Luquillo LTER 5 Renewal Proposal

Summary

Intellectual Merit : The Luquillo Long-Term Ecological Research Peogr(LUQ) integrates research
and educational activities through a focus on twaatichallenges confronting society in thé' Zentury:
climate change and land use change. Our goalusderstand: 1) how the environment of northeast
Puerto Rico is changing; 2) the consequences &f gluange for biodiversity, biogeochemistry, and
ecosystem services; and 3) how society can marraagapt to these changes. Earlier LUQ research
(1988-2012) showed that natural ecosystems arelargsilient after episodic, pulse disturbanceshs
as hurricanes, landslides, floods, and droughtsldiBig on that work, LUQ 5 (2012-2018) focusestba
resilience and vulnerability of ecosystems andisesvin the environs of the Luquillo Mountains (L&
they respond to interacting pulse and longer-tgmess disturbances (changing hurricane regime rlowe
and more variable rainfall, warming, and rapid g&im land and water use). We particularly focas o
water, as an important ecosystem component andtegdsosystem product. In this context we ask:
How do long-term changes in climate and land use tieract with other disturbances to affect
biodiversity, biogeochemistry, and their interactios to determine ecosystem services in northeast
Puerto Rico?We address this question with continuing long-tstudies along climate and land use
gradients, modeling and synthesis, and, notewantllyis cycle, long-term field experiments and a/ne
landscape-level project that are designed to peoaithechanistic understanding of the effects of key
drivers of long-term change. The overarching quedeads to three focal questions.

1 How do environmental drivers affect the multipledimensions of biodiversity? Biodiversity
research mainly focuses on the taxonomic dimengiarticularly species richness. Less studied are
functional and phylogenetic biodiversity, whichatel to ecosystem function and evolutionary
history. We will study effects of interacting pseand pulse disturbances on spatio-temporal
variation in these multiple dimensions of biodivfrsand, in the new Litter Exclusion Stream
Experiment, the importance of variable inputs ofastrial detritus for stream biodiversity and wate
quality.

2 How do environmental drivers affect biogeochemidgathways, responses, and ratesWe will
continue to document how long-term biogeochemigabdhics (e.qg., litterfall mass, stream chemistry,
trace gas flux) respond to pulse and press distadzsa We will continue the Canopy Trimming
Experiment (field simulation of hurricane effecasid begin a Throughfall Manipulation Experiment,
which will help us understand the effects of morgeame wetting and drying events on forest
biogeochemistry.

3 How do environmental drivers affect ecosystem fugtion and services?The LM provide water,
biodiversity, recreation, and other ecosystem ses/and products that are affected by changegin th
hydrologic connectivity between the lowlands aralitM, and by land use in the lowlands surrounding
the LM. In LUQ 5 we will study how changing contigity affects ecosystem function and services,
and in the new Landscape Project, how construdi@four-lane highway near the LM influences the
functioning and services of both aquatic and tétieg®cosystems.

Broader Impacts: Using integrated theoretical, experimental, absgervational approaches, LUQ 5 will
provide a comprehensive scientific framework foalaating the management of tropical ecosystems and
their services. The program will continue to traimerous graduate and undergraduate students,
especially members of underrepresented groupsupitagi a cadre of collaborative, multidisciplinary
scientists who can link population, community, @&sdsystem approaches to provide a predictive
understanding of environmental change. LUQ 5 gdlpitalize on its recent success in catalyzing majo
projects in Puerto Rico, such as NEON, STREON, IBERZO, and ULTRA-Ex. Schoolyard LTER in
LUQ 5 will reach teachers and hundreds of middie lsigh school students through field research and
via a web-based middle school curriculum for teaglgcology.




Section 1 Results from Prior NSF Support
“Luquillo LTER 4: Understanding Change in Ecosysseof Northeast Puerto Rico”; NSF Grant DEB-
0620910; Dec. 2068Nov. 2012; $4,920,000. Supplements: $543,664.

The goal of the Luquillo Long-Term Ecological RestaProgram (hereafter LUQ) is to
understand how disturbance affects forest andratezmsystems, and the services they support,
in a tropical landscape. In the early phases apL(l988-2006), we documented the high
resilience of populations, communities, and biotpeoaical responses to natural, pulse
disturbances in the Luquillo Mountains (LM) of rnfeeistern Puerto Rico (Walker et al. 1991,

1996, Brokaw et al. 2012aThis work led to
- - research in LUQ 4 (2006-2012) on responses
to longer-term, press disturbances associated
l a1 >< @ l with climate and land use change. We also
—— : : identified long-term trends in ecosystem
I O ramice '|  characteristics over the 24 yr of LUQ (Peters
et al. 2012) and synthesized our results in
\ as several publications (Sect. 1.4). A major
EeemyEe achievement of LUQ 4 was leading the
Functions establishment of four non-LTER, NSF-funded
Services network sites in Puerto Rico that complement

_ LUQ (Sect. 1.5). Below we highlight results
Figure 1 — Conceptual framework for LUQ.  from LUQ 4 that motivate proposed research
The frame_work arises from a set o_f in LUQ 5 on how key environmental drivers —
relationships: 1) those between drivers of v, icanes, climate, and land use — cause long-
enV|ronmenta| change, including both PreSS tarm change in biodiversity, biogeochemistry,
(e.g., cll_mate change) and pulsg (e.g., hurri- and their interactions. Our ultimate aim is to
s forecast ecosystem states and to provide
between these disturbances and biodiversity . = - .
or biogeochemical dynamics (green boxes), |nS|ghts f_or better managing ecosystem
including their interactions; and 3) the effects SEIVICES In the_ ”OP'CS (Fig. 1). The 10 most
of linked biodiversity and biogeochemical ~ MmPortant publications of LUQ 4 are
dynamics on ecosystem functions and underlined in the text.
services (blue box). The associations of the 1.1 RESEARCH RESULTS FROM LUQ 4
focal questions of LUQ 5 (Sect. 2.4, Fig. 7) (2006-2012)
within this conceptual framework are shown 1.1.1 Hurricanes: impacts of change in
by Q1, Q2, and Q3. regime and interaction with human

disturbance

In LUQ 4 we showed that biodiversity plays a raleearbon dynamics after a field

simulation of hurricane effects, and that hurricameract with human disturbance to affect
populations and communities. Hurricanes are a damidisturbance structuring forests in
Puerto Rico (Heartsill-Scalley et £007, 2010Lugo 2008) and elsewhere in the tropics, and
stronger or more frequent hurricanes (Emanuel 2RAGison et al. 2010) will have significant
impacts on forest structure and ecosystem servithe.Canopy Trimming Experiment (CTE)
decoupled the main direct effects of hurricaneadps loss and debris pulses) to understand the
effects on biodiversity and biogeochemistry. Unoleened canopy, decomposition rates slowed
and soil respiration was lower because of a shifbhé decomposer community from fungi to
bacteria and a decline in invertebrate numbergdaratsity (Rivera-Figueroa 2008, Richardson
et al. 2012 Willig et al. 2012b, Silver et al. in prep.). ter intact canopy, decomposer




communities changed less and decomposition andespiration were faster. Addition of
canopy debris to the forest floor resulted in grefiingal connectivity and thus higher nutrient
translocation (Lodge et al. 20080ver the first four yr of the experiment, litieputs (index of
NPP) became decoupled from soil £&¥lux in disturbed plots. Canopy opening resiiite
large, prolonged reductions in litterfall producti@mounting to over 9 Mg C/ha over four yr
(Silver et al. in prep). Soil respiration ratesaeered more quickly than did litterfall, suggegtin
that decomposition could exceed litterfall prodaitileading to C losses from the ecosystem.
Over the 20-yr duration of this experiment, we wilamine the effect that increased frequency
of simulated hurricane impacts has on ecosysteral&be due to changes in biota.

Based on our long-term data in LUQ 4 we quantified/ successive hurricanes interact
with human disturbance at various temporal andaatales to affect populations and
communities (Bloch & Willig 2006, Willig et al. 2002011a). For example, the population of
the common treegCecropia schreberianavas resilient after Hurricane Hugo but not after
Hurricane Georges, which followed 9 yr after Hugookaw in prep.). This difference suggests
that more frequent storms will cause additionalides of a species that played a major role in
restoring nutrient balances after Hurricane Hugma{é&na et al. 1996). The response of an
important insect herbivoréamponiugportoricensis to hurricane-induced damage depended on
microclimatic conditions and forage planBgder spp.) but also on past land use in the forest
(Fig. 2, Willig et al. 2011a). Looking at multipgpatial scales, the species composition of
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Figure 2 — Effects of repeated hurricanes on abundance efdy successional plaRiper spp.)
and keystone, herbivorous walking stitlaponius portoricencis)Each time period is a 6-
month interval with hurricanes at time = 0 (arrow)ertical bars are oné{per) or two
(Lamponiu} SE. Walking sticks exhibited differences in sté@hce and resilience to the two
pulse disturbances, with a new and lower stabte $bva density following Hurricane Georges.
(Willig et al. 2011)

canopy trees in low-elevation forest was altereghtly by intense hurricane damage in patches
less than 0.1 ha but was little changed at larggles (Heartsill-Scalley et al. 2010mmerman

et al. 2010. For subcanopy trees, however, there was lagale change after hurricanes,
apparently driven by interactions with canopy speand effects of past land use.




Our studies of experimentally simulated and adtuaticane effects in LUQ 4 indicate lines
of research for LUQ 5. Because the CTE revealeotential loss of ecosystem C with
increasing hurricane frequency (Sect. 2.4.2), weomnduct the second, planned canopy
trimming to better understand response mechanis$msUQ 4, the differential effects of
canopy opening on bacteria versus fungi, and tlageek biogeochemical responses, highlighted
the crucial role of biodiversity for ecosystem ftion and response to change. Long-term
records indicated the importance of scale andastemm of hurricanes with human disturbances
on biota. Thus, we will begin integrated studiashow human and natural disturbance in
terrestrial and aquatic habitats affect multipi@einsions of biodiversity (taxonomic, functional,
and phylogenetic) at multiple scales over the lamg (Sect. 2.4.1).

1.1.2 Climate: impacts of warming, drying, and more varigble precipitation

Our work in LUQ 4 shows that climate, directly adirectly, controls much of biotic
structure and ecosystem function along an elevaiadient and that variable precipitation can
have large effects on aquatic and terrestrial systeGlobal climate change plus urbanization
are likely to produce warmer and drier conditiond anore variable precipitation in the
Caribbean (van der Molen et al. 2010, Comarazan@o&zalez 2011, Neelin et al. 2006). That
trend parallels climate change (cooler-wetter tomea-drier) from high to low elevations in the
Luquillo Mountains (LM), thus providing a reseamgtadient from which to predict responses to
future climates (Gonzalez et al. 2012). Howevecduse both climate and forest type change
with elevation (Barone et al. 2008), it is necegsarseparate the direct effects of climate from
the indirect effects of forest type on animals andsystem processes along the gradient. For
invertebrates, we separated the effects by congpatevation changes in population and
community characteristics in plots of changingdland unchanging flora (palm brake) with
elevation. Richness of litter invertebrates (Ridsan & Richardson 2012) changed little in
palm plots but declined with elevation in the plot£hanging flora, suggesting that differences
in invertebrate communities with elevation reflebanges in the physicochemical properties of
non-palm litter, not the direct effects of temparator rainfall. In contrast, for most terrestrial
gastropods (Willig et al. 2011b, 2012b), speciasalances, richness, and diversity decreased
with increasing elevation in both variable floradgralm plots, suggesting a dominant role for
climatic effects (Willig et al. 2012b).

Drying and warming trends in the LM (van der Mokdral. 2010) will change biodiversity
patterns on the elevation gradient (Laurance é(dl1). This change may lead to extinctions of
some high elevation species, as they lose the #alyanf their adaptations to cool, wet habitats,
and to upward shifts in the distributions of otepecies (Barone et al. 2008). The consequences
for biogeochemistry are suggested by results oXhE, showing connections between biota and
system function, and by studies along the gradi€ot. example, as the microbial community
shifts to domination by bacteria with increasingvattion (Cantrell et al. 2012), the development
of mat-forming fungi, which speed decompositionavf-quality leaf litter (Lodge et al. 2008
decreases. Other biogeochemical changes arexgdsoted. With soil drying we anticipate an
increase in net methane and nitrous oxide consom@ood & Silver 201p, as soil oxygen
concentrations increase and anaerobic methaneitaadsnoxide production decreases (Liptzin
et al. 2011). Warming will cause positive feedlsaakth atmospheric Cbecause soil CO
efflux appears to be sensitive to the relativelyakbiseasonal increase in temperature in the LM
(Fig. 3, Silver in prep.). The predicted increasdroughts and floods will alter stream nutrient
cycling and productivity (Cross et al. 2008a, Benstet al. 2010). The leaf litter delivered from
adjacent riparian forests sustains headwater ptivatychighlighting the connection between




terrestrial and aquatic systems. Delivery is ntedidy mat-forming, forest fungi that trap and
release litter slowly and improve its nutrient a@nttfor stream organisms that depend on detrital
inputs (Cross et al. 2008a0dge et al. 2008Heartsill-Scalley et al. 2012 But droughts inhibit
mat fungi, so that later floods deliver leaf-littitritus in large pulses and of inferior quality,
affecting both
headwaters and
communities
downstream.

These results
from LUQ 4 indicate
that to detect and
understand the
mechanistic bases of
impacts of climate
change we need two
approaches in LUQ
5. First, we will
continue monitoring
biodiversity on the
elevation gradient to
characterize long-
term shifts in
composition that
affect ecosystem
function. Second,
we will conduct
experiments on the
effects of drying and
variable precipitation
on 1) terrestrial
detrital inputs to
streams and stream
trophic structure and
production (Sect.
2.4.1), and 2)
terrestrial
biogeochemistry,
especially trace gas
flux (Sect. 2.4.2).
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Figure 3 — Soil respiration (to) and itterfall (bottorr) before, durin
(yellow column), and after canopy trimming andelitmanipulation in the
Canopy Trimming Experiment. Canopy trimming (bfeetangles, open
diamonds) significantly decreased soil respiraf@mrone year. Litterfall
declined with trimming and was still significantlywer than controls
almost 6 yr later.



1.1.3 Land use: impacts of land and water use

In LUQ 4 we focused on the impacts of land and wase on quantity and quality of water,
and on effects of land use legacies on secondaggtioIncreasing urbanization is pervasive in
the tropics (UNPD 2009), including Puerto Rico (bugg al. 2004). Urbanization and other land
and water uses have direct effects on ecosysterdsndirect effects via local climate change.

Dams and urbanization in Puerto Rico affect streardiversity and, consequently,
biogeochemical processes in streams. Dams intanpgbream movements of snails and shrimp
that process detritus and clear benthic surfaadpirty maintain water quality (Greathouse et al.
2006k Covich et al. 2009). Dams and water withdrawsgrfere with the inter-stream
connectivity of aquatic fauna that disperse froma to stream via the ocean, which helps
sustain genetic diversity of the regional streanac@mmunity (Cook et al. 2008a, b, 2009).
Urbanization has varied and unexpected effectdrearss in Puerto Rico. Microbial and fish
diversity are higher in some urban versus non-udb@@ams (Ramirez et al. 2009, Engman 2011,
Burgos & Ramirez, in prep.). In contrast, aquatsects are less diverse with increasing
urbanization (de Jesus-Crespo & Ramirez 2011) atJdtireams are solute rich, and nutrients,
conductivity and dissolved organic carbon are padit related to percent urban vegetation
cover (de Jesus-Crespo & Ramirez 2011). Distudsgrsuch as floods, play an important role
in urban stream processes; detrital breakdown e mantrolled by changes in flow and
sediment and less by consumer activity (Engman 2011

Due to an urban heat island effect, San Juan, ®&éeb, is ~2 °C warmer at dawn
compared to rural areas 52
(Murphy et al. 201D The heat =

island includes the city and %0
suburbs (Fig. 4), which > “ 1
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drying has the obvious effect of Airport, 1956-2009. Running average (yellow) aimeér

reducing water supply, our regression (red) are shown. (Data from NOAA)

work in LUQ 4 shows that

drying also has negative effects on stream biotwi@ et al. 2003, 2006, 2009), with

consequent effects on water quality, compoundeddnys that alter faunal distributions as well.
In LUQ 4 we also continued to study how past lasé interacts with other disturbances to

shape forest species composition. This is importawidespread tropical landscapes that are

increasingly characterized by secondary forestgdL& Helmer 2004, Bloch et al. 2007, Willig

et al. 2007 Uriarte et al. 2010a). Effects of past land inseracting with natural disturbance are

striking in the Luquillo Forest Dynamics Plot (LF]PPResearch in the 16-ha LFDP has

continued for 22 yr and included identifying andppi;ag ~150,000 tree stems to document rates

of change in species growth and survival over ti@er SORTIE-PR model explores how

hurricanes, land use legacies, phylogenetic relstiips, and life history traits of tree species




determine forest composition and resilience (Swereta@l. 2006, 2007, Flynn et al. 2010, Kress
et al. 2010). Both hurricane intensity and frequeaffect forest composition, while past land
use differs across the 16-ha plot and producesl movemunities with distinctive dynamics
(Comita et al. 2009, 2010, Uriarte et al. 2004,20@anham et al. 2010, Zimmerman et al.
2010).

Our work in LUQ 4 on stream ecology, water use arhnization indicates research
directions for LUQ 5. The effects of dams and watighdrawal, coupled with effects of drying
and more variable precipitation, on river connattiand water quality, indicate the need to
continue study of how interacting natural and humigturbances affect stream biodiversity,
biogeochemistry and water quality (Sect. 2.4.3)e @ocumented effects of urbanization and
land use on streams and forest composition indibat@alue of taking advantage of plans for
highway building and urban development near El usmbjational Forest to study long-term
impacts (Sect. 2.4.3).

1.2 LUQ 4 RESULTS AND LUQ 5 DIRECTIONS

Changing hurricane regime, more variable precipitatand increased land and water use
will continue to affect Puerto Rico and other partshe tropics. Our long-term observations
and results from LUQ 4 have revealed how thesalsraffect biodiversity, biogeochemistry,
their interactions, and a critical ecosystem produwater quantity and quality. In LUQ 5 we
will continue observations of biodiversity and bémghemistry to determine long-term trends as
the basis for long-term field experiments and pigelesigned to identify the mechanisms and
consequences of the main drivers of long-term chafddese efforts include the Canopy
Trimming Experiment, to study how changing hurrieaagime affects C balance, new field
experiments on how increasing variability of préeipon affects aguatic and terrestrial systems,
and a new, long-term project on the effects ofua-tane highway under construction near the
LM on forests, streams, and water quality. Theseegch will be done in a framework that
comprises the cumulative and interacting effectspi$odic events (pulses), typically caused by
natural disturbances, and long-term disturbancesgps), typically caused by humans. Our
research will incorporate local and global drivetsmultiple scales. For example, local and
global influences will be incorporated into a néandscape-level model that links changes in
water quality and quantity to physical, biologieald socioeconomic drivers (Uriarte et al. 2011).
1.3 RESULTS FROM SUPPLEMENTAL FUNDING

We used supplemental funds during LUQ 4 (total $5@8)for Schoolyard LTER,
Research Experience for Undergraduates (REU) asddReh Experience for Teachers (RET);
international research; network-level activitiedhMhand landscape studies; and research
equipment and sample analyses. The Schoolyard Lar&é§am included workshops for
students and teachers at El Verde Field Statidiretthdata collection and computer analyses, a
teaching website (Sect. 1.5), and research symparsgudents and teachers. LUQ REU and
RET involved nine students and three teachersffone Puerto Rico, two from mainland US)
studying stream and forest ecology. Internatioes¢arch included two workshops on
comparing results and standardizing methods f@ares on hurricane effects, held in Mexico
and Florida. A supplement supported an LTER Nektwevel workshop on incorporating social
science into LTER, attended by representatives 20rhTER sites (Zimmerman et al. 2009).
Using supplemental funds, LUQ participated in assfsite LTER study of land-cover and land-
use change and in Network-level IM efforts on mamggensor data, incorporating GIS into IM,
and improving EML with DRUPAL. Supplemental furaso paid for meteorological, stream
sampling, laboratory, and computer equipment angddmple analyses.



1.4 SYNTHESIS ACHIEVEMENTS AND PUBLICATIONS

The 24 yr of LUQ have given us a commanding petsgeon tropical ecology, resulting in
many synthetic works in LUQ 4. Our site synthdmiek comprises chapters whose content
ranges from theory to management, and that refl@ctong-term research on the responses of
tropical systems to a changing disturbance regBnek@w et al. 2012groofs at:
http://luqg.lternet.edu/sites/default/files/2012L UTERbook.pdf ). Harris et al. (2012) also
summarize LUQ research. Other synthetic bookspapers largely from LUQ cover tropical
elevation gradients (Gonzalez et al. 2012), postalgural succession (Myster 2008),
hurricanes (Lugo 20Q08and landslides (Restrepo et al. 2009). Syrtivetirks inspired by LUQ
c ecological theory (Scheiner & Willig 2011), forglynamics (Zimmerman et al. 2008, Uriarte
et al. 2009, 2012), carbon-nutrient-climate relagtups (Cleveland et al. 2011), redox drivers of
biogeochemical cycling (Burgin et al. 2011), islasablogy (Walker & Bellingham 2011), cloud
forests (Bruijnzeel et al. 2010), ferns (Mehltregerl. 2010), tropical stream ecology (Heartsill-
Scalley et al. 2001, Boulton et al. 2010), earthwercology (Sastre-De Jesus & Gonzalez 2006),
insect ecology (Schowalter 2006), restoration (Watt al. 2007), and environmental disasters
(del Moral & Walker 2007, Lundquist et al. 2011)UQ also contributed to syntheses of LTER
Network contributions (Crowl et al. 2008, Hopkinsetral. 2008, Jones et al. 2012, Robertson et
al. 2012) and of long-term trends (Peters et @220 Among the 269 peer-reviewed and 65
other LUQ publications appearing in the last sixtlie 10 most important (underlined in text)
are those that report important results and guitled research.

1.5 BROADER IMPACTS

In the last six yr 58 graduate and 88 undergradstatdents have been involved in LUQ.
During LUQ 4 we leveraged $19,327,345 (grant totfals 31 research and education projects
related to LUQ, including a recent NSF MacrosysRinlogy project on warming and
biodiversity (J. Brown, R. Waide). Our Schooly&MER program reached 1050 students in
Puerto Rican high schools and 954 teachers and st6é2nts via our interactive teaching
websiteJourney to El Yunquénttp://elyunque.net/journey.html). The levera@eads included
a $1,100,000 grant from the US Dept. of Educat@mrah ongoing evaluation of halurney to
El Yunqueaffects motivation and learning. Since 2006 @ RIEU program based at El Verde
Field Station, and strongly connected to LUQ, ma®lved 56 students, 55% of whom represent
minorities, and produced 12 publications, eightwtite student as first author. The Luquillo
Forest Dynamics Plot, the CTE, and other LUQ fi@lidjects have been supported by volunteer
internships for recently graduated students seekxpgrience in tropical research. Sixty
students participated during LUQ 4 (more than halimen and 35% minorities), and many have
gone on to pursue academic studies. Our outstgroader impact is that, in just the past six
yr, LUQ scientists have led the establishment oONESTREON (Lugo, McDowell), ULTRA-
Ex (Lugo), IGERT (Brokaw), and CZO (Scatena) s{tefi names Sect. 2.3.4) in Puerto Rico.
These programs strongly complement LUQ researcltagate a unique, broad, and strong
synergy for ecological science in the tropics.

Section 2 Proposed Research

2.1 INTRODUCTION

The Luquillo Long Term Ecological Research Progeaidresses changing ecosystems and
services in the tropics by developing ecologicalamstanding and management
recommendations that are based on long-term oldgmrsaexperiments, and synthesis (March
et al. 2003, Walker et al. 2007, Shiels et al. 2@r0kaw et al. 2012a, Lugo et al. 2012a, b,



Willig et al. 2012a). Results from LUQ have impeovour fundamental understanding of
tropical ecosystems and disturbance dynamics amddad an important foundation to
anticipate the long-term effects of change assediaith natural events and anthropogenic
activities. Tropical ecosystems are characterigetigh diversity, large plant and soil carbon
pools, and the highest rates globally of net prinpaoductivity (Sitch et al. 2003) and
respiration (Raich & Schlesinger 1992), and theykay sources and sinks of greenhouse gases
(Matson & Vitousek 1990, Bousquet et al. 2011)nd.ase, urbanization, and climate change
are transforming the tropical forest biome and haeepotential to significantly decrease
biodiversity, lower ecosystem carbon storage, died Biogeochemical cycling (Grau et al.
2003, Aide & Grau 2004, Lugo & Helmer 2004, LauradcPeres 2006, Terborgh 2007, Asner
et al. 2009). The interacting, long-term impadteuman-mediated disturbances are producing
ecosystems with no previous analog and are thriegtéry ecosystem services such as potable
water (MES 2005). A fundamental task for ecolagistto better predict the impacts of local,
regional, and global perturbations on biodiversitgl biogeochemistry in tropical forests (Clark
et al. 2001, Smith 2011). Therefore, in LUQ 5 wi# lwild on our research history to ask:

How do long-term changes in climate and land useract with other disturbances to

affect biodiversity, biogeochemistry, and theienatctions to determine ecosystem services

in northeast Puerto Rico?

The Luquillo LTER program began in 1988 with a fe@n the effects of natural disturbances

on the population, community, and ecosystem ecotdgyid-elevation forests and streams in

the Luquillo Mountains (LM) of northeastern PueRo. During successive research

phases, LUQ expanded its studies to include highdrlower elevations in the LM and

extended beyond the forest boundaries into therbgland city of San Juan, a metropolitan

area of 1,300,000 inhabitants located within 25dfrthe LM. The early phases of research
revealed how forests and streams of the LM respatidremarkable resilience (return to pre-
disturbance conditions) to natural, pulse distudean(Sect. 2.2) such as hurricanes,

landslides, and floods (Walker et al. 1991, 199fiderman et al. 1996, Schaefer et al. 2000,

Beard et al. 2005, Brokaw et al. 2012a). Thessepdisturbances alter ecosystem structure

and function, but the return to pre-disturbancedaoons is typically rapid (Zimmerman et al.

1996, Brokaw et al. 2012b). By contrast, more megeork suggests that press disturbances,

such as climate and land use change, may causarendbanges in ecosystems and their

services, with potential negative effects on satieellbeing (Lugo & Helmer 2004, Peters et
al. 2007, Marin-Spiotta et al. 2007, Ramirez e2@09, Murphy et al. 2010, Potter et al.

2010). Results of LUQ research that have contetbsignificantly to understanding of

environmental change are:

» The frequency of drought and inter-annual variatiorainfall are increasing in the Caribbean
(Comarazamy & Gonzélez 2011). Drought is likelylezrease soil respiration and
phosphorus (P) availability in tropical forests (¥do& Silver 2012).

* Nitrogen availability and greenhouse gas emissiwasaffected by DRNA and Feammox,
which are novel nitrogen cycling pathways in tetniakecosystems (Silver et al. 2001, Pett-
Ridge et al. 2006, Templer et al. 2008).

» Changing rainfall and rates of N deposition aftbet way N is cycled and feeds back to soil
nutrient availability, greenhouse gas fluxes, amdewquality (Ortiz-Zayas et al. 2005, Cusack
et al. 2010, McDowell et al. 2012).

» Carbon cycling in LM forests is highly sensitivedianate. Small increases in temperature can
decrease the ability of tropical forests to st@don(Silver et al. in prep.).




* Leaf litter decomposition in the LM is among thetésst observed globally in both forests and
streams (Gonzélez & Seastedt 2001, Crowl et al6 2B@rton et al. 2007, Cusack et al. 2009).
Detritus is a main energy source for higher tropénels (Lodge 1996, McDowell et al. 2012).

 Although hurricane-produced debris is substanti@omposition, nutrient export, and trace
gas emissions after hurricanes change only br{&ilyer et al. in prep), as rapid regrowth
reasserts control over most ecosystem processkis 2 yr (Scatena et al. 1996).

« Patterns in biodiversity affect responses to distoce and ecosystem processes by minimizing
physical impacts, providing residual species pamtsl enhancing nutrient and biomass
turnover (Silver et al. 1996, Crowl et al. 2012).

» Organisms of the LM are more resilient after ndtthan human disturbances (Brokaw et al.
2012b).

Puerto Rico’s natural disturbance regime (Scatéaa 012), socio-economic situation

(Grau et al. 2003), land use dynamics, and landandeslevation gradients (Fig. 5) make the
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Figure 5— Northeastern Puerto Rico, with main LUQ studgsshighlighted. LEF = Luquillo
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Sabana Field Research Station; BIS = Bisley Expantal Watersheds; PR-66 is Puerto Rico
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and planned (yellow). Pico del Este is 1051 m g#llap by Olga Ramos)
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island an excellent laboratory for study of thesrattions between natural, pulse disturbances
and long-term, typically human-caused, press distaces and climate change. The Caribbean
and large areas of the tropics are undergoing airadcial, economic, and ecosystem changes
(Asner et al. 2009). Thus LUQ research addressed, Iregional, and global environmental
issues. To carry this research forward LUQ 5 lsudd the many long-term data sets that have
been synthesized in LUQ 4 (Table 1, Sect. 1.4niers a synergy among LUQ and programs in
Puerto Rico representing four other research nésvw@ect. 2.3.4); and it will continue one
long-term, large-scale field experiment, launch tvewv field experiments, and begin a long-
term, landscape project. Each of these projeatssgned to reveal the mechanisms and
consequences of key, long-term drivers of chandbkdrropics: 1) increased hurricane
frequency or intensity, 2) greater variability afnfall, and 3) accelerating land use change.
Four of the six main projects in LUQ 5 focus one&vaas a key ecosystem component and
important ecosystem product.

2.2 CONCEPTUAL FRAMEWORK
Our conceptual framework, developed over 24 yrid@QLand founded on decades of

previous work (Odum & Pigeon 1970, Reagan & Waigi@al Lugo et al. 2012b), integrates

scales of natural and anthropogenic disturbanceespbnse. In the LM, short-term ecosystem
changes are typically caused by episodic, natustlidbances such as hurricanes, droughts or
landslides (Zimmerman et al. 1996), correspondinmutse disturbance@ves & Carpenter

2007, Collins et al. 2012, Waide & Willig 2012).o0hg-term changes are typically caused by

anthropogenic drivers associated with climate, lasel or water use (Pringle 2000, Murphy et

al. 2010, van der Molen et al. 2010). These largitdrivers correspond fiess disturbances

We define a pulse disturbance as a discrete enaimé that is of relatively short duration. In

contrast, a press disturbance is an event of lothgittion that is directional and continuous in

nature. Some disturbances have both direct anceatadnanifestations that may be pulses or
presses. For example, a direct manifestationaéased C@emissions is a gradual increase in
atmospheric temperature (press disturbance) bundinect manifestation is an increase in the
frequency of intense hurricanes (pulse disturbgreesing from increased temperature
interacting with oceanic and atmospheric circulapatterns (Knutson et al. 2010). The
responses of ecosystems to disturbance can belsksbyresistance- the extent to which
system attributes are unaffected by the disturbaesdience— the rapidity with which a system
returns to pre-disturbance conditions; antherability— the likelihood that the system will not

return to pre-disturbance conditions (Carpentatl.€2001, Waide & Willig 2012).

The LUQ conceptual framework has evolved from atieiremphasis on pulse-driven patch
dynamics (Levin & Paine 1974, Waide & Lugo 1992gbw& Waide 1993, Lodge et al. 1994) to
a broader model incorporating both pulse- and pdesen dynamics (Peters et al. 2011, Waide
& Willig 2012), with a long-term focus on the vuhadility of ecosystems and their services.
The concepts that frame research in LUQ 5 (Figuré)expressed in three, sequenced points:
1. Pulse disturbances drive short-term changes, deaized by high ecosystem resilience

with respect to aspects of biodiversity and biogeoaistry.

2. Press disturbances interact with pulse disturbatacdsve long-term changes,
characterized by low ecosystem resilience and plesgulnerability of biodiversity,
biogeochemistry, and ecosystem services.

3. To foresee change and vulnerability of ecosystamslaeir services, we must understand
how press and pulse disturbances interact andt dffecesponses of biodiversity and
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biogeochemistry (including their interactions) bd- and long-term temporal scales and

at multiple spatial scales.

The first of these points, regarding short-termngeain response to natural, pulse
disturbance, is clearly illustrated with LUQ resudt the level of populations, communities, and
biogeochemical processes (Brokaw et al. 2012bgs@hesults include the degree of resilience
of forest tree species composition, terrestriagitebrate populations, litterfall, and stream
chemistry after hurricanes (Zimmerman et al. 1284,0, Schaefer et al. 2000, Bloch & Willig
2007, Willig et al. 2007, 2011a); of freshwateristp populations after floods and droughts
(Covich & Crowl 2002, Covich et al. 2006); and ofdst succession after landslides (Zarin &
Johnson 1995).

Long-term observations supply examples of the spamnt: interactions between pulse
and press. The pioneer trt€ecropia schreberianahowed high resilience by recruiting
abundantly in response to canopy opening (pulse) trricane in 1989 (Zimmerman et al.
1994, Brokaw 1998), suggesting that it would beerm»mmon with more hurricanes (O’Brien
et al. 1992). But after a second strong hurricagelater,Cecropiarecruitment was low, likely
due to a dense understory that developed aftdiriiestorm and inhibited establishment. More
frequent hurricanes (interacting pulse and presghthproduce low, dense vegetation with few
storm-created gaps and f&ecropig because its resilience mechanism, gap colonizaso
thwarted. In streams, a consequence of more frequnel longer droughts (interacting pulse and
press) is greater water extraction (press) forlgetevater supplies, which kills migratory
shrimps and fishes (Crook et al. 2009) and reduedsr quality and genetic resources.

The third point, that long-term observations angeziments are needed to document
continuing, interacting pulse and press disturbarmeel their long-term, cumulative impacts is
supported by the above examples and many othdig€®\illig & Walker 1999, Brokaw et al.
2012b). Thus LUQ 5 will continue documenting thageractions, while carrying out
experiments to elucidate mechanisms.

2.3 RESEARCH APPROACHES

LUQ 5 research will take place in the LM and adjg@eas of northeast Puerto Rico (Fig.
5, Harris et al. 2012, McDowell et al. 2012). Wankhe LM focuses on mid-elevation sites at
El Verde Research Area and Bisley Experimental Ygatgls and along elevation transects from
sea level to LM peaks (Fig. 5). Our studies alderd along the present and projected route of a
four-lane highway that cuts across the base offrtbentains, and from old growth forest into the
metropolitan area of San Juan. LUQ 5 researclog-lerm environmental change includes
four integrated approaches: 1) long-term obseraataf change in time, 2) gradient studies of
change in space, 3) experiments to understand misohs.of change, and 4) synthesis and
modeling to generalize and extend results. Thefeatures of major established studies are
given below; new projects are described in moraitiet Section 2.4 (with more detail at:
http://lug.lternet.edu/research/projects). LUQesesh is conducted by 29 Senior Personnel
(http://lug.lternet.edu/people/lug5researcherspjdet teams are listed in parentheses, leader
named first, after each hypothesis in Section 2.4.
2.3.1 Long-term measurements- The core research of LUQ includes long-term meaments
of abiotic and biotic characteristics designedeteeal dynamics in space and time (Table 1).
Many long-term measurements are from forest plotsstream reaches at El Verde or Bisley
and along the elevation gradient in the LM (Cowtlal. 2009, Heartsill-Scalley et al. 2010,
Willig et al. 2011b). The Luquillo Forest Dynamiet (LFDP) covers 16 ha of mid-elevation
forest, in which c. 150,000 individual trees andufis> 1.0 cm dbh of 140 species (accumulated
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totals of tree and species) and several animalpgr¢eLg., gastropods, birds) have been censused
for up to 22 yr (Willig et al. 2007, Zimmerman ét 2008, 2010, Uriarte et al. 2010b). The

LFDP is part of the Center for Tropical Forest &cee(CTFS) global network of 42 large, long-
term forest plots, the source of many synthesesritbgsy global patterns in tropical forests (e.g.,
Losos & Leigh 2004, Wills et al. 2006).

Table 1 - Long-term monitoring in LUQ. B = Bisley, E = Ekerde, L = landslides, LM = other
site in the Luquillo Mountains, P = Pico del Es@omplete list at: http://lug.lternet.edu/data

MEASURE INITIATION SITE FREQUENCY
Meteorology

Rainfall 1975, 1988, 1993, 2002 E, B, P, LM houdgily
Temperature (air and soil) 1975, 1988, 1993, 19902 E, B, P, LM hourly, daily
Humidity, wind speed and direction 1995, 1993,200 B, E, P, LM hourly, daily

Light (PAR, total radiation, albedo) 1995 1993 EBLM hourly, daily
Hydrology

Stream discharge 1983, 1987 B, LM daily
Throughfall 1988 B, LM daily, weekly
Chemistry

Rain 1983, 1988, 2010 E,B,P weekly, bulk and evdy
Throughfall 1988 B weekly
Streamwater 1983, 1988 B, E, LM weekly at 9 sites
Groundwater 1988 B, LM weekly to periodic
Soil (G, trace gas flux, solution) 2003 E monthly
Microbes

Fungal mats 1983 B,E, LM periodic

Fatty Acids (EL-FAME) 2002-2006 E every 4 months
Plants

Algae (stream) standing crop 2002 E,B twice yearly
Forest structure, biomass, 1988, 1993 B, E, LM 1-5 yrintervals
composition

Biomass 2006 E yearly

Tree species composition 2003 E yearly

Canopy structure 1989 E, B, EP every 3 yr

Leaf area index 1989 E, B every 3 yr
Coarse wood distribution 2002 B every 3 yr
Seedling dynamics 1992, 2003 B, E monthly, eveyy 3
Flowering phenology 1992 B, E weekly to monthly
Herbivory 2002 E yearly

Litterfall, litter decomposition 1987, 1990, 1994996, 2005 B,E, L, P,LM| weekly, yearly, every3y
Landslide revegetation 1988 LM yearly
Abandoned pasture revegetation 1998 LM yearly
Understory structure & composition 1988, 1991, 193 E, P yearly

Animals

Invertebrates (several) 1991, 2002 E, P, LM yearly
Arthropods (scorpions, shrimps,

spiderg, Wal(king Eticks) P 1988, 1991 E yearly
Gastropods (snails) 1991 E yearly

Birds 1989 E yearly

Frogs 1987 yearly
Disturbance

Treefall gaps, landslides, stream 1988 B.E, LM yearly to periodic
channel change

2.3.2 Gradient studies- LUQ conducts studies along both elevation (difigeh proxy for

climatic variation) and land use gradients (FigTable 1). The LM present a gradient of climate
and vegetation change that extends through fodogical life zones and forest types. These
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forest types includeabonucoforest (up to 600 m asiyploradoforest (600-900 mkglfin forest
(900-1074 m), angalmforest at all higher elevations. Rainfall risesnfi 2450 mm yt at

lower elevations to 5000 mmYat higher elevations (Brown et al. 1983, McDovetlal. 2012).
Mean annual temperature is about 5 °C warmer inativlands than on the peaks (McDowell et
al. 2012). During LUQ 3, we established the Loreg+ii Elevation Plots, a series of study plots
at intervals of 50 m elevation in two watershedthimithe LM and an extended set of plots from
sea level to mountain peaks (Gould et al. 2006pBaet al. 2008, Gonzalez et al. 2012). We
also study the strong land use gradient along 3he2from the fully protected, 11,000-ha El
Yunque National Forest (in the LM) into San Juaig.(6). At the urban end of the gradient, our
work is complemented by research of San Juan ULHRAUrban Long-Term Ecological
Research Areas) and the University of Puerto RIEBEERT (Integrative Graduate Education
and Research Traineeship) Program, the latter stippstudents working on “Natural-Human
Systems in the Urbanizing Tropics”. LUQ has arsgrteadership role in these programs.

2.3.3 Experimentsand landscape project- LUQ 5 includes one ongoing and two new field
experiments, as well as a new landscape studyselpmjects are designed to reveal and
guantify the mechanisms and consequences of thdrkeyrs of long-term change in Puerto
Rico: hurricane regime, variability of precipitati, and land use.

Change in hurricane regimeThe .

Canopy Trimming Experime(ETE) is Debris treatment

a continuing, long-term field experimer Not added

that evaluates the effects of a change |
hurricane regime on tabonuco forest
biodiversity and biogeochemistry
(Richardson et al. 2010, Shiels et al.
2010). The experiment began in 2004
and will extend at least 20 yr. The
experiment simulates the two main
direct effects of a hurricane: the
removal of forest canopy (change in
microclimate) and the consequent
deposition of detritus on the forest floo
(change in nutrient dynamics). The fir¢
set of treatments was designed to
distinguish these effects from each
other, using a 2 x 2 factorial desigith
four treatments, each covering a 30 x <
m area, in each of three blocks. The
treatments were (Fig. 6): A) canopy ho
trimmed and no canopy biomass adde
to forest floor, as a reference, B) canoj
not trimmed, but canopy biomass from
trimmed plot distributed on the forest
floor, to simulate the changes in Figure 6 — Experimental manipulations in the
redistribution of biomass created by the CTE, which simulates hurricane impacts on
hurricane but without the associated  tropical forest structure and function (see text).
change in microclimate, C) canopy (Willig et al. 2012b)

Not trimmed

Canopy treatment

Trimmed
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trimmed, with trimmed detritus removed from thetpto simulate changes in microclimate
created by the hurricane but without the associagdi$tribution of biomass, and D) canopy
trimmed, with trimmed detritus distributed on tloeest floor, to change both microclimate and
distribution of biomass. Measurements in the C&gamn one yr before treatments were applied
and have continued at variable intervals, dependmtie identity of monitored characteristics.
Measurements include microclimate, soil and sditsmn nutrients, trace gas fluxes, litter inputs
and decomposition, and dynamics of microbial, plantl animal communities. Because we will
repeat treatment D and measurements in the cqieatment A)during LUQ 5 and again in
later years, the CTE will also assess the effdcéoncrease in hurricane frequency (Royer et
al. 1998) and will test long-term predictions o& tBENTURY model for soil organic matter
accumulation and nutrient dynamics in tabonucosiof®anford et al. 1991, Zimmerman et al.
1995, Johnson et al. 2011).

Change in variability of precipitation and reduaisrital inputs to streamsThe Litter

Exclusion Stream Experimeista new field experiment that will explore théeets of reduced
terrestrial detrital inputs to streams. Litterutgpare expected to change due to a predicted
increased variation in precipitation and are exgetd affect trophic dynamics and water quality
(Sect. 1.1.2). Fundamentally, the experiment tb&tsdea that trophic relations in headwater
streams are driven by energy from detrital inpatker than by algal primary production (details
in Sect. 2.4.1, Hypothesis 1.4). This experimeilitaxtend at least 10 yr.

Change in variability of precipitation (drying)The Throughfall Manipulation Experimeista
new field experiment that tests the effects of [pted more variable rainfall and climatic drying
on biogeochemical fluxes (details in Sect. 2.4.Zpdthesis 2.2). This experiment is will extend
6 to 10 yr.

Change in land useThe Landscape Projec a new, long-term (~20 yr) field project that
guantifies the effects of urbanization (highway stonction and subsequent development) on
terrestrial and aquatic biodiversity, biogeochemngjsind ecosystem services (details in Sect.
2.4.3, Hypothesis 3.2). This project integratesl &ests predictions based on LUQ research and
will be a basis for long-term study of land useset§ over the next LUQ research cycles.

2.3.4 Cross-site and cross-network researchlimportant efforts by LUQ are cross-site and
cross-network research. LUQ contributes to crass-Network-level databases on climate and
hydrology (ClimDB, HydroDB, StreamchemDB). Cros®studies have included participation
in LIDET (Long-term Intersite Decomposition Expegnt Team), LINX (Lotic Intersite

Nitrogen eXperiment), and CTFS (Sect. 2.3.1). &mstwork collaborations are conducted with
NEON (National Ecological Observatory Network), H®N (Stream Experimental and
Observatory Network), LCZO (Luquillo Critical Zor@bservatory), IGERT, and San Juan
ULTRA-Ex. These programs are discussed where aalen the research plans (Sect. 2.4).
LUQ is a member of NeoSelvas and Cloud Forest Rels€zoordination Networks (RCN).

2.3.5 Models- LUQ uses conceptual, system, statistical, andgss/mechanism models to
guide and extend our research. Much of LUQ 5 setan the conceptual models we have
developed since LUQ 1 and described in our syrshasok and elsewhere (Willig &

Walker 1999, Willig et al. 2007, Crowl et al. 20M2aide & Willig 2012). These models focus
on the interactions of disturbance, biodiversiiggeochemistry, and ecosystem services (Fig.
1). We also use process ecosystem models toygestheses and extend observations, for
example, the CENTURY model to understand the whéstscale distribution of soil carbon
(Johnson et al. 2011) and effects of hurricane-geee coarse woody debris on nutrient cycling
(Zimmerman et al. 1995). Topoclim (http://www.eslu/lug/climate/) is our spatially-explicit
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model of climate in the LM, and is the basis fovqgass models of soil carbon (Wang et al.
2002a, b) and the distribution of evapotranspira{Myu et al. 2006). These climate models are
also used by LCZO to understand the influenceiofate on soil development, and will be used
in LUQ 5 to understand environmental drivers altmgLM climate gradient. Ongoing
modeling efforts in LUQ 5 include a landscape maxfelater provisioning (Uriarte et al. 2011),
and statistical models to evaluate the influenceadfiral and anthropogenic drivers on forest
dynamics (SORTIE-PR, Uriarte et al. 2004, 2009) amdbiodiversity, populations, and
communities of aquatic and terrestrial organismgliy\et al. 2007, Hein et al. 2010, Prates et
al. 2010).

2.4 RESEARCH PLAN

We apply the approaches above to answer our ovengrquestion:How do long-term
changes in climate and land use interact with otffisturbances to affect biodiversity,
biogeochemistry, and their interactions to detemn@étosystem services in northeast Puerto

Luquillo LTER 5
Overarching
Question

How do long-term
changes in climate
and land use
interact with other
disturbances to

Q1 - How do
environmental
drivers affect the
association of
multiple
dimensions of
biodiversity?

H 1.1 - Biodiversity
affected by spatial gradientd
hurricanes, droughts, long-

term changes due to climate

and land us

14

H 1.2 - Biodiversity and
food web of streams, linked
to inputs of terresial litter

affect biodiversity,

biogeochemistry

and their responses, and affected by drought,
interactions to rates especially C soil storage and
determine greenhouse gas flux

ecosystem serviceg
in northeastern
Puerto Rico?

b3

v

Q2 - How do
environmental
drivers affect
biogeochemical
pathways,

H 2.1 - Biogeochemistry
affected by repeated
disturbance, detritivore and
microbial composition, and
soil nutrients

Q3-How do
environmental
drivers affect
ecosystem
functions and the
delivery of critical
ecosystem

H 2.2 - Biogeochemistr

H 3.1- Ecosystem service
affected by management
impacts on river
connectivity

H 3.2 - Ecosystem svices

4 affected by urbanization’s
impact on biodiversity

services?

Figure 7— LUQ 5 Program Framework, showing the logicalgoession from overarching
guestion to focal questions (Q) to hypotheses (i) @ojects
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Rico? LUQ 5 embodies a coherent progression from thistije to three focal research
guestions and six hypotheses and associated @dfegt 7) that address long-term changes in
biodiversity (Sect. 2.4.1) and biogeochemistry (S2el.2) and how changes in the two interact
with each other and affect ecosystem services (3ecB8). Water is an integrating theme in
LUQ 5 (Fig. 8). Itis a driver, in the form of gheted changing rainfall and as a manipulated
variable in five of our six hypotheses and assediajuestions, and it is a response variable,
important in ecosystem function and as an ecosypteduct, in four hypotheses.

WATER RELATED PROJECTS

Climate change Land and water use
Global G——l Water use
Local Land use and cover
Rainfe_tll - Stream flow
Effects of variability on: Effects of variability on:
H 1.1_spatio—temporal gradients of H 3.1 connectivity of stream organisms
biodiversity and water quality, caused by water
H 1.2 detrital inputs, biodiversity, and extraction and dams
biogeochemistry in streams H 3.2 connectivity of stream organisms
H 2.2 biogeochemistry of terrestrial and water quality, caused by highway
systems construction and landscape development

Figure 8 — Water is a unifying topic in LUQ 5. In the LMyo main drivers change water quantity,
variability, and quality.Climate change both global and local, affects the quantity aadability

of rainfall , which, in turn, affects biodiversity, biogeochetny, and their interactions (Fig. 1) in
linked aquatic and terrestrial systems. Thesegss®s are addressed in Hypotheses (H) 1.1, 1.2, and
2.2 and associated projects (Sect. 2l4nd and water useby humans affectstream flow, which,

in turn, affects connectivity (see text) of strearganisms and water quality. These processes are
addressed in Hypotheses 3.1 and 3.2 and assopiajedts (Sect. 2.4). The direct effects of clienat
change on rainfall, and of land and water use i@ast flow, have indirect effects on biodiversity,
biogeochemistry, their interactions and ecosystesdyxts. Other indirect effects and interactions
are implicit in the diagram. Hurricanes have p@#ects on rainfall and stream flow, which we
detect in long-term observations (Table 1), whikestudy hurricane terrestrial effects in Hypothesis
21

2.4.1 Question 1 How do episodic disturbance events and long-teimate and land use
change affect multiple dimensions of biodiversitg eelated ecosystem functions?
Understanding the spatio-temporal variation in hiesity and its connection to ecosystem
function is one of the Grand Challenges in Envirental Science (NRC 2001) and an essential
task of long-term research in LUQ 5. We proposgotiyeses concerning the effects of press and
pulse disturbances on: 1) spatio-temporal variaidhe multiple dimensions of biodiversity and
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2) the importance of terrestrial inputs to streaodiversity and water quality. In addressing this
guestion, we will leverage our spatially expli@hf-term data on a number of key taxa in the
LM with the collection of new data based on obsgoveal and manipulative experiments
designed to explore resistance, resilience, angevability to interacting disturbances. Theories
concerning the inter-relationships among taxonofoiegtional, and phylogenetic biodiversity,
and their integrated responses to environment#étian and disturbance, are at an early stage of
maturation. Consequently, we expect that our d@ogbifindings will catalyze the development
of theory regarding multiple dimensions of biodsigy.

Hypothesis 1.1: Biodiversity in multiple dimensiols over multiple scales Each of the
multiple dimensions of biodiversity (taxonomic,dtional, and phylogenetic) in terrestrial and
aguatic systems responds differentlyltpspatial gradients in environmental charactedst 2)
hurricane-mediated disturbance and drought, antb8)-term change associated with climate
and land use, and these responses are taxon-spe€ifinctional biodiversity is more tightly
linked to environmental characteristics and respontbre strongly to both press and pulse
disturbances than do taxonomic and phylogenetidibesity. (Willig, Bloch, Brokaw,

Cantrell, Crowl, Gonzélez, Lodge, Presley, Pringlamirez, Richardson, Thompson, Uriarte,
Waide, Woolbright, Zimmerman)

Most biodiversity research focuses on the taxonatmension, as expressed by species
richness, diversity, or evenness (Loreau 2000 elftigich et al. 2001). Less studied are the
functional, phylogenetic, and genetic dimensionbiodliversity and how they vary with each
other in space or time (Reiss et al. 2009, Meyeai. 2011). Functional biodiversity refers to
the diversity of organismal strategies for resowoguisition and stress tolerance, and studying it
is essential for understanding the connection batvezosystem structure and function.
Phylogenetic biodiversity considers the phylogenetiationships among taxa in a community,
and studying it is essential for understanding lee@walution shapes community composition. We
have long studied the dynamics of taxonomic bioditg in the LM (e.g., Lodge & Cantrell
1995, Willig et al. 1998, 2007). In LUQ 5 we waikpand these studies and explore the
resistance, resilience, and vulnerability of theoteomic, functional, and phylogenetic
dimensions of biodiversity, using existing datanfiraUQ 1-4 and projects in LUQ 5. LUQ 5
will provide the foundation for future researchgemnetic biodiversity.

Changes in any aspect of biodiversity arise asnaemuence of turnover in species with
respect to space or time (Figs. 2, 9). Taxonoomoeaver generally increases with productivity
and declines with disturbance, and several hypethemy account for these patterns, including
variation in stochastic processes or changes indtdieterogeneity (Chase & Leibold 2002,
Chalcraft et al. 2004, Scheiner & Willig 2005, Fetxal. 2011). Functional biodiversity arises
through evolutionary trade-offs associated witrehegeneous environments (Roff 1992), as
exemplified by turnover in functional traits aloagvironmental gradients (Willig et al. 1996,
Diaz & Cabido 2001, McGilkkt al. 2006, Cantrell et al. 2012). Understandiog taxonomic,
functional, and phylogenetic biodiversity changgetther along environmental gradients would
allow us to differentiate among hypotheses regartlimnover along gradients. The joint study
of taxonomic, functional, and phylogenetic dimensiwvill also provide insights into how
biophysical factors, including long-term climateddand use change, alter biodiversity and thus
affect ecosystem function and services.

A multi-scale approach is needed to understandhto-temporal dynamics of biodiversity
because species distributions may shift due toaglotange (Pimm 2009, Laurance et al. 2011),
affecting alpha, beta, and gamma components of @iaatnsion of biodiversity. In the LM, we
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have assessed changes in taxonomic biodiversitgaovironmental gradients (Willig et al.
2012Db, Richardson & Richardson 2012) and in resptmslisturbance (Willig et al. 1998, Willig
et al. 2007), but we do not understand how theratimensions of biodiversity respond to these
drivers. We will address this hypothesis with ireéated projects that focus on 1) spatial
gradients in environmental characteristics, 2)@f@f episodic disturbances such as hurricane
and drought, and 3) effects of press disturbansgscéated with climate and land use.

100 A B
[0} %]
— [e]
© go- g6
S £
2 60 S 41
S =
] 40 @
= S 24
S 207 a o
[ n
0 T T T T 0 T T T T
200 400 600 800 1000 200 400 600 800 1000
2.0 2.0
2 |C D
g 15 ; 151 Functional
2 )
©
2 101 o < 101 &
o S -
bt o) 3 Phylogenetic i
% 05 ) 05 d Taxonomic
ey ° [ ]
)
0.0 T T T T 0.0 T T T T
200 400 600 800 1000 200 400 600 800 1000
Elevation (m) Elevation (m)

Figure 9 — Empirical relationships (A-C) between elevatiomd three aspects of mean taxonomic
biodiversity of gastropods along two transects @diforest and palm forest) in the Luquillo
Mountains, as well as hypothesized elevation m@tatiips (D) of taxonomic (black line),
functional (blue line), and phylogenetic (red lineddiversity. Mixed forest transects (solid
symbols) and palm forest (open symbols) shown &t fit linear fits.

Hypothesis 1.1 workplan

Biodiversity and spatial gradier#sTo test this hypothesis, we continue spatially-expl
monitoring of various terrestrial and aquatic taxéhe Luquillo Forest Dynamics Plot (LFDP,
Sect. 2.3.1), the Long-Term Elevation Plots (LTEE¢t. 2.3.2), and the Canopy Trimming
Experiment (CTE, Sect. 2.3.3), and we begin momigpin our new field experiments (Sect.
2.3.3). The LFDP provides spatially explicit datginning in 1990, and the LTEP provides
data at multiple spatial scales (plots, elevatioata, watersheds), beginning in 2003. The field
experiments quantify the strength of abiotic drivassociated with gradients in the LM. The
treatment plots in the CTE (Sect. 2.31Bg Litter Exclusion Stream Experiment (Hypothesis
1.2, below) and th&hroughfall ManipulatiorExperiment (Sect. 2.4.1, Hypothesis 2.2, below)
create contrasting environmental conditions fotingghe mechanisms that mold patterns in
multiple dimensions of biodiversity. In the CTEgwonitored treatment effects on taxonomic
diversity but did not assess effects on other dsimars (except some aspects of microbial
functional diversity). We expect trimming to afféanctional diversity more than phylogenetic
or taxonomic biodiversity because of the closedgek between functional traits, niche
characteristics, and the observed environmenttilaision of species. The Litter Exclusion
Stream Experiment manipulates the link betweemrstial and aquatic ecosystems. By severing
this link, theory predicts negative cascading ¢ff@mn the biodiversity of all trophic levels in
food webs (Dodds & Whiles 2010), with larger effeon functional diversity than on other
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dimensions. Th&hroughfall Manipulation Experiment will providestitments with contrasting
soil moisture, helping us to understand how hetemedy in water availability affects microbial
biodiversity. The Landscape Project (Sect. 2. Ayothesis 3.2) will provide aideal
landscape gradient on which to evaluate how meligiinensions of biodiversity vary in
response to local conditions within the contexthef composition and configuration of a
changing landscape (Peters et al. 2007, Willid.e2Q07).

For each study a number of taxa (trees, microlsstra@pods, litter invertebrates, reptiles,
amphibians, and birds) will be evaluated for fuoicéil characteristics and phylogenetic
relationships of constituent species (Villegerle2808, Pavoine et al. 2011) to estimate the
multiple aspects of each dimension of biodiveraitdifferent sites (e.g., 40 sampling points in
the LFDP, 10 plots in each elevation stratum inlfREP). Functional classifications can be
based on guild membership (Blaum et al. 2011, Gared al. 2011) or functional traits (Mason
et al. 2005, Ricotta 2005). Metrics of functionald phylogenetic biodiversity (e.g., Rao's
Quadratic Entropy [Q], Vellend et al. 2011, WeiRéd 1) will be weighted by the relative
abundances or biomasses of species and compareslutts based on incidence alone (i.e.,
presence and absence). Long-term data from thd°L&idl LTEP, collected during LUQ 1-4
and continuing through LUQ 5, will be used to qufgrgpatio-temporal associations among
different dimensions of biodiversity, or among agpeavithin dimensions (e.g., richness and
evenness for taxonomic biodiversity), by meansmwariate and multivariate correlations,
including path analysis. Gradients in functionapbylogenetic biodiversity can arise due to
differences in species richness; sites with modéviduals or species will more likely contain
more functional groups or more distantly-relatedatalue to chance alone. Thus we will
conduct simulation analyses to evaluate whethetignés in functional or phylogenetic
biodiversity simply reflect gradients in specieshness or, instead, represent unique phenomena
requiring additional mechanistic explanation.

Biodiversity and pulse disturbance workplaBpatially explicit long-term monitoring of
selected taxa on the LFDP occurs regularly, asgdartir core monitoring of population and
community dynamics, whereas such monitoring orLfeP will be scheduled over longer
intervals (2-5 yr, depending on taxon). These {targ data will provide the temporal
component needed to assess resistance, resilirdcaimerability (Waide & Willig 2012) of
multiple dimensions of biodiversity to pulse diftance events such as hurricanes and droughts.
As we have done previously for the taxonomic dinmmswve propose to model temporal
variation in multiple aspects of the other dimensiof biodiversity (see above) in response to
such disturbance events using statistical modattiding time series analysis, intervention
analysis (Prates et al. 2010), multivariate rekatealyses of variance (Willig et al. 2011a),
Gaussian or Markov random field approaches (Pettak 2010), and hierarchical Bayesian
approaches (Uriarte et al. 2012). Responses dipteutlimensions of biodiversity to hurricane
disturbance and climate change will also be evatiat the CTE (Sect. 2.3.3), the Litter
Exclusion Stream (Hypothesis 1.2, below) and ThhdalyManipulation Experiments
(Hypothesis 2.2, below), and the Landscape Prdi¢gbothesis 3.2, below). These long-term
experiments simulate changing pulse and pressamagntal drivers in the LM (Scatena et al.
2012, Willig et al. 2012a).

Biodiversity and interacting pulse and press disince workplar-The long-term biotic data
that we continue to gather on the LFDP and LTEM,rsw data in the Landscape Project and in
dammed rivers (Sect. 2.4.3, Hypothesis 3), willd@as to quantify how presses, or temporal
changes in climate or land use, interact with mjlee episodic disturbances, to affect the
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resistance, resilience, and vulnerability of mldtipspects of biodiversity as well as their spatial
associations. To maximize our ability to relatedversity patterns to microclimatic
characteristics across experiments and study aneasjll create synoptic networks of sensors
using LTER standard monitoring protocols. As alseastablished in the Canopy Trimming
Experiment, and partially in the LTEP, networkslwwibnitor abiotic and climatic variables (e.g.,
air, soil, and stream temperature; soil moistusigraadiation) on all experiments and projects.
Such monitoring will enable us to compare chand@sgathe elevation gradient over time and
associate them with observed changes in multigdecs of biodiversity.

We have already quantified elevation gradientgxohomic components of biodiversity in
the LM (Gonzélez et al. 2012) as well as the cumegta-community structure of trees,
gastropods, and other biota (Barone et al. 2008igvét al. 2011a, 2012b, Presley et al. 2012).
As in other tropical mountains, the cloud condansagboint appears to be rising in response to
climate change (Lawton et al. 2001), and plantnahand microbial species will shift elevation
distributions in response (Pimm 2009, Lodge €2@08, Forero-Medina et al. 201 &)tering
gradients in biodiversity and community structuW@e will capture these changes with further
analyses of meta-community structure (coherenceower, boundary clumping) and
hierarchical components of biodiversity (alphaghba@nd gamma) over time (Leibold &
Mikkelson 2002, Willig et al. 2007, Presley et2010).

Hypothesis 1.2: Biodiversity of streams, productiity, detrital inputs, and climate change—
Tropical stream food webs are regulated by inpditeestrial detritus Therefore, reduction of
litter inputs from forests to streams will stronglffect freshwater biodiversity, food web
structure, secondary production, and water qualifRamirez, Covich, Crowl, McDowell, Ortiz,
Pringle, Scatena)

Understanding trophic controls on stream ecosystemstical for understanding how
stream biodiversity, biogeochemistry, and watediggusespond to long-term environmental
change. Current theory in stream ecology, base@search in temperate regions (Wallace et al.
1997, Nakano et al. 1999), states that small, cacopered, headwater streams are
heterotrophic systems that rely on inputs of detritom adjacent terrestrial areas (Thorp et al.
2008, Dodds & Whiles 2010). Tropical headwatesastns are expected to follow this pattern,
but recent studies challenge the importance oftdetas a major energy resource for tropical
stream food webs and suggest, instead, the immear@inprimary production by algae (March &
Pringle 2003, Douglas et al. 2005, Dudgeon et@l02. Our long-term studies in the LM have
shown that litterfall creates a strong connectietwieen terrestrial and stream ecosystems
(Covich et al. 1991, Zimmerman & Covich 2003, 2007pss et al. 2008a). However, the
guantity and quality of detrital inputs to streaamns greatly influenced by hurricanes, droughts,
and climate variability (Sect. 1.1.2, Fig. 10).rleaample, leaf-litter delivery is mediated by
mat-forming, forest fungi that trap and releagelislowly and improve its nutritional quality for
stream organisms (Lodge et al. 2008). But droulgiitthe fungal mats, so that subsequent
floods deliver detritus of inferior quality in laggulses to headwater systems. Thus, if
headwater streams truly rely on detritus as thenreaergy source, they are vulnerable to
changes in drought, flood, and hurricane regimasadffect the adjacent terrestrial ecosystems.
In addition, the loss of riparian-stream connettiis commonly observed after watershed
urbanization and other land use changes (Paul &2§01, Allan 2005). But if streams rely
more on primary production, they should be morestast to changes in the surrounding forest.

We propose the Litter Exclusion Stream Experimarityhole-stream exclusion” (complete
exclusion on a stream reach) of leaf litter, théltallow us to quantify the degree of
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connectivity between stream and terrestrial ecesyst We will also quantify the resistance of
stream ecosystems to reductions in allochthonqu#srfrom riparian vegetation, which may
occur with increasing variability of drought andddl. Moreover, by manipulating leaf detritus
under persistent canopy cover, we will be ablesgeas the importance of terrestrial detritus to
aquatic biodiversity and food webs in isolatiomfrother confounding factors (e.g., changes in
total rainfall, inputs of contaminants).

In the proposed experiment we will assess chamgteienergy source of stream
ecosystems that could lead to changes in ecosysrrntes. For example, nitrogen removal is a
major ecosystem service provided by headwaterraséiMeyer & Wallace 2001). The ability
of streams to remove nitrogen is strongly influehbg factors controlling microbial
communities, such as energy sources and food wetaations (Findlay 2010). Studies at
Hubbard Brook showed that after major disturbaricesst ecosystems tend to lose nitrogen
while streams tend to retain it (Bernhardt et 803). For tropical streams, we lack information
on how such ecosystem services might be affectezhégges in energy to the stream.

Hypothesis 1.2 workplan— In the Litter Exclusion Stream Experiment wel wiltirely exclude
terrestrial detritus, mostly leaf litter, from ente a reach of headwater stream in the LM for at
least 10 yr, to assess responses of multiple dilmesnsf biodiversity (Hypothesis 1.1), algal and
macro-invertebrate biomass, and primary and secgmuiaductivity of the stream. We will also
monitor changes in water quality in response terliéxclusion. The experiment will parallel
successful designs used in the USA (Coweeta LTERIAdE et al. 1997) and Japan (Nakano et
al. 1999). We will select two perennial headwatezams (c. 1 m channel width) close to each
other in the LM. One stream will be manipulatatdl excluded) and the other will serve as a
reference.
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Figure 1C — Long-term annual exports of coarse particulagamnic matter (CPOM) from the
Bisley Experimental Watersheds. The names ovebanerefer to tropical storms or hurricanes
that affected the area. Peak CPOM exports cornesfmmajor hurricanes (e.g., Hurricane Hugo
in 1989), but periods of frequent storm activityg(e1995-2000) can result in low but continuous
exports. (Re-drawn from Heartsill-Scalley et #12)

Along the entire length (150 m) of the experimestatam, a tent-like screen with roof
and side walls will prevent vertical and latergduits of litter from entering the channel. Nets
placed across the permanent channel will blocktioplitter from surface flow during
episodic storms. A similar reach will be selec@d marked in the reference stream, but no

22



screen or walls will be constructed around it. &ese no two streams are exactly the same,
this experiment cannot be truly replicated. Indteee will design the experiment to use
Randomized Intervention Analysis (RIA, Carpentealett989), a design well-suited to the
analysis of un-replicated whole-ecosystem manipmriat RIA requires a manipulated system
and an undisturbed reference system. As requireRIA, all measurements will be
conducted concurrently in both streams to crediteexseries for each characteristic. Similar
to other whole-stream manipulations using RIA (\&ed et al. 1997), we will gather 3 yr of
monthly pre-manipulation data and 3 yr of postttreent data. Most variables will be
measured monthly, thus increasing the power otoatysis. We will measure the effects of
litter exclusion on multiple dimensions of biodisgy, biomass, and monthly productivity of
all major food web components in the streams. Wgamass will be monitored monthly by
sampling benthic biofilms on rocks using a modifiemeb sampler. Primary production will
also be measured on rocks in situ, using chambgsatic insect composition and biomass
will be measured monthly by sampling riffles analso Insect secondary production will be
estimated monthly using the instantaneous growttnode(Benke 1984), with growth rates
for major taxa determined in situ in growth chansbeBhrimp and crab populations will be
sampled in pools using minnow traps, following si@nal protocols (Zimmerman & Covich.
2003, Covich et al. 2006). Shrimp secondary prodoavill be measured following methods
similar to those described for insects (Cross.€2@08a). We will also monitor standing
crops of detritus in the stream bed and changsseam dissolved organic matter and
nutrients monthly. We will closely compare ouruks with those from the Coweeta LTER.

2.4.2 Question 2 How do episodic disturbance events and long-teimate change affect
biogeochemical pathways, responses, and rates?

Understanding the response of biogeochemistrycal,loegional, and global scales to
episodic disturbance events (pulses) and preaglgsices such as climate change is a
fundamental issue in ecosystem ecology. Past imdtie LM shows that many biogeochemical
processes have been resistant to, or resilient aftmificant hurricane disturbances. Stream and
groundwater chemistry (McDowell et al. 1996, Sckaet al. 2000, Shanley et al. 2011,
McDowell et al. 2012), elemental fluxes in streaatev (Schaefer et al. 2000), soil carbon and
nutrient pools (Silver et al. 1996, Teh et al. 2008tes of litter decomposition (Sullivan et al.
1999) and trace gas fluxes (Erickson & Ayala 206x4)either resistant to hurricane disturbance
(e.g., Siand Ca in streams), or return to pretbame levels within a year or two (e.gazNflux
from soils). The resilience of these biogeochehpoacesses in the face of increased hurricane
frequency is unknown, however.

Despite the apparent resilience of the foresteddeape to hurricane disturbance, it appears
that the biogeochemistry of this tropical landscaysy be relatively sensitive to episodic wetting
and drying events. Alternating wet and dry perilikily result in flushes of microbial activity
that release nutrients and organic matter (Lodge. 4994), and may shiftonditions past
biogeochemical thresholds that result in a changedox status. In upland soils, we have
documented shifts from oxic to anoxic conditionsaaponse to increased soil moisture, and
changes in the frequency and magnitude of redatuations (Silver et al. 1999, 2012, Liptzin et
al. 2011). These responses result in corresporatiagges in redox-sensitive processes in
upland soils such as greenhouse gas productionarslimption (Silver et al. 1999, 2012, Teh et
al. 2008, Liptzin et al. 2011), nitrogen cyclingly8r et al. 2001, 2005, 2011, Templer et al.
2008), and soil iron and phosphorus dynamics (Ghatal. 2006, Liptzin & Silver 2010). It
can also lead to large differences in the N cheynidtsoil solution collected from wetter and

23



drier environments (McDowell 1998). In the riparizone, we have shown that the forms of N
in groundwater differ dramatically with redox s&{McDowell et al. 1992, 1996) and that
topographic transitions, where these redox chaagesr, are hot spots for,® emissions from
surface soils (McSwiney et al. 2001).

LUQ takes three approaches to understanding tigetemm drivers of biogeochemistry in
this landscape. First, we are documenting longHgatterns in fundamental biogeochemical
parameters such as litterfall mass and nutrierdatéfa et al. 1996, Zalamea & Gonzéalez 2008,
Heartsill-Scalley et al. 2011), stream nutrientroiggry and export (e.g., Schaefer et al. 2000,
Shanley et al. 2011, McDowell et al. 2012), anddrgas flux (Table 1, Silver et al. 2012 and in
prep.). These baseline measurements help detehowmdiogeochemical processes respond to
both long-term drivers (press) and episodic (pulssfurbances. Second, we will continue the
CTE, which simulates effects of hurricanes on aféiogeochemical parameters over the long
term. Third, we will begin the Throughfall Maniation Experiment that will alter the delivery
of water to forest plots to help us understanddhg-term effects of more extreme wetting and
drying events on forest biogeochemistry.

Hypothesis 2.1: Biogeochemistry, system productiy, and hurricanes —Repeated pulse
disturbances associated with hurricanes lead teeeted pulses of nitrogen loss in soil solution,
repeated decoupling of soil G&ux from litter inputs, long-term changes in stédcomposer
communities, and decreased net primary productiv@gil C storage, which reflects the balance
between carbon inputs and carbon mineralizatiot, d&crease with repeated disturbance
(Gonzélez, Cantrell, Lodge, McDowell, Richardsoitye3, Willig, Zimmerman)

The responses of biogeochemical cycling to epispdise disturbances and climate change
are closely linked to changes in community compasjtprimary production, and nutrient
availability. During the first phase of the Canofrymming Experiment (CTE, Sect. 2.3.3, Fig.
6) we showed that the simulated hurricane treatmksrted the ratio of fungi to bacteria, fungal
connectivity, and diversity of microarthropod fuioctal groups, as well as rates of mass loss of
litter and nutrient translocation, thus clearly linking chasge biodiversity to changes in
ecosystem function (Sect. 1.1.1, Richardson é(4l0). We expect that repeated application of
the trim-and-deposit-debris treatment of the CTEafiment D, Fig. 6) will result in long-term
alteration of the composition of the decomposermaimty, soil nutrient dynamics, and carbon
mineralization and storage.

Past work in the LM shows that soil C balance camlbered by changes in biogeochemical
inputs. Experimental N fertilization resulted im iacrease in heavy fraction soil C (Cusack et al.
2010), a change in microbial community structureddge et al. 2008, Cusack et al. 2011), and an
increase in storage of C in mineral soil. Howewae of the striking biogeochemical results
from the long-term data in the CTE is the decoupbhlitter inputs and soil COefflux
following disturbance (Fig. 3). Prior to manipudat, litter inputs and Cgfluxes were tightly
coupled in all plots, with both tracking changesemperature and light availability. Following
canopy trimming, soil respiration in treated plditgerged from controls for only 1.5 yr, even
though litterfall remained lower in the trimmed @® yr after the original manipulation. Leaf
area index, soil nitrate levels, and microarthraprsponsible for litter decompaosition
responded to canopy opening and debris additich@same time frame as did soil £&flux,
with a return to pre-treatment levels in 1.5 yheTprolonged reduction of litter inputs to the
forest floor, when combined with the return of £&¥lux to pre-treatment levels, suggests that
repeated hurricane disturbance will reduce stanstiogks of soil C, alter the quality of soil C,
and change the composition of the soil litter degoser community. Although we have seen
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that microbial communities in forest soils of thiel lare affected by disturbance (Lodge et al.
2008), we know little about the identity of parfiumicrobial species or fungal functional
groups that may have been affected by the origiaabpy trimming manipulations. We will
focus additional attention on the responses ofaginic matter and soil decomposer
communities (taxonomic, functional and phylogenbtadiversity) to hurricane simulation in
LUQ 5. By repeating the trim-and-deposit-debreatment in the CTE, during LUQ 5 we will
build the long-term record needed to understandirtkages among C fluxes and the
composition and activity of decomposers.
Hypothesis 2.1 workplan -As mentioned, we will repeat the trim-and-depaogbris treatment
of the CTE (treatment D, Sect. 2.3.3, Fig. 6) in20measuring C&Xlux, soil solution nutrients,
litterfall, tree growth, litter decomposition, coogtion of litter decomposer communities, and
the amounts and forms of soil C in response tartapipulation. In addition we will continue to
measure abiotic characteristics (air and soil teatpee, light, soil moisture) continuously in
each of the control and treatment plots. Littésfall be collected every two weeks. Greenhouse
gas flux (CQ, CHs, and NO) and nutrients in soil solution (NH NOs, PQ¥, DOC, and DON)
will be measured monthly. Changes in litter mictimeopods, including taxonomic, functional,
and phylogenetic biodiversity, and microbial fuoatal group diversity (through Terminal
Restriction Fragment Length Polymorphism [TRFLRne libraries, and fungal:bacterial ratio)
will be measured quarterly. Rates of litter decgm growth, and seedling recruitment will be
measured annually. Soil C fractions will be meaduat the beginning and end of the study
(methods in Cusack et al. 2010).
Hypothesis 2.2: Biogeochemistry, soil C, and clinba drying — Soil C storage and loss are
tightly coupled with the magnitude of precipitatiom long temporal scales (months to years),
whereas greenhouse gas fluxes respond to the tiofiirjnfall events on shorter temporal
scales (days to weeksJ hese differences in response times derive fnemnelative sensitivity of
nutrient availability and microbial communities ¢banges in redox(Silver, Cantrell, Gonzalez,
Lodge, Mayol, McDowell)

In the Caribbean, climate change will likely leaddwer and more seasonal rainfall
(Angeles et al. 2010, Comarazamy & Gonzélez 20PBst research in the LM showed that
tropical forest biota and biogeochemistry are semsio drought (Sect. 1.1.2). A predicted
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Figure 11— Throughfall (bottom) and rainfall (top) with jpauls of local drought indicated
(lowest 5% mm d). Individual colored bars are weekly values codganonth (red is May).
Thick black line is running average. (Heartsilaey et al. 2007)
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increase in the magnitude or intensity of particudénfall events (Knutson et al. 2010) can also
affect ecosystem processes (Fig. 11). This isqudatly true of redox-sensitive biogeochemistry
including the production and consumption of greerseogases (Sect. 1.1.2, Liptzin et al. 2010,
Burgin et al. 2011). Understanding the resilieat&opical forests to fluctuations in

precipitation will help us to predict the vulnerayiof ecosystems to climate change. Therefore,
we propose to manipulate throughfall over the Itargy to examine the effects of changes in soll
moisture on biogeochemical pools and fluxes, angdaiterns in microbial community
composition and multiple dimensions of biodiversay which these biogeochemical processes
depend. Previous throughfall manipulation studiesopical forests produced conflicting

results with regard to C and N cycling (DavidsomleR008, Cleveland et al. 2010, Wieder et al.
2011, Wood & Silver 2012) and generally exploretyame level of throughfall change. We
propose to determine the effects of multiple lewdlgroughfall change to help us identify the
mechanisms that link biogeochemical fluxes to mb@bcommunity composition and multiple
dimensions of biodiversity. LUQ has the world'sidest continuous record of throughfall
measurements (Heartsill-Scalley et al. 2007), &rmative context for this experiment.

Hypothesis 2.2 workplan —-To determine the effects of changes in soil mogstir soll
microbes and biogeochemistry, we will establishTtheoughfall Manipulation Experimeii
tabonuco forest We will add or exclude throughfall for 6 to 10tgrexplore the effects of
changes in soil moisture on root biomass, soil otial diversity, soil C and nutrient storage and
loss, and greenhouse gas dynamics. To maniphiateghfall we will use clear, corrugated
plastic roofs (four 1.1 x 1.1 m sheets) placed V& frame, about 1.5 m above the soil surface
(Wood & Silver 2012). These clear shelters faaiéitreplication, have minimal effects on
microclimate apart from water diversion, and aresidered the best approach for exploring
mechanisms driving patterns in biogeochemistryrarmtobial composition (Fay et al. 2000,
Cleveland et al. 2010, Wood & Silve012. We will establisHive replicate 2 x 2 m plots of
each of the following four treatments: 100% thrdiadjiremoval, 50% throughfall removal,
throughfall doubling, and un-manipulated contrd) (Rots total) In a pilot study we used
similar design to reduce throughfall at this sied found a 16-36% decrease in soil moisture
over three months in the 0-10 cm depth (Wood &e3iR012). The roofs on all plots will be set
at an angle to capture all runoff in a trough. &/ataptured from the 100% throughfall removal
will be applied to the throughfall doubling ploava passive rainfall simulation system (Rubol et
al. submitted). Half of the captured water willdistributed on the 50% throughfall removal
plots, and all captured water will be placed backhe control plots, using a passive, automatic
watering system. Litter falling onto the shelteti be distributed weekly onto the plots. We
want to alter but not completely exclude soil maist therefore we will not trench around the
plots, which has the unwanted side effect of agmgéd change in root biomass and soil
hydrologic dynamics (Silver & Vogt 1993, Silveradt 2005). Tensiometers in each plot will
document the effectiveness of our throughfall malaifions in altering soil moisture content.
Soils will be sampled for microbial communitiesla beginning of the experiment and
guarterly thereafter. Soil cores will be sampledfine root biomass at the beginning of the
experiment (n = 3 per plot) and yearly thereaf®lver & Vogt 1993). Soil moisture,
temperature, and £zoncentrations will be monitored hourly using anébed sensors at 10 cm
depth. Trace gas fluxes (GON,O, CH,) will be measured every two weeks for the firsarye
using two surface flux chambers per plot, afterchHiuxes will be monitored monthly. Porous
cup tension lysimeters will be used to measureotlisg nutrients and organic matter in soll
solution at the same frequency as trace gasesce@ations of reduced Mn and Fe will be

26



measured in lysimeter samples and soil extragisdeide an index of Mn and Fe reduction,
which are dominant anaerobic biogeochemical pr@sessthis system. Soils will be sampled
quarterly for pH, Fe and Mn reduction potentialtgaaial net N mineralization, and soil P
concentrations Shifts in microbial functional biodiversity will béetermined through TRFLP,
clone libraries, and fungal:bacterial ratios.

2.4.3 Question 3 Howdo changes in land and water use affect biodiveesitd
biogeochemical dynamics, which, in turn, affectsgstem functions and the delivery of
critical ecosystem services?

Questions 1 and 2 address the impacts of climatsep and presses on ecosystems. The
experiments we use to answer those questions GTike Litter Exclusion Stream Experiment,
and Throughfall Manipulation Experiment — will pide mechanistic understanding of how
changing climatic drivers affect biodiversity anddeochemistry. In Question 3 we use those
experimental results, our long-term observationd, additional field work and modeling to ask
how the climate drivers, the direct effects of hamaater and land use, and interactions between
climate and human activity are affecting ecosyssemices in the landscape in and around the
LM (Figs. 1, 5).

The LM provides water, biodiversity, recreationdasther ecosystem services and products
(Gonzélez-Caban & Loomis 1997, Scatena et al. 208&chner 2003, Santiago & Loomis
2009, Lopez-Marrero & Hermansen-Baez 2011). Tipesducts and services are affected by
land use in the lowlands surrounding the LM (Lu@®4, Lugo & Helmer 2004, van der Molen
et al. 2010) and by changes in the hydrologic cotiviey between the lowlands and the LM
(Pringle 1997, Greathouse et al. 2006a, Crook. 0419, Hein et al. 2010). Hydrologic
connectivity refers to the water-mediated transfanatter, energy, and organisms within or
between elements of the hydrologic cycle (sensugii2001). Longitudinal riverine
connectivity, between upstream and downstream esagh both directions), plays a key role in
structuring streams draining the LM (Kikkert et2009). Reduced stream flows, due to water
withdrawals associated with urbanization (prestudisince), are exacerbated by more frequent
and longer droughts (interacting pulse and preshk)s can result in the total cessation of flow
and reduced connectivity in streams for up to s#vaonths each year, interfering with both the
upstream and downstream migration of native fighsrimps (Holmquist et al. 1998). The
decrease in numbers of migratory aquatic organtbatsfeed on algae and decomposing leaves
(March et al. 2003, Blanco & Scatena 2005, Greatbat al. 2006a, Hein et al. 2010)
potentially reduces water quality (Santos-Romaail.2003) and recreation potential. On land,
lowland deforestation fragments forests and canaedainfall in the LM (van der Molen et al.
2010) with effects such as reduced gene flow anficmggpopulations (Barker et al. 2011).

How these long-term changes in connectivity and leover affect the resilience and
vulnerability of ecosystem processes and serviései focus of hypotheses and projects of
Question 3. This question is also a focal pointirfitegrating activities within our site and with
other research programs, including NEON, STREONZQCULTRA-EXx, and IGERT in Puerto
Rico. The projects for Question 3 span spatidesdhat range from plots and stream reaches
(Hypotheses 3.1) to regional scale studies of thanizing coastal plain that surrounds the LM
(Hypothesis 3.2). By extending our long-term eominental sampling network and conducting
shorter synoptic studies we will evaluate how clesnig aquatic biogeochemistry and riparian
soils influence local and regional biodiversity dahd delivery of ecosystem services.
Accordingly, Hypothesis 3.1 addresses how longitabiiverine connectivity (between the LM
and coast) has changed over the last 30 yrs, andliffi@rent levels of connectivity affect
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ecosystem function and services. This hypothesmmplements mechanistic studies in the Litter
Exclusion Stream Experiment (Sect. 2.4.1). Hypsith8.2 addresses how past and present
construction of a four-lane highway adjacent toltMeinfluences the functioning and services
of aquatic and terrestrial ecosystems. Hypoth&&iprovides a platform for future long-term
studies of the changing landscape.

Hypothesis 3.1: Ecosystem processes, services, amdrine connectivity — Longitudinal
riverine connectivity between the LM and the cazstreased dramatically between 1994 and
2004. We predict that connectivity has increasedes2004, due to the implementation of water
withdrawal infrastructure designed to increase shuevival of migratory aquatic organisms
While streams draining the LM are vulnerable tor@asing water withdrawals, the ecosystem
processes of nutrient retention, respiration, prniynproduction, and decomposition will be
highly resilient as long as some stream flow isire#d In contrast, we predict that when a state
of ‘zero’ connectivity exists (above large damswib spillway flow) these ecosystem processes
and associated ecosystem services will be significaeduced due to the potential extirpation
of many native organismgPringle, Scatena, Crowl, Covich, McDowell, Orfamirez,
Santiago)

LUQ research on the hydrologic budgets and watefishe LM has documented a
dramatic increase in water extraction (mainly fotgble water) and a corresponding decrease in
the longitudinal connectivity of LM streams for ma¢pry biota (Fig. 12; Nauman 1994, Crook
10 - et al. 2007, Crook et al. 2009).

g m Snails present In 1994 only 50% of the water
> 84 O Snails absent in streams draining the LM
s 5 reached the coast on an average
o day, and by 2004 only 30% of
8 4 4 the water reached the coast on
£ 5 average (Crook et al. 2007). In
3 response to concerns about the
< r ' , impacts of water withdrawals
Permanent Seasonal Episodic on riverine connectivity, water
. . managers adopted an
River-ocean connectivity ecologically-based hyporheic
Figure 12— Presence of populations of the sititina stream water extraction system
virgineain 32 rivers of Puerto Rico with varying conneitfiy  suggested by LUQ (Benstead et
to the ocean. River connectivity is characteriasd al. 1999, Scatena & Johnson

permanent, seasonal, or episodic. (Blanco & Sez2606) 2001, March et al. 2003). Two
off-stream storage reservoirs

designed to provide passage for aquatic organisens also built on two large streams that drain
the LM. By combining our existing long-term dat@éhwfocused mechanistic studies, we now
have the unique opportunity to ascertain if thea@agement changes have increased riverine
connectivity and/or altered biogeochemical processel associated ecosystem services over the
last 10 yr.

Hypothesis 3.1 workplan— This hypothesis will be addressed by: 1) updgtive hydrologic

and water use budgets of the LM to determine howhmvater has been extracted in the past 10
yr, 2) assessing changes (between 1994, 2004, i the relative vulnerability of native
stream organisms to water withdrawals using a Li@@vedIndex of bi-directional riverine
connectivity(Crook et al. 2009), 3) directly examining biologi@nd geomorphic effects of the
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two new off-site reservoirs to test the impacthefge new management strategies on
biodiversity, and 4) comparing ecosystem proce@sdsient retention, respiration, and
decomposition) and associated services in threzstgpstreams: a) relatively free-flowing (flow
to coast >80% yr), b) streams experiencing sigaifidevels of water withdrawal (no flow to
coast 50-80% per yr), and c) stream reaches almwes that have completely lost their
connectivity with the coast. Coordinated samphng studies in non-free-flowing stream
reaches above large dams and other barriers wwige the opportunity to quantify how “zero”
connectivity (accompanied by the complete lossatifie macroconsumers) affects
biogeochemistry, ecosystem processes and assoei@system services. By studying reaches
that span a range of connectivity (free flowingtmpletely disconnected) we will be able to
estimate the thresholds at which changes in comitgdhfluence biodiversity, ecosystem
function, and services. Data from previous LUQaptit sampling of aquatic biota (Benstead et
al. 1999, Blanco & Scatena 2005, 2006, Crook e2@09) will be combined with new sampling
above and below different types of extraction diteassess if the changes in biodiversity and
connectivity that were predicted during LUQ 3 anldade occurred. In stream reaches that will
be selected in coordination with studies proposddyipothesis 3.2 (and including both control
and reference stream reaches in the Litter ExaiuSteeam Experimen$ect. 2.4.1), we will
guantify and compare reach-scale geomorphic anthhiid characteristics (Pike et al. 2010),
biodiversity, nutrient demand (Tank et al. 200@gpiration (Ortiz-Zayas et al. 2005), and
decomposition (March et al. 2003). In additiorwoole-reach measurements, we will also use
small-scale electric exclosures (modified from Blen& Blake 1994) nested within stream
reaches to experimentally examine how decompositespiration, and primary production are
affected by macroconsumer exclusion caused by tiethsan connectivity. By using
standardized design elements from STREON (eleexttosures [Pringle & Blake 1994],
sediment baskets, etc.) this project will promatess-site analysis and inform the analytical
framework of STREON. Finally the results of thesadies on the influence of connectivity on
stream ecosystem processes and services will helattin the landscape water model
described in Hypothesis 3.2.

Hypothesis 3.2: Ecosystem processes, services, mtlscape change- Road building and
urbanization at the base of the LM will reduce gstsm services by simplifying the structure
and biodiversity of aquatic ecosystems and reduaiater quality In addition, land use
changes will fragment adjacent terrestrial plantmounities, reducing biophysical connectivity
and biodiversity Consequently, we predict the development of “arfndromes” in linked
aguatic and terrestrial ecosystems along the flasfkbie LM and a reduction in critical
ecosystem service¢Zimmerman, Uriarte, Brokaw, Crowl, Covich, Mcell, McGinley,

Ortiz, Pringle, Ramirez, Santiago, Scatena, WiNig)

Puerto Rico Route 66 is a four-lane highway undestruction (Fig. 5) that exemplifies
trade-offs between development and ecosystem sstvithe highway is being built at the base
of the LM and provides a unique opportunity to edé¢ and predict the long-term
environmental changes resulting from highways, nidzdion, and the interaction of pulse and
press disturbances on tropical ecosystems (Lauktrede 2009, DTPW 2011). A 13-km section
of Route 66 has operated since 2006. A secontseastunder construction and will be
operational during LUQ 5, and a third section rtearLM will be developed after 2018. By
2030 the road will be part of a highway system #ratircles the island and the northern
semicircle of the LM (DTPW 2011). This combinatioffinished, under-construction, and
planned sections of the road near the LM provige®eaperiment” to track the development of
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urban stream and terrestrial syndromes (simpliieifagmented ecosystems with low
biodiversity). During LUQ 5 we will develop a losigrm platform to monitor and model
ecological and human effects on these ecosystechstsat their services can be predicted as
highway construction and development proceedshodigh beyond the scope of LUQ, we will
seek additional funding to develop scenario anslgased on this platform, as suggested in the
Mid-Term Review (Section 4).

Hypothesis 3.2 workplan -Specific projects under Hypothesis 3.2 includestiiflies of the
region’s land use history, 2) analysis of the @ffef this history and recent highway
construction on stream and floodplain geomorphalagyl the biogeochemistry and biodiversity
of aquatic and adjacent terrestrial communitied, Zfurther development of a landscape-level
model that links changes in water quality and gityatd physical, biological and socioeconomic
drivers (Uriarte et al. 2011).

Land use history Land use records, aerial photography, and resestsing data will be
compiled and analyzed to construct a historicabr@of how landscape pattern and structure
changed in the study area before and after thercmtisn of Route 66. This will extend our
previous research on long-term environmental chamgeeffects on biodiversity in northeastern
Puerto Rico (Thomlinson et al. 1996, Thompson .e2@02, Willig et al. 2004) to the coastal
floodplain and provide a platform for future stuglia the area.

Impacts on aquatic and terrestrial ecosystersiring LUQ 5 we will establish a network of
sites for synoptic sampling of stream and floodpz@omorphology, water chemistry and
quality, and the biogeochemistry and multiple disiens of biodiversity of aquatic and adjacent
terrestrial communities. At the start of LUQ 5p@nent stream-riparian plots will be
established within representative 100-yr floodinges along a gradient of urbanization to
evaluate how land use change affects hydrograpthsther elements of these aquatic/terrestrial
ecosystems. The establishment and analysis & frersnanent plots will be a central
component of a PhD dissertation. The plots wilsampled every 2 yr as a training project for
REU students and students working in the LCZO.

Landscape-level model of water quality and quartiecent LUQ research has begun to
identify drivers of land cover change and their aogs on water provisioning (Uriarte et al.
2011). This component of the project will devethpse techniques at a finer spatial resolution
for the area surrounding the LM and affected byttighway. It will focus on: a) quantifying the
impacts of spatial heterogeneity in land cover gesaron several water quality indicators
(Santos-Roman et al. 2003), and b) determiningpaial scale at which this heterogeneity
influences water quality. The result will be atistically-based model that links physical,
biological, and socioeconomic drivers to water guand quantity (Uriarte et al. 2011). In

LUQ 5 we will conduct sensitivity analyses of prgd urbanization due to the expansion of
Route 66, varying the amount and dispersion of nigaéions as key components of land use
change and studying changes in landscape fragnentatd water quality. These results will
provide the basis to seek additional funding t@rporate social components of land use change
(land use planning and social perceptions thaedemnd use change) and scenario analysis.

2.5 SYNTHESIS AND PRODUCTS

LUQ 5 will represent a new peak of achievementiaguillo LTER, catalyzed by recent
syntheses of our work and by expanding connectmosher research networks, and manifested
by expansion in research approaches and prodiibere is an expansion in scale: to our studies
on episodic natural disturbance and response wenade focus on long-term environmental
change and more landscape-level work, to gain tidenstanding we need to foresee future
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states of ecosystem services. There is also aaneign in approach: the observations over 24 yr
and the syntheses of LUQ 4 were prerequisitedhfonew field experiments and landscape-level
studies on long-term environmental change propéseldUQ 5. The broad relevance of the
studies in LUQ 5 connects LUQ to other programesu®s from long-term observations in the
LFDP are used in CTFS syntheses; the CTE links kitiicane research at the Harvard Forest
LTER,; the Litter Exclusion Stream Experiment corteegith litter exclusion at the Coweeta
LTER and will complement studies of riparian effeon streams in San Juan ULTRA-EX; the
Throughfall Manipulation Experiment complements uilig CZO studies of soil moisture and
weathering; and the Landscape Project and the dapdsvater modeling will synergize with
Puerto Rico NEON, STREON, and IGERT.

Major products of LUQ 5 will be definitive synthesef results from tests of our
hypotheses. About one yr after we begin LUQ 5yieconvene a workshop on "concepts and
approaches for quantifying multiple dimensions iotiversity as mechanisms for understanding
succession and long-term change.” Toward the étited_UQ 5 cycle we will hold a workshop
to synthesize our understanding of the resistaesdience, and vulnerability of aquatic and
terrestrial tropical ecosystems to interacting @(largely natural) and press (largely human)
disturbances. Another workshop will synthesizeregults on water in ecosystems and as an
ecosystem product (Fig. 8). In a tropical worlccb&nging hurricane regime, warming and
drying, increasing variability of rainfall, and idpurbanization, our syntheses will address the
consequences for biodiversity, biogeochemistry, esabsystem services. LUQ 5 research and
education help fulfill thédecadal Plarfor LTER(LTER 2007, Collins et al. 2011); it is an
integrated program of long-term and experimentséaech, linked to education, and designed to
help sustain ecosystem services in tropical enwmemnts.

Section 3 Education and Outreach

LUQ education and outreach programs are led bypfegsional educator, in collaboration
with LUQ researchers. Steven McGee, an educatresabrcher and Presidenfltfe Learning
Partnership guides the LUQ Education and Outreach Prograti, mélp from Noelia Baez
(education coordinator in Puerto Rico), Jess Zinmaer, Jorge Ortiz-Zayas, Eda Meléndez
(LUQ Information Manager), and Ariel Lugo.

3.1 SCHOOLYARD LTER
For nearly 20 yr, the US Forest Service and thevésity of Puerto Rico-Rio Piedras have
collaborated to develop K-12 curriculum in scieaoel mathematics throughout Puerto Rico.
These efforts led to the development of the LUQd®tfard LTER program that now involves
high schools in four rural municipalities. Self-tivated teachers from each of these schools,
with the assistance of their students, have estaddli long-term plots on public and private lands
near their schools to study forest structure anthdycs. In some schools, these investigations
have had outstanding results, with teachers publish a peer-reviewed journa¢ta
Cientificg Vol. 13, 1999) and attending national conferend@sring LUQ 4 we
institutionalized Schoolyard LTER by hiring an Edtional Coordinator for the project. This
has strengthened our relationship with these fagir fichools, and helped guide teachers and
students as they monitor their long-term plots @ewdrd biological and environmental data.
During LUQ 5, we will continue to improve the learg cycle for the participating schools.
We will begin with a weekend internship at El Vefdeld Station, where the teachers and
students train in data collection protocols and ag@&ment techniques under the guidance of
UPR researchers and graduate students. Thisnggimepares them to conduct similar
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investigations at their school sites throughoutabademic year. Twenty students participate
(five from each school), ranging in grade from sapbres to seniors. These students are
selected by their teachers based on their leagevgthin the program, and returning students
serve as mentors to their peers. During the soyemnl, Schoolyard Educational Coordinator
Noelia Baez visits each of the schools on a mortibkis, serving as a liaison between
Schoolyard staff and the classroom and providimgpsett in the implementation of the research.
We recently added a data analysis and managemeksivap during the spring, held with the
teachers from each institution and led by Ms. B&#2R researchers and the LUQ IM. The
annual cycle culminates with a research symposielioh &t UPR, at which students from each of
the four schools present the results of their mebea

3.2 JOURNEY TO EL YUNQUE

During LUQ 3 and 4, LUQ researchers supported tweldpment of a four-week bilingual
middle school curriculum unit calletburney to El Yunquéhttp://elyunque.net/journey.html).
Students use LUQ data to investigate the effeckdunficane Hugo and Hurricane Georges on
the LM and consider the long-term implicationsrafreased hurricane activity. Steven McGee
and Jess Zimmerman have leveraged LUQ NSF funding &-yr grant of over $1,100,000 from
the U.S. Department of Education to conduct bassearch, in collaboration with an educational
psychologist, on how the program affects motivatod learning. The project will lead to a
significant revision of the web site materials.

3.3 REU, OTHER UNDERGRADUATE PROGRAMS

The University of Puerto Rico has led an REU sitisgpam in tropical ecology and
evolution at El Verde Field Station since 2002;dung for the program was renewed in 2011.
This program has involved 92 students, 55% of whenime from under-represented minorities,
and produced 23 publications, 12 with the studeriirst author, since 2002. REU funding for
two students from LUQ will allow us to expand thimgram to ten students per year, as in past
years with supplemental funds.

In addition to REU, research on the LFDP, LTEP, @ddE has been supported by volunteer
internships filled by undergraduates or recentbdgated students seeking experience in tropical
research. About two hundred students, mostly woamehover 35% underrepresented
minorities, have participated in these programd,rmany have gone on to pursue academic
studies. In these internships, usually of threatimgy students receive per diem, travel, and
lodging. Training in identification, field methodsd data management, and seminars by
researchers, enrich the field experience. BegqimrLUQ 5 we will establish the Alejo Estrado
Fellowship Program by supporting two Fellows thrioowgt the year to participate in the CTE,
the Litter Exclusion Stream Experiment, and theoTighfall Manipulation Experiment. Of
longer duration (as much as six months to onetlyese fellowships will target minority students
seeking field experience as a step toward an adad=mreer.

3.4 UNDERGRADUATE AND GRADUATE PROGRAMS AT UPR

The creation of a Department of Environmental SmefES) at UPR, formed from an
existing ES program and the Institute for TropiEabsystem Studies (where LUQ is based), will
increase the influence of LUQ research on the adgwveént of the undergraduate and graduate
programs at the university. The funding of an IGERogram in Human-Natural Systems in the
Urbanizing Tropics at UPR during LUQ 4 was led ByQ researchers in collaboration with the
existing faculty in the ES Program. Receipt of RIEfunds provided the administrative
imperative for the university and state agenciesotaplete approval of the ES Graduate
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Program, now in its third year of operation. Céssm the undergraduate program in ES at UPR
have frequently been taught by LUQ researcherstiore of the new department will ensure
continued input of LUQ concepts and findings irte tindergraduate curriculum.

LUQ has a strong program in graduate student trgjrd8 graduate students have been part
of LUQ 4. Many are supported, at least in pargdty by the grant, at UPR or via subawards to
collaborating institutions. Cohesion among stusiémm the different institutions represented in
LUQ is fostered by a Graduate Student Organizamhby an elected Graduate Student
Representative, who represents LUQ among studettis &aTER Network level. We have a
dedicated e-mail list for students (lug-studente@kt.edu) and activities devoted to graduate
students at our annual and other meetings. Mr.rRéeez, current Graduate Student
Representative, has developed an excellent edacatid outreach website about research on
Puerto Rican rivers (https://sites.google.com/aditer.edu/luquillo-lter/home).

Section 4 Addressing the 2009 Mid-Term Review
The 2009 mid-term review of LUQ included four maatommendations for research,
which we present here, with explanations of howadedress them.

“The PlIs might consider a manipulative experiment tht directly tests hypotheses about
linkages between terrestrial and aquatic ecosysterndVe have amply documented the
linkage of forest and stream ecosystems alongiaipaiones in the LM, in terms of leaf-litter
inputs to detrital-based food webs in headwateastis (Covich et al. 1991, 1996, Wright &
Covich 2005a, 2005b, Cross et al. 2008a, Crowl. &090, 2006). To elucidate the linkage
directly we propose the Litter Exclusion Stream &xment in LUQ 5, in which we exclude
terrestrial litter from headwater streams (Sed.13.

“The committee did not hear any characterization osecondary productioi Since the 2006
review we have described the secondary producfishramps that consume detritus in streams
(Cross et al. 2008a, b). We will also measurersgaxy production in the Litter Exclusion
Stream Experiment (Sect. 2.4.1), and we recentjabdong-term sampling of benthic
invertebrates in forested and urban sites to agsedsictivity. LUQ research is the first study of
secondary production in a tropical urban river.

“A scenario planning approach could be considered taddress potential directions of
monitoring and experiments to examine potentiallymportant issue$ Our proposed work
on spatial and temporal variation in biodivers®g¢t. 2.4.1) and, especially, our Landscape
Project (Sect. 2.4.3) lend themselves to scendauanmng. True scenario planning, however,
involves intensive work with stakeholders and mansa@Biggs et al. 2010), and at present we
do not have the resources for the outreach anegsineeded. During LUQ 5 we will explore
ways to begin scenario planning, building on ondkcape work on ecosystems and services
(Sect. 2.4.3)

“research would benefit from digital access to comghensive ...GIS layers.How scaling is

... handled is critical’” Spatial analyses are woven into several compsn&iLUQ 5, including
modeling, gradient analyses, and land use changdesst Long-term LUQ measurements
inform spatial modeling of ecosystem structure famdttion and are used for modeling
geospatial projections of future landscapes. Legaty studies are being geo-referenced with
appropriate metadata. LUQ 5 has the support té-stiathe art geospatial tools, expertise, and
analysis from Dr. Mei Yu (Senior Personnel) at URR-and the US Forest Service International
Institute of Tropical Forestry GIS Remote Sensiagpdratory.
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