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Agricultural practices constitute both the greatest cause of biodiversity loss and the
greatest opportunity for conservation'?, given the shrinking scope of protected areas
inmany regions. Recent studies have documented the high levels of biodiversity—

across many taxa and biomes—that agricultural landscapes can support over the short
term"**. However, little is known about the long-term effects of alternative
agricultural practices on ecological communities** Here we document changes in
bird communities inintensive-agriculture, diversified-agriculture and natural-forest
habitatsin 4 regions of Costa Rica over a period of 18 years. Long-term directional
shiftsinbird communities were evident in intensive- and diversified-agricultural
habitats, but were strongest in intensive-agricultural habitats, where the number of
endemic and International Union for Conservation of Nature (IUCN) Red List species
fell over time. Allmajor guilds, including those involved in pest control, pollination
and seed dispersal, were affected. Bird communities in intensive-agricultural habitats
proved more susceptible to changes in climate, with hotter and drier periods
associated with greater changes in community composition in these settings. These
findings demonstrate that diversified agriculture can help to alleviate the long-term
loss of biodiversity outside natural protected areas.

With agricultural systems dominating Earth’s arable surface®’, the
future of biodiversity and ecosystem services depends on both pro-
tected areas and habitats that are found in croplands, grazing lands
and tree plantations'. Some agricultural systems have a high capacity
tosupportbiodiversity over the short term*®, yet little is known about
their long-term capacity***™. Studies into the effects of habitat con-
version often use short-term sampling methods'* that cannot detect
potential delayed effects ™ and that limit the inference of land-use
interactions with other drivers to determine biodiversity dynamics.

Theory and limited evidence suggest that the full effects of habitat
conversion on ecological communities may not be realized for decades
or centuries'®® owing to long-term transient dynamics®, historical
contingency®, extinction debt*, invasion dynamics* and eco-evo-
lutionary feedback effects??. Moreover, agricultural practices create
habitats that are different in almost all aspects, from vegetation to
climate, and these new conditions may interact to intensify the changes
inbiodiversity**. Abetter understanding of the long-term changes in
biodiversity is crucial to improve forecasting of ecosystem dynamics
and the effectiveness of conservation interventions®* 7%,

To investigate the long-term response of biodiversity to habitat
conversion, we quantified the temporal shifts in bird communities
across forest and countryside landscapes in Costa Rica. The country
experienced rapid deforestation for cash crop and cattle production
betweenthe 1940s and 1970s; deforestation slowed and began agradual
reversal at the turn of the century®®. We conducted transect counts of

bird communities over 18 years in 4 distinct life zones: lowland dry
forest, lowland wet forest, mid-elevation wet forest and premontane
wet forest. Transects were placed in each region (1,,,neecs = 48), with at
least three transects situated in each land-cover type in each region:
intensive agriculture (n=18), diversified agriculture (n=18) and natural
forest (n=12). Alltransects were visited three times per wet season and
three times per dry season, each year (Nyigs/cransect = 108). Agricultural
plots within transects included cattle pasture, coffee inter-cropped
withbananaand plantain, mixed gardens and monocultures of melon,
rice, heart of palm, pineapple and sugar cane. Intensive-agricultural
transects contained plots of asingle crop type with little other vegeta-
tion on or near plots, limiting bird food and habitat resources™ (Sup-
plementary Table 1). By contrast, diversified-agricultural transects
contained plots with multiple crop types, were situated near (typically,
less than 500 m) remnants of the natural forest (typically 0.1-10.0 ha),
and contained bird food and habitat resources in their relatively com-
plex vegetation structure.

We addressed two questions. First, weinvestigated whether the mag-
nitude of long-term changes in bird communities differed between
natural forests and agricultural lands. Second, we analysed how changes
in climate and vegetationinteracted withland management practicesto
drive shiftsin bird communities. Our data comprise 281,415 individual
bird detections of 400 resident and 110 migratory neotropical bird
species (n=510) during 18 years, in combination with daily measures
of precipitation, land surface temperature and vegetation.
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Fig.1|Long-termdirectional shiftsin bird community structurein
agriculturallandscapes contrast with forest communities thatare
temporallyless variable.a, Community similarity in each year compared to
thefirstyear of study (2000) across three land-cover types. b, No significant
directional trends were found in the composition of natural-forest
communities. ¢, d, By contrast, long-term trends were found in both diversified
(c) andintensive (d) agriculture. Ina, points represent the mean community
similarity measured as the Bray-Curtis similarity index for each transect
compared withitselfin the first year of this study. The error bars shows.e.m. for
eachland-covertypeineachyear.Inb-d, theblacklines represent the
estimated mean temporal trend in community compositionshownina. Trends
weremodelled as first-order random walk processes. The shading indicates the
95% Bayesian credible intervals. Positive and negative deviations from the zero
lineindicate the presence of long-term directional trends in community
composition (Supplementary Table 7). b-d, n,,, =510, Nanseces =44, Nyears =18.

Overall, diversified-agricultural communities had a high species
richness (mean = 71), on par with that of natural-forest communities
(mean=75; likelihood ratio test, P=0.708) ina managed countryside
of interwoven agricultural and natural-forest elements. By contrast,
the speciesrichnessinintensive agriculture was on average 52% lower
than in the natural forest (mean =36; likelihood ratio test, P < 0.001;
Supplementary Table 2). Furthermore, diversified-agricultural plots
contained 59% of the endemic species and species included on the
IUCN Red List of Threatened Species that were found in forested
habitats over the course of this study, while fewer species (39%) were
found inintensive-agricultural plots (Extended Data Fig. 1 and Sup-
plementary Tables 3-5).

Long-term compositional shifts

Inanswer to our first question, we found that, although all bird commu-
nities fluctuated through time, only those communities inagricultural
landscapes experienced long-term directional shifts in composition
over the18-year study period (Fig.1). These changes occurred despite
little detectable change in species richness (Extended Data Figs. 2,
3a-c) or total abundance (Extended Data Figs. 2, 3d-f). The absence
of long-term shifts in natural forests (Fig. 1b) indicates that the mod-
erate rates of change between years represent fluctuations around a
mean community state, rather than cumulative shifts in the species
composition through time.

Inintensive-agriculture habitats, rapid shifts between years (Extended
Data Fig. 2a and Supplementary Table 6) accumulated into long-term
directional changes in the community composition over the 18 years
of study (Fig. 1d). Compositional changes in intensive agriculture were
accompanied by a decline in the number of endemic and IUCN red-list
species (Fig.2and Extended DataFig.4). The gradual but sustained decline
suggests that these communities were still paying offanextinction debt
decadesafter theintial conversiontoagriculture. Although the magnitude
oflong-termtrends was dampened in diversified-agriculture habitats, the
slower change between yearsrelative to forests did not preclude the direc-
tional shiftsinthe structure of the bird communities (Fig.1c). That these
changes occurred progressively over time, rather than through abrupt
shifts in the species composition between years or through changesin
species richness and abundance (Extended Data Fig. 3), demonstrates the
persistent, lasting effects that land-use change had on communities''¢%,

We further explored which guilds were driving these long-term
changes in community composition. Guild-level changes were the great-
estinintensive-agriculture habitats, withlarge shiftsin the assemblages
ofinsectivorous, nectarivorous and granivorous bird species (Extended
DataFig.5). Analysing the changesinrelative abundancerevealed a28%
declineinnectarivoresinintensive agriculture and a19%increaseingrani-
vores (Extended DataFig. 6). Theincrease in the abundance of granivores
accompanied by declines in bird pollinatorsis consistent with findings
of invasion and range expansion of granivores in Costa Rica, following
large-scale deforestation throughout Central America over the past
century*®*, Shiftsininsectivore guilds primarily reflect changesinspe-
ciesidentity. Although there were no long-term trends in composition,
frugivores in intensive-agriculture habitats exhibited high variation in
their species composition from year to year (Extended Data Figs. 5, 6),
consistent with the high spatialand temporal variability in the availability
offruitresourcesincountryside landscapes. Guild-level analyses reveal
theidiosyncraticresponses that these assemblages have in agricultural
landscapes and show that the management system determines the win-
ners and losers of agricultural expansion and intensification.
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Fig.2|Long-termdeclinesinthe number ofendemic, range-restricted and
IUCNred-list speciesinintensive-agriculture, but not forest or diversified-
agriculture, habitats. a-c, Points depict the median number of IUCN red-list
orendemicand range-restricted species observed in natural-forest (a),
diversified-agriculture (b) and intensive-agriculture (c) transectsin each year.
Theerrorbarsshow the medianstandard error estimates. Changes in the
averagerichness of endemic, range-restricted and IUCN red-list species were
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tested by fittingarandom walk trend to each land-cover type using Bayesian
linear mixed-effects modelimplemented usingintegrated nested Laplace
approximation (INLA). Long-term declines were driven by speciesloss in
intensive agriculturein the Las Cruces and SanlIsidro study regions (Extended
DataFig.4). Estimates of conservation value should be seen as conservative, as
some of the rarest and most-threatened species may have gone unobserved.
Ngpp =62, Nypansects = 44, Nyears = 18.
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Fig.3|Annual changesin climate and vegetation drive shiftsin bird
communitiesinintensive-agriculture habitats, but notin natural-forest or
diversified-agriculture habitats. a, b, Mean annual temperature (a) and drier
dryseasons (measured as precipitation skewness) (b) are associated with
greater turnover incommunity compositioninintensive-agricultural systems,
butnotinforest or diversified-agricultural systems. ¢, In only the intensive-
agricultural system, years with greater leafy vegetation (measured as LAI) are
associated with slower rates of community change, with no effectin forest or
diversified-agricultural communities. Inaand ¢, daily measurements of
temperature and LAl were derived from MODIS satellite data of each transect

Climate-driven shifts

Toexplore our second question on how changesin climate and vegeta-
tion interact with land management to drive long-term shifts in bird
biodiversity, we compiled daily satellite measurements at each transect.
Theseincluded land surface temperature and leaf areaindex (LAI) data
for 2002-2017, and daily precipitation data from meteorological sta-
tions found within each of the the four study regions for 2000-2014
(Methods). In forests and diversified agriculture, we found no effect
of mean annual temperature or precipitation skewness—a measure of
droughtintensity—onbird communities. By contrast, inintensive agri-
culture, we found astrong negative effect of mean annual temperature
and precipitation skewness on communities: higher temperatures and

Effect of precipitation skew on community similarity
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from2002to0 2017, and mean annual values were used to model the effects on
community changein eachyear compared with theyear2000. Inb, daily
precipitation measurements were derived from meteorological stations in
eachregionfrom2000 to 2014, and annual precipitation skewness was used to
model the effect of rainfall distribution throughout the year on community
change compared with the year 2000. Points depict posterior means with 95%
Bayesian credibleintervals. Overlap with zero denotes no effect, negative
values are associated with greater changes in communities and positive values
withless change in communities. a, ¢, ny,, =510, Nyanseces = 44 Nyears = 16.

b, 1y, =510, Nyanseces = 44, Nyears =15.

drier years (particularly in the dry season) drove larger shifts in the
composition of bird communities (Fig. 3a, b).

Similar to temperature and precipitation effects, yearly variationin
the mean LAl had no discernable effects on the composition of com-
munitiesin forest and diversified agriculture. Inintensive agriculture,
however, bird communities changed more in years with a lower LAI
(Fig. 3c). These findings indicate that the interactive effects of habi-
tat conversion and climate change were the strongest in intensively
managed landscapes® and that bird communities were resistant to
climate-induced shifts in forest and diversified-agricultural systems.
Our findings also provide evidence of the buffering effect that increas-
ing the amount of leafy vegetation—measured through LAl—-can have
on moderating the rate of change in agricultural communities.
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Fig.4|Land use and climate niche determine colonization-extinction
dynamics. a, Species-level annual persistence probability declines with
increasing land-use intensity. b-e, The centres of the temperature niche (b, d)
and precipitation niche (c, e) determine the probability that a population will
persist or newly colonize acommunity across three land-cover types.
Transparent pointsinadepict the modelled mean annual persistence
probability for the three land-use types across CostaRica for individual
species, and shaded points depict the mean modelled response for each
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land-cover type across the 336 species tested, with 95% Bayesian credible
intervals froma previously described multispecies dynamic occupancy
model®.Inb, ¢, points depict the modelled effect of climatic niche traits on the
probability thata population will persistacross years in the three land-cover
types.Ind, e, points depict the modelled effects of climate niche traits on the
probability that aspecies newly colonizes atransectacross the three different
land-cover types.a-e€, ny,, =336, Nyansects = 44, Nyears=18.
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We used species- and population-level analyses to shed light on the
underlying drivers of change in community composition. Specifically,
we used a multispecies dynamic occupancy modelto understand how
land use and climatic traits of the species affected colonization and
extinction rates in local communities®. Compared with forests, the
probability thatalocal population persists into the next year decreased
by10%in diversified agriculture and by 18% in intensive agriculture: the
probability of population persistence in forest, diversified agriculture
and intensive agriculture was 82, 73 and 67%, respectively (Fig. 4a).In
agricultural habitats, species affiliated with wetter and cooler condi-
tions were more likely to go locally extinct (Fig. 4b, c), whereas species
affiliated with drier and hotter conditions had a higher probability of
newly colonizing an agricultural site (Fig. 4d, e). These species-level
analyses reveal that deforestationand agricultural intensification drove
long-term changes in biodiversity by affecting local colonization and
extinctionrates. However, the risk of local extinction was not uniform
acrossall species, and there was a strong selection for the colonization
of species affiliated with a drier and hotter climate.

Conclusions

Overall, our findings suggest that the effects of land-use change on
long-term biodiversity dynamics develop across multiple temporal
scales. Itis well known that, at short time scales, the initial conver-
sion rapidly reduces the species richness and alters composition and
structure of the bird communities. Then, as we show here, time-lagged
effects of habitat conversion more slowly restructure the communities
by altering the colonization and extinction of species, driving long-
term directional shifts in composition over decadal scales. In inten-
sively managed landscapes, these long-term shifts are characterized
by external forcing events through annual changes in vegetation and
climate—especially during the hot, dry season.

Although current biodiversity models are able to predict the short-
term consequences of land-use change on biodiversity®*, our findings
suggest that temporal lags—in combination with changes in vegetation
and climate—complicate predictions regarding the state of biodiversity
inintensively managed tropical agricultural landscapes that have been
convertedrelatively recently. Notably, biodiversity changesin diversified-
agricultural systems more closely mimic those found in natural forests.

Halting biodiversity loss in the twenty-first century will require mov-
ingaway fromastatic view to one that incorporates the highly dynamic
nature of ecological communities and the forces that are exerted on
them. Halting loss also requires a paradigm shift to sustainable and
resilientagricultural systems that promote not only farm productivity
and livelihood security, but also biodiversity and nature’s full array of
vital benefits to people’.
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maries, source data, extended data, supplementary information,
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Methods

Study sites and bird censuses

We collected 18 years of bird survey data from 48 sites distributed
across 4 distinct regions of Costa Rica that are separated by approxi-
mately 200 km. The study regions and crop types include: Las Cru-
ces (premontane wet forest; coffee, cattle and mixed gardens), San
Isidro (midelevation wet forest; coffee, pineapple and sugar cane),
Puerto Viejo (lowland wet forest; heart of palm, banana and cattle)
and Guanacaste (lowland dry forest; melon, rice and cattle). Within
eachregion, transects were separated by an average of 10 km. Each
transect was 200 minlength. Land-cover categories were determined
using cluster analysis of landscape characteristics (that is, number
of crop species, vegetation strata, quality and extent of hedgerows,
size and number of agricultural plots, and forest cover at 100-m and
200-m radii; Supplementary Table 1) as previously described ° and
four sites were excluded from analyses owing to changesto crop types
or management types during the course of the study (see ‘Land-cover
classification and transect stability’).

All bird transect counts were conducted by expert ornithologist
J.R.Z. Transect counts were conducted twice per year during the wet
and dry seasons with three visits per season (1, year = 6). For €ach
transect, the three transect counts per season were conducted within
aone-week time period to meet the assumption of community closure.
Transect surveys began at sunrise each day and lasted for 30 min. For
each count,].R.Z.walked the 200-mtransect while recording the iden-
tity and number of individuals for each species present on the basis of
visual cues or sound. Only birds within 25 m to either side of transect
lines were used in the present analyses; birds detected flying through
or over atransect were excluded from analyses.

Assessing temporal trends

Ecological communitiesin each year are dependent onthe composition
in previous years and treating time as a standard covariate can result
in pseudoreplication, because values in year ¢t are dependent on the
state of the systemin¢-1. To deal with the temporal dependency struc-
ture of the diversity measures and to explicitly model long-term trends
inthe data, we applied aclassical first-order random walk trend to our
Bayesian generalized linear mixed-effects models. The random walk
trend (u,) is modelled as the state in the previous year plus random
noise (v,) described by a normal distribution, or g, = u,_; + v,in which
v,<N(O, 03). This approachallows us to separate out both theimmedi-
ate effects of land-cover type on biodiversity patterns and to explore
the different trends for each land-cover type.

Weestimated anindividual randomwalk trend for eachland-cover type
inadditionto the fixed effects of land-cover type on diversity measures
ineach model. Allanalyses assessing temporal trends were conductedin
aBayesian framework using INLA in the R-INLA package™ for R*, Weakly
informative penalized complexity priors for the parameters were used
forallanalysesinINLA*.Random walk trends were standardized around
zero. Long-term directional trends were present when 95% Bayesian
credibleintervals around meantrend lines did not overlap zero at posi-
tive and negative values. We applied these methods to each aspect of
diversity inturn.

Effect of land-cover type on long-term shifts in community
composition

To address how agricultural intensification affects the long-term pat-
terns of community change, we calculated directional shifts in commu-
nity compositionin eachtransect. Specifically, the temporal similarity
of the community was calculated by comparing the multivariate dis-
tance between each community to itself in the first year of the study
(2000) using the abundance-based Bray-Curtis similarity index. We
then modelled the Bray-Curtis similarity index between each year
using a Bayesian generalized linear mixed-effect model (GLMM) with

abetadistribution with alogit link to account for the bounded nature
of the data (in the range of 0-1). A random intercept for transect was
included. Bayesian models were fit using INLA, and the posterior dis-
tribution was used to test for differences between land-cover types.

Todetermine whether using the first year of sampling (2000) biased
our results, we additionally calculated long-term community shifts by
analysing trends when using all pairwise temporal community compari-
sons for each transect. To do this, we first calculated the Bray-Curtis
similarity index of all pairwise communities across all years for each
transect. We thenmodelled the Bray-Curtis similarity index betweenall
combinations of years using a Bayesian GLMM with abeta distribution
with a logit link to account for the bounded nature of the data (in the
range of 0-1). Arandomintercept for transect wasincluded. Bayesian
models were fit using INLA, and posterior distributions were used to
test for differences between land-cover types. We found similar effects
ofland-cover type onlong-term community shifts using thisapproach
(Extended Data Fig. 8a—c and Supplementary Table 8), ensuring that
using the year 2000 as the baseline did not bias our results.

Werepeated these analyses using the presence-absence-based index
(Jaccard similarity) and found qualitatively the same trendsin compo-
sitional change (Exteneded Data Fig. 8d).

Effect of land-cover type onrichness, abundance and rate of
change in community similarity

Annual species richness was quantified as the Chaol-estimated species
richness of bird communities during both the wet and dry seasons
within each transect. To determine whether there were long-term
changes in species richness during the course of this study, we mod-
elled the effect of land-cover type on species richness using a Bayesian
GLMM inINLA using the random walk trend approach described above.
Toaccount foroverdispersioninthe response data with a Poisson dis-
tribution, species richness was modelled using a negative binomial
distribution with a log-link function, and individual transects were
included asrandom intercepts. Because we found no trends in species
richness, we used amaximum-likelihood approach to model the effects
of land-cover type on average species richness across all years. The
model was validated through checks of fitted versus residual values,
residuals versus time and for overdispersion using Pearson residual
values*. Differences between land-use types were determined using
maximum-likelihood estimates Pr(>|z]). These analyses were conducted
in R*® using the vegan* and glmmTMB* packages.

We next assessed whether there were long-term changes in total
community abundance. Annual abundance for each transect was quan-
tified as the average of total detections in the wet and dry seasons.
Because mean transect counts were large and exhibited low dispersion,
transect-level annual abundance was log-transformed*. Next, we used
aBayesian LMM witha Gaussian distribution, including arandom walk
component for each land-cover type in INLA and a random intercept
for each transect. Model validation was checked by visually assessing
theresidual versus fitted values, observed versus fitted values, depend-
ency structure in the covariates and normality in the response data*’.

We used a multivariate distance-based approach to address how
agricultural intensification alters the rate of change in community
similarity between subsequent years. Specifically, the temporal change
incommunity similarity for each transect was calculated by comparing
the multivariate distance between each sampling point to the previous
year using the abundance-based Bray-Curtis community similarity
index. We thenmodelled the Bray-Curtis similarity index between each
set of years using as aBayesian GLMM. The Bray—-Curtis similarity index
was modelled using the beta distribution withalogit link to account for
the bounded nature of the data (in the range of 0-1). Arandom inter-
cept for transect was included. Temporal trends were assessed using
the random walk methods described above. A Bayesian post hoc test
ofthe posterior distributions was used to determine the differencesin
therate of change in community similarity between land-cover types.
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Habitat use by IUCN red-list, endemic and range-restricted
species

We next assessed how IUCNred-list, endemic and range-restricted spe-
cies used different land-cover types in each of the four study regions.
To do this, we compiled information on the IUCN Red List status for
each species*!, as well as the endemic and range-restriction status
for each of our sampled bird species®. Species listed as ‘endangered’,
‘near threatened’ or ‘vulnerable’, and endemic or range-restricted were
used to assess habitat use by species that are a globally recognized
conservation priority. We next used the occupancy of each of these
species in each transect and modelled the effects of land-cover type
on the number of red-list and endemic species using an analysis of
variance (ANOVA). Differences between groups were assessed using
Tukey post hoc tests.

We next assessed the temporal trends in the number of endemic or
range-restricted and IUCN red-list species across each land-use type
using a Bayesian LMM in INLA, containing a random-walk temporal-
trend component for each land-cover type. Intensive agricultural tran-
sects in the Guanacaste and Puerto Viejo study regions all contained
fewer than two species in each year (except for a single year in one
transectinPuerto Viejo, which contained three). Analyses were limited
totheLas Crucesand Sanlsidro study regions, asintensive agriculture
communities contained too few IUCN red-list, endemic and range-
restricted species to detect a trend. n,, = 62, Nyanseces = 22, Nyears = 18.
Random walk trends were standardized around zero.

Estimates of conservation value should be seen as conservative, espe-
cially in comparison to forest communities. Analyses were limited to
the 510 species that were observed during sampling periods, and some
oftherarestand most-threatened species may have gone unobserved.

Effect ofland-cover type onlong-term trends in guilds

We next assessed how habitat conversion affects the temporal structure
ofindividual feeding guilds. For the guild-level analysis, birds wereiden-
tified as belonging to one of four primary feeding guilds: insectivores,
frugivores, nectarivores and granivores, as previously described®.
Scavengers and carnivores were excluded fromall guild-level analyses,
astheyoccurredintoofew numbers when presentin our transects. We
next calculated long-term shifts in transect-level community similar-
ity for each of the four guilds using the Bray-Curtis similarity index.
Specifically, community similarity in each transect for each year was
compared toitself for the first year of the study (2000). We modelled
long-term shiftsin community similarity for each guild using a Bayesian
GLMM witharandomwalk component for eachland-cover class using
INLA. Transect-level community similarity values for each year were
modelled as an effect of land-use type using a beta distribution, with
transect treated as arandom effect.

Inadditionto assessing the changesin community similarity, we mod-
elledchangesintherelative abundance of each guildineach land-cover
type. Specifically, we calculated the relative proportion of each guild
in each transect as acomponent of the entire community (excluding
scavengers and carnivores). For each guild, we modelled the effects
ofland-cover type on shiftsin relative abundance through time using
abetadistributionin INLA.

Effect ofland-cover type, LAl and climate on community shifts

Temporal patterns in temperature and vegetation were derived from
MODIS remote-sensing data*¢. We computed three annual land sur-
face temperature (LST) metrics and three LAl metrics with a 1-km?
grain size to track these patterns. For each year from 2002 to 2017,
we aggregated all image scenes that covered our study region into
an image collection and masked all cloudy pixels, as flagged by the
MODIS QA algorithm. For both LST and LAI, we computed the annual
pixelwise mean of all cloud-free measurements. The final outputs
were the first statistical moment of both LST and LAl computed for

each of the 16 years of overlap between the available field and MODIS
data. We analysed MODIS data here, instead of higher-resolution data
from—for example—Landsat, because CostaRicais cloudy for most of
theyear*, and daily observations are required to sufficiently capture
intra-annual temporal variation in temperature and vegetation pat-
terns. As the focus of this analysisis on temporal variation, and less so
onspatial variation, we made this scale-dependent decision on which
data source to analyse*s. All analyses were performed in Google Earth
Engine* using the MODIS MOD11A1.006 LST product*® and the MODIS
MCDI15A3H.006 LAl product®.

Temporal dataon precipitation were obtained from Instituto Mete-
orologico Nacional de Costa Rica. Daily precipitation measurements
from2000to 2014 were extracted from meteorological stations near-
est to each regional study group. Dry-season length and intensity are
expectedtobeimportantdrivers of bird populationsintropical regions
of the world*2. However, because no standard measurements of dry-
season length exist, we chose to instead focus on the distribution of
daily rainfallin each year, measured as the skewness. We then calculated
the skewness of daily precipitation in each region for each year.

We next modelled the interactive effects of temporal mean LST,
mean LAI, precipitation skewness and land-cover type on bird com-
munity shifts using the Bayesian mixed-effect modelling approach with
arandom walk component as described above. An individual model
was used for each of the three environmental covariates (mean LAI,
mean LST and precipitation skewness). Because our focus is on how
climatic and vegetative patterns interact with land use to drive tem-
poral changes to bird communities, we chose not to include all three
temporal covariatesinasingle model. This approachimproved model
performance and reduced the number of parameter estimates needed
foreachmodel. FormeanLST and mean LAI, annual measurements were
derived from1-km?grain-size data for each transect, whereas precipi-
tation skewness is quantified from regional patterns. In addition, the
datafor LST and LAlwere available for the2002-2017 period, whereas
the precipitation data coverage is from 2000 to 2014. To account for
temporal differences in covariate coverage, calculations on changes
in community composition were made using the entire dataset and
subsequently using a subset to match the available data coverage of
covariates in each model.

Land-cover classification and transect stability
Cluster analysis was used for land-cover classification in 1999 and
2002, At the beginning of each censusing season, J.R.Z. photographed
alltransects from several permanent fixed points within each transect
in each year, making note of any changes to management and habitat
characteristics. These photographs and notes were used to determine
whether transects had undergone any substantial changes during the
study that precluded them from analyses. Intotal, four transects under-
went substantial changesin management that fundamentally restruc-
tured the system (for example, conversion from coffee to pineapple
cultivation), and these transects were excluded from all analyses.
Crop diversity and plot size are two important determinants of bird
diversity in agricultural systems because of their effects on spatial
(vertical and horizontal) complexity. We next modelled the relation-
ship of both crop diversity and average plot size with land-cover clas-
sification (diversified versus intensive agriculture) using ANOVA. This
approach allowed us to test whether there are significant differences
in these two variables across land-cover types. Both crop diversity
(likelihood ratio test (LRT), P=3.046 x107®) and average plot size (LRT,
P=0.0006875) differed by land-cover type. We next quantified the
relationship between total community change across the 18 years
(Bray-Curtis similarity index of communities in 2017 compared with
2000) and the crop diversity and average plot size measurements within
atransectusinglinear models. We found a clear relationship between
both crop diversity (LRT, P=1.399 x10°) (Extended Data Fig. 7a) and
average plotsize (LRT, P=4.441x107) (Extended DataFig. 7b) with total



community change in 2017. For all models in this section, model vali-
dation was checked by visually assessing residual versus fitted values,
observed versusfitted values, dependency structure in the covariates
and normality in the response data*.

Multispecies occupancy model
To understand how land use affects the colonization and extinction of
species, we used a Bayesian multispecies dynamic occupancy model
that accounts for imperfect detection®*?, We modelled the effect of
land use on the annual persistence probability and annual colonization
probability asalinear response to standardized climate niche variables
related to temperature and precipitation throughout the breeding range
ofaspecies,andincludedregion, site and species-level random effects.
The detection probability varied for each species and land-use combina-
tion, and included site, species and year as random effects. Using this
approach, we modelled wet-season community dynamics, although dry-
season dynamics were highly correlated and showed similar qualitivate
results®. We only included the 336 species with more than 25 counts over
the 18 yearstoimprove model performance and parameter estimates.
The model was analysed in JAGS using vague priors. We ran the model
with 3 chains, each with 15,000 iterations. The first 3,000 iterations
were discarded as burn-in, and the remaining chains were thinned at
arateof 30, foratotal of 1,200 posterior samples. Model convergence
was evaluated by visually examining traceplots for each parameter and
ensuring that R< L1

Accounting for multiple landscape features in diversified
agriculture

We used two analyses toaddress how the inclusion of complexlandscape
features and natural elements within diversified agricultral transects
affected our findings. First, we calculated an empirically derived estimate
ofhabitat affinity for each speciesin eachland-cover type. Todo this, we
first created a transect-by-species matrix using the scaled sum of each
species abundance in a transect across all years. We used these values
as arough proxy for habitat affinity, with negative values indicating
low affinity, and positive values indicating high affinity. Because this
approach is weighted by abundance, forest species that may only use
forest elements within a diversified agricultural transect, but do not
enter the agricultural plot or occur in large number will be given a low
(negative) habitat affinity score. This approach wasrestrictive,and when
applied maintained species that are primarily agricultural specialists,
reducingthe diversified agriculture species pool from 376 to 199 species.

Second, we used the data that we collected on microhabitat use by
each individual that was counted in surveys in agricultural transects.
Using these data, we removed all individuals found within natural land-
scape elements (that is, trees) or directly adjacent to forest patches
(for example, individuals using the forest-agricultural interface). By
excludingindividuals that were directly adjacent to forest patches, we
ensured that we were not capturing temporary spillovers from forest
patchesinto agriculture.

Using these measures of habitat affinity and microhabitat use, we
found little effect of removing species with low habitat affinity to diver-
sified agriculture on temporal changes in community composition
(Extended Data Fig. 9a). We also found that removing species with low
habitat affinity decreased species richness (Extended Data Fig. 9b).
Therewasllittle effect of removing individuals foundintrees, suggest-
ing that most species found using trees indiversified agriculture were
also found using agricultural components of the habitat, in addition to
more-natural landscape elements (Extended Data Fig. 9).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The bird community data that support the findings of this study have
been deposited in Figshare (https://doi.org/10.6084/m9.figshare.
11366201).
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|Habitat use by IUCNred-list, endemic and range-
restricted species across three land-cover typesin CostaRica.a, Forested
habitats contained the greatest number of IUCN red-list, endemic and range-
restricted species (LRT,P<0.001;d.f.=2,F=4.55.090).b, The number of
endemicandrange-restricted species was lowest inintensive agriculture and
highestinforests, although diversified agriculture did not significantly differ

fromeithergroup (LRT,P<0.001;d.f.=2, F=4.709).c, The number of IUCN red-

list species across all habitats. The greatest species richnessis found in forest
habitats (LRT,P<0.001;d.f.=2, F=90.173). Diversified agricultural and

intensive agricultural plots contained 59% and 39% of the endemic and IUCN
red-list species found in forested habitats, respectively. Letters denote Tukey
posthocdifferences between groups inthe number of species. Box plots show
the median values and the first and third quartiles (25th and 75th percentiles),
whiskers extend to1.5x the interquartile range. Points represent transect-level
values. a, Ny, =62, Nyanseces = 44, Nyears =18. b, Ny, =48, Nypansects =44, Nyears =18.

€, Ny =12, Nyanseces = 44, Nyears=18. Summary statics for differences between
groupsina-care provided in Supplementary Tables 3-5.
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Extended DataFig.2|Although all habitats show stable species richness
andspeciesabundance across years, interannual community shifts are
muchmore pronouncedinintensive agriculture thanin natural forests or
diversified agriculture. a, Habitat conversion shifted the rate of community
change through time. The most rapid shifts occurred inintensive agriculture
sites, and theleast change occurredindiversified agriculture. Between years,
the average community similarity was 66% in natural forests, 73%in diversified
agriculture and 58% inintensive monocultures. b, ¢, These shifts occur under

temporally stable species richness (b) and community abundance (c),
highlighting the need to quantify multiple drivers of biodiversity change.
Changes incommunity similarity inawere quantified by comparing
communitiesineach transect to themselvesin the previous year using
Bray-Curtis similarity. Inb, points depict the mean Chao’s estimated species
richness.Inc, pointsrepresent the mean number of counts per transect for
eachland-covertype.Ina-c, errorbars depict the standard error of the mean.
Ny =510, Nyanseces = 44, Nyears = 18.
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Extended DataFig. 3| The total community size, measured as species
richness and abundance, was fairly constantin all land-cover classes, with
only asmallincreasing trend inabundanceinintensive-agriculture
communities. a-c, Temporal trends in bird species richness (a-c) and annual
counts (d-f) in forests (a, d), diversified agriculture (b, e) and intensive
agriculture (c, f) across the four regions of CostaRica. Black lines represent
meantrendsinspecies richness (a-c) and annual counts (d-f), modelledasa
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first-order random walk process for each land-cover type, with shading
depicting the 95% Bayesian credibleintervals.a-c, The effect of land-cover
type ontemporal trends inlog-transformed species richness was modelled
using aBayesian LMMin INLA.d-f, Annual transect-level abundances (average
of wet-and dry-season counts) were modelled using a Bayesian GLMM witha
negative binomial distributionin INLA. n,, =510, Ny ansects = 44, Nyears = 18.
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Extended DataFig.4|DeclinesinIUCNred-list, endemic and range-
restricted speciesinintensive agriculture drivenby specieslossinthe Las
Cruces and SanIsidro study regions. a-c, Modelled trendsinannual transect
richness of endemic, range-restricted and IUCN red-list species in natural
forests (a), diversified agriculture (b) and intensive agriculture (c) in the Las
Crucesand Sanlsidro study regions. Trends are standardized and centred

around zero. Blacklines depict mean trends and the shading represents 95%
Bayesian credible intervals froma Bayesian LMM using R-INLA. Overlap of the
credibleintervals withthe zerolineindicates that there arenotrendsinspecies
richness. Analyses were limited to the Las Cruces and San Isidro study regions,
asintensive-agriculture communities contained too few [IUCN red-list, endemic
and range-restricted speciesto detectatrend. ng,, =62, Myansects = 22, Myears =18.
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Extended DataFig. 6 | Changesinrelative abundance differed by land-
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depictthe meantemporaltrendintherelative abundance of each guild from
2000to2018 modelled asafirst-order randomwalk processinINLA. Trends are
centred around zero, shading represents 95% Bayesian credible intervals.
Positive and negative deviation from the zero-line indicates the presence of
long-term trends. ng,, =510, Nyanseces = 44, Nyears =18.
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were log-transformed to highlight how increasesin crop diversity canreduce
community change. n, =510, Nansects = 44, MNyears =18.
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Extended DataFig. 8| Long-term trend in all pairwise community
combinations shows thesame trends asusing the first sampling year (2000)
asthebaselineand when using presence-absence dataonly.a-c, Long-term
trends inavian community compositionin natural forests (a), diversified
agriculture (b) and intensive agricultures (c) were quantified using all pairwise
temporal Bray-Curtis comparisons within each transect, rather than using the
year 2000 as abaseline. Thisapproach was used to validate trends and test for
potential biasas aresult of usingyear 2000 as the baseline. In each plot, black
lines depict the mean temporal trend in Bray-Curtis community similarity
from2000 to 2018 modelled as afirst-order random walk processin INLA.
Trends are centred around zero, the shading represents 95% Bayesian credible

intervals. Positive and negative deviation from the zeroline indicates the
presence of long-term trends. Values on the x axis denote the temporal
distance, ranging from1to 17 years. n,, =510, N anseces = 44, Nyears =18.d, Long-
termsshifts were based on presence-absence data, rather thanabundance-
weighted data (Fig. 1a); both measures show qualitatively similar results.
Community similarity in each year compared to the first year of study (2000)
across threeland-cover types. Points depict the mean community similarity
measured as Bray-Curtis similarity for each transect toitselfin the first year of
thisstudy; error barsrepresentthes.e.m.foreachland-covertypeineachyear.
Ny =510, Nyaneeces = 44, Nyears = 18.



e
\l
y i

o
o

o
o

Natural forests

Q Diversified agriculture

Community similarity compared to year 2000

Intensive agriculture

0.4 Habitat affinity subset
. Microhabitat subset
2005 2010 2015
Year

Extended DataFig. 9 | Effect of filtering diversified agricultural
communitiesonchangesinthe temporal compositionandspeciesrichness.
a, Removingspecies with low affinity for the diversified agricultural habitat
(orange points) and individuals that used elements of the natural landscape
(purple points) haslittle effect onlong-term changesin the species
composition, though there issome difference in magnitude. b, Removing
species with low affinity for the diversified agricultural habitat (orange points)
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resultsinmoderate reductionsinspeciesrichness, although thereis no effect
of removingindividuals that used elements of the natural landscape (purple
points) onspecies richness estimates. a, Points depict the mean (+s.e.m.)
community similarity measured as Bray-Curtis similarity for each transect to
itselfin thefirstyear of thisstudy. ng,, =510, Nyansects =44, Nyears = 18. b, Points
depict the mean (+s.e.m.) Chao’s estimated species richness. n,,, =510,
Niransects = 44, Nyears= 18.
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Software and code

Policy information about availability of computer code

Data collection Temporal temperature and vegetation patterns were derived from MODIS remote sensing data. All analyses were performed in Google
Earth Engine using the MODIS MOD11A1.006 LST product and the MODIS MCD15A3H.006 LAl product.

Data analysis Data analyses were conducted in R version 3.5.1 and Rstudio version 1.1.423. Community ecology analyses were analyzed using the R
package Vegan version 2.5-3, and effect of land cover type on these temporal patterns were assessed using packages glmmTMB version
0.2.2.0 and temporal trends were assessed using the R package R-INLA version 18.07.12. Dynamic occupancy models were written in
JAGS and executed in using the R package R2jags.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
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- A description of any restrictions on data availability

The bird community data that support the findings of this study have deposited in figshare with the identifier DOI: 10.6084/m39.figshare.11366201
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Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

The study used long-term bird surveys to evaluate the effects of habitat conversion and alternative agricultural practices on avian
diversity across four study regions in Costa Rica. The study regions include four distinct life-zones: lowland dry forests (Guanacaste),
lowland wet forests (Puerto Viejo), midelevation wet forests (San Isidro) and premontane wet forests (Las Cruces). Within each study
region, transects were placed in forest reserves (N = 12), diversified agricultural sites (N=18), and intensive monoculture sites (N=18),
for a total of 48 sites. Vegetative differences for agricultural site classification include crop diversity, hedgerow quality and extent,
agricultural plot structure and surrounding forest cover. Cluster analysis with these variables was used to determine agricultural
classification of each transect in Karp et al. 2012, Ecology Letters.

The research sampling included all avian species that were present in transects during census periods. Because this is a biodiversity
study we aimed to sample as many organisms as possible within the bounds of our protocols.

In each study region, we placed twelve 200-metre transects split across forest reserves sites. (N = 12), diversified agriculture sites (N
=18) and intensive agriculture sites (N= 18). Transects within study regions were on average 10km apart, and at most 30km apart.
Each site was sampled in the wet and dry seasons of each year to capture community dynamics both within and across years. In each
season, transects were visited three times within a seven-day period to meet population closure assumptions. Forty-eight sites were
chosen to allow both high spatial and temporal replication (total of 288 site visits per year).

To minimize heterogeneity in detection bias, all counts were conducted by a single observer (JRZ) and replicated within seasons using
the robust design, for a total of 288 sampling occasions per year across the 48 transects in four distinct regions of Costa Rica. Sample
size was chosen to maximize data collection with the sampling methodology.

All field data was collected by expert ornithologist Jim Zook. Transect surveys began at sunrise each morning and lasted for thirty
minutes. During this period, Jim Zook would walk the transect line and record all birds seen or heard within 50m of the transect line.
Up to three transects were visited within a single day, and the order of transect surveys were varied each day so that transects were
surveyed at similar times. Remotely sensed data was derived from MODIS.

Field data collection occurred from 2000-2017. Each site was visited three times in the dry season and three times during the wet
season. Site visits within a season were conducted within a seven-day period to meet population closure assumptions. Dry season
counts started in January and continued into late April or early May. Wet season counts started in September and would end in
November.

Within each 200-meter transect, the spatial scale of sampling extended to 50 meters from the center of the transect line. Transects
within study regions were on average 10km apart, and at most 30km apart. Between regions, transects were on average 200km
apart.

Flythrough and flyover birds were excluded from all analyses because they were not actually present in the site. To focus solely on
changes abundance of core species within each transect, low-abundant species that were present in a transect for two years or less
were excluded from analyses of changes in community abundance and relative abundance. For guild-level analyses, species classified
primarily as scavengers or carnivores were excluded from analyses due to rarity or absence in a majority of the sites.

Photos and notes were used to determine if transects had undergone any substantial changes during the study that would preclude
them from analyses. In total, four transects underwent large substantial changes in management that fundamentally restructure the
system (e.g. conversion from coffee to pineapple), and these transects (N=4) were excluded from all analyses. For analyses on trends
in richness of species of conservation concern, Puerto Viejo transects were excluded from analyses to deal with zero inflation. This
exclusion allowed us to focus on in species richness in transects that contained persistent populations.

Bird surveys were conducted using standard line transect counts beginning in 2000. For each 200 meter transect line, all birds seen
or heard within 50 meters were recorded. Transect counts were successfully replicated in each subsequent year (2001-2017).

Survey transects in each study region were randomly selected using Global Information System (GIS) software.

Blinding is not applicable to this study because data was collected by observing wild bird populations within transects.
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Field work, collection and transport

Field conditions Each of the four study regions were are found in different life zones characterized by distinct climatic conditions. Natural
vegetation in each study region includes: lowland dry forests (Guanacaste), lowland wet forests (Puerto Viejo), midelevation wet
forests (San Isidro) and premontane wet forests (Las Cruces). Average precipitation and temperature derived from
meteorological stations found within each study region from 2000-2014 were: Guanacaste 1593 cm (precipitation) and 27
degrees Celsius; Puerto Viejo - 3377 cm (precipitation) and 26 degrees Celsius; San Isidro- 2443cm (precipitation) and 26 degrees
Celsius; Las Cruces- 2814 cm (precipitation) and 22 degree Celsius.

Location The coordinates and elevation of the four study regions are:
Guanacaste: -85.380246 (longitude), 10.4510818 (latitude); 11 meters above sea level.
Puerto Viejo: -82.925251 (longitude), 8.80696901(latitude); 45 meters above sea level.
San Isidro: -84.008142 (longitude), 10.4450937(latitude); 641 meters above sea level.
Las Cruces: -83.598656 (longitude), 9.28394233 (latitude); 981 meters above sea level.

Access and import/export All transects were placed along public roads or private property. Land owner permissions were gained for access to private
property for bird surveys.
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Disturbance Data collection in transect surveys are entirely observational and do not harm or disturb wildlife or the ecosystems they inhabit.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
[ ] Antibodies [x]|[ ] chip-seq

Eukaryotic cell lines E D Flow cytometry

L]
D Palaeontology E D MRI-based neuroimaging
[x]
L]

Animals and other organisms

Human research participants
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[ ] clinical data

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals No laboratory animals were used in this study.

Wild animals In total, more than 500 avian species were observed across the 48 sites for the duration of this study. Sex and age of individuals
were not consistently identifiable and were not recorded.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight Data collection in transect surveys are entirely observational and do not harm or disturb wildlife or the ecosystems they inhabit.
As such, no ethical oversight guidance was sought in this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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