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Ecohydrology and selforganization of black ash wetlands
Jacob Sullivan Diamond
ABSTRACT

Wetlands selbrganize through reciprocal controls between vegetation and hydrology,
but external disturbance may disrupt these feedbackaitequent changes to
ecosystem state. Imminent and widespread emerald ash borer (EAB) infestation

throughout North Americhas raised concern over possible ecosystem stateishifts
forested wetland§.e., to wetter, more herbaceous systems) and logsres$t function,

calling for informed landscapecale management strategiksthis dissertation, | use

black ash wetlands as a model system to understandlex ecohydrological dynamics
andl use these dynamics to explain gef-organization of obseed patterns in
vegetation, hydrology, and microtopographic structure. The combined inferences from
the three research chapters strongly implicate black ash trees as autogenic ecosystem
engineers, who, through the process of improving their local growingjtions, cause a
cascade of environmental changes that result in a unique ecosystem stfinsure.
unique ecosystem structure is uneeistentialthreat fromthe invasiveEAB. Through
experiment, | show that loss of black ash tredsA8 induces persient shifts in
hydrology that result from reduced evapotranspiration and subsequent changes to water
tableregime(Chapter 2) These results suggest the potential for catastrcgbhiiis of
black ash wetlands from forestemnonforested, marstike staes under a daothing
EAB management scenaridowever, research presented here suggestpribanptive
management of black ash wetlands can potentially mitigate loss of desirable forested
conditions.Forest management to replddack ash with other wethd canopy species
may be a slow and steady path towards forest mainteremtiearvesting mayacilitate
establishment of alternative specigsthe case of preemptive harvesting of black bsh,
positthat maintenance of microtopographic structure eeithrough leaving downed
woody debris or through physical creation, is paramoufurést recovery
Microtopography in these ecosystems provides cruei@f from anaerobic stress
generated by higher water tables, allowing woody species to persistvated
microsites (e.g., 30 cm above base soil elevation). Morgbskow that
microtopography in black ash wetlands has clear structure and pattern and that its
presence arises froself-organizing process driven by feedbacks among hydrology,
biota,and soil§Chapter 3)I further show that this structured and ramdom
microtopography has profound influence on biogeochemical processes in black ash
wetlands, controlling plant richness dsidmassand soil chemistry gradients (Chapter
4). Based orthis work, | propose that structured wetland microtopography is a diagnostic
feature of strongly coupled plantater interactionsand these interactions may be
importantfor ecosystem resilience to disturbance
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GENERAL AUDIENCE ABSTRACT

Plants need water, but not too much nor too little. In wetland ecosystems, plants
influence water levels through both water use and #ifgcton soil surfacesiVhen
wetlard plants use water, they take it from the soil, which leads to lowering of water
levelsand driersoil conditions. h many wetlands, the amount of water that plants take
from the soil is a finguned process. Therefore, when disturbances happen to wetland
ecosystems, like largecale tree mortality, major changes can occur to the amount of
water in the soil and soils typically become wetteiisThange to a wetter ecosystem can
persist for long periods, and can affect the types of plants that can lhewetland.
However, pants also affect wetland water levels by engineering the soil around them,
essentially lifting themselves to drier conditiofBrough this engineeringlantscreate
a mosaic of different habitat types that are important for maggnisms and ecological
processesxactly how plants engineer their environment is still not well understood, but
we know that ecosystem engineering by plants is critical to the structure and function of
wetlands around the worltinderstanding how plantseate and maintain their own
environmental structures provides a deeper insight into the development of vegetated
landscapes and their response to change. This dissertation aims to improve our
understanding aécosystem engineering by plantdonested vetlands so that we may
moreeffectively manage these important natural resources and in turractneately

predicttheir responséo global chage.



Dedication

| dedicate this dissertation to my mother, my father, my brother, and my sister.



Acknowledgment

This dissertation is the result of countless intellectual and emotional contributions from
colleagues, mentors, friends, family, and community members. | am grateful to those
who inspire me to ask important and interesting questions about the world ayuand

am further indebted to those who motivate me to go about the hard task of actually
answering them. Naturally, | acknowledge my committee cBaiDaniel L.

McLaughlin, whose persistent positive attitudecouragemenand unwavering support
saved men many moments of setfoubt and struggle. His practical perspective on
science andationalclarity has been a guiding light for me over these past four years. My
committee cechair, Dr. Robert A. Slesak, has additionally provided me with édua
scientific mentorship and mueteededevity in otherwise difficult situationsThanks

also to my two committee members, Dr. Brian Strahm and Dr .John Seiler for a critical
eye and valuable feedback throughout the research prowesdd like to thak Dr.

Atticus Stovall in particular for his magnanimity in helping with the terrestrial laser
scanning fieldwork and analysis, and for his consistent, quick, and helpful responses to a
multitude of questions. | would also like to thank David Mitchem fergatience,
practicality, and assistancehelping to develo@a procedure for soil chemistry analysis.
Work in this dissertation was made possible byMinginia Tech Forest Resources and
Environmental Conservation department, the Virginia Tech InstibutEritical

Technology and Applied Science, and the Virginia Tech William J. Dann Fellowship
Additional funding and support came from tdennesota Environmental and Natural
Resources Trust Fund, the USDA Forest Service Northern Research Statior, and th
Minnesota Forest Resources Cournicdm ingratiated to Mitch SlateAlan

Toczydlowksi, and Hannah Friestar crucial help durindgieldwork and data collectign
andto Breanna AndersoandKelly Peelerfor assistance with sample processing

| would finally like to thank Hannah G. Lee foountless hours of support, love, and

friendship.



Table of Contents

(@ gF=T o] (= g I 111 Yo [1 [ 1 o SRS 1
1.1 Theoretical background..............ccoooiiiiimmmni e 1
1.2 Relevance and justificatiQn.................euvuuiiiiccmeeeeiiiie e 5
1.3 Objectives and organization..................eeeeeevieemiueririieereieeeeeeeeeeeeeemees 7
R B L= (Y (=Y oYY 38
Chapter 2: Forestecersusherbaceous wetlands: Can management mitigate
ecohydrologic regime shifts from emerald ash barer?..............ccverieiiiieiiinnns 13
2.1 ADSITACL....ouei e 13
pZA N [ 111 (o Yo 11T 1o o R 15
G I |V 1Y f (o Yo 18
2.4 RESUIS....ceiie e 25
2 T 111U [1=) (] o 33
A T o] o [od [ 1] o] i - 38
A A = {=) (=1 (=1 (01T 40
2.8 Supplementary Mate@li.............oooorriiiiiiiiicce e 47
Chapter 3: A microtopographic signature of life...............oveiiiccciiiiiieeee 49
G J0 A A 0 1) = (o A 49
G T2 [ 011 {0 Yo 11T 1 0 50
G T T |V 11 1 10 Lo £ 56
R o LYY || £ 68
IR T B 1Y o1 1] o o T 78
3.6 CONCIUSIONS. ...t e e et eeeans 85
T A = =Y (=1 (=] g o F YT 86
3.8 Supplementary material...............oiiiiiiiceee e 93
Chapter 4: One small step for man, one giant step for plants: Microtopography is a
fundamental organizing structure in black ash wetlands.............ccccooevieeeciinnnnnnnnn. 94
T 1N 01 1 = (o1 A 94
2 1 011 {0 o [ o [0 1 a4
R T Y/ =11 Vo o [ 98
R o Yo U || 108
I B 11X o U £ [0 IR 121
T O] (o3 [V (0] 13 129
O A oY (=] (=] oL 130
4.8 Supplementary Matil..............eeeeiiiiiiiiiiieeeiiieeeee e 137
(@4 gF=T o] (= gt o T @0 o 04 1153 [ 3O 146

Vi



List of Figures

Figure 2.1 a) Conceptual model of feedbacks driving ecohydrology of black ash wetlands........... 18
Figure 2.2 Experimental design of EAB study in Chippewa National Farest............cccccovvveennnnnen. 19
Figure 2.3Example of water table patterns for each of the treatments.............ccccovviemniiiine e 26

Figure 2.4 a) Example water table comparison in block 1 between girdlearitbl in pretreatment year

(2011) and postreatment year (2014; INSEL)u..uuuuiriiiiiieeeeee e e i e ieeree e e te e e e e e e e e et s s ssssnnne e e e e e e e e s e s ansennennes 28
Figure 2.5 a) Sum of mean daily differences by monthdset controls and manipulative treatments,

Fo V=T = Vo [=To J= Lo o 1IN o] (o Tod <3S SRR 31
Figure S2.1 Daily maximum temperature comparison among treatfioer#813 2016........................48
Figure 3.1 Conceptual model for autogenic hummock maintenance in wetlands..................ccee.... 54
Figure 3.2 Map of black ash Wetland SIteS...........ccuuiiiii i 57
Figure 3.3Photos of observed black ash wetland microtopography from a site in each hydrogeomorphic
(072 1 (=T (0] A PP PPUPUPPPTN 59
Figure 3.4 Example surface mogebfiles from each Site..............ovviiiiiiiccciiii e, 69
Figure 3.5 Automatically delineated hummocks for every.site..........ccccvvvviveeee v 70
Figure 3.6 Omnidirectional semivariograms for site elevations by geomorphic category................ 12
Figure 3.7 Relative elevation probability densities for each.site...........cccovvviieee i 73

Figure 3.8 Organic soil thickness (measured as depth to resistance) as a function of mineral layer

L2V o] o TSP T SRR OPPPPPPRN 74
Figure 3.9 Hummock height as a function of mean water table.............cccccoooieeiiiiiii e 76
Figure 3.10 Hummock neareseighbor distace distributions across Sites...........ccccevviiiiiiicenieeennnd 77
Figure 3.11 Inverse cumulative distributions of hummock dimensions.............cccccceeeee e 78
Figure 3.12 Open canopies in black ash Wetlands..........ccooooeiiiiieeer e 83

Figure S3.2 Relative elevation probability densities for each site, but using a binary classification system
where anything not defined as a hummock is @ holloW..............coooiiiieeei e 93
Figure 4.1 Map of the ten black ash study wetlands in northern Minnesota, U.S.A., with sites colored by
average annual NYAroPeriQU...........eeoieiiiiiiii e 99

Figure 4.2 Example of pldevel (3 per site) quasandom walk sampling design with 13 sampling points

0= o] o ) USRS 101
Figure 4.3 Plot level richness or diversity, aggregated by site, as a function of site level median water table
...................................................................................................................................................... 109
Figure 4.4 NMDS ordination of understory vegetation COMMUILES............cooeiiiiiianiiiiiiinaannennn, 110

Figure 4.5 Understory species richness on hummocks and hollows for (top) mosses and (bottom)
understory vascular plants for @ach StUdY SIte............uuiiiiiiiiiierciii e 112
Figure 4.6 Predicted understory species richness as a function of elevation above mean water. 1dldle

Figure 4.7 Sitescale basal area in the canopy and midstory versus median water table linear regression



Figure 4.8 Average canopy basal area (xstandard error) by site hydrogeomorphic category......116
Figure 4.9 (Top) Categorical comparison of average (+standard error) DBH between hummocks and
hollows; text indicatesp al ue f or We |-tesh Wa di notwbsergeamy préeg on hummocks at
L2, resulting in possible comparisons. (Bottom) Stacked histograms of DBH size classes acras$kites.
Figure 4.10 Average soil extraction concentrations for every site and solute analyzed............... 118

Figure 4.11 Acrossite comparisometween hummocks and hollows of relative concentrations of soil

oL E 1)V LT P PP P PP PRPTPPPPPP 119
Figure 4.12 Linear mixed effects mogekdicted soil extict concentration as a function of elevation

above mean Water taNIE..........ooi e 120
Figure S4.1 Combined vascular and moss richness hummock aod lcolnparison........................ 137

Figure S4.2 a) sitéevel random effects for intercept and slope for the richeésgtion GLMM ,

and b) raw data of overall (vascular and moss) richrgleyation relationships for each site with
LTI 1Y =3 {11 = o PSP SPPP 138
Figure S4.3 Sitecale individual tree base elevation versus individual tree basal area................. 139
Figure S4.4 Scaled soil extract concentrations verslative elevation above water table for all sites and
2T F 1)V LT P PP PO P PP PUPT R PPPPPP 143
Figure S4.5 Poinscale NMDS ordination of understory vegetatiomenunities with significantly

(p<0.01) correlated environmental variables plotted as VeCtQrS..........cc.vvvveviiiiveeriiiiiiiinieeeeeeeeee 145

viii



List of Tables

Table 2.1 Mean (z standard error) evapotranspiration and rainfall across control plots for study period

G20 2 0 ) O PSSP 30
Table 2.2 Summary of linear mixeffects MOodel............c...eiiiiiiee e 32
Table S2.1 Black ash system soil measurements for Chippewa Sesst..........ccccceevvvvviereiieeeee 47
Table 3.1 Site information for ten black ash study wetlands..............ccccuvvieeeiiiicciiiiiiie e 58
Table 3.2 Daily water table summary statistics for black ash study wetlands..................ccceeeee. 71
Table 3.3 Relative area increase by hummocks acroSS.SILES..........uvvviriiiimeeiiiiiiiieiiieieeree e e e eeeneenes 84
Table 3.4 Hummock volunaisplacement ratios for all Sit€S..........ccvevveeeiiiiiiiccceeee, 85
Table 4.1 Daily water table summary statistics for black ash study wetlands.................ccceeeee. 100
Table 4.2 Indicator species analysis for hummocks and hollows across.sites..........cccoeeeveeeeeneee. 111
Table 4.3 GLMM model results for species richness versus relative elevation...............ccccceeee... 113
Table S4.1 Results of indicator species analysis for hummocks and hollows..............cccceeeeeenen. 137
Table S4.2 Results of indicator species analysis fOr.SIteS........cooovveiiiiieeer e, 138
Table S4.3 Forestry and hydrologyetrics for SiteS..........ovvuuiviiiiii i 139

Table S4.4 Paired Levene tests for variance in soil chemistry concentrations among hydrogeomorphic
o= 1 (=T [0 £ = 140

Table S4.5 Average (xstandard deviation) soil extraction concentrations for hummocks and hollows across

(S (=SSP UPUPPURRORPPPNt 141
Table S4.6 Linear mixed effect model results for soil chemistry analytes versus relative elevation above
water table with site as a random effECt.............uuiiiiiiiiice s 142
Table S4.7 Environmental fitting results for understory vegetation ordination.................ccceeeee..... 145



List of Abbreviations

AIC
BA
BIC
CSR
DBH
EAB
ET
GLMM
GPP
\Y,

LAI
LiDAR
NMDS
PET
RMSE

Sy
TLS

Akaike information criterion

Basal area

Bayesian information criterion
Complete spatial randomness
Diameter at breast height

Emerald ash borer
Evapotranspiration

Generalized linear mixed effects model
Gross primary productivity
Indicator value

Leaf area index

Light detection and ranging
Nonmetric multidimensional scaling
Potential evapotranspiration

Root mean square error

Speific yield

Terrestrial laser scanning



Attribution

Chapter 2

Chapter 2 was published in the Journal ohiEonmental Management in 2018.

Daniel L. McLaughlin, Ph.D, (Virginia Tech, Forest Resources and Environmental
Conservation and Virginia Wat&esources Research Center) helped with the editing of
the manuscript.

Robert A. Slesak, Ph.D(Minnesota Forest Resources Council &imiversity of

Minnesota Department of Forest Resources) helped with the editing of the manuscript
was part of initial ppject conception.

Ant hony D6 Amat o, P h . [helgediwitlh edigng of thé panusdript Ve r mo n t
and was part of initial project conception.

Brian Ralik, Ph.D., United States Forest Service, Northern Research Staetped with
editing of the manugipt and was part of initial project conception.

Chapter 3

Chapter 3 is in preparation for submissionEoology.

Daniel L. McLaughlin, Ph.D, (Virginia Tech, Forest Resources and Environmental
Conservation and Virginia Water Resources Research Centeedheith the editing of

the manuscript.

Robert A. Slesak, Ph.D Mjnnesota Forest Resources Council &imiversity of

Minnesota Department of Forest Resourtéglped with the editing of the manuscript.
Chapter 4

Chapter 4 is in preparation faubmission t@iogeosciences.

Daniel L. McLaughlin, Ph.D, (Virginia Tech, Forest Resources and Environmental
Conservation and Virginia Water Resources Research Center) helped with the editing of
the manuscript.

Robet A. Slesak, Ph.D., (Minnesota ForestsBerces Council andniversity of

Minnesota Department of Forest Resourtéglped with the editing of the manuscript.

Xi



CHAPTER 1: INTRODUCTION

Thisintroductionis organized to lead the readethe eentualquestions and hypotheses

t hat structure this dissertation. -l first

organi zation of black ash wetlandso, the
this focus represents an important and fundaalé&nowledge gap in our scientific
understanding of ecosystem ecology. | next present the context for why | studied black
ash wetlands in particular. Finally, | presentspecificobjectives of this dissertation

and describe how | met these objectiesesearch presented in Chapte# 2

1.1 Theoretical background

Despite a growing understandingtbéinfluence thaplantscan have otheir
environmentmany open question remain regarding the extent and magnitude of this
influence This is not to say tiave do not understand many plant behaviors, which we

do (Darwin 1880, Karban 2010), or that we do not understand how environmental factors
affect where plants live, which we also certainly do (Von Humboldt 1807, Holdridge
1967). What we lack, however,ascoherent understanding of how these directional
influences are interlinked (Callaway et al. 2003). One can summarize the current
paradigm for plant behavior with the following analogy: plants are actors on a stage set
by greater forces, and their roleg éimited to simply exploring this stage. That is, we

still do not havea completeanswer to a deeper, more interesting question about the
agency of plants: how do plants modify their environment? This unanswered question is
the fundamental inquiry of thidissertation.

Recent effortsn theresearcitommunityhave started tébcuson vegetation
environment feedbacks and theamlution of plants and landscapes (Pawlik et al. 2016,
Brantley et al. 2017). In particular, the natural intersection of vegetatith the water
cycle has spurred numerous research efforts investigating the feedbacks that develop

among vegetation, hydrology, and landscape structure (e.g., Troch et al. 2015). Such

e X

f oc

efforts have led to the delineation of a new scientific disciptnetme d fiecohydr ol og

whose stated purpose is to probe directly such vegetatterenvironment feedbacks
(Rodriguezlturbe 2000). Since its conception, the preponderance of ecohydrological

evidence suggests that plants are readily capable of modihgirgenhvironment in a

1



diverse array of ways, with a correspondingly diverse array of reciprocal influences on
hydrology and landscape form (Corenblit et al. 2011 and references therein). However,
many open questions remain regarding the commonality otatsyeenvironment
feedbacks and their implications for ecosystem stability and resilience to change.

Wetlands are candidate ecosystems for investigating feedbacks between
vegetation and hydrology (Rodriguéiarbe et al. 2007). Wetlands are biomes that
support biota adapted to regular inundation and/or saturation and the associated anaerobic
soil conditions. In these systems, in contrast to uplands, hydrologic controls on vegetation
are generally the result of too much rather than too little water (JaaksoGolmer
2005). Too much water results in inadequate oxygen supply (Armstrong and Drew 2002)
and accumulation of ethylene and anaerobic metabolism byproducts (Ponnamperuma
1984), limiting primary production. At the same time, wetland vegetation cac@iso|
local hydrology through evapotranspiration and interception, which lower water tables
and reduce soil moisture (e.g., Dubé et al., 1995).

Direct feedbacks between vegetation and water in wetlands can result in larger
feedback loops that includedgieochemical controls on primary productivity. Soll
moisture is a dominant control on soil oxygen content and soil redtmtidation
(redox) potentials in wetland soils, regulating biogeochemical processes such as
decomposition (Skopp et al. 1990), ngem mineralization (Sleutel et al. 2008), and
nitrification/denitrification (Porporato et al., 2003). As such, excess soil moisture in
wetlands not only directly impacts primary production through anaerobic stress and
vegetation selection (Kozlowski 200Dt also indirectly by influencing redoximorphic
pathways that constrain biogeochemical cycling of nutrients (Faulwetter et al. 2009). It
then stands to reason that within wetlands, vegetation can alleviate biogeochemical
stresses by affecting the soil istire regime, where zones of lower soil moisture would
be more favorable to primary production than zones of higher soil moisture.

These ecohydrologic feedback loops between vegetation, hydrology, soils, and
biogeochemical cycling induce ecosystem stabjli, a pr o c eosrsg atnei rznaetdi ofinsoe.
However, the complexity of such s@lfganizing systems leads to situations where more
than one ecosystem configuration may be possible at the same location in space (AKA
Aal ternative st ab2d0®) Aterrmative stable staescchreafise when et al



vegetation forms positivieedbacksvith its environment that promote favorable growth
conditions (Ridolfi et al. 2006But, somepositive feedbackmay be limited to a certain
range of environmental coritins, outside of which new positive feedbacks may take
over, promoting an alternative stable state (Kéfi et al. 2016 and references therein). For
wetland systems, simulation models suggest that, by lowering the water table through ET,
wetland plant commuties may act as ecosystem enginesengulones et al. 1994) and
affect their physical environment creating conditions that promote their own success
(Rodriguezlturbe et al. 2007). The vegetatiarater table feedback suggests the
emergence of at least two alternative stable states with a wetlstein dominated either
by water intolerant species thriving on deep(er) water tables, or water tolerant species
thriving on shallow(er) water tables (e.g., Chambers and Linnerooth, 2001).

Importantly, ecosystem resilience to disturbance depends ongitiego
feedbacks that maintain and promote stable ecosystem states. For example, feedbacks
bet ween vegetation and water table depth are
up606 process that is observed fall9®vni ng cl e a
this situation, too much water table rise following vegetation loss (and subsequent
reduction in ET) prevents or delays tgmecies seedling establishment, which may favor
the invasion of nottree species (i.e., a different, nforested egsystem state). Over
time though, early successional Amee species could potentially lower water tables
enough to promote reestablishment of Bpecies seedlings, thereby leading to dynamic
ecohydrologically controlled succession following disturbgifitidolfi et al., 2007).

The strength of speciespecific ecohydrological feedbacks in wetlands is likely
an important control on the stability of a given ecosystem state. Species richness has been
shown to improve resilience of wetland ecosystems tortice (e.g., Carvalho et al.
2013), suggesting wetlands with low species richness may be prone to catastrophic shifts
in ecosystem statesg¢nsuScheffer et al. 2001). However, because most vascular plants
are not adapted to flooded soils, species diyersiimited under shallow water table
conditions. Evidence suggests that species richness decreases with increasing levels of
inundation, where many hydric ecosystems tend to be dominated by relatively few tree
species (e.g., cypress domes or tupelo svweaipKnight et al. 1981). Therefore, the
feedbacks that maintain wetland ecosystems may be highly sgpei@§ic, and species



specific disturbances may result in catastrophic shifts in ecosystenBssateash
(Fraxinus nigraMarshall) wetlands acrosdorth Americanare highly vulnerable tthe
invasive emerald ash boredrilus planipennisEAB) raisingconcern for such
catastrophic shiftgn ecosystem state, a focus of this dissertation (Chapter 2).

The feedbacks loops that develop from bietter nteractions may also induce
the development of setfrganized wetland topographic structure, another primary focus
of this dissertation (Chapters 3 and 4). Inputs of organic matter from primary production
vary spatially throughout a wetland because ofllscale variability in soil moisture
(e.g., zones of relatively lower soil moisture may be associated with relatively greater
primary production). Spatially variable decomposition rates that also depend on saill
moisture couple to inputs and lead to theallepment of structure in the form of
microtopography in wetland systensefisuBelyea and Clymo 2001). Microtopography,
or the smaliscale (1 10° m) variation in ground surface height, is dynamic throughout
time, and likely a function of local hydrologWolf et al. 2011) and its influence on
production inputs and respiratory losses (Jones et al. 2000). Because microtopography is
pervasive throughout wetland systems, it may be a general emergent physical property of
wetland ecohydrologic feedbacks.

Wetland microtopographic structure modulates vegetatiater interactions that
control primary productivity and community composition. The difference in elevation on
the order of centimeters can provide enough aeration to limit anaerobic stress to
vegetationpromoting higher primary production (Rodrigtiézrbe et al. 2007). Simply
put, hummocks, or the high points in a wetland, effectively lower the water table that
vegetation experiences, thereby reducing local soil moisture. Consequently,
microtopography healso been shown to increase species richness and abundance in
wetland systems (Bruland and Richardson 2005; Moser et al. 2007). Species richness
may increase with microtopography due to differential germination of species growth
forms (e.g., tree vs. fbj (Huenneke and Sharitz 1986; Titus 1990), with woody
perennials favoring hummocks (Vivigdmith 1997). By simply changing the relative
water table, microtopography inherently affects vegetative growth and composition in

wetlands.



Elevated microsites algwromote increased primary production through their
indirect controls on nutrient cycling. Throughout wetland systems, hummocks are
consistently found to be zones of greater nutrient concentrations and nutrient cycling
rates than hollows (Bruland and Rictison 2005; Wolf et al. 2011). In fact, in an arctic
fen, Sullivan et al. (2008) found four times more N, C, and root mass in hummocks
compared to hollows, leading to similar increases (i.e., a factor of four increase) in gross
primary production. Similay, Jones et al (1996) found five times greater Bray
extractable P and significantly more root mass in hummocks than in hollows in a
floodplain wetland forest. By prading less saturation arktterrooting zoneaeration
hummocks promote greater growthesand survival probabilities compared to hollows
(Roy et al. 1999). Moreover, microtopography influences greenhouse gas (GHG)
emissions via its control on decomposition pathways (Bubier et al. 1993; Bubier et al.
1995; Lai 2009). Hence, through indirecintrols on nutrient cycling, microtopography
has a clear capacity to regulate ecosystem processes.

Despite the many recent efforts to elucidate ptitwater interactions in
wetlands, many questions remain. What are the types of feedbacks that dap teve
coupled planivater systems, and how do these feedbacks affect ecosystem processes and
landscape evolution over space and time? Are there common diagnostics we can test
across ecosystems to assess the strength of ecohydrologic feedbacks? Howanesilie
wetland ecosystems to disturbance? How can we use our understanding of ecohydrology
and seHorganization of ecosystems to manage our natural resourcesAinhesgered

guestions motivate the research presented in this dissertation.

1.2 Relevance andustification

While understanding vegetati@mvironment feedbacks is interesting and worthwhie in
andof-itself, looming global change imparts an additional need to improve our
understanding of the ecosystems that sustain us. isaaje disturbance t@esystems,

such as loss of vegetation or dramatic shifts in environmental conditions, is having
profound effects on ecosystem processes and structure across the globe (Vitousek 1994,
Brook et al. 2008). Biological invasions are an obvious and pernicieu afjglobal

change around the world, yet we rarely anticipate or preemptively manage for their

impacts to ecosysten(¥itousek et al. 2017).



EAB an invasive beetle, has already caused widesjosadf ash trees
(Fraxinus spp) throughout the U.S. anda@ada (Klooster et al. 2014), with some
comparing ash extirpation rates to that of elm trees from Dutch Elm disease (Poland and
McCullough 2006). Since initial reports of ash loss in North America in 2002, EAB has
killed tens of millions of ash trees witto discernible preferences for tree health, size, or
ecological setting (Herms and McCullough 2014). Moreover, ash species have a nearly
100% mortality rate when infected with EAB (Klooster et al. 2014). These observations
have led to a surge in researcid gublications on ash trees and EAB with focus on EAB
biology (Cappaert et al. 2005, Lelito et al. 2007), economic impacts of EAB (Kovacs et
al. 2010), EAB prevention and eradication (Crook et al. 2008nsiet al. 2009),
susceptibility mapping and moded (Muirhead et al. 2006), and ecologic impacts
(Hems and McCullough 2014). However, EAB has yet to invade black ash wetlands
throughout northern North America, allowing a unigque opportunity to prepare and
manage for potenti al eepeded grivadl éndeeds rederftlif, s f r om E
teams in Michigan and Minnesota have begun investigating these black ash wetlands,
with hopes to mitigate consequences of EAB infestation.

Black ash in the U.S. Lake States (MN, WI, MI) and provinces in Canada is
uniqueamong ash species because it often occurs in nearly pure stands (i.e., over 90%
canopy cover) in wetland conditions with very little regeneration of other tree species
(Palik et al. 2012 and personal observations). These observations are charactaristic of
system with positive feedbacks between black ash and its environment, possibly coupled
with negative feedbacks senaaWilsonénd Agnewoody speci
1992). Because systems with s@inforcing feedbacks are particularly subject to
instability in the event of catastrophic change, there is concern that the loss of black ash
in forested wetlands will lead to a nforested alternativet@ble state characterized by
shrubs (Palik et al. 2012), invasive herbaceous plants, and an elevated water table (Slesak
et al. 2014). Therefore, black ash wetlands represent an ideal study system to explore
ecohydrological feedbacks and ecosystema@gghnization, with important and pressing
management implications. This dissertation focuses on the internal ecosystem processes
of black ash wetlands to develop a more comprehensive and predictive understanding of

their response to environmental change.



1.3 Objectives and organization

The primary objective of this dissertation is to investigatesystem selbrganization

through analysis ofegetatiorsoil-hydrology dynamics invetlandsl address this

primary research objective through a portfolio of reseaifante. In these efforts, |

employ an array of techniques including tiseries analysis of water tables, geospatial
analysis of wetland microtopography, and field surveys of wetland vegetation and soils.
This dissertation represents a collection of thhesearch efforts in the form of three
manuscripts, bounded by an Introduction (Chapter 1) and a Conclusion (Chapter 5). The
three research manuscripts (Chapté) 2ink studies that collectively seek to address

the primary research objective. Brieflyjghlissertation is organized as follows:

In Chapter 2, | use a larggeale experimental design2d black ash wetlanglots
to assess ecohydrologic effects of simulated EAB disturbance and the possibility for
management intervention. In field simulatiafEEAB-disturbed systems foundclear
and persistenthanges in hydrologic regime defined by shallower water tables and lower
ET rates These hydrologic changesupled withcommunity shifts to an herbaceeus
dominated system indicageosystem statehargedriven by vegetationvater table
interactionsHowever, results also indicate that preemptive management strategies have
high potential to preservdesiredforested wetland habitat if periodically executeermov
time before EAB infestation.

In Chapter 3| evaluated the hypothesis that microtopography in black ash
wetlands results from scatkependent ecohydrologic feedbacks. Using a high spatial
resolution datasafenerated by terrestrial laser scannetpreeyearhydrology dataset,
and information fom a synoptic field sampling campaign, | showed that
microtopography in black ash wetlands is likely a piaduced response to shallow
water tables. To support this, | demonstrated regular patterning and structure of black ash
wetland microtopography, wise properties are best explained through feedbacks
between vegetation and their environment.

In Chapter 4, | used a suite of information gathered from field surveys thaest
influence of microtopography on vegetation and soils, and to furthearesktted
feedback mechanisms in black ash wetlands that maintain and reinforce structured

microtopography. | found that microtopography in black ash wetlands strongly controls



spatial patterns of vegetation communities and soil chemistry, and that theseszatte
effectively explained by two vegetati@mvironment feedback loops. These feedback
loops further explain the structure and persistence of microtopography that | observed in
Chapter 3.

In Chapter 5, the Conclusion, | integrate the findings of treethesearch studies
(Chapters 24) to summarize the dissertation contributions to the study of vegetation

environment feedbacks, with attention paid to practical implications.
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2.1 Abstract

Wetlands selbrganize through reciprocal controls between vegetation and hydrology,
but external disturbance may disrupt these feedbacks with consequent changes to
ecosystem state. Imminent and widespread emerald ash borer (EAB) infestation
throughout Nath American forested wetlands has raised concern over possible
ecosystem state shifts (i.e., wetter, more herbaceous systems) and loss of forest function,
calling for informed landscapgcale management strategies. In response, we employed a
large-scale maipulative study to assess the ecohydrologic response of black ash
wetlands to three alternative EAB management strategies: hathimg approach (i.e.,
simulated EAB infestation via tree girdling), 2) a preemptive, complete harvesting
approach (i.e.,learcut), and 3) an overstory replacement approach via group selection.
We analyzed six years of daily water table and evapotranspiration (ET) dynamics in six
blocks comprising black ash wetlands (controls) and management strategy treatments to
guantify pdential for hydrologic change and subsequent recovery. In both thetdimg
approach and complete harvesting approach, we found persistent changes in hydrologic
regime defined by shallower water tables and lower ET rates coupled with increased
herbaceousegetation growth, indicating ecosystem state shifts driven by vegetation
water table interactions. The-@othing approach showed the least hydrologic recovery
after five years, which we attribute to reduction in overstory transpiration as well as
greate shade (via standing dead trees) that reduces open water evaporation and

herbaceous layer transpiration compared to complete harvesting. We found no evidence
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of ecohydrologic disturbance in the overstory replacement approach, highlighting its
potential as management strategy to preserve forested wetland habitat if periodically
executed over time before EAB infestation. Although the scale of potential disturbance is
daunting, our findings provide a baseline assessment for forest managers to develop
preempive mitigation strategies to address the threat of EAB to ecological functions in

black ash wetlands.
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2.2 Introduction
Wetlands selbrganize through reciprocal controls between vegetation and hydrology. In
contrast to uplands, hydrologic controls on wedlaegetation are generally the result of
too much rather than too little water (Jackson and Colmer 2005). This abundance of
water results in inadequate oxygen supply (Armstrong and Drew 2002) and accumulation
of ethylene and anaerobic metabolism byprod(Rtsinamperuma 1984), limiting
primary production and preferentially selecting for flora with special adaptations
(Kozlowski 2002, Kreuzwieser and Rennenberg 2014). At the same time, wetland
vegetation controls local hydrology directly through evapotraaspn (ET), which
lowers water tables and reduces soil moisture (Marani et al. 2006). These ecohydrologic
interactions often enable and promote ecosystem stability (Rodtitguea et al. 2007).
However, shifts to different ecosystem states can occhrdisturbance to hydrologic
setting (e.g., flooding, climate; Wang et al. 2015) or vegetation dynamics (e.g.,
widespread mortality, Heffernan 2008).

In black ashEraxinus nigraMarshal) wetlands of North America, looming
threats of emerald ash borer (EA®yrilus planipennid=airmaire 1888infestation have
drawn attention to possible largeale tree mortality and a resultant whstale shift in
ecosystem type and function. EAB causes nearly 100% mortality in all ash species within
3i 6 years after inféation (Knight et al. 2013), and there is no known host physiological
resistance or stand characteristic that inhibits infestation (Smith et al. 2015). Ash
regeneration is also susceptible to EAB colonization once it reaches 2.5 cm in diameter
(Klooster etal. 2013), limiting the potential for reestablishment in the presence of EAB.
The extent of EAB infestation is widespread, occurring in 27 U.S. states and two
Canadian Provinces as of 2017 (USDA 2017). Impending infestation throughout the
upper MidwestertJnited States is particularly concerning, as black ash wetlands cover
approximately 8,000 kAand provide myriad functions ranging from shelter and food for
wildlife (Anderson and Nelson 2003) to timber and tiomber forest products (Wright
and Rauschet990).

Widespread black ash mortality may equate to loss of a wetland foundational
speciesgensLEllison et al. 2005), with important consequences for ecohydrologic

interactions and successional trajectories (Youngquist et al. 2017). Throughout the upper
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Midwestern United States, black ash wetlands are highly monospecific, with black ash
comprising 75100% of canopy cover. In these monospecific stands, complete canopy
loss following EAB may cause the water table to rise (via reduced transpiration) and
favar establishment and growth of other more water tolerant vegetation, particularly
marsh species (Erdman et al. 1987). Recent studies support this general prediction, where
canopy disturbance in black ash wetlands resulted in wetter conditions (Slesak et al.
2014) and associated large shifts in species composition towards an herbaceous
community (Davis et al. 2017, Looney et al. 2017). Given the extensive coverage and
regional importance of black ash wetlands, it is now important to explore possible
consequeres (and mitigation) of EAB disturbance on ecosystem interactions, state, and
function.

Reduced ET is the putative mechanism for expected water table rise and
ecosystem state shifts following EABduced mortality, but actual changes in ET and
how suchchanges vary over time (seasons to years) and with vegetation structure remain
largely unexplored. Although previous studies made a clear link between black ash
mortality and altered hydrology (Slesak et al. 2014), the lack of direct ET measurements
leavesopen questions regarding how black ash regulates water tables compared to other
vegetative communities. Pedisturbance community composition, growth, and
associated ET rates are likely driven by both hydrologic regime and remnant vegetation
structure ad recovery, highlighting potential implications of management options that
range from a dmothing approach (i.e., leave standing dead trees) to different degrees of
preemptive tree harvest (i.e., partial versus clearcutting). Confronting this knowledge
gap, we posit a conceptual model of ET drivers that vary with vegetation structure and
thus different management strategiesg(re2.1a). This model includes availabilityf o
energy (e.g., shade from standing dead versus open canopy in a complete clear cut) and
water (e.g., via differences in rooting depths), with associated feedbacks to water table
regime and its control on pedisturbance vegetative communities. Evaluatimg model
will address more directly the interactions among energy, vegetation, and hydrology in
black ash ecosystems, with implications for both recovery times and management

options.
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Here, we build upon earlier work (Slesak et al. 2014) by integratirt-year
measures of both daily water table and ET dynamics across black ash wetlands that
represent different management options and thus vegetation structure: intact black ash
stands (controls), simulated EABduced mortality (girdled; doothing appoach), and
two management mitigation options (clearcut and group selection hafvigsie@.1b-

d). Our overarching objective was to assess outcomes of both EAB ifestat
management options on pabsturbance hydrologic regime. We hypothesized that: H1)
water table regimes and their possible ghsturbance recovery will vary depending on
management strategy and thus vegetation structure, and H2) that differewedsri

table regimes among management options can be explained by coincident differences in
ET, where black ash trees exhibit unique ET regimes relative talgdstbance

replacement vegetation. Our research advances fundamental understanding of
ecohydologic interactions in black ash wetlands and has direct implications for

management aimed at mitigating consequences of EAB infestation.
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Energy
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Vegetatlon ET
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determ'Navailability

Figure 2.1 a) Conceptual model of feedbacks driving ecohydrolodgyaak ash

wetlands Energy from solar radiation and wind (potential evapotranspiration, PET) is
filtered through a cascading vegetation structure to drive evapotranspiration (ET) under
the combined influence of vegetation and water availability. ET liwvatsr availability
through depletion and controls seasonal water table patterns, which in turn determine
vegetation species composition and structure. Photbate from treatment plots in

August 2015 that are in similar in environmental conditions ,(elgnate, soils, and
elevation) but differ in vegetation structure and its influence on energy partitioning: b)
example of black ash wetland with energy filtered by the canopy strata; c) example of
girdled black ash wetland to simulate EAB mortality véts energy filtered by the

canopy strata; d) example of clearcut black ash wetland with increased growth of marsh
vegetation due to large reduction in energy filtered from the canopy strata.

2.3 Methods

2.3.1 Landscape Setting

Our study sites were located withiret@hippewa National Forest in northern
Minnesota, \BA, a 2,700 krharea with 1,600 kiAof wetlands and over 1,300 lakes
(Figure2.2). The area encompasses a complex dléamascape that is flat to gently
rolling, with black ash wetlands found in the lowest landscape positions that commonly
grade into asperPppulug or pine Pinug-dominated upland forests. Most of the black
ash wetlands are underlain by lacustrine ctagy depth of 10150 cm that acts as a
confining layer and creates wetland hydrologic conditions (seasonal soil saturation and
inundation). Specific soil types vary and include Typic Glossaqualfs with no O horizon,
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Histic Humaquepts with a 30 cm deep O hon, and Terric Haplosaprists with a 60 cm
deep O horizon and no B horizon (Soil Survey Staff 2017). However, collected soil
samples in our study sites did not significantly differ in overall soil chemistries (total

carbon and nitrogen) or bulk densitidable 2.1).

a5 )
NN

Treatment

CClearcut

[l Control
47.54 CGirdle

E Group

47.51 5 Lake Winnibigoshish

-94.24 -94.23 -94.22 -94.21 -94.20 -94.19

Figure 2.2 Experimental design of EAB slyiin Chippewa National ForedBlocks 16

are shown. Line types surrounding experimental plots designate blocks. White lines are
contour lines andlark blue lines are intermittent streams. Wells are located in the center
of each plot, with two ctocated rain gages in blocks 1 and 3 control plots.

Forest structure and composition in black ash stands in the region are
characterized by black ash canajmminance (76100%) ceoccurring with American
elm (UImusAmericanal.), balsam fifAbies balsame&. Mill. ), basswoodTilia
Americanal.), red maplgAcer rubrumL.), yellow birch(Betula alleghaniensiBritt.),
quaking aspe(Populus tremuloide®lichx.), or white cedafThuja occidentalig..).
Stands are typically strongly unevaged and largely influenced by gapale
disturbance processes with canopy tree ages ranging frar@33@ears (Looney et al.
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2016). In our study sites, basal areas pridreaatment (see below) ranged from 23.0
39.2 nt ha', and densities ranged from 5837 stems ha(minimum DBH 2.5 cm)
Mean annual precipitation at the study area is 70 cm, 60% of which is via rainfall.
Mean growing season (Ma8eptember) temperature 4.2 °C, and annual potential ET
(PET) is 6065 cm (Sebestyen et al. 2011). Hydrologic monitoring and water
geochemistry investigations indicate that black ash wetlande@stydisconnected
from theregional groundwatesystem (via thehallow confiningayer), and ardargely
precipitation driven with snowmelt in the spring and periodic inputs via rainfall
throughout the growing seasdblésak et al. 2034The regional confined groundwater
systemrangesn depthfrom 1.5to 17 meters, with a general horizontal flow direction
south toward&.ake Winnibigoshishvertical groundwater flow in the study area is

minimal (Lindgren 1996).

2.3.2 Experimental design
We established a larggeale, manipulative study using a randomized complete
block design with six blocks, each with four 1.6 ha circular treatment plots that were
similar in elevation and soil§i{gure2.2). Blocks were delineated based on thneiga:
1) plot proximity, 2) general assessments of pretreatment hydrologic regime (e.g., wet vs.
relatively drier), and 3) native plant communities. Four treatments were applied within
each block, providing 6 replications of each treatment: 1) coirgiydling of all black
ash trees down to 10 cm diameter at 1.3 m he
(20% of stand in 0.04 ha gaps; fAgroup select
removal of all trees; fmnlicked EABinduged. The gi r dl
mortality, including progressive ash mortality over several years and retention of standing
dead trees on site. The two forest harvesting treatments represented possible management
strategies to modify stand composition and facilitet®iral regeneration or planting of
alternative tree species to maintain forest ecosystem functioning following EAB
infestation. All treatments were applied in winter of 202012 during frozen ground
conditions, and trees in girdle treatments wergirédled in the winter of 2012013 to
ensure 100% mortality. Drawknives were used for manual application of the girdle
treatments, and ciio-length mechanized harvest systems were used for the clearcut and

group selection treatments. Previous research daaehshifts from woody to
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herbaceous species after girdle and clearcut treatments were implemented (Looney et al.
2016, Looney et al. 201Figure2.1c,d). Clearcut treatents became dominated by

Canada reedgras€dlamagrostis canaden$jsvhereas girdle treatments promoted

growth of rhizomatous fernd/atteuccia struthiopterjsand sedge<Jarex radiata.

2.3.3 Data collection

Over a sixyear period (201112016), we monitored ater table levels throughout
the snowfree season (typically May through October) in all experimental plots using
groundwater monitoring wells. Wells were constructed-ofrbdiameter, screened PVC
pipe and located in the approximate center of each potapth of 1.5 meters or until a
confining layer was reached. We measured water levels withréggtution total
pressure transducers (Levelogger Gold Model 3001, Solinst Canada Ltd, Ontario,
Canada; and HOBO U2604, Onset Computer Corp., Bourne, MAJL&tminute
intervals, and corrected for atmospheric pressure with a barometric pressure logger
(Barologger, Solinst Canada Ltd, Ontario, Canada). We also recorded rainfall with four
HOBO tippingbucket rain gauges (model R®&8 Onset Computer Corp., BourndA)
located orsite, and obtained local potential evapotranspiration (PET) values and total
annual precipitation values (i.e., including snowfall) from the nearby RAWS Cutfoot
station (http://www.raws.dri.edu/c@in/rawMAIN.pl?sdMCUT). To assess effecs
differences in canopy on energy budgets, air temperature was measured using
Thermochron iButtons (model Ds192K5, Maxim Integrated, San Jose CA) at 0.5 m

height from 20182016 in controls, girdle, and clearcut treatments.

2.3.4 Data Analysis

We used colleted data to quantify and compare{aad postreatment water
table regimes and ET rates (also derived from water table data) across treatment groups.
We first passed water table data through a digital, secoet Butterworth lowpass
filter to improvethe signalto-noise ratio. For each well, we also removed all days when
water tables were below sensor depth. We conducted all data processing and subsequent
analyses using R (R Core Team 2016).
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2.3.4.1 Water table regimes

To assess treatmeimduced water tablehanges, we employed a painelbt
approachgensuPothier et al. 2003). Within each block, we calculated annual
pretreatment (2011) and pastatment (2012016) relationships between control water
tables and water tables for each manipulative treatmentdirdle, group, and clearcut)
using simple linear regressions of average daily water tables. We then normalized all
annual postreatment relationships relative to greatment relationships to account for
pretreatment differences among blocks. Daogllowed treatments to be pooled across
replicates (i.e., across blocks) and for a more general interpretation of treatment effect
(vis-&vis 1:1 pretreatment relationships). To do so, we dividedtpestment slopes by
pretreatment slopes (e.g., iktpretreatment slope was 1.2 and the gosatment slope
was 0.6, then the normalized slope would be 0.5) and subtractaegraent intercepts.

To account for possible piecewise behavior in {iestment normalized relationships

(e.g., slope shiftstapecific thresholds), we used egmentegackage in R (Vito and
Muggeo 2003, 2008) to test the null hypothesis of a constant linear predictor. Where this
null hypothesis was rejected (p < 0.05), we conducted breakpoint analysis to estimate the
fit for a model constrained to two slopes. Our model did not specify breakpoint values a
priori, but instead optimized each breakpoint location by iteratively fitting standard
iteratively-reweighted least squares models. For each normalizedreashent

relationship, we extracted relationship parametersmigrcept, xaxis breakpoint, and

slopes), pooled by treatment (via parameter means across replicates), and tested for
significant differences both across treatments and compared to pretreatment predictions
(null hypothesis: slope=1, intercept=0, and no breakpoint).

Normalized postreatment relationships revealed effects of manipulative
treatments in several ways. Deviations from pretreatment predictions (i.e., 1:1
relationship) indicated increaseddecreased posteatment water tables and under what
conditions (e.g., shallow versus deep water tables). A normalizetrpashent slope
less than unity indicated a reduced water table drawdown rate relativetteginent
predictions, whereas a slogeeater than unity indicated a more rapid drawdown rate.

The presence of breakpoint indicated a shift in drawdown rates at specific water table

conditions. A normalized pos$teatment intercept greater than zero indicated higher post
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treatment maximum wat tables relative to piteeatment predictions, and the opposite
for an intercept less than zero. As such, annual normalized relationships allowed

assessment of both treatment effects and degree of hydrologic recovery over time.

2.3.4.2 Evapotranspiration rates

We calculated daily ET using a modified White method (1932) first described by
Loheide (2008), and used recently by Watras et al. (2017). The method is applied for
nontrain days and assumes ET is negligible at night, allowing daily ET to be estimated
from 24-hr change in water table and variable net groundwater inflow:

oYY 1Y 1)
where:
ET = daily evapotranspiration [L]
S = specific yield as a function of water tablg [
r = net groundwater inflow as a function of detrended water table [L]
S = 24-hr change in storage (change in daily water table) [L]

We estimated variable groundwater inflow (r) as a function of detrended water
table data following methods described in Loheide (2008). We used adtyestiding
window to detrend the watéable data because our data did not have one consistent trend
over a season due to punctuated rain events and variable drawdown rates over the season.
Eq. 1 also requires specific yieldyJ$alues, defined as the depth of water released or
gained from gsirage per unit change in water tablgv&ies with both below(Duke
1972) and abovground water levels (McLaughlin and Cohen 2014), requiring
constructed relationships betwegna8d water table levels. Similar to Watras et al.
(2017) and following méinds described in McLaughlin and Cohen (2014), we
empirically estimated Svalues as ratios of rain (corrected for interception) to induced
water table rise across different precipitation events (and water table levels) to construct
Sy relationships for ezh plot. Across plots, our water taldependent Sunctions
followed an exponential curve from water tables levels at approxima@lym (10 cm
below ground surface) to 5 cm above ground surface. Generally, H8own, $ was

approximately constant 8.05, and above 5 cmy as approximately constant at 0.8.
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We calculated daily ET for every day without rainfall at each of our plots. We
conducted quality control by removing data with poor sigaaloise ratios in diurnal
water table variation (typaily due to recent rainfall) that limited ET estimation. To
evaluate differences in ET among treatments, we differenced daily ET in manipulative
treatments (girdle, group, and clearcut) with daily control ET within each block
(ETtreatment,i ETcontral,), but only on days where both the treatment plot and the control
plot within a block had ET estimates. Then we averaged daily differences by treatment
(across blocks) and month for each year of the study. We also conducted unequal
variances-tests for eacimonth to test the null hypothesis that controls versus
manipulative treatments had equal mean monthly ET rates. Overall, we used 14,354 days
for the ET analysis, 8,016 of which were days when we could compare control ET to
treatment ET within a block.

To test our conceptual model, we employed a linear meféatts model to
predict daily ET averaged by month using our hypothesized ET drivers as predictors
(Figure 1a): 1) monthly average of daily PET for climatic demand; 2) average monthly
water table positin for water availability, 3) treatment for differences in both vegetation
transpiration (e.qg., via differences in water use efficiency and rooting depth) and structure
(shading and canopy turbulence); and 4) vegetation phenology (i.e., leaf off or,leaf on
assuming a leaf on period of June 1 to September 30). We used the control plots as our
reference group. We also considered the interaction of average monthly water table
position with treatment to account for the expected treatment differences inafsdger t
dependent ET response. In addition to focusing on specific drivers, this combination of
variables provided the lowest Bayesian Information Criterion scores and the highest
likelihood scores relative to both simpler and more complex alternative nm{edglsno
phenology term, multiple interaction terms, and no interaction terms). We modeled
treatments nested within blocks as a random effect. We also used an autoregressive
(AR1) correlation matrix structure to account for the high degree of autocmmelat
among consecutive months; we confirmed this to be a reasonable correlation structure
based on improvement of the autocovariance plot after implementation. We also found
improvement in residual behavior, and note that residuals were normally distributed

about zero. Finally, to allow for model estimate comparison between the two quantitative
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variables (PET and average monthly water table), we also considered a model where PET

and average monthly water table were centered and scaled to the same range.

2.4 ResUts

There were common hydrologic patterns across all treatments, best described as early
season inundation followed by consistent summer drawdown with occasional punctuated
rainfall events raising water tablEggure2.3). We also observed consistent diel signals

in water table dataH{gure2.3 inset) indicative of ET signals and their nadnility across
treatments. There was little interannual variation among control treatment ET rates, with
much greater variation in the timing and amount of total rainfall across (edrie2.1);
monthly rainfall and control ET were not correlated (p = 0.33) across years. Overall
annual precipitation (obtained from the RAWS Cutfoot site) was greatest in 2016 (90.7
cm) and least in 2013 (59.2 cm). Rainfall was nfiesjuent in 2013, 2014 and 2016,

which experienced an average 0.4 eventslddyut 2016 had the largest events, with
average event size 40% greater than other years. Despite this wide interannual variability
in precipitation inputs, we observed coherdfgcats of manipulative treatments on both
water table regimes and ET rates.
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Figure 2.3 Example of water table patterns for each of the treatm@itsk 1, 2013),
with inset of diurnal patterns. Dasheddinlenotes ground surface.

2.4.1 Treatment effects on water table regimes

Across all plots, préreatment relationships between control and manipulative
treatment daily water tables were highly linear, had slopes near 1 (slope = 1.1+0.6), and
exhibited small vadtion about the best fit lines $R0.87+0.16), indicating a high degree
of similarity in hydrologic behavior among plots within blocks (e.g., 201Higare
2.4a). Plotsexhibited common water table drawdown behavior across blocks and years
with generally high early season water tables followed by drawdown leading to deeper
late season water tabldsdure2.4a, colors), corresponding with general trends shown in
time seriesKigure2.3). Following treatment, there were significant differences between
mean (across blocks) normalized pastatment relationships and greatment
relationships (i.e., deviation from the 1:1 line) for both clearcut and girdle treatments,
with water tables being consistently higher in these treatments relative to prediotsl val
(Figure2.4a, b). Deviation in girdle treatments was more evident followingjndling in

2013, suggesting limited mortality in the first year. When water tables were deepest for
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control plots (ca:100 an), clearcut and girdle treatment water tables were up to 50 cm
higher on average than predicted (some replicates deviated by as much as 80 cm), but
differences were markedly less at shallower water tabigsire2.4a, b). Clearcut and

girdle treatments exhibited similar initial response to disturbance (compare clearcut in
2012 and girdle in 2013), but girdle treatments maintained shallower relative water tables
and lowerdrawdown rates than clearcut treatments throughout they@aestudy period

(e.g., in 2014 when clearcut normalized slopes were not significantly different than unity;
Figure2.4b). Group treatments exhibited no significant departures froAr@agment

relationships in any year of the study period.
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Figure 2.4 a) Example water table comparison in block 1 between girdiecantrol in
pre-treatment year (2011) and peseatment year (2014; insefoints are colored by

the date they were recorded. Note difference betweenidesatical 1:1 behavior in pre
treatment year (2011) compared to breakpoint behavior infpeatment year (2014). b)
Average water table response across 6 blocks. Black 1:1 line represents rescaled 2011
pre-treatment relationship. Asterisks represent slopes significantly different from the 1:1
line (*, p < 0.05; **, p < 0.01). Slopes above breakpagimtere often significantly greater
than 1 within sites, but not when averaged among sites. Breakpoints predominately
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a slightly faster recovery to pmisturbance hydrogy on average than girdle

treatments, but both treatments maintain elevated water tables even after 5 years. The
greatest differences in water table are observed below the grey line at 30 cm below
ground surface. Group treatments do not significantlyadevfrom pretreatment
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We observed ubiquitous piecewise pwsatment behavior across all blocks in
both clearcut and girdle treatmeni&gure2.4b). In nearly all years, both clearcut and
girdle treatments exhibited a mean normalized slope greater than unity above a mean
breakpoint consistently centered on the ground surface (shaded megigure2.4b).

Below the breakpoint, however, normalized slopes were consistently less than unity. We
also observed similarity between clearcut and girdle treatments in the relative location of
departurerfom control water tables; the greatest differences between these treatments and
controls were found belowB0 cm (dashed line iRigure2.4b).

When comparing normalizedogles below breakpoints among manipulative
treatments, we found that girdle treatment slopes were significantly less than group
treatment slopes for all years (p < 0.05), and were significantly less than clearcut
normalized slopes in 2014 (p = 0.04). Clesncormalized slopes were significantly less
than group treatments for 2012, 2013, and 2015 (p < 0.05). We did not find any

significant differences among treatments for normalized intercepts in any year.

2.4.2 Treatment effects on evapotranspiration rates

Differences in postreatment water table relationships were coincident with
differences in postreatment ET between controls and clearcut and girdle treatments. We
observed no significant differences in posiatment ET for the group treatment, which
aligns wth water table observations; as such, the following results focus on clearcut and
girdle treatments. In the pretreatment year (2011), there were generally no significant
differences (i.e., standard error bars cross zero) in monthly averages of dailyoBJ am
treatments, but clear differences emerged for-freatment years (2012016) for both
girdle and clearcut treatment&igure2.5a). During the growing season foabk ash
(shaded area iRigure2.5a), ET for clearcut and girdle treatments was consistently and
often significantly (p < 0.05) less than control ET for piosatment yars. Average daily
ET differences were greatest in June and July, with differences becoming less
pronounced throughout the rest of the growing season. Frequently observed growing
season differences on the order@D5 -0.1 cm d1 amount to approximateB5%

reductions in ET relative to control values$. Column 2 inTable2.1).
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Table2.1 Mean (z standarerror) evapotranspiration and rainfall across control plots
for study period (201112016)

Average monthly Average monthly

Averagedaily evapotranspiration rainfall

Month evapotranspiration (cm) (cm) (cm)
5 0.21 £ 0.0056 6.4+0.17 7.9+£0.37
6 0.31 £ 0.0078 9.2+0.23 11+1.3
7 0.42 +0.021 13+ 0.63 75+13
8 0.36 £ 0.041 11+£1.2 5.2+0.18
9 0.17 £ 0.0053 5.0+0.19 5.9+2.0
10 0.12 £ 0.0053 3.6+0.16 27+14
11 0.040 + 0.0043 1.2+0.13 0.21+0.15
Total T 49 40

The trend of loweposttreatment ET in girdle and clearcut treatments relative to
controls was often reversed in the dormant season, when black ash trees have no leaves.
This dormant season increase in relative ET was most evident in 2013 and 2014, but also
is present to &sser extent in other peseatment years. We note, however, that
observations for fall dormant seasons are more limited due to low water tables, when dry
well conditions in control plots often precluded ET comparison. Clearcut treatments
typically exhibted the strongest adherence to this dormant season increase in ET relative
to controls. These increases in clearcut ET relative to controls were approximately 0.025
cm d, but could be as great as 0.1 ci(see 2013 irfFigure2.5a). Removing the large
increases observed in 2013, these differences represent increases by approximately 10%
in ET relative to controlscf. column 2 inTable2.1).

Interannual differences in precipitation and associated water tables partly explain
interannual variability in podreatment ET differences between controls and girdle and
clearcut treatments$-{gure2.5b). The highest growing season monthly ET differences
tended to occur during dry conditions with deep average water tables across all
treatments (2012013 vs. 2016Figure2.5a, b). The effect of water table on differences
in dormant season is less clear in part from limited observations. However, examining
2013 suggests that the gtest dormarseason ET increases occur during periods with
higher dormant season water tables in girdle and clearcut treatments relative to controls.
Greater growing season Efiduced water table decline in control plots led to large
dormant season wattable differences among treatments, subsequently magnifying

differences in dormant season water availability and thus ET. Compare this to 2016,

30



when water tables remained high and were similar among treatments throughout the
whole season yielding similarater availabilities; this year had the smallest overall

differences in ET among treatments.
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Figure 2.5 a) Sum of mean daily differences by month between controls and manipulative
treatments, averaged acrobocks.Bars are standard errors. Asterisks indicate

significant differences (p < 0.05) for monthly average ET rates between controls and
girdle and clearcut treatments. Rteeatment year (2011) generally shows no significant
differences among treatmentor posttreatment years (2012016), ET in controls is

much greater than treatments during rsiammer, but these differences are muted or

even reversed in late spring and late fall, especially for clearcuts. Shading indicates leaf
on season. b) Averageonthly water tables for block 1 (a representative block). Monthly
values are missing when water tables were below recording depth. When water tables are
similar among control and treatments, differences in daily ET are smallest. Note that not
all blockshad water tables below recording depth during fall dormant season months.

31



Considering relative ET differences in both growing and dormant seasons,
average cumulative differences for all ptsiatment years wer@.16 cm yr* (-1.2 cm
yr without 2013) fo clearcut and5.1 cm yr* for girdle. These amount to overall
reductions in postreatment ET of 0.3% (2.4% without 2013) for clearcuts and 10% for
girdle relative to controls. These numbers align with observegtadason differences
in water tablesféer considering Sy and uncertainties involving unmeasured interception
losses, adding confidence to the approach. That is, mean annual ET differences for
clearcut {1.2 cm) and girdle-b.1 cm) yield expected mean differences in predicted and
posttreatmet water tables (24 cm and 102 cm, respectively).

Our linear mixeeeffect model indicates significant effects of most candidate
predictor variablesTable2.2). The sign®f the fixed effect parameter estimates align
with expectations, lending credence to the structure of the model. PET and water table
height exhibited positive influence on ET, and when rescaled in the model, it became
clear that they had a similar magmituof effect on ET (0.0133 versus 0.0184ble2.2).
Comporting with ET observations, girdle and clearcut treatments (but not group) had
negative influences on E&lthough not significantly. However, treatment interaction
with water table was positive for all treatments and was significant except for the group
selection treatment. This implies that water table effects on ET differ from controls for
clearcut and gire, but not for group selection. Conditional (full model) and marginal
(fixed effects only) coefficients of determination for the model were 0.32 and 0.23,

respectively.

Table2.2 Summary of linear mixeeffe¢s model

Parameter Estimate SE Df t-value p-value

Intercept 0.178 0.0183 702 9.8 <0.0001

(0.234) (0.0127) (18.4) (<0.0001)

Average daily PET 0.273 0.0557 702 4.9 <0.0001
(cm) (0.0133) (0.00272)

Leaf off/on 0.0433 0.00505 702 8.6 <0.0001

Clearcut -0.0256 0.0162 14 -1.6 0.137

Girdle -0.0271 0.0162 14 -1.7 0.116

Group 0.0231 0.0173 14 1.3 0.205

Control x WT 0.000435 0.000139 702 3.1 0.0018
(0.0134) (0.00427)

Clearcut x WT 0.000695 0.000275 702 3.3 0.0010
(0.0259) (0.00786)

Girdle x WT 0.000448 0.000239 702 2.2 0.0273
(0.0155) (0.00702)
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Group x WT 0.000144 0.000240 702 0.58 0.564
(0.00396) (0.00685)

Values in parentheses refer to scaled and centered predictor variables.
Note: Control group is reference group

2.5 Discussion

In this work, we studiethe ecohydrologic response of black ash wetlands to three
alternative management strategies. Our work is motivated by concern over the impending
EAB infestation in North American black ash wetlands, where evidence suggests
potential for catastrophic stsfto wetter, notfiorested wetland states. Our findings

support this general prediction, provide insights into the ecohydrologic feedbacks of these
systems, and highlight important differences among possible management strategies for

mitigating consequences EAB infestation.

2.5.1 Shifts in hydrologic regime

H1: Our results support our hypothesis (H1) that hydrologic regimes and their
recovery vary depending on management strategy and its influence on vegetation
structure. Growselection treatment (20% harvesghibited no hydrologic response to
treatment, aligning with expectations from upland systems where harvests of less than
20% produce no observable water yield effects (Bosch and Hewlett 1982). However, the
clear and per si st en wingftleeecuttard gigle treptmentb adtisa vi o r
black ash wetlands to the numerous systems that exhibit this behavior with similar levels
of disturbance, both in uplands (Bosch and Hewlett 1982, Arthur 1998, Bearup et al.
2014) and wetlands (Dubé et al. 1995, $tial. 2001, Bliss and Comerford 2002, Pothier
et al. 2003). Similar postlearcut water table rises observed in Michigan black ash
wetland depressions (van Grinsven et al. 2017) imply that this response to disturbance is
not unique to our study area, amay be common across any landscape or geomorphic
position that is dominated by black ash.

Although immediate responses to disturbance may be expected, there is
considerable variability among ecosystem hydrologic recovery times in the literature
(Brown etal. 2005, Bosch and Hewlett 1982, Troendle and King 1985, Jones and Post
2004, Moore and Wondzell 2005, Aust 1997, Bliss and Comerford 2000, Sun et al.
2000). Importantly, we did not observe strong hydrologic recovery in our clearcut and

girdled plots, eve five years after treatment, although results suggest a more rapid
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recovery trajectory for clearcut relative to girdle treatmedritgufe2.4). Such sustained
water tabé rise has both local (i.e., controls on vegetation composition and growth) and
landscapescale consequences. For example, we estimate that end of growing season
differences in water table (up to 50 cm in girdle treatments) due to black ash loss may
increae annual water availability by up to 1 cm per hectare of loss. In Minnesota alone,
which contains over 400,000 hectares of black ash forest (MN DNR 2003), this increase
in water yield has the potential to substantially alter downstream hydrology bysingrea
headwater flows to the Mississippi River.

Postdisturbance shifts in hydrologic regime highlight unique black ash imprints
on local ecohydrologic interactions. Hydrologic regime shifts were particularly evident
from the coherent breakpoint patterningannual postreatment water table
relationships. For both clearcut and girdle treatments, the consistent breakpoint patterning
distinguishes early season, ab@reund water levels that decline faster than pre
treatment from belowground water levelstttacline slowerKigure2.4b). Despite
variable vegetation structure and composition between clearcut and girdle treatments
(Looney et al. 2017), both treatments alshilited similar breakpoint locations centered
on ground surface and similar piecewise structure, suggesting commonr afibve
belowground hydrologic response to black ash mortality. Moreover, both clearcut and
girdle treatments exhibited similar departifeom pretreatment relationships (i.e.,
departures for both treatments begin arowd®-€m,Figure2.4b), highlighting the likely
effect of black ash loss and its unégwater uptake strategy (e.qg., via relatively deeper
roots) compared to herbaceous replacement vegetation (Looney et al. 2017). In
combination, this interannual persistence of altered drawdown patterns (i.e., with a
consistent breakoint structure and 3@m water table departure) indicates that black ash
uniquely influences water table position, and imposes a hydrologic regime not observed
under other vegetative configurations, underscoring its role as a foundation species in
these ecosystems (Youngquistad. 2017).

H2: Our time series links observed hydrologic response (water table regimes) to
the associated ET driver that varies with vegetation structure, and support our prediction
(H2) that black ash communities imprint a unique ET signal relative tedigistbarce

vegetation communities. Specifically, controls exhibited up to 30% greater ET during the
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growing season but up to 50% less ET during the dormant season than clearcut and girdle
treatmentsKigure2.5a). The presence of black ash clearly imparts different seasonal ET
patterns and resulting water table patterns relative to herbaceous replacement vegetation,
likely attributable to differences among phenology, filteringB&fT, and rooting depth
strategies. Despite these seasonal variations, controls maintained higher cumulative ET
relative to treatments even after 5 years. These results support an analoghus sap

study conducted in harvested black ash systems in Michigaere findings suggested
reductions in stand level transpiration in clearcut and girdle treatments during the

growing season (van Grinsven et al. 2017). However, we note here that in addition to
evaluating transpirative loss from black ash mortality,sbudy considers changes to
ecosystenscale ET that depend on increased understory contribution with decreasing
canopy leaf area (Phillips and Oren, 2001). Black ash trees clearly have a significant

influence on the magnitude and temporal structure ofaxapspirative fluxes.

2.5.2 Ecohydrologic Controls

Differences in ET and thus water table regimes among plots clearly reveal the
importance of vegetatiespecific ecohydrologic interactions that influence water
availability (e.qg., rooting depth) and energy pEming (via canopy leaf arealrigure
2.1a). Surprisingly, watelimitation due to shallow rooting may be an important control
on ET in these wetland systems; our statistical model indicates that water table is equally
as important aBET in predicting ET of black ash wetlands (controls) and possibly twice
as important in clearcut treatment@ble2.2, compare scaled and centered estimates).
These redts align with a black ash sap flux study that found significant soil moisture
control on black ash transpiration, where highest sap fluxes occurred under saturated
conditions and much lower sap flux when relative soil water saturation was still as high
as60% (Telander et al. 2015). Vegetation structure can further influence ET through
effects to energy partitioning. For instance, canopy structure filters energy inputs for
understory transpiration and direct evaporation of standing and/or soil wateréAden
2017). Additionally, canopy structure likely influences snowfall interception and
sublimation and wind redistribution that can result in less snow pack under ash relative to
clearcut treatments (Molotch et al. 2007, LaMalfa et al. 2008, Veat¢th2€108).
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Changes in both rooting depths and canopy cover following disturbance likely play a
large role in observed treatment effects.

Together, vegetation differences in both water access and energy partitioning help
explain ET and water table differesscamong plots and over time. Clearcut treatments
(and to a lesser extent, girdle treatments) commonly exhibited higher spring dormant
season water tables than predictedtpeatment relationship$igure2.4), possibly as a
result of greater snowpack. However, clearcuts also often exhibited greater spring
dormant season ET than controls and subsequently more rapid spring dormant season
drawdownFigure2.4b) likely due to more open water evaporation from a combination of
reduced shading and greater boundary turbulence. We found clear support for the former
control on ET, where clearcut (atma lesser extent girdle) treatments experienced
greater daily maximum temperatures compared to control treatments by up to 5° C
(Figure 2.1). However, even though clearcut and girdle treatments received greater sub
canopy energy inputs throughout bdibrmant and growing seasons, they
evapotranspired less than controls in the growing season and on an annual basis, likely
due to limited growing season water access via shallow robiguge2.4b). The greater
reduction in growing season (and annual) ET and resulting shallower water tables for
girdle treatments compared to clearcuts may be because girdle treatments experience the
Awor st of both woityrebdteinboth reduted doverstorya s h mor t al
transpiration but also maintained shade to limit herbaceous transpiration and open

water/soil evaporation (Slesak et al. 2014).

2.5.3 Consequent shifts in ecosystem state

The observed persistent shifts in hydrologic regimgpted with documented
shifts in vegetation community from woody to herbaceous (e.g., Looney et al. 2017)
indicate a clear change in ecosystem state for the highest levels of disturbance at these
sites. Wetland plant communities can act as ecosystem enggensuwones et al.
1994) by regulating water table dynamics (via controls on ET) and creating conditions
that enhance their own success (Ridolfi et al. 2006). However, the feedbacks that
communities develop may be sensitive to abrupt shifts in eepsyginditions, at which
point new positive feedbacks arise, promoting an alternative stable state (Roy et al. 2000,

van de Koppel et al. 2005, Kéfi et al. 2016 and references therein). Disturbances that alter
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vegetation dynamics can cascade to hydrolaggame and, in turn, feedback to influence
resultant vegetation compositioRigure2.1a). In wetlands, where water table depth is a
dominant control on oxygen and nutti@vailability, even moderate rises in the water

table following vegetation mortality (e.g., Dubé et al., 1995, Pothier et al. 2003) can alter
recruiting vegetation communities (Rodrigdarbe et al. 2007). As such, alternative
stable states may be pdssiwhere less water tolerant species thrive on deep(er) water
tables versus more water tolerant species thriving on shallow(er) water tables (Chambers
and Linnerooth, 2001, Ridolfi et al. 2007). We suggest that we have observed such a
change in feedbachs this experiment where complete loss of black ash induced shifts in
vegetation communities and their influence on hydrologic regimes, which will in turn
likely continue to influence replacement vegetation composition and growth.

Whether this more herbames and wetter system will maintain itself through new
feedbacks (i.e., become a new stable ecosystem configuration) or whether it will shift
back to a forested wetland is uncertain. The stability of thedgiststrbance system
depends on the strength betfeedbacks that develop between replacement vegetation
and hydrology. Explosive herbaceous layer growth following treatment application
(Looney et al. 2017) in both the clearcut and girdle treatments may impose a negative
feedback (via shade and competi) on establishment of tree seedlings (Terwilliger and
Ewel 1986). However, we submit an additional negative feedback loop on black ash
regeneration, where wetter conditions driven by reduced ET from replacement vegetation
no longer favors forest planbmmunities. Evidence for this negative feedback is found
throughout Minnesota, where increased wetness in black ash wetlands due to ponding
and impoundment from roads correlates strongly with black ash crown dieback (Palik et
al. 2011, Palik et al. 2012%uch overstory and seedling sensitivity to disturbed (wetter)
hydrologic regime may be a common feature of forested wetlands, where replacement
marsh communities are sustained until specific conditions (e.g., drought) support tree
seedling regeneration (Au1997, Casey and Ewel 2006). Further, even if f#Bsted
black ash wetlands experience ideal recovery conditions for ash seedling regeneration, it
is uncertain whether new seedlings will survive due to perpetual mortality from EAB.
These negative feedbks suggest an alternative wetter, and more herbaceous stable state,

where return to forested conditions will require intensive management (i.e., planting of
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replacement tree species that can tolerate the hydrologic conditions, Looney et al. 2015).
Howeve, our study was limited to 5 years, and we cannot discount the plausibility of
longerterm community succession and regrowth effects (particularly hardwood
sprouting) to increase ET and result in more suitable hydrology for forests.

2.5.4 Management implication

Our work has direct implications for future management aimed at mitigating EAB
impacts. EAB infestation, in the absence of mitigation strategies, is likely to result in
largescale loss of forested wetland area and shifts to wetter regimes. Thesgkmnin
method applied with small patches (ca. 0@% ha covering 20% of stand area)
maintained pralisturbance hydrologic regime and could be used to slowly transition
black ash stands to communities with other facultative wetland tree species. Howvever,
be successful, this approach has to be implemented well before EAB infestation to allow
for multiple harvests (i.e., to reduce black ash extent) with time between each for
development of replanted patches. The effectiveness of this approach in opkration
settings is still unclear, but regional land management organizations are currently

interested in utilizing these findings to address the looming EAB threat.

2.6 Conclusions

Our findings demonstrate clear influence of vegetation structure on ET and &skociat
water table dynamics, highlighting potential consequences of EAB infestation and
different management options. With awdathing approach, represented by our girdling
treatment, EABInduced tree mortality will likely generate the greatest hydrologi@shp
due to both reduced canopy transpiration and maintained shading by dead tree boles that
limits subcanopy ET compensation. In this situation, elevated water tables and an
herbaceous community may take over and persist for many years. The preemptive
cleacut option will also likely result in a shift to wetter conditions, but water tables may
recover faster than the dahmthing option. The least hydrologically impactful option that

we studied was the group selection option (20% removal of black ash oygrstor
highlighting a potential mitigation strategy. Although the scale of potential disturbance is
daunting, our findings and other related work are helping to inform suemmpgve

management actions to reduce EAB impacts on black ash wetlands.
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2.8 Supplementary material

Table 2.1 Black ash system soil measurements for Chippewa Forest Sites

Depth
Soil Parameter 0i15cm 1530 cm
Bulk Density (g crr) 0.6 +0.4 1.4+0.3
p = 0.057 p=0.54
C (Mg ha?) 88.4+ 34.5 22.8+10.7
p = 0.069 p = 0.046
N (Mg ha') 64+26 1.7+£0.9
p=0.94 p = 0.057
C:N 141+1.6 149+5.2
p = 0.0069 p=0.49

Data fromblocks 1, 2, 3, n = 32. Values are mean * standard deviatiol
ANOVA pvalue in italics.
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CHAPTER 3. A MICROTOPOGRAPHIC SI GNATURE OF LIFE

3.1 Abstract

Microtopography in wetlands can be a visually striking landscape feature. Wetland
microtopography also critically influences biogeochemical processes at both the scale of
its observation (& 10 m?) and at aggregate scales{10* m?). However, relatively

little is known about how microtopography developwetlands or the factors that

influence its structure and patteFor examplewetland vegetation appears to have a

strong affinity to elevated microsites, libe degree to which wetland vegetation synpl
preferentially occupies | ev at ed mi cr o wvdarsushededre® townicmo ¢ k s 0)
wetland vegetation reinforces and maintdimese elevated micrositesnot clear.

Growing research across different ecosystems suggests that such reinforcing processes,
feedback loops, may be common between plants and their environment, and may result in
characteristic, selbrganized patch featurdgke hummocksin this work, we made use

of landscape ecology techniques and diagnostics to evaluate the plausilpilégt
environment feedback mechanisms in the maintenance of wetland microtopography.
Using a novel terrestrial laser scanning (TLS) dataset, we were able to quantify the sizing
and spatial distribution of hummocks in 10 black dsfaXinusnigra Marshal) wetlands

in northern Minnesota, U.S.AVe observed clear elevation bimodality in our wettest

sites, indicating microsite divergence into two states: elevated hummocks and base
elevation hollowsWe coupledhe TLS dataset to a thregear water table recd and

synoptic soddepth field campaigrand showed thdtummock height is largely predicted

by mean water table depth, with litle-no influence of subsurface microtopography on
surface microtopography. We further show that hummocks in wetter sitdsteegular

spatial patterning and overdispersion in contrast to hummocks in drier sites, which
exhibit random spatial arrangements. We show that hummock size distributions
(perimeters, areas, and volumes) are strongly lognormal, and that hummocksaexhib
characteristic patch area of approximately?agross sitesTogether, these results

implicate hummocks in black ash wetlands assejainized featureginally, we show

that hummocks may be responsible for increased reactive surface area irsblack a
wetlands by up to 32%, and may also influence surface water dynamics through

modulation of specific yield by up to 30%/e suggest thategetation develops and
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maintains hummockis response to anaerobic stresses from satusaiksy] leading to a

microtopographic signature of life.

3.2 Introduction
Bi ota permeate the Earthoés surface, exerting
topographic features. Although topographic signatures of life at landscape scales remain
elusive (Dietrich and Perron 2006)ethk is clear evidence of a biotic imprint on the land
surface at the scale of biota {18; Lashermes et al. 2007, Roering et al. 2010), attributed
to both animal (e.g., 1 m hill structures via burrowing; Gabet et al. 2014) and vegetative
actions (e.g., 2010 cm elevated ridges via organic inputs; Watts et al. 2010). Recently,
vegetationés role in affecting critical zone
considerable research attention (Amundson et al. 2007, Reinhardt et al. 2010, Corenblit et
al. 2011). However, despite general understanding of the broad, directional effects that
vegetation imposes on the critical zone environment (e.g., bedrock weathering and soil
development)less is known regardintpe reciprocal feedbackisat develop beteen
vegetation and their environment (Pawlik et al. 2016, Brantley et al. 2017). Evidence
suggests that some of these feedbacks may lead to reinforced and biotically maintained
topographic structure (Eppinga et al. 2008), resulting in diagnostic (micog)yegghic
fingerprints of plants.
Microtopography, or the smadicale structured variation (3010° m) in ground
surface height, can be a visually striking landscape signature. Wetland microtopography
is particularly well studied, and is observed and teddan freshwater marshes (Van de
Koppel et al. 2006), fens (Sullivan et al. 2008), peat bogs (Nungesser 2003), forested
swamps (Bledsoe and Shear 2000), tidal freshwater swamps (Duberstein et al. 2013), and
coastal marshes (Stribling et al. 2007). Wetlamdrotopography is common enough that
researchers in disparate systems collectivel
and | ocal | ow points as Aholl owso. Hol | ows a
comprise large, flat or concave open spaed®reas elevated hummocks tend to be
dispersed throughout hollows (Nungesser 2003, Stribling et al. 2007). Elevated
hummocks, even centimeters taller than adjacent hollows, can provide enough aeration to
limit anaerobic stress to vegetation, promotinghler plant abundance and primary

production (Strack et al. 2006, Rodr2guez It
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by simply changing the relative water table, microtopography inherently affects

vegetative composition and growth in wetlands. Hasvethe degree to which wetland

vegetation simply preferentially occupies hummocks (sensu Jackson & Caldwell 1996)

versus the degree to which wetland vegetation reinforces and maintains its own hummock

microtopography and thus preferred environmental itiomd is not clear. For example,

seedlings may simply fare better on elevated microtopographic features such as downed

woody debris or treéall mounds (Huenneke & Sharitz 1990). On the other hand,

increased vegetation growth and associated organic rmgites may support hummock

expansion. Growing research across different ecosystems suggests that such reinforcing

processes, or feedback loops, may be common between plants and their environment, and

may result in characteristic, selfganized patch feates (Rietkerk and van de Koppel

2008). By quantifying the structure and patterning of these features, we may therefore

make procesbased inferences about the latent feedback mechanisms (Turner, 2005).
Several diagnostic features implicate feedback mestmsnin the reinforcement

and maintenance of landscape patches, like striping of vegetated patches in arid settings

or mazelike patterns in mussel beds (Rietkerk and van de Koppel 2008). We suggest that

such diagnostic features from landscape ecologgxemnsible to wetland

microtopography, thereby allowing us to assess mechanisms of potential hummock self

organization. For example, multimodal distributions in environmental variables, such as

vegetation composition, soil texture, and, in our case, étev@nd see Rietkerk et al.

2004, Eppinga et al. 2008, Watts et al. 2010), indicate patcbrgglhization (Scheffer

and Carpenter 2003). Hypothesized mechanisms for patebrgalfization rely on

positive feedbacks that supportsaa | | e d fAdtoicaarn o f(aRudnaire et

vegetation improves growth conditions locally by modifying plscdle soil properties

(e.g., soil nutrients, hydraulic conductivity) or structure (elevation), which then leads to

greater vegetation growth, further smbdification, and thus reinforced patch expansion.

However, this amplifying effect is ultimately constrained and stabilized by compensatory

negative feedbacks (e.g., limiting nutrients, canopy competition for light; Rieterk and van

de Koppel 2008; Schrodet al. 2005). Such negative feedbacks can limit patch growth

both vertically (in the case of elevation; Heffernan et al. 2013) and laterally, constraining

patch size. As such, patch size distributions may be used to query the scales at which
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coupled pogive and negative feedbacks operate. For example, landscapes with a
characteristic patch size imply that limits to patch growth operate at local, or patch scales
(Manor and Shnerb 2008, von Hardenberg et al. 2010). Such limits to growth result in a
distind absence of very large patches, and a truncation of the patch size distribution,
which is modelled with lognormal or exponential functions (Kéfi et al. 2014, Watts et al.
2014). Characteristic patch sizes are also commonly accompanied by regular spatial
patterning (Rietkerk et al. 2004), or spatial overdispersion of patches (i.e., uniformity of
patch spacing is greater than expected by chance), which further implies local negative
feedbacks to patch expansion (Watts et al. 2014). In contrast, patchstilbeitions may
lack a characteristic spatial scale (e.g., Scanlon et al. 2007), which suggests lack of scale
dependent negative feedbacks to patch growth. Presence of very large patches
characterize these scdlee patch size distributions, which areguently modelled with
powerlaw functions (Pascual and Guichard 2005). Here, we extend this inferential
theoretical framework and specific diagnostics (multimodality, patch size distributions
and patterning) to test predictions concerning the generattbbmaimtenance of wetland
microtopography.

Our broad hypothesis is that while there are many mechanisms that may initiate
wetland microtopographic variatipstructurecandpersistent (angossibly patterned)
wetland microtopography results from setfyanzing, reciprocal feedbacks between
plant growth and hydrology{gure3.1). Microtopographic initiation mechanisms may
include direct actions from biota (e.g., burrowing or mounding), indirect actions from
biota (e.qg., tree falls or preferential litter accumulation), and abiotic events that
redistribute soils and sediment (e &xtreme weather events). However, without
reinforcement, or autogenic feedbacks that maintain such variations in soil elevation, this
type of microtopography would be unstructudeiddistinguishable from the random
processes that create it, both vertigalhd laterally. On other hand, when operated on by
autogenic feedbacks, these variations may take on a meaningful strastutieg from
ecosystem processes. For example, slightly elevated microsites provide relief from
adverse hydrologically inducedaarobic conditions, promoting plant establishment.
Plant establishment further leads to increased organic matter or sediment accumulation

through several potential mechanisms: 1) increased hummock gross primary productivity
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(GPP) from reduced hydrologiasss (Conner 1995, Stribling et al. 2007, Hanan and

Ross 2009), 2) sediment/organic floc accumulation around stems, roots, and shoots
during periods of inundation (Barry et al. 1996, Peterson and Baldwin 2004), and 3) a
directional hydraulic and dissolveaitrient gradient towards hummocks driven by

increased evaporation on hummocks relative to hollows, which leads to increased GPP on
hummocks (hummock fAevapoconcentrationo; Riet
Thus, positive feedback loops developandincreased elevation induces greater plant
productivity and sediment accumulation, which in turn lead to increased microsite
elevation, and so on (top, solid loopHigure3.1). These positive feedbacks ultimately

induce soil elevation bimodality, where microtopographic features belong either to a
stable hummock and stable hollow elevation state (Rietkerk et al. 2004, Eppinga et al.
2008, Watts et al. 2010). Negativeetibacks eventually limit this growth; otherwise,
hummocks would have no vertical or lateral limit. Vertical negative feedbacks may result
from increased decomposition in hummocks as hummocks grow vertically and their soils
become more aerobic (Courtwrigiiid Findlay 2011; bottom, dashed loog-igure3.1).

Lateral negative feedbacks may result from canopy competition for light among trees
located on hummocks, or from costjion for nutrients among hummocks (Rietkerk et

al. 2004), leading to characteristic patch sizes and spatial overdisperion of patches.
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Incipient Autogenic Feedbacks

Mechanisms A
Legend
GPP, sedimentation,
+ — Faunal evapoconcentration,
(burrowing, floc accumulation
— - — 5 mounding)

State Variable . . .
Floral | Microsite Elevation /

(tree fall) Microsite Area

Process
Abiotic
respiration, erosion,
— 7 T\resource competition| —

(extreme events)
Figure 3.1 Conceptual model faautogenichummocknaintenancen wetlandsIncipient
mechanisms create smailtale variation in soil elevation that is amplified by autogenic
feedbacks, which grow and maintain elevated hummock structures. Solid lines indicate
positive feedback loops and dashed lines indicate negi@adback loops. Font in italics
refer to feedback processes hypothesized to only affect lateral hummock extent (thus
hummock area), whereas ndalic font indicates mechanisms that affect both vertical
and lateral hummock extent. Processes in blue atdithat these mechanisms are
influenced by hydrology.

< Soil Mass

i
|
i

) e

In wetlands, the posited positive and negative feedback loops that grow and
maintain hummocks are likely under the strong influence of bothasitthummock
scale hydrology (blue shadingkigure3.1). Consequently, we hypothesize that soil
wetness is predictive of the strength of the autogenic processes that structure wetland
microtopography. For examplérier sites may obviate the feedback loop between
elevation and productivity/decompositiarf.(Watts et al. 2010), because soils are nearly
always unsaturated and aerobic. Additionally, dissolved solutes may less easily flow
along directional hydraulic tges in unsaturated soils compared to unsaturated soils,
reducing the evapoconcentration efféstcontrast, we predict that in wetter sibegth
the elevatiorproductivity and evapoconcentration feedbacks will be more imppdadt
will therefore leado moreclearand structurettummockhollow featuresin this
framework,we view wetland hummocks aslforganizing, created autogenically by
bidirectionalfeedbacksamongvegetation soil, and hydrology. Althougbur broad
hypothesis has previously beasted imonforestedpeatland environments (Belyea and

Baird 2006, Eppinga et al. 2009), we seek here to expand and more directly quantify our
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understanding of the pattern and development of wetland microtopograjoingsted
wetlandsystems with a focusn hydrologic controls.

A potential null hypothesis of setfrganizing, autogenic wetland
microtopography is that hummocks and hollows are simply just reflections of similar
undulations in some underlying soil horizon. This null hypothesis, howevesilg ea
tested through ctocated measurements of surface soil horizon depth and underlying soil
horizon topography. We would fail to reject this null hypothesis if we observe no
correlation (slope = 0) between these variables, where surface soil deptstatand
thus surface microtopography is a reflection of subsurface microtopography. However, if
we observe deviations from this-gorrelation case, then we may reject this null
hypothesis. For example, we may observe a completely negative correlkpsn<sl)
between surface soil depth and subsurface elevation, indicating a completely flat surface
over a varying subsurface due to soil accumulation. Further still, deviations above this
1:1 line imply surface elevations above a flat surface, indigatamiable surface
elevations unexplained by subsurface elevation. This method therefore provides a litmus
test of this firstorder null hypothesis.

In this studywe assessdour selforganizing hummocks hypothesis by evaluating
wetland soil elevationfiummockproperties and patterning, and hydrologic regimes in
black ash forested wetlda in northern Minnesota, U.S.Ao do so, weharacterized
microtopography with a-tm spatial resolution dataset from a terrestrial laser scanning
campaign. We also ewatedsubsurface mineral layer topograpmmddaily water tables
to determinghe extent thathat these influenced observed surface microtopography
Specifically, we tested the following predictions:

1. Elevationwill exhibit a bimodaldistributionwithin black ash wetlands. A

bimodal distribution of microtopography requires sharp boundaries between

hummocks and hollows (Eppinga et al. 2009), which are indicative of positive

feedbacks between biota and hummock growth (top feedb&esgure3.1), and
therefore suggest biotically controlled hummock development.
2. Surfacesoil depthwill exhibit a-1:1 relationship withunderlyingminerallayer

topographybut hummocks will ploabove this lineln other words, hummocks
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and hollows are not simply reflections of the ups and dowssligurfacdayers,
but instead reflect surfadevel selforganizatiorof soil elevation

3. Hummockheightswill be positively correlatd to site wetnessThis prediction
follows from the idea that hummocks are s®fanizing, but only organize in
response to elevated water tables. This prediction implies that drier sites may
exhibit no microtopography because average water tables are low enough to
wherethe feedbacks that support hummock expansiomodalevelopMoreover,
within-site variability in hydrology may also result in witksite variability in
hummock heights.

4. Hummocks will be egulaty spatialpatterned. Regular spatial patternnequires
cowpling of scaledependenpositive and negative feedbacks (Rietkerk and van de
Koppel 20@). Overdispersion and regulaummock spatigbatterningmay
therefore arise whethe increased local productivity on hummocks (i.e., local
positive feedback as pretkd in the previous hypothesis) inhgthe formation
of hummocksat some distance away (e.canopy light and/or nutrient
competition among trees on hummagcks$owever, we predict that regular
patterning will only be clear in wetter sites with more pnamced
microtopography (see 3 above).

5. Cumulative distribution (cdf) of individual humrak areas will correspond to a
family of truncatedlistributiors (e.g., exponential or lognormal)his type of
patchsize distributiorimplies a characteristic patch sjzandends to emerge for
patches that grow witlocal facilitation but also a local constraint that limits their
maximum siz€e.g.,resource competition). We hypothesized that light and
nutrients would be limiting to plant growth in these systems, dioivhich may
act at the scale of hummocks, thus leading to truncated hummock patch size

distributions.
3.3 Methods

3.3.1 Site description
To test our hypothesewe investigated ten black adfréxinus nigrg wetlands of
varying size and hydrogeomorphic landscapgitpn in northern Minnesota, U.S.A.

(Figure3.2; Table3.1). Thousands of meters of sedimentary rocks overlay an Archean
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granite bedrock geology in this iieg. Study sites are located on a glacial moraine
landscape (40@30 m ASL) that is flat to gently rolling, with the black ash wetlands
found in lower landscape positions that commonly grade into aspen edgnmaated
upland forestsThe climate is contiental, with mean annual precipitation of 700 mm and
a mean growing season (Ma&)ctobe) temperature of 14.3°@nean annual temperature
=-1.1°C1 4.8C; WRCC 2019) Annual precipitationis approximately twahirds rain

and onethird snowfall.Potential ET(PET) is approximately 60850 mm per year
(Sebestyen et al. 201 Detailed site historiewereunavailable fothe tenstudy

wetlands butsilvicultural practices irblack ash wetlandsave been historically limited
in extent ( D& A mdondhe availabtelinformationl(e8g), Erdniaanseteal.
1987, Kurmis and Kim 1989), we surmise that our sites are late successional or climax

communities and have not been harvested for at least a century.

Lake Winnibigoshish

7.5km: - 15km &L

-94.6 -94.1 -93.6

Figure 3.2 Map of black ash wetland siteSites are colored by their mean organic
horizon depth.

As part of a larger effort to understand and characterize black ash wetlands

(D6Amato et al . 2018), weanthly itsdryglwgeonomphdc a n d

characteristics as follows: 1) depression

pooktype geometry with geographical isolation from other surface water banlies
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surrounded by uplands 2 ) | owl and s icteriecesl by¢xfensive wetltand= 3 ) ¢ h e
complexesof | at, gently sl oping topography, and 3
characterized as flat, linear boundaries between uplands and black spceeenfgrg

bogs Figure3.2). The three lowland sites were control plots from a @1

experimental randomized block design on black ash wetlands (blocks 1, 3, and 6; Slesak

et al. 2014, Diamond et al. 2018). We considered hydroggamwovariability among

sites an important criterion, as it allowed us to capture expected differences in hydrologic

regime and thus differences in the strength of our predicted control on microtopographic
generationigure3.3). Ground sbpes across sites ranged froni%. Hydrology of

black ash wetlands is typically dominated by precipitation and evapotranspiration (ET),

with shallowwater tables following a common anntra@jectory of latespring/early

summer inundation followed by summer drawdown from ET (Slesak et al. 2014,

Diamond et al. 2018). However, the degree of drawdown demenidsal

hydrogeomorphic setting; we observed considerably wetter conditialepatsion sites

and transition sitethan lowland sites.

Table3.1 Site information for ten black ash study wetlands
Site Latitude Longitude Elevation Size Average aganic horizon depth

(m ASL) (ha) (cm)
D1 47.67168 -93.68438 447 5.697 28.9+9.1
D2 47.28097 -94.38353 425 6.499 27.7£11.3
D3 47.28380 -94.37992 429 6.062 105.3+ 32.2
D4 47.28021 -94.48627 442  0.491 60.6+ 22.1
L1 47.53685 -94.21786 403 2.191 28.8+£9.5
L2 47.53444 -94.21320 391 6.845 19.6+7.2
L3  47.52744 -94.20573 394 1455 24.5+10.1
T1 47.83737 -93.71288 424 15.659 129.4+ 3.6
T2 47.67887 -93.91441 447 8.618 84+26.2
T3 47.27623 -94.48689 432 1.938 53.6+ 28.5
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Figure 3.3 Photos of observed black ash wetland microtopography from a st
hydrogeomorphic categorflummocks are outlined in yellow/orange dashed lines, and
hollows are outlined and lightly shaded in blue. Lowland site hummocks and hollows are
difficult to discern in summer time due to heavy understory cover and are additionally
less pronounced, so they are not drawn here.

3.3.1.1 Vegetation

Overstory vegetation at the ten sites is dominated by black ash. At the lowland
sites, other overstory speciesre negligibe, but at the depression and transition sites
therewere minor cohorts of northern whiteedar Thuja occidentalid..), green ash
(Fraxinus pennsylvanic®larshal), red mapleAcer rubrumL.), yellow birch Betula
alleghaniensi®ritt.), balsam poplaopulus balsamiferd.), and black sprucd({cea
marianaMill. Britton). Still, except at one transition site (T1), where northern white
cedar represeatla significant overstorgomponent, black ash representeer 75% of
overstory coveacross all sitesBlack ash also nake up the dominant midstory
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componentn each site, but varegularly found with balsam fiApies balsamea.

Mill. ) and speckled aldeAlnhus incand.. Moench) in minor components, and greater
abundances of American eltdltnusAmericara L.) at lowland sitesBlack ash stands

are commonly highly uneveaged (Erdmann et al. 1987), with canopy tree ages ranging
from 130 232 years, and stand development under asgafe disturbance regime

(D6 Amat o eBtackadh are és6 typcalslow-growing, achieving heights of

only 10'15 m and diameters at breast height of only3B5cm after 100 years (Erdmann
et al. 1987).

3.3.1.2 Soils

Soils in black ash wetlands in this region tend téitstosols characterized by
deep mucky peats underlain bytygitlay mineral horizons, although there were clear
differences amongite groups(NRCS 2019). Depressiaiteswere commonly associated
with Terric haplosaprists of the poorly drained Cathro or Rifle series with O horizons
approximately 30150 cm deeTable3.1). Lowland sites were associated with lowland
Histic inceptisols of the Wildwood series, which consist of deep, poorly draimetal
soils with a thin O horizon (< 10 cm) underlain by clayey till or glacial lacustrine
sediments. Transition sites typically had the deepest O horizons (> 100 cm), and were
associated with typic haplosaprists of the Seelyeville serie¥yrd haplohemists
(NRCS 2019). Both depression and transition sites had much deeper O horizons than
lowland sites, but depression site organic soils were typically muckier and more

decomposed than more pdiie transition site organic soils.
3.3.2 TLS

3.3.2.1 Data collection

To characteze the microtopography of our sites, we conducted a synoptic
terrestrial laser scanning (TLS) campaign from Octob&2202017. We chose this
period to ensure highuality TLS acquisitions, as it coincided with the time of least
vegetative cover and theast likelihood foinundated conditiondDuring scanning,
leaves from all deciduous canopy trees were off, grasses had largely senesced, and

standing water was present at portions of only three of the sites. Where standing water
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was present, it was tygally less than 10 cm deep and dosised to small poolscé.

0.5 2 n7) dispersed across the site.
We used a Faro Focus 1203Dphasei ft TLS (905 randomlya) t o

established, nenverlappinglO m diameter sampling plots at each site (4eedl et al.

[in revision] for exact methodological detailspr each site, @mergedour plot-level

TLS data tca single 900 rhsite-level point-cloudusing30 strategically placed and

scanned.62 cm radius polystyrene registration spheres set atop §t2kesWe further

referenced each site to a datum | ocated at
To validate the eventual TLS surface model products, we installed sixty 2.54 cm

radius spheres on fiberglass stakes exactly 1.2 m above ground sitigacésite

Hence, for each site we knew the exact elevation (i.e., 1.2 m below a scanned sphere) of

60 points in spacé&Ve placed 3913 at each plo®)f these validation spherespatints

according ® a random walk sampling desigmdplaced21 (7 at each it) of these

validationspheres on distinctive hummaobbkllow transitions. We placettie 1.2 m tall

validation spheres approximately plumb to reduce errors due to horizontal misalignment.
We processed the point clouds generated from the TLS sampling ganpai

generate two products: 1) sitevel 1 cm resolution ground surface models, and 2) site

level delineations of hummocks and hollows. The details and validation of this method

are described completely in Stovall et al. (in review), but a brief ouslipeovided here.

3.3.2.2 Surface model processing and validation

For each site, efirst filtered the sitéevel pointclouds in the Cloud@mpare
software (Othmani et a2011) and created an initial surface model with the absolute
minima in a moving 0.5 cm griYe removed tree trunks from this initial surface model
using a slope analysis and implemented a final outlier removal filter to ensure all points
above ground level were excluded. Our fisiéd-level surface modelmeshed the
remaining slopdiltered pont cloud using a local minima approach at 1 cm resolution.
We validated this final 1 cm surface model ustiyalidation spheres per site.

Before we analyzed surface models from each site, we first detrended sites that
exhibitedsite-scaleelevationgradientge.g., 0.02 cm ). These gradientmayobscure
analysis okite-level relative elevation distribution®lanchon et al. 2002and our

hypothesis relates to relative elevations of hummocks and hollows and not their absolute
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elevations. We chodbe bestdetrended surface model based on adjustaciRes and
observation of resultant residuals and elevation distributions from three options: no
detrend, linear detrend, and quadratic det(@dFive sites were detrended: L2 was

detrended with aiear model, and D1, D2, D4, and T1 were detrended with quadratic
models. We then subsampled each surface model to 10,000 points to speed up processing
time as original surface models weygproximatelyl00,000,000 points. We observed no
significant differece in results from the original surface model based on our subsampling

routine.

3.3.2.3 Hummock delineation and validation

We classified the final surface model into two elevation categories: hummocks
and hollowsWe firstfilled gaps in the original surface mdde.g., where the TLS scans
did not get returns) with a buffered model using the R packdge(Roussel and Auty,
2018). Because of their broader extand simpler features, we first classified hollows
using a combination of normalized elevation armmgbslthresholds: hollows have less than
average elevation and less than average slope. This combined elevation and slope
approach avoided confounding hollows with the tops of hummocks (tops of hummocks
are typically flat or shallow sloped). We used the ri@ing point cloud after hollow
classificationand removahs ou domain of potential hummocks.

We used this potential hummock domain to segment hummocks into individual
point clouds and thereby create a hummleslel surface model for each site. We first
used the local maxima (Roussel and Auty, 2018) of a moving window to identify
potential microtopographic structures for segmentation. The local maxima ssrve
Aseed pointso f riedamaodifiedwdiershedetineation appraashp |
(Pau et al2010). The watershed delineation is an inverse watershed function, inverting
the elevation values in the point c¢cloud and
our casavashummock edges. The defined boundaas usedo clip and segment an
identified hummock area into an individual hamack point cloud surface model.

For each delineated hummock within each site, we calculated perimeter length,
total area, volume, and height distributions relative both to local hollow datum and to a
site level datum. @ calculate area, volume, and perimeter, we first converted hummock

point clouds into rasters with a resolution of 12ciithis method creates a horizontal
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projection of the original 3D point cloud with constant pixel resolution. To calculate area,
we summd total number of points in each hummock raster multiplied by the model
resolution (1 crf). We calculated @lume was using the same method as aredutther

mul tiplied by e a thahollpwsunfatesRerimeteriwastdnsediively e
estimaed by converting our rastéiased hummock features into polygons and extracting

the edge length from each hummock. We estimated side hummock area (analogous to the
surface area of a cylinder without a top or bottom) by multiplying the perimeter of each
hummock by its 28 percetile height, which we determined to be a conservative
representation of the average height around the perimeter of the hummock.

To validate the hummock delineation, we compared manually delineated and
automatically delineated hummosize distributions at one depression site (D2) and one
transition site (T1), both with clearly defined hummock features. We omitted using a
lowland site for validation because none of these sites had obvious hummock features
that we could manually delineawith confidence. We manually delineated hummocks
for the D2 and T1 sites with a qualitative visual analysis of raw TLS scans using the
clipping tool in CloudCompare (2018). We relied on area, perimeter, and volume
estimates for the comparison and testecsignificant differences in the manual and
automatic hummock segmentations using ataed ttest for unequal variances and a
KolmogorovSmirnov test.

After the automatic delineation procedared subsequent validatiowe
performed a data cleanipgocedure by manually inspecting outputs in the
CloudCompare software. We eliminated clear hummock mischaracterization that was
especially prevalent at the edges of sites, where point densities were low. We also
excluded downed woody debris from furthentaock analysis because, although these
features may serve as nucleation points for future hummocks, they are not traditionally
considered hummocks and their distribution does not relate to our broad hypotheses.
Finally, we excluded delineated hummocks thate less than 0.1%n area because we
did not observe hummocks less than this size during our field visits. This delineation and
manual cleaning process yielded point clouds of hummocks and hollows for every site

that could be further analyzed.
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3.3.3 Field data collection

3.3.3.1 Mineral layer depth measurements

To quantify the control thatnderlyingmineral layemicrotopography has on
surface microtopography, we conducted synapgasurements ofinerallayer depth
and thus organic soil thickneaseach sitéWithin each of thel0 m diameter plotssed
for TLS ateach sitewe took 13measurements (docated with the randomly established
validation spheres) afepth tominerallayer using a steel 1.2 m ro#it each point the
steel rod was gently pushed int@ thoilwith consistent pressutmtil resistance was met
T we performed this resistance test twice at each point and recordmcethgeadepth
until resistance (resolution = 1 cm) as the depthitterallayer. At nearly every point,
there was a clear didrence in resistance when a mindegler was reached. In cases
where it was unclear whether the steel rod reaclmemherallayer (e.g., hitting a tree
root), three measurements were taken in the surrounding 50 cm region and averaged. At
each measuremepbint, we placed an orange survey flag for future comparison and
replication. Later, we tied each of these ddptimineratlayer measurements with a soil
elevation basedroTLS data and theite-level datumice., elevation at the base of each
s i t elpseeDataecbllectior3.3.2.)).

3.3.3.2 Hydrology

To address our hypothesis that hydrgiaga controlling variable of
microtopographic expression in black ash wetlangsinstrumented all 10 sites to
monitor water level dynamics and continuous precipitation. Three sites (L1, L2, and L3;
Slesak et al. 2014) were instrumented in 2011 anchsevkine 2016ollowing the same
protocols. At each sitave placed a fulhslotted observation well (schedule 40 PVE, 2
inch diameter, 0.0Xihch-wide slots) at approximately the lowest elevatialithough at
the flatter L sites, wells were placed a tipproximate geographic center of each site
We instrumented each well with a higbsolutiontotal pressuréransduce(HOBO
U20L-04, resolution = 0.14 cm, average error = 0.4 cm) to record water level time series
at 15minute intervals. We dug each welith a hand auger to a depth associated with the
local clayminerallayer and did not penetrate tihrenerallayer, which ranged from 30 cm
below the soil surface to depths greater than 200 cm. We then backfilled each well with a

clean, fine sand (280 giade). At each site, we also placed a dry well with the same
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pressurdransducemodel to measure temperatureffered barometric pressuaed
frequency for barometric pressure compensgfidclLaughlin and Cohen 2011). We also
placed five tippingbucketrain gages equipped with highsolution data loggers (HOBO
UA-003-64 Pendant, resolution = 0.254 mm) in open spaces within 1 km of the seven

well locations.
3.3.4 Data analysis

3.3.4.1 Hydrology

We calculated simple hydrologic metrics based on the three years otatdger
data for each site. For dasite, we calculated the mean amdiance of water table
elevation relative to ground surface at the w&lpositive water table value indicates that
the water table is above the soil surface (inundated conditionsy, reghtive water table
indicates that the water table is below the soil surfdtealso calculated the average
hydroperiod of each site by counting the number of days that the mean daily water table

was above the soil surface at the well eadr,y@&nd agraging across years.

3.3.4.2 Elevation distributions

Ouir first line of inquiry was to evaluatke general spatial distribution of
elevation at each site. &¥irst calculated sitdevel omnidirectional and directional (0°,
45°,90°, 135°) semivariograms using fstatpackage in R (Pebesma 2004 and Graler
2016).We calculated directional variograms to test for effects of anisotropy (directional
dependence) of elevation. Semivariogram analysis is regularly used in spatial ecology to
determine spatial correlatidoetween measurements (Ettema and Wardle 2002). The sill,
which is the horizontal asymptote of the semivariogram, is approximately the total
variance in parameter measurements. The nugget is the semivaricotanmcept, and it
represents the parameterigace due to sampling error or the inability of sampling
resolution to capture parameter variance at small scales. The larger the difference
bet ween the sil| and the nugget (the fAparti a
parameter. If the semivagram is entirely represented by the nugget (i.e., slope = 0), the
parameter is randomly spatially distributed. The semivariogram range is the distance
where the semivariogram reaches its sill, and it represents the spatial extent (patch size)

of heterogeaity, beyond which data are randomly distributthen spatial dependence
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is present, semivariance will be low at short distances, increase for intermediate
distances, and reach its sill when data are separated by large distéacesed
detrended elevain models for this analysis to asseswe directlythe importance of
microtopography on elevation variation as opposdthtong it obscured bgite-level
elevation gradients. From these semivariograms we calculated tHé bestivariogram
model amongxponentialMatérn or Matérnwith Stein parameterizatiamodel forms
(MinasnyandMcBratney2005) We also extracted semivariogram nuggets, ranges, sills
and partial sills

Oursecondine of inquiry was to evaluate the degree of elevation bimodality in
these systems, which is indicativeappositive feedback between hummock growth and
hummock height (Eppinga et al. 200Bpsed on the classification into hummock or
hollow from our delineation algorithm, we plotted de@el detrended elevation
distributions for hummocks and hollows and determined afiteSaussian mixture
model with Bayesian Information Criteria (BIC) using thelustpackage (Scrucca et al.
2016) in R (R Core Team 2018), which uses an expectatoamization algorithm.
Mixture modés were allowed to have either equal or unequal variance, and were

constrained to a comparison of bimodal versus a unimodal mixture distribution.

3.3.4.3 Subsurface topographic control on microtopography

We assessed the importanceronerallayer microtopographgn soil surface
microtopography by comparing the depthmineratlayer measurements with the soil
surface elevation TLS measurements. We fiattidated the elevation of the mineral
layerrelative toeachsite-level datumby subtracting the deptio-mineral-layer
measurement from its docated soil elevation measurement estimated from the TLS
campaign. We then plotted the depdkhmineratlayer measurement (hereafter referred to
a sorganics o i | t hi c k nes s onmineralayeraelevatiormatingiwbich of t hi s
points were on hummocks or hollows as determined from the TLS delineation algorithm.
We fit linear models to these points and compared the regression slopes to the expected
slopes from1) a scenariovheresurface microtopographyg simply a reflection of
subsurface microtopograpksiope = 0, or constantrganicsoil thickness), and 2) a
scenario of flat soil surfacghere organic soil thickness negatively corresponds to

varyingminerallayerelevation(slope =1, orvaryingsoi thickness)Again, the first
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observation would suggest that surface microtopography mimics subsurface
microtopography, whereas the second would suggest organic matter/surface soil
accumulation and smoothing over a varying subsurface topography. Olzses\adiove
the-1:1 line would indicate surface processes that increase elevation above expectations

for a flat surface.

3.3.4.4 Hydrologic controls on microtopography

To test our hypothesis that hydrology is a broad;lsitel control on hummock
height, we firstegressed sitmeanhummock height against sibeeandaily water table.
We also conducted a withsite regression of individual hummock heights agdimesir
local mean daily water tabl&o do so we firstalculated a local relativmeanwater
tablefor each delineated hummock locatioy subtracting the elevation minimum of the
hummock (i.e., the elevation at the base of the hummock) from tHesemean water
table. This calculation assumes that the water table is flat across the site, whidi is like
valid for the high permeability organic soils at each site and relatvefyl areas that we
assessed-his within-site regression allowed us to understand more-zak controls
on hummock height.

3.3.4.5 Hummock spatial distributions

To test whether thergasregular spatial patterning of hummocks at each wi¢e
compared the observed distribution of hummocks against a theoretical distribution of
hummocks subject to complete spatial randomness (CSR) with the R papkéggat
(Baddeley et al. 2015). Weadt extracted the centroids and areas of the hummocks from
the hummock delineation and created a marked point pattern of the data. Using this point
pattern, we conducted a nearmstghbor analysis (Diggle 2002), which evaluates the
degree of dispersiomia spatial point processe., how far apart on average hummocks
are from each othgrlf hummocks are on average further apart (using the mean nearest
neighbor \Wli sbaapaepgdet o what wou)thebe expect €
hummocks are said twe overdispersed and subject to regular spacing; if hummocks are
closer together than what CSR predicts, they are said to be underdispersed and subject to
clustering. We cwampda,ebele valuesegreater thand indichte ¢
overdispersio and values below 1 indicate clustering, and calculatescare (Znn)

and subsequentyalue to evaluate the significance of overdispersion or clustering
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(Diggle 2002, Watts et al. 2014). We computed tseare from the difference between
enn a n @dxpsealed by the standard error. We also evaluated the probability distribution
of observed nearest neighbor distances to visuklidieerthe dispersion of wetlands in

the landscape.

3.3.4.6 Hummocksize distributions

To test the prediction that hummock sizes are constrainpdtbi#scalenegative
feedbacks, we plotted sitevel rank frequency curvémverse cumulative distribution
functions)for hummock perimeter, area, and volume. These curves trace the cumulative
probability of a hummockimension(perimeter, area, or volume) being greater than o
equaltoacertainvalue PDXx ] ). We t hehi tcompawer d)lBgeXOx] =
nor mal (BA[nX6X),]+ a&and e x p o n eMdistriblitions Brithss®x] = Ue
curves usin@AIC values Powerscaling of these curves occurs where negative feedbacks
to hummock size are controlled the landscapscale(i.e., hummocks have equal
probability to be found at all size classeBuncated scalig of these curves, as in the
case of exponential or lognormal distributions, occurs when negative feedbacks to
hummock size areontrolled at the patebcale(Scanlon et al. 200%Vatts et al. 2014).

3.4 Results

3.41 TLS
A complete description of the performancel aalidation of the TLS methods
and hummock delineation are provided in Stovall efimkevision, but a concise

presentation of the results isopidedhere.

3.4.1.1 Surface modegberformance

Validation of surface models using the validation spheres inditdaé¢durface
models were precise (RMSE = 3.67 + 1 cm) and accurate (bias = 1.26 = 0.1 cm) across
all sites (Stovall et aln revision). The gently sloping lowland sites (L) had substantially
higher RMSE and bias than the transition (T) and depressiasité3) The relatively
high error oflowlandsite validation points resulted from either low point density or a
complete absence of LIDAR returns. We observed overestimation of the surface model
when TLS scans were unable to reach the ground surface ge¢adhre greatest

overestimations in sites with dense grass cdeardndsites). Overestimation was also
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common in | ocations with no LiDAR returns,
oblique view angle was unable to realonetheless,xamination of the surface models

indicated clear ability of the TLS to capture surface microtopografgure3.4).

o A P o bo APV o 4 b sl a8
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Figure 3.4 Example surface model profiles from each wiith scales on the left (5:1
scaling in z:x). Hummocks are clearly visible in most sites.

3.4.1.2 Hummock delineatioperformance

Hummocks delineated from our algorithm were generally consistent in
distribution and omension with manually delineated hummocks. However, the automatic
delineation located hundreds of small (<0.3) finummock features that were not
captured with manual delineatiomhich we attribute to our detrending proceduke
did not consider autortiaally delineated hummocks less than 0Aimfurther analyses,
as we did not observe hummocks smaller than this in the fiel®&&e3. Both area and
volume sizdistributionsfrom the manual and automatic delineatiorese statistically
indistinguishable for bothtest (pvalue = 0.84 and 0.51, respectively) and Kolmogerov
Smirnov test (pralue = 0.40 and 0.88, respectively). Automatically delineated hummock
area, perimeter.area, and volume estimates had 23%, 19.6%, and 24.1% RMSE,

respectively, and the estimates were either unbiased or slightly negatively E8a8é&d, (
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0.2 %, and11.9 %, respectively). We consider these errors to be well within the range of
plausibility, especially considering the uncertainty involved in manual delineation of

hummocks, both in the field and on the computaral delineations showed clear visual

differences among site types in the spatial distributions of hummbikg ¢ 3.5).

0

Figure 3.5 Automatically @lineated hummocks for every sigh hill-shaded surface
models in the backgrounBlummocks are colored ieach site by a unique identifier
Although some hummocks have similar colors to their neighbors indicating that they are
the same hummock, if they are separated by grey space, they are unique

3.4.2 Hydrology

Hydrology varied across sitelsut largely corresponded to hydrogeomorphic
categoriesTable3.2). Depressions sites were the wettest sites (mean daily water table =
0.010 m), followed by transitiosites ¢0.039 m), and lowland site€)(324 m). Lowland
sites also exhibited significantly more variability in water table than transition or
depression sites, whose water tables were consistently within 0.4 m of the soil surface.
Although lowland sites dxbited greater water table drawdown during the growing

season, they were able to rapidlywet after rain events.
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Table3.2 Daily water table summary statistics for black ash study wetlands

Site Mean (m)  Median (m) Standard deviation (m) Mean hydroperiod (d)
D1 0.012 0.088 0.179 105
D2 -0.098 0.042 0.156 96
D3 0.053 0.143 0.196 117
D4 -0.008 0.003 0.151 77
L1 -0.255 -0.046 0.462 67
L2 -0.346 -0.046 0.543 77
L3 -0.370 -0.076 0.502 61
Tl -0.001 0.034 0.125 105
T2 -0.048 0.044 0.202 101
T3 -0.069 0.016 0.217 84

3.4.3 Elevation distributions

During field sampling, w observed distinct differences in microtopography
among site categories. Depression sites were dominated by hollow features, which were
punctuated with hummocks associated with black ash trees. Transition sites were
microtopographically similar to depréss sites, but tended to have more of their area
covered with hummocks. Transition site hummocks were also more regularly occupied
by canopy species other than black ash, most commonly northerroetide and
hummocks were oftecoveredentirelyby mossspecies, especiallyphagnum spp.

Lowland sites had considerably less variability in microtopography than depression or
transition sites, and during the summer were covered in grasses and sedges that obscured
hummock and hollow features. However, during lautumn, it became clear that there

were some distinctive hummock features associated with black ash trees, but these
hummocks were far less numerous and less pronounced than those at depression or
transition sites. Most areas of these lowland sites wferegermediate elevation,

belonging neither to what would be traditionally considéneéshmock nor hollow

categories.

In support of our observations, semivariograms demonstnatiett more
pronouncecklevation variabilityat depression and transition sitean at lowland sites
(Figure3.6). In general, lowland sites reached overall site elevation variance (sills,
horizontal dashed lines) withbhmetes, but besfit ranges(dotted vertical lines in
Figure3.6) were less than 1 m. In contrasestfit semivariogram ranges falepression

and transition sitewere several times great@herefore, depression and transitions sites
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have much larger ranges of spatial autocorrelation for elevation than lowland sites.
Semivariograms were all best fit wikhatérnmodels with Stein parameterizatioasd

nugget effects were extremely small in all cases (average <0.001), which we attribute to
the very high precision of the TLS meth@da such, partial sills were quite large (i.e., the
difference between the sill and nugget), indicating that very diltheation variation is at
scales less than our surface model resolution (1 cm); the remaining variation is found
over sitelevel ranges of autocorrelation/e did not observe major differences in
directional semivariograms compared to the omnidirectiseaivariogramimplying

isotropic variability in elevatiorand do not present them here
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Figure 3.6 Omntdirectional semivariograms for site elevationshyglrogeomorphic

category(D = depression, L = lovdnd, T = transition). Sites are colored according to
their number within theihydrogeomorphicategory. Dotted vertical lines indicate best
fit ranges and horizontal dashed lines indicate #eegtartial sills (sill T nugget).

We observed bimodal elevati distributions at every site, with hummocks clearly
belonging to a distinct elevation class separate from hollBigsife3.7). Bimodal
mixture models of two normal drdtutions were &vaysbetter fit to the data than
unimodal nodels based on BIC valueBifferences in mean elevations between these
two classes ranged from 12 cm at the lowland sites to 20 cm at depression sites, and
hummock elevations were more variatilan hollow elevations across sites. Across sites,
27+10% of all elevations did not fall into either a hummock or a hollow categuthy
lowland sites having considerably more elevations failing to fall into these binary
categories (3644%) than depressia22 27%) or transition sites (182%) However,
we emphasize that even when considering the entire site elevation distribution (i.e.,

including elevations that did not fall into a hummock or hollow category), bimodal fits
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were still better than unimodéts, but to a lesser extent for lowland sites (Figure S3.2).

Delineated hummocks varied in number and size across and within sites. We observed

the greatest number of hummocks in the depression and transition sites, with

approximately an order of magniitess hummocks found in lowland sitégy(re3.7).

Figure 3.7 Relative elevation probability densities for each,sitdored by hummock and
cates
hollow at each site (+ standard deviation), the total number of hummocks identified at

hol |
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3.4.4 Subsurface topographic control on microtopography

Across sitesgd e pt h

t o

resi

stance

( A owaggeatest

at the lowesminerallayer elevationsindicating that surface microtopography is not

simply a reflection of subsurface mineral layer topography with constant overlying

organic thickness (as illustrated witksldpe line inFigure3.8). In contrast, at most sites,

except for possibly D1 and L2, there was a strong negative linear relationship between

soil thickness anthinerallayer elevation, with five sitesxhibiting slopes neaf., which

we define ashe smooth surface modaf soil elevation dashed1:1 line inFigure3.8).

If only hollows (open circlesFigure3.8) were used in the regression, then D1 also
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exhibited a significant (p<0.001) negative slope in this relationsbig, (R = 0.52). A

majority of depth tanineral layer measurements at D3 were below detection limit with

our 1.5 m steel rod, and all banemeasurement at T1 were below detection lirit.

sites D2 and L2, there was indication that some hollows were actually better represented
by the subsurface flection model (i.e., slope = 0). Howevet &l sites, though to a

lesser extent at lowland sites, hummoftesed circlesFigure3.8) tend to plot above
hollows and bove the-1:1 line, even when at the same soil thickness as hqllows
indicating that their elevation is greater than would be expected for a smooth surface

model.
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Figure 3.8 Organic soil thickness (measurad depth to resistance) as a function of
mineral layer elevationPoints are filled by their microsite. Dashei1 line indicates a
smooth surface soil model and dotted horizontal line indicates a subsurface reflection
model. Text values are slopeg, &d pvalue of besfit linear model for aggregated
hummock and hollow points.

3.4.5 Hydrologic control on microtopography

We observed a significant (p<0.001) positive linear relationship between site level
mean hummock height and site level mdainy water téle (Figure3.9). Because
lowland sites were clearly influential points on this linear relationship, we also conducted

this regression excluding the lowland sites and still found a significant (p = 0.007)
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postive linear trend between these variables with reasonable predictive pdwerg)R
0 wetter sites have on average have taller hummocks than drieW¢gdsund very
little variability in average hummock heights across sites when relative 4estierean
water table elevation (mean normalized hummock height =0.86 m), indicating that
hummocks were generally about 30 cm higher than the site mean water table.

Within sites, we also observed clear positive relationships between individual
hummock heigts andheir localmeandaily water tablgFigure3.9). At all but two of
the sites (D4 and L1), individual hummock heights within a site were significantly
(p<0.01) taler at wetter locations than drier locations. Slopes for these individual
hummock regressions varied among sites, ranging fronld.4meantsd = 0.7£0.2),
and local hummock mean water table was able to expl&ab622 (meantsd =
0.36+0.14) of variabilityn hummock height within a site.
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Figure 3.9 Hummock height as a function of mean water tgfilep) mean sitéevel
hummock height (£ sd) versus mean-t&tee| daily water table (x sd), and (Bottom)
individual hummock height versus local daily mean water table. Slope, R2;vahalep
for best fit linear model (blue line) presented.

3.4.6  Hummock spatial distributions

All sites characterized as depressions or transitions exhibited significant (p
<0.001) overdispasion of hummocks compared to what would be predicted under
complete spatial randomne$sdure3.10). For these siteshé nearest neighbor ratios
( ®N: &) indicatel that hummocks are 230% further apart than would be expected
with complete spatial randomnesgth spacing cal.5 meters, as evidenced by the

narrow distributions in nearest neighbor histografigure3.10). In contrast, all lowland
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sites, while having hummock nearest neighbor distaricgsirdes as far apart as

depression of transition sites, were not significantly different than what would predicted

under completematial randomneg® = 0.129, 0.125, 04 for sites L1, L2, and L3,

respectively).
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Figure 3.10 Hummock nearesteighbor distance distributions across sitBars are

scaled density histograms overlain witestfit normal distributions (red lines). Text
indicates the mean neareste i g h b o r ntistandadenras); the gatio of the
measured mean nearagtighbor distance and the expected nearest neighbor distance
for compl et e s pxg andthe pvatua forc escore ecsnparisore

bet wenam dg ®values less than 0.001 indicate that hummocks are significantly
overdispersed.

3.4.7 Hummocksize distributions

Hummockdimensions (perimeter, area, and volume) were stronghologally
distributed across sit€gigure3.11), though exponential models were typically only
slightly worse fits For each hummoc#fimension, site fits were similar within site
hydrogeomorphicategories, but drier lowland site distributions were clearly different
from wetter depression and transition site distributions¢lvhiere more similafFjgure
3.11). Lowland sites had significantlpwer (p < 0.05) coefficients for hummock

property model fits than depression or transition sites, siaghes approximately(®o
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more negative i averageindicating more rapid truncation of size distributiohsross

sites, average hummock perimeter was 4.2+0.8 m, average hummock area was 1.7+0.5
m?2, and average hummock volume was 0.17+0.86Hummock areas were typically

less than 1 fin size at all sitegFigure3.11). Similar to hummaock spatial density,
hummock area per site (ratio of hummock area to site aea)ower at drier lowland

sites @i 5%) compared to wetter depression and transition sit&#Lp%) (Figure3.7).
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Figure 3.11 Inverse cumulative distributions of hummock dimengjpesmeter, area,
and volume) across sites (points), split by hummock dimension and site typaxihesy
the probability that a hummock dimension value is greater than or equal to the
corresponding value on theaxis. Besfit lognormal distributionsare shown for each
site as lines. All fits were highly significant (p<<0.001). Text indicates mean (xsd)
withinngr oup coef ficient for a model ob t he

3.5 Discussion
We tested our hypothesis that microtopography in bdatkwetlands selfrganizes in

response to hydrologic driverSigure3.1) using an array of diagnostic tests including
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analyses of multimodal elevation distributions,t&dgatterning, and patch size

distributions. We further analysed the influence of hydrology on these diagnostic
measures and tested a potential null hypothesis that surface microtopography was simply
a reflection of subsurface microtopography. All diasfiotests aligned with

hypothesized predictions, which when taken together with a clear influence of hydrology

on microtopographic structure and pattern, provide strong support for our hypothesis.

3.5.1 Controls on ntrotopographic structure

Bimodal soil elevation distributions at all sites suggest that the microsite
separation into hummocks and hollows is a common attribute of black ash wetlands. Soil
elevation bimodality was most evident at depression and transition sites, where
hummocks wex more numerous and consequently occupied a higher fraction of overall
site area (1520%). Sharp boundaries between hummocks and hollows were not always
observed in soil elevation probability densitiegure3.7), which may be indicative of
weakerthanpredicted positive feedbacks between primary productivity and elevation
(Rietkerk et al. 2004igure3.1). On the other handpodeling predictions indicate that if
evapoconcentration feedbacks are strong, boundaries between hummocks and hollows
will be less sharp (Eppinga et al. 200®)ssibly implicating hummock
evapooncentration as an additional feedback to hummock maintengigeed3.1).

Our results provide clear evidence of decoupling between surface
microtopography and mineraljler microtopography at all of our sites. A smooth surface
model, with a relatively constant surface elevation despite variable underlying mineral
soil elevation, best represented hollows. Importantly, we also observed that regardless of
underlying mineralayer, hummocks had greater soil thickness than hollowg-thdre
3.8). To clarify, irrespective of mineral layer microtopography, hummocks are
maintained at local eletians that are higher than would be predicted for a smooth soil
surface. We interpret this as evidence for-seffanization of wetland microtopography.
Smoothing of soil surfaces relative to variability in underlying mineral layers or bedrock
is observedn other wetland systems where soil creation is dominated by organic matter
accumulation (Watts et al. 2014), implying that deviations from this smooth surface are

related toother surfacdevel processes.
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Hummock heights relative to sitevel water tablevereapproximately80 cm,
aligning with field observations of relatively constant hummockHteigthin sites.
Generally onsistent hummock heightross sites1 conjunction with clear bimodality in
soil elevations supports the contention that hummock<hallows are discrete, self
organized ecosystem statesrisuWatts et al. 2010However, variability irsite-level
hummock heighiespeciallyat depression and transition sitesy partially be
attributable to hummocks in naquilibrium states. Fromun feedback modeFigure
3.1), it seems reasonable thvathin a site some hummocks mdyein growing states
(e.g., elevatiorGPP positive feedback) and some may be in shrinking states (e.g.,
elevationrespiration negative feedback), the combination of whelyresult in a
distribution of hummock heights centered aroanéquilibrium hummockeight.

We observed strong control of local hydrology on hummock height, providing
evidence for our hypothesis that hummocks are a biogeomorphic response to hydrologic
stresses in wetlands. Vegetation patches like hurksrede most commonly found in
condiions with strong environmental stressors. In particular, water 8tiasth too little
(Deblauwe et al. 2008, Scanlon et al. 2007) and too much (Eppinga et ab 2pp@ars
to be an important regulator of microhabitat size and its spatial distributicssaheo
landscape. Wetlands are characterized by regular water stresses from periodic inundation
with nearly all biogeochemical processes under the fundamental influence of hydrology
(Rodrigueziturbe et al. 2007). It is therefore perhaps unsurprisingdology also
controls the scaldependent feedbacks that create and maintain hummock sizes and their
spatial patterning. We found support for this contention at both the site level and at the
hummock level, with the tallest hummocks being found in thitestesites and in the
wettest zones within sites. In fact, distance from mean water table explained on average
35% of the variability in hummock heigffigure3.9); prevalence of norequilibrium
hummock states may explaimuchof theadditionalvariability. The considerable
variation in the ability of hydrology to explain hummock height within sites (adjusted R
=0.12 0.56), and also in the strength of that relationglngar regression slopes=0.4
1.1) may be attributed to two factors: 1) the acssflat water table assumption, and 2)
lack of long trends for hydrology. The flat water table assumption is likely to be a minor

effect in transition sites with deep orgawetland soils (e.g., Nungesser 2003, Wallis
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and Raulings 2011, Cobb et al. 2017), but could be significant at depression and lowland
sites with shallower O horizons. Lack of sufficient data to characterize mean water table
may also be an issue at sea@f our sites, because hummocks likely develop over the
course of decades more wherea®ur hydrology data only span three years.

To our knowledge, this study represents the first empirical evidence of the
positive relationship between hummock heightl hydrology in forested wetlands. These
results are consistent with previous research on tussocks of northern wet meadows (Peach
and Zedler 2006, Lawrence and Zedler 2011) and shrub hummocks in brackish wetlands
(Wallis and Raulings 2011). The concordamchydrologic control irthese disparate
systems suggests a common mechanism of soil building and accumulation on hummocks
that may result from increased vegetation growth from reduced water stress and/or from
transport and accumulation of nutrients (Ega et al. 2009, Sullivan et al. 2011,
Heffernan et al., 2013).

3.5.2 Controls on microtopograpt patterning

We found cleasupportfor our hypothesis thdtummocksarenon-randonty
distribuiedin the wettest sites of our study araather supporting the pibed
interactions among hydrology, vegetation, and sbilsnmocks exhibitedpatial
overdispersion imll sites, but this overdispersion was only significartegtression and
transition sitegFigure3.10). Significant spatial overdispersionimglicative of regular
hummock spacing in contrast to clustered distributions or completely random placement.
Regular patterningf landscape elementsabservedacross climates, regions, and
ecosystems (Rietkerk and van de Koppel 2008),datit knowledge, this study is the
first to demonstrateegular patterning iforested wetland microtopography and the
hydrologic control on this regular pattern egence. iydrology appears to be a common
driver in regulapattern formation in wetlandsieffernan et al. 2013grylands(Scanlon
et al. 2007)andtidal flats (Weerman et al. 201trough adiverse array of mechanisms
(e.g., Watts et al. 2014). Howevenpst observed regular patterning in wetlands
ultimately develops only through coupling between biota and hydrology (Rietkerk and
van de Koppel 2008), underscoring the importance of biota in structuring their own

environment.
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We observed lognormal hummosize distributionssuggesng that some
hummocks may attain very large areas (i.e., over 3pbut the majority of hummocks
(~80%) are less than 12r(Figure3.11). This finding aligns with field observations,
where most hummocks were associated with a single black ash tree, but some hummocks
appeared to have merged over time to create large paicbhesated patchize
distributiors are common in other systems as Wil the stretched expongal
distribution for geographically isolated wetlands (Watts et al. 2014) or the lognormal
distributionfor desert soil crust@Bowker et al. 2013). These types of distributions have
much fewer large patches than would be exqoHorr systems without patescale
negative feedbackand have a central tendency towards a common patchHsizee,
truncation in hummock size distributiooemports withhypothesizegbatchscale
negativefeedbackgi.e., tree competition for light antutrients) that inhibit expansion.
Hummocks at drier lowland sites did not conform to size distributions or spatial patterns
from wetter depression and transition sites, supporting our hypothesis that the feedbacks
that control hummock maintenance andrdsition are governed by hydrology and
amplified in wetter conditiond.arga hummock patches were especially obvious at
transition sites that had significa®phagnunspp.moss cover, which tended ibtend and
expand hummock areas. This work adds to recent eHfortss climates and systerns t
usepatch size distribution® infer drivers and processes of ecosystemaelhnization
and response tenvironmental conditions and abiotic drivéikefi etal. 2007, Maestre
and Escudero 2009, Weerman et al. 2@&choelynck et al. 2012, Tamarelli et al. 2017).
Characteristic hummock sizes in association with overdispersion in black ash
wetlands suggest that hummocks laterallylimited in size by negativieedbacks on the
scale of meters (Manor and Shnerb 2008). We posit tae¢ Hre twatchscale
negative feedbask 1)overstory competition fonutrients and 2) understory and
overstory competition for lighHummocks associated with black ash tredsch
account for more than 85% of measured hummauikslikely limited in area by the
radialgowt h of the treeds root system. Evapocon
the tree roots, limiting the degree to which roots must search for them (K&08) and
therefore limiting root lateral expansion. Moreover, finite nutrient pools may lead to

development of similarly sized nutrient source basins for each hummock, further limiting
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expansion (Rietkerk et al. 2004, Eppinga et al. 2008). Black ashnnest also compete

for light with other ash trees, but leaf area is typically low in these systems (<2.5 leaf area
index [LAI]; Telander et al. 2015:igure3.12). Low LAI and observed canopy shyness
(sensuLong andSmith 1992)n black ash wetlands may implss competition among
individuals than would be expected in mixed stafttanco 1986)On the other hand,

low canopy competition for light in the overstory magreasdight availability for

understory hummock species, and therefore allow subsequent hummock expansion from

the understory.

Figure 3.12 Open canopies in black ash wetlands

3.5.3 Broader implications

The consequences of wetland microtopography are clear at small scales, but there
is also some evidence that the presence of microtopography hanhditegionakcale
importanceFor example, nerotopographic expression results in a drastic increase in
surface areavithin wetlands. We estint@ an average of 19% and up t&@2elative
increase in surface area due to the presence of hummocks (i.e., that additional area
provided by the sides of hummocHsable3.2). These estimates comport with studies in

tussock meadows that found tussocks of an average of 20 cm tall increased surface area
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by up to 40% (Peach and Zedler 2006). Increases in the diversity of biogeochemical
processes occurring at the individual hummock or hollow scale (Deng et al. 2014) likely
aggregate to influence ecosystem functioning at large scales. For example,
microtopographic niche expansion allows for local material and solute exchange between
hummocksand hollows, creating coupled aerchitaerobic conditions with emergent

outcomes for denitrification (Frei et al. 2012) and carbon emission (Bubier et al. 1995).

Table3.3 Relative area increase by hummocksoss sites

Site Survey Hummock side Relative area increase by
area (") surface area (ni) hummocks
D1 1234 175 0.17
D2 919 151 0.14
D3 1221 223 0.20
D4 1045 107 0.09
L1 1041 55 0.04
L2 1093 40 0.04
L3 1164 41 0.03
T1 731 237 0.32
T2 994 227 0.23
T3 1198 179 0.15
Average 144+74 0.14+0.09
(Average, no L) (186+44) (0.19+0.07)

While our results implicate hydrology as a major determinant of
microtopographic structure and pattern, microtopography can reciprocally influence
systemscale hydraulic propertieResults from our hummock property analysis indicate
that hummock volume dplacement may be a significant factor in water table dynamics
of wetlands. Specific yield, which controls water table response to hydrologic fluxes, is
commonly assumetb beunity when wetlands are inundated. However, inclusion of
microtopography may raler this assumption invalivith hummock volumeap to 30%
of site volumegTable3.3). These observations are supported in other studies of
microtopographic effects @lpecific yield (Sumner 2007, McLaughlin and Cohen 2014,
Dettmann and Bechtold 2016). Therefore, while hydrology exerts clear control on the
geometry of hummocks, hummocks may exert reciprocal control on hydrology by

amplifying small hydrologic fluxes intlarge water table variations
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Table3.4 Hummock volume displacement ratios for all sites

Site Site heigh®*  Site volumé& Hummock volume  Hummock volume

(m) (md) (m3  displacement ratio
D1 0.17 179 33 0.18
D2 0.15 155 26 0.17
D3 0.21 233 41 0.18
D4 0.17 200 24 0.12
L1 0.15 181 10 0.05
L2 0.26 242 5 0.02
L3 0.21 255 6 0.02
Tl 0.18 134 37 0.28
T2 0.16 157 46 0.30
T3 0.17 199 37 0.18
Average 27+14 0.15+0.09
(Average, no L) (357) (0.20+0.06)

ASite height is estimated as the meati gércentile of hummock heights across the site
YSite volume is estimated as by multiplying site height by site area

Last, hummocks also provide unique microsite conditions that support increased
vegetation growth and diversity (Bledsoe and Shear 2000, Peach and Zedler 2006,
@klandet al.2008. Evidence abounds for both increased understory richness and
improved seedlig regeneration on hummaocks relative to hollows (Koponen et al. 2004,
Dubertstein and Connor 2009purtwright and Findlay 2011). To this point, recent
wetland restoration efforts have begun to use microtopographseatgatiorstrategyto
promote planté seedling success and letegm project viability Larkin et al. 2006;
Bannister et al. 2013; Lieffers et al. 201lhdeed and in light of recent concerns over
regime shift to marsh like states from black ash loss to EAB (Diamond et al. 2018), we
positthat hummock presence and persistence may allow for future tree seedlings to
survive wetting up periods following ash loss (Slesak et al. 2014), and for consequent

resilience of swamp ecosystem states.

3.6 Conclusions

Although observations of th@esence ansignificance of wetland microtopography

abound in the literature, this is the first study, to awwdedge, to detail the structure,
pattern, and driversf wetland microtopography iforested systemd his studyadds to

the growing body oévidence thathe structure ancegular patterning of wetland
microtopography is an autogenic response to hydrology. Although the imprint of biota on
landscapes may be masked by the signature of larger scale physical processes (Dietrich

and Perron, 2006), we show clemrdence here for a microtopographic signature of life.
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3.8 Supplementary material
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CHAPTER 4: MICROTOPOGRAPHY IS A FUNDAMENTAL

ORGANIZING STRUCTURE IN BLACK ASH WETLAN DS

4.1 Abstract

All wetland ecosystems are controlled by water table and soil saturation dynamics, so any
local scale deviation in soil elevation represents variability in this primary control.

Wetland microtopography is the structured variability in soil elevation, and across
systems it is typically categorized into a binary classification of local highgpoin
(Ahummocksodo) and | ocWhi ll ®wmipon eitt ap ¢ dithap H Yyws O
biogeochemical processasd vegetatiohas received attention in wetlands around the
globe, its role inn forested wetlandss still poorly understoadlo improve this
understandingwe studied the influence of microtopography on understory vegetation
communtiies canopybiomassand soil chemistry in 10 black adfréxinus nigra

Marshal) wetlands in northern Minnesota, U.S.A. To do so, we combined a 1 cm
resolution surface model generated from terrestrial laser scanning (TLS) withtarong

water table record and vegetation and soils data from a synoptic field sampling campaign.
We obseved a strong influence of microtopography across sites, where hummocks were
loci of greater species richness, greater camo@yassand higher soil concentrations of
chloride, phosphorus, and base cations. In contrast, hollows were associated with highe
soil concentrations of nitrogen and sulfade al so found that microt o}
influence on vegetation and soils was greater at wetter sites than at drier sites, suggesting
that distance to mean water table is a primary determinant of wetland biegesiciz.

Higher soil concentrations of chloride and phosphorus on hummockstargially

suggestiveof evapoconcentration of mobile solutes from hollows towards hummocks.
Although we did not measure itrgater evapotranspiration from trees preferemtiall

located on hummocks may drive this mechaniShis work provides strong support for

the notion that microtopography is a fundamental organizing structure in black ash

wetlands.

4.2 Introduction
Microtopography is a topic of great interest to wetland ecd®giscause it so clearly

influences a host of fundamental wetland processes. To first order, all wetland
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ecosystems are controlled by shallow water table and soil saturation dynamics
(Rodrigueziturbe et al. 2007), so any local scale deviation in soilatien represents
variability in this primary control (Wallis and Raulings 2011). For example, perhaps
incredibly, experimental treatments have demonstrated that even soil surface variability
of 2 cm can dramatically increase wetland vegetation germinatienall biomass, and
species richness relative to flat soil surfaces (Vagamth 1997). This microtopographic
effect on vegetation community structure is also borne out in real wetlands (though with
elevation variation on the order ofiBD cm), rangingrom freshwater sedge meadows
(Werner and Zedler 2002, Peach and Zedler 2006) to salt marshes (Windham et al. 1999,
Fogel et al. 2004). Furthen many wetlands, primary productivity tends to increase with
distance from the water table (Belyea and Ch\2001) andhigh pointsare often loci of
greatemrimary productivity compared fow points(Strack et al. 2006, Sullivan et al.
2008).Relatedly elevation variatioirom wetlandmicratopography augments the spatial
extent ofsoil redox gradient§Frei @ al. 2012)that might otherwise only be present at
wetlandupland boundariesareasvhich disproportionately influenaggregate wetland
reactivity(Cohen et al. 2016However, by far, most studies on wetland

microtopography have focused on northern ggtems dominated §phagnum spp.
mosses or neforested wetlands, leaving open questions regarding the commonality of
microtopographic influence on wetland processes in forested systems.

The relationship between wetland process and microtopographyghtito be
reciprocal, where vegetation and biogeochemical interactions can in turn support
expansion of microtopographic features (Eppinga et al. 2009). That is, wetland
microtopography can result from feedbacks among hydrology, vegetation, and soil
processes that induce soil elevation divergence into two modes: 1) a high elevation mode
(Ahummocksodo) and 2) a | ow elevation mode
al. 2008, Heffernan et al. 2013; Chapter 3). This divergence likely initiates agroseed
nucleation, points that may result from a treefall mound, sediment collection around
woody debris fluennekeandSharitz 1985 or from animal activityRalmer and
Mazzotti 2004. Subsequent preferential colonization by plants on slightly elevated site
leads to local buildup of organic matter via primary productivity and sediment accretion

around roots, and further increased elevation (Gunnarsson and Rydin 1998, Pouliot et al.

95

=]



2011). This productivityelevationpositive feedback is constrained and sizdxd by

increased decomposition rates of accumulated organic matter as hummocks become more
aerobic (Belyea and Clymo 200&/atts et al. 2010 from increased instability in

substrate and consequent erogilosrsen and Harvey 2010), or resoulic@tations (e.g.,
nutrients; Wetzel et al. 2005)he resulting microtopographic signature often displays a

clear structure, with observations of marked spatial patterns in open bog (Eppinga et al.
2009) and marsh systems (Casey et al. 2016).

An additional feedbdcmechanism that can reinforce and maintain wetland
microtopography is preferential hummock evapoconcentration of nutrients. Greater
productivity and thus greater evapotranspiration rates on hummocks compared to hollows
drive a net flow of water and disseld nutrients toward hummocks (Rietkerk et al. 2004,
Wetzel et al. 2005, Eppinga et al. 2008, Eppinga et al. 2009). Nutrients are consequently
rapidly cycled through vascular plant uptake and plant litter mineralization on the more
aerobic hummocks (Malmet al. 2003), leading to local nutrient concentration effects.

This localized nutrient concentration purportedly leads to increased primary productivity,
which leads to more nutrient evapoconcentration, and so on: an autogenic process (Ross
et al. 2006)In other words, hummocks harvest nutrients from hollows, concentrating
them there. One clear prediction from this hypothesis is greater néitaent

conservative water traaggrconcentrations in hummock soil relative to hollow soil. To the
best of our knowlége, this mechanism remains untestefbiasted wetlands with
hummockhollow terrain

In this work, we had two main objectives: 1) to determine microtopographic
influences on vegetation and soil chemistry in a forested wetland system and 2) to assess
theplausibility of an evapoconcentration feedback to hummock maintenance in forested
wetlands. We used black astrgxinusnigra) wetlandsas our model forested wetland
ecosystem to address these objectives. Black ash trees are unique among ash species
because they often occur in nearly pure stands (i.e., over 90% canopy cover) in wetland
conditions with very little regeneration of otherargpecies (Palik et al. 2012).

Observations in black ash wetlands suggest that black ash trees are unable to fully occupy
the available growing space, implicating preferential establishment on suitable microsites

(Looney et al. 2016). Field observationslaacent work also support this result of
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hummock colonization by black ash, but highlight the importance of hydrology on this

behavior, with wetter sites exhibiting more pronounced microtopography than drier sites

(see Chapter 3). Hence, we expect therdilack ash wetlands may not support the

conditions that allow amplification of feedback loops like the evapoconcenteattbn

productivitymechanisma The diverse hydrologic conditions among and within black ash
wetlands suggest that these may be catdidystems to investigate feedbadenéu

Wilson and Agnew 1992) between black ash and microtopography.

Based on previous research showing that hummocks are loci of reduced anaerobic
stress (e.g., Bruland and Richardson 2005, Wolf et al. 2011), we kgpt that black

ash wetland hummocks would be important zones for species diversity, primary

productivity, and unique biogeochemical processes. Additionally, research in a similar

species of the same gen#sgxinus excelsigrindicates that black ash snae highly
effective at oxidizing their rhizosphere (Iremonger and Kelly 1988), with important
effects for nutrient recycling within hummocks. Black ash hummocks are also expected
to be zones of relatively high evapotranspiration (Duberstein et al. ZDdi33equently,

we further hypothesized thialack ash hummocks will exhibit a nutrient

evapoconcentration effect and that under wet conditions, this effect results in a

productivity feedback that generates and maintains hummocks.

Specifically we predictethe following:

1) We prediceédthe primary control on understory species richnesslabe elevation
relative to water table. This prediction follows from observations in other wetland
systems, where dry microsites are often zones of greater species diVéesity
expected the following: a) greater understory richness at drier sites cortgpared
wetter sites, b) greater understory richness on hummocks than hollows, and c)
positive linear correlation between richness and elevation relative to water table.

2) We also predigdthat the primary control on midstory and candgyel biomass
(inferred fom basal area [BA]) auld be elevation relative to water table. This
prediction follows fromobservations in noeforested wetlands, where lower
anaerobic stress to roots on hummocks results in greater local primary productivity
(e.g., Strack et al. 2006ullivan et al. 2008). We expected the following: a) greater

basal area at drier sites compared to wetter sites, b) greater basal area on hummocks
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than hollows, and c) positive linear correlation between basal area and elevation
relative to water table.

3) Finally, we prediatdthat elevation variation @uld result in spatial differences in soil
chemistry. This prediction follows from expectations from the evapoconcentration
mechanism (Eppinga et al. 2008) where sites of greater evapotranspiration [ET] (i.e.,
hummocks) concentrate nutrients from surrounding areas of lower ET (i.e., hollows).
We therefore expected the following: a) dibesite differences in overadoil
chemistryrelated to hydrology, with drier sites having less witiiie soil chemistry
varation than wetter sites, b) greater nutrient and conservative tracer (chloride) soil
concentrations on hummocks than hollows, and c) positive linear correlation between

both soil nutrients and conservative tracers and elevation relative to water table.
4.3 Methods

4.3.1 Site descriptions

To test our hypotheses, we investigated ten blackFasixifus nigraMarshal)
wetlands of varying sizé)(5 15.6 hg andhydrogeomorphic landscape position in
northern Minnesota, U.S.AF(gure4.1). As part of a larger effort to understand and
characterize black ash wetlands (D&Amato et
wetland by its hydrogeomorphic characteristics as followd: &) pr essi on si tes (A
4) characterized by a convex, pagbe geometry with geographical isolation from other
surface water bodies, 2) | owland sites (ALO,
topography, and 3) t araxtergdd bsiflat,dinea bounglaies( A To, n
between uplands and black sprueeéamarianaMill. Britton.) bogs. Ground slopes
across sites ranged frddnto 1 percentDetailed site histories were unavailable ttog ten
studywetlands but silviculturalpracices in black ash wetlands have been historically
l'imited in extent (D6Amato et al . 2018) . Bas
Erdmann et al. 1987, Kurmis and Kim 1989), we surmise that our sites are late

successional or climax communities and havebeen harvested for at least a century.
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Figure 4.1 Map of the ten black ash study wetlands in northern Minnesota, U.S.A., with
sites colored by average annual hydroperfoe., number of surfaemundaton days per
yearfrom theMay to Novembetime period for 2015 2018

Soilsat our sitesend to beHistosols characterized by deep mucky peats
underlain by silty clay mineral horizons, although there were clear differences aiteong
groups(NRCS 2019)Depressiorsiteswere commonly associated witlerric
haplosaprists of the poorly drained Cathro or Rifle series with O horizons approximately
30i 150 cm deegTable3.1). Lowland sites were associated with lowlatigtic
inceptisols of the Wildwood series, which consist of deep, poorly drannmsetalsoils
with a thin O horizon (< 10 cm) underlain by clayey till or glacial lacustrine sediments.
Transition sites typicalljnad the deepest O horizons (> 100 cm), and were associated
with typic haplosaprists of the Seelyeville series apgic haplohemist§NRCS 2019).
Both depression and transition sites had much deeper O horizons than lowland sites, but
depression site organsoils were typically muckier and more decomposed than more
peatlike transition site organic soils.

We previously characterized hydrology at these sites using ground water wells
and rain gages (see Chapter 3) and found that lowland sites were congideealan
average than depression or transition sites (note hydroperiods in Fig. 4.1), and exhibited

much more water table variability (Table 4.1). Depression sites were typically wetter than
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transition sites and were more frequently inundated. Depreasotransition sites also
exhibited significantly more microtopographic structure than lowland sites, with over

twice as much elevation variability on average (see Chapter 3).

Table4.1 Daily water table sumary statistics for black ash study wetlands

Site Mean (m)  Median (m) Standard deviation (m) Mean hydroperiod (d)
D1 0.012 0.088 0.179 105
D2 -0.098 0.042 0.156 96
D3 0.053 0.143 0.196 117
D4 -0.008 0.003 0.151 77
L1 -0.255 -0.046 0.462 67
L2 -0.346 -0.046 0.543 77
L3 -0.370 -0.076 0.502 61
T1 -0.001 0.034 0.125 105
T2 -0.048 0.044 0.202 101
T3 -0.069 0.016 0.217 84

4.3.2 Field measurements

We conducted two field measurement campaigns to characterize soil and
vegetation properties of our study systeive.thencoupled tiese data to previously
characterized hydrology and elevation data (Ch&)tey address our hypotheses and
predictions. Wih these data, we were able to calculate for each measurement point a
relative elevation above mean water table by subtracting the mean water table elevation

from the sampling point elevation.

4.3.2.1 Understory vegetation community

To measure understory vegetatmmmunities, we used a quaandom walk
sampling schemwithin three, 300 rhcircular plots at each site. These plots were
previously established during terrestrial laser scanning (TLS) measurements in October
2017, when we acquired high resolution (1) chgital elevation models of our sites. We
term the study design quasindom because w®nstrained the random sampling
locations by quadrant, allowing us to sample each quadrant of a circular plot
approximately equallyRigure4.2). We used a random walk study design as opposed to a
hummockhollow stratified sampling design because one of our hypotheses was that
elevation above water taldlenot just microsite categodyis an important predictor of

understory richness (armyerstorybiomassand soil chemistly Hence, a random walk
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design allowed us to sample the entire site elevation distribution instead of a potentially
bimodal, clustered elevation distribution. To crahteplotlevel random walk design, we
generated aequencef 12 randomintegers between 1 and 10 that represented the
number of steps to take between sampling po8daspling point 1 was always the plot
center, from which we proceeded to sample at a central point in the northern half of the
plot (point 2 inFigure4.2). We then sampleat points orthogonal to this central point

(e.g., points 3 and 4 iRigure4.2), and repeated this clockwise in cardinal directions (i.e.,
sample point at a central poalbng cardinal direction with two sample points orthogonal
to the central point). To summarize, we randomly sampled 13 points per plot, with three

plots per site, for 39 samples per site, and 390 points across all sites.
—
N N
T . ; , r10:1/>\\
l // 6
1 s
| 5

A 4

\_\_—’/
Figure 4.2 Example of plcetevel (3 per site) quasandom walk sampling design with 13

sampling points per ploBoints are the samples (numbers are the sequential sampling
order) and black, solid line segments refer to walking path, evpath length was

determined by a sequence of 12 random generated integers. White points indicate central
points along cardinal directions and blue point indicates plot center and first sampling
point. Dotted lines demarcate circle quadrants, which thggiteallowed us to sample
approximately equally.
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To assess the prediction (H1) that understory plant richness and diversity will be
greater on higher elevation features, we measured understory vegetation communities at
each sampling point in the random wdkesign during July 2017, coinciding with peak
vegetation presence. Using a 0.25smuare PVC quadrat, we classified vascular and
moss individuals to the species level, visually estimated their percent foliar cover, and
recorded stem count (if possibfey vascular species. We chose a 0.Z%ire quadrat as
it corresponded to the smallest hummock areas that we observed in the field, and thus

was on the scale of elevation variation at each site. Species that we were unable to
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identify in the field we asgned a genus or standard unknown code and collected in a bag
for later identification. At each point, we also classified the sampling point as a hummock

or a hollow and briefly described the local conditions.

4.3.2.2 Stand structure

To assess the prediction tltainopy basal area will be greater on higher elevation
features (H2), we used data from two parts of a larger study investigating black ash
wetlands. The first data source was spelgesl stand metrics, including basal area and
trees per hectare for batire midstory and canopy level, for each site. For each midstory
and canopy species, we calculated-lgteel basal area, summarized overall basal area
across species, and determined the fraction of total basal area occupied by black ash. We
also calculatedverage stems per hectare for eachtsiseminimumdiameter and breast
height OBH) of 2.5 cm

The second data source was fdoale point clouds of forest structure from the
aforementioned TLS campaign in October 2017 at six of the ten sites (seerGhapt
Stovall et al. [in revision])We estimatedverstoryDBH (i.e., > 2.5 cmjfrom theTLS
point cloud with the SimpleTree algorithm implemented in CompuTree (Hackenberg et
al. 2015). We were only able to apply the algorithm on a fraction of ounsdareas
(approximately 300 fat six sitesjlue to resolution issues and understory noise that
precluded DBH analysis. The SimpleTree algorithm models trees as cylinders by
automatically segmenting trees using an iterative nearest neighbor approacbvibsit
vertically from an initial seed point along the stem while expanding in area with
increasing crown size. The best least squares cylinder at approximately 1.3 m above
ground provided estimates of DBH. Following DBH analysis, we matched each
processetree with an elevation value associated with surface models from our TLS

analysis (Stovall et al. [in revision]).

4.3.2.3 Soil chemistry

To assess the prediction that soil chemistry heterogeneity will covary with
elevation variability, we cored soil at a subsangdlthe 390 sampling points in the
previously described quasandom walk sampling design. We determined the

subsampling points prior to site arrival with the intention to sample all points at a
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minimum of one plot (13 points) per site. We sampled oneaplsites D2, D3, D4, and
T3, but two plots at the remaining sites for 208 sampling points out of our original 390.
We used a 15 cm beveled and serrated soil knife to extract our soil samples. To
obtain a soil sample, we first cleared litter, moss, andtirmats if they occurred and
then placed the wipedean knife into the soil to a depth of 10 cm (occasionally sawing
through roots with the serrated edge). Then, in a sawing motion with the serrated edge,
we rotated the knife counterclockwise to creatercle diameter of 2.5 cm. Once we cut
the 2.5 cm diameter, 10 cm tall core, we extracted it with the knife using a lever motion.
We then placed the extracted core into a labeled Ziploc bag, making sure not to touch it
with bare hands. We did not useanstantvolume soil core because the majority of
measurements on hummocks quickly proved this method unfeasible due to tree roots. Our
goal was to assess relative concentrations of extractable soil elements and-kni$esoil
method proved to be rapid fiefent, and effective for obtaining consistent sized samples

of the upper 10 cm of soil.

4.3.3 Soll processing and laboratory analyses

We placed all soil samples in paper bags andra@d them to a constant weight
over 2 weeks. We then removed visible rdbgpically greater than 2 mm in diameter).
We handground, mixed, and sieved soils to pass a 2 mm mesh to create a representative
sample of the 10 cm soil profjland weighed the soils for a final dry weight to the
nearest 0.01 g

Total C and N concentrath was determined with dry combustion on 0.25 g
subsamples with a CN Elemental Analyzer (Elementar Analysensysteme GmbH vario
Max; Langenselbold, Germany). For anions and cations, we used a modified water
extraction method (Jones and Willett 2006) whereckeated a slurry at 1:50 soil to
deionized water (20°C) that were mixasinga reciprocatingshaker for one hour at 200
rom. We then centrifuged mixtures for 10 minutes at 6000 rpm, after which we decanted
supernatant liquids, immediately filtered thrbum0.45 um filter, and froze the filtrate in
sterile 50 mL HDPE scintillation bottles (Fisher Scientific, Pittsburgh, PA) until analysis.
Nitrate (NQ') and phosphate (R®) were analyzed colorimetrically with a segmented
flow analyzer (SEAL AA3; SEAL Aalytical, Mequon, WI) using equipment methods G
20097 and G175-96, respectively. Chloride (§) sulfate (S@), calcium (C&"), and
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magnesium (Mg) were analyzed with ion chromatography (Standard Methods 4110,
Dionex ICS 3000; Thermo Fisher Scientifialtham, MA). For each analysis, we
included 22 subsampteplicates (10% of total samples) to quantify error in the

extraction procesandthe instrument analysis

4.3.4 Data Analysis

Across our different analyses, we took the following approach: 1) tesitdéor
scale differences in environmental variables focusing on hydrologpraslicting
variable, 2) test for microstgcale (hummock vs. hollow) categorical differences in
environmental variables, and 3) test for paoale influence of elevation rehadi to

water table on environmental variables.

4.3.4.1 Understory vegetation community

To test our prediction that that hydrology is a strong control on black ash wetland
vegetation, we first regressed diggel richness with sitéevel hydrology metrics using
simple linear regression. To incorporate variability and uncertainty in our site level
analysis, we used the average of the three plot level measurements for richness and
diversity.

To assess categorical differences in vegetation composition among bo#ndites
microsites (i.e., hummock vs. hollow), we first classified understory vegetation in
ordination space using nonmetric mudtmensional scaling (NMDS). NMDS is a
common ordination method to determine ecologically meaningful community
dissimilarities, vhich uses a rank order relation that allows for-tioear species
responses. Prior to analysis, we removed rare species (<1% presence overall) from the
understory community matrix to improve the detection of significant differences in sites
and micrositegMcCune and Grace 2002). Also prior to NMDS ordination, we
categorized each sampling point as either hummock or hollow using previous delineation
from TLS analysis of site surface models (see Chapter 3, Stovall et al. [in revision]).
However, we note hetat for lowland sites with less clear hummock features (see
Chapter 3), we identi f i etdpe pomtsashumendcksat e el ev a
with no demonstrable effect on resulté Eppinga et al. 2008). We thaggregated
point-scale measuremertts sitelevel hummock and hollow valuéy averaging peci e s 0

percent cover for hummocks and hollows witeachsite.We usedmetaMDSunction
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from theveganpackage (Oksanen et al. 2018) in the R statistical software (R Core Team
2018) on our site level understory vegetation community matrices to conduct the
ordination analyses. We then tested for significant understory community differences (per
NMDS analysi¥ among sites and microsites using a multivariate permutational analysis

of variance (PerMANOVA) with thadonisfunction from the same package.

We also evaluated species fidelity and association to particular sites and
microsites. To do so, we conductediadicator species analysis using the function
multipattfrom theindicspecieRR package (De Caceres and Legendre 20093.
function generates an indicator value index (V) for each species within each category
(e.g., site or microsite). The IV rangeerh O’ 1, and is the product of two conditional
probability values: fAspecificityd and fAsensi
probability that the sampling point belongs to a particular group (e.g., hummock or
hollow), given the fact that a particulspecies was found ther€{ceresand Legendre
2009).Sensitivity is the conditional probability of finding a particular species in a
sampling point, given that the sampling point belongs to a particular géageresnd
Legendre 2009). We used the fuontstandard 1,000 Monte Carlo simulations with
permutationally randomized data to test the null hypothesis that the observed species IV
is not significantly greater than a value produced with randomized data. To remove the
influence of rare species on timelicator analysis, we limited the candidate species to
those that were present in more than 10% of its identified microsite or site category.
Using this reduced sample, we identified species or species combinations that had a
specificity of at least 0.8@nd a sensitivity of at least 0.20. We based these thresholds on
observations of clear delineations in the indicator species output and from guidance in
package materialCécere013).

To test categorical differences in richness between hummocks dogdove
cal cul at ed We Hesthdnsichriess betwseen tmpnimeckstand hollows for
each site. We additionally calculated hummaakiow Bray-Curtis community
dissimilarity indices using theegdistfunction. This dissimilarity index falls betweén
and 1, where 1 indicates complete dissimilarity and O indicates identical communities.
The ttest allowed us to test our prediction that hummocks were more diverse than

hollows within a site, and the dissimilarity index allowed us to further determime ho

10t



different the vegetation communities were. To examine differences in moss and vascular
plant communities, we conducted this analysis for both 1) moss and vascular plants
separately, and 2) moss and vascular plants combined.
Lastly, we analyzed the relatiship between poirgcale understory richness and
pointscale elevation relative to mean water table (data from Chapter 3) using a
generalized linear mixed effect model (GLMM). We conducted all GLMM analysis using
thelme4R package (Bates et al. 2015)ngssuggested methods for Poisson distributions
from Bolker et al. (2009). We compared the following richredssationmodelsand
chose the best model based on a combination of the Akaike Information Criterion (AIC)
and the Bayesian Information Criteri@BIC): 1) random sitdevel intercept, 2) random
site-level intercept and slope, 3) random site level intercept and slope with plots nested in
sites, 4) inclusion of fAmosso binary covari a
sitelevel intercept,5) ncl usi on of fimosso bi-klry covari at

intercept and slope.

4.3.4.2 Stand structure

To compare sitscale differences in biomass, we used previously measured
standl e v e | basal area, including both midstory
componentst each site. We tested our hypothesis thatsside hydrology influences
treebiomasdy regressing sitecale basal area with siéeale hydrology metrics
including mean, median, and variance of daily water table, and mean annual hydroperiod
(see Chater 3).

To determine categorical differences in canopy and midbiorpassetween
hummocks and hollows, we used individual tit#eH data (from the TLS scan data) and
conducted simple tweample #tests on DBH between hummocks and hollows. We then
estimaed a fraction of trees at each site that occupied hummocks relative to hollows and
related this fraction to measured hydrologic attributes. We used results from this DBH
hummock analysis to infer importance of elevation onlifemass

Finally, we analyze within site relationships between pestale DBH (from the
TLS data) and poirgécale elevations relative to water table. To dove&ysed a linear
mixed effect model to regress withsite individual tree DBH with estimated tree base

elevation from digal elevation models derived from TLS point clouds, which serves as a
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proxy for tree distance from the mean water table. The linear mixed effect model used

allowed for uncorrelated random slopes and intercepts across sites.

4.3.4.3 Soil chemistry

To compare soithemistry across sites and test our hypothesis that there would be
less variation in soil chemistry at drier sites compared to wetter(si83swe conducted
standard ANOVAandpostoc Tukeyds Honest l-testd@isaini fi cant
extraction chmistry. We first examined differences amdnglrogeomorphicategories,
and then tested differences among individual sftesassessoil chemistryariation
among groups, we conducted a Levene test on hydrogeomorphic group variances for each
analyte.

To then test the overall importance of microsite influence on soil extraction
chemistry, we examined differences between hummocks and hollows, averaged across
sites. Acrosssite comparison of hummocks and hollows (as opposed to veitiein
comparison) increasl the power of our inference because, due to our random sampling,
some sites did not have equal measurements of hummocks and hBlimv$o
averagingacross sites, wgcaledsoil extraction concentrations $te-level average
concentration for each solufehis allowed us to comparelative differences between
hummocks and hollows across sites, even when absolute concentrations differed among
sites.We then used thesealedconcentrations to compare hummocks andolgs|
across sites -sampietiegts. We dlso talcudated theaelative difference
between hollows and hummocks with a simple ratio of hollow to hummscalied
concentrations. This ratio allowed us to contextualize differencesaledconcentations
between microsites, regardless of among site variability in absolute concentrations.

Finally, to test our hypothesis that relative elevation variability is a strong control
on soil chemistry (as opposed to just microsite category), we regressedqadsoil
analyte concentrations with local elevation relative to water table. We used a similar
method to our richnessevation analysis, where we chose a{fiefihear mixedeffect
model (using théme4R package, Bates et al. 2015) based on th@nfimg possibilities:

1) random sitdevel intercept, 2) random sitevel intercept and slope, and 3) random

site level intercept and slope with uncorrelated random effects for slope and intercept.



4.4 Results

4.4.1 Understory vegetation community

Across all siteg30 plots), we observed 95 distinct understory species: nine moss
species, 85 vascular species, and one liverwort species. The most common vascular
species were sedges of tBarexgenus grasses of th&lyceriagenus)mpatiens
capensidMeerb, Aster laeriflorus (L.) Britton, andCalthapalustris(L.). The most
common mosses wefgalliergon cordifolium(Hedw.) Kindh, Thuidium delicatulum
(Hedw.) Schimp.andRhizomnium magnifoliurfHorik.) T. Kop.

We observed a clear influence of siteale hydrology osite-scale community
composition. Median daily water level was a significant linear predictor of both richness
(p = 0.003) and diversity (p<0.001) for understory vegetdtaogure4.3). Mean water
level, to a lesser extent, was also able to explain similar amounts-l#vgteariance in
richness (R=0.25) or diversity (R=0.29). Lowland sites and transition sites tended to
clump together in this relationship, ligpression sites exhibited far more intaad

acrosssite variability in richness and hydrology.
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Figure 4.3 Plot level richness or diversity, aggregated by site, as a function of site level
median watetablerelative to the ground surface (negative values indicate
belowground). Vertical bars on points indicate bootstrapped 95% confidence intervals
calculated from the three plot measurements per site. Linear regression model results
presented are also stwn.

Our NMDS model demonstrated clear ordinal separation of our understory
community matrix between hummocks and hollows within sites (p = 0.001), and also
between hummocks and hollows across sites (p=0F@are 4.4. However, we did not
observe signi€ant differences in understory community dissimilarities among sites at the
site level (p = 0.194). The NMDS procedure converged cdian2nsional solution with
stress = 0.14, using a Br&@urtis dissimilarity metric on a centered and rotated dataset,
standardized with a Wisconsin double standardization. Hummock and hollow microsites
were less clearly separated in NMDS space for lowland sites, particularly L1 and L3,

compared to depression and transition sitegufe4.4).
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Figure 4.4 NMDS ordination of understory vegetation communjtigeuped by sites
(text labels) and microsites, with hummocks in black and hollogein Ellipses
indicate 95% confidence intervals around the group centroid.

Our indicator species analysis revealed that four moss spé&ti@si¢ium
dendroide§Hedw.] FWeber& D. Mohr, Funaria hygrometricaHedw, Rhizomnium
magnifolium[Horik.] T.Kop., andThuidium delicatuluniHedw] Schimp) were the most
distinguishing species of hummocks across sifablg4.2). The best hummock indicator
species wa€limacium dentbides(Hedw.) FWeber& D. Mohrwith it having an 87%
chance of indicating that a sampling point is on a hummock, and having a 59% chance
that it will be presenat a point, given that the pointashummock. Similarly, for
hollows, a moss specieGdlliergon cordifolium[Hedw.] Kindb.) was the best indicator
species, although common duckwekdrina minoiL.) had a nearly perfect (99%)
chance of indicating that a sampling point is a hollow. When we removed the criteria for
acrosssite species presence (340seed.3.4.]), we observed approximately an order of

magnitude more candidate indicator species for hummocks than for hollows, with most
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species having very high spieadty (Table S4.1). We also observed differences in
indicator species among sites, with six sites (D1, D2, L2, L3, T1, and T3) showing high
specificity for some species, lil@phagnum spnosses at T1 and T3 (Table S4.2).

Table4.2 Indicator species analysis for humocks and hollows across sit&pecies
indicator valueqIV) range from 01, and arethe producbf specificity and
sensitivityconditional probabilitiesSpecificity is the conditional pbability that the
sampling point belongs to a particularicrosite given the fact that a particular
species was found therndsensitivity is the conditional probability of finding a
particular species in a sampling point, given that the sampling peilloings to a
particular microsite.

Microsite Species Specificity Sensitivity [\
Climacium dendroidefHedw.) FWeber& 0.87 0.59 0.51
D. Mohr

Hummock Fur_1aria hygrometri_cal—!edw#_ 0.85 0.27 0.23
Rhizomnium magnifoliurfHorik.) T.Kop.
Rhizomnium magnifoliurfHorik.) T.Kop.+ 0.90 0.24 0.21
Thuidium delicatulunfHedw.) Schimp
Calliergon cordifolium(Hedw.) Kindb. 0.79 0.61 0.48

Hollow Lemna minoL. _ 0.99 0.27 0.27
Carex tuckermaniBoott 0.58 0.29 0.17
Glyceria striata(Lam.) Hitchc. 0.77 0.21 0.16

We also observed distinct differences in richness between hummock and hollow
microsites. Hummocks were nearly always locations of both greater moss species
richness and greater understory vascular plant species rickigpe®4.5). This pattern
was identical when also combining both moss and vascular plants (FigureVé&.1).
found the greatest hummodtollow differences in understoryesges richness in
depression sites (mean water table = 0.01 m), with less difference in transition sites
(mean water table .04 m) and lowland sites (mean water tab®.32 m).

Community dissimilarities for both mosses and understory vascular plargsgveatest

for depression and transition sif@C values inFigure4.5).
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At the samplingpoint scale, we found that the béistGLMM model for richness
versuselevation relative to mean water table was one withlsitel random effects for
both intercept and slope, as wadladummy variable for moss (contrasted with vascular
understory vegetation). The model was fit withnaximum likelihood Laplace
approximation using a Poisson regression Wathlink function and correlated random
intercepts and slopes; standardizeddwesis were normally distributed about zero.
Although random site effects modulated the richredggation relationship, all site slopes
were significantly greater than zgfbable4.3, and see sitgpecific fits in Figure S4.2),
implying positive association between richness and elevation across sites. Importantly,
we found that drier lowland sites had lower overall slopes (i.e., more negative random
slope effects) compared wetter sites (Figure S4.2a), indicating less rapid increases in
richness with elevation at dry sites. Overall, we observed that moss richness increased
approximately 22% slower than vascular plant richness with increasing elevation. We
also observed mative correlation between random effects of intercept and slajtde(
4.3), where site level effects of more rapid increases in richness with elevation were

typically offset by lower initial values.

Table4.3 GLMM model results for species richness versus relative elevation

Effect Term Estimate SE Z-score P(Z>)z])
Intercept 1.07 0.09 11.62 <<0.0001

Fixed z 2.04 0.31 6.66 <<0.0001
moss -0.45 0.04 -10.17 <<0.0001
SD Intercept 0.26

Random SDz 0.74
Cor (zintercept) -0.69

Note: Random effects are presented here as the standard deviation (SD) of all site effects on intercept and slope,
correlation (Corpetween random intercept and slopes. Figure S4.2 has individual site effects.

To visualize more clearly the results from this paoale analysis, we plotted
GLMM -predicted richness values as a function of relative elevation above water table
without corsidering site effectdqigure4.6). Both moss and vascular plants exhibited
only one or two species when at sampling points near or below the mean water table, but
speciegounts increased rapidly beginning near the mean water table, notably for

vascular plants.
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Figure 4.6 Predicted understory species richness as a function of elevation above mean
water table split by mossind vascular species components. Shaded ribbons indicate
95% confidence intervals about the estimate.

4.4.2 Stand structure

We did not observe significant (p<0.05) relationships between hydrology and
basal arefor either thecanopy or midstory level, at thaesscale Figure4.7). Median
water table was the best predictor of basal area out of the hydrology metrics tested (i.e.,
mean, median, and variance of daily water tedohel, hydroperiod), but even then, it was
not significant. We observed that T1 was a major outlier in the midstory basal area
elevation relationshipRigure4.7), but its enission did not result in a significant fit (p =
0.137).
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indicate pvalues for linear regression and shaded region indicates 95% confidence
interval about the bedit line.

Although we did not observe linear relationships betweerssaée hydrology
and basal area, we noticachegative trend in canopy basal area that seemed to relate to
site hydrogeomorphic categoryifure4.7, Table S4.3). Hence, we aggregated site types
and tested for diffrences in canopy basal area. ANOVA results indicated significant (p =
0.001) differences among sitesanddgosic Tukeyd6s Honestly Signifi
clarified that the drier lowland sites (mean basal area+standard deviation = 46.6+0.9 m
ha') had pproximately 20% more basal area than depression sites (p = 0.035) and 45%
more basal area than transition sites (p = 0.001, Figure 4.8). While depression sites were
on average wetter than transition sites by approximately 5 cm, they contained more basal
area (36.3+5.0ersus25.3+1.5 M hat, p = 0.020). Interestingly, while we did not find
strong linear association between hydrology and basal area, we did observe a €lear site
level negative linear association between confining layer depth (m) and daasglyarea
(m? ha?) (R=0.83 slope =29.8, p<0.001data not shown possibly suggestingn
importance of hydrologic storage capacity on growth
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Figure 4.8 Average canopy basal area (xstandard error) kg kydrogeomorphic
category(depression, lowland, and transition). Letters indicate significant differences at
p = 0.05. Text in bars indicates the average daily water table among sites for that
hydrogeomorphic category.

Using our TLSderived DBH data a subset of sites, we further assessed
differences between microsites (hummocks vs. hollows). Trees were significantly
(p<0.05) larger on hummocks than in hollows at two of six scanned sites, although
average DBH on hummockgasalways greater than on hmlvs (Figure4.9). We found
that although trees were not significantly larger on hummocks across sites, they were
found nearly exclusively on hummocks at our wettess glbeand T sitesrigure4.9).

Across all size classes, we found that trees in depression and transition sites occupy
hummocks between 894% of the time. We also obsedvsizedependent association

with hummocks, especially for sites D1, D3, and T1, where larger trees (i.e., trees with
DBH>20 cm) were 3x more likely to exist on hummocks compared to holldwgyre

4.9). This is in contrast to drier lowland sites, where trees do not prefer hummocks to

hollows, at least not in our subsampled areas.
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Figure 4.9 (Top) Categorical comparison of average (xstandard error) DBH between
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Despite these differences in DBH on hummocks vs. hollows,-goaie linear
mixed effect models of DBMersusrelative elevation did not reveal any significant
(p>0.05) trends (and see Figure S4.3). We note here that this is a preliminary analysis,

and matching procedures to tie digital elevation models from TLS to tree base height

trees

elevations may have high uncertainty.



4.4.3 Soil chemistry

There were significant differences in soil chemistry among sites and site
hydrogeomorphic groups for all analytes (p.@1QFigure4.10). Depression sites had the
lowest soil base cation concentrations3{Gad Md¢"), followed by lowland, and then
transition sites. Depression sites aramhsition sites had considerably lessaN®I than
lowland sites, but somewhat md?&>i P, and clearly higher C:N. However, we
observed more variability among sites than amoydyogeomorphisite groupingsWe
observed some indication that driiewland sites exhibited less variability in soll
chemistry than wetter transition and depression sites, but this trend was not consistent
across analyte@able S4.4)In fact, we observed significantly greater variance in %C,
NOz° N, and SG@* in drier lowland sites than in wetter sites (Table S4.4).
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Figure 4.10 Average soil extraction concentrations for every site and solute analyzed.
Colors indicate site type, and bars indicate bootstrapped 95% confideceals about
the mean. If intervals among sites do not overlap, they are significantly different at p =
0.05. Significantly different groups at p=0.05 are labeled with letters. Note: %C, %N,
and CN are unitless and are determined from combustion, n@d@ction

We also found significant (p<0.05) differences in soil chemistry between
hummocks and hollows for seven out of nine analyfesu(e4.11). Except for N@i N,

%N, and S@", hummocks had higher analyte concentrations than hollows. Relative
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acrosssite hummockhollow differences in mean concentration range #rfbo for NQ
TN to +23% for Cl. Although some sites varied in their relative differences between
hummock and hollow analyte concentrations (Tabl&)S#road patterns were still
discernible wherein hummocks were generally loci of highét,&i, Mg?*, PQ*i P, C,
and C:N (though only by 4%) relative to hollows.
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Figure 4.11 Acrosssite comparison between hummocks and hollows of relative
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We found significant (p<0.05) linear relationships between concentration and
relative elevation above water table at the samplet goale for six out of nine soil
chemistry analytes helinear mixed effectnodek werefit with a restricted maximum
likelihood estimationwith uncorrelated random intercepts and slopes; standardized
residuals were normally distributed about z@8rableS46). Results from this poirscale

linear fitting align with categorical results from hummock and hollow analysis (section



4.3.2). To show more clearly results from this analysis, we present the concentration
elevation results using predicted concentragifrom the model fit, without taking into
account site level random effecEadure4.12). Some analytes varied much more among
sites in the concentratieglevationrelationship than others, leading to large variability in
some besfit lines (e.g., C&, NO*i N), but most analyte concentrations had clear linear
relationships with elevatiori-{gure4.12). Random site effects modulated tnerall
concentratiorelevation relationship, implyinigrge variability in responses (direction
and magnitude) among sit&e did not observe clear patterns in random effects relating
to sites or e hydrogeomorphic groupinggigure S44), indicating noobviouscontrol

of hydrology or setting on the strength of these relationshipwever, relationships for
PQ>-P and Clwere similar in wetter depression and transition sites in contrast to drie

lowland sites, which did not have as steeply positive linear relationships with elevation.
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Figure4.12 Linear mixed effects modptedicted soil extract concentration as a function
of elevation above meawater table split by analyte, without random site effects. Shaded
ribbons indicate 95% confidence intervals about the estimate. Textaleigs for

linear mixed effects model regressions.

In addition to a clear elevation influence on soil chemiste/found significant
correlation among soil analyte concentratichs.oss sitesye observedtrong
correlations between %C and %#¥0.73, p<0.001)C&* and M¢* (r=0.82, p<0.001),
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and PG@*i Pand Cl (r=0.63, p<0.001)We observed several otheatistically

significant, but weak (r<0.3; }<0.3) correl a
here. However, we note that across sites, %C was significantly (p<0.01) positively

correlated with all other analytes except fordN@® (r=-0.3, p <0.00}1L

4.5 Discussion

In this study, we quantified the influence of vertical relief on vegetation and soils in
forested black ash wetlands to assess hypothesized feedbacks that maintain and structure
observed hummock and hollow microtopography. Our findings highlight the priaiac
elevation and microsite position on controlling vegetation distributions and soil chemistry
in black ash wetlandpotentiallydriven by decreased anaerobic stress on elevated
hummocksAlthough we did not directly measure evaporation ratesfoundsupport

for the hummock evapoconcentration feedback in these systems through concentrated soil
chloride and phosphorus on hummocks. Critically, we note that the vegetation and soil
chemistry differences between hummocks and hollows were muted in dger site
compared to wetter sites. We posit that this
on the feedbacks that maintain microtopography (see Chapter 3).

4.5.1 Controls on understory composition

To our knowledge, we show for the first time that-sitalehydrologic behavior
of black ash wetlands is a major determinant ofstede understory richness and
diversity. We found that even a simple hydrologic metric like mean water table could
explain 30% of intesite understory richness variability (Figur@).For example, our
wettest site had half of the species richness as our driest site, and whsdw/as
diverse. Numerous other studies have observed the influence hydrologic regime on site
scale species richness (e.g., van der Valk et al. 1994 eNiafed Chick 1997, Nielsen et
al. 2013), but most have been based on treatment studies of expected hydrologic change
or in riparian systems dominated by flood pulses. This study demonstrates that black ash
wetlands, which are abundant ecosystems in that&ekes region (e.g., they cover
approximately 5% of forested land in Minneosta, Michigan, and Wisconsin; USDA
Forest Service 2016), may exhibit similar hydrologhness responses as other studied
wetland systems, and furthsolidifies hydrology as thprimary determinant of

understory species distributions in wetlands.
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Despite clear broad si&cale controls on understory richness, we also observed a
dominant micrositescale influence on richness. Our NMDS analysis suggested that
hummocks and hollowdearly separated along community structure, but also that the
degree of this separation was highly site dependent. For example, drier lowland sites
(especially L1 and L3) had considerably less understory community variation between
microsites than the weitt depression or transition sites, further supporting the notion that
distinct and stable microsite states arise in response to wet conditions. Interestingly, some
hummock communities were more similar to hollow communities at different sites than
to hollov communities in their own site (e.g., D1 hummocks and T1, T3, or D4 hollows;
Figure 4.4). We surmise that this may result from a combination of local microclimate
and edaphic factors, whose analyses were outside the scope of this study.

We further charaetized understory communities to assess species fidelity to
specific microsites, the results of which lent additional support to the notion that
hummocks and hollows are discrete ecosystem stfté¥dtts et al. 2010). Using
indicator species analysisgviound that mosses were the most discriminative understory
lifeform for parsing hummocks from hollows (Table 1.2). This finding garners more
evidence for the contention that hummocks provide hydrologic stress relief for
vegetation, as moss species ardlyigensitive to soil moisture regimes (i.e., they are
poikilohydric; Busby et al. 1978, Proctor 1990). Additionally, B@ayrtis dissimilatory
index testing at our wettest sites indicated that understory vegetation communities
between hummocks and hollowsre highly dissimilar (i.e., BC closer to 1), with little
overlap in species. We suggest that the diversity in microsite presence increases overall
site richness, because some species show clear affinity for microsite type, a finding
supported by similastudies of richness and microsite variability (Vivi@mith, 1997;
Bruland and Richardson, 2005). For exampletland flora and fauna may occupy
distincthydrologic and biogeochemicaiches defined by hummocks or hollothsit
depend on thespecific enironmental tolerances and optimal growth conditions (Beatty
1984).Therefore, microtopography greatly expands potential hydrologic and associated
habitat niches.

Out of curiosity, we also wanted to determine if measured soil chemistry better

explained vaability in understory community compositiowhile our sample size
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differences between soil and vegetation precluded full correlation analysis of NMDS
ordination and abiotic variables, we did assess soil chemistry influence on understory
community structrte on a subset of our data. We found that, indeed, relative elevation
was a better predictor than soil chemistry of understory community structure in
ordination space (Figure $4and Table SZ). Moreover, two of the three next best
predictors (Mg" and FD,*i P) were also highly correlated with elevation.

In addition to different community structure between hummocks and hollows, we
found strong evidence for our prediction (H1) that hummocks support a higher number
and greater diversity of understory vegieta species than hollows. In our systems,
hummocks were loci for approximately 60% of total sampled species per site, with larger
richness differences between hummocks and hollows in wetter sites. This finding aligns
with field observations of visually slinct breaks between the relatively bare organic
surface of hollows and the verdant structure of hummocks. We suggest that greater
understory richness on hummocks may imply greater understoryiG@aRis the
richnessproductivityrelationship(Olde Venerink et al. 2003, van Ruijven and Berendse
2005) lending credence to productivigfevation feedback. Adding further support, our
direct modeling demonstrated clear increases in richness with elevation, where the slope
of this relationship was greatestthe wettest sites (Figure 4.9). Perhaps these are not
surprising results given thdistance to water table may be the most important control on
wetland communitytsucture (Bubier et al. 200€klandet al. 2008, Malhotra et al.

2016). Our results add black ash swamps to a number of wetland ecosystems with similar
understory richness structure, including salt marshes (Stribling et al. 2006), alluvial
swamps (Bledsoe and Shear 2000), tidal freshwatamps (Dubertstein and Connor

2009, Courtwright and Findlay 2011), tropical swamps (Koponen et al. 2004), boreal
swamps @klandet al.2008) and northern sedge meadows (Peach and Zedler 2006). The
concordance of similar observations across systems stibstarmypotheses that

hummocks play a critical role in supporting wetland plant diversity.

Lastly, we note that while hollows have less species on average than hummocks,
they are not devoid of understory productivity. At some sites, we observed largs swat

of Carex sp. in the hollow understory, whose thick stems and spanning rhizomes would
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have contributed to high primary productivity. Follaw studies could focus on this

aspect of hummockollow differences in these and other systems.

4.5.2 Controls on canop productivity

Despite lack of significant direct association between measured hydrology and
stand structure, we found indirect evidence that linksssidéde hydrology to treleiomass
(H2). The driest sites (lowland sites) had the greatest basal arpartsupobservations
from floodplain wetlands where sites that received less inundation were more productive
and had greater basal area than intermediately or regularly inundatesigesigalet
al. 1997). Perhaps unexpectedly, even though transitessere of intermediate
wetness between lowland and depression sites, they were the least productive sites. This
finding contrasts with similar studies that have focused on the-subsgly relationship
of inundation and wetland primary productivityfloodplain systems (Odum et al. 1979),
where sites of intermediate inundation have the greatest productivity relative to
permanently inundated or permanently dry sites (Mitsch et al. 1991, Day and Megonigal
1993). It is possible that our hydrologic recedhot long enough to capture wetter
conditions in transition sites relative to depression sites thereby assigning a misleading
hydrologic gradient to our sites. On the other hand, perhaps transition sites are under
additional stresses from close theioximity to spruce bogs, which may increase
competition (Looney et al. 2016) and possibly reduce local pH. Although we did not
measure soil pH, greater [€hin transition sites may support this notion, in due in part
to displacement from hydronium ion§j@§rs and Gunnarsson 2002) and in part due to
increased solubility of calcium precipitates at lower pH. Finally, we acknowledge that
basal area may not be an appropriate metric to compare productivity across sites without
further knowledge of stand age @adal area change with time.

Our findings also highlight local hydrologic influences and demonstrate that trees
at wetter sites almost exclusively occupy raised hummocks and typically with greater
basal area than in hollows. In other words, almost theegntif live basal area
corresponded directly to elevated hummock structures in wet black ash systems. A recent
study of canopy competition in black ash wetlands acknowledged this importance of
microsite variation in explaining lack of predicted competiaod subsequent tree size

distributions among black ash trees (Looney et al. 2016). In contrast to our findings at the
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site level, we did not find support for our prediction that basal area would correlate with

tree base elevation within sites. Howeveis thay not be surprising for three primary

reasons: 1) black ash trees are extremely slow growing and there can be very little

di scernible variability in DBH across trees
hummock heights (and thus tree baseaien), while centered around some site mean,

exhibit variation within a site (see Chapter 3), leading to a range of elevations supporting

trees with similar DBH, and 3) tree base elevations were extremely difficult to ascertain

using our TLS matching miedd, leading to high uncertainty in elevation measurements.

Perhaps in wetter black ash systems, it is merely the fact that trees are alive (and on

hummocks) that is important.

4.5.3 Controls on soil chemistry

We observed clear and significant differences ih@d@w@mistry among sites that
could broadly be attributed to siseale hydrology and site hydrogeomorphic category.
For example, the drier lowland sites had an order of magnitude greai@N\iIl
concentrations than wetter depression or transition (ttgare 4.10) despite having
nearly equal soil %N (CV = 0.1). We suggest that the water table regimes of our sites
correspond directly with expected watable specific shifts in Nbrocessing. Where
water tables are below ground surface by 30 cm or metaitrification dominates and
where water tables are within 10 cm of the surface, net ammonification dominates
(Hefting et al. 2003). Further, observed variability among sites in base cation availability
mayindicates the primary sources of water testheystems, with depressions likely
being primarily rairfed, and transitions sites likely being primarily groundwéeel;
with lowlands as some combination of the two. Last, and specific to our hypothesis (H3),
we found some support thatthin site varation inanalytegspecifically for Ci, PQ>-P,
C:N, %N, and M&") was greater at wetter sites, suggestive of higher wititén
allocation due to evapoconcentratioiluced transport.

We foundsomesupport for our hypothesis that hummocks can act gmeva
concentrators of mobile soil chemical pools. We observed this humhudicky soil
chemistry separation at all sites, regardless of variability in absolute concentrations
among sites. The strongest evidence for this comes from the relatively highf el o

conservative tracer, chloride, in hummocks relative to hollows (23% greater on average).
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There are few biogeochemical mechanisms, if any, apart from preferential hydraulic flow
that would result in such a locally disproportionate concentration ofidbl Chloride is
commonly used across scales and systems as a hydrologic tracer to evaluate hydrologic
storage and transport processes (Kirchner 2000, Kirchner et al. 2010), and its
concentration in terrestrial waters is widely attributed to evaporatfents(e.g.,
Thorslund et al. 20)8Further, we believe that our chloride values may be a conservative
estimate of differences between hummocks and hollows, because our sampling occurred
after leafoff and approximately one week after a series of rliefents, the
combination of which likely flushed solutes from hummocks towards hollows. As a
reference, these systems already have on average an order of magnitude higher chloride
concentrations than rainfall in the region (<0.1 mig NADP 2019), indiating that
evaporation is major component of their water cyalprerequisite for the
evapoconcentration hypothesis.niorthernbogwetlands encroachment or presence of
woody vascular plants can dramatically increase evapotranspiration losses (Takagi et
1999, Frankl and Schmeidl 2004l)gning with results here suggesting presence of black
ash trees may be a significant driver of evapotranspiration on hummocks

The significantly greater amounts of soil phosphorus on hummocks also aligns
with the purpaoted evapoconcentration mechanism. However, in addition to
evapoconcentration, the mechanisms of increased nuinaiability in hummocks
relative to hollows may balsoattributed to accumulation of debris and litteegler and
Stine 2009, andbr higher turnover and cycling rates (Wetzel et al. 90B%en
mycorrhizal activity is greater in hummocks than e, which may be important i
acquisition from ferridbound particles (Cantelmo and Ehrenfeld 19€@pinga et al.
(2008) were the first torepirically test and provide evidence for hummock
evapoconcentration of limiting nutrients, which had previously been suggested as a
mechanism inducing greater phosphorus on tree islands in the Everglades, FL (Wetzel et
al. 2005, Ross et al. 2006). Althougie do not have direct evidence that 1) black ash
wetlands are phosphorus limited, or 2) phosphorus is driven into hummocks via
evapotranspiration gradients (e.g., as opposed to local resource recycling only), our
phosphorus and chloride results compothvmodeled hummockollow system

responses under the evapoconcentration assumption (e.g., Eppinga et al. 2008, Ross et al.
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2006). Hence, while we cannot definitively reject other mechanisms of nutrient
enhancement on hummocks, this study adds further duppohe evapoconcentration
hypothesisOverall, our finding of greater phosphorus on hummocks aligns with
numerous studies where hummocksamesistently found to be zones of greater
phosphorugoncentrations than hollowddnes et al. 1996, Wetzeladt 2005, Eppinga et
al. 2008).

In contrast to phosphorus, we observed that hummocks were sites of lower nitrate
concentrations. These findings are in contrast to most microtopographic studies, where
hummocks often have higher nitrate than hollows (Bmiland and Richardson 2005
However, Courtwright and Findlay (2011) also observed hollow nitrate enrichment,
which they attributed to biologically mediated effects such as enhanced uptake on
hummocks and coupled nitrificatiatenitrification (Courtwrightand Findlay 2011). In
this model, high nitrification rates on aerobic hummocks (Noe et al. 2013) may result in
diffusive transport of mobile nitrate to hollows, where it is subsequently denitrified under
hydrologically induced anaerobic conditions (Wol&aét2011). It seems likely that
coupled nitrificatiordenitrification resulting from distinct hummodiollow
microtopography in wetter transition and depression sites limits nitrate buildup in these
systems, in contrast to the drier sites with less taigc relief (see Chapter 3).

However, the unexpectédiOzi N enrichment hollows in this study may simply be due to
sampling period, which was after leaf fall that may have transferred N@ hollows.
Additionally, lowerNOsT N in hummocksat our sitesmplies relatively greater organic

N and NH*I' N, as there is very little difference in to&il N between hummocks and
hollows (RPD = 4.6%,)However, while most of this hummock N is likely organic, we
posit that much ohorganichummock N is likely NH"T N becausedw C:N ratios in
aerobichummocks (~18) indicate a preference for naralization over immobilization
(Reddy et al. 1984) and similar wetlands in the region have a high propensity for N
mineralization (Bridgham et al. 1998)

In addition to phoshorus, hummocks were also enriched in base cations
compared to hollows. We postulate that this base cation enrichment effect may also be
part of the evapoconcentration feedback in black ash wetlands. Black ash trees are known

to exhibit considerably high€Ca* and Mg in live tissues than neighboring species at
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the same site, or in other nearby ecosystems (Reiners and Reiners 1970), indicating
preferential uptake of these nutrients relative to other species. Interestingly, however,
despite having neariglentical basesation exchangeability, €aand Mg+ were not

present in similar ratios between hummocks and hollows, where hummocks had lower
Ca:Mg than hollows. Karlin and Bliss (1984) also observed reduced Ca:Mg on

hummocks relative to hollows in thetudy of six peatlands in central Alberta, and

attributed this consistent loss of cations to filtering by peat as water passed through it. We
suggest that relatively lower mobile £ hummocks is likely due to preferential

binding and association withr@ater phosphorus availability on hummocks relative to
hollows.

To our knowledge, this study presents the first measurements 8Qéiln
freshwater hummockollow systems, but the results are in contrast to what we expected.
We surmised that oxidize®0,*> would be greater in aerobic hummocks than in more
anaerobic hollows. However, we observed consistently lesS@gilin hummockgshan
in hollows, which we tentatively attribute to either diffusive transport from hummocks to
hollows to support sulta reduction oassimilatory sulfate reductian hummocks. Our
results also contrast with observations in saltwater systems, where vegetated zones are
areas of increase®Q:> due to rooizone oxygenation of reduced toxic suflides (Hsieh
and Yang 199Madureiraet al 1997, Ferreira et al. 200Q)learly, we are missing a
piece of the puzzle with respect to sulfur cycling in hummioalkow systems, because
our results are also in stark opposition to expected results from couplednsulfatogy
microtopogaphy modeling exercises for freshwater systems (Frei et al. 2012).

We found some evidence for our hypothesis that relative elevation, as opposed to
simply microsite position, was a major control on soil chemical pools in black ash
wetlands. Unsurprisinglyall analyteelevation trends directly corresponded with
categorical hummochollow trends, both in direction and in strengt¥e also observed
some indication that Cand PG*-P exhibited more similar and more positive
relationships with elevation inetter sites compared to drier sites (Figure S4.4),
potentially indicating elmanced evapoconcentration at wesiges. However we note that
the tendency for some sites with hummdnctlow microtopography to exhibit bimodal

elevation distributions (see Chiap3) led to clumping of sampling points at ends of the
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elevation distribution, which may not be appropriate for linear modeling. However, we
observed that most sampling distributions spanned an approximately 30 cm range.
Whereas most other studies examgrelative elevation effects on soil chemistry use
sample depth to water table as their elevation measurement (e.g., Bubier et al. 2006,
Stribling et al. 2006), our study took a combined approach where we measured water
table at a point, but measuredatele surface elevation in higiesolution at all points.
Hence, a major underlying assumption in our approach is that the water table is flat
across our study area, and that capillary fringe and/or hydraulic redistribution effects are
negligible in compason to water table fluctuations. We concede that this approach may
be inappropriate for other systems with less organic soils or more undulating terrain, but
note that it appeared to provide reasonable and practical results in our case.

Our work here prodes a strong foundation for viewing microtopography in
black ash wetlands as a result of biogeomorphic feedback processes that concentrate
biomassand nutrients into hummock structures, but many questions still remain. Future
studies could explore diffenees in evapotranspiration rates between hummocks and
hollows for further elucidation of evapoconcentration differences. Inferences along these
lines would also be bolstered by leaf tissue measurements on hummocks and hollows to
test for limiting nutrientsWe also suggest investigating, at the micrelsitel, additional
species of nitrogen (e.g., ammonium), sulfur (e.g., sulfide), and other important redox
compounds (e.g., iron) and biogeochemical processes (e.g., denitrification) that may
explain observe trends in soil chemistry. Finally, we note that our methodology for cold
water extractions may result in highly conservative estimates compared to more standard

soil extractions.

4.6 Conclusions

This work provides support for ecosystem engineering by veégeiatswamps, where
vegetation capitalizes on and amplifies small changes in surface elevation. The result of
this engineering is hummodtollow microtopography, where hummocks and hollows are
distinct, selforganized ecosystem states. Here we used fgestady of black ash

wetlands to illustrate this possibility. Importantly, we found that black ash hummocks are
characterized by increased local species richiemsiass and nutrient availability, all of

which are likely due to reduced hydrologic strés® conclude the following: 1)
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hummocks develop as a response to flooding stress in wetlands, 2) trees, and in particular
black ash, occupy and reinforce hummock structure, and 3) hummock and hollow
microtopography yields predictable patterns of undeysiohnesspiomassand soil

chemistry. Chapter 3 strongly supports (1), and findings in this chapter support (2) and

(3). Therefore, we infer that black ash trees fundamentally structure their environment
through vertical building of soil and harvestiofgnutrients. Finally, we also show that
sampling location and strategy in wetlands should be a considered under the context of
microtopographydf. Branfireun 2004), as random sampling, or avoiding certain

microsites will result in skewed results and iptetation.
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4.8 Supplementary material
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Figure S..1 Combined vascular and moss richniesexmock and hollow comparison.

Text values indicate Sorenseamplétestsesultsi | ar i ty
Sorensen dissimilarity indices have opposite interpretation of-Brais dissimilarity

indices: the closer to 0, the more dissimilar, and the closer to 1, the more similar.

Table 2.1 Results of indicator speciasalysis for hummocks and hollows

Microsite Species Specificity Sensitivity v p-val
Climaciumdendroides 0.91 0.59 053 0.001
Rhizomniurmmagnifolium 0.83 0.60 0.50 0.001
Rubuspubescens 0.83 0.42 0.35 0.001
Funaria hygrometrica 0.84 0.40 0.34 0.001
Carextrisperma 0.86 0.31 0.27 0.001
Galiumtriflorum 0.89 0.24 0.22 0.001
Asterlateriflorus 0.80 0.24 0.20 0.001
Carexbromoides 0.91 0.16 0.14 0.001
Acerrubrum 0.93 0.11 0.10 0.001

Hummock Sphagnunangustifolium 0.97 0.11 0.10 o0.001
Maianthemuntanadense 1.00 0.09 0.09 0.001
Calla palustris 0.95 0.09 0.08 0.001
Dryopteriscarthusiana 1.00 0.08 0.08 0.001
Pleuroziumschreberi 0.98 0.08 0.08 0.001
Carexretorsa 0.94 0.08 0.08 0.003
Circaeaalpina 0.93 0.08 0.07 0.001
Trientalisborealis 0.89 0.05 0.04 0.005
Coryluscornuta 0.95 0.04 0.04 0.006
Rubusidaeus 0.99 0.04 0.04 0.004
Calliergon cordifolium 0.72 0.61 0.44 0.001

Hollow Lemna minor 0.98 0.27 027 0.001




Table 3.2 Results of indicat@pecies analysis for sites

Site Species Specificity Sensitivity v p-val
D1 Bidens cernua 0.67 0.23 0.15 0.001
Carex triflorum 1.00 0.08 0.08 0.007
D2 Corylus cornuta 0.94 0.18 0.17 0.001
L2 Carex intumescens 0.60 0.18 0.11 0.001
Rubus idaeus 0.68 0.13 0.09 0.002
Lycopus uniflorus 0.74 0.54 0.40 0.001
L3 Fraxinus nigra 0.67 0.26 0.17 0.001
Onoclea sensibilis 1.00 0.15 0.15 0.001
T1 Sphagnum angustifolium 0.76 0.33 0.26 0.001
Cornus canadensis 0.75 0.08 0.06 0.028
Maianthemum canadense 0.94 0.31 0.29 0.001
T3 Parthenocissus sp 1.00 0.10 0.10 0.001
Sphagnum wulfianum 1.00 0.08 0.08 0.012

A) Intercept Slope B)
L3 . 12,57
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Figure S1.2 a) sitelevel random effect®r intercept and slope for the richneskevation
GLMM , and b) raw data of overalyascular and moss) richnesgevation relationships
for each site with GLMMs fitted.
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Table 3.3 Forestry and hydrology metrics for sites
Mean Median Mean

Midstory Midstory Overstory Overstory daily daily cort. Trees
. basal . basal .
Site Fraxinus Fraxinus water water layer per
area : area :
o fraction o fraction table table depth hectare
(m?hat) (m?hat) (m) (m) (cm)
L1 2.60 0.70 46.74 0.97 -0.26 -0.05 28.8 729
L2 1.60 0.45 44.79 0.92 -0.35 -0.05 19.6 650
L3 2.77 0.48 46.44 0.98 -0.37 -0.08 24.5 683
D1 1.12 0.4 39.59 0.98 0.01 0.09 28.9 1425
D2 2.94 0.95 39.97 0.97 -0.01 0.04 27.7 1600
D3 1.25 0.25 37.79 0.76 0.05 0.14 69.8 1067
D4 1.83 0.29 27.67 0.76 -0.01 0.00 60.6 700
T1 6.42 0.66 26.87 0.44 0.00 0.03 >150 1038
T2 1.53 0.52 25.69 0.91 -0.05 0.04 80.2 756
T3 3.10 0.48 23.31 0.74 -0.07 0.02 53.6 781
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Figure S1.3 Sitescaleindividual tree base elevation versus individual tree basal area.



Table 3.4 Paired Levene tests for variance in soil chemistry concentrations among
hydrogeomorphic categorid€olded values are significant at p=0.05 level. Note that
for most analytes, lowland sites (L) have lower variance than D or T sites.
Analyte Comparison Estimated Lower 95%  Upper 95% Adjusted p-

differences confidence confidence value
in variances interval interval

L-D -0.056 -0.931 0.819 0.987

ca* T-D -0.182 -1.116 0.751 0.889
T-L -0.126 -1.021 0.768 0.941

L-D -0.305 -0.473 -0.138 0.000

cl T-D -0.032 -0.206 0.141 0.901
T-L 0.273 0.106 0.441 0.000

L-D 0.283 -0.055 0.621 0.120

Mg?* T-D 0.771 0.418 1.125 0.000
T-L 0.488 0.147 0.829 0.002

L-D 0.505 0.324 0.687 0.000

NOs-N T-D -0.069 -0.262 0.123 0.672
T-L -0.575 -0.754 -0.396 0.000

L-D -0.453 -0.739 -0.167 0.001

P3P T-D -0.309 -0.609 -0.009 0.042
T-L 0.144 -0.144 0.432 0.467

L-D 0.788 0.045 1.530 0.035

eo% T-D 0.131 -0.652 0.913 0.918
T-L -0.657 -1.409 0.095 0.100

L-D 0.900 -0.981 2.782 0.497

%C T-D -2.266 -4.240 -0.292 0.020
T-L -3.166 -5.039 -1.293 0.000

L-D -0.163 -0.300 -0.026 0.015

%N T-D -0.232 -0.374 -0.089 0.000
T-L -0.069 -0.206 0.068 0.464

L-D -0.846 -1.266 -0.426 0.000

C:N T-D -0.548 -0.985 -0.112 0.009
T-L 0.298 -0.127 0.722 0.224
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Table 3.5 Average £standard deviation) soil extraction concentrations for hummocks
and hollows across site¥alues are in mgt except for %C, %N, and C:N, which

are unitless.

Site  Microsite %C Ca?* cr CN  Mg* %N  NOs-N  POZ-P SO?
D1 MO8 354177 08238 1:06 16721 10109 22:0.9 031027 213+1.38 7.3:3.1
D1 MUM®) 2051110 10245 13107 158:24 22808 2341 033059 2.69+158 7.4433
p2  hol(") 33.248.2 12.8+2.7 1.3:0.6 15:0.5 3.1#0.7 2.2+0.5 0.06+0.03 1.96+1.05 0.743.2
p2  hum(?) 38+#8.1 13.2+4 1.8+0.8 15.4+1 3.2+0.8 2.5:0.6 0.06:0.05 2.9+1.03  9.6+2
p3  hol@® 4505 13.7+0.9 2.7+1.4 14.1:0.9 3.3:0.7 3.2:0.2 0.18+0.08 2.97+0.6 9.5+1.6
D3 MUMA0)  \o 4121 146628 25108  17+2 41:11 27602 01012 3.82:076 9.442.4
p4  hol (@ 45.4+2.4  14.742 1.1#05 16.9+2.6 2.840.6 2.7+0.4 0.15:0.11 2.67+1.61 7.940.9
D4 MUME) o512 12.9:3 25107 102422 4305 2.5:0.3 003:0.01 583:1.33 7.342.2
L1 hol (18) 38+3.8 10.242.6 1.3+0.5 14.2+0.6 8+0.9 2.74#0.3 0.63+0.52 2.24+0.83 10.8+2.7
L1 MUM®)  g2131 234426 13103 14105 8.9:07 2.7+0.2 053:0.25 2.62£0.83 9.8+2.4
L2 M2 61107 147427 08:03 13.3:07 5441 2407 1714106 125:0.66 6317
L2 MUMA3) 51108 151464 1204 13.3+11 55:2.1 2.1$0.6 1514133 133:0.82 54426
L3 MOIAD 308135 102414 11404 13941 9408 27403 007:0.72 276:0.9 14.5:4.1
L3 MO 90156 208624 1203 14.8:22 9.4:0.9 27402 05:0.54 3.09:0.82 10545
11 M@ 70100 20643 1.3:0.3 16.5:0.9 8.7+1.7 2902 0.15:0.06 3.2140.65 10.3:2.5
11 hum (12) 46.4+1 22.6+2.5 2.6+0.6 18.2+2.4 102 2.5:0.4 0.15:0.13 3.65:0.93 8.6+2.1
T2 OIS 0133 278434 14205 149109 79412 3802 0.110.05 3.15:0.78 11.742.9
T2 MUMAL 59045 31742 2.3:06 152408 92412 26403 014004 463:1.03 10.8+2.9
T3 Mol (®) 432+1 155+4.6 1.40.7 1611 35+2 2.74#0.1 0.12+0.04 3.54+1.54 10.6+1.9
13 hum(?)

43.5+1.7 16.1+1.6 1.5+0.3 17.4+1.6 5.9+2.2 2.4+0.3 0.09+0.07 3.99+0.84 9.1+1.1
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Table 2.6 Linear mixed effect model results for soil chemistry analytes versus relative
elevation above water table with site as a random effect

Solute Effect Term Estimate SE Z-score P(Z>2)
. Intercept 42.9 1.51 28.45 <0.001
Fixed
% 7.7 4.93 -1.56 0.120
0 SD Intercept 2.9
Random SD z 96
. Intercept 15.9 1.73 9.19 <0.001
Fixed
ca z 3.9 4,19 0.94 0.350
SD Intercept 4.8
Random SD z 104
) Intercept 1 0.23 4.27 <0.001
Fixed
o z 2 0.6 3.36 0.001
SD Intercept 0.6
Random SD 7z 13
_ Intercept 14.4 0.61 23.72  <0.001
Fixed
CN z 45 1.99 2.27 0.025
: SD Intercept 1.5
Random SD 7 52
. Intercept 4.8 0.79 6.12 <0.001
Fixed
z 3.5 14 2.48 0.014
Mg?*
SD Intercept 2.3
Random SD z 392
, Intercept 2.8 0.13 21.71  <0.001
Fixed
z -1.0 0.28 -3.54 0.001
%N
SD Intercept 03
Random SD 7 00
_ Intercept 0.8 0.34 2.25 <0.001
Fixed
NO-N z -1 0.6 -1.64 0.103
3" SD Intercept 1
Random SD 7 14
. Intercept 2.6 0.18 14.39 <0.001
Fixed
PO z 3 1.41 2.16 0.032
i SD Intercept 0.2
Random SD z 4
. Intercept 11.9 1.04 11.45 <0.001
Fixed
z -8.1 1.77 -4.57 <0.001
SO
SD Intercept 2.7
Random SD 7 0
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Figure S4.4 Scaled soil extract concentratioassus relative elevation above water table
for all sites and analyte€oncentrations were scaled and centered to allow easy
comparison across sites and geomorphic categories:-fBéisear regressions with 95%
confidence shading are shown. Site aré §iy geomorphic category in columns and by
analyte in rows.

Environmental fitting to understory NMDS ordination

To fit measured environmental variables to understory community structure, we first

subset our community matrix data to sample points whelga@eoincident soil
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