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Abstract

Afforestation, the conversion of historically treeless areas into forestsapidly
spreading land-use change with the potential to sequester carbon. Afforestetpkantat
typically feature fast growing exotic tree species that give landmwapid returns. The
efficient growth of plantations compared to less intensively managedsfates can
provide greater timber yields in a smaller area. This increaseceafficin turn could
require fewer acres to meet global forest product demands and could also redued the ne
to log intact primary forests. Reduced primary forest harvest and high primary
productivity make afforestation a highly efficient carbon sequestration tool

However, the rapid growth and planting disturbance due to afforestation can have
deleterious effects on soils and hydrology that undermine its benefits in s@tersc
The effects on hydrology include depletion of groundwater and reduced or complete
elimination of surface water flow. Additionally, groundwater use can lead tcas®nle
concentrations of salts and trace metals in soil that could be deleteriousiferpiaint
productivity. Plantations have also been shown to acidify surface soils and stegam w
and to reduce soil carbon and nitrogen.

Despite the known effects of afforestation on soils, there has been liteaies
on the mechanisms controlling these effects. For instance, there have betriesvan
the effects of afforestation on soil microbes which mediate most biogeochemica
processes. There is also little knowledge on what controls the effedftsraltation on

soil carbon and nitrogen, vital indexes of soil quality, across regions with hidb ¢dve



afforestation. The overarching goal of this dissertation is to examine dutsedf
afforestation on soils, microbes, and biogeochemical processes across |lomad)| el
global scales. Understanding the mechanisms by which afforestatiansaiisrand
biogeochemical cycling and how these mechanisms change across ditfalesivsl|
aid in evaluating the true costs and benefits of afforestation. These raBudts wgeful
in determining if the benefits of afforestation will continue to outweighatgs in the
long-term.

The goal of Chapter 1 is to evaluate how afforestation across the glolis affec
mineral soil quality, including pH, sodium, exchangeable cations, organic carbon, and
nitrogen, and to examine the magnitude of these changes in regions wher¢asifiares
rates are high. To control for different initial soil conditions across the gl@xanined
paired sites of afforested plantations and controls. Controls included land-uséagpes t
are frequently afforested, such as grasslands, shrublands, and pasturesanailsed:
potential mechanisms to reduce the impacts of afforestation on soils and tormaintai
long-term productivity. Across diverse plantation types (153 sites) to a depth of 30cm of
mineral soil, | observed significant decreases in nutrient cations (Ca, Kirdgases in
sodium (Na), or both with afforestation. For the global dataset, afforestation deshice
concentrations of the macronutrient Ca by 29% on average compared with native controls
(p<0.05). Afforestation b¥inus alone decreased soil K by 23% (p<0.05). Overall,
plantations of all genera also led to an average 71% increase of soil Na (p<0.0&yeAver

pH decreased 0.3 units (p<0.05) with afforestation. Afforestation caused a 6.7% and 15%



(p<0.05) decrease in soil C and N content respectively, though the effect was driven
principally byPinus plantations (15% and 20% decrease, p<0.05). Carbon to nitrogen
ratios in soils under plantations were 5.7-11.6% higher (p<0.05). The major implication
of these results are that in several regions with high rates of afforestatiniatve
losses of C, N, Ca, and Mg are likely in the range of tens of millions of metric tons. The
decreases indicate that trees take up considerable amounts of nutrienwlfpm s
harvesting this biomass repeatedly could impair long-term soil feditityproductivity
in some locations. Based on this study and a review of other literature, Itsihgges
proper site preparation and sustainable harvest practices, such as avoidingptia oe
burning of harvest residue, could minimize the impact of afforestation on soil& Thes
sustainable practices could in turn slow erosion, organic matter loss, and soil campact
from harvesting equipment, maintaining soil fertility to the greateshéxtossible.

Soil microbes are highly diverse and control most soil biogeochemical reactions
Given the observed changes in Chapter 1, in Chapters 2 and 3 | examined how microbial
functional genes and biogeochemical pools responded to the altered chemical inputs
accompanying afforestation. | examined paired native grasslands aoeraBjaal yptus
plantations (previously grasslands) in Uruguay, a region that lacked foedste
European settlement. Along with measurements of soil carbon, nitrogen, and bacteria
diversity, | analyzed functional genes using the GeoChip 2.0 microarray that
simultaneously quantified several thousand genes involved in soil carbon and nitrogen

cycling. Plantations and grasslands differed significantly in functional gerides,
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bacterial diversity, and biogeochemical pool sizes. Afforestation dedrbatie bacterial
diversity and richness compared to grasslands, though diversity remairtieelsekagh.
Most grassland functional gene profiles were similar, but plantation prgélesrally
differed from grasslands due to differences in functional gene abundaoss a@ny
microbial groups. Eucalypts decreased ammonification and N-fixation functiares ge

by 11% and 7.9% (p<0.01) which correlated with decreased microbial biomass N and
more NH;" in plantation soils. Chitinase, an important carbon polymer degrading
enzyme, decreased in functional gene abundance 7.8% in plantations compared to
grasslands (p=0.017), and C polymer degrading genes decreased by 1.5% overall
(p<0.05), which likely contributed to 54% (p<0.05) more C in undecomposed extractable
soil pools and 27% less microbial C (p<0.01) in plantation soils. In general, affioresta
altered the abundance of many microbial functional genes corresponding withscimange
soil biogeochemistry. These changes were driven by shifts in the whole cammmuni
functional gene profile, not just one or two constituent microbial taxa. Such changes in
microbial functional genes correspond with altered C and N storage and have
implications for long-term productivity in these soils.

The area studied in Chapters 2 and 3 lies near the middle of a precipitation
gradient that stretches across the Rio de la Plata grasslands. In Chagttehedl if the
effects of afforestation on soil C and N from Chapters 2 and 3 varied with different
precipitation levels. The effect of afforestation on soil C has been shown to depend on

mean annual precipitation (MAP), with drier sites gaining C and wettsrlsgeng C
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with afforestation. This precipitation dependence of soil C changes with affoyast

may be controlled by changes in soil nitrogen (N) cycling. In particular, Iaddag to
leaching after afforestation could lead to soil C losses. However, the link beBaed

N changes due to afforestation has primarily been suggested by models and to m
knowledge has never been explicitly tested across a precipitation gratiemfodl of

this study was to test how precipitation affects changes in labile and bulk pooils®f s

and N across a precipitation gradient, which will provide novel insight into the linkage
between land-use change, different pools of soil C and N, and precipitation. | conducted
this study across a gradient of precipitation in the Rio de la Platdagrds®f Argentina

and Uruguay which ranged from 600mm to 1500mm of precipitation per year. The sites
were all former grasslands that had been plantedBuithlyptus. | found that changes in
bulk soil C and N were related to MAP with drier sites gaining and wettsrigi;g C

and N (R=0.59, p=0.003), which supports the idea that N losses are strongly linked to C
losses with afforestation. C and N in microbial biomass and extractable pémigefbl

similar patterns to bulk soil C and N. Interestingly, losses of C and N decreabed a
plantations aged, suggesting that longer rotation times for plantations ctude re

potential soil carbon and nitrogen losses. These results indicate thattaffones still

be a valuable tool for carbon sequestration, but calculations of the benefits of
afforestation must take into account site factors such as age and preacipitati

accurately calculate total sequestration benefit and ensure continued highipitgduct

and carbon sequestration.
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In conclusion, afforestation could be an effective tool for carbon sequestration.
However, its benefits need to be carefully weighed against its costs for $pdsuc
reduced microbial diversity, decreased soil microbial functional capausses of soil
organic matter, and nutrient depletion. Careful management and consideration of
afforestation is needed to ensure the greatest benefits with the leasriordamage to

soils.
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1. Afforestation Decreases Soil Exchangeable Cations,
pH, Carbon, and Nitrogen: A Global Meta-analysis

1.1 Introduction

Afforestation, planting trees on land that has not previously been forested for at
least 50 years, has been featured as a potential mechanism to sequestetiogide
(Vitousek 1991, Houghton and Hackler 1999, Wright et al. 2000, McCarl and Schneider
2001, Hoffert et al. 2002, Jackson et al. 2002, Jackson and Schlesinger 2004, Pacala and
Socolow 2004, Lal 2008). Afforestation has also gained attention as a means for
developed countries to mitigate their carbon emissions through offset progieess
the Clean Development Mechanism of the Kyoto Protocol. However, the fast growth
rates of plantations compared to other vegetation types can lead to higheddensoll
nutrients (Mendham et al. 2003b, Merino et al. 2004, Zhang et al. 2004). Depending on
how sustainably the harvested biomass is managed, its frequent removal cansdéplet
nutrients from these ecosystems, lowering primary productivity of futtations and
reducing their long-term potential as carbon sinks (Bi et al. 2007). The goal sfudy
was to quantify the effects of afforestation on soil nutrients and to suggestyforest
practices that can ameliorate any negative impacts of affocestati

Globally, the scope of afforestation has rapidly increased in recent dekadés.
2005, roughly 140 million ha were grown as afforested plantations, with ~2.8 million
more hectares afforested per year (FAO 2006b). The afforestation Irkédyiso
increase, since many plantations typically produce greater economic returnsitikie
forests, particularly those of non-natigus andEucalyptus (Cubbage et al. 2006).

1



With a potential 34 million more hectares afforested by 2020, managers need to
understand the long-term effects of plantation establishment on soils and how tthis coul
affect long-term productivity.

Plantations have many potential economic and ecological benefits beyond wood
products and carbon sequestration. For example, afforestation of marginaltagiic
and grazing lands can reduce soil erosion and diversify and improve revenues (Geary
2001, Cubbage et al. 2006). Plantations may grow faster than natural forests and produce
more timber products per year, reducing the amount of land needed to meet wood
demand globally (Wright et al. 2000). Sustainable harvest of afforested plastaduld
therefore reduce the loss of primary forest, preserving biodiversity (AB#&RIEJaako-
Poyry 1999, FAO 2001b). Forested plantations already contribute >35% of the world’s
industrial wood products, even though plantations account for only ~4% of the global
forested area (ABARE and Jaako-Poyry 1999, FAO 2001b).

Afforestation can occur in many different forms. The UN Food and Agriculture
Organization (FAO) defines afforestation as either the establishmearestd on
historically treeless areas or on land cleared of native forests fasabl@ years.
Although afforestation is typically conducted with fast growing, exoticdpeeies,
native species are used in a smaller subset of afforested areas. Thesa défEnarios
(treeless vs. deforested regions, exotic vs. native species) can pgtésdilio different
trajectories of ecosystem change, including different rates of @etaratrient
depletion, and biomass increment; nevertheless, convergent trends such as the
redistribution of soil nutrients to tree biomass and soil acidification maygamin this

2



study we include data on many different pathways of afforestation in orded teffects
that are common across afforestation scenarios.

By redistributing nutrients from soils to biomass, afforestation has polgntial
strong effects on plant macronutrients (Jobbagy and Jackson 2003, 2004b, Farley et al.
2008b). Nutrient uptake and subsequent harvest and removal of biomass can deplete
cations, including calcium (Ca), magnesium (Mg), and potassium (K) (Ric¢ldker e
1994, Mendham et al. 2003a, Zhang et al. 2004). Jobbagy and Jackson (2003) showed
that the redistribution of base cations from soils to biomass acidified the ssofack
Eucalyptus plantations in Argentina; this phenomenon was also observed globally for
Pinus andEucalyptus plantations (Jackson et al. 2005). Sodium redistribution caused by
afforestation withEucalyptus plantations can even salinize soils in some locations; in the
Argentine pampas, for instance, afforestation caused a 4-19 fold salinizatis aisl
ground water compared to native grasslands (Jobbagy and Jackson 2004a).

Previous research, primarily in New Zealand and Australia, has shown that
afforestation can significantly alter both soil carbon (C) and nitrogen ¢aksPinus
andEucalyptus afforestation was shown to decrease soil carbon content by an average of
10% (Davis and Condron 2002, Guo and Gifford 2002). In the same region, a study of
afforestation withPinus radiata found a reduction in total soil N by more than 45%

(Parfitt et al. 2003a, Parfitt et al. 2003b). In addition, afforestation in Austraa w
shown to slow the rate of N supply by soil (N mineralization) to plant-availabtesfor

(O'Connell et al. 2003). The potential loss of C and N from soils with afforestation



suggests that future plantation productivity on these soils might be less than indhe init
rotations.

This study examines the effects of afforestation on soils through a forrzal me
analysis of soil changes, including soil cations, acidity, carbon, and nitrogertu@ur s
examines data from numerous different families and genera of plantatioessipeni
globally distributed sites. Based on the results of site-specific and atgtadies, we
predict that afforestation will lead to more acidity and Na in soils and loweemiut
cations, carbon, and nitrogen contents. We discuss potential management toolsto reduc
the long-term impacts of afforestation on soil and to enable plantations to continue as

productive, sustainable sinks for carbon sequestration.

1.2 Methods
1.2.1 Literature search and Calculations

Data sources on the effects of afforestation on soil were assembled from the
scientific literature through the end of 2007. We contacted investigators aoklesktre
online databases Web of Science (http://isiknowledge.com) and Agricola
(http://agricola.nal.usda.gov) for available papers. We limited thelsparameters to
papers whose title, abstract, or keywords referred to afforestation or glangatd soil;
and grass, grassland, pasture, or shrubland. Of the papers returned by the search, we
selected those that had a paired-sample or chronosequence design; the fsal data
contained 71 papers with 153 independent sites (Table 1).

The data set contains analyses of afforestation with many diffezerggecies,

which we grouped into the following categori&sical yptus spp.,Pinus spp.,
4



angiosperms other thd&tucalyptus (henceforth “other angiosperms”), and conifers other
thanPinus (henceforth “other conifers”). We chose these groupings &ocayptus and
Pinus were the most commonly planted genera (FAO 2006a). The proportion of studies
in each genus or type in our analysis is similar to the global distributiomefagand
types globally (FAO 2001a). For instance, ~50% of sites in this analgd?snas
plantations compared to ~45% of the afforested area globally (Table 1)(FAO 2001b, a).
The majority of the original vegetation types in our database were grdssiapastures
(73%), followed by abandoned or degraded agricultural lands (25%), whereas ealy thr
sites (2%) corresponded to shrublands with incomplete canopy closure.
Across studies, the depth of the mineral soil varied greatly from 2.5 to 100 cm. There
were only six studies with data on forest floor organic horizons, which together with
inconsistent definitions of organic horizons, led us to restrict our analysis tcahso#s.
We further restricted our analysis to the top 30cm of mineral soil since {itat de
increment contains the highest concentrations of soil organic matter and hasrnpess
reaction to afforestation (Jobbagy and Jackson 2000).

If a study reported C or N as a percent of soil mass, we converted the values to
metric tons (C or N) h&by multiplying the % carbon or nitrogen by 100, bulk density (g
soil cni®), and sampling depth (cm). Some of the studies did not report soil bulk density.
Initially, we attempted to estimate bulk density from soil texture, but tteswas rarely
reported. Therefore, where needed we estimated bulk density (g £ilising equation

1 (Post and Kwon 2000):



B 100
B OM%+100—OM%
0.244 164

(1) BD

where OM% is the percent of soil organic mattespasing that organic matter equals
percent soil carbon divided by 0.58 (Mann 1986).

For all soil variables in this meta-analysis (s, cations, C, and N) there were
multiple methods used by different studies. Catwese measured predominately by
flame atomic absorption spectroscopy (84%) witimalker number (16%) by inductively
coupled plasma mass spectrometry. Soil pH was magsuth pH electrodes in
deionized water (77%), 0.01M CaGR1%), and BaGl(2%). Soil C and N were
determined predominately by combustion (70%), \R&Bb6 of C analyses by Walkley-
Black/dichromate digestion, 2% by loss on ingnitiand 23% of N analyses by Kjeldahl
digestion. To compensate for potential methodokgctifacts, we used the proportion
response (response ratio of afforested value/clovaifoe described below) of variables

for each site.

1.2.1 Meta-Analysis

Our goal was to determine the mean effect of aefftation on soil variables. We
calculated the effect size of afforestation onihaiable for a given site as a response
ratio, r = XE / X, where X is the mean value for a site of a given soil \@dainder
afforestation and Xis the mean value of the same site’s control (lésdg al. 1999,
Gurevitch and Hedges 2001). To match the scaléldfggarithmic) to the linear scales
of all other variables in the meta-analysis, wadfarmed to hydrogen ion concentration

values (10" to calculate response ratios, yet we presentethdts of the meta-
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analysis in pH units for ease of interpretatione Tésponse ratio was then transformed
by the natural logarithm to make the values linsarthat an increase in a variable due to
afforestation would be proportional and on the sanoade as a decrease.

Ideally, the meta-analysis of response ratios Ishioel weighted by the sample
size and variances for a study. However, for saindiess we were unable to determine
independent sample sizes and variances, and taevea¢ frequently not normally
distributed. To compensate for small sample si&sance, non-normality, and to
include as many studies as possible, we used pai@metric approach to statistical
analyses, i.e., an unweighted meta-analysis (Ggteand Hedges 2001, Guo and
Gifford 2002). Mean effect size (log response fatiod 95% confidence intervals were
generated by bootstrapping (10,000 iterations)AB $SAS Institute Inc., Cary, NC,
USA) (Efron and Tibshirani 1993). A mean effectesizas significantly different from
zero if its 95% confidence interval did not overlagro (Gurevitch and Hedges 2001).
For ease of interpretation, we present the meattgeofariables for control and
afforested rather than response ratios in someefggur his presentation is intended to
provide a reasonable range of values on an abssatate. However, the means alone of
all sites in this study can mask the underlyinge@tftize of afforestation due to
variability in initial control values. To show tmeagnitude of the effect of afforestation
while controlling for differences in initial confrgalues, we also present the average
response ratios (transformed to percent changéodaféorestation) with 95% confidence
intervals in square brackets. These percentagessap the average percent change for a
given grass- or shrubland that has been afforested.
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We also tested for correlations among the respaises of the measured variables.
Since several distributions were not Gaussian, seel the non-parametric Spearman’s
rank correlation coefficient. Correlation coeffiote and tests of statistical significance

were calculated using proc corr in SAS.

1.3 Results
1.3.1 Exchangeable Cations

Across diverse plantation types, we observed dserein nutrient cations (Ca, K,
Mg), increases in sodium (Na), or both concurrewntith afforestation. Afforestation by
Eucalyptus, Pinus, other conifers, and all vegetation types combiubecteased soil Ca
relative to controls by 37%, 31%, 16%, and 29%peetvely (each analysis p<0.05,
Figure 1, Table 3). Afforestation with other congfelecreased Mg concentration by 52%
(p<0.05, Figure 1, Table 3). However, there wasigaificant effect of afforestation on
soil Mg attributable to afforestation witucalyptus, Pinus, or other angiosperms.
Afforestation withPinus led to 23% lower concentrations of K (Figure 1blEa3).
Afforestation withEucalyptus, other angiosperms, aminus raised soil Na relative to
controls by 250%, 32%, and 81%, respectively (FedurTable 3). Afforestation by other
conifer genera did not induce a significant chaimgsoil Na levels. If all afforestation

types were combined, then soil Na concentratioreemed 71% relative to controls.

1.3.2 Soil pH and Base Saturation

Exchangeable cation concentrations and soil pHlasely linked, and
plantations also typically increased acidity angdoed exchangeable base cation

saturation. Afforestation witRinus, other conifers, and all vegetation combined reduc
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base saturation by 21%, 10%, and 17% respectipel§).05 for each, Figure 2, Table 3).
There was no effect &ucalyptus or other angiosperms on base saturation (Figure 2)
Afforestation withEucalyptus acidified soils versus controls from pH 6.0 to &8yure
2, Table 3)Pinus plantations led to a moderate acidification frokhf7 to 5.4, other
conifer plantations acidified soil from pH 4.6 tet4and across all plantation types from
5.6 to 5.3 (p<0.05, Figure 2, Table 3).

Across all plantation types, there was a negatoreslation (Spearman’s=-
0.58, p=0.006) between the response ratios fordggr ion concentration (soil pH) and
base saturation (Figure 3). We also found a negatwrelation (Spearman’s=-0.56,
p<0.0001) between response ratios for hydrogeramcentration and calcium (Figure
3). Greater decreases in base saturation and irattie to afforestation therefore

correlate with greater decreases in pH.

1.3.3 Carbon and Nitrogen

Overall the effects of afforestation on soil onga@ and N were the greatest for
Pinus plantations. Afforestation witRinus decreased soil C stocks (¢/)tby 15% on
average (Figure 4, Table 3). However, there wasigraficant change in soil C with
afforestation folEucalyptus, other conifers, or other angiosperms. Similasty] N
decreased with afforestationmmnus plantations and overall by 20% and 15%,
respectively, but overall changes were driven estekly by changes fdPinus. There
was no significant change in soil N duegiacal yptus, other angiosperms, or other

conifers (Figure 4, Table 3). Soil C:N increasagh#icantly by 5.7%, 11.6%, 5.9%, and



9.9% with afforestation bucalyptus, Pinus, other conifers, and all types combined,

respectively (Figure 4, Table 3).

1.3.4 Afforestation Effects across Regions with High Rates of
Afforestation

The consistent direction and magnitude of effectess many genera and regions
suggest that these effects are fairly general amgprovide a reasonable estimate for
global effects of afforestation on soil nutrierBsised on this study and on United
Nations Food and Agriculture Organization estimatigslantation area in regions with
high rates of afforestation, we calculated thel ataount of nutrients gained or lost from
soils globally (Table 4). Given that much of thetlautrient stock is likely stored in
biomass and litter, these numbers represent largnial exports of harvested nutrients
(and additions of Na). The largest losses of Churicbm soils were in North and Central
America with considerable losses also in ChinaEEmape (Table 4). China and North

and Central America lost the most Ca and Chinaeghihe most Na (Table 4).

1.4 Discussion

Our afforestation analysis revealed consistertce$fon soil properties across a
broad range of locations and tree genera. Depleti@xchangeable cations was
observed in three of four plantation types. Incesas soil Na were also found across
three plantation types (Figure 1). Consistent whthfindings of Jackson et al. (2005),
Eucalyptus andPinus plantations significantly acidified soils (Figu2g we also found
that other conifers acidified soils (Figure 2).ISDiand N levels decreased, but only for
Pinus plantations; however, afforestation with eitBgical yptus or Pinus significantly
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raised the soil C:N (Figure 4). The fact that mafghe significant differences were due
to Eucalyptus or Pinus afforestation could be due either to the greatiaviity of studies
for those genera (and hence a greater power totdiferences), or becaugeical yptus

or Pinus plantations are often not native to the regiowlrich they are planted. The
higher growth rates of these exotic plantationdadttaad to more drastic changes in soils

than plantation using a native species of tree.

1.4.1 Exchangeable Cations and Sodium

Several potential mechanisms may explain the rdiffees in exchangeable
cations observed with afforestation (Figure 1)algptoutpacing rates of supply,
increased leaching to groundwater, or decreasesneral weathering. However, in the
Argentine pampas, afforestation of grasslands &uital yptus camaldulensis was found
to decrease mineral soil cations by redistribufiom soil to biomass pools (Jobbagy and
Jackson 2003). This redistribution of cationdHugalyptus is attributable to increased
cation uptake of plantations compared with theveagirasses (Jobbagy and Jackson
2003). This mechanism likely explains our studysling of the depletion of Ca, K, and
Mg from soils across many different plantation gan@&igure 1). Additionally, Jobbagy
and Jackson (2003) found decreased cation excltapgeity (CEC) with losses in
cations; the lower CEC could indicate a reducedciyp of soils to store cations, which
suggests that new inputs of cations (gypsum or fartdizer) might not always increase
Ca stocks to pre-afforestation levels.

If we estimate the change in stocks of exchangesdil cations (kg/ha) from the

data in Figure 1 and the average bulk density antpng depth from the dataset, then
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the mean loss of Ca from soils due to afforestatrsh Eucalyptus, Pinus, and other
conifers is 0.53, 1.25, and 0.34 Mg'haespectively. These soil losses are within the
range of published values for total biomass Cagkample, severd&ucalyptus
plantations in Australia had an estimated totairtzies Ca of 0.32 Mg Haand aPinus
radiata plantation in Spain was estimated at 0.33 Mg Ch(fiarner and Lambert 1986,
Ouro et al. 2001). Additionally, the average amaafraoil Mg lost due to afforestation
with other conifers in this study was 0.27 Mg‘heompared to an estimateRifius
radiata Mg stocks of 0.68 Mg ha(Ouro et al. 2001). The similarity in soil losgedotal
biomass content of Ca and Mg supports the hypdtltleat uptake by plantations is a
major driver of soil Ca and Mg loss (Richter etl894) and that plantation management
leaving as much residue in place as possible wilimize problems of soil fertility in the
future.

The observed losses of exchangeable cations frioerah soils could decrease
productivity of successive plantation rotationsm@spheric inputs of Ca, K, and Mg are
usually less than plant uptake, which is typicallypplied through mineral weathering,
mineralization, and leaching from plant biomassh{&singer 1997). Best practices of
retaining logging residues and debarking harveglaotations on site could substantially
reduce cation losses from afforestation. Residadbkmf harvested trees with little
commercial value (leaves, branches, and bark) sotita majority of Ca and Mg in
forest biomass. Typically these residues are rechéreen the site or burned, leading to
export or losses of cations through acceleratethlag (FAO 2002). Aboveground
biomass in bark, leaves, twigs, and reproductigctires at Coweeta LTER contained

12



86% and 63% of the total biomass Ca and Mg (DayMoak 1977). Retaining these
residual components without mounding or burningceng leaching and erosion losses)
could lead to lower long-term losses of soil Ca Byl(Mendham et al. 2003a).

The observed increase in soil Na was likely calmsedfforestation’s effect on
hydrology (Figure 1). Jobbagy and Jackson positatithis increased Na due to
Eucalyptus afforestation could be caused by three mechanisnienced capillary rise of
water through soil due to drier soil under plamtasi, decreased leaching to deep
groundwater, or water uptake by roots from deepidepths (Jobbagy and Jackson
2004b, a). Because sodium is not essential to planhemistry, plants exclude it while
taking up water and other cations. (Marschner 19@8Jesinger 1997, Jobbagy and
Jackson 2004b). Jobbagy and Jackson (2004b) dematsasthat increased water uptake

by Eucalyptus plantations with sodium exclusion led to soil mdundwater salinization.

1.4.2 Soil pH, Base Saturation, and the Soil Exchange Complex

Comparing soils from a similar climate, foresiséend to be more acidic than
grassland soils (Schlesinger 1997, Chapin et &2 his difference in acidity can be
generated through several mechanisms, includimgased production of organic acids
or generation of carbonic acid from higher rateautbtrophic respiration (Richter and
Markewitz 1995). The increased acidity of foreseyralso be caused by increased
uptake of cations by trees and consequent chandbe proportions of cations adsorbed
to the soil exchange complex (Jobbagy and Jack808,2004b). The consistent effects
on cations by afforestation in our analysis sugtestchanges in the proportions of

cations could be a major driver behind the higlogdity of forest soils (Figures 1 and 2).
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For example, afforestation decreased Ca, Mg, amdrifany different plantation types,
and concurrently increased concentrations of NaHin@Figures 1 and 3). Additionally,
the correlation between decreased base saturattb@a with increased'Hsuggests that
the exchangeable cations (Ca, Mg, K) taken up foyedted plantations tend to be
replaced on soil exchange sites by Fhe consequence of this change is a soil
exchangeable pool with a higher proportion of H Aladons. The consistency of these
effects in this study across broad geographic regamd differing tree plantation types
suggests that relocation of cations could be argéneechanism driving the acidity of
forests across many different ecosystems.

Although acidification was significant f&ucalyptus, Pinus, and other conifer
plantations, the pH of the control soils (grasslandhrubland) also varied (Figure 2).
This result suggests that the mechanism of acadibo across plantation species is likely
similar, but the actual impact of the change indapends on the conditions of the
control site. The relationship between soil pH aatl fertility (e.g., cations) is not linear
because of the logarithmic scale of pH; for examgdds with pH between ~5 and 8
have consistently high percentages of Ca in thehangeable cation pool, but below pH
5 the Ca percentage drops precipitously (Bradyaied 2002). In our study,
afforestation witHPinus and other conifers lowered pH from 5.7 to 5.3 4r&lto 4.3.
Although the changes are similar in number of pHsuthe acidification iPinus
plantations probably has more implications for gentility, since the control soils for

other conifers were already acidic (more than @@$ higher proton concentration) and
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had less exchangeable bases to lose. For exarmapléhescalcium losses in this study

(Figure 1).

1.4.3 Soil Carbon and Nitrogen

We found a significant decrease in soil organ&n@ N withPinus afforestation,
but not with other species. This result agrees thighconclusions of Guo and Gifford
(2002) who found afforestation by pines (but natdalieaf species) significantly reduced
soil C. Since soil C and N are indices of sollifieyt the losses of C and N from soil
underPinus plantations may indicate a general loss in sdiility (Brady and Weil
2002). However, unlike Guo and Gifford (2002), we ot find correlations between
plantation age or depth of sampling and the logaase ratio. Given that most of the
sites were in their first rotation, observed segponses to afforestation may not yet have
come to equilibrium. Also, since afforested plaiotas are repeatedly harvested, they
might not reach equilibrium in the same senserast@al ecosystem recovering from
disturbance.

The loss of soil C under a plantation with highgmary productivity seems
counterintuitive; however, this loss could be duditferences in the distribution and
decomposability of plantation biomass (Guo andd@eaf2002). Plantation tree roots are
longer-lived and coarser than typical grass raats, contribute less to soil organic
material (Post and Kwon 2000, Guo and Gifford 20@@iditionally, plantations deposit
more C as litter to the forest floor, but there wesifficient data available to evaluate
how much C globally was stored as afforested fdtest material (Jobbagy and Jackson

2000, Post and Kwon 2000, Guo and Gifford 20023tudy in Australia found that
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debris from &inus radiata plantation stored a large amount of C, but thiy afilsets
22% of the carbon lost from the mineral soils duafforestation (Guo et al. 2006).
Additionally, C in plantation forest floor materi@corporates more slowly into soil
organic matter than in native grass systems (Gab 2006).

Carbon loss from soils as a resulfPofius afforestation influences potential rates
of C sequestration. The average loss of soil C upithe plantations in this analysis was
4.1 Mg C per hectare; an average plantation wi2h-gear rotation time can be assumed
to contain ~75 Mg C on average per hectare (Vitkkd$€91). The loss of soil C due to
afforestation is therefore a modest 5.5% of C sstgued in vegetation. Harvesting of
plantations usually results in additional losse€ dfom soils from increased rates of
decomposition (Vitousek 1991). Though these los$€sfrom afforested soils are less
than the sequestration potential in biomass, theyaage enough to be considered in C
budgets of these systems.

A potential method of reducing the impact of €didnd N loss is to retain logging
residues on site. As mentioned above, logging vesiére usually removed or burned
before subsequent rotations are planted, whiclslead large loss of C and N (FAO
2002). Removing or burning residues from harveptadtations also decreases soil C
and N contents; in Australia, for instance, burdigging residues led to a loss of 200-
350 kg N per hectare (Merino and Edeso 1999, Mandtaal. 2003b). Conversely,
retention of logging residues led to higher sogaoric matter and N contents and higher

rates of net N mineralization (Goncalves et al. RFAO 2002). Retention also led to
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increased productivity compared to burned sitesilpsequent plantation rotations
(Bouillet et al. 2000, Fan et al. 2000, Xu et &0Q).

Soil C:N increased with bothinus andEucalyptus afforestation (Figure 4).
Though the changes in C:N wiHucalyptus were not as large as fBrnus, the increase
in C:N is potentially an indicator of lower soilganic matter quality (Brady and Weil
2002). SincePinus plantations decreased both soil C and N contdmésntreased C:N in
Pinus plantations suggests that the depletion of N isemapid (Figure 4). This more
rapid decrease in N is likely due to increasedtplgtake of N compared to native
grasslands (Jobbagy and Jackson 2004b). Anothsibb®smplication of increased C:N
ratios in these systems is increased microbial iMaivilization (Brady and Weil 2002,
Berthrong and Finzi 2006). Microbes immobilize mbdrén their biomass as C:N
increases; as a consequence mineralization radsveer, which leads to lower plant-

available nitrogen and lower productivity.

1.4.4 Implications and Conclusions

This global study indicates that afforestatiorenfteads to more acidic and
nutrient-deficient mineral soils, but best manageinpeactices can help overcome some
of these changes. Although these soil changes aoyldir the productivity of successive
rotations; it is unclear how long it will take teesnoticeable productivity declines.
Turner and Lambert (1986) estimated that in Austrigwould take ~320 years (4
rotations) before nutrient depletion (P and Ca) ampair productivity; however, this
was estimated by total biomass nutrient stockstatadi soil pools and not from actual

measures of productivity over successive plant(figsner and Lambert 1986). Estimates
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of Chinese fir plantation yields show that annuahtass production by the third rotation
drops by more than 50% (Zhang et al. 2004). Intamdio nutrient depletion, plantation
harvesting has been shown to compact soil whichcedl regeneration of new seedlings
by up to 51.5% (Balbuena et al. 2002).

With afforestation likely to continue as a usefidchanism for offsetting carbon
dioxide emissions, management practices shoulthpkemented to reduce soil impacts
and improve sustainability. For instance, maintaarsoil fertility could be accomplished
through site and harvest management tools. Reteafitngging slash, on site debarking
and retention, and reduced burning of slash haga bkeown to reduce nutrient (Ca, Mg,
N, etc.) export, loss of soil organic material,®00 losses, and soil compaction (Merino
and Edeso 1999, Bouillet et al. 2000, Ouro et@D12 Mendham et al. 2003b, Merino et
al. 2004). Depending on initial site conditionsmdmonations of these different
management conservation practices could improvaisadility.

With demand rising for timber products, manage&msdeither to harvest stocks
from remaining native forests or to increase suosatale plantation forestry (ABARE and
Jaako-Poyry 1999). Reducing soil degradation fréforestation and harvesting is
important for productivity and reducing habitatdof managed sustainably, afforestation
could simultaneously preserve remaining nativedisrand function as a long-term £0

sink.
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1.5 Tables

Table 1: Studies included in this meta-analysis

Author(s) Country Plantation Type
(Adams et al. 2001) New Zealand Other Conifer
(Adams et al. 2001) New Zealand Pine
(Alfredsson et al. 1998) New Zealand Other Conifer
(Alfredsson et al. 1998) New Zealand Pine
(Alriksson and Olsson 1995) Sweden Other Conifer
(Barton et al. 1999) Scotland Pine
(Binkley and Resh 1999) USA Eucalyptus
(Binkley et al. 1989) USA Pine
(Burton et al. 2007) Australia Pine
(Chen et al. 2007) China Pine
(Chen et al. 2000) New Zealand Pine
(Condron and Newman 1998) New Zealand Other Conifer
(Condron and Newman 1998) New Zealand Pine
(Davis 1994) New Zealand Pine
(Davis 1995) New Zealand Pine
(Davis 2001) New Zealand Pine
(Davis and Lang 1991) New Zealand Pine
(Del Galdo et al. 2003) Italy Other Angiosperm
(Garbin et al. 2006) Brazil Pine
(Garg and Jain 1992) India Other Angiosperm
(Giddens et al. 1997) New Zealand Pine
(Gilmore and Boggess 1963) USA Pine
(Groenendijk et al. 2002) New Zealand Pine
(Guevara-Escobar et al. 2002) New Zealand Otheiospgrm
(Guo et al. 2007) Australia Pine
(Hawke and O'Connor 1993) New Zealand Pine
(Hofstede et al. 2002) Ecuador Other Angiosperm
(Hofstede et al. 2002) Ecuador Pine
(Huygens et al. 2005) Chile Pine
(Jain and Singh 1998) India Other Angiosperm
(Jobbagy and Jackson 2003) Argentina Eucalyptus
(Jug et al. 1999) Germany Other Angiosperm
(Lilienfein et al. 2000) Brazil Pine
(Lima et al. 2006) Brazil Eucalyptus
(Mao et al. 1992) China Eucalyptus
(Markewitz et al. 1998) USA Pine
(Martens et al. 2004) USA Other Angiosperm
(Menyailo et al. 2002) Russia Other Angiosperm
(Menyailo et al. 2002) Russia Other Conifer
(Menyailo et al. 2002) Russia Pine
(Merino et al. 2004) Spain Other Angiosperm
(Montagnini 2000) Costa Rica Other Angiosperm
(Musto 1992) South Africa Eucalyptus
(Musto 1992) South Africa Other Angiosperm
(Musto 1992) South Africa Pine
(Muys and Lust 1993) Belgium Other Angiosperm
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Table 1 Continued: Studies included in this meta-analysis

Author(s)

Country

Plantation Type

(Nielsen et al. 1999)
(Noble et al. 1999)
(Noble et al. 1999)
(Nosetto et al. 2006)

(O'Connell et al. 2003)
(Ohta 1990)
(Ohta 1990)

(Parfitt et al. 1997)
(Parfitt et al. 2003b)
(Payet et al. 2001)
(Prosser et al. 1993)
(Quideau and Bockheim 1997)
(Resh et al. 2002)
(Resh et al. 2002)
(Reynolds et al. 1988)
(Rhoades and Binkley 1996)
(Rhoades and Binkley 1996)
(Richter et al. 1994)
(Ross et al. 1999)
(Ross et al. 2002)
(Saggar et al. 2001)
(Schipper and Sparling 2000)
(Scott et al. 2006)
(Sharrow and Ismail 2004)
(Singh et al. 1998)
(Singh et al. 1998)
(Sparling et al. 2000)
(Vesterdal et al. 2002)
(Williams et al. 1977)
(Wu et al. 2006b)
(Yeates and Saggar 1998)
(Yeates et al. 2000)
(Yuste et al. 2007)
(Zhao et al. 2007)
(Zinn et al. 2002)
(Zinn et al. 2002)

Denmark
Australia
Australia
Argentina
Australia
Phillipines
Phillipines
New Zealand
New Zealand
South Africa
Australia
USA
Puerto Rico
Puerto Rico
UK
USA
USA
USA
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
USA
India
India
New Zealand
Denmark
UK
China
New Zealand
New Zealand
USA
China
Brazil
Brazil

Other Conifer
Other Angiosperm
Pine
Pine
Eucalyptus
Other Angiosperm
Pine
Pine
Pine
Pine
Eucalyptus
Pine
Eucalyptus
Other Angiosperm
Other Conifer
Eucalyptus
Other Angiosperm
Pine
Pine
Pine
Pine
Pine
Pine
Other Conifer
Eucalyptus
Other Angiosperm
Pine
Other Conifer
Pine
Pine
Pine
Pine
Pine
Pine
Eucalyptus
Pine

20



Table 2: Number of studies in this meta-analysis by variable and afforestation type

Analyses
Type
Na Ca Mg K pH BS% C N C:N

Eucalyptus 8 30 10 10 16 3 26 16 16
Other Angiosperm 5 12 12 12 16 4 16 13 13

Pinus 33 46 46 42 68 28 71 61 61

Other Conifers 6 8 8 8 9 6 7 7 7
Overall 52 96 76 72 109 41 120 97 97
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Table 3: Percent change due to Afforestation

44

Analyses
Type
Na Ca Mg K pH BS% C N C:N
Eucalvotus 250% -37% -13% 5.7%
w [61,674]  [-25, -47] [-7.9, -18] [.05, 11.3]
Other 32%
Angiosperm [15, 50]
Pinus 81% -31% -23% -5.9% -21 -15% -20% 11.6%
[42,136]  [-17, -43] [-2.1,-42] [4.3-7.5] [2.9,6-37] [8.6,-21] [12,-27] [3.5, 20]
Other -16% -52% -6.5% -10% 5.9%
Conifers [-2.4, -29] [-27, -70] [-1.2,-12] [-4.5,-17] [.18, 11]
overall 71% -29% -5.7% -17% -15% 9.9%
[35, 120] [-20, -37] [-4.3-75] [-2.3,-17] [-8.6, -21] [4.2, 16]

Note: BS% = base saturation %. Values represent peent gain (positive values) or loss (negatalaes) generated by
bootstrapping with 95% confidence interval in bretsk
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Table 4: Mean total significant losses or additions of nutrients with afforestation in surface soils across different regions

of the world
Region or  Afforestation Area Soil C lost (16 Soil N Lost Soil Ca lost Soil Mg Lost  Soil Na Added
Country type (10° ha) Tonnes) (10 Tonnes)  (10*Tonnes)  (10°Tonnes)  (10° Tonnes)

South Eucalyptus
Africa 566 302 354

Pinus 724 2957 259 904 120

Other

Broadleaf 123 2
China Eucalyptus 2397 1277 1498

Pinus 10031 40971 3582 12521 1665

Other Conifer 16160 5544 2392

Other

Broadleaf 13304 186
South and  Eucalyptus 4047 2156 2529
South East  Pinus 1734 1115 619 2164 288
Asia Other Conifer 273 94

Other

Broadleaf 11104 155
Europe Pinus 10945 44704 3908 13661 1817

Other Conifer 9077 3114 1343

Other

Broadleaf 3730 52
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Table 4 Continued: Mean total significant losses or additions of nutrients with afforestation in surface soils across
different regions of the world

Region or  Afforestation Area Soil Clost (16 Soil N Lost Soil Calost  Soil Mg Lost Agglldeé
Country type (10° ha) Tonnes) (10* Tonnes) (10° Tonnes)  (10° Tonnes) To?me(s)
North and Eucalyptus 198 105 124
Central Pinus 15440 63063 5513 19272 2563
America Other Conifer 88 30 13
Other
Broadleaf 511 7
Australia Eucalyptus 549 292 343
and New Pinus
Zealand 2602 10628 929 3248 432
Other Conifer 163 56 24
Brazil, Eucalyptus 3777 2012 2360
Argentina, Pinus 4253 17371 1519 5309 706
and Chile  Other Conifer 104 36 15
Other
Broadleaf 585 8

Note: Estimated total area (ha) of afforested &eeegions based on UN FAO data from voluntaryrtoureports; not all
countries in every region are represented (FAO BOAB The estimates of area are conservative;amligerately planted
forests designated for harvest were counted. Lassadditions of C and nutrients were calculatednfdifferences in means
from Figures 1 and 4. Total C and N were measupettd B0cm of mineral soil. Total stocks for Ca, Mgod Na were
estimated using the average bulk density of sil368 g/cr) and average sampling depth (0.14 m) in our datba



1.6 Figure Legends

Figure 1. Changes in soil exchangeable cations afftrestation. Significant increases
due to afforestation (p<0.05) of a cation withiplantation type are indicated by the
cation name and an up arrow (e.gNand decreases by a down arrow (e.gk)CSee
Table 2 for number of studies used for each arglgsid Table 3 for means and 95%

confidence intervals.

Figure 2. Changes in soil pH and base saturatitim afforestation. An asterisk indicates
a significant difference (p<0.05) between contrad afforested for a given plantation
type, and error bars represent standard errorifgmce for pH was calculated based on
[H'] but is presented here in pH units for ease @rpretation. See Table 2 for number

of studies used for each analysis, and Table B&ans and 95% confidence intervals.

Figure 3. Relationship betweenHbase saturation (BS%), and Ca. In the left pahel
response ratio of BS% is negative correlated wighresponse ratio of [H(Spearman’s
p=-0.58, p=0.006, N=21); 15 points are frémus, 1 Eucalyptus, 4 other conifers, and 1
other angiosperm. In the right panel, the respoase of Ca is negatively correlated with
the response ratio of [H(Spearman’sp=-0.56, p<0.0001, N=51); 28 points &aus,

10 Eucalyptus, 4 other conifers, and 9 other angiosperms. Saile analyzed up to

30cm deep with an average of 14cm.
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Figure 4. Changes in soil carbon and nitrogen. #ar&k indicates a significant
difference (p<0.05) between control and affore$ted given plantation type, and error
bars represent standard error. See Table 2 for euailstudies used for each analysis,

and Table 3 for means and 95% confidence intervals.

1.7 Figures
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2. Afforestation alters soil functional gene composition
and biogeochemical processes in grasslands of
southern South America

2.1 Introduction

Although soil microbes mediate nearly all biogesiical cycles in terrestrial
ecosystems, we understand very little about howe@mwmental changes affect these
microbes and their functions (Jackson et al. 26@&r et al. 2005, Martiny et al. 2006,
Fierer et al. 2007a, Falkowski et al. 2008). Stadynow environmental changes affect
microbial functioning should help in predicting hdogeochemical cycles will respond
to changing climate and land-use more broadly. Besaf high levels of apparent
redundancy for many biogeochemical gene familiessscmicrobial groups (9), small
scale environmental effects that alter some mialaioups will not necessarily alter
overall biogeochemical functioning (Fitter et &08). In contrast, large scale
environmental perturbations, such as land-use ehamayld drive major shifts in
microbial populations that correspond to significhiogeochemical changes. The goal of
this study was to examine how soil microbes and #desociated biogeochemical
functions responded to a land transformation, treversion of native grasslands to
forest plantations.

Many studies have examined the effects of chanigimdruse on soil microbial
diversity; however, shifts in diversity will not oessarily alter the ability of soil microbes
to perform biogeochemical functions. Functionale@ericroarrays that compare many
orthologous gene sets controlling biogeochemiaattions have recently emerged as a

way to examine genes across a broad range of mganisms and functions
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simultaneously (Gentry et al. 2006, He et al. 200 Geochip microarray (version 2.0)
simultaneously quantifies several thousand geroes fiverse species and groups
involved in soil C and N cycling (Wu et al. 2001 Wt al. 2006a, He et al. 2007). This
array allows for a detailed analysis of the biodemaical gene profiles of soil microbes
and is ideal for understanding how profile changagsponse to environmental
perturbations and experimentally imposed conditions

Afforestation, defined by the Kyoto protocol as #stablishment of tree
plantations on land without forests for >50 ye&sn ideal system to study the effects of
land-use change on soil microbial functions. Suehntations already cover 140 million
ha globally, with 2.8 million ha afforested annyathis rate is likely to increase as
demand for wood products and the use of plantasrsarbon offsets grows (FAO
2006a). Afforestation has many impacts on soil @ mamrient cycling that are likely
linked to microbial activity and functions (Guo aGifford 2002, Berthrong et al. 2009).
Studying the impacts of this land-use change adis sbibuld help improve predictions of
plantation productivity and the current and futaapacity of these systems to sequester
carbon.

Plantation productivity and potential C sequegiraire linked to microbial C
and N cycling in soils. For instance, microbial deposition of vegetation inputs to soils
controls the plant available N supply (Schimel &senett 2004, Manzoni et al. 2008).
Since N is usually the most common soil nutriemiiting plant growth, changes in soil N
cycling will therefore often influence plant nutnteuptake and productivity (Schimel and
Bennett 2004, Berthrong and Finzi 2006). In tadterations in nutrient uptake by plants
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feed back into the quantity and quality of plantenial supplied to microbial processes.
Hence, changes in soil microbial functional genes activity could alter the long-term
carbon sequestration potential of plantations.

In this study we examined the effectsmmical yptus afforestation on native
grasslands in Uruguay. Becau&gcal yptus plantations are common globally and tend to
produce lower quality substrates for microbes tr@sses do (Pozo et al. 1998,
Wedderburn and Carter 1999), we hypothesized tiesetlower quality substrates (e.qg.
higher phenolic and other secondary compound cgritegher C:N) would alter the
functional gene composition of microbial commurstand lead to altered rates of

biogeochemical cycling, particularly pool sizessofl carbon and nitrogen.

2.2 Methods
2.2.1 Site Description and Soil Sampling

Eucalyptus is the second most common genus used for affoi@siglobally and
comprises ~40% of plantation area in southern SAuothrica and Brazil (FAO 2006b).
Species oEucalyptus are desirable for their robust growth in differeltnates and for
their resistance to drought, pests, and low-nutseiis; Eucalyptus also has the highest
rate of growth of any commonly used afforestatienigs in warm climates (Pryor 1976,
Florence 1996, FAO 2006b). In turn, Uruguay haddseest rate of afforestation
increase in terms of percentage increase and segeatest in total area in South
America, attributable in part to government sulesdiGeary 2001, FAO 2006b). The fast
growth rate and proximity to paper mills in Urugugiyes these plantations one of the

highest potential economic rates of return for $opoducts in the Western Hemisphere
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(Cubbage et al. 2006). Uruguay is a particularlgdytmcation to study the effects of
Eucalyptus plantations because it also has many replicated wiith similar planting
techniques, diverse forest age classes, and dwstrates. Together with the historical
absence of trees in the Rio de la Plata grasskandsuguay and Argentina, the region is
an ideal one to study the effects of land-use chamgsoils (Jobbagy and Jackson 2004a,
2007).

We studied eight sites with adjacent plots ofweagrasslands artelical yptus
plantations. The sites ranged from 50 to 200 mewation and were located near Minas,
the capital of the Lavalleja department of Urug(@4.37S, 55.23W). Mean annual
precipitation is 1150 mm, and mean annual temperasul6.5C. Soils of the region are
Udolls, Udalfs, and Udepts developed over grandak; soils at our sites were mostly
Hapludalfs with typical soil depth of 30cm (Dura®8b, Farley et al. 2008a). Native
grasslands in this region are a mix gfadd G grasses that are frequently used for cattle
and sheep grazingucalyptus plantations in our study sites were not fertilized were
established between 1992 and 1996. Three of tmegpiens were in their second rotation
and five were original plantings. Prior to affogtn, the plantation sites were native
grasslands similar to their adjacent controls.

In September 2005, we sampled the top 10 cm oémrairsoil using a 1.9-cm
diameter soil core. At each adjacent grassinck yptus pair we collected five cores per
transect along two 10 m transects in each vegetélid cores per vegetation, 20 cores
per site). All cores for each vegetation type ¢tbées) at each site were composited in a

polyethylene bag and stored on ice for transpathédab. Samples were homogenized
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and sieved (2mm) to remove roots and rocks. Fredhsere used for biogeochemical

analyses; subsamples were stored &tG80r DNA extraction.

2.2.2 Soil Biogeochemical Analyses and Statistics

Soil total extractable carbon and nitrogen,,;NHNO;", and microbial biomass C
and N were determined as previously described iB&my and Finzi 2006). The methods
were modified by using 2 g of field moist soil ieat of 30 g. Total air-dried soil and
litter C and N were determined by combustion inesal@€Erba Elemental Analyzer (CE
Elantech, Lakewood, NJ USA). Air-dried soil andeit-*C was determined on a
Finnigan MAT Delta Plus XL continuous flow mass sjpemeter systems; results are
expressed a%>C%o versus the Pee Dee Belemnite (PDB) standard.

Leaf total phenolics were extracted from air-diigér by placing 0.02g of
ground leaf material in a centrifuge tube and agl@irv5ml of 70:30 acetone:water. The
samples were placed in a sonicating bath for 1Qtesiand then centrifuged at 10x
gravity for 2 minutes. The supernatant was decaaeldthe process was repeated on the
leaf material three times to ensure that all pheaalere extracted (Swain 1979).
Concentration of total phenolics in the extractisited 200x with double deionized
water, were measured using the Folin method wadaliaration curve of gallic acid
solution (Swain and Hillis 1959).

We tested for significant differences in biogeauleal variables between
grassland and plantation using paired t-tests i6 §AS institute, Cary, NC USA). All
distributions were determined to be Gaussian befnedysis. The level of replication

was the individual site (one vegetation pair).
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2.2.3 DNA Extraction and Whole-Community Genome Amplification

DNA was extracted from 10 g of soil using the “Romax” kit (Mo Bio
Laboratories, Carlsbad, CA, USA). The manufactsiestructions were followed
except for two modifications that reduced DNA sivgato produce high molecular
weight DNA ideal for whole-community genome amigftion. The first modification
was to grind the soil in a mortar and pestle wiill nitrogen instead of bead-beating
the samples. The other modification was to plaeesdmples in a 8C incubator and
rotate the tubes gently, 30 oscillations per minfsteone hour.

Extracted DNA was then concentrated by alcoholipi@tion. One ml of DNA
extract was combined with 0.8 ml ice-cold isopragamnd 0.1ml 3M NaCl; the mixture
was inverted to mix and chilled at <ZDfor 30 minutes to precipitate the DNA. The
samples were then centrifuged at 10,000x ¢@tfdr 10 minutes, the supernatant was
removed and discarded, and the pellet containiadtiA was dried in a speed-vac. The
pellet was then washed with 70% ethanol and cegiid at 10,000x g; the supernatant
was removed, and then the DNA pellet was driedd@gd-vac and then resuspended in
50ul of deionized water.

To obtain sufficient genomic DNA and to dilute #féect of compounds that co-
extract with soil DNA and inhibit microarray hybizétion and signal detection, we
performed a whole-community genome amplificatiomyltiple stand displacement
amplification (Wu et al. 2006a). An illustra Gendthi V1 DNA amplification kit (GE
Healthcare Life Sciences, Piscataway, NJ, USA) wgasl as described in Wu (Wu et al.

2006a) as per the manufacturer’s instructions, sateral minor modifications. Briefly,
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100ng of DNA was mixed with of sample buffer (containing random octamer
primers) and denatured in a thermocycler &9fwr 5 minutes. We then added to the
sample @l of reaction buffer (salts and deoxynucleotidphosphates), il enzyme mix
(Phi29), 1l single-stranded DNA binding protein (260nQ/ and 1ul spermidine

solution (1mM); the mixture was thoroughly mixedlancubated in a thermocycler at
30°C for 6 hours and then heated td@3or 10 minutes to stop the enzymatic reaction.
All pipetting steps were performed in a sterile ilaan flow hood to prevent the
introduction of contaminant DNA prior to amplifieah. Non-template controls were
amplified using sterile deionized water insteadarhple DNA and were treated

identically to the other samples throughout subsagjanalyses.

2.2.4 Microarray Hybridization

The functional gene microarrays (FGA or Geoch{)) 2sed in this study were
constructed as previously described (He et al. 2Di@bich et al. 2006, He et al. 2007).
FGAs contained >27,000 gene- and group-specifgoalicleotide probes (50bp each)
that target genes essential to carbon, nitrogéfursand metal transformations and
biogeochemical cycling. Three criteria were usedrtsure specificity of the probes:
<90% sequence identity to non-specific targe®) bases of identical sequence stretches,
and>-35kcal mot* binding free energy between probes and non tasgriences
(Liebich et al. 2006).

Amplified DNA was fluorescently labeled using Cgfe and the Klenow

fragment (He et al. 2005). Briefly, gDof amplified DNA, 2Qul of 2.5X random primers
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(octamers, Invitrogen), and BLOMmM Spermidine were mixed and heated to 99.9

for 5 minutes in a thermocycler, then immediatddifled on ice. To these samples we
added 2.5l dNTPs (5mM dATP, dGTP, dCTP, and 2.5mM TTRJj| 2.5mM Cy5-UTP,
2ul of 80U Klenow (Invitrogen), 0.1 recombinan€. coli RecA protein (490ngl,
Invitrogen), and 13,8 sterile DI water. Samples were mixed by invertitigen
centrifuged and incubated in a thermocycler &C3for 6 hours. Once Cy5 was added,
all remaining steps were conducted in low-lighpteserve the activity of the fluorescent
dye. After incubation, the samples were cleanedguaiQlAquick PCR purification kit
following manufacturer’s instructions (Qiagen, Mat&a, CA, USA). We also used buffer
PB for the QIAquick kit to avoid interference fraime indicator dye in the standard PBI
buffer. Cleaned and labeled samples were dried dowarspeed vac.

Prehybridization solution containing 50% formamif¥ SSC, 0.1% SDS, and
0.1mg/ml bovine serum albumin was heated t&C5@ a water bath. Microarrays were
incubated in the 5@ prehybridization solution for 45 minutes, andtheashed 3X with
DI and 1X with isopropanol, and then dried withidied compressed air. Microarrays,
hybridization chambers, lifter coverslips, pipdtps, and 5X SSC were warmed t6°60
in a hybridization oven. For each sample, 38.4f hybridization mix (final
concentration: 50% formamide, 5X SSC, 0.10% SDEydlul salmon sperm DNA,
0.0825 mM Spermidine) was added to the dried-daamnpte and mixed thoroughly.

The solution was incubated at°@5in a thermal cycler for 5 minutes, and then legpt

60°C while 1.6l of 490ng/l RecA was added and mixed. On top 60 heating block,
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all 40ul of sample solution was pipetted onto the micrayat the edge of the lifter
coverslip, and capillary action was used to cokerrhicroarray surface with solution.
The microarrays were sealed in water-tight hybatdan chambers and incubated atG0
in a water bath overnight. Microarrays were thesheal in a bath of gently shaking
50°C solution of 1X and 0.1% SDS. Without allowing thé&roarrays to dry, we
transferred them to a gently shaking bath of tleessolution at room temperature. The
microarrays were transferred to a gently shakirtg b&0.1X SSC and 0.1% SDS, and
then through 4 baths of 0.1X SSC. Microarrays vileea blown dry with filtered

compressed air.

2.2.5 Microarray Processing, Image Analysis, and Statistics

Microarrays were scanned on a Scan Array 5000, (R8brpark, CA USA). We
used 100% laser power and adjusted the photomaitiplbe (PMT) gain to maximize
fluorescence while minimizing saturated probes.rbhcray images were analyzed using
Imagene 6.0 (Biodiscovery, EI Segundo, CA USA).avoid false positives, each poor-
quality probe and any probes with a signal to nmasie less than 2 was manually
excluded. Signal to noise ratio was calculatedsamél intensity-background)/standard
deviation. Each sample was run on three replicatgys; only probes where there was a
detectable hybridization signal on at least twodduhree replicates were analyzed. To
normalize values across arrays, each probe’s sigtegisity was divided by the mean
signal intensity for its array. We then calculatiee mean signal intensity across the

replicate slides. For each probe, we divided theaiintensity of the plantation by its
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paired grassland control and made the distribigionmetrical around 0 by taking the
log base 2 (henceforth “log fold change”).

Distributions of log fold change for given gendsnerest were generated in SAS
(SAS Institute, Cary, NC USA). For each gene oénest, we used the Wilcoxon signed-
rank test to test if afforestation increased oreased a given gene type (e.g. non-zero
log fold change). The signed rank test was chosen@one sample t-test because the
distributions of log fold change for most genesntérest were not Gaussian. We report
the overall effect of treatment on a category obes as the median, since all of the
distributions were not normally distributed.

We tested if the composition of functional gen#feckd between treatments
using multivariate approaches. We used a pairvas¢raid linkage hierarchical
clustering algorithm from the program Cluster (Hftana.lbl.gov) (Eisen et al. 1998) and
visualized the clustering results using Treeviettp{lirana.lbl.gov) (Eisen et al. 1998).
Non-metric multidimensional scaling (PCOrd versi&rwas used to create an ordination
that represented the functional gene profile in tivoensions and to calculate

correlations between ordination and biogeochemviaahbles.

2.3 Results

Across all probes detected with the microarraffsyestation altered functional
gene profiles in concert with biogeochemical papés. Non-metric multidimensional
scaling of all probes produced a two dimensiondimation with axes 1 and 2
representing 69% and 27%, respectively, of theatian in composition and relative

abundance of genes from the eight sites. Seveiglaf grasslands had very similar
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functional gene profiles and grouped closely togeth ordination space (Figure 5). Two
plantations had similar profiles to the grasslamds|e three other plantations separated
from the grasslands along dimension 2 and threer gilantations separated along
dimension 1. Microbial biomass C, N, and total aztable N were positively correlated
with dimension 1, indicating larger pools of th€sand N forms in gene profiles
associated with grasslands (Figure 5, Table 5).d:Neof microbial biomass and C:N of
total extractable nutrients were negatively coteglavith dimension 1, indicating
narrower ratios in grassland profiles.

Afforestation altered the abundance and compasdfcarbon degradation genes
in soils (Figure 6). Cluster analysis revealed sgvgroups of carbon degradation probes
(groups 1 and 3) with higher relative abundangalamtations (Figure 6). There were
also several probes (group 2) that showed litfiieidince in pattern between vegetation
types (Figure 6). These unchanged probes suggestdine microbial strains whose
functional genes are insensitive to at least somaskof vegetation change. The
differences in gene abundance and distributionsacsdes drove differences in
functional gene profiles and led to the plantasdas separating from most of the
grassland sites in ordination space (Figures B&h groups that were specific to
plantations and those that were common to bothtadge types shared functional genes
for chitinases, cellulases, and laccases; howswene functional genes from different
strains of the same species could be either resdrio one vegetation type or highly
abundant in both, suggesting that functional genéles cannot be predicted solely by
relative abundance of specific taxonomic groupkelyi the differences between
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plantations and grasslands seen in the site ctu@tegure 6) and in groupings in
ordination space are driven by groups 1 and 3 {Bpée plantations) and by decreased
abundance of functional genes as discussed below.

In addition to changing the profile of the functémgenes present, afforestation
led to an overall decrease in abundance of carbgradation genes (Figure 7). The
median decrease due to afforestation for carboradagion probes was 0.021 (log-fold)
or 1.5%, with a range from a 29.3% decrease tdGabP8 increase (Figure 7, p=0.0194).
The most strongly affected subset of carbon degiadprobes were chitinases, which
decreased on average by 0.113 log fold (7.5%, @70 Bigure 7). The lower relative
abundance of these probes contributed to the dwkff@rence seen between grasslands
and plantations in the functional gene profiles elndters (Figures 5, 6).

Changes in carbon degradation genes were accoegoayichanges in pool sizes
of C in litter and soils. Eucalypt litter had 6 #shigher phenolic concentrations and
13% more organic C than grassland litter had (T&hld otal extractable C (soluble
undigested organic carbon molecules) was 428 g soil* in eucalypt soil compared
to only 27.6ug C g soil* in grasslands (p<0.05, Table 5); C in microbiahbass under
eucalypts was 27% lower than in grasslands (p<d.@lle 5). These changes, along with
lower abundance of carbon degrading functional geesigggest that the microbial
community under eucalypts was less able to degtamcoming eucalypt litter than
grass litter, and that carbon in plantation sailshifting from microbial biomass to TEC
pools, which contain dissolved C that has not beeorporated into biomass (Figure 7,

Table 5). This conclusion is further supported iy ¢arbon stable isotope results: the
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§'3C of eucalypt soil is more negative (-22.3) thaasgtand soil (-20.3), which is more
similar to the eucalypt litte5'C than grass litter, suggesting that after onlyytears
much of the eucalypt derived C has been incorpdratel not been respired (Table 5).
Afforestation of grasslands also altered pattamsabundance of N cycle
functional genes. Cluster analysis shows that @68tprofiles of grassland
ammonification genes cluster together (Figure 8)il&r to profiles of carbon
degradation genes, many ammonification genes wergdfin high abundance across
both vegetation types (group 1, Figure 8), but saraee found predominately in
plantation soils (group 2, Figure 8). The averagerelase in abundance for an
ammonification gene due to afforestation was 10(g¢6.0012 Figure 9). Unlike
ammonification genes, N fixation and nitrificatiganes did not show any distinct
clustering patterns due to vegetation type (Figue However, functional genes for N
fixation decreased in average abundance by 7.85Poafforestation as assessed using
log-fold change, which evaluates abundance actbesated probes (p<0.0001, Figure
9). The decreases in relative abundance of furaligenes in grasslands (both in C and
N cycles) and the groups of probes that are distinplantations caused the differences
observed in NMS ordination space between grasskamdplantations (Figure 5).
Changes in N cycle functional genes were acconepdny shifts in soil N pools.
Microbial biomass N was 34.5% lower in eucalypt gwan in grassland soil (Table 5).
Although the abundance of functional genes for amiom production (ammonification
and N fixation) was lower with afforestation, exdi@le ammonium in eucalypt soil was

more than twice that of grassland soils (Tabld_&)ver microbial biomass N with higher
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ammonium and lower inputs from ammonification antiX¥dtion could indicate lower
microbial assimilation of N after afforestation.\er assimilation of N by microbes is
also supported by the wider C:N of microbial biomaseucalypt soil, and potentially led

to the wider C:N ratio of bulk soil under eucalyptsble 5).

2.4 Discussion

The goal of this study was to assess how convefsion grassland t&ucalyptus
plantation affected soil microbial community furaectal genes and how those changes
related to C and N cycles in soils. We found dessrdaabundance and altered profile of C
degrading functional genes due to afforestatiogyfas 5-7). These changes were
correlated with shifts of carbon from microbial lmass to less decomposed total
extractable carbon under plantations (Table 5,€i&). We also found that afforestation
led to decreases in abundance and shifted funtigeme profiles of ammonification,
nitrification, and N fixation genes, which corredtwith decreased N in microbial
biomass (Figure 8-6, Table 5). These changes ind\afunctional genes and pools also
widened the ratio of C to N in total extractable dulk soil pools and decreased soil pH
in plantations.

We found thaEucalyptus litter was higher in phenolic content and %C than
grassland litter was, indicating greater inputsmgfanic acids to soils. The increased
inputs of organic acids such as phenolic compoanel& major source of acidity in
surface soils (Richter et al. 1994, Richter andRdaiitz 1995). In addition, since
Eucalyptus is evergreen and has no dormant season, its pb@malits contribute year

round to soil acidity. The altered litter chemisitnputs from eucalyptus versus native
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grasses are a likely reason for the decreased pldwne in surface soils at our sites and
the differences in microbial gene structure anchdance (Jobbagy and Jackson 2003,
2004b).

Non-metric multidimensional scaling of all probé®wed that seven of eight
grasslands had similar assemblages of functiomedsydout the plantation sites separated
along both NMS axes showing no consistent grouffingure 5). A potential cause for
the different profiles of the plantations coulddi#erences in the profile of the sites prior
to afforestation. Even small differences in the-pliantation grasslands could lead to
differing profiles after afforestation. This ideasupported by a recent study where soil
microbial communities were transplanted from deéfarsoil types onto different plant
litters but did not converge on the same compaositvben placed on the same litter
substrate, which suggests that even very similarohial communities can react very
differently to new substrates (Strickland et al028). Our results suggest that soil
microbes with different initial functional gene fites can result in very different profiles
in response to the same vegetation change.

In addition to shifts in overall functional gerteusture, afforestation led to
decreases in abundance of biogeochemically impogemes in several important
categories, independent of the taxonomic origithefprobes. Our analysis of specific
categories of functional genes suggests that k@tamic structure of the microbial
community has less impact on soil biogeochemistay tthe total abundance of
functional genes in those categories. For examplgenes associated with carbon
degradation and ammonification, vegetation typasteted in a similar pattern to the
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NMS (Figures 5, 6, 8), but some taxa representeaidyiple probes from different
sources or strains (e.g. different culture coltawsior environmental isolates) appeared
either as ubiquitous across vegetation types aecifspto type depending on source of
the probe (e.gPleurotus, Bacillus, andAgrobacterium).

The decreases in carbon degrading functional getempal may have caused the
overall decrease in carbon in the microbial bionveisis afforestation. In addition, the
lower capacity of the microbial community to degrahirbon compounds was correlated
with an increased amount of carbon in the totahetable carbon pool. The total
extractable carbon pool represents dissolved casbbstrates that could be respired or
mineralized by microbes or eventually incorporated more stable soil carbon pools.
The accumulation dtucalyptus carbon likely also led to the widening of the bstkl C
to N ratio, which indicates less labile material $oil microbial process and could reduce
plant productivity in the long-term.

Changes in vegetation input from gras&toalyptus also led to a decrease in
ammonification and nitrogen-fixation genes (FigByeGrassland anBucalyptus sites
did not cluster together with probes of nitroge@fion genes, which also indicates that
the changes due to afforestation are not taxonfgp@eigure 10). There are few plants
that form symbiotic N fixing associations in natRkampas grasslands, but rhizosphere
associated N fixing bacteria are common with grgisthe decrease in N fixing gene
abundance is due either to under representatidbhficding soil bacteria on this
microarray or to losses of these rhizosphere aatsuatbacteria that are less common in
forests (Graham et al. 1988, Elmerich et al. 182dani et al. 1997).
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The lower inputs of mineral N from fixation and awmification potentially
caused the decrease in nitrogen in the soil miatdddmass (Table 5). The changing
structure of carbon and nitrogen cycle functiorerlgs also seems to have resulted in a
widening of C:N in microbial biomass. This reswutd indicate a shift in the
stoichiometry of the microbes present due to alsdity of nitrogen (Manzoni et al.
2008). Alternatively, since fungi have a higher G190 to 15) than bacteria (3.5 to 7),
plantations could be causing a shift towards mongél biomass over bacterial (Paul
2007). However, there was no significant differeimcthe number of fungal and bacterial
probes hybridized on the arrays between vegetajmes, though a more definitive
answer would require a biomass estimate from phagpdi fatty acid analysis.

The presence of a gene does not necessarily matih ihbeing actively
transcribed, providing some limitations in our @pito draw conclusions about the active
function of microbes from these analyses. Analg§imiRNA would allow more direct
connections to be drawn. However, recent resear@neironmental samples using both
MRNA and genomic DNA microarrays has shown thatibrainant species identified by
MRNA arrays are also the most abundant in ternggndmic DNA (Bulow et al. 2008).
This suggests that connections drawn between gendMA and biogeochemical cycles
are reasonable. Nonetheless, future analyses ataddncorporate mRNA transcripts, as
methods to extract and analyze mRNA from soil cargito improve.

Microarrays are emerging as a valuable tool fauating ecological questions
by analyzing biogeochemically relevant genes iamltel manner. In agreement with
our hypotheses, this study shows that afforestatigrasslands led to a decrease in

a7



abundance of several important gene families ingmbifior soil C and N cycling. These
functional gene changes and their associated shiff®geochemical cycles suggest that
we can begin to predict changes in soil functichthase plantations continue to age. The
changing microbial functions due to afforestati@vdled to a more acid soil and altered
soil C and N pools (e.g. sdflC and soil C:N). In the long-term these biogeoctvani

shifts should have important implications for thhequctivity of successive rotations of

plantations and alter the rate at which carbonasrporated into soil.
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2.5 Tables

Table 5: Soil biogeochemical pools

Soil or Litter Property Native Grassland  Eucalyfariation

Litter %C 44 (0.38) 53 (0.23)***
Litter %N 0.55 (0.05) 0.68 (0.02)
Litter Phenolics (% of dry leaf mass) 1.1 (0.21) 6 @.62)***
Litter 8°C (%o vs. PDB reference) -17.18 (1.4) -29.33 (0.13)**
Soil pH 4.55 (0.11) 4.21 (0.09)**
Soil Total Extractable Cug C g soif") 27.6 (1.96) 42.6 (4.84)*
Soil Total Extractable Nug N g soil') 12.3 (1.8) 8.9 (1.6)
Soil Total Extractable C:N 3.49 (0.39) 3.67 (0.33)
Soil Microbial Biomass Ci(g C g soil*) 203.2 (29.0) 147.6 (14.6)**
Soil Microbial Biomass Nyg N g soil") 41.2 (5.3) 27.0 (2.6)**
Soil Microbial Biomass C:N 4.89 (0.11) 5.50 (0.19)*
Soil Extractable N& (ug N g soil") 9.38 (2.1) 20.25 (3.9)*
Soil Extractable N@ (ug N g soil") 16.3 (4.6) 11.4 (2.2)
Bulk Soil %C 5.13 (0.5) 5.15 (0.6)
Bulk Soil %N 0.44 (0.05) 0.40 (0.04)
Soil C:N 11.95 (0.19) 12.93 (0.21)**
Bulk Soil §°C (per mil) -20.3 (0.57) -22.3 (0.35)*

Note: for all analyses N=8 paired sites. * = p<Q.85= p<0.01, *** = p<0.001.
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2.6 Figure Legends

Figure 5. Biplot of non-metric multidimensional Bog analysis of all microarray probes
(830 total). Dimensions 1 and 2 represent 69% &8d @f the variability in the original
microarray dataset. Arrows represent correlati@is/éen ordination dimensions
(functional gene profile) and biogeochemical poM8-C: microbial biomass carbon,
MB-N: microbial biomass nitrogen, TEN: total exti@ale nitrogen, MB C:N: ratio of
carbon to nitrogen in microbial biomass, TEC:TE&tio of total extractable carbon to

total extractable nitrogen.

Figure 6. Cluster analysis of microarray data fabes related to carbon degradation
genes. If a probe is white for a given site themrélative abundance was zero; higher
relative abundance is indicated by increased siga@ite names are followed by either a
“p” (for plantation and in italic bold) or a “g” ¢f grassland). On the y-axis, probes are
identified by their target gene function followeg éhomain: A for Archaea, E for
Eukaryotes, and B for Bacteria, and the species fsnich the probe was derived.

Squares identify clusters of functional genes tdrest.

Figure 7. Frequency distributions of carbon degiiadaand chitinase probes. Log fold
change is the logarithm base 2 of the ratio ottiredaabundance of the plantation over
that of the grassland for each probe. Note thatipes/alues of log fold change indicate
an increase in a given probe due to conversiotettgition from grassland and negative

values indicate a decrease.
50



Figure 8. Cluster analysis of microarray data fabges related to ammonification genes.
Please see legend of Figure 2 for description.

Figure 9. Frequency distributions of ammonificataord N fixation probes. Log fold
change is the natural logarithm of the ratio oatigk abundance of the plantation over
that of the grassland for each probe. Note thatipes/alues of log fold change indicate
an increase in a given probe due to conversiofatttgtion and negative values indicate

a decrease.

Figure 10. Cluster analysis of microarray datapi@mbes related to nitrogen fixation and

ammonia oxidation genes. Please see legend ofé=iytar description.
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2.7 Figures
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Figure 5: NMS ordination of functional gene profiles
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Figure 8: Cluster analysis of ammonification functional genes
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Figure 10: Cluster analysis of nitrification and N fixation functional genes
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3. Controls on soil microbial diversity and decreases
due to afforestation

3.1 Introduction

Soil microbes are one of the largest stores dlib@sity in the world, however,
until the advent of modern molecular techniquesleftification, the majority of soil
microbes were unidentifiable (Torsvik et al. 19B@ce 1997, Daniel 2005, Fierer et al.
2007a). It has been estimated that one gram aftfeml could contain up to 10,000
different microbial species, but roughly 90% ofgb@rganisms cannot be conventionally
cultured (Torsvik et al. 1990, Daniel 2005). Inaiptmore prokaryotic species inhabit a
single soil sample than all known cultured prokaegacombined (Daniel 2005). New
DNA based techniques offer the opportunity to rgpgpiantify the diversity of the whole
soil microbial community independent of the limibeits of culturing.

Molecular techniques have recently begun to rethedimicrobes follow similar
biogeography patterns to larger organisms. Foaits, across a scale from centimeters
to hundreds of meters in a salt marsh soil bacexibited a positive power law
relationship between number of taxa and area sitalplants; however, the bacterial
relationship was flatter than the plants which @aties more diversity at smaller scales,
but a slower accumulation of new taxa with incregsirea (Horner-Devine et al. 2004).
Additionally, a similar positive power law relatisimp has been found between microbial
functional groups (groups of taxa that perform &ambbiogeochemical processes) and

area (Zhou et al. 2008). This relationship was atstsiderably flatter than that observed
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in plant or animal communities demonstrating thatrabial functional groups have a
slower turnover in space than other biotic commesit

In addition to the lack of knowledge of diversitiymicrobes in soils, there are
only a few studies that have begun to addressattterks that control the distribution of
microbes in the environment. At a continental sdaleas been suggested that soil pH is
the strongest control on soil microbial diversityhwhighest diversity found near neutral
pH and declining diversity with either more acidicalkaline soils (Fierer and Jackson
2006, Jones et al. 2009, Lauber et al. 2009). Hewext such a broad continental scale
soil pH is an integrator variable for many differenil factors, and not necessarily the
only controlling factor on soil biodiversity at nelocal scales. Studies at a finer scale
across a stream benthic mater pH gradient acresdubbard brook experimental
watershed showed that in addition to pH bactepatmunity diversity is related to the
quality of the organic matter the communities depgedn and amount and quality of
inputs of C and N from surrounding streamwaterr@tiet al. 2007b).

The responses of microbial diversity to land-usange are also not well studied,
though it offers an excellent opportunity to exaenihhchanging inputs to microbial
communities can change their diversity. In paracuafforestation, the conversion of
previously treeless areas to forests (usuallygesting monocultures of timber species)
drastically alters the quality and quantity of glaraterial inputs to soil microbes
(Berthrong et al. In Press). Plantationgatalyptus are known to alter the hydrology,
salinity, and organic matter content of formerhaggland soils (Jobbagy and Jackson
2003, 2004b), and are an excellent system to testdiffering inputs of plant material
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affect microbial diversityEucalyptus species are known to have very high growth rates
and high levels of secondary compounds in theiamigmatter which is difficult for
microbes to decompose (Pryor 1976, Chapuis-Laatl €002).

In this paper, we study if converting from natgrassland with high plant
diversity to a monoculture of trees alters soiltbaal diversity. Afforestation should
greatly alter the plant matter input quality anéugity supplied to microbial
communities. We hypothesize that the lack of dityera plant inputs combined with the
increase in secondary compounds will lead to aedser in the diversity of soil microbes.
Changes in microbial diversity will also be relatecchanges in soil biogeochemical
pools as the microbes that control inputs and é¢gmdrC and N adapt in response to the

changing organic matter input.

3.2 Methods

3.2.1 Site Description and Sampling

This study was conducted pairs of adjacent nafrasslands anBucalyptus
globulus plantations in the Lavalleja department of Urugudsuguay is historically
treeless, and mean annual precipitation is 1150 amehmean annual temperature is
16.5°C; soils of the region are Udolls, Udalfs, and Udegeveloped over granitic rock
(Duran 1985, Soriano et al. 1991). Soils at owssitere mostly Hapludalfs with typical
soil depth of 30cm Mean annual precipitation is@ rim, and mean annual temperature
is 16.5C. Soils of the region are Udolls, Udalfs, and Udejeveloped over granitic
rock; soils at our sites were mostly Hapludalfdwmipical soil depth of 30cm (Duran

1985, Soriano et al. 1991, Farley et al. 2008cjs Tégion is ideal to study afforestation
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since Uruguay has the second most area and fgstegh rate by area dducalyptus
plantations in South America (Geary 2001, FAO 2Q0Ebcalyptus is the second most
common genus used for afforestation globally amdpogses ~40% of plantation area in
southern South America and Brazil (FAO 200@h)calyptus are desirable for their
robust growth in different climates and for thaisistance to drought, pests, and low-
nutrient soilsEucalyptus also has the highest rate of growth of any comgnoséd
afforestation genus in warm climates (Pryor 1916ténce 1996, FAO 2006b). The fast
growth rate and the recent construction of largeepanills on the Uruguay river makes
plantations in this region some of the most valeabithe Western hemisphere (Cubbage
et al. 2006).

We sampled eight adjacent pairs of native gradslandeucalyptus plantations.
The sites ranged from 50 to 200 m in elevationwerck located near Minas, the capital
of the Lavalleja department of Uruguay (343755.23W). Native grasslands in this
region are a mix of £€and G grasses that are frequently used for cattle aedpsgrazing
(Soriano et al. 1991Fkucalyptus plantations in our study sites were establishee/dsen
1992 and 1996, and three of the plantations wetleein second rotation and five were
original plantings. Plantations in this region ace typically fertilized. At each adjacent
grasslandzucalyptus pair we collected five cores per transect along 1@ m transects in
each vegetation (10 cores per vegetation, 20 qgaesite). The cores for each
vegetation type at each site were composited imlyefhylene bag and stored on ice for
transport to the lab. Samples were homogenizedi@ved (2mm) to remove roots and

rocks. Fresh soils were used for biogeochemicdlyaes; subsamples were stored at -
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80°C for DNA extraction. Biogeochemical pools charastes were determined in

Berthrong et al. (2009), and presented here in fieadiorm (Table 6).

3.2.2 DNA extraction, PCR, and TRFLP

Soil DNA was extracted using Powermax kit as panuafacturer’s instructions
(MoBio Labs, Carlsbad, CA, USA). DNA yield and gyrwas measured with a
nanodrop spectrophotometer (Thermo Scientific, Wifiton, DE, USA). Bacterial 16s
rDNA was amplified using the primers 6-FAM labeBdc8f (5'-
AGAGTTTGATCCTGGCTCAG-3’) and unlabelled primer Ud#o2r (5'-
GGTTACCTTGTTACGACTT-3’) (Fierer and Jackson 200Bach 25 pl PCR reaction
contained 0.5 M of each primer, 1X Apex Taq master (Genesee Scientific), and ~15
ng template DNA. We ran 35 PCR cycles of 60 s 8C980 s at 50°C, and 60 s at 72°C.
Six reactions were run per sample, and compoditedwo pools of 75 pl PCR product.
Composited products were cleaned using Qiaquick EI€&hup kits (Qiagen, Valencia,
CA, USA). Product size was checked by agaroselgelrephoresis (1.5% agarose); all
samples used produced a single band of ~1.5k bp.

Replicate products were then digested for six ioun water bath with the
restriction enzyme Haelll and buffer as per manui@e’s instructions (Promega,
Madison, WI, USA). Digested fragments were sepdrated quantified on a ABI 3700xI
DNA sequencer with Genescan software (Applied Bitays, Foster City, CA, USA).
Only terminal fragments with 6-FAM incorporated wthe primer Bact8f were
guantified. Raw trflp profiles were standardizedlascribed in Dunbar (2001) and Fierer

and Jackson (2006). Only fragments between 50 @@dasepairs with greater than 4%
62



of the total standardized fluorescence for a gs@mple were included in the analysis
(Dunbar et al. 2001, Fierer and Jackson 2006)ebxfit fragments were treated as

operational taxonomic units (OTU) in subsequentyaes.

3.2.3 Statistical Analysis

We examined bacterial community composition usingrdination technique,
non-metric multidimensional scaling (NMS). NMS wamducted on square root
transformed relative fluorescence trflp data ushregSorenson distance metric in PCOrd
(MJIM software, Glenden Beach, OR, USA). Shannoemity indices (H) were
calculated based on OTUs, and linear regressiamgeba H and soil variables were
analyzed using proc reg in SAS (SAS institute, CBI@, USA). We tested for
differences in diversity (H) and richness (S) betwegrassland and plantations using a

paired t-test in SAS (SAS institute, Cary, NC, USA)

3.3 Results

Afforestation of grasslands decreased mean sciehbal diversity and richness
(Table 7). The mean Shannon diversity index (Hyekesed from 2.86 in grasslands to
2.63 in plantations (p<0.01, Table 7). Ranges @fdte fairly broad: grasslands ranged
from 2.15 to 3.18 and plantations from 1.99 to 3D&ble 7). Afforestation also reduced
overall OTU richness (S) from a mean of 27.6 irsglands to 21.7 in plantations
(p<0.05, Table 7). Richness ranged from 10 to 3@fasslands and 8 to 30 for
plantations.

Bacterial diversity and richness across vegetdtipas were correlated with

several soil labile soil pools of C and N (Figudg.IT otal extractable C was negatively
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associated to both diversity and richness (Figje Microbial biomass C and N pool
sizes were positively associated with diversity aoldness (Figure 11). Interestingly,
other less labile pools, such as bulk soil C an@ of different pools, and soil pH
were not significantly related to the soil bactec@ammunity (data not shown).

Despite the decrease in diversity and richnesdaaéorestation, the
composition of soil bacterial OTUs did not diffeztitveen vegetation types (Figure 12).
Bacterial community composition was examined by NMBich resulted in a best
configuration with two axes. The two axis solutexplained 87% of the variability in the
original data set with acceptable final stress @&y 3 (Figure 12). Across the two axes
vegetation types did not separate well indicatinglar soil bacterial community
compositions (Figure 12). The lack of differencédacterial community composition led

to no associations with biogeochemical pools alitfvef 0.20.

3.4 Discussion

Soil microbes are a large store of biodiversityt, we are only beginning to
catalogue the true depth of that biodiversity. Aidaially, we still do not have a very
clear understanding of what controls the distributof those soil microbes and how
changing patterns of land-use and above-grounduamsity will affect those
distributions. The goal of this project was to exasrhow conversion from a diverse
temperate grassland ecosystem to monoculturEsaatyptus globulus affected soill
bacterial diversity. In general our results matchedhypotheses that converting from

the highly plant diverse grasslandBuacalypt plantations would result in reduced soill
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bacterial diversity, and these differences wouldliveen by differences in the chemistry
of new plant material derived froEucalyptus.

Plant matter litter inputs froucal yptus were 20% higher in C percentage and
six times higher in phenolic compounds, which wisly the driving cause behind the
decreased diversity and richness seen in the adiébal community (Tables 6 and 7)
(Swift et al. 1998). This finding agreed with sealgsrevious studies that found
secondary plant compounds, such as phenolics,aksmtenicrobial function and
abundance (Souto et al. 2001, Castells et al. 20@8op et al. 2006, Strickland et al.
2009a). This idea is also supported by the negatiationship between total extractable
C and species diversity and richness. Total exaldetcarbon increased due to
afforestation and likely contained a higher fractad phenolic compounds leading to
decreased diversity. Interestingly, these resuwltdrast with studies that have found that
addition of pure solutions of phenolic compounds spur microbial respiration (Castells
et al. 2003, Baptist et al. 2008). This is possthig to the fact that the respiration
responses were short term, and thus did not aetydascribe the long-term effects of
increased phenolic deposition on soil bacterial momities.

Afforestation also led to a loss of microbial abbance from soil as measured by
losses in microbial biomass C and N (Table 6). [blaer abundance of microbes could
have been a driver of some of the species lossibcg there was no discernable change
in the species composition it is difficult to télsts conclusion (Figure 12). The lack of
bacterial species composition shifts combined withloss in diversity suggests that the
larger and more diverse grassland bacterial commwas pared down to a smaller and
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less diversity community after afforestation asaggd to a shift in species and
emergence of a new set of potentially dominantdysactThis effect is supported by
recent mesocosm experiments that show that midrobaamunities that developed on
litter from one type of ecosystem do not performgeiochemical functions as well when
transplanted onto different litter types (Stricldagt al. 2009a, Strickland et al. 2009b).

Interestingly, soil pH, which has been shown tdHsebest predictor of diversity
on a continental scale, was not the best predaftsoil bacterial diversity in this system
(Fierer and Jackson 2006, Jones et al. 2009, Lailzr2009). Soil acidification was
significant at our site, though much smaller in magle (0.2 pH units) than the gradient
seen across the US, which likely lead to the ldatoarelation (Fierer and Jackson 2006).
At broader scales, soil pH integrates many diffecéimatic and vegetation factors, thus
is a good predictor across different ecosystemsit bias been suggested that local
correlations are more closely tied to factors digtto the particular study site (Hooper et
al. 2000).

In contrast, the correlations between bacteri ity with microbial biomass C
and N and total extractable C observed in thisysagteed with work on fine benthic
organic matter from Hubbard Brook experimental wsited (Fierer et al. 2007b). Across
a pH and organic matter gradient, available C arah@®lpH in stream water were found
to be strongly correlated with bacterial commumidynposition. These results suggest
that as the scale of observation increases froal toavatershed to continental, locally

highly variable biogeochemical pools become popredictors of soil bacterial diversity.
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In conclusion, soils are a vast store of biodiNgraind this study shows that
losses of aboveground diversity (diverse grasslamantation monoculture) are linked
to below ground soil bacterial diversity lossesodgh the diversity under plantations
was still relatively high, it was significantly reded from native grasslands, which
suggests that accurate accounting for biodivelsgty due to afforestation should
consider both losses of vegetation and soil migobe

The primary mechanism for these changes was ldkiéigrences in plant matter
input quality. These results also suggest thab#wterial community that developed
under grasslands did not shift to a novel one ukdealyptus but instead remained in a
smaller less abundant form. This lack of a new comity profile, though limited by the
lack of phylogenetic specificity of TRFLPs, sugget$tat soil bacteria may not be
entirely ubiquitous and instead display distincigaography. These results imply that the
study of biodiversity loss due to land-use charigrukl focus not only on above ground

diversity loss but also soil bacteria.
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3.5 Tables

Table 6: Soil biogeochemical properties

Soil or Litter Property Native Grassland  Eucalyfarieation
Litter %C 44 (0.38) 53 (0.23)***
Litter %N 0.55 (0.05) 0.68 (0.02)
Litter Phenolics (% of dry leaf mass) 1.1 (0.21) 6 @.62)***
Litter 8'°C (%o vs. PDB reference) -17.18 (1.4) -29.33 (0.13)**
Soil pH 4.55 (0.11) 4.21 (0.09)**
Soil Total Extractable Cug C g soif") 27.6 (1.96) 42.6 (4.84)*
Soil Total Extractable Nug N g soil') 12.3(1.8) 8.9 (1.6)
Soil Total Extractable C:N 3.49 (0.39) 3.67 (0.33)
Soil Microbial Biomass Ci(g C g soil*) 203.2 (29.0) 147.6 (14.6)**
Soil Microbial Biomass Nyg N g soil") 41.2 (5.3) 27.0 (2.6)**
Soil Microbial Biomass C:N 4.89 (0.11) 5.50 (0.19)*
Soil Extractable N (ng N g soil*) 9.38 (2.1) 20.25 (3.9)*
Soil Extractable N@ (ug N g soil) 16.3 (4.6) 11.4 (2.2)
Bulk Soil %C 5.13(0.5) 5.15 (0.6)
Bulk Soil %N 0.44 (0.05) 0.40 (0.04)
Soil C:N 11.95 (0.19) 12.93 (0.21)**
Bulk Soil §°C (per mil) -20.3 (0.57) -22.3 (0.35)*

Note: for all analyses N=8 paired sites. * = p<Q85= p<0.01, *** = p<0.001. Values
in parentheses are one standard error of the nedapted from Berthrong et al. in
press)
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Table 7: Soil bacterial community diversity and richness

Diversity (H) Richness (S)
Vegetation Mean Min Max Mean Min Max
Grassland 2.86 (0.14) 2.15 3.18 27.6 (3.19) 10 36

Plantation  2.63 (0.14)* 199  3.09 21.7(279* 8 03

Note: Values in parentheses are standard errorp<0.01 and *=p<0.05 for differences
between means for different vegetation types.
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3.6 Figure Legends

Figure 1. Relationship between soil bacterial diitgrand biogeochemical pools. Total
extractable C vs. H and S: r=-0.55 and -0.55 rdspy (both p<0.05). Microbial
biomass C vs. H and S: r=0.48 and 0.53 respect{belh p<0.05). Microbial biomass N

vs. H and S: r=0.53 and 0.58 respectively (both.@s0

Figure 2. Nonmetric multidimensional scaling ordioa results. Sites that are closer in

ordination space have more similar patterns ofisgemmposition and abundance. The

Sorenson distance metric was used for this ordinati
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3.7 Figures
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Figure 11: Relationship between soil bacterial diversity and biogeochemical pools
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4. Effects of afforestation on soil carbon and nitrogen
across a precipitation and age gradient

4.1 Introduction

Soil organic matter is the largest terrestriallmdacarbon (Jobbagy and Jackson
2000) and could be a large part of the “missing”sof carbon dioxide (Denman et al.
2007). Soil C is accumulated by land-use changes as reforestation of croplands or
converting crops to pastures, but can also beblp&ind-use changes such as the
conversion of primary forests to plantation or a¢ygitousek 1991, Guo and Gifford
2002). Land-use change can also have significapaats on soil nitrogen (N), the soil
nutrient that most commonly limits terrestrial pan productivity (Schlesinger 1997,
Farley and Kelly 2004, Marin-Spiotta et al. 2009e%neier et al. 2009). Availability of
N could alter the primary productivity of ecosysteand hence the amount of carbon
available to be converted to soil organic mattéund$ing the interaction of land-use
change with soil C and N is vital to better undanst the effects of land-use change on
soils.

Afforestation, the conversion of treeless aredsitests, is a land-use change that
has been widely viewed as a potential mechanissedqaester carbon dioxide through
accumulation of plant biomass (Vitousek 1991, Haagtlet al. 1999, Wright et al. 2000,
Hoffert et al. 2002, Jackson et al. 2002, JackswhSchlesinger 2004). Evergreen
species, such d&ucalyptus spp andPinus spp., with very high productivity are the most
frequently planted genera (Florence 1996, FAO 2D0Bbrrently, 140 m ha globally

have been afforested on every continent exceptréinta, with 2.5 m ha afforested per
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year from 2000 through 2005 (FAO 2006a). The rgpadvth of plantations suggests the
need to study soil C and N in these systems tagirédhey can continue to function as a
long-term carbon dioxide sinks.

Afforested plantations are harvested frequentlyictvicoupled with their high
productivity can deplete soil carbon and nutriemtd alter soil chemistry and hydrology
(Adams et al. 2001, Guo and Gifford 2002, Ross.é2(02, Engel et al. 2005, Berthrong
et al. 2009). Exchangeable cations (Ca, Mg, K)dmnaere found to be lower in a global
meta-analysis on the effect of afforestation ofsg@iarley et al. 2008c, Berthrong et al.
2009). Additionally, soils have been shown to beersgaline and acidic with
afforestation (Williams et al. 1977, Alfredssoraét1998, Lilienfein et al. 2000, Jobbagy
and Jackson 2004a, Nosetto et al. 2007, Farlely 20@8c). Afforestation in our study
system leads to lower streamflow and lower watgleta(Jobbagy and Jackson 2004a,
Farley et al. 2005, Jobbagy and Jackson 2007,yatlal. 2008c). This alteration of soil
chemistry can lead to lower soil fertility and lggsduction in subsequent plantation
rotations (Zhang et al. 2004, Bi et al. 2007).

Interestingly, the direction and magnitude of ag&iation’s effect on soils often
depends on mean annual precipitation (MAP) andtaleom age. MAP in Australia and
New Zealand correlated with changes in soil C; falaons converted from pastures with
1200 mm or greater MAP showed significant lossesodfC while those with less than
1200 mm MAP showed no change or a slight gain inG¢Guo and Gifford 2002). This
effect was also found in grasslands undergoing wbaht encroachment in the
southwest USA; sites with MAP greater than 600 rhat were invaded by shrubs lost
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soil C while those with less than 600 mm MAP gairei C (Jackson et al. 2002). Soil C
was also affected by plantation age; plantatioaswlere formerly grasslands were found
to lose soil C for 10 years after planting, but €bievels recovered by 20-30 years
(Davis and Condron 2002, Paul et al. 2002). Pleomtatge in Ecuador had a similar
effect on surface soil N with young plantationsdieg to losses from soil with gradual
recovery after 15-20 years, although soil N insdieper than 10 cm showed continued
losses for up to 25 years after planting (Farley lsally 2004).

Recent modeling studies suggest that changesl!i€ smd soil N due to
afforestation are linked and controlled by differ®AP (Halliday et al. 2003,
Kirschbaum et al. 2008). Simulations based on Alliatr plantations indicate that higher
MAP leads to higher leaching losses of N from @éon soils, which in turn leads to
depletion of soil organic C (Kirschbaum et al. 2D@ther models suggest that the effect
is more closely related to shifts in the C:N of @&gion and soil pools (Rastetter et al.
1992). However, there are few studies that exatmese relationships in the field.

The goal of this study was to examine how soih@ B cycles were linked in
their response to afforestation across a predipitatnd age gradient. The gradients in
this study provided a novel test of the effectafbdrestation on soil C and N. We were
able to test how pools of C and N react and intexdtt afforestation, and determine if
model predictions that differences in N cycling tohsoil C loss or gain with
afforestation were valid (Kirschbaum et al. 20@3sed on previous research, we
hypothesized that changes in soil C would be agtstiwith precipitation with xeric
areas gaining C and more humid areas losing Cthlbse changes depended also on the
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age of the plantation. If soil N does controlleddes and gain of soil C with afforestation,
then it should also follow a similar pattern tol€dialong the precipitation gradient. We
also suspected that more labile pools of C and Mavshow a more dramatic effect due
to afforestation than bulk soil pools since they lsnore closely tied to current plant

inputs.

4.2 Methods
4.2.1 Site Description and Analytical Methods

The Rio de la Plata grasslands were historicedgléss before European
settlement, with the exception of a few ripariar@ps (Soriano et al. 1991). The area
has extensive areas of agriculture and animal pEs{&oriano et al. 1991). Mean annual
precipitation (MAP) ranges from approximately 656hnm the southwestern most area to
1600 mm in southern Brazil (New et al. 2002). Treigion is very well suited to studying
the effects of varying precipitation since it hamikar plantations throughout and extends
from dry areas where precipitation is insufficiemimeet plantation water demand to
areas where precipitation greatly exceeds plamati&ter needs (Nosetto et al. 2008).

Afforestation has been common in the Rio de l#aRjaasslands for at least 100
years. HistoricallyEucalyptus plantations in this region were established fordashelter
or shade, but more recently afforestation has beaivated wood production (Soriano et
al. 1991, Geary 2001, Cubbage et al. 2086¢alyptus species are desirable plantation
trees in this region for their resistance to drdwgid pests, and they have the highest
growth rate of any common afforestation genus imwelimates (Pryor 1976, Florence

1996, FAO 2006b). This region’s combination of chgrowth in area of plantation and
76



accessible pulp mills makes plantations in thisargome of the most valuable timber in
North or South America (Cubbage et al. 2006). Tigh kalue and fast growth of
plantations in this region make it vital area tadstthe impact of afforestation on soils.

We identified 17 sites with adjacent native grasds andeucalyptus spp.
plantations in the Rio de la Plata basin. The pl#o/grassland pairs are aligned along a
precipitation gradient from 650 mm MAP in La Pangpavince of Argentina to 1450mm
MAP in the Rivera department of Uruguay. There weeeral different species of
Eucalyptus planted across the sitds. globulus, E. grandis, E. camaldulensis); however,
all of the species are memberdaotal yptus subgenuSymphomyrta with similar
physiological and chemical profiles (Florence 1996)e age of th&ucalyptus
plantations ranged from 10 years to 49 years dirgteplanting.

Soils were sampled in October and November of 2806g a 1.9 cm-diameter
soil corer. At each site and for each grasslarmlantation, we collected five cores along
two 10 m transects. Cores were taken from 0-10m18-20 cm depths of mineral soil.
In order to reduce the effect of very fine scalié Iseterogeneity, the cores within each
transect were composited in a polyethylene bagstoréd on ice for transport to the lab.
Samples were homogenized and sieved (2mm) to retagye roots and rocks. We
calculated soil bulk density for each core usirgg\tblume of the corer and the mass of
dry soil, and used it to scale results to gramawygei here was no significant difference
between vegetation types in bulk density. In addito soil, at each site we collected leaf

litter, which was air-dried and stored in polyetdmng bags.
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Soil total extractable carbon and nitrogen and ofial biomass C and N were
determined as previously described (Berthrong anzi 2006). The methods were
modified by using 10 g of field moist soil insteafd30 g. Total air-dried soil and litter C
and N were determined by combustion in a Carlo-Hieanental Analyzer (CE
Elantech, Lakewood, NJ USA). Soil pH was measugeddmbining 2 g of air dry soil
with 5 ml of 0.01 M CaGl The slurry was swirled gently by hand and alloweedettle
for 30 minutes. A potentiometric electrode was theed to measure the pH of the

supernatant.

4.2.2 Statistical Analysis

We measured the effect size of afforestation ogdmchemical pools as response
ratios, r = X/ Xc, where Xis the mean value for a site of a given soil vdaalmder
Eucalyptus and X is the mean value of the same site’s paired cbgtassland
(Gurevitch and Hedges 2001, Guo and Gifford 2008sworth and Long 2005). To
match the scale of pH (logarithmic) to the linezailss of the other biogeochemical
pools, we transformed pH to hydrogen ion conceiotmatalues (18") to calculate
response ratios. However, we discuss the hydragedifferences as pH values for ease
of interpretation. The response ratio was thersftamed by the natural logarithm to
make the values linear, so that an increase imiabla due to afforestation would be
proportional and on the same scale as a decrease.

We used stepwise regression by the method of $gjastres in SAS (SAS
institute, Cary, NC USA) to test if MAP or plantaii age were significant predictors for

the effect of afforestation on biogeochemical poBtsests were calculated for both
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plantation age and MAP and were added to the dvaralel if the p value was less than
0.15 (standard p-value for stepwise regressiomgneh); however, if after adding
another predictor the previously added predictpnglue rose above 0.15 controlling for
other predictors in the model, then it was remdvenh the overall model.

Plantation age and MAP were weakly collinear (r40@0.05). This collinearity
can inflate the regression parameters if both pteds are included in the regression
model. To compensate for the collinear predictmesused ridge regression in SAS
(Hoerl and Kennard 1970, 2000). This process caleslridge coefficient that minimizes
the inflation due to collinear predictors, and thecalculates regression parameters. The
ridge corrected parameter estimates have a higbéenrean square error for the model,
but are generally better approximations of the talationship between dependent and
independent variables.

If neither MAP nor plantation age were significan¢dictors of the effect of
afforestation for a given soil variable, we thesiee if afforestation had a significant
effect on that soil variable overall by using ANOWASAS (proc GLM, SAS Institute,
Cary, NC, USA). We blocked paired analyses bytsiteetter represent the paired nature

of the sites. We used Tukey HSD for post-hoc commpas of means across vegetation

type.

4.3 Results

Changes in soil C with afforestation were negdyicerrelated with mean annual
precipitation, while plantation age was positivetyrelated (Figure 13, Table 8). Sites

with higher MAP generally lost C from pools witif@estation but gained C as
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plantations aged (Figure 13). Sites with lower M@dnerally increased their soil C pools
compared to native grasslands. However, there waslationship between MAP and the
effect of afforestation on C pools at 10-20 cm (ffeggl3, Table 8). In the upper 10 cm of
soil, the effect of afforestation changed from anga a loss at ~1100 mm per year and
roughly 20-25 years in age.

Consistent with our hypotheses, changes in s@alldwed a similar pattern to
soil C in response to afforestation at differergggpitation levels (Figure 14, Table 9).
Wetter sites generally lost soil N and drier sgasied N with gains increasing as
plantations aged (Figure 14, Table 9). Howeverstbpe of the relationship between
total soil N and MAP was less steep (-0.0079, Tablehan that of total soil C and MAP
(-0.0095, Table 8.) indicating that soil C changthwafforestation responded more
drastically to differences in MAP than soil N. Tiwecipitation and plantation age where
gains became losses with afforestation were sirtol#inose seen with soil C at around
1100-1200 mm and 30 years (Figures 13, 14).

Litter C was not related to MAP or plantation atigugh it was 10% higher in
Eucalyptus than in grasslands (p<0.001, Table 11). This tesuhteresting given that
litter C:N only trended higher iBucalyptus compared to grasslands and litter N did not
differ between vegetation types (Table 11). Thisesponded with increase in soil C:N
in all the but wettest sites (Figure 15). Additityasoil C:N ratios were higher in
plantations (12.2) than in grasslands (10.5; p<0.Diese changes suggest links between

vegetation input and soil pool responses to aftates.
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Pools of microbial biomass C and total extract&bknd N had a similar response
to afforestation across the gradients comparekeaodsponses of bulk soil C and N, with
negative relationships with MAP and positive reaships with age in the top 10 cm of
soil (Figures 13, 14). However, microbial biomasw#&% not associated with plantation
age. Interestingly, the precipitation value whdferastation changed from a loss to a
gain of extractable N (~1200 mm, Figure 14) was mhigher than that of bulk soil N,
and the age where extractable N began to accumwiit@fforestation (~20 years,
Figure 14) was earlier than bulk soil N (~30 years)

The effect of afforestation on relatively labiledaquickly cycling C and N pools
was not associated with either MAP or plantatioe. dfpwever afforestation caused
significant uniform differences across all the sif€ables 11, 12). Microbial biomass N
was 28% lower at 0-10 cm and 43% lower at 10-2(Wittm afforestation compared to
grasslands (Table 11, p<0.01). Microbial biomasgaS 26% lower at 10-20 cm soil
depth (Table 11, p<0.01), which was similar toeffect at 0-10 cm, though at that depth
the effect was dependent on MAP (Figure 13). Sdidecreased by 0.2 and 0.3 units

with afforestation (Table 12, p<0.05).

4.4 Discussion

Afforestation is a tool for carbon sequestratioum, its effects on soils indicate
that it has some potential tradeoffs that must bgled against the sequestration benefit
(Vitousek 1991, Jackson et al. 2002, Nosetto €@)8). Several studies examined or
modeled the effect of afforestation on soil C algnadients of precipitation or plantation

age (Guo and Gifford 2002, Halliday et al. 200&k3an et al. 2005); however, to our
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knowledge this is the first study to examine tHectfof afforestation on both soil C and
N incorporating a gradient of age and precipitatioar study provides interesting
support for the coupling of C and N cycling in respe to land-use change across
differing precipitation levels. Across both labdad bulk pools, we found that
afforestation had a similar effect on biogeocheistarage of both elements.

Soil C has been shown to respond differently toraétation for different
precipitation levels, a response that a recent hmaglstudy suggests is strongly tied to
alterations in the nitrogen cycle (Kirschbaum e2808). The model indicates that soils
in xeric areas store C through increases in tHeCstm N ratio, and at more humid areas
increased decomposition and N losses due to lequtdaal to C losses. Soil nitrogen data
from our study support this theory; more xericstecumulated N with afforestation
compared to grasslands while more humid sitesNd$tig 2), and soil C:N ratios were
higher with afforestation in most cases (Fig 3,[&dld). Additionally, soil microbial
biomass C:N was less affected (i.e. lower C:N)umHd sites, which could lead to more
mineralization of N and increased leaching of Ne Tircreased N losses coupled with
increased C:N led to more losses of C per unitds kbt more humid sites (Fig 3, Table
11).

Afforested soils initially lost C and N but recogd those elements with age and
by 20-30 years began to gain C and N (Fig 1, 2¢sé&lresults and the approximate age at
which plantations begin to gain C and N are sintddindings in New Zealand,
Australia, and Ecuador (Davis and Condron 2002| &al. 2002, Farley and Kelly
2004). In contrast, modeling results suggestedghiatC:N would take much longer to
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respond to afforestation than pools of C and N(KHicschbaum et al. 2008), but soil C:N
ratio in this study increased in plantations ofaglés (Table 12). The change in soil C:N
could be due to the rapid response of C:N of texélactable and microbial biomass
(Figure 15, Table 12); the increase in C:N of thepgiekly cycling pools could lead to
soil microbes altering soil organic matter contaister than models would predict.

The relationship between the effect of afforestatn soil C and MAP in this
study generally agrees with published observatiSmailar to Guo and Gifford (2002),
plantations at around 1200 mm MAP had no changeilrC with increasing amounts of
soil C loss with increasing MAP. However, our rés@xtend farther into drier areas and
suggest the trend reverses in drier areas witleasong soil C storage with afforestation
with decreasing MAP. Our results from drier are@ssamilar in slope to those of
Jackson et al. (2002), though they found that areesled with woody plants tended to
gain soil C with <500 mm MAP and lose C with >50hriMIAP compared to our results
that suggest the change from gain to loss of st afforestation is around 1000-1200
mm MAP. This difference could be due to the deepeting depth oEucalyptus
plantations versus grassland, which would allomfaions to access groundwater
resources unavailable to the grasslands (SharalaX87, Le Maitre et al. 1999). This
explanation could lead to relatively high produityiyplantations growing on formerly
less productive dry grasslands, hence a largerig&ninputs with afforestation relative
to small C inputs with native grasses.

The interaction between precipitation and plantaige and soil C can be
visualized as a family of graphs (Figure 16). ThHotlge applicability of this conceptual
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diagram is limited to regions with similar rainfalhtterns, it demonstrates how managers
might consider plantation rotation length to maxensoil C and long-term productivity

at a site. More humid sites that could potentikse soil C with afforestation could use
longer rotation times to counter balance the ihitisses in soil C and N.

This study shows that soil C and N responsesftoestation are linked and
depend on both the age and precipitation of theredted region, which has important
implications for the value of afforestation as &boa sequestration tool. On the one
hand, afforestation in drier regions could haveeadoenefits due to additional
sequestration of C in soil (Figure 13). Howevels tiesult should be treated with caution,
since afforestation of drier areas can have détetgeffects on the hydrology of these
regions (Jackson 2005). On the other hand, thegGestration benefit of afforestation in
more humid regions could be reduced by lossesib€sand N and reduced soil fertility
and lower long-term productivity, though these etffecould be potentially ameliorated

with longer rotation times.
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4.5 Tables

Table 8: Regression parameters of effect of afforestation on soil C pools predicted by

plantation age and MAP
Ordinary Least Squares Ridge Regression (k=0.13)
Micr. Biomass Total
Total Extract C Total Soil C Total Soil C
C Extract C
0-10 cm
MAP (cmyeal) -0.010 (0.0047) -0.019 (.0042) -0.011 (0.0053) .06098 -0.0095
Age (years) 0.025 (0.0092) NS 0.017 (0.010) 0.016 .02®
Intercept 0.87 (0.86) 1.8 (0.45) 0.84 (0.76) 0.76 .880
Model R 0.72 0.59 0.59
Model p value 0.0003 0.0005 0.003
10-20 cm
MAP (cm year) NS NS NS
Age (years) 0.039 (0.0066) NS .024 (.0070)
Intercept -0.56 (0.19) NS -0.58 (0.20)
Model R 0.71 0.46
Model p value <0.0001 0.0041

Note: Values are estimates for regression paramseiién standard errors in parentheses.
The value of the ridge k was selected to reducedhnance inflation factor to 1. If the
stepwise regression discarded either MAP or Agm the resulting model only includes
one predictor.
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Table 9: Regression parameters of the effect of afforestation on soil N pools predicted
by plantation age and MAP

Ridge Regression
Ordinary Least Squares

(k=0.13)

Total Extract N Total Soil N Total Soil N
0-10 cm
MAP (cm year') -0.022 (0.0071) -0.0087 (0.0045) -0.0079
Age (years) NS 0.014 (0.0088) 0.013
Intercept 2.7 (0.77) 0.56 (0.65) 0.49
Model R 0.41 0.57
Model p value 0.0079 0.0042
10-20 cm
MAP (cm year) NS NS
Age (years) 0.044 (0.013) 0.019 (0.0063)
Intercept -0.93 (0.37) -0.53 (0.18)
Model R 0.45 0.40
Model p value 0.004 0.009

Note: Values are estimates for regression parameiién standard errors in parentheses.
The value of the ridge k was selected to reducedhnance inflation factor to 1. If the
stepwise regression discarded either MAP or Agm the resulting model only includes
one predictor.
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Table 10: Regression parameters of the effect of afforestation on soil pool C:N
predicted by plantation age and MAP

Ridge Regression
Ordinary Least Squares

(k=0.013)
Micr. Biomass C:N Soil C:N Micr. Biomass C:N

0-10 cm
MAP (cm year) -0.010 (0.0024) NS -0.0077
Age (years) -0.014 (0.0047) NS -0.0096
Intercept 1.6 (0.34) NS 1.28
Model R 0.59
Model p value 0.0032
10-20 cm
MAP (cm year) NS -0.0031 (0.0012)
Age (years) 0.014 (0.0065) NS
Intercept -0.020 (0.19) 0.39 (0.13)
Model R 0.25 0.33
Model p value 0.050 0.021

Note: Values are estimates for regression parameiién standard errors in parentheses.
The value of the ridge k was selected to reducedhnance inflation factor to 1. If the
stepwise regression discarded either MAP or Agm the resulting model only includes
one predictor.
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Table 11: Mean values for C and N pools across vegetation types

Total Total

Vegetation Extraé:table gilci)?;c;t;i:lc Total C Extr?\lctable B'vilci%c;t;i?N Total N
0-10 cm

Eucalyptus  14.1 (1.9)  21.9(2.3) 3171 (329) 2.67 (0.45) 4.00 (0.47) 250 (24)
Grassland ~ 7.32(0.69)  28.0 (3.2) 2633 (270) 153600 5.58(0.59)** 246 (24)
10-20 cm

Eucalyptus  10.6 (1.7)  12.0(1.6) 1897 (245) 1.57 (0.26) 1.86(0.25) 171 (21)
Grassland  7.63 (1.4) (11'%‘:’* 1761 (218)  1.10(0.08) 3.28(0.37)*** 171 (19)
Litter

Eucalyptus 50.1% (0.37) %ozﬂ/;
Grassland 40.8% (0.83)*** %02 2;/;

Note: values are g Cfror g N ni* for soil, and %C and %N for litter. Variables iolth
were not predicted by either plantation age or nearual precipitation. Asterisks
indicate significance level: *=p<0.05, **=p<0.01%*=p<0.001.
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Table 12: Mean values for pool C:N and soil pH

Vegetation Total E>'<tractable .lvlicrobial. Total C:N Soil pH
C:N Biomass C:N

0-10 cm
Eucalyptus 6.77 (0.71) 6.31 (0.47) 12.2 (0.36) 4.66 (0.12)
Grassland 5.29 (0.36) 5.15 (0.28) 10.5 (0.19)** 4.86 (0.13)**
10-20 cm
Eucalyptus 8.29 (0.72) 6.99 (0.47) 10.6 (0.28) 4,58 (0.15)
Grassland 7.07 (0.70) 5.50 (0.27) 9.85 (0.23) 4.89 (0.17)*
Litter
Eucalyptus 49.9% (5.7)
Grassland 39.0% (3.63)

Note: Variables in bold were not predicted by eithl@ntation age or mean annual
precipitation. Asterisks indicate significance levep<0.05, **=p<0.01, ***=p<0.001.
Significance of pH was determined with soil JHout is presented in pH units for ease of
interpretation.
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4.6 Figure Legends

Figure 13. Association of soil carbon pools with RFlAnd plantation age. Y-axis is in
units of In response ratio (Ln (value in g G fior Ecalyputs/value in g C rif for
grassland)), namely, positive values indicate anei@se in the pool due to afforestation,
and negative values a decrease. Regressions wetaated separately for different soill
depths, and only significant regression modelslaglayed. Regression parameter

estimates are listed in Table 8.

Figure 14. Association of soil nitrogen pools WMAP and plantation age. Y-axis is in
units of In response ratio (Ln (value in g N’for Ecalyptus/value in g N rif for
grassland)), namely, positive values indicate anei@se in the pool due to afforestation,
and negative values a decrease. Regressions wedaated separately for different soill
depths, and only significant regression modelslaglayed. Regression parameter

estimates are listed in Table 9.

Figure 15. Association of C:N of soil pools with N¥Aand plantation age. Y-axis is in
units of In response ratio (Ln (value técalyputs/value for grassland)), namely, positive
values indicate an increase in the pool due ta@dtation, and negative values a
decrease. Regressions were conducted separatel§féoent soil depths, and only
significant regression models are displayed. Regragparameter estimates are listed in

Table 10.
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Figure 16. Family of linear regression models repnéing the relationship between
effect of afforestation and plantation age at défe precipitation levels. Based

parameters estimated by ridge regression of 0-18ahsamples.
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