phosphorusand phosphorus to degrade the added phenanthrene;
levels between soils which did, and did not, receive ex- thus, addition of further nutrients did not significantly
tra nutrients did not equal the amount of the nutrients affect microbial processes. Phenanthrene degradation
added for any soil. Except in Scott soil, ammonium rates in Yolo soil, which had the highest initial nitro-
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Figure 2. Phenanthrene mineralization rates in Scott soil with, and
without, additional nutrients. (a) Phenanthrene mineralization rate Figure 3. Phenanthrene mineralization rates in Forbes soil with,
versus time. Asterisks indicate time points at which soils with, and without, additional nutrients. (a) Phenanthrene mineralization
and without, added nutrients exhibit mineralization rates which are rate versus time. Asterisks indicate time points at which soils with,
statistically different at the 95% significance level. (b) Cumulative and without, added nutrients exhibit mineralization rates which are
amount of phenanthrene mineralized versus time. statistically different at the 95% significance level. (b) Cumulative
amount of phenanthrene mineralized versus time.

gen and phosphorus concentrations and which showed
the largest increase in phosphorus levels, did not re- all soils, nitrogen and phosphorus levels measured in
act to added nutrients. Phenanthrene mineralization unamended soils would have been sufficient to de-
rates in Yolo soil do increase if higher phenanthrene grade the added phenanthrene assuming a required
concentrations are added to the soil, so mineraliza- carbon to nitrogen ration of 6.2 and a required carbon
tion rates are not controlled by some other factor such to phosphorus ratio of 31 (Paul & Clark 1989).
as pH or moisture content (Johnson 1997; Bossert & It is not clear why phenanthrene mineralization
Bartha 1984). Bossert & Bartha (1984) proposed that rates in Aiken and Forbes soils are depressed when
degradation rates in contaminated soil are increased bynitrogen and phosphorus are added. One hypothesis is
nutrient additions only after the soil’s own available that nutrients, if added in large amounts, may inhibit
nitrogen and phosphorus reserves are depleted. microbes that are adapted to an oligotrophic soil en-
The hypothesis that high indigenous nutrient levels vironment. Morgan and Watkinson (1992) suggested
result in no response to supplemental nutrients is lessthat inhibition of oligotrophic microorganisms may
convincing when applied to Scott soil. Nutrient levels have caused the 75-80% reduction in glucose min-
in Scott soil are not as high as in Yolo soil; although, eralization rates for soils which received high levels
phosphorus and nitrogen levels in unamended Scottof nutrients when compared to controls. However, the
soil are significantly higher than in Forbes soil. How- nutrient concentrations added in our study were al-
ever, the increases in phosphorus and nitrate levels inmost one thousand times less than the concentrations
Scott soil upon nutrient additions are not significantly reported to have no effect on biodegradation rates by
greater than the increases observed in Forbes soil. ForMorgan and Watkinson (1992).
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510" Table 2. Nutrient levels in soils with, and without, added
! : ! ! ! ! nitrogen and phosphorhs
410* _ B
- Treatment N-NH N-NOs Phosphorus
&
_%" 310 Yolo + nutrients 2.3 68.4 58.8
% Yolo 2.8 61.8 23.7
>
;N 210* Difference —06 66 351
°
X 110" Scott + nutrients 8.1 50 502
: : : : : ; Scott 10.6 3.3 37.8
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0 100 200 300 400 500 600 Difference -2.5 1.8 125
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! ! ‘ ! ' ' Forbes 37 56 7.4
Difference 1.4 2.1 7.4
E Aiken + nutrients 6.3 2.8 10.0
s Aiken 63 08 100
BT e R S O £ SR R Difference 00 20 00
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5 ; ; ; ; Uncertainty in analysis 1.0 1.0 4.0
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Figure 4. Phenanthrene mineralization rates in Aiken soil with, and
without, additional nutrients. (a) Phenanthrene mineralization rate
versus time. Asterisks indicate time points at which soils with, 1210%
and without, added nutrients exhibit mineralization rates which are
statistically different at the 95% significance level. (b) Cumulative
amount of phenanthrene mineralized versus time.
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A second hypothesis to explain the observed re-
pression of phenanthrene degradation rates is that =~ 210°
addition of nutrients may stimulate degradation of 010° R .
carbon compounds other than phenanthrene. The uti- i Scott  Forbes Yolo
lization of carbon compounds other than phenan- Soil
threne could be due to nutrient induced shifts in the Figure 5. Total carbon dioxide evolved from Yolo, Scott, Forbes,

. . . and Aiken soils.
metabolism of phenanthrene degrading microorgan-
isms (Fog 1988; Entry et al. 1993). It could also
result from the growth of microorganisms which do which results from disturbance of the soil by sieving
not degrade phenanthrene, but which compete with and stirring (Rovira & Greacen 1957). Consistent re-
the phenanthrene degraders for available nutrientspression of phenanthrene degradation rates in Aiken
(Swindoll 1988). In this experiment, however, it is and Scott soils, however, was not observed until seven
unlikely the presence of other carbon compounds af- to nine days after phenanthrene was added. Repression
fected phenanthrene degradation rates in Aiken andwas not consistently observed at the start of the ex-
Scott soils. Figure 5 presents total respiration levels periment when the concentration of alternative carbon
for the four soils measured over a period of five weeks. substrates would have been greatest in the soils.
For all soils, initial respiration levels are the highest If biodegradation rates are quantified by measuring
during the first week. The increased respiration re- evolved carbon dioxide, a repression in biodegradation
flects the increase in bioavailable carbon compounds rates upon nutrient addition might be explained by a
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