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Abstract

Consequences of agroforestry management on understory vegetation and soils in Uruguay

Laura J. Six

Chair of the Supervisory Committee:
Assistant Professor Dr. Jonathan D. Bakker
School of Environmental and Forest Sciences

Uruguay, part of the Campos ecoregion, which has a long history of grazing. Recently, afforestation has
also become a common land-use change across the Campos. As a novel ecosystem develops, the effects
of these multiple disturbances are largely unknown. In this dissertation, | present results of field
experiments to provide some understanding of the interactive effects of grazing and afforestation in the

Campos.

First, | described vegetation change across a Eucalyptus grandis agroforestry management cycle by
characterizing richness and composition of understory vegetation across five phases of a plantation
cycle (Grassland, Young Forest, Mid-stage Forest, Old Forest, and Post-Harvest). | found that mid-stage
forests were most different in richness and composition from other phases, especially Grasslands, and
that sites exhibited potential for recovery after harvest, as richness increased in Old Forests and Post-

Harvest sites.

Second, | characterized soil physical and chemical properties across the same Eucalyptus grandis cycle. |
found that soils appeared largely unaffected by afforestation (instead differing primarily with sample
depth), which may be a result of limitations in sample size, as well as already reduced fertility from long-

term grazing.



Third, | used a manipulative approach to quantify the individual and interactive effects of grazing and
afforestation on vegetation at multiple spatiotemporal scales. From species area curves, | found that
small-scale richness was greater in grasslands, but a greater rate of species accumulation in forests
resulted similar richness at larger scales. At the site-level, while seasonal changes in vegetation were
evident in grazed areas, the removal of grazing resulted differing richness by habitat: richness decreased
in grasslands with time since exclosure, but increased in forests. My results demonstrated a complex

response of vegetation to disturbance, that varied by the nature of the disturbance mechanism.

Finally, | quantified pine seedling germination and establishment in plantations and adjacent grasslands
to examine potential spread of this exotic species. | found that seedling density in grasslands was

minimal compared to plantations, and that the mechanisms controlling encroachment differed between
grazed and ungrazed areas: in ungrazed grasslands, the dense vegetation cover prevents establishment,

whereas in grazed grasslands, intensive livestock grazing prevents tree establishment.
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Chapter 1
A general overview of agroforestry effects on understory vegetation and soils in Uruguay

Uruguay, as well as southern Brazil and northern Argentina, comprise the Campos ecoregion, one of the
most extensive grasslands globally. Most (85%) of Uruguay is considered natural grassland, dominated
by perennial grass and herb species (Pallares et al. 2005). Domestic herbivores were introduced during
the sixteenth century (Paruelo et al. 2007), and now, the Campos supports 10.1 million cattle and 13
million sheep. Grazing has now been a long-term and continual influence on this natural grassland
ecosystem (Pallares et al. 2005) and has been a primary determinant of understory species composition

and structure (Soriano et al. 1991, Altesor et al. 1998, Paruelo et al. 2007).

In 1987, the government of Uruguay passed a forestry law to promote forest industry investment. Forest
plantations are being established where none existed in recorded history. As a result of this law, 23% of
the land in Uruguay (approximately 4 million ha) has been designated for afforestation, of which nearly
1 million ha have already been planted (Uruguay XXI 2010). The large scale of the afforestation effort in
Uruguay, and across the Campos, is decreasing the historic dominance of historically grazed grasslands
on the landscape (Carrere & Lohmann 1996, Geary 2001, Baldi et al. 2006, Dumig et al. 2008, Baldi &
Paruelo 2008, Vega et al. 2009).

The Campos system is a good example of a novel ecosystem, a concept that has recently emerged
(Hobbs et al. 2006), and describes an ecosystem that has evolved with chronic human disturbance.
Although novel ecosystems exhibit conditions that differ from those that existed prior to human
influence, these systems can have conservation value (Hobbs et al. 2006, Lindenmayer et al. 2008,
Hobbs et al. 2009). However, in order to manage these altered systems in a manner that retains their
conservation value, it is necessary to understand how resilient they are to new disturbance factors that
may be introduced on the landscape (Seastedt et al. 2008). The imposition of afforestation on the
Campos represents just such a new disturbance element for the Campos. In this dissertation, | explore
changes caused by agroforestry (the combination of afforestation and grazing) to vegetation and soils,
by presenting four different studies. These studies both contribute to our understanding of the flora of
the grazed Campos grasslands, which have been studied relatively little, and provide an indication of

how this vegetation may respond to large-scale afforestation.



In the first study, | characterize vegetation change across a first-rotation of Eucalyptus grandis,
examining changes in species richness, composition, and proportional importance across five phases of
agroforestry management (Grasslands, Young Forests, Mid-stage Forests, Old Forests, and Post-Harvest)
(Chapter 2). | also characterized changes in soil physical and chemical characteristics across the five
phases of agroforestry management, as changes in soil characteristics can fundamentally alter
vegetation (Chapter 3) (Kimmins 1997, Paul et al. 2002, Browning et al. 2008). After characterizing
changes in vegetation with agroforestry (afforestation and grazing), | investigate the separate and
interactive effects of grazing and afforestation on understory vegetation by comparing grazed and
ungrazed areas in Pinus taeda and grassland sites (Chapter 4). Finally, because Eucalyptus and Pinus
species that are typically planted in the Campos are exotic to the region, | examined Pinus taeda
seedling germination and establishment in plantations and adjacent grasslands, to see plantations posed

a threat of encroachment into remnant grasslands.

Note to the reader: Chapters 2-5 are each intended as a separate manuscript for publication. Therefore,

each chapter includes an abstract, and is intended to be a stand-alone manuscript to be later published.



Chapter 2
Understory vegetation changes over an agroforestry management cycle in Uruguay

Abstract

Disturbance may be a driver of species richness or diversity in many systems, but the interactive effects
of multiple disturbances are less understood. The Campos ecoregion of South America is one of the
most extensive grasslands globally, and has long been impacted by grazing. Recently, afforestation has
become a common land-use change across the Campos grasslands of South America. In Uruguay, nearly
4 million ha (23% of the total land base) have been or will be impacted by afforestation. It is unknown
how this recent afforestation will impact vegetation that has already adapted to long term grazing in the
Campos. | examined how this management cycle affects vegetation species richness, frequency, and
composition in eucalyptus plantations, studying five distinct phases of the management cycle (grassland,
young forest, mid-stage forest, old forest, and post-harvest). At each of 25 sites, | recorded species
presence in 40, 1 m? plots and categorized species by life form trait (annual graminoid, annual herb,
perennial graminoid, perennial herb, woody, or fern). Impacts on species richness and frequency were
greatest in mid-stage forests. Community composition also differed by phase (mid-stage forests were
different from other phases) as well as sample date. While agroforestry changes the vegetation, there
appears to be potential for post-harvest recovery. This research suggests that afforestation does affect
vegetation richness and composition, but there is a potential for recovery. However, further research is
needed to fully understand the effects of multiple rotations, effects on taxa other than plants, and

consequences of landscape fragmentation across the Campos.
Introduction

Natural disturbances have long been seen as an important determinant of plant diversity (Hobbs &
Huenneke 1992). Plant community diversity has been shown to respond to fire (Hobbs & Huenneke
1992), floods (Attiwill 1994b), and grazing (Milchunas et al. 1988). Less research has studied how
multiple disturbances interactively affect species richness, especially anthropogenic disturbances

(Valone 2003, although see Ross et al. 2004).

Uruguay, as well as southern Brazil and northern Argentina, comprise the Campos ecoregion, one of the
most extensive grasslands globally. Most (85%) of Uruguay is considered natural grassland, dominated

by perennial grass and herb species (Pallares et al. 2005). Grasslands are typically diverse and species



rich (Alrababah et al. 2007). Annual species are often more common in grasslands than in other
ecosystems, and there may be more invasive species relative to other land cover types (Papanastasis et
al. 1995, Altesor et al. 1998, Berretta et al. 2000, Cingolani et al. 2003, Pallares et al. 2005, Altesor et al.
2006, Gibson 2009).

High growth rates and diversity of grassland vegetation make the Campos region an important area for
livestock production, primarily cattle and sheep. Domestic herbivores were introduced during the
sixteenth century (Paruelo et al. 2007). Currently, the Campos supports 10.1 million cattle and 13 million
sheep. Therefore, grazing has had a long-term and continuing impact on this natural grassland
ecosystem (Pallares et al. 2005) and has been a primary determinant of understory species composition
and structure (Soriano et al. 1991, Altesor et al. 1998, Paruelo et al. 2007). Species respond individually
to grazing disturbance, depending on each species’ palatability to livestock and life history traits (Kohler
et al. 2004, Scimone et al. 2007, Austrheim et al. 2008). A consistent, moderate level of grazing may
actually enhance diversity (OIff & Ritchie 1998, Reitalu et al. 2010) as the predictability of the
disturbance regulates plant community processes, and allows vegetation dynamics to be in relative
equilibrium (Briske et al. 2003, Romermann et al. 2009). Heavy grazing may reduce diversity, if

sufficiently severe to extirpate palatable plants from an area (Johnson 1956).

In the Campos ecoregion, and especially in Uruguay, afforestation is increasingly occurring on grasslands
that have been subject to long-term grazing (Carrere & Lohmann 1996, Geary 2001, Baldi et al. 2006,
Baldi & Paruelo 2008, Vega et al. 2009). Forest plantations are being established where none existed in
recorded history. In Uruguay alone, 23% of the land base (approximately 4 million ha) has been
designated for afforestation (Fig. 1.1); of this, nearly 1 million ha have already been planted (Uruguay
XXI 2010). Landscape-scale forest habitat was not common prior to recent afforestation (e.g., Darwin
2009): native forests cover less than 4% of Uruguay’s total land base (Geary 2001), mostly located along

rivers and streams.

Afforestation can greatly impact understory vegetation. Light conditions, soil characteristics, and
moisture regimes change throughout the rotation cycle (Farley et al. 2005, Buscardo et al. 2008). In
general, native species richness decreases with afforestation (Bremer & Farley 2010). In the Northern
hemisphere and Amazonian forests, species richness decreases in grassland to plantation transition and
decreases further with plantation age (Buscardo et al. 2008, Bremer & Farley 2010). Brudvig &
Damschen (2011) found that afforested sites that were previously pasture can have lower species

richness than long-term forests, although the presence of fire when sites were pasture also undoubtedly



influenced understory vegetation in this study. Some local extinctions and introductions may occur with
afforestation, as species adapted to open environments may not persist as forest canopies close, and

shade tolerant species may appear as the forest habitat develops (Loumeto & Huttel 1997).

Vegetation response to afforestation can vary by life form, lifespan, or origin. Herbaceous and grassland
species cover may decrease with afforestation, as shown in the flooding pampas and mountainous areas
of Argentina (del Pilar Clavijo et al. 2005, Cuevas & Zalba 2010). In contrast, tree and shrub species
richness may increase with time following afforestation (Loumeto & Huttel 1997, Onaindia et al. 2004),
although high fire frequency in the systems where these studies were conducted (savannas and
woodlands of Congo and mixed woodlands of Spain, respectively) may also have contributed to this
response. Some studies have found higher cover of introduced species with afforestation, and an overall

decline in species diversity (del Pilar Clavijo et al. 2005, Dickie et al. 2011).

Little ecological research has been conducted in Uruguay until recently, and even now, our
understanding of plant community dynamics is limited (e.g., see Gautreau 2010). The research
conducted in Uruguay on this topic has focused on grazed grasslands (Altesor et al. 1998, Altesor et al.
1999, Texeira & Altesor 2009), but the combined effects of grazing and afforestation on understory
vegetation have not been studied and there is little understanding of the effects of the short forest
rotation cycles (15 years) being used in this region on vegetation dynamics. To understand the combined
effects of long-term grazing and recent afforestation on understory vegetation over the agroforestry
management cycle being employed in Uruguay, | used a space-for-time substitution (Pickett 1989),
quantifying understory plant community composition across five afforestation management phases.

Specifically, | have two hypotheses:

1. Afforestation, in addition to grazing, increases the disturbance level to the extent that total
species richness declines, but species may have individual responses according to their life form

trait, and

2. Species composition will change in response to changes in light and soil conditions and

decreasing competition from surrounding vegetation as forests develop.
Methods

Study Area



Research was conducted in the departments of Tacuarembé and Rivera in northern Uruguay (Fig. 2.1).
Average annual precipitation (mean annual precipitation 1979-2010) is approximately 1460 mm, with
the greatest monthly average precipitation (165 mm) occurring in April, and the lowest in August (80
mm) (INIA 2011). Rainfall can be highly variable, and droughts can occur throughout the year (Berretta
et al. 2000), though there is no prolonged dry season (Overbeck et al. 2007). Mean annual temperature
ranges from 16 to 19°C, with mean summer temperatures ranging from 22 to 27°C, and mean winter
temperatures ranging from 13.5 to 16°C (Berretta et al. 2000, Pallares et al. 2005). The soils of the area
formed from loess deposits of unconsolidated silt and sand (Foth & Schafer 1980, Paruelo et al. 2007,
Brady & Weil 2008). Soils are heterogeneous in the Campos, but in the study area, soils are generally

fertile: mollisols are dominant, with alfisols in humid areas (Foth & Schafer 1980, Soriano et al. 1991).

Approximately 70% of the afforested land in Uruguay is planted with Eucalyptus grandis or E. globulus,
and the majority of remaining land is planted with Pinus species (Uruguay XXI 2010). Many afforested
areas have been planted with multiple species, separated into different plantations. Because Eucalyptus
species tend to be frost intolerant, they are typically planted on the hill slopes, and Pinus species are
planted in the valleys (J.P. Posse, Weyerhaeuser Uruguay, pers. comm.) Within the afforested landscape,
34% of the land is not planted; the majority of unplanted land is in low-lying, wet areas, firebreaks,

fence rows, or at sites that currently support native forests.
Field Methods

Data collection occurred in May and November 2010, and May 2011. Study sites were in eucalyptus
plantations, with similar elevation and located near one another. Study sites represented five phases of
agroforestry management being applied to Weyerhaeuser Uruguay lands (Grassland, Young Forest, Mid-
stage Forest, Old Forest, and Post-Harvest) (Table 2.1; Appendix A). Management phases differed in
canopy cover, grazing, and recent silvicultural treatments. Grasslands (G) were unplanted locations
within plantation areas that have been subject to long-term cattle grazing, and never previously
managed for forestry. Young Forests (YF) were planted, on average, 10 months prior to study; at the
time of study, trees were very small and basal area was minimal. At the YF sites, glyphosate had been
applied directly to the furrowed rows where trees were planted but not between rows (rows were
typically 5 m apart). Mid-stage forests (MF) were selected from stands planted 7 years prior to sampling.
In addition to operational treatments described in YF, MF stands had been pruned and then opened to
grazing 2 years after planting; 5 years prior to the sample date. Trees in MF stands were quite large,

having achieved a diameter of nearly 25 cm in seven years. Stand basal area was much greater in MF



than in YF. Old Forests (OF) were selected from sites thinned approximately 6 months prior to study, and
were planted, on average, 13 years prior to study. These sites also were subjected to the operational
treatments described for YF and MF. Most OF sites experienced some natural regeneration that resulted
in a considerable number of small trees throughout the site. Because of this, average diameter and
stand basal area in OF are similar to MF, although the trees planted originally are larger than those at
the MF sites. Post-harvest sites (PH) were, on average, harvested 5 months prior to study. These stands
were approximately 16 years old when harvested, and had been subject to all the stand treatments
described for the earlier phases. Five replicates of each management phase were selected for this study
(using ArcGIS to select sites based on appropriate stand age, planted species (all study sites were
planted with Eucalyptus grandis), soil type (5A, characterized by deep sandy soils of low fertility;
(Berretta 2003)), and location within the western Tacuarembd or Rivera regions. One replicate was

sampled in May 2010, and two replicates were sampled in both November 2010 and May 2011.

Within each study site, a modified transect-grid was established in a 1.44-ha area adjacent to the stand
boundary (typically a road or adjacent stand, for ease of access); sites were 1.44 ha in size to allow for a
1-ha sampling area with a 10 m buffer on all sides. Four transects (100 m in length) were established
within each site; each transect was placed 30 m from and parallel to the closest sample area edge.
Transects were oriented according to the closest stand boundary, and therefore not always parallel and
perpendicular to tree rows. Along these transects, 1 m? quadrats were spaced at 10 m intervals (n = 40
per site) (Fig. 2.2). In YF, because of bare soil and direct herbicide application to planting furrows, if a
qguadrat landed in a furrowed row, it was moved 1 m outside the furrow. | also assessed the effects of
herbicides on vegetation in furrowed rows by comparing species richness in quadrats that fell within a
furrowed row with plots adjacent to these, 1 m outside the furrow, on a subset of quadrats within two
YF sites, and found no difference in species richness. Nonetheless, only the plots moved outside the

furrows in YF stands were used in the analyses described below.

Within each quadrat, | recorded the presence of every species. Species identifications proved
challenging due to the dearth of botanical research conducted in this region, and as a result, several
identifications could only be made to broader categories (family or growth form). Species that could not
be identified were given unique codes; unknowns were included in total species richness calculations,
but were excluded from further analysis if they could not be assigned to a life form category. Life form

categories were based upon Zuloaga et al. (2008); species were categorized into one of six potential life



forms: annual graminoid, perennial graminoid, annual herb, perennial herb, fern, or woody species.

Species were also summarized by origin: native or introduced.

Analysis

| tested for differences among management phases in total species richness, the proportional
importance of life form categories, and composition. Total species richness was calculated as the total
number of unique plants encountered across all quadrats within each site. | used generalized linear
model (GLM, proc genmod) to test the effects of agroforestry management phase (G, YF, MF, OF, or PH)
and sample date (May 2010, November 2010, or May 2011), and the phase x sample date interaction on
total richness. Richness was log-transformed as for a Poisson distribution since it was count data. The
analysis was conducted in SAS 9.2, with phase, sample date, and the phase x sample date interaction as
fixed effects (Zar 1999, Littell et al. 2006). Post-hoc comparisons for significant differences were

determined using least squared means. | set o = 0.05 for all analyses.

Proportional importance was assessed in three ways: relative richness, relative frequency, and mean
species frequency. These indices were calculated separately for each life form category, and provide
different insights into the properties of the vegetation. Relative richness was calculated as the number
of species of a given life form category as a proportion of the total species richness; larger values
indicate that proportionally more of the species belong to that life form category. Relative frequency
was calculated as the proportion of plots within each site that contained a species of a given life form
category; larger values indicate that that life form category was more widespread within the site. Since
relative frequency is sensitive to the number of species within a life form category, | also calculated
mean species frequency as the mean number of occurrences of each species of a given category at a
site. Larger values of this variable indicate that the average species in this life form category was more
widespread within the site. Proportional data were transformed using a link-log transformation for
binomial distributions and were analyzed using GLMs as described above. Species richness for ferns was
very low in general, and models for this life form category would not converge unless the interaction
term was removed. Post-hoc comparisons for significant differences were determined using least

squared means.

The effects of agroforestry management on understory community composition were analyzed using
Permutational multivariate analysis of variance (PERMANOVA). | conducted PERMANOVA through the

Adonis function in R which uses sequential sums of squares. Rare species (present in < 5% of plots) were



excluded from this analysis; 159 species were included. Data were relativised by species maxima and site
totals (McCune & Grace 2002). The Bray-Curtis distance measure was used, and 9999 permutations
were run. | tested the effects of phase, sample date and phase x sample date species composition, and
conducted post-hoc comparisons using orthogonal contrasts to determine significant differences
between phases and sample dates: Grasslands to Young Forests (G:YF), Grasslands to Mid-stage Forests
(G:MF), Grasslands to Old Forests (G:OF), Grasslands to Post-Harvest (G:PH), May 2010 to November
2010 (May10:Nov10), and May 2010 to May 2011 (May10:May11). The compositional analysis was
visualized using nonmetric multidimensional scaling (NMDS) ordination, using the Bray-Curtis distance
measure, 3 axes, and calculating stress using monotone regression, running a maximum of 40 times.
Convergence was met after 26 runs, with a stress of 0.150068. The non-metric fit of the ordination was
R® = 0.9777; the linear fit was R* = 0.843. All compositional analyses and ordinations were conducted in

Rv2.14.2.
Results

In total, | recorded 218 unique plants in our study; 79% were identified to species, 83% to genus and
88% to family (Appendix B). Life form category could be assigned to 80% of our plants; of those, 49%
were perennial herbs, 21% were perennial graminoids, 14% were annual herbs, 11% were woody, 3%
were annual graminoids, and 2% were ferns. Origin was identified for 74% of species; of these, 94%
were native and 6% were introduced. Introduced species were found in every phase, in varying relative
abundances: introduced species comprised 2.7% of all species identified by origin in G, 4.3% in YF, 2.1%
in MF, 6.4% in OF, and 6.5% in PH. In absolute terms, there were an average of 1.4 introduced species

per sitein G, 2.4 in YF, 0.4 in MF, 2 in OF, and 2.2 in PH.

Site-level total species richness differed significantly among phases and phase x sample date (Table 2.2).
G and YF phases had significantly more species than other phases, and species richness was lowest in
MF (Fig. 2.3; also see Appendix C). The date of sampling did not significantly affect total species richness,
although the phase x sample date interaction was significant because of temporal variability in richness
in OF and PH; for May2010 sample date, richness in G and YF was similar to OF and PH but this was not

the case in later samples.

Species composition differed by phase and sample date (Table 2.3, Fig. 2.4). Contrasts revealed that

composition did not differ between G and YF, but differed between G and all other phases. YF differed
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from MF and OF in composition but not from PH. Additionally, MF and PH were significantly different.

Composition differed between all sample dates.

Relative species richness differed by agroforestry management phase, sample date, and phase x sample
date for most trait categories (Table 2.2). Perennial graminoids and herbs were the most species rich
categories in all phases, although their relative richness differed among phases (Fig. 2.5). Perennial
herbs accounted for a much higher proportion of the species in MF than in other phases. Annual
graminoids had greatest relative species richness in YF and PH, although PH was also similar to G and OF.
Annual herbs had similar relative species richness in all phases but MF, where relative species richness
was low. Ferns had the greatest relative species richness in OF and least in YF. Woody species had a

greater relative richness in G than any other phase.

Relative frequency was significantly different by phase for all response variables, by sample date for
most response variables (except ferns and perennial graminoids), and by phase x sample date
interaction for those that could be tested (Table 2.2). Perennial herbs and graminoids had the highest
mean plot frequency, but both declined in frequency from G to other phases (Fig. 2.6). While perennial
herbs declined from G to YF and again to MF, OF, and PH, perennial graminoids showed some sign of
recovery and plot frequency was greater in OF and PH than MF. Annual graminoids and herbs had the
highest plot frequency in G and YF, and least in MF. Ferns had the highest plot frequency in OF. Woody

species were most frequent in G and least in MF, OF and PH.

Mean species frequency differed significantly by phase for most life form categories, but sample date
and phase x sample date effects were less important than for other variables (Table 2.2). In general,
species were fairly uncommon: they were present in less than a third of the plots within a study site (Fig.
2.7). Annual graminoids were most common in YF and G, and least common in MF. Perennial graminoids
and herbs were most common in G and YF, and declined in MF, OF, and PH. Annual herbs were least
common in MF, but were similar in all other phases. Woody species were most common in G, and ferns

were most common in OF.

Discussion

Total richness and composition

In general, there was a decrease in total species richness following afforestation; this coincides with

previous research that demonstrates that vegetation richness decreases with increasing tree cover
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(Alrababah et al. 2007). Total richness was highest in G and YF, when there is higher light availability;
richness was lowest in MF, likely due to low light conditions (Buscardo et al. 2008). In addition, litter
accumulation on the forest floor could impede seeds from reaching the soil layer, and may provide a
physical barrier to seedling and sprout emergence (Facelli & Pickett 1991, Wilby & Brown 2001). Forests
also have greater evapotranspiration, potentially reducing soil moisture (Farley et al. 2005); this
decrease in moisture availability may also negatively affect species richness, especially in dense MF
(Nosetto et al. 2005). | saw an increase in species richness between MF and older phases (OF and PH),
which coincides with previous research (Cuevas & Zalba 2010) and may be due to an increase in light

availability after thinning (OF) and harvest (PH) (Buscardo et al. 2008).

Plant community composition is heavily influenced by previous land-use history (Ito et al. 2004, Baum et
al. 2009). At my study sites, only species adapted to livestock grazing likely were present at the time of
afforestation. As a result, species poorly adapted to grazing would be relatively rare in this system and
would have little opportunity to colonize ungrazed forest habitats in the relatively short time period
when livestock are excluded (YF phase). The primary driver of the vegetation differences among

management phases observed in our study, therefore, is afforestation (Alrababah et al. 2007).

| also found a difference in composition by sample date, which may be partially attributed to sampling
expertise and spatial correlation between sites. | attempted to minimize sampling bias between sample
dates by using a small field crew, and working closely together at all sites. However, | gained taxonomic
expertise each sample date, and my ability to identify vegetation to species did increase, and although |
was able to later identify many unknown plants encountered on early sample dates, there were still
more unknowns in earlier samples than later. Also, | attempted to locate sample sites in each sample
date close together to make sampling efficient. Therefore, some of the differences between sample
dates may be partially due to spatial separation among the sites sampled in different seasons. Because
neither of these circumstances resulted in a significant sample date x phase interaction (the difference
in richness or composition by phase varied by each sample date), | do not think changes in taxonomic

expertise or potential spatial correlation among some sites has important implications for my study.
Life form traits

My results differ from other studies in that very few exotic species occurred in this system, especially in
afforested phases, and of these exotics, some were actively introduced to provide livestock forage (M.

Bembhaja, INIA, pers. comm.). Of the species | encountered in this study, 94% are native to southern
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South America and 26% are endemic to the region (southern Brazil, Chile, Argentina, Paraguay, and
Uruguay). As with the native species at my study sites, these exotic species are adapted to the grazed
grassland environment by exhibiting resistance (i.e., avoidance) or tolerance (i.e., capacity for re-
growth) to livestock (Evju et al. 2009). The fact that only exotic species with the capacity to adapt to high
intensity grazing can persist in this environment may be one reason why the representation of non-

native species at our study sites was low.

| also saw several changes in vegetation across the agroforestry management cycle by life form trait:
annual species seem more sensitive to afforestation than perennials (similar to findings by Baum et al.
(2009), potentially because of litter accumulation on the forest floor impeding seedling emergence of
annuals (Facelli & Pickett 1991, Wilby & Brown 2001). | also generally found a decrease in woody species
with afforestation, which was surprising. Much research has found an increase in woody species with
afforestation, as the change in light availability and soil characteristics reduces competition from other
growth forms (Powers et al. 1997). However, in most previous research of afforestation, it is the only
disturbance in the system studied. In the Campos, afforestation has been introduced as a new
disturbance on top of an already disturbed (grazed) ecosystem. The combined effect of grazing and
afforestation on vegetation dynamics in mixed forest-grassland ecosystems, like the Campos are likely
more complex than in systems influenced by only afforestation, so comparisons with other studies on

this topic may not be meaningful (House et al. 2003).

Potential recovery

Species richness and composition declined between G and MF phases but exhibited signs of potential
recovery following forest thinning with richness increasing from MF to OF and PH sites. Composition in
PH was similar to YF (which was also similar to G). Vegetation in the Campos ecoregion may be more
resilient to impacts of afforestation than in other regions, given that plants have already adapted to
long-term grazing (Greenberg et al. 1995, Li et al. 2007). Many adaptations developed in a grazed
system, such as wind-dispersed seeds and versatile rosette morphology, also serve plants well in
afforested systems, where wind dispersed seeds can colonize open spaces, and the versatile
architecture of rosettes (flat structure when not flowering) can take better advantage of resources, like
reduced light (Mclntyre et al. 1995). With these adaptations, plants can respond to the individual and

interactive effects of multiple disturbances (Savadogo et al. 2009)
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Plant species adapted to forest conditions are likely rare in the Campos ecosystem. Native forest cover
occurs primarily along water courses. Therefore, there was limited availability of forest understory
plants to colonize afforested sites. In addition, short rotation cycles may hamper the establishment of
forest species especially considering the rapid changes in canopy conditions associated with thinning
and harvest (Brockerhoff et al. 2008). The short rotations, pruning and thinning of the plantation stands
also may favor grassland species. Grassland species are present during some of the management
phases, especially early in the rotation (YF) and after thinning (OF). Therefore, some grassland plants
may persist through the rotation cycle. Even grassland species that cannot persist under a forest canopy
may rapidly recolonize a site following harvest from stored seed or through seed dispersal and

colonization of a site after tree harvest (Eycott et al. 2006).

The continued presence of grassland patches within the plantation forest landscape may facilitate
recovery of plant diversity following an afforestation cycle (Baum et al. 2009). In my study area,
generally half the land within afforested areas is planted; the remaining land remains in grazed
grassland (J. Posse, Weyerhaeuser Uruguay, pers. comm.). The swaths of grassland maintained within
the afforested landscape provide a source of propagules to recolonize afforested sites once conditions
become suitable for these species. However, these remnant patches often possess physical
characteristics different from forested sites; often, grasslands occupy valleys and may have wetter soils
than forests. Thus, the suite of remaining species present to colonize adjacent forests may be somewhat
different than the historical grassland vegetation. The spatial design of the plantations and remnant
grasslands may be a major factor in determining future composition of understory vegetation through
multiple rotations. Eventually, however, multiple short rotations may result in decreased species

richness and diversity (Wen et al. 2010).

My results reflect changes in plant communities associated with only the first rotation of trees.
Vegetation may continue to evolve over multiple rotations as species incapable of adapting to forested
conditions are reduced in abundance. The full impacts of afforestation will not be fully understood until
both the first rotation effects, examined in this study, as well as the changes associated with repeated
cycles of tree planting and harvesting are examined. Because of the positive socioeconomic impacts of
afforestation in Uruguay, including increased employment opportunities and wages (WFO 2002, Olmos
& Siry 2009), it is likely that afforestation will have a long-term presence in the area, and it is critical that
more research is conducted to understand the combined impacts of long-term grazing and afforestation

in the Campos.
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Table 2.1. Site characteristics for each agroforestry management phase. Operations include any

operational activity that sites have indergone in the current and previous agroforestry management

phase. Mean stand age is the mean age of stands within each phase, at the time of study. Tree diameter

and stand density are mean values of sites within each phase.

Grassland  Young Forest Mid-stage Forest Old Forest Post-Harvest
(G) (YF) (MF) (OF) (PH)
Trees Absent Present Present Present Absent
Grazing Present Absent Present Present Present
Operations Planted Planted Planted Planted
Pruned Pruned Pruned
Thinned Thinned
Harvested
Stand age 10 mo 7 yr 13 yr 16 yr pre-harvest,
5 mo post-harvest
Tree diameter (cm) 0 4.0 26.8 27.6 0
Stand density (tph) 0 337 351 312 0
Basal area (m*/ha) 0.9 43.0 42.2 0
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Table 2.2. Effects of phase, sample date, and phase x sample date for total and relative richness, relative

frequency, and mean species frequency for life form category. Analyses were conducted using a

generalized linear model that uses maximum likelihood estimators. Significant results are bolded.

Phase Sample date Phase x Sample date
DF Chi- P-value DF Chi- P-value DF Chi- P-value
square square square
Total Richness 4 92.24 <0.0001 2 269 0.2603 8 26.21 0.0010
richness
Relative Annual gram 4 63.26 <0.0001 2 1037 0.0056 8 22.36  0.0043
richness Annual herb 4 32.07 <0.0001 2 7251 <0.0001 8 52.30 <0.0001
Fern 4 11231 <0.0001 2 10.58 0.0051
Perennial gram 4 199 0.7368 2 3.07 0.2159 8 13.29 0.1021
Perennial herb 4 51.79 <0.0001 2 329 01934 8 7.64  0.4699
Woody 4 49.87 <0.0001 2 11.65 0.0029 8 37.80 <0.0001
Relative Annual gram 4 125.72 <0.0001 2 13.43 0.0012 8 45,11 <0.0001
frequency Annual herb 4 115.34 <0.0001 2 113.03 <0.0001 8 118.16 <0.0001
Fern 4 104.47 <0.0001 2 2.93 0.2309
Perennial gram 4 229.78 <0.0001 2 0.00 1.0000 8 47.89 <0.0001
Perennial herb 4 12456 <0.0001 2 2529 <0.0001 8 7.64  0.4699
Woody 4 192.17 <0.0001 2 17.28 0.0002 8 50.75 <0.0001
Mean Annual gram 4 81.87 <0.0001 2 566 0.0589 8 48.4 <0.0001
species Annual herb 4 15.36 0.0040 2 2555 <0.0001 8 25.78 0.0011
frequency Fern 4 70.61 <0.0001 2 1.22  0.5440
Perennial gram 4 23.63 <0.0001 2 0.79 0.6739 8 12.67 0.1236
Perennial herb 4 15.29 0.0041 2 0.60 0.7422 8 5.94 0.6544
Woody 4 39.33 <0.0001 2 439 0.1113 8 10.54 0.2291




Table 2.3. Effects of agroforestry management phase, sample date, and phase x sample date on
vegetation composition. Results were determined from PERMANOVA; significant results are bolded.

DF Sums of Squares  Mean Squares F.Model R’ P-value
Phase 4 1.7791 0.44476 1.48972 0.20274 0.0016
Sample date 2 1.7312 0.86558 2.89924 0.19728 0.0001
Phase x Sample 8 2.2794 0.28492 0.95434 0.25975 0.6670
date
Residuals 10 2.9855 0.29855 0.34023

Total 24 8.7751 1.00000
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—— Principal roads
—— Secondary roads
[ Forestry Priority lands

Figure 2.1. Map of Uruguay, including areas designated as Forestry Priority (areas that have been or will
be afforested). As of 2010, 24% of this area has been planted; almost half (46%) of the planting has
occurred in the North Central area of Uruguay, where our research occurred (25 study sites within the
area indicated by the black square) (Uruguay XXI 2010).
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Figure 2.2. Sampling design employed at each study site to determine vegetation species richness at by
agroforestry management phase: Grassland (G), Young Forest (YF), Mid-stage Forest (MF), Old Forest
(OF), and Post-Harvest (PH). Species presence was recorded in 40, 1 m? plots at each site, systematically
arrayed on 4 transects.
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Figure 2.3. Total site-level species richness, represented by means with 95% confidence intervals, as a
function of agroforestry management phase: Grassland (G), Young Forest (YF), Mid-stage Forest (MF),
Old Forest (OF), and Post-Harvest (PH). Agroforestry management phases are delineated by dotted lines.
Differences in least squared means are denoted by lowercase letters.



21

5 Phase

o (Grassland

& Young Forest

+ Mid-stage Forest

* Old Forest
Post-harvest

Stress: 0150066
Linear B2 0.843
Man-metric fit, B2 0,977

4
| |
e =
+ 4 L
A
O 4
L%
i W X
= O
JAN g A
AN

Figure 2.4. Vegetation community composition by agroforestry management phase. Data points are
sites in species space. NMDS 2-dimensional display of a 3-dimensional ordination. Composition in G was
different than MF (p = 0.0002), OF (p = 0.0105), and PH (p = 0.0047). Composition in YF also differed
from MF (p = 0.0005) and OF (p = 0.0502). Also, composition differed between MF and PH (p = 0.0309).
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Figure 2.5. Relative species richness (proportion of total richness for each life form category) as a
function of agroforestry management phase: Grassland (G), Young Forest (YF), Mid-stage Forest (MF),
Old Forest (OF), and Post-Harvest (PH). Agroforestry management phases are delineated by dotted lines
and labeled above the graphs. Data points represent site-level means with 95% confidence intervals.
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Figure 2.6. Relative frequency of life form categories (proportion of quadrats containing at least one
species of that category) as a function of agroforestry management phase: Grassland (G), Young Forest
(YF), Mid-stage Forest (MF), Old Forest (OF), and Post-Harvest (PH). Agroforestry management phases

are delineated by dotted lines and labeled above the graphs. Data points represent site-level means and
95% confidence intervals.
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Figure 2.7. Mean species frequency of life form categories (total number of occurrences of species of a

given category divided by the total number of species from that category recorded at a site) as a

function of agroforestry management phase: Grassland (G), Young Forest (YF), Mid-stage Forest (MF),

Old Forest (OF), and Post-Harvest (PH). Agroforestry management phases are delineated by vertical dash

lines and labeled above the graphs. Data points are site-level means with 95% confidence intervals.
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Chapter 3
Soil characteristics through first-rotation Eucalyptus plantation cycle in Uruguay

Abstract

Land use has long-term effects on soil properties, and as land use changes, legacies from previous
habitats or management may still impact soils. The majority of Uruguay, as part of the Campos
ecoregion, is long-term grazed grassland, but afforestation is becoming a widespread disturbance. The
effect of this major land use change on soil properties is not clear. | measured physical (moisture and
bulk density) and chemical (pH, organic matter, and nutrient bases (total N, Al, Mg, Ca, K, and Na)) soil
properties in five phases of agroforestry management of Eucalyptus grandis plantations: Grassland (G),
Young Forest (YF), Mid-stage Forest (MF), Old Forest (OF), and Post-Harvest (PH), and tested the effects
of depth (0-5, 5-15, or 15-60 cm), phase, and depth x phase on each soil property. Neither soil moisture
nor bulk density varied by any effect. While pH was similar across phases at the shallow depth, pH was
lower in OF and OF and PH in mid- and deep soil depths. Organic matter and total N content decreased
with soil depth. Most chemical variables (Al, Mg, Ca, and Na) differed by depth x phase, but significant
differences generally revealed only differences between depths within the same phase. Long-term
grazing at these sites likely reduced soil fertility prior to afforestation. Also, more changes may be
expected in the future as these short-rotation plantations are subsequently replanted and harvested.
Most soil variables were highly variable, and the sample size chosen for this study may have been too
small to adequately demonstrate changes in soils characteristics with agroforestry management phase.
This study highlights the highly variable nature of soils characteristics, and the need for future research
to fully understand short-term impacts of afforestation and the response of soils to this major land use

change.

Introduction

Soil provides stability and space for a plant’s rooting structure, and provides water and nutrients for a
plant to function (Kimmins 1997). Soil is affected by climate, vegetation, animals, topography, land
management, and parent material, all of which can vary or weather with time (Gibson 2009). Land use
can have long-term effects on soil properties, and as land use changes, legacies from previous
management regimes may still impact soils (Dupouey et al. 2002). Soil nutrition and physical properties

determine, at least partially, the type of vegetation occupying a site and the trajectory a plant
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community may follow during recovery from a disturbance. Therefore, plant community processes may

be altered by changes in soil properties caused by management (Paul et al. 2002, Browning et al. 2008).

The Campos is one of the most extensive grasslands globally, covering large areas of Uruguay, southern
Brazil and northern Argentina. This region has a long history of livestock grazing. Domestic herbivores
were introduced during the sixteenth century (Paruelo et al. 2007), and now, the Campos supports 10.1
million cattle and 13 million sheep, resulting in a long-term impact on natural grasslands (Pallares et al.
2005). In the Campos ecoregion, and especially in Uruguay, afforestation is occurring rapidly on these
grazed grasslands (Carrere & Lohmann 1996, Geary 2001, Baldi et al. 2006, Baldi & Paruelo 2008, Vega
et al. 2009). Forest plantations are being established where none existed in recorded history. In Uruguay
alone, 23% of the land base (approximately 4 million ha) has been designated for afforestation; of this,
nearly 1 million ha have already been planted (Uruguay XXI 2010). Landscape-scale forest habitat was
not common prior to recent afforestation (e.g., Darwin 2009): native forests cover less than 4% of

Uruguay’s total land base (Geary 2001), mostly located along rivers and streams.

Converting grasslands to forests may impact soil properties through changes in litter input, nutrient
uptake and root distribution. The effects of this new management regime on soil properties of the
Campos have not been fully assessed, however, and substantial alterations are possible. As grasslands
are converted to forests, evapotranspiration and rainfall interception usually increase (Farley et al. 2005,
Nosetto et al. 2005). Stream flow and runoff typically decrease as a result of afforestation, but the
supply of water from forests usually is more temporally stable than in grasslands (Farley et al. 2005,
Nosetto et al. 2005). Other research has shown that total soil moisture may not vary significantly among
different land use types, but that variations in soil moisture with depth may be significant (Venkatesh et

al. 2011).

Soil bulk density may be unaffected for a period of time after afforestation of grassland, at least in
surface soils (Davis & Condron 2002, Evrendilek et al. 2004). However, if enough soil organic matter
from the litter layer is incorporated into the soil during forest development, bulk density may decrease
(Shirato et al. 2004, del Pilar Clavijo et al. 2005, Korkanc et al. 2009). Because plantations in the Campos
are fast growing and have short rotation cycles, it remains unclear if organic matter from forest litter will

impact bulk density (Parrotta 1999).

Long-term grazing in the Campos has likely reduced soil fertility (Garcia-Oliva et al. 1994) although soil

conditions are likely very heterogeneous due to widespread waste deposition (Fernandez-Gimenez &
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len-Diaz 2001). Converting grasslands to forests may reduce soil organic matter due to changes in root
distribution (Booth et al. 2005), although this is not always found. Some research has shown that most
roots of grasslands and forest plantations occupy the same soil depths (less than 0.5 m) (Schulze et al.
1996, Schenk & Jackson 2002), although this is primarily due to the fine root distribution of trees in
shallow soils (Chen et al. 2000). Others research, has concluded that root distribution may be shallower
in grasslands compared to forests (Jackson et al. 1996), primarily due to coarse roots of trees, and this

can lead to differences between grassland and forests in soil characteristics by depth.

While changes in soil properties with forest development may be relatively well understood, the
afforested sites in the Campos ecoregion are further complicated by its long-term grazing history. At
present, no extensive research has been conducted to characterize changes in soil moisture, bulk
density, and nutrition over the course of an agroforestry management cycle. To better understand the
affects of afforestation and continued grazing on soil properties, | had two main objectives: 1) compare
physical properties (soil moisture and bulk density), and 2) chemical properties (pH, organic matter and
elemental concentrations of nitrogen, aluminum, calcium, magnesium, potassium, and sodium) at
various soil depths among five agroforestry management phases (Grassland, Young Forest, Mid-stage

Forest, Old Forest, and Post-Harvest).
Methods
Study area

Research was conducted in the Tacuarembd and Rivera regions of northern Uruguay (for details, see
Chapter 2: Understory vegetation changes over an agroforestry management cycle in Uruguay).
Approximately 70% of the afforested land in Uruguay is planted with Eucalyptus grandis or E. globulus,
and the majority of remaining land is planted with Pinus species (Uruguay XXI 2010). Industrial
plantations are generally mono-specific but species do vary among plantations. Because Eucalyptus
species tend to be frost intolerant, they are typically planted on the hill slopes, and Pinus species are
planted in the valleys (J.P. Posse, Weyerhaeuser Uruguay, pers. comm.) Within the afforested landscape,
34% of the land is not planted; the majority of unplanted land is in low-lying, wet areas, firebreaks,

fence rows, or at sites that currently support native forests.

Field and laboratory methods
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Data collection occurred in the autumn of 2011. Study sites were in Eucalyptus grandis plantations, with
similar elevation and located in close proximity to one another. Study sites represented five phases of
agroforestry management being applied to Weyerhaeuser Uruguay lands (Grassland (G), Young Forest
(YF), Mid-stage Forest (MF), Old Forest (OF), and Post-Harvest (PH)) (for further details, see Chapter 2:
Understory vegetation changes over an agroforestry management cycle in Uruguay). | chose study sites
using ArcGIS, selecting sites based on appropriate stand age, planted species (all study sites were
planted with Eucalyptus grandis), soil type (5A, characterized by deep sandy soils of low fertility;

(Berretta 2003)), and location within the western Tacuarembo or Rivera regions.

Soil moisture and bulk density samples were collected from 3 sample depths (shallow: 0-5 cm, mid: 5-15
cm, and deep: 15-60 cm) at 3 sample points along 3 transects (following the same site layout at in
Chapter 1), at 19 study sites (3 complete replicates; the 4™ replicate was missing MF) (n = 171). Depths
were chosen to be consistent with research previously conducted in Uruguay by INIA (Instituto Nacional
de Investigacién Agropecuaria) (E.P. Gomar, INIA, pers. comm.). After soils were dried, soil samples were
pooled into two samples (based on proximity of sample locations). Soil pH, organic matter (%C), total
nitrogen (%N), Aluminum (Al), Calcium (Ca), Magnesium (Mg), Potassium (K), and Sodium (Na) were

determined from these pooled samples (n = 114).

Samples were collected within a single week and stored in moisture-proof bags after being weighed in
the field. Samples were stored at the INIA lab in Tacuarembd, UY until analyses were conducted.
Samples were dried at 105°C for 24 hrs, and then weighed again. Soil moisture was calculated as the
difference between wet and dry weights (expressed as % moisture) for each sample. Because of an error
in moisture calculation, two samples were excluded from analysis for soil moisture (n = 169). Bulk
density was calculated by multiplying the volume of the cylinder used for sampling (5 cm diameter, 5 cm

in height) by the dry weight of each sample (expressed in g/cm?>).

Soil pH was determined using 20 g of soil mixed with 50 mL of H,0. This solution was centrifuged for 3
minutes and allowed to stand for 15 minutes, and then pH was measured with an electrode on the
supernatant of the extract. Soil organic matter and total N were calculated with a dry combustion (at
900°C) and subsequent detection of infrared CO, (for organic matter) and by thermal conductivity of N,
(for total N) using a TruSpec LECO (CN628) elemental analyzer. For bases (Al, Ca, Mg, K, and Na), 5 g of
soil was agitated in 100 mL of H,0, and then mixed with 50 mL of ammonium acetate. Samples were
centrifuged for 30 minutes. K and Na were then determined by a direct reading of atomic emission, and

Ca and Mg were determined using atomic absorption.
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Statistical Analysis

| tested each soil characteristic with a generalized linear mixed model design, using maximum likelihood
estimates. Depth, phase, and depth x phase interactions were fixed effects in each model (Zar 1999,
Littell et al. 2006). For all models, | specified site, sample area (transect for soil moisture and bulk
density, or consolidated sample for chemical analyses) within site, and depth within sample area as
random blocking terms. Soil moisture, pH, organic matter, total N, Al, Ca, and Mg were natural log-
transformed to approximate a normal distribution; other variables were tested without transformation.
Post-hoc comparisons were determined significant differences by least squared means. All analyses

were conducted in SAS 9.2, and | used a = 0.05 for all analyses.
Results

Neither soil moisture nor bulk density differed by depth, phase, or depth x phase (Table 3.1). Mean bulk
density across all treatments was 1.4 (+0.01) g/cm?; mean moisture content was 12.1 (+0.69) %. pH
significantly differed by depth x phase (Table 3.2; Fig. 3.1): at the shallow depth, pH was similar across
phases, but for mid depth, pH was significantly lower in OF than G (p = 0.0205), and the deep samples
exhibited lower pH in OF and PH compared to G (p = 0.0401 and 0.0062). Organic matter only differed
by depth (decreasing with soil depth), but not phase or depth x phase (Fig. 3.2).

Total N also only differed by depth, and similar to organic matter, total N decreased with soil depth (Fig.
3.2). Al differed by all three factors: depth, phase, and depth x phase. By depth x phase, Al content was
highest was in OF at the shallow depth, which was similar to levels only in YF; at mid-depth, high Al
levels were also similar in OF and YF; at the deep depth, high Al value in OF was similar only to MF (Fig.
3.1). Al increased with increasing depth (Fig. 3.2), and by phase Al was highest in OF (Fig. 3.3). For Ca, |
also found differences in depth x phase (Fig. 3.1); however, significant differences in least squared
means revealed only differences between depths within the same phase. Similarly, while Mg did not
differ between phases, there was a significant depth x phase interaction, but most of the depth x phase
differences for Mg were between different depths within the same phase (Fig. 3.1). Mg also differed by
depth: Mg was higher at the shallow depth compared to mid- and deep depths (Fig. 3.2). K also differed
by depth, and similar to Mg, it was highest at the shallow depth (Fig. 3.2). Na only differed by depth x
phase (Fig. 3.1), and similar to Ca, significant differences revealed only differences between depths

within the same phase.

Discussion
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Soil moisture

Surprisingly, | did not find differences in soil moisture related to depth or agroforestry management
phase. Typically, soil moisture is lower in forests than grasslands (Fu et al. 2000), and decreases with
stand age (Farley et al. 2005). This decrease in soil moisture in forests compared to grasslands may be
due to differences in root distribution: grasslands dominated by herbaceous plants have denser root
distribution in shallow soil, while woody plants (forests) access moisture from deeper layers (Walter

1971, Walter 1973).

However, from their paired catchment study in Uruguay, von Stackelberg et al. ( 2007) concluded that
afforestation decreases runoff and peak flows during storms, but there was no reduction in base flow
(Chescheir et al. 2008). Soil samples from my research were collected after short rains following an
extended dry period; the soil moisture content | calculated (12.1%) is much lower than typical values for
soil moisture in temperate grasslands, which are closer to 30% or higher (Knapp et al. 2002, Kisselle et
al. 2002, Munhoz et al. 2008). Because | only collected soil moisture once, instead of throughout an
extended period of time, | am limited in making conclusions about moisture patterns and the impact of

afforestation.

Soil chemistry

In general, | did not find significant changes in soil chemistry or organic matter related to afforestation.
Typically, afforestation of native grasslands decreases soil organic matter and total N, as well as lowering
general fertility as other elements decrease in forest soils (Parfitt et al. 1997, Saviozzi et al. 2001).
However, the long history of grazing in the Campos grasslands may have altered this expected result.
Grazing may have increased organic matter concentrations in the Campos grasslands to levels expected
with afforestation by increasing vegetation turnover (Franzluebbers et al. 2000). Additionally, grazed
grasslands may exhibit low concentrations of macronutrients (particularly Mg, Na, and P), usually due to
erosion of soil exposed by patchy removal of vegetation, resulting in areas of already low fertility before

sites were afforested (Neff et al. 2005).

Although a substantial litter layer accumulates under the forest canopy, no corresponding increase in
organic matter levels in the shallow soil samples was observed with agroforestry management phase.
Likely, the dense fine root network associated with grassland vegetation and the typically high turnover
rate of these roots contribute substantial amounts of organic matter to the soil, similar to inputs from

litter and roots in forest phases (Brown & Lugo 1990, Guo & Gifford 2002).
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The only nutrient that varied with phase was aluminum; similar to other research, Al was greatest in OF,
when trees were most developed (Hughes et al. 1994, Giddens et al. 1997). However, the increase in soil
aluminum is usually associated with the acidification of soil when grasslands are converted to forests
(Adams et al. 2001), and although | did not find a significant change in pH associated with agroforestry
management, there is a suggestion of a decreasing trend in soil pH across agroforestry management

phases.

Even with fertilization in YF, before trees are planted, | did not see significant changes in soil
characteristics (particularly total N or K); fertilization may have caused temporary changes in soil N that |
did not detect in my sampling six months following planting (Merino et al. 2003, Laclau et al. 2005).
Most of the potential change in soil fertility likely happens early in forest development, when trees are
relying on nutrient uptake from existing resources in the soil; when trees are more developed, they rely
on nutrient cycling through the system (Laclau et al. 2003). It is possible that my chronosequence phases

do not adequately capture this potential short-term change in nutrient uptake.
Long-term changes in plantation forests

My research examined soil characteristics only through a first rotation. Some research in afforested
systems has suggested that soil properties through the first rotation are similar to conditions during the
previous land use (Binkley et al. 2004). It may require more time than one rotation for the legacy of the
previous land use to be supplanted by soils characteristics associated with forest plantations. Major
changes in soil nutrition as a consequence of land use change may be slow; the full impact of
afforestation in the Campos may not be understood immediately (Jackson et al. 2000). For example,
increases in soil carbon storage expected when open lands are converted to forests, may not happen for
several more decades or after several more rotations (Attiwill 1994a, Paul et al. 2002). This factor may
be especially relevant to eucalyptus forests that are harvested, on average, after 15 years (J.P. Posse,
Weyerhaeuser Uruguay, pers. comm.). Some nutrients, like K, Ca, and Mg will likely increase after
multiple rotations as residues from previous rotations left onsite to decompose are incorporated into
the soil (Mendham et al. 2003). Additionally, loss of soil microbes associated with long-term forest

presence will likely decrease soil fertility further (Berthrong et al. 2009).

While | provide some understanding of soil dynamics through a first rotation of grasslands afforested
with eucalyptus, more research will be required to fully understand the impacts of afforestation.

Because of the high variation in most soil variables, | suggest that a greater sample size may produce
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more conclusive results on effects of afforestation on grazed grasslands. While some of my results
suggest a trend across agroforestry management phases, the high variability from my relatively small
sample size resulted in mostly insignificant effects. In addition to a greater sample size, a more intensive
sampling effort, including greater emphasis on short-term changes in soils characteristics particularly
after planting and fertilization should be conducted. Other afforested areas in the Campos ecoregion are
planted with Pinus sp., and their affects on soil characteristics may differ from Eucalyptus sp. (Scott &
Lesch 1997, Huang et al. 2011). Also, | only studied the first rotation of these plantations, but | anticipate
further changes as these sites are subjected to multiple rotations (Sharda et al. 1998). Because soils
provide the structure and nutrition for vegetation, understanding the effects of afforestation on soils is
critical for fully understanding the effects of afforestation on vegetation biodiversity (Kimmins 1997,
Dupouey et al. 2002), which is increasingly important as afforestation continues and increases in

distribution across the Campos.
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Table 3.1. Mixed model results for soil moisture and bulk density. No significant effects were detected.

Num DF DenDF FValue p-value

Moisture (%) Depth 2 4 3.25 0.1452
Phase 4 14 1.60 0.2293

Depth x Phase 8 98 1.79 0.0889

Bulk density (g/cm®)  Depth 2 4 0.06 0.9458
Phase 4 14 1.18 0.3619

Depth x Phase 8 100 1.35 0.2282




Table 3.2. Mixed model results for soil pH, organic matter, and chemicals (N, Al, Ca, Mg, K, and Na).
Significant results from mixed model analysis are bolded.

Num DF DenDF FValue p-value

pH (H,0) Depth 2 2 14.57 0.0538
Phase 4 14 1.44 0.2737

Depth x Phase 8 64 5.99 <0.0001

Organic matter (%C) Depth 2 2 99.51 0.0099
Phase 4 14 1.55 0.2427

Depth x Phase 8 64 1.83 0.0881

Total N (%) Depth 2 2 30.47 0.0318
Phase 4 14 1.78 0.1898

Depth x Phase 8 64 2.03 0.0567

Al (meqg/100g) Depth 2 2 55.74 0.0176
Phase 4 14 4.00 0.0228

Depth x Phase 8 64 2.96 0.0071

Ca (meqg/100g) Depth 2 2 9.06 0.0994
Phase 4 14 0.74 0.5779

Depth x Phase 8 64 3.05 0.0057

Mg (meq/100g) Depth 2 2 30.93 0.0313
Phase 4 14 1.23 0.3435

Depth x Phase 8 64 7.11 <0.0001

K (meq/100g) Depth 2 2 45.47 0.0215
Phase 4 14 0.48 0.7481

Depth x Phase 8 64 2.08 0.0508

Na (meq/100g) Depth 2 2 1.85 0.3515
Phase 4 14 0.31 0.8656

Depth x Phase 8 64 241 0.0242
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Figure 3.1. Soil pH and concentrations of Al, Ca, Mg, and Na in soil by depth across agroforestry
management phases: Grassland (G), Young Forest (YF), Mid-stage Forest (MF), Old Forest (OF), and Post-
Harvest (PH) Results were determined from generalized linear mixed models. Data points represent

means with 95% confidence intervals.
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Chapter 4
Afforestation and grazing effects on Uruguayan grassland vegetation at multiple spatiotemporal
scales

Abstract

The grasslands of the Campos region of southern South America have long been impacted by livestock
grazing, and more recently, by widespread afforestation. | studied the influence of spatiotemporal scale
on the response of vegetation to afforestation and livestock grazing in the Campos grasslands. Many
ecological phenomena are scale-dependent, and these relationships can change among habitats and
with disturbance. My study had two objectives: 1) compare species area curves to determine at which
scales habitat type (forest and grassland), grazing management (grazed or ungrazed), and season
(sample date) affect understory vegetation, and 2) evaluate habitat, management, and seasonal effects
on species richness (proportion of richness by nativity and life form traits). | calculated species richness
in modified-Whittaker nested plots of varying sizes (1, 4, 9, 36, and 144 m?) for each treatment type
(grazed forest, ungrazed forest, grazed grassland, and ungrazed grassland) at 5 sites. | tested the effects
of habitat, management, and sample date on intercepts (small-scale richness) and slopes (rate of species
accumulation) of species area curves. | also tested the effects of habitat, management, sample date, and
interactions on total species richness and proportion of native species, as well as proportion by life form
trait. Species area curves revealed differences in richness at small-scales between habitats (grasslands
had more species than forests), but a greater rate of species accumulation in forests compared to
grasslands led to little difference in richness at larger scales. In addition, there was also a greater rate of
species accumulation in ungrazed compared to grazed treatments. There was a significant interactive
effect on total species richness: in grazed habitats, richness varied by season (richness was greater in
autumn in forests, but spring in grasslands), but in ungrazed habitats, richness varied more with time
since exclosures were established (ungrazed grasslands decreased in species richness, but forests
increased in richness). My results illustrate that the response of plant species richness to disturbances
varies by the nature of the disturbance mechanism, and that multiple disturbances have complex
interactive effects on vegetation. Examining vegetation response at multiple spatiotemporal scales was
necessary to fully appreciate the complex nature of the impacts of these land-uses have on plant

community composition.
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Introduction

Many factors control the composition and richness of plant communities. Climate, soil conditions,
biogeographical factors and many other elements act in concert to determine the mix of species that
occupy a landscape (Cornell & Lawton 1992, Chapin et al. 1995, van der Heijden et al. 2008). One
important determinant of plant community characteristics is disturbance. Catastrophic natural
disturbance phenomena, like fires or flooding, alter soil characteristics and nutrient availability, impact
the existing vegetation, and influence availability of species to re-colonize disturbed sites (Hobbs &
Huenneke 1992, Collins et al. 1998). More chronic disturbance mechanisms, like grazing, can also have a
profound effect on plant communities (Chaneton & Facelli 1991, Milchunas & Lauenroth 1993,
Landsberg et al. 2002, Dorrough et al. 2007, Odion & Sarr 2007, Marini et al. 2009). As a result,
disturbances can be of primary importance in structuring plant communities in many ecosystems (Hobbs

& Huenneke 1992).

Vegetation responds rapidly to many types of disturbances. Li et al. (2007b) found that the vegetation
community responded to changes in grazing, fire regimes and soil disturbance within the first several
months following disturbance. Other research has concluded that vegetation response to some
disturbances may take a longer time and the nature of the response may be influenced by the historical

disturbance regimes to which the community was exposed (Fidelis et al. 2012).

Many ecological patterns and processes are scale-dependent (Crawley & Harral 2001, Briske et al. 2003,
Kallimanis et al. 2008). Species-area relationships are a well-established manifestation of this
phenomenon (see review in Palmer & White 1994), and as sample area increases, species richness also
increases (Colwell & Coddington 1994). The rate at which species richness increases with scale varies by
habitat and with disturbance (Denslow 1995, Lande et al. 2000, Keeley et al. 2003, He et al. 2006). In
addition, variation in species richness characterized at small spatial scales is often high but decreases as

the size of sample units increases (Fuhlendorf & Smeins 1996).

The grasslands of the Campos region of southern South America have been impacted by grazing,
primarily by cattle and sheep, for several centuries, and more recently, widespread afforestation has
occurred on these grasslands (Carrere & Lohmann 1996, Geary 2001). Afforestation, the practice of
actively planting forests where none existed in recent history, has been widespread in Europe since the
20" century, but has only been common practice elsewhere within the last 30 years (Mather 1993). In

Uruguay, where this study was conducted, 23% of the land base (approximately 4 million ha) has been
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designated for afforestation (Fig. 4.1); of this, nearly 1 million ha have already been planted (Uruguay
XXI 2010). Landscape-scale forest habitat was not common prior to recent afforestation (e.g., Darwin
2009): native forests cover less than 4% of Uruguay’s total land base (Geary 2001), mostly located along

rivers and streams.

Grazing has been shown to affect richness at local and regional scales (OIff & Ritchie 1998, Fuhlendorf &
Smeins 1999), although the effects tend to be more pronounced at local scales (Coughenour 1991,
Beever et al. 2008). Low or moderate intensity grazing can cause an increase in richness at local scales
but has been associated with decreased richness at coarse scales (Landsberg et al. 2002). However, high
grazing intensity tends to decrease richness at all spatial scales (Chaneton & Facelli 1991, Dorrough et al.
2007, Odion & Sarr 2007, Marini et al. 2009). Grazing also lowers the slope of species-accumulation
curves, as the rate of increasing species with increasing area is decreased with grazing (Spiegelberger et

al. 2006).

Less is known about the effects of afforestation on plant diversity in the Campos region but there is
evidence that this practice can affect species richness (Duarte et al. 2006). Some studies suggest that at
small scales, species richness and diversity are greater in grasslands than forests, but at large scales
there is no difference (del Pilar Clavijo et al. 2005, Buscardo et al. 2008). However, other research has
indicated that the disturbed soil and variability in light environments associated with forest
establishment may actually encourage greater diversity of understory species, grasses in particular

(Naumburg & DeWald 1999).

Understanding the effects of grazing and afforestation is made more difficult in systems like the Campos
grasslands that undergo seasonal shifts in vegetation. In general, more species are present in these
grasslands during the cool season (autumn) than the warm season (spring) (Texeira & Altesor 2009), but
there may be more spatial homogeneity in community composition in spring (Kohler et al. 2004).
Seasonal plant responses to grazing is variable (Pollock et al. 2007), but seasonal changes may more
strongly influence vegetation than grazing in some ecosystems (Kohler et al. 2004). There is no

information on the effect of afforestation on seasonal changes in plant communities in this region.

Previous research on the effect of scale on plant species richness has evaluated scales of up to several
ha, but the strongest scale dependence occurs within the 1 m? to 100 m? range (He et al. 2006). While it
is known that different habitat types have distinct scale-dependent relationships (He et al. 2006), much

less is known about how these scale-dependent relationships are influenced by multiple management
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activities, like grazing and afforestation. My study examines the response of plant species richness to

grazing and afforestation at multiple spatial scales, by addressing two specific objectives:

1. Calculate species area curves to estimate how habitat type (forest or grassland), management
(grazed or ungrazed), and sample date (season and time since exclosure) affect vegetation

richness at multiple spatial scales, and

2. Evaluate habitat (forest or grassland), management (grazed or ungrazed) and sample date
(season and time since exclosure) effects on species richness (total richness and proportion of

richness by origin and life form trait).

Methods

Study Area

Research was conducted in the Tacuarembd region of northern Uruguay (Fig. 4.1). Average annual
precipitation (1979-2010) is approximately 1460 mm, with the greatest monthly precipitation (165 mm)
occurring in April, and the lowest monthly average precipitation occurring in August (80 mm) (INIA
2011). Rainfall can be highly variable, and droughts can occur throughout the year (Berretta et al. 2000),
although there is no prolonged dry season (Overbeck et al. 2007). Mean annual temperature ranges
from 16 to 19°C, with mean summer temperatures ranging from 22 to 27°C, and mean winter
temperatures ranging from 13.5 to 16°C (Berretta et al. 2000, Pallares et al. 2005). The soils of the area
are formed from loess deposits of unconsolidated silt and sand (Foth & Schafer 1980, Paruelo et al.
2007, Brady & Weil 2008). Soils are heterogeneous in the Campos, but in the study area, soils are
generally fertile with mollisols dominant and alfisols in humid areas (Foth & Schafer 1980, Soriano et al.

1991).

Pinus species, Eucalyptus globulus and E. grandis are the most common tree species used in
afforestation in Uruguay, typically planted as a monoculture. Pinus species monocultures are typically
planted in lowlands and shallow valleys (J.P. Posse, Weyerhaeuser Uruguay, pers. comm.), since they are
more frost-tolerant than Eucalyptus species, which tend to be planted on hill slopes. Within the
afforested landscape, 34% of the land is not planted including lowland wet areas, firebreaks, fence rows,

and sites that support native forests.

Field Methods
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Data were collected in managed forest plantations in the northeastern region of the Tacuarembd
department, Uruguay. Five study sites were selected, consisting of a 10-11 yr old (at the time of study
establishment) Pinus taeda plantation and adjacent grassland (site photographs are provided in
Appendix D). | measured several site characteristics within the plantations; mean values with standard
errors are: 28.0 (£0.6) cm diameter, 523 (+43.15) trees per hectare, and 91.3 (+1.6) % canopy cover. In
grasslands, canopy cover was 3.5 (£0.6) %. At each site, a 0.5 ha (50 x 100 m) exclosure was built across
the forest grassland boundary in October 2009, with 0.25 ha exclosed area each of grassland and forest.
An unfenced study area of the same dimension was established adjacent to each exclosure, also
including grazed grassland and forest areas. Therefore, each of the five study sites included a 50 x 50 m
treatment area of grazed forest plantation, ungrazed forest plantation, grazed grassland, and ungrazed
grassland. Data were collected at the time when exclosures were built, and at six month intervals for
two years (Spring 1 (0 months after exclosures were established), Autumn 1 (6 months after exclosures
were established), Spring 2 (12 months after exclosures were established), and Autumn 2 (18 months

after exclosures were established)).

Within each treatment area, a permanent plot was established, and modified Whittaker plot sampling
method was employed. Each permanent plot was 12 x 12 m, and contained various combinations of plot
sizes and sample sizes: (1 m? (n = 10), 4 m? (n=2), 9 m? (n=2), 36 m’ (n=1), and 144 m? (n=1); Fig. 4.2).
Within each plot, | recorded all species present using a modified cover class system: 1 =0-1%, 2 = 1-5%,
3=5-25%, 4 = 25-50%, 5 = 50-75%, 5 = 75-95%, 6 = 95-100%. Species identifications proved challenging
due to the dearth of botanical research conducted in this region, and as a result, several identifications
could only be made to broader categories (family or growth form). Species were categorized into one of
six potential life forms: (annual graminoid, perennial graminoid, annual herb, perennial herb, fern, or

woody species) and nativity (native or introduced), based upon Zuloaga et al. (2008).
Analysis

| developed species area curves for each site for each season, habitat, and management combination
(n=80) (Fig. 4.3), and calculated intercepts (small-scale species richness) and slopes (rates of species
accumulation) for each curve. | then used a generalized linear mixed model to test differences in slopes
and intercepts by sample date (0, 6, 12, or 18 months since exclosures were established), management
(grazed or ungrazed), habitat (forest or grassland). | also included all two-way interactions, and sample
date x management x habitat interaction. For both models, site and site x habitat x management were

included as blocking terms and sample date was specified as a repeated measure, with an
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autoregressive structure. Results are displayed as hypothesis tests for the significance of each fixed
effect and interaction (called a Type 3 Test). Post-hoc comparisons in significant differences were
determined using least squared means. | set o = 0.05 for all analyses, and conducted all analyses in SAS

9.2/

| also calculated site-level total species richness and richness by origin and life form trait categories.
Generalized linear mixed models were structured as described above. Total richness was count data,
and therefore, was log-transformed as for a Poisson distribution. For origin and life form trait categories,
data were tested as a proportion (number of species of each trait divided by total number of species)
and were logit transformed as for a binomial distribution. There were too few annual graminoids to be
analyzed fully, and the model would not converge when the three-way interaction was included;

therefore, for annual graminoids, | excluded the three-way interaction from the final model.

Results

In total, | encountered 309 unique species; the number at individual study sites ranged from 192 to 217
species. In forests there were, on average, 239 species, while in grasslands there were 248 species. | was
able to categorize 66% by life-form trait: of those, 52% were perennial herbs, 21% were perennial
graminoids, 13% were annual herbs, 12% were woody species, 2% were annual graminoids, and 1%
were ferns. Nativity status (native or introduced) was determined for 65% of species; of these, 95% were

native species, and 5% (10 species) were introduced.

The intercepts of species area curves differed by sample date and habitat (Table 4.1, Fig. 4.4). Small-
scale species richness was greater during the first three sample dates compared to the last, and
grasslands had greater small scale-species richness than forests. In addition to these main effects,
sample date x management was marginally significant: small-scale species richness during the last

sample date in ungrazed areas was lower than all other sample dates and management combinations.

The slopes of species area curves differed by sample date, management, habitat and sample date x
management (Table 4.1; Fig. 4.4). The last sample date (18 months after exclosures were established)
had a faster rate of species accumulation than earlier sample dates, and the rate of species
accumulation was greater in ungrazed than grazed treatments, and in forests than grasslands. Ungrazed
treatments (grassland and forest, combined) 18 months after exclosures were established had a faster

rate of accumulation than all other sample date x management combinations; all others were similar).
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Total species richness differed by sample date x habitat, and sample date x management x habitat (Table
4.2). When examined by sample date x management x habitat interactions, there were several
significant differences (Fig. 4.5). Total species richness in ungrazed forests was lowest during Spring 1,
and was higher in Autumn 1 and Spring 2, suggesting some increase in richness following the exclusion
of livestock. Species richness in grazed forests was generally higher in autumn than spring sample dates.
In grazed grasslands, richness only differed between the second and third sample dates. For ungrazed
grasslands, richness was highest in Spring 1, and then declined, indicating a decline in richness once

cattle were excluded.

The proportion of native species differed by sample date and sample date x habitat (Table 4.3). In
forests, the proportion of native species was higher in Autumn 1 and Spring 2 compared to Spring 1, and
in grasslands, the proportion of native species in Spring 1 was lower than in Autumn 1, Spring 2, and
Autumn 2 (Fig. 4.6); resulting in the main effect of sample date indicating the lowest proportion of

native species richness during Spring 1.

Life-from traits differed by several main effects and one interactive tem (annual herbs differed by
sample date x habitat). Differences by sample date were found for annual graminoids and herbs and
perennial graminoids and herbs (Table 4.4, Fig. 4.7). The proportion of both perennial graminoids and
herbs were lower during Spring 1 than subsequent sample dates. Conversely, the proportion of annual
herbs was lower during Autumn 2. The proportion of annual graminoids was highest during Autumn 2
compared to all other sample dates. The proportion of perennial herbs, annual herbs, and ferns differed
by habitat: the proportion of perennial herbs and ferns was higher in forests, but annual herbs
constituted a higher proportion of the plant community in grasslands (Fig. 4.8). The proportion of woody

species did not differ by any factor.
Discussion
Small-scale species richness and species accumulations

My finding that grasslands are more species rich than forests at small scales is similar to previous
research that found that species richness is typically higher in open environments than forests
(Alrababah et al. 2007, Buscardo et al. 2008, Bakker et al. 2010, Bremer & Farley 2010), likely due to
consistently higher light regimes and higher levels of soil nitrogen, calcium, and organic carbon in
grasslands (Spiegelberger et al. 2006, Buscardo et al. 2008). In addition, the dense litter layer under pine

forests compared to grasslands likely results in a reduction of species richness (Wayman & North 2007).
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This reduction in species richness in forests compared to grasslands is similar to my results in Chapter 2
(Understory vegetation change over an agroforestry management cycle in Uruguay): mid-stage
eucalyptus forests (similar in age to pine forest in this chapter) showed the most drastic effects in
understory vegetation, with reduced species richness and changes to composition. After forests were
thinned, and later harvested, richness and composition were more similar to conditions found in

grasslands.

In contrast, forests had a greater rate of species accumulations (greater slope) of species area curves
than grasslands, and large-scale species richness was similar between habitats, suggesting that plants
tend to be more patchily distributed under forest canopies than in grasslands, possibly due to
heterogeneous conditions in light and soil fertility under the forest canopy (Tuomisto et al. 2003). While
the removal of grazing did not have an overall effect on small-scale vegetation richness, there was a
significantly higher rate of species accumulation in ungrazed compared to grazed areas, suggesting that
vegetation in ungrazed environments is more patchily distributed than in grazed environments. This is
somewhat surprising, since previous research has concluded that the direct (trampling and
consumption) and indirect (nutrient distribution through urine and feces) effects of grazers leads to a
heterogeneous environment in grazed habitats (Steinauer & Collins 1995). However, the Campos has
been subject to long-term, relatively intense grazing, which may have led to relatively homogeneous

conditions, reducing diversity and lowering rates of species accumulation (Spiegelberger et al. 2006).

Changes in total richness and proportion of life form traits

Differences in total richness by sample date may be attributed to both seasonal changes in vegetation as
well as the amount of time that ungrazed areas were excluded from grazing. In the Campos grasslands,
there is no dormancy period (Guerschman & Paruelo 2005), but vegetation varies seasonally, and in
grazed habitats, | did see seasonal differences in vegetation: grazed forests tended to be more species
rich in autumn than in spring, but in grazed grasslands, richness tended to be higher in spring. Previous
research in the Campos has established that more species are present in these grasslands during the
spring (Texeira & Altesor 2009). The higher richness in autumn in forests may be due to the fact that the
cool-season vegetation found in autumn is more adaptable to shaded environments and lower

temperatures found in forests.

In ungrazed habitats, the time since exclosure may have a more pronounced effect on richness than

season. In ungrazed grasslands, species richness declined with time since exclosure. Other studies have
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shown that introducing grazing disturbance leads to increased species richness (Hartnett et al. 1996,
Bokdam & Gleichman 2000); interestingly, this is similar to my findings, in a system where grazing
disturbance is removed from an historically grazed environment. The reduction in species richness with
cessation of grazing fits the intermediate disturbance hypothesis: grazing limits competitive species
from becoming dominant, leading to increased species richness, so therefore, when grazing is removed,
competitive species become dominant and total richness is reduced (Grime 1973, Connell 1978, Fox

1979, Altesor et al. 2005, Altesor et al. 2006).

Conversely, species richness increased in ungrazed forests during the middle sample dates of the study
period (6-12 months following exclosure establishment). The increase in species richness in ungrazed
forests is similar to other findings (Rummel 1951, Cooper 1960, Fleischner 1994). Unlike ungrazed
grasslands, understory vegetation in forests tends to be relatively sparse and, as a result, exclusion of
species by dominant competitors is less likely to occur. The elimination of grazing in the forests then

enabled species sensitive to grazing pressure to increase.

| also found several differences in life form traits by habitat and management. Perennial herbs and ferns
were proportionally more species rich in forests, while annual herbs were more proportionally rich in
grasslands. This is somewhat surprising since annual species typically show a faster response to
environmental change than perennial vegetation (Guo 2004). However, the accumulating litter layer in
forests may inhibit seed germination and result in a decrease in annual species (Izhaki et al. 2000). The
clonal spread of many perennial herbs may minimize the effect of the litter layer in the forest and
enable access to resources from neighboring environments (Fahrig et al. 1994, Baum et al. 2009),
thereby enabling relatively rapid recolonization of afforested sites and potentially contributing to

greater richness of these species in forested habitats..

Long term potential change

The combination of grazing and afforestation in the Campos results in complex interactive impacts on
vegetation, as plants respond to both disturbances (Chaneton & Facelli 1991, Milchunas & Lauenroth
1993, Landsberg et al. 2002, Dorrough et al. 2007, Odion & Sarr 2007, Marini et al. 2009). Interestingly,
the disturbances differentially affected species richness, with grazing increasing species richness in
grasslands compared to ungrazed grasslands, but grazing further decreasing richness in forests. While
my study provides some understanding on these complexities, more work should be conducted to

better understand longer-term effects of grazing and afforestation. Afforestation is a relatively new



disturbance to the Campos ecoregion, and the exclusion of grazing was a change that was introduced

only for the duration of this study.
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Table 4.1. Species area curves intercepts and slopes, as determined by Type 3 tests of fixed effects.

Analyses were conducted using generalized linear mixed models that estimate maximum likelihoods.
Effects in the model include sample date (Spring 1, Autumn 1, Spring 2, or Autumn 2), management
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(grazed or ungrazed), habitat (forest or grassland), and their two- and three-way interactions. Significant

results are in bold.

Num DF Den DF FValue P-value

Intercept Sample date 3 32 5.53 0.0036
Management 1 12 1.27 0.2821
Habitat 1 12 57.56 <0.0001
Sample date x Management 3 32 2.75 0.0587
Sample date x Habitat 3 32 2.12 0.1177
Management x Habitat 1 12 0.86 0.3716
Sample date x Management x Habitat 3 32 2.45 0.0818

Slope Sample date 3 32 8.73 0.0002
Management 1 12 5.54 0.0365

Habitat 1 12 134.64 <0.0001
Sample date x Management 3 32 4.37 0.0109
Sample date x Habitat 3 32 1.59 0.2104
Management x Habitat 1 12 1.08 0.3200
Sample date x Management x Habitat 3 32 0.84 0.4819
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Table 4.2.Generalized linear mixed model results for total species richness, as determined from Type 3
tests of fixed effects. Effects in the model include sample date (Spring 1, Autumn 1, Spring 2, or Autumn
2), management (grazed or ungrazed), habitat (forest or grassland), and their two- and three-way
interactions. Significant results are in bold.

Num DF DenDF FValue P-value

Sample date 3 32 2.07 0.1237
Management 1 12 0.00 0.9896
Habitat 1 12 0.92 0.3570
Sample date x Management 3 32 1.31 0.2889
Sample date x Habitat 3 32 4.45 0.0101
Management x Habitat 1 12 2.07 0.1759
Sample date x Management x Habitat 3 32 6.39 0.0016




Table 4.3. Generalized linear mixed model results for proportion of native species, determined from
Type 3 tests of fixed effects. Effects in the model include sample date (Spring 1, Autumn 1, Spring 2, or
Autumn 2), management (grazed or ungrazed), habitat (forest or grassland), and their two-way
interactions. Significant results are in bold.

Num DF DenDF FValue P-value

Sample date 3 32 6.03 0.0022
Management 1 12 3.05 0.1063
Habitat 1 12 0.14 0.7145
Sample date x Management 3 32 1.66 0.1962
Sample date x Habitat 3 32 3.02 0.0441
Management x Habitat 1 12 1.02 0.3332
Sample date x Management x Habitat 3 32 1.97 0.1389
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Table 4.4. Generalized linear mixed model results for proportion of each life form trait, determined from

Type 3 tests of fixed effects. Effects in the models include sample date (Spring 1, Autumn 1, Spring 2, or

Autumn 2), management (grazed or ungrazed), habitat (forest or grassland), two-way interactions, and

sample date x management x habitat. Significant results are in bold. The three-way interaction was not

included in the model for annual graminoids as there were too few data to be analyzed fully, and the

model would not converge when the three-way interaction was included.

Num DF Den DF  FValue P-value

Annual graminoid Sample date 3 34 4.26 0.0117
Management 1 12 0.06 0.8147

Habitat 1 12 1.27 0.2822

Sample date x Management 3 34 0.19 0.9042

Sample date x Habitat 3 34 1.26 0.3029
Management x Habitat 1 12 3.01 0.1083

Annual herb  Sample date 3 32 4.25 0.0124
Management 1 12 1.76 0.2096

Habitat 1 12 40.74 <0.0001

Sample date x Management 3 32 1.99 0.1353

Sample date x Habitat 3 32 3.94 0.0168
Management x Habitat 1 12 1.11 0.3122

Sample date x Management x Habitat 3 32 0.96 0.4217

Fern Sample date 3 32 0.09 0.9649
Management 1 12 0.00 0.9461

Habitat 1 12 6.25 0.0279

Sample date x Management 3 32 0.19 0.9011

Sample date x Habitat 3 32 0.10 0.9568
Management x Habitat 1 12 0.00 0.9988

Sample date x Management x Habitat 3 32 0.15 0.9269
Perennial graminoid Sample date 3 32 8.02 0.0004
Management 1 12 2.61 0.1320

Habitat 1 12 0.96 0.3469

Sample date x Management 3 32 0.17 0.9128

Sample date x Habitat 3 32 2.10 0.1199
Management x Habitat 1 12 0.01 0.9445

Sample date x Management x Habitat 3 32 0.17 0.9185

Perennial herb Sample date 3 32 5.23 0.0047
Management 1 12 2.02 0.1803

Habitat 1 12 13.92 0.0029

Sample date x Management 3 32 0.14 0.9365

Sample date x Habitat 3 32 1.20 0.3261
Management x Habitat 1 12 0.41 0.5320

Sample date x Management x Habitat 3 32 0.82 0.4900

Woody Sample date 3 32 0.36 0.7828
Management 1 12 4.48 0.0560

Habitat 1 12 1.94 0.1888

Sample date x Management 3 32 0.92 0.4407

Sample date x Habitat 3 32 1.91 0.1480
Management x Habitat 1 12 0.41 0.5335

Sample date x Management x Habitat 3 32 0.39 0.7576
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= —— Primaryroads
— Secondary roads

0 Forestpriority areas

Figure 4.1. Location of exclosure study sites (with Pinus taeda and adjacent grassland) in north-central
Uruguay, with areas designated as Forestry Priority (grasslands that have been or will be afforested) in
green. Almost half (46%) of the planting has occurred in the North Central area of Uruguay, where my
research occurred (5 study sites within the area indicated by the black and yellow circle) (Uruguay XXI

2010).
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Figure 4.2. Study site layout and sampling design to collect vegetation richness at multiple spatial scales.

A permanent nested plot was established within each treatment area at each site. | sampled using a
modified Whitakker plot method. Plots were permanently marked at the corners and midpoints (black
circles) with PVC pipe. Within each 12 x 12 m square, plots of different sizes were established

systematically: 144 m? (n=1), 36 m? (n=1), 9 m? (n=2), 4 m* (n=2), and 1 m* (n=10). Species presence was

recorded in each plot, with cover additionally collected in all 1 m? plots.
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Figure 4.3. Species area curves by management x habitat combination for each sample date. Data points
are means with standard errors.
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Figure 4.4. Species area curve intercept (top) and slope (bottom) values for sample date (left),
management (center), and habitat (right). Bars are means with 95% confidence limits. Significant results
have p-values in bold for season, significant differences in least squared means are denoted by
lowercase letters.
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Figure 4.5. Total species richness (calculated at the site level) by sample date x management x habitat.
Data points are means with 95% confidence limits. Differences in least squared means are denoted for
each management x habitat combination: grazed grassland (lowercase, dark grey), ungrazed grassland
(uppercase, dark grey), grazed forest (uppercase, black), and ungrazed forest (lowercase, light grey).
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Figure 4.6. Proportion of native species by sample date x habitat. Data points are means with 95%
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confidence limits. For each habitat, differences in least squared means are denoted by lowercase letters.
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Figure 4.7. Proportion of annual and perennial herbs, and annual and perennial graminoids by sample
date. Data points are means with 95% confidence limits; for each trait, differences in proportions by

sample date are denoted in lowercase letters.
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Figure 4.8. Proportion of annual and perennial herb and fern richness by habitat. Data points are means

with 95% confidence limits.
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Chapter 5
Conifer germination and establishment in plantations and adjacent grasslands of northern Uruguay

Abstract

Afforestation, the practice of planting trees where they did not occur recently, is a common practice
around the globe. In southern South America, afforestation is occurring on grasslands that are adapted
to long-term cattle grazing and agricultural cultivation. Exotic species are used for these plantations and
potential spread of these trees into remaining grassland area is a growing concern. We quantified rates
of encroachment by loblolly pine (Pinus taeda) in and adjacent to five plantations in northern Uruguay.
Transects were placed in grazed areas and in areas where grazing was excluded. Areas were sampled
semi-annually (spring and autumn) for two years to examine germination and establishment. Seedlings
present in grasslands occurred only near the forest edge. In both spring and autumn, total seedling
density differed by habitat (forests supported far more seedlings than grasslands) and year (in spring,
more seedlings were present in year 1 than 2, but in autumn, more seedlings were present in year 2).
My results suggest that loblolly pine encroachment into adjacent grasslands is unlikely. The mechanisms
controlling encroachment differ: in ungrazed grasslands, the dense cover of herbaceous and grass
species prevents establishment whereas in grazed grasslands, the intensive livestock grazing prevents

tree establishment.
Introduction

Afforestation, the practice of actively planting forests where they did not occur recently, has been
widespread in Europe since the 20" century but has only been common practice elsewhere within the
last 30 years (Mather 1993, EFI 2000). Currently, seven percent (264 million ha) of forest area, globally,
is afforested, and afforestation is increasing in importance as deforestation continues to be a global
issue (FAO 2010). The Campos grasslands of South America are a focus of considerable afforestation.
Historically, these areas contained little landscape-scale forest habitat (e.g., Darwin 2009): currently,
native forests cover less than 4% of Uruguay’s total land base (Geary 2001), mostly located along rivers
and streams. Historically, the landscape of Uruguay consisted of grasslands that are adapted to long-
term cattle grazing and agricultural cultivation (Carrere & Lohmann 1996, Geary 2001, Baldi et al. 2006,
Baldi & Paruelo 2008, Vega et al. 2009).



61

In 1987, the government of Uruguay passed a forestry law to promote forest industry investment. As a
result of this law, 23% of the land in Uruguay (approximately 4 million ha) has been designated for
afforestation, of which nearly 1 million ha have already been planted (Uruguay XXI 2010). The large
scale of the afforestation effort in Uruguay is decreasing the historic dominance of grasslands on the
landscape (Dumig et al. 2008). Local scientists have expressed concern over conifer seedling
encroachment from plantation forests into remaining grasslands, but to date, no research has been
conducted on the occurrence, rate, or ecological implications of conifer encroachment (M. Bemhaja,
INIA, pers. comm.; C. Sans Doble, Universidad de la Republica, pers. comm.). This concern is
exacerbated by the fact that the fast-growing pioneer species used in plantation forests may be

particularly successful invaders of adjacent grassland (Dzwonko & Loster 1997, Brockerhoff et al. 2008).

To encroach into adjacent area, seedlings must germinate and establish from a plantation (Buckley et al.
2005). Seed germination can be limited by moisture and light, and establishment (early survival) by low
light conditions, such as under a forest canopy (Johnson & Young 1993, Buckley et al. 2005). Higher light
in adjacent grasslands may provide a better environment for seedling establishment. However, in some
areas the densities of seedlings and small saplings are similar between interior forest and grassland

(Oosterhoorn & Kappelle 2000).

Livestock grazing was widespread before afforestation and continues in the plantations being
established in Uruguay. Livestock can trample or graze tree seedlings. As a result, livestock are excluded
from plantations until the planted trees reach sufficient size to be resistant to livestock damage
(approximately two years after trees are planted). Livestock grazing also can alter the nature of
competitive interactions between invading seedlings and grassland vegetation, particularly shrubs
(Dunwiddie 1977, Ledgard 2001, Buckley et al. 2005, Boulant et al. 2009). In a comparison of various
grazing intensities, Boulant et al. (2009) found that shrub cover hindered seedling invasion with no or
low-intensity grazing, but facilitated it in systems with high-intensity grazing because shrubs provided

seedlings with some protection from livestock damage.

Limited research on tree encroachment has been conducted in South America, and most previous
research has focused on native or naturalized species (Van Auken 2000). Exotic species are used for
most forest plantations in South America, and the potential for spread of these tree species into
remaining grassland area, while of growing concern, is poorly understood. This study evaluated loblolly
pine (Pinus taeda) seedling establishment and survival under plantations and in adjacent grasslands in

the Uruguay Campos. As the Campos ecoregion covers a large area in Uruguay, northern Argentina,
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southern Brazil and Paraguay and loblolly pine is a commonly planted tree species, these results should

have broad application. | have two specific objectives:

1. Examine seedling germination and establishment in plantations and in adjacent grasslands by

sampling in spring and autumn, and
2. Determine effects of grazing pressure on encroachment.
Methods
Study Area

Research was conducted in the Tacuaremba region of northern Uruguay (for more details, see Chapter
4: Afforestation and grazing effects on Uruguayan grassland vegetation at multiple spatiotemporal
scales). Pinus taeda, P. elliottii, Eucalyptus globulus, and E. grandis are the most common tree species
used in afforestation in Uruguay. Typically, stands (which were previously swaths of grazed grassland)
are planted as monocultures with Pinus species in lowlands and shallow valleys, since they are more
frost-tolerant, and Eucalyptus species on hill slopes and ridges (J.P. Posse, Weyerhaeuser Uruguay, pers.
comm.). Within the afforested landscape, about 35% of the land is not planted; the majority of

unplanted land is in wet areas, firebreaks, fence rows, or at sites that currently support native forests.
Field Methods

Data were collected in five managed Pinus taeda plantations and adjacent grasslands. P. taeda stands
were 10-11 yrs old at the time of study establishment, and have been producing seeds for 3-5 years (J.P.
Posse, Weyerhaeuser UY, pers. comm.); mean diameter at breast height was 28 cm, and mean stand
density was 523 trees per ha. At each site, a 0.5 ha (50 x 100 m) exclosure was built across the forest-
grassland boundary in October 2009, with 0.25 ha exclosed area each of grassland and forest. A study
area of the same dimensions was established adjacent to the exclosure in the grazed grassland and

forest areas (Fig. 5.1).

Study sites were sampled immediately after exclosure construction in spring (October 2009) and at six
month intervals until May 2011. At each of the four sampling dates, 1-m wide belt transects were

randomly established, perpendicular to the forest-grassland edge, and extending 25 m into the forest
stand and 25 m into the grassland within each management treatment (grazed or ungrazed). Seedling

densities in spring provided a metric of germination, although they also included seedlings that may
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have germinated and established in prior years, while seedling densities in autumn provided a measure
of establishment. Seedlings were generally young and of short stature, so they were recorded in two

height classes (< 10 and > 10 cm) in 5-m intervals along each belt transect.
Analysis

Seedling density in grasslands was too low to permit analyses of distance from the forest-grassland
edge, so densities were summed within each habitat and grazing treatment. A generalized linear mixed
model (GLMM) was developed for total density, log-transforming the data to better approximate a
normal distribution (Littell et al. 2006). Germination and establishment were distinguished by analyzing
seasons (spring and autumn) separately. We tested the effects of management (grazed or ungrazed),
habitat (forest or grassland), year (first or second) and two-way interactions on total seedling density.

Sites were included in the models as a random blocking term.

GLMMs were also used to test for significant differences in the proportion of seedlings by size class. We
tested the proportion of seedlings that were < 10 cm in height (number of small seedlings divided by
total number of seedlings). This analysis had the same structure as total density analysis. Germination
and establishment were distinguished by analyzing seasons separately. The model included
management, habitat, year, and all two-way interactions. Sites were included in the model as a random

blocking term. | performed all analyses in SAS v.9.2, and we determined significance at a = 0.05.
Results

Seedlings were found throughout forest plantations and in grasslands within 10 m of the plantation
edge (Fig. 5.2). For both spring and autumn, seedling density significantly differed by habitat and year.
For both seasons, seedling density was greater in forests than in grasslands: in spring, seedling density
averaged 29689.31 trees per hectare (tph) in forests and 216.59 tph in grasslands , while in autumn,
seedlings averaged 1422.50 tph in forests and 5.51 tph in grasslands (Fig. 5.3, Table 5.1). In spring,
seedling density was significantly greater in year 1, but in autumn, seedling density was greater in year 2
(Fig. 5.4). Also in spring, seedling density significantly differed by habitat x year interaction (p = 0.0299):
forests in year 1 and 2 were had the greatest seedling density (28765.19 and 30643.12 tph,
respectively), and grasslands in year 1 had more seedlings than in year 2 (857.06 and 54.45 tph,

respectively).
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The proportion of small seedlings (< 10 cm tall) significantly differed by year for both spring and autumn
(Fig. 5.5, Table 5.2). In spring, there was a greater proportion of small seedlings in year 1, but in autumn,
there was a higher proportion of small seedlings in year 2. The proportion of small seedlings was not
significantly affected by any other factor (although the proportion of small seedlings was marginally

significant between habitats (p = 0.0510)).
Discussion

Conifer encroachment into grasslands is dependent on successful seedling germination and
establishment in this habitat. My research found seedlings to be common under the forest canopy with
a large seasonal shift; high seedling densities in spring months, followed by decreased density in
autumn. Although we did not sample the same transects over time and therefore did not track the fate
of individual seedlings, | attribute these seasonal differences in density to seedling mortality. This is
similar to other studies showing peaks in seed rain and seedling emergence during wet months,
followed by high mortality in summer months (Marques & Oliveira 2008, Parada & Lusk 2011). At my
study sites, spring coincides with relatively high precipitation and warming temperatures, while autumn
typically experiences high precipitation but cooling temperatures following relatively dry, warm summer
conditions (INIA 2011). While this region does not experience a typical drought season during the year,

irregular periods of drought can impact seedling survival (Marques & Oliveira 2008).

The few seedlings found in grassland areas were near the forest edge, which is similar to findings of
other research (Copenheaver et al. 2004). Seeds of pines are mostly deposited directly underneath the
existing tree crown, and seed supply is the most important factor for seedling recruitment (Dovciak et al.
2008, Boulant et al. 2009). Seedling establishment near the plantation also may be facilitated by
changes to the local environment caused by the plantation, including shade from adjacent trees and
sheltering from extreme temperatures (Fulco et al. 2001, Siemann & Rogers 2003, Coop & Givnish
2008). In addition, the thick pine needle little layer that develops under and adjacent to forest
environments may actually positively affect seedling survival by inhibiting competition from further
plant establishment (Richardson & Bond 1991). As remnant grasslands tend to be slightly lower in
elevation than plantations, these areas can be subject to frost as well as higher moisture conditions (J.P.
Posse, Weyerhaeuser Uruguay, pers. comm.), which may negatively affect seedling survival (see also

Chapter 3: Soil characteristics through first-rotation Eucalyptus plantation cycle in Uruguay).
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My results differ from several previous studies that found higher seedling densities in grasslands than in
forests, mostly due to higher light conditions in open areas (Johnson & Young 1993, Dzwonko & Loster
1997, Buckley et al. 2005, Brockerhoff et al. 2008). Seedlings were largely absent from grasslands in this
study. There are likely different mechanisms limiting tree seedling presence in grazed and ungrazed
grasslands. In ungrazed grasslands, seedling establishment is likely limited by the dense cover of grasses
and herbaceous species (Copenheaver et al. 2004). In grazed grasslands, seedlings are likely prevented
from establishment through consumption and trampling. Grazing has been shown to reduce vegetation
competition and thereby increase tree encroachment in some systems (Van Auken 2000). However, the
intense grazing at our sites did not result in increased seedling density, a result also observed in other

previous work (Le Bagousse-Pinguet et al. 2012).

While | found high seedling density in forests, the limited dispersal of pine seeds and high mortality of
seedlings in grasslands caused by competition from surrounding vegetation in ungrazed settings or
consumption and trampling in grazed areas, | suggest that pine encroachment into adjacent grasslands
is unlikely at locations managed similar to our study sites. Therefore, conifer spread from plantations
may not be a serious threat to remaining grasslands of the Campos ecoregion. However, | acknowledge
the limitation that | only studied the first two years after exclosures were built, and it is possible | have
not seen the full effects of grazing on conifer encroachment. Further, future work should be conducted
to monitor the few surviving seedlings near the forest edge as they develop, as this could facilitate
future seedling establishment. Also, other species of trees used in plantations in the Campos region
(e.g., Eucalyptus species) are capable of vegetative reproduction (Parsons et al. 2006, Drake et al. 2009)
and may pose a larger threat of encroachment on remaining grasslands. As these species are planted
broadly throughout the region, a thorough assessment of their invasiveness will be required to fully

appreciate the potential for trees to spread into grassland habitats in the Campos.
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Table 5.1. Total seedling density by management (grazed or ungrazed), habitat (forest or grassland),
year (1 or 2), and two-way interactions, determined from type 3 tests of fixed effects from generalized
linear mixed models that used maximum likelihood estimators. Significant effects are denoted by bolded

p-values.

Effect Num DF Den DF FValue p-value

Spring Management 1 27 0.44 0.5149
Habitat 1 27 64.10 <0.0001
Year 1 27 4.80 0.0373
Management x Habitat 1 27 0.19 0.6637
Management x Year 1 27 0.00 0.9673
Habitat x Year 1 27 5.26 0.0299

Autumn  Management 1 27 0.01 0.9137
Habitat 1 27 32.45 <0.0001
Year 1 27 8.65 0.0066
Management x Habitat 1 27 0.25 0.6210
Management x Year 1 27 1.34 0.2576
Habitat x Year 1 27 0.73 0.3933




Table 5.2. Proportion of small seedlings by management (grazed or ungrazed), habitat (forest or
grassland), year (1 or 2), and two-way interactions, determined from type 3 tests of fixed effects from
generalized linear mixed models that used maximum likelihood estimators. Significant effects are
denoted by bolded p-values.

Effect Num DF Den DF FValue p-value
Spring Management 1 27 0.90 0.3515
Habitat 1 27 4.17 0.0510
Year 1 27 4.48 0.0437
Management x Habitat 1 27 0.24 0.6266
Management x Year 1 27 0.00 0.9823
Habitat x Year 1 27 1.55 0.2238
Autumn  Management 1 27 0.09 0.7667
Habitat 1 27 1.58 0.2195
Year 1 27 5.13 0.0317
Management x Habitat 1 27 0.26 0.6150
Management x Year 1 27 0.98 0.3317
Habitat x Year 1 27 2.36 0.1365




Figure 5.1. Study design employed to determine seedling density in exclosed and open areas at each
study site. Each exclosure was 50 x 100 m. A transect (1 x 50 m, divided into 5 m segments) was
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randomly placed within each treatment area (inside exclosure and in adjacent open area) each sampling

season.
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Figure 5.2. Mean seedling density (with standard error) by year for each season x management
combination (spring grazed and ungrazed, and autumn grazed and ungrazed). In each graph, forest areas
are -25-0, and grasslands are 0-25 m (forest-grassland edge is denoted by dashed line). Note different
scales of seedling density for spring and autumn.
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Figure 5.5. Proportion of small (< 10 cm tall) seedlings in spring (left) and autumn (right) by sample year.
Bars are means with 95% confidence intervals.
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Chapter 6
Synthesis of agroforestry impacts to vegetation and soils dynamics

Comparing vegetation richness and composition between agroforestry management phases, | found the
greatest differences between Grasslands and Mid-stage forests, likely because the low light availability
and thick litter layer associated with Mid-stage forests prevented some plant species from surviving in
this relatively new environment (Chapter 2). This stage in Eucalyptus grandis forest coincided with the
development stage of Pinus taeda in Chapter 4 examining the individual and interactive effects of
afforestation and grazing on understory vegetation richness. | found that species richness was higher in
grasslands than forests at small-scales, but because of the patchy distribution of vegetation in forests,
species richness was similar at larger scales. And the effects of grazing and habitat were interactive: the
removal of grazing in grasslands decreased species richness, but increased richness in forests. This
finding is similar to previous research supporting the intermediate disturbance hypothesis: when grazing
is removed, competitive species become dominant and total richness is reduced (Grime 1973, Connell
1978, Fox 1979, Altesor et al. 2005, Altesor et al. 2006). In forests, because understory vegetation tends
to be relatively sparse (Rummel 1951, Cooper 1960, Fleischner 1994), exclusion of species by dominant
competitors is less likely to occur; instead, the elimination of grazing in the forests likely enabled species
sensitive to grazing pressure to increase. Additional vegetation change may occur with multiple forest
rotations, however, as multiple short rotations may cause a decrease in species richness and diversity

(Wen et al. 2010).

While vegetation change is often related to changes in soils characteristics (Kimmins 1997, Paul et al.
2002, Browning et al. 2008), | did not find changes in soils characteristics that were consistent with
agroforestry management (Chapter 3), and therefore, no clear relation between soils characteristics and
changes in vegetation dynamics. This may be due to limitation in sample size, and | anticipate significant
changes in soils dynamics if soils were more intensely sampled, both spatially and temporally, especially
for soil moisture (Fu et al. 2000, Farley et al. 2005), bulk density and organic matter (Shirato et al. 2004,
del Pilar Clavijo et al. 2005, Korkanc et al. 2009), and nitrogen (Parfitt et al. 1997, Saviozzi et al. 2001).
Some research in afforested systems has suggested that soil properties through the first rotation are
similar to conditions during the previous land use (Binkley et al. 2004), and it may take more than one
rotation of forest for changes in soil nutrition to be evident; the full impact of afforestation on soil

quality, therefore, may not be understood immediately (Jackson et al. 2000).
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Conifer germination and establishment occurred within plantations, but seedlings were rare in
grasslands (Chapter 5). While Pinus taeda is exotic to Uruguay and to the larger Campos ecoregion, it
does not seem to pose an immediate threat of encroachment into remnant grasslands within the
forested landscape. While disturbances can result in invasions of exotic species, the Campos has a low
proportion of exotic species overall, and the addition of exotic tree species, surprisingly, does not seem
to offer any advantage to exotic species (Hobbs & Huenneke 1992). While | did not find an immediate
threat of conifer encroachment into remnant grasslands, as plantations remain on the landscape in the
long-term, shade from trees and sheltering from extreme temperatures may facilitate future seedling
establishment in plantation-adjacent grasslands (Fulco et al. 2001, Siemann & Rogers 2003, Coop &
Givnish 2008).

The configuration of forest plantations and the land use history in the Campos may make vegetation
more resilient to effects of afforestation than in other ecosystems. Given that plants have already
adapted to long-term grazing (Greenberg et al. 1995, Li et al. 2007), many adaptations have developed,
such as wind-dispersed seeds and versatile rosette morphology, that serve plants well in afforested
systems, where wind dispersed seeds can colonize open spaces, and the versatile architecture of
rosettes (flat structure when not flowering) can take better advantage of resources, like reduced light
(MclIntyre et al. 1995). Also, the inclusion of fairly large areas of grassland within the plantation forest
landscape provides a consistent reservoir of grassland plants that can colonize plantation areas after
tree harvest. Generally half the land within afforested areas remains in grazed grassland (J. Posse,
Weyerhaeuser Uruguay, pers. comm.). Therefore , vegetation may have a greater chance of recovery

following an afforestation cycle (Baum et al. 2009).

The interaction between land-use history, soils and vegetation characteristics is known to shape
vegetation community dynamics (Cramer et al. 2008). While my research does not demonstrate a strong
link with soils characteristics, land-use history and the recent advent of afforestation in this region
certainly interact with vegetation characteristics to determine vegetation dynamics. With the
combination of chronic grazing and recent afforestation, | demonstrate that vegetation richness and
composition are at least temporarily altered, but some recovery occurs following plantation thinning
and harvest. However, the full extent of the effect of afforestation on grassland vegetation remains
unclear. The Campos represents an ecosystem that has been shaped by long-term human activities;
grazing. The addition of agroforestry to this system will likely result in a hybridization of historical and

new characteristics (Hobbs et al. 2009).
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APPENDIX A

Site photographs for each agroforestry management phase. Photographs are labeled by phase. All
photographs are taken by the author, unless otherwise noted.

Grassland, grazed by cattle (as well as horses).
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Young Forest, with grazing excluded since trees were planted; photo by Cat Adams.
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90

Mid-stage Forest, with grazing.
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and following thinning.

Old Forest, with grazing,



Post-Harvest, on average, six months following harvest, with continued grazing.
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APPENDIX B

Mean species richness by life form trait category and agroforestry management phase.

Grassland Young Forest Mid-stage Forest Old Forest Post-Harvest

Annual graminoid 1.4 2.0 1.0 1.8 1.8
Annual herb 54 8.4 1.7 6.0 6.5
Fern 1.0 0.0 1.0 1.5 1.5
Perennial graminoid 15.6 13.2 4.4 8.8 8.0
Perennial herb 25.6 29.2 11.4 13.2 15.0
Woody 5.8 4.2 2.8 3.8 5.0
Unknown 13.0 10.6 4.9 5.7 4.0

Total 67.8 67.6 27.2 40.8 41.8
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APPENDIX C
Common families by phase, in order of average species count (means species/site). Totals were
calculated as the mean number of species between sites within each agroforestry management phase.

Grassland Young Forest Mid-stage Forest Old Forest Post-Harvest
Poaceae 17.2  Asteraceae 14.6  unknown 5.2 Asteraceae 7.4 Asteraceae 10
Asteraceae 12.6  Poaceae 14.6  Poaceae 4.6 Poaceae 7.2 Poaceae 7.4
unknown 8.8 Cyperaceae 5.8 Asteraceae 2.4 unknown 5.6 unknown 5.4
Cyperaceae 5.8 unknown 5.6 Cyperaceae 2.4 Cyperaceae 4.8 Cyperaceae 3.8
Rubiaceae 2.8 Rubiaceae 3 Fabaceae 1.4  Juncaceae 2 Apiaceae 1.8
Apiaceae 2.4 Apiaceae 2.8 Oxalidaceae 14 Apiaceae 1.2 Juncaceae 1.6
Oxalidaceae 2.4  Fabaceae 2.4 Juncaceae 1 Rubiaceae 1.2 Solanaceae 1.4
Juncaceae 2.2 Juncaceae 1.8 Commelinaceae 0.8 Solanaceae 1.2 Oxalidaceae 1
Fabaceae 1.6 Oxalidaceae 1.8 Lamiaceae 0.8  Commelinaceae 0.8 Rubiaceae 1
Convulvulaceae 1 Lamiaceae 1.2 Solanaceae 0.8 Oxalidaceae 0.8 Commelinaceae 0.8
Iridaceae 1 Solanaceae 1.2 lIridaceae 0.6 Pteridaceae 0.8  Convulvulaceae 0.8
Lamiaceae 1 Caryophyllaceae 1 Pteridaceae 0.6 Convulvulaceae 0.6 Fabaceae 0.8
Plantaginaceae 1 Convulvulaceae 1 Rubiaceae 0.6 Fabaceae 0.6 Lamiaceae 0.8
Amaranthaceae 0.8 Plantaginaceae 1 Apiaceae 0.4 Lamiaceae 0.6 Malvaceae 0.8
Hypoxidaceae 0.8  Amaranthaceae 0.8  Convulvulaceae 0.4 Malvaceae 0.6 Plantaginaceae 0.8
Malvaceae 0.8 Campanulaceae 0.8 Hypoxidaceae 0.4 Amaranthaceae 0.4 Amaranthaceae 0.4
Commelinaceae 0.6 Iridaceae 0.8 Liliaceae 0.4 Campanulaceae 0.4 Caryophyllaceae 0.4
Pteridaceae 0.6 Verbenaceae 0.8 Lythraceae 0.4 Caryophyllaceae 0.4 Pteridaceae 0.4
Turneraceae 0.6 Cistaceae 0.6 Malvaceae 0.4 Iridaceae 0.4 Buddlegaceae 0.2
Verbenaceae 0.6 Commelinaceae 0.6 Turneraceae 0.4 Liliaceae 0.4 Campanulaceae 0.2
Cistaceae 0.4 Hypoxidaceae 0.6 Amaranthaceae 0.2 Plantaginaceae 0.4 Iridaceae 0.2
Liliaceae 0.4 Lythraceae 0.6 Caryophyllaceae 0.2 Thelypteridaceae 0.4 Liliaceae 0.2
Lythraceae 0.4 Polygalaceae 0.6 Moraceae 0.2 Turneraceae 0.4 Molluginaceae 0.2
Polygalaceae 0.4 Scrophulariaceae 0.6 Myrsinaceae 0.2 Urticaceae 0.4 Moraceae 0.2
Scrophulariaceae 0.4 Turneraceae 0.6 Myrtaceae 0.2 Verbenaceae 0.4 Myrtaceae 0.2
Acanthaceae 0.2 Euphorbiaceae 0.4 Pinaceae 0.2 Acanthaceae 0.2 Polygalaceae 0.2
Amaryllidaceae 0.2 Malvaceae 0.4 Polygonaceae 0.2 Hypoxidaceae 0.2 Primulaceae 0.2
Buddlegaceae 0.2 Acanthaceae 0.2 Urticaceae 0.2 Melastomataceae 0.2 Scrophulariaceae 0.2
Euphorbiaceae 0.2 Amaranthaceeae 0.2 Verbenaceae 0.2 Moraceae 0.2 Turneraceae 0.2
Melastomataceae 0.2 Liliaceae 0.2 Pinaceae 0.2 Urticaceae 0.2
Primulaceae 0.2 Melastomataceae 0.2 Polygonaceae 0.2

Molluginaceae 0.2 Primulaceae 0.2
Polygonaceae 0.2
Primulaceae 0.2
Ranunculaceae 0.2
Total 67.8  Total 67.6 Total 27.2  Total 40.8  Total 41.8
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Appendix D

Site photographs of grazed forest and grasslands and ungrazed forest and grasslands (inside exclosures).

Forest study site inside (left) and outside (right) echsures, at time of stu
2009).

- !
dy establishment (November



Grassland study site outside (far left) and insid
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sures, at time of study establishment (November
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months after exclosure establishment.
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Study site in grazed (left) and ungrazed (right) grassland, 12 months after exclosure establishment.
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Study site in ungrazed forest, 12 mdnts after exclsue establishment. Photo by Elise Koncsek.
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Study site in grazed forest, 12 months after exclosure establishment.
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Study site in grazed (left) and ungrazed (right) grassland, 12 months after exclosure establishment.
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Study site in graed (Ieft) and ungrazed forest (right), 18 months aftr exclosures were established.
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Study site in grazed (left) and ungrazed (right) grassland, near the forest edge (foreground), 18 months
after exclosures were established.
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